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PREFACE

1. Status of this document
This is a working draft-
This document forins part of a series presenting the results of an excliange of inforination
bebveen EU Member States and industries concemed on best available tecliniques (BAT),
associated monitoníng, and developments in them. lt is published by the European Commission
pursuant Article 19(3) of the proposed Directive on the management of waste from the
extractive industries' and part1v to Article 16(2) of Council Directive 96/61/EC on integratcd
pollution prevention and control (IPPC Direct¡Ve) 2. lt must therefóre be taken into account
when determining "best available technlques".

1.1. Backgromad
The startmg point for this document is the Communication from the European Coinnussion
COM(2000) 664 final (hereafter: the Coramunication). As outlined under Section 5.5 of this
Communication, coro extraction activities are not covered by Council Directive 96161/EC (IPPC
Dimúve). However, activities of the lánd undertaken at the Baia Mare síte (production of metal
by leaching of gold) are already inside the scope of the IPPC Directive. Paragraph 2.5 (b) of
Annex 1 of the IPPC Directrve lists "installations for the production of non-ferrovis crade metals
from ore, concentrates or secondary raw matenals by metallurgical, chemical or electrolytic
processwY.

The Coramunication fin-ther recognises that the IPPC Directive does not cover all sites in the
European Union, and in fact ¡t does not cover most sites, where tailings management facilities
are used.

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

a amendínent of Council Directive 96182/EC of 9 December 1996 on the control of major-
accident hazards involvíng dangerous substances (Seveso U Directive)

a an untiatíve on thc management of waste from the extractive industry
a a BAT reference document.

2. Tle ~tion ofBAT
In order to he1p the reader understand the conteid m which this document has been drafted,
some of the most relevant provisions of the PPC Dírectíve and the Proposal for a Dírective on
the management of waste from the extractíve industries, including the definition of the term
"best available techmques". are described in this preface. This description is mevítably
incomplete and is given for information orily. It has no legal value and does not m any way alter

*o or prejudice thc actual provisions of the Directive.
00

The purpose of the IPPC Directive is to achieve integrated prevention and control of poflution
qv arising fivín the activities listed in its Annex 1, Icading to a high level of protection of the

environment as a whole. The Proposal for a Directive on the management of waste from the
extractive industries provídes 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 m
m~ activities. The overall aun of such an íntegrated approach must be to improve the
management and control of industrial processes and waste management activities so as to ensure
a high level of protection for the environraent as a whole. Central to M ~ach is the general

1 C~ the Em~ Czmrabalon seMoca *m pr~g a pr~al for a Dbwúve ef the Farq~ P~cnt and tho
C~fl m the mame=ad of wmtc fiom the cx~tivo bmk~. Wodúng domments for the elabo~ of a Pn~ for a
Dir~vc on mme md q=V wmte am avaibblc on the mtemet at http:lle~minvo~/env~cnv~telmiaingIÉ=2 OJ NO L 257 of 10 Oc~ 1996.
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princíple that ope~ shotild take alí appropriate preventative measures againa pollution, in
particular through the application of best available techuiques enabling them to improve their
environmental performance.

The term "best available tecímiqueis" is defmed in Article 2(1 1) of the IPPC Directive as "the
most effectíve and advanced stage m the development of activitws and their methods of
operation which indicate the practical suitability of particular ~ques for providing m
principle dio basís for emssion linut values designed to prevent and, wh= that is not
practicable, generally to reduce emissions and the impact on the environment as a whole."

"teclini~' mcludes both the tecímology used and the way m which, the installation is
designed, built, maintained, operated and demnimissioned;

"avadabIC tocliníques are those devoloped on a seale which allows on in the
relcvmt industrial sector, under economícally and technically viable conditions, taking into
consideration the costs and advantages, whether or not the ~ques are used or Produced
inside the Memb« State in ~on, as long as they are reasonably accessible to the operator;

"besC means most effective m achieving a high general level of protection of the environment
as a whole.

Furdiermore, Annex IV of the Directíve contains a list: of "considerations to be taken into
account generally or in specific cases when determining best available tecliniques ... bearing in
mind the tikcíy costs and benefits of a measure and the ~pies of precaution and preventíod'.
These considerations mclude the inflarmation published by the Commission.

Article 11 of the UPPC ~ve and Article 19(2) of the proposed Directive on the management
of waste from the c~ve industries, provide for an obligation on Member States to ensure
that competent autborities fiallow or are informed of developments in best: available tecliniques.

3. Objective of this Document

Under Section 6.3 the Communication says that the BAT document: should deal with tecímiques
to:
• reduce eveiyday pollution and
• prevent or mitigate accidents.

Fwthermore t ~ 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, m the European Union, installations using tailings management
facilitíes incet high environmental stamiards while inuining ecortomic; and tecímical viability of
the sector.

The Comínission (Enviionment DG) established an infiarmation exchange fiaruín (IEF) and a
number of techincal workmg groups have been established under the umbrella of the IEF. IEF
and the techácal working groups mclude representation ftom Member States and mdustry.

The aim of this series of documents is to reflect accurately the excliange of information which
has taken place and to provide reference information for the coni~t authority to take into
ac,count: when dekTu~ permit condítions. By providing relevant information concerning
best available tecluáques, these documents should act as valuable tools to dríve environmental
performance.

¡v Vera¡~ May 2003 STIEIPPCBIST~ Draft -2
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4. Infó~0º Sources
This document represents a sumnary of information collected froni a number of sources,
inch~ in particular the e~ of the grotips established to ~ the Comínission in its
wo& and venfied by the Cominission services. All contributions we gratefid1y acknowiedged.

S. How to understand and use this document
The mformation provided in this document ¡s intended to be used as an input to the
dekxm~on of BAT m s~c cases. Whien deterniming BAT and se«" BAT-based permit
condítions, wwunt shotild always be taken of the ov~ goal to achieve a high level of
protection for the env~ent as a whole.

The rest of dus section descríbes the tVpe of information that is ~ded in cach section of the
document

Chapters 1 and 2 provide geneW information on the industrial sector concemed and on the
md~ proc=es used within the sector Chapter 3 provídes data and infórmation conceraing
applied teóliniques and cum-nt emission and consumption levels, reflectixig the sítuation in
e~ installations at the time ofw~

Chapter 4 descríbes in more detafl the emission and fisk reduction and other tecliniques that: are
consi&Ted to be inost rcl«mt for detenaming BAT and BAT4~ permit conMons. This
niformation includes the consumption and emission leveis considered achievable by ushig the
techinque, some idea of the costs and the cmss-«ne&a issues associated vath the techmqw, and
the extent to which the tecliníque is applícable to the range of installations requiríng permits, for
e~ple new, ex~, large or sinall installations. Tecliniques diat are gen~ s= as
obsolete are not included.

Chapter 5 presents the ~ques and the emission and consumption lewls that are considered
to he compatible with BAT m a genend sense. The purpose ¡s thus to provide general
indícations regarding the emission and consumption leveis that can be consídered as an
appropriate ref=nce point to assist in the determinaúon of BAT-based permit condifions. IL
shotild be ~wd, however, that this document does not propose entission línut values. The
deternimation of appropriate permit conchtions vall involve~ account of local, site-specffic
f~ such as the ~cal characterístics of the installation concem4 its geogmpliwal
location and the local envimnixiental conditions. In the case of ex~ installations, the
economical and "mcal viabilíty of upgrading them also necds to be taken into account Even
the smgIe objectivo of ensuring a high level of protection for the environment as a whole win
often involve makmg tradc-off judgenients between diff~ Mm of environmental impact,
and thesejudgements will often be infi^ced by local considerations.

Although an atiempt ¡s made to a~ some of these ~, ¡t ¡s not ~ble for them to be
considered fidly m dus document The techniques and levels presented in Chapter 5 will
themfore not necm~ be appropriate for all installations. On the other~ the oblígation to
ensure a high level of environiviental protection implies that permit conditions cannot be set on
the basis of purely local cons~ons. It is therdore of the u~ importance M the
information con~ m dus document ¡s fid1y Wwn into a=unt by competent authontíes.

Suice the best avadable tecliniques change over time, dus document wilí be rcwcwed and
updated as appropriate. AN cominents and suggestions shotild be made to the European TPC
Bureau at the lastitute for ~tive Teólmological Studíes at the foflo~ a~:

Edificío Expo, c/ Inca Garcilaso, s/n, E-41092 Seville, Spain
Telephone: +34 95 4488 284
Fax: +34 95 4488 426
~ail: eippcb@jm.es
Intemet: http:Iléippcbjrc.es
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SCOPE

The basís for this work is the F-C Communícation on the safe op~on of m~ activities
(COM(2000) 664 final). One ofdw foUow-up measures suggested ¡u dús Communication ¡S the
compilation of a BAT reference document Under paragraph 6.3, the Coramunication says ffiat
dw BAT document should aim to "prevent similar (to Aznalcállu or Bata Mam) accidents in
the future' and that "the processing of cedan mining minerais and residues could be mcluded
(in dw scope of the document)"

Against flus background a stakeholder techíncal working group (TWG) was established and the
group decided on the following scope of the work:

Horizoníal S~
The ranung, processing and tailings management assm~ with the nurúng of gas and liqtud
(e.g. ofi and salt from brine) will not he covered in this work. This is because the processes are
very much different from the processmg of dry ores, and the tailings issue is also very difibrent
to the other sectors to be covered. However, metals leaching will be covered.

The underiyíng dwine of this work covers minmal processing, tadings and the waste-mck
management of ores that have the potential for a strong environmental impact or that can be
considered as exaraples of "good pracüc¿'. The intention here is to raise aw=ness of best
practice across all activifies in this sector.

On this basis all metals míned andIor processed Ín the European Union (EU-15), cm~
countries and Turkey will be covered. These are:

0 aluminlum
9 cadmium
o chromium

copper
gold
iron
Icad
manganese
mercury
nickel
silver
tín
tungsten
zinc.

Thew m~ will be covered, imspectíve of the the amounts produced or die mineral
processing method used (e.g. whether mechanical methods are ~ such as flotation, or
whether by chemical or hytirometallurgical methotís such as leaching, etc.).

The group decided, following the above-mentioned theme to also include scl~ industrial
minerais and coa¡ in úús document.

In order to keep the work within a reasonable tane frame, it was decíded that not all industrial
míneraís woídd be covered- A selection was thus madc based on two factois:
1 . significant production within EU- 15, candidate countries and Turk-ey, and
2. the generafion of taifings ffiat couId have a high environmental impact if not handled

propcriy.
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la addaton to this classification though, some fluther mmerals will be a~síod if the
mamagement of their tá"gs and waste-fock is considered as exanples of -'good practice" diat
may be applicable to othcr minerais.
On these bases the the following industríal mínerais are inciuded m dus document:

• barytes
• borate
• feldspar (lf recovered by flotation)
• fluorspar
• kaolín (if recovered by flotation)
• limestone (lf processed)
• pliospliate
• potash
• strontium
• talc (if recovered by flotation).

1t was noted that tadings only reWt: from the processing of Fcldspar and Kaolin if they are
rccov«W by flotation.

Coal is o* included when ¡t is processed and there are tú~ produced (th~ fóllowing the
above-mentioned theme). Generally, this means that: hard coal (or rock coa¡ or black coal) is
covere& whereas lígnite (or brown coa¡), which is usuaRy not pro~ is not co~.
However, should thew he exceptions, they wouId be considered on a case by case basis.

Oil shale is processed in Estonia and large amounts oft~ ~t, which which fteed to be
managed. Therefore, ¡t was decided to include this in the &Y-,ument. However, no contributions lo
have been made to this section.

The issue of abandoned sitos, with regard to the management of tailings and wastz-,rock, ¡S not
addressed m dw work However, some examples of recendy cl~ sites are discussed.

Vertical kM
For all winerais &fined in dw ho~ntal scopo (and on1y for these) the dw=ent; will:

• look at waste-rock management q0• include topsoil and overburden if they are used in the management of tailings
• include mineral processmí9 relevant to tailmígs management
• focus on tailings managenient, e.g. in ponds/dams, heaps or as backfill.

The figure below illustrates the vertical scope. The shaded boxes show the process steps
c<>vmW byM document
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Topsofl P

Overburden

WASTE-ROCKiuO re WASTE-ROCK
body MANAGEMENT

TAILINGS
MINERAAL MANAGEMENT

PROCESSING (PON DIDAM, HEAP,

4
BACKFILL, ETC.)

Concentrate

filustration of vertieM scope

In this document:

mine producúon" mcans: for nictals, the amount of metal *m the concentratc after production,
and in all other cases, unless stated otherwise, the amount of concentrate by weight after mineral
processing,

Turope' means current EU Member States (EU-15), candidate countries and Turkey.

means 'Wings managcmcnt facilitv", which can be a pond/dam system, backfill, a
tailings hcap or any other way of managmg tailings,
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q0

1 GENERAL INFORMATION q#
q0

Mining is one of mankind's oldest industries. This industry has a significant history dirougítout q0
Europc. Archwok>gical investigations at the Los Frailes mine in souMn Spain discovered the
body of a worker with a copper collar dated 1500 bc. However, there are older examples of
minera¡ working in Europe, including Neolithic ffint working, and metalUerous mining daung
back to almost 2000 bc. Mining has bcen undertaken by inany civilisations and has in many
a= bcon a source of wealth and importance A good c~ple m more recent times is the
importancíe of coa¡ ~ (together with other Icavy industries') in Germany for the
'W~haftswundee aft« Woríd War U.

In the last few decados, metals and coal mining on a worldwide scale has moved away froin
und~und operations tawards 1~ bulk m~ m opon pits. This has resulted in larger
amounts of resdues now resulting ftora these operations, mainly hecause the often unwantod
topsoil. and overburden huye to be removed to gam, access to the ore. In many cases, the amount
of overburden and wasto-rock that have to be transported is many times more than the tonnage
of ore dud is extr~ The amount of tailings generated depends on the content of the dcsirable
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 mí comparison to the amount of produc4 unless there is a sufficient
way to use the residues. Grades vary between scveral grains per tonne of ore to 100 % (¡,e. pure
metal or mineral). The increase of bulk mining in opon pits has also led to mining becoming a
more capital ~ve business, where in many cases it can take mmy years before die invested
money is 'retumed'through the sold product, Le. typicaffy the concen~s.

The purpose of mining is to meet the demand for metals and minerais resources to develop
infrastructure etc. and improve the quality of life of the population as the extracted substances
are the raw inateñals for thc manufácture of many goods and materials. These can be, for
example, m~erous minerals or metals, coal, or industrial minerals that can he used in the lé
chemical sector or for construction purposes. At any ~, the mamígernent of the residuos w*
produced, the tíopsoil, overburden, and, of special concern in this document, the tailmgs and
wam-rock typícally presents an undesired financia¡ burden on operators. Typícally the mme
and the mineral ~sing plant are designed to ex~ as much marketable product(s) as
possible. The residue management is &m designod as a consequence of fflíese process steps.

Some parts of the mining industry, such as meW and coa¡ mining within Europo, operate under
severe economic conditions, main1y boca= the deposits can no longer compete on an
international leveL The EU metal sector is struggling froin the difficulty, of find new profitable
ores in known geological regions. Hence the ability for the metal and coa¡ mining sectors to
invest: in non-productivo ~ditures such as tailágs and waste-rock management may be

q0consúuimá Howeyer, despite the reduced mine production in these arcas, consumption is
stoadily increasing. Th=fore, to incet this demand imports into Europe are on the nse.

In con~ to the mosdy declining production figures m the metal and coa¡ nuning sectois, the
~uction of many industrial minerais has been expanding steadíly on a European scalo.

The fonowmg sections try to gíve an overview of the meta4 potash, coal and ofl shale míng
sectors. In terms of economics, mines will opon when ¡t is economic to do so, be mothballed if
short~ low príces persist or muy 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 cach different q#
mineral.
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Chapter 1

1.1 Industry overview: metais

For the deWed discussions, this sector is &vided into the fofiowmg sub-~rs:

a alumiftium
a base metaís (cadmium, copper, lead, nickiel, tin, zinc)
a chromium

tp a ¡ron
manganese
mercury
precious metals (gold, silver)
tangsten.

The fóllowing table shows dua for most of these metalUerous European production is
small compared to overal1 world production.

Cow~dIty Percentage ofworid
prdu

Iron 3
Bawúte 3
Cadmiuni 16
Chrofflillín 12
Copper 7
Lead. 11
Manumse 0.5
~Ury 17
Micke1 2
Tin 1
Tun~n 11
Zinc 12
Gold 1
Silver 10

Table 1.1: Produ~ ofm~ cw~trate* (n~ concentration in concentrate) within Europe as
pemmtages ofworid metal concentrate production in 1999

Over may yeas in Europe, ore deposits containing metals in viable concentrations haye 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
Eruo~ on~ concertu~ and a sub~ent import of concentrates uno Europe ftom a

*o variety of sour= world:wide.
f*

Ore ~its umWly haye the, met~mm mí~ finely dissemútated widun the ore To
liberate the de~ mmeral the ore has to be reduced m size to a fine powder, so that the
m~erous mmerais cm dien be reco~ from the ore via diffe=t míneral procmmg
tecliniques, often froth flotation. Since flotation is a 'wet' process the ~gs from metal
múún are typically in the form of a shuTy and are managed in tailings ponds. lf the metal(1) is
mined in an open pit luge amounts of wasto-rock also have to be handl4 usually on heaps or
dumps.

Most metals are mined as sulphide or oxide minerals. Sulphidic minerals or other mínerals,
sucha as coal, often, but not always contain pyrite. Irrespective of the mineraí processing
method used some of these mcW-sulphide complexes will aiways be mcluded m the t~s.
Thew ores aho contam pyrite, an imn sulphíde, wItich is often not =covered but which will
also be part of the tailings and the waste-rock. lf air and water haye access to the tailings or the
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w~-rmk acids can be formed, diat cm have a high environniental ímpact This phenomenon
is called 'acid rock drainage (ARD)' and is explained in detail in Section 2.7. The ARD
potential of precions, metal ores is ofíen smaller than for massive sulpítide ores (usually base
metal ores). Usually aluminium, chromiuni, ¡ron, manganeso and tungsten ores do not contain

The mining production figures used in the following sections originate from the 'world mmimig
data' book [30. Weber, 20011. Where appropriate these numbers have been revised the tec1mical
working group members.

1.1.1 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
taflings inmagement of the alumina refiníng is covered in the scope of diís work The smelting q0part is discussed in the BREF on non-ferrous metais [35, ETPPCB, 20001.

Bauxíte is a natarally oceurring, heterogencous materíal, primaríly composed of one or more
aluminhun hydroxide minerals, plus various mixtures of silica, iron oxide, titanumí oxide, q#
aluminosilicate, and other impurities in minor or trace amounts.

The Bauxite is in most casos imported ftora Australia, Brazil, and Wc equatorial regions of West
Africa, principally Guinea and Ghana. The products of alumina refincries are calcined alumina
and, in some e~, aluminium hydrate. The alumina is usually shipped to smelters [33,
Eurallumina, 20021.

The worldwide demand for Aluminiura, vAuch direedy determines the alumina demand, is
currendy static after a long períod of continuous increase. The annual production of metal
aluminiuni is currently 21 million tonnes, and correspo~ the prduction of alumina
metallurgical grado is around 44 milhon tonnes. [33, Eurallumina, 20021.

There are six European countries that mme Bauxite, which allogether produced 2.2 millon
tonnes in 2001 170, EAA, 20021. However, there are ten alumina plants that refine imported
andIor mmed Bauxíte.

The ten alumina refineríes in Europc are listed in Table 1.2.

Cmantry punt Produ~
~ tonnes)

F~ Gardan= 600
CTLT~Y Alumírnura Omd, Stade 820
CT~ Aluminium de Greece, Distomon 710
Ireland Au~shAl~ Aughinish 1550
Italy Eurallumim Sardinia 990
Spain Alcoa hiespal, San Ciprian 1300
UK Bnbsh Alcan, Burnú~

100Hwagary 300,S()
Romanía Tulcea 330

Oradea 200
TOTAL: 6800

Table 1.2: AbuWma reríne~ in Europe alumina production year 1999
134, EAA, 20021

The dominant Bauxite producer worldwide is Australia, with about 50 million tonnes in 1999.
Other producers are Gumea,B~ Jamaxa, China and India.
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The European al~ p~tion of 6.8 n~ tomes represents 13 % of the world alumína
production. TypicaUy Bauxite is refinod near the producing mines in order to mín im¡se transport
cost!s� with o* high-grade Bauxíte being~to ~enes oyer long distances.

Most of the alumina is sold under long4erm contracts, with prices fixed at 11 to 13 % of the
metal príce fixed for alumímum by the London Mdal Exchange (LME). After a períod 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 "m (a~ 2002 prices), and is expecied to~ liffle
changed for the next two yew. Hence, the corresponding alumína price is around USD 164 per
tonne [33, E~~ 20021.

The ahmina op~ cost of the EU producers~ between USD 160 and 200 per tonne,
which is higher dian m most non-EU countríes [33, F~umina, 20021.

The tailings from the refining am a reddish siurry called 'red mud' and a coarser fraction called
'sand'. They have an elcvased pH and contain several metal complexes. Of dhe EU-15 wfinerics,
some apply dudwncd ta~ managentent of díese caustic tad~ some discharge Ínto the
Mediumnean, whilc others utilise conventional tailings ponds and one see ma~es the red
mud m a pond afier neutralísing the mud with seawaW and a flue-gas desulphunsation process.
[33, Eurallu~ 20021.

1.1.2 Base Metala (Cadmium, Copper, Leed, Nickei, Tin, ZJnc)

Cwmmfiy base metal príces are low la many cases the míneral dq~ts are relatively complex
ftom a processing point of view. These two factors combined with the high labour costs in
Europc have led to some ~rary and some fiad closures of mines.

Base metals can often he found joindy, as complex ores, in the same minerá deposit They are
often sep~ in the mineral processing phase by selective flotation.

There is a big imbalance baween E~an mine production and the European consumption of
these metals. A good example is lead, where in 1999 thc European consumption was close to 2
million tonncs, which is about 6 timos the amount of lead produced ftom European mines
(350000 t) in the same ycar.

In thIs section the subsequent refining, often smelting, will be briefly discussed but, for further
detai1s see the BREF on non-ferrous metals industries [35, EIPPC13, 20001.

Cadmium (Cd)
Cadmium is ofien found m zmc~cc~~ míneral pmcessmg, so the cadmium wffl be
removed at U smelter. la atídition, lead and copper ores may contain smali amounts of
cadmium [35, EHWB, 20001. Cd is aIways a by-product wlúch is recoyered in sinelters. There
are no Cadmium mines that produce a Cd concentrate.

World production in 1999 was ~ 16500 ftwaes of Cadmium in conc=u*es, of which
14.5 % (2400 tonnes) were produced ftom European mines. The following chart shows the main
producers in Europe.
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Figure I.L Primary cadmium production in Europe in 19"

coppq
Copper is mostiv found in naturc in association 11.lith sulphur. lt is recovered from a multistage
process, beginning %I'Ith the mining and concentrating of low-grade ores contam*ing copper
sulplilde minerals, and followcd by smelting and clectrolytic refining to produce a pure copper
cathode. Wofld»"Ide an inercasing amount of coppcr is produced from the acid leaching of
oxidised ores [36, USGS, 20021.

Sulplilde minerais are usually recoyered using flotation. Oxides, carbonatcs and sificates are
leached.

The world production of copper in 1999 was 12.4 million tonnes. Europcan mine production
was 890000 tonnes. which repmsents 7.2 % of tfic wofld production. Tlic following figure
shows the maín producas in Europe.

Tullkey Finiand

Rociwinia 6% 1% P~1
2% 11%

S ain

S~n
8%

Bulgaria
13%

Poland

Figure 1.2: Copper núning production in Europe in 19"
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W111L: ha\L lo ICCO\C] froni 111km- [¡)U', lunalil at 1(,\\ IU\1:1s
w This proxides a challenge for the copper producers. especiafl-, the undcrground nuning
w operatiojis. due to tlicir increascd cosi f`or extraction conipared to opcn pit operations.

qw Fortunately. thesc operations llas-c succeeded os,cr the last dccade to significantiv reduce tlicir

qp costs to such a poitit úiat tlic,, are nov, able to make a profit ex en at prcscnt prices.
111 B\ rd 71 ak.

Uad
Lead is found in pure sulphide ores or, nowadays, more comi:norilv in complex ores where tt ¡S
associated Ulith iánc and smafl amounts of silver and copper. There have been major changes in
the pattem of lead use ovcr the y-cars. The baum, industry creates up to 70 % of thc demand,
which is fairiv stable, but other uses for lead are in decline.

Usuall-v the lead concentrate is achieved by selective flotation. The metal is recovered froin the
conccntrate 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 fóllonring figure shows the main
producers in Europe.

Turkey
2%-, Greece

Roniania 4%2% Irefand
P~ %
18%

KM
2

Spain
Bulgaria 17%
11 %

qw

Sweden
33%

Figure 1.3: Lead mine production in Europe In 19"

m Althoueji lead orc is nuncd ¡ti nianN cotintries around the sxorld. tlirce quarters oí' the i%orld
outpui conics úroni onl-, six countries- China. Australia. US. Peru. Canada and Mcxico. I.cad
extraction in Rtissla has greatl; declined fóllowing economic change. Total production has bcen
at a sinular lc\el since the 1970s. i\lth ncNs iiiines being, opened or expajided to replace old
nunes (��ote all iliese iiiines contalil il least t�\o nietals (lead. i1ne. and sonietinies slINer. !,old
alid Lopp,I-1

Nickei is used in a wide variet-v of products. Most pnimary- nicke1 as used t alloys, the most
important of which is stainless steel. Other uses include electroplating, foundrics, catalysts,
batteries- coinage, and other miscellancous applácations [35, EIPPCB, 20NI.

Europc offiv produced oniv 1.4 % of the world mined production in 1999 (About 1.1 million
tonnes). The following chart shows the most important producers mi the worid.

6 Version Mkv 2003 STIEIIPPC~VM-Draft -2



Chapter 1

Russia
21%21%

Re st
31

Australia
15%

Indo Isias'nie
8% w

France (New Caledonia) Canada
10% 15%

Fi~ JA: World nickel mine pmduction in 2001

There are oni-, 2 producers in Europe: Grecce with 13500 tonnes and Finiand mith 1000 tonnes
in 1909. However since New Calodonia is part of France, this may also he considered as parl of
thc European production, which would nican that Europcan production proVidcs morc than
11 % of the world production.

\\orld I)ik)dti,:tik)ii ni 2001 x\a, significanth- increased due to ilirec ness inuie- opened in
\Xestcn) Australia At Llies�.- i�� tj,%jttL, adsanced pressur, leach
(PAL) teclitiology. Al kat 1,0111 (,thel Alistraliali P.M. pro

'
jectS are in lat-Ninu, oí

deselopnient Conipetitos—s are also,:k�iisiderliig enil)1oving PAL teclinology ¡si Cuba. Indonesia.
asid the Piiilil)piilcs. ¡si Api j 1 ..'o() 1. ;1 ( anadian conipany latinclied an ninovatis c PAL project ¡ti
Ness Caledonla, lf tlic Nc;k Caledonjan prq1ect is successfui- tlit: cortipany isill use the
tcchnolo,,-, ¡si Ne;%foundland lo reco%cr nickei asid cobalt froni stilpilide colicctitrates Tile
concentrates N%ould conic froni tlic Volsey Bay tilekei-copper sijiplude deposit in noril)-casterii
Labrador. ]si late 2001. de\elopinent of the \,'olse,,*, Ba-, deposit -,s-as still In 1 nibo. as the
Canadran and tli�� lia\e "o ¡"w KC11 11113h1,1 lo ofl
crítical
[36- USGS, 20021.

Tin
Nearh- even- continent has an u'nportant tin-M-ining country. Tin is a rciativel%- searce element,
with an abundance in the carth's crust of about 2 ppm, compared with 94 ppm for zinc, 63 ppm
for coppcir, and 12 ppm for lead. Most of the world's " is produced from placer deposits; at
lcast one-half comes from south-east Asia.
[36. USGS, 2002].

Tlic worid tin production in 1999 was about 230000 tonnes. Of this, Europe contributed 1
The oniv European produccirs are Portugal (2163 tonnes) and the UK (100 tonnes).
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Rest
16%

Bobvis China
5% 37%

Indonesia
22%

Brazil

Peru 6%

14%

Figure L5: Worid tin ~g production in 19"

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

Tin pnices continued to decline in 2001. Industry observers attributed lower pnocs to an
oversupply of tin in the mark-ct [36. USGS, 20021. World tmi consumption was also believod, Lo
have decl

.
m_ed somewhat during the: year.

Zinc
Sphaleritc (Zinc tron sulphide, ZnS) is one of the principal ore minerais in the worid. Zinc, in
ternis of tonnage produced, is the fourth most popular metal in world production-being
exceeded on1y by ¡ron, aluminium, and copper.

The Mc Is normafly recovered from thc mined concentrate by leaching and electroWinning.

Europe aecounted for 11.8 % of the total world mined production of about 7.5 milbon tonnes in
1999. The following chart displays thc major European Zinc producers.

qw

qw
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Finland
2%
Greece
2%

Tu I~nd
17%

ltaly
1%

Roman
3%

Spain
18%

Poland
16%

Bulgaria Sweden2% 16%

Figure 1.6: Zinc mining production in Europe in 1999

Tlic tailings from base metal mining activities can be charactcn'scd as folio-,,.ls:

• usuall,.,- a slun-%7 of 20 - 40 % solids by weight
• containing metals
• containinR sulí>hides
• large amounts produced.

The sium-ed tailings are managed in ponds. With some undcrground mines the coarse tailings
are used as back-flll maten«al.

The sulphide mí tailings and waste-rock can oxidise when water and air have access and an
acidic leachate is generated. This phenomenon js ca]W acid rock drainage (ARD). Due to ARD
therefore, not only is the phySical stability of the tailings ponds and dains on issue but so is the
cheinical stabdllNr of the acid generating tailmígs, both during opcration and after tfic mine
ciosure.

Note, waste-rock is stacked on heaps. The waste-rock from these activities can also have a high
enl*imninental impact lf ¡t has a net acid generating potential.

1.1.3 Chromium

The use. of chromium (Cr) to produce stainless steel and non-ferrous alloys are two of its more
important applications. Chrormíte (FeCr204) is the most important ore of chromium, indeed ¡t Is
tfic one fromí which chromium derives its naine.

Chromite forms in deep ultramafic magmas and is onc of tfic fírst minerals to erystallise. lt is
because of this fact that chromite is found in some concentrated. ore bodies. As magma slowls
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cwls~ the carth s~ chromíte c~ form and, bec~ of their densítY, ~e at the
bottom of the magma and are concentrated there.

In Eurcípe, two, cou~ produce sígn~ amounts of chromium ore; Fiáland (about 250000
tonnes in 1999 from a ~e mine) and Turkey (about 430000 tonnes in 1999). T~ is the
fourth ¡m~ chromium producer m the world. Grecce produces smaller amounts, Le. 1000
tonnes in 1999. The European mine produefion represents abaut 12 % of the world production
(5.8 míllion tomes in 1999). The duce majar world producers are South Africa, ~ and
Kaza,khstan

q0 The concentrate fim the F~ míne is shipped di=t1y to a ~css steel smelter awned by
the same company.

The slumed~ are managed m ponds. C~Oy at the F~ sft the waste~ is
managed on heaps, In the ffiture, the operation will tum from an open pit to undergraund
miníast which will ~ost climinate the production ofwaste~ Some, was~ win d~ be
used as backfiU.

vio
e#

1.1.4 ¡ron

Iron ore is a mineral substance which, when heated in the pr~ce of a reductant, wilí yicid
m~<xous iron (fe) [55, 1~ group, 20021.

Iron ore is the so~ of pnmary ffon for the world's iron and stm1 industries. It is therdore
qo essential for the production of steel, which in tam is ~al for a counuy to maintain a strong

industrial base. Almost all (Le. 98 O/o) ¡ron ore is used in stecímaláng [36, USGS, 20021.

Since weil before 1900, v~ all the míned ¡ron ore has be= used to make~ and today
¡ron ore production is still finked to the steel industry. In the be~ of the 20 Century the
US was the world's largest irm ore producer, ~unting for abaut 60 % af the total yeady
world ouqM of appro)i=ately 45 million tonnes. By the end of the =tury &e world ffon ore
production had grown to more than one billion tomes per year

In 2000, China was the largest ~ucer in gross weight of ore produced, but bocause its ore was
of such low grade, the cauntry's ouqm ranked we]] below A~dia's and Bra7¡l's o~ af
171 and 200 million tomes rc~vely. Iron ore is minod in about 50 cauntrics. The seven
lwgcst of thew ~ucmg co~es acoount for about *me-quwtm of the total woríd
production, which was about 560 million tomes in 1999. A~a and BraM togeth« dominate
the worl«s nw ore o~, cach províding about onc~ of the total exports. The Farapean
¡ron ore mining industry is of little signiflicance on a world wale, only generating 3 % of the
y~worid pr~on.
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Austria
3%

Turkey i Spain
Siovakia 0.4%
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Romania
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Figure L7: Iron núning produetk>n in EU-15 and candidate countries in 1999

Thc biggest ¡ron ore producing company in thc world is CVPD 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 shippod 110.6 million tonrics in the same y-car.
Con-esponding figures for the Austral lan/South African group BHP Billiton, was 82.6 million
tonnes and 84.5 million Lonnes respectively in 2001. Al present these big th= control
approximatchy, 70 % of the ¡ron ore mark-et.

¡ron ore production in Westem Europc is now mairib, concentrated in Swoden, as the production
of ¡ron ore in the 'minctte" regions of France/Luxembourg ceased mí thc first half of 1990s. as
did the ¡ron ore mm'lng in Spain. There are still sonic small scale operations for domestic use in
Turk-ev, Austria and Norway, the latter also producing some for cxport. 1n Eastern Europe, the
Slovaba, Bulgaria and Romania are represented in the statistics of ¡ron ore producers.

Of the merchant ¡ron ore products, 490 million tonnes in 2000, pellets accounted for about
90 million tonnes. Tlie rest consisted of coarse ores (approximately, 70 million tonnes) and fines.
¡ron ore fines are uscd as a fccd to blast furnaccs, aftcr sm'tcring or pellaising processcs. Pcilets
are split up into two typcs. dq>ending on their use, Lefor blast fumaces use, or as feed for the
expanding Direct Reduced ]ron/Hot Briquetted Iron (DRIMBI) industry
149, Iron group, 20021

The end of the 20ú'Centun- saw a wave of company amalgamations in the ¡ron orc midustry as
producci—s 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. 149. lron group. 2002]

For ¡ron ore mining mí Europc, this metal is onl-,- mined in the form of oxides and thc ores elther
contain litúe or no sulphide minerais. The tailings and waste-rock froni these operations do not
have a net ARD potential. Typically a coarse tailings fraction is generatod which is managed on
heaps. The fines arc discharged into tailings ponds.
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Manganese

Stecimaking accounts for most of the manganese (N4n) demand [36, USGS, 20021.

In some c~ manganese is the priíme product of a mine (e.g. Hotazel mine in South Africa or

Nikopol mine in the Ukraine), but usually, mangenese is associated with other minerais (e.g.
¡ron-carbonates). One positive effect of this association with ¡ron is that in steel production less
acíditional manganese needs to be added 138. Weber, 20021

The European mine production of 43500 tonnes in 1999 represents 0.5 % of the worid
production in the same vear. Thc following figures show the European and the largest
intcmational producers.

Greece
2%

Italy
2%

Romania

31 %

Bulgaria
39%

Hungary
26%

Figure 1.8: Manganew mining production in Europc in 19"

Australia
Rest %
20%20%

Brazil
12%

Ukraine
13% China

11 %

South Africa Gabon
21% 12%

Figure 1.9: Worid manganese mine production In 1999

The fFec 011 board O',o,b.) price o¡- the imniganese ore irom the Hurígarian opera(1011 ¡S L.S1) 42
lomie
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1.1.6 Mercury

Cinnabar (HgS) is the main ore of mercury. Some mines used by the Romans are still being
mmed today [37, Mincralgaliery, 20021.

Mercury is the oniv common metal that is liquid at room temperature. lt oceurs elther as native
metal or in cinnabar, corderolte, livingstonite, and other Í erals [36, USGS, 20021.

oiil\ retilamim-, Luropeari uiercur-, imile is lile Aluiadeii imile iii Spain The iiiijiL: \\as
subsidised I'roiii lile Sparlisli stale lo \\Itli a coninutillent lo reduce lilliling acti vitics. lit 1W.
EUR 5222 nilillon Nscre pald lo lile lioldillo colliPan\ \%Illcli inciudes lile Ainiadéii inine. Iii1 -
1999about 10()pcrsoilsiscredirectIN-ciiiplo-%-cditltliciiiiiiiilp-scctioiloftliccoilipaii\. However
úlis riline lias no\\ bcen elosed alid is Lnilike]\ to be recoininissioried. Otlier mines- although
nifilinu otller irietal sulplildes. soilletitiles produce ruercur-, as a bN -product. One example Is lile
Ps,liásaliiii ON Mioe. s\liicii produces Cu-. Zii-. P\TitC COII'CclltTatcs tliat inciude Cci. ¡Ii. Au and
Ag

World niercun iiiiiililí-, 1-, curreutb, carried out iii abotil 10 couritries. \s-ltil lile largest quaritities
coiillnL, froill Spalii atid K-,rgy/.stan. O\er lile past 10 sears lile estiniated annual s\orid nilile
productionofruercur, has axeraged about.1500 tolilles. biitN\orldproductloii \alueshavealtigoll
degree of uncertaHiv,' Arinual \\orld iiiiiiing, oí' iliercur\ is, declining arid \sas estiniated l(140
torines in 2000, lil 1999 Europearl production represented 17.4 offlic worid productioli.

Mercun use ¡ti ssesteril Europc: aod Nonli Aincrica ¡las declined because of nunierous
restnetions on the use of uiercury-contalimig, products. TIle clilor-alkail industry \kill also
uradualis cease lo be one of úle nia

.
ior tisers. At lile same tinic. the stippl\ of secondary and

reco\ cred iliercun lias increased due lo environrociltal regulatloil.

This leases niost deNcioped countrics as ilel C\porters of rilercur\. ;\Iiicli llas led lo steadll\
decitiling inercun prices. The iliark-ct pricc lias becii Ncn loNN: prices lit 1997-1999
is-cre around FLIR 4 per kg ofinercun . The surplus of iiici-,�iii- oii lile iliarkct kccps lile price of
illeretin low \\Iilcli ina\ encouraue aciditiomil wid lead to iiicreased demand on a global
s-cale. i u 1n particular oLitside lile OECI). Mercun is e\ported io (le\ elop io counti— es for re-use in
gold recoNcr\ for use iii die productioll of cosnictic.s. pairits and pesticides. ¡ti acidition lo
applicatloil b-pes Jiared N\ lili OECI) coLuitries. such as lit incastircivient aild electrical des lees.
111 thP, respect- the eflCeis Of lile colitilluill2 exports oí' inercury by Furopean coilipaoics, to
deiciopirig courimes. ;\Ilcrc Its Lise nia\ lead (o pollution aild adverse licalth effects, ¡leed lo be
gis cri full consideration. Furiliennore. i significarit part of lile rnercurs, cotild retuni lo Europe
as long-range trarisbouridin air pollutioli.
11 12. Commission. 200-91

Silice lile tallings coritain sulplildes. lile gencration oí' ARD \sIll be ao issue s\lth Hg, iiiines
Older Hg iiiines. ssaste-rock licaps iiid tallim,s nianaucilient facilities N\111 also cause probicilis.
ARD aud lile sccpage oí' lica\\ iiictiil�, K expccted for inany \cars ti' lile sitcs are not
properl\ deconuilissioricci. Hos\C\Cl Hg in the S I'onn is not N\ atcr soluble and slic,ulcl therefóre
renlain stable in lile tallings alid

Since the Almadén mine is no longer in operation, no infornialion on this installation has
1) ev n ti w(1 i o Ch a lit e r 3.

1.1.7 Precious Metais (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 being used as industrial metals.
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Of an estimated 140000 tonnes of afl gold ever mined, about 15 % is thought to have been lost,
used in dissipative industrial uses, or otherwise unrecovcrable or unaccounted for. Of the
remaining 120000 tonnes, un estimated 33000 tonnes are official stocks held by central bank-s
and about 87000 tonnes is pnivately- held as coin, bulhow andjeweilery 136, USGS, 20021.

In some cases gold and silver are direcdy turned míto crude metal at an on-site minera¡
processing plant as doré, contairímig typically 75 % gold and 25 % silvcr. 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.

uo1d occurs in nat1;u fórni (i'rcc-gold) or lockcd in odier iiiincrais lpyritc. quartz etc). ft can
contain a variabic amount of silscr in solid solution Gold-sll%-cr tellubdes can also bc a minor

Of the about 2.5 million k-g of gold mined worldwide Mí 1999, Europe produced orily 0.8 For
silver, European production represented approximately 10 % of the world production.

The follol%lng t-.vo graphs show the mamí producers of gold and silver mí Europe.

Romania
Poi* 3 % Siovakia
2% 2%

Finiand
Bulga 17%
6%

Sweden
23% France

16%

italy

Spaén
22%

Figure 1.10: Gold mining production in Europe in 19"
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Figure 1.11: Siher núning production in Europe in 19"
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urrentl\ there are six rold mnies ni the EL-1

A nc\\ gold mine in Turkc\ has bccn in opcration since 20111 ,r

There se\ eral esam les of ro ccts \vhere thep p t pernutiulg process has bccn initiated_ e.g thc
S\artlidcn mine in Northern S\\edcn, thc Matalikais mine in Grecce arad Rosia Montara opera
p11 !'old 111111e prolcci Ill Rolllallla

The following figure shows the world gold mining production in 2001.

Europe North America

1 % 20%

Other (former CIS)
11 % Latín America

15%

Australia
12% e

Asia

Africa 17%

24%

Figure 1.12: World gold mining production in 2001

The use of cyanide (CN) lo leach gold has been a much discussed issue in recent years. The
Baia Mare accident especiafly brought special attention to this technique . In 2000, there were
about 875 gold or gold and silver mining operations in the world Thi, nunlhe i Jo s not ulc ludL
th', ,uiiUihuli !u ('aran mct.ll nir!, li�'r� ,une ;n!ld o ic.u\LILd as a side product al the r
mine or thc smelicr. 0f those ti %5 sites. 400 (t.e. utiliscd cvanide. I °�, of thcm vverc hcap
Icaches and 37% used c\ anidation in tank lcaching. The rculainúlg -1.. .. used a \ arier' of
processes that did not use alternative chemical reagents or lixi\ iants but instead used prinlaril\
Ll'a\ It \ , cl)aratio il al ld tlotall,lil too torill a concelltrale 1 TICS i 11 cllll'atc 11, i L then sent tu a

snlelter for final processiil [26, Mudder , 2000]. The following figure shows the worid
distribution of gold or gold and silver mines using cyanidation in 2000.

Australia & Canada
South Paclffc 9%

26%
United States

16%

Asia
7%

- �.

Latín America
Europe 13%
2%

ÁfriÍca
27%

Figure 1 . 13: Worid distribution of gold or gold and sih•er mines using cyanidation in 2000
[ 26, Mudder , 20001 e
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During the fírst 9 montlis of 20011 the Engelhard Corporation*s dailv price of gold ranged from
a low of about USI) 257 per troy ounce in Apnil to a high of almost USD 294 in Scptember. For
most of the year, this price range was below USD 270. The traditional role of gold as a store of
,.,aluc was abIc to lift the pnicc of gold out of its low tradmig rangc when tcrrorists attacked the
United States mí September 2001. In 2001, the SIA"Iss National Bank- continued scllm'g
1300 tonnes of gold (one-half of its reserves), and the United Kingdom governínent completed
its drive to sefi 415 tonnes of gold from British gold reserves. Conccrns about the true position
of central bank gold sales, prospects for morc consofidations within the gold mining sector, and
a lack of renewed inycstor interest in gold kcpt gold pnices depressed untíl tlic mlddle of
September 2001. Throughout 2002, gold was traded steadily USD 300 per ounce.

Gold is a very valuable natural rcsource. Therefore ¡t is still m-orth mining if the ore grade is in
the grams/tonnc-range. This resuits 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 in ined to producc 1 tonne of gold (assuni ing 100 % recovery of gold).

Coarser gold particies can be recovered using gra,.,itv separation. However the finer gold
particies can often offl-y be recovered by leaching the ore with a cvanide solution. Due to the
high toxicity of eyanide special attention has to bc íven to the tailings managcmcnt mtere this91
process is applied.

There is research ongoing %N'1th thc aim of replacing c-vanidation with less hazardous tecliniques.
Also new tecliniques to destroy c-vanide mí the tailings or to recycIc cyanide froni the tailings to
thc process are currenth, being investigated.

Gold mining tailings are usually in the forín of a fíne slum7 that is managed in ponds. Al] sites
within the EU- 15 d t 1 1, 1 1 j i k 1, 1 1 a, j 1, 1 11 11 1, destrov the cvanide in the tailm'gs pnor to
discharge Míto thc tailings pond. Both chemical and physical stabdity of tailings management
facilities are of high u^nportancc, smicc the tailings can also have an ARD potential.

1.1.8 Tungaten

The main tungsten bearing mierals are Wolfraniate (Fe, Mn)W0.2 and Scheclite (CaWO4).

In 1999, a total of 3200 tonner. of Tungsten were produced in Europe. This was made up of
2000 tonnes froni Austria and 1200 tonnes for Portugal. European production accounted for
11.5 % of the world production in 1999.

The average worida-ide consumption of tungsten Is ~00 t (W) per year. The mamí producers
are China (>80 %), Canada, Russla, Austria, Portugal and BollVia 152. Tungstcn group, 20021.

Due to low pnices, many mincs throughout theworld haye had to close during thc last 2 decades
[52, Tungsten group, 2002].

The slum'ed tailings are managed m ponds. Typicalh- there are no sulphIdes contained %,.-ithin
the ore, hence ARD is not an issue.

1.2 Industry overview industrial minerais

For the dctaded discussions this sector is dividcd into different sub-sectors. These are:

a barnes
a horates
a fcldspar
a fluorspar
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a kaolin
a limestone
a phosphate
a strontiuni
a ta1c.

The fóllowing table shows that for most of these minerais, European production, other than
metalliferous minerais, presents a major ftwtion of the world production.

CommodW Percentage of of worid
p duction (%)

Barytes 11
Tordtes 38
Feldspar 64
Fluorspar 5
Kaolin 31 %
Pfiospliate 1
Tale 17

Table 1.3: Production of some industrial minerads within Europe as a per cent of worid production
in 19"

Industrial minerais arc recovered in many different wavs. Some are sold as nimied, i.e. mithout
being processed. In other cases afl sorts of mineral processmig methods have to be applied to
achieve a highIv concentrated product. i h,: mi

,
wi it\ of the mm1, m the "Iii(iii�itri¿il ',Iiiicíil,

11,111d sol-tiliLi. llotzitioti). \\itli ()iil\ a iiiiiioi-it.\ of mines carrving out i cliciiii,��il
11'C,1111]Cllt of tile ilimenfl le £,� leiciltiiL,,) Hcncc tlic amounts and charaacristics of tailings and
waste-rock vary significantly. In general these operations are small compared to most metal
mines, and the grade of the mineral 15 usually higher. Therefóre in most cases the amounts of
waste-rock and taifings are also smaller. Acid rock drainage is ty-pically not an issue in the
industrial nilínerals sector.

1.2.1 Barytes

Barytes is the naturally- occum*ng mineral forni of baniuni sulpliate (BaS04). It Is a relatively-
low-value industrial mineral. Filler applications can conimand higher pnices after more intense
mmeral processing. There are also premiums for colour - whiteness and brightness [29, Barytes.
20021.

The EU-15 consumption of barnes is estimated to be around 700000 tonnes, with, EU-15 mined
production around 340000 tonrícs in 2000 and the balance being imported, niainiv from China
but also from Morocco and India [29. Ban1es, 20021.

Tlic follov.,ing graphs show the main producing countries Europe. The total annual production
in Europc is about 715000 tonnes.
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Belgium
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Turkey 11%

22%

Gennany
18%

Siovalda

Romanla
1% íwy
Poland 4%
4% Spain

3%
Bulgaria UK
19% 11%

Figure 1.14: Barytes míning production in Europe in 2000

Of thc total 6.4 million tonnes production, thc US consumed some 2.7 million tonne and EU-15
an estimated 0,7 million tonnes. The follováng figure shom-s thc main producers mí the worid.

Candidate C.
and Turkey

EU-15 5 %

Other 6 %her0
6%

Mexico
2%

U

USA

Iran
3% China

Africa 54%

6%

India
9%

SA
9%

Figure 1.15: Worid Ban-te3 production (production figures) in 2000

Ftirtherlilore. inipoi ted Bar, tt-,, l�, 1)[ 111 tli,l,.',.ctlicj-Iill�i�,

Quoted prices (Industrial Minerals magazine) for oil-wcIl crushod lump are around
ELIR 55 - 60/tonne rísig to EUR 100/tonne for ground mateníal. The mined production output
in Etiropc has remained sicady for several vears.- and provides dircel employmcnL for over 400
people and directiv contributes over EUR 50 million to the GDP [29, Barytes, 20021.
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The average grade of ores mined in the EU-15 is around 50 % BaS04. This indicates that to
produce 715000 tonnes of Barytes about 1400000 tonnes of ore has to he mined. Some of this
ore has been sold as other minera¡ products [29, Baryters, 20021.

Oniv a sinall percentage (2 %) of the tailings produced writhin the EU-15 is discarded as slum-
in ponds. Ty Ícally coarse tailings are sold as aggregates, Fincr tailings are mostiv dewatered, Pl
and also sold or used as back-fill in the mine.

1.2.2 Borates

Borates are really a group of over 200 naturafly -occurring niffierals containing boron. Trace
amounts exist in rock soll and water. Elemental boron does not oceur in nature but traces of its
salts are present almost ever%,where in rocks, soil and water. Ncvcrthcless. borate mincrals are
comparativeh, rare and large deposits exist mi offiv a few places in the earth's crust (Turkey, US.
China, Russia, and South America)_
[92, EBA, 20021

flie global sup1)[N iliarket ¡'o¡- borates. soine 4.2 iiiiilit)ii Loimes, is kii-LeK b\ lurkeN (th,_: ojil\
Europc,iii producer). the US. and Soutii Ainenca (Arí-,,etitjiizl. Bob\ la. Oule. alid Peru). Clillia
aiid Russla produces P 11 nificailt solunies Uborates. but expori 1 ale oil lo tlie world inarket- The
ssorld's t;so IcadHig, producers are El¡ Bor. skluch produces iii \kcsteni Turkey. ajid US Borax iii
Cabrol Illa, \\ 111J] ck)llllll¿ill(l ¡)el 11¿ips �,0,i,e 75-,No" i, ()I'tliL: ,til)pl.\ niarket

The Turk»ish borate producer has an annual production of about 1.2 million tonnes from nine
operations (7 open pits, 2 underground mines), This represents almost 40 % of the world
production [36. USGS, 20021.

111 1 urke-\. tile residues ol'lli(: ¡imies are ilie ftoui ibe ¡imierals processitig plalits ¿uid 11)�.
boroil derliatises plants. Tlie taillugs are disposed oí' eltlier on heaps (for coarse clays and
calcarcous iiiiiierals) or iii lMed taltHigs poiids (for fibie clay particies corítaining, traces of
11OCCUlants) near tlie inflies.

1.2.3 Fe1dspar

ilillici-¿11�- N\111,1 call bCC0111C \Z1111,1[1L 111dUlIMII 1,1\\
inalerials \\lieti oceurrui-9 iii large. casil,, extractable and processable quantities B\
coiiipositioii. I'cldspars are potassitiiii. sodiuni wid'or calc1iiiii,

More than 60 % of thc fcldspars produccd in the EU-1 5 are used in thc cci—amic industry, with
most of the rest being used mi glass production. In the manufacture of ceramics, fe1dspar is the
second most important ingredient after clay, acting functionally as a flux.
139, IMA, 20021.

The feldspar sector ol'siliall aiid inediiiiii coinpajues. spread arotuid all

In 1999, a total of 6 million tonnes of feldspar were produced in Europe, which is almost one
quarter (22.4 %) of the total world production. Fe1dspar recovered by, flotation represents about
10 % of the European feldspar production. The following chart shows the niajor European
producers.
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Figure 1.16: Feltíspar mining production in Europe in 19"

Minor producers (¡.e. <100000 tonneSAT) include Finland, Grecce. Sweden, UK. Poland and
Romanla.

Tlic I'eldq)ar itidii-,;tr-, iii tlic EL-15 pr(1�ides direct ciiipio\il)eilt 1'Or (,)\cr ',oo(1 pk:opl'.: ¿nid
direcil\ contributes oNer LLIR ()()() milhoii to GDP. Tlic quoted prices (Industrial Minerais
iliagaz ¡¡le) for I-elcíspar are in the range EUR Vi - 205 per toime. The tuarket I"or flic lo;s-cost
sodiLiili-I'cldspar is iiiíiiiil\ local or ilatloiial buslilesses hecatise o¡' tile proportioilall-, lugh
trailqpori cost Oiil\ a j*L:Nk. lutIci- �altie í'c1dspars (Iilgh grades quallues. Lc. floated fe1dspar and

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

1.2.4 Fluompar

Fluorspar is the industrial name of a mineraL fluorlíte, w-hich is natural calciuni fluoride (CaFj.
lt is extracted fromi mincs (underground and open pits), with natural concentrations between 20
and 90 % CaF2- Ore and concentrated mark-ctable pro-ducts have the same name, Lc. Fluorspar.
Fluorspar has long been known for the bcauty and variety of its colours. Nowadays it is used for
its chemical properties (it is a fluoride, and thcrefore a source of the element fluor) and for its
physical properties (e.g. as a fluxing agcnt).
143, Sogerem. 20021

Worldwlde production is bet-%Yeen four and f ¡ve miflion tonnes pci- year. The main producing
countries are China (2.5 million tonnes), Mexico (0.5 nifilion tonnes), and the EU-15 (0.4
million tonnes), South Africa (0.3 million tonnes). Around 20 countries haye declared a
substantial production in 2(M 143. Sogerem, 20021. Tlic European producers are displaved in
the following figure.
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Figure 1.17: Fluorspar míning production in Europe (19")

At tlic Sardinian fluorspar/lead sulplilde mine the average value of the produets are EUR 120

per tonne for Fluorspar and USD 190 per tonne for lead sulphldc [44.. Italy, 20021.

1.2.6 Kaofin

The word kaolin dcrives from the Chiese '%ao-ling" (High Crest), the name of a hill In central

China near where this substance was on inal1v mined for use in ccramícs. This is also the origin91 1 1 1

of the name "China Clav". Since those carly days, the use of kaolín has Nvidened to paper,

rubber, pamits and plastics manufacture [40. IMA, 20021.

In 1999, European Kaohn production was about 5 milhon tonnes, about 20 % of the world

production in the same vear. The biggest European producers are listed in the following chari.

-Austria
1%

Rommia Slovakia T rkey
U

France
1 % 0.5% 9% 6%

Poland Genmany
%

14%

Czech Repubik Greece

10% 1 %

Bulgaría Portugal

3 % 1 %
Spain
1 %

United Kingdom
52%

Figu re 1. 18: Kaolin production in Eu rope in 1999

STIEI[I>PCBIMTWR-Draft -2 Version May 2003 21



Chapter 1

il, 1 til, iii�itisti pro\ ide,, duc¿I t:nipi0\ MCM 101 j,� � j !jj -:ti
w contributes o;cr EUR 1500 nifflion to (jDP. The quoted prices (industrial Minerais inagazino

1'()r kaMin are In flit: ranyc LUR 40 - 3,75 pk:r tonne

Kaolin production resuits in tadmgs heaps madc of coarse sand, gravel and rock, as weil as
tai"gs ponds for the fine tailings.

1.2.6 Limestone

Limestone is used in du= different ways: as an aggregate, as calclum carbonate and in the
cement and lime industry.. Thc aggregates sector will not be discussed, since it docs not generatc
tailings-

The calclum cwt>onatc industry operates Mith deposits of a grade higher than 96 %. Therefóre.
there is usuaU%7 no need for flirittier minerá processing steps. In Europe, only- 7 plants need to,
use flotation to separate calcium carbonate from unwanted minerais (mainly, graphitc and mica).
These seven plants aecoLt for less than 5 % of the total European calclum carbonale
production. Five of these plants do not have tai"gs ponds, since theN . use dem,atering dc-vices
(e.g, thickening andfiltcr press).
142, IMA, 20021

i ht: LibL.d 1,01 111u and 11111L: SU,¿tor col¡¡¡¡¡¡¡" Ja\ inipuinic,› Lh¡ii,¿ún bk: �kijslit:d
off T1i,--,e tallings are stored in ponds

1.2.7 Phosphate

No data has been supplied.

1.2.8 Strontium

)[1-0111111111 is inined In 1111: lorni oj mo Ininclai', (s[101111LI111 SUipliaik:) and
strontianite (stronfluill carbonate). Of úle tNso. Celestite oceurs iliucli ¡llore frequentis '111
sedinientary deposits of sufficient si.,,e to inak developilient of iiiiiiing facilities atiractiVe.
Strontianitc is-ould be the ¡llore useftil of the tN%o conanlon ininerals bccause strontiuni is used
niosi often In the carbonatc forni, but fe;% deposits ha%e bcen discovcred that are sultabic for

y& developinent.
136. IJSGS. 20021

Celestine (SrSO.j. is rnined in ti\o inines in Soutlici—n Spalti. �siiicli logctlicr produced about
120000 tomies oí' final product ni 2000. Tlie otlier Europcan producer oí7 Strontiuni ore is
TurkeN, s% ith about 25000 tonnes ni the sarne , car. \Yorid production ni 2000 arnountcd to about
300000 tonnes. All figures are gnen ni ilietnc tonnes of strontiuni content. Spain is the second
largest producci- in flic %%orld after Mexico.
136- USGS, 20021

1.719 Talic

Tale is a Ii drated niagnesILI111 silicate. Althou,Ji tale deposits are ¡ound diroLiglioLit tile i%orid niy Z>
varjous geological contexts. econoinicail-, ; lable concentrations of talc are not tilat coninion

The largest producer in the .%orid is China %�itii an annual production of about 1.7 11111111011
torines fó11oN%cd by THE US (0.9 illillion tolilics) uid India (0.6 rillillon toruics). EU tale
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at 1 4 nulhol, tolilles ,ear. of N\111ch ind Finland 1(ii

The morld tale production is estiniated to about 5 nullion tonnes/\,Car.

Tlie I'olloN%iiig _grapli slios\,, tlic producing countries ni current Mclilber States and candidate
countric.s lt is difficult lo obta1n sensible tale production data as It is often grotiped Ifli steatite
and t-,iic-i-clitcd niatenals

Candidate Countries
5%

UK, Portugal, Austria
Germany

5%

Spain

Italy
11% Finiand

31%

France
28%

Figu re l.¡ 9: -l ¡tic núne production in Europe (1999)

Luienac is flic niq1or producer on flie European niarket. Tlic isso oflier niani producers are
Mondo Mincrals and IMI Fab1 SpA. 1,tizciiac, \vilich belongs to the grotip Rio Tinto. is flie
leading tale producer \\Itli sales exceedina 1.4 illillion toiiiies,,'\car, In Europe. Lizenac oNsiis 7
tale deposlis aild 11 processina plants. Mondo Minerals incorporates die Europezul tale actis líties
of Mondo Nfinerals 0\ (t�%o ni1nes and tliree processnip- plants in Finland). Mondo Minerals
BV ¡¡l flie Neflierlands and Non\eglan Tale AS. IMI Fabl SpA ¡las its niaín activities ni [tal\.
��ltli ', nillies and 2 conuilinution plants.

Generall\. due to file hl_gli purit\ of flie deposit. flie tale industn- docs not generate tailíngs

Ho-,%e,,er. 111 one operation in Flilland. N%lilcli actuall-, represents about 33 "(, of the European
tale production. tale is extracted froni a tale niagnesite rock- using llotatlon- Tlie tailings are
nianged Hl ponds

1.3 Industry overview: potash

Even though potash is an industrial mineral, ¡t was decided by the TWG at the kick-off meeting,
that: due to the different techniques mí the mineral processing and tailmígs management this
mineral woulcí be treated in separately in its own section.

The mamí potash products used as fertifisers (wlüi the nutrients potassium, suiphur and
magnesium) are potasslum chioride (MOW), potasslum sulpliate (SOP) and kieseníte. These are

3 Muriale of p~h (MOP) as the cornrnon term fix the.uk potassium chkxide (KCI) and is so named because hydrochionc &cid

wms oñgin&Hv caBed mtui" &cid. ]le neme MOP has stuck with the product cicn thaugh the name ofthe acid has since

chango¿
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produced With different values of K2O' (40 - 62 0/<» and in a fine, standard or coarse grade.
Potasslum. sulpliate and sulpliates of potash-niagnesia are non-chioride potash fertilisers.

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

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

Uníted K¡ngdom France
10% 7%

Spain
13%

Germany
70%

Figure 1.20: Pota3h mining production (1120) 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. Potasslum chion*de (KCI), comnionly
referred to as muníate of potash (MOP), is the most comnion and least expensive source of
potash. Potassiam chIonide accounts for about 95 % of world potash production.
19, K+S, 20021

The world potash Midustry has experienced unstable conditions since the late 1980s Gust prior to
tlic economic collapsc of the Eastcrn block countries). Up to that point, average industry
operating rates (percentage of production capaelty) were exhibiting a slow but steady upward
trend that: ended abruptiv in 1988. The average world operation rate, which had steadil-y
increased to 83 % in 1988, declined steadl1v to only 56 % of pre,.-Ious leveis. Duníng this peníod,
world consumption decImied from 31 to 21 million'tonnes K,O.

World potash demand m 2000 was approximately 26 million tonnes of potassium oxide (K20)
or 42 million tonnes of product (KCI and K2SO4). Compared mith these figures, the
manufacturing capacity was approximatc1v 37 million tomies of potassium oxide (K20) or 59
million tonnes of products. Therefóre, a considerable overcapacity exists worldwide.

The cconomic situation. particulariv in developed countries, great1v influences the cxtent and
reg onal distribution of exports. Both the quantíty, exported and its distribution among
consumers are great1v affected by the state of the u'npo.rters agriculture, by the demand for (or
availability) of convertible currency in the exportmig or importing country and by fluctuations in
curreney exchange ratcs. Transport costs for potash fertilisers haye a considerable bcaring on
total cost to the consamer. Logistical considerations therefore influence the direction and
magnitude of imports or exports and contribute to the worldwide overcapacity.

P(~ium oxide is not known tt) cxint oyéing to ¡t.% high1y ~tive pr~es. llowever ¡t is used as a ~ention tcrm for
stating thc potaisium content ofa ma"al. e.g. 100 te~ 95 %K0 (]'vIOP) is the equivalent of6O torLncs K20.
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Five methods are used in Europe for managing the tail-ings, these are:

Chapter 1

• storing solid tailings on tallings hcaps
• backfílling solid tailings into mined out rocinis of underground work-s
• diseharging solid and fiquid tailings into the oecan/sea (e.g. marine tailings management)
• discharging fiquid tailings into doep wells
• discharging hquid tailings into natural flowing waters (e.g. nívers).

Potash tailings are madc up of table salt (sodiuni chionide) together with a fé,,%- per ecnt of other
salts (e.g. chIorides and sulphates of potassium, magnesium and calclum) and insoluble
mawrials such as clav and anh-,-drite. The tailings heaps theinselves gcncrate saline solutions
when atmospheric precipitation dissolves salt from the tailings material.

1.4 Industry overview: coa¡

i liiw 1 \\ (1 dec id,:J al tii�. 1, 11 k-01,1 tilla :k),¡¡ l�, k)¡¡ ¡.\ iii,� 1 lid, -a \\ 11, 11 11 1, 1 11 '11 1,i
tliere are laffings produced Diercíbre in flus section oril\ liard coa¡ (or rock coa¡ or black co.11)
is discussed. %%hercas lignite (or bros%il coa¡). N%Ilicli is usuafl-, not processed. is not coiercd.

TliroxiL,Iiotil Europe coal is niffled under difflicult geological
Tlil- indipIr\ is C11,11 ¡1,:tL 1 1"":d 1,\ a detu L�: The production from Coal mines
in the EU-15 has bcen dcclíning for decades. This is due lo the often high cost caused by mining
deep-1-ving and relativeh- slim dcposits, called seams. Howe%-cr, %;-i(ii fli,

�(Nill I)t�)klii¿tik�ii in die H \\ill increa,, In other paris of the world large
deposits close lo thc surface can be nuíned at lower costs. Coal mines in Europe will keep
closmig. The opening of new underground mines is not foresecable in the near future. Except for
Spamí and the M where sonic 4 million tonnes per vear of bituminous coa] are mined from
open pits, coa¡ is usually- cxtracted by means of underground operations.

As can be seen in the following table the total hard coa¡ production in Europc in 2001 was
188.2 million tonnes. It can be ~ that Poland is the dominant European hard coa¡ producer.
providing over 50 % of the total Europcan production in 2001.

Cottntr% 1980 19% t"7 MS 1999 2000 2001
France 20194 7314 5779 4739 4033 3166 1971
GermanN 94492 53156 51212 45340 43849 37338 30362
Spain 13147 17465 18861 16380 15433 14965 14539
United Kingdom 130096 4930F 47123 40045 36356 30465 32512
Total EU-15 257929 127242 122975 106SU "671 85934 79384
Bulgaría 267 186 90 118 108 66 20
Czech Republic 288 301 301 301 300 631 630
Hung&r,.- 3065 996 959 914 783 754 570
Poland 193121 136385 137100 116381 1 1(443 103173 103896
Romania 8060 4219 3401 2679 2748 3243 3680
*l urkev 3602 3029 2291 3994 2705 3110 3719
Total Cand. C~tr. 208403 145116 l"lSl 124387 117087 110977 112515
and Turkey
Total Europc 466332 272358 267126 230891 216758 M911 1918"
World 2728475 3818221 3833233 3789727 1 35~- 1 3447248 3408945
Europe as % of world 17'c 7'ü 70v (,0. 1 6'ü 6% 6? <.

Table 1.4: Coal production figures in 1000 t, 1980,1996-2001
111, DSK, 2002]

The table higlilights thic declining production in most European countries, tfic most radical
examples heing Germany, France and the UK In Germany, by the end of 2000 therc wcre onl%,
12 mines left m' production.
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hi the UK, which is the biggest coal producer in the EU-1 5, there were an average of 41 open
pit and 22 underground mines producíng at any one time duníng the year 2002. 15 million

by tonnes of the UK production originates from open pit (or opencast) sites.

00
qw Hard coal m the Czech Republic mamly occurs m the Upper Silesían Basm. Regarding the coal

resources vn~ this rwonl about 15 % are in the Czech Repúblic, and the balance are in
Poland.
[83, Kn-bek, 20021

In many cases European production costs are several times the worid average. Some mines,
even though they cannot compete m the worid market are stíll m production on1y bocause they
receive subsidies. However, in the UK coal mining is m the mam competitive with world coaL
In 2001 15 milhon tonnes of surface mined coal was produced and purchased by the electrícal
supply industry in compeútion with imported coals. No subsidies were paíd to produce this coal.
17 million tomos of deep mined coal was produced again in the main without: subsidies.
'Selective Operatíng Aid' of some GBP 65 million was paid in 2001 to specífic mines to enable
them to achieve I<mg4erm viability and to compete long term with imported coal.

The~from coal mining are the coarse tailings, which are managed on heaps, and flotation
slurnes, which are cither discharged into ponds or, a%r filteríng, onto heaps. The ponds may be
smaU settling basins, which need to be dug out periodically. In other cases coal tailings ponds
can cover tens of hectam and may be contained by tailings dems. Coal Vúlings contain pyrite

*o and traces and flotation reagents.
tp
*# Efforts have been made to use coa¡ tailings as construction m~als. Due to their low

períneabilíty dried flotation fines can also be used as Imers for landfdh.

to Waste-rock is produced by open pit mining and is used to restore the site during extraction (by
progressively restoníng the coaled out arcas) and on completion to produce a satisfacton,
landfórm. Waste-rock is also produced ni underground mining from driveages etc. and then
elther remamís underground or is stored in spoil heaps aboveground.

1.5 European mine 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. Howevcr these tables allow an easier overview of all the

q0 sectors. This table also mak-es it casier to compare the production figures of different countries.
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FERROUS NON-FERROUS METALS PRECIOUS NIETALS
METALS

Iron Ahmúna" Cadmium Chromium Copper Lead Alanganese Mermiy Mekei Tin Tungsten Zinc Gold Silver

CO C.O (0/.) (99) r%) (010 (06) (01,0 (06) (60
Austria 3 - - - 63 - -

i

elgiani - 1 -- - - - - - - - -

inland - - 29 36 1 19 7 2 17 2
rance - -9 8 - - - 16
ermany - 12 - - - - -

recce - 10 - 4 2 93 2 4
reland - 23 - 11 - - 22 - 1
Italy - 1 15 16 2 2 - - 1 9 3
Portugal - - - 11 - - - 96 37 - - 1
Spain - 18 8 3 17 81 - - 22 23 -

Sweden 72 1 - 8 33 - - 20 23 19
United Kingdom - - 18 - - - - - 4 - - - -

otal EU- 15 (t) 12816129 5970000 1900 248149 204749 236646 1972 291 14483 2264 3215 616868 16.27 525.46

ulgaria 2 13 11 39 - - - - 2 6 1
yprus - 1 - - - - -

zech Republic -

Istoma - -

Hungary 4 - - 26
Latvi a - - -

Lithuania - -

Malta - - -

Poland - 8 56 18 - 20 2 62
Romania - 8 - 2 2 31 3 3 1 1
Slovakia 2 - - - - - 2 0
Slovenia - - - - - - - -

Turkey 19 - 2 64 6 2 - 5 - 6

Total candidate countríes 3945719 830000 500 433658 684066 114074 41372 273995 2.16 1244.09
d ur eyU

(.tal EUROPE (t) 16761848 6800000 2400 681807 888815 35 720 43344 291 14483 2264 3215 890863 18.43 , 1769.54
o

.�l�

rl3 (t) 556777376 53000000 16495 5777378 12364823 33407921 9595182 1673 107 425 228767 28015 75330281 2432.46 1 17293.21

UROPE as % of world 1 3.0 1 12.8 14.5 11.8 7.2 10.5 1 0.5 17.4 1.4 10 11.5 11.8 1 0.8 1 10.2t
year 2001

Table 1.5: European núne production expressed in % of total European production of ferrous, non-ferrous and precious metals in 1999 (unless otherwise indicated)
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Chapter 1

INDUSTRIAL JIETALS COAL

Barives Boron Feídspar Fluorspar Kaofin Limesione PhOSPhate Potash Strontianite Ta1c Hard-Coal

(96) (0Q (%) C¿)

Austria - 10

Lelgium 2e
iniand - 100 31

rance 11 28 5 7 28

ermany 18 5 8 13 70 2
n'8.1C
rece.e - 1 1' la'

Ireland - - --- -

Italy 4 36 13 6 11

Portugal - 5 - 1 - 2

Spain 3 7 38 1 100 13 83 9

Swedei1 - 1 - - -

i

nited Kirígdom 11 - 11 49 - - 10 - 2 see

otal EU- 15 322762 3927357 350176 1 3906168 2000000 734068 5066880 10590 1260000 Table 1.4

ulgaria 19 - - 3 - -

yprus -
zech Republic 4 9
stonia -

C=didateHungar,y 1
Latvia - Countries:

Lithuania -

Malta - -

Poland 4 1
Romania 1 1
Slovakia 5 -

Sloveiúa - -

Turkey 22 100 27 1 9 17

otal candidate countries 344327 1242228 2004473 4812 1152811 - 60000

tal EUROPE 666999 1242228 5931830 354988 5073200 2000000 734068 5066880 145000 1320000

orld 6326531 3239108 8950309 4612569 25982207 n/a 67040137 24665640 300000 5620000

UROPE as % of world 10.5 38.4 66.3 7.7 19.5 n/a 1.1 20.5 1 48.3 - 23.5
1

Table 1.6: European mine production expresged in percentage of total European production of industrial minerais and coa] in 1999 (unless otberwise indicated)
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1.6 Key environmental bsues

Pmper material characterisation is the basis for succesfflil t~s and waste-rock management.
The managenient oft~ and wast~ is one part of the entim m~ operation, which
n~ aho includes the actual wjrwüon and the minera¡ processing stago. Not only do these
other parts of the operation influence the management of~ andww~ mm~ the
methods of mining and mmeral processing actually determíne the management and not vice
vena.

T~s and w~-i=k management sítes go througb certam pliases from design to after care.
It ¡s essentud to manage these facilíties m a way that makes most: sense in all phmw of diat life
CYCIC.

Another iruportant i~ to consider is the ~tution to ch~ m r~. An example here
may be ~ after 10 years ofo~on the sulphide content in the waste-~k ooming from the
m= could increase to such a Iewl that acid roek ~e (ARD) couid bocome un i~. To
avold this becoming a problem m the longer term care necds to be taken during the operational
phase by possibly mixing this w~~k with oíber waste~ containing buffering minerals
or by separately depositing material with ARD potential m an adequate way. In the given
exampic it woald be necessary tu project my findirigs during operation to steps much fwffier
down the 'lifie cycle, road' and to then act accordingly to achievc the best ovcrall long-terin
environmental and economic bonefit

Within the mining industry environmental swareness has improved consíderably over the last
decades. TIms histancal operations wdh large envirtmmental =~ cannot be regarded as
reprcscntabvc for the prevailing modera management of wasto-rock and uulmgs. A sígníficant
improvement has also been achieved con~ the I~aüve ftmcwodr, pcrínitting
requiremmts and control. In reality what this all means ¡s that now the entire life cyele of the
mme s cons~ at all tunes and the closurc of the mme is planned and provided for m an
environmentally acceptable way even befórc the mme is o~.

1.6.1 Site location

LUmig ¡s a unique sector in so much as primarily geology determiries the location of the mine.
This ¡s a major diffwmcc $o other industrios. An oro can only be nún*d whew the~t is. Of
course the choice of mining method and the exact location of~ and other infi~cture 50
has to be made.

The degrees of fi=dom in ternis of choice of location mcrwws thc further downstreani one
gocs in the process. Tlw location for tho exuwtion úself is predetermined as mentioned above.
Typícally, the mineral processing though ¡s undertaken as close to the actual mine sito as
possible, due ta the~ low grade of the ore, which implíes that the ore value cannot: cover
highu~costs. ]Hbwever, this is not true m all cases and in some cases the ore is processed
muay thous=ds of kilometíes away fmm ¡he mine. For instance for bauxite ¡he procwmg into
aluminium ¡s very eneW demanding and the tr~ort cost of the ore can be recovered by lower
eneW costs for thc processing m a difibient location (oftm though somo pro<~ wilí sun
be done at the site).

For the management of tú~ and wasu~ the degrees of ficedom con~ location ¡s
general again increase, but as with the mineral processing ¡t ¡s gen~ pref"le to limit or
~ the umq)~on cost. However, m many cum tu~ are pumped or trucked many
Idiometws to an appropriate sito for deposition.
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When ¡t comes to the selection of a tailmgs andlor waste-rock manegement sito many other
factors have to be considered, such as:

a preferable use of existing geographie formations (e.g. existing pits or slopes)
a need to respect the hydrogeological setting of the surrounding arca (ground- and surface

w~)
a adaptation of facility to surrounding arca (e.g. dust, noise and odour control if residential

population nearby)
o metcorology (e.g. rainfall data)
a geotechácal and geological b~und (e.g. foundation conditions, seismic risk data)
a natural and cultural environment
a relaúonsW of~sf"ty to underground o~on
a topography of long-term construction
a proximíty to surface water
a proximity to the coast (seawator).

f* Underwater deposition, which is often carried out for tailings with an ARD potential, involves a
different set of ¡ssues, such as secure surface water supply, a natural or constructed basin, post-
deposition use of arca, etc..

The proximity to surface water is ofien a complex issue. On the one hand, if a discharge to
surface water ism~ ¡t is preferable to have the river -ne)d door'. On the other hand, it needs

00 to be assessed if this s~ water would act as the ideal transport modiuni of taílings in the
case of an accidental release.

In general, a balance has to be maintamed between the proximity of the tailmgs or waste-rock
manag=ent sito to the mmeral processuig sito for economical reasons and other fáctors such as
those listed above. In realíty often the sito investigation will result in several 'candidate
locations'. The actual decision is then made in the ~tting process, often as a compromiso

40 betwcen the operator, the permit writers and public concerns.

1.6.2 Material characterisation inciuding pred"on of long-term
behav1our

The only way of detcrm~ the long~ belaviour of t~s and wasto-rock is to
characterise them properlY. This may sound trivial, but ¡t has often been neglected in the past.

qw Too often the focus has be= on the saleable concentrate, which generates revenue and not on

qw the reinamixig residue. However, operators should not forget the negativo economic effect that
improper ta~ and waste-rock management can incur

From an cnvironmental point of view, the mam difference between the mmeral m the original
deposit and the same mineral, less as much as possible of the desired mmeral due to the mínin
mmeral processmg, m the taílmgs and waste-rock is the increased availability for physical,

00 chemical and biological pocesses to affect the mineral. This means that ámuo the treatment

Ir of the ore (m~ comminution) the constituents of thc tailixigs and waste-rock are more
'ble. The following two examples may further wwlain flus phenomenon:accessi

Sulphide ore in its natural location (Le. underground and bound in rock mass) is not exposed to
an múdising environment The finely ground tailings, of this ore heing, once discarded in a pond,
are much more accessible to water and oxygen. The surfáce arca of accessible sulphides is

00 increased by orders of magnitude through the sur reduction. This implíes that, if not managed

00 properly, the rato of weathering and therchy the mobilisation of weathering products muy be
sigafficandy increased.

Another example is potash ore. These ores consist of potash minerals and rock salt The deposits
are pro~ from water by impermeable layers (typically of clay and gypsum). The tailings of
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this same ore, however, consist mam1y of rock salt (> 90 O/o) 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 cham~cs of the proc~
míneral and hence the tailings.

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

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

a leaching behaviour
a physical stabilíty
a behaviour under pressure
a erosion stability
a settling behaviour
a hard pan behavionr (e.g., crust formation on top ofthe tailings).

Proper material characterisation is the basis for any planning of the management of tailings and
w~-,=Y- On1y if this b~und work is done properly can the most appropríate
management measures be applied.

General issues about clossure, rehabílitation and afier-cares are discussed m Section 2.6.
Applied measures = shown in Section 4.2.4.

Each míning operation will haye an m-eversible ímpact on the earth's crust. To q~ dm
impact, baselíne stadies are carried out to give a point of reference. Baselme studies are
descríbed in more detail in Section 4.2. 1. 1.

1.6.3 Environmentally relevant parametera

The environmentally relevant parameters of tailings and wastesrock management facilitíes can
be subdivided into two categories: (1) operational, and (2) accidental. Both haye to he taken into
consideration.

During operation the 'typical' einissions to air, water and land have to be considered and
techniques to reduce these ernissions will be discusscd mí this document. However, two ven,
important environmental issues which need to be highlighted are:

• the generation of acíd rock drainage and
• the occurrence of accidental bursts or collapses.

1.6.3.1 Typical effiissiona and managernent of water and magent

• Emissions to air can be dust, odour and noise. Usually the latter two are of less concem
unless the t~s or wast~ are transported with tracks and there is residentíal honsíng
nearby. Dust can consist of materials such as quartz or any other components found in rocks
and minerals, including metals.

• Emissions to water can include
reagents from mineral pnxnuhi& such as
a eyanide
a xan~
a acids or bases resulting in high or low pH
a solid or dissolved metals or meWfferons compounds (e.g. ¡ron, zinc,

aluminium)
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a dissolved salts e.g. NaCI, Ca(HCO3)2, etc,
a radioactivíty (m coal tailings/Waste-rock heaps)
a cbloride (coal mines)

W0
a suspended solids

qu a EnúWoºs to land can occur via settied dust or via the seepage of liquids froní tailings and
lor w~-rock management facilitíes ínto the ground. The building and removal of
teniporary storage piles is one often occurring source of land contamination. This is also
true for the construction of industrial arcas, railway banks, tailings dains, etc., using waste-
rock- containing, e.g. ARD producing mateníal.

Overall management of water and reagents, such as
a Consumption and treatment andIor recyc1ing of

a reagents (e.g. flotation reagents, Cyanide, floceulants) and
a water

tp pnor to discharge ínto tailings facility or surface water
00 a ma~ent ofprecipitation and surface water (e.g. gathering in ditches)

tp It should be noted that emissions, to land are a highly site-s~ic issue and dw there are very
q0 few default emission scamos cun-enfly available to chara~se these emissions.

1.6.3.2 The environmental impact of enúasioro

Effluents and dust emitted from t~s and waste-rock management facílitíes, controfied. or
uncontrolled, may be toxic in varying degrees to humans, animals and plants. The effluents can
be acídic or alkaline, may contain dissolved metals andior soluble and entrained insoluble
complex organic constítuents from mmeral processniL as weil as possibly naturg occurríng
orgamc substances sucl as humic and long-cham c~xylic acids ft~ the njumng ope~ons.
The substances m the emissions, together with their pH, dissolved oxygen, tempe~ and
hardness may all be ~rtmt aspects m the toxicity to the rc=vmg environment

Certaín reagents, such as c:yanides, frothers and xanthates require long retention. time, oxidation
(air, b~a, s~) and, for xan~ tempera~ above 30 OC to decompose. Therefore
the planáng of the mineral processing círcuit and the TW must consider the environmental
lm~ of these substances and the potentíal need for extra pondág or tre~ent to provide for
certain reagents' decomposition.
[21, Ritcey, 19891

The actual environmental impact of emissions to watercourses aiways depend on many factors
such as concentration, pH, temperature, water hardness etc. However, Rúcey 12 1, Rúcey, 19891
and many other sources provide tables listing, e.g.

a maxímuní and mínunum. pH levels for vanous a~c ILfe form
a ammonia toxicity data
a acute toxicíty data for vanous flotation agents
a toxicity ofs~c chemicals
a toxicity data for flocculant and ~ants.

q0 These tables can gíve an impression of the potentíal impact of certm reagents, but, as
qw mentioned above the whole pícture has to be taken Ínto consideration.
qu
to The fóllowing table shows effects on humans, anunals and plants of some metals.

Up
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Metid E~
Arsenic (As) High1y poisonous and ~bly carcinogenic in

humans. Arsenlo poisoníng can range firom chronic
to severe and may be c~ative and lethal

Cadmium (Cd) Cadmium is concentrated in tissue and humans can
be puisoned by contamínated food, especíally fisk
Cd rnay be linked to renal ~al hypertension and
can cause violent nausea. Cd aceumulates in líver
and Iúdney tissue. lt depresses growth of some
2W and is aceumulated in plant tínue

Chromiun (Cr) Cr" is toxic to humans and cm induce skin
sensitísations. Human tolerance of W has not
been determined

Lead (Pb) A cumulative body polson m humans and líve-
~ Humans may suffer acute or chronle
tmácity. Young cUdren are especially susceptible

Merciny (Hg) Hg is biologically magnifi4 aceurnulatín in the
~ liver and Iúdneys of anirnals. Hg poisomíng
may be acute or chronic

Copper (CU) Sman a=unts are considered non-toxio and
ne=sary for human metabolísm. However, large
doses may índuce vornífing or liver damage. Toxic
to fish and aguatie fife at low levels

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

hung~ Affects water taste and may stain laundry. Toxic to
aninmds at high concentrations

Zinc (Zn) May affect water taste at Ingh levels. To)nc to
q#1 some plants and fish

Table 1.7: Effects of some metals on humans, aMmab and phnt5
[53, VId4 19%]

1.6.3.3 Acid rock drainage

The past two decades have brought widespread awarcncss of a naturally occurring
q#

environmental probIcm in mining known as 'acid rock drainage' or ARD. Though difficult to q#

reliably predict and quantify, ARD is associated with sulphide ore bodies mined for Pb, Zn, Cu. y#
Au, and other minerals, including coal. While ARD can be generated from sulphide-bearing pit
walls, and underground workings [13, Vick, 1, only tailings and waste-rock- are considered in
this document.

The key issues that are thc root of thcsc cnviro=cntal problcms are:
• tailings and/or waste-rock often contain metal sulphides
• sulphides oxidisc when exposed to oxygen and water
• sulphide oxidation creates an acidic metal-laden leachate
• leachate generation over long periods of time.

Unless otherwíse mentioned the following information is from [20, Erik-sson- 20021.

The basics of ARD
When sulphide minerals come míto contact with water and oxygen they start to oxidise, This IS a
slow hcat gencrating process (k-inctically controlled exothermal proccss) which is promoted by:
• high oxygcn conccntration q0
• high temperature
• low pH
• bacterial activity.
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tp The overail reaction rate for a specified quantity of sulphides is also dependant on otlier
*o parameters such us, for example, the ty1)e of sulphides and the particle size, which also govems
q» the exposed surface arca. When the sulphides oxidise they produce sulpliate, hydrogen ions and

dissolved metals.

Tailinps and waste-rock- consist of the different natural minerals fomid in the mined rock. In the
unmmcd rock, often situated deep below the ground level, the reactive minerals are protected
from oxidation. In oxvgen-free environments, such as in deep groundwater, the sulphide
minerals are thermodynarnically stable and have low chemical solubility. Deep groundwater in

*v mineralised areas therefore often has a low metal content. However, when excavated and

to 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 ni itself that is the main concem, but the combined effects of the metal sulphide
content and die exposure to atmosphen*c oxygen. The effect of exposure mercases váth
decreasffig grain size and therefore increased sutface area. Hence the sulplildes in the finel-v
ground tailings are more prone to oxidation [14, Hóglund, 20011.

to Tailings and waste-rock are normally composed of a number of minerals, of which the sulphides
only constitute one part, if present at all. Therefóre, if sulphide oxidation occurs in miing
waste, the acid produced may be consumed by acid consuming reactions in varving degrees,
depending on the acid consuming mmerals available. ff carbonates are present in the mining
waste, pH is normally maíntained as neutral, the dissolved metals precipitate and thus are not
transported to the surroundmig 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 betacen the acid producing sulplilde oxidation and the acid consuming
dissolution of buffering, minerals deternimies the plí in the pore water and dramage, which in
tm—n influences the mobilib, of metals. If the readl1y avallable buffering minerals are consumed,
the pH may drop and AR-D will then oecur.

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 inetals in sediments, effects on habitats, elimination of sensitive species and
unstable ecosystenis.

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

Weathering at the field scale
ARD may be produced where sulphIde minerals are exposed to the atinosphere (oxygen and
water) and there is 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 workíngs or in heap leach piles. Historically sulplilde-
containing material has also been used for construction purposes at mine sites, e.g. in the
construction of roads, dani constructions and industrial yards. However, regardless of where
ARD production occurs, the fundamental processes behind the generation of ARD are the same.

*o Figure 1.21 schematically shows some of the most important geochemical and physical
processes and their interaction and contribution to the generation of ARD alid the possible
release of heavy metals froin mining waste. As can be concluded from the figure, the ARD alid
metal release will depend primaníly on the sulphide oxidation rate, the potential
inimobilisation/reinobilisation reactions along the flow path and the water flow. However, the
sulphide oxidation rate is dependant on redox conditions (Eh), pl-I, and microbial activity. The
pH is in turrí determined by the sulphldc oxidation rate and buffering reactions (carbonate
dissolution and silicate weatliering). Furthermore, the potenfially metal retaining iminobilisation
reactions that can oceur along the flow path are dependant on pl—l, redox conditions and the
sulphide oxidation rate.
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fficate weathering Carbonate minera¡
dissoMion

Microbial activity pH

StMphide oxidafion Metal in~bilisation
and remobilisation

Eh

AARRDD andIorflow 1
metal rre¡ease

Gas diffusion 02 mass transfef

Fipure 1.21: Scherruttic illu%fration of some of tlic niosl iniportant geocheinical and pliNsical
proce~s and their intcraction and contrihution ti) the possible relvase of hea%N nictals froni nunin-
maste.
120, Erik.%son, 20021

At tile ficIci-scale not oilis are flic temporin variatlons of matenal eliaracteristics nuportant for
the esolution of tlic drailla0c Ns ater qualit-, but flic spalial sar-at ons \\ 111 also be a factor to take
into aucount. Tite reSUlting dralnage cliaractenistics depend on a nuniber of aciditilonal
paranleters. such as Ini-Íltratloll rate. e� aporation rate. ox,,-geti profile in úle deposit. licight offlic
deposit. and ti ic constniction of` the deposit, lleterogenelties in the niaterial eliaractensties. such
as N ar\Ing mincralogy and degree oí' conipaction. are otlicr paranicters Lli-at nix, affect flic
drainave Ns ater qualiv., . Due lo tile nonnally long residence tinle of the InFiltrating, 'N\ ater 111 die
deposit. flic influence of \ arlous Munobilisation reactions precipitalion and adsorptloil) can also
bc siLillí-jcaiit. The Mtcraction betN\cen tlic tallings aild,'or �Nastc-rock and tile atmosplicre IS

scli�:iiiíiti,:¿ill\ in figure.

Precipítabon Evapc>ration
0, 0,

u ce n-off

Oxidation
Buffering Groundwater

1-1-ure 1.22: Scherriatic illustralion ofilic du-aina--v iialer- gencration as a funclion ofiliv interaclion
beb%een the tailings or in (he l'acilitN and theatinospherc.
120, Erik%¡%on, 20021
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1.6.3.4 Accidental bursts or collapses

Tlic bursis or collapscs of taffings danis al operations ni AlliaLollar and Bala Mare liase
,cnient of ta lings ponds and ta 1 ngs danis. Hossc;cr. Íbrought public attention to ilic manat, 1 1 1 11

shotild not be fórgotten that the collapsc oí' taffings and svaste-rock licaps can cause se,,cre

clivironnicntal damagc. The diniensions of elther tNpe of tailings managcnient facilib can be
criormous. Danis can be tens of ni lilgh. heaps cien more tlian 100 ni and several kilonictres

long posslbl,, contafli1ng hundreds ofiliffilons oí'cubic ni of tailings or Nvastc-rock. At tlic otlicr
qv extrenic are ponds the size of a s;sIninung pool or licaps sinaller th1n a tos%Tlhouse.

qw
Tlic fóllossing ts%o Pi,:Iiin,- hkm the liso cxtrciii�.:s Figurc 1.23 shoNs-s a pond containing 330

,1'txhii—, iii(i Figurc 1.24 m,iII

Figure 1.23: Examplíe of a large taffings pond (330 Mm3)

Oj

qu

Figure 1.24: Example of a amaU taifings seffling basin

Taffings danis are biult to retain slurried tallint, s In sonic cases, niatenal extracied froni tlic
taffings tlieniseINcs is uscd íor tlicir construction. Tailings danis liase niajis features ¡n Conifilon
1%1th %%ater rctention danis. Actual¡,,. ¡ti many cases tllc\ are bul1t as %%atcr rctalmilv- danis.
particulark %% liere tlicre is a nced for tlic storage of ;% ater over ülc tallings 19. ICOLD. -200 11.

Hcaps are used to pile up more or less dr-, tailings or ss-aste-mel,
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The collapse of any typc of TMF can have short-term and long-term effects. TypIcal short-terni
consequences include:
a flooding
a blanketingláuffocating
a mishing and destruction
a cut-off Of infrastructure
a poisoning

Potential long-tenn effects include:
• metal accumulation in plants and animals
• contamination of soil
• extinction of species

Guidelines for the design, construction and closure of safe TMFs are available m' many
publications. lf the recommendations given in these guidelines were to be closely fóllowed the
risk of a collapse would be greatly reduced. However, major mícidents contm,ue to occur at an
average of more than one a year (worldwide) [9, ICOLD, 200 11

An investigation of 221 tallings 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 operafions. lt was found that only in very few cases did unpredictable events, such as
unexpected climatic conditions or earthquakes cause the bursts [9, ICOLD, 20011.

1.6.4 Site rehabliftation and after-care

When an operation comes to an end the site needs to be prepared for its subsequent use. Usually
these plans are part of the ~ttmg of the síte fi= the planning s~ onwards and should
therefore have undergone regular updatíng depending on changes in the operation and m
negotiations with the permitters and oither stakeholders. In some cases the aun is to leave as
littie a footprint as possible, whereas in other cases a complete change of landscape may be
aimed for. The con~ of 'design for elosurel implies that the closure of the site is ~y
taken into aecount in the feasibility study of a new mine site and is then contirmous1y monítored
and updated during the life cyele of the mme. In any case, negative environmental impacts need
to be kept to a minimulrn.

Some sítes can be handed over to the subsequent user affir a relatively sunple reclarnation, e g.
after reshaping, coyering and re-vegetation. In other cases after-care will need to he undertaken
for long períods 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 sito for this. In order to reccive a permit for the closure,
the charac~cs of the impounded material should be weU determined (e.g- amounts, ~ty/ 00
consistency, possible impacts). As indicated in Section 1.6.3.3 avoiding future ARD is a main
concem for the closure design for taifings with a net ARD potential.

q0
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2 COMMON PROCESSES AND TECHNIQUES

Ilus chapter is auns to provide background information to non-experts m the management of
t~s and waste-rock. Together with the specific glossary this chapter should allow the reader
to understand the subsequent cha~.

2.1 Mining techníques

The ~action of an ore, (a process called mining), subsequent mineral processing and the
management of tadings and waste-rock are in most cases considered to be a single o~on.
Even though this document does not cover the ore extraction, the subsequent mineral processing
tecliniques and taffing and wastt-,rork management all higW depend on the mining ~que.
Hence it is important to have an understanding of the most important mining inethods.

For the mining of solids there are Ibur basic mming concepts:
(1) open Pit
(2) un~und mine
(3) quarry and
(4) solution mining.

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

a value of the desired mineral(s)
a grade of the ore
a size, form and depth ofthe orebody
a environmental condifions of the surrounding area
a geolo~ h~geological and geoínechanical conditions of the rock mass
a seismie conditions; of the arca
a site ~en ofthe orebody
a solubility of the orebody
a environmental impact of the operation
a surface co~ts
a land avadability.

Often the uppermost part of an orebody is mmed in an open pit, but over time and with
mcr~M depth the removal of overburden makes this mining metbod uneconomícal, so deeper
parts are somctimcs mined underground (wc figure bolow). An alternativc to continuing thc

underground is often to stop production altogether, as the processing plant may havc
designed for large tonnages only, which are difficult to achieve underground. Mining costs are
significandy higher underground, which is another remn for often ruling out this possibilib7, ¡t
may be rejected if or the orebody ís not continuos enough to allow economical underground
míning. Rock stability may also set litnits on any underground mining.
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Chapter 2

In the exariple shown m the above figures the amounts of topsoll, overburden and waste-rock

that will haye to be moved using the open pit teclinique are gre~ than with nderground

mmmg. In the 1~ me, a shaft and drifts are constructod from which the ore can be mined

more selectively, meaning arcas of waste-rock andIor low grade ore can most1y be left out. The

waste-rock that has to be mined is cither moved within the mine or hoisted to the surface.

lt should be noted that the above drawings only show schematic dramings of one scenario. As

mill be described in the followffig section there are many different types of orebodies. Also the

grades can very 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

metallíc ores, where grades are a lot lower.

For underground mining, ¡t is also possible tob~ramed out arcas. Mús may be difficult to

realise in an opon 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 honízontally are

typically progressively restored.

7-1.1 Types of orebodies

The type of orebody has a hig influence on the choice of miriing method. The following ty"s of

orebodies are known, with dossification depending en the form of the orebody or the
distribution of the ore:

• seam~Or~
• vein-tyW orebody
• massive~ ore~ (e.g. massive sulphides with high vanations of grade withiri the

orebody; limestone orebodies with very consistent grades)
dissem~~ orebody (e.g. copper porphyries)

• residual-typc orebodies (e.g. barytes)
• sedimentary typc of orebody.

Often the disseminated bpc has a 'cap' of weathered sulphides (hence oxides) on top of a
4bsscm~~ orchody Thc orc withiri this wcathcrcd cap is cauctí 'gossan'.

2.1.2 Underground mining methodo

There are many diffe=t ways of exploiting an orebody using undcWound mining methods.

The most commonly used underground minffig methods are:

W~nw~ Applícathn
LongwaU mi~ Flat, thm seam újpc ore bodies, soft rock
Room and pifiar Inclined inassive-úfpe ore bodies and flat w=-rjpe

deposits
Sublevel stoping Steep, lam ore bodíes (massive- or dissemnated-~
Cid and flU rriffling Steep, firm. ore bodies, selec~, mechamsation (scam-,

vein-, niassive-, disseminated-ripe)
Sublevel and block cavmg Steep, large or massive ore bodies, extensive development

effort (mostly massive-, disseminated-~)

Table LI: Most important undergreund nú~ metboda and their arcas of appUcafloa
147, Hus~d, M21

These methods have been widely described in literaturc (e.g. AUfflISME Underground Mm9
methods handbook, http://SgOl.adascopco.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
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e~ cirwmstances. This means aiming for lowest operational costs. This decision is based
upon bath tecímical and non-W~cal fáctors (e.g. high productivity, complete extraction of the
oro, safe working c;ondítions).

in 'room and pillar' mining some of the oro remains umnined and serves as support (the
p¡llars»r the mine shaffi. In some cases, backfilling is used to allow subse~t mining of
these pillars.

A reduction of taflings can he achieved by using the most selective m~ method, Le. by
msuáng that on1y undiluted ore is fed to the mineral processing plant, so that the amount of
waste-rock that has to be handled is minimised. Feeding dilutod ore to the mineral processing
plant results in a decrease in recovery and therefóre results in larger amounts of the desired
mineral being lost in the taflings.

2.2 Minomiogy

Basically ¡t is possible to differentiate between oxide, sulplilde, silicate and carbonate minerals-
which, through weatheníng and other altcrations, can undergo fundamental changes (e.g.
weathering of sulphídes to oxides). Mineral paragencsis and intergrouth are important basis for
the subsequent mineral processing and thereby the taílmígs and waste-rock management.
Therefóre a basic knowledge of the mincralogical composition is of utinost importance.

Mineralogy is set by n~ and determmes m many ways the subsequent recovery of desu-ed
minerals and the tailings and waste-rock management. The mineralogy often changes within an
orebody and hence dunng the life of a mme. Sometímes these changes are weU known and can
be planned for, somehínes they occiar unexpected1y Some examples are listed below:

a oxides on top and sulphides in deeper Iying parts of the orebody, which re~ completely
different mmeral processmg and t~s management methods

a ore b" changmg from a copper ore to a zínc ore
a ore b" chwqpng from a magnetíte to a haematite bpe non ore (Malmberget).

to Mineralogy has a hig influence on the mining tecímique chosen and the sequencíng of
operations. For example, for gold mmmg the gossan is mined bocause it is more casily
accessible and nawaUy enriched and is casier to recover. The deeper hjing sulphides have to be
oxídised before they can be recovered, which makes the process less profitable. For copper, it 15
also easier to recover the oxide section, which can easily be leached using sulpínific, acid, than
the sulpíndes, which ha-ve to be~~usmg 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 Imowledge of mineralogy can lead to:

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

*y a a reduced need for end-of-p" U~ents (such as the lime U~ent of acidified seepage
water from a TMF)

a more possibilitíes for util~ tailíngs andIor waste-rock as aggregates.
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2.3 Minera¡ processing techniques

2.3.1 Equipment

The following infonnation is all taken froni [105, Wotruba, 20,021.

2.3.1.1 Comminution

Coniminution is an essential elenient of nuncral processing. ¡t requires a great deal of
expenditure in ternis of energy consumption and maintenance. In comminution, the particle sizc
of the ore is gradually reduced. This is necessary for many reasons, e.g.:

• to liberate one or more valuable minerals from the gangue in an ore matrix
• to achic-ve the desired sizc for later processing or handling
• to expose a large surface arca per unit mass of material, thus alding some specific chemical

reaction (e.g. leaching)
• to satisfy market requirements relating to particle size specifications,

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

After grinding, the ore, often in slurry form, 'contains' the now liberated ore particles and the
tailíngs 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 gnínding determine the
physical properties of the tailíngs, such as the partícle shape and particle sizc distribution.

2.3.1.1.1 Crushing

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

This process step prepares the ore for further sizc reduction (grinding) or for feeding the product
direct1y to the classification and/or concentration separation stages. Taifings are usually, not
generated in this process step.

Typical types of crushers are:
jaw crushers
gyratory crushers
cone crushers
roll crushers
impact crushers.

2.3.1.1.2 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, therebv
reducing the overall energy consumption in grindíng and hence comminution. lf possible,
grinding is perfórmed 'wet' as this requires less energy, allováng 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 m the mill.
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qu Tuilibling iiiii1s consist ofa rotating c% lincincal steci %cssel on a lionzotital ams. xsith opcnings
1 g ajid d scharging niaterial. The Ncssel contains tuilibling bodics fliat areqw on botil cilds I'or I'ccd"n 1 1

frec Lo illo%c as Lile inill rotates on its honzontal axis (Lile sessel rotating on holioN% trillintolis
fastened Lo the cild s%a11s), Tlic tunibling bodies inclucic balis. rods. or offict- shapes aild t`ornis.
and are ¡nade ofsteci, cast iron. llard rock. ceranlic inatenals or may cven consist ofthe niaterial
itscif being reduced (pcbbies)

u Thc niost coninionis used tumbling inilis are:
qw
*p

. rod inflis, for product sizes. <1 iiiiii
bali inills. for product slies: <100 Wu
autogenotis (AG) nillis. seini-autogenours (SAG) nillis.- product slic: in combination xvith
bali iiiii1s vpically <1 500 ptin. if oni-, AG or SAG ililli:-- 10o Iiiii possible

Figure 2,4 and ligurc 2.5 respectl%cl% sho%%- a ball niffl and a gnnding circuit. consisting of AG
iiiill� aild HN miliq ti,,e(i 1'()r priman mid �cc(Nii(I¿in

Figure 2.41: Bail núll

Figure 2.5: Grinding circuit ^ith AG milb (priman. grindino, right side) and bail nifib (secondary
grinding, Jeft side)

qw
In rod and bali nillis Lile grinding niedia are rods and balis niade of steel and sonictimes
cerainic. Sonictinies cdpeps. conical stccl pleces. are used as grinding mediuni in ball iiiiii siz.c
inilis. As rellected b-, Lile nanle. in AG milis Lile ore grincis itscif. For this purpose larger
pebbies'. Le. físt si/.c'picccs. of úle ore are required ¡ti Lile illili, In SAG niffis. thesc pcbblcs are
assisted b% a silla¡¡ loading. comparcci Lo rod and bail iiiii1s. of sicel balis.

Tuilibling tililis are essential Cor finc grinding oí' large quantities e.g. for froth llotation I"ccd or
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The degrec of grinding is govenied by the ore characteristics and the chosen method(s) of
extracting the vatuable minerals, e.g. flotation requires a Fíne feed. Ho-Yvcvcr, overgníndin- �sill
gencrate 'slinics' which can reduce the efficienc-v of flotation and as a sccondan- effect could
also lead to tallings that take a longer time to deNvater and beconie stable in a pond.

Besido tunibling inills. other important tv,pcs of grinding equipnient are agitatc(1 milis and
vibrating milis.

Agitated inills
Agitated inills are used for ver-, fine wet grinding. Agitated mills (or Tower mills) are vertical
steel c,,,Ilnders filled -svith 90 - 90 %, rinding media -vOilch are agitated by ari intemal flightcd9
axis. Througliput is a maximurri of 100 t/li, feed sizc < 1 inin, and the product sizc will be 1 - 100
�Lili.

Vibratine mills
Vibrating mills are used for very fine grinding (dn, or svet). Continuous vibrating mills are
horizontal steel c-,Iliidcrs filled vYith 60 - 70%) grinding media, agitated by an eccentric dris,C.
Througliput is a maxiinuni of 15 ti'h, for product sizes of < 10 pini.

2.3.1.2 Screening

Sercening can be defined as a mechanical operation v,-hich separates particies according to tlicir
sizes and their acceptance or rejection by oponings of a serecning face. Particies that are bigger
than the apertures of the screens are retained, and constitute the overs'ze. Conversely, those that
are smaller pass through the screcning surface, fonning the undersize. There are many different
types of industrial screens, which inay be divided into stationan- and inovino scrcens. The most
important reasons for screening in inineral processing are:
• to avoid undersizc inateníal entering the crushers
• to avold o,,-crslze material passing to the later stages ni the grinding process or in closed-

circult fine crushing
• to produce inateníal of controlled particle size, e.g. after quam-ing.

2.3.1.3 Classification

Classification mav- be described as the separation of soltíd particies into bvo or inore products
according to thej-r velocitics when falling through a inediuni. The velocity, of tlic particles
depends on tlicir size, density- and shape. In mineral processing, classification is inost1v cam'ed
out ,vet. ,,,-ith water being used as the fluid inediurri. Dry classification, using air as the mediuni, W
is used in several applications (ceirient, limestone, coal). Classifícation is nornially perfórnied
on iiiincrals considered too fine to be separated effectivel-y by screcning.

2.3.1.3.1 Settling cones and hydraulic classifiers

Uses: Cones (or sealing cones) are iriost1v used for desliming. H-,-draulic classifiers in the
iiiincral industn, are used cither to recel-y e final produets (sand índusti-Y1) or to prepare feed into
several particle-sizc rangcs for subsequent gravit-v concentration proces

,
ses.

Principies and construction: Sealing cones are conical vessels, -,vhere the pu1p is introduced
serticall-, froin the top. Coarse particles settle down and leave tlie vessel tlirough the underflow
spigot, fine particles leave tlic vessel �Nith most of tlic water over the upper rim oi,crflo-,v),
HN draulic classifiers use extra water, whicli is ti�jected 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 sequcrice of coluirins. In ss-hich a vertical current of water ríses inside cach
column with licavier particles settling out fírst. A tvpical h-,-dratilic classifier is the 'Falirenss,ald
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classifier-, \s idelv used in tlic lass and foundrs, sand industrv. Ness- livdraulic classifiers are tlic
*v affilux' or similar modc1s. Ns ho combine lis drautic classification svith autogenotis licas—, nicdia

tlitis conibin ing classification N\ ith dense niedia scparation �iiiostly used to de-coal sands).

F

L

*o F
F: Feed
L:~
H: H~ffa~

Figure 2.6: lAvdraulic classifier

w 2.3.1.3.2 HydrocycIones

Uses: \videly applied in mincral processing for Cine classification (mosti-t <Io0jim), often in a

w closed-circuit \sith ball mills for Rotation or leaching feed preparatioll an-d for special Cine Final
products (caolin). They are particulark, efficient for Fíne separation sizes. such as desliminlo,
thickening and dcgrittl'iig.

Principle and construction: a llydrocycIone is a vesscl coniposed of a c-viindneal section \s ¡ti]
qv a tangential feed entrance. joined to a loss-cr conical part. The fíced is acceterated and rotates

\sith lugli speed ssithin tlic Nessel, transporting tlic coarse particles by centrifugal forcQs to tlic
inner \vall, froni ss-herc it ¡no\ es doss-n along tlie conical part and leaves the \ essel through tlic
underflom sploot. Tlic siosser sealing Cine panicles stay in the contre of the fluid, ssluch fomis
an inner upstream current and leas-es the vcssel tlirough the central upper discliarge opcning. To
avoid short-cuts. tlie tipstrcani is collected by an a�justable inner piecc of pipe. connected to the

qw os-erflow outIet (Vortex finder).

vo~ lb~

un~

Figure 2.7: HydmeycIone
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Tlic separation Size and the througliput depend on the dianicter of the livdroc-vcIone. For larger
(lirougliputs hy droc\ cloties are used "in parallet.

2.3.1.3.3 Mechanical classifiers

Uses: forinerl-v closed-circult grinding operations, dcwateritig, �Nashliig and desluiling
operations, were frequentiv used in milling circuits, but tlic\, are now gradually being replaced
bv livdroc-,-clorics. Nowada\,s thev are inost1v used in the sand and gravel industry, and in
snialler ore processing plants.

Principies and construction: mechanical classifiers consist of a sculing tank with parallel
sides and an inclined base, which is equipped with a device that constantiv promotcs the
agitation of the pulp and reinos al of the settied solids. The feed pu1p is fed into the elassifier,
fórnúng a sealing pool ni which particles of high falling velocity- rapid1v fall to the base of the
tank. Mechanical rakcs or liclical screNNs drag the material deposited on the equipment bottom
tip,,sards. At the saine time. the material of lower settling velocity is takcii zvay in a liquid
overflow. Tlicre are NTarionS t-,IpeS of ineChanical classifiers available, inairil-v 'spiral classifiers'
arid -rak-c classificrs'.

General technical data spiral classifiers:
• tank length: 3 - 12 m
• tank -Y,,,Idth: 0.3 - 6.5 m
• spiral circuniferential speed: 10 40 iiiiiiiiii
• tank inclination: 14 - lg'
• rate of no-ss-: 10 - 90 11111

a)
F

L
H

F

7L0--
H

F: F~d
H: 1*&Wfmctbn
L - LW*ft~

Figure 2.8: Rake and spiral classifiers

2.3.1.4 Gravity concentration

Gravi ty concentration is a method of separating mincrals of different densit—v by, the force of
gravit\ or by other forces, such as centnifugal force or tlic resistance to movernent offered bv a
viscous fluid, such as -Ys-ater or air. The motion of a particle in a fluid is dcpcndent not onl-S- on

ffl *K-, but also on size and shape. Ad-vanced gravity concentration has provenits speci ie gras,l . 1 1
itsclf to be an alteniative to flotation and Icaching. since, amongst otlicr reasons, no reagents are
requircd.

2.3.1.4.1 Dense medium separation

Gravítational vessels
Uses: coal industn-, also ]ron and cliromitc ore processing
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Principle and construction: gra,,itatloilal \csseis include contairiers itito \\lilch botli (lic feed

and dense niediuni are introduced. The lloats are separatcci by paddlcs or siniply b-, o�erílo,�N.
�%Iillc tlic sinks can be rcniosed bv different nicans according to the separator design, The niost
complicated part of tlic separator design tis tlic discharge of the sinks, as tlic plirpose is to
retilo\e tlic sink particles N\itíiout dralimig the dense ineditini by producilig dist-tlrbin(>
do,oyn\,kard currents in the �essel. There arc nunicrous tvpes oí' gravitational wssels avallable.
sucli as the 'Wciiico cone separator'. -dniiii separators". or tlie -Dre-,vboy batli.

General technical data:
Drcss-bov bath.-
a feed particle size: up to 1000 iiini
. rate of floNv: 75 1-50 tili per ni ofwlicel s,� icith

F

L

H�
F Feed

HL HL: Heavy Nquid
H : Heavyfraction
L : Light fractión

Figure 2.9: Drewboy bath

Centrifugal separators
Uses: Treatnicnt of coal, clironilte, ban,te. fluorspar, etc. and for the concentration o¡ particles
ni tlic ititcrtilediate sizc railge, ni particular tilosc too sinall for cons-critional grmitv-t,,pc
separators but too large for frotli flotation.

Principles and construction: in centrifúgal separators. centriftigal acceleratloil alds tlic
gra-,itatloiial acceleratlon ¡ti separating iiiincrals ssith loNs densities froin those mth higli
densitics. The tNvo niost iniportant tN-pes of licavy illedia centnifúgal separators are tlie -DSM
c,,clone- comnionl-v callcd -licavv niedia c-,-clotie" the , D,,,na- Mi l r1pool (DWP)^ and Ilic -Tri-
Flo\s-". whicli, ¡s basically- a thrcc-product separator consisting of two ¡ti-line Dvii a-Wli irl pool s.
A sinillar sizc to the [)-,ila-Wlilrlpool in desigri but larger in capacit-, and feed sizc ¡s tlic
L arcodciils'-scparator.

General technical data:
DSM cvclonc (licavv niedia e-, clone):
. reed size: ores in tlic sizc range 0.5 - 10 tiiiii. and coal ¡¡l tlic size ralige 40 - 0.5
. diameter: 250 - 1.500 111111
. nlaxinin ni detisib�: 3 g/M3
a capacit-, : up to 30 t/li

[),\-¡la Milrlpool (DWP)-.
a leed size: coal, dianioncís. tin and lead-zinc ores in tlic sizc range 0.5-30 111111. bantos,

fcldspar
a cvIltider inclination: 30'
a capacity: 30 - 100 t/1l
9 dianicter: 250 - 400 111111
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2.3.1.4.2 Jigging

Uses: g is uscd todav in pre-conccnti- *on or ín tlic sortíno proccss of coarse niaterial1 ati .1 1,
(mainiv coal). Many, targe jig plants are í tlie gold, barytes. coal, cassiten*te.j1 ni operation ni
tungsten. iron-ore, sand and gravel industries.

Principies and construction: iii.jigging tlic ore particles are lield up on a perforated screcn or
plate in a laver inany timos higher than the thickness of the niajor particle. This laver or 'bed^ is
exposed to an aitcniating increasing and decreasing (pulsating) flosv of fluid in an attempt to
produce stratification, causing all the high density particles to move to the base of the bed while
tlie lo\s specific gravit—v partieles assenibIc at tlic top of the bed. The fluid is conimorily Nvater.
There are ~*ous t\,pes of jigs sucli as tlic -Dcn,,-cr mineral jig', the -circular jig^, the -Baura
jig'and the 'Batacj'ig

General technical data (examples):
Dcii,,cr Mincral Jig (most1v used for hea;-,, núnerals, in nulling circuits):
• high frequenc-v: 280 - 350 /nifil
• f ino grains: 100 pun - 5 111111
• application: heavy iiiineraís and sulphidcs
• maximuni setting surfacc: 2 x (60 x 90 cni)
• maximuni througliput: 30 tili

Batac jig (most1v used for coal):
• Ns-ldtli: up to 7 ni
• lengtli: tip to 6 ni
• througliput: up to 1000 t/11

í,

F]Vre 2. 10: Denver ~end jig
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2.3.1.4.3 Shakiriq tables

trcatilicnt gold. licavy ninicrals. tantalum. tm. bante, glass sands. clironute. cic

Principles mid construction: the shaking tabic cari be desen*bed as a platfórni deck mili a
sliglit Inclination. riffics uid 1 rectangular or rhonibold tomi. Ttic shaking table is conintotil-,

lass Water wid sol ds are fed onto its upper edge, The table sibratcsbtult Croni i%ood or 1-ibrev 1 1
longitudinally as a result of siov. fon% ard strokcs and quick rctunis. The minerals move sloi% ly
along the table. inider expostire to tsso I'orces. Tlic firsi íorce is caused b-, tlic deck inmclilerIL

qv and ¡tic second one by a streaming film of \%ater Tlic outcome is that the ininerais scparate on
m the deck, tlic lleliter. blgger grains being taken to the tailings launder s0ulst tlic dcnscr. silialier

grains are carried in the dircction of the concentrate launder at the far side of tile deck. The
concentrate can be disIded into �,arlotis products. for eximiple a nilcíciling fraction and a lugli-
grade concentrate. by ad �it the 2nd T'Ii2 hakin,, !li�,

and i �ii, 1,

114

qw

Figure 2.1 1 - Sha"g tabie-

2.3.1.4.4 Spirais

Uses: diverse applications. priticipali-, used in the processing of hea,.-% niffleral sands. gold. tin.
tantaluni. glass suids. and fíne coa¡

Principies and construction: spirais consist of a liclical trougli ivith a niodified senileircular
cross-section- Tlie slum is l'ed into the top ofthe spiral xid duning its liclical course. the grains
are stratiñed as a consequence ofdIffercnt nicelimisnis such as tlie dillerclinal settililo, rates oí'
the particles. centrifugal I'orces and intcrstitial trici,ling through the flo-%%Iiig particle la-,cr,
Product bands are renlo�ed throtigli adjustable splitters along the liclix oríand at ille lo\ser
discliarge end of the spiral, Nos%ada,,-s, se%eral tvpcs of spirais are applied for grasit\
conmitration. afl de,,cloped froin tlic original 'Hunipl*ircys spiral'.

General (eclinical data:
o processable partiele si/c coal: f). 1 - 4 111111. rneta¡ ores: () 02 - 1 imii
a throtigliptit 1 -3 tili per spiral
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Figure 2.12: Spiral bank

2.3.1.4.5 Cones

ingOflier Ilian the settiniu, cones nientioned ni Section 2-3, 1.3. 1. sslilch classif, the reed accord'
to gralli size. cones arc used for separatioti aecoránt, to specifie -ras Its.

Uses: in lil,,,h-capaclt\ >ras it\ concentrat on applications, for Finc niate 'al « 1 111111). such as 111
tile treatment o¡ beach sands,- pre-concentration oCtin. iron and gold. recovcr\ oí"ssoli'raiiiitc and
chronlitc. and in tile concentration of inaoilesite. w

Principles and construction: cicral staucs oftipgrading can be carried out ¡ti l single unit ol'

c(ltjipiiieiit. -unce llie equipnient consists of scieral cono sections, plied xerlicall\ In the
"Retchert cono', ('(.)r exani ple. a s crtical distributor cono distribittes the feed at high pijip densit\
aroinid the penpliery- of'aii tipturned concentration conc. \Viien [¡le fced lloiss ¡n the direction ¿f
flio cono centro the Ileas,, minera¡ particie, ,;eparate to tile bottoni of the Film. .,kn anniflar slot ni
the base oí' flic concentratin- cono \\itlidra\ss this concentrate \slille the ftaction of dic Cilili
flo\s ¡tic, o\ er the siot. constituting the tallings. l'al1s into the I'Ccd box I'or the second staac.

Generiti (eclinical data:
• cone dianlctcr: 2 ni
• solids content: 55 - 6í II/n
• tlirolli-)Iiptit 70 - 100 t 11

-Agá¡..

Figure 2.13: Reichert cone qv
q0

2.3.1.5 Flotation

Uses: l- flic illost Importalit separatlon teclijil(ltjc uscd ]¡l nililcral proccssing for base-ineta—1
ores. Originally used to concentrate sulplildes ores ofcopper. /Inc and lead. -\'os\ aday s It is also w
liso(¡ ni the treatilicnt of noti-nietaffic ores such as ¡-]¡le coa¡. iltiorite and pliospliate, potasil,
o\ides stich as cassiterite and hacniatitc-, anel oxide ninicrais. silch as cenissac and nialachite.

Priíicil)lcs and construction: ¡¡l llotalion. the separatlon oí' iiiincrais is ¿tccc)niplislied bs
th2
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qp acroplulic). s,,Iiilc ofiler particies reniain hsdropliflic. In ¡he selectise scparation process, the air-
qv bul:ibles stick to Ilic liNdropliobic (or acroplillic) particles. lifting Ilicin to the ;,,atcr surface and

¡orming a stable l*rotli. which is removed. The Hsdroplillic pailicies reniain s%IthIn the pulp alid
di,�.�lizirQcd Hotation pro,:cqses misist of se�cr-,il ;tzi,-,cs to th,:

05

¡,_,ti re 2.14: lotalion 1) rocess

Flotation celis
There are tm o principal v, pes of notaticin celis: pricuillatic and inechanical.

Mechanical celis are the traditional and niost �;idcl-% used de;ices applied in flotation
piants. '¡'he,, consisi oí'stcel sesscis xillich liase a nicchanicall\ drisen inipeller that causes
(he dispersion of the air as sniall bubbies and agitates the slum. Se%eral sitigle cclis are

» niounted to a bank. The froth o% crílos%-s or is renlo,.cd mth inechanical paddlcs.
Thcrc are tvo niain t-spes of pncuinatic ílotation cells- llotation colunins asid the short
pncumatic llotation cell Flotation colunins consist of a high (up to 15 ni) sertical steel
c,, linder Of Lip (o 3 in dianicter. flic feed pulp enters the cs luider at about ilirce quarters oí'
oftlic svay up. Air enters into the s essel througb a sparger at the lower end of thc cs lindcr.
Chargcd frolli is ;%ashed by %;ater sprays before 11 leases the cs-hrider ciser the uppcr nni
The tailings s%lth the lisdroplillic particies lea%c the e,,Iinder through thc underficim. spigot.
Slior-t pricuniatic llotation inachines do tlic hubbic-particle collision outside the scparating
;cssel In the pulp feeding tube. through �,trious ini-ang deilces or "rcactors'. .%Iicrc

y* compressed air is puniped into the pu1p. ']'he tliree-pliase inixture enters the separatilig
Vessel. %ilierc the charged btibbics nise to the Lipper nini. where (he,. then leave tlic sessel.
�\Iille the are 3t Oic

Figure 2.15: -Mechanical flinalion evil
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¡,_-(j rc 10: Pricumalic llotalion ccil

2.3.1.6 Magnefic separation

Uses: tranip iron and parinmitpietic inincrals. cluzumiu,
ofulass sands m

Principles and construction: iliagiletic separation is based on the different niagnetic properties
oC ninierals. In general. iiiineral, can be dis ided into tlirce grotips according to tlicir niagnet1 , le
cliaractuistics: dianiagneties. parainagilctics or ferroniaoileties. Dianicionctics are niaterials
iiluch are repelled b-, a magilet and so are not able to be separated illagiicticill-, Paraniagnctics
are iliatenais tliat are atiracted x%eakl\ to a magnet and can be concentrated in 'Iil,,,Ii-llitclisítll
niagnetic separators' Ferroniagnetics are also inaterials atiracted to a inagnet. but (llis attraction
is inucli stronger tlian ni paraniagnetics. Consequenth. 'los% -intensiry- magnctic scparators' are
ipplied to concentrate tlicni

• dr\ loss-intelisit', sepirators. Thesc include dr-iiiii separators pnincipally utilised to
�:oiicctltr,ite coarse sands (cobbing process): cross-belt separator-, arld disc separators bolli
applied ni thc processing of saiids-. and 'niagnetic pulle,, s* used for tranip iron renim al

• �ket lo%%-Iíitciisib separators: dmiii separators are used to cleanse die inagnetic nicdmin ni
the detise niediuni scparation (DNIS) circults and to treat ferroniagnetic sands. bo;%l traps.
niagnetising coils and deniagnetising colls

• c1n lugli-nitensit\ inagnetic separators: induced roll separator-, are used ni tlie concentration
oi* pliospliate orc. glass sands, beach sands. tin ores and siolfrani ¡te

• \%Ct llí lb filagnetic seS11-Intensi
"

parators. Jones separatim`s onc applied úte treatment of
11-,icliiittt,-

Or

Ab.

Hozure 2.1-: 1 separatur,
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2.3.1.7 Electrostatic separation

U%es: concentration of inincrals such as Ilincilitc. rutile. 1-Ircon. apatite. asbestos. liacniatite ¿uld
potash.

lo Principies and construction: electrostatic separation Is a niethod which utilises forces acting

011110
011 ellarged or polarised bodies in an electri*c ricid to carirs ont iiiincral concentration. Different
iiiincral particics. depending on flicir conductisit-,. skill I'ollos% different patlis In an electric
Field. making a possible to scparatc theili. Soilie signiñicant factors in this process inciude file
niccilanical and electrical cliaracten*stics of flic scparator and flie sizc. fórni. specific ,ras-ttk.

tu surt`ace condi-tion ind punty- oí' the nilileral particies. Mineral particies liase to be critirch, dn
and the inoisture of the surrounding air niust be controlled. Electrostatic separators can be
dis ldcd into plate electrostatic separators and screen clectrostatic separators.

2.3.1.8 Sorting

*p Uses: separation of industrial iiiincrals. sucil as niagilesite. bantes, taic, liniestone. niarbic.
qw g,ypsuili. flint. recosen of �solí'rwilite and scheclite froni quartz. trcatnient oí' gold ores.

uramujil ores and the recown ofdianionds,lo

Principies ¡¡ni¡ construction: ore sorting lias bcen camed out since ailcient tunes. Esen tliotigli
'liand sorting' is no%%adays not so coninion as tt once was. nianilv because of ilic largc
quantities of los%-grade ore requiring %en fine grinding. tt is still"applied ni rcmote and

qw underdescloped countrics. Tlie iliecliuilscd procedures of sorting can be divided ilito
pliotometnic sorting. radionictric sorting (siitli uraillum ores) and electrical sorting (resistanec
test. nictal detectors).

Pliotonictric sorting is a process. wilerc the ore is scparated into ditTereilt Cractions afíci- on
optical examinatlon. Tile feed particies must be coarse enotigli e.g. (usual¡-% greater than about
10 ilini) for sorting equipnient to effect flic desired separatioti at an acceptable rate Sonie
detectable characteristics or coilibination oí» propcrties inust be present to allo;% a discriminatloil
of the ; aluable froni flic tion-s alitable inatertal. Tlic hasis of tile pliotortictric sorter is a 11,0111
source and a sensiti; e pliotoniultiplicr. used in a scanning sy stein to detect light rellected froni
flie surfaces of thc feed. An clectronle circuit anal; ses the pliotomultiplier signal. sshich % artes
ss lili flic intensib ofthe rcílected liglit. and produces control signais lo acti\ ate úle appropriate
sal s es of an air-blast rejection dcvice to take a;% ay ccilain particies selected b% nicans of die
anal-, si rig process.

ya 2.3.1.9 Leaching

qo Uses: c\traction ofrock salt. potasli. _gold (dissolution of nati% e gold ¡ti cN anide solutions) aild
qp ;¡¡ser. uraniuni ore (dissolution of uraninite in carbonate solutions), copper and also residual

substanecs,s

Principies and construction: lcaching Is a method ssliere ,aluable nillierais are selectl,,cl,,-
dissol%cd froni a inatertal b-, a lixiviant. nornially aqueous solutions. resulting in a nich solution
(%%1th lligh concentration of saluable conipounds). After\sards tlic �altiable iiiineral ilecds to be
recoscred. f`or instance by prccipitation. Tlic ,aluable minera] or conipound can appear In flic
inaterial bcuig lcaclied ¡ti at least thrce pliNsical forilis: as free particle. as ilitiltipliase particle in
k%li1cli the %aiuable inineral is exposed on at least one side to the lixislant. ¿ind ws lliacccssible
niaterial surrounded by gangue matenal. In the first tivo cases flic saltiable iiiineral cart be
directb, leaclied.
Therc are several techiliques of lcaching. Tliese can be grotiped into fixed bed proccdures. suell
as percolation leachin.g. heap leaciling. atid iii-situ leaching. as iscil as leaciling m a puip ¡ti
1110\"111cllt ¡ti and lo:i2lililu Thero i,� al�o zi
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111d

Figui-e 2. 18: Heap

ti,

2.3.1.10 Thickening

Usies: thickening is c\,tcilsl-scl-% applied iii pre-deivaterino of concerúrates and ta l'1 1 ulgs
dc\s-atcn'ilg for NN ater recoi cr\. duc, to Its coniparatP, el-, loss cost and h Igli capacitics coilipared w
to Filiering. Interniediate thickening is; also applied in ses-cral mincral processing tecililiques.

Principles and construction: thickening is a sedullentation process that restilts in a large
Increase ¡ti the concentration of the suspension and in the foriliation oía cicar 11quid Thickeners w
are tanks from \� hich the settied and th ickened solids are reino\ ed at the bottoni as an uiidci-tlo�s- no
and úle c1car liquid llos\s to an os-cilloNs- point or latuidcr systeni at tile top. The-, nia-, be batch
units. ;Lich ass the baffic-plate thickencr. or continuotis units, Contintiotis thickeners are
nonilall-, cojistnicted oí' a c-N lindrical tank- ¡nade of stcci (niajill-, Icss than 30 ni iii dianicter).
concrete or a corribination oCbotti ks 1th the depth ranging Croni around 1 (o 7 ni and the diailicter
froni about to 200 ni. In the tail-k, s\111 be one or niore rotating radial arilis. cach possessim, a
series of blades. These biades rake or serape the settled solids to�sards the titiderllo\\ w
\\Ithdras\-al point. There are se�cral t-,pe.s oí" continuotis thickcners, for instance bnidge w
iiiickciicrs. ccntre ¡)le thickeners. traction thickeners. tra-, thlekeners and higli-capacit\
thickeners.

General techilical data:
Continijous thickencr-
• dimieter: -? -? M 1 ni
• diajileter/liciolit:

• sinall thickerier: 1: 1 up to 4� 1
• large thickener-, up to 1 W 1

Baffle-plate thickener:
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2.3.1.11 Filtering

Ljsc%: de%%aterlii_g of llotation concentrate, niagnetic concentrates atid sescral non-inciaffic
ininerais.- remos ing pregnant solution froni die leached solid in the es atilde process, x%ashing

(he des% atered rílter cake,- claril'y ing decanted pregnant solution and in collecting precipitale,

Principles and construction: filtration can be regarded as the process of separating solicís froni
a 11quid by means of a penileable septuni. s%llich ho1ds die solid btil allo;%s the passage of liquid.
Filtration often fóllows thickening. ssliereb-% die thickened pitIp inay be fed to storage agitators

ya vhere sonictinies flocctilants are added and froni s%here it is draisn" off at a unifórni rate to die
q» filters. The most conimon tNpes of ñilters eniployecl ¡ti inineral processing are 'cake ñiters' in
qo k\hich die principal rquirenient is die recoser-N of large solid arnotints froni quite concentrited

s1urries. Cake fillers are clas.sed essentially as sacULIM filters' and 'pressitre filters . depending

on the nicans enipioNed for cíTecting the required pressurc difference on die t\so sides of die
porous niediuni. Thes ina-, he also *balch' or «coiltinuous" P1-Pes.
The niost frequenlly titiliscd t\-pes of presstire Ñiters are -111ter prcsscs'. ssinch are construcicd
in ts%o inain I'onlis: -the platc-and-frarne filier press' and -the chaniber prcss'. The operating
prcssure in the plate and frame press can achiese 25 bar.
Vacutini ñilters on die oflier hand are of severa] ty pes. such as . continuotis di—tini filters' (¡nade
¡ti a \% ¡de s arictN oí'dcsigiis). -conilituous disk üItct—s' atid 'liorizontal bc1t filters'.

General teffinical data:
• plate-and-franle Filter press:

a plate si/e: up to 2 x 2 in
a filter surface: maximiiiii 1500 m2 per machine

• cotitintiotis di—tini 17iltcr�
a -

f ilter stit—face: approximately Lip to 1 20 ni'
a :ovitinLious disk filter:

Muni2 unn 110 (k) '100 1112
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bi,-,ur-e 2.22: Drum íllier

A-

Fi-urt: 2.23: Disk fíltur

2.3.2 Reagents

Flotation reagents
Flotation rckecnts are the sarlous clienilcal conipounds used in the tlotation process. \s llich
assure the appropnatc conditions for the operatlon. -¡-he-,- are seicetiNel-, eniplo.,ed aecordilig to
¡he ore ly pe The\ comprise -collectors'- *frothers^ and regulators.

• Collectors: are 'sLiifacc-acti; e stibst,-uices'. Le. organic conipotinds Ns llich adsorb on niltieral
stirfaces. lea\ ing, theni llydropliobic aild making bubble adheslon possible Tlic-, are dis Ided
llito lonising or non-loillsing conipotinds. Nori-loilising collectors are practically insoluble
and co�or the surfaces of iiiinerals \\lth an liluli ilatural li-,droplioblelt,, (llialilly Coal). to
strengthen its \\ater-repellent proportics. lonising collectors dissol\e iii \\ater and ha;c a
lleteropolar structure, that niciuls a ilon-polar grotip (Indrocarbon grotip) i\lilcli has suier-
repellent properties, aild a polar grotip \sluch attaches to the illineral surface. The t\pe of w
polar grotip classifijes the coflecLor,, anlonle (cirbox-,Ilc. sulpliates. sulplionates. xanthates
and d ith tophosph ates). callonic (arilino collectors or anipliotenic collectors.

• Frothcrs: are reagenis íbat licip to kccp the stabllit\ of ¡he frolli. e.g. acids. mulnes and
alcohols,

• Regulators or niodifíers- are reagents \�lijeli regulate the llotation operation The\ arcw
classed as actis-ators. depressants or plí iviodli-icr,,,;. Activators alloNs collector adsorptioll 011 w
minerais b-, c1uu1ging the chemical cliaractcr oí' tile ililileral surfaccs. Such substances are
oenerally soluble salts. Depressants (ss-ater glass. starch. Quebricho. etc.) coii;-crscl,,- render
minerals liydroplilile. thereby stopping tlicill floating. pH niodifiers (such as linie. soda alld
caustic soda I'or ilkalnilty. and predonllilantl\ sulplitiric acid for acidificatlon) control tlic
pH of the pulp, \\lilch has a iniportant lililtictice on niosi procesq stel),� (collector and
depressailt adsorption. cte
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by 2.3.3 Effects on taffings characteristics
te

allings characteristies
Process step grain size generation specific % reagents pH ARD surface particle

distri- of funes surface solids influence properties shape
bution

comininution x x X2 x x x

screening x X3

elassification x x x x
gzavity cone. - 1 x x
flotation - 5�-71 x x
magnetic sep. - - -1 x
electr. sep. - x x x
sorting - x
leac1iing - x x x - x
thickening - x

9 - x

40
filtering 1 - x x x - x
1) e.g. agitated mill generates more fines than ball mill

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

0» 3) excessive screcning can lead to generation of fines
4) flotation is aIways a wet process with about 30-40 O/o sol., in most cases water will have to be added
5) see 23-2 for detai1s

» 6) raised or lowered
7) us"ly no reagents, however for fines sometimes dispersion agents are used for deagglomerísation

q0 8) obviously O,ó solids are reduced by thickening
tu 9) often use of floeculants (see 2.3.2 for details)

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

Table 2.2: Effwb of~nd ptwce~ ~s on ta~ characterbties

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

ft should be noted that: for magnetic j wet) and gravity separation the percentage of solids may
have lo be a4justed, hence the process steps also change the percentage of solíds. However. this
does not impact upon the tallings management lf the tailings go through a thickener, prior lo
discharge lo the pond.

The column on 'APD influcríce' highlights proccss stcps that cither alter the accessibilitY lo
sulphidcs (Le. cominiution) or change the sulphíde content in the tailings (for instance,
electrostatic separation can remove part of the pyrite). The ARD influence of flotation can be
both positivc (sulphides removed to the concentrate) and negative (other minerals renioved and
the sulphides remain in the tailings). Comminution mam'ly has the effect of making sulplilde
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 proporties.
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2.3.4 TéchnIques and proces~

2.3.4.1 Alumina refining

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

Alumina is converted, into aluminium vía smeltiM These tecImiques are described in dio BREF
on non-ferrous metals industries [35, EIPPCB, 2000].

The digestion (dissolution) of aluminium 'hydrate' (e.g. A1203-3H20) from the bauxite ¡S
carried out under pressure in high temperature (around 250 T) sodium hydroxide. The
mwlublcs, sand and red mud, are separated by cycIoning, decantation, and, after w~ and
filtration, are deposited in the TMF. The aluminium hydrate is precipitated as a white, siurry and
dried (calcined) to produce alumina (A1203), as a white crystalline product in partícles of 70-
80 pm size. Six to four tonnes of bauxito are needed to produce two tonnes of alumina and
subsequently one tonne of aluminium [22, Aughinish,

Bauxite frown mine
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figure 7-24: Ty~ flow sheet of Bayer-proem
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This process is normally emned out close to the mino síte but there are sites in Europe where
bauxite is converted to alumina at the same sito as the aluminiuni smelter or at stand-alone
alumina refinerios.

More information about alumina refinery is available at http:lhvww.world-
alummium.osWproductimhtfimgl

2.3.4.2 Gold leaching with cyanide

Stáct1y s~ leaching is less a typícal minual processing techníque d~ a
hydrom~uwcai process. However, for gold leaching it is applied to run-of-mine ore or is
m~into thc othcr mineral processing steps (e.g afier conimínution and gnmty separation
or flotation). Therefore leaching is generally considered to be part of mineral processing.
Althotigh oúw minerals may be leached and lmviants other don cyanide are used (e g. salt can
be leached or dissolved with water, copper may be leached with sulpluiric acid), due to the high
toxicíty of cyanide aud the public concera about its use m fim~ sector, this ch~ will
focus on thc use of cyanide in the leaching of gold. However, ¡t should be noted that cyanide
may also he used in the llotation of sulphides, as a depressant for Pyrite (FeS2).
Thc following te7d on the use of cyanidc for the leaching of gold is taken ftom the
'International cyamdc manag=ent code for the manufacture, b~ort and use of c:yanide m
the production of golV (www.~decode.org), unless odi~ s~. From M website
information about cyamdc chemistry and samplíng and an~cal mcthods has been dowIoaded
and attached in Annex 1.

Uw of cva-ni<tc- m dio gold -mdu~
Gold typically occurs at very low concenúzüons in ores, ¡.e. less dian 10 g/t or 0.001 %. At
these conc~ons the use of hydrometaUurgical e~tion procuscs, Le. based on aqueous
chem~, are the only economically viable methods of exw~g the gold ftom the ore.
TypicaW hytinmetallurgical gold recovery involves a k~ step di~ which thc gold is
dissolved m an aqueous mefflum, foRowcd by separution of the gold bearing solution from the
residues or adsorption of the gold onto actívated carbon and finally gold recovery either by
precipitation or clution and electrowinning (see the following figure).
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comminutio:n]

Icaching

carbon

thickening
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ta ffin s
carbon ngs
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p re e ip ita te:] 1

Figure 2.25: ]le principaki of gold recovery by Icaching

Often a gravity scparation circuit is incorporated into this process after comminution to recoyer
the sufficicntiv coarse gold particies (>30 pun) prior to leaching. The use of gravity, scparation in

the field of gold recovery is rapid1v acívancing into ever sinalier particies sizes (see Chapter 6).

Gold is onc of the noble nictals and as such is not soluble in water. Thc presence of a
complexant, such as c%lanldc, which stabilises the gold species in solution, and an oxidant, such
as oxN-gen, are requjícd to dissolvc gold. Thc amount of cvanide in solution rcquired for
dissolution may he as low as 350 mg/1 or 0.035 % (as 100 % NaCN).

Altcmatlvc complcx1ng agcnts for gold, such as chionícle, bromicic, thlourca, and thiosulphate
are avallabic but form less stabic compicxes and thus require more aggressive conditions to
dissolve the gold. These reagents are oficn more expensive to use andlor also present risk-s to
health and the cnvff'onment. This explains the dominance of cyanide as still the pnimary reagent
for the Icaching of gold froni ores.

Ore Prcparation
The aim oforc prcparation is to present the ore to the lixiviant (thc aqucous evanide solution) in
a form that will ensure optimum economic recovery of the gold. The first step in ore preparation
is crushUÍS and griliding, which "uces the p"cle sizc of the ore and liberates the gold for
recovery.

Ore that contains free gold may not vield a sufficientiv high recovery by means of c-vanide
leaching oniv. and may require a gravity recovery process where the free gold is recovered
before the remaíncícr of the gold is subject to c-vanide Icaching.

Gold hearing ores that contain gold associated with sulphIde or carbonaceous minerais require
acídifional treatinent, besides sii:c reduction, prior to gold recovery. Gold recoven, from
sulphide ore Is poor because thc c-vanide preferentially, leachcs the sulphIde minerais rather than
the gold, and cvanide is consumed by the forínation of thioevanate. These ores are subject to a
concentration process, such as flotation, fóllowed by a socondary process to oxidisc the
sulphIdes, thus timiting their interaction with thc cvanide during the gold leach. Carbonaceous
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nunerais adsorb the gold after ¡t has been dissolved. This js prevented by ondising the oye~
to leaching. The leaching process nuy also be modified to counter this effect by the addition of
actívatodc~ to prcfc~aUy adsorb &e gold.

Leachin-a with &M= Ovanide SolutLons
Gold is leachod m aqueous cyanide by o~ it with an oxí~ such as dissolved oxygen
and complexmg ¡t with ~de to form a goíd-cyawde complex. This complex is very stable
and the cyanide m~ is only slight1y m excess of &e stochiometric requw=ent Hovever,
in practice, the amount of cyanide used in loach solutions is dictutod by the presence of other
cyanide consumers and the need to mercase the rate ofle"" to acceptable leveis.

In practice, the typical. cyanide concentraúons used rango ftom 300 to 500 mg/1 (0.03 to 0.05 %
as NaCN), de~ on the minualogy of the cm. The goíd. is recovered by means of ciá«
heap leaching or agitated puip Iewhing.

With heap le~ the oro or aggIome~ fino ore is stacked in h~ on a pad lined with an
impermeable membrane. The term 'dump lewhing' is sometimos applied to heap lewhing of
uncrushed ore. Cyanide solution is ~uced to the heap by sprinklers or a drip ~on
system, the solution percolates through the heap, leaching the gold from the ore. The gold

solution is collected on dhe ímpermeable merabrane and channened to stonge facilíties
for fiwffier process1g. Heap leaching is ~tive duo to the low capital cost involved, but is a

*o
slow process and the gold ex~on efficioney is also relatívely low

In a conventional milling and agitated leaching circuit, the ore is raffied m semi-autogenous,
ball or rod mifis to the consistency of sand or powder. The milled ore is conveyed as a~ to
a series of leach tanks. The siurry is agitated in the lewh tanks, either mechanically or by means
of air injecti^ to increase the contact of cyanide and oxygen with the goid and to en~ thc
efficiency of the lewh process. As mentioned carlier, the eyanide dissolves gold from the ore
and fams a stable gold-~de complex.

The pH of the shuTy is raised to pH 10 - 11 using fime, at the head of the leach circuit to ensure
that when eyamde is add4 hydrogen eyamdo gas is not gen~ and U eyamde remams m
solution and hence available to dissolve the gold. The slurry may also be subject to other
preconditio~ such as p~~on at the head of the c~t, before cyamde js added.

Where oxygen instead of air is used as the oxidant, ¡t has the adyantage of increasing the leach
rate and also decre~n cyanide camímption duo to the ~vation of some of the q~e
consuming species present in the sluríy.

Wh= carbon is used to ~ver die dissolved gold, hzWy actívated carbon js átroduced into
the process, cither di=tíy into the leach ~ (re~ to as carbon-in-leach - CIL) or in

*o
separate~ afier leaclímg (rieferred to as carbon-in-puip - Cip). The activated carbon ~s
tho dissolved gold from the solution component of tho leach sjurry, th=by concon~ lt
onto a smaller ni of solids. The carbon is d= sepa~ from the siurry by screening and
subjected to further treatment to recover the adsorbed gold, as described below.

Mere carbon is not used to adsorb the dissolved gold m the leach s1urry, the gold b=M
sOlutl0n Must be SeP~ from the solidS component of the siurry, utilismg fíltration or
thick~ units. The resultant sol~ ref~ to as pregnant so"on, is subjected to finácr
treatment (other fim by carbon ábsorption) to recover the dissolved gold, as discussed under
gold recovery.

TheM~ from which the gold has been removed by adsorption or hqwds/sohds separation
is ref~ to as U~. The-~ are ciffier dewaWM to recover the water and residual
cyaráde reagent, treated to either neutralise or recover cy¿undo, or serit &~y to the TMF (see
sefflon on taifing ra~ment).
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Recoyery ofdissolved Rold
The gold is recovered ftom the solution by using cementation on zinc powder (the so-called
M~-Crowc process) or by first concenu~ the goíd using ads~on on actívated carbon,
followetí by elution and either cementation with 2inc or electrowinning. For efficient
cementation a clear solution is re~ wInch is typícally prepared by filtration or
countercurrent decantation. These = capítal-intensive processes and haye been superseded by
processes using adsorption of the dissolved gold onto activated c~n. Adsorption is achieved
by contactíng the actívated e~ with the agítated pu1p. This can be done while the gold is
still bemg leached with the carbon-in-leach or CU,-proc=, or foUowmg le~ with the
carbon-in-PuIP or CIP-Process. Activated carbon m contact with a gold containing pu1p can
typícally recover more than 99.5 % of the gold in the solution in 8 to 24 hours. The loaded
carbon is then sep~ frora the putp using screens that are air or hydro-dynamically swept to
preyent blinding by the near-sized carbon parúcles. Tins sep~on of ore pafficles (typicaUy
<100 pm) from the coarwr carbon particles (> 500 pm) is a lot less capital intensive than the
filtration needed when using the Merrill-Crowe tecímique).

The fine barren ore, Le. the tailings, is ú= either thickened to separate the cyanide containing
solutIon for recoyery or dc~ction of the eyanide, or sent duwtly to the TMF, where the
cyanide contamíng solution is often recycIed to the leach Plant

The gold adsorbed on the activated carbon is rewv«W from the carbon by eluuon, typically
with a hot caustic aqueous cyanide solution. The carbon is then regenerated and retumed to the
adsorption círcutt ~e the gold is recovered ftom the eluate uáng e~ zínc cementation or
electrowinning. This gold concen~ is then calcined, if it con:tains sigafficant amounts of base
metals, ord~ smelted and refined to gold bulhon that typícally con~ about 70 - 90 %
gold. The bullion is then fluther refined to either 99.99 % or 99.999 % fineness, using
chl~on, smelting and electro~. Recenfly developed proc=m u~ solvent
ex~on to produce Ingh punty gold direct1y from activated carbon eluates, or following
m~vele~ of gravíty conc~~.

Process º~n and the environn~
The following are sources of eyanide ~ions to the environment:

• CN to air as HCN
• seepage from taffing ponds
• tailings pond discharges required to manage overall water balance.

lt is pat of normal operation to anempt to optimise procew economics. la places this may
coincide with the objective of minimising eyanide impact on the environment and c:yanide
con~tion. proccss economics are senútive to the amount of c:yanide consumed m the
process. Increased cyanide addiüon may haye a 'doublí.-barreUed' effect, meaning the operating
costs m~w through the extra amounts of cyanide that have to he purchased as weU as
bocauge of the higher amounts of cyanides that will hayo to be destroyod or ~led pnor to
efflueM dj~e. Cyanide cimified as 'conwmed' from a process point of view may still he
act,ve from an eunronmental perspective, for instance as may be the case with copper cyanide
complexes [24, Brítish Columbia CN~, 19921-
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2.4 Tallings and wa~rock managoment

There are many options for mariaging tadings and w~-mk. The most comnion methods are:

a &y-st~ ofdackened U~s siurries
a dumping of more or ¡m dryU~ or was~k onto heaps or hill sides
a backflUtng of tadúqp or wad~ into underground mmes or opon pits or for the

constraffion of~da=
a dis~ of taffing ¡rito surfwe water (e.g. sea, lake, river) or groundwater
a use as a product for land use, e.g. as aggregates, or for ~rafion
a dise~ ofd~ tailín i~ ponds.

Wasto-rock is cither managed onh~ or is sometímes dumped on existing hill sides.

The ways m~hdiesedi~~ques are applied wiU be díscussed m dus section.

2.4.1 Characteristies of materiais in tailings and waste-rock
OW management facilities
q0
or This section has been taken froín the UK "Spoll heaps and lagoons"tecímical handbook [130,
lo N.C.B., 19701.

2.4.1.1 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 appropn"ate shear strength parameters necessary to carry
out a stabilitY analysis are those r~ to díe effective stress, ¡.e. the effective cohesíon and the
effective angle of shearing resistance. Comparatively small variations in the shear strength
parametcrs used may have a significant impact on the safety factor. Therefore strength tests are
carricd out on a reasonable numbcr of samples.

2.4.1.2 Other Characteristics

Other important characteriístics relevant for the stability of a facility are:

a partiele sizc distribution: as diís influences shear strength
a density
a plasticitY
a moisture content
a permeabilitY, accordm'g to their coefficient of permeability k (in cm/s) tailmgs and waste-

rock are classified in ffiree groups:
permeable: k> 10-'

10-6semi-perineable: 10-'>k>
impermeable: k <10-'

consolidation: the amount and rate of settlement of tailings or waste-rock under load are
q0 related to the consolidation characteristic of the soil

2.4.2 Tallinga da«m

Taffings danis are surface ~tures in which slurried taifings are managed. This rype ofTW is
typícally used for tathngs fi-om wet processing. Ponds consist of 20 - 40 % sohds by weight, but
leveis from 5 - 50 %so" have been known.
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The foUowing figum shows a mm-sec~ view of a tailin dam and ¡Rus~ dw water q#
cyc1c of this bpc ofTMF. q#

P MMIPLON

precor~
SU~

1 gel mm m

th~ d~

~re 2.»: m~"de from
1111 EPA, M51

The foUowing section on tadmgs dams is mosdy gathered ftom ICOLD Bulletm 106 [8,
ICOLD, 19961. Odwr refetmm me mentioned where a~prime.

The vast majority of taúmgs are m~od on land. ThLs entafis the selecuoia of a~ of land on
which the tailings are stored for an ex~p=W while the~ are boing generated by the
mmeral processmg plant and, unicss reciaimed for further U~cnt, for an mdefunte penod
the~. Ilbe ~ít mut be socure aga~ physwal damage from outfiow and must not
poUute the surrou~ arca, noighbouring water courses, the groundwater, nor the atmosphere.

Since die tailin am conveyod as ~ fim the ~ and may remain as a sus~on, or
since thus may be capable ofre~ to a fluid, the dqmited mass m~confinement to the
extem necemary to pv~ die flow of the n~al out of the designated^ In~ tafims
ponds, the solids sctde out of the siurfy~ discharge and the~ is thus com~ of seffied
solids and fi= water. This may be supplemented by n~ run-off, in-flowing groundwater or
direct precipitation. The fice fluid may be mWmed to the prooessmg plant for re~, stored in
&e impou~t for firture use, or r^val by eva~on or ¡t may be disc~ into surface
water courses, ofim after un~oing U~cnt.

The basic anw~ents oftm~ dams may be classified as:

• existing Pit
• v~ site
• off vauey site
• on flat hod.
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Figum 2-27: Iflustraflun of a taffinga pond in an existing pit
18, ICOLD, 19961

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

Figure 2.28: Picture of a ~gs pond In an existing pit

The folio i two pictures dius=c a valley site and an off-valley, site tailings pond-wm9

e4

F-agure 2-29: Ubstration of Laifings pond on a valley site
18, ICOLD, M61
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Figure 2.30: Iflustrafion of an off-vidley talfings pond
[8, ICOLD, M61

If a tadmígs pond 15 built on fiat land ¡t Es often referrod to as a paddock. The followIng picture
gives an impresslon of paddocks used in South Affican gold mining operations.

J,

Figure 2.31: Taifings pond on fiat land (Cour-tesN. of AngloGuid, South African Dhision)
For cach tallíngs impoundment the several activities need to be considered, includmig:
• tailigs delivery, from the mmieral processing plant to the tailings dam
• danis to confine the tailings
• divcrsion systcms for natural run-off around or through tlic dam
• deposition of tlic tailings Within the dam
• cvacuation dexcess ftee, water
• protection of the surrounding arca from environmental impacts
• instr~entation and nionitoring systenis to coiable survcillance of tlic dani.
• long-tcrm aspects (Le. closure and after-care).

Some of these activities will be discussed in thc folloam'g sections. Also some aspects of
seepage flow and design flood considerations will be introduced. These two aspeets have an
impact on severa¡ of tlic activities listed above.

2.4.2.1 Defivery systems for siurried tailíngs

Slurn, transport from the plant to the TMF is usually undertak-en by pipeline. In some cascs
open- channel conveyance may be used, as it is cheaper. The pipeline is seldom buñed.
Occasionally the slurriod tailings are transported from the minera¡ processing sitc to tlic TMF
by trucks.
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2.4.2.2 Confining dams

The construction material and methods used in forming the dam van- widel-,. lo aceoinmodate
the particular necds of the selected site, the availability� of mateníals and the financia¡ and
operating policies of the entire operation.

an upstrcani section vhich is capable of retaltiltig, flic, tallings Ns-ltliout excessINC
qp penctration/eroslon by the tallings tlieniseis es (c.a. conipacted salid)
la 2. a nudd1c section. or core. sslilch provídes a passage for seepage vater dirough tlic structure

in a controfied nlanner and ssluch ivill not break- doN%ii or become blocked by finc materialqp
(e.g. rock or cnislied filter storie) and
a doN;nstreatil section ;;hich pro;ldcs toe strengüi and stabífits and �Nll'cll Nvill reniani "dn
under afl circtirtistanccs (e.g. salid conipacted lo a lligh densi t\). In sonie circunistances. it
nia% be nccessan lo íncorporate artificial inertibranes (fílter cloflis) bet—vcen the niaín
sections of the structurc s%licrc tlicre Is a risk of Iligli sccpage avid tile niosclilent of fine

The dam types m^� bc classified as follows:

(water-retentiontvN)dams
conventional dam
stagod conventional dam
staged dam Nilth upstream low permeabilitY zone.

dam with tailings low permeabilib, core
danis %%¡th tailings in structural zo ne
upsu~ construction using heach or paddock.

These bWs wdl he bn«efly discussed below

llial Lit�. terili bcacil 111 coli.11111,alon \\ 1111 tile lilílil ziZ, e lile lit oí '111 1 i,.:J lallinu, in ¿I
iicans the arca of tallings restilting froni the settied solid fraction of a tallings sitirry in a pond
iot coN ercd b-, free sk ater between the cdgc of free N% atci- and flic crcst of tile dani.

The ptirposc of a beach is tt) establish an arca of "dn" tallings againsi the upstrcaiii face of
retaliliniz danis for tN% o iniportant considerations:

1 . lo prc%ent isater froni rcaching the cresi of tlic dani N%Iicrc it cotild cause crosion of the
inside face. or niore serlousk. Icad lo excessiic leakage through the dani -%-%itll the
subsequcílt risk of "pjplng" and possible daniage/collapse of the structure
lo allo%s "ilatural" scparat on ot'tlii: coar-ser and J-iner particies of tlic ta lings. Wherc tailings
are dischirged into a dani h\ 111 water (and illost are) the larger %],,.cd particles
terid lo settie out inore quickis. As these "dn-" out and consolidatc. dcnsitics %% 111 general¡\
increasc ovCr time. thcreb-, ad

.
ding lo thc o% ¿rall stabilit-% of thc structure as a %%liole.

1 li�: t'01 lo\\ ing picture slio;N s an exanip1c of a bcacli at an aluinina refincr\'s red niud pond- Tlic
dam"s til),,trcani facc and crest can be seen on tlic lcí't hand sldc and tile free ;s-atcr on the night
li,w,i �i(lc The, red section in tlie nuddle is considered ilic 'bcach'.
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Fi "i re 2.3 2: 1. 1 1 i i i,cak ti ¡ti . 111 i 11 t 1111 i 11 i 1 1 t 1 -111 t 1 .5 1 c(1 mud pon d

Conventional dani
This typc of dam Is completely built befóre tailings are discharged at the site. Hence, tailings
cannot be used to build the dam. Conventional danis are constructed tvhcre the confinement IS
to be cffccted for both tailmígs and free water during the whole period, from the start of tailíngs
management to the end of die particular sitc selected.

F

0 >o o00
0 00(0)

4 B
E

;A.Shoukkw M D. Found&Wn qm~--
B. FRU dr~ 5~ E. Depo~~
C COM F. Water In Fe~

F-agure 2.33: Conventional dam
(8, ICOLD, M61

The purpose of the shoulder fill Is to mercase the overall dam strength, but also to protect the
core from erosion (wind and water) and from ivave action from the free water

A conventional central core section is illustrated in the above figure but the range of options is
varied and similar to that for danis designed to confine water alone. In general though, the dam
must be capable of
• controllíng the passage of water
• supporting the loads imposed by the tailings and water in thc impoundinent
• transmitting the seepage water effectively and without the passage of solids (filtration

system).

Stap,c,d conventional dani
This is similar to a conventional dam but has a lower initial capital cost by staging the
construction &o thal the costs are spread more evenly over the peníod of &position.
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7-34: colavattblud dam
(8, ICOLD, 19961

S~dam with ºW~
lf the ~tod tailin he elose to or above the level of the free wá« in the impoundment, thc

to low permeabihty core zone of the dam may be located on its upstream fwe. This ¡S P<>Ssiblc
bocausc the core is pr~ted ag~ ermon wd wave wtion by the U~.

0
FF lÍ

7

L Fkw QC~ pr^
r- com IL F~
E

235: S~&mwM upstxmm lbw permub~ zone
18, ICOLD, l"61

Dam with~low core zpne
Whcm aU or put ofthe tafimp deposiuon nw the~ocwn from the dam a bw& of
muy be formed. It is then possible for the ~s beach alone to provide the less pormeable
zone of the r~.
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2.36: Dam with ~gs low permeabºk core zam
[8, ICOLD, 19961

Tha ~ement is only possible where, the, mflow of water wiU not aUow the unpoundment
water level to rise above the uppermost leve¡ of ¡he ~ and therefore, ag"t U more q*
pervious dam matorial. Therefore, contmuos monitormg is required for fim lund of
~cinent.

For this an-angement ¡t is nocessary to build an low-impermeablily barrier (C) into the, starter
dam, untd the heach has developed far enough may firom the dam itself

Dam with~ insU~ zone
In this arrangement tadágs aro not only used as a water bamer but also as cons~on material
of the, dan. In this case, typically the coarser hydrocyelone underflow is for the structural zone
und the finer hy~clone is di~ed mto the pond formM the beach.

2.37: Row ofbydrocydones on the crmt of a da=

For further information on hydropycIones please refer to Section 2.3.1.3.2.

There, am ftm mam approachos when consid~ the progressivo constmetion of this tyPC
offlam. These are:

• ups~ melhod
• downstroam mcthod
• centreline melhod.
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S~dam with ºW~
lf the ~tod tailin he elose to or above the level of the free wá« in the impoundment, thc
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2.36: Dam with ~gs low permeabºk core zam
[8, ICOLD, 19961

Tha ~ement is only possible where, the, mflow of water wiU not aUow the unpoundment
water level to rise above the uppermost leve¡ of ¡he ~ and therefore, ag"t U more q*
pervious dam matorial. Therefore, contmuos monitormg is required for fim lund of
~cinent.

For this an-angement ¡t is nocessary to build an low-impermeablily barrier (C) into the, starter
dam, untd the heach has developed far enough may firom the dam itself

Dam with~ insU~ zone
In this arrangement tadágs aro not only used as a water bamer but also as cons~on material
of the, dan. In this case, typically the coarser hydrocyelone underflow is for the structural zone
und the finer hy~clone is di~ed mto the pond formM the beach.

2.37: Row ofbydrocydones on the crmt of a da=

For further information on hydropycIones please refer to Section 2.3.1.3.2.

There, am ftm mam approachos when consid~ the progressivo constmetion of this tyPC
offlam. These are:

• ups~ melhod
• downstroam mcthod
• centreline melhod.
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These methods aflow for staged construction of the dam, which minimises start-up capital costs.
The following figure filustrates these mcthods.

upstrsam

downstrearn

conterfino

Figure 2-38: T»" of sequentíaUy núsed dams wi& tallings ín the atructund zone
11, EPA, M51

Upstreaín mahod using gyclonod tailing
This method is ven economical in the use of the coarser fraction of the tailings since only a thMí
outcr zonc of this material will result

F~ t~s

F§led wfth mM at end
Cydom

of GyCje ofter t~

S̀.U.

SUMES

F-agure 2-39: Upatream n>ethod using eycIoned taffings
111, EPA, 19"1

Thc following picture shows a dam built using the upstream mahod. The dam úself consists of
borrowed rock-fíll, diffcrent from the example aboye whcre cyelones tailings are used.

Ir

J

Figure 7-40: Dams raised using the upstream metbod at the Augíainiab she
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The mam diWv~ of tffis metbod has m the~ be= the physical stabdity on the dam and
its susceptibilíty to hqu~on- C= must be taken m onl« to, control the phreaüc surfaw,
which can be "~ by co~ dramage. Also, the c~~, usod to build do dam
should not have ARD potential.

Downsft~ ~od
The come ~on of dw ~s, separated by the hydrocycione, muy be used to form the
complete structual portion of the dam or a~ part of it. The si= ofhyd~one is sel~
such M a bank of &un acting in ~el can deal with the tailings throughput. With the
t~ delívery líne and the bank of hyd~lone offlakes lo~ ~aUy on *e~ of the
stamr dam, the undefflow is dwhwged downs"= to form the dwn, and the overflow is
dischuM into the un as filus~ in the fóllowing

1.

POM S~

Sub5~t &
"ES Consbucom

zz...

2.41: Dowestrmm wmtm~ ofa dam adag hydrocyelones
111, EPA, M51

Tlm method is cafied the downstr=n method because as the &an height nses, the crest moves
downstream.

Centreline methW
The downs~ method of con~ction enuais the use of a consi~le volume of coarse
udmgs for the dam, and an ama of land under ibe footprmt of the d� Where the pro~on of
the coa~~sap~ out by cycIoning is ~cient to p~t the dam to ke" ahead of
the nse of the impoundment level, the taflings zone may need to be supplemented by a zone of
borrowed m~al As an altemative to this option the ups~ porbon of tim dam may be
composed of the be-ach of depositied tailmp. Mus is possible bocww the upsu~ face of the
dam is prog~ively s~ñed by the rm oft~. The resultant stracture is ilha~ m the
following figm and the metbod is genemily termed the centreline method.
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to T~

d*a

*m FlWre 2.42: Centrelime m~d

q0 111, EPA, M51

bv
Uí>stream construction ming boach or pa-dd-ock
This trallítional taffing dam construction method uses the bcach k~ of a hydrocyclone to
size-sort dw tailings. This metbod maíces maximum use of the tadings itsolf for confinement,
and may provide the chea~ r~ of tailings níanagement. The systean relies on the
formation of a satidactory beach by control of the deploymcnt of the discharge an-ingements
and by control of the 1~ oftime matenal is discharged froín cach point

2.4.2.3 Deposition in the impoundnwnt

Hydraufic deposition
The u~ are pumped into the tailings pond with 5 to 50 % solids In some applications,
po^c~ whcm con~onal dams are employ4 the <hsch~ of tai~ áto the
nnpoundmcnt can take the form of a singlespointed open-ended dischaM In other cases a
more controlled deposifion method may be desirable. Mús may inooq)~ lime or periffleteír
disch~ or the use of bydrocydones [21, Ritcey, 19891. For progressively built tailings
dams, thedi~ arrangements are dictated by the dam construchon metbod se¡~.

The increase of densíty of deposited material is accelerated by the action of dramage and
evqwraborL T~ore storage efficiency can be ma~ by dep~on talang place on a
beach.

Tilic~ d~gition
TInckened tailings have a solids ~tent of over 50 %. This enables the storage efficieney, in
U~ of the s~ vohnne to dam hq^ to be sub~~ mamed, sínce, the ~e of
deposítion increases vath the solids content of dw tailings. Eqtúpment used to flucken ~s
me thickeners andIor fift=.

Special tedímianos
For very -fine~ special techuiques may be, employad, such us the addiuon of coarser
particles or floeculants.
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In some cases ¡t is necessary for all the ~s to be d~ted under water (e.g. t~ with
ARD potential or severo dust problems). This is refemed to as sub-aqueous d"sition.

2.4.2.4 Removal of free, water

The a= throughout the development of the impoundinent is usually to keep the pool of free
water as low and as sinall as possible as a means of fisk munagement However, this noeds to be q0
balanced ag~ several other objectives, e.g. taflings need a mrtaín amount of time to seffle
within the pond. Also, in some cases the water has to remain in the dam for a certaín period of
time m order to allow deterioration of the process chemicals. Water saturation of the tailings
may also bere~ to avold dusting.

A good balance between the need to keep the pool low and the contra&cting requirements to
leave, a certain amount of water m the pond may be u~on of a clanfication pond. This
allows the s~ of the fines slimes and deterioration of pn=ss chemicais, whitst the water q#
level in the actual dam, con~ the setíled~can be kept to a minimura. lo

m#The mam requireínent for successfid minoval of the, water is the provision of an outlct q#a~ement, the effectíve, level of which can he adjusted throughout the, pro~vely
00increasing impoundinent level, or of a pump, which can perform a simílar function. The

ranoved water is cídier retumed to the minera¡ processing plant andIor, usually after U~ent,
discharged into natural water courses.

The, outiet structure, or 'dec~ system' as ¡t is normally termed, is usually composed of two
elements:

• an extendible intake, and
• a conduit to convoy the discharge away from the dam.

The intake may take, the fonn of a vertical tower, or a sioping chuto founded usually m natural
ground on a fiank of the impoundinent and occasionally on the upstmam face of the dam.

The following figmes show the &m basío altoraatives:

• decant tower
• decant: chute
• pumped decant.

7 "7

ALT~ C. Tu~ D

7-43: Tower decandag system
181 ICOLD, 19%]

76 Venion May 2003 STIWPCWMTWR Draft -2



Chapter 2

qw C

E

or A U~5 05-~~——1
IL ay*~~ L0~0~

% aCb»4~

FIgare 2.44: Clate de~fing system
[9, ICOLD, 19961

2.45: P=V barge
18, ICOLD, 19961

Other options are

o drained pond or
a overflow Systenis:

wiúún the dain
around the dam.

In addition to the regular means of removing the free water, sometirnes eniergeney overflows
are installed. The idea is that in case the regular systein fafis the emergency overflow aill
protcct tlic dam from collapsing entircly. Thcsc outIcts are typically o-vcrfiow systems within or
around the dani.

Emergency ovcrflows are further discussed in Chapter 4
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2.4.2.5 Seepage flow

A tailings dam will influcricc the original groundwater flow pattern by introducing a h,,.draulic
gradient (difference in hydiraulic head betwccn two points divided by the travel distance
between tlic points). The following figues shom, schematic seepage flow patterris for on",izina-1
groundwater flow conditions and for the followm"g basic dam tNpes-

• existing pit
• vallev site
• off-vallev sitc
• on fiat land.

introduced m' Section 2.4.2.

Naturidgroundwaterflow---] Seepagctlowaftertailingspiacement
Existinp, ffit

os
GWL

ValicN- site:

Ga

z_-/,�7
Off-valicv site:

Ga GS
Cim GINÍ.-

L
On flat land�

Gm
GWL

1 i..�ti v( 2.46: �'-,i mplified fl(11% cena 1 ¡(#N for difIL-1-un 1 I.N pt of

lt sliould be noted tliat tlicsc are simpliFied sclicniatic tmo-dinienstonal dramings. lil the real
Ns orid the actual nois panci—n ;% 111 be influenced by factors such as:

• dani propertíes
• s\ ater ¡ese¡ In tlic dani
• perincabi lit-, of the underIN ing forniatiolis
• ground ¡ay cring
• origitial groundwater flo\s reginic
• etc,

Iii scetion 4.3 8 ilianap-cnicill atid control of sccpaLc for tlic urlou- miuntions is discussed
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2.4.2.6 Design f1ood

Duníng operation tlic discliarge capacity should be able to handle foresecable extreme flood
events. This is based on the Probable Maximum Flood (PMF), usually defined as the 10000
year flood or two or tliree times the 200 year flood. The PMF is normally based on a series of
local assumptions (e.g. snow smelt period, persistent rain during a number of days, plus the
occurrence of an extreme precipitation event) which allow development of a hydrograph. The
hydrograph is a curve of the flow (necessary discharge capacity) as a function of timc at a
certam point of the studied system. As a rule of the thumb one can say that the designed
discharge capacity is approximately 2.5 times the highest measured flow at any point.

The Finnish "Dain Safety? Code of Practice- hqp://wm,�,,,.yyh.fi/enp-/orp-inLo/�ublica/electro/
damsafet/damsafe.htm) at Appendix 12 of this code provides information on how to determine
the design f1ood as well as design outflow.

2.4.3 Thickened tallings

ApplyM duciwned t~ management re~ the use of mechanícal equipment to dewater
taílonR toaboutSO-70%soh&.Thct~wcthenspreadinlayersovcráeswmge~to
aflow fi~r &wawmg th~ a comb~on of dramage and evaporation 11, EPA, 19951.

WWD
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2-47: Sche~de drawing of ddcbmed~manage~t operation
111, EPA, M51

2.4.4 Talfings and waste<wk heapa

The U~s from potash míning and the coarse tailings from iron and coa¡ mininst are ofien
managed on heaps. Large amounts of wastr,-rock are managed in most metal mines using dw
open pit míning method.

Dchvcry is carned out by a convcyor bc1t or tracks. Thc hcaps arc survqycd to monitor for
stabilíty ofthe structure. Surface run-off is collected andU~ ifnecessary, pnor to discharge
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or ¡t mW be div~ into the t~s ponds or s~ retention basins. Geotecímically, the
coarse U~s and waste-rock are usually stable. The coarseness of the matonal, the actual
action of dw üwk dumpíng m itscif, the spreading and compactang m thin layers using a
tracked machinc and sometimes a víbratíng rolícr, afl he1p to stabilise the matenal dunng and
~ deposítion. Apart from the heap stabílity itself, the stability of the supportíng strata also
has to be cons~ in the design and operation of heaps.

Dust emissions from heaps can be quite signifícant. With dumping flom conveyor beits, the
op~n may have to be interrupted in windy conditions. If the tailings or waste-rock are
~rted by trucks the transport paths may have to be sprayed m dry períods. Progressive
reclamation, if possible, lícips prevent erosion and dusting.

2AS BaddIllíng

BackfiUing is the reinsertion of materials mto the mined-out part(s) of the extraction site. These
m~als are typÍcally overbu~ wast~ and~c4ther alone or m combination with
other structural products (e.g. cement).

lf other mateñal, which does not come from the mine operation, is inserted into mine vo1ds, flus
is considered infilling. In some cases smelter siags; are infilled.

1in some cases, mmed rocks of a marginal or uneconomic gradc may be 'backfillcd into or
temporañ1y stored in disuscd work-Mi9s. Sometimes this process is referred to as ',stowing,'.

Siumed and dry tailings are som~es used m und~und mmes or abandoned pits or in
portions of active pits as backflfl. In most cases, hackFíll is used to refill mined-out arcas mí
order to:

for undor-ground miing:
a assure ground stability
a reduce underground and surface subsidence
a provide roof support so &at further parts of the orebody can be wd~ and to

increasc safcty
a provide an alternatíve to sarfacc da~
a improve ventilation.

For open pit mining:
• decominissioning/1andscaping reasons
• safety, rcasons
• minimise the foot print (e.g. as opposed to building ponds or heaps)
• minimise risk of collapses by backfílling the pit místead of building a new pond or heap

Bésides the benefits for the mining operation itscif (sec list above), backiFlUing also decreases
the abovegmund surface disturbance. Due to the increase m volume from. su= reduchon
separations a mwcimum of about 50 % of the tonnage extracted can be backfílled. Mús means
that in cases where the ore grade is less d~ 50 % ¡t will not be possible to backfdl an the
u~. Hence a surface TUY as weU as bwMhng may he necessary in these cases.

Th= are 4 types of míneb~
1. dry bacláill
2. cemented baráfilí
3. hy~c backfíll
4. paste backfill.
[94, Mining Life, 20021
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Div backfifl
Dry back0 generally consists of unclassified sand, waste<ock, tailings, and smelter slag. The
baciffill is tran~ undorground by dropping ¡t down a small shaft (or raiso) from the surface
direct1y into a stope or to a level where ¡t can be hauled to a stope with loaders or trucks.
Despite rts name the dry backfiU~ycontams some adsorbed surfáce mol~.

This bw of backfíll is suitable for mechanised 'cut and fifl' or other methods where shuchiral
backflB is not required.
194, Mining Life, 20021

Cemented bacIfflU
Cemented backfill generally consist of waste-rock or coarse taflings mixed with a cement or f1y
ash slurry to ímproye the bond~between the rock finments. The methods of placement
all mvolve mixmg the rock and cement slurry in a hopper before placíng ¡t in voids ( e.g. stopes
or mined out longwall), or perco~ a siurry over the rock afwr it has been placed. The waste-

to rock or~s can be classified or unclassified. Cemented bacOll contains a mDum of coarse

y# aggregate «l50 mm) and fíne aggregate «l0 mm fraction). The cement siurry conce~n is
often around 55 % by weight (1: 1.2 waterleement ratio).

Cemented backfiU is applied for longhole open stopíng, 'undercut and fill', and offier methods
where a structural fill is required.
[94, Mining Life, 20021

H~backfiU
Hydraulic back0 can consíst cither of clasáfied siurried taffings or naturally oecuffing sand
deposits mined on the suface. The hydraalic bacífill is prepared by dewatering the mineral
processing tailín su~ to a puip d~ of approximately 65 - 70 % solids and then passing
it through hydrocycIones, to remove the "shmes" retaming the coarse fraction for backfill. Fines
are removed to Ímprove the dramage capacíty of the ba~, leadmg to an ímproved stabilíty.
The backfíll mábue is hydraulícally pumped from the surfáce through a network of pípes and

ro borcholes to the stope. Sand obtained ftom surface borrow pits will be scremed~ to use in a

to backfíll plant to remove oversize pafficles that could plug the backfifi line. Hy~c backfifl
can be cemented or unomented.

The taflings or taffings fraction sultable for hydraufic back0 depends on several fáctors, e.g.
a graín size distribution
a slope of the grain slzc distribution (die steeper the better)
a particle shape (flat sificates are not favoured whereas, round shape are)

In general hydraulic backfifi has permeability coefficients in the range of UIT7 m/s to IxIO-
4 MIS con~~ to a grain sizo of about 35 pín - 4 mm. Hydraufic placement of bacOll.
results in a loose fifi structure with a void ratio of about 0.70.

In practíce, an apparent cohesion often develops m uncemented backfifl which increases the
» shear strength of the backfífl. Often a vertical face of 3 - 4 m can be maintained under some

bV mming condifions. Nearby blast víbrations can also act to d~ the fill and increase its shear
To overcome the lack of true cohesion in the bacIfflU, cement and other binders are

added. Note that the back0~decteases with water content and the water content needed
to transport hydraufic backfifl is far in excess of what is required for cement hydration. Hence,
mme operators are movíng towards using less water m the fill m order to decrease the cement
and binder consumption. Flow velocities in excess of 2 m/s we req~ to maintaín a
homogencous dis~ou of the fíll components in the s1urry.
[94, Mining Life, 20021
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P~ BackfíU
The paste backfill is a high density back0 (>70 % solids depending on the density of the
solids). In o~ to pump material at this density, a component of fínes is required. As a general
rale, the fines content «20 pm) must be at least of 15 % by weight.

P~ backSU is pumped by piston bW pumps of the same ~ used to pump con~. Whole
mineral processing tailings can often be used to make paste backM. The final product has a
lower void ratio so the backfíll is denser.
[94,~Life, 2002]

7-4L6 Underwater taffinga managenwnt

~ seal lake tail!Us man
In míning arcas where tallings are likely to generate acids, deep lake, deep sea or submarine
tailings management is sometimes an acceptable method.

River tailinRS
This practice is applied for water soluble materiais (e.g. salt). Some potash mines discharge
salíne waters into nvers. Insoluble~ are not dischaged into rumung surface waters.

2.4.7 Fallure modes of dams and heaps

Usually tlic following failure modcs are consídcrcd in devc1oping a tailings managcmcnt
stategy: lo• instability
• overtoppmg of dams
• intemal erosion,

Also the long-term safety and failure modes other than complete embank-ment fallure should be
considered such as:

seepage
dust
long-term erosion.

Tailings may retam their hazard potential for a long period of time, which therefore requires
efficient measures to contam these hazards in the long tenn.

From the report of the Intemational Task Force for Assessmig the Bala Mare and Bala Borsa
accidents it can be seen that usually there is a combiation of reasons for the failures of the
tadíngs dams in thesc cascs:

The accidents were in summary caused by:
• firstly, the use of an Mapp,ropriate design
• secondly, by the acceptance of that desígn by the permitting authorities, and
• thirdly, by inadequate monitoring and dam construction, operation and maintenance-

Design faults:
• a closed-circuit system was used with no spccific provision for emergenc-y

discharge/storage of excess water
• the dam wall was of inadequate construction, due to lack of homogeneity of the tailings
• the llydrocycIones were non-functional at very low temperatures

Operatlonal faults:
failure to observe the design requirements for tailings gradation for dam. construction

116, Ni1sson, 200 11
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2.6 Taifingo characterisfica and taflinga behaviour

The tallings characteristics determine the tailings behaviour. In combination with the site
location these factors determine to a large extent the type of management facility. The following

*o table shows how certam tailings charactenístics influence the tailings behaviour.

affings characterisfles
Taffings grain size fines specific % reagents pH ARD surface particlel
behaviour distrib. surface sofids linfluence properties shape
permeability x x x - x x
)Iasticitv x x x - x
;hear strength x x x - x x

x x x,ompressibility x x -
�endeney to x x x x x x
¡quefaction

x x x x x-hemical x1 x1 -
xoperties
Jensity (in- place x x x - x x
and relative)
onsolidation x x x - x X
lusting x x - x

x2 x x x x�oxicity o f x
Aischarge

00 �ailings deliven, x - x x
ixq 1Deposition x x - x x

free water x x - x x x x
management
seepage flow x x x x x x

0* long-terni safety x x x x x
ARD x x x x x x
management
emissions to air x x - x
emissions to x x - x x x x x
,vater
-missions to land x x - x x - x
,ffluent treatment x x x x x x x x x
lani construction x x x x x x 1 x x x
Wonitoríng x x
losure and after- x x x x x x x
are

because of increased/altered availability
if ARD producing tailings and exposed to the atmosphere

Table 2.3: Effeets of ta~ charaeterbúes on ~eering prope~ and safetyíenvirm~tal
bebaviour ofta~s

OW
In combination with Table 2.2 this table allows to connect the nimieral processing tecívnique
with the tailings characteriísties, the tallings engineeríng properties and their safety and
environmental behav1our. The two tables can be also be read 'back-wards", This means that by
starting at the tailings behaviotir one can trace back what mineral processmig step has an impact
on this feature.

2.6 Closure, rehabilitation and after-care of facifity

Usually a mine, together with the mineral processing plant and the ~gs and waste-rwk
facilities, will oaly by in o~on for a fow decades. Mine voids (not pan of the scope of dúS
work), tailíDR and waste-rwk however, may remain long after the cessalion of the irníaing
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aCUvity. Therefore special attenhon necds to be given to the proper closure, rehabilitalion and
after-care of these facilities.

In many cases, the tailings and waste-rock do not contaín any substances that areh~ to the
environment. In these cases, during the closure phase the operator will ensure that the w~ is
dramed from the t~s pond to safeguard the physical stability, the dams will then be
fiattened to allow access for machinery. Ponds and heaps will then be prepared for subsequent
use, which in most cases means covering the ponds andIor heaps with sofi and vegetating them.
In some cases these facilities may be used again, e.g. for potash mining, the U~ heaps
contain more dm 90 % salt (NaCI), which can be a futum economic resource when other
economic deposits are depleted or too distant from their markets. In other cases, the mineral
pro~ ~ques may develop in a way that more niffierals can be profitably extractod.
Kceping tailings materiais accessible for possible future exploitation therefore may be a
desirable objective.

If tailings and waste-rock facilities contain substances that can be hazardous to the enviromnent,
other measures need to be taken. These measures are anned at stability of the tú~ and waste-
rock facilities whilst minimising futurc monitoring.

Generdly, the major issues to be considered for the reclamation and closure of taflings and
waste-rock management facilities include the long-terni

physical stabilíty of constructions
chemical stability of tailings and waste-rock and
successive land use.

The TW arcas of a mine site should be stable under extreme events such as floods, earthquakes
and pe~ disruptive forces, includmg wind and water erosion, such that they do not inipose
a hazard to public health and safety or to the environment [1 2, K. Adam, 1.

If tailinR and/or waste-rock contain sulpítide mineraís, they may create an acid discharge. Even
though acid rock dramage (ARD) is a phenomenon that may occur during opermion it is the
tíme ~ the closure of the facility when ARD bocomes a problem. While in operation tailings
impoundmonts are usually sau~ and the voids are filled with water. Therefore chemical
oxidation is limíted dunng operation. It is at the closure phase of an operation, when usually the
water level within the tailings drops and air enters the voids, that pyrite oxídation can occur and
creme a problem.

The rehabilitation of a site usually aims to tuni the arca luto something that the local society
needs and can make use of. This, of course, has to be compatible with the long-term stability, of
the site [ 118, Zmkgruvan, 2003 1.

2.7 Acid Rock Drainage (ARD)

For a more complete and scientifícally correct description of all relevant issues regarding ARD
generation a luge amount ofrecendy published literature is available. Recendy published S~-
of-the-art reports for research purposes, with substantial amounts of literature references
included, are available firee on the intemet (www.mimi.kinma.se) On. Sulplúde oxidation
(H~ 1998); ~ctive modelling (Destouni et al., 1998); Prevention and control of
pollution froni tailings and waste-rock products (Elander et al., 1998); Laboratory studies of key
processes (H~ et al., 1998); Field studies and characterisation (Ohlander et al., 1998); and
on Biogeochemical modelling (Salmon, 1999).

The above-mentioned references are only includod to gíve examples. A significant number of
these publications are the result of rescarch mitiatives that are currendy being undartaken, or
that have bcen undertaken during the last 15 - 20 years, within large research prograinmes such
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as MEND, Post-MEND, AM Md^ MIRO, INAP, PYRAMID and ERMITE. Some of the
most active countnes ~g out the research have so far been Canada, Aus~ the United
S~s, Sw~Norway and the UY,

This section aims to provide a short overview of the chemical processes involved in the
generation and consumption of acid.

Note in this section (s) stands for solid pliase and and (g) for gas pliase.

jide oxidation (acid &eneration)Smkh
Sulphide minerals ex~ from the bedmck have been formed undor strongly reducing
conditions resul~ in sulphur being present m its lowest oxídation n~. lle a~ commonly
mz~ sulpludes am ¡ron sulphides (pynte FeS2(s) and pyrrotite FÓS(s». These iron
sulphides often cociást with other sulphides of Ligher economic value s" as chalcopyrite

(FeCUS2(S»; galena (PbS (s»; spítalerite (ZnS(s» or with sulphídes of very littie economic
value such as arsenopyrite (FeMS2(s». In unaltered be~ the overiying overburden md
groundwater minimise the contact with oxygen. Mús almost elúninates the oxidation of the
sulphídes. However, when the sulpli¡des become o~ to an oxidising and humid
atinosphere, e.g. by the mining activity, they stan to mádise (~cr, dissolve, etc). This
procen is cominordy demons~ by pyrite (FeS2(S» oxidation by oxygen and water as

FcS2(.,) + 71202 + H20 - Fe2+ + 2SO42- + 2H+ (1)

controlled exothermal procm, can also takeSulpítide oxidation, which is a slow bneficall
place with other oxídants swh as ferne non, Fe as

FeS2(.) + 14Fe' + 81-120 , 15Fe2+ + 2SO,,2- + Iffir (2)

Oxidation of sulphides, mainly pyrite, and the processes that influence the oyúdation rate of the
sulpítides have been studied in detad over the last decadm Of the vanous factím that influence
the sulphide oxidation rate the a~lity of oxygen has be= found to be the most important.
To su~ a cuntinuotis sulphide oxidation, oxygcn has to be ~jed from the surrom~
atinospliere. This is true for sulpítide oxidation with oxygen (eq.1) as wefl as indirect1y for
sulphide oxidabon with femc imn (eq 2), since oxygen is req~ for the oxidation of femm
to ferfic ¡ron accon"g to

Fe2+ + 11402 + R+ , Fe�� + 1/2H20 (3)

Ferric inmi may contribute to sulpli¡de oxidation (eq.2) or ¡t may hydrolyse and precipitate as
faric oxyhydrox¡de (domínant at pH›3.5) according to

Fe3+ + 2H20 - FÓ0014(,) + 3H+ (4)

Them are also nidications that; the cyclmg of ¡ron through the femm and ferric o~on st~
tp may potenfially be a key process in anambic ~gs and w&qeH=k management facIbties.

Fíeld studies, however, mdicate that: the overan sulphIde O)ud~ rate S d~atically reduced
by applying oxygen diffusion barners. Bio-geochemical modellíng resuits calíbrated to ficid
data fim a covered~deposit do not indicate that pyrite oNidaüon by ferric ¡ron plays any
sigafficant role in the remediated deposit.

As described above, many factors haye bcen found to nifluence the sulphIde ondation rate, such
as e.g. bactorial activity, pH, Eli (oxygen concentrafion), tempena= and galvanic pr<=sses
between different wWdcs. Tlús has to a large extent been investigated and numencal
expressions (rate laws) haye been developed for pyrite oxidation under various conditions.
These ~ laws are a~le in the liter~. However, u~n~ conffitions, as e.g. in a
taílm9s Or waste-rock facilítY, these vanous factors are co-dependent and mfluenced by other
fáctors such as the available surface ama for oxidation deternimed by the grán sm ~bution,
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mincmiogy, ~logy and the availabifity of buff~ núnerals, etc. and wiU be d~bod in
the foflowing sections.

Dissolution of buffering ná~ (acid ºº&gmmt�iojn
Yreadidy available buffering minerais (carbonates) am present in the mifings or waste-rock, acid

qoproduced by the oiádation of sulphide mina-ais (~ons1 and 2) and the precipitaüon of ¡ron
oxyhydroxide (c~on 4) wiU be consumed by the dissolution of the buffering min«ds, here
demon~ by the díssolution ofcalcito

CaCO3(,) + 2W ---> Ca2+ + C02W+ H20 (5)

Thc dissolution of calcite is a fast rcwúon in comparison to pyrite ondation and is therefore
normally assumed to be in ~brium (Le., acid is consumed at the same rate as ¡t is produced).
lf thue am not enough m~ avadable buffmM mmerais p~ or if they me deplewd over
time, the pH in the drainage may drop and the, solubifity of dissolved metais wiU incr~. This
is what is nor~ cafied ARD.

Acid is also consumed by the dissolution of other buffering minerals, such as alummo-sihcatos,
but normally at a slow rate, that cannot keep up with the acid production from mIphide
weathenM as the dissolution of the alummo-sihcdcs is kmeticafly controlled. Acid
consumption by diswlution of alummo-silicam is demons~ below by the dissolution of K-
fcldspar, muscovite and biotitc.

KAlSi3O«,) + Ir + 9t2 H20 + 2H4SiO4 + In-M2Si2Os(OH)4(.) (6)

KA12(AlSi3OloXOH)2(.) + W + M2 H20 -r + 3/2Al2Si2O5(OH)«.) (7)

KMgI.&1.5MSÍ30lo(0H)2(.Y~+1/2 H20---
K'-+1.5 MÉ?++1.5FC21-+21�4SiO4+1"2Si2O.5(0H)4(,) (8)
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CUpter 3

3 APPLIED PROCESSES AND TECHNIQUES

1.1 Metal$
3.1.1 Aluminium

In the section, infonnation about the following alumina refínenies is provided:

Plant Countn,
Alunúnium de Greece, Di stomon Greece, Central
Au~sh Alun�na, Augh1nish Ireland, Aughínish
Euraflunúna, Sardirnía Italy, Sardinia
Alcoa Inespal, San Ciprian Spain, Galicia

1 Aj ka Hungary, Bakor�v reg on

Table 3.1: Alumina refmeries mentioned in this section

3.1.1.1 Mineralogy and mining techniques

Thc Bauxíte deposits of central Crecce arc 1cntícular bochcs m thc fonn of duicc bamtc
~s. Vanadium, m~anew, nickei, cobalt, chromitun, zinc, copper, phosphorus and
sulphides can he found in the ore at low levels or as ~ elements. The amounts of ore have
bcen equafly mmed ftom und~und and open pit mínes until recenfly. T"ne tendenpy for the
fuft= ¡s tow" more underground miníng because of the increase in the stnppmg ratio, and
the emerging environmental aspects connecied to open pits.
[90, Peppas, 2002]

In the underground mine the 'room and pillar' method ¡s appli4 sometimes in combination
with cut and fifi if the orebody ¡s thicker than 8 m. Ore bodies with a stripping ratio of 6 - 8 m3
of waste-rock or overburden per tonne of ore am mined in open pits via conventional drillin&
blasting and loading [90, Peppas, 20021.

la the H:ungwían Bakony region sm hauxite mines are in o~n, which all send their bauláte
to the refinery in Ajk& The bauxite ¡s of the k" ~ m the form of lentícular or pod-hke
deposits. M~ ¡s undertaken by open pit (d~g/blasüng/lo~) at a stripping ratio of
6.3 m3/t or underground using subleve¡ caving [91, Foldessy, 20021.

The following table shows the chemical composition of bawáte processed in Eumpean
refineries.

conq~t % by
W~t

A1203 53-60
sio2 2-25
FeA 6.5-22
Cao 0.2-1.2
Ti(� 2-
LOV 16 - H27

Table 3.2: Che~com"~ of~es fed to Europem refincries

3.1.1.2 Minera¡ processing

As mentioned in Section 2.3.4.1 the B" process ¡s usod to t~ bawáte in all alumina
refmeries in Europe.
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The Bayer proeess is based on a continuous recirculat
of dissoh'ing agent for the hydrate-aluniina within the
for carrying aH the solids through the various process s
through a wet grinding stage, resulting m a slurrv with
heid m holding tanks to make the silica more reac
previous cycle is then re-concentrated and heated up.
phase the bauxite slum is mixed with the caustic liqu
and Bochmite rapidh dissolve, leaving the mert part of

Clarification of the pregnant liquor is carried out b
separated in 2 steps. First, so-called sands (i.e. partic1e
the liquor and separating the solids in screw-classifier
large thickeners.

The clarified pregnant liquor is then pumped to the pre
The hvdrate is then calcined to produce alumina. Th
niake-up and returned to the process.

Thc separated mud is extracted from thc decantcrs con
continuous 3 or 4 stages countcrcurrent washing 1
accompanving ihe mud is recovered.

Sorne alumina plants pump mud from thc last washcr 1
mud bv vacuum íiltration or decp thickeners before pu

3.1.1.3 Tailings management

On a worldwide basis. 4 - 6 tonnes of bauxite on aven
M' 1,iminiiim Th I-iin'nt'in rtfinri thsit irnnrt h



Red mud

Chapter 3

The folio%%Ing figure shows some red mud sizc distributions of alumina refincries.
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size (microna)

o Ea. grade D 9 Ea, grade A 0 Aughinish

Figure 3.2: Size distrilbution (particie size Ys. cumulative % passing) of red mud at the Sardinian
(Ea) and Aughb&M sites
(89, Teodos4 20021,122, Augh~, 1

lf the red inud ¡s pumpod as thick-ened tailings ¡t usuaHy, has a solads content of 55 - 60 % ¡t
then 'matures^ at the TME which for thick-ened tailings 15 oficn referrod to as a 'stack', o,.,-cr a
pcnod of 3 - 6 months to a sohds content of 68 - 70 % duc to compression and evaporation.

At the Aughinish refinen- the initial permeabilit-v of the red mud ]s bcoveen 1 x l0_>'to 1 x ¡0'
m/s. ¡t docreases as the mud matures. The average density of dn- mud soli-ds ¡s 3.1 t/M3 122.

Aughinish. 1. The benefit of this tochriique ¡s that the tailings are physically stabic upon
discharge onto the stack. Ho%%eicr. precipitallon run-off and seepage mater mill haie elevaled
pH. due to the residual caustic liquor, and must therefore be neutralised bcfore release to the
enviromment MiLman\,1\ K wc(1 111 th,

At tlic Sardinian site the rod mud, after bcing resuspended in sca%;2tcr, as pumped to the pond
with 20 - 25 % sohds, mith thc magnestum chionide of the scawater neutralising dic red mud,
After setding and evaporation the solids contcnt increases to 65 - 72 %. The ratio of tallings, at
thc Sardinían refirim. ¡s 0.78 tonnes dry tailu'igs per tonne of alumina, Considefing fliat thc
slum consolidates at 60 - 65 % solids in the pond, this corresponds to about 1.3 tonnes of YA,ct
matenal per cach 1 tonne of alumina producod or 0.8 M3 /tonne of alumina produced.
189, Teodosi, 20021.

The neutralisalíon of thc red mud Icads to chemical stabditv of the tailings. Thc tradc-off here íS
that, as for all slurricd tailings impaundiments, physical stabilJIN- of the dams must still be tak-en
care of.

The solids contcnt of the tailings for both options are shom-n in the folloming figure.
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Figure 3.3. Sofids content (in % solids by weight) of taltings for thkkcned and conventional
management schcmm

In both cases die tailings mature to about 70 % solids. Gencrally dewaten*ng can be carried out

in vacuuin flitcrs e-,¡elds 63 % sol.. e.g. Aughinish) or mí deep thickcnci—s C-vic1ds 50 % sol.).

Sonic chcmical analvscs of red mud froni different sites arc: sho,,-,-n in the fóllowing table.

Sardinia-1 Bakony Aughinish
coniponent: dn� wi 0% dn, svt. % (in, ,vi. %
Fe,03 19 40 47
A1,0, 26 18 17
TIG, 6 4 12
SIO, 20 15 7
Na20 12 8 5
CdO 8 7 8
1,01 9 7 3
Mise, Trace ele~it-%

Table 3.3: Constituents of red mud
189, Teodos� 20021,191, Fold~-, 20021, ¡27, Derham, 20021

Despite repeated washings, the solution entrained mithin the red mud still contains sinall
amounts of caustie (sodiumí h,,droxide), which causes the elevated pH charactcrisfics. and
alumina. Most of the caustic converts to sodium carbonate and sodium bicarbonate on thc
tallings stack.

The follo%nrig table shows an cxample of a more detaiM analysis of red mud inciuding the
trace clcmcnts.

qv
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An~is of Aughinish Aluntina Red Mud
METHOD OF

Name formula % dry ANALYSIS

qv Principal Compounds

(» Títanium dioxide T102 9.93%
¡ron Oxide FeAh 46.18% X
Silica Quartz sio2 8.11%

Sodum Oxide Na2O 4.39% R
Caldum C)xíde Cao 4.41% A
Alumina (aluminium o~) A1203 16.50% y
Loss on Ignition LOI (indudes crysbiline w~) 9.26%

subtotal 9&78%
seco~ Compounds

FZírconium doxide ZF02 0.15%
LZinc Oxide zno 0.01%
u

Vanadum pentoxide VA 0.17%
0

Phosphorus pentmóde PA 0.43% R
Manganese Oxide MnO 0.05% E

qw MagneEáum Oxide MgO 0.07% S
(o Potassium Oxíde K20 0.04% E

Chromium trioxide C1203 0.26% N
subtotal C

E
BASIC TOTAL

Miw- Trace ekm~ ex anal~ by EOLAS
110Sulphur 0.12%
,W5%0005%Amenic (~ at dab~ by& *o~ apprw~)

EO12=
0.005%

Ton < O.W5% Inducti~
Mercury < 0.005% Cou~
Antimorry 0.019% plas^a
Lead 0.020% Specho~
Galhum 0.006%
Biarnuth < 0.005%

subtotal 0.19%

GRAND TOTAL d~doWs nw~ at ar~) 100.15%

Table 3.41: Deb~ mmyds of red ~d, ~ding tram metab
132, Der~ 20021

Pro=s sand
Si= ~bution curves for process sand are shown in the fóllowing fi~.
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Figure 14: Size distribution (particie size vs. cumulative % paminp,) of p~.s sand at the
Sardi~ (Ea) and Aughinish cites
[89, Teodosi, 20021,122, Aughinish, 1

The following tabic shows the components of thc sand fraction:

Sardinia
component: dn, x%t %
Fe,o, 14
Al,0, 40
1,101 -1
SIQ2 1

Na,0 12
Cao 1
1.01 12
Misc. Trace elements 2

Table 3.5: Constituents of tailings sand
133, Euraflumina, 20021

Tlic pcnncabllity- of the sand fraction is estimated to be 100 times higher than that of the red
mud [22, Aughinlsh,

Offiers
Salt cake is dumped as a 70 % solids cak-e Clarifier sludge is pumped to the stack as a 2 to 3 %
solids siurr-,,. Salt cak-e consists of organic degradation products ftom humatcs in the bauxite.
including soditim carbonate, sodium sulpliate and sodium oxalate.
122. Aughlnisli, 1.

3.1.1.3.2 Applied rmnagermnt rmthods

For tlic management of tailings from alumina refining, thickened tallings as ivell as
conventional slurnied tallings are applied. Some refmerles discharge the tailings into the sea.
Others manage them on land on 'stacks', for thickened tailings. and vothin dammcd ponds for
slurníod tailings.
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Gencrafl-y the design of red mud stacks using the thickened tailings metbod Includes perviotis
perintcter rock fill dams and sealing of thc undcrl%,Ing surface. A perimeter dain is usuafiv used
for the cohection of surfacc run-off and therefore tNrpically surrounds the stacki. Ilic upítreant
construction method for the stacks is used, since the dewatcred red mud is sufficient1v stabic.

Due to the very lo%%- permeability of the red mud, the principal nisk of secpage aníses from
ponding of caustic surface water run-off in exposed areas pnor to covering with mud and

IW seepagc from standing water in die peruíneter ditc1i. This can be handied by sealing surface and
ditches With liners, such as glacial till or synthetic liners combined with a drainage system.
Socpage analysis for ty-pical and worst case conditions are undertaken in order to properly-

dcsign these facilities.
122. Aughinish, 1

With the Sardinian refinerN7, the red mud is diluted to 20 % solids and used in the flue-gas
desulpíturiísation. The niud sJuriv to be used in the absorbers nccds to have its solid content weil
diluted, in order to protect the perforated dishes of the absorber against earl%, blockages by
plugging by solids deposition-
189, Teodosi, 20021

lit the Sardinian refinen- the following aspects wcre of importance lit the design of the facifit-,

short distancc between refinen- and pond to reduce pumping costs
availabilit%, of surfacc arca
need to manage tailings on land, as opposed to discharging into die sea, mí order to protect
f ishen7
vicinity to the sea, because of die need for scawatcr to neutralise the tailings
low risk of aquifer contamination
strong winds in thc arca. therefore it is beneficia¡ to have wct tailmígs.

Ile location of the TMF can be secn in thc following picture

EkÑ Cuburs

The Mud
mas

TM
1~

Figure 3.5: Location of TNIF at theSardinian refinery
133, Eundiumina, 20021

The 'rock fence' is to protect thc TMF frontí waving action-

A eross-section of thc dam can be seen mí die following figure.
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Figum 3.6: Cross-section of talfings dam at Sardinian site
133, Euraflumina, 20021

The concept of this oníginal dam design is to dr-dMí the tailings ivater whilst the tailings remain
svithin the impound. Hence good drainage (up to 70 %) is achieved.

Further raises of the dam, using the upstream method. were carnícil out as shom-n in the
followm'g figurc.
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F-agum 3.7: Cmas-section of dam mises using the upatrmm me~
133, EuraHu~ 20021

The mud is distributod along the perimeter of the facility With a discharge every 50 m. To
achieve an even distribution différent discharge points am used every 24 h. The sands and other
process residues are transported to thc TMF by truck-s and discarded in a dedicated area of the
TME
133, Eurallumnina, 20021

y 'cassettes', paddock--st-,,Ic tailings ponds for the collection of red mud. areIn the Ajka reímer-
buílt from gray slag dcnived from the nearbv thcrmal pomer plant. The dams havc 1: 1 to 1: 1. 5
siope ratios (see figure belov.). Thcir fmal height is up lo a m&ximum of 10 m. The red mud is
transportod to the TMF v¡a p1pelmie at 20 % solids. The distance is 3 - 4 km. The free water
from thc pond is re-used in the proccss. The circular mo%-cmcnt of thc discharge pipe achieves
an c-ven distribution of the red mud in thc cassette. Thc free water in tlic cassettes prevcnts thc
dcvc1opment of larger díN, surfaces and thc dníng of the rod mud.
[91, Foldessy, 20021
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Figure 3.8: Cross~tional view of TMF at Ajka showing the dara, pond, observation weus,
separation waN and ground conditions as we« as the soil cover upon elosure
191, Foldem, 20021

An u'npcrmeable clay layer is found 10 m beneath the tailings management facilities. For this
reason no sea] Ing was used duníng the construction of the cassettes. In the 1980s ¡t was revealed
that groundwater pollution had dc-veloped in the layer between the bottoni of the cassettes and
the elas, la%er. To contaflil this pollution an inipenious wall into the inipernicable clay laversvas
buflt around the cassettes. In the inner side of this scaling wal] a drainage systein collects
seepage water and groundwater, vduch is then purriped back into the cassette.

In the surroundmig area 240 groundwater observation %;7ells were, drilled. These sen7e to measure
the leve¡ and sample the groundivater for chemical analysis. Groundwater level measurements
are repcated inonthly, and a clicinical analysis of the groundwatcr samples for 8 - 10
components is done even, quailer. This systein ensures the carlN, detoction of any- damage of the
separation %%,al¡, and also monitors the migration of the pollution plume.
[9 1, FoldessN . 20021

At the Galician alumm'a refirim. the initial method of raism'g the dam was the upsu-cani
nicthod. For this rock and soil was tak-cn from local deposits of granitc-quartz rock and fill
niatcrial. This method has bcen changed since 1986. The neu- method, the centreline method.
uses the same borrom- materials. However. by using this method the avallable surface arca and
therefore die storage capacity does not decrease with cach dam raise (see Figure 3.9). This ¡S
illustrated in thc follomíng figure

Figure 3.9: Cro&%-wction of the tailings dam at the Gafician rermery showing the upstream and

centrefine metbods of increasing the dam height
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3.1.1.3.3 Saféty of the TMF and accident prevention

The control programme at the Sardinían síte mcludes the following:

00 a ínspection tour of the TMIF every 2 b
0* a dady overall inspection inside and outside of the TMF by tramed staff
00 a performance control of external water oolle~ pumps on a dady basis and recording of
*o the flow measurements
*o a monthly samplM at external píezont~ network, with analysis of pH and metals

a checks of dam stability twice a year
a =nual u~ of coastal profile to check erouve trends
a daily~ofdischarge points
a checking ofwater balance
a contínuous recoMM ofmeteorological conditions
a contínuous measure of pH upon ciat ftom the mud fútrution unit, before pumping to, the

TMF.

Tlw staff working m the TMF arca have been tramed dunng specífic annual bm" courses. An
emergency procedurc c,)ásts.

q0
Seven pumps are spread avound the penmeter of the so M they can be used shouId a water
leakage occur from the embankatent. The water level in the basin is controfied by a thorough
monítonrig and control of fiesh seawater addítion to, the mud círcuít. [33, EuraUumma, 20021.
Ilowever, these pumps are not ~le ofhandling a complete fálure of the dam.

3.1.1.3.4 Ciosure and after-care

lf thickened tailings management is carried out horizontally on one stack progressive restoration
is not practícal, sínce most of the s~ will be used for dumpíng red mud. Duníng restoration
the stacking slope of 2.5 % allows effective run-off of precipitation without erosion.
Fu~ore, the stack is accessible for construction equipment [22, Aughinish, 1. The mud
stack will be ~red with a vegetauve cover. llus has been succes~y demonstrated at
sev«al sitos. Revegetation of the perimeter slopes, built with borrowed rock-filí (e.g. limestone)
is common practice and usually designed in such a way that: the vegetation matches the looks of
die surroundings [22,Au~ 1.

Vegetative covers have~ybeen applied successfally to conventional tailings ponds

At the Ajka site U dew~~are covered by a 0.5 m thick layer of slag froín a power
plant and another ¡ayer of sod [91, Foldessy, 2002].

la the afíer-care plíase the run-off~ to be U~~ to ~arge, until the chemical
conchüons have reached accepítable concentrations for clischarge into, surface waters. Also

<* access ~, dmMe w~s and vegetauve cover (including re-vegetation if necessary) need
to be maintained. Furthennore continued groundwater qualib, sampling will fonn parl of any
closure programme implementation and must be continued.
[22, Aughinish, 1.

3.1.1.4 Current emission and consumption leveis

3.1.1.4.1 Managenwnt of water and magenta

At Aughinish and at the S~ian site water froín the TMF is recycIed to the process.

At Ajka a total of 1.75 MM3 of fresh water are consumed every year, of which 50 % are
re~ into, surface water

STIWPMSr~-Draft -2 Venion May 2003 97



~3

The foflowing table hsts the reagent consumption of one alumina refinery q0
q#

Alka Bite
Re~t C~U~tion

g/t
NaOH 79167
H2SOJ 4167
HCI 50
Hg 3
Ca0 39167
water glass 19333

Table 3.6: Con~tion of reagmtx at Ajka refinery

At the Sardinian refinery, the chcmical additives addcd to tlic process are grouped in the
following categories:

a) Linic: the principal proccss reagent, with a specific consumption of around 40 kg CaO/tonne
of alumina, for a number of reactions, namely

• reaction with titanium and pliosphorous contained in bauxite, by precipitatm9 them as
titanate and phosphate, to protect alumina from the relevant content of impunties

• reaction with sodium carbonate, an n'npunty present in the liquor, to revert it back into
sodium hydroxide

• rcaction with sodiuni oxalatc, an organic inipuníty of tile liquor, to transfori-n ¡t into calcium
oxalate, which in the solid fonn is rejected wítli the process mud

• plus other reactions in the digcstion pliasc, to improve tlic bochinite (aluminum
oxyhydroxide, a source of alumina in the bauxite) extraction, and to promote the
transformation of any iron oxide present in the bauxite as goethite into ¡ron haematite,
which in the solid fórin follows the mud, thus minimising iron impunty in tlie product

b) Other process reagents:
• control agents used to remove long chain organic matters from the caustic liqu or
• precipitation control aRents mostly used to control the oxalate impurity precipitation
• antifoam agents used to reduce formation of foani, which disturbs classification, and others
• flocculants for mud decantation, to improvc mud settling and separation from thc ních liquor
• flocculants for inud decantation, to improvc mud settling in the mud washing circuit lo
• dewaten'ng agents, to reduce hydrate moisture at the calciners feed
• rheology agent, to reduce viscosity of bauxitc sluM, alid improvc its fluid flow propcrtics

c) Boilcr fccd water reagents:
• chelate agent, to reduce incrustation Míside the boiler tubes, fed with process condensate
• de-oxygenating agent, to treat boiler feed water q0
• antifoam agent, to treat boiler feed water q#
• cleaning agent, for boiler water side

d) Fuel oil treatment:
• dispersant, to improve bumers cleanliness
• magnesium oxide, to reduce smoke side
• tar solvent, to reduce deposition of solids

e) Water treatm ent:
• dispcrsant for cooling water, to reduce scaling rate in the circuit and mí the tower
• biocide reagent, for water treatment
• sterilising reagent, for water treatment
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f) Reagents for chemical cleaning:
a sulphuric acid, specific consumption about 9 kg/tonne alumina, to clean digestion heater-

tubes, and for the final control of mud pl-I, before its discharge to the pond
a hydrochIoric acid, specific consumption ab.O.4 kg/tonne alumina, to clean press clodis
a corrosion Inhibitor for H,S04
a corrosion inhibitor for HCI
a antifoain for acid treatinent

The total quantity of all the above-mentioned reagents amounts to ricarly 1 kg/tonne alumina.
All organic compounds, which largely decompose into C02 and water duning the high
temperature digestion phase.

In the near future, the Sardinian refinery wíll incorporate a treatment plant for the free water
from the pond. Currently the pond water balance has been maintamed owm'g to the faNourable
climatic conditions (1.e. high net evaporation rate) and by recirculating water from the pond to
the mud filters to suspend fresh mud. This recirculation has become more and more important at
the refinery during the cold season, because of the reduced evaporative surface, as a
consequence of the sequentially raised dam, using the upstream method. Once the water
treatment plant is operational, ¡t will allow discharge of the free water from the pond into the
sea, and consequent1v ¡t will eliminate seasonal problems with the water.

3.1.1.4.2 Enúasions to air

kv Air poflution may result froin the stack gases of the high capacity alumina calcinating Uns.
Here electriostatic filters are used to separate the suspended solid particles.

Dust blowing of the TMF can be an issue in which case spraying with water and hay sp~g
are applied in dry penods.

3.1.1.4.3 Endasions to water

Groundwater inonitoring is carried out m wells around the stacks and ponds. No effluent is
discharged into suiface waters [22, Aughinish,

3.1.1.4.4 Soil contamination

Due to the combined very low perineability of both the red mud and underlymg estuarme sofl
(clayey sidt) de~, seepage into the ground is very linúted.

3.1.1.4.5 Energy conriumption

The energy consumption related to the twlmgs management at the S~an sito is caused by
the energy used in &ree pwnping stations, to pump:

a the tailmgs shirried m water (fi-esh seawater and recycled water froin the pond) froin the
refinery site to the pond, and distribution within the dam; power utilisation approx. 230 kW

*o 100 % of the time
a the clarified water from the pond back to the refinery to suspend other mud and reduce the

usage of fl-esh seawater, to keep the total water into balance; power utilisation approx. 60
kW, 70 % of the time

a the ftesh seawater necessary to the tailings managemen4 both for neutr~on and solids
suspending purposes; power utilisation approx. 100 kW, 30 % of the time

[33, Eurallumina, 20021
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At Ajka in 2001 dw energy consumptions were as follows: q#

Energy: 127705 MWh or 21 kWh/tonne of feed
Swam: 788300 t or 1.3 tonnes of st=Wtonnc offeed
Natural gas: 35360000 m or 58.9 m3/tonne of feed

3.1.2 Base metais

In this section, infonnation about the following base metals sites is provided:

Arca Site Countn,
Aitik Aitik Mine Sweden
Almagrera Aguas Teffidas, Sotiel Spain
Aznaleollar' Los Frailes Spain
Boliden 11.fining Arca Maurliden, Pct1knüs, Sweden

Renstrórn, Akerberg,
Kristineberg

Cantabn'a Mina Reocín
Garpenberg Garpenherg Mine, Sweden

Garpenberg Norra
Hitura Hitura Mne Finland
Las Cruces Project2 Las Cruces Spain
Legiu'ca-Glogow Lubin, Polk-o�N"Ice- Poland
copper basing SieroS70VVice, Rudna
Lisheen Lisheen Ireland
Pyhúsalmi Pyhasalmi, Mulllkk-or¿ime Finland
Tara Tara Ireland

Zink-gru-,,an Zinkgruvan Sweden
1. Information en closure

12. Currently ¡n permitting stage

Table 3.7: Base metais sites mentioned in this section

3.1.2.1 Mineralogy and mining techniques

Cadmium
There are only a few cadmium minerals, such as g~ockiLe (US) or otavite (CdCO3 and as
CdO). The chemical elemcnt cadmium (Cd) can replace zinc (Zn) in the sphalerite mineral.
Hence cadmium 15 often found m the zínc-concen~ aftrr mineral processing. In flús case
cadmium is removed at thc sracher. In addition lead and copper orcs may contain small amounts
of cadmitun [35, ISIPPC13, 2000].

The most conímon copper minerais are:

sulphides:
chalcopyrite (CuFeS2)
chalcocite (CU2S)
coveflite (CuS)
bornile (CusFes4).

The peld of chalcopyrite is raffier low m terms of atoms per molecule. lt is on1y 25 </>o,
compared to oflier copper minerals such as chalcocite - 67 %; cuprite - 67 %; covellite - 50 %
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or bornite - 50 %. Hoviever die ~ q~ties and widespwM ~bution of ch~yrite
make it die leading source of copper. CWWPYrite is a cominon mineral and is found in alinost
an5~~ts-

oxides: cupríte (Cu2O)

Cupnte has long been mmed as a niÑor source of copíper aud is stdl míned in many places
amund the world ~. Of all the copper ores, excludmg nauve oopper, cupríte gíves the
g~test yield of copper per moleculíe, since there is only one oxygm m= to~ two copper
alows [37, Mineralgafiery, 20021.

others, such as:
malachitC (CU2(C03)(OH)2)
azurite(CU3(C03).,(0H)2)

chrysocolla, a hydrated copper silicatc(CUSIO3 - nH20),

Lead
The most iniportant lead inmeral for the m~ ind~ is galena (PbS), which can contani up
to 1 % Silver.

Nickel
Nicke1 (Ni) is a transit~ element diat "bits a inh~ of f<xrous and non-ferrous metal
prop~. lt is both a sideropítile (associates with ¡ron) and a chalcoplifie (associates with
sulpínir) The bulk of~mckei comes fixm two Mm ofore deposits:

a laterites, where the principal ore minerais are mckehfcrous limonite «Fe, Ni)O(OH» and
gamerde (ahy~ nicke1 sd~), or

a magmatie sülphide ~sits, whem the principal ore mineral is pentiandite «Ni, Fe)9sg).

The tonic radítis of divalent nicke1 is ck>sc to that of divalent iron aud magnesuira, allowing the
tíme elements to substítift for one another m the crystal lattices of some silícates and oxides.
Nicket sulpítide deposits are ~y associated with non- and magnesitim-ricli mcks called
ulh~cs and can be found m both volcanic and plutonic formations. Many of the sulphide
dcpwits occtir at great~. La~ are formed by the weadieríng of~afic mcks and am
a ~-surface phenomenon. Most of the nickel on Earth is beheved to be concen~ m the
p~s core [36, USGS, 20021.

Tin
Tlke only mmeral of commercial un~cc as a source of hn is cassitente (Sn%), althono
small quantities of tm are reco~ ftom complex sulpítides such as stamtc, cylÍndríte,
frankeite, canfleídite, and &mate.
[36, USGS, 20021.

zinc
Sphalerite (7inc ¡ron sulpítide, ZnS) is one of the principal ore minerals in the worid.

Míning ofpri~ su~ ores donunates the base metal mining for Cu, Zn and Pb m Europe
(Las Cruces, once in operation, will be an exception). The sulpítide content and the ~e of the
value mineral vary significantly between the sites.

Some examples of diffa=t mineralogios found aud diffemnt mining amas are described below.

At die Aitik site, the contact between die man ore zone and &e hanging wall is ~, as
the ore is bound m a thmstfault. The contact between the footwall and the ore zone is
gradual and grade dependent. The main ore mineraís me chalcopyrite, Pyrite and ~otft,
Much occtir as dmomination and veinlet deposits. The footwaU consists of biotite-
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aniplilbole gneiss and m~ons of ~-mo~onte (the footwall has less U~ 0 26 %
Cu.) The main ore zone comprises biotite schist/gneiss and Muscovite schist. The h~g
wall consists of onphibole-biotito gnew and ~atite and is barrerí m copper The value
mineral in the orebody is chalcopyrite. The mean copper concentrution in the ore is 0.4 %.
Furthermore, the ore contam gold (0.2 gh) and silver (3.5 g/t) [63, Base metals grotip, q#20021.

• At the Hitura nickei mine, (he ultramafic complex consists of dirue sep~ closely-~
serpentinite massives surrounded by maginatised mica gueiss. The main ore minerals are
pentiandite, chaleopyrite and pyrihotite, but in some places maclánawite, cubanite and
valícríte are abundant. Pyrite occurs on1y in joints with [62, Himini, 20021.

• At the Las Croco Project, which is curr~ in the planning and perínitting ~, the
value inmeral is chalcocite, a secondary suiplude copper minmal, in massive pyrite [67,
IGUE, 20021.

• In the Legnica-Glogow copper basio the copper ore oecurs at deptlis from 600 to 1200 m
in a 40 m thick bed~ polimetalfic deposit, where aside from copper minerals other
metals, such as silver, gold, platinum and paUadium can be fomid. Ore minerals m= either
in the sa~nes of the 'Rotfiegendes' or "Wcissliegendes' or in the copper-bearing shales
and carbonate rocks of the Wórra, cyclothem, mairily in the dolomites. In M copper deposit
m total over 110 ore inmerals have, been found. The mam metalliferous mineraís are
chalcocite, bomite, chalcopirite, covellíte, pyrite and galena. The distribution of
minc~oft in the de~ is high1y variable [132, B~dc, 2003].

• At Lisbeen, the sulpítide mineralisation that: forms the orebody oecurs at the base of
dolomític limestone. The metalliferous mmerals are pyrite, mw~tc, splialerite und galena,
and, m smaller concentrations, chalcopyrite, tennatite, native silver, ainnopyrite and
gersdorffite. The gangue nu~ is dolomíte together with ~s, calcite, shale, illíte and
quartz 175, Minorco Lisheenllvernia West, 19951.

• The ore at PyhM~ is massive and cuarse granied. The ore conum on averago 75 %
sulpítides, made up of 3 % chalcopyrite, 4 % splialerite, 2 % pyrrhotite and 66 % pyrite,
plos inmor amounts of galena and sulph~. B~ and carbonates are the main gangue
minerals [62, Himini, 20021.

Both underground and open pit mines are represented in the base metal mining sector in Europe.
The inming methods used underground are cut-and-fill, room-and-pillar and vanous other
tecliniques. The ore ~luction capacity in the underground mines is between 65000 and
1100000 tonnes/yr. In open pit 'Fni"inR the production (ore and wast~) in 2001 was
betwew 1200000 and 43700000 tonnes. In underground míning, almost all the waste-rock
producod is diruct1y used as backfifl m the mine. In some cases, wass~ was exu~ fironi q#
existing waste-rock dumps and ~sported under gmund. In open pit mining, backFílling was
not possible in the maj~ of *e cases, however, at Mina Reocín a mined out part of an open
pit was backfiUed using wasto-rock. Vanous mines and the inming tecliniques thoy apply as
weIl as flicir me and was~production are listed in the table below.
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arca Mbdagm~ ore W~rock
produedola dep~n
CM tiyr) (1000~*v

Aitik Aitik~ Open pit 17700 260004
*o Underground (cid ad ol
tp Ahuagrera Aguas Teflidas

fin)
300

qp Sotiel U~und 700 0
*y Boli&n~Arca ~Iidm Open pit 224.4 875.7
» Ren~in U~und (cut and 160.5 -104*
tp flu)

Pdiknis U~und (cut and 553 -15.7*
fdl)

Akerberg U~und 32 -21*

Kfistineberg U~und(" wd 503.6 4.63

cant~ Mm Remín pidUndcqMund 1100 25002

Ciarpenberg ~berg Nf= U~und (~-wid- 310 0
ffli)

Cmpenberg Norra U~und (cut and 709 38.45
fili)

Hitura Ifitura Mne U~ound (cut and 518.3
fili)

Legnica-C-Iogow Lubin U~und (room 6808 03
copper basin and

Polkowice- U~und (room 10436 03

Sicimwlwice and pillar)

Rudna U~und (room 11490 03
and

Lisheen Lisbeen U~und(" and nW 7
fili)

Pyh~ pyh~
U~und (cid aM 1097.2 03

M~Ora= U~und 64 0
U~urid (bla~le«ff Tara Tara

Opm Sto 7 2~
Ow U~und (ex* and

Zúágr~ ZftóWuvan
flu)

850
1. Weao-rock used in bac" + schists fmm boffow aica
2. Wa~rock used tu flU out mined out open pit
3- W~rock used in back-fill
4.65 %de~w~y for al~ative use
S. Used for dam construction
6. Sourec: [76, Ifish EPA, 20011
7- S-=- [74. Ou~pu, 1.: A n~vc number infficates ám Y~rock has bem w~ved from c=sting deposts and braught undm~d
for backffbg puq~

Table 3.9: h^rm~ on m&~tedb~ ore and waste-~pr*du~ of base metal mines
Year 2000 l4pres for A~ra,~ Reock, Pyh&~ sind E~- year 2001 figures for the
Altik, G~berg and Boff~ minin armL

The~ site is a typical example of baw metais open pit mbbg incorporating the following
operations:

Dnlling: The driUmg equipment c<msists of rotary dñU rigs. The bench height is 15 m and
subdr~ 3 m. The drified burden and spacing are 8 m x 10.5 m. The diam~ of the dñffiolcs
are around 300 mm. The rate of drilhng is norraaUy about 17 m/h, but in the hard parts of the
ore ¡t can be less than 10 m/h. Water is pumped from the open pit at 3 - 15 m3hain.
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CMWng and bíasúng Emulsion explosivo is puniped froin a truck into the blast holes. Non-
electric deton~ are used for the initiation of the blast, The sizo of cach mund is about 600 kt
and bla~ takies place once a week- The benches am planned with a final pit slope angle of
4r in the footwall (following the foliafion) and 51 - 56- in the hanging wall.

Loa&ng and trwuportation: Throe rope shoyels and two h~c shovels are used. A wheel
loader completes the loa~ flect. The haulage is carried out by 17 trucks (172 t and 218 t
"cks)-

In-pit crushing: The ore is U~rted by trucks to the primary mishers in the pit, 165 m below
the surfwe. The ore is loaded onto a convcyor bc1t from bins below the crusher. The conveyor
belt talces thc ore to the mineral processing plant. The inclination of the conveyor is 15', the
width 1800 mm and the capacíty 4000 t& The total s~fle capacity at the suffacc is around
50000t.
[63, Base metals grotip, 20021

Both Garpeaberg and G~enberg Norra are undorground mines. The tecliníques uscd in
thosee mines are described hem as cxamples ofbase metal underground

The applied mining method is cut-and-fill. The come fiwtion of the tailings is used as backfiB
and as a pbdorm when iníaÍDR the ore above. Atp~ the ore is mined at a dopth ofbetween
400 and 870 m in tfic G~berg mine and between 700 and 990 m in Garpenberg Norra.

Bla~ js donc usmg emulsion explosivos. Loading and hauling is camed out using diese¡
vehícles. The ore is crushed with an m-pit crusher beforc it is slapped dirough a shaft to the
surfwe. A cov«W soo m iong con~ belt tr~orts the ore ftom the Garpenberg mine to thc
mineral processmg plant. For the Garpenberg Norra mine, the ore has to be trucked
appioximately 2 km to the mineral processing plant-
[64, Base metals group, 20021

3.1.2.2 Mineral processing

In the processing of the primary sulphíde ores all plants use similar processing techuiques,
namely:
a crushing;
a grinding
a flotation
a drying of concen~.

Flotaúon can be carried in variotis ways, c.g., by selective flotaúon or by bulkIseIcctive
flotation, depending on the characteristics of thc oro, thc markct demands, the cost of flotation
addítives, etc. Two possible options for the same mineral processing plant are illus~ in the
fi~ below for theZ~vw mineral Procw~ Plant,

The Zimkgruvan mineral processmg plant, wjuch was cons"ctcd in 1977, is locatod neya to
thC mino. 1t operatos =dmuoudy with un annual througliput of 850000 ~es. The choice of
proccss and tecímology is based on a largo number of test works with the actual zinc and lead
ore. Autogencus grinding in combination with buWselective flotation (me figure below) of the
ore has be= chosen as the mam process teclinique and has been used at ~van since 1977.
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CRUISMG TAR-ING DISPOSAL
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SEPANRATION 1 canco~

Pressum fue en
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Figure 3.10: BuM/se"ve flotatien circuit for ZInkgruvan site
(66, Baw metais gmup, 20021

An alternative flotation method, %,.-hich could be used il` there wcrc changes in the ore
composition, %%-ould be step%%-tse selecti%-c flotation (see figure below) This would requise
slighd-,- different process chcmicals but is otheru-lsc similark- economical and techrilcally
feasible.
[66, Base metais group, 2002]

CRUSMNG AND GRINDING FLOTATION TAILINGS DISPOSAL

Ore f"d~ mine fl td'mn

17n PASTE
ExcessFILL i

grinding w
__*

r

wv
Ph concenti at Zn concen~ i

cc~d pafte
bacicMing

Figure 3.11: Péasible sd~-c minera¡ pro~aing circuit for Zinkgruvan úte
166, Base metada group, 20021

The mmieral processmig set-up for the nick-el ore at the Hitura sitc is similar to that for the
sulphide ores as shom-n in the figure belo-vv.
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Rod miN
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Pressure últer
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Figure 3.12: Mineral p~.sing 11- %hect at Hitura site
[62, Himni� 20021

In the Las Cruces Project leachirig vvith sulplitinc acid is the proposed process method
fóllowed bv solvent extraction arid clectrowinnilig (SX-EW). Taflings NN-111 be dewatered using
filtration atid will be sent to 'dn" lined cells [67, IGME 20021.

The ores extracted m' the Legnica-Giogo», copper hasin. which van Hi their litholo *cal and
maleralogical composition, are processed in tlirce concentrators (Lubin, Polkoivice and Rudna)
�sith a total capacity of appx. 30 million tomiesN . In this case the separation tec ique mostIr 1 hiii
suitable to achie;c a maximuni recoven of copper and silNer Is flotation. Txvo (vpes of ore are
processcd: sandstonc-carbonatc in dic Lubin and Rudna facilities, and dolomitc-shalc in tlic
Polkowice facilib.

At Mina Reocín. a pre-concentration is donc before grinding using gras-inietric methods.
Tailings are puniped as a slum- to the pond syst=s. Tlic coarsc fraction of the tailings. which 15
used mí the backfillig, is separated from the fines usmig hy-drocy-clones [54, IGME 20021�

3.1.2.2.1 Comminution

Sizc reduction at afl sites is done bv crushing and gníndíng using vanous hpcs of crushers and
milW

A( Aitik- t%vo gN-ratory crushers are used for pnimary crushing. The mítake opcning of the
crusher is 152 cm and the diameter of the m'ncr surface at tlic bottom is 277 cm. The
fragmentation of the crushod ore depends on the setting of the crusher but normafly the w1dth is
set to 160 - 180 mm. ']'he largcst pleces are dius betv.,cen 350 and 400 mm but variations occur
caused bv different ore charactenstics. Each dz- 40000 to 60000 tonnes are crushed and fod to
the grínding circuit. This consists of five milling Imies, each made up of an AG mill fóllowed by
a pebble milí. Each grinding circuit operates ni closed circuit with a screw clauifier, which
fécds back material into üic autogenous mill.

This site has several grinding sections. which are described beloNv:

B-section. which compres tivo 300 t/h mill lines.. is the oldest pniman- gnínding facúlty. Afl the
mills are run at 75 % of critica] speed. C-section is a single 460 t/li líne, The AG and pebbie
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milis are run at 76 % aud 73 % of critical s~ ros~vely. D-section, an0ther two 460 t/11
lines both run at 75 % of critica¡ s~.

Data B-soction:
Two AG milis, 6 m diameter, 10.5 m long, installed power 3600 kW.
Two pebbie milis, 4.5 m diameter, 4.8 m long, installed power 1250 kW.

Data C section:
One AG mill, 6.7 m diameter, 12.5 m long, installed power 6600 kW.
One pebbie mill, 5.2 m diameter, 6,8 m long, installed power 2500 kW.

Data D-section:
Two AG milis, 6.7 m diameter, 12.5 m long, installed power 6000 kW.
Two pebbIe milis, 5.2 m diameter, 6.8 m long, installed power 3000 kW.

The total grinding capacity is about 50000 tonnesld, althongh the actual ámughput depends on
the grindabilíty, the hardness, of the ore. EnoW consumption averages around 11 - 12 kWhh.
The grinding is done at 55 % by weight solid material. The finished ground ~uct ftom the
screw classifier has a dgo value of 180 pm and about 25 % are smaller than 45 pín.
[63, Base metais group, 20021

Ore delívered to the Bolíden míneral processmg plant wrives cither crí~ or uno~. A
jaw crusher with un opening of 220 rnin is instafied to crush, if nocessary, run-of-mine ore
(most1y open pit ore). The sur ~bution of the ore varíes ftom time to tíme, ftom very smaU
rocks to rocks of 200 - 300 mm size. The sizo variation main1y depen& on the ore tAw.

All ore is stored m 4 underground bins. Storage capacíty varies between 1500 to 4500 tomes of
ore. The und~und bins make ¡t possible to biend ores if desired. Und~und ~e is
beneficial during winter, as it mínumses fi~ problems. Ore from the bins is fed to the
míneral processmg plant by feeders and conveymg belts.

The míneral processm plant uses autogenous gnndmg The prímary AG =U is followcd by a
pebbIe mill, which reccives the grinding pebbles through a continuous drow from the output end
of the primary mil¡. Between milis magnetic sepa~ are Ínstalled to clean the pu1p of metal
scrap from mínes. The coarse matenal is sent back to the milis abr screenn and
hy~clomng. Both grinding cucuits are equipped with Reáchert cones, spírais and
tables for gravity separation of gold.

The throughput js between 92 and 110 tonneA per cirmut dq=ding on the ore Enew
consumption is about 22 kWWt. The grinding result varies between 50 - 80 % <45 pm.
[65, Base metals group, 20021

At the Hitura mineral processing plant sim roduction is achieved via:

to a crushing in thiree stages with a jaw crusher, a g~ry crusher and a cone crusher. lle
bv crusIbina circuit also includes a screen operating in an open circuit

a grin~ in ffiree stages with a rod milí (0 3.2 x 4.5 m) in the primary stagp and two bail
milis (0 3.2 x 4.5 m) in the following stages.

[62, Ifirnirni, 20021

The Las Cruces project proposes using:

a aprimaryjawcmácr
a secondary and tertiary cone crushers
a bail milis.

The ~ctod a~e grain size after comminution is 100 % <100 pm.
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The" 5~ ofcm~ m ffle ~e&-Gogow copper b" is camed out underground. in
the the~ swface mineral proceníng plants the ore is first sumned. The ovemzo is crushod
in hamíner or cono crusheo. The s=en undcrflow ground m two s~ m rod milis and ball
mifis. The final grain sizes are as foflows:
• in Lubin and Rudua mineral processing plants: 100 % <0.3 mirn and 45 - 60 % <45^
• in Polkowice mineral processing plant: 89 - 92 % <45gm.

At Ushew, the ore is contínuously fed from the surface stwkpile mto a gnnding circuit This
consists of a SAG miU, a secondary ball mill, and closed circuit hydrocycIones [73, Ivernia
west, 1.

At the PybAsaM mine, comíninution is carned out by:

• one stage crushing with ajaw crusher located m the und~und mme q#
• autogenous gnndmg m &roe stages (baUs are used m the tertiary
• in the grinding circuit 5 ball milís (3.2 x 4.5 m).
[62, I-linim� 2002]

At Z¡~van a ~ary c~r is situated und~und. From a temporuy swago at ground
level, normally containing about 9000 tonnes, the ore is transported to the socondary crusher
where two sizr fiwüons are produced:

a >1OOmmaspebbIesfortheAGmill
a 25 - 100 ruín is ropycIed
a <25 mm to AG mill-

An optimum mixture of the two size >100 mm and <25 mm ftactions is then fed to the AG
mifis. Autogenous grinding is used to gen~ a product with 90 % <100 mm at 40 % solids.
[66, Base metals group, 20021

The above information on comminution is silmmarised in the following table

A¡tfik Bo~ E~ Las L~- Lishew PyhL Zink-
Cruces CIOROW s~ ~&a

Cm~ in in-pit jaw jaw jaw U9 U9 ugjaw U9
pitíug cone e~ 0~ crusher

eyuáing in oone oone bammer sec
nw 1 oone cone cone cn~

Grinding AG AG RM BM RM SAGÍ 3 AGPM PM BM BM BM AG
BM cm BM

línes 5 2 1 19 1 1
throu~
per line 500 100 90 86-180 150 115

(t/h) 1 1 1 1 1 1 q#
ag = anda~
aw=jawom~
Mne � cono emáber
npp = minad pmoessing plant
la V- = wt~lous "ding mifi

= rod miU
= befl mill

m = cyl~ miu
= ~10 aún
1= senú-wt~eus Winding mill

Table 3.9: Equipment types used for conanhufion, number of fines and throughput
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3.1.2.2.2 Separation

At Aifik, the flotation is chvided into two steps, one círcult for bulk flotation and one cle * g
cimult. The bulk flotation consísts of four paralíel lines of nine mechanical flotation cefis in
cach line. The eleaning step consists of four flotation and 16 mechanical flotation cells.

The feed pulp is conditioned with frathers and collectors and the pH-value is raised to 10.5 by
adding lime. In the bulk flotation chalcopyrite and pyrite are floated together. Each flotation fine
is divíded into two steps, where the fírst four cefis are used for rougher flotation and the last five
as scavengers. In the rougher flotation a bulk concentrate is achieved with 10 - 15 % Cu. The
rougher concentrate from the four línes is fed to the clearáng círcuít. The scavenger concentrate
(1.3 % Cu) is reground in a pebbie mifi.

In the cleaning circuit, the chaleopyrite is separated firom the pyrite after regrinding and further
adMon of lime. The rougher concentrate together with retumed products from the separation
circuit ís ~und in a ball mill in closed circuit with hydrocycIones. The cyelone overflow
flows to the columns. The concentrate from column 1 and 2 normally holds 20 - 25 % Cu and is
mixed together for cleaning in two steps in small mechanical cefis. The final concentrate
contains 28.8 % Cu, 8 gh Au and 250 g/t Ag. The concentrate is dewatered with a continuous
thickener, drum filters and oil-fired rotating lálns. Dried concentrate is shipped in containers by
truck 20 km to the railmad and then by rail 400 km to the smelter.

The míneral processing plant runs on 100 % re-circulated water firom the tailings pond system
and recovers 90 % of the copper, 50 % of the gold and 70 % of the silver. It is equipped with a
~buted control system and an on-Ime analysis system.
[63, Base metals group, 20021

At Hitura mine the se~on is done by flotation, AU flotation machines are mechanical. An
automatic process control system with two on-line x-ray analysers (6 siurry Imes) is also
instalied.

Dewatering is carried out using two continuous thickeners for Ni-conc. (0 25 m + 0 10 m) and
a pressure filter (25 m2).

The reagents added to the process at Hitura are:
a gánding: sodíam ethy1 xanthate (SEX)
a flotation: H2S04, SEX, frother, carboxymethylcellulose (CMC), lime (cleaning).
[62, Himmi, 20021

*o At the Las Cruces Project it is proposed to use pressurised leaching with sulpluíric acid

W followed by solvent extrachon and electrowmnmg (SX-EW) to recover the copper [67, IGUE,
20021.

At the the mmeral processing plant treatíng the ore from the Legnica-CAogow copper basin the
flotation process is perfonned in three stages: rougher, scavenger and cleaner. Additionally so
called 'flash flotation' (or ~er) has been introduced, at the initial grinding and
classification stage at the Polkowice and Lubin plants. The concentrate from flash notation
contains 30 - 45 % Cu). At the Rudna plant flash flotation is currendy being introduced to
replace the rougher flotation.

In afi tliree plants the water consumption is 4.53.2 ín/t ore.

As collectors, a mixture of sodium ethyl xanthate (SEX), sodiurrí isobuthy1 xanthate (SIBX) and
hostaflot LET (salt of sodium diethylene ditíopivosforic acid) are consumed at a level of 50 -
68 g/t ore. Carflot (a mixture of buthy1 ethers and di-, tri-, and tetraethylene glycols) is used as
a frother (consumption: 22 g/t ore). The pH is neutral (7-8), neither milk of lime, nor any
polyelectrolytes are added.
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The process is controlled continuously by X-ray analysers.

The recovery level is 87 - 90 % for copper and 83 - 87 % for silver. The final concentrate
contains:
a 18 % Cu and 1000 ppm Ag (froín Lubin),
a 27.2 % Cu and 480 ppm Ag (ftom Polkowice),
a 30.5 % Cu and 640 ppm Ag (from Rudna).

The concen~ is dewatered in thickeners, filtration presses (up to 12 - 14 % moisture content)
and gas fired drum dryers (up to 8.5 % moisture content) before ¡t is shipped to the smelters.
[132, Byrdziak, 20031

At Lisbeen, the ground oro is fed into a lead circuit, and then into a zinc circuit. The lead and
the zme c~t use mechanical flotation cefis while the zíne círcuit also uses flotation columas.
The zinc circuit utilises a regrind step to assist in the production of a high-grade concentrate and
to mw~se metal recovery and an acid leach círcuit is also added to enstme low levels of
magnesium. oxide in the concentrate [73, Ivernia West, 1. Process water is recycled and
supplemented with water reclaimed from the TMF.

At the PyhAsalm¡ mine the separation is done using a flotation circuit composed of Cu-, Zn and.
finally Pyrite flotation. All flotation cefis are mechanical t)".

Backfílling material (coarse fiwfion of the tailings) is separated from the fine tañings in a
hydropycIone (0 500 mm) before pumping the fines to the tailings pond.

Renents added to the process are

• grinding: lime, ZnSO4, Sodium isobuty1 xanthate (SIBX), frolher
• Cu-flot.: lime, ZnSO4, SIBY, frother, NaCN
• Zn-flOt-: UMC, CUS04, SIBX frother, NaCN (cleaning)
• Pyrite-flot.: H2SO4, SIBX
• dewatering: flocculant (thickeners), HNO3, CH3COOH (fílters)
• tailings: lime (neutralísing).
[62, ffimiruí 20021

At Tara, sphalerite and galena are selectively floated while pyri*te is depresscd. Selective
removal of galena is enhanced by the collector sodiuni isopropy1 xanthate SIPX. MIBC is addcd
as a frodier. Duníng galena flotation sphalerite and pyrite are depressed with quebracho tannin,
lignossal, starch and sodium cyanide. In the subscquent flotation of sphalen*te copper sulpliate
and calcimn oxide are added to reactivate the splialerite and to mercase pH. Thiocarbonate and
potassiuni ainy1 xanthate (PAX) are used as collectors and MIBC as the frother.
10 1, Tara mines, 19991

At Zimkffuvan the flotahon ~ss is done in two sleps, as above, with bulk flotation followed
by zinc and lead separation. In the bulk flotation sulphuric acid is added in order to lower pH to
approx. 8 from its natural level of approx. 9. As collector for the desired minerals (galena and
sphalerite) sodiumisopropylxanthate (SIBX) is used, together with methylisobuty1carbinol.
(MIBC) as fro~ agent. In the bulk flotation circuit separate ~ding is done to ímprove the
purity of the concentrate. The bulk concentrate recovers 98 %, 95 % and 85 % of the total ore
content of zinc, lead and silver respectively

Sodium hydroxide is added to the 2:incIlead separation step to increase pH to about 12. The zinc
concentrate is direct1y produced, whilst the lead concentrate requíres atíditional flotation m
multiple steps m order to achieve the final lead concentrate.
[66, Base metals group, 20021
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3.1.2.3 Taffings nianagermnt

Tailings are used in the backfifi of most und~und operations. At these sitos 16 ~ 52 % of the
are backfilled. One site, Nfina RweIs, bw^ an old open pit using 94 % of the

taifings. Thc tailings ~ are not used for backfIlling need to be managed in ponds. For the Las
Cruees projcct, ¡t is proposed to deposit dew~ tailings in lined cells. At Alínagrera the
coarse flwhon of the U~s (33 0/1) is roasted and sulphunc acid is produced. The cinders are
then leached and copper cx~W m an SX-EW príocess. The cinders are d%)osÍted m a cinders
dam. The remainíng 2t3 of the tailings are deposited into a tailings

to
q0 Tailings ~uction and the percentage ofb~ed U~ at the various mineral processing

plants is summarised in the table bolow.

sue m~ Ta~produ~ Ta~ used in
ha~ (el.)

Aitá Open Pit 17700000 0

Alua~ U~und 900000 0

BolidenM~Arw Opm pit&j~,und 1457000 29

Gar~ U~und 910000 50

Undergound 518331 0

«o ~ea-GIogow copper UndeWund 27000000 0
basin
Lisheen U~und 910000 50

Mina ~ín Open pigUn~uad 950000 94

Pyha~ UndWound 213816 16

Tm U~wd 1680000 52

Zbkw~ U~und 8WM so

Table 3.10: Pemmt ofta~ backfified at base m~ oper~

Alínagrera uses wasto-rock and rock from quarrAn (schist) m the backflfl and not taifinR
Mina Reacla flUs otú a mined out open pit� which explam the high b~ perce~.
Zinkgruvan and G~herg mn backflllmg operadons which utilise 45 - 50 % of the tailings
m the backfifl. The Boliden ~g Arca recelved oro from one open pit and a senos of
underground mincs. lf the ore from the open pit is subtractod from the ~s production the

*o percentage of ba&-filled tailings is 34 S/o Mús value is misleWM sínce duríng year 2001 lwge

(»
quantítics of waste-rock were brought back underground at Renstróm, Petilmás and Ák~g

00
mines (a total of 140000 tonnes ofwash~ was brought back und~und during 2001).

qw Base metal ores usually con~ severa¡ metalfferous minerais. Ofien copper, lead and zme are
mined together Typícally base metals are mined as sulphídes. Hence acid rock dramage is a
major issue in the management of tailings and waste-mk. Long-term chemical stability is
therefore a challenge. Thet~ are in the form of a slurry and the ponds and dams can be of
largo dimensions.

*o A suft of m~crous complexes and process chemícals me mcluded m the tailings siurry.
*o Hence physical stability is also of major importance for this sector.

3.1.2.3.1 Charactaristica of taffings

At Alínagrem there are two~ of tailings. The fíne fraction of the ta~s and the cinders
resuitm9 from thc ro~ and k~ of the coa= fi-action of the U~. The ~s are
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maudy pyrite and ARD gene~. The cinders are casily Icached with water The tailín haye
a 66 % solids content aud the compact: density of the tailings material is 4.0 tIm3 (main1y pyrite).
Upon di~ into the tailings pond, the tíailings have an mítial pH of approximately 9 but pH
in the pond is around 3.2.

At Aitik, the maín mue for the closure and decommissioníng plans for the tail~ pond is the
possible acid generating potential. Due to an carly assumption that the material would produce
ARD, a number of options to~the composifion of the material haye bcen investigated. In
its crude form, the tailirígs have an ABA value of -13 kg CaCW`t, determined by the pyrite
content (0.9 % S). Flotation tests and sampling of varioas products in the mineral processing
plant have yicíded a range of samples with sulphur contents ranging from 0.12 % for de-
pyn~~ to 31 % for the pyrite flotation product These samples have bcen subicotod to
humidity cell tests in different campaígns.

T'hc resuits fi-om the kinenc tests and modelling indicate that the silicales m thc tailings
constítute a substantial acid consuming capacity. More inwrtant� however, is the sulphide
oxídation ~ in the field. The dissolution of silícates is capable of consuming the ac4d
produced by pyrite oxidation in the tailings up to a certain ratc. Below that ratc, thc carbonates
are slow1y consumed, but above fim rate, the carbonates are slow1y dcpl~ ~ which *e
silicates alonc are unable to neutralisc the acid gcn~.

Fíeld oxygen flux measurements havc bcen carned out to illustrate the matenal's behavíour m
ficid scale. Thc results mdicate acid production will takc place, oorresponding to the silicate
acid consumption capacíty of on1y the top 20 cm lwyer of~. In lowcr S~ no acid Will
be produced, indicatíng a vast excess ofbuffering capacity.

in ~ where fi»st conditions prevail for seven months of dw year, the kinctics differ
sígnificandy firom thc conditions m the laboratory and dunng the actual ficid test, To verify that
tbc ~s do not possess ARD capabdities, column tests have also bcen camed ou4 under
conditions which are representatíve for the unfrozen penod at Altik. In this test, thc measured
oxygr,n consíamption rate was 50 % below the lowest oxygen consumption rate caículated from
thesulplíate export in the humidity coll experiments.

paranel to these tests, hydrogeological modelling of the groundwater flow within the pond have
shown that over 90 % of the volume will be permanently water saturated, which is tecímically q#
equal to sub-aqueous~ managemient. On1y inmor arcas at thie upstream and downstream
dams may become uns~ated at times. To address the situation, a solution has bcen derived
suggesting a wetíand be established in the lower parts of the taifings pond. Unsatarated arcas in
the lower parts of the pond would then be avoided, Icaving the problcm vath on1y a small
fraction of the total~, at the upstrcam dam, unresolved at present.

A possible solution for the remáning, upPer Part of the pond, is pyrite separation and selective
managoment of pynte (de-pyn~on), Such a solution, however, does not chinmate possible
probjems, it on1y concentrates the pyrite into a high-potential acid generating matenal. This
~m a techácal solution which is of high quality and low risk. Such a solution could be
deposition of this material in the bottom of thc mined out open pit upon closure, wherchy it
would then remán permanendy co~ by water-
[63, Base metals group, 20021

The Bobden mming arca consists of complex sulphide mineralisations. MMM m the 9=
s~ in 1925 and to date approximately 30 mines have bcen exploited in the area. The tailings q#
in the pond consoquenfly have vanablc chemicad charactensationsí and physical- chemical
propcrtíes. The characteristics of the tailings produced today are summansed m the tables
below. The fine fraction after cycIoníng is deposited to the tíailings pond and the coarse fiw*on
is used as back0 in the underground mines.
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S~ Total ta~ Hydm7d~e ovc^w
te~

PER Camal~ CQMW~
%P~ %Pa~

100 100E3
250 99.9 100

q* 180 99.7 1002W
125 97.8 100
88 93.5 95.650180
63 95.9 87.8

00 45 76.6 78.3
e»

E
20 53.2 54.4

�u 0 0

Table 3.11: Pa~~dis~tion oftaHbp at *e Boll~ site
[65, Bama~ gromp, 20021

The tailings haye the ibilowing composition before cycIoning and CN leaching:

a Au: 0.85 gh
a Ag: 24.9 g/t
a CU: 0.10 %
a Zn: 0.40 %
a Pb: 0.13 %
a S: 17.8 %

More than 50 % of the ~gs consist of particles loss then 2 gin, The tailings slurry pumpod to

the tailings pond contains 20 - 25 % solids. The density of the ~gs, as placed in the pond, is

1.45 tIM3.

[65, Base metals group, 20021

At Wma l~, the tailings am in the form of a sluffy, a m~ of water and dolomite, with
65 % sofids content and with a sofids density of 2.75 tín?. The taffings are ~e at the time
of discharge (pH 6.5 to 8) and are reported to be casily compactable and not reactive (due to

q0 their alkaline nature).

At ~berg, the Wmgs were investigated with regard to composition and ~cring
characteristics. The methods used were mineralogical investigations, fuU rock analysis, acid
base accounting (ABA) and kinietic weatherM ~ (extended humidity cell ~ conductod
between 1995 and 1999) m combination with ~ctive modeffing. AU results show that the
U~s wifi not produce ARD, The metal concentrations m the pore water of the t~ wilí
have hmíted solubibty at the natuzully high pH within the pond even if the tadmgs are allowed,
to ~er with fidl acom to atmosphenc oxygen. The metals inobihsed by sulphíde oxidation
at the surface of the tailings wffl be unmobihsed by absoiption and precipitation as they are
U~ried through the ~s. Based on these resuits, ¡t was concluded that no measures were
necessary m order to Iáfit the mobihsation of metais by weathering from the deposit at closwe.

The ta~ prewntly produced show luy vanabons in mmeralogy as other pwu of (he
orebody am mmed with higher sulphíde content, pnm"y higher content of pyrrhotíte (FeS).
Aceording to sampling and analysis done during year 2001, ¡t ¡s predicted that these 'new'
tifflings wifi produce ARD (see the detailed malysis in the table below).

FoUowmg the development of the ~enng charact~cs of the ta~ ¡s considered
impo~ even though the planned decominissioning method (flooding) is weU suited for
potentW1y ARD producing t~s. Th=fore samp1mg and~ofthe talings will conÉmue
in the future.
[64, Base m~ group, 20021
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E~t C«~~]R

As 56.3
Ba 338.8
Be 0.45
ca 30933
Cd 18.6
co 6.1
cr 3.2
cu 317.7
Fe 65533
Li 4.6
fm 4163
lb 2.9
Ni 7.8
p 149
Pb 4011
S 44600
su <5
Sr 19.6
v 9.5
zn 7051

Table 3.12: Ave~ resdb ofta~an~ at ¡he Ga~berg ak (2001)
164, Bam metab group, 20021

Some of the key mformation regarding the tadmgs deposited in the U~gs pond can he hstod as
follows:

* 500000 tonnes of tffilin~
* 20 % solids
* typicalpafficlesizedistributione/opassing)(d.5o=20gm,dgo=641,M).

% pasahm
500 100
350 99.8
2-50 99.7
180 99.4
125 97.5
90 93.3
63 79.1
45 68.1
20 50.8
10 31.6

Table 3.13: She didnb~ of tai&W at the ~berg site
164,~ metab groap, 20021

Some of the key information reg~g the fiffiffigs used as backfill at the G~berg ate:

* 450000 tannes ofbackfiW year
* 80 - 85 % solids.
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cama~
(PRO) %~
250 96.6
180 86.8
90 46.4
45 18.8

qv Table 3.14: Typkd~d~d~ofhaddMM ta~ at ~berg úte
164, Bam me" gmap, 20021

At the Hitura site the same taüúW examinations as at Pyh~ haye been performed. The
most si~cant problems with the tailings are the contents of Cu and Ni. Thet~ will not
produce ARD becausc the buffering capacity of the taflings is higher than the acid formation
potential- The particle si= distribution of theU~ is 60 % <74 Mm.
[62, Hinuni, 20021

For the Las Cruces Project the tailings generated during the esúmated lifetime of the project
will amount to ~ximately 4 NW (or 15 million tonnes). The tailings are pyritic and are
predicted to be ARD gene~. The average grain sizo is estimated to be 100 pín. lle taffings
wiU be deposited 'dry' after dewatering, with a moisture content of about 7 - 8 [67, IGME,
20021.

At the Legnica-Qogow copper basin the Udings ftom all *m minera¡ processing plants are
pumped to a ~e tailings pond, at 14-20 % solids. The composition and parficle sizc
distribution are shown in (he fofiwing Lables.

E~t/ Uált Lubin Radna Pofiwwiee

CU % 0.16 0.21 0.26
Pb % 0.06 0.04 0.026
za % 0.007 0.006 0.004
Fe % 0.57 0.54 0.48
S tal % 0.27 1.12 0.66
N % 0.15 1.01 0.12
C (total) % 2.80 4.14 9.26
C (~e) 1 % 0.48 0.32 0.54
Sios % 68,03 53.05 18.42
cao % SA3 12.14 26.25
M90 % 3.15 5.72 6.88

MA % 3.09 4.11 4.58
hfn % 0.094 0.153 0.190
Na % 0.26 0.40 040
K % 1.23 1.20 1.17
As gh 71 10 37
Ag gft 13 7 6
CO RA 39 10 21
m RA 27 16 42
Y gh 72 38 110
[�fpm�� gh 15 1 12 8Au

1 g1t 0.002 1 0.006 1 0.008

Table 3.15: Um~ analysh ofta~ from &e Legalca-Glogow copper
[132, Byrdd^ 20031

Pa~ dw
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Ta~ Wr: > 0.1 Mm OA-0.045 mm -:*.045 m= lo

C/I)
sandstone-carbonate ore (processed at Lubiri E27-36 16-35 40-60and~)

1 dolomite-sbale ore (processed at Polkowice) 1 8-11 1 89-92

Table 3.16: P~ dae d~flon of^gs from the Ie~GIogow copper hasin
1132, By~ 20031

As the taifings haye a low concentration of sulphur «l0/o) and a high concentrafion of buffering
carbonates (20 - 80 */o), no ARD has oecurred so far or is bound to oceur in the future.
[132, Byrdziak, 20031

The ta~ are delivered to the TMF at Ushew with about 35 % solicís and contam zinc, lead,
some process reagents and metal salts and have a grain sizc of 80 % <95 pm. The density of the
tailings on a dry basis is 3 .5 g/CM2. The in-situ density is about 1.7 g/cm2. ABA was performed
at the permitúng state and the tallmgs are predictod to be acid gcncr~g [75, Minoreo
Lisheen/Ivemia West, 19951.

At Pyhísalmi, the chemical composition and leaching behaviour (max. solubility /DIN 38614-
S4 by Kuryk's method and long-term behaviour) of the taffins have been determined in
laboratory scale sinmiation tests. Ncutrafisation capacity vs. acid formation potential of material
has becn mvestí~. Also wmd erosion tests have bcen done on laboratory scale. The most

q#significant problems are the contents of heavy metals (As, Cd, Cu, Pb, Zn) and sulphur,
resultitig in an ARD generatíng potential. Altemative processing metbocís to ~ the
chuacteristics of taffins have bcon considered. One examp1c is the selective flotation of pyrite
in the taflings to achievo a fmal S-content of less than 1 O/o. This is teclinically possible, but in
this case economically not viable. The process would generate a product (pyritc) that is
impossible to selí and diat rcqwres special techáques and arrangements to dcposit or destroy.

Mixmg of peat with the tailings when it is pumped to tailings arca to create reducixig conffitions
has also bcen ixivestigated. The test was stopped because of ~cal ffifficulties, but the
intention is to continue the investigafion on laboratory scale. The down side of this ~que is
the fact diat a natitral remurce is 'consumed'.

The particie sizc distribution of tailings material is 65 % <74 pm.
[62, H~ 20021

The sphalente concentrate at Tara is washed with sulphuric acid to remove dolomite
(CaCO'MgC03). This treatment precipitates magnesium and calclum sulphates, which are
added to the tailings stream. Thc tailmígs sluM7 also includes collectors, suppressants and
MIBC.
[ 10 1, Tara mines, 19991

At Z~ayas the ta~ m~ contam quart4 feldspar and calcite. Small quantifies of
sulphides are also present (sulphur content <0.25 */o). The calcium content is approximately
8 %. The ratio between sulplaur and calcite is <O. 1 sugges"g that the tailings are weIl buffered lo
and will not ~uce ARD. Weathering tests have also shown that the tailings haye a low
weath~ rate. The composition of the taílings is given in the table below.
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K~ yv~t-%
SÍ02 62.4
T¡02 0.3
A1203 11.8
FeA 0.6
Fe0 2.9

0.7
M90 2.2
Cao 7.0
Bao 0.01
Na2O 0.6
KP 4.9
H0`~ 0.1
C02 2.1
BA 0.1
FeS 0,5
7n,.q 0.2

q0 PbS 0.1
ninerals 3.3

ITOTAIL 100

Table 3.17- Clke~a~of~at the 7~Y= dte
[66, Base m~ gmap, 20021

Once settIed in the pond the tailings haye an in-sita períneability of 10-5 - 10 m/s and an m-
sita densib, of 1.35 - 1.45 t1W.

3.1.2.3.2 Applied managewmnt rmthoda

At Alfik, the ta~ are pumped to a 14W (7 km x 2 km) tailings pond. Four pípelínes
(rabber lined steelpípes) am used for dus purpose, although normally only two are m use at any
one ume. AR four Imes are e"pped with five pumps m senes. The total installed poWer for
cach líne is 2000 kW. The water from the tailings pond fecds into a clean water clarification
pond.

The t~ pond is limitud by the tc>pography (valley-site type) and four danís, see f~
below. The tailings are pumped as a shiny to the discharge &ea along daín A-B. There the
spigotting leads to an aceumulation of the coarser partícles elose to the dmn A-B, while the fíner
~ons successively sett1c along thc pond towards the downsft~ daín, where sep~
water is collected. The active water volume in the tailings pond is normally about 2 Mm3, Whiéh
occupies about 115 of the ponds surface am The water is discharged using a spifiway and a
steel líned culvert located at the contact between the dmn and the valley side. In the futurc, a
r~ of open channels m undísturbed ground wilí be used for dischargIg the watm,
climínatíng the culvert through the daín.

The clarification pond is located ~ of the~ pond, downst~n dam E-F and the E-F
dam extension. The pond's arca is 1.6 W and the holding capacíty is about 15 MM3. This pond
serves as
a the fínal U~cnt stop for the process water
a a reservoir for process water
a and as a buffer water for spring snowinelt and precipítation events.

The fmc=g of the process water duríng winter is a climatic effect that is of partícular
unportance for the water balance. At excessive precipitation and snowinelt, water is discharged

tp firom the pond to the recciving s~s. Also, when necessary, d~ of water is possible
from the recycling water channol.
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Figure 3.13: Vear 2OM situation of Aitik taifings and clarification ponthi
163, Base meW% group, 2002l

The non-penlicable danis surrounding the pond s%ere constructed startmg iii 1966 and ha%c
since been raised manílIN apply Ing die upstream mctliod (see figure belov.). Each raise has becti
of about 3 m. '¡'he material used for die raises liave been tdl for sealing cores and Ns aste-rock for
the support fili. For the construction of the E-F dam extension. tililcli startod mí 1991. die
downstreani method %%as used, ivith die crest of the dam mos ing outN%-ards from the pond.
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Figum 3.14: Cros"wtion of dam at Alfik
[63, Base metab group, 20021

At Almagrera, the coarse fi-action of the tailings (33 % or 300000 t/yr) are roasted and
sulphunc acid is produced. The cinders are then leached with sulphunc acid and copper
extracted in a SX-EW process. The cinders are deposited in a cinders pond. Thc remaining 66 %
of the tailings (600000 tonnes fmes) are deposited into a tailíngs pond. The damí is constructed
without utilising liners. lt is an earth dam with a core of compacted clay. The volume of the dam
is 3.2 MM3. L~e through the dam is back- pumped into the pond. Clarified water is pumped
to a water treatinent plant (liming) and treated before discharge. The cínergency outlet is
constructed m natural bedrock.

The cinders are deposited in a cinders dam.
161, IGME, 20021

The tailings management at the Boliden arca is described in the Section 3.1.6.3.

At Nfina Reocín, 94 % (900000 out of 950000 t�T) of the coarse tailings,,YvMch are filtered to,
15 % moisture contcnt, are used to backfiU an old open pit. The remaining 50000 t/YT are
deposited in a tailings pond due to the limited filter capacity, The capacity of the pond is
2.6 MM3 and it currenfly contains approxímately 2.5 MM3 of tailings. Thc danís are constructod
of borrow mateñal. The pond is built on top of natural soil. The decant water is discharged to
the recipient after having passed a series of clarification ronds. No water is rccycled back to, the
minera] processing plant 100 % of the required 2.2 Mm of process water are pumped from the
mine [54, IGME, 20021.

All mining voids (or opcnings) created at Garpenberg are backfílled -,vith waste-rock from
development works and tailings. The concentrates constitute about 10 % of the ore processed
which means that the other 90 % become tailings. 50 % of the t~gs are used for backfílling.
When the ore is blasted, crushod and ground the volume increases by, about 60 %, which means
that the volume of tailings in Garpenberg is about 145 % of the volume of mined ore. There are
no possibilities to backf¡ll more tailings underground due to geometric reasons.

The taffins are cycIoned in order to separate fine and coarse particles. The coarsc particles are
fíltered to remove water and to allow transport by trucks. At one mine they are also mixed with
cement to stabilíse the back-fíll. After nuxmg with water, the cemented bacOll is transported
hydraulically to mined-out arcas of the mine and excess water is removed by a draining system.

The tailings pond presently used in the C~berg arca is located approxímately 2 km south-
west of the mineral processing plant. Before applying for thc latest permit to inercase the height
of the tailings poi4 various altemative tálings management methods were investigaled, such
as:
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a tíuckened vadings and
. sub-aqueous discharge into a lak-e.

These alternatives were rejected because of the high cost (thick-ened tadings) and the public
Opinion against sub-aqueotis deposition.

¡ he presenth- actiVe part of the tadmgs pond covers approxmatel-,- 35 ha. I he lifetime of the
pond depends on the tailí s pmduction rate but is approximately 8 ars assuming the present1119 Y
production rate, The tadíngs have an effective densitx of 1.5 t¿m'. CurrentIv, the dam is raísed
usí gy the, dox,,iistream method (see figure below).i—ng W
[64. Base metals grouP, 20021

......... ....
----------- ..... ------- - ---- .. ...... . phaqe 1 .»&S, Ige,*,

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

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

W,
~irt&tirL

2 Ro�k
1 Ero~ prGtectiary
4 T&ún,

Vigure 3. 15: Cross-sc-ction of dam at Garpenherg hefore latesi rabe
[64, Ba^w n-K-tals group, 20021

Tlic operator did some anal-, sis on tile potuitial of used tlic cenirclinc iiictliod and I'ouiid tliat
this \\ould result 111,
• lom er operating costs
• tlic vise of less construction niaterial
• and at tlic sanic time still ftillilling tlic stability requircilients.

Heiicc an application to the authonítics llas bcen filed asking for a pemilt for raising tlic dani
using tlic centreline nictbod.

'Ihe water chschaf�ce from the, pond in 2001 was 4.55 Mm'_ Of this 50% were re-used nii tíve
mineral proce.ssing plant. The remaining '50 % were discharged to surface waters. The
caw-hment arca for the taflings pond is 1.56 k-ni-.
[64, Base metals group, 20021

At Hítum, the tadings arca. 110 ha in total, -15 divíded into diree ponds. The tadings
(480000 torines in 2000) are discharged ínto the first pond. The t-xvo otliers are elarificañon
ponds. The solíds settie ni the, fust pond and the clarified water is decanted ;¡a a tower and ted
to the next pond from the central pan of the taílings pond. Clarified water is re-used in the
míneral processing- Ojú-%7 the excess water is fed to the river system. The. tailíngs pond ¡S oiT~
valley-site typc. The starter danis are made of moranie. The taffings are. distributed %Nith spipots.
The danis are raised every 12 to 15 nionth- usíng taffings.

The dams of the clarificatíon ponds are made of moraúte and are Imed with coarse gravel to,
prevent erosíon. The distance from the mineral processing plant to the TMF is about 500 m. The
distance from the taílings arca to the nearest river is about 3 kni.
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Problenis with seepage of water from. the tailings pond into the ground-v% ater exist. &ound-,vater
and seepage water are pumped into the pond in order to control the groundwater flow and to
minimíse arl-v impact.

The annual rainfall in Hitura is about 550 mm. The mean temperature duníng a year is 1 - 3 'C
The m&x. temp. mí suminer tíme ís 30 T and the mi- temp in winter 15 -35 'C. During 5
montlis in a year the temperature is under zero and during 6 months above zero-

Before constructíon of the tailings management area, the sol¡ was mívestigated, but apparent1y
not carefúlly enough, as in one location infútration to groundwater occtirs- The affected
groundwater ís monitored in groundwater monitoring wefis located dovvnstream of the tailings
pond and the back-pumped water is sampled.
[62, ~4 20021

In the Ugnica-Giogow copper basin, the mining of copper ore began -m 1967- All of tíle
taílings, which constítute 94 % of the extracted ore, ha-vm since been stored in tailigs ponds,
which have been raísed using the upstream method. During 1968-1980. the fírst tailings pond of
600 ha, built upstream, was in operation and 93 million tonnes of tailings were stored there.
This ponds was decommissioned ^m 1980- It ¡S assumed that this ciosurc may be temporary and
that in the future it may, he brought back- ínto operation again as spare capacity.

Since 1977 a new tai"gs pond of 1450 ha has been mí operation. Similar to the preirlous pond it
receives tailings from all fin= mineral processing plants. As aR tilree mines are situated m an
inhabíted area and the distances betsveen the mines is no further than 20 k-m, it was decided to
find a topograpIlically, smítable area and convert it into a tailings pond -vvhich coxild serve afi
mines. An advantage of this set-up is that it tak-es into account the different characteristies of the
tailings. For example, tadings froni the Lubin and Rudna mines are coarse, iv-blist those from
the Polkoivice mine are fine, so it is possible to utilise coarse tailmígs for the dam construction
and finc tailings for sealilig the bottoin of the tailings pond.

The tailigs are transported into the tallings pond by pipelíne, as a si"- of 14 - 20 % solids.
The option to pump thickened lailings was considered in 2001, bu¡ ílle idea Nvas rejected due to
economic reasons, especially., the capital cost of changing- the e-,ostinp, system. The length of thew
current transport routes froni the üiree mineral processing plants are bet-,veen 6 and 9 km.

The total amount of tailings stored in the currently operated tailings ponds at the end of 2001
was 550 miflion tonnes.

Tailings are not utilised as backfíll. The coarse fractions which techilicalIN, match hvdraulic
backflll standards are required for dam constructíon. The fíne tailágs could oilly he utilised in
paste fórni, which would currenfly he too, expensive.

Some carbonate tailings (150 t/yr) are used to neutralíse dihited sulpiluric acid from the copper
smelters. The neutralisation process tak-es place at the Polkováce enrichilient plant. The
neutralisation product is mixed xvith the main stream of tailings.

The previoxis taffings pond, which was in operation from 1968 to 1980, was created by
construction of an earthen dani across the valley of 600 ha- The characteristics of this dam were
as fóllows: an carthen dam of in situ soi1s váth a 15 cm-thick concrete scrten on tlie intemal
slope with an inclination of L2: dam length 6760 m, m&x- height 22 m, and a ~guiar gravel
filter dramage system connected with the dani ditch,

Decant water froin the pond was collected by means of two decant towers; wíth openings for
water� aud later transferred kv a pipeline locaíed *m the gallery. Decant and seepage water were
directed lo flotafion by means of a pump station located dow-nstmm of the dam. In the
heginning, the tailings pond was filled by pouring the tailings from the dani crest by concrete
canals located obliquely on the slopes- Later, tailings ivere placed dírect1v froni the outíets
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located on the dain crest everv 40 m- At first the decant water level was up lo 2 m above the
tailings level. Even mí this ca�Y7 period, some negative phenomena took place within the ama
dovinstream of the dam. These íncluded a rising of the groundwater level, which even lead lo
flooding, and the creation of ground surface overflow zones. A front of water seepig froin the
tailings pond was created, in many sections below the bottom of tlic dam ditch, of increasad
mineralisation content. The water was later transferred into the ditches of the hYdrography
network- of the Zielenica stream m' the Oder ríver basm'.

The subject arca, pnior lo construction of the tailings pond, was of a deep groundwater level, on
a signíficani longítudínal slope (11- 16 %o) and yYith high permeability- of the subsoíl such as
sands.

A dramage systein of opon ditches that aflowed for water outtlo,.i míto the Zielenica stream and
protection agamíst flooding of the, 'industrial zone, roads- rail-way ¡me and mamí forest arca was
constructed lo counter the llireat, Close lo the dam, drainage by a barrier weIl iyas made -m order
lo collect pollutod water and lo loyver the groundwater level, The system of taílings deposition
then changed. Carbonate taílings from, ore flotation by the Polkiowice plant of the excess clay-
sitt fraction was dírected close lo the watershed side in order lo seal the base of the pond. The
S,\ SICM of taffings dísposal was also changed b-, mítroducing outlets everv 20 m. This aflo,.Y-ed
for stabilisation of the beach at a nimimuni distance of 100 m and the fraction segregation of
taüm'gs in this zone-

The nicasurcs fisted abovc rcsuitcd in a limitation of water infiltration into tlic subsoil and
effecti%e water transfer from the arca dW'eCt1v tipstreani of the dam, This was necessaryv as the
natural outfiow of the infiltration water during the previoxis years had cau" a retum of the
pond lo the state similar lo the prey4ous one.

The consequences of this íncluded losses in groundwater resources (remov-al of the groundwater
mtak-e, which had been situated there before), losses in forest resources (premature cut-out of an
area of appro-umatel-%,� 45 ha), exara costs for protection measures against pests in the weakened
parts of the forest and extra costs of nimieral fertilisation aud liming. Also, water mí the Z¡eleníca
stream had, within this section, a much increased general ¡Ti Ineralisation lo 3300 ino.

m nuneThe tailings pond was located mainl, i the Lubin i arca- aad partially extended into that of
the Polk-o-%Yice and Rudna mines. In order lo protect the dam, a protective Pillar was creatcd. The
minc dísposals could hayc bcen explolted by Increased mine requiírements and inercased losses
of disposals but there would haye been addítional requirenicnts related lo the exploitation of the
tailings pond due lo settlement of the ama and the possibilit\- of paraseismic víbrations caused
by mining activíbY.

The ahove-mentioned límitatíons resulted in a decision lo stop any fúrther use of the pond, and
lo reject a proposed fárther development by a second stage lo a volume of 160 million m3

The dam settlement ap lo no-%y has reached a max, 3.25 m, while horízontal displacement had
also been observed. Dense and loose 7Dne-s were detectod ni the dam body,_ The deformatiolis
were monitored and analy sed by the mmie staff lo meet the nee& of the updated exploitation
programme in the protective pillar of the dani. From this monitoníng, it was decided that the
observed deformations created no tfircal lo dam safet\.

Construction of the current tailings pond started -m 1973, The location of the pond was chosen
because it was outsíde the mining activit-v arca, and thus, in contrast lo the previous one- it was
not subject lo direct ínfluence of the inme and, consequeiitINr. tt did not limít rumírtig operations.
The second factor taken inte account in selection of the pond location was its proxirmíty lo the
mineral processing plants.

The subsoll of the pond is formed by Quateman, deposits to a depth of 30-50 m below ground
ley-el, Locall—v, shallow Tertiary, deposits hea-s�l5r disturbed by- glacial activib, are also obsen,ed
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To find the best wav for fíllm'g the tailings pond. the characteristies of the tailings x,.ere taken
into arcount. Sandstone tailings were transferred from the dam crest in sections 500-700 ni
long, situated every 20 m, in order to have a beach not smaller than 200 m and lo allow for a
gravitatíonal segregation of tailings on the beach. More coarse material was deposíted on the
heach- whíle the maíorib- of the fine material (0,05-0.002 mm) was transferred into the pond.

Fine carbonate tailings were, at tlic begliming.. transferred by open canals along the natural
, piers -,vere made thatslopes with the intentíon of creating a sealing of the bottom. Later-

transferred the tailings by, pipeline lo the edge of the pond.

As starter dams, conventional earthen danis were constructed -,vith a 14.5 km perímeter. Sínee
then, die danis haye been raised using the, coarse tailings stored on the beach. 2.5 m high dams
have been made- from the. coarse material, by the upstream method and by stages in 2--slear
pcnods on the entire perímeter- .N,ith the pond iricreasing on averap-e bv 1.2 m per year.

The next stage of placing tlie tailings on the heach ¡s camíod out in layers not thleker than
25 - 30 cm per day- over several weeks. Usually , after a long break-. the c-% cle of placmig the
tailíngs ís repeated several times (4-7 times). The placing of tailínos in one section usuaffi- tak-es
approximately 1-5 weeks until the level of the dam is reached. For longer breakis. the surface of
the beach ís stabílised in order lo protect tt agamíst wmíd erosíon, by means of a biluminous
emulsion water solution. The emulsion is spr¿kyed from a helicopter. Later, the stabilised surface
¡s removed by heavy equipment. This construction by, stages allows proper dram*age of the
tailings and a stable plireatie surface witIún the dam body, In this section appro,?=íately 213 of
the coarse, partícle tailings are stored- The longitudinal beach míclination vanies from 6.5 % elose
lo the dam lo approximately 4.0 % at a distance of 100 m. The dam raises are carríed out by
bulldozers that also, compact the taffings.

DensitN: x;alues in the upper laver are approxMíately 1.40-1.45 Mg/M3, and increase wíth depth
(lo 10 —ni) lo appromm ately 1. 60-1.70 Mg/m'. The water content varies bebveen 20 %- The
dens- � of tailinplb —s ¡s equal lo 1.46 M9/m-'. Based on piezometric measurements and CPTU
soundines, it has been concluded that the pore- pressure distribution ¡s nol hydrostatic,, midícating
tailings -,-,ater seepage Míto Lhe ground. This amount -,\,as assessed lo be 0.862 m'/min in 2000
and 0,690 m'Imin in 2001.

CircunIferential drains in the tailm'gs .vere instalied along the maj'orib7 of the tailmígs pond
perimeter lo enable control of the water level in the taílings and in the starter danis, Tbc
installatíon of draffis is also foreseen on higher levels.

Values for the permeabilit-y coefficient Y mí the beach arca and in the are as fállows:
a ni thc beach arca: k is froni 2,0 x 10-7 m/s lo 2.0 x 10-9 m/s
a inthepond:klsfrom5.Oxl0-�"tol-OxIO-"'mls.

Surface water is protected against contammation by :
W íntentíon lo seal the bottoin of the pond i-,¡th fíne fraction tailings which consolidate

naturally
a Colleam,g scepage water along the entirc penímeter of the dam
a maintaining a bamer of wells along selected sectíons
a placing surfacc water intak-es -m selcaed flo,.Ns at greater distances, and
a apply�ng contínuous monitortíng of any underground and surfacc,%Nater under the influenec

of the tailings pond.

The monítoríng net-%York- of ground- alid surface water includes over 800 monitormQ ponits.
[132� B-yTdaaL 20031

At Pvhásalnú, 16 % of thc tuilíngs are used in the backfilling of the mine, the remaining 84 %
(180iMO t/NT) are deposited in a tailings pond. This relatively- low back-fill percentage can be
explaíned by the fact that only the coarsc tailings are suitable for backfilling. The total arca of
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the tailitics maíia-,,eiu,-íii facilities is about 10(1 licaares. ��hich ínciudes thre-e taffing poixisí.
T�\o of tíLose poil (pond B and D in the figurc belo-%\) are used U-l paraficl for sJlíns, [he
sol.Lds and Lo decant clarified s\ ater Lo die Lhlrd pond (pond C in the figure belom The residence
tinic of the talling �% ater mí die arca is about t;\ o nionflis.
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At Tara the taffings strcam is ey cloned. 1 hu coarse fraction (52 %> of total taflings) is pumped
domoi borcholes to the underaround minc as a ccmcnt slum (3 % cenient) as backi-j1l. The finc
tailings arc puilipcd to tlic surfacc tailings pond.

1 D 1. Tara mincs. 19991
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Chapter 3 00
layer of sized screen rock- and a downstream shouldcr of rock-fill. The characteristics of the
danis and the tailings pond ís given in the table belo-vv.

Characteristie data Dam X-Y =Dain E-17
Used capacity Dec. 2000 5.7 NW
Pem�tted capacity (froin 1981) 7.0 Mm'
Total tailings pond area
Total clarification pond area 50 ha

16 ha
Volume of material in dams 380000 n� 170000 M3

Material from extemal borrow area 70000 d 30000 m'
Dani_hq�_ 27 m - 17 m
Crest length 800 m 400 m
Crest widtll 16 m 16 m
Slope angle of upstream slope 1:1.5 1:1.5
Slope angje of downstream slope 1:1.5 1:1.5
W¡dth of stabilising berm 7 m 7 m
Slope angle of do"stream side of berm 1:1.5 1:1.5

Table 3. 18: Characteristie data for the existing dams X-Y and E-F at Z¡nkgruvan site
166, Base nwtals group, 20021

To avoid dusting and oxidation sub-aqucous discharge ]s practised. However, lo lower the
plircafic surface a 30 - 50 m beach with a licight of 0. 1 - 0. 5 m above the water level elose lo
the dani ¡s requíred. Wlien discliarging tailings under water, the angle of repose is significant1v
steeper than for díscharge above the water level. In order lo evenly fill up the pond the
spigotting points are contínuously moved along piers constructed into the, pond. The beach ¡S
irrigated duríng the dry penod of the vear (spring-sunimer-autunin). During periods with no
sno-vv during the winter dusting camiot be entirely avoided, even though several methods of
teniporary coveríng ete have bcen tried.

The decant system ¡s tower-typc. Decant water flows by gravity lo the clarification pond. 50 %
of the decant water ís re-used in the mineral proecssing plant. An emergeney outIct 15
constructed, which automatically discharges the water if the level mercases above a certaili
level. The installed discharge capacity is 0.7 M31S (not countíng the emergeney outIet discharge
capacity) whíc1i corresponds lo the 100 vear rain event and a maximum increase of the water
leve¡ 111 tlie pond Ckf 0.5 ni. q0

The E-F and X-Y danis are constructed as coirventional. dams. The foundation of the dams ¡s
natural bedrock- par[1y covered With moraine or peat soil. Excavations were done below the
dams, do-ykn lo natural bedrock or at least 4 m into the moraine, for the connection be-hveen the
low permeable core of the dam and the underlyíng foundation. The low penneable core is
constructed of conipacted moraíne froni a borrow pit arca. The permeability of the morame ¡S
between 1 x I(Y" and 1 x IU9 m/s. During the construction of the danis quality control was
carried out contimioxisly on the moraine and the filter material, mam'ly including compaction 40
tests/control and niateríal characterisation (graín size, distribution). q0

00
Hy,drogeological studies of the arca show (hat the bedrock in the arca contains several fracture *0
zones. The fractures are perincable and drained which results in seepage froni the pond.. The

40water balance for flic pond ís givcn in the figure below.
00
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Chapter 3

The layout of the mine and the sequence of mining make it possible to backfill 6.9 inillion
tonnes. tailings underground. The balance of 6.6 míllíon must therefore he managed in a surface
impoundincut.

The topography at Lisheen, within a reasonable distance froni the ore processing plant, is
such that no signíficant valleys or billsides were avallable as potential tallings pond sites,
and thus a ríng-dvke impotindinent (paddock-style) was proposed.

Olher convidcrations
It had bcen identified thal the tailings have a potential to generate acid if exposed to ox-ygen, and
that the tailings pore water contains some metal lons. These two faets led to the decísion that:

a taílings pondIdani, systein to retaín water so that the tailings are discarded and kept under
water was needed
the tailíngs nced to be dealt with in a pond that is as impernicable as possible to minimise
seepage Into the groundwater system.

To satisS, these requírements a low or very low penricabilitY liner with attenuating capabilib.,
was considered necessary. Tlic extensive bogs in the arca contain peat which has a low
penneabilib-, making its use as a component of a composite liner very attractive. Peal has the
added advanfagc in that it can attenuate the release of many of the likely contaminants in any,
scepage that may oceur.

In order to identífv the strength of the peat, its permeabíllty in both the uncompressed and
compressed states and its attenuation properties, a programme of tests was carríed out.

Selection
11 had been established that the maximuni mass of tailings to be managed on the surrace will
be 10. 0 million tonnes and the TMF should incorporate a low perincability barñer between
the tailings and the local groundwater systeni. Using average topographical features and a
reasonable thíck-ness of tailíngs an arca of 80 to 120 ha will be required. This arca is based
on the conservative in-situ dry density, of 1.6 tlU3� though subsequent design is based on 1.8
Um3, and a relatively low average hcíght of approximateIN� 10 ni of tailings.

Since the tailings were found to be net acid generating it was decided that the containment
facilitY must prevelit oxídatíon of the pyrite and must he lined to restriet the seepage of
water into the groundwater system. Two methods of achieving this were discussed, namely:
to provide a composite artíficial liner if the site is on fann land or make use of the lo-vv
perineability and high attenuation potential of compressed peat, as part of a composite liner,
if the site is on a bog.

Methodology
The selectíon of the síte for the TMF involved the assessnient of the economic,
environmental and enginceríng considerations. The objectives of the selection process were
thus to ininimíse the ímpacts on the, local conimunity and the environment while at the same
tinie satisfying the engínceníng requirements in the rnoqt economical way.

The síte selection process involved four stages, namely:

1 . a regional search for a topograplilcal bowl or valley that would favour a tailings
management sebeme within a radius of 15 km of the ore processing plant site

2. a localised search to eliminate unsuitable arcas within an 8 km radius. This radius was
based on punipíng considerations and the lack of good topograplilcal sítes in the arca
immediately bevond this radius

3. identification of possible locations
4. a detailed assessment of the possible locations.
[75, Minorco Líslicen/1vernia West, 19951
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Chapter 3

Descrtptíoji ofthe constnícted TMF
The TMF was constructed on a bog which consists of up to 4 m of peat overlying a glacial till
on límestone bedrock. The líniestone ¡s a geoteclinically competent lower carboniferous
dolomitised Waulsortian formation with no niajor faulting, and a low palacokarst, potentíal. The
Site investigafion found no open or infilled cavities and, for this reason and due to the minimal
drawdown that takcs place below the TMF, de-vvatering of the nearbv mine does not cause
reactívatíon ofpalaeok-arsi features even If these are present.

The TMF consists of an carth embanknient, which fornis a dam around the, inipoundmcnt arca.
Complete removal of peat froni the enibank-ment footprint was performed and the entíre
embanknient 15 constructed on fírm till or bcdrock.

The perímetor of the TMF is a wide embankiríent consisting of zoned, enginecred fill with a
eross-sectíon designed and built to act as a water retaming structure. The dams are constructed
of compacted fill material froni borrow pits N?#"Ith upstream and downstreani slopes of 1.3 and
1: 2 respectívely. The dani cresi ¡s 6 m wide to provide access during construction and operafion.
A cross-sectíonal víe-vy of the dam ¡s shown in the following figure.

EL"ATWN
z_.

6 6

STAGE 2 CREST EL- 136.5.

AGE 1 CREST EL.

FENCE
PHME!C"ST EL l3Or5m

-~ETIC

sTAGE2
PEAT ACC C PEAT

62

5TMDPIPE
Rt D"N PI=OMETa�

Fígure 3.19: Cross-sectional view of dam at Usheen TME Pond ¡s to the right of the dam
175, Minoreo Liqheenllvernia West, 19951

The danis have bcen designed to a maximum height of 15.5 m above the till which lies bencath
the bog. This allows for the eventuality that additional capacity may he required. due to the
discoyery of addítional ore resenes or reduction in the in-situ chy density of the tailings or
change to the backfillilig quantities. The danis are constructed initially to a maxiiiiiiin hei0t Of
9.5 m to, provide for the 2.8 million tonnes of tailings which will be discarded on surface in
the first six years of operations.

Most of the impoundinent arca will he underlain by the bog. Peat in the bog is generally of
sufficíent thickncss and has the required physical and chemical characteristíes to, limit
seepage and remove varlous metalliferous constituents froni the supage water. Wien
loaded by the taílings, the peat will compress to become a natural liner with, a pernicabílay
of less than 1 x 10-9 m/s. The permeabilit-v and strength of the peat are adequate to enable 1t
lo act with a georínembraríe to fórni a coniposite líner capable of containing the tailings alid
its porcwatcr. A small volume of seepage, estimated to be 34 M3Iday, could pass through the
composíte líner due to punclures in the geomenibrane. lt is likely that the majority of thís
water will he collected in the perimeter drains and pumped back into tlic impoundincrit.

Around the ínner perimeter of the danis in arcas where the peat ¡s les& than 1. 5 ni thíck., and
on the embanknients, a geosynthetic clay líner was placed below the geomembrane, to
complete the containment system. A seríes of 100 mm diameter slotted drainage pipes were,
installed around the inner perimeter at the level of the base of the peat. These drains will
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extend from the start of the blanket drain beneath the embankment to 50 m inside the toe of
the embankinent and will collect some of the water that will be rele-ased during compression
of the peat and also collect sonic of the scepage water.

At start-up, prior to deposítion of any taílings, the impoundinent was covered with water to a
mínimum depth of 1 m to províde cover over the tailings. Tailings were placed below the, water
surface by a floating dístríbution system which was moved slow1y back and forth across the
impoundinent to produce a relatively even laver oftailings so as to minimise differential loading
on the peat líner.

Tailings transport water is be returned to the ore processing plant for re-use, and any surplus
water in the TMF ís treated in the mine water treatment plant prior to discharge into the river
system. Due to the net annual precípítation of approxiinately, 450 mm and the low volumes of
seepage water there ís generally a surplus of water in the tailings impoundfflent.

The seepage and run-off water from the danis are collected in the surface drain around the TMF
and pumped back- into the impoundinent.
[75, Minorco Lisheen/1vernia West, 199-51

In short, for the design of the liner and the danis, the following factors were considered:

K SiabilíbT
: dam stability

a seepage
foundatíon stabílity (in this case pe-at)

seepage rates are calculated based on different defect scenarios,
a scepage qualíty

¡t is concluded that the seepage water will in general mect drink-ing water standards parth,
due to the fact that the peat has the abúlty to bind metal íons

a decant water and water balance
a tailings conveyance and discharge.

It was decided to discharge the tailings sub-aqueously to avoid oxidation of the sulplildes. This
will be achícved vía floating pipelines (sec figure below).
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Chapter 3

isheen uses an LLDPE (Uncar Low Density Polyethylenc) membrane as part of the liner
system. The following programme was carried out during the installation of the liner qoa soil te-sting of enibankinient fill material
a destructive and non-destructive testing of LLDPE líner
a destructive and non-destructíve testíng ofwe1ds on the, liner
a geosynthetic elay líner testing
a mícro gravity survey for potential kaarst féatures
a lincr leak- locatíon survey.

The field quality control forms for the TMF liner included:
a geosynthetics íriventory control form,
W geomenibrane panel deployment log
a geomembranc trial scani, log
W geomembrane scam log
a geomembrane seam pressure test log
a geomembrane seara vacumn(spark) test log
a geomembrane defect log
a geomembrane log
a geomembrane destructive test rezord
a geomenibrane seam destructíve sample log
W gel panel log
a gel accessory bentoníte test record Wa faíled destructive sainple tracáing log.
[41, Stok-es, 20021

Ho-,,vcvcr, recent ínspections have shown that severa¡ leakis and tears have developed in the
s,aithetic liner membrane [76, Irish EPA, 2001 1. These, where accessible. have been
subsequently repaíred.

The operañon practíses an 'open door polícy', which íncludes:

• cnvironmentul informatíon officc In ¡he cominunity
• all monítoríng data is made available ni monthly, and annual reports to the authorities
• complaints regíster
• annual schools project.
[41. Stokes, 20021

3.1.2.3.3 Saféty of the TMF and accident prevention

The tallings ponds at Aítik, Boliden and Garpenberg follow the routiries for dani, saféty
worked out within the OMS manual for tailings ponds (see Section 4.2.3. l). Furthermore, cach
site follows specific monitoring and surveillance routines. For example, at Garpenberg file pore
pressure in the dams ís monítored on a week-ly or monthly hasis in 13 piezometers installed in
the dani (nianual monitoríng). Each measured value is compared to an alarm level at wliich a
thorough follow-up, ínvestigatíon is conducted to detect why- an abnormal value was obtalned.
At the díscharge poínt an automatíe water level indicator is installed which is coupled to, the
informatíon system of the mineral processing plant, Every day, the danis are ínspected by!
personuel froni the mineral processing plant. The míspections include the slopes, the discharge q0
froni, the políshing porid and the pipes for sand transpostation [63, Base metals group, 20021,
[64, Base metals group, 2002, 65, Base metals group, 20021.

At Pytifisalmi and Ritura, the undcrlylng soil was investigated before, the dani construction
cominenced. The system. has been designed and constructed so that the surface water in the
tailíngs area can he kept in balance and the, excess water from, precipitation can be removed in a
controlled manor, í.e. the ponds have bcen designed on a calculated water balance. Enginecring
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and stabilíty íssues were addressed by extemal experts before the raising of all the danis at the
Hitura site. No formal risk assessments were carried at cither site-

The TMF arca ís controlled dally, by the operators, of the, mineral processíng plant and inspected
annually by an independent expert and at 5-vear intervals by the dam safay authority The
coniments are recorded and stored in a Mam Safety, File", which is compulsory for all types of
taílíngs nianagement arcas in Finland. The operational routínes applied also ínclude regular
monitoring of the plircatic surface le-vel in the dams, monitoring of discharged water and audits
of the facilities. A documented emergeney plan does not exist, but it is expected, that an
emergeney plan wíll he developed in the near future according to new legislation.

*o [62, Hinimí, 20021

The tailíng pond of the operation in the Legnica-Giogow copper basin ís operated by a
separate divisíon called the 'hydrotccliiilcal plant division'. Staff working within the pond arca
haye access to all-terrain vehicles, a hovercrafi, a cutter and licavy equipment fiar carffl works
(excavators, bulldozers, loaders, tractors, crane). There is a system of communication (wirc and
wíreless) and an alann systeni, and the staff co-operate closely with the Mining Rescue Station.

The dam crest is illuminated constantly, since the roads on the dani crest and on the lower
shelves of the dams are in contiuous use.

The normal volume of the pond is 5-6 nifilion m3. The resene for periodic storage of excess
water has a capacáty, of approxímately 8 million in3, while the additional reserve for raBiwater is

3approximately 1 million M . The total available water volume in the pond is therefore 13-14
million M3- The beach uidth is maintained at a mininmín of 200 m and minimum the freeboard

W is 1.5 m.

The monítoring of the pond is camied out in co-operation -,,.ith several extemal experts.
Numerical systenis for recording, transfer and storage of the monitoring data are also
impleniented. Results are analy, sed and conclusions are then drawn, usually- wi thin a year`s tíme-
scale.

Supcirvision ís carried out by the designers. AddItionally,,, scientific supervision far the safícty, of
the hydraufic structures has bcen established. Supervision and consultaneNT is carríed, out by a
team of índependent experts (the IBE - Intemational Board of Expejis). The activitY, of the IBE,
co-ordínated by Ilic PGE - Polish Geoteclinical Expert, is carried out based on the
'observ-atíonal method" applied for the long-terni development of the tailings pond.

In the períod 1992-1999� the IBE prcpared a geoteclinical report on the safeb, and development
possíbilities of the currently operating pond. The report included complex subsoil investigafions
and determination of geoteclinical properties of the tailings. The fallowing design data were
establíslied: soíl and taifings parameters, seepage conditions, slopc stability condítions, and a
moniton«ng programnie. Numerous monitoring instruments were installed, stabilising berms
were placed in selected sections, and circuniferential drains were installcd in the taílíngs.
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Table 3.19: Control parameters and applied inonitoring a( Legnica-Giogoii, site

1132, l�%-rdiiak, 20031

As tlic taffings pond lias bcen elassified as a higli risk structure, appropriate enlergeney

procedure.s and an eniergeney plan have been prepared for failuye, The v�altilila S-vSIC111 aud

c,vacuation shelters for tlic local population are now under construction ni co-operation with tlic

low1 and state authorities.

1132. E�-rdzíak, 200-11

At Zinkgravan, a rísk- classifícation of tlic taílings pond and the clanífication pond -yy, as carr"-

out acoordíng lo the RIDAS sys(cni (Guidc1incs for dam safcty dcyc1opcd by tlic Hydro povNcr

mdustn-. sez Table 4.2). Accarding to this elassification s-,strni the danis of flic tailings pond

(IE-F and X-Y) ave classified as 1ypc IR avíd tlic dalus Of the clarifícation pond ave classified as

t�W 2.
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Thís classíficafion dictates what (mininium) saféty- measures and control programmes need to be
followed. For the danis at Zinkgruyan some applicable measures are:

a audíts of the class 1 danis at least every 3 years and the class 2 danis every 6 years.
a class 1 dams nced to be able to discharge the 100 year flow event as well as store a class 1

flow event. Class 2 danis nced only to be able to discharge the 100 year flow event
a monitoring of class 1 and 2 danis necds to he camied out according to the table below.

Parameter Consequence class IB Consequence class 2
Seepage X, ContinuoUS1y Every 6 months
Movements of the dam crest X, Every 6 months (X, Annual)
Movements of the slopes (X, Every 6 months) (X)
Pore pressure in the core (X, Annual) (X)
Water level in support filling (X, Every 6 months (X)
Water level in the foundation X, Every 6 months (X, very 6 month�)
X � nicasiffing shouId be compulsory where ¡t is feasible.
() � nicasufing is iniportant but can be excluded under some circuinstances.

Table 3.20: Basie measuring regínie to he performed at new danis
166, Base nwtais group, 20021

Tlic stability of the two danis haye been assessed with the he1p of extemal experts. Results show
saféty factoes of 1.5 and 1.6. Nonetheless, a dam saféty improvement programine is ruíming
comprisíng, among other things, installation of piezometcr readings, flattening the dam slopc
from 1: 1.5 towards a síope 1:2.5 - 1:3.0 and monitoring of the seepage water flow.

A number of incidents have oceurred over the years mainly due to inner erosion of the danis.
Thís has led to, changed operating routines -v;¡th regard to the deposition teclinique of the, taílings
in the dam. In order to lo-,ver the pore pressure and thereby avolding any fárther inner crosion of
flie danis a >30 m wide, beach is maintained in the upstream side of the- danis. The, pore pressure
level ís monítored frequently (montlilv, but more often lf any abnornial levels are monitored) by
installed plezometers in the dams.

A control progralume for dam safety has bceri, agreed with the competent authorítY and contanis
the following maín components:
a vearly extenial audits of the tailings pond, dains and elarífication pond. This inspection also

íncludes pípelínes for water and taílíngs as well as discharge facilities
a weekly inspection of the danis by the environmental department at the, site. At these

ínspectímis the danis are checkied for possible damages, watex levels, íce pressures and high
precípitation events. Dani leakage flow is nicasured at the toe of the dams (stable around
5 - 10 lls). All observafions are registered ni a lo~k-

a vearly environmental audits of the entire site that also include the tallings pond facilities
a yearly ínspections by experis firom the conipetent authority
a maintaining regular communication with the consultant who designed the dam.

Since 2001, piezometer readings have bezn included in the monitoring programme in order to
regíster the hydi-aulic gradient over the dam. In total 21 manually monitored piezometers have
been ínstalled. In addition, 3 control wells have been constructedí to better monitor and control
seepage water flow and quality. Tle dam seepage flow collection and measurement facilities are
shown in the figures below. Instrtimentation for reading the electrical potential gradient in order
to register water streaming through the, embanknient danis provides an additional method of
monítoríng the dam conditions.
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Chapter 3

3.1.2.3.4 Closure and after-Care

The deconimissíoning plan for Aitik focuses on the tlirec main parts of the operations, Le. the
waste-rock are-as, the taílings pond and the índustrial are<i� which includes the open pít, With
regard to the. tailings� the evaluafion of the weathering propertier, are still going on. The results
so far idicate that no wet cover is requíred. The measures plarmed are therefore, linúted to
fertilisíng and sowíng with herbs, grass and trees to preyent wind erosion of the top layer. Danis
around the tailings deposit and the clarification pond MIIII he re-sloped at an angle of 1:3 and the
slopes wíll he sov,,n wíth grass.
[63, Base metals group, 20021

At Aznalcollar after the accident the emergenc-y programme evolved into a complete
deconimissioning of the failed dam and the entire pond. This included:

• diversion of the nearby river
• building an inipenneable seepage cut-off wall around the north and east sides of tlic dam
• ínstallation of a hydraulic, harrier including a hack-pumping system on the inside Of the cut-

off wall,
• cutting and re-slopíng the dani to 3:1 and coyering it
• remodelling the, taílíngs surfacc to minímise the infiltration and to control the surfacc run-

off
• construction of a vegetatcd coniposíte coyer over the remodelled tailings surface. Startíng

froni the taílings, the, co-ver consists of a geo-textile layer, 0.5 m waste-rock, 0. 1 m blinding
layer, 0.5 ni compacted elay, 0.5 m protective soil ]ayer and vegetation.

[6?,, Erík&son, 20001

Tlie deconimissioning plan for the Boliden tallings pond is described in Section 3.1.6.3.4.

At Garpenherg, aecording to hydro-geological modelag results, the higher section of the
Ryllshyffan tailings pond -will he almost completely saturated with groundwater. Limited arcas
along the west and south danis will haye a partly unsaturated top-soil.

Aceording to tlic deconimissioning plan, tlic tallings pond will be covered with vegetafion. With
nunierous references froni other sites, it is anticipated that seeding direct1y on the tailings
surface wíth the additíon of nutríents W111 he a cost efficíent and rcalistic altematíve. If problenis
occur measures to reinforce vegetation, such as application of an organic coyer or similar, will
be tak-en, The arcas along the. danis that remain unsaturated will he covered if acid condítions
develop. The danis, which potentially contam acid producing material, will he covered usíng a
1.1 m thick- engincered soil cover, containing a 0.4 m compacted clay layer as the scaling
element The danis will be re-sloped to 1:2.5 - 1:3.0 hefore, covering and then revegetated. The
lower section of the taílings pond (the part that is now active) ís situated is such a way that a
positíve water balance can be guaranteed, to that ¡t will thus remain covered by water.

For se-Yeral years, contacts haye bcen maintamed with a nearby paper mill, regarding possible
use of tlicir organíc waste produets for reclaniation purposes. Tliese contaets resulted in a test
programme, which was launched ~ the upper section of the pond was completed in 2000.
The paper mill produces organic sludge aud a fiv-ash product, a combínation with properties
making the material suitable as cover material. The. supply of material is sufficient to cover the
entire pond area within 5 - 10 years, and provides the potential for a robust and environmentally
friendly teclinical solution.
[64, Base metals group, 20021

A draft plan for elosure and after-care, has bcen developed at Hitura, which has not yet been
approved by the autborities [62, Himmi, 20021.

At Lisbeen the, closure, plans were developed as part of the inifial permitting procedures and
mill be rc-viewed annually. lt is cxWcted that 5 years activo care and 10 years passi-ve care Will
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he necessary. For the TMF a permanent water cover, due to the acid generating potential of the
tallíngs, is �elleved to be the best solutíon. Erosion protection of the danis will by achíeved by
vegetation and, if necessary, by a rock cover [75, Minorco LisheenIlvernia West, 19951.

A elosure fundíng (inel. perpetua] after-care) of about EUR 14 million has been in place wíth
the authoríties since constructíon comnienced (i.c.IRL 11 million).
141, Stokcs, 20021

At PybAsalmí, the closure plan fiar the first filled tailings pond (pond A) has been work-cd out
and presented to en-,ironmental authorities, but it is not yet officially approved. The closure

*o costs are estimated to be about EUR 1 million for this pond. No detailed plans for the other
ponds exíst, but the total closure and after-care costs for the Pyhásalmi tailings area are
estimated at EUR 5.4 million. The costs are reviewed every year. The EUR 5.4 millíon needed
for closure have becn reserved in the income statement of the company to cover the closure and
aller-care cosis. This nioney, hoivcvcr, has not been deposited. So, for economical difficulties of
the company, no assurance mechanísm exists.

Productíon ís plamied to continue for at least an additional 15 vears. Rence, ít will he possible to

<* gather experiences for long-terin behaviour of the materiaí and the danis at pond A. This
experíence will he utilised for planning the elosure of the other danis in the future.

Ho-vy the taílings managenient area V5111 be monitored in the future, ¡.e. after the closure, ís not
yet determined. The maín target of the after-carc work- will he to prevent ARD gencrafion froni
the taílings (S - 10 % sulphur) and to avoid the need for collection and treatment of drainage
water for an indefiníte períod of tinie.

At pond A, the taílings will he co-vered with 90 cm of soiL The lo-vvcr ¡ayer will he clay and silt
material (about 30 cm thíck-) and the upper 1ayer will he made of moraine. The thick-ness of the
cover was determined taking into aecount site-specific design criteria and the locally avaílable
materials, Other cover materials were also considered, such as pea4 sand etc., but the final
choice was made based on economical and teclinical reasons again taking into account the
locally avallable inaterials. The central part of pond A will remain water coyered, A system tu
control the level of the water surfacc has to be constructed and will include a decant towcr and a
culvert. Finally, the surface of the treated arca will he covered with sultable vegetation.
[62, Hínimi, 20021

The existíng and the indicated ore reserves are estimated to give Zinkgruvan a mine fife for at
least another 15 years of operation. Plans for rehabilitation of the arca& alTected by the miníng
operation are designed aecording to, the present status of the rehabilitation teclinique. Since the
teclinology and the requírements froni authorities are changing continuotis1v this closure plan
can he consídered a model, developed froni todav's demands and standards.

The rehabilítafion of flic previous tailings area started in 1992 with the construction of an 18
bole golf course and was finalised in 1991 when a marina, a beach arca and resídences were
arranged in the centre of the arca. A ilionitoring programine for the reciplent of water from the
golf course arca, is now running.

Until the currently operatíng facilities are deconimissioned the closure plan wíll he reviewed at
least every five years.

The current tailings impomicíment is plamied to he dewatered and covered. Once thc arca has
been restored and rehabilitated the land will he handed back to the original owners. At that stage
it may be used for the same purposes as pre-mining Le. forestry.

The tíme schedule for the rehabílitation work- depends on the life of mine and will consequently
not be started until the mining operation has ceased, now estimated to he around 2025.
Dependíng on the choice made as to how to, extend the tailm'gs impoundinent area, which ¡S
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currantly estimated to reach permitted volumes amund 2007, the need for rehabilitation of the loexisting tailings inipoundinent may occur carlier. If the authorities demand a new tailings
impoundinent to he constructed then rchabílítution of the existing facilities will he performed.

In the applicafion for a new permit an extension of the existing tailings impoundinent is the
príniary alternative. This facílíty can tec-Iinically, by, means of raising the dam, handic tailings
quantities corresponding to another 25 years of ore production. A dani raise to a height
corresponding to the lífc of the mine will imply that rehabilitation measures are not applied
hefore mine closure. An exception to this is tlic do-,Ynstream walls of the danis that may he
rehabilitated before línal, restoration.

A 'wet' coyer ís not possíble at the existing pond as the catchinent area is too small to guarantee
a permanent water surface, coveríng the arca. Rence, a 'dry" tíll cover must he arranged in order
to reduce infiltration and diflusion and to prevent water and ox>,gen reaching the tailings.

When the pond has been dewatered the dams will no longer he subject to water pressure. Inste-ad
the dam walls can be classified as stable earth-forniations with groundwater pressure. Froni this
point on the danis cannot he flooded and will not be subjected to míner erosion, whicli are
normally the two most coinmon reasons for dam failure. During times of high water flows it ¡S
important though, that water is prevented from entering the pond,

Measures will be taken to secure the physical and cliemical stability of the danis and the tailings
managed withín the pond. Long-terni stability and access for big cquipnient can he achieved by
flattening the danis slope Irom the current 1:1.5 to L-2.5 - 1:3. The major part of the material
nceded to flatten the slopes will he put ni place siniultancous1v with the continviovis raising of
the d=s�

The slopes and the swfacc of the pond Will be vegetated to withstand crosion and to
aesthetically blend into the surroundings.

The final rehabílitafion of the tallings inipoundment can he. suminarísed as fóllows:

• excavation of by-pass ditches along the surrounding natural slopes, approximately 2000 m
• dcwatering and consolidatíon of the pond
• contouríng of the pond surface
• flattening of the downstream dam slopes
• placing of dust control cover
• placmig of the final cover
• revcgetation of the cover.

The table belo-,v gives the planned cover design. This proposal is based on reconimendations lo
from the authorities, íntemational practice and experiences from other rehabilitation projeets In
similar settíngs. The, desígn ef the cover may change o-ver time, since closure, is far off iii, the
future. Thc suggestíon below has been chosen mí order to, flilfil its purpose, with a good margin.
lt has been a,,&umed that the following mateníais will he u.wd to form a cover from top to
bottom:

lo
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0.2 m top soil
0*
te 0,5 m protective cover of moraine
tp 0,2 m drainage laver of moraine

0.2 m sealing cover of mateníal with low permeability

0.2 m dust control layer of crushed rock or sand and gravel

- tailinos

Table 3.22: Structure for cover of Zinkgruvan TMF
166, Base metals group, 20021

The water surface of the clearing pond will be lowered to a level that can he maintanted by
natural precipítatíon -vvithin the catchment arca. At this level minor arcas with tailings will he
exposed, mainly in the upper (south) part of the pond. In these arcas it is thought to he sufficient
to use a símplífied typc of the cover conipared to the cover used at the taílings ímpoundínent. lt
is assumed that this simplified cover may consist of 0.2 m of topsoil and another 0.2 m of
moraine,
[66, Base metals group, 20021

3.1.2.4 Waste-rock management

At all sites, wIterc the ore is mined underground, the relatively, stnall amounts of waste-rock-
froni developínent work-s remain underground.

3.1.2.4.1 Characteristics of waste-rock

The Aítík waste-rock has been subjected to extensive testing such as mateñal characterisation,
field-sca1c transport modellmig, hvdro-geological tracer tests, mineralogy and geology. The suite
of tests perfonned include:

a whole rock- analysis
a inineralogical investigations
a acid-base accounting (ABA)
. k-inetíc testíng such as batch test, colunin tests, humídity cell test, large seale column

weathering tests
a tracer tests to detemiine the water flow paths within the waste^rock-
a effective surface arca deteminations.

Ficid charactensaúonm"cludes

a ni-sítu measurements of oxygen concentration as a function of depth within the hcaps
a temperature profiles within the heaps
a fíeld-scale tracer tests
a determínation of effectíve diffmon coefficient
a water flow and quality measurements
a water balances,

All thAs charactensation work has bcen used in vanous scientific excreises and m the waste-rock
management planníng of the Aitik site. Activities performed are, e.g., predietíve modelling of
water quality evolution with time, equilibrium and kincticí modelfing of pore water and drainage
composítion, mass-balanw calculations, coupled hydro-geological and transport modellíng. Due

*0 to the extensive test work- done it has even bcen possible to use the information from Aitik to try
*o
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to solve one of the bíggest scíentific challenges within this area - namely the dependeney
helveen laboratory tests and actual fic1d conditions.

From these results. ft can be concluded that at Altík two tyws of waste-rock are generated -
about 65 % that will not gencrate ARD and 35 % which have the potential of producing ARD. lt
is an ven, sinall percentage that Will actually produce ARD, howcvcr ¡t IS not feasible to
separate Iís fractíon from rock that may produce ARD.

These results led to the dC.Cisíon to try, to separately deposit the waste-rock- that does not produce
ARD and thcrcby mínímise the surface arca on which ARD-producing waste-rock ¡S' deposited.
Since. 1999 Aítik mine has used a new waste-rock dump for selective deposition of sulplilde free
wastc-rock-. This dump is named 'the environmental wastc-rock dump^. The results havc also
been used in order to, develop an adaquate deconimissioning plan for the waste-rock dumps.

The environmental waste-rock is frequently testcd and has to have less than 0. 1 % S and 0. 03 %
Cu with a NP/AP ratío exceeding 3 to be accepied for use outside the mining arca and for
depositíon in the deposít for 'the environmental waste-rock- dump. Tests conducted, by different
laboratories have shown that the waste-rock quality, is usable as hallast material for roads and
rallways as ,vell as for use in asplialt.
[63, Base metals group, 20021

Within the Boliden area (5 operating mines) waste-rock- is inanaged hascd on detailed
characterisation, maínIv focusíng on weathering characteristics. ARD producing waste-rock ¡S
preferably used dírcctly as backfill. For open pit mining, ARD gencrating waste-rock is
separately deposited and at the Maurliden mine, the ARD generatilig material íS temporarily
storcd in deposits and will be back--filled into the mined out open pit at closure when it W-111 also
be permanently covered by water.
[65, Base nictuls group, 20021

1 y dolomite (limestonc). At the initial stage of the openThe waste-rock- at Mína Reocín is mainl-

pit mining, clay (marl) and topsoll werc also generated and stored separately for futurc use
during the decommissíoníng pliase.
154, IGME, 20021

At Zinkgruvan, the míneralogical composition of the waste-rock is given in the table below

(based on mieroscopíc analysis). The waste-rock consists of niainlv quartz and fe1dspar (>70 %)

and mkv contain traces of sulphide minerals. The ratio of carbonates to sulphur is > 10. therefore

tlic wastc-rock, has a high buffering capacity and wíll therefore not produce ARD. The waste-

rock is regularly sampled and analysed for Zn and Ph content, which over a large number of

samples have bcen found to he 0.3 % and 0.2 % respectivoly. The densíty of crushed waste-rock

is 1.75 tonnesím3, whílst the compact density of the rock varies b--tween 2.6 and 2.7 tonnesí nii'.

[66, Base metais group, 20021

Fraction Fraction
TMneral % Weral %

Quartz 32.8 Epidote 0.4

Plagioclase 1,0 zoizit 3.1

Mikrocline 27.3 Calcite 2.5

Biotite 4.3 Titamit 0.3

MUSCOvite 1.6 Zircon 0.3

Homblende 11.7 Apitito 0.1

Diopside 9.9 Other 05

¡Gamet 4.2 Total:

Table 3.23- Waste-rock núneralogy at Zinkgruyan
[66, Base nwtaL- gruup, 20021
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*m 3.1.2.4.2 Applied nianagement methoft
q0

llic wastc-rock deposíts at Affik are situated cast and west of the mm'c and cover an arca of
approxímately 400 ha. In 2001, 26 million tonnes of waste-rock were extracted froni the iníne,
of whích 67 % were separately deposited due to their low sulphur and metal content.

Today's strategy ís to avoid expanding the stockplle arca contaming sulplildic waste-rock. In
1999, a new waste-rock dump arca, was opened. This dump is designated for non-sulphidic
wasle-rock exclusívely, to allo-vv for Icss extensive decomínissíoning, procedures aceording to
the permít. Furthennore, the qualíty of the rock opens opportunities for Its utílisation as a
co~ction maten'aL

The selective management of waste-rock has bcen identified as a potential for cost sa-vings and
possíble revenue íf low, sulphur material wn be isolatcd. The bedrock froni the hanging wall has
a lower sulphíde content and is therefore more suitable for selective management than rock from
other parts of the mining arca. The material consists of amphibole-biotíte gneíss, whicli is
intruded by pegmatíte veins. The amphibole-biotite gneiss is characterised by a varying degree
of amphíbole banding, with a matrix of ampliffiole, biotite, quartz and to a lesser extent
plagioclasc. Tlic pegmatites contain mostly feldspar and quartz. The thrustfault fornis a sharp
contact between the hanging wall and the ore zone, making it casy to follow the contact. lt ¡S
kínown that the hanging wall is barren of copper, and earlier mapping from diamond dríll holos
shows no change in the bedrocí. The analyses. carried out show low copper and sulphur content.

A new test procedure to secure the quality of the waste-rock- was developed. This included
cheinícal analyses, acid base aecovinting (ABA-test) and humidity cell test& on dníll e.Ore
material on the fuftm waste-rock This work led to further investigations. I)ñll chip saniples

*o froni the productioll drilling were collected and tested for several different blasts, with positíve
results. Today, routínes are implemented for testing this type of bedrock- for evay blast, aiming
at rapíd1y elassíf�,ing the material for deposition on the new waste-rock dump. The mateníal
should be aniphibole-biotite gneiss orland pegmatite. Copper grades, sulpluir content and the
ABA-test are not to exceed the recommended values. All results are stored in databases.

In the latest wastc-rock- deposition plan of 1999, conditions for the selectíve management of
various waste-rock fractíons are regulated. The criteria for the wlective deposition of sulplilde
free waste-rock are less than 0. 1 % S, less than 0. 03 % Cu and a NP/AP ratio excceding 3.
Analyses are conducted on aceumulated samples froni a miiiimum of 8 drillholes representíng
150000 t of waste-rock To secure the quality, any waste-rock within 30 m froni the ore zone
needs to he excluded.

The decommissioning method involves covering the sulphide free waste-rock dump with 0.3 m
of tíll andIor other material as a vegetatíve layer. The decominissioning ís undertak-en
progressívely, and the establishment of vegetation will start within two, vears after deposifion of
cach terrace ís completed.

Surface run-off and drainage water in collection ditches is collected and re-used in the rnineral
processíng plant as process water. Collection ditches recciving effluents froni old sections of the
waste-rock dumps currently reccive drainage water with a high metal content and low pl-I. The
qualíty of the water in the diversion ditches is strongly ínfluenced by the local quatemary
geology, with elevated sulphide contents in the till.

The hydrogeologícal investigations showed that the dumps are not hydi-aulically conuceted with
the pít. The whole arca, on which the dumps are located, is covered with a 10 ni laver of lo-vv
permeable glacial till on top of the bedrock. Virtually all the inflitrated water leaves the dumps
at the toe, and is casl1y collected in ditches. Acid dramage with an elevated content of copper
was ¡bund duríng the 1970's. Detailed field investigations in 1992 - 1993 estímated the annual
anioxint of copper leaving the dumps to be 80 tonnes, of which 55 tonnes oníginated from the old
marginal ore stock-pile. The conwponding overall amount of sulpliate was 4000 tonnes
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To divert s~ nm-off water channels were constructed along the benches and down the
siopes, using geotextile and till. It soon became, obvious, that a different: solution rcg~g the,
s~ water nceded to be devel~ as crosion from snowmclt water severely damagod, the,
cover. Replacement: using new till and erosion rc~t waste-rock was an immediate solution,
but for future, cover, ~, surfwe water irnanagement solutions must be desi~ in a way that
does not endanger the integrity of the cover.

The placement of the cover on the slopes, on the olher hand, did not OOnst:ítute any problem.
The 1:3 siope is shallow enough to allow normal operation of the conventional construction
machinery.

In the coming years, affirtional sections of the waste-rock dumps will be coyered in order to
reduce the exposure of thr, waste,.rock to oxídising conditions and to núnmuse the m~

*y handlipg and costs. Therefore for future míne developments cover placements will be
synebronised with the overburden removal.

Since 1999, the Aitik mine has used a new waste-rock dump for selective deposition of sulphide
free waste-rock This dump has so far received 40 milfion tonnes of waste-rock- lt is frequently
tested to verify that the permitted values, less than 0. 1 % S and 0.03 % Cu and a NP/AP ratio
cxw~ 3, are met Tests conducted by different laboratories on the chiP valuc, britticucss,
bafl mill hardness and particle density have furthermore, shown that: the waste-rock quality is
sufficient for it to be usod as ballastm~ for roads and rail:ways as weil as for use in asphalt.
[63, Base metals group, 2002]

in the Bohíden underground mmes large quantíties of waste-rock are moved ~y to míned
out arcas within the mine. On1y the waste-rock that is not: used for backfilling ¡S brought to the
surface. In open pit; irninin all waste~ has to be brought up to the swface and deposíted- At
closure, some of the waste<wk, e.g. h~ acid generaúng rock, may be backfilled into, the
míned out open pit

Dunng 2001 the following amounts of waste-rock were used for backfill and were deposited
within U Boliden mining are&

Wa~reckand la Wasterock
ha~ d~ted
&-) Od)

Pen~m 82.1 -104.0
PC~ 103.4 -15.7
Krisümbcrg 127.6 4.6
Lkurliden 875.7
Ak~ 24.3 -21.0

Table 3.24: Am~ts ofwmte-~bacl~ aud depos!W In the Be~a~

W~-rock froín deposits at the Petilmás and Akerberg mmes has been backtílled (hence
negative values). The waáe-rock dumps at the Re~m mine have decreased sígnificantly as
material firom the, dumps has bcon used in the construction of a regional public road.

Generally ¡t can be concluded, that the managed waste-rock quantities are relatively limitedL with
the c~tion of the Maurliden open pit mine.

The wasto~k is managod based on a detañed characterisation, mainly focusing on weath~
charact~cs. ARD producing waste-rock is preferably used dircaly as bacIffill. For open pit
míning, ARD generatíng wasto-rock is w~y deposited and for the Maurliden mme, the
ARD gencratíng matenal is temporanly stored m deposits and will be backfdled mtO the open
pit upon closure, where, it will then he permanently covered by water AU wastesíock d%)0sits
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are surrounded by diversion ditches and dramage conection ditchos. lfre~ the drarnage can
he treated before discharge.

Topsoil and moraíne are deposíted separately for future use in the decommissioning of the site.
[65, Base metals group, 20021

The Lubm, Polkowice-Sieroszowice and Rudna mmes m the L"Wca-Glogow copper basín
produce two ~ of waste rock. The first tA>e of waste-rock is generated during the
devolopment of the underground mines. Due to the different shape of the deposit in cach mino,
the amount of the wastí-,rock is varies. Annually, the Lubin mine produces about 450000 t and
the ~a mino about 600000 t. The Polkowice-Sieroszowice mino produces ten times more
(6000000 t.), bocause its deposit is the thinnest (0.4-3.5 m) and in many places ¡t is necessary to
extract waste-rock and ore al the same time and separate them on síte. All waste-rock is utilised
as solid bwkfdl in the mined out stopes or for underground road construction

The other meam ofwaste-rock which oecurs períodicalb comes from Ihe construction of shafis
(e.g. in 2001, 61500 t of waste-rock was extracted for the construction of a shaft at Rudua
mine). This material is stored on heaps, which are shaped and reclaimed.
[132, Byrdziak-, 2003]

At Mna Re«ffi, the wasto-rock- is deposited into an mined out part of the open pit. The old
waste-rock dumps generated m the initíal plíase of the open pit mining are covered with soil and
re-vegetated. Restoration is done using clay (marl) and top soil separately stored for this
purpose 163, Base metals group, 2002].

At Zinkgruvan, about 0.2 míllion tonnes of waste-rock- are produced annually in preparation
works. At the end of the mine life, ore production will he possible for a couple of years without
any waste-rock generation. lle waste-rock- is used for construction of the tailings dam, as
backfúl in the mine and is also sold outsidc thc mínc. About 0.5 million tonnes of wastc-rock is
managed on the surface elose to the old open pit as a noise barrier around the east part of the
industrial arca. Any surplus of waste-rock is managed in deposits that are managed by an q*
externa] entrepreneur »ho crushes and seUs (he material to third parties. During the, 1996 - 2000 q#
58 % of the waste-rock has been sold.
[66, Base metals group, 20021

3.1.2.5 Current emissions and consumption levels

3.1.2.5.1 Managenwnt of water and reagents

Water consump-tion
The fofloving table shows the water consumplion and percentages of re-used process water of
base metal sites.

water ha min. ofwhich of which
Ore processed consumption proe. plant fMM from mine

Site (tmmeslyear) tonne (0/.) TMF (%) (%)
.Altik 17700000 1.8 100 100 0
AImagwm 1000000 3.2 0 0 0
Boliden are-d 1450000 3.2 0 0 0
Garpenherg 984000 2.9 68 100* 0*
Hitura 518331 6.2 100 90 10
Mina Reocín 11~ 2.0 100 0 100
PyhásaIni¡ 1250000 5.3 0 0 0
Zinkgruvan 850000 2.7 63 73 27
*: rnine water first pumped to TW

Table 3.215- Water consumptiún and water usefre-use of base metal sites
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_íNc,-_ -at ÜIC P\I-,Z4-znlíii. a -,k4, BvIidep s te.s \� ater is ally w Ji-L-1 tI.C íuiiizrak
processmig pl in t.

w Aitik P.,aji. k!ses re-uscd kk ¡leí- froni the. �, 1
Cor-df(0011s (he Cilúre \, iter ct,*Iiltiillí)tioll, 31.5 X41113/\ r, is stipplied b\ re-k¡,j_-d -,k.iter from

-9 in�' of kkater IÑ�r tomie of ore prow.sseÁI u` i di-the tailings pond. in qL.
process plani. In die sno\\ smelí pe.n'cxl. e-\.c�ess \\aler is normally released from the clarificatioli
fond to the recipient Tlie released water is, of q,,wld quallí-, alid no water trcatíllent íz pequired

ksc�e. Section 3. 122-5.3).
[63, Base. me,tals joup- 2002

From [¡le Garlwnber- mine the mine -YN ater is punipcd to thc mincral processing plant and used
as precC.SS \� ater ¡t i� pumM tinether \N ¡th die tallin.,s lo the tailinú pond s\ stem -,Nhe_f
Nsater treatment oecurs- tfireugh iiiterdetion \%Ith the fresh milleral surfaces \Nhich effectt,,el�
absorb an,, dissolsed metals. Froni Garpenbera Norra the mme \%ater Is releascd (o the
recípieni. after clanífication. At the GarKtibci-g mineral processing. plant the consunipticIi Of

%N ater \% as, duríllo \ car 2WIl 1.95 "kfin' and the cÁ)iisump�tion of fresfisk ater during
the same períod N%as 0.93 NImj. Tlic. discharge from (he tai"gs pond amoutitcd to 4.55 kfríi'.
GU( of this kolume approxmílatel\ 50 \%cre re—circulatod te, the mincral plant aTíd

ore-used as proc-ess hk,�ter The remaúnmg 50 \N cre dischar.ed lo a lake.

Al flitura- tli�.: Jan'lijú Crum flic TkIl. )"b re-circulated lo [he process, Tlic amoun( Offiri-S
svater íS carr;zTondin- te almast 100 % of"thc total imouni of ivater used in the process- Thi4_
system deves not si\e reagen6 significanth, because flotation chenilcals sucli as xanthate and
frolhers are &compowd m the tailipgs arca and the tadings material consumes the sulptivirie
acid The xs ater balance is presented i n flie llígure belos\.

Tap water
6000 M3

Mine wate
0.9 ... 1.2 Mm1

jr Mine
(for balancing

0.3 ... 0.6 M water losses)

Washing Biological 1 ()000 M3

IM Roorns etel
mili

treatment

<
Tap water LRe-:circulating water
10 000 m, MM32.9

Settling TO0
< pond Tailing water

yo 0—0.4 MM3

Rainfali Water lc >und water

vff 1 i 3.25S: \\ acer halance a( L-Iiiii i a
162, Hfirnnú. 20021
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ft ic-
use,d 111 the niffl (niffieril processing plant) \arles bct\\ccii 99 to 10WI'o (0 lo 0 4 Min' lo the

The mines m, the Legnica-Gíouoii copper Inúsin pump a total of aboitt 90000 111� Pet da\ ofe.
ninve Y, iter, Tlic CL'-,zontcii't of this k% ater ranges froni 0 � to 1-27 o-.1 and lhe ÍS
aromid 2 íiT Hti\%cver- the actual arnomit of \�ater ptimped lo the -,urf'acc is Iii-1 1 glier, and IU,
Salinit\ lomCr- hecaúsc of lidditií-"Yíi.il \kater strcanis. froni atid flush Kiríne, Alt
these ss aters combined are- Lifilised in the mincral pl,--Uit
[1317 13,,rdílik. Y1031

At I.Nheen. preicess NNaler is re-used anud suppleniented ��itli \vater reclaimedd fram the TlivIF
73. L. 11 a Wcs 1.

At PybAsainfi. there is no re-use for process \\ ater froin the TNIF area to the process The
reason Klinc- t�y1,stitii (CaSO-)i fin the kka;rv flic- Tfirrú
onl\ an Infernal re-use of \\ater in the process- sOiere \;ltcr from Ibe flúekener in the p�rite,

1.�z rctuf-Y)C�d to [he circult te, sak e sulphuric acid Di the p� rite flotation aud hm,�
in the Cu-llotation Tfiís anlount of -,valer Is zarresponding to 10 %, oí' the total aniounf nocided
Ín *t%,C niffieral Plafil

Fresh N%aterIs pituipcdfroni alake, Tlic \saterbalancefor 2001 Ispresented in (he

Diffling waterl IM At:currifiated surtace water qo

250000 fil Mine
2456OOrn'

Water m the
,:Ufl<-efltl ates 65000ni,

j'cJUY,

Fiesh vimer 8672000 tn'

A

C

7100000 in
MM

POND

PO�0-- POND T,�iline,�

5540 00 ¡ti L

C001flig water

150000ti)� Maint

211010 ni The tMal �:lip.nge of n-
Residential sur-face levels in tlic Pc,nci--

312000 ni`

P%b5sabili foi ¡lit. %cai 211111
2, Himnú, .!üü.2

At Zink-<,-rti%-an the sNater colistiniptio1) [ti lile 1111FICral proceSS111- pliIIII IS

kyr 2 4 kfm �f\ r In total. The \N ater requuenient is co\cre-d h\ fresli\\,iter suppl,,
froin nearb\ lakeb zuid b-, of \%ater from (he talIMP pond (partl\ Drocess \%ater ¡ni¡
parIN niíii,�

The nialíl Consufliption k-if svater Is in the actual proc-ess. 111 the paste fill atid for cevolin-
p~es TlicenIM- %kaler balz;i-icc is illustraled iii the figure
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AMMELANGEN
VIKSJóN

501110 I/s annual averagelmax

qv TO SALAAf. Pumping when the vn, ter supply in Trysjón
Min 10 lls kl�l'iriter is insufficient for the. minímuni flu,-

f,lin 15 Us Sumnier Emergeney
spillvíay

1� TRYSióim!

751140 l1s annual averagelmax

411103 l/s
102 lls

3 l/si Conipressor-�
Cooling

22 I/s.

Í
-,Recirculation station

i

'53 lis

CLEARING-POND MINE

4711s

Fkt-rshytte- App. 100 lis
backen

Net precipitation 17 lis
qw

TAILINGS POND5
E

MOSSE
NEMOSSEN

growth ca. 5 lis

'U Seepage through darli bodies ete.
app. 15 115

Fi1,ure 3.27 Wnfer for flit- (oper;itii>rt� %Iunin tN annual aud

jhb, baw nieta¡% gnpup, 20021

Reagent constimption
-nie rollo-,hine lables ille reagents used al, base uietal iulneral processing planis Note (hat
e\ anide can he used for tss o ptirposes- as a dcpressant for splialcritc. p\rite aud some copper
rulphidcs (--,r as a leachate fcr gold.
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site
Aitik Almagre a Mina Reocín Boliden Garpenberg Hitura Lisheen l�yhiisalmi Zinkgruyan..

cagent Consumption Constimption Constiniption Consumption Consumption Consumption Consumption Consumption Consumption
Group: Type: g/t g/t g/t /t g/t g/t g/t g/t g/t -
COLLECTORS

Xanthates 209 300 135 250 100-120
Thionocarbamate 10�9

FROII-IFRS 28
SyIvapinc 150 50
MBC 8.8 30-40
Dowfroth 0,9

ACTfVATOR
Copper sulphate 441 433 876 500
Sodium sulphide
Sodium hvdrosulphide

DFPRESSANTS 90
Sodium eyanide 310` 4
Zinc sulphate 92 306 234 400 30-50
Iron sulphate 47
Acetic acid 15
Sodium chromate 30 10
Dithiophosphatc 55,1

PH
Lime 408 3448 773 350 4368' 9000
Sulphuric acid 7500 5607— 12000' 300-500
Sodium hydroxide 30 400-600
-Nitric acid 150
llydrochIoric acid 1

FLOCCULANTS
cmc 100
Other 13.5 1

OTEERS
Soda ash 472 1
Tlotation agents" 19
Sulphiu dioxide 869T-

1, No inforination about collector type, probably xanthates� 2. U ed in cyanide gold leaching; 3. Based on 100 % H?SO,
4. For CN destruction after oyanidation; 5. pH and water tr-catinent; 6. pH acid to leacli

Table 3.26: Consumption of reagents of base metal sites
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As an altemative to xanthates as collector there are a number of dífferent brands on the mark-et.

These collectors are of the type diary1dithiophosphates. A change into those collectors incans

for Zinkgruvan a change of the flotation process into a straíght selective leadlánc flotation

process. The overall costs for chomicals in that process is twice the costs compared to the actual

process used today. flús is due to the fact that a set of olher chemicals will he used í.e. Copper

sulphate, sulphur dioxide and slak-od fime [66, Base metais group, 20021.

3.1.2.5.2 Emissions to air

m Tlie emissions to air for the Rofiden site are discussed in the precious metals section.
00
fu The Aitik site follows a comprehensive monitoring programme for emissions to air, At the site

q0 there are mainly tliree sources of emissions to air:
emissions from the drving of the concentrates
emissions froni blasting and diesel vehicles, and
diffuse, dusting from the whole site including the tailings pond.

However, emissions from blasting, diesel Ychicles and the drying of concentrates are not part of

the scope of this document. lt should he noted, though, that drYing ovens are gradually being
replaced by filters.

Tlie díffuse dust immissions are nicasured at 8 monitoring points at the site as sediniented
particles. Thc collected saniples are analysed for copper and the total weight of sedimented
partielos (normalised towards the, surfac-o area of the collector). The results are suminarised for
the years 1999 to 2001 in the table helow.
[63, Base metals group, 20021

1999 2000 2001
Monitoring Sedimented Cu Sedimented CU Sedimented Cu

point particies particies partieles
mglnl�nionth mi-líi2month mW¿month mg/m�month mglni�month mgln�month

S 1 1210 1.5 1910 2.5 3030 2.6
S7 450 0.4 330 0.3 480 0.4
SS 394420 21.4 55550 19.8 23440 12.7

qp
S9 1100 0.7 720 0.3 2610 1.01
S 10 920 0.9 750 0.7 540 0.5
Sil 690 0.7 1200 0.8 480 0.5
S 12 1820 0.8 1360 0.8 1000 0.9
S 13 520 0.3 860 0.5 780 0.4

Table 3.27: Measurements of total sedimented particies and Cu at Altik
[63, Base metais group, 20021

At Garpenherg, there are mainly two, sources of emissions to air:
a the drying of concentrates and
a ventilation froni the mines (S02, N02 and CO-,)
164, Base metals grotip, 20021.

At Bitura, the main sources of emissions to air have been identified as:
a dust from the industrial area includIng TMF and mineral processíng plant
a dust from roads.

The area of influence is monitored at severa] collecting points.

Dust ftom the TMF is a problem in dry and windy weather. Attempts have been made to
prevent dusting by coyering the banks inimodiatc1y after raismig with soil material and using
lime siurry on the banks. Also the water surface level in the tailings pond is kept as high as
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possible in the summer time and tailings distTibution Is arranged so that the beach area is kept as
wet as possible. id
[62, Hínimi, 20021

In the Ugnica-Giogow copper hasin there are three types of aírborne emissions:
• dust, heavy metals, W and N02 emissions from the ventilation shafts of the underground

mines
• dust, hea-vy metals, S02 and CS, emission from the three minera¡ processing plants
• dust emissions from the dry surface portion of the tailings pond.

As to the latter type of eniíssions, ¡t is the beach, which constitutes a considerable source of dust q#
emissions, especially on -4indy days. To reduce this dust a water 'curtain� is installed on the
crest of the dani. Additionally, to stabilise the surface in swtjons which are temporaríly dry, an
asplialt emulsion is sprayed from a helicopter, Currently, additional water 'curtains' are being
tested. These are ínstalled inside the pond on the beach at a distance of 150 m, and are put into
operation when a dry section, after reinoving the asplialt cover, is utilísed for dani construction,

In the vicimb, of the tallings pond an air monitoring system has been installed. Thís consisis of
tliree contitmous incasurement stations, one meteorological and one central station. The
measurement slations are equipped with FAG airborne dusi ineasurement devices, which
measure particulate inatter (total). There is also one more station, owned and oporatod by the
local inspection authoribr. The result for total particulate matter imission are shown in the
followíng table
[132, Byrdziak, 2003J

Measuring point Annual medium particulate matter (total, pg/n�).
(distance from

q0the dam)
Yearl998 Year 1999 Year 2000 Year 2001 q#

Rudna (1000 m 36.3 34.3 29.2 33.6SE)
Kalinó-,vk-a (600 m 33.9 29.1 28.7 30.2NE)
Tamówek (500 m 35.7 34,0 31,3 23.9SW)
Loc

i
al author1ty's

18.0 14.8 12.7station (1800 m 24,3
SE)

Table 3.28: Dust immissions from tailings pond in the Legnica-Giogow copper basin
132, Bvrdziak, 20031

Furthermore annual medium concentrations of particulate inatter (total) and metals content in
ambient air within close proximity, (60-2250 m) of the tailings pond aire measured. The results
for 2001 are shown in the following table,

Particulate Metal
size

CU Pb Zn Cd As
(PLM) (['g/M .3

Wg/m
3 (ptg/M3)

D241 LO-70.0 <0.01-0.07 0.05-0.26 0.001-1,321
0.0001- 0.0001-

1 0.0226 0.0515
D,n� 1 12.7 1 0.019 0.099 0.151 0.0007 0.0038
1 . the raiigeof24-hotir measurernent r"flts
2. medium amitial value

Table 3.29: Annual medium concentrations of particulate matter (total) and metais content in
ambient air within elose proxinúty (60-2250 m) of the tailings pond in the Legnica-Giogow copper
basin
1132, lyrdziak, 20031
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At Lisheco, the emissions to the atmosphere are monitored using the following measurements:
a point source
a ambient air
a dust deposition.
[41, Stokcs, 20021

Tlie emissíons in 2001 are listed in the following table.

Parameter Unit Quantity
Particulates kg�yr 3375
Nitrogen Oxides kglyr 243266
Carbon Monoxide kg�yr 129546
Carbon Dioxíde kg/yr 186713872

Table 3.30: Enússions to air at the Usheen site
176, Irish EPA, 20011

At PyhAsalm¡, the mam sources of emissions to air have bcen identified as:
a dust and S02from concentrate drying in the minera] processing plant
a dust from the TMF
a dusi froni concentrates loading arca
o dust from roads and industrial arca.

Dust enussions are measured at several collectilg points. Tlie maín purpose is to survey the arca
of influence. SM'ce June 2001 einissions have also been controlled with an automatic device,
which continuously tak-es measurements.

Dust emissions from the talfings management arca is a problem in dry, and windy weather.
Attempis have been made to provent this by spaying lime sluny on the bankis.
[62, Hinuni, 20021

to
to
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3.1.2.5.3 Emissions to water

Tlie following table suinmarises tlie total einissions to water froni base metals sites.

Site
Altik Boliden Garpenberg Ifitura Legnica- Lisheen hásalitú

1
Glogow

Py

Parameter Unit Year
2001 2001 2001 2000 2001 2001 2000

Discharge Min-' 6.44 11.10 2.60 0.08 21.1 22.9 6.89
Ca t/_yr - - -

-
- 26164_ -

--
4727

so, t/yr - - 254 58742 - 12057
COD t�yr - - - - 654 51.4 334
Solids t/yr - - 6.2 0.9 633 89.4 47.1
Al kg/yr 446.0 - - - - 2465 -

As kg/yr l.7') 156 18 422 - -

Cd kg/yr - 1 0.8 591 8.1 7
CO kg/yr 5.3 - - - 1 -

Cr kg/yr 0.Z'_- - 25 1160 - -

Cu kg/yr 36.0 72 40 1435 28.5 309
Fe kg/yr 24 9495 1412 9141
Mn kg/yr - - 565 -

Hg kg/yr 0.1 0.3 - 6.33 0.6
Ni kg/yr 5.77-- - - 107 - 311.9
Pb kg/yr 0.1 191 52 - 3376 263 -

Zn kg/yr 34.6 1070 586 949 2321 1464
N t/yr 17.0 - 6.5 21) 130 40892 -
CL- 1 1 176269
3. Dissolved metais, sample is filtered in the field before ft is acidified
2. Year 2000

Table 3.31: Total emissions per year to water from base metais sites

The annual total discharge froni Zinkgruvan was
1,5 MM3.

Table 3.32 shows die concentrations in the emissions froin tailings managenient facilities.

Site

Aifilí Garpenherg 1 Legnica- Zinkgruvan
Glogow 1

Parameter Unit
2001 2001

Year

2001 2001
pH 7.1 10 7.9 7,5

Susp. partieles nig/1 2.4 30 3.1

Mineral oil mg/1 - 0.1 -

Copper (dissolved) pg/1 2.1 - -

Copper (total) m/I 7.3 15 68 2.7

Zinc /1 1.7 218 45(total) 220
Lead vig/1 0.02 20 160(total) 27.3
Cadriiium pig/1 0.004 0.37 28(total) 0.3

Arseme 0.3 20(total) 1.9

Chromium /l 0.004 9 55(total) <LO
Mercury 0.009 - 0.3 (total) <O. 1

Iron 8 - 450(total)
Aluminium -1/1 38.5 -

N-total M9/1 2.6 -

Table 3.32: Conemirations in emissions from base metais sites
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At Altik, water sampling is carried out at the discharge point (clarification pond) and at 12

sampling stations in the river systems aecording to the regular monitoring programme. The

sample,s are analysed for sevcral metals, conductivity and turbidity.pl-I, N-total, oll, S04-S,
Water was, during year 2001, only discharged from the clarification pond to the Le1pojoki river.
No discharge was done frani the recycle pond nor froni the reeyele channel [63, Base metals
group, 20021.

The ernissions to water froni the Boliden tailings pond are deseníbed in detail in the pre-clous
metals section.

Garpenberg follows a broad monitoring programme for surface waters as weIl as recipient
sampling and control, which is carried out within an integrated programme for the catchinent
arca (the main river 111 the arca). This progranime contains water sampling analysis, fish
investigations, sedinient and bottoni fauna investigations. The discliargo from the tailings pond
is sampled by an automatic sanipler ever,y two hours and a composite sample is produced
nionthly.

Sufficient water quality for the proc-ess and for dischargo is obtalued in the tallíngs
pond/clarification pond systeni. The main contaminants are Zn and N predominantly froni the
mine water. The mine water contains approximately 4.5 mg/1 Zn and up to 50 ing/1 of total N.
Major reductions in the. discharge of Zii to the environment have bcen obtamed by pumping the
mine water together wíth the tallings slurry to the tailings pond, whereby the Zn adsorbs to the
mincral surfaces. Laboratory test work- has shown tliat the method effectively reduces the Zn
concentration in the mine water froni 4.5 ing/1 to less than 0.2 ing/1 in 40 min.N compounds are
partially degraded in the taílmígs and elarification ponds, In 1998, it was estimated that about 10
tonnes ofN was added to the svstein froni the mine water.
164, Base metals group, 20021.'

At Hitura, emissions froni the TMF to groundwater haye bcen reported. Exact figures are not
available. The flow of groundwater has been cut and the contaminated water ¡S back--pumped
and led to the ríver [62, Himmi, 2002].

In the Ugnica-Giogow copper basin tailings pond to kcep the balance of water and its salinity
ni the- Clircuit, an average

of 60000
M-'/d of clarified water, contamímig 16-20 g/1 suspended

solids, must leave the system. The discharged water is pumped to the Oder níver by a pipelíne of
17 km. The amount of the water is controlled to corrcspond to the current river flow, so that the
sum, of clilonides and sulpliates in the Oder does not exceed 500 mg/l. To eliminate a local

M., systeni distributes thehigher concentration of suspended solids in the river, the dischargí P
di scharged water at the bottom, across the whole cross-section of the ní ver.

The concentration of suspended solids in water leaving the pond varies, depending on its current
volume 111 the pond and weather conditions. As the suspended solids contamí hea-Vy metals, a
water treatment plant is teniporarily put into operation to elean the. discliarged water to the. level
of <50 ing/l.

The purification tecImology is based on coagulation (with about 300 ing/1 ferric clilonide)
supported with polyelectrolyte praestol (I mg/dm3) and sedimentation in a lamella seffling tank.
Table 3.31 and Table 3.32. show total emission to water and concentrafions in the emissions
from the tailings management facilities.
[132, ByTdz1aki, 20031

*o At Lisheen arsenic is trcated with ferric sulphate if the concentration in the discharge is above
0.0048 mg/l. Thereby the arsenic is precipitated as meta-stable fcm'c arsenate compound.
Similarly if eyanide is added in the process as a suppressant and the concentrations in the
discharge approach 0.048 ing/1 the CN will he destroyed [75, Minoreo Lisheenflverma West,
19951.
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3.1.2.5.4 Soil contamination q0

¡l! Z111 arL,:1 (,l' ibotit 400 ni airmid lile 1 "NI¡. 'orl coritanilillitton \Xir, al Hitura _,N�
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Chapter 3

3.1.2.5.5 Energy consumption

Tlic foflovang table sunimarises the energy consuniption of base metal SA...

n- Enit SiteEnert
consumption__

ífik Boliden Garpenberg Hitura 1 Pyhásali-ni Lisheen l
Tí1-111-- Tl-M,-P -11 n/d n/d n1d rVd n,'d

"J"Mineral kW1,/V 1141 nid 11/CI 321.8 �-34-.199 47.3

plocessnig

(-jWh' n.1 1d li/d n/d n/d 'd---------- ^ ------------ - ------------------------------------ ------------------- ir/- _ ^ ----- 1 ---
Grinding kWh'Y 11 - 19 n/d n/d 1-�d 20.6 i

Devaterinj klKIVV II/d n/d 0.22 3.9 n/d i
TW k-WIr/C 3 1 1

Waste-rock n/d 11/11 n/d n/d ri/d n/d

'10tal kWIVt n/d 111,d 11/C] n/d II/d

lota1,11-1- ---- GW-11- -54 5. -5- -214.6 l�-z 11/LI n/d n/d
enenáes

kWh/t 30�7 148 126 n/d n/d rI/d

Ore processed riríllion 17.77 1,45 0.98 0. 5 2, 1.25 1 15
tonnes

1, I-Jectrical enerov
2. Total = nirne+mineral processing,

Table 3.33: Enertn- cionsumption at base metal sites

3.1.3 Chrornium

q0 This section contains information about the Kerni cliromium mine in Finland. All M*formation
tak-en from [71, Himmi, 20021.

3.1.3.1 Mineralogy and mining tectiniques

The chroniluni ores at Kcmi are associated -%vIth a mafic-ultrainafic la-, cred intruston \\, Ith1n tl-te
contazt bebveen inignialite granite and schist. The forniation stai1s a¡ the tovii of Keiiii and
extends approximatel-, 1-5 kni NE. with a maxiiiiiini Nvidth of 1500 ni. The conipact el-u-omltc-
rich honízon appears, 50 - 200 ni ahoye the bottoni of the fórniation. The tlilckiic,;s of tlic.�
continuotis chroinite liorizon varies froin a fe-,v inillimetres to a couple of ni. but in the
Nuotti.ji�n,I-El�iárvi area., the chronilte laver contains eiglit lavers. whicli are economically viabic
over a distance of 4,5 kin. Both liost rock is serperitinite and talc-carbonale rock. Idioniorfic
C-hronille IS the Oniv ore iiiincral iippc�wiiig ni econornic quantities, The averape cÁintent offlic
ore is 26 % Cr-03 and flic CriTe ratio 1.55,

The Kcmi chronutun niffle is in open pit inine with a NNaste-rock to ore ratio of 55. 1. The inille
production in 1999 was abovil 250000 tonnes.

3.1.3.2 Minera¡ processing

At Keini, the ore froni the mine eontañis 11 % iron and 25.5 '/o ('r,O�,. Afier tlic niffieraf
processing the conc-entrate contains bebveen 35 % Cr,O-- ni tlic coarse. frac-tion (lunips) and
44 % of CrO_� 111 the fines.

Tfiz flow shect of the Keral ,¡te Is g Iverí belo-,i7�
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FLOWSHEET OF THE KEMI CONCENTRATOR

CRUSHING PLANT
2 HEAVY MEDIUM SEPARATION PLANT

64

3

4 7
7

M¡ddl¡ngs Waste rock

Upgraded lumpyore

CONCENTRATING PLANT
10 13

13

rl2Z
8 10

12
.

11 -Tailings

8 088, oo co
10

3 14

Tallings Metallurgical grade
concentrate

1. Reciprocating feeder 6. Drum separator 11. Cone concentrator
1.4.2001

2. Jaw crusher 7. Dewatering screen 12. High-gradient
3. Screen 8. Rod mil¡ magnetic separator
4. Cone crusher 9. Bail mill 13. Thickener AvestaPolarit Chrome Oy
S. Washing screen 10. HydrocycIone 14. Drurrí filter Kemi mine

Figure 3.29: Flow sheet of the ndneral processing plant at Keruí
[71, Hinuni, 2002]
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Chapter 3

The process steps will be explained in the following sections in more detail.

The mineral processilig plant operates at 207 t/h.

Sizc reduction at Kenil ís carried out as follows:

a crushing in lliree stages with ajaw crusher and two cone crushers
a grinding in two stages with a rod mill (0 3.2 x 4.5 m) and a ball mill (0 2.7 x 3.6 m)

y* The following equipment and tecluilques are used at Keini to separate the mineral from the

*y gangue:

tp a two drum separators and three dewatering screens in a heavy medium separation plant for
lumps
nine cone separators and a high-gradient magríctic separator in the concentrating plant for
fine material.

3.1.3.3 Taffings management

3.1.3.3.1 Characteristics of taffings

The cheinical composition of both typcs of tailings has been detennined and leaching behaviour
(max. solubility /DIN 38614-S4 by Kuryk's niethod and long-term behaviour) have been
investigated in laboraton, seale simulation tests. Also laboratory scale wind erosion tests have
been done. In the tallings niateníal, the most significant contents are Cr and Ni, which occ-ur as
insoluble compounds and are considered by the operator not to cause any negative effects.

3.1.3.3.2 Applied management methods

The TMF consists of tlirec active and tlirce decommissioned ponds and a total arca of 120 ha.
The tailings are puniped from the proce-ss to a first pond where the solids settlc before the free
water is led to one of the two clarification ponds. Water is re-used in the process. Excess. water
is led to the river system. One of the decominissioned ponds has bcen covered and landscaped,
the remaming two await landscaping.

The distance between the mil] and the TMF arca is about 1 k-ni. A streani runs just beside the

00 ponds, The quality of water in the strcam is poor as ¡t comes from a moss arca. Ven, close to the
mine and the TMF there is a moss protection arca. So, in respect of flora and famia the arca

issensitive. Drainage water leak-s direcl1y to the streani without any special collecting ditch and
control system.

No baseline studies have been done,

The TMF has been built on fiat land with paddock-style danis. The starter danis haye been made
of moraine and are founded on stable and low pernicable soll. The supporting body has been
made of broken rock. Where necessary, to improve the stability of the dams there are countor
banks are built.

The tailings froni the process are distnibuted direedy from the tallings pipe around the first
tailíngs pond. The outlet is inoved periodically so that the pond will be equally filled. The danis
are raised annually with niorame and broken rock- as a supporting body. External experts are
usually involved when plarís to raise the dani are first made.

The dani of the ciarification pond is made of moraine and lined with broken rock to prevent
erosion.
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q#

The tailings management arca was designed in 1960's and no closure or after-care plans were q#
tak-en into account at that time. However a risk assessment has bcen performed morc rccently. *0

3.1.3.3.3 Safety of the TMF and accident prevention
q0

The systeni has bcen constructed so that the surface of the water in the tailings arca can be kept
in balance and the excess of water, from rainfall etc., can be removed mí a controlIcd manner.

The tailings management arca is inspected daily by, the operators of tlic mineral processing
plant. The danis are M'spectcd annually by an extenlal expert and at 5-year intervals by the dani
safety authority. The comments have to be recorded in a Dani Safety Document.

As a result of recent legislation a documented cinergeney plan must now be created.
[71, Himmi, 20021

3.1.3.4 Waste-rock management

Currently at Kemi waste-rock is deposited in tlirce separate areas close to the mine. From 2003
the mine production will gradually change towards underground mining. The annual amount of
waste-rock will therefore decrease and by the end of the decade all waste-rock will be direct1v
backfillcd 111 the underground mine. Waste-rock material from the old waste-rock dumps will
also be used as back-filling material in the future.

The most important design parameters m the construction of the waste-rock- heaps were:
• high stability of strata
• low permeabílity of the underlying strata
• short transport distancc from mine
• good possibilitícs for material use in the futurc,

Drainage from the waste-rock dump arca is not specifically monitored, but emissions are
included m" the emission figures (see Section 3.1.3.5.3), relating to calculations made according
to regular samples taken from the stream both above and below the lilining site.

Part of the drainage water is collected in a ditch and is led with other dramiage waters from the
industrial arca to the tailings management arca. There is also a part of the drainage that drains
direct1y to the nearby- stream.

3.1.3.4.1 Site closure and after-care

No plans for closurc or afícr-carc have bccn inade. Also, no moncy has becn reserved for the
closure and after-care.

The expected lifeúme of Keini Chromium Mine is tens of years. Therefore no closurc plans
have bcen devc1oped, as it can be assumed that both techulícal and economic plans Will be
further developed. There are no legal requirements to reservc money for the closure and after-
care.

As described above, waste-rock material will be uscd as the backfilling material in die
undergroutid mitie in the future. However, not all the stockpiled waste-rock will not be required
for this purpose. No alternative use for the waste-rock can be fóreseen. A plan for landscaping
has been made, but no further closure plans exist.
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3.1.3.5 Current erníssions and consumption levels

W 3.1.3.5.1 Managernent of water and reagents

The following table shows the reagents and steel in the mills consumed per tomie of ore
processed.

Reagent Consumption
(g1t of ore processed)

Flocoulant 13
Steel balls 50
Steel rods 200
Ferrosilicone (for heavy media separation) 80

Table 3.34: Consumption of reagents and steel at the Kenú site

In the process tlicre are arrangements to carry out internal re-circulation of process water to
minimise firesh water consumption. Re-use of the, clarified water from the tailings management
arca covers almost 100 % of tlic total demalid of water mí the process. Sometimes (usually.
when a dam raise is ongoing) it ís necessary to add fresh water. Excess water from the systein is
rcinoved to the streani vrithout any furtlicr treatment.

A water balance is not avallable.

3.1.3.5.2 Emissions to air

Dust emissions are not regarded as a significant probleni. The mineral processing plant has
installed de-dustilig equipment. The dust emissions from die mineral processing plant have bcen
estimated to be around 1.8 t/yT. The area of influence is assumed to be very Iiiinted based on
resuits from moss nilvestigations. At intervals of five years sampling of moss is carnied out for
determination of heavy metals and suspended particles.

Dust from the open pit and loading arca has been estimated to be around 30 t/yr. Also 111 this
case the arca of influence is ven7 limited.

Emissions from the waste-rock dumps to air are not specifically monitored. Howe-%,cr. any
dustiiig from the dumps is rnonitored ni aii flitegrated way for al] emissiolis to air ¡11 tbc Inoss-
investigations described above.

3.1.3.5.3 Emissions to water

The discharge to the streani is sanipled on a monthly basis and is carried out by an extenial
expert, also takMig samples from the surrounding strealus.

40
q0 For the year 2000, the total emissions to surface water are sumniarised in the table below. The

qv year 2000 was exceptionally rainy and wet, which resulted *ni extraordinaníly high aniomits of
discharge from the pond system. Howcver, this did not influence the other parameters listed in
the table.

Parameter Unit Amount
discharge from pond system 1.67
Ca t 191
Fe kg 11000
total solids t 33
Cr in total solids kg 79 1

Table 3.35: Enússions to surface water at Kenid site
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3.1.3.5.4 Soil contamination

No significant soil contamiríation has bcen reported at Keini. Limited arcas, such as locations of
old stockpiles of chromium concentrate, may be contaminated.

3.1.3.5.5 Energy consumption

The energy consumption for the tailings management is given in the table below for the year
2000.

Process step Electrical enerW
consumption

(kWhltonne of ore
processed)

Mineral processing 16,6
Dewatering 1.5
Tailings Management 0.9

Table 3.36: Energy consumption data at Kemi site

3.1.4 ¡ron

This Section includes infórmation about the Kiruna and Maímberget mines in Sweden and the
Steirischer Erzberg in Austria

3.1.4.1 Mineralogyand míníng techniques

Conimercial grade ¡ron ores are maffl1y mined froni proterozoíc sedimentary banded iron
fórmations. The major ore minerals are haematite (Fe,03), magnetite (FC304) and siderite (in
order of importance). The main world producers are Russia, Brazil, China, Australia, India and
the US. In Europe, the main producer of iron ore is Sweden. Its oceurrences are phophorous
magnetite ores, which are related to proterozoic syeníte propli- 1 lty1 yry volcanic activí . Sevcral
smaller mines, mainly in Central and. Southem Europe (e.g. 'Steirischer Erzberg') produce
lower grade siderite ¡ron ores (¡ron carbonates), whicli are also sedmient-related ore forinations.

Mining operations normally consist of preparation, includina striDplng or drifting, drilling,
blasting and transportation pnor to processing.
[49, Iron group, 20021

Underp-round mines q0
The magnetite orebody in the IGruna mine is about four kilometrcs long with an average width *0
of 80 m and extends to an estimated depth of around bvo kilometres at an incline of rouglily
60'. The main haulage leve¡ ís at a depth of 1045 m. Mining of the orebody betkNeen the 1045 m
and 775 m levels will continue until about the year 2018. To date, about 940 million tonnes of
ore have been extracted from the Kinina orebody. Approximately 20 - 23 million tomies crude
ore is mined every year from the ore, sending approximately 5 million tonnes to the coarse
tailings facility and 1.7 million tonnes to the fine tallings facility.

The orebody is divided into 10 blocks. Each block has its own group of shafís, each consisting
of four shafts, except for the tNvo northermnost blocks (the Lake Ore), vvhich have tlirec. In total,
the Kiruna mine has 38 such shafís. Each shaft in a group ís about 30 in from the nex.t. The 10
inining blocks are accessed via five separate ranips. An extelision of each ramp is cut Míto the
tm,o neiglibouring blocks on one side. By linking the blocks in this way, five smaller "mines"
are created. Each block has its own air intake and exhaust shafís. The geograpli1c division of the
orebody into five inines enables greater mining efficieney. Since the mines are well separated
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ofe hodies, The ores ¡ti the cistmi part oí' the imile e\lubit a niore complicated.
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s(raight nuo ibe rock Preparation. or de\elopment. involves btilldjiii� i1e;s <;e�:tiiytis ni' the 1111111.
I'loni \\hich ore cali [le c\tracied .,\ deNciopment drift passes siraight ilirough the orebod.N

I)rlllúlq is done \s iiii electi-W- po;Ncred Indi-aulic drifl ri,,b, Rotinds of tip lo (10 lioles. Cach ñxv
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ele—, until the entire developiliclit drift is ready. Drifts can be up lo 80 ni loiig� lf necessary . the *0

walls and roofs are relliforced with rock bolts andIor concrete (so-called 'sholcrete'). Once the
Initial de� clopment m-ork is conipleted. or NNIen a nuniber of cross-cuts in tlic sainc arca arc
read-, - the iicxl step in the production chani comniences. i.c. production drilling and blastilig.

Production
NVIie l l a nuniber of developilient drifts hw e bcen cut, prodtiction drilláig, of a 'sllcc' can begili.
The sileo is 27.5 ni higli. This is can-led out by reniote-controlled production drill rigs. The
operators control seN cral rios in the production arca bv reniole control frolil control roortis, The
ri,g drilis tipmjards into the ore, fórining fan-shaped patierlis. cacli \s7itli ten holes. The lioles are

g itiiorilia)l\ 40 - 45 m long, and straight, so that subsequent loading N\-' h explosives and blastilig
can be, done efficienth-, Wlien a pattern of holes has bcen drilled. the rig is inoved back tliree iii.
then drilling of tlie next pattei*n begins. About 20 of these pattenis \vill be dn*lled in an 80-111

driff. Once this is completed. loadmig of the holes can begin, no

A robot llijects explosives into the drill lioles ¡ti onc patieni. Blasting is done every night. Eacli
round bri'ngs doNvii about 10000 tonnes of ore. 'Wlien the blast has bcen ventilated. loading NN ith
wheeled loaders (LHD) can begin. flicu. the next patieni is cliarged. etc. The procedure l�
repeated until the entire ore pass lias bcen mined out. Flectric NN71iecled loaders load and carr\
the ore lo \ ertical shafts (ore passes). located along the orebodv. Eacli loader carries a blickei
pa,vio9d of 17 - 25 tonnes and tips its load lo an ore pass. B\ gi-a�-ib� the ore falls dovvii to bilis.
located Psi above the nialil level.

lil the Kiruna jultic tlicre are also electric loaders whicli are remote controlled. The operator sits,
in fi-oiii of a iiionitor. in a control roorn- and UrIN es' the inachines in the production arca. The
niachines navigate with tlie lic1p of rotating lasers and rellectors on the Nvalls of tlie drifts.
Information, such as the position of the niachine. is selit N la a nuniber of ml7ireless base statiolis
lo the contro-1 sN steni ni the control room coniputer.

The malli haulage le\Tel ni the Kirtina Mine is at tlic 1045 ni level. Ore js tapped N la remole,
control ffimii the bilis ¡tito ralINs-a,, cars. A dríverless train, consísting of in enginc and 24 cars.
cairies file. ore, tí) one of fovir dischar—e s(atlojis, Wlicii the train passes the station. the bottonis
of the. cars opcn arld the ore falls dowil inlo a crusher blii, froni which it Is fed lo olic of fotli

Tlic ore is cruslied flito lunips of abotit 100 nun dianicter. Ninc loconiotives and about
19 5 cars are operated on the iríain level, Eacli train carries about 500 toniles of ore.

Minja- in Maímberget tak-es place at several different le\ els, as tliere are niativ ore, bodies. Tliú
maiji liaula,,e levels are ai 600, 815 and 1000 ni. Therc are crushers at cacli level, Tm,,cl\ e large
iiiinc trucks, N\ lth payload capacities of 70 lo 1~90 tonnes, are operated al lliese levels. The tiwks
arc, drIN,cn to vertical shafts. Drivers coinrol loading froni fliside the cab of the truck, Tlicfull-, -
loaded ti-tick- is then driven lo a discliarge station and the ore is eniplied. sideNvays, luto a crushei
])In. This is also cont:rolled froni. the cab offlie truck, Tlic ore is fed into the crusher and crushed
into kinips, of about 100 nim d.iametcr.
[49, Iroii grotip, 20021

Onen ffit mínes

The valuable milieral at Steírischer Erzberg is the iron-inincral sideríte and tlic gangue nillieral
1 - 1 1ís anker te. The ¡ron content of the ore is roughly, 21

Tlic E¡ zberg iiiinc is .in open pit operation. \\ ith a pvoduction of 3.8 million tomies/N r ol'
NvIlich 1.2 niffilon tonnes is Nvaste-rock. Conventional drillina and blasting are used.
Transportation is camed out with \,k-heel loaders aiid trucks. With1n the pit 20 there are benclies
with an average licight of 24 ni in operation.
[55. ¡ron grotip, 20021
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3.1.4.2 Minera¡ processing
yo

Typically after the extraction the ore is crushed alid ground in N-arious stages lo achieve tlic
required size. This is folloNx-ed by elther screcning to final products, lunips aild fines, or llirther
treatmelit. The cliolee of tlic, irmieral processina inetliods depends on tlic ore typc, chemical
compositioli. fineness- etc. The niost comnion nictliods used aro niagnetic separation, usualIN
higoll intensity inagriets for concentrating hacinatite ores and losN, intensib for niagnetitc, as \N ell
as gra\lty separation and flotation. The grade of the ore and tlic treatinent niethod botli
influence tlic amount, t\-pc and coniposition of the tallings.
[49. Iron grotip. 20021

At Steirischer Erzberg tlic iiiincral processing plalit treats 1.7 nifilion tonnes ore, per \car of
NNhich 0,98 million tonnes becomes concentrate, 0,7 million tomies coarse tallings (co-deposited
logetlicr Nvith Nvaste-rock) and 0, 1 inillion tonnes fine tallings, 0,9 million tonnes of ore per -,-car
is sold direct1v as low-grade ore \\ ithout processilig.

3.1.4.2.1 Comminution

Tlie Mi-una and Mainiberget operations includc ni pil enisliers (produel 100 '/',0 passing 100
min) and secondar\- crusluna for sinter feed production. lil-pit crushing secondar\ crushí
AG millíball niffis and I)ebblc, inills are applied for pellet production [49. Iron grotip, 20021. A!
the Es-zberg operation. tNvo pratory crushers (product 100 %) passing 120 111111) and secoiidal-,�
crushing are applied [5s. Iron arotip. 20021,

3.1.4.2.2 Separatíon

Tlic Mruna antl Malmberget operations tise dr\ magnetie separation (ni the so-called "sotiijiL)
plant') fóllosved by Nvel niagnetic separation for tlic sinter feed production. DiA, niagnebc
separati. oil. Nvet magnelic separalion. li.N-drocycIoning and flotation are applied for the pelleis-
production in tlic so-called 'coticciiii-ator' (ni MaIniberget no flotation is required.) 149. Iron

20021.g1,0111), �

The following figure shows the Kiruna concentrator, which generates the feed for the pellet
plant.

- ----------------
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Chapter 3

Example results from Kiruna are given in the tables below.

Element Average Concentration
(wt. %)

Sio, 33.82
-TIO, 1.21

A1201 6.82
MnO 0.15
MgO 6,9
Cao 15.7
Na,0 2.02
K,0 1.89
VIOS 0.06

P201 8.1
Fe,O, 16.5

Total 93.17
Fe 11.6
p 3.55
S 0.35

Table 3.37: Average concentrations in wet-sorting tailings from Kiruna and Svappavaarra
[82, Iron group, 20021

Element Wet-sorted tailings Other tailings
(Ppm) (Ppm)

As 3.67 18.1
Ba 168 205
Be 8.25 6.10
Cd 0.14 0.10
Co 94.2 67
Cr 13.4 23.5
Cu 356 211
Hg <0.0400 0.060
La 107 331
Mo 15.4 11.8
Nb 11.9 <12.0
Ni 82.4 56.5
Pb 935 7.56
S 4990 4130
Se 48.2 26.7
Sn 36.8 31.1
Sr 30.3 80.4

00
V 523 290
w 11.9 <II0
y 40.6 170
y1) 7.78 15.4
Zn 53.5 42.5
Zr 114 161
Noles: Saniples niarked with < are below detection fimit, the nunibers
indicate the detection limit

Table 3.38: Average trace element concentrations for wet-sorting tailings and other tailings
material at Mruna and Svappavaarra
[49, Iron group, 2002]

Geotechilical properties for the tailings material in Kiruna have been Investigated for its use as a
dam construction material. 11 was concluded that the tailings need lo be eveloned in order to
fulfil the requirements for dam construction due to tlie gram size distribution.
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Undisturbed samples of tailings have bcen taken at different deptlis in the impomidraent in both
Kiruna and Svappavaara. The typical results are-
• bulk density 1.71 - 2.30 t/rn'
• calculated dry density 1.66 - 1.97 t/m'
• density of particies 3.2 t/m'
• friction angle 190-26.50

Saniples of tallings material collected from thc gravity separation circuits (excluding partieles
froni the pellet production) show the following grain size distribution:

SUe cumulative
(pM) % passing
700 100
60 75
2 5

Table 3.39: Size distribution of taffings from gravity separation
[49, Iron group, 20021

Sampics of tallings material collected after the separation by screw classifiers sho-,v the
fóllowing, slight1y finer, grain distribution:

size cumulative
(¡'m) % passing
60 91
40 80
2 8.8

Table 3.40: Ske distribution of talfings after separation by sere-a, elassifiers
149, Iron group, 20021

Saniples are collected on a frequent basis from the tailings deposition stream in order to
evaluate the efficiency of the separation method.

3.1.4.3.2 Applied management methods

Note: The coarser part of the tallings whicli is co-deposited with waste-rock, is regarded as
waste-rock and will be described in the waste-rock section (see below).

Kiruna (which has tailings ponds in Kiruna and Svappavaara) and MaImberget tailings
facilities consist of tailings ponds and subsequent clarification ponds. All operafions deposit
their tailings using liydraulic methods (pumping ni pipelines or by, gravity flow in trenches).
Conventional earth dams are used for all danis. The core consists of compacted till and filters.
Support fill consists mainly of waste-rock. The tliree tailings ponds are described in detail q0
below, with key infórmation for cach tallings pond being sunimarised in tabIcs as wcIl. All sites q#
follow a very similar tallings managenient since the inaterial being deposited, as wcll as the
meteorological, geological and hydrological settings, are relatively siluilai—.

At all sites tailings slurries have a low solids content, ranging froni 3 - 5 % to 10 - 15 %. The
discharge poffit has remamed in nearly the same location tliroughout the operation of the tailings
ponds. In order to incrcase the solids content and to change the distribution of the tailings, the
use of a mobilc discharge point or cyclones havc bcen discussed for future raises of the danis.

The frceboard at the tailings danis are 2 m at two of the facilities and 1.2 m at the third. The
frceboard at Kiruna and Maimberget is based on Swedish guidelmes for water retention danis
(RIDAS), and includes precipitafion, míclined water surface and wave run up. For a class 2 dam
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¡t sholild be possible to decant excess water from a one in a 100 vears, 24 hours rairístorni, event,
witholit a n'se in the water level. The discharge of tailings into the ponds is controlled by a
relatively constant operation systein which produces a constant flow of tailings.

The starter dam at the tailings facility in 1,Gruna was orignílally complcted in 1977. The tailings
daríl was tlien raised twice

m
1984 and 1992 using the centrelíne method. The current maximum

dam height at Kiruna is 15 m, A new rise has bcen applied for since the impounclinent will be
full in the end of 2003.

From the tallings pond, water is decanted to the clafification pond through two decants. These

*o decants cach consist of two vertical intake towers, with a submerged intake level, due to lee
forming on the surface in winter. From the intake towers, horizontal pipes connect into one
pipe/culvert (1400 min in diameter) per decant going under the dani. Downstream of the dani
there is a control chaniber from where it is possible to regulate the flow. From the clarification
pond, the water is decanted in a similar way, althotigh with one change being that downstream
of the clarifícation pond the water is pumped back to the process via a storage pond near the
plant or discharged into the recipicnt. As a result of the new guidelines, a new emergency outlet
was constructed for the clanífication pond in the year 2000. The eniergency outlet consists of a
13.5 m wide chalmel through the top of the dam near one of the abutments.

The main techilical characteristics of the Kirmia tailínes dam system are sumniarised in the
following table.

e»

00
bV
bV



Chapter 3

Taflings dam Ciarification pond
Dam type off-valley site off-valley site
Dam arca 4.2 krn'� 0.96 km'
Tailings volume 9 MM, ---

Water volume 7.4 M-n' 2.3 Mm'
Darri body C-D O-R R-13 R-S S-F
Dam t3,pe Contreline Centrefine Centreline Centreline Centreline
Highest height, m 8 15 15 11 13
Dani length, m 1450 2560 1040 1440 850

Dam vjidth, m 15 15 15 15 15
Lowest freeboard, m 2.01) 2.01) 2.0 2.01) 2.0'

Upstream slope 1:1.8 1:1.8 1:1.8 1:2 1:2

Downstrearir slope 1:1.4 1.1.4 1:1.4 1:1.5 1:1.5

Volume of dam, 0.66 1.58 0.86 3.00 0.39
construction
Matenal, MM3

Core width 4 4 4 4 4

Fine filter wicItW. m 1.5 1.5 1.5 1.5 1.5

Fine filter grain size, 0-6 or 0-8 0-6 or 0-8 0-6 or 0-8 0-6 or 0-8 0-6 or 0-8
nin-i

Coarse filter w¡dth2, 0-30or0-100 0-30or0-100 )-30or0-100 )-30or0-100 )-30or0-100
m

Support fill and Waste-rock Waste-rock Waste-rock Waste-rock Waste-rock
erosion protection
material q*
Support fill grain 0-200 0-200 0-200 0-200 0-200
Size, mm,

Erosion protection 0-100 0-100 0-100 0-100 0-100
grain size, mm

decant emergeney 2 decantDischarge
arrangement towers overflow towers
1) General] y 3.0 m under lowest dam top alid i s allo�ki,ed reduced to 2.0 m.
2) DoAmstrcain of core

Table 3.41: Characteristies of the Kiruna taffings dam system
[49, Iron group, 20021

The other tailings facility used for ore from Kiruna processed in Svappavaara is Svappavaara
tailings facúlty, 50 km south-cast of Kiruna. This facilib, consists of three ponds, the tailings
pond, the first clarifícation pond and a second clarification pond called the recipient pond. In
addItion to these constructed ponds, a natural lake, is used as a water resource. All dams are
valley-site impontidrnents.

The recipient pond was the first to be built, and carne into operation mí 1964. The purpose was
to collect the draining water from the tallings seffling naturally on the hill side. Water was then
decanted from the recipient pond to a lake. Because of the properties of the taifings and due to
the terrain (¡.e. steep ground) most tailings settled too close to the downstreani dam. Thcrefore a
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second retention dam, ¡,e. the tailings dam, was constructed to prevent the tailings from settling
too close to the recipient dam, which has'since then worked as a clanífication pond. Later, in
1973, a third dam was constructed night across the tailings inipoundinent, to keep the tailings in
the upstreani part and use the downstream part as a clarification pond. This dam is constructed
of rock fill as a draining dani. Due to problems with ice an overflow oullet was constructed 111
this dam in 2001.

From, the first clarification pond the water is decanted to the recipient pond by two decants with
vertical intake towers and hon'zontal culverts under the dam. Stop logs at the intake tower
regulate the water flow. The decant at the recipíent dam is similar to the ones in Kiruna where
the water is regulated from the downstream side. From there the water can be pumped back to
the process via a lake or discharged to the recipient. Norinally, no excess water results as most
of the water is re-circulated.

The danis around the tailings pond and clanífication pond as well as the rock fill dam dividing
the two has been raised several times (11 times in total). For the downstreani clarification dain
the downstream method has bcen used and for the tailings dam an the rock fill dam the
upstream method has bcen used. The maximum height today is 21 m and approximately 15
million tonnes (dry weight) of tailings have so far bcen deposited.
[49, Iron group, 20021

The teclinical characteriístics of the Svappavaara tallings dam systein are suminarised in the
following table.

Taffin s pond Ciarification pond Recipient pond
Dam tvpíe off�valley off-valley off-vallev

Dam area, km2 1.2 M 0.42

Tailings volume, 4,5 1.5 0.2
MnI3-
Water volume, 0.4 4.5 0.45

Dam section- -soil dam blocking dam soil dam- reci ient dam
Dani type upstream, upstream dov,,nstream, downstream
Max. hcight, m 15 15.5 21 10
Dara length, m 2030 1100 2350 800
Dam width, m 8.3 1 12 7.2 6.0
Smallest freeboard, 2.0 1.8 2.5
m
Upstream, slope 1:2 1:1 1:2 1:2
Do-Y,nstream, slope 1:1.5 1:3 / 1:7 1:1.5 1: 1,8
Approx. volume of
dam constructIO11 0.36 0.5 0.46 0.17
material used to
date, Nini'
Discharge overflow outIet 2 decants 1 decant
arrangement
Table 3.42: Characteristies of the Svappavaara taffings dam system
[49, Iron group, 20021

Tail¡nízs vond
a Soil dam
The starter danis compriíses a homogeneous moraine material with an erosion cover of
0 - 100 mm, grain sizc. The crosion cover is 1 m thick on the downstreani slope and 1.5 m thick
on the upstream slope. The slope angle is 1:1.5 and 1:2 for the downstream and upstrcaiii
slopes, respectively. Height increases of the dam have been constructed based on the upístream
method with a 4 m thick impervious core consisting of moraine material. There is a one m thick
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transition layer on botli sides of the core with a grain sizc of 0 - 100 mm. The erosion cover on
the doNNnstream side is approximately 0.5 m thick with a grain sizc range of 0 - 100 mm, The
upstream, support fill and erosion coyer consist of niaterial with a grain-sizc range of 0 - 200
mm and 0 - 500 mm, respectively. A 2 ni mercase in dam height, using the dosvnstrcam nicthod,
is planncd for the summer of 2062.

a Blocking Dam q#
The blocking dam is made with a dam of waste-rock without an impervious core. The dani is
built with the upstream metliod with a gram-sizc range of 0 - 500 mm.

Clarification pond
The clarification pond is built NN4th a soil dam constructed as a conventional dam. The starter
dam is made with a homogeneous moraine material with an erosion cover consisting of material
with a grain size of 0 - 100 mm, The erosion cover is 1.0 ni thick en the downstream slopc and
2 m thick en the upstream. slope. The slope aligles are 1:1.5 alid 1:2 for the downstream and
upstream slopes, respectively. Further licight mercases liave been constructed based on the
centrelíne mcthod.

Recipient pond
The dam at the 'recipient reservoir is bitilt as a conventional dam and raised using the
centreline method. The vertical impervíous core consist of, at the top, a 3 m thick moraine

impervious core imatenal. On botli sides of the s a 2 m thick fine-sand filter consisting of a
material with grain slzc range of 0 - 32 mm. Outside the fine filter is a coarse filter material with q*
graín sizc of 8 - 64 mm. On top of the core and the fine filtor is a 0.5 metre thick horizontal q#
laver consisting of bark-. The support material consists of blasted rocks on both sides. The
downstreani slope angle is 1: 1.8 and the upstrcam slope angle is 1:2.
[49, Iron group, 20021

There are five danis vrith1n the Malmberget mining operation,, tallings dani, clarification pond, id
pond for biological degradation, a reserve pond and a buffer pond. Only the two first danis are
described in this document.

The tallings pond was constructed in a lake. The tallings pond consists of priniarl1y bvo danis of
different design, the B-A dam and the C-D-E-F dam. Water is fumielled through a decant tower
from the, tailings pond into the clanífication pond. Water is then pumped from the, claníficatioll
pond back to the processing plant.

The tailings dam at Malmberget was originally constnicted in 1977 and has becn increased in
height five tinies since then. The height of the dam reaches 35 m. lt will bc full by, the elid of
2002 and a height mercase has bcen designed using the upstreani method. This height inercase
will secure the tailings deposition for another 25 years assmning todays production rate of 1.5
inillion tonnes/yr. The whole pond currently contains approximately 16 million tonnes (dn"
wcight) of tailings.

The following table lists the characteristic data for the Malinberget TMF. The tailings dam and
clarification pond were constructed. using the natural terrain with a main dam at the end of the
valley.
[49, Iron group, 20021
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Taifinas dam Clarification pond
Dam typc valley dam valley dam
Dam area (foot print) 1.8 Mm` 0. 12 Mm'
Tailings volume 16.8 Mn? n/a
Water volume 0.4 + 1.2 Min� 0.25 Mm3
Dam section b-a e-d-el-f jl--j2
Dam typc up/dosknstream downstream centre line
Maxiinum height 13 m 35 m 14 m
Dam length 700 m 2500 m 11OOM
Dam w¡dth 40 m 40m 8.0 m
Smallest freeboard 1.2 m 1.2 m 0.5 m

qp Upstream slope 1:2 1:2 1:1.5
Dounstreara slopc 1:1.5 1:1.5 1:1.5
Approx. current taffings dam 0.2 Min' 2,5 MM3 0.2 Mm3
volume

Table 3.43: Characteristic data for the MaImberget tallings and clarification ponds and dams
149, Iron group, 20021

Tailines Dam
The dani was designed to span the wridfli of a lak-e, fluis block-ing the lak-e water. The inside this
blocking dam ¡s designed as an upstreani dam to level 271 m (see figure below). The tipstream
dani is built svith a 7 m thick- impenlous core of moraine material with perineability, of 10-' m/s.
The impen,¡ous core is slanted 1:1.5. Below and above the ímpervious core ¡s 1 m thick filter
with grain sizc of 0 - 100 mm and a permeability of 1 X 10-3 _ 1 X 10-4 M/S.

kv

Froin level 271 m, tlic dani ¡s built using the do-vvnstreani mctliod with an inside slopc of 1:2
and an outside slope of 1:1.5. Between the support material and the imper-oous core is a 1 m
filter as described above. On top of the core ¡s a 1 m thick erosion layor consistilig of inateníal
with grain sin 0 - 70 mm and perincability of 1 X 10-5 M/S.

[49, Iron group, 20021

'263,0 AR 1995
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Figure 3.32: Cross-section of Mainiberget tailing dani
[49, Iron group, 2002]

Clariffication vond
The dani of the clanífication pond ¡s designed as a conventional dain with a 4 m thick
impervioxis core of moraine material. On cach side of the core ¡s a 1 m thick filter layer. Outside
this ¡s a support material and on top an erosion layer. Both the support material and the erosíon
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construction, comprehensive studies were conducted, comprising both in-situ and laboratory
tests (geoteclinical parameters, perineability, intemal friction angle, etc.)

W Investigations have shown, that the stability of the dani construction is almost independent of
the tailings situation inside the pond, if a sufficiently impermeable sea] layer made of
compressed schist and tailings is put in place before starting the discharge of tailings.
Accordingly the impermeability of the sealing layer is of great importance.

During design and construction attention was paid to the execution of the sealing layer and the
qo drainage of the tailings water. Depending on the dani material for each pond a particular

position is selected for discharge of the water froni the pond. These discharge areas are 20 to 30
m in length. and consist of weathering resistant materials of appropriate fragmentation in order
to warrant the necessary permeability.
[55, Iron group, 20021

3.1.4.3.3 Development of new deposition methods

The construction of a drained cell pond is currenfly investigated in Kíruna and Maimberget. lf

W the results froni this test project are positive, the method will be modified to suit large-scale
applications. The teclinique is based on the grading of waste-rocks taking place down slope
from the truck dumping. This grading results in a pervious/well draining filter dam. Constrained
cells can be constructed with this teclinique, in which tailings are discharged hydraulically. The
filter dam then contains the tailings material, while process water is dramed.

A collection ditch or walls will be constructed around the filter danis to collect the draining
water. Collected water will be directed towards the existing tailings dam. The suggested
location of these dramiing cell ponds will result in the tailings dam acting as a clarification pond
for suspended material transported through the filter dam.

Some of the tailings material will pass through the filter dam to the existing tailings dam. This
may result in a need for a height increase of the existing tailings dam duríng the planned 16 year
deposition peníod, depending on the efficiency of the filter dam. lt is necessary to have a high
filtering efficiency (sand deposition within the cell) to make the drained cell deposition a viable
method. The height increase that may be necessary (max. 1 - 2 m over the 16 years peníod
depending upon die dain efficiency) can be constructed on the existing dam.

W One advantage of this draming teclinique is that an increase of the footprint of the existing
m tailings dains is not necessary. Also since the drained cell is a 'dry' system the tailings can be

stacked higher. Because the water from the tallings deposition is drained, failure of the filter
dani is less likely. However should it fíail, the effect of the fíailure will be reduced because water
content is lower compared to the current systeni and tailings material escaping the cell ponds
will be trapped in the current tailings dam. With die current convcntional dani systcm the coarsc
tailings are treated lilce waste-rock and trucked to the waste-rock dump, which is very cost and
labour intensive. An economic benefit for the operator is that wíth this new method both coarse
and fine tailings can be pumped to the new TMF as a slurry.
149, Iron group, 20021

3.1.4.3.4 Safety of the TMF and accident prevention

At Wruna and Maimberget discliarge to the tailings dams is controlled by a relatively constant
operation system produemig a constant flow of taílings. The dams are inspected several times a
week in line with guidefines set out in an operation, inspection and maintenance (OIM) manual
that has been developed for all tlirce facilities. The inspections include evaluation of water level
in the dams and the overflow ditches/fimnels. All observations are logged in the field log book
so that changes can be evaluated. Monthly and yearly inspections are also implemented
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according to the OIM manuals. Inspections are performed several times a week by operating
personnel, monthly by the manager and yearly by an expert (usually the 'in house' consultant).

A classification of all danis according to hazardousness (human life, environmentally,
economically) of a dam failure has been performed following the Swedish guidelines (RIDAS,
see Section 4.2.3. l). For the classification a risk assessment was performed that focused on the
worst-case dam. failure. Since the material, as described earlier in this document, ¡s chemically
stable, the nisk of causing environmental hazards ¡s very small.

The OIM manuals developed at Kiruna and Malinberget are described below.

General
In 2001 Operation, Inspection and Maintenance (OIM) manuals, similar to the OSM manuals
descriffied in Sectíon 4.2.3. 1, were developed for tliree large tailings dam s. These manuals were
dcveloped in order to avoid dam failures, or, in the event that a failure takes place to advise on
emergency responses to reduce the effect from a dam failure. The tlirce manuals are very similar
and will, therefóre, be described together. Another objective of these manuals ¡s to facilitate and
docunicnt future design changes. The manuals are updated yearly.

The content of these manuals are as follows:
• dam design
• dam classification according to hazard (including risk assessment)
• possíble actions for safety improvements q0
• operation, inspection and maintenance routines
• emergency preparedness plan for dam incidents (EPP)

The condition of the danis during operation can be classified in four difíerent levels:
• normal operation, where there ¡s no indication of changes in conditions
• tiglitened operation, when there may be some indications of dam fractures, high rainfall or 00

process water output etc. q#
• disturbed operation, when there ¡s an unusually high water level in the dams, distinct dam q0

fractures, and water leakage- and last1y
• incidents, where operatíon ¡s likely to be be halted.

The following paragrapílis describe monítoring/dam inspection routines and dam failure
emergeney plans (EPPs).

Monitoring and insppctions of tailings facili1y
The plireatic surface ¡s monitored using standpipes installed in selected sections of the different
danis. There are nine standpipes at the Kiruna tailings dam, 53 at Svappavaara and fíbur for the
tailings danis and Malmberget. Measurements are taken manually on a monthly basis as long as
readings are stable, otherwise more often. Climate data ¡s reccived &om a weather station
located at tlic; nearest airport.

The OIM manuals describe the critica] parameters for operation, inspection and maintenance.
These include except for the dams, decants and outIets, tailings discharge systems, storm water
diversion channels, ete. The manuals suggest regular inspections by trained operatm9 personnel
tliree times a week where changes such as erosion on slopes, seepage, material transport in
seepage water, which indicate interna] erosion are checked. All observations froin these
inspections are logged in a fíeld book. The m anuals require meetings once a week for the OIM
personnel, where the information collected duníng the week is presented and discussed and
decisions on dam safety improvenients are made if necessary.

A monthly inspection is perfórmed in order to evaluate the safety of the danis and to identify
aby possible improvements needed to maintain a high leve¡ of safety. These inspections are to
be performed by the person responsible for the tailings dam together with the operating
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personnel. In addítion to the visual inspections, readings are also taken of the stand pipes and
the seepage water and pond water levels.

An expert performs a yearly inspection (audit). At this inspection all the field notes and monthly
inspection reports are reviewed and a visual inspection is performed. The report from the
inspection summarises afl measurements collected throughout the year, evaluates the results;
and suggests possible improvements or adjustments to the dams and to the daily and monthly
inspections. The yearly inspections also review and evaluate the dam calculations behind the
dam designs including the operation and maintenance data.

Emergency preparedness plans, EPP, for the 4 levels of operating conditions listed above have
been developed. These levels, as described above, require different responses, which are
summari sed below.

Normal Operation: Routines for normal operation in the OIM manual is fóllowed.

Tightened Operation: When the conditions indicate an increased risk of a possible dam incident
such as, increased seepage, unusual high water level in the pond etc., the facility will undergo
more frequent inspections (every second day or every day) to evaluate if the condifions are
improving or getting worse. The person responsible for dam safety notes all observations in the
field book.

Disturbed Operation: lf there are major changes on the dams, more severe than described
above, e.g., extreme climate, severe erosion, internal erosion or erosíon along decant culverts,
major cracks, sinklíoles or settlements the operation is classified as 'dIsturbed operation'. At
this stage preventive measures are required. The OIM manuals describe possible seenarios and
suggested measures for these scenarios and recommend that an expert be consulted if necessary.
All observations and measures are to be described in detail in the field logbook by the person
responsible for the dam safety.

Incident: lf an incident takes place a temporary stop in the mining operation is llkely. An action
plan to aid in decision making was established as well as both internal and external phone lists.
An incident has to be followed up with a report that includes the reason for the incident and
what actions were taken to mitigate the incident.

For the safe operation of the tailings ponds located on top of the waste-rock dumps at the
Erzberg a series of monitoring and supervision measures are provided, focusing on crucial
parameters. Parameters observed on a regular basis comprise:

a surface water level inside the daíns (piezometer measurements)
9 water level in the ponds
a subsidcnce measurcmcnts (surveys).

Operational instructions are also provided and cover:

a visual observations
a drainage control and the documentation of drainage failures and maintenance works
a water monitoring
a monitoring of dam stability by surveying fix points
a monitoring of water-leve¡ within the dams.

The water qualíty is regularly analysed at sampling points defíned by authorities and an internal
analyses of water quality is done according to needs. However, due to the fact that the discarded
tailings are classified as safe in respect to their geochemical envirorunental aspects the

*o envirorunental monitoring will merely been of a documentational and preventional character.
[49, Iron group, 20021
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3.1.4.3.5 Closure and after-care

For the tliree large tailings ponds at Kiruna and Maimberget formal closure plans have not
bcen subinitted for approval by the regulatory authority. A closure plan will be developed in co-
operation with local and regional regulatory agencies. Those parts of the tailings dam system
that might be decommissioned prior to mine closure, will be covered and re-vegetated, and if
ponding takes place, water pumping and regrading may be performed.

At Erzberg, some small tailings ponds have been decommissioned. No approved closure plan
cxists fiar the ponds mí operation, however, studies have been conducted and closure concepts
have been developed. The methodology used so far for the closed ponds was dewatering and
soil covering, followed by re-vegetation. Re-vegetation direaly in the dewatered tailings has
also been carried out successfully. These measures effectively eliminate dust emissions from. the
ponds. Water contamination is not an issue (as proven by 30 years of monitoring results) as the
taílings are chemically stable and no reagents are used in the minera] processing. The closed
ponds are continuously supervised and surveyed. Alternative uses for the tailings material are
currently being investigated.

3.1.4.4 Waste-rock management

Two of the mining operations are underground mines (¡.e. Kiruna and Maimberget). As a
result, offly smaller amounts of real waste-rock, as defmcd for this document, are excavated for
access tunnels. However, the dry magnetic separation tailings are included in the discussion of
waste-rock, since the management of these coarse tailings is more typical of waste-rock than
tailings.

At the IGruna and Maimberget operations the coarse tailings are transported on a conveyer
from the processing plant to bins and from there hauled to the so called 'waste-rock' facility
using dump trucks. The coarse tailíngs are dumped on heaps approximately 15 m high and at
the natural angle of repose. In total these two sites managc about 12 million tonnes/yr of 'waste-
rock' this way.

At Erzberg, approximately 1.9 million tonnes/yr of 'waste-rock' are managed, 0.7 million
tonnes of which are the coarse tailings from the dense media separation and 1.2 million tonnes
of actual waste-rock, which comes direaly from. the open pit mine.

3.1.4.4.1 Characteristics of waste-rock

The Malmberget waste-rock (the coarse tailings) has not been characterised, however, the
waste-rock at Kiruna was tested for leachability and acid-base accounting (ABA), in addition
to charaetcrisation of tlic orc and nativ rock during exploration. Dctailcd mincralogical and trace
element analyses have previously been described under the tailings seefion (see above). Tests
have also been performed to evaluate the amount of unexploded explosives left in the waste-
rock material.

The leachability and ABA investigations indicated that the fmer fraction of the waste-rock
(from the sorting plant) had the highest sulphide content (1 .4 - 3 weight. % S). The neutralising
capacity from calcite is, however, higher than the acid producing potential from the sulphides.
The leach tests perfonned (¡.e. humidity cell tests), indicate that acid being produced due to
sulphide mineral oxidation is neutralised by the calcite. The Mívestigation also indicated that
silicate minerais present in the test material also act as neutralisers. The leach tests indicate that
sulpliate, calcium and magnesium are the main constituents leaching from the waste-rock.
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The nitrate/aminoma leaching tests indicate that the ammonium nitrate left over from un-
detonated explosive, is easily leachable and is primarily leached by the first infútrating
railiwater on the waste-rock.

Geoteclinically, the waste-rock is stable. The coarseness of the material and truck dumping
stabilise the material during deposition. The chemical weathering is very slow mí the northem
Sweden sub-alpine climate. The generation of clay minerals due to weathering is extremely
slow. Therefóre, no altemative depositíon method has been considered.
[49, Iron group, 20021

At the Erzberg site, the waste-rock has not shown any sign of leaching and has been
mineralogically characterised as follows:

a ankerite
a limestone
a schist ("Werfener Schicfer", '2wischenschiefer"): quartz 46 %, dolomite 14 %, haematite

6 %, mica 4 %, feldspar 0. 18 %, phyrophyllite 30 %
a porphyroid (small amounts): mica 8 %, quartz, 63 %, fe1dspar 5 %, clilorite 25 %
a fragmentation: 0 - 1500 mm.

Ankerite, limestone and porphyroid are quite resistant to weathering. On the other hand schist
shows a rather high degree of weathering, in particular due to the meteorological conditions at
the site.
[55, Iron group, 20021

lo
q» 3.1.4.4.2 Applied rnanagement rnethods

There were no baseline studies perfonned prior to developing tlic waste-rock management
facilities at two of the sites. However, at one site, an advanced design was carried out based on
site investigafions. The locations of all dumps were chosen so as to be as close as practically
and techincally possible to cíther the mine or the processing plant.

For two of the sites the waste-rock management facility is located near the processing plant and
extends to mined out open pits. In fact, at one site, the coarse tailings froni dry magnetic
separation were discarded into the mined out open pit over a short period using a conveyor belt

to
system. This is not done any more because of dust problems.

%o At Kiruna and Malinberget the waste-rock is deposited on a thin soil cover or direct1y on
qo bedrock. The bedrock consists of primarily volcanie rocks, trachytes, trachy-andesite, rhyolites,

and rhyodacites. These rocks are very competent resulting in little risk for collapse into the
underground mining operation [49, Iron group, 20021.

At Erzberg, due to the alpine location of the mine, space is scarce. The previous waste-rock
dump was in operafion up to the nuddle of the 20th century. Afier elosure the tailings ponds was
built in this dump arca. As the capacity of the dump was exhausted, ¡t became necessary to find
new dumping facilities. Based on investigations done by the operator and in close co-operation
with the local community, landowners and involved authorifies a new arca was identified for the
waste-rock dump. This new waste-rock dump is located in a small valley elose to the mm'ing
operation. The rivulets in this valley were dumped over while care was taken to ensure
sufficient permeability for the water. Soíl and loosc material have bcen removed down to the
competent rock. This formation is permeable and sits on top of an impervious bed, which

o* consists of schist and porphyriíes. In the valley the base rock consists of porphyries, clay schists
and carbonates. The total arca of the dump is about 400 ha. Up to 2002 about 550 million tonnes
of waste-rock have been dumped at this facifity. The dump extends froni the 1230 m level to the
toe of the end dam at the 821 m level. The dump comprises several dump areas and has a total
vertical extension of more than 400 m. The maximum height of a single dump slope is 70 m.
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The end dam, which is situated at the lowest part of the valley has a height of 147 m. The
distance from the mining faces to the dump vanos between 500 m and 1500 m in linear
distance. Hauling distances for truck haulage aro up to 3 km.
[55, Iron group, 20021.

Desip,n and construction
As mentioned above, Erzberg nceded to locate the waste-rock dump area in a valley due to the
topography in the arca. For planning and operation of the waste-rock manamgent facilíty
particular caro was taken due to the specific situation of this dump with respect to:

• dumping at a mountaffi-slope arca
• dumping on top of rivulets
• distance to residents
• alpine climatic conditions.

Therefore the planning of the project considered three key factors:

• ground conditions (geological, hydro-geological)
• waste-rock characteristicsí
• dumping method.

Many options for dealing with mmiing, soil mechanics, geology and hydraulic systems were
discussed. The following issues were evaluated:

• avoidance of erosíon and stability of the dump slopes
• avoidance of accumulation of water behind and míside the dumps
• studies about the flow rato through the dumps at high water flow
• evaluafion of the quality of water after percolating through the dumps.

The basis for the design and construction of thc waste-rock manarngent fácility was developed
by an extemal consultant. According to the concept worked out, the bottom layer of the dump
(valley base) consists of large-sized carbonatic rocks. The cross-section of this layer was
designed for a flood (100-year event) the water can percolate through the dump without
problems and without producing an increase mí the flow pressure. In adílition, an extensivo
testing programme was executed by the responsible authority. Over a 2 year period, penetration
tests have been conductcd which show that the maximum water flow can be managed if the base
of the dump is constructed as proposed.

Based on these expert opinions and investigations the waste-rock manaingent facility was
approved by the nuning authority in 1969. The approval comprises a series of strict obligations
with respect to the design and operation, including:

• beforc dumping thc ground had to bc clcared from vcgctatíon, trces, roots and soil
• the dump must not exceed a general slope angle of 3 1 0 upon completion
• the eross-section of the lateral dítch for drainage must be designed largo enough to handle

run-off waters from the slopes
• the total bottom layer of the dump must be made of carbonatie rock blocks of a size

between 400 - 1000 mm and must be at least 1. 5 m high
• in the area of the previous bed of the rivulet block sizes of at least 700 mm should be used
• in the designated discharge zones on1y carbonatic rocks must be used
• at die toe arca of the dump towards the valley a dischargíng body perpendicular to the

valley must be made
• an appropriate monitoring system has to be implemented to check the phreafic surface

withMí the heap
• the total workings for the dam and the separate construction phases have to he weil

documented.
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Both design and eonstruction were evaluated by an external expert on the basis of the existing
documentation for the closure in 1996. This evaluation showed that all instructions of the
authoritics had b=i followed and that there, are no indications of any instabilifies of the dump
slope.

As described above the dumps have been designed to allow for a stream to flow underneath the
dump. Apart froni this the main factor for the waste-rock dump design is hauling distance froni
the mining area. As described above, the waste-rock and the dry magnetic separation tailings are
transported on trucks and dumped within the waste-rock facility. The dumping is based on the
natural angle of repose with no further change of the slopes. This has been the historic way of
depositing the waste-rock. Since the material is considered to have offly a minor impact on
surface and groundwater or the surrounding soils, changes to these practices have not been
made. The use of conveyer belts or slurry pumping is frequently beíng evaluated to replace the
truck hauling. However, truck hauling has so far been found to be the most efficient and
economic way of transporting the waste-rock.
[55, Iron group, 20021

Qperation
The deposition of waste-rock is similar at all sites. The waste-rock is hauled by trucks froin the

*o mining faces at distinct benches via the ramp, system and from the, dump arca to the dump
posifions. The material is direct1y dumped from the truck- over the dump, slope or on top of the
dump.

At Erzberg thc dump heights vary between 40 and 70 m. With this method dump slopes will be
*o between 33' and 38', The overall general slope, angle is kept lower than 28' [55, Iron group,

20021.

At the ICiruna and Maimberget sites the dumps are constrxicted in 15 m high lifts. The truck
dumping method results in a gradation where the larger grain sizes roll down to the bottom of
the slope, while smaller grains settle higher up on the slope. This was used in the design of one
of the dumps as descriffied above in order to allow for a stream to flow underneath one of the

qw dumps. In addition, there is likely to be some compaction on the top of each lift level due to the
driving of the dump trucks. Later on natural compaction of the deeper parts of the waste-rock
piles may also take place. None of these different compactions considerably influence the water
flow. Most of the ramífall onto the waste-rock is flkely to flow vertically through the dumps.
When the infiltrating water has percolated through the dumps, a portion of the water will

*o infiltrate the groundwater and a portion will flow on top of the bedrock and be visible as
*o seepage at the toe of the dump. lt is comnion practice to construct ditches at the toe of the

waste-rock facility to control the seepage water. At one site, however, the seepage gocs direaly
into the stream that flows under the dump.
[49, Iron group, 20021

3.1.4.4.3 Safety of waste-rock facility and accident prevention

At two sites the waste-rock is considered to be chemicálly and geoteclinically stable. For that
reason, monitoníng systems of the waste-rock facilities are not applied.

At the, site where the stream flows underneath the waste-rock a monitoring plan is fóllowed
including geoteclinical monitoring (surveying, piezometer measurements) and environmental
monitoríng.

3.1.4.4.4 Site closure and after-care

As a part of the permit process fiar the waste-rock facility, one compally has developed elosure
plan. As described before the waste-rock dumps are designed with 15 m lifis. The waste-rock on
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top of each lift is moved ínwards leaving a ledge of 30 m. The reclamation concept is to focus
on revegetation of the ledges adding soil and seeds in line with the local vegetation. A small
rock berm will be constructed at the edge of cach ledge. Water will be added to the revegetated
arcas in the early stages of the reclamation project but will not be required later on.

The top of the waste-rock will siope from the centre to the edge of the waste-rock dumps. The
dry coarse magnetically-separated tailings will be spread on top of each lift at a thickness of
0.5 - 0.7 m. On top of this coarse taílings material ¡t is suggested to, add a 0.2 m thick soll cover.
Growth enhancing organic material is also suggested to be addod to the soil.

At another site the reclamation measures to be takcn after closure are part of the permit by the
authorities. These measures are different for distinct arcas and comprise landscaping and trec-
planting. However, due to the local situation characterised by
• absence of mineralogical soil
• deficit of nutrients (mainly carbonates)
• coarse fragmentation (due to mining technique and weathering resistance)
• temperature gradient
• steep slope angles
these measures will be difficult to realise.

Due to these difficulties the company initiated a rescarch project with specialists (biologists,
reclamation experts, forest experts, mining engineers) to develop improved and site-specific
reclamation techniques. Another important goal is to achieve site-specific vegetation in order to
gain a sustainable reclamation.

By testing reclamation techniques over a 3-year period the most appropriate methods were
selected. After 6 years of observing the vegetation progress, it is clear that sustainabilitY of the q0

measures is possible. Hence the company now has the know-how to apply reclamation in the
future with a high potential for success and in an economic manner. The observed and
documented effects of progressive recultivafion of the waste-rock dumps are:

• improvement of water balance (percolation and surface drainage rate)
• improvements of visual impact
• íncreased habitats for flora and fauna
• improvement of bio-diversity in the area. q0

The methods developed are also planned to be used for the arcas currently in operation.

Long-term supervision for the waste-rock manaingent facility is comprised of frequent
monitoring of the seepage line within the end dam.

3.1.4.5 Current emissions and consumption levels

All operators follow established monitoring programmes agreed on with the competent
authorifies.

The operator of the Malmberget and Kiruna sites has implemented a monítoring system, for the
enviromnental effects of emissions. The programme contains descriptions of sampling
procedures, analysis, and reporting for environmental control. There are instruefions and q#
procedures within the company operation system that describe sainpling in detail.

Monitoring is camied out aecording to the following minimum protocol:

discharge control in one sampling point at least 10 times a year. The analysis íncludes pH,
carbonate nitrate, phosphorous, hydrocarbons and metals
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recipient control is based on two sampling points and in one reference location (for
background level) at least 6 times a year. The analysis parameters include pH, carbonate,
and phosphorous
recipient- and surroundings investigations of the recipient environment are carried out every
3 - 5 years. The investigations consist primarily of sedimentologícal and biological
evaluations

qo
evaluation of flooding overflow water from the clarification pond takes place continuously.

[49, Iron group, 20021

3.1.4.5.1 Management of water and reagents

At Wruna the total water intake into the mineral processing plant was 61 MM3 in 2001. Of thís
3 MM3 were captured surface run-off, 9 Mm3 mine water and the rest, 49 Mm3, Was water re-
used from the clarificafion pond. For the 23 million tonnes of ore processed in that year, the
process uses 2.6 m3/tonne of ore, of which 80 % are re-circulated from. the pond [5 1, Iron group,
20021,

In the flotafion at Kiruna the following amounts of reagents are consumed in a year:
a collector: fatty acid, 290 tonnes
a depressant: sodium silicate, 1500 tonnes containing 94 tonnes Na and 194 tonnes Si

*o
a conditioner: sodium hydroxide, 60 tonnes containing 35 tonnes Na.

00 The fatty acid, coming from the flotation process, which goes to the tailings corresponds to
qw 250 t/yr (86 % of total consimption), of which approx. 63 % are methyl1c carbon and 27 %

carboxylic carbon. The fatty acids are attached to the mineral phases and are transported to the
tailing pond where they sediment and decay. The complete aerobic decay can be described by
the formulas below:

CH2- +202(9) + 2W = C02(9) + 2 H20

COOH + '/,. 02(9) + Ir = C02(9) + H20

There is no collection of run-off water/seepage from the waste-rock facilities except for a
drainage ditch around parts of the dumps. In these two cases the seepage flows naturally into the
tailings ponds.

At the Erzberg operation the mineral processing plant uses 90 % re-circulated water from the
screw-classifiers. Drainage water from the tailings ponds percolates through the waste-rock
dump and drains into a stream that flows under the dumps. No chemicais are used in the
process, The tailings are inert and do not leach nor weather to any notable degree,

None of thesc operations havc completcd watcr balanccs. At Kiruna, howcvcr, as part of a
groundwater investigation to estimate sources for contaminants to a lake, the drainage from the
waste-rocks into this lake was calculated to be approximately 1. 13 Mm3/yr.

3.1.4.5.2 Emissions to air

The most severe dust problems at the waste-rock dumps occur on dry days from the crushing,
transport and dumping of the waste-rock. The haul roads are then watered to reduce this
problem alid dumping facing populated arcas ceases during windy or dry days. At one site,
progressive reclamation minimises the open waste-rock dump area and thereby also the possible
dust emissions.

Ponds in operation at Erzberg are kept water covered or water saturated. This is possible due to
the alpine weather condífions with:

qff
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• high precipitation rate of about 1200 mm/yr
• short summer period
a protection by nearby mountains against wind.

At Kiruna and MaImberget sampling of airhorne particles is performed continuous1y at severa] q0

locations around the throc mining operations and within the residential areas. During the winter, W

the snow is collected at the sampling points and analysed for parficles. q0
*o

Testing of air imissions the last few years at the three sites indicates that solid particles have
been less than 220 g / (100 M2 x 30 days) for Kiruna, 18 - 220 for Malmberget, and <200 for
Svappavarra residential area. The solid particles trapped in these tests are primarily from. other
parts of the mining facility and not from the tailings dams. Snow samples are collected during
the winter at several collection points. These samples are analysed for airborne particle
distribufion and reported yearly.

3.1.4.5.3 Emissions to water

At Erzberg water discharges are monitored. No negative effects on the downstrea1n water
q0

quality have been detected nor have any threshold values been cxceeded.

For the other sites the emission to water is variable for each of the large sites. The following
sections give a description for cach of the sites. Groundwater samples have bcen collected in
order to evaluate transport of nitrate from the coarse tailings facilities.

At Kiruna approximatc1y 9 MM3 are discharged yearly from the clanífication pond to the
surface water system. The yearly average discharge rate is approximately 16.8 m3/min. The
discharge rate over the year is highly variable, and fóllows the natural drainage cycle, however,
with some time delays. The total amount of nitrate and phosphate dischargcd in 2001 was 116 q#
tonnes and 251 kg, respectively, which is in the range of the discharge over the last 10 years.

Discharge concentrations for nitrate are approximately 13 mg/], and for phosphate, the
discharge concentratíons are approximately 0.03 mg/1 (average concentrations for the year).
Nitrate comes from the un-detonated explosives and the phosphate comes from the ore.

The following table shows a complete analysis of the discharge of this site.

q0
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Paraíneter Cone. Units
Al 10.7
Aliphatics <o. i mgll
Aromatics <0.2 mgA
-As 0,59 119/1
Ba 31.35 pig/1
Ca 160.7
Cd 0.009 píga
CI 123.8
CO 0.18
Cr 0.049
Cu 1.79 IpPLO
F 1.71 M9/1
Fe 0.049 mg/1
HCO, 1.10 MM01
Hg <0.002 lig/1
K 35.1 mg/1
Conductivity 139.7 MS/M
M9 20.05 M9/1
IVIn 32.36 lig/1
MO 53.94 M9/1
Na 80.37 mg/1
Ni 0.92 lig/1
NO,-N 11.33 mg/1
p 25.54 [tg/1
Pb 0.0429 lig/1
pH 8.03
S 141.1 mg/1
si 3.684 M9/1
so, 431.2 M9/1
Sr 551.1 ¡g/,
Susp. Solid 3.14 M9/1
Tot-N 12.77 mgll
Tot-P 0.0274 MgAII
Turbidity 1.871 FNU
Zn 0.924

Table 3.44: Average concentrations of an ¡ron ore taffings faeflity discharge to surface waters for
2001

From the Svappavarra facilities there is normally no or only marginal direct water discharge of
process water to the recipient water systeín except for leakage, through the dams. For the year
2000, approximately 130000 M3 water were reported discharged during the period from May 23
to June 14, due to an unusually high water Icvel in the clarification pond. Four sampling points
are frequendy sampled for water quality in connection with the tailings facility.

Water qualíty in the tailings ponds complies with Swedish and European water quality
standards. Water from the tailings ponds discharges into the clarification ponds. Excess water
from the clarification pond is used cither as process water or for transport of the tailm9s to the
tailings dams. Excess water from this cycle is discharged to the river system according to the
discharge permits. In 2000, approxímately 80 % of the excess water entering the clarification
pond were, re-uscd in to the processing plant, while 20 % wcre discharged. The amount
discharged is 16.7 M3/Min (yearly average). The water quality discharged to the river systems is
classified according to the Swedish Environmental Protection Agency as low concentration
waters for all thrce facilities at Malmberget and Kiruna.

3Approximately 6168 M water was discharged from the Malmberget facility into the river. The

lo discharge water and the recipient water were monitored and total mass of constituents
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discharged are estimated on a yearly basis. The processing water constitutes approximately 2 %
of the total flow in the fiver.

At one of the sites a comprehensive groundwater investigation was performed to evaluate
contaminant transport from the waste-rock facility to a nearby lake. Four monitoring wefis were
installed to depths of 2.5 - 3 m and sampled several times during the summer. The study
indicated that there are only minor amounts of constituents transported from the waste-rock
facility via the groundwater due to the high acid-buffering capacity of the waste-rock and the
sorption capability of the aquifer.

Erzberg has direct discharge of drainage from the waste-rock dumps. After 30 years of
monitoring of the surface water, no adverse effects on the surface water quality have been
detected.

3.1.4.5.4 Soil contamination

At the IGruna and Malmberget sites soll sampling is performed on a regular basis
(approximately every 5 years). This ís designed to monitor any contamínation originating from
atmospheric deposition. The investigation includes analysislevaluation of ground-growing moss
near (at various distances and in various directions) the mine facilities. The investigations focus
on metal concentrations. Tlie results of this investigation are compared with regional
invesfigations performed by the competent authorifies.

A water balance calculation has been perfonned for the tailings dams system, including:
• direct precipitation
• surface run-off
• process water discharge
• pump back process water
• evaporation
• discharge to the river system
• groundwater recharge and seepage through the dykes.

Based on this balance the estimated flow into the groundwater from the tailings pond/dam
system is 2 m3línin. However, there is a large uncertainty behind this number since several
parameters cannot be measured but must be estimated.

Groundwater studies to evaluate the effect of the groundwater recharge from the TMF have not
bcen performed. However, tailings/clarification pond water quality is monitored regularly, and
is considered to have low concentrations. Groundwater contamination firom the tailings dam
system is unlikcly to occur.

Therc has bcon no invcstigation carricd out to dircaly cvaluatc thc possibility of contamination
of soil from thc waste-rocks facilities. The leaching from these dumps is minor except primarily
for nitrate and smaller amounts of sulphate, lt is considered not necessary to investigate soil
contamination from the waste-rock facility other than airborne parúcle monitoring and the
vegetation investígations updated every 5 years.

3.1.4.5.5 Energy consumption

One site reported a unit diesel consumption for the haulage of waste-rock: 0.18 litre/tonne
(average 2001).
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3.1.5 Manganese

In this Section only some infórmation about flic Hungarian úrkút mine is provided.

3.1.5.1 Mineralogy and mining techniques

P-,Toliisite (Mii0, the inost comnion manganese iníneral and is an Í portant ore, The iiiinifip-
ténn "wad" is used to iridicate ores that <are a mixttire of several manganese oxides, such as
pyrolusite, psilomelane and others that are difficult to distinguish. Pvrolusite is an oxidatioil
product of weatliered nianganese iiiinerals and also fórnis from stagnant shallow marine aríd
fresh Nvater bog and swanip deposits. Mirierals such as rhodoclirosite, rhodonite and
hausinannite are often replaced by py-rolusite [37. Mineralgallery, 20021.

3.1.5.2 Tailings management

From the several maliganese occurrences in Hungary one mine operates at present. This is 111
úrk-út, where mining started in 1917. The open pit was *m operation until 1930, but since 1935
the ore has been mined underground. The mining method is room and pillar stoping combined
with sublevel caving.

Until the 1970s the oxide manganese ore was treated in a minera] processing plant. The Mn-rich
inud (12 % Mn and 17 % Fe) has long discarded near the mine (2.5 million tonnes). Presenth,
the ore is orily crushed to -10 mm, and sold directly lo a single end-user, the Dunaferr Steel
Mills in Dunaájváros. No tailings are generated.

The small amounts of waste-rock produces are used lo fill the nearbv decommissioned open pit.

3.1.6 Precious metais (gold and silver)

The following list shows tlic current gold nuning operation in Europe,

Site Countn
Baia Mare Roniarúa

Turkev
Boliden- Bjoerkdal Sweden

Orivesi Finland
Río Narcea, Filón Sur Spain

Salsigne France
Sardiiáa Ita1v

Table 3.45: List of current European gold producers línownireported to (late

Of the sites listed in tlic table above Orivesi, Río Narcea, Boliden and Bergania-Ovacik
provided informatío for this section.

3.1.6.1 Mineralogy and mining techníques

Gold and silver are venT different in the way deposits occtir. Silver is mined entirc1v as a bv-
product of base metal or Pold iiiineralisations and is therefore not specifically mentioned in túls
Section. Gold occtirs cither as free gold, or as sulphide-related gold.

Vanious geological settings and mineralogical cliaracieristies are represejited in the precious
metals sites:
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complex sulphide ores where Cu, Zn and Pb are complementary or even the main value
minerals (Bolidon)
sulphide mineralisation comprising pyrite, arsenopyrite, galena and splialerite where the
contained gold is subinicroscopic «1 pun), finely disseminated in the pyTite and
arsenopyrite lattices (refractory gold) (01ympías Gold)
low sulphidation epithennal quartz and breccia veins in andestie host rock (Ovacik Gold
milic)
strongly altered volcanics: quartz, sencite and andalusite rich rocks or schists (Orivesi)
nativo gold with copper sulphides in skani and brecha jaspenízadas (Río Narcea)
gossan (Filón Sur).

The differing mineralogies require different miníng and mineral processíng tecliniques to obtain
optimum gold recovery. Underground (with and without backfíllíng) and open pit mining are
applied. The open pits are in t-,vo casos planned to become underground mines mí time. There
are several examples where gold is extracted from a tailings stream from a base metal mineral
processing plant (¡.e Boliden) or from old waste-rock dumps (¡.e. Filón Sur) and tailings ponds
(1.e. Baia Marc),

3.1.6.2 Mineral processing

Various mineral processing teclimiques are used, mainly due to their different suitability for
different mineralogy. Dependmig on how the gold occurs in the ore it may be necessary to use
different methods to liberate the gold so that it can be extracted. The gold can, in many cases, be
recovered in the copper concentrate and separated firom the copper in the subsequent smelting
process. Nativo gold can be gravimetrically concentrated and recovered. Gold mí its oxide form
can be direct1v leached with cyanide. Refractory gold may require oxidation, e.g. bio-oxidation,
in order to liberate the gold and mak-e ¡t accessible for CN Icaching.

3.1.6.2.1 Comminution

Comnion to all operations is that thc ore necds to be crushed and ground before the gold can be lé

liberated. In some cases this is done m the previous recovery of base metals. Tank leaching q#

requires a fuier grain size in order to allow for relatively short residence times in the leachig
tanks. Heap leachíng allows for a coarser grain size as the leaching time is much longer. In heap
leachig a relatively coarse grain size (even conglomeration may be necessary) is desíred to
allow for oxygen inflow and to secure a sufficiently high permeability of the heaped material.

The typc of equipi-nent used in coniminution are vaniotís types of crushers, and various types of
mills such as dry semi-autogenous mills, ball mills, autogenous mills, etc.

Tlic Orivesi minc uses tlic following cquipment in thc comminufion proccss:

• crushing in three stages with ajaw crusher, a gyratory crusher and a cone crusher
• gnnding in two stages with a rod mill (3.2 X 4.5) and a ball mill (3.2 X 4.5)
• classification with hydro cyclones
[59, Himmi, 20021

The Boliden commm"ution circuit is described in Section 3.1.2.2. l. Both grinding circuits are
equípped with Relchert cones, spirals alid a shaking table for gravity separation of gold.

For the tank leaching operations it is conimonly required to reach a grain size of 50 - 80 %
<45 jan or in some cases, if the gold is extremely finely disseminated, even below 40 ILM to
achieve optimuni. liberation.
[50, Au group, 2002]
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3.1.6.2.2 Separation

The minera] processmig methods corumoniv uscd arc:
a flotation, where the, gold binds mainly to the copper concentrate (gold recovered from the

concentrate in the smelting process)
a heavN-medium separation for lumps using drum separators and de,,vatering sercens
a cone separators and high-iiitLíi�it% magnetic separators for fine material
a Reichert cones, spirais and shaking tables for the gm; It-, scparation of Sold.

In the schematic figure below an example of a minera] processing plant Is given. This plant.
s,.lth a relatively low throughput of 35 I/h, produces a conccntrate containing 125 g Aultonne.
The leaching of some of the gold concentrate is carried out to reduce the content of impurities
(Tclluriuni je) and Bismuth (Bi». This step aims to dissolving 131 and Te a-%%-a-, froni die
concentrate. The tailings from this process are led to, a separated ditch in the old TMF (used
during nlckcl mirifflig phase)_ Because the water from the leaching process Es acidic. lime ¡S
addcd to neutralise ¡t. BA is precipitated in these circumstances, but most of the Te remains in
solution. The leaching process has been ni use orilv %%,Iicn necessary, depending on the ore
characteristics. There is no outlet from the ditch, thus the water evaporates and filtmtes into, thc
old tafláig material. According to analysis on seepage water outside die TMF area no significant
concentrations of Te have been found. Currenfiv the leaching process is not m operation.
becau die quality of thc ore has changed and Bi and Te arc no longer problematic.

Crushing Rod iviffl Flotation TalUngs
d 1 sppla

Bail m

Filtration

Leaching
lo

4
Au
centrco

Figure 3.34: Schematle flo-A sheet of an e~e gold minera§ processing cirruit
159, Himmi, 20021

i ,¿icliiiii, ol uo1d ¡-; cíiíiLd out i,,
a CN Icaching in tanks using the Carbon-In-Pu1p method (CIP) (e.g. Orvacik- Gold Minc)
a CN leaching in tankis using the Carbon-In-Leach rncthod (CIL) (e.g. Boliden and Río

Narcea)
a bio-o.xldation and pressure oxidation followed by CN leaching using the CIL method (al¡

proccsses in closed tanks) (e.g. 01,ympias Gold Project)
a heap-leaching using CN solution folio%;-ed by- Merrill-Crowe process where Lhe gold is

precipitated on zMic powdcr (e.g. Filón Sur).

The leaching processes mentioned above afl require further processig mi order to achieve a
scliable product, Le. transfer of the gold and silver from thc activated carbon into doré
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contamíng gold and silver. A complete gold tank leaching plant constitutes of the following
principle ~es:

• cyanide leaching (CIL-process or CIP-process)
• gold refining (cluation, electrowinning, smelting and doré production)
• cyanide destruction (e.g. oxidation)
• reagents preparation (lime and sochum cyanide).

A complete plant is schematícally illus~ in the figure below. Tlns particular plant (Boliden),
was commissioned in 2001 and recoven gold and silver firom the taflings stream resulting ftom
a base metal minerd procesán plant. The system is ~ed for a throughput of 800000 ttyr
with a gold production of 850 kgtyr. The recovery is approximately 80 % of the gold. The
recovery of gold increased by 50 % after the installation of gold le~.
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Loaded carbon

Carbon
stripping

Electro- Calcination
~ning

L4-ii
Eluate Go1dpIated2 Flux

cathodes
Flotation
tallings

Carbon

j regeneration
Furnace

Cyanide

Lime
Carbon Dorégold

i Gold leaching

S02 Fine carbon

Leach tank
Cyanide

destructIon

CIL tanks
-LO- To the tallings pond

Flotation tallings from other process section
Aí�

Figure 3.35: Schentatie drawing of CIL proces.s
[50, Au group, 20021
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At all sitos where tank leaching is practised, the tú~ shirry undorgocs detoxification prior to
discharge into the taiffi%s pond.

3.1.6.3 Talfings nianagement

3.1.6.3.1 Chamterisfica of taffings

The untreated tailings froin gold míneral processing using cyanide contam difforent compounds,
ype, cyanide dosage, degree of aerafion, etc. Thedependmg on the process used, ore t

composition of tailings will also change as the ore changos [24, British Columbia CN guide,
19921.

During a CIP/CIL leaching process a sinall portion is lost to the mineral processing plant
atmosphere by volatifisation. Some will react with whatever other cyanide consumers may be
present m the ore to produce complexes such as the forrocyanide, thiocyanate, cyanate and
cuprocyanide complexes. During leaching, gold is removed from the solution by adsorption
onto carbon, and some cyanide may be removed with ¡t. The remaining unreactod c:yanide,
together with the products vnth other cyanides consumers, is disóliarged vath the tadings. The
cyanide in the W~ may be treated for ~de removal~ European sitos) or left as is for
removal by natural degradation m the tailings pond (international standard). Any cyanide
entering the carbon stripping circuit wouId cither be periodically bled back into the leach circuit
or destroyed during reactivation of the carbon in the carbon láln [24, Brítish Columbia CN
guide, 19921.

The untreatod tailings s~ from a CIPICIL process consists of a tailings slurry with elevated
levels of cyanide, complexed metals, cyanate and thiocyanato. It may also contain ~e and
antimony, depending on the ore and mmeral processnig.

lt is comnion practice to haye regular control of other material charactenstics (the parameters
determined varios somewhat from site to site) such as, e.g.:

~ size distribution
solid to fiquid ratio
ARD-characteristics
mineralogy
trace element content.

The above-mentioned parameters are used to determino the leaching char~stics of the
material which has an important influence in the operabonal management and suitable
deconimissioning inethods for the tailings. For this purpose all sitos using tank leaching have
carefully evaluated ARD-generahon characteristics for their tailings. The Boliden mineral
processing plant, with 18 % sulphur and low carbonate content has to deal with potentially
ARD-generating tailings [50, Au grotip, 20021.

At Bergama-Ovacik a detailed characterisation of somesamples has shown that the tailings and
waste-rock will not produce ARD as iflus~ m the figure below.
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Figure 3.36: Acid forming potential vs. neutrafisation potenfial graph of samples from Ovacik %¡te
156, Au group, 20021

The fóllo\k Inu table slio;s,, the zi; crave resuits of 91) -,aniples

1 plí AP* NP* NNP* NP/AP* S-2 (%)
Average of 99 samples 1 7.52 0.47 5.5 5.18 4.67 002
*Tomes CaC(1 equivalent per 1000 tonnes
AP: Acid Potenfial
NP: Neutrali.wtion Potential
NNP: Net Neutrafisation Potential

Talpit: 3.46: \cid 1>íxpductit)n Imienfial ¡ti (>%acik Gold Mine

w
The Boliden mining area consists of compIcx sulpihide minerabsations. Mining in the area
started in 1925 and to date approximately 30 mines haye been work-cd in thc arca. The tailings

ú1 the pond consequentIN, havc varied chemical charactenísations and physical- chemical
propcrties. The charactenstics of the tailings produced today. arc summansed in the tables
bclow. The fine fraction after cycIoning is discardcd into the tailings pond and the coarsc
fraction extracted from the hy,drocycIones is usod as back-fill in the underground mines.

Size Total tailings Hvdrx>cvclone overflow
to pond

ilm cumidative % passing cumulative % passing
350 100 100
250 99.9 100
180 99.7 100
125 97.8 100
88 93.5 95.6
63 85.9 87.8
45 76.6 78.3
20 53.2 54.4
-20 0 0

Table 3.47: Partiele sizc of tallings at Boliden núne
150, Au group, 20021
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The tailings haye the following composition before cvcIoning and CN leaching:

Air 0.85 g/t
Ag- 24.9 g/t
cu. 0.10%
Zn: 0.40%
Pb: 0.13%
S: 17.8%

More than 50 % of the tailing consist of particies less than 0.002 mm. The Wings sium,
pumped to the tailings p9nd contains 20 - 25 % sollds. The density, as placed in the pond, of the
tailings is 1.45 tormes/m'.

0, Au group, 20021

3.1.6.3.2 Applied managernent niethods

At thc Filon Sur hcap leacli opcration, the tailings (the heap of lcached matcríal) are lefl in-situ
and decominissioned. The heaps are built on a pad with a synthetic liner. Lcachate or 'pregnant
solution* is collected in a sinall pond before ¡t is pumped to thc plant for gold and silier
precipitation. The leachate is then pumped, to a conditionmig pond beforc tt is re-used in the
leaching process. Very litile information is available at the moment to evaluate hom, tailings and
waste-rock management and decommissioning is done and planncd, thus tt %V111 not bc furthcr
described at this stage. No mateníal characterisation is reported [57, IGME, 20021.

All other sites, using CIL or CIP to leach tlic gold in tanks. produce tallings in a siurn, form
that, afier CN-destruction As applied, are punipcd via pipciffles to tailmígs ponds. Tlic conimonis
used process to destroy CN is the SO:/air process. In general this trcatment results in a total CÑ
concentration in the treated siurn- strcam of <1 mgA. One site (Bergama-Ovacik) that mcasures
wAD CN reports concentrations <1 mg/l.

Boliden uses thc coarsc fraction of the tailmígs as backfíll in underground operations. These
lailings are extracted from tlic tailings stream in hy*ocyclorics situated after thc CN-destruction
plant. The tailings used for back-fill are also analysed for total CN (ty-pically less than 1 ing/1).

50 % of the sites use lined tailings ponds and 50 % use unlined Lailings ponds. Various dam
ty-pes are used to, confine the ponds.

At the Bergarna-Ovacik gold mine. with an ore production of 0.3 mifflon tonnes/,,Yr. the tailings
are managed in a 1.6 Min' capacit-, pond with a 30 m high doy%-nstreaín rockf'íII embankmcnt
and clay,-geo-membrane composite lining system. As dcscn'bed carlier thc tailings are trcated
for cvanidc destruction and heavy metal procipitation uúllsjng oxidation with SO, follo%%,ed by
fem*c sulphate treatment 156. Au group, 20021.

A coriccptual drawIng of tlic TMF is givcn bclow:

Pond capacity: 1.6 million m3
Rainwateir

collecting pond Frerbuerd 2 ni

f__*>

To the plant

0
4'D oc) Final height 30 m

Diversion
0 0 ipca�

channw
0 CO>

Com o. ¡le

4~W 220 m 180 m

finper% Decant tower

Figum 3.37: Cross-sectional drawing of Ovacik taffings pond
156, Au group, 20021
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lt sholíld be noted that the bottom of the pond as weIl as the downstreani face of the tipstreani
embank-ment and the upstream face, of thc downstream embankmcnt are lined.

Thc lined tailings pond 15 located in a valley within two hundred m froni the process units. Rock
fill dani, construction materials (mainly, andesites) were obtained from the o,.,crburden
excavation *m the opcn pil. The region is an anid zone where evaporation plays an active role mí
thewater dcficlt for thc pond duníng the summer season. The TMF was designed as a 'xro*
discharge ufflit wherc water in the pond is re-circulatod duníng the operation of the mine.
Because of thc low alanide concentration in thc pond Ocss than 1 rng/1 WAD), HCN
volafflisation is negligibic. Tle geo-tcchnical and scismological investigations in die TMF area
before and after the construction revcaled thc prescríce of a suitable setting for thc rock-fill
embank-ments and the reservoir stabilitv. The embanki:nents wcrc constructod as conventional
dam structures.

Topsoll was scraped and stored on site for futurc use in site rehabilitation. During closure of the
pond, tallings wifi be dewatered and thc top will he covercd with rock and sofl and subsequendy
rcvcgetated.

In sclecting the TMF location. the main fáctors tak-en míto consideration were:

a minímised land and sofl disturbancc
a proximity, to tlic proccss plant
a use of overburdcn and waste-rock in thc embankinents in an efficient was, to minimise the

foot-print
a storage of topsoll for Vegetative cover upon closure
a cyanide destruction and hea,.,y, metal precipitation for tallings

re-usc of process water *m the process
zero-dischargc of water fi-om the TMF.

¡t was the company polic-v to select tallings dams of rock-fifl type for its increased stability and
cas%7 maintenance (as opposed to using thc coarse tallings). The clay-gco-membranc composite
lilier s%,sieni %%as sclec" Lo aclileye an effecíj%e containment and lo expedite Lhe regulatory
approval and permitting process.

Froin thc geotechilical pofflit of view. the dams were designed to withstand an carthquak-e
induced hon*zontal acceleration of 0.6 g. During opcration with the placement of the overburden
and thc waste-rock on the downstream siopc of thc maín dam. the slope changed to Icss than
10--, increasing the factor of safctv of thc dam structure to 2.23 compared to the usual 1.2 used
internationalh- for water rctention dains.

The base of the tailings pond is covered with a composite liner ss,stcm of 50 cm compacted
clay, overlain by a 1.5 mm thick High Density Polyethy lene (HDPE) geomembrane, 20 cm of
another compacted clay and 20 cm grave¡ filter layer. Drainage pipes are placed in thc filter
layer to dram the water towards the decant. The follováng figure shows the set-up of the
Composite lincr s,.,stem.
156, Au group, 2002]

Sokd WhOr

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

-H,

Figure 3.38: Composite liner sd-up at (>%-aciksite
156, Au group, 20021
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The deposition of tailings is carried out via pipolinos dischargíng into the pond area near the *o
downstream emb~ent. During the mme operation, a minimum of 2 m of freeboard is q#
provided in the TMF design. q0

The TMF design includes surface run-off retention behind, the upaream dam and a diversion
channel for excessive flood watas (for 1 00-year flood, conditions).

The Boliden base metal mineral processing plant received a total of 1.58 million tonnes of ore
from five different mines during 2001 in o~ to produce copper, lead and zinc concentrates.
Coarse gold is also extracted using shaking tables. Depending on the ore bpe part of the tailings
produced (approx. 50 0/1) are further processed in the gold leaching plant. The gold leaching
plant generated 0.8 million tonnes of tailings in 2001.

Of the, five mínes four are underground mines and one is an open pit. The underground mines
use the coarse fraction (> 125 pm) of the tailings for backfilling. The amount of tailings used for
backfiffmg depends the production level m the mmes and, the production status. Dunng
preparation work in the mines a significant amount of waste-rock is produced and used for
backf~ It should be noted that approx- 33 % of the ore comes from an open pít, where no
back-filling is done during o~on. Subtracting this amount of ore the percentage of back-
filling is close to 50

The tailings that are not used for backfilling are sent to the tailing pond that has been used since
the 1950's. The arca has previously a lake. The amount of tailings in the ~ is cun-ently
approx. 16 Mm3 and covers a surface arca of 260 ha. According to the existing operation levels,
the existing tafling pond can be used for 4 - 5 more years. The tailings are pumped to the pond
and discharged at various outlet points in order to allow for uniform filling of the

The tailings are confined within the pond by five dams. Another dam is also constructed,
downstream of the tailings pond to cut off the lakes natural outflow and to create an additional
clarification volume. The pond ama is currently 260 ha and afier a dam raise in the summer of
2002 the arca will be 280 ha.

The tailings pond catelanent arca is 8 km2. The inflow of surfáce run-off has been estimatod to
be 1 Mm3 dunng a dry year and, 3 Mm3 during a normal year. The pond receives approximately
4.5 Mín3lyr of process water from the mineral processing plant.

The tailings pond is approximately 3 km from the concentrating plant. Tailings are pumped, via
2 separate pipelines, one to the north and one to the south of the pond. Downstream of the pond
slaked lime is added to the discharged water to increase the pH to 10 - 11. All water ftom the
pond is discharged to watmways downstr~. No re-circulation of process water is done at the
moment.

Water samplíng for monitoring water quality is done on a regular basis according to a control
programme. Sampling is done both upstream. and downs~ of the tailings pond, as weIl as
around the industrial arca Sampling consísts of stream analysis and groundwater saraples.

The dams were constructed initially in 1979 to +216.2 m as a centreline typc dam with a vertical
impemous core and support filIs on both upstream and downstream sides of the dam. In 1995
the dam was raised, to +220 m as a downstream dam (see the figure). A final raise is ongoing to
+225 m to be fin~ in 2002. A discharge channel constructod in natural ground will replace
the current decant tower.
[50, Au group, 20021
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Rock ¡ayer for erosion
Rock ¡ayer for erosion +220.0 protection 1.0 m
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Figure 3.39: Croas-sectional view of dam at Boliden site
[50, Au group, 20021

Any drainage dirough and under the dams is collected in a collection ditch and led to the
clarification pond. Draffliage through and under thc othcr dams is back-pumped into thc pond.
[50, Au group, 20021

The tailings arca of the Orivesi mine consists of two taifing ponds. Thc tallmígs from the
process are pumpcd into the first pond (37 ha), where thc solids settie and thc clarified water is
led forward froni the other end of the pond. The second pond (14 ha) is for stoníng clanífied
%-.-atcr. Water is re-used in the process and orily the excess as lcd to the níver systcm. The starter
dams have becil made of moraine. The tailings are spigotted to one side of thc first pond and tfic
elarified water is led fórward from the other sidc.

The dams of the elarification pond are madc of moraine and Imied with broken rock and coarse
gra%,cl to prevent erosion. The tailings managctncnt arca has bcen dcsigned in the beginnm'g of
the 1970's and no closure or after-care plans haye been tak-en into account at that time. The
tailings pond is, howevcr. used only oceasionally when the tadings are not deposited into the old
mined-out underground nickcl mine.
[59, Himmi, 20021

A schematie figure of the systerri is given below.

Processing plant

Old Taliliriga Water for
underground recyde
Nickei mine

wiwn,

Clarífied Rrver
water

EfflueM

Figure 3.40: Schematie illustration of tailings and effluent treatrrient at Orivesi mine
159, Himnil, 20021
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The base dam of the ta~s pond has bcen constructod of inorame and there is drainage,
collection outside the dam to colloct seepage water. The necessary raises of the dams are done
using morainc for the coro and the tailings material as supporting fill.

The TMF was originally constructed for a nickei mining operation. Afier 20 years of operation
the nicke1 mine was closed, but the mill has bcen used since to treat gold ore fi-om Orivesi mine
located 85 km from. the plant. The distance fl-om the mill to the tailings management arca ¡S
about 500 m. The dístance from the tailings arca to the river is about 600 m. The surrounding
arca is not used for agriculture, but the nearest house is only 200 m from the tailings arca. The
operator does not consider dustmg from the t~ management arca a problem, because the
material on the surface of the arca has formed a hard layer. The drainage water is collected by a
ditch system and is led dircaly to a river, because, according to the operator, it does not contain
'significant' contamination.
[59, Mmm� 20021

At Río Narcea, the tailings are deposited into a lined taflings pond ~ CN-destruction. The
present volume of the deposit is 2.4 Mín' and the pond is continuous1y raised according to
requirements. The dams are buílt out of compactod clay with a sup~g fill of waste-rock.
The pond has an ímpermeable composite Imer system composed of compacted clay and a 1
HDPE Imer. The pond is surrounded by channels for the diversion of surface run-off. Collecd
surface run-off is diverted into~ ~entation ponds for clanfication before discharge 158,
IGME, 20021.

3.1.6.3.3 Saféty of the TMF and accident prevention

At the Bergama-Ovadk site a full risk assessment has bcen done, stability calculationsí have
bcen performed and the design has bcen carried out by extemal e~. As described abovc, the
desígn aims at assuring stability for seismie load, static stability, flood events and any other
relevant parameter det~ m the risk assessment.

The ~s facility is under daily surveillance for environmental monitoring and structural
integríty. The site is routínely auditod as per the mother company's environmental poficies and
an Ovacik Gold Mine Environmental Management System, report prep=d. The mine will be
subject to an annual internal environmental audit programme using the company's assessment
process to assess the effectiveness of the environmental management systems and the level of
environmental performance at the operation. An w~al audit by an independent expertíse
group was conducted dunng the tnal operations.

Similarly, management plans on other issues such as hWth aud safbty, taifings storage, mine
closure and rehabilitation, cínergeney action and community relations are in place.
[56, Au group, 20021

The tailings pond at the Boliden site is managed acrording to an OSM manual (sce Section
4.2.3. 1) designed aceording to guidelines for dam safety, developed by the Swedish Association
for Hydropower Operators ~AS). In 1997, when Bolidon initiated a dam safety project for
tailings dams it was decided to use RIDAS as a guideline where applicable to tailings dams.
Changes would than be made when necessary, rather than developing new guidelines for
tailings dams. 0ther mining companies have followcd the same route [50, Au group, 20021. q0

At the Orivesi mme, the tailings facility is inspectod dady as part of the operational routines at
the site. No formal risk assessment has been done. Howevcr, the dam undergocs annual audits
by independent ex~ and every 5th year it is audited by the competent. The comments are
recorded m the dam safety docament, which is a compulsory document for all similar types of
tailings management arcas since the mid l980's.
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in ffle construction phase of the tailings fácilíty the soil charactenstics wero investigated. The
system has been constructod m such a way, that the surface of water in the tailings =a can be

q* kept m balance and tho excess of water ftom rainfidís oto. can be removed in a controlled
manner. There are no instruments installed to monitor the phroatic level in the dam body. A
documented emergency plan does not eyást. It is not clear if the environmental impact of the
backfílling of tailings has been assessed.

*V [59, Hinuni, 20021
q0
q0 At Rio Narcea, the dams are controlled using píezometers and inclinometers. The tailings pond
to undorgocs regular audits by external experts. A risk assessment has been performed [58, IGME,

20021.

qW 3.1.6.3.4 Closure and after-care

At Bergama-Ovadk mine rehabilitafion will be done concurrent with the operation to the
extent practicable. Topsoíl removed during construction is retained on site for subsequent
rehabilitation. A conceptual mine closure and rehabilitation plan has been prepared and will be

to rcviewed annually dunng operation. Upon closure of the míne, the tailings pond area will first
be covered by rock, gravel, clay and topsoil and then replanted with trees. Prior to the operation
of the mine, a financial assurance bond was subínitted to the competent authority to secure
rehabílitation and closure m accordance with the operation pormit protocol [56, Au group,
20021.

At Boliden, a water cover solution has been chosen for the closure of the U~ pond. The
dams around the t~s pond have béen raised to their final height. The pond will be flued up
m 5 years time afíer which it will be water covered aceording to existing permits. Apart from
the water cover of the open W~ surface, the daras wilí be re-sloped to 13, covered and re-
vegetated, long-term stable outiets will be wTanged and b~aters will be constructed m
shallow water depths to avoid re-suspension of tailings by wave action. All dams will reccive
additional long-term stable erosion protection. The back-pumpmg of seepage water will be
carríod out until the water quality has improved sufficiendy Lo allow its direct dischargo. Water
treatment: will be conducted by straight liming at the outlet during the same time period, which
¡S e~ to last �4 years.

Water cover as a decommissioning method has be= used at varíous sitos within Boliden. The
water cover established at Stekenjokk in 1991 has boen extensivoly monitored with subsequent
foUow-ups in detad, showing very good resuits.

An alternativo decommissionmg technique currently being evaluatod. is wetiand establishment.
This would allow for a higher sand leve¡ in the pond (better use of existing pond), less water
stored in the pond Ocss risk) and a solf generating organie oxygen consuming cover the top of
the ta~.

Boliden is also trjing out an alternativo method called 'water s~on' or 'raised groundwater
level' which basically is applicable where the natural groundwater leve¡ in the tailings is very
shallow. By applyring a símple soíl coyer the groundwater level can then be raísed to
permanendy coyer the tailings and eliminating sulphide oxidation (see Secfion 4.2.4).
[50, Au group, 20021

*o At Orivesi a plan for closure and after-care has been developed recently concerning the mine
sito and the indasüW arca. On1y a draft plan has been mado con~ tho taffings management
ama. The main idea is to cover old taffings material from the nickel process with the tailing
material from the gold process. A total of EUR 0.6 million has been reserved for closure [59,
Húnmi, 20021.
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At Rio Nareca the tailings pond will. be dewatored and coy=-cd using sofl that has been
temporanly stockpiled at the edge of the pond. Revegetation will be caffied out and the arca will
be returnod to onginal land~ (pastarc). Pore w~, contammg CN concentrations <1 mgll
WAD CN, will be col¡~ through the installed underdrains in the pond and analysed before
discharge-

3.1.6.4 Waste-rock managenient

At the Bergama-Ovacá gold mine the overburden and the wasto-rock are andesitos which are
currently used as rock-flU material on the downstream side of the TMF embaníanent. The
wasto-rock source at later stages of the mme will be from underground worlangs (gallenes, *4
drifts etc.) and these materials will be used as backfill in the underground voids.

ARD potential and geotecluncal property tests were conductod on the wasto—rock. These tests
revealed that the waste-rock does not have ARD potential and is has adequate propeffles for use
in construction of the rockfiU dam and retaining stractures. The non-ARD potenfial of the
wasto-rock allowed the operator to use this material in the retaining structure of the TUT while
províding an optimum use of the storage arca requirement at the facilíty. The wasto-rock is
~ported from the opon pit arca by trucks and placed on the downstream. slope of the TMF
crábankinent and spread evenly and compactod with clay material.

Bocause of the inert nature of the waste-rock, there is no environmental risk associated with the
waste-rock dumpíng unit at the Ovacik Gold Mme. (accord:ing to a probabilistic risk assessment
camed out by an independent consultant).
[56, Au group, 20021

At Boliden, the waste-rock is generated at the 5 mines supplying the minerá processing plant
with ore. As these mines are mainly base metal mines, this waste-rock management is described
under the section for base metals (see Section 3.1.2.4) [50, Au group, 20021.

At Filón Sur, 0.1 million Lonncs/yr of waste-rock are genermed. There is no information on
how this is handled nor any information on the characteristics of this material [57, IGME,
20021. 4

m#
Orivesi uses aff its waste-rock as backfiU in the undayound operations. No waste-rock is q#
hoisted to the surface [59, Himmi, 20021. lo

At Río Narcea, 6 million tonnes of waste-rock were produced in 2001. Approximately lo
20 million tonnes of wasto-rock is kept m wasto-rock dumps at the site. Topsoil is separately lo
stored so that ¡t can be used m the reciamation of the site. Waste-rock ftom mine production
will be backfilled in mined out opon pits as production progressively moves along. The mitial
waste-rock dump, froín the initial opon pit, will be decommissioned in-sita. The wasto-rock q0
consists mainly of silicates (granito and sandstone) and vanoas carbonatos (limestone) [58,
IGME, 20021.

3.1.6.5 Current emissions and consumption leveis

In addltlon to the routíne oecupational health and safety momtonng, an environmental
moratonng programíne has bcen established at the Bergama-Ovacik nune. An official
monítoríng committee assigned by the Turbsh Govenunent carrios out verification sampling.
Environmental monítonng data are compiled in monthly reports and subnutted to the competent
authorifies. Thes are also opoened up to the community through vanous means including the
national press and other public reports. Environmental sampling locations are presented in the
figure below. Data collectod for the periodical enviromnental monitoring are the following:
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a dust. noise and,*ibration lcvels
a WAD CN in tailings water leaving the deto.xification unit and at the water intak-c from tfic

Wlings pond
a heavy metais (As, Sb, Cd, Hg. Cu, Pb, Zn, Cr) in the tailings water
a indicator water quality, Mícluding WAD CN at tlic 6 groundwater monitoring v.,ells located

downgradient of tfic tailings dani
a HCN nicasurements atvarious locations at tfic nime, includMig the tailings pond arca.
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Figure 3.41: Environmentíd monitoring locations at OvacIk site
150, Au group, 20021

The control programme fóllowed at the Boliden minera¡ proccssing plant consists of

a surface (numerous monitoring points %,.Ith varving frequenc-v) and groundwater monitoring
(17 nionitoring wclls suth monthly sampling)

a emissions to air (dust and gases)
. CN destruction monitoníng (at variotis points. The discharge: from the CN-destruction plant

to the tailings pond is sampled 6 times per dav and tlic discharge from the taifings pond
dady)

a noisc and vibration monitoring
a recipient investigations.

Environmental monitoring data are compiled in monthiv reports and subinitted to the regulaton,
authorities and shared ;;-Ith the conirmirílty- through various means inciuding a local reference
group that mects regulark at tlic site to discuss any, issues of concem and for general
information.

3.1.6.5.1 Managernent of water and reagents

The design critcria and managcmcnt system for Bergama-Ovacik tailings pond is set for 'zcro
release of water to the recciving environmental media. This is possible as the operation is a net
consumer of water (due to tlic arid cluínate condibons.) and rc-uses aN the water from the tailings
pond in the process. Mean annual rairifall and evaporation of the arca are 728 and 2313 mm.
respcctiveh, (¡.e. there is a negative water halancc).
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The ~hinent arca at the point of the upgradient dam ¡S approximately 0.6 W. Maximum
possible flood discharge is calculated as 24.6 m3/s for the fint hour of an extreme rainfall event.
In the event of such extreme rainfafi, the potential floodwaters coming firom the catchínent arca
will be stored in the run-off water pond behind the upstrcam embankinent. The aecumulated,
water will be pumped to the uuhngs pond or the excess water taken dn=tly into the diversion
channel, which is constructed along the north side of the pond.

The water consumption at the BoUden mineral processing plant is approximately 4.5 Mm3/yr or
2.9 M3/tonne of ore. The water is obtained ftom a lake 2 ¡un north of the mineral processing
plant Some re-circulated water is used in the míll for cleaning and cycIoníng. Of the total
amount of water used in the mineral processing plant about 10.5 % are re-used.

Due to oxídation of thiosalts and dcpcndmg on the time of the year, the water contamed vathin
the pond is of low pH and contains elevated metal concentrations. The discharge from the
tadmp pond is ~ore treated m a ~ght liming instafiation installed at the outlet of the
taflings pond. A smail sedimentation pond has bcen constructod to collect thc precipitates. The
pond is dredged bi-annually and the precipitates are deposited wifflin thc tálings pond. The flow
of the dischargcd water is measured daily. Discharged water volume firom thc tailings pond is
presented m tabIc bclow.

year 1997 1998- 2MO 2001
Flow (Us) 254 238 186 218 352
volume (MMJ) 8.0 7.5 5.9 6.9 11.11 *0

Table 3.48: Di~rged water from Boliden TMW from 1997 - 2001 W
[50, Au group, 20021 mi

The following fígare illustrates the seasonal vanations of the water quality m the tailings pond
system and thc recipicnt water body(year 2001 data).

Vd
lo
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Figure 3.42: Seuconal variaflons of water quality in the tailings pond and the melpient at Boliden in
2001
JI.SO, Au grouji, 20021

The sampimig points mí the figure aboye are at fíbur different sainpling poffits: inside the talling
pond. discharge %%,atcr from thc pond after liming to thc clarification pond. discharged water
froni the clarification pond to thc recipient and 1.5 km south of the pond bcforc discharging to
thc river. The pH in the tailings pond during winter scasons is 10 - 11. During spring and
summer thc pH drops to about 3.5 duc to the oXidation of thiosaits and the discharged water Is
therefore limed to pH 9-11 to ncutralise the acid effects as descnibed above.

During 2002, the downstream dam will be raised, the discharge system will be re-built and a
new system for flow monitoníng will he installed. The discharge from the tailings pond will he
rc-an-anged from a decant to%%-cr to an ovcrflow channel in natural ground. A back--up system for
discharging water in the tailings pond is in place and will be raised.

A water balance for the Boliden mineral processing plant, the tailings porid and the
surroundings is illustrated in the figure below for a year with average precipitation.
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Figu m 3.43: Water balance at Boliden site
150, Au group, 20021
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Wifflin the industrial arca th= is an old open pit and a shaft under the mineral processing plant.
Dramed water is pumped to the tadnW pond to be treated before di~g to the recipient.
Drained water from the tailings pond is puníped bará to the pond continuously. A small lake
north of the tailings pond is continuously pumped in order to maintain a lower water leve¡ than

tp the surroundings and thereby to capture any possible seepage and pump it back to the tailings
pond. Data such as snow depth, rain and groundwater level are collected for the water balance.
The data of water in the concentrates is also used for the water balance. The system. is used for
monitoring the amount of water in the system.

Discharge from the Boliden tallings pond only occurs through the outlet at dam A. The seepage
«o that occurs through dams B, C, D and E is back-pumped into the pond from the small collection

pond (see Figure 3.43).

lt should be noted that at the Boliden TMF, dilution through precipitation and surface run-off
adds (besides the natural decomposition of CN compounds) to the decreased CN concentration.

Fresh water consumption is monitorod continuously in the process system in the mineral
processíng plant

At the Boliden gold leaching plant sodium cyanide is used for collecting precious metais.
Sulpínir dioxide is used in the destruction of cyanide and lime is used for pH-regulation, before
discharging to the tailings pond. During 2001 the consumption of chemicals used in the
recovery of gold (at a throughput of 0.8 million tonnes) was as follows:

Lime (gold and base metals) 5000 tonnes
to Sulphur dioxide 1260 tonnes
#o Soditun cyanide 450 tonnes

The CN that is discharged into the tailings pond undergoes further natural decomposition m the
pond system. This is the reason for further decreases m CN concentrations m the taílings pond
and, if discharge occurs, in the discharge from the taili:ngs pond. Values from Ovacik site, where
thew is no discharge Lo the recipien� shows that the average WAD CN concenuation in ¡he

qW discharge to the pond is 0.33 mgll while the concentration in the pond itself is 0. 19 mg/l. At the
Bolíden site the total CN concentration m the discharge to the tailings pond is on average
0.89 mg/l, while the discharge from the pond contains offly an average 0.06 rng/1 total CN.
Natural decomposition of possible trace contents of cyanide is assumed to take place in the
tailings pond, following a complex scheme ofprocesses.

At the Orivesi mine the clarified water from the tailings management area, including the rainfall
q0 water, or from the old underground mine is re-used/used in the process. lle mineral processing

plant is operatíng only with this water, without any addítional water ftom natural surface waters.
Depending on the rainfall ¡t is sometimes (but not every year) necessary to remove excess water
from the Vstem by leading it to the river. Recycling also saves small amounts of reagents, but
the savíngs are not very sígnificant, because the flotation reagents decompose m the tailings
management arca. A schematic water balance is presented in the figure below.
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Figure 3.44.- Water evele at Oriyesisite
150, Au group, 20021

During 2001 the (unit) consumption of reagents at thc Orivesi gold mine was given in thc tabic
below

Reagent Consumption
(9/t)

Su3x 50
IYIT 50
"i;N,froth 8
FI(w£uIant 2
Steel Mis 1500
Steel rods 700

Table 3.49: 2001 unit reagent consumption at Orivesi núne

3.1.6.5.2 Ernissiona to air

At Bergama-Ovacik. dust and HCN enussions are monitored on a dal'I% basis. Dust cmissions
are eliminated by surface wctting of thc roads and by a scrubber s%.stcrn at the crushers and
con,t,cN-ors. HCN gas is monitored over the leach tank-s and on the cmbank-ment of thc tailings
pond. producing monítoníng resuits oí' ncarly zsero. A scrubber trcats the gas emissions to air
from thc rcgencration o,, en of thc activated carbon.

At the Boliden minera¡ processing plant, the emissions to air are monitorcd. Duníng the last
years, the biggest cmission source to, air, drymig of concentraics, has bcen completely eliminated
b%- the introduction of filtus instead of using ovens. Tle gold Icachmíg plant has a complete
purification plant for afl ventilation air. This air passes through a wet scrubber wherc any
possible HCN js absorbed in a sodium-hvdroxide solution at high pH. The CN laden solution is
returned to ¡he CIL-process. The regeneration circult for the activatcd carbon is cqw'pped with a
wct scrubber whcre lime is added for pH adjustment.
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The emission from the gold Icaching plant during year 2001 is sununarísed in die table below.
*o Apart firom the emissions reported in the table below the Boliden mineral processing plant

reported emissions of 0. 1 tonno particlos in suspension.

Emistions

Date Operating hours Partieles CN Hg H2S S02

Regmeratlon of h kg kg kg kg kg
a~ated carbon
2001-10-16 30 128.550 0.270 0.000 8.700 1.275
2001-11-22 30 1.350 0.009 0.006 10.050 1.275
Wet-scrabber

00 2001-11-22 1400 4.200
2001-10-16 1400 3.080
2001-07-03 1400 0.042
Oveno
2001-12-03 437.5 0.013 0.051
2001-09-25 1 437.5 0.001 0.001
¡Totad 1 129.91 7.65 0.007 M75

Table 3.50: Enúasions te air from Bofiden gold k~g plant

At the Orivesi mine dust emissions are not measured, but some dust emission occurs from the
*o crushing plant.

3.1.6.5.3 Emissions to water

No disc~ of water occ~ from the Bergama-Ovacik site duáng year 2001 dierefore no
direct emissions. Groundwater monitoring does not indicate any discharge to the groundwater.

kv The emissions to surface water from the Bofiden site are sumínarised in the table below for the
last 4 years (1998 - 2001). The annual average concentrations are given together with total
annual load of each element.

Year Volume cu Ph za As Cd
MW bLVA 1 kg UgA 1 kg , mgA tome ugll kg kg

00 2001 11.1 7 72 19 191 0.1 1,07 14 156 0.1 1
010 2000 6.9 10 70 34 235 0.11 0.77 8 55 0.1 3.0

*o 1999 5.9 8 51 10 59 0.2 1.04 10 58.7 0.1 0.6

OW
1 1998 1 7.5 22 134 20 100 1 0.22 1 1.33 1 7.5 rO.2 1 1.5

Table 3.51: Emissions to su~ water from Boliden site

The production at the gold leaching plant started in July 2001. During the remainder of that year
a total of 417 kg of CN,.t were discharged. Once the plant had reached normal production the
average concentration of CE,,t mí the discharge reached 0.06 ingll.

At the Orivesi mme the total emissions to surfwe water for year 2000 are given in the table
below.
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Parameter Unk Year 2000
Tailings water discharge n1i 780000
Ca t -
so, t 680
COD t -
Solids t 15
CU kg 10
Zn kg -
Fe kg
Cd 9
Ni kg 278
Cr kg

Table 3.52: Emissions to water from Orivesi site

A slight increase of metal contents in groundwater (compared with the contents in the baseline q#
study) have been observed afier the nickel mine was closed and the groundwater had reached
the original level. The tailings water froni the current gold process has not increased the metal
contents in ground water.

3.1.6.5.4 Energy consumption

The energy consumption for tailings management at Orivesi is reported to be 1 kWh/tonne. The
total energy consumption at the site per tonnc ore processed is 53.5 kWh/tonne.

At Ovacik mine the monthly total energy consumption (based on the fírst 10 months of
operation) 1500 MWh. Corresponding to the designed through:put of 0.3 million tonnes/yr this
results in a total energy consumption of 60 kVíhltonne of ore processed.

At the Boliden minera¡ processing plant it is estimated that tailings management consumes
about 2 kWhMnne.

3.1.7 Tungaten

In this section infonnation is provided about the Panasqueira mine in Portugal and the Tungsten q#
mine in Mittersill.

3.1.7.1 Mineralogy and mining techniques

Wolframite «Fe, lín)W04, ¡ron manganese tungstate) is actually a series between two minerals',
Huebneríte and Ferbente. Huebnente is the manganese-nch end member of the series while
ferberite is the ¡ron rich end member at the other end of the series. Wolframite is the narne of the q#
series and the name applied to indistinguishable specimens and specimens intermediate between
the two end members. Most specimens found in nature fall within the 20 - 80 % range of the
series and these are termed wolframites. Only if they are more pure than 80 % manganese are
they called huebnerite and conversely if they are 80 % ¡ron they are called ferberite. Scheclíte
(CaWO4, Calcium Tungstate) is an important ore of tungsten which is a strategically important
metal. Scheelíte is named after the discoverer of tungsten, K. W. Scheele [37, Mineralgallery,
20021.

Europe's largest Tungsten mine is the Panasqueira mine in Portugal. In the year 2000, 332000 t
of ore were extractod, which yicíded 1269 t of wolftamite concentrate (75 % W03) and 12 t of
cassiterite concentrate (72 % Sn) and 132 t of chalcopyrite concentrate (28 % Cu).
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The host rock of the NfittersRI deposit consists of q~ lenses, ¡m~ q~tes,
pyroxenites, orthogneisses, amphibolitos, homblendites and granitos. The tungsten bearing
mmeral at Miftersill is scheclíte (CaWO4). The mam gangue mmerals are quartz, silícates (mica,
tale, biotite, horríblende, amphibole, pyroxene, cte.), carbonatos, apatite and sulpíxides. The
content of sulpítide minerais is <OJ %. The most ftequent sulphide mineral is pyrrhotite. Less
frequent are pyrito, chaleopyrite, galena and molybdenite.

In 1975, the mining operation in Nfittersill ~ with an open pit operation. In 1979, the
underground ~lt was developed. The open pit operation ceased in 1986. Today 450000
tonnes of ore are mmed yearly in the underground míne with an average W03-content of
0.50%.

The whole mining operation in Ififtersill is situated in a protected landscape. Therefore all the
social facilities, workshops and warehouses are installed underground. The ore is crushed
un~und. The mine and the mineral processing plant are connected by a 3 km long g~.
The ore is transported from the crushing station to the mineral processing plant by a conveyor
belt system.

The maín minmg methods used for the e~tion of the massive orebody are:

a sublevel stoping
a subleve¡ caving
a cut and filí.

The waste-rock which is mmed during the development of the orebody is dumped into open
stopes underground. There are no waste-¡=k dumps on the surface. T~s are used for

to backflUing of the open stopes.

q0

3.1.7.2 Mineral processing

Due (o the fíne intergrowth of scheefite with ¡he gangue minerals, the ore has Lo be treated by
flotabon as usmg gravíty separation would result in high losses of scheólite, m~ the

to operation uneconomical.
q0 3.1.7.2.1 C<>rnminutiontp
bV The ore is crushed to <l4 mm by means of a throe stage crushing system, situated underground.
qp The crushed ore is then stored m two underground ore bins before being transported to the

mineral processing plant by a conveyor belt system situated in a 3 Imi long gallery. Just beside
the míneral processing plant there is a s~ile dimensioned so as to socure the supply of the
process with ore for discontinued production at the crushing plant.

The top size of the feed is fin-ther reduced to <l0 mm in a one stago crushing s~ consistin
of a cone crusher which operates in closed cycle with a vibrating screen. The crushed ore is
stored in two ore silos from where the ore is fed to a single stage ball mill at a feed rato of 80 -
82 t/h. To achieve sufficient liberation of the scheclito from the gangue, the ore has to be ground
to 80 % passing 180 pín. The milí discharge is pumped to a classification system, which
consists of screens and a hydrocycIone. The fines with a top particle size of 500 pm are pumped
to the flotation process, the coarse ~on is recycIod to the ball miu.
[52, Tungsten group, 20021

3.1.7.2.2 Separation

Flotation consists of one rougher bank and four cleaning stages. A concentrate with an average
grado of 40 % W03 is produced. The rougher tailings are puraped to a bydrocyclone. The

STIFJPPCBIMTWR-Draft-2 Version May 2003 209



Chapter 3

cycIone underflow, which contams coarse and intergrown scheclíte is recycIed to the ball mill
for regúnding, the hydrocyelone overflow represents the final taffings streací. The collectors
used for flotation are fatty acids (carboxylates), alky1 sulphon~ and alky1 sWphate. q*

A schematic flow sheet of the processing plant is given in the figure below.

IneSÍ101 81102 CycIone

Finai so~
Tailinga

CycIone

Soreen

Rougher Flotation

-LL

Cond~r

Cleaner 1

Cleanor 11

a- er,

ThidonerCkmnor 111

VCManer IV Vakuum Drum
Fifter

inal
Conosiffia

Fipre 3.45: Flow sheet of~rslU núnend processing plant
[52, Tangsten group, 20021

3.1.7.3 Tallingo management

The tMmgs stream at Mkwsffl site represent 99 % of the nutial process feed. At the present
throughput: of 450000 t/yr, a storage volume of 250000 m' is nceded every year.

The MUersíll site operates two tailings management systems:
• atallings pond, approximately 10 km awayfromthe mineral processing plant in avalley
• a back~ system, with a mwcimum capacity of 35 % of the mineral processing plant

feed.
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The~s ponds cover an arca of 34 ha, of which 20 ha have~be= reclaimed.

3.1.7.3.1 Chamteristica of taifinga

OW The chemical behavioxir of the U~ has bcen charac~. The test proceduros involved:

performing leachate Lcús
de~ation of the total content of licavy metals by Icachiríg the solíds with aqua regia

The following tables show the results of these tests.

Pammter Test mmita

pH 7.8
Conductivity, ms/em 0.8
Ca,~ 10
M91 M94 9
Al, mg4 0.17
Sb, _~ <0.01
As, nW <0.05
Ba, <0.5
Be, <0.005
B, mw1 <0.01
Pb, <0.05
Cd, ‹0.005
Cr total, mgA <0.05
Fe, <CO. 1

W col <0.01

*p Cu, MgA <0.01

bv
Mn, mgA <0.01
Ni, <0.05

tp 1191 <ú.001
Se, 4.01
Ag» <0.05

*V
Th, rng/ 4.01
v, mw1 <0.01
Zn, mgA <0.5
S14 Mg4 <0.05
F,~ <0.01
P04,~ 0.6
SO4,~ 156
CN,~dry solids n/d
F, mgU dry sofids n/d
NO3-N,~dry sofids 0.8
Anionic arfactants, <0.05m~ dry sofids
Total hydrocarbons-C, not detwtablemWkg dry sofids
Hydro-Carbons, not &-tmtablemWkg dry solids
Extractable organio Mogens, not detectable~dry solids

Table 3.53: IÁ~te test mults of taMngs at Mittersfil site
[52, Tungsten group, 2002]
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Parameter Tc5t requits

total content ciry solítis)
As 7
Cd <O�5
CO. <0.5
Cr 31
CU 0.5
Ni 22 w
Hg not detectable
Pb 12
Zn 82
TI-IC not detectable
HC not detectable
PAH not detectable

Table 3.54: Heavy metal contents of tailings at Nfittersin site
152, Tungsten group, 20021

The foflowing figure shows the grain siz£ distribution of thc feed to thc minera] processing plant
and the tailings.

100.0
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Figure 3.46: Sizc distribution of feed to minend processing piant and tailings at Mitiersifi site
152, Tungsten group, 20021

3.1.7.3.2 Applied managernent rnethods

The backfilling systcm was instalied in 1987 and consists of a lamella thickcncr, a piston
diaphragm pump and a stecl pipcline which conneets the mineral processing plant with the
different levels of the underground mine. The back0 has to be pumped over a distance of
3000 m and up to a maximum height of 280 m.

Thc currenti-, operated tailings pond is situated south of the littie -wrillage of StuhIfélcien. The
start-up Of the tailings ponds was in 1982. Until this time the first tailings pond, the TelbertaF
pond, situated jusi on tlic opposite sidc of the mineral processing plant was in opci-ation. Thc
final height of this first tallings dam was 24 m. Thc dam was built using thc upstream mcthod.
Every 8 ni a draffiage systcm was installcd. The starter dam consists of borrow material, the
socond and thircí stagc were built using tailings.
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The tailings ponds m Stulílfíelden aro buílt using the upstream method. The final height of the
~s dam StahIfíelden 1 & II was 16 m. The dams IVA and IVB will reach a final height of

*o 24 m. The sta~ dams of ponds 1 and H with a height of 4 m w= constructod, using borrowed
#o material. The sta~ dam. of tailings pond IVA was built with tailings. To prcvent erosion, the
00 surface of the dam is covered with humus and revegetated. On one, side the arca ¡s limited by a

slope. Two roads which cross the slope 30 and 60 m above the pond prevent uncontrolled
entenng of surface water into the tailmgs pond arca. Prior to construchon of the starter dam, the
=a was investigated by geotecímical engincers. Where necessary, the Ibundation of the st~
dam, was reinforced. The construction was surveyed by geotecímical engincers and reviewed by

% the waw and mining authority.
u*

In spnng and summer, the water surface in the pond is kept high enough to prevent dust
emissions from, the tafiffigs pond arca. In autumn water ¡s discharged to the nearby stream. To
prevent du~ from. the tailings pond ama, an automatic spnnkhng system was installed. The
sprinkling system ¡s started and monitored from. the central control room of the plant. During
shutdowns of the minera¡ processing plant standby~ am on duty to control the tailings pond
area. The nearest river, the river Salzach ¡s approximately 600 m away froní the tailings ponds.

*o 3.1.7.3.3 Saféty of the TMF and accident preverytion

The daras are raised in 2.5 m sections every year. The height of the layers applied to the dam
surface ¡s 0.5 m. The dam ¡s divided in sections of 50 m. From. evory profile 4 samples am taken
from, the applied layer. The compaction ¡s checked by using the proctor method. From one
sample of every proffle a particle size analysis ¡s performed. The construction, monitoring,
sampling and the data are controlled by a civil engincer and the federal authority.

For monítoríng settiements of the tailings pond píezom~ were installed. The ground
movements are checked yearly. The data are controlled by the federal authonty.

Monitoring of the TMF is performed 3 times a day by the process supervisors. For heavy
rainfalls and failure of ¡he barriers, excess water can be discharged through an emergeney outIet.

To prevent erosion of the dam by the slurry, the inner surface of the dam ¡s covered by a geo-
textile.

3.1.7.3.4 Ciosure and after-care

It ¡s planned to cover the pond surface with humus and grass. After reclamation the land ¡s
given back to the land owners. The ~gs of the Mittersill operation ~y dcwater. It ¡s
Imown from previous experience that, after a period of 2 - 4 years, the t~ pond will be
dewd«ed and consolidated.

Pardal reclamafion of the tailings pond ¡s already perfonned during operation. The darn ¡s
constructed at the final. inclination. The outer dam surfwe ¡s ~y covered with humus and
reclaimed.

3.1.7.4 W&ste-<ock managernent

At Mittersill the waste-rock which ¡s mined during dovelopment of the orebody ¡s dumped into
tu open stopes undergound. Th= are no wasto-rock dumps on the suifáce.
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3.1.7.5 Current emissions and consumption leveLs

3.1.7.5.1 Management of water and reagente

No water is recycIed from the tailings pond to the mineral processing plant.

3.1.7.5.2 Emissiona to air

The average emissions of dust padiculates froín the taflings pond ama are in the range of50 Mgj(M2 28 days).

3.1.7.5.3 Emiesiona to water

The following table shows the parameters measured in the effluent discharged from the tallings
Pond.

Parameter
Average Values

l"7
Temperature, -C 13.8
plí 7.9
Volume of sediment, Mi/l <o. 1
Aluminium, mg/1 0.072
Iron, mg/1 0.285

Tu4gsten,~ <o. 1
Nitrite, mgll <0.1
Phosphorusl M911 <JO. 1
Cheraical oxygen demand, mg/1 32.3
Total hydrocarbons, <l

Table 3.55: 097 averages of parameters memured in dis~ fromTW of Afittersíll site
[52, Tangoten group, 20021

Monitoring of the effluent of the taifings pond is performed twice a week by the laboratory
tcchmclans. when dischargmg the water into, the nearby nver, sampling of the w~ of the nver
upstream and downstream is performed daily. These samples are analysed in the laboratory of
the mifi and by a chemical laboratory. A report is scnt to the federal authorities every year.
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3.1.8 costs

3.1.8.1 Opemídon

The following table fists üw costs for taüffigs and waste-rock managoment.

Operation Sub-oper"n cost interval unit site
Wane-rock
~agement

Ho"ng to surfam 0.5-1 ET-W
Surface ~rt to dump 0.2-0.5 EURA x km
Dump construction OA-0.5 EUM
In open pit~it is said that Oit is difrícult to extract waste-

rock for less than USD 1 /tome"

Tailings
maWe=nt

Pumping to 0.1
ETIPT~~bution 0.05-0.3 - it

Dust suppression >0.1 El~
T~ dewatering LO-4.0 EXW
Trwk transport to mineldump 0.5-1 EW
Tailings pumping and maintenmee 0.1 EW
Dam raises 0.4 EU"
Water trea~t with lime 0.1 EXW
Monitoring 0.1 E.LW
Total operating cost 0.8 EURA Boliden�
Capital cost for 7 IW 5.34 EUR milhon ZinkgrtivaW
Capital cost punips, 100 I/S 0.45 EUR million Z¡nkgruvan'
T~pum~ 0.11 EURA Z~vW
Pumping water back to processmg 0.04 EURA Z~van3
plant
Pipe wear 0.16 EURA ~vai?
Piers 0.07 EURA Z~var?
Total operating oost 0.37 EUR/t ~van�

q0 Dam safety momtormg 0.05 EURh 7,ink~
Total operating cost 0,8 EUR/t Z~vW
Dammises 0.5 EUR/t Río NueW
CN destrímbon 1.0 EURA Río NareW
0thers (en«U, pipes, maínt.) 0,5 EURA Río N=co�
Total operating cost 2.0 íUo-J�a-rjaz--'
Total operating cost 0.6 EURA Keni?
Total opmú% cost 0.4 EUR/t Orivesi�
Total operating cost 0.48 EURA PyMsalnT
Total operating cost 0.3 EURA Iffifi

Sourms:
Total operati% cost 0.4 EUR/t I~nber8�

1 = [98, Erikwm, 20021
00 2 = [65, Base metais gmup, 20021

3 = [66, Base metais group, 2002]
00 4 = [58, IGUE, 20021
00 5 = [71, I-limm� 20021

6 = [59, Himmi, 2002]
7 = [62, Himmi, 20021
18 = [64, Base metaís group, 20021

Table 3.56: Costa for talfings and waste-rock management at metal sites

STMIPPCMHW_Draft -2 Version May 2003 215



,qW-

Chapter 3

At the Boliden mmeral processmg plant the operadonal cost for deposition of ta~ is
EUR 0. 8 /t. This figure includes the energy cost for pumping the Uffiffigs and maintertanec
(EUR 0. 1 A) and the actual cost to raise the dam (EUR 0.4 A), water treatment of discharged
water from the pond (EUR 0. 1 /t) and monitoring costs (EUR 0. 1 A).

At Garpenberg the operational cost for the uáling deposition is EUR 0.4 /t ore processed. This
cost includes pumping costs, raising of dams, maintenance of pipelines and pumps, monitoring
etc. However, ¡t does not includc decomínissiortíng costs.

Taflings management costs in the Lcgnica-Glogow copper basin are as foflows:

Sub-operation costa interval unit
T~purn~ to the 0.530 EURA
Darneonshuction 0.060 EURA
Purupíng water back to the pro~TW plant" 0.333 EURA
Dust spraying with asphalt emulsíod) 0.031 EURA q#
Air, water, soil and seismie monitoring 0.020 EURA
Safety m~sion and control pro~es 0.014 EURA
(geotechácal monitoring)
Emergeney alann system 0.0004 EURA
Ecological fee for taílings disposarl 0.470 EURA
**Pumping exocss water to the Odcr river4l 0.064 EURIW

0.046 EURA
**Purification of discharged water4> 0.043 E~

0.031 EURA q#
**Hydrotechuícal moní~ 0.003 EUR/nij

0.002 EURA
**FIcological fees for discharged watcr4> 0.135 E~

0.097 EURA
Total operatíng cost 1.634 EURA
1. The relevan¡ figuras to relate ío (hese cwts are shown in ¡he following tables
2. Cost includes e~ for emulsion and distribution ftom helicopter and ground velúcles.
The annually s~ed sur&w is ~t 1080 ha, taking into acwunt that some places are
%)rinIded more than once.
3. Compulsory feo
4. In 2002 18.9 NW of water was discharged from the tailings pond, ftom which 18.6
Mm3 to the Oder river and 362664 m3 lo the botLom of the pond. The data refer to W of
diwhned water and to 1 t of Wings (¡t of Wlings refen to 0.721 m3 Of diWharged
water.)

Table 3.57: Ta~ mitnagement costa In the Legnica-GIogow copper basin
[132, ]By~ 20031

Procaúng pLant Ta~ generated in Horizontal Flevation
2001 distance

(dry Mtlyr) (M)
Lubin 6.4 13.4 47

1 Polkowice 1 8.0 1 13.7 1 39
1 Rudna 1 12.5 1 11.2 1 23

Table 3.58; Relevant~ genera*d, ~ce and elevation between minera¡ processing plíants
and the tallings pond In the U~Giogow copper basin
[132,By~ 20031
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Proceming plant Water returned la Horhontal Élevation
2001 ~ce

3
(M19 lyr) (1130)

Lubin 26.8 12.1 45
Polkowice 27 9.7 1 60
Rudna 67 6.4 60

Table 3.59: Relevant amounts of water retumed te míneral proceasíng planta, dístance and
~~ between ~eral processing planta and the ^gs pond in the L*~-Glogow copper
buin
[132, ]Byrdd^ 20031

At Zinkgruvan up to the begináng of 1990's the taílings were managed above the water
surface which was less expensive as the pípes couId be stationary at one fixed pomt for a long
time. Since the start of discharging main1y under the water surface the costs per unit have been
more than double. On the other hand the management under water has given a significant
reduction of the metal transport from the pond and less dustmg from the talíngs arca.

The operatmg costs can be divided into the following items (EURIm):

Pumping of tailings 0.15
Water recyCle 0.05
Pipe arrangements, wear 0.22
Piers 0.10

The dam safety momtormg system now underway will add another EUR 0.07 IM3 and may be
complemented with other systems as weU.
[66, Base metals group, 20021

The following table shows some further cost information relevanL Lo the management of tailings
and waste-rock.

Operation _Sub-op~ Cost unit Comínent/Site
Dam costs Dam constnwtion 0.05-0.5 EURA Seale. site & method

Lining HDPE liner, 16 ha 7.5 Ovacik2

Environmental One water sample (surface or 220 EUR/sample ~le
monitoring GW) preparation, shippu'y,

analysis and repoffing

Installation of Ground water monitoring weil 200 EUR/m Establishment, Iü¡ing'
monitoring weIl h~ and nnsmg'
Backf1n T=sport cost� 15 km 0.3 EURA

Transport cost, 100 km 0.8 EURA
Thickened Op=ting costs excluding 0.15 EURA

capital costs
Capital cost thickener, (i m 17 EUR 3
Ibigh)
Total capital cost 2.2 EUR million 3

JOf which for dam constnxtion 1.4 IEURMinion 13
Sourms:
1 = [98, Erik~, 20021
2 = [56, Au group, 20021
.3 = f3 1, Ritwy, 1

Table 3.60: Cost ofother operations relevant to the management of talfings and waste-rock

The following table gíves more detailed information on ~ts for de~ymg eyanide using the
SO2/air method.
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Site Tonnealday Weight % CNwAD Ope cost
sofids (M9 1)

Feed Treated USDItenme USD/K9

A 28ffl 35 80 0.30 0.35 2.56
B 920 47 175 0.90 0,77 4.28
C 800 45 120 0.50 0.91 6.06
D 2700 40 290 1 0.15 1 0.95 2.40

Table 3.61.- Operatíng cost la USD for CN destruction using the SO2/air method la 2001
199, lkv"st, 20021

The operating costs are actual and include the costs of SO2, lime, copper sulphate and power.
Capital costs for these operations are in the range of USI) 360000 to 1.1 million installed.
Capital costs include reactor, agitator, air compressor, S02 delivery system, and copper sulphate
delivery system. It does not inciude the tailings pump box and pump and the lime syst=
(usually already part of the plant). lt assumes the system is outdoors, including reagent systems
and air compressor. Therefore no atíditional building facilitíes need to be constructod, on1y sito
preparation and proper foundations. None of the examples in the table make use of a sulpluír
bumer for the SOUMC Of S02. If this was the case, the capital cost would be much higher(about q0

80 O/o), but the operafing cost would be reduced by about 60 %. The variation in operating costs *0
is due to unit reagent cost for SO2, lime, copper sulplíate and power.
[99, Devuyst, 20021

q0
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3.1.8.2 Closure

00 The following table lists cost information relatad to ciosuro cost.

Sub-operation Cost Interval Unit Com~t/Site
or tailirígs pond reyegetation 0.14.5 ELTRImf Seale dependenti

Engincered cover on dump or pond 3.0-10 ELTWm� Seale and method
de~t1

Flooding of taflings 0.5-1 EURI& Seale and site ~dent
Wetland establishment 0.1-1 EURI& SGale and síte dependent-
Groundwater saturation 0.2-2 ELTW& Seale and si depend-t'
Dewatering of pond 03-1.2 1517P-
Revegetation 0.7-0.8 T=2

Morkitoring 13-1.7 EUR/íd Tara2

tp Maintenance 0.1 UU-R-/mr- Tara2
Tara2total reclamation and elosure 3.1-3.7 UR/m

Closure (dewatering and coyer) 1.8 USD million Ovacik
Closure (not specified), 37 ha 0.6 EUR milhon Orivesr
Closure (water cover, vegetation), 280 ha 1.5 EUR million Boliden?
Closure and after-care, 100 ha 5.4 EUR milhon Pyhasalmi'
Rehabilitation 14.4 Zi~yan'
Apirsa actual cmts
Apírsa taílings pond reclamation 18.5 EUR/ni� Total costItotal arca
elay cover placed 2.9 ELTRW material it Sclf not

included'
Protection cover placed 3.1 ELTRW Material it self not

iwluded'
Resloping of dam 0.9 <100 m movement o

material (bididozer)'
Resloping of dam 4 EUR/n? >1OOm movement Of

material (loading transport
and placement)I

Revegetation with grass 0.05 ELTRW Conventional seedíng'
Saxberget actual reclamation cost
Composite coyer unit cost (1995) 7 ELTR/m� Total cost/total area'
Stek-enjokk- actual reclamation cost
Water cover unit cost (1992) 1.5 Total costItotal areal
Kristíneberg actual reclamation costs
Unit cost water cover 1.5 EURJ& Total costítotal arca
Unit cost coniposite dry cover 6 EURI& Total c<)st/total-ar-eaT
Unit cost inereased ground water level 4 ELTR/ni� Total costAotal areal
Sources:
1 = [99, Erik~, 20021
2 = [23, Tara, 19991
3 = [56, Au group, 20021
4 = [59, Ifimmi, 20021
5 = [50, Au group, 20021
6 = [62, Flimmi, 2002]
7 = [66, Base meWs group, 20021

Table 3.62: Cost information for ciosure and afte~re of nwtafifferous ndnIng taffings and waste-
rock management

Reciamation and closure costs estimated for the Tara taffings facifity are calculated for a 5-yr.
q* active monitoring phase, a 5-yr. passive monitoring phase and a 10 yr. long-term. monitoring

phase. Rovegetation costs were calculated for a surface are of 66.8 - 85.4 ha with a unit cost of
approx. EUR 3200 /ha including fertiliser and seed. The costs for monitoring are based on the
assurapfion that one fuU time staff he employed for a five year so called acüve care period
monitoring phase. Other cost factors inciuded are reclamation performance, agronomic
performance assessment (examination of grazing cheep), wildhfe monitoring, surface water
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quality, groundwater quality, dust monitoring, gootechitical monitoring (piezometers and visual
inspections).

The decominissioning cost for the Bolíden taílings pond are estunated to be EUR 1.5 million.
This inciudes the arrangements for securing a perinanent water cover, stabilisation of shallow
bottonis, reconstruction of discharge devices, revegetation costs, long-term monitoring and
management of the water cover. At the last raise the danis are built to their final long-term
stable slope angle and required erosion protection is installed, costs that are not inciuded in the
decommissioning costs are given above 150, Au group, 20021.

At Pyh~ EUR 3.6 milhon and at ffitura EUR 0.6 million have been reserved in the
aecounts for closure and after care. The total closure and after-care costs for Pyhásalmi tailings
arca is estí~ to EUR 5.4 milhon-

Río Narcea has posted a bond of approximately EUR 3 million which con-esponds to the
Spanish norm (PTS 2 millionília).

3.2 Industrial minerais

The term. "indushW mineral? covers a wide range of different materials. Their comnion
denom~ is that diey are afl used as fanctional fillers or as production aids by industry. They
are generally reduced in sizo to a very fine powder before use. The main categories included in
this family are talc, calciuni carbonatr, (ground and precipitated), feldspar, kaolin, ball clays,
perlitc, bentonite, sepiofite, silica, borates, etc. The mineralogical and chemical characteristics,
as well as the particle-size distribution of flie final product, determine the possible end-uses.
Qu~ requirements are usually very precise. The end-uses of these minerals are extreinely
diversified. The geological availability of industrial minerals depends on the categories
considered: tatc, for instanco, is less conimon than silica sand. However, even for the categorics
which seem more conimon, the physico-chemical requirements can be so high and precise that
only a limited number of ore bodies can be worked.
148, Bennett, 20021

3.2.1 Barytes

The following production sites wifflin the EU-15 were reported to this work:

site Country
Wolfach Gerniany
Dreislar
Bad Lauterberg
B~e de Chaffiac, Chaillac France
Foss Mine, Aberfeldy United K¡
Closebouse Mine, Mddlcton-in-Teesdale
Vera, Coto minero Beja Spain

Table 3.63: Barytes núnes in Europe

3.2.1.1 MinemIogy and mining techniques

Barytes is the naturally-occurring mínera¡ form of banum sulpliate (BaSO4).

Within Lhe EU-15, 55 % of the Barytes is produced by underground mining [29, Barytes, 20021.

Barytes deposits worldwide occur in ore bodies as residual, vein-type and bedded formats.
Extraction is by both sarface and un~und tecitniques dependent on the geology and
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economies of the region. Each deposit and the most suitable extraction and processing route are
very site-specific. Overburden and waste-rock generally remain in-situ, or are sold as
construction products or are used in general reclaún/restoration.

3.2.1.2 Minsmi processing

There is no standard flow sheet for the industry due primarily to the wide range of productS.
Ifineral processing varies from a simple crush-only aggregate4ypc operation through to heavy-
medium processing, jigging, fine grinding and flotation. At some operations ~ quantities of
finisbed product are subsequently and separately acíd-washed for special sale applications [29,
Barytes, 20021. Optical separation is also used. in at least one operation.

The prime requirement for oil-well applications and for several of the, filler applications (e.g.
sound deade~ nuclear shielding) is high densíty (4.3 kg/1) and often BaSO4 content (80 -
90 0/1) is sufficient to meet this. These operations generally on1y reqtúre crushing the, run-of-
mine m~al to produce a finished product with no processing waste.

Several other operations only require, simple gravity methods to enhance the quality for the
finished product, generally jigging or h~-media separation.

Mineral processing may be necessary:

a for more complex ore bodies
a where the barytes is associated with other minerais (e.g. fluorspar, ¡ron ore)
a where the barytes is finely disseminated in the host-rock (flotation)
a for the chemical industry where grades greater fi= 97 % BaSO4 are required.

The following flow sheet shows a site using gravity separation using jigs and flotafion.
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Figure 3.47: Flow sheet of barytes. íninend processing plant using jigs and flotation

Sitas with flotation operations use standard reagents for processing e.g. alky1 sulphates as
collectors and alí or some of sodium sffica:te, quebracho tannin (suppressant for talc and carbon)

and citric acid as pulp modifiers [29, Barytes, 20021. q#
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3.2.1.3 Taffinga managenwnt

The foUowmg table shows the taílings managoment methods that are applied to different
inineral processing schemes.

Type ofm~pro~ No. of sites % totid output T~as man~ment
cn~ 0111Y 2 15 Nil
Cru~ + Ags only 4 23 Nil
Crush +~ + Flotation 2 22 Dry tailings
Crush + Grínd + Flotation 5 40 -Wet tailings

Table 3.64: T^gs nm~mmt methodo applied to Barytes ndnes In Europe
129, Barytes, 20021

lt can be seen that 5 sitos, which together produce 40 % of the Barytes, use wet tailings
management. Two out of these five sitos together discard on1y 12500 tonnes of tailings into
small ponds and nearly half of this tonnage: is regularly dredged out as a product for land use.

la general ¡t can he said dW only a small percentago (2 %) of dw t~s produced within the
EU-15 are discarded as slurry in ponds. Typically coarse tailings are sold as ~gatos. Finer
tailings are mosdy dewa~ and also sold or used as backFiU in the míne.

The tailings management options are listed in more detaíl in ¡he following table.

Size fraction Antout

Subtotal > 250-300 [tm 77
(including sales)

<250-300 pm dewatered, heap/sale 214
<250-300 backfíll 20
<250-300 pm tailings pond, reevcle 5.5
<250-300 jim taffings pond 7

Subtotal <250-300 [¡m 255,5
Total 323.5

Table 3.65: T^gs nu~ment options at European barytes operations

The operation in Coto minero Berja with a total mine production of 150000 t/yT produces thrce
tvpes of tallings:

a come tailings (>25 mm): after crushing in a hammer mill and screcning.
a after density separation the light fraction passes a screw classifier. The coarse fraction of

these tallings are backfilled after dewater in basins in the pit (seo figure bolow).
a the slimes from the screw classifier (17000 t/yr dry basis) are dewatered via evaporation in

small concrete tailings basins (total capacity of 240 M3) The dried slimes are then also
backfilled in the open pit (seo figure below).

STffJPPCIYNI~-Draft -2 Ven¡~ May 2003 223



Chapter 3

,t leo,J

...1.101

1 igun 3.4%: Detit,alcring, i>fl>itr-ttcs taffinp ¡ti flu pil
1110. IGNIL. 20021

S
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3.2.1.4 Waste-rock rnanagernent

At the operation in Coto minero Berja the s%astc-rock (325000 iii`/N-r) is transicrred svith tnicks
N%1thin tlic ininc and backfillcd on the inined out sitc of tile open pit and progressl%ciy
re,,e_gctatcd.
1110- RIME. 20021

3.2.2 Borates

1 111s Sicction incilidcs 1111,ormation aboul thL 1 urkish bonacs sILL.:b- 111k.; Olli\ piodu,:t..:U oí boraLL:S
iii Europe qo

q#
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3.2.2.1 Mineralogy and rnining techniques

The oldest form of boron known is the minera¡ salt called tincal (sodium totraborate
decahydrate, or simply borax). Other boron-containing minerals that oceur naturaRy and are
mined commerciafly inciude colemanite (calcium borate), hydroboracite (calcium magnesium
borate), kernite (another sofflum borate), and ule3dte (sodium calcium borate).

*o Boron minerals coming from open pit or underground mines are crushed Ínto appropriate sizestw and are then fed to the mmeral processing plant
00
*o Borates are naturally-occurníng minerals contaming boron, the fifth element on the Periodic
40 Table. Trace amounts cxist in rock, soil and water. They are an essential nutrient for plants and
bv an important part of a healthy diet for humans. But boron-containing ores are among the rarcst

minerals in the world. The element boron does not occur in nature but traces of its salts are
present 1n rock-s, soil and water almost everywhere. Nevertheless, borate minerals are
comparatively rare and large deposíts exist in only few places in the carth's crust (Turkey, US,
China, Russia, and South America). The oldest forín of boron known to man is the mineral salt
tincal (sodium tetraborate decahydratc, or simply borax). Other boron-containing minerals that
occur naturally and -Yvhich are mined commercially include colemanite (calciuni borate),
hydroboracite (calciuni magnesium borate), kernite (another sodium borate), and ulexite
(sodium calciuni borate).
[92, EBA, 20021

3.2.2.2 Mineral processing

The following figure shows a simplified flow sheet of the production of refined boron products.
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Figum 3.50: Simplified flow shM of the production of refíned boron producis
192, EBA, 20021

The folloNs ing table lists the inpuls and otitputs froin the niaín steps ofthe hoi ate process

pnoces., siep Inpuis outpul%

1 incfincd l�,Yrii\ �,iiiitii,íi

4 J-jije el,¡\ s l� lile CLI\ S p,Irlicie, and lloccidalli-
1 loc�iiiiiiii:, Bola\ 'ol Litinn

C n MilIC,i lllkl,ili--tl INkC11
iefined product, (di;

Table 3.66: Inputs and outputs from the main steps of the borate process
192, EBA, 20021
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3.2.2.3 Taffinga managenient

In short, the coarse taiags consist of clays and calcarcous minerals which are stored on heaps
for backFiUing purposes. The tadings slurries, which contain fine clays particies and flocculants,

*o are managed in ~s. After the settiement of the el" partieles, the water ¡s recycIed into the
*0 PromS.
tar

The following table provides a list of the tailíngs released from the process and the ty,pe of
management applied to thein.

Process step Taffinms Lrenerated Management metbod
1. CIass¡fy¡ng Clays and calcarcous núnerais (solid) Heap
2, Aqueous dissolution non n/a
3. Sercening, Coarse calcareous minerals Tallings ponds
4. Thick-ening Fine clays partieles & floeculants Taffings ponds
5. Crystallising non n/a

bv 6. Drving/ cooling non n/a

kv Table 3.67: Lbt of the taWmgfí re~ from the procesa and the type ofnm~mmt applied
(92, EBA, 20021

The talfings from screening and thickening are discharged into lined ponds near the mines. The
ponds havc 5 levels, with the l" onc báng at tlic lowcst and the 5 h 011C at thc híghcst lcvcl. Tbc

d Ih ftailíngs pulp from the plant ¡s pumped direaly to the 2 , 3rd, and 4 ponds. A ter the solid
partieles contained in the tailing putp settie down in these ponds, the overflow water ¡s
transferred progressively into the l" pond. The 'clean' water in the l' lak-e is then pumped back
in the processing plant. Discharging talling pullis to the 5ú' pond has reccntly started and the
water level ¡s increasing at this pond.

The annual quantity of the solid waste ¡s about 350000 - 400000 tonnes and the amount of water
for pumping the taílings to the lakes ís 300000 - 500000 m'/year. Total capacity of the current
pond systeín ¡s 14 million ni'.

The fóllowing altematives are under evaluation for the management of tailings in the future:
1 . constructn'ig a new pond
2. discharging the solid tallings from the 3d and 4th pond to the heap arca. and reusing the

ponds
3. using a decanter systeni to recover the tailings in a sofid forin, and discarding them on a

heap.
[92, EBA, 20021

There ¡s a monitoníng system for CO, S02, NO, and dust emissions. Boron particies In
neiglibouring streanis, chemical oxygen demand in neiglibouring streanis, pH and conductiv-lty
values of neiglibouring streanis are measured on a regular basis. The analysis shows: that the
B203 content in the water is negligible, and it was demonstrated that this B203 COntCnt Was
coming from the groundwater being in contact mith the deposit.

3.2.3 Fe1dspar

Unless otherwisc mentioned, afi infbrmation provided in this Section originatos from [39, RVIA,
*o 2002]
90
*0 3.2.3.1 Mineralogy and mining techniques

Fe1dspar ]s by far the inost abundant group of mineraís in the carth's crust, forming about 60 %
of terrestrial rocks, Fe1dspar minerais are essential components in igneous, metamorpli1c and
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i-ocks. ¡o such an extent (hal tli�. o¡ ¿j miniki Oj locks ¡S baw(1 o1]
J'eIdspar content. Tlic enstalline stritcture of f'cldspar consists of an inFillite net,,;-ork oí' SIO.

¿nid AIO. tcti�ilicdi(-,ii [hel\ LISLiall., cn Staffise 111 ÜIC lllk,]Ikciilll,: k)¡ tri�:Iiiii,: �,telii

Tlic mincralogical composition of most fc1dspars can be expressed in terms of the ternary
svstem orthoclase (KAIS1308). albite (NaAlSi308) and anorthite (CaAl,S1,0�). The mincrals, tlic
coniposition of which is compriísed between albite and anorthite are known as plagloclase
féldspars, whllc those compriísed between albitc: and orthociase are called alkali feldspars. This
latter category is of particular interest In terms of industnial use.

��:lt.lbpill 1,, 1,lo[11 titi�iri-ius b\ simpL (loadinL, Uu nuneral ork: 1,,,
crushed into ilic appropriate sizc and transponed to tlie processuig plant by coil,.c,,or beits or q0
trucks. q0

q#

3.2.3.2 Minera¡ processing
q0

Fe1dspars are cither selectively- iiiined or processed by optical, flotation and/or electrostatic
separation. in order to remove the accesson, minerals (e.g. quartz- mica, rutile, ctc.) present in
the ore. The fe1dspar may then undergo a milling step which allows to adapt the partiele-sizc to
tlic intendcd use. The degrec: of refining and possible milling is ver,,- dependent upon the final
use of the product. For a numbcr of uses, it Is pci-fectiv acce:ptable, and evcn advantageous, that
tfic product retains some accesson, málerals. c.g. quartz. u-hllc at the other extreinc sonic
applications require extremely pure and fine-grounded grades. Basically, the t%vo properties
which mak-e fe1dspars useftil for downstream industries are their alkali and aluinma content.

Tlic flotation process is offl-v used by AKW. INCUSA. and SP Mincrais. Tlic feldspar recovered
lis- flotation offiv reprcsents about 10 % of the Europcan feldspar production The flotation
process is esscntial to get a high quality- gradc (low tron content and high alumina content)
rcqwrcd for some specific and important applications (e.g. TV/computer screens). For instance.
although the ltalian producer Maffel is the biggest producer in Europc, the thi-ec above-
mentioncd companles suppi% the Itallan market v�lth these high qualit-, grade producis.

The cssential use of the flotation process may be explamied by the fóllowing figure:

recoverv

feldspar

a :
quartz,

1 particles si=

Figure 3.5 1: Fe1dspar particie Ys. recovery graph
139, IMA, 20021

In Sections 1 and U] a primary mechanical separation (hydrocycIoning, centrifugation) can be
achicved. In Section fi, elther optical, notation or clectrostatic scparation can be used to
separatc fe1dspar ftom quartz, depending on both the intrinsic characteriístics of the ra,,%
material, and the final product requircinents.

The fbllo"¡ng flow sheet shows the stcps involved in the recovcrv of fcldspar.
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Figare 153. Dry promulag step m the rmovery of feldspar �
[39, IMA, 20021

In the feldspar process , one may distinguish three different flotation steps, namely the micas
flotation, the oxides flotation, and the feldspar flotation. Each of these regnires a differnent
reagent regime.

ui►
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The following table shows the inputs and outputs froni the main steps of the feldspar process.

proceu atcp Inputs Outputs
1. Milling & elassify¡ng a raw material a siuny mixture (conta,

a water fe1dspar)
a coarse sand, wavel, and stones

2. Hydrocycloning a Siurry mixture Overfl
a water a feldspu, fine sand and micas

Underfl
a g~: concentrated sand,
a process water

3. Dewatering by screens or a feldspar, fine sand and a feldspar, fine sand and micas
vacuwn filters micas a process water
4. Micas or oxides flotation a feldspar, fine sand and

micas a micas or oxides
a foam inhibitor
a acids (H2SO4) Underfi
a surfactants a feldspar, fine sand, quartz

tp a process water

tp 5. Dewa¡¡í-% by scre= or - output froni the - feldTu, fine sand, quartz
vacuum filters underflow of the a process water

previous step
6. Fe1dspar flotation a fe1dspar, fine sand, Overflow (reverse flotation possible)

quartz feldspar
a foani inhibitor
a acids QU) Underflow
a svírfactants a fine sand and quartz

a process water
7. Dewatering by filters a o~ from the overflow a fe1dspar (moisture <25 </>o)

of the previous step a process water
a fe1dspar (moisture

<25 0/.)
8. Drying a fel~ (moisture a fe1dspar (moisture <l O/o)

<25 0/.) 1 1
9. Magnetic separation fe1dspar (moisture <l '/o) fe1dspar (moisture <l 0/1)

1 1 1 ¡ron oxides

Table 3.68: Inputs and outputa from fe1dspar núneral processlag steps
139, IMA, 20021

At the operations in the Segovia region the process used for the, separation of the fe1dspathic
sands from the silica sands is that of flotation in a highly acid environment for which
hydrofluoric acid is used. The flotation plant is fed with the fraction under one millimetre. The
mineral processing plant has a capacity of 2400 t/d.
[110, IGME, 20021

3.2.3.3 Taffinga managenient

3.2.3.3.1 Characteristica of tallinga

A typical chemical analysis of tailings coming from a washing-crushing unit is presented below:
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Parameter Unit Result
pH- cluate after 2 hours - 7.76
pH- eluate after 8 hours - 9.06
pH- cluate after 24 hours - 9.14
pH- eluate after 48 hours - 9.20
pH- cluate after 72 hours - 9.04
pH- eluate after 102 hours - 9.03
pH- eluate after 168 hours - 8.5
pH- eluate after 384 hours - 8.0
Cyanide [LgA <10
-ChIonde mg/1 <10
Fluoride mg/1 <0-5
Nitrate mg/1 23
Sulphate mg/1 101
Arsenic tíg/1 <5
Banuin mg/1 <O. 1
Cadnáum �igll 4
Cobalt "/1 <100
Chromium 1,911 14
Berylliwn jigll < 1
Mercury g9n <O. 1
Nicke1 Wn 2
Lead jig.11 19
Copper 119A 16
Selenium �tg/1 <j
Vanadium [Igll <100
Zinc mg/1 2.4
COD mgA of Q 27

Table 3.69: Chemical analysis of feldspar tailings

The following table shows the charactcristies of the materials released from the process.
lo

Proceso step Material relea" from the Destination
proms

.Conmúnution and elassif)� 9 coarse s
'
and, gravel, and stones a by-product or tailings heap

Hydrocyelorfing o cone ted sand a by-produr-t or tailings pond
1 0 PrOGess water

Dcwatuing by sereens or elear water overflow is directly rccyclcd or used to bold reserves
vamum filters of water.
Meas flotation a rnicas a by-produra or ta~ pond

a process water
Oxides flotation - oxides a tailings pond

a process water
Dewat~ by sereeráng or with elear water overflow is dlmctly reoyeled or used to hold reserves
vacuum filten of water.
Fe~ flotation a fine sand, quartz, and micas by-product or tailings pond

a process water 1
Dewatering in filters a elear water overflow is directly rceyeled or used to hold reserves

of water
1 o process water, tailings pond

Drying a non n/a
Magnetie separation a ¡ron oxides by-product or !í~gs heap

Table 3.70: Produds and tallings from the ~eral processing of fe1dspar
139, IMA, 20021
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Besides the tail~ hoaps consisting of coarse sand, gravel and stones, are tailíngs ponds
which contain:

Solid materiaís:
a fine sand and micas (50 - 70%)
a some ¡ron mádes (less fim 1 0 0/1)
a floceulants (m the ppin range)
a fluonde~adsorbed or bounded onto the solids

Líquid (process water)
o water at a pH value of about 4.5

tu a foam inhibitor (traces)
a fluoride(100-10OOppm)

3.2.3.3.2 Applied management methoda

At most sites the tailings are stored in dug out sealing basins within the pit, and thus üwy do not
have dams. The bottoms of the ponds are lined with clay layers.

At one of the operations in Segovia 110000 t/yr of tailings are generated (mine production
6000OOt/vr). These consist of a sandy fraction (80000 t/yr) and the tailings after flotation. The
sandy fraction consists of coarse sands that do not have a mark-ct. They are back-filled in the
open pit. The flotation tailings are filtered. The filter cake (28000 t/yT) is also backfilled
whereas the remaining slurry is sent to small ponds. The backfilling area in the open pit had
been prepared by placing a drainage system to control and sample the drainage water prior to
discharging to the river.

The flotation concentrate is led to a treatment facílity that generates two 200 Vyr of calcium
fluoride sludge from neutralisation of the HF-acid using lime. After filtration in a filter press the
sludge is backfílled together with the tailings. The flotation tailings stream Is not neutralised
directly. Instead the tallings pond has four control wells in its periphery from which the seepage
water is pumped to the water treatment plant.
[ 110, IGME, 20021

Tallings heaps have a natural slope of 30 to 45'.

3.2.3.3.3 Safety of the TMF and accident prevention

The TMFs are controlled visually and by topographical surveys.

3.2.3.4 Current emiesiona and con!sumpCion levola

3.2.3.4.1 Management of water and reagenta

1. Nficu flotation:

Chemicals used in the process:

Chemicab PH/Wncmtration
Acid (H2SO4) To adj t to a pH value ofabout 3
Surfactant 10 - 100 ppm
Foam inhibitors 10 - 100 ppm
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2. Oxides fl~on:

Chemicais used in the process:

Cher~s M/Concentrafion
Acid CH2SO4) To adjust to a pH value of about 3
Surfactant 10 - 500 ppm
Foam inhibítors 10 - 100 ppin

3. Fe1dspar flotation:

Chemicals used in the process:
00

Chemicab PHlemnemtrafion
Acid pH <3
SuFfa~t 10 - 500 ppin
Foam inlúbitors 10 - 100 ppin
AlMine solution (Ca0, Ca(M2, NaOID To adjust to a pH value of about 4.5

Water is neutralised with Ca0, Ca(OH)2, Na(014) to pH values of about 7; using calclum ions
there is the, advantage that the fluoride is bounded and a larger part of it disappears from the
balance because the CaF2 is almost insoluble. After this treatment, the water is added to the
waste water-stream.

3.2.3.4.2 Energy consumption

The average energy consuinption for the feldspar inineral process is about 300 MJ/tonne.
However, large discrepancies have been observed from site to site (min: 10 - max: 1800).

3.2.4 Fluorspar

3.2.4.1 Mineralogy and mining techniques

The chemical element F is not rare in the carth's crust (at 0.07 % it is the 13th most abundant
element by weight), but na~y oecurring concentrations are scarce. The elements fluorine (F)
and calciuni (Ca) are strongly bound in CaF2and this molecule is very stable.
[43, Sogerem, 20021

The mineralogy of the Sardinian fluorsparilead sulplude operabon can he described as follows:

• fluorspar, with a grade of 26 - 38 %
• lead sulphide, with a grade of 1.5 - 8 % 00
• barium sulplime *o
• zinc sulphide
• ¡ron sulphide, as pyrites and marcasite
• calcium carbonatc, as calcite
• quartz
• silicates.

Of the above, only the f=t two are of economie mterest; as the liberation size of 6 mm makes
the conmunution and separation relafively sunple, to pre concentrate the mmcral in a static
dense medium separtion process 144, Italy, 20021.

Mining is carried out both underground and open pit.
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In one operation the underground mining method is, applied in a vein, cut and fill mining [44,
Italy, 20021.

Fluorlíte mining in Asturias is carried out in tlirce mines using the room and pillar techinque.
The deposit is of the hydrothermal type, where CaC03 has been replaced by Cal`2. About 60000
m3 of waste-rock are generated in the mining operation cach year. This waste-rock is back-filled
directly in mined out chambers of the mine [ 110, IGME, 20021.

3.2.4.2 Minera§ processing

3.2.4.2.1 Gravity concentration

At the fluoríte nime in the Southem Pyrences, afier crushing to <3O mm, the different
components of the ore are separated by a sink-float process using a heavy medium (fiquid of
densítY ahoye or under the densíty of fluonte). This process is capable of upgrading the ore
froni 30 - 60 % W2 to arOUnd 90 % CaF2.

The gravíty concentration, a continuous process, is done in a water environment at ambient
temperature in closed circuit (hydrocycIones or drums) with automated regulation. The water is
re-circulated in a closed circuit. The washed material is sorted by sizc (2 mm, 5 mm, 25 mm)
and stored outside on concrete surface.

AR tailings are subsequenfly processed m the flotation plant described below to mercase
recovery. The fínished product can be sold in wet form and the delivery to the customers is done
in covered dump trucks. If ¡t is defivered dried, transportation is done in covered dump-trucks or
in silo-trucks.
[43, Sogerem, 20021

3.2.4.2.2 Flotation

At the fluonte mme m the Southem Pyrences, after cruslung and grinding, the ore with a
*o fluorspar content around 40 % is reduced in sizc to particles under 1 mm and is then dispersed

m water. The fluorite grains are rendered bydrophobic by the surfáce action of natural Litty
acids (oleic acid for example). The 'fatty' particles attach to the injectod air bubbies to form a
froth that is then mochanicaUy ~ed off at the surface of the ceRs. This fi-oth, co i i g
mainly calciuni fluoride, ¡.e. 97 - 98 % of CaF2 (dry basis), is washed several times with water.
Filtrafion of the shuTy gives a filter-cake with around 10 % moisture.
[43, Sogerem, 20021

In Asturias, the ore froin three mines, 400000 t/yr, is processed in one plant. The distance from
the mines to the mineral processing plant is between 18 and 100 km� The plant includes primary
and secondary grinding, fine millíng and hot flotation.
1110, IGME, 20021

3.2.4.2.3 The fluoraparflead sulphide procesa

The Sardinian Silius Mine mine produces fluorspar and a Icad sulphide concentrate. The
average rate of production per year is 45000 tonnes of 97 % CaF2 and 5000 tonnes of 67 % PbS.
Sillus Mme is the on1y operating mine in Europe for Fluorspar and Lead Sulphide. The
fluorspar product is sold to a chemical plant and the Icad sulphide is sold to a smelter located in
South West Sardinia

The ore is pre-concen~ at the mine site using gravity concentration. The pre-concentrate
with a fluorspar grade of 43 - 50 % is transported via trucks to the mineral processing plant
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57 km away from the mine, the reason of this being the availability of largo amounts of water,
not available at the mine.

The mineral is ground in ball mills to 100 % passing 0.5 mm. The first mineral recovered is the
lead sulpli¡de in a 3-stage flotation unit. The reject of this stage is fi= processed in a 4-stage
fluorspar flotation unit. Tlie commercial products are filtered in drum filters.
144, Italy, 20021

3.2.4.3 Taflinga managenwnt

3.2.4.3.1 Applied managenient nriethods

in one operafion in the Southem Pyrences the tailings, containing 1 tO 5 % W2, are backFllled
into the mine after dewatering with fílter-presses, located inside the plant itself. lle water is
entirely recycIed. The comeness of the tailings is close to the one of the fínished concentrated
fluorspar, that is less than 350 gín.

The consfituents are silica and shale (80 - 90 % SiO2), and on a smalier scale ¡ron derivatives
(5 - 10 % Fe203: shales, ¡ron hydroxides, ¡ron carbonate), other oxides (1 - 2 % A1203),
¡ron/copper sulphides, and of course some residual CaF2 (usually 1 - 5 '/o).
[43, Sogerem, 20021

In another case, that being the operation in Sardinia, the tailings are cycIoned in a dense medium
to separate the sands fironi the muds. The sands are settled in 'sand ponds'. The muds are
pumped into 'settlements ponds'. 00

q#
Tlic process water is cleaned in three ponds. The clean water from the dúrd pond is partially
recycIed and partially discardad into the river. ]le total volume of the tailings ponds is about
13(MOO in'.

00

The dried sands are stocked in heaps and are sold for civil construction works, the muds are
under evaluation for new uses such as for tiles, cement.

Further developments aún to elimínate the setúement pond by introducing filter press sections.

The tailings facilities are located near the plant vcry close to the river. The ground where the
facilities are located is an alternation of sands and clay layers, with the result that no seepage
into the ground occurs.

A conyentional dani with a clay nueleus of the classical trapezoid shape contains the tailings.
The dam slope is 1: 1. 5. The danis are raised every 3 -4 yean.

A characterisation of the site is in progress to evaluate the chemical situation, the leaching
behaviour, and so on. Alternative solutions to the present management will be decided after the
resuits of the stady. An important factor to he considered in these conditions are related to the
heavy metal contents and the systems to avoid that those metals can migrate into water and
surrounding p~es. q*
[44, Italy, 20021

The tailings at the operation in Asturias are discarded into the sea after removing the coarse,
sellable fraction in hydrocycIones [110, IGME, 20021.
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3.2.4.3.2 Safety of the TMF and accident prevention

At the fluorsparlicad sulphidc operation, üw dam slopes and decant system are checked visually
on a dady basis. The water coming from the ponds overflow is chemically checked weekly
before discharge into the river. The p~c surfwe is controlled by means of piezometers. For
safety reasons the dam height is limíted to 7 - 10 m.

There are no specific emergency plans because the risk of a heavy accident is considered
'basícally zero'.
144, Italy, 2002]

3.2.4.3.3 Closure and after-care

The closure and after-care plan for the fluorspar/lead sulphide operation is currendy in progress.
The costs of closure are expected to be in the order of several million curos. Monitoring of the
site after the end of the operational fife must be carried out for several years (currently about
10 years are foreseen) in order to establish if any migration of heavy metal occurs. There are no
arrangements for financial assurance to cover the long-term risk of pollution, but a special fund
has been established by the company m the annual balance to finance the closure operations [44,
Italy, 20021.

3.2.4.4 Waste-rock management

One operation backfílls afl waste-rock along with the tailings in the underground operation. The
waste-rock comes from the excavation of galleries in rock mass outside of the orebody. The
waste-rock is used as backflU, so that the surface heaps are reduced to a minimum and are only
used as a temporary deposit [44, Italy, 20021.

3.2.4.5 Current erniasions and conGumption levela

3.2.4.5.1 Managenwnt of water and reagenta

In one case, the clean water ftom the last ciarification pond is partially recycIed and partíally
discarded into the river. The total volume of the tailings ponds is about 1300000 M3 [44, Italy,
20021.

The water is cleaned before the discharge. The reagents used in mineral processing are of
vegetal ofigin (e.g. oleins ftom olive or pine oil); potentially dangerous reagents are chemically
treated before discharge. The water consumption is on average g0oo m3 per day. [44, ltaly,
20021

At the operation in Astunías the fóllowing reagents are used:
a oleic acid, as a collector and frother, 400 g/t
a quebracho tannin, as a depressant for calcite
a sodium carbonate, as a pH adjuster
110, IGME, 20021

3.2.4.5.2 Sofi contamínation

At the fluorsparAcad sulplúde oporation due to the n~ of the material processed heavy metals
contamination coiald occur. The metals contained are lead, 2inc, ¡ron and fluor. However, the
concentrations are, low and emissions are monitored.
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3.2.5 Kaofin

3.2.5.1 Mineralogy and mining techniques

Clay minerals are divíded into four major groups. One of these is the kaolinite group. This
group has throe members (kaolínite, dickite and nacrite) and a formula of A12Si2O5(OH)4. The
different minerals are polymorphs, meaníng that they haye the same chemistry but diff=nt
structures. The general structure of the kaolínite, group is composed of silicate sheets (Si2O5)
bonded to ahín1in= OXídClhYdrOXidC laYCrS (A12(0H)4)called gibbsite layers. The silicate and
gibbsite layers are tight1y bonded together with only weak bonding existing between the layers
[37, Mineralgallery, 20021.

Kaolinite can be formed as a residual weathering product, by hydrothermal alteration, and as a
sedimentary mineral. The residual and hydrothermal oecurrences are classed as primary
oceurrences and the sedimentary oceurrences as secondary.

P~ kaolins are those that haye formed in-situ, usually by the alteration of crystallíne rocks
such as granite or gneiss. The alteration resuits from surface weathering, groundwater
movement below the sufface, or due to the action of hydrothermal fluids. Secondary kaolins are
sedimentary minerals which have been eroded, transported and deposited as beds or lenses
associated with offla sedimentary rocks. Most of the secondary deposits were formed by the
deposition of kaolinite which had been constituted elsewhere. One type of kaolin deposits which
can be considered as e¡~ primary or secondary, depending on (he point of view, are arkosic
sediments which were altered after deposition, primarily by groundwater.

Kaolín is extracted from quarries cither by hydraulic means or by simple excavation (e.g. by use
of aloading shovel).

3.2.5.2 Mineral processing

The processing of kaolin varies greatly from company to company; with cach kaolin producer
using difforent equipment and methods. Even when companies use identical methods, they may
use them at diff=nt stages of the processing.

Kaolin ore, generally composed of kaolinite, quartz, micas, fe1dspar residues, etc., is commonly
wet processed to elimínate the unwanted minerals. The various steps in the processing are:

3. placing the 'ore' in suspension with water
• recovery of the kaolín ftacton through sievíng and cycIoníng
• concentration of the suspension through decantation m basíns foUowcd by passáng it

through filter-presses.

The kaolin proporties (brightness, rheology, purity, grain si= distribution) can be improved
during the treatmen4 by using magnetic separation, bleaching or centrifugation.

Comíninution is usually not necessary. Sometunes duríng wintertime, crushers (e.g. jaw
crushers, cone crushers, roll crushers, hydrocone, etc.) are used to break frozen raw material.

Coarse clay may be used as a low grade fifier or a ceramic clay. AltemaúYely, it can be
upgraded by further processing. The flotafion process is used to refine coarse clay and to
mwcimise the recovcry of kaolin. lt cm increase the kaolín recovery yic1d by up to 15 O/o, which
is a significant improvement in the management of this natural resource. Not all producers use
flotation. This depends on the product requmments and the characterístics of the deposit.

The following figure shows a typical kaolin process flow sheet
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Kaofin process flo-iv sheet
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The essential use of the flotation PMMSS can be explained by the following fígure:
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In Sechons I, M and V, a primmy mechanical separadon (cycloDing, centriffigation) can be
achieved.

In Sections U and IV the grain s= of different minerals is equal. If there is only a minor
difference in "cffic weight, mechanical scparation is not possible. Other differences will then
have to be used. At sínaller grain sizes (Section U) the only possible separfion method is
flotation. At larger grain sizos, Section IV, offier methods, such as elewostafic wparafion of
fe1dspar, is possible.

The foUowing table shows the inputs and outputs from the main steps of kaofin processing.

Proem atcp Inputs Outputs
Classifying Raw material Coarse sandL gravel and stones

Water Slurry mixt= (conwnmg kaolin)
HydrocycIoning Siurry inixture Overflow

Water Kaolm + fine sarid, núcas, (and
fe1dspar)

Underflow
Kaolín + fine sand, uncas, (and
fe1dspar)
Process water

Flotation Underflow froni the bydroeyeloning Overfl
step, or kaolin concentrate Kaolin mixture (after acid
Acid (H2SO4, H3PO4) neutralísation)
Surfactants
Anti-foani chemicals Underflow
Alkaline solufion (NaOID Very fine sand, nucas, (and fe1dspar)

Process water
Thié~ Overflow froni the hydrocycIoning Kaolín concentrate

step or flotation (15 - 30 % solid content)
Floccifient

Product separation Kaolin concentrate, or kaolin mixture Kaolin

h~tic Iron oxides (very sinall amount)

B
Sodiuni hydrosulphite
Ozone gas

CentrifiWtLio Very fine sand. and micas

Filtering Kaolin, kaolin concentrate Kaolin (moisture <18 %)
Process water

Drfing Kaolin (moisture <l8 '/o) Kaolin products

Table 3.71: Inputs and outputs in díe proeming of Kaofin
[40, MA, 2002]

3.2.5.3 Taflinga management

3.2.5.3.1 Chamcteristica of taifings

Characterisation of the ma~s released from. the process
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Proceso Materhd re~ from the procesa Desfin"n
Classifying a coarsc~ gravc1 and stoncs a bcap or salcabIc products (lf local

market available)
Hydroeyeloning a fine~ micas, (and feldspar) a if it contains fel~, it is further

refined in the feldspar process
a mica is a commercial product
o líne sand: heup or saleable

a process water produets (if local market
available)
~sPond

Flotation a very fme sand, micas, a tailins pond
feldspar) a if it contains fe1dspar, ¡t is further

a process water refined in the fe1dspar process
Thickening Clear water overflow is directúy reeve d or used to bold reserves of water.
Product separation a very fine sand and micas a tailings pond or

a ¡ron oxides a heap (compared to the otber
outputs, the amount is here
negligible - several orders of
mapfitude less)

Filtering process water tailings pond
the filtrate ("process water") can
also be rceyeled (depends on
applied floce

Drying

Table 3.72: T^gs and producta ftom Kaolin ~era¡ pi»cwsing
140, EMA, 20021

Beside the heap of coarse sand, gravel and stones, there are tailing lagoons which contam:

Solid materiaís:
a fine sand and micas (more d= 95 %)
a some ¡ron oxides «ess than 1 O/o)
a flocculants (in the ppni range).

Liquid (process water)
a water al a pH value of about 4.5
a some phosphates
a some sulpliates
a fosm inhibitor.

3.2.5.3.2 Applied management methoda

Beside the heaps of coarse sand, gravel and stones, there are also tailings ponds for the finc
tailings. These are a mixture of fuie clay pafficles (95 % of the solid content) associated with
some surfactants and foam nihibitors (in the ppin range) in an acidic solution (pH of about 4.5).
Usually, tailing ponds are used to c1can the wator Morc rccycling or discharging to thc river.
The ponds arc lined with impermeable clay layers.

In the Nuria operation, the tailings are the ultrafínes after classification (2 % of total feed).
Flotafion is not applied. These fines are dewatered in several concrete settling basins in series

*o (cach with a slze of about 300 m2). The basins are dewatered with syphons. In the sunimertinie
the dewatered fines are transferred to the waste-rock heap 111 O� IGME, 20021.

The Kernick mica dam is a micaceous tailings facility for the china clay (kaolin) industry in
Comwall, UK. It has bcen in use for 30 years and is one of the largest tallings dams in Europe.
It occuples an arca in excess of 55 ha and is 92 m high (above lowest ground level). The dani
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contams approximately 14 million tonnes of bulk fill which impounds approximately 28 t of
micaceous tailings. The structure consists of an embanknient constructed around the perimeter
of a worked-out china clay pit (quarry) which had bcen previously backifilled with inicaecous
tailings. The purpose of the embankment is to impound the tailings abovc the níni of the quarry.

The china clay industry generates tliree main types of residues from the deposit matrix:

• waste-rock, knowii locally as 'stent' which is a mixture of unkaolinised granite and other
hard inm'eral lodes removed by drillmig and blasting

• sand tailigs, a coarse grained silica sand removed by mechanical separation
• mica tailings, a residue of mica and very fíne sand removed by flotation.

The sand tallings and the waste-rock have, bcen used to construct the dain in specific zones
separated by transition layers. The waste-rock, evenly graded between 50 mm and 750 mm mí
size, fórnis a central core for the capture and drainage of secpage through the structure. The
sand tailings, containing no material larger than 150 nun but typically less than 25 mm grain
size, fórms both the downstreani and upstream parts of the rnain dam. The transition layer,
consisting of clean, crushed rock typically between 75 mm and 125 mm, fórms a filter layer
between the sand tallings and tlic waste-rock core.

The embanknient structure sits on a prepared ground surface which was strippcd of all
vegetation, topsoil, weathered profile and soft material. The excavation was prooProlled b-N
vibratm'g rollcrs and backfilled with clean sand, in order to establish an even working
fotindation. A 1 m thick drainage blanket of clean stone was laid beneath the entire length and
breadíli of the rock core and downstream embanknient. This blanket incorporates a longitudinal
cut-off trcnch at the base of the rock core in which are situated a number of reinforced concrete
(inlet) manífo1ds. The manifold in rctum are connected to reinforced concrete conduits used to,
transmit seepage water beyond the toe of the structure into collector chambers prior to final
discharge to the adjacent watercourse.

During construction, the embankiríent site was protected (separated) froin the quarry back-fillig
operation by a coffer dam built of randonily placed waste materials.

The downstreani and upstreani sand tailings embanknients have been raised mí hori7ontall-,,
placed layers app,roximately 0.5 m thick and compacted by vibrating rollers, The waste-rock
core was Tree-tipped' by dump trucks to achieve an even distribution, and has not bcen
compacted (other than by the weight and passage of bulldozers used to level the surface). The
transition layer was placed by mechanical shoyel to achieve a maximuni thickness of 3 m.

The outer face of the embankinent has a desígned profile of 35'/32' (1:1.511:1.7 (V:H» to 00
whích has bcen added a thin vencer of topsoil as a growing mediuni for subsequent vegetation. 00
A hydrosceding teclinique is used to spray the surface, with a mixture of grass, legumes,
fértiliser, lime and organic binders, which together progressively establish a dense grow-th of
gorse/lupin scrub, typical of unfarmed areas in the south-west of England.

Deposition of the tallings is carnied out by using pipelines and spigots around the cntire, crest of
the dam. The hydraulic separation leaves the coarser mica closer to the inside face of the dam
with finer particles gradually settling out towards the back-end of the pond, where the free water
is decanted by a pump, barge.

Decanted water is cither:
• re-circulated back into the process operation oc
• released to the watercourse (together wíth sub-pond dramiage).

00
The performance of the structure (stability) is nionitorcd by survcy monuments to observe any,
horizontal/vertical movement, by piezometers to nicasurc, plircatic seepage pattcms within and
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below the embankiríent, and by weirs to measure gross ground water flow through the final
discharge flume.

Additional storage capacity is currently being achieved by surcharging the pond with bunds of
compacted sand., placed direct1y on the 'dry' bcach - this also creates a landscaped profile to the
final sufface of the lagoorí which will eventually he dewatered and vegetated.
[125, Grigg, 20031

*o 3.2.5.3.3 Safety of the TMF and aracident prevention

The TMFs are controlled visually and by topographical surveys.

For large ponds (capacity > 1 million m3), there are:
a intemal inspection:

a plezometric control
a seepage flow

a extemal inspections (once a year, by an extgernal consultant):
a vertical and hon*zontal movements of the dani

a an emergency plan, which is tested once a year.

*o 3.2.5.4 Waste-rock managernent
tp
tp The Nuria operation operates a waste-rock heap of 2.8 MM3, The foundation of this heap was

first stripped of the topsoil before a drainage system (consisting of perforated pípes covered
with gravel and a geotextile) was installed. The surface mn-off containing a large amount of
fines, is gathered and collected in a series of sedimentation ponds. The bench height is 15 m
with 10 m wide berms 1110, IGME, 20021.

3.2.5.5 Current emiasíona and consumption leveis

3.2.5.5.1 Managernent of water and reagente

Tle reagents used in the flotaüon of Kaofin are lisW in the following table.

Re~t Ave"E concentration
Acid (H2S04, H3PO4) To reach a pH value of aboid 2.5
Surf~t 10 - 100 ppm
Foam inhibitors 10 - 100 ppm
Alkaline solution To neutralise to a pH value of about 4.5

Table 3.73: Reagents used ta the flotation of Kaofin
140, IMA, 20021

3.2.5.5.2 Energy consumption

The average energy consumption for the kaolin. mineral process is about 2000 MJ/tonne.
The average diesel consumption of a truck is 25 I/hour
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3.2.6 U~one

3.2.6.1 Mineralogy and mining techniques
00

Froni a mineralogical point of view, calciuni c~~ faUs into thrce structuraHy diffcmnt
groups: the calcite and the aragonite groups (both CaC03), and the dolomite group
(CaMg(C03)2). Calcite (CaC03) crystalliscs in the hexagonal system, but its crystals are
extremely varied mí habits, and often high1y complex. The rhombohedron and the scalenohedron
are the most frequent forms. Calcite is one of the most coinmon and widespread minerals on
earth, particularly in sedimentary rockis. Aragonite (CaC03) is formed in a narrow range of
physico-chemical conditions. lt crystallises in the orthorhombic system, typically mí thermal
springs. However, aragonite is also formed through biomineralisation processes; mollusc shells,
pearls, and the human skeleton are made of aragonite. Dolomite is a doxible carbonate of
calcium and magnesium, with the formula CaMg(C03)2. Like calcite, it crystallises in the
hexagonal system. lt forms by the secondary transformation of calcite sediments in limestone,
under the influence of circulating water, tlirough partial substitution of Ca by Mg. These
mmerals constitute rocks, of which chalk, liniestone, marble, and travertine are the most
important ones. Chalk is a poorly compacted sedimentary rock-, whose diagenesis is incomplete,
and whích is almost exclusívely made up of calclum carbonate (calcite). The sediments from
which chalk originates predomm«antly include compacted coceolithoplioridae skeletons
(calcarcous algae) with limited cement, if any. Thís rock shows a very fine grain size, and ís
porous. Limestone is generally used as a generic tcrin which designates a compacted
sedimentary rock made of calciuni carbonate. lt is often used as a synonyin for natural calcium
carbonate. MarbIe is a mctamorphic rock, which is the result of a recrystallisation process of
limestone, under conditions of high pressure and tcniperature. True marbIc has a low poros¡",
and may host calcito crystals of several centimetres. Travertinc, which is also called "calcarcous
tuff' or "spring deposit tuff', results from the chemical or biochemical precipitation of calciuni
carbonate in thermal springs, as calcite or sometime as aragonite. All these minerals, when of
the highest quality, are the source of industrial calcium carbonate.
[42, D^ 20021

Limestone is almost exclusively mined in open pits (exceptions?)

The limestone in Flandersbach has the following pararneters:

* 97 - 99 % CaC03
* <1 % MgC03
* <l % Si02 (quartz)
* sometimesahighercontentofshaleormudis'mcluded.
[107, EuLA, 20021

3.2.6.2 Minera¡ proce:ssing

Limestone
At the Flandersbach quarry, after blasting the limestolic is transported by trucks to the crusher.
There the waste-rock is separated and dumped into another mined out quarry. The liniestone
gocs to the mineral processing plant, which is essentially a washing plant for separation of
'mud' sediment from, the limestone. The slurry, after the washm'g plant is pumped into, the
tailings pond, another nearby mined out quarry.

The amount of raw material froni the quarry is between 7 and 8 million tonnes/yr. Nearly 10 %
of this raw material is waste-rock-. Another 10 % is 'mud' sediment which is separated mí the
washing plant. The amount of sediment pumped into the tailings pond is therefóre nearl-v
700000 t/yr. For every tonne of washed limestone 1 m' of process water is required.
1107, EuLA, 20021
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Calciura c~nate
The vast majority of the mine production is marketable, as can be seen in the following table.

Amount Perewt

Ore from the guarry (n~ calclum wxbonate) 16655 100.0

Stock for sáe 16100 96.7

T~ released to the outside 75 0.4
Dustm~on-site 111 0.7
Ta~ managed on-site for the rehabilítation of the 369 2.2
~es

Table 3.74: Production flWru ofcalclum carbonate In the EU In 20N

Tailings released to the outside:
Tliese ta~ mclude the flotation residuos vath the mica (such as phIogobite, biotíte,
muscovite) and graphíte impuniles. They are sometímes settied m ponds or dírectly released to
the recipient.

Dust managed on-site:
This dust includes all the ta~ coming from the various dust collectors and cleaníng systems
in the plant bagging stations, etc.

Tailirígs managed on-site for the rehabilitation of the quarries:
This kind of material consists mairíly of off-colour production or ground fillers and pigments
outside of the product specification.

lo The production of ground calcmm carbonato (OCC) starts with its extraction. ldcntifying the
*y right orebody in terras of composition, homogeneity, etc. is essential to the whole production
q0 process that will follow; a puro calcium carbonato source necds to be identified. Generally, the

processn inciudes waslang, so~ of unde~le by-mmerals, gúnding, sur classification of
particles and possibly drying. Depending on the circumstances and intended uses, the order and
nocessay of those diff=nt ~s vary. At the outiet of the process, the material is delivered in
bags or in bulk (trains, boats, trucks) when dry, or as bulk container firom slurries. GCC resuits
~tly frora the exploltahon of puro calclum carbonate ore bodies (ore grado > 96 O/o). The
production process maintains the calcium carbonato very close to its original state, resulting in a
fínely ground product delívered elther m dry or slurry form. Blasted raw marble is pre-crushed,
and depending on the geology washed and sometimes scremed. The fines are normally sold for
different applications, such as road making, cement milis etc.

in the dry process, calcium carbonate is ground in ball milis, classified and stored in silos, or
bags, hefore shipped by railway wagons or trucks. The products are mairíly used in paint and
plastics industries, minor applications are in the chemical industry, for fertilising and
desulphunsafion. Fillers and pigments for the pap« industry are produced as slurries, which are
fínely dispersed calcium carbonato m water. Crushed material is ground with water in rod milis,
or bail mills in open or closed circuit, classified and stored in silos hefore loaded onto rafiway
wagons or trucks.

qo Due to the geology and mineralogy some calcium carbonato deposits contain unwanted minerals
q» such as graplíñe, mica, or schist. To remove these natural impurities, selective, mining and
*y optical separation are developed together with other míneral processing steps m order to meet

<* the requírements of the customers. Such mmeral processing systems can be flotation or
magnetic separation.
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When magnetic minerais are bound to the marbic, magnctic scparation is a successful method to
separatc thosc "impurities".

Ganguc núncrais such as mica (such as phlogobite, biotite, niuseov¡te) lead to abrasion in the
paper producing machines. while graphite leads to a grey colour in the pigments. Therefore,
product requircínents impose to separate thesc mincrais duníng thc production process of the
aqueous dispersion by means of flotation. The thickened concentrate is normally dcwatered ¡in
fi1tcr presses.

A,, \\ iiii al¡ iiiinerals tlic floiN slicet f'or tlic productioil of calcium cirboiiate fillers and pignients
inust bc a�justed according to tlie nuncralogical eliaractenstics of tlic calciuni carbonate
deposits.

Tlic 1'()Ilo,,\ InL, í-ícurc shosss an example calciuni carbonate process flo\s shect

quarry

dry production wet production

primary crusher

washer.

dry mffl wet mill

agpt Cg¿tes/waste

belt flitúr press

flotation
elassiftation (if neccessary)

recycllng

CEE])
grinding

dry product
Sifo wet product

tank

truck loading 1 w-T7 rall loading

Figure 3..56: Calciuni carbonate process flow sheet
142, IMA, 20021
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3.2.6.3 Taffinga managermnt

3.2.6.3.1 Chamtedatica of taffinga

Limestone, tailings are a mixture of calcite, dolomite, wollastonite and other very insoluble
silicates and very small amounts of heavy metals. The grain size of the tailings is usually less
than 0.25 mm.

3.2.6.3.2 Applied managermnt nwthods

Limestone
The tailings pond of the Flandersbach quarry is místalled in a mined-out quany. The area today
is 27 ha. The area in the future will be about 60 ha. The total capacity is over 30 MM'. The pond
is located close to the mineral processing plant. The pipes for the process water to the pond and
for the clarified water back to the mineral processing plant have a length of about 1 km. There ¡S
also groundwater inflow into the, pond firom dewatering of the working quarry. Surplus water is
led into a nearby níver.
[107, EuLA, 20021

At the Münchehof quarry the tailings are stored in a pond surrounded by a dam. The following
*o monitoring scherne is applied:

groundwater level around the dam (monthly measurements)
plireatic surface in the dam
seepage water measurements (in a sump from which all drainage water is pumped
collectively)
surveillance of the dani crest and domnstream dam toe
water level in the dam (measured contimioxisly)
visual inspection by trained stalT

The nionitoring scheme is designed in a way that changes of the dam can be recognised fti time
so that appropriate measures to maintain the stability of the dam can be initiated
[108, EuLA, 20021

Calciuní carbonate
The calcium carbonate indushy uses tailings ponds from which the, water is recircu~ to the
mineral processing plant. The taffings am a saleable by-product. As far as possible waste-fock
and dry tailings are also sold for other applications such as road making, cement and concrete
manufacuning, but when there is a lack of custoniers, those awnates have to be brought to
heaps.

Prior to discarding, the ground is investi~ in order to check whether the geology, hydrology,
environmental issues and stabilibr fit die requirements set up by the competent authorities.
These studíes are essential to get the permission for a heap from the competent autborities. The
waste-rock and tailings are discharged together in horizontal layers. The end benches are
imínediately covered with sofi and reclanned with grass and trees acoording to long4erín
recreation plans. The evolution of the heap is nionitored as wefi as water quality, groundwater
level, and the siope stability if relevant or required by the authorities.

Slurried tailings are either

*o a dried (thickener and filter press) and discardod on a tailings heap, or
tp a discharged to the outside water system (effluent) under conditions controlIed by the

competent authorifies, or
a discharged into a tailings pond (one instance in Europe).
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In the latter case the quality of the minera¡ deposit is such that about one NW of the quarried
stone is not suitable to the mineral processing plant and was used to construct the 16 m wide
starter dam after r=oval of the humínous matonal. The slope of tho starter dam was 1: 1 and the
impenneable coro is protectod against erosion by a layer of 1 - 2 m of 0 - 20 nun material. The
impermeable coro consists of 2 - 3 m of clay surrounded by a membrane.

Eventually the dam was raised. Tlie starter dani was broadened (+ 12 m) and its height increased
(+ 5 m).

Today the total arca of the clarification pond is about 45 ha. All tailings discharged at the same
point into the pond (single-point dischargc). Thc seepage water through the dam is gathered and
is pumped back into the pond or is discharged into tlic water storage pond.

When the level of thc flotation sand risos to a certain Icvel, the discharge is moved and the dry
flotation sand is excavated and sold. Aceording to analyses of flotation sand (NEN 7341, NEN
7343 and ISO 11466), the contents of heavy metals are negligible. Also the concentration Of
flotation reagents is vcry low and they are very tight1y fixed on the mineral puticles but casily
&compose if liberated.
[42, IMA, 20021

3.2.6.3.3 Safety of the TMF and accident prevention

The permitting procedure for the TMF at the Múncheliof quarry Mícluded, according to DIN
19700 T 10, a proof of stabilitY of the dani including static and hydraulic aspeets.

The stabilitY calculation is carried out with the following elements:
• geotechnical and hydrogeological niodelling
• slope stability
• shear strength
• base failure safety
• safely agamíst pore pressure build-up ú1 the foundation
• overtopping and erosion stabilitY

Another essential requirement for the dani stability is the suitability of the dain construction
material. This is investigated in geoteclinical tests. The following parameters are exammied-
• friction ang1c
• specífic density
• compressibility
• water content

Durmig the construction pliase quality inanagenient was applied to ensure that the parameters
that are crucial for the stability of the dain were met. This applied to dani foundation, the dani
body and the dani core.
[108, EuLA, 20021

The control and monitoring of the t~s facilities is done by both industry and the competent
authorities. All the constructions (plans, design, etc.) must receive prior approval, by the
competent authority. The danis are checked every day and all possible changos in the
constructions are marked in the control diary. lf any leak is notíced, it Will he instantty repaired
and the information will be sent to the authority. An in-depth inspection is done yearly, and the
authority audits the constructions and the =wrd-kccping~ five yo=.
[42, IMA, 20021
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W 3.2.6.3.4 Ciosure and after-care

Upon closure of the TMF the ponds are dewatered and covered with a vegetative cover. [108.
EuLA, 20021

3.2.6.4 Waste-rock managernent

At the Flandersbach quarry, waste-rock is separated before the washing and dumped into an old
quarry 1107. EuLA, 20021.

3.2.6.5 Current emissiona and consumption levela

3.2.6.5.1 Management of water and reagente

Due to the circulation of process water the consumption of fresh water Is low, smíce onIN, the
pore water attached to the product end the evaporated water are lost. The addition of fresh water
strongly depends on the climatic conditions (evaporation and rainfafi). The Münchehof quarry.
for example has to add 437 mI/d for 23000 m3 (dry basis) of tailings.
[108, EuLA, 20021

3.2.7 Phospate

No information has been prowdedfor this section.

3.2.8 Stronflum

3.2.8.1 Mineralogy and míning techniques

There are two open pit mines in the south Granada area m Spaili. In one case the orebody is ver��
pure and massive. The ore is extracted usm'g drilling and blasting. At the other site the deposit is
irregular and not as pure. There the ore is nimied selectively with excavators, so that practically
no waste-rock- is generated.
1110, IGME, 20021

3.2.8.2 Mineralproc~ing

The ore from the pure massive orebody is of such high gradc that only classification is needed
to obtam the final product.

At the other opcration the charactenístics of the deposit require the installation of a mineral
processing plant incorporating grinding, classífication and concentration. The latter is carried
out by dense media, to obtain a preconcentrate, and finally fine grinding and flotation.
110, IGME, 20021

3.2.8.3 Tallings rnanagement

to There are t-%vo types of tailmígs from the mineral processing step at the Granada sites: One coarse
fraction from the dense-media preconcentration and the fines tallings from flotation.

Tlic coarse tallings are backfilled into the open pit where thev are used in the site restoration.
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,1 l)�. llotalloil filics. iii Ole lorin ú1 a sitim aic in a [¿iiiiiii-,s pond At ili�. púnd
¡ti operation. the tailings are e,,cioiied. i%ltIi flic coarse fraction being uscd ni the siructural í.oiic
of flic dani. ;\Iiilc flic (`ines are discliarged into flic pond (sce figurc bcIom ). The cLLrrciit rmid
N% ith a surface arca of 14 ]la. 17 ni liclp-ht and containing 700oo0 ni � oí' tailings �% 111 soon be
rcp1aced b\ a ¡le\\ lilipomidilient.

q0

This ne\\ construction fiollom a completcK different approacil. nanici-, ffiau
• a flat arca ]las bcen excas ated on a liffiside
• flic datil lias becil constructed to its final licight using die excavaled rock and borro;\

llialenal
• dic fot.nidation of flic ticis- pond has bcen Inied ixith PVC. under milich ¡las bcen placed

atiodier geotextile layer to protect the liner (`roni possible pinictures by direct contact. mth
file natural bedrock-

Witil a total capacltN oí` 900000 ni'. tilis ncs% TMF ¡las an expected lifetinie of 10 N cars

'Tli�, InL, pk:mi-L- IIIiitrate the old and Ilic ¡les\ site

Mm

Figure 3.57: Old strontium TMF with taflings in structural zone
110, IG M-E, 20021

Figure 3.58: Nea strontium TMF with a synthctk finer and decant towers
1110, 1 GME, 20021
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3.2.9 Ta1c

3.2.9.1 Mineralogy and mining techniques

Tale is a magnoslum silicate and it is the most tender mineral known in naturc. Tale can be
found mam'lv in two kinds of structures, fíbrous and massive. There is no specific mm*ing

vio
teclinique for the excavation of this kind of mineral, because the choice of the teclinique

tp
depends on the structure of the orebody.

*o Tale deposits *m Finland are located on the early proterozoic schist belt in Easteni Finland. Tale
deposits are related to Mg-rich ultramafic rocks Nvhich have been altered to talc-carbonate rocks.
The schist belt is about 2 billion years old and the tale was formed during the Svecokarelian
orogeny some 1.8 billion years ago. Tale is extracted from a tale magnesite rock which is
mamly composed of tale, carbonates (magnesite and dolomite), chIorite and sulphide minerals.
Oxides and sulpharsenides are present as trace minerals. The amount of tale varies from 45 to
60 % and carbonates froni 3 5 to 45 % while chIorite (5 %) and sulphides (1 -3 %) are just minor
components. Some parts of the deposits are relatively sheared where the tale ore is also
schistose and fine grained. Tale is typically fine-gramed (0.05-0.2 mm) and platv, chIorite
occurs in a similar forin while carbonates are much coarser (up to severa-] nims 'or cins in
diarneter). On the other hand, some parts are massive I*Nith relatively coarse grained tale (up to 1
millímetre) and carbonates. Tale carbonate rock is typically greyish occasionally w-ith a grecnish
or reddish colour, whereas tale Aself is typically greenish or very pale, almost white mineral.
Tale ore must be ground before the flotation lo liberate different minerals and flotalion ¡S
needed to achieve a high purity and brightness of the end-product.

3.2.9.2 Mineral processing

When using dry processes (67 % of the European production), no taifings are generated. All the
raw materials are used and sold with different grade specifications. The flotafion process is offiv
used to treat the Finnish ores, which represent about 33 % of the total European tale production.
The use of the flotation process is imposed by the characteristics of the Firmish deposits.

The following flow sheet shows the process for the Finnish operation using flotation.

tp
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Drilling and blasfing
Open pit Loading and ftanspoffing

C shi and grinding

1 MagmsW
Concentrating T:e flor«n > Nickei fimation - -->to tídlingspond
plant 1 .

Dewatering of De fingof --,Nickelcomm~e
tale concentrale nickei conrentrate 1% of ore

Tale concentrate
35 - 40% of ore

Mero tale piant silos for tale concen"e
Micro tale 4Fine ~ng and elassificafion of We
plant - jet milis

- hanimer milis

Silos for pioduets

Sac * g GTanulating

Defivery fórmS
Of tale

Díy bulks Dry túe in Gra i ted Ude Slurties
paper sacks bulks in big bags

Figure 3.59: Tale process tlow sheet using flotation

The process chemicals used in the flotation are Montanol, Na Xanthate and CNIC.

3.2.9.3 Taifings managernent

3 tailings ponds are in use with a total currcnt volume of about lo MM3 and dam heights up to
17 m. Part of the tailings are discarded onto a heap (currently 1 MM3)«

The heap is constructed as follows:
Tailings slurry is pumped míto a pond with a decant tower in the centre. The tailings are q#
distributed from the surrounding dams into the pond so that the tailings sand settles close to the q#
dains and can be used as construction material to increase the height of the dam. Clear free q0
water is discharged througb the decant tower. By systematically changing the discharge points
of the tailings slurry, the height of the whole area can be increased by 5 - 10 m. The outer slopes
of tlic danis are covcrcd with soil to prcvcnt dusting and to proniote vcgctation. Aficr
dewatering the tailings the pond can be considered a heap.

The operational monitoring is done as follows:
Every day the tailings areas are visually checked and the necessary level monitoníng is carried
out and recorded. When necessary, monitoring is carried out (Ni and As analysis) of the tailings
pond water, before draining it as waste water. During the snow melting season visual checks are 00
made of the tailings arcas and the danis on every shift. Annual monitoríng of danis is carried out
in summertinic and, all data is filed in dam safety manuals including dam condition, seepage 00
water assessnient, etc. 00
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According to the Finnish dani safety regulations a dam safety manual is required for each
tailings pond. An inspector froin the competent authoritY visits the tailings arca every five years
and carries out a visual check of the danis and inspects the collected operational monitoring.
The dam safety manuals include the tailings arca and dam maps, design values and stabilib,
calculations of tallings dains, classification cniteria, inspection and monitoring documents, nisk
assessment of tailings arcas, etc.

*o The water management of the 3 plants can be described as follows:
Sotkaino plant: The process water needed for flotation is comes from. recycIed water from
the tailings ponds. Recyc1ing percentage is close to 100 %. Addition al water to the process
water system comes froin the adjacent open pit mine (nicke1 contamiing), fresh water system
of the steam boiler and rainwaters collected on-sitc. This additional amount of water is be
drained from the tailings pond to the local lake.

*o Vuonos plant: The process water needed for flotation comes about 50 % froni the recyc1ing
water in the tailings ponds. Additional water to the proccss water system comes from the
local lak-e, adjacent old open pit mine (nicke1 containing), the fresh water system of the
steam boiler and rainwater collected on-site. This additional amount of water is dramedA

qW from the tailing pond to the local lake. Process water is used also in the production of some

tw paper talc qualities.

tp Kaavi plant: The process water needed for flotation is comes to 100 % from the local lake.
eW Additional water to the process water system comes from the fresh water systein of the

steam boiler and rainwaters collected on-sitc. No recyclm'g of process water from tailings
ponds is available. All process water is treated and drained from the tailings pond to the
local lake. The waste water permit states that a recyc1ing system has to be operated at latest
by the end of 2003.

3.2.9.4 Waste-rock managenwnt

Trucks are used to haul and dump the waste-rock Lo (he heaps which are designed with a safeIN
factor of at least 1.3. The heaps are surveyed yearly by an externa] topographic contractor and

to monthly inspected by mine staff. Risk assessments are peníodically done by the operator.

The heaps are permitted with a final rehabilitation project including water drainage and vegetal
planting (trees and local grass).

3.2.10 Costs

In European feldspar operations the average cost for moving solid residues to a heap within a
site aniounts to EUR 0.80 and. the average diesel fuel consumption of a truck is 28 lAiour

For the floursparílead zinc operation the overall cost for taílings management in several ponds,
1300000 m3 in total volume, is around EUR 210000 /yr, this includes energy consumption and
maintenance of the section.

For Kaolin operations the average cost for moving tailings to a licap within a site amounts to 1
EUR/tonne (if done internally) and 2 EUR/tonne (if done by a contractor).

Approximate costs per m' of water are, in the dewatering system EUR 0. 10 /in' and, in the water
cycle of the limestone pl ant at Flan dersbach, another EUR 0. 10 /m'.
107, EuLA, 20021

At the Finnish talc operation, the cost of trucking tailings is EUR 2 per tonne and km.
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3.3 Potash

The applied techniques for potash are very much different than aU other indastrial minerais,
hence a separate Section has bcen dedicated to discussing potash- Unless otherwisc mentioned
the infofmation has bcen submitied by the potash subgroup [19, K+S, 20021. This contribution

W~bes potash sites m Germany, S~ and theM

3.3.1 Mineralogy and mining techffiques

Potash dq»its w= fonned by the evaporation of seawater Their composition is often affected
by seconday changos in the primary mineral deposits. More than 40 salt minerais are known,

2-1which contain some or all of the small number cations Ná'-, W, Mg and Ce?��, the anions Cl
and S042- and occasionally Fé' and BY-, as well. The most cominon minerals are listed in Table
3.75.

Anhydrite CaSO4
Camallite KCI x 2 x 6H20
~UM CaSO4X 0
"te I-JaCI
Kainite KO x MgSO4 x 11 T-T20
Kiesefite hUSO4 X H20
~iníte K2SO4x 2~04
Leonite K2SO4 X MgS04 X
PO~te

KO
04 x WS04 x 2CaSO4 x 2H20

SylVite

Table 3.75: Most com~n uft mínerab in potash deposits

The most important salt mincrals are halitc, anhydridc, syIvinitc, camallitc, Idoscritc, polyhalitc,
langbeinite and kainite. Gypsum andIor anhydnde oecur at the edges of salt deposits and in the
overlying strata.

Potash salt deposits aiways consist of a combination of severa¡ minerals (Table 3.76). The
Gennan term "Hartsalz" (hard salt) refm to the greater hardness of sulpliate- and magnesium-
containing potash minerals.

Marine wdt ~crab NUM c~unds
ILvi1nite SyIvitc, halite
Camallitíte Camallite, halite
Hard salt SvIvite. halite, láeseríte andIor anhydrite
Kainifite -K-ainit1c halite

Table 3.76: Marine salt minerals

In the following, to avoid confusion, the term syIvinite will be used for the mmeral mi~ of
sylvite and halitc, which usually oecur together.

Salt deposits in Central Europe are the result of intensivo evaporation of marino water more than
250 milfion years ago. Over millions of years, the oríginal salt deposits were covered with other
sediments, such as clay, limestone and anhydride. Tectonic influences left them as fiat layers
(sub-horizontal deposits) or deformed theni into steeply dipping deposits (see figures below).
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Shaft

Rock salt

Potash deposit

Figure 3.60: Sub-horizontal potash deposit

abaft

POU@h Rock "ftdeposit

Figure 3.61: Steeply dipping potash deposit

Potash is usual¡,,- cxtracted by room and pillar and sometimes longwall mining. Sometinies the
solution mining* nicthod is also applied. Howevcr. today solution mining is onl,., of minor local
importance in Europc. Opcn pit minírig is not an option, due to the water solubilit-v of potash.

Room and pillar mining
\\ iiii uu, iii�:tii(N,1 the height of stopes is about 2 - 3 m. Usually 25 - 60 % of the ore can be
extracted from the mine. T)i,,- pjll¿jr� iciiiiiiii iiiiiiiiilL:(I. Two, wavs of app1ving this method are
cuTrendy practised:

dnIlíng and blcLvting: Drilling machines arc used to cut sinall diameter boreholes over a
distance of 7 m to 30 m in the face, cither honízontally (sub-horizontal/flat deposit) or
vertically (steep deposit). The holes are filled with explosives (prilis of ainmonlum nitrate
with 3 % minera] oll) and the rock is blasted. The fractured salt is hauled b, loaders to
underground prc-crushing stations where it is crushed to a size which can be transporicd by
convevor-belts

continuous mining: An excavation machine With a rotating head. the so-calied 'continuous
miner'. is used to mine the ore in a si7z which can be transported direaly by conveyor bcIts.
The follom-ing susface operations are similar to the drifi and blast mining method. Boits are
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placed in tfic rool` of tlic underground gallerics for support and to protoct the work-crs and
the equipment.

At present, potash mining in Germany is carned out in depths betwecn 400 and 1200 m. The ore
is aIwa; s transported in pre-crushed fórni by con,,-c-,-or-belts to intermediate underground
storage pnor to hoisting with skips.

Lonimall minin
This js the same nicthod comnionly used to mine coa] dcposits in Europc.

Sublevel stoping,
In steeply dipping deposits in Northem Germany. suble% el stoping (also, called 'funnel ni Ining')
ÍS camed out. Entr% drifts are dris,cn one above thc other at intm,ais of 15 - 20 m. and tlic
remaining potash salt is nuried by drilling vertical borcholes and then blastíng. The blasted ore
falis into the main level undcmeath. The míned-out room, 100 - 250 m in height, is usually
backfilled with salt tailigs.

L

El

200 m

Figure 3.62: SubkN,ei stoping with backftll in 3teep potash deposits

Solution niining
KCI-unsaturated brine is injceted in a borchoic into the salt deposit to dissoli-c potassium
chioride. Tlic KCI-saturated brinc is punipcd back to the surface. The saturated solution
crystallases and precipitales by cVaporation of the bríne mí hugc evaporator-vessels. A socond
separation process - e.g. flotation or reciystallisation - follows to purif-y potasslum chioride and
sodium chioride as marketable products.

Exploitr,d pºtash deposits in Europp
The exploited potash deposits in Europc %%-cre mainl%- formed in the Permían peníod, which took
placc in a vast evaporitc basin. called tlic Ccntral Europcan Basin. This basin extends from
North-East England to Central Poland and Lithuanla, and from Central Gcrman,,- to the northem
part of the North Sea. The Alsacian and Spanish deposits weM formed in the Tertiws, period ¿aid
are isolatcd basm's.

France
The dcposit in Alsace contains two svivinite seanis in a mar¡-rock salt scriíes. The upper ¡ayer
has a thickncss of up to 2 m and contains 19 - 25 % K,�O. the lowcr, up to 5.5-m-thick layer,
with 15 - 23 % K,O. also contains 15 % insolubles (clay. anh,,,drite, and dolomitc). Mining is
carricd out at comparativc1v high rock temperatures at a depth of 500 - 1000 m In fiat or slightl,,
inclined seanis that haye becn disturbed bv faults. The last producmig mme has bcen closed in
2003.
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Germany
In the Werra and Fulda arcas, the Hessen and Thuríngía potash seanís of the Worra, series are
mined (hard salt and carnallítite in levol deposits at a depth of 400 - 1000 m with a thicknoss of
2 - 5 m, containing 9 - 12 % K20 and 4 - 20 % MgS04:. The Stassfurt potash seam of the
Stassfurt series was mined in the Harz-Unstrut-Saale arca (hard salt and camallitite at a depth of
500 - 1000 m and a thiclíness of 5 m, containing 20 % K20). The last potash mines, c~ting
hard saits of dw Sta~ series closed in 1991 for economic rwwns. The potash seams
Ronneríberg and Riedel of the Leme senos are mined in the Hanover arca in salt diapirs
(syIvinite in inclined deposits at a deptIl of 350 - 1400 m with a thickness of 2 - 40 m,
containing 12 - 30 % K2O). Finally, potash is mined on the Massif of Calvórde near Ziefitz (at a
depth of 350 - 1200 m, Ronneríberg syIvinite inclined at <l8 - 250, thickness of up to 10 m,
con~g 14 - 20 % K20).

Spain
Deposits are locatod in two arcas of the Ebro basin. In Catalonia and Navarra, potash salts fie
above the rock salt. These deposits are up to 15 m thick in Catalonia and up to 10 m in Navarr&
Above this oceurs an inte~ded deposit of rock salt, carríallítite, marl, and anhydrite. Only the
sylvinite searas A and B are mined. These are up to 4 m in total thickncss at a depth of 1020 m,
some deposits are level and some inclined. The crudo salt contains 12.5 - 14 % K2O.

UnítedK¡ngdbm
In Cleveland, a level deposit of syIvinite is extracted, which correlates with the German Riedel
seam, both p~graphicafly and s~aphically (ayerage thickness of 7 rn, containing 25 %
K20 at depths of 800 - 1300 m).

3.3.2 Minera§ processing

The processing of potash generally involves a series of steps including sin reduction
(cr~gfgrmdmg), separation (hot leaching-crystalhsadon, flotation, electrostatic s~on)
and de-brining. These steps are describod below.

3.3.2.1 Comminution

The salt minerals in run-of-mine potash ore are intergrovm to varying extents. More the
m~ can he separated and the usefúl components reco~ the raw salt must be
sufficiendy reduced m si= to liberate the desíred mmeW from. the gangue.

For the hot leaching process, a maximura grain size limit of 4 - 5 mm is adequate. For
mechanical processing (e.g. flotation), the potash mirícrals must be ground to a degree of
liberation >75 %. For syIvinite minerals and hard salts, this is achieved by grinding to a
maximum size of 0.8 - 1.0 m.

ew Vanous gram si= fractions are produced m milís and different ~ of screens. In the first
stage impact- or hammer mills generally produce pafficles of about 4 - 12 mm, depending on the
raw material and the processing method used. The final fine grinding stage works with rod mills
(when wet) or under dry conditions with roller mills or ímpact crushers (sec figurc below). The

*o selection of the equipment used is based on minimising the generation Of fines and ubafínes
which have a negativo influence on the subsequent separation, e.g. m flotation ffic reagent
consumption increases signíficantly with the amount of fines due to the largor specífic surface.
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Potab rrdn«ais

Pre-crushing
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UP to 400 MM

Storage undorground
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Flotadon or Hot lewhing
eledrostaíle s~atlon

Figum 3.63: Dry grinding and ser~g (schematic) of potash ore
[19, K+S, 20021

3.3.2.2 Separatlon

lf potash is mined 'rnechanicafiy', ¡.e. not by solufion mining, there are four methods which can
be applied for separating the desired salts from the gangue:

1. hot leaching
2. flotation
3. electrostatic separation
4. heavy-medium separation.

For aU wet processos (Le. 1,2,4) de-brinffig is necessary.

The foflowing sub-sections describe these process steps.

3.3.2.2.1 Hot leaching procesa

For ffic hot leaching process, two different processes are used, depending on the composifion of
the salt minerals. In the sylvinite hot leaching process, the other salts present besides KG und
NaCI play only a minor role in process solutions. The hard salt leaching process solutions
contain appreciable amounts of MgSO4 and MgC12. For carríallite-contammg hard salts or
unique carríalfiáte, prefiminary camallite decomposition must be carried out if the amount of
camallíte present exceeds a critica¡ level of about 20 - 30 %.

In both processes the potash minerals, ground to a fineness of <4 - 5 mm, are stirred. in a
conunuous dissolver with leachmg brine heated to just below its boilmg pobt. The leachmg
brine (with a temperature of about 1 10T) is the preheated mother liquor firora the orystallisation
stage of a previous process cycle. The potassium chIoride should be ex~ from the mmerals
as completely as possible, and the resulting product solution should he nearly saturated. The
tailings consist of two ftwfions of different particle size. The coarse ~on is removed from
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the díssolver and de-brined. The fine fiwtion (e.g. shme) is removed Erom the dissolver along
with the crude solution. After separation in a clarifier, the fine flWtion is filtared off.

00
q0 The tailings are washed with water or plant brines low in potassium cliloride to remove the

adhering crude solution, which has a high potassiuni cliloride content. The tailings are then
discarded by stacIcing or backfiUing in the mine. If Iciescrite needs to be sepa~ the tailings
are transported to further mineral processing (e.g. flotation). The filtrate of tailings-dewatering
is rceyeled to the re-circulating brine.

The hot, clarified, solution is cooled by evaporation in the vacuum station. Evaporated water
must be replaced to avoid, crystallisation of undesired sodium cliloride. The desired potassiuni
cliloride crystals, formed by cooling the crude solution stage by~ (down to about 25'C), are
separated from the mother líquor and further processed. The mother liquor (saturated with KCI
and NaCI at 25'C) is heated and rceyeled to the dissolver as leaching brine. The layout of a
leaching plant including crystallisation is shown m the figure below.

~~rak

Grinding W*~

L-~brim 1101C T~0,
cowrW15501ver Plan fIRMe

Prebeating Clarifier F~n~

wgb�
1:9~b--~ C"¡:all~Onj Roe~Preheating 211

iporadon coim�,Ii*n5g-

ashing proces

W 25 *C ntrifugefflke
#*
<»

~ 3.64: Flow dia~ of the hot k~g-eryataamtion process used for the produ~n of
q0 KCI from potash minerab (sebematie)
q0

This simple process is used for the treatment of sylvinite minerais only. The mineral processing
of hard salt minerals is more complicated. With higher magnesium salt contents, the
temper~e dependence of the solubility of NaCI bocomes undesirable and the yic1d of
potassium cliloride decreases.

in many plants, especially in Cana4 where flotation is the main production process, small hot
leaching plants are siso op~, in which the product Míne? «0.2 mm) are re-~sed, or
potassium cliloride is separated from flotation tailings or thickened clay slurries. These
procedures lead to a considerable improyement in total yleld and result in a very pure,
completely water-soluble product. The hot Icachirig process is necessary to generate Pure
potassium cliloride products for chemical or pliarmaceutícal uses.

3.3.2.2.2 Flotation

in the German potash industry, potash flotation as well as klesente flotalion is used. Afta
grinding or previous separation-processes the fine si7e fraction (0 - 1 mm) is added to an
aqueous, saturated potassiuniliciescrite and sodiuni cliloride solution. As a ftother pine oil is
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added. Rotating paddles serape the potassium chIorido or kiescrite bearing froth from the
surface of the mochanical cells for further treatinent. The most satisfactory collecting agents are q#long chain dkylmmoniumchloridos.

The following fqp= shows a schematic illustration of the mineral processing of the raw
minerals or intermediates, caffied out in rougher and cleaner flotation colls.

R~ n*wvla or ~me abr

F110~
%uor

Rough *adon cela flotadon q*
¡Conemohab xo

I-Ciem«,Aotation ceNs

WesNnº Fifter
proceros

Te0inga
Rker

FDP~ ar refinm�~

of su~* P~.& lizaPIO~

Figure 3.65: Flow ffiagram, of a flotation plant (schematic)

3.3.2.2.3 Electrostatic sepambon

Criashed and ground raw salt is conditioned to achieve greater ^tion of the ele~static
charge by heating to less than 100 T. The crystals a= coated with an organic agent such as a
primary fatLy acid, a derived sal4 ester or amine. D~ng on the aim of the sc~on 20 to
100 g of conditioning agents por tonne of raw salt are applied.

The ground mineral is cl~statically charged, under a specified relativo humidity, by ftiction
in a heated fluidised bed (sce figure below). Separation of the halite minerals oceurs whcn the
chargod crystals fall under gravíty through an electric field of about 120000 volts m a free faU
separator. The separation process is controlled by adjustable flaps, that are placed in the bottom
of the separator (see Section 2.3.4). The middlings are reconditioned and recycIed.
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Figure 3.66: Flow diagram of an electrostatle separation proceas (schematlé)

In most cases, a multi-stage separation or trealbnent is used. The solid tailíngs (sodium
chioride/halite) are stacked direcUy on the tai"gs heap. Other options, such as first1y separafin
the sylvinite and caniallíte ftom the Icieserite, ore also possible and are applied at other plants.

3.3.2.2.4 Heavy~dia sepanation

Halite has a higher density fim sylvinite (specific gravity 2.13 gICM3 VerSUS 1.9 g/CM3 for
syhrinite). Commercial heavy media operations use a very finely divided weighting agent,
typically fen-osilicon or magnefite of a fine grade, which is slurried to c~ an affificial heavy
medimn at the specífic gravíty reqwxed for ~ahon. After sep~on, the magnetite or
ferrosilicon is recovered by magnetic separation and re-circulated to the system.

A plant of this bpc operates in Canada. This process is alos applied for the separation of
langbeinite (specifle gravity 2.83 glcm') from VIvini~te a plants in New Mexico and the
US. At present, ffis ~que is not used in Europe.

3.3.2.3 De-brining

The producu and t~s fl-om afl potach U~ent processes, except for the dry electrostatíe
process, are obtained as suspensionsIslurries with various solid contents and must be de-brined
- after first bemg thickened m cl=lar Unckeners. The equipment used mcludes centifuges,
plan filters, drum filters and belt filters, especially for de-bmmg fine t~ (moistue content
of about 9 - 14 %) and, when ¡t is necessary, to wash the filter cake. The choice of equipment is
determmed maíaly by the pafficle sizo of the ~al to be U~ and the content of other
Minerals such clay.

For coarse produas and Ufflings, vibrating screens and screw screen cenuifuges are commonly
used.

qu
*o
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3.3.3 Taffings management

The minera¡ processing of potash minerals leads to over 78 % solid or liquid tailings (see figure
below).

Crude salt Products, solid
and 5quid wastes

2205, Products
58;�

Tailings neap
75tCrushing. grinding Separ<dion Backfill

8,.< Deep weil
disposal

51,c Discharge
into rivers

Figure 3.67: Distribution of produets, solid and fiquid tailings after minera¡ processing

Six methods for managing process water and/or tailings are applied:

• discarding solid tailings onto licaps
• backfilling solid tailings underground into mined out stopes
• discarding siurried tailings on tal"gs piles (offiv carried out mí Canadian/US-Potash Mmies)
• appl;'Ing marine tailings management of solid and ¡¡quid tallings
• pumping ¡¡quid Lailings into the ground (docp weil tailings managcment)
• discharging ¡¡quid tailings into nívers.

3.3.3.1 Charactmistics of taffings

Solid potash taffings consist of sodiuni chioride .%,ith a feN%, per cent of othcr salts and insoluble
matenais such as clay and anh%-dn'tc (see figure 's%,I,.-initc tailings'). Hard salt tailu*lgs
addltlonall;, contain about 5 % k1cseníte (sce figure 'hard salt tallings).

SyIvinite tailings Hard salt tailings

Halite Halite
94% 89%

other
3%

other KieseriteSy1v
1 4% 'S%4

'eSyIvinite SyIvinite
20/1 3%

Figum 3.68: Minera¡ conq)osition of svIvinite and hard salt tailings
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The stacked t~gs harden immediately, and the density of the tailings increases to nearly the
same densíty as underground due to compaction. This has been shown by measurements from
borchole-samples of tailings heaps. Heaps a= stacked with an angle, of ~e of about 37 '
(natural soil angle: 25"). Therefore no problems with the slope stability of the heap oceur, if the
underIying ground is stable. There is a wide experience in stacking potash tailings. The fint
heaps going up to 200 m in height where started about 30 years ago. Smaller heaps with tailings
frora potash mining exist from the be~g ofpotash-núning in about 1890.

Precipitation dissolves the tailings heaps slow1y and over a long period of time. As a result of
compaction and hardening, the interior of potash tailings heaps is impermeable to water. Water
and generated brines flow down in an onter sphere around the inner impermeable core. To
protect soil and groundwater, the outer seam of heaps outside the mipermeable core zone is
carefully sealed and the brines are col1ected in sealed ditches around the heap. The slope of the
heap consists of hardened rock salt without any erosion afier compaction and re-crystallisation.

The dissolved NaCI needs careful management to reduce its Impact on the local environment.
However, the tailings usually contain insignifícant amounts of heavy metals and other trace
elements or substances.

Liquid potash tailings are essentially the same material as in svl"VM'ite tailings (90 % NaCI) but
which have been dissolved in fresh- or seawater for transport to a suitable receptor. For
discharges into surface waters or through long pipelines (¡.e. as in Spain), the suspended solids
content is usually very low.

3.3.3.2 Applied management nwthods

The amount of tailings generated by a potash mine depends primarily on the potash seara
configuration, rock stability and mineral composition. These are all natural conditions that vary
between mines and deposit and sometimes even within a deposit. As a result, there is no
standard model of mmes in terms of processing and generation of products and tailings. Each
mine has its own specific conditions affecting solid or fiquid tadings generation and
management. Also, these specific conditions can change over the lifetime of a mine. However,
economic reasons mean that operators will seek to minimise the amount of gangue materials
mined and processed.

For solid taifings, the management of the tailings on heaps and by backffiling underground, are
applied. The tailings ftom the hot leaching and flotation process with sodium chloride as the
main compound are dewatered by centrifuges, fílters and then transported by conveyor-beits to
the taílings heap. In affition, m Germany, the dry electrostatic separaton process allows dry
management of tai"gs on tailings heaps.

For fiquid t~gs, management of the tailings involves deep weR discharge (under specified
geological conditions) andlor discharging into surface waters. Under special geographical
conditions, maríne discharge of solid and fiquid tailings is applied.

3.3.3.2.1 Taflinga heapa

About 21 million tonnes of potash tailings are stacked by the German potash industry every
year. Large tailings heaps are built with quantifies of 25 to 130 million tonnes, altitudes of 90 to
240 m with a footprint of 47 to 110 ha.

The largest tailings heaps, their location, altitude, size, the quantity of tailings and the main
compounds are shown in Table 3.77.
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Plant/facilities Loc~n Altitude Size Quantib, Main compotind Remarks
(m) (ha) (million

tonnes)
llattorf Werra-area 160 47 59 Halite
Wmtershall Werra-area 240 55 99 llalite
Unterbreizbach Werra-area 42 4.6 <j Kieserite Currently,

1 reprocessed
-Neuhol'-I--'Ilers Fuida- arca 180 70 80 Hable
Sigmundshall 1 kinnover area 150 26 25 1 lalite
Z¡elit/ 71CIU7 50 51 Híllite

1 Zlelaz. 1 90 110 130 11 lalite

Table 3.77: Taifings heaps of the German potash núnes

Tlic fotioning figure shows a tvpical salt tailings heap in Germany.

t vi

iba

Figum 3.69: Acrial -.¡e%¡ of a saft laffings heap

Environincntal impact studies including bascae studies are a nccessan, part of the design of
these heaps.They inciude researrá into differcnt site aspectS. Such as
• stabilib, of the heap
• stabilit-v of the suporting strata
• water protection (ground- and surface water, water qualit-v and supply)
• dust emissions
• tcchnical operations
• wildlife habitat
• rehabilitation and after-care
• control and nioniton'ng systcms.

lt is necessary lo ensare the stability of the heap to avoid possible movements of parts of the
heap. The rock salt hardcns rapid1y. due to the sufficiently, low moisturc content of the stackcd
matenal. Therefore no significant crosion oceurs and add1tional support around the heap is not
necessarv. In essence, the stability of the tailings heap is ensured by the application oí'
fundamental c1vil cnginecring rules.

The stability of the supporting strata is controlled regularbv by seismic monitormig (see
monitoring and control systems, below), which search for and determine seismic, scismie-
acoustic and geo-inechanic facts. Survey of pillars and the determination of the mineral
compounds are used lo calculate and obscrvc the stabilitY of thc mined out rooms.

264 Version May 2003 STIEIPPCBfMMR-Draft -2



Chapter 3

To ensurc water protection the following itcms are takien into consideration:

a %vatcr balaricc (groundwater and surface water)
a detected aquifer strata
a ,;,atersheds
a water imperíncabillty of supporting strata
a possibility of process water re-use
0 water supp1v and distribution managcment
a quantity and management of aecumulated drainage water
a salt quantitics to bc managed
a land requiremcnts for stacking.

Tlic interior of potash tailings heaps is impermeable to water. Water and gcnerated saline
solutions oniv flow domm in an outer sphere around the inner impermeable (see Figure 3.70).
The toe of the hcaps outsldc the impermeable corc zone is carefully sealed and the solutions are
coliccted.

composition of talOrm hew el Work'
Worra. Cierm1inv:

Precipltadon 91 %NaCI
1 %KG
6%MOS04 FV)1 2 %CaSO4
Red: DoppMsaft hk#
laMbeirWt und camallíte

OLAer ZoneHomp hoWI
(d@wat*fing zone)up lo 220 m 430 m

Imperrneado core zone . x
Collecton ditch*2 d - 2,2 qtcm'

Permeablilty coeffidantlo MtMbon bain 5 101 nv£

Taraet:
K, =10'm/s
max. 4 % Clay + Compachon in inner core zone

Figure 3.70: Schematic draA-ing of a tailings heap in German potash mining

After collecting the brine in the retention basin for intermediatc storage and depending on the
rcccived water quallty, thc liquid 15 pumpcd to thc river or into the ground (deep weil
dischargc). In some cases thc collected brilles are re-used for processing (c,g. granulation.
rccylcled processing brm*e). In general offiv small amounts of collected brine are re-used.

Since the water flow from precipitation runs down the heap underneath thc surface (sec blue
arrows in figure abovc) erosion at the surface does not oecur. lf possible, safine drainage from
the heaps is kept separatc1v firom surface run-off. This is one wav to minimise salt water
contamination of sofi and groundwater.

Anothcr objective is to reduce land use by stacking the tailings to a maximum of height. In this
opcrational technique (sec below), thc design used (conicalliongitudinal heap) and thc natural
angle of repose are critica¡ to obtamí this.

The commoni-,, applied tochriíque uses conveyor-belts, continuotisly stacking the tallings on a
heap, which is located near the processing plant. After the addltlon of a small amount of
processuig bnine to the dn,- tailings from elcetrostatic separation the moisture of the stacked
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combined taihngs resuits to, the aimed 5 - 6 %. The stacked salt hardens Inifflecijately becausc of
compaction and re-erystallisation

Tlic: tt-chnicai operations for stacking have bcen applied and optimised over more than
30,vcars.

The salt tailings are stacked using conveyor-beits and spreader systems, this allows steeper,
higher stacking than wet stacking. Up to 1200 t per hour solid tallings are stacked on one heap.
These enormous amounts of maten*al arc pfied, ncar thc processing plant, to minuínise material
transpori over long distances or througb communities.

Thc distribution of tailings on thc hcap is pcrfórmed by combination of sevcral conveyor-lacits.
Depending on tlic typc of construction chosen, the discharging belt can be slewcd, adjusted in
height and, if necess«vy, be telescoped. A low dischargc height is prefícirred. A last ,hort

¡11TWILcd helo\\ the main is i,:\crSibIL (sec fiLuu.
belo\k Nshicli is particularl\ el1ectise ni asoiding dusting ni ;%¡nd\ conditions, Dust control is
not an issue ulth tailings froni tile \sct separation processes as tlic residual inoisture content of

is sufflicient to elininiate dust problenis and to cause rapid consolidation \\Ith (tic tailings

Figum 3.71. Photoofa comeyor beli Y%¡th an underbing merse helt

Proccssmig and thercfóre also tailings dischargc is carried out continuoushy- day and night. Tlic

cmployecs usual¡,,- work- in rotating shifts. Continuous work-ing systenis'creáte less dust and
noise and material transport ovcr long distanccs is not required.

Possible effccts on wildlife, bot at prescnt and for futurc developments need to be examine,
careful1v considercd and, as far as possible avoided during the opcration.

The controlfing and monitoring regime examines seismic c,,,cnts or subsidence of the surface
as a result from mining activities. The stabilit-v of the suppeírting strata and underground núncd
roorris can be measured by seismic monitoring.

At the surface different controlling and nionitoníng systems are applied e.g. for groundmatcr
protcction. determination and control discharging brmie to, the níver and the minera] processing
process, dust emissions. energy consumption, water supply ctc.

SeN,cral locations have siopc inclinometers which are uscd, to studv the deformation and stabilvíN

of the tallings heap Slope iiceds iii(,iiitorll)!-, o]] iliiii are h\
natural topograpli\.
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3.3.3.2.2 Tallinga piles

Conímonly the tuilings in CanadimMS plants are pumped as a slurry with 20 - 35 % solids to
the top of the tailings piles m the tadings management arca. The slurry flows down the gentle
back slope of the pile with the slimes ~g out at the toe. Low containment dykes are built to
confine the dwharge of brine to the surrounding area. At present, the~s piles are generally
in the order of 50 m in height. Due to this low height compared to tailings heaps large areas are
occupied by thís tailings management method.

Steep side alope
(about 370) Taila durry

r
Containment Gentle slope 20 Elfino Containment
dyke pond

Brine Tallings
Natural colla

tu
Fyure 3.72: TypIcal eroww~n ofCana~ t~gs piles (schematie)

3.3.3.2.3 BaMIII

The second medW of tailings irnanagement for solid tailings is un~und. Mús method is
applied m steeply dipping deposits m Northern Gemany and in the potash mínes of New
Branswick in Canada. Since the bulk density of the tailings is much lower than that of the
original potash ore, on1y a part of the tailings can be accommodated by the space left after
extraction of the crade salt.

In most potash plants, where the minera¡ is mined from flat deposits, backfúl is not carried out
for economic reasons.

0* A similar method, although less important for active European mines, is backfilling of tailings
OW as a slurry. The tailings slurry is returned underground to ffil up the potash cut-and-fill stopes,

which are sh%W as 'domes'. However, the applicability of this option, amongst other reasons,
depends on the existence of suitable geological fórmations (Le. local steeply dipping deposit).

At one plant, Unterbreizbach in the Werra-region, brine is added to the tailings and the resultin
slurry is pumpod for backfill.
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Plant Tank M9%-brine

Solid waste

Ix1ngpipe 2 (siurry) m a
vessel

Mined
Pipe 1 (durry)Stopes

PUMPS j7 1. Leve¡

Catch b_.
Pumps

Retention'
2. Leve¡

basin

Figure 3.73: Backfill system of solid tailings (sodium chioride) at the plant Unterbreizbach,
German,i

The Unterbrcizbach plant differs from the other potash plants ,%-Ith flat deposits in vanous
aspects:

Geology:
the explolted seam Thuníngla contains a ,,en� thick layer of carnallite ahoye the hard salt
seam. Whcn the carnallite is mined. a series of empty "domes" are left.

Minera¡ processing:
4 ¿i,:oilll)itlitioii ofiliennal dissolution proccs,, ¿uid úle flolatlon of kiescrite is used

Tailings management:
salt tailings (solid sodium chioridc) from thc flotation of kicscritc are siurried with MgCI,-
brinc (salt-saturated) from thc thermal dissolution process and pumped underground for
backfíll. Thc cfficicnc-,- of thc backf-ill s-,-stcm could bc increascd with a second pipc. Thc
brinc is recoyercd undcrground and puniped hack to the surface for re-use.

a proporními offli,. tiiiiiiL,,� as a slun-, is insestigated In
this instance sultable geological conditions, and appropriately configured nune Niorkings dictalc q0
the N olume aN allable f`or placcnicnt. Sinillar inais in Spatil failed because of the poor geological
conditiolls

3.3.3.2.4 Surface water discharge

At the operations in Gennany and Catalonía bríne from production, sometimcs mixed with
small amounts of salt water from the tailings hcap, is collected in Iiii�.ki rciention pond, from
whcre the brine is discharged into surface water (c.g. níver). The fóllolaing figure shows one of
these basins.
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Figure 3.74: Water retention basin of German potach mine

In Gerniany tile stirface skaler discharge is conibined with deep %veU discliarge (see follos%Lng
section)

3.3.3.2.5 Deep weil di5charge

Pumping salt solutions back into the ground is possibic if certain geological requircnients are
met. The gcological formation requircd for this purpose must possess sufficient poroslty, and
pernicability and. must have no contact with formations that can be uscd for water supply.

In the Gerinan potash industry a combination of rivcr and deep wcll dischargc are used. As
much water as possible is discarded into tlic níver "Istcm. This is dctermined by- the set
tlireshold for chioridc in the níver taking Míto account Llic total discharge of all potash mines (sec:
figure below). Al¡ excess water is pumped into the deep wclis.

Water control Deep weil
rneasurernent:
Allowed max.:

m
2.500 rrig/1 CI

Werra

HA�

in

Deep weil Deep well

Figure 3.75: Management of three potash núnes (W1, HA, UB) in the Werra are*, Gennany
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3.3.3.2.6 Maríne tailings management

At the Cleveland Potash oporafion the oro is crushed and separated into the potash and tailings
fractions. The tailings consist primarily of sodium chIoride with small quantíties of calcium
sulpliate and clay.. These naturally oceurríng components are mixed with seawater and
discharged into the North Sea through a long outfall pipeline.

Discharges into the North Sea are controllcd by the OSPAR Commission (OSPARCOM,
http://wm,w.ospar.org/�ng/html/Wclcome.html) and in this case, permitted by the UK regulatory
body. Meaning diat guidance conceming discharges into the North Sea developed by
OSPARCOM was adopted by the UK government, which used the information for the
perinitting and monitoring requirements. Extensive baseline studies of the recciving body were
conducted includMig bathymetry, benthic flora and fauna, water qualitY and the state of the
important local fisheries. Continual monitoring of the quantíty and quality of the discharge
ensure that all parameters remain below consented values. Trace element analysis of the ores,
products and effluents solids allow mass balances to provide checks on die flow and other
monitoring data.

Confinuing annual surveys of all the parameters are conducted by external experts to ensure that
the effects of the discharge are deterniñied and kept to a minimum. Audit samples are taken by
the regulatory body for independent confirmation of the company results. Annual stakeholder
meetíngs ensure that the results of the monitoring are communicated to all interested bodies and
that they have the opportunity to influence the direction and content of future monitoring
programmes.

3.3.3.3 Saféty of the TMF and accident prevention

In the design of the TMFs the following faetors are considered:

• examination of ground stability
• examination ofhW stability
• reduction of permeability of supporting strata ¡f` the average permeability coefficient

excecds e.g. 1 x 10-9 mIs, but site-specific and depending on the fíndings of the
environmental impact assessment

• avoidance of arfficial sealing layers with low shearing strength (has a negativo effect on
heap stability)

• application of moist tailíngs but with a moisture content below about 10

Inspections of tailings heaps are routinely carried out by the operator. These include yearly
surveillance of the heaps and observation of ditches and basins. 40

lo

3.3.3.4 Closure and after-care

For rehab~tion and after-care, the description of the current state and futuro development
of the fácility including the taifings management arca, and the elosure plans of the mining
operation are compiled in the form of a detailed plan.

After permitting of the monitoring and surveíllance plan for elosure, the operation facilíties
froín the plant must be removed. Ebwever, the tafiffigs heaps remain unchanged for a long
period of time. A fund to cover futuro maintenance cost is finaticed froni operational costs
befóre closure.
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3.3.4 Waste-rock management

Since potash mining is only carried out underground, the amounts of waste-rock arising are
relatively small. The waste-rock remains underground in mined out ww of thc mine. Usuafiv
this underground movement of waste-rock is referred to as 'stowing� or 'backfíllíng'.

3.3.5 Current emission and consumption levela

The quantities of emissions and effluents vary from mine to mine. They are also in somc respect
a function of natural conditions - the components of the exploited dcposit and the mmed
minerals. Site-specific contributions - the form of mineralisation, the grade and liberation of the
material, thc mixturc of mineral constituents in the mined deposit - are always unique.
Depending on the mined ore and the desired products a process is chosen with solid and líquid
tailings in varying proportions. Emissions and effluents are also a function of management and
processing method.

3.3.5.1 Managenient of water and reagenta

In general, it is possible to dissolve all solid tailings and dischwgc the resulting solution
inciuding insolubles into natural water systems (p.g. marine tá"gs management in UK).

Taifings heaps generate safine solutions when atmospheric prccipitation dissolves the salt. This
run-off water is collected m sealed ditches around the tailings heap and pumped ~ sealed
rctention basins. From these rctention basins the saline water is discharged into natural flowing
waters (e.g. rivers) or pumped into the ground (deep weil tailings management).

The scafings of ditches and retention basins are inspected to avoid soil and groundwator
sabnisation. Furthcrmore the water of groundwater wells in the sun-ounding of a taflings heap is
periodically analysed to verify its quality.

No addition of water is applied for backfilling. For the backfíll of siurries at thc Unterbreizbach
to plant, processing brine is combined with solid tailings. The brinc is used as a transportation

medium only and is recycIed. Proccssing brine is re-used for differcnt applications in minera¡
processing to minimise the consumption of water.

In solid tailings no significant amounts of reagents are detectable. The on1y reagents used result
from the electrostatic separation or the flotation process- These processing methods work with a
low contcnt of organic compounds (salicyfic acid, fatty amincs).

Thc mam components of the liquid brine are inorganic salts, while the presenec of organics
(TOC) and heavy metals is negligible. This is a consequence of the deposit-formation by the
evaporation of seawater about 250 milhon years ago.

3.3.5.2 E"ssiona to water

No noticeable amounts of tracc elements, heavy meuds or organic substances can be detectod in
the surface ran-off from the heaps. The maín components of surface ran-off are salts such as
sodium, magnesium, potassium and calcium chIorides and sulphates. The volume of sur:fwc
run-off from thc heap depends on land consumption, precipitation (per year) and the
components of the salt tú"gs.

lf the mineral Icieserite (MgSO4-H20) is one component of the mined salt, some Idescrite will be
in the tailings, too. Upon contact with rainwater Idescrite is hydrated and thus binds some of the
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r~afi. In consequence the water binding capacity of a tailings heap ftom potash nuning is
strongly dependent on the specific minerals content.

A second Ímportant factor influencing the amount of surface run-off is the evaporation of water,
which depends on severá factors such as temperaum, humidity, wind speed, colour of üw
tailings, sunshme intensíty cte.

3.4 Coa¡

In this section contributions about practices in Spamí, thc Ruhr, Saar and lbbenbüren arcas *m
Germany and the Ostrava and Karviná arcas in the Czcch Republik are included. Furthermore,
comments from the UK have bcen addcd.

3.4.1 Mineralogy and mining techniques

All of Germany's hard coa¡ resources are carboniferous in age. While the Saar and Ibbenbüren
basins represent remnants of larger coalfic1ds, the Ruhr contains massive resources that dip
towards dw North Sea. Current working arcas are located in depths rang1ng between 900 and
1500 m. Conditions in the Saar basin are more complex flun in the Ruhr.

The high-~ty coke, gas and steam coals typically contain 6 - 9 % ash, and less than 1 %
sulphur, although sorne seams require e3densive washing before sale. The Niederberg mine and
the lbbenbüren deposit contain anthracite, wluch is coa] With a fixed-carbon content between
92 % and 98 % (on a dry, mineral-matter-free basis).

Longwall faces of up to 400 m are now in service. The mms worked range in thickness from
1.0 - 4.0 m, with ploughs being used in the dúmer seams and shearers in thicker applications.

Hard coal in the Czach Republic mainly oceurs m the Upper Silesian Basm. The major fault,
called the Orlova fault, divides the Czech part of the Upper Silesian Basin into the westem
section (the Ostrava part), which is older and of paralic character of sediments and coa¡ seams,
and the castem section (the Karviná part), which exhibits a limnic character of the sediments as
wefi as the coaL The westem part consists of severa¡ thin coal seams of high grade coking coal,
whercas the castem part is characterised by abundant thick seams containing mixed coking coa¡
and highty volatile steam. coal. Some of the characteristics of hard coal include a carbon content
of more than 73.4 %, less than 50 % volatile matter, and a dry (ash free) calorific value that
ex~ 24 MJ/kg.

Mining in the Ostrava part of the basin has reached depths of about 1000 m, which together
with complex and unfavourable munag and geological condítions; makes economic míning
extremely difficult. Consequently, the Ostrava mines have been gradually abandoned. The
majonty of mmes m the castern part have sufficient reserves wluch can be exu~ at much
lower costs. However, this coal is of low grade, as far as coking properties are concerned.

Relatívely large reserves of coal were venfied south of the ongnW Upper Sileslan basin,
particularly near Frmgtát pod Radhoftérn, where carboniferous sediments are buried under
Míocene sediments and dw Beskydy napes. Here, the coal can be extracted from depths of 800
to 1300 m under difficult geological and mining conditions. As the deposit is situatod on the
border of a protected landscape arca, confficts, of interests may arise with Bcskydy protection.
[83, Kribek 20021

Most operations in Europe are based armnd longwall mming, using both shearers and ploughs
for production. Most mines operate in severá seams, with cach unit operating several faces. In
Germany, an increasing number of longwáUs a= controUed remotely from the surface, high
Icvels of automation úUowing salcable outputs of up to 20000 t/d pcr longwaU 179, DSY, 20021,
[83, Kribek, 20021.
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la the UK (about 15 mifflon tonnes/year) and Spain coal is also mined in open pit mines [84,
IGME, 20021

3.4.2 Minera¡ proceseing

In general, after the extraction step, particle size rangos from pieces of moro than one m in
diameter to ultrafine ~ «5 gm). In the ffiree German coalfields of Rulir, Saar and
1bbenbbüren a wide rango of coal qualities are mined, fi-om anthracite at the Ibbenbüren colfiery
with 6 % volatile matters (VM) up to the high volatile bituminoxis coals of the Ensdorf
underground mine with more than 36 % VM. In 2000, 12 coal processing plants with feed ratos
between 950 and 1700 tlh were in operation in these coalfields. [79, DSK, 20021.

In most cases the coarse (> 10 mm) and finc fraction (0.5 - 10 mm), are separated in jigs. The
finest fraction <0.5 mm is separated by flotation. In some cases, the fraction > 10/30 min is
separated. from heavier gangue by dense media separation.

A typical flow sheet can be seen in the following figure:

NUM

120 cm120.n
Prlomry dm~on

and cnn~ 120-Omm

120-10MM f -------1 W&~
~reen

10-Omm
<DA Imn

Aird~

M"

'0-

10-0. mm Taffing ~r~

Cb~r
L_- Cen~ Preum r Mteri j vecum 1~ C] D~~EE-J1:7 0

Wd Mkk§~ [--,X "-ti] nT. pro~

FIgure 3.76: Standard flow s" for ceal ndnend premuing
[79, DSIK, 20021

Thero is also one site that uses hYdrocycIones instead of flotation of the fines [83, Kribek,
2002].
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3.4.3 Taflinga management

3.4.3.1 Characteristica of tallinga

TypicaUy Ufflings ftom the Ruhr, Sau and lbbenbürw arcas in Germany consist of 55 - 60 %
clay shale, 30 - 40 % sandy clay shale and 5 to 15 % sandstone (Prosper-Haniel mino) [79,
DSY,, 20021.

The fine flotation tailings from the Ruhr, Saar and Ibbenbüren coal mines <0.5 mm with a >
77 % solids and a homogencous mmeralogical composition were tested in detail. In physical
and chemical tests with long-terín considerations including environmental impact assessment ¡t
has bcen proven that flotation tailings can be used for the construction of surface liners even
achieving the stringent requirements of the German Technical Standard for the construction of
liners for landfills [80, DSK, 20021. In laboratory tests pure flotation slurries firom hard coa¡
processing can reack k-coefficients of around 5 x 10-9 m/s. In-situ tests resulted in kf -
coefficients of - 2 x IT7 m/s. These k - coefficients do not reach values required by
TASi/LAGA standards for mineral liners (kf = 5 x 100 m/s) and surface seals for landfill
category I (k = 5 x 10-9 mls). [79, DSK, 20021.

In the Ostrava and Karviná arcas the coarse tadings are handled on heaps and the fines firom
flotation are send to basins or ponds. In one case a leve¡ of radioactivity of 75.5 ± 6.9 Bq/kg was
measured in the tailings [83, Kribek, 2002].

In addition to finc coal, the following lists some typical reagents used in coal mineral proces
plants:

a anionic or cationie flocculants
o lime
a natural and modified starches
a caustic starch
a sulphuric acid as pH adjustor
a alum (aluminitun sul~ as pH adjuster
a anhydrous anunonia.
[81, MSHA, 20021

Two other important aspects that need to be considered in the m anagement of coal tailings are:
1. coal tailings can be higlily radioactive
2. and may cause similar ARD problems as sulphide containing metal ores, because of the

pyrite content of the coals.

3.4.3.2 Applied nianagenient methoda

In the Ruhr, Saar and lbbenbüren arcas, a total of 23 tailings heaps and 7 tailings ponds are
currently in operation [79, DSIC, 20021. Considerable amounts of tailings firom coal. mining have
to be handled (about 33 million tonnes in the Ruhr, Saar and Ibbenbürcn amas in 2000), since
they can amount up to around 50 % of raw production, Principally, ffirce management options
are available:

• internal application, i. e. for underground backfill or construction projeas linked to g
operations (e. g. compensation measures for mining-induced ground subsidence such as
heiglítening of bridges or embanknients)

• extemal application, i. e. commercial products, such as bulk mass material or base material
in construction sector and civil engincefing

• management on dumps and in ponds.
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As a rough guide, around one quarter of al] rock and tailigs m the Ruhr, Saar and lbbenbürcn

arca is sold for intemal and external purposes, whi1st the remainder is managed on dumps (or
hcaps) and in ponds (sce figurc below).

Production Whereabouts
Million t

8.7

3.1

234

Figure 3.77: Tailings production and applied numagement methods in the Ruhr, Saar and
1bbenhúren arca in vear 2000
179, DSK, 20021

At the Prosper-Hanicl colliery flotation tailings, which amount to around 13 to 18 % of total
t 1* 1 1a¡ ings, are transported with trucks on public roads 179, DSK, 20021.

Fine tailings <0.5 mm from the flotation are thickened to 40 - 51 % solids. In order to mak-e
them sultable for deposition, howcvcr, thev have to be further dcwatered. This is done
predominantiv in chamber filter presses "1th morc than 1000 m' of filter arca. Oecasionally.
also the less et`ficient screen howi centrifuges are used for dcwatering the flotation tail-ings.

In Spanish coal mincs the coarse material in discarded onto heaps or used as backfili or as
filling material in othcr arcas. Flotation slurries are elther

filtered and sold, or
filtered and discarded with the coarse tailings, or
discharged as slufflies into tallings ponds.

[94. IGME, 20021

3.4.3.2.1 Taffings heapa

As shown in the followin figure in the year 2000 sonic 23.4 million tormes of tallings, out of a9
total of 33.1 million tonnes, from the Ruhr, Saar and lbbenbüren area were discarded onto
tailings heaps.

The development over time of the tailings heap design in the Rulir, Saar and lbbenbüren areas &S
shown in the following figure.
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1. Generation Spitzkegelhalden
conical taffings heaps

Tafelberge2. Generation
flattened-cone heaps

Landschaftsbauwerke
3. Generation landscape-integrated

tadíllíngs heaps

Figure 3.78: De-*-elopnwnt of tailings heap design in the Ruhr, Saar and Ibbenbúren arcas
[79, DSK, 20021

Since the 1970's. the third generation of tailings dumps - so-caficd landscape-integrated carth
constructions - has been establistied. Since then these heaps have been accepted as essential
landscape elements m die densely populated industrial regions of Rulir and Saar oiking to Llicir
Ingh recreational and ecological value.

Principafiv, taflings are dumped onto the heaps in layers. The thickness of lavers ranges froni
0-5 lo 4.0 ni. Conipaction is achieved by way of the trucks' rolling wheeis and via vibration
roolers lo reduce as much as possible penetrafion by oxNrgen or precipitation into the dump body
and, dius, minunisina the P-eneration of ARD by pyrite o.xidation.

In the tjK the taffings heaps are ralsed to a prol'11c ap -ced \\ ali flic conipetcnt autbonties and are,i
solled and landscaped on conipletion Surf'acc run-off and diseliarge lo s;-atercourscs are
required to nicel ,;pccii-icd límits to nuninuse N\ ater qualit-, 1111pactS

The coarse tailings, typically several hundred thousand tormes per -vear, from coal mines in the
Ostrava and Karviná arcas are tratisported to the ¡ir-ap on conveyor beits or svith trucks. In other
cases thev are used in (he reclarnation of old tallings basins o r for landscaping of subsidence
arcas.
[83, Kribek, 20021

3.4.3.2.2 Taifings basinsiponds

Often the fíne siurrv from flotation is pumped lo sodimentation basins (e.g. caused by ground
subsidence) or engineered ponds. The seffling of tailings is occurs in severa¡ ponds/basuis in
series. The settied tailings are excavated periodically and refloatcd or sold. The clarified
overflows are mos(1-v rec:vcIed lo die minera] proccssing plant [83. Kribek, 20021, [84, IGME,
20021.

3.4.3.3 Safety of the TMF and accident prevention

The Ostrava and KarvM*á area has a high seismic n'sk. Therefore seismic events are monitored
[83, Kribek-, 20021.)
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3.4.3.4 Sito closure and after-care

Land availability is very limited in the densely populated arcas of the Ruhr and S= coaWlclds.
Arcas under use for industrial purposes such as tailings management have to be reintegrated into
the landscape as rapid1y as possible.

The dumped tailíngs are sampled imimediately after dumping, after the two years and after flirce
years as far as required, Per cach 2500 m' dump arca, d~ samples from depihs between 0 and
20 cm are taken and blended for a representafive mixed sample. One sample is taken from a
depth between 40 to 50 cm. Investigation of sample material includes pH-value determination to
identify the acidification grade, total sulphur content (I" sample) and total alladinity content.
For the socond samples, the contents of P205, potassium, calcium and magnesium accessible to
plants are determíned. These results are taken into account for the soil cover and the
revegetation.
[79, DSK, 20021

Ongoing revegetation already duríng operation can be accelerated by different measures (see
Section 4.3.4.3). Afler completion of the slope arcas the dump surface is sown with herbs seed.
The herbs layer assists the heap's integration into the landscape, prevents erosion to a major
extent and contributes to humus formation in the uppermost soil layer. Sizing and composition
of seed mixture is dependent on local situation at individual dumps, on ground structure and on
climatic influences. For wet sowing, water is used as carrier. Apart from the seed, fertiliser, soil
amehoration agents and mulch, mixed with water, can also be applied.

Next step shrubs and trees are chosen only after evaluation of soll investigations. Selecting the
plants and designing the planting scheme is done in elose co-operation with forestry authorifies.
Plant material, in most cases, is taken firom tree nurseñes after a growing period of du= years
and planted with a narrow spacing of 1 x 1 m.

Apart from the vegetation measures described above, by landscaping wet and dry bi-topes,
smalí water courses as weU as by creating arcas left to natural succession, reclamation in the
Ruhr, Saar and Ibberiburen arcas amis al creating the basis for a varicty of fauna and flora
habitats.
179, DSK, 20021

A regional closure plan for the landscaping of mines and tailings management facilities in the
Ostrava and Karviná arca has bcen developed [83, Kribek, 20021.

3.4.4 Waste-rock managernent

The sínall amounts of waste-rock from underground oporations are managed with the coarse
tailings on the heaps.

Normally waste-rock arising from UK open pit mines is managed mí temporary heaps in
accordance with the technical requirements of the Health & Safety at Quarries:- Quarries
Regulations 1999 - Approved Code of Practice. After removal of coal deposits, the waste-rock
is then retumed to the void and restored in accordance with the Planning Consent. Note that
removal of the overburden froin site is normally specífically prohibited by the Minerais
Planning Authoníty

Waste-rock hcaps are raised to a profile agreed with Mineral Planning Authorities in the UK
and are soilcd and landscaped on complefion. Sufface run-off and discharge to watercourses are
required to meet specified limits to minimise water quality impacts,

STIEICPPCBfMTWR-Draft-2 Venion May 2003 277



Chapter 3 q#
3.4.5 Current emission and consuniption levela

3.4.5.1 Managenient of water and reagenta

The reagents used in the flotation of coal are mixtures, whose composition is only partially
known. Also they are subject to thc variations of any product from large scale refinery
processes. In most cases mixtm-es of certain light oil fractions (collectors) or alcohols (frothers)
together ivith emulsifiers are used. The flotation reagents used can contam traces of up to 50
different substances,

Whilst the salt and metal contents of coal and their leachability are weIl known, thc content of
organic chemicals is not so well documentcd. It is assumed that most contaminants will
aczumulate on the fine flotation tallings because of their large specific surface. Organic
contaminants can ori'ginate from flotation reagents, as mentioned above, but also from hydraulic
ofis used in the minm'g operation.

Conventional methods of analysing the content of organic chemicals in the coal tailings are
prone to errors, fírsUy because they are not suitable for such small concentrations but also
because these methods dissolve naturally present hydrocarbons. However by means of
radioactive tracmig (¡.e. by usung 14C) it can be shown that 1 kg of flotation tailings contamís
120 rng of flotation reagents. This 'load' decreases with increasing ash contents of the tailings.
[102, Diegel, 19941

The elarified water froín basi~nds in the Ostrava and Karviná arca are re-used in the mineral
processing plant. Surplus water is discharged, to surface water.

In flotafion the agent Rotalm which is a mixture, of alcohols and minera¡ oil, is used in
concentrations of 0.25 - 0.35 kg/t. As a flocculant an organic agent based on polyacrylamide is
added.
[83, Kribek, 20021.

3.4.5.2 Em"ona to air

To minimise dust and noise emissions from dumping tailings transport and spreading
operations, ramps and working benches are transferred into the heap's inner ama as far as
possible and are shicided by embank:ments or hollows 179, DSK, 2002].

3.4.5.3 Emissions to water

Fine tailings from flotation are often managed in ponds and basins (e.g. Ostrava and Karviná
arca). Most of the clarified water is re-used in the, minerá processing plants. However, in some
cases surplus water is discharged to surface water. The amounts of discharge, per year and the,
concentrations of emissions to surface water are shown in the following table.
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Parameter Unft Site
PaskOv CSA Lazy D~ CSM

Discharge 0.2 2.0 1.6 4.0 0,27
COD mw1 22208 16985 19.19 50.91 1920.2
BOD nwA 2333 4.34 6.54 20.65
Total M9/1 1310
soluble
matteri
Soluble nigll 687833
mor,-"e

-salts
non-soluble rng/1 131667 7166 9.88 20.58 285.4

*o Inatter 1 1
Ptotai rng/1 0.04
N-NH4 ing/1 0.06 0.33 0.2 1.48
cl M911 382.5
C12 rng/1 156167
S04 rng/1 204.5 j 290.5
P04 M911 0.055
Phmols M9/1 0.1
Fe M911 0.17 0.22
Mn M911 0.09 0.14
Hg W0 0.9
Cd Po 0.5 <0.005 <0.005
CN total Po 6
FN MPA 0.1
pH 8 8 7.61
1 total soluble (not suspended) matter (organie and inorganic) obtained from the sam1iii-
after flitering and washingwith disfilled water
2 soluble m~c saits aro determined afLer o2adafion of the total soluble matter
fraction with HA using the gravimetrie method

Table 3.78: Amount of dis~ and concmtmtions of embsions from ^ga ~asins in the
Ostrava and Karviná arca In 2000
[83, Kñhek, 20021
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4 TECHIS11QUES TO CONSIDER IN THE DETERMINATION OF
BAT

This section presents a number of techriíques for the prevention or reduction of emission and
tecímiques to prevent or mitigate accidents in acoordance with Section 6.3 of the

ya Communication (COM (2000) 664). They are all currently available and aMlied.
ya

4.1 General principios

If the total o~on (mine, minad processing plant, tá~ and wasto-rock management

*o facilities) is designed concurrent with the tailings and wasto-rock characteristies, taking into
consideration the vanoxis chernical, physical and biological interactions due to the influence of
the mining and the processing, then the tailings and waste.�mk management environmental
problems and costs can be reduced [21, Ritcey, 19891. Also, the management of tá"gs and
wasto-rock, including water management, is usually an integral part of the entire life cycle of an
operation, as fundamental as the extraction itself [45, Euromines, 20021.

Typically risk assasment is applied in order to ensuro the use of tecliniques, which are most
appropriate to the specific circuinstances m environmental, safety, teclinical and engíneering
ternis [45, Euromines, 20021.

Good management of tailings and waste-rock includes evaluation of alternatives for.

a Minimising the volume of tailings and waste-rock generated in the first place, by e.g. proper
choice of mining method (open palunderground, difforent und~und mining methods)

a Maximising opportunities for altemative use of táags and waste-rock, such as:
a use as aggregate,
a use in the restoration of other mine sites
a bac~g

a Conditioning of tailings and waste-rock within the process to minimise any environmental
or safety hazard, such as

a de-pyritisation
a addition of buffering material

The tailings and waste-rock that cannot be avoided (due to accessibility to the orebody, safety
reasons etc.) and that are not suitable for alternative use (due to physical and chemical
properties, transport costs, lack of market) require a suitable management strategy, which aims
at assuring:

a safe, stable and effective management of tailirígs and wasto-rock with minimísed risk for
accidental discharges into the environment m the short, medium and long term

a minimisation of quantity and to)ácity of any contaminated release/seepage froni the
managenient facilíty

a progressive reduction of risk with time.

If more than one bW of tailings and waste-rock are generated ¡t is desirable to deposit diem.
according to rAx. This facilitates any future recovery of deposited materials for altemative use
or re-processing and allows for the appropriate closure decisions to be made with respect to

*o ~gs and waste-rock rjpe [45, Euromines, 20021.

General o~ional manag
In order to determine possible reasops for faibire of a TMF and consequently prevent collapses
the underiying question that has ta he considered is "what if ?". This means several scenarios
have to be considered and based Q

'
n' the possible inipact ernergency or contingency response

plans have to be developed and, this is the essential part, known and unde~ by the staffl
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ICOLD determined that effective reduction of a risk of faiture can on1y be achieved by a
commitment of the operator to the adequate and enforces application of available engincering
tecímiques to the desiga, op~on and closure of TUTs over the entíre períod of their operating
fife

4.2 Life-cyc1o managoment

4.2.1 Desi9n phase

In this section considerations to be made in the design. stage of a TMF are descríbed. Unless q0
othemse mentioned, this mformation is taken from the "Canadian guide to the management of
tailings facilities" [18, Canada, 19981, the "Framework for mínin waste managemenC [45,
Euromines, 20021 and oral contributions from TWG members.

4.2.1.1 Environmental basefine

The following is a sumniary of considerations that need to be taken into account when
collecting and collating environmental baseline information for use in site selection, design and
operation. This same baseline information is important for the development of closure plans and
environmental, monitoring programínes. More comprehensive lists may be found in specific
environmental assessment guidefines.

• Existing resources and use
Existing resources and land uses within the tailings facility arca and within the greater
potential impact arca need to be identified.

Land and water use:
current and historical uses, including recreation, parks, aboriginal
traditional use and land claims, human habitation, drinking water sources,
archacological considerations, mining, logging, farming, hunting and
fishing.

Land tenure:
• establishment of the right to acquire the necessary land for a TMF
• identifícation of land ownership and minera¡ rights

• Baseline scientific data
Compilation of baseline environmental scientific data relevant to the tailings project area.

• Physical
• climate (e.g. temperature, wind, precipitation, evaporation, retum period

floods, precipitation and run-off, air qualíty)
• water (e.g. hydrology, watershed delineation and flow pattems, stream

flow, lake bathymetry, hydrogeology (groundwater) characteristics, surface
water and sediment quálity)

• land forms
• geology and geochemistry (e.g. surface deposits (bw, location, density,

permeability), stratigraphy, geomorphology, mineral and petroleum
resources, background elemental content)

• topography (e.g. regional and detailed. topographic maps, stereo aerial
photography, sateRite imagery)
sofis (e.g. sofis sampling and charactorisation)
natural hazards (landslides, avalanches, seismic events, flood potential,
frost action.

• Biological
ocosyst= idcntification
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terrestrial survpy (e.g. flora, natural pastures, fauiu4 endangered and
threatenod specios, migratory species)
aquatic survey (benthos, maero-invertobrates, fish, aquatic plants).

Baselíne socio-economic data
Compilation of baseline socio-economic data relevant to the tailings project ama, including
historical background, population, regional economy (e.g. health, education, culture,
demography). Identification of socio-economic issues which might aríse for the tailings
project.

A baseline study is usually established as part of the Environmental Impact Assessment (BA).

This baseline investigation identifies the range of resources potentially at risk from a site and
peovides data describing these resources. It therefore provides measures from which the
environmental impacts of a proposed development can be predictod and a database against
which future changes in environmental qualíty can he judged [25, Lisheen, 19951. A wefl

*o performed baseline study also provides valuable data for the further design, layout and planning
q0 of the site.

It should be noted that the contents of a baseline study are established case by case. For instance
the scopc depends on the type and scale of the proposed operation. The measurement of metal
levels would probably not be relevant where metalliferous pollution can be ruied out from the
Outsct.

Annex 3 shows a specific example of the seope of a recently performed baselmie study.

4.2.1.2 Characterisation oí taffinga and waste-rock

The fóllowing characterisations of ore, waste-rock (if used for daín construction or managed
within the same TMF), tailings and mmeral processmg are used for the desígn of a TW

ore and waste-rock charaacrisation:

*o reserves
mineralogy
chemical properties
physical and engincering properties
acid gen~ potential
leachable contaminants
ore and changes of ore qualitíes during nune lifle
low-grade ore and mine rock quantity and schedule.

tailings characterisation:
A general description of physical and chemical characteristics, such as:

a dadylannual throughput and total quantity
o size distribution
a solid or slurried tailings, puip density (O/osolids)
a density of solids
a stability/plastícay
a fiquid phase chemistry
a acid generating potential
a geochemical characteristics (metal content, leaching behaviour)
a pore water
a consolidation behavíour.

minera¡ processing characteristics
reagents used, their concentrations and quantities
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• water recirculation requirements
• mineral processing plant treatment processes (e.g. cyanide destruction)
• other inflows to taifings
• pipes and associated structures
• potential for pit andior underground baclifilling
• ratio of management of taflings on surface to backfíll.

[18, Canada, 19981

in Armex 4 a a summary of methodologies available for the geotecímical and geochemical
charactensation of tailings and waste-rock, and for predíctíng drainage quality, is presented

4.2.1.3 TMF etudica and plana

The fóllowing is a surrímary of stadies and plans which are developed in the desigrí of a TMF to
an adequate level of detail relevant to cach stage (conceptual, prelíminary and detalied design)
and then maintained throug4out operation and closure:

• sita selection documentation
• environmental impact assessment
• risk assessment
• emergency preparedríess plan
• deposifion plan
• water balance and management plan and
• decommissioning and closure plan.

The plan contents listed above only represent the minírnuín requirements. There may be in
practíce afflitional aspects which need to be included.
[18, Canada, 19981

The listed items are elaborated in more detail below.

Site selection
The operator selects a prefen-cd sito and prepares a documented rationale for its selection,
including a discussion of altemate sites studied and rejected. Furthermore public perception
issues related to the project (Le. intemal and external stakeholder requirements) need to be
identified.

Environmental considerations:
• effluent U~ent requirements
• emissions to surface water
• emissions to groundwater (hydrogeological containment)
• historical use of the recciving watershed W
• background environmental condítions
• impact on vegetation, wildlife and aquatie life
• natural fiora, and fauna
• archacological considerations
• potenfial emissions to air
• aesthefic considerations
• conceptual water balance.

Planning considerations:
• accessibility (road construction)
• distance froín the mineral processing plant
• relative elevation from the mineral processing plant
• distance from habitation and arcas of human activity
• topography
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existing land and resource use
property ownership and mínerd rights
aboriginal land cl *ms
transportafion corridors, power lines, etc.
watershed and surface arca considerations
volumetric capacity
pond volume/storage capacity ratio
geology, including potential ore bodies
construction material availability
conflict with mining activity
dam foundation conditions
basin foundation conditions
downstream hazards
hydrology
groundwater, contaminant seepage
potenfial impact arca
human and environmental risk
water management scheme and preliminary water balance

qv a operational plan
a deposition plan
a prelinunary containment and water management structures
a prefiminary cost estimate based on preliminary considerations
a conceptual risk assessment
a health and saféty assessment.

Decommissioning/recíamation considerations:
a flood, routing requirements
a revegetation potential
a long-term physical and chemical stability
a case of establishing permanent drainage
a reduction and/or control of acid drainage and other contaminants
a dust control
a long-term maintenance, monitoring and treatment requirements.

Development, operating and closure cost considerations:
a capital cost
a cost of tailings transport
a tailings facility operating and maintenance costs
a ciosure costs
a cost per tonne of ore processed.

Environmental imí>act assessment
In order to obtain stakeholder and regulatory acceptance for siting a new TMF, it is ofien
necessary and indeed. a legal requirement to conduct an environmental impact assessment (ETA).
In EU Member States the ElA is regulated by Council Directive 97111/EC of 3 March 19975
amending Directive 851337/EEC of 27 June 1985 on the assessment of the effects of certain
public and private projects on the environment6. The Directive allows Member States to decide
for certain activities whether they need an EIA or not. However aecording to annex 1 of the
Directive quarries and open pit mines where the surface of the site excecds 25 hectares, are
obliged to do an EIA. Annex II of the Directive states it is up to Member States to decide if
underground mines and smaller quarnes and opon pits are subject to an ElA. The information
the operator has to supply is described in Annex IV of the ElA Directive. The website

5 OJ NO L 073 of 14 Mamh 1997
6 OJ N- L 175 of OS July 1985
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http://curova.cu.int/comm/cnvíronment/cia/home.htin provides plenty of information and
guidance regarding EI.As.

Baseline studies have the purpose of informing afi parties involved in the permitting process on
what the conditions are before a new site goes into operation. The detailed extent of the baseline
study and environmental nirípact assessment is usually defined by a scoping assessment
conducted by the pertnitting authority. lt can also sometimes be supplemented by approaching
other stakeholders.

The environmental impact assessnient process requires integration of Imowledge about the
project as it is being designed, the natural and social environments in which the project is
situated, and community and stakeholder concems. At the environmental impact assessment
stage, tailings facilities are usually components of a larger, integrated project. The following ¡S a
summary of some significant aspects related to tañings, which are addressed in an
enviromnental impact assessment:
• environmental baseline q0
• mineral processing plant tailings aspects
• tailings and waste-rock fácility site selection, with a clearly documented rationale for the

selected sito
• conceptual tailings and waste-rock facility design

The environmental impact assessment addresses the projected impacts of the tailings and waste-
rock facility on the environinent, including:
• physical impaets q#
• physiography
• climate
• air quality
• noise
• hydrology
• hydrogeology
• water quality
• biological impacts
• aquatic life
• vegetation
• wildlife
• archacological impaets
• socio-economic impacts
• land-use impacts.

Mak assessment
lt can be seen mí many parts of Chapter 3 that the applied tecliníques to prevent accidents are
based on nisk managernent. The basis of risk management is an assessment of the risk It
involves an examination of tlic individual operations on a risk management basis, linked closely q#
to the tailings and waste-rock characteristics, the physical and chemical features as well as other
key features such as the nature of the ore and the site characteriístics. Considering these
individual risks can lead to an overall risk management.The most cost-cffective methodologies
can then be selected to reduce the risk of harni to an acceptable level, given the particular
circurastances. As described in Section 4.2.3.1 in some cases the TMI`s are elassified, for
example, accordíng to the consequences of a possible dam failure.

Risk assessment addresses what could go wrong with a facility (¡.e. hazards or failure modes)
and its associated plans and procedures; what are the probabilifies of failure; and what are the 00
consequences of failure. Risk assessnient provides a basis for the development of risk 00
management, including communication, contingency, mitigation and emergency response plans.

00
q#
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Risk has to be assessed ~ managed) through cach phase of the life eyele of die TMF.
However, the intensity of assessment varies at different stages, depending on the objectives of
the rmcw, the complenty of the pertment issue and the extent of informahon available.

Generally risk assessment includes the following considerations:

Scopc and purwsc of assessment
At this stage aU stakeholders in die risk assessment are identified.

Risk assessment team
An experienced, multi-disciplinary risk assessment team is required to determine potential
fáilure modes, probabilities and consequences of any faflure. The team typically includes the
TMF designer, the construction contractor, operators, environmental and management staff and,
in cases of detailed assessments, a risk assessment specialist. Consequence evaluation involves
environmental staff and specialists including, in some cases, health experts and cost engincers.
Involving tailings operating staff is critical for a risk assessment of an existing tailings facility in
order to incorporate theff knowledge and e~ence of the facílity.

Evaluation criteri
Criteria have to be developed to guide the evaluation of findings and establish levels of
acceptable or unacceptable risk. ffigh probability, high consequence failure modes are
obviously of concern, but low probability, high consequence modes may also require
examination. Potential human health and safety, environmentel impact or business (e.g.
downtime, reputation, property damage) consequences are considered.

Methodólogy
Risk assessment can be qualitative (subjective ratings of probability, consequence and overall
risk) or quantitative (numenc values of probabílity and cost values for consequences). A simple
qualitative assessment is appropriate to evaluate a number of potential TMF sites whereas a
detaíled quantitatíve assessment is more appropriate for a proposed major modification to an
existing facility.

Comnionly practised methodologies for risk assessment include
a processIsystem checklists
a system design modeis
a safety reviews
a relatíve ranking
a preliminary hazard analysis
a lywhat4fl analysis
a hazard and operability (HAZOP) studies
a failure modes, effects (and criticality) analysis - FMEA, FMECA
a probabilistic simulation analysis
a fault-tree analysis
a event-tree analysis
a causeconsequence analysis and human error analysis.

Potential triggers and faflure modes
Dam overtopping

landslide into reservoir generates a wave which overtops the dam.
wave action overtaps dam
porimeter bypass system fails and water enters reservoir, exceeding capacity of
spillway or storage, or an external stream diversion failed and water entered
reservoir
pond allowed to reach crest of dam
discharge froní top end ofpond to save dam height
blocked outiet structures
precipitation excecds storage capacity
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water balance not maintained.

Dam instability (upstream or downstream)
• seepage ea~ piping and removes dam material (Le. filter failure)
• seepage raises pore pressures and causes shallow or shallow instability
• non-seismic liquefaction ofdam due to straining or increased pore pressures
• seismic

• fiquefaction of daras
• liquefaction of tailings leads to erosion
• liquefaction of tailings applies horizontal thrust to dam
• deformation of dams
scepage faiture raises pore pressures and triggers a slide
construction pore pressures rise and slope moves
satu~on of uncompactod filí elther by first: fill or ram, or snow encapsulated m
dam fíll melts, dam setties, overtops
uncontrolled toe erosion retrogresses
dam face erodes due to uncontrolled precipitadon or snow melt.

Foundation instability
Karst collapses beneath dam/heap
collapse due to mine subsidence allows tailings to escape into mine or void
sliding on weak soil or liner interface
compression of weak soits leads to cracláng of dam
construction pore pressures rise and faundations move
seepage through a poor membrane or ~ous sofis into groundwater system,
bypassing seepage recovery systems
seismic liquefaction of foundations; seismic deformation of flaundations; non-
seismic liquefaction of foundations.

• Structural failures
piping around a culvert or decant pipe, decant tower fafis
pumps fail duo (o loss of power
pipeline or conduit fails
landsfide blocks spifiway
ice blocks spillway.

• Power failure.

Probabilily of failure
The probability of failure for cach potential failure mode based on past experience with facifity,
experience with similar facilities, engincering analysis and professional judgement is estimated.

Consequences of failure
Consequences of failure for each potential failure mode are estimated, including consideration
of impacts on health and safety of workers, conftactors and general public; environmental
impacts inciuding consideration of assimilative capacity and enviromental sensitivity of site;
and business impacts.

Resuits of risk assessments are presented and summarised in a elear manner for both operating
and management personnel. It is essential that this information be weU understood by all
relevant staff.

Emer2mcv íneparedgess plan
lt is standard practice to be for emergencies and to have appropriate, contingency and
emergency preparedness plans in place. Emergeney preparedness includes preparation both for
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on-site incidents and for incidents having off-sito implications, including dam breach.
Contíngeney and emergency preparedness plans should be reviewed on a periodic basis, tested,
and widoly distributod withill an organísatlon and to potentially affected externa¡ stakeholders.

The sites emergency preparedness plan usually integrates the tailings facility aspects into the
overall sito emergeney preparedness plan and includes, but is not fimited to, the following:

a identification of planning co-ordinator, team and organisational structure
*o a identification of emergency organisation, roles and responsibilities
*o a identification of legal requirements, codes of practice, notification and reporting obligations

a identification of available resources
a mutual aid agreements
a public relations plan
a telephone lists
a establishment of communication system for notifications and for post-notification purposes
a risk analysis for on-site and off-sito effects
a maps and tables for both physical and environmental releases (including facility failure)
a basis for activation of emergency plan and emergency decision making
a tráning of personnel
a investigation and evaluation of incidents and accidents

OW
a restoration of safe operating conditions.

7For establishments lo which Artiele 9 of the Seveso 11 Directive applies, ¡.e. that are obliged lo
0* prepare a safety report, the operator is also obliged to draw up an intemal emergeney plan for
%o measures to be taken M'sIde the establishment for a major accident.

#o
*o According lo the Directive the emergency plans must be established with the objectives of..

containing and controllmig incidents so as lo minimise the effects, and lo limit damage lo
man, the environment and property

*o a implementing the measures necessary lo protect man and the environment from the effects
of major accidents

. communicatm9 the necessary information lo the public and (o the services or authoníties
concemed in the area

a providing for the restoration and clean-up of the en-,�ronment following a major accident.

Emergency plans shall contain the inforrnation set out in Annex IV of the Seveso TI Directive

~Osition plan
A tailings deposition plan is developed for the expected mine life. Deposition plans can allow
for the staging of TNff lifts and raises over the lifé of the mine to accomínodate long-term
storage of tadings solids, maintain adequate solids storage capacity, and allow adequate
polishing of firce water during operation of the míne.

Appropriate consideration for expanded requirements and/or capacity sbould be considered in
the plan. Deposition plan development requires information on the útilings quantity and density,
water content and production information estimated from the process/mineral processing plant
water balance, including provisions for estimating uncertainty and contingencies. The basic
parameters are validated and updated on a periodic or regular basis.

Equally important are the constructíon specification and recording in detall the built and
extended facility, which will liced geodetic surveying at regular intervals.

Comed Directivo 96182/EC of 9 Deember 1996 on tho conW ofmajor-accidenth~ involving dangon= substances,
OJ L 10 of 14 Janumy 1997, pagos 13-33
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Water balance and water manaLment ffian
The water issue is consídered in conjunetion with the mine, so that an integrated water
management is achieved. A water managoment plan develops site-specific standards, targots,
operational or contingency plans and procedures (as appropriate) for afl of the following:

• statutory requirements
• risk managcmcnt
• monitoring of hydrological process
• opcrational monitoring
• emergeney monituring
• water supply
• soil erosion
• water quality
• computer modc1s
• performance indicators, and
• training and research.
[97, Enviromnent Australia, 2002]

Hvdrologv:
Hydrology data, inciuding the dclineation of tailings site catchment area(s) and all potential
water sources, both natural and process, are used in the development of a waterleontaminant
balance and design of tailings facifity components. Dcsign parameters are established and
documented, then actual cxpericríce has to be morutored, to identify variances, validate
projections and anticipate p~tial problems.

Desien flood:
The appropriate probable maximum flood (PMF) is identified, with reficrence to current design
standards and in consultation with regulatory agencies. Design flood considerations shouId be
consistendy applied tímugh all stages of the life cycle. Storage requirements, operating and
spiUway design are based on the bydrology of the watershed.

Water balance:
A water balance stady is pcrformed. Specification of requirements fiar ongoing data collection
for the mineral processing plant and TMF water balance calibration purposes is necessary.

Surface water/aroundwater man ement plan:
Completion of a water managoment plan dctailing appropriate designs and strategies, where
required, for

• seepage collection
• reclairn/pump-back systems
• treatmentídischarge systems, including all water conveyance systems
• water retention and discharge strategy, including operating parameters.

Emissions balance an—d release:
The emissions balance provides cstimates of emissions to land, air and groundwater. A plan is
developed to minimise emissions.

Effluent cñtcñ-a:
Devc1opment of effluent criteria for the TMF, with reference to regulatory requirements and
operating licences and pcrmits, including
• dissolved and suspended mattcr
• suspended solids
• effluent quality
• periods of discharge
• bacteria¡ and biological levels
• toxicitY.

[18, Canada, 19981
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Decommissionins! and elosure Plan
Closure plans and performance criteria are developed in the carly stages of facilíty design, and
then verffied and updated períodically dmugh the operatmg lifo of the facílity m preparation for
decommissioning and closure. Closure is usually covered by regulations, and the following are
general considerations applicable to development of closum plans. In some circumstances
closure has to be followed by long-term after-care. This requires similar plans and controls as
for closure.

Elements of a closure ºlan:
determination of background data, including

history of site
infrastructure
process flow controls

to
system operations
mineralogy
topography

hydrology/water management
hydrogeology
soil capability

*o revegetation
impact assessment;
long-term maintenance
geotecImics
chemistry and geochemistry
monitoring programme
effluent management or treatment requirements, where relevant.
communications
fmancial assurance
stakeholder consultation
potential end land use; and closure technology (Le. dry or wet cover, flooded, wetiands,
perpetua¡ treatment, vegetative cover).

Aspºcts of TMF stabüá for closure:
Closure plans require a thorough re-assessment of the facility and its stability under closure
conditions. AU aspects of the facidity and physical and chemical stability are reviewed. In
particular, the actual performance of the facility in service, including

defiarmation
seepage

to foundation and sidewalls

are checked against design projections as well as against projected post-closure conditions.
Desiga loads might be different after decommissioning and closure.

Structural monitoring and inspections are continued for afl facilities until they are
decommissioned and thereafter as appropriatc. Identification and delineation of any
requirements for continuing inspection andior monitoring of remaining structures after closure
is necessary.

tu Action plans are prepared to deal with shortcomings in ciosure quality andIor difficulties m
#u compiying with ciosure spccifications. Examination of the consequences of closure of the
qw facilities on emergency preparedness, procedures, and updating these plans as appropriate, ¡S
40 also desirable. Continuing availability of design, construction and operating records after

closure for structures remaining in place has to be ensured.

STíElIPPCBIMTWR-Draft -2 Version May 2002 291



Chapter 4

4.2.1.4 TMF and aseociated structuma desi9n

The following list may not apply to alí sitos or all situations. It is up to tho oporator and the
permitting authority to decide which aspects apply. Site-specific conditions may require the use
of different or additional criteria.

Information relatíng to the TMF sito is compiled from líterature survey and field/1aboratory
investígation programmes.

Hvdroloav and hydrog-cology
• hydrological and hydrogeology studies
• water balance, water quality
• desiga flood
• frueboard requirements
• drought design (Le. water cover requirement)
• catchment run-off and &version arrangements
• deposition plan
• crosion management plan.

Foundations, Reology and geotecImical, enuincering
a geomorphology
a regional and local geology, fáults
a stratigraphy
a bedrock and soil charactoristics
a geotecímical information, mcluding

• compressibility
• shear strength
• angle of friction lo
• grain sizo
• density
• plasticity
• fractures
• liquefaction potential
• permeability
• erosion potential
• hydrauhe fracture.

Construction materials
The availability of naturally occurring construction materials is assessed as weil as thc 00
engíneeríng charactenstics of thesc potential construction matenais, tailings, gront/concrete or

00other potential liner material (both natural and synthefic), such as
00

• gnún sizo
• density
• volume
• shear
• permeability
• acid generafing potential
• chemical reactivity (acid gencrating potential, reaction with pond water, tífiosalt generating

potential)
• wind and water erosion potential.

Potential detrimental effects of tailings andIor process water on construction materiais are
determíned. Environmental ímpaets, stability and rehabilitation requirements for the use of any
construction materials are considered at this stage. *0

lo
lo
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TODO
Regional and topographical mapping and air photos.

SºMial enviromn A«~:wW consi
Seismic risk; seismic attenuation of f0undation strata and construction materials; liquefaction
potential of foundation strata, and construction materials; climatic conditions, including

a extreme values to, be expected
a wind and wave actions
a permafrost effects
a frost.

Maximuni allowable soepage objectives for environinental and structural requirements is
determined. Requirements for ~ous vs. impervious materials and construction methods are
identified and a seepage management plan is developed.

*o Closure considerations
The choice or probable choice of closure inethod of a TMF may have an impact on the, design
and shotild therefore be considered in the design pliase.

Recuind desigq ºarameten:
o facility classification (if existing under local jurisdiction)
a stability
a earthquake criteria
a fáctors of safety

*o
a design permeabilities
a acid rock drainage
a wildlife
a dust
a elosure considerations.

These parameters are outfined in the following paragrapits.

Stabilitv:
Stability of the foundation, facility and associated structures under conditions coveríng
construction, operations and closure; and under static and dynamic conditions, including
consideration of wave, frostlice action and rapid drawdown (for a pond) must be analysed.
Density and compaction targets are established.

Founda:tion ºMaratían:
The requirements for preparation of the TMF fotindations prior to construction are determined,
including consideration of

a vegetation removal, inciuding merchantable timber
a excavation of organic sofis
a cut-off walls
a groundwater control and containment
a bedrock cleaning and slush grouting

*o a high-pressure grouting
tp a diversion wells
lo a diversion channeis

a dcwatmw requirements
a stability
a constructability
a other special construction requirements.
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Semae analysis and management:
The requirement for seepage control are assessed, inciuding into groundwater, considerafion Of
water chemistry and acid generating potential. bnplementation of appropriate measures, such as

• filter design
• cut-off wall
• grout curtain
• ditching
• low permeability core
• interception weUs.

are plannod for.

Associatad structures:
The following options are designed, as required:
• spiliways
• towers
• pipelines (e.g. vacutun breakers, secondary containment)
• maximum flood-handling requirements
• gates and valves
• siphons

Pumps,
natural hazards handling requirements (e.g. debris, beavers, rabbits, ice blockage).

TUF desiga:
• type of facility (e.g. heap, dam (t>,pe of dam»
• design. philosophy
• criteria for major elements.

TMF construction 1)lan:
A plan for executing the initial TMF construction and subsequent lifts, including sequencing
and requirements for stability monitoring are developed. A construction methodology, schedule
and anticipated costs are established. Potential environmental impaets due to construction of the
proposed design are determined.

TNW monitorina mtems:
• piezometers
• incaoíneters
• settIements gauges
• seepage flow monitoring
• tempermm (permafrost, frost penetration, heatíng)
• surveillance methods.

Failure mode analysis:
Potential TMF failure modes are analysed during construction, during operation, in its final
condition and afLer closure.

4.2.1.5 Control and monitoring

A comprehensive control and monitoring plan needs to be developed, which covers the site life
cycle with regard to control of eluissions alid impacts and monitoring of the same.

OualW¿ assm^º~ c~l(~) V_1an:
lt is, good practice to maintain and have available ffimughout construetion, opermion and closure
phases:

construction drawings and as-built construction records mcluding revisions
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test resuits
mecting minutes
construction photographs
monitoring notes.

Construction control:
Typical components of a construction rnanagement system include:
p~and scheduling
survey control (layout, as-built records)
grouting monitoring
foundation preparation monitoring
m~al quality control
compaction control

entation monitoring and data synthesis
record keeping
construction s~
construction environinental crituia.

Dust control:
Minimise dust releases from the tailings facility. This may include keeping the tailings wet
andior using short- or long-terín chemical or organic covers.

*o juar&fiºn of~s manñgcmcnt facilities:
performance monitoring - visual inspection - with high frequency
groundwater pressure (pore water pressure)
seepage
deformation (settlement and stabilíty)
weather influence
seismic events (after the fact)
special inspection programmes ~major events (carthquakes, humcanes, sprmg break-up,
floods).

Indicators of instability:
a &soft zones' and 'boils' along the toe
a dirty ~ent in seepage
a increased seepage rates
a new arcas of seepage
a longitudinal and transverse cracking
a settiement.

Arcas requiring special attention:
a spiftways
a decont structures
a draín and pressure rehef wefis
a concrete structures
a pipes and conduits through dams
a fip rap u~
a siphons
a weirs
a trees and animal dens.

S~monítoríng progmmc Dlans:
a location of control stations
a schedule (control period and inspection)
a typc of monitoring (visual inspections, measures and par~~)

OW a appropríate level of instrumentation (e.g. píezometers) with cicarly identified purpose
a inspection methods, data compilation and evaluation
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• pmons responsíble for monitoring
• data storage and, reporting systems
• críteria to assoss monitoring programme.

Water~ºlan
• Hydrology

severe storm events and drought events
necessary information and parameters for water management activities
criteria to manage water levels within safe limits, including any required daily
or seasonal water leve¡ control.

• Water control
• safe water management must: be ensured, withm the confines of the system
• damage to all strtictares must: be prevented/controlle&repau-ed
• review9 and revision as required ~ changes in desiga or methods, during

and after construction programme, when the, pond leve¡ exceeds spec~
critical elevations, after major storm or spring melt events must be
performed.

• Perimeter seepage
• evaluate potential fiar scepage from the tafins arca
• define levels and charactenstics of acceptable seepage
• prepare action plans to deal with deviafions froni design seepage
• measure performance includmg control of seepage within design rates
• monitoring and controls to ensure that systems are performing as per

desiga.

T~s deposition ºlan:
Effícient use of dw tailings capacity and effective closure of the facility is ensured. Long- and,
short-torm scheduling of TMF Iffis and raises are provided. At pre-set intervals a schedule for
deposition of the tailings and a filfing curvc (voluraclelcvation/graph) are valídated against
actual fwld conditions.

4.2.2 Construction phase

For some mining taiags and waste-rock facilities the distinetion between construction and
operational phases are not so clear, because, often construction continues or reoccurs during
operation (e.g, raising of fliú dam). Construction of the facility is documentod and follows the
construction plan establisbed in the design phase. 'As built' documentation is provided
higliligliting any changes occ~ compared to the constrtiction plan.

In the construction of the facility and for the, future:
C as builf drawings and, '~' procedure records are maintamed, highhghting any
vanances firom the original design and if necessary revisiting the design cntena
construction is supemsed by independent qualified cngince~gco-~cal specialist
records of results of test work (e.g. compaction) carried out for aud during construction are
properly maintained.

145, Euromines, 20021

4.2.3 Operational phese

The two, main causes ofTW incidents have been found to be

• lack of control of water balaxice
• a general lack of understanding of the featares that control safe oparations.
[9, ICOLD, 2001, p. 61
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This indicates that succesffid operational managoment is díe key factor in operating a safe TMF.

Geoteclínical engíneering has adyanced far enough to design sound and safe dams. It is the
management of the TIff that makes the difference between a smooth operation or a possible
disaster.

The fallowing actions are often taken to avoid these incidents:

a monítoríng of phr~c surface with properly síted placed plezometers and open tabe
~dpipes

a foresecíng provísions for divertíng water and taílings discharge away from an ímpoundínent
in event of difficulties

a providing altemative discharge, possibly into another ímpoundínent:
províding emergeney overflow facilities andIor standby pump barges for emorgencies
measuríng ground movements wldi deep inclometers and havíng a knowIedge of pore
pressm conditions
províding adequate dramage
maintaining records of design and construction and updates/changes in design/construction
educating and training staff

[9, ICOLD, 20011

and fiarthermore

a providing continuity in the engincering of the dam
a and in some cases independent audits of the dam with a 'sign-oW by the dúrd-party auditor.

The operation of the management facílity follows the tailings, and waste-rock management plan,
the operational instructions and the monitoring plan for the, facility. Any deviationsí ftom these
plans are docurnented and evaluated. Monitoring data is evaluated, on a regular basis and
foUowed up were necessary. Intemal and externa¡ revíows (audits) are performed m some cases.

The foUowmg = measures taken Lo ensure a sound operauon:

a the production of tailings and waste-rock reccives the same leve¡ of management attention
as the production of saleable product

a effective operational control and monitoring is maintained
a there are syst~ for keepíng records of~s and waste-rock production quantities and

characteristies
a accountabilitíes and responsibilíties for tailings and waste-rock management are clearly

defined with appropriately qualified personnel
a management facilities are routínely m~ by a qualified professional engmeer

experienced, in tailings and wasto-rock management and signed off to confim ~ afl
sígnifícant risks have been ídentifíod. and are adequately managed, in the contínued
operation of the facilities

a operatíng instmaions are prepared in the language of the operators and followed. These
instructions mclude all the monitoríng requirements

a operatíng =ords such as nw m levels, tonnes contained, seepage quantities, water
consumption (maybe metcorological data ) etc. are stored and properly maintamed

a opa~ condítions which oecur beyond the boundanes ídentífied by the desip are
únmediately reported to the designer or checked by a qualified teclínical person

a appropríate, tráning to operational personnel is províded including íncipient fault diagnosís
a spocial attention is given to the follow-up of the water managoment plan
a effective mech~ for reporting of faults are established and maintained
a offective emergency response plans are maíntamed and further developed.
[45, Euromines, 20021
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4.2.3.1 OSM nianuala

Sevoral operators use dam safety manuals These dam safety manuais are known as OSM-
manuals (operation, supwMion and maintenance) 150, Au group, 20021. An example of such an
OSM manual covers the following:

• dam. safety organisation
• emergeney preparedness plan q*• classifícation acoording to consequences by dam. fañure
• dam construction
• hydrology
• environment
• operation
• monitoring

Permits
reports.

[50, Au group, 20021

Dam safiW organisation
The dam, safety organisation consists of one dam safety manager appointod. at each site. To
support these managers there may also be one dam safety co-ordinator who specialisos in
tailings dams and works fidl4ime on dam. safety. For operafion, supervision and maintenance,
the manager has people in his own organisation, often the same staff responsible for the loenvironmental sampling and supervísing the tailings storage facilifies.

Emffgºnr,y D=~ss plan. EPP
For each tailings storage facilíty thew is an EPP in case of an accident related to the tailings
pond. The EPP includes lists of who, to inform within the operation and the authorities.
Consultants and contractors who are fámiliar vath the sito are also listed m case sapport is
needed within short notice. The EPP also includos examples of what to do and what measures to
take in various possible situations. In general, the manager and co-ordinator are always
consulted and involved in all major decisions and measures taken regarding the dams. The lo
manager is the person who has to make the fínal decisions of what: to do in every situation. %o

Risk ma~ment of taí-finas -facilities
In some casos the taflings dams are classified arcording to the consequences of a possible dam
fa¡¡= (and not on the probability of a failure). In Sweden the operators of tailings dams
adopíted the RIDAS system from the water dam operators. According to the possible
consequences there are four diff«mt classes; IA, IB, 2 and 3 according to the tables below.
The table is split into two, c~, with classification of ñsks for humans separated from. the risk
for property, infrastrucwre and environment.

Clus Consequenew
IA Obvious risk for human lífe.
IB Non-neglígble risk for human life or senous igury.

Table 4. 1: Cíans~tion wíth reg" to loss of lives or serlous injury
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Obvious risk of-
a senous darnage on =portant infta~ture, ~rtant

IA ~tures or significant harm to the environment
and
a serious econornic damage (> EUR 10
Considerable risk of-
a senous damage to important infra~ture, important ~tures

IB or significant ha= to the environment
and
senous economie damage (> EUR 10

Nori-negligible risk of:
2 considerable damage to infrastructure, iruportant strtíctures, harm

to the environment or third parties property «EUR 0. 5 M).
Negligible risk for:

3 considerable damage to infra~ture, important structures, harm.
to the environment or third. parties property.

Table 4.2: Chuification with~to~to infrutmeture, environ~t aud property
frozw Sveask Energ1 AB, 2002. RIDAS, KrafMretagena rfi~jer ffir damn~rhet (Revised

#o 2002). Svensk Energ1 - Swedenenergy - AB.

The classification fornis üw basis for operation and su~sion. It sets the limits for the
freeboard required and the spifiway capacity, ¡.e. the s~ margin from the nuLximum w~r

q» level up to the crest of the dam and the maximum discharge capacity respectively.

The Swedish RIDAS system is comparable to the Norwegian classification as shown in the
fóllowing table

Class Consequence Affected dwelling units
1 low hazard 0
2 significant hazard 0-20
3 high hazard more than 20

Table 4.3: Classification of dams according to Norwegian legislation
116, Ni1sson, 20011

Relevant mapping and site visits are used as the bases for the assessment, Both class 3 and class
2 are effecting housing units and involve nisks to human population. The classification also
considers e.g.:
a potential damage of major roads or railways
a economic and environmental damages.

The final consequence class is thus subjected to a certain amount of judgement. The
classifícation and any re-classification is undertaken by those responsible and need to be
presented to the competent authorities for approval.
1116, Ni1sson, 20011

Spanish legislation also promotes a hazard-based approach, as illustrated in the following table.

90
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Dam Risk for
category

population essential services material damages environmental
damages

A Sen0us for more SerioUS very seríous very Serlousthan 5 dweIfings

B serious for 1-5 Sen,ous seriousd-yvelfings
inec idental loss Of moderate-life

i
( o dwelllngs)

Table 4.4: Classification of dams aceording to Spanish legislation
116, Ni1sson, 20011

Under Fmínish legislafion a similar approach is taken. Depending on the hazard nisk dams are
classified P, N, 0, T with P being the one With the highest potentíal impact on human ffe,
environment or property.
117, Forestry, 19971

Dam construction
Each tailings impoundínent and its daras are described in detail. From the starter dam. to present
height, a full descríption is recordad of the úype of construction and material used, the name of
the contractor, any problems that occ~ during construction, the tyN of spiUway, títe volume
of taflings and water being depositad, etc. In this way, at any time, all information about the
tailings dam, relevant for dam safety should casily be found.

Hvdrology
The requirement is that every dam. must have a minímum free board, a maximum wave height
allowance and minimum spilIway capacity. This means all dams classified under the RIDAS
system as IA or IB are designed for a spillway capacity to take a once in a 100-year storm,
excluding any allowance for water storage. These dams are also designed for a 'class 1 flow'
(which should rough1y correspond to a once in a 10000-year storm) allowing storage of water to
a safe level. Daras classified as 2 under the RIDAS system are designed for the once in a 100-
year storm and class 3 does not have any specific requirements.

Envk=m nQ-1
For cach taflings impoundínent and mine there is en environmental monitoring programíne,
which includes sampling, evaluation and reporting to the authorities.

Operation
Proper operation of the tailings impoundínent is essential for ensuring reliable operation and a
high level of dam safety. Detailed up-to-date instructions are given of the way the tailings
impoundínent is operated to mect design requiremants, respond to tailings properties, and fuffil
the demand for process water and elimatic conditions. Everybody working on the plant and on
the tá"gs facility is to be familiar with these instructions. Education is therefore stressed as an
essential requirement.

Monitorina
Supervision and correct operation of the tailings impoundínent are probably the most important:
requirements to obtain a high level of dam safcty. Supervision requires suitable instrumentation,
which in tum requims competent staff to evaluate the results and to draw the correct conclusions
from them.
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Regular monitoring is carried out hasically at four different leveis, following a stage-wise
approach starting with daily inspections, ending with in-depth safety audits carried out with
long intervals:

1) Routing site inspections
2) Supervision
3) Annua"i-annual inspection
4) Audit

Sito inspections are made at different intervais for cach taffings dam, varying froín H~ times a
day to, several days a week. lt is normally the staff from the plant or those that undertake the

to environmental sampling that carry out the daily inspections.

Supervision is carried out monthly or at least once every throe months by the manager or an
appointed person.

A yearly inspection is carried out by the co-ordinator, or an external specialist. The inspector
will examine afl events and measures at the site since the last inspection and will issue a report.
The yearly inspection will also include a full review of the OSM-manual.

A complete audit is usually carried out at intervais of severa¡ years. The survey includes a full
investigation of archive material and inspections, and also includes an inspection on site and a*P review of the OSM-manual. The result is a report stating the status of the tailings impoundmont
and its embanlonents. Audits are discussed in more detail in the following section.

*o
Permits
It is comnion pmcúcc to compile all permits gíven for TMF to make ¡t easy Lo check on how
operations are mecting the given permits.

Reports
lt is common practice Lo store all reports relevant for dam safety in one place so that they are
casy Lo find when necessary. The comments from all monitoring exercises need Lo be prioritised
and dealt -YYith in the, form of action plans.

Additional information regardina dam safgk
After completion of the dam. safety manuals, a lot of effort has to, be made to implement the
OSM-manuals on site and educating staff working on the danís. In one example, as a fint step
all manuals were presented on site, then a four-hour introduction course was held for all staff
and other people at cach plant involved with the dams. The next step, was a throe to, four-day
programme including theory, practical trmning, review of present conditions Oabour availability
and physical. resources), with time for adequate discussions. Implementa:tion of OSM-manuals
and educafion of staff is an ongoing project, connected with the yearly inspection. The result of
the inspection is presented Lo all relevwt staff and further educafion can be linked to this.
[50, Au group, 20021

The advantages of using this type of a documentation system are:
a documentation covering important fácts about the TMF is gathered in a way easy to

overview
a information is easily accessible at all time, this facilitates 'hand-over' in the case of change

in responsible person or owner
a for any incident an easy access Lo all relevant information is assured.

Disadvantages are:
a in countries with a small extractive industry ¡t can be hard to find a consultant that can

perform an audit
a for small operations the cost of such an audit can be burdensome
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a continuous administrative process, and therefóre manpower, for the up-dating of the
document is necessary and crítical.

[118, Zinkgruyan, 20031

OSM inanuals are applicable in all cases vvhere the risk for considerable damage to
infrastructure, important structures, harni to the environment or third. parties property is not
negligible and where there is free water on the pond. In some cases a certain pond sizc or dam.
height are used to draw the linc between negligible and non-negligible risk. For instance under
Gerinan legislation these limits are 100000 M3 total volume and a dam height of 5 m.

lt is not possible to give rellable cost figures for the marípower required for creation and
mainte,nance of the manuals. However, ¡t can be statcd that the cost is comparable to that of
other management systems. Factors that influence cost is the amount of information already
compiled in the dcsign pliase of the site and the size of the operation.

4.2.3.2 Auditing

The independent auditing of a TMF evaluates the performance and safety of a facility on a
regular basis by a qualified and experienced expert, who was notás not associated with the
design or operation of the facility.

Motivations in support of such audits are:

1 . Failvircs continue to occtir even though technology to construct and to operate safe tallings
facilities is available. Most of the fallures and incidents were caused by mistakes, either in
the design pliase or during the operation of the facility [9, ICOLD, 200 11. Human errors and
construction defects are consequently factors we cannot exclude, which makcs a second
opInion a usefúl tool.

2. An independent audit will notiust uncover human mistakes but bring in 'fresh' eyes looking
at the facility froni a view that might have bcen lost for the people working on the site onc a
daily basis.

3. The experts used for design, construction and other projects on the facility are always to
some extent dependent on the núning company. Working closely as an in-house contractor
or as a consultant for a mining company can, with time, make the contractor or the
consultant become 'one of them', which might unconsciously effect decisions even if the
intentions are to be objectivc. Thereforc the audits are usually performed by an expert that
had not previously bcen involved at the specific site

4. Audits are important and should therefóre be carnied out on a regular basis. The intervals in-
between audits can vary depending primarily on the hazard rating of the facility. Other
factors that affect the interval are rate of rise, construction and deposition method, dam
safety organisation, experience withmí the company and the in-house consultant. The
person/team performing the audit will agree on a suitable interval for the next independent
audit together with the mining company.

An audit covers all aspects that can effect the overall dam safety, e.g.:
• current design, design according to permits and applicable standards, as-built and design

changes documentation
• previous construction/deposition pliases in accordance with design
• past problems and incidents
• future/planned design in accordance with applicable standards
• ongoing construction and deposition in accordance with applicable standards
• monitoring of.

seepage
groundwater
pore pressure
calibration of equipment
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tu a evaluation and records of readings

a action plan when readings fall outside expected results
dam safety organisation of the mine, i.c. checkt that one person is appointed responsible,
roles and responsibilities for individuals, training programme and incident reporting system.
adequacy of the operating manual, Operation, Maintenance and Surveillance manual (OMS
manual) or similar incl. deposition and dam raise methodology, pond and water
manageracnt, seepage and dust control, access roads, surveillance, documentation and
reviews of the manual,
overall water balance of the facility
surveillance performed according to applicable standards
risk assessment, mícidents, uncontrolled seepage
hazard rating, incl. loss of lives, environracntal and economical (or corporate) aspects
eincrgency preparedness plans, evacuation procedure, list of all detalls for safety personnel
and emergency services.
decommissioning plan incl. hazard analysis, long-term stability, safe contaíninent of toxic
material, land productivity and aesthetics.

Qualifications to perfórin an audit might vary dependmig on the hazard rating of the facilitY, but
also depending on a specialistsvailable in the region. If the audit incorporates several technical
fields usually a team of specialists needs to be assembled. For tailings dams, geoteclinical
science is generally of particular interest. Other sciences, depending on local site conditions, can
be hydrology and hydrogeology. The person or persons perfórming an audit are specialists with
documented experience in the particular sciences. lt can be useful to work with specialists froni
abroad to bring in new knowledge and views.

q0 [119, Benkert, 20031
qw

Annex 5 describes current standards for auditing in different parts of the world

4.2.4 Ciosure and after-care phase

Us~ the closure of tMmgs wd/or waste-rock management facilitíes occurs simultancously
with the closure of a mine. Therefore an integrated closure and ~-care plan is developed and
camed out. However, flus section fócuses on sites within the scope of this work (Le. not the
mine only the tailings and waste-rock management facilities). Where necessary or usefúl
intedaces with the overafl closure plans are mentioned. Tt is standard practice that successive
reclamation activíties that have been perfórmed during the operational phase of the mine life are
evaluated before the final closm of the site. The following issues are included in the previous
phases, but are reconsidered agaínst the 'as built' situation at the site and elosure plaus adjusted
accordingly:

a closure costs are included in the assessment of altematives
a closure plans adopt a risk assessment approach
a closure plans are maintained throughout the active fife of the facifity and are routinely

updated taking into account modifications to the design and during operation
a facilities are designed to facilítate premature close out if necessary
a ~-care design shouId n1in*mise the need for active management
a the clos= plan developed in the planning stage is be reviewed and up-dated with ~in

fi-equency durág the design and operational phase of the nune life.
[45, Euromines, 2002]

It shouId be noted that the OSM manuals, mentioned in the previous section are also applied
throughout the closure and after~ phase.
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4.2.4.1 Long-term closure objectives

The following thrce classes of failure mechanisms are considered, when designing long-term
stable tailings and waste-rock management facilities:

1. slope failures in the foundation or the management facility Aself
2. extreme events such as floods, carthquakes and high wmíd-s
3. slow deterioration actions, such as water and wind erosion, frost and ice forces, weatheníng

of fill materials and intrusion of vegetation and animals
[6, ICOLD, 19961

The reficrence [100, Eriksson, 20021 used in dús section is mainly based on the MIRO (1998)
guidelines "A TECIINICAL FRAMEWORK FOR MINE CLOSURE PLANNINC' and the
MiMi (1998) Statc-of-the-art-rcport on Trevendon and control of pollution firom tailings and
wasto-rock productá". Both of thcse documents are recommended to interested people as they
give a good overview of the subject and many good ideas.

The following table sununaríses the fundamental criteria for closure processes from. initial
plarming duough to actual implementation.

Lnue Closum Criteria
Physical stability All r~ining anthropogenio ~tures a= physically stable.
Chemical stability Physical structures remá" after elosure are chemically stable.
Biological stability The biological environment is restored to a natural, balanced ecosystem typical

of die area, or is left in such a state so as to encourage and enable the natural
rehabilitation and/or reintroduction of a biologically diverse, stable
environment.

Hydrological and Closure prevents any physical or chemical pollutants from enteríng and
hydrogeological subsequently degradíng the downstream environment - including surface and
environment ground waters.
Geographícal and Closure is appropnate to the demands and specifications of the location of the
climatic influences: site in terms of climatic (e.g, rainfall, storm events, seasonal extremes) and

geograplue factors (e.g_ proxinuty to human habitations, topography,
~ssibility of the mino).

Local sensitivities Closure optimises the opportunitíes for restoring the land and upgrade of land
and opponunities use is considered whenever appropriate andIor economically feasible.
Land use Rehabifitation is such that the ultunate land use is optimised and is compatible

withthe surrounding area and the reguirements of the local community.
Financial assurance Closure has adequate and appropnate fínancuá assurance to ensuxe

implernentation of the mine closure plan.
Socio-econonúe Consideration must be taken of opporti�ties for local communities whose
considerations liveliboods may depend on the employment and economie fallout from the

. .
activities. Adequate measures are made to ensure that the socio-

economie
.

ications of closure are maximised.

Table ": Sununary of criteria for elosure
[100, Erilason, 20021

Physled stabilíty
All anthropogenic structures that reman after nune closare must be physically stable. They
should pose no hazard to public health and safety as a result of failure, or physical deterioration,
and they should contínue to perform the function for wluch they were designed. The structures
should not erode or move firom their locations, except where such movement does not endanger
public hcalth and sdety nor cause detrimental effects to the adjac=t environment. This me=
that full ~unt must be taken of extreme events, such as floods, winds or carthquakcs, as welI
as other natural perpetual forces, such as erosion, in the design periods and factors of safety
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proposed. Monítoríng of struchires Ís aímed at demons~g ffi* th= has bcen no physica1
deterioraüon or deforniation.
[100, Erásson, 20021

qw Difforences from conventional practice arise in several arcas, and these are considered in turn:
*o

Long-term stable siopes
Experiences and studies of natural formations similar to tailings danis indicate that a slopc
flatter than 1:3(V:H) has bcen stable for water and wind erosion, frost and weathering for the
last 10000 years (¡.e. since the last ice-age). An angle flatter than 1:3 will also support
vegetation, Avhich will decrease the impact of slow deterioration actions.
127, Benk-ert, 20021

Vertical filters are m'stalled between the low permeable core and the support fill. The
downstream toe is equipped with a filter and can also be supported by coarse rocks. A seepage
collection ditch needs to be constructed downstream the toe for monitoring the seepage flow
and quality (possibly for collectíng the seepage if ¡t does not fulfil the discharge qualitY
standards during the operational pliase)
[126, Eriksson, 20031

Overtopping
The nisk of overtopping is dependant on the local weather conditions and the sizc of the
catchinent area. During operation the discharge capacity is able to handle foreseeable extreme
flood events (PMF, see Section 2.4.2.6). The discharge capacitY is usually 2.5 the highest flow
measured at any point. lf a water cover solution is chosen for the elosure of the tailings pond the
discharge facility (outlet) needs to be long-term stable, preferably constructed as a spillway in
natural ground and not through the dam. The long-term stable outlet shotild with sufficictit

*o
marginal be able to handle any extreme flood event and at the same time managing the nisk
posed by clogging by ice, falling trees, branches etz without jeopardising sufficient discharge
capaclty. These requirements imply that a very wide outlet necds to be constructed for the long-
term pliase.

As a consequence of assuring adequate freeboard there is likely to be a considerable distance
from the edge of the pond (free water) under normal climatic conditions to the crest of the dam,
the so-called beach). This area of tailings will upon closure be covered with an imperv1ous layer
of material to prevent infiltration, aeration and weathering. The advantages with a long beach
distance are that the slope stability is improved and the potenfial for internal erosion is reduced
as a consequence of the fiat plireatic surface and flow lines.

tp
q»
40 Instabilities

A safety factor of 1.5 is considered to give sufFiciently low long-terni probability for
instabilities in the underground, the fomidation and within the dam.

Extreine events
Aff dams, üffiings and othcrwise, are designed to remain stable under the influence of some
chosen magnitude of floods and carthquakes, such as the Probable Mwcimum Flood (PMF) or
Mwumum Cre&ble EaMquake (MCE). The corresponding desígn values are estabhshed widun
the fi-amework of the metcorological and sewmc understanding of the region, and are thus a
funchon of the state of knowl~ at the time thoy are denved. Howcvcr, tins state of
ImowIcdge continuaUy changes as understanding of tecímical fáctors improves and occurrences
of large floodo and carthquakcs accumulate. Hence, the origínal desiga estimates also change
over fime and wiU increase in magnitade. As time advances, the largest event to have bcen
expenenced can aiways be exc~ but ever reduced. The buik of dam safety exponditures for
most owners of conventional hydroelectric dams are devoted to improving spillwa» and
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f0undabons tio 30conímodate dum new and Ingher values. For some tailings facihties (e.g. q#
many tailmígs ponds) under afL-r-c= circumstances, this kind of upgrading may have to be
paformed, ~tually. Without this it would he impossible to sustain the extreme event
estimates that future knowlcdge provides.
[13, Vick,

Flowever there are some key varlations over time in the geoteclinical parameters improving
stability. In particular, elevated porc water pressures within both settled tailings and coarse
discard embankinents will, m almost all scenarios, significandy dissipate over time. This
normally leads to consolidation of the deposits, to increased shear strength and reduced
permeabili.ty (especially vertically). This is particularly the case when tailmígs deposits are
capped and surcharged. Providing proper provision for drainage is made, the factor of saféty
against instability will almost aIways mícreasc over time and is likely to be further enhanced by
the establislunent and growth of appropriate vegctation.

There is a need to consider the subsidence effects of subjaccnt and adjacent mining and the
potential for groundwater recovery in the vicinity of the dam or tip after mining has ceased and
its U-ely cffcct on instability.

The dam design is checked for dynamic stability against the sitc-specific design eartliquake
acceleration. A safety factor of 1.5 is considered to be sufficient for dynamic; stability. Strong q*
winds create waves, which can damage the upstream slope and the crest of the dam. Sitc- q*
specific wind data should be used when calculating the height of the dimensioning waves. The
dimensioning wave height will determie the necessary erosion protection on the upstream
slope and possibly add to the necessary frceboard. Erosion protection is necessary for the long-
term pliase as weIl as during operation.
íl26, Eriksson, 20031

Cumulative damage
A related factor involves cumulaúve damage from repeated oecurrences of extreme events, or
progressive processes such as intemal erosion, W* degrade dam stabiliLy over time. For
earthquakes, conventional dam safety practice is to undertake repaírs immediately after a
damagmg event. For tadings facilíties die repars may be physically impossible to accomp1ish.
For conventional dams, draw-down of the reservoir can be required to repair major damage and
is also an important emergency response. But a reservoir containing tailings, sofids cannot be
reducod in level. Morcover, a tailings dam will experience repeated oecurrences of extreme
events dunng the índefinite future, their number depending on time and recurrence rate. For
major carthquakcs in some mining regions this is in the order of on1y hundreds of years. An
example of the cumulative effects of seismic shaking is provided by La Viflita Dam in Mexico,
which has experienced progressively increasing crest settiements during four separate episodes
of major seismic shaking in just 30 years. Cumulative damage also results from simple
deteriorafion with age. No concrete structure - spiUway, decant facility, or tunnel lining - lasts
forever without contimúng maintenance and repair.
[13, Vick,

Climate Change
The effects of long-term climate change are of intense interest and great uncertainty. Yet for a
tailings dam to remam stable in pa~ty requíres somehow that the influence of these changes
on floods and spillway capacíty be accurately predicted, something that even climate experts are
not able to do. Climate change may aho affect both physical and chemical stabifity in other
ways. Frozen conditions are rehed upon to reduce ARD reaction rates at some mines in arctic
and sub-arctic rqpons, whew catan taflings dams also depend for stability on the presence of
frozen ground. It gocs without saying that permanent submergence requires sufficient water,
even during sustained drought, notwithstanding any future changes in climate.
[13, Vick, 1
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Geologle h~s
While tailings dams are designed to accomínodate geologic hazards Imown to exist at the time
thoy are constructod, m the indefinito future they will eventually be subject to the full suite of
geomorphic processes operafing at their sitos. These include the kind of landslides and rock
avalanches notonous m the Alps, destructivo debris flows and landslides characteristic of the
Andes, volcanic activity in Central America and the Pacific Rim, soil creep common to New
Guinea, and kant collapse in any num of arcas. Likc the occurrence of extreme events, the
d=aging effects of these processos is only a question of time and recurrence rato, a factor
partícularly difficult to prodíct for most large-scale geologic phenomena. Even more benign
processes of alluvial deposition will eventually fill water conveyance facilities unless they are

*o continually cleared of sediment and debris.
*o [13, Vick,

Slow deterioration actions
During the long-tenn pliase danis can be damaged by slow1y deteriorating processes such as
seepage, erosion, temperatare, frost, ice, vegetation etc.

The long-term process that most likely is of greatest importance for the stability of the dam is
the seepage through the dam. Seepage through the dam may cause inner erosion, which is a
conimon cause for damages on large hydropower dams. Howcvcr, ¡t is possible to avoid/prevent
inner erosion if the m'clm'ation of the hydraulic gradient (i.e., the pore pressure line) is as low as
in natural soil formations that are stable against groundwater flow. A soil slope is stable against
intemal erosion if the incaation of the hydraul1c gradient is less than half of the fríction angle
of the soil material.

FolloNving the reasonmig above, a long-terni stable dam is constructed mí such a way that the
inclination of the hydraulic gradient is less than half of the friction angle of the soil material. In
this case, the dam can be considered to be under groundwater pressure instead of a stafic water
pressure and have an acceptable level of safety against inner erosion. This condition is llkely be
dimensioning for how Nvide the dam necds to be.

Damages by erosion, temperature and vegetation can be avoided by using long-terin stable
matenals in the construction of the dam and by constructing the slopes in a sufficiently low
angle. A slope angle of 1:3 (V:H) is considered long-term stable as such slopes are naturally
occurring in the landscape. These natural slopes have been subinitted to erosion, temperature,
vegetation etc over very long time periods, in Nordic countnes sínce the last ice age (approx.
10000 years) and mí spite of this log time peníod very little sigrí of alteration can be noficed. The
most obvious sign of alteration is the oxidation and leachm'g of the upper-most 0.5 m of the soll.
Flowever, below that depth, the moraine is practically unaltered. It can therefore be assumed

tp that a dam constructed of such material will witlistand such processes. Similar reasoning can be
made regardmig other material that can be used in other parts of Europe.
126, Eriksson, 20031

ChemicM stabifitY
After elosure tailings and waste-rock management sitos and the structures within them. must he

tor chemically stable. This means, for example, that the consequences of any chemical changos or
q» conditions le~ to leaching of metals, salts or~ecompounds should not endanger public

lo health and saféty nor result in deterioration in environmental resources. In practice, aspoets such
as the short and long-term effects of changos in tafimp geochemistry, the seepage from tailings
impoundínents, waste-rock dumps and und~und backfíll, or the surface waters draining
firoín the súe must: he examíned. Whem contamínated discharges are predicted in adyance,
appropriate mitigation measures, (e.g. seftlement or passive treatment using wetlands), must be
employed to alleviate or elimínate such discharges if these are hkely to cause adverse
environmental effects. Monitoring is aimed at demonstrating that there are no adverso effects,
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(e.g. concentrations that exceed statatory limits), ftom die waters, sofis and air suffounding the qo
closed site.
[100, Erásson, 20021

For sulphide taffings the most evident closure objective is to maintain chemical stability of the
ta~ by preventíng release of oxidation products to the surrounding environment, whether
this is aceomplished by preventing oxidation reactions from oceurring, preventing the transport
of thew products beyond the site boundanes, or both. Natural processes can strongly influence
how this objective is achieved. For example, measures to restrict infiltration into the deposit
may be prefen-ed over those such as low-permeability bottom linen with accompanying
hydraulic gradients that promote contanunant transport (the so-called 'bathtub' offect).
Biological. processes may also play a role, since organísm have adapted ovcr minions of yew
to overcome the kinds, of conditions engincered measures sock to impose. Studies found, that the
most significant pathway for contamínant release was ffimugh uptake by the deep-rootod and
moisture-seeking arteínisia tridentata (sagebrush) that introduced these contaminants into the
food chain by grazing animals. But biological processes haye also been exploited to advantage
through the use of 'vegetative covers' which encourage the establishment of self-sust
grasses and forbs on mert cover matenals M reduce infiltration by enhancíng evapo-
transpiration [13, Vick,

The following figurc shows some typical covers for TW.

lo

lo

q*

q*
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Biolmácal sitabílity
The biologícal stability of the closed site is closely related to its fmal land-use, whereas the
stability of the surrounding environment will be prim"y dependent upon the physical and
chemical characteristics of the site. AU ffiree are linked because biological stabilíty may
signifícandy influence physical or chernical stabilíty. For cxaraple, plant roots will inhibit
erosion by binding the soil surface and the development of a healthy plant cover over a wetíand
treatment arca will increase the surface depth of organic matter creating the anoxic conditions
necessary for water treatment. The rehabilitation of most sites involves the revegetation of large
areas of restored land, which can often be of a poor quality in terms of sustained plant growth. lt
is important, therefore, that the methods of amelioration and cultivation of the sofis or soil
forming materials, together with the species chosen will result in the development of a
sustainable plant cover. This should be appropriate to the chosen land-use and may play an

STIEIIPPCB(MTWR-Draft -2 Version May 2002 309



Chapter 4

important part in maintaining the physical and chemical stability of the sito, for instance by
stabilising the soil cover and preventing erosion. Monitoring is aimed at demonstrating that
plant growth has bcen successful in the fírst instance, but over a períod of severa¡ growing
seasons has developed into a self-sustaining plant community.
[100, Eriksson, 20021

Conventional dam safcty practice recognises the detrimental effects of burrowing animals and
root penetration as matters to he addressed with continuing maintenance. Other problems may
be more unexpectod. As that country's national symbol, the beaver is ubiquitous to Canada, and
its habits are weR known to engineer and biologist alU. Its propensity to undertake its activities
in responso to the sound of running water has been acImowledged as a serious long-term closure
issue for tailings dams through blockage of diversion facilities, and has been documented as a
cause of tailings dam failure in the past. In Europe we should note that the European beaver,
which became extinct in Sweden in the l870's, was reintroduced in the l920's and is now
thriving successfully.

These fáctors show at a more detailed level the extent to which long-term dam safety depends
on die need for contínuíng mamtenance, modification, and repair, and conversely how difficult
it is to assure stability in the long term.
[13, Vick, 1

Successive land use
The successive use of a closed sito is determined by the fóllowing fáctors:

• pre-mining or current land use surrounding the sito
• any expectod futuro changos in surrounding land use
• the reasonably expected post-operational use of the mine sito
• viability of re-using sito infrastructure and facilities
• the extent of any environmental ímpacts
• the need to safeguard against physical, chemical and biological hazards (both anthropogenic

and naturally occurring).

From this there are a number of different options that are considered for most sitos. These
include the fóllowing:

• natural recolonisafion of the sito by local vegetation
• planting of commercial forestry plantations
• devolopment for agrículture
• encouragement of alternativo industrial activities
• use of infrastructure facilities as part of die commercial development in the region.

Matever the final choice, the sitos are usual1y rehabilitated so that the ultimate land use and
morphology of the sito is compatible with the surrounding arca or with the pre-mining
environment. This does not preclude maintaining the area as an industrial or commercial sito if
this is appropriate.

4.2.4.2 Specific closure ¡ssues

HeaDs
The geometry and related stability of heaps is dependent on the tyW of material, the
construction method and local topography.

Potential problems and hazards associated with heaps include:

unstable slopes
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formation of toxic leachate leading to downstream contamination
generafion of ARD
poflution of surface water and/or groundwater
fires 1 spontancous combustion

a damage of livestock, native fauna and the public
a dust poflution and wind erosion
a visual impact.

lt is comínon practice to fully research the geology prior to operation. Should there he a risk of
seismic activity or other natural or man-induced destabilising events, all measures and structures
implemented are designed and constructed adequately.
100, Eriksson, 20021

Ponds
Slurried tailings are general1y discharged into a containment site, a pond, where they are
isolated from the surrounding environment thus preventing potential impacts on this
enviroment. The impoundínents are general1y constructod using natural topography and dams
within which the, management of the tálings is controlled.

Determination of the type of impoundínent and the site for a specific site relies on the foflowing
factors:

a topography
a natural hazards
a local climate and water balance
a volume of tailings
a extent of tailings consolidation
a toxicity of tailings
a enviromnental concems of the tailings and process water
a amount of suitable material for capping
0 available Lopsoil
a economics.

Potential problems and hazards associated with tailings ponds include:

a unstable siopes leading to collapse or dam failure
a seepage or leakage of leachate leading to downstream contamination
a generation of ARD
a pollution of surface water and/or groundwater
a damage of livestock, native fauna and the public
a dust poflution and wind erosion.

lt is common practice to obtain full information on the geology and pnior to dic operation of the
site. Shoiald there be a risk of seismic activity or other natural of man-induced destabilising
events, all measures and structures implemented are designed and constructed adequately. A
comprehensive report on the hydrology and geochemistry and the, geotechaical aspects, of the
site is prepared.
[100, Eriksson, 20021

Water coi-er
Wlen designing a taffings pond the containing danis ticed to fulfil an acceptable level o¡ safet-,,
bofli, for flic operational period and for the post closure period. In nian-, cases ¡t is destrable to

WW niaintani, a pernianent water cos,er or a �kctland on top of die deposited taflings to a\oid
mobilisation of contaminants or for aesflictic rcasons.
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The text describes how a long-terin stable carth dani can be designed that will sustain such a
permanent water cover.
A tallings pond could potentially pose a threat to tlic cnvironnicilt during the operation as weil
as durlíng tlie post closure pliase. To avold negative effects on the environment the tallings pond
necds to be physically and chemically stable. In this sense two conditions have to be met,-

1. the dam necds to provldc an acceptabic levc1 of stabilitv both for tlic operational peníod and
for the post closure period

2. material that might haye a negative impact on tlic cnvironment necds to be stored/deposited
in an crivironmentall-v safc manner.

After tlic operation has ceased, measures are tak-en to intcgrate the tailings pond into the
surrounding landscape ni a safe and aestlictic manner.

lf the tailings contani sulphidcs, whicli in contact with air and water inav slow1v oxidise and
produce acid and dissolvcd metals, oxidation of the sulplildes nia-v be avolded, e.g., by,
permanentl-y depositing the taílings under water. In this case, the tailings poild necds to be
designed and built to satisfNj tlic necds for a long-terni stable dam aud be givcri tlic conditions
for permanent flooding of the surfacc.
The fóllowing requircinents need to be fulfílled for a perinancnt water cover: W
• the rccharge of water to the tallings pond has to be sufficient to guarantee the water covcr at

all times
• the dam, has to he stable eilough to givc an acceptable Ic-vc1 of safet-v during opcration as

wcll as thereafter.

With regard to stability, the long-tenn requircincilts ,Nill be dinictisioning for the design of the
dani. 'Long-terni" normally incans -until the next icc agc' or �a coup1c of thousand years'-
Based on current knowIedge the following fallure nicclianisnis need to be addressed in ordcr to
¡ulfil thc requirements for a long-terni stabIc dam:
• overtopping of the dain crest
• instabilitics of the foundation and within tlic dain
• extreine c,�eiits such as flood c�eiits. carthquakes and strong ��itids
• slov,1v dcteriorating processes caused by secpage water, prccipitation, frost, ice, vcgetation

etc.
1126. Eriksson, 20031

Tlic following Figure shovs sonie tvpical exanipIcs of danis designed for perinancnt water
coyers.
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Figure 4.2: Dams for permanent water covers
16, ICOLD, 19961

De-,xatered ponds
Upon closure the lowering of the plircatic surface -%-,ill increase slopc stabilit-, and reduce the
risk of interrial croslon, Tlic folio-,N,n'ig are aspects tliat are considered to avold the potential
problems and hazards mentioncd above:

a the outer slopes of the darris are niodified to ensure an adequate safet\ factor for both long-
terni stablllt\, and seismic loading conditiolis

a seepage necds to be controlled by adequate dralnage
a adequate frceboard is required to avoid overtopping
a the dani necds to be long-terni stable against slom deterioratlon actions
a v,-hcre, the tallings have an ARD potential a sultable co-ver to a-%-oid/inlilblt infiltration alid

diffusion is required (see Section 4.3. 1)

Existing systerris of stornivuter- diversion are upgraded to improve capacit,\ and durabilit-, in
order to prevent crosion of tlie deposit in the event of high rainfall. Decant toNsers and outfall
pipes are left in a state that theN, do not constitute a potential long-terin risk. lt is coninion
practice to seal outfall pipes with a cement plug. The upper surface of the dam is contoured to
ensure an acceptable balance benveen precipitallon and evaporation. In high rainfall arcas a
spilINvay may, be required to decant excess m,ater of the surface of the dani.

The fóllowing figures shoss, sorne tvpical darris for deNvatcred ponds.
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Figure 4.3. Dams for dcvvatered ponds
16, ICOLD, 19961

Water mlWae_ment facilities
Water management facilities include all facilities at or associated with a mine site utilised to
control, store, treat and convey water for the purposes of process and domestic use and the
diversion discharge and treatment of excess water. These may include:

• ponds/dams
• reservoirs
• spillways
• intake structures
• diversion ditches
• culverts
• pipelines
• pump houses
• treatment plants
• settling ponds
• dewatering systems.

Potential problems and hazards associated with the closure of water management facilities
include:

• contamination of surface water and/or groundwater
• uncontrofied water discharges leading to flooding, altcration of natural hydrological regime
• ínjury and/or death to livestock, native fauna and the public.
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An inventory of afl the equipment and facilities present at the site or m use for the purpose of
handling and/or treating water ansing from the site is usually compiled. The status of the above
is documented and the location of all indicated on maps and site plans. Full information on the
hydrological conditions and related mine workings is obtained prior to closure. ShouId there be
a risk of seismic activity or other natural of man-induced destabifising events, all measures and
structures implemented must be designed and constructad adequately.

Water management facilities are usual1y docomínissioned and, where possible, removed from
the site to prevent unacceptable levels of contaminated water firom being discharged off site. lt
is good practice to remove those facilities requiring maintenance during the closure phase
especially when saféty, stability and environmental impacts are at risk if neglectod. The site
decommissioning plans integrate any reusable components into the post-mining land use, the
water management system and/or drainage pattem for the area.

Water management at a mine site is hkely to haye altered the natural hydrological regime.
Water storage of impoundment facilities generally change the naturally occurring surface water
and alter the flow rates and volumes moving through natural water channels. Re-watering of the
natural bydrological regime involves the cessation of pumping from underground wefis to allow
flooding of the mine woáings and the pumpmg to surface and treatment of this water until it no
longer poses a threat to groundwater quality. A large portion of the exposed surface area in the
abandoned underground worícings may be pyritic and may be subject to o7ádation prior to the
initial flooding of the mine. Water may be used to flush the mine of impurities to reduce
sulphates and metais to reduce risk of contamination. This contínues until normal groundwater
quality is restored.
1100, Eriksson, 20021

Closure of taffings and waste-ro£k_ manamnent facilities containins! non-reactive talli=
andIor w~ro
In the case non-reactive tailings andIor waste-rock the important issues to consider upon closure
are
a long-tenn physical stability
a prevention of.

erosion
a dusting

In Finland, some operations landscape the outside of the dams almady during the construction
of the dams. Upon closure the phreat1c surface will then be maíntamed under the top level. of the
taflings by means of an overflow arrangement in order to avoid erosion of the dam toe. The
tailings will be covered with clay, soil and grass. Bushes and trees will be planted.

4.3 Emission prevention and reduction

4.3.1 ARD management

The management of potentially ARD generating tailings or waste-rock normal1y follows a risk
based approach. Duling the risk assessment the accurate characterisation and understanding of
the material is of critical importance. The management process is a cyclic process that is
originally done in the planning phase of the mine but renowed and re-evaluated continuously
through the mine lífe. The assessment process always covers the 'cradle-to-grave' concept, Le.,
any prefierred option with respect to the management of tailings and waste-rock dunng the
operational phase of the operation should also include an acceptable closure strategy. Initial
matenal characterísation is done m the plarúng stage of the míne, however, the inítial
characterisation results are continuously foRowed-up and confimed by material characterisation
during thc opcrafional phasc of the minc.
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This section is bascd on the MIMI (1998) State-of-thc-art-report on -Prevention and control of
pollution from tallings and waste-rock products" [95, Elander, 19981. Some additional case
studies haye becn added. The entire report can be found *m Annex 6.

There are a number of prevention and control options developcd for potctitially ARD gcnerating
mining wastc, applicable for the operational as weil as the elosure pliases of the minc ¡¡fe.

Tliree types of prevention and control measures can be distinguished:

• prevention of the generation of ARD
• control of containinant migration and
• collection and treatinent of contaminated drainage (sec Section 4.3. 10).

Soction 2.7 describes the processes involved in the gencration of ARD.

4.3.1.1 Prediction of ARD potential

At 0%-acik detalled characterisation of samples has shown that tlic tailings and waste-rock will
not produce ARD as illustrated mí the figure bclow.
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Figure 4.4: Acid forming potential vq. neutralization potential graph of.sampk-s from Ovacilí fite
156, Au greup, 20021

The follouring table shows the average results of 99 samples.

1 pH AP- NIP- NNP- NPIAP- Sl-
Average of 99 samples 1 7.52 0.47 5.5 5.18 4.67 0.02
*:k,q CaC(-)� equivalent per tonne
AP: Acid Polential
NP: Ncutmlisation Potenfial
NNP: Net Neutralisation Potenfial

Table 4.6: Acid production potentiád at Ovacik Gold Mine
156, Au group, 20021

The cliaracterisation of tailings and waste-rock (Section 4.2). 1.2 in conibination m ¡th Anne,\ 4)
includes:
• detenilination of the Acid Potential (AP) based on tlie total suipliur or sulplilde-S content
• detemunation Uthe "�ctitrall/¿ilioii Pomillal (\P) Includint-,
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At Ovacik if NP/AP �: 1:3 a sample is considered to havc an acid-forming potential. lf NP -< 1: 1
a sample is considered non-acíd fórmMig (Section 4.3. 1. l).

bv
00 4.3.1.2 Prevention optiona

The basis for any preventivo measure is the characterisation of the tailings and waste-rock and a
comprehensive management plan which identifíes and minimises the amount of tailings and
waste-rock ffiat requires special attenfion. Many of the preventivo methods focus on m* * Ismig
the sulphide oxidation rato and thereby the primary mobílisation of weathering products. Mús
can be acoomplished dmugh minimísing the oxygen transport to the sulphides through applymg,
an oxygen «~rt barner (cover). The covers are normally variafions on two basic concepts:
twater covers' or 'wet covers' (Le. flooding) or 'dry covers'. A third rype, 'oxygen consuming'
covers have also bcen developed, and, applied. Other preventivo methods aim at removing
sulpítide minerals from the tailings or waste-rock (depyritisation), adding buffering minerals,
mínunísing the bacteríal activity or mhúmsing the mineral surface a= available for
weathering. Oxidation of the sulphide minerals can be minimised during operation by e.g.,
underwater management of tailings.

Prevention metbod Used principie
Water cover and underwater (sub-aqueous) Uses a free water cover as an oxygen ~ion
discharge barrier. Oxygen diflúsion. is 104 úrneS less in water

than in air.
Oxygen consuming cover Uses a low permeable layer with high water content

as an oxygen diff-usion barrier. In addition, the low
permeable layer has a high content of organic
matter which, when it degrades consumes oxygen
and thereby further reduces oxygen tr~ort to the
underIying sulphides.

Raised groundwater level Miuntams the underlymg sulphíde matenal
constantly below the groundwater table by retaining
water through:
o increased infiltration
a reduced. evaporation
a increased flow resistance
a capillary forces.

Depyritisation Separation of pyrite from, the tai~ and ~ate
discharge of pyrite (e.g. under water)

Selective material handling Selective management of various taflings or waste-
rock fractions deten~ by their composition and
propertíes, e. g. separation of material with ARD

1 generating potential for separate handling.

Table 4.7: ARD prevention raethods and the principie which they are ba~i on

4.3.1.2.1 Water covera

A water coyer, or 'wet cover' uses free water as an oxygen diffusion barrier. The oxygen
diffusion ~icicnt is 104 üMCS ICSS in water than in air. Mús implies that if a water cover can
be established the sulphide oxidation can be almost eliminated. The prerequisites for a water
cover are:

a positive water balance which can guarantee a minímum water depth at all times
to long-torm. physically stable dams (if not a pit, natural lake or sea has been used for the

deposition of the tailings)
long-terín stable outIets vath sufficient discharge capacíty even duríng extremo events
a water depth within the pond deop enough to avoid re-susponsion of tail~ by wave
action (break waters can be used to reduce the required water depth).
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Furthermore, it is a benefit if there is a natural stream entering the pond, which can supply
organic material, sediments flora and fauna to the decommissioned system. This will further
improve the performance of the water coyer by providing an additional diffusion barrier by the
sediments and can speed-up the re-colonisation of the system.

Water covers are a clostire option for taffings ponds of any type (e.g. for 'nornial^ talfings
discliarge or for subaqueous discharge during operatimi).

Two examples of sites where these have been implemented are Stekenjokk and Kristineberg.

Stekenjokk constitutes a pioneer site within the area of decommissioning of tailings ponds
containing sulphide tailings. The decommissioning was done in 1991 which allows for more
than ten years of evaluation of the results. The Stekenjokk decommissioning project has been
described in detail by Broman and Góransson (1994). The implemented measures at Stekenjokk
are schematically described in the figure below (from Broman and Góransson, 1994).
[100, Eriksson, 20021

1 . Lowering of thc water level

3. Re-location of tailings 2. Raising of dams

5. Construction
of spifiway

4..nContstrluctlionj
ofbrcakwatcrs

6. Raising of water level

Figure 4.5: Implemented measures at Stekenjokk TMF
[100, Er¡ksson, 20021

The performance of the implemented measures has monitored and evaluated. A mass balance
calculation using data from thc first 8 years of follow-up and assuming sulphate can he used as a
tracer for sulphide oxidation has been presented. The analysis indicates that the water cover
efficiently reduces the sulphide oxídation rate of the deposited tailings. Expressed as oxygen
flux through the water cover to the tailings, the upper limit of the sulphate outflow of the pond
correspond to an upper limit of the effective oxygen flux of 1 X 10-10 kg O2lM2S. ThiS ¡S

comparative to, or better than that obtained from engineered composite dry cover solutions.
These results demonstrate that the objectives of the decommissiomíng project have bcen
surpasse¿ Similar results have previously bcen reported from studies of tailings subaqueously
deposited in natural lakes. The water cover is both efficient and cost effective compared to a dry
cover.

IM2 COMPThe implemented water covers had an investment cost of USD 2 ared to studied dry
covers USD 121M2 . Furthermore, no borrow pits needed to be opened for the extraction of
cover material.

The uncertainty about water covers is to assure the long-term stability of the. lt can be argued
that it is not possible to completely eliminate sulphide oxidation since the water cover will
aIways contain oxygen. However, the results indicate that the sulphide oxidation rate is
negligible at Stekenjokk. A steady trend of falling sulphate concentrations in the discharge of
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the pond have been observed. After 10 years the sulphate concentration in the pond effluent is
elose to background values,

The niain expen*ences leanit from this site are listed belo-,v:

the extreme Nvinter conditions that prevall at Stekenjokk have added special difficulties to
tlic prqj'cct. Abnornial increases in the water level in the pond (which in the extreme case
could cause o,,,crtopping of tlic core) werc, dctected during the late period of the ,vinter.
Investigations showed that partial ice clogging in the outlct was the cause. This led to the
complete reconstruction of the outIct. The ncw outIct was constructed in natural bedrock
and a significantIN7 deeper discharge channel Nvas constructed to allo-v\, water flo-,v es-cn
under the most extreme ice conditions (up to 2 ni of ice thick-ness has bcen docuniented 111
Stek-elljok-k).

in the spn'ng of 1998 the seepage water at one location of the toe sho-Yved sigris of being
"turbid", This was interpreted as a possible sigrí of inner erosion. A stabilisáig benil
designed as a fílter was inimediately put in place at the toc of the dam. HoweN-er. analysis
results sliowed that the "turbidiW' liad been caused bv the formation of aluinina-silicates (as
a result of dissolution of silicates to buffer sulplilde weathering). Consequenth-, there had
not been any inner erosion.

in 1998 the Stckelliokk- tallings pond was subinitted to a full safct-y audit ni connection to
the development of the Dani Safet-v Manual (OSM manual) for Stekeríjokk. This audit
recominended that an addiúonal outlet should be constructed in order to secure sufficient
discharge capacity in case of ice blocking the main outiet- The outlet Nvas constructed tlic
sarne, vear. The safeb, outlet enters míto function automaticall\, if the water level ""7ould
increase above a specific level.

tlic dam bodv has not bcen subject to any measures related to stabilib- issues after the
clostire ivorks were completed and the dam siopc was adj usted to 1: 2.5 (V : H). Howc\-er, 111
1994, it was decided to cover the downstreani slopc Nvith a moraine cover as ¡t Ns-as detected
(hat the dam contai-tied sulphide material that -,sas subject Lo NNeatherffig and that -%�as
affecting the do\,,-nstream aquatic environment.

The decomínissiorúng at the Kristineberg 4 pond is not yet completed but the measures taken
are carefully followed up by the M%fl rescarch project and are reported at www.mimi.kiruna.se
[100, Fxiksson, 20021.

The problem. with maintaining a water cover and a dam. for a very long time period and without
management is an issue.

Some additional information has been gained by stadying natural lakes that have been. used. for
subaqueous deposition of tailings for relatively long time periods. Fraser and Robertsson (1994)
reported that tailings sub-aqueously deposited in Mandy Lake between 1943 and 1945 show
little or no evidence of chemical reaction still after 46 years on the lake floor. There are also
studies showing similar results for Buttle Lake (Vancouver Island).
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4.3.1.2.2 Subaqueous taffings disposal of reactive taffings

Subaqueous taffings disposal means the disposal of tallings under water, The objective -IN,itli
subaqueous tailings disposal is to ininimise the contact bcINveen the atmospheric oxvgen and the
tailings and thereby minimise oxidation of reactive material. iríaitil-y used to avoid oxidation of
sulphjdcs. The objective is normally to niaintain a permanent water cover on the tallings during
operation as weIl as after closure.

The effectiveness of the subaqucous tallings disposal is mafflly based on four mechanisnis- as
summarised by Robertson et al. (1997):
1 , Reduced availability of oxygen duc to byo reasolis. First1y. the saturatcd oxygen

concentration in water is 25000 tinics lower than in air. Sccondly, the ox-%7gcn diffUsion
coefficicnt is 10000 times lower in water than in air. This incaris that i,ery littic oxy-gen is
available for oxidation rcaction and that the transport process to supply ox-v1gen is ven, slo-V',.

2. Sulphide reduction. At low ox:Y en concentration levels in thc water sulphatc reducing.9
bacteria consume sulpliate and thereby produce hydrogen sulphIde -,Nhich casiIN reacts with
niost dissolved metals and fórm a stable precipitate.

3. Oxide scavenging, involves the formation of iron and manganese oxides which are effective
in absorbing a broad range of dissolve metals.

4, Sedirnent barriers, Aftcr production has stopped, a sediment laver will naturalIN, develop on
top of the deposited tallings which is very effective ni minimising the intcraction between
the tallings and the overlaying water.

The subaqueous disposal method was studied in detail by the Canadian Research Progranime
MEND. The ultimate result of this research prqject was the development and release of the
Design Guide for the subaqueous disposal of reactive tallings in constructed impoundinents
(MEND, 1998) which in a detalled way describes all relevant aspects of designing a subaqueous
tailings disposal sitc. Numerous publications fácusing on detailed geochemistry in water
covered tailings have bcen produced by tlie Un¡-%,er-,ity,, of Lujeá at Stckcnjok-k and the m
K-ristineberg water covers malnly by, óh1ander, Ljungberg and Holinstróm (e.g., Ljungberg,
1999; Holiristrórn, 2000).

Subaqueous disposal or submcrged tallings disposal can, ni principle, be done in constructed
impomidrrients (tailings ponds), flooded open pits, natural lakes or in marine conditions. The
envíronmental and political complexit-y mercases in the same order as the disposal alternatives
are listed, Nornial1v one out of bvo methods of disposal are coninionly, used-
• a floating pipeline that discharges the tailings under the water surface into the disposal

facility which is normal1v mobile in order to distn*bute the tallings over the facilitv.
• a subnierged pipeline that discharges the tailings below the water sur-face.
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Apply¡ng deep see ~gs management, either confled or unconfmed, reduces engineering
requirements (Le. no daín necds to be built or maintained), increases the chemical stability and
reduces the footprint on land. Therefore deep sea or lake deposition chMínates dam safety
¡ssues. Often submarine taffings management is considered risky because of the inability to
predict, control or rectify the spread of contaminants throughout the environment. Another
concerri is that too little is known about the subaqueous environment and therefóre an impact
assessment is difficult to undertake.

Under-,vater disposal voll provide the niost efficient mealis to prevent oxidation of sulplildes.
This will result in bettcr water quality during operation with eliniinated or reduced needs for
water treatment.

Underwatcr disposal minimises mateñal demands at closure and eliminatcs the need for
extensive borrow pits to be opencd for coyer mateníal. Additional advantages with subaqucous
disposal are, e.g., elimination of dust cmissions as there is no bcach and improved visual
inipression.

Undcnvater deposition is slight1v morc cost1v compared to conventional deposition above the
water levc1 as it requires morc day to day adjustments in order to optimise the filling of the
pond. Final decommissioning costs are drastically lower.

Several critcria nced to be taken into account to detcrinine the applicability of this teclinique.
Tlic hy,drological situation is cnitical. Nvith a nced for a positive water balance. The physical
capacity for storage under water necds to be sufficient. For large mines, ver\, large and deep
lakes or access to the ocean is required. else large danis nced to be constructed, x-,,hich is not
aiways possible.

The Lókken mine in NonvaNT used continuous undenvater deposition. The Lishecil mine
currently uses this techrilque. Water covers, or otlicr tecliniques to subinerge tailings, waste rock
and mines are successfully used as a deconimissioning method as described in the literature
(e.g., Enksson et al., 2001, Pedersen et al- 1997.- Ainyot and VézinL 1997). A detalled
performance study, on water coyers is perfórnied i%1thin [he MIMI rescarch project
(http://nilmi.klruna.sc).
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4.3.1.2.3 Oxygen consuming cover

An oxygen consuming cover uses a low permeable layer with high water content as oxygen
diffusion barrier. The low permeable layer and possibly also the protective: ¡ayer has a high
content of organic matter which, when degrading consumes oxygen and thereby reduces oxygen
transport to the underlymg sulphídes. The access to large quantities of sultable organic matter is
a prerequisite for this method, to be viable.

Example of sites where implemented are Galgberget (Central Sweden) and Garpenberg (Central
Sweden)

195, Elander, 19981 describes the decommissioning of the Galgberget tailings pond using an
oxygen consuming cover in the following marmer (for more details see Annex 6):

At Wgbergsmagasinet, a t~s pond in Falun, Sweden, a cover with a high content of
organic material was constructed from paper mill sludge, fly ash and wood waste. On the top of
the tailings pond a 1 m thick layer of fly ash mixed with paper mill sludge was laíd out and
compacted in two layers and thercafter covered with a 0.5 m layer of wood waste and coarse fill.
This cover is believed to form an effective barricr against oxygen transport partly due to
consumption of oxygen in the cover and part1y due to a physical barrier effcct: in the compacted
low ~cable mixture of fly ash and paper mill sludge. The hydraulie conductivíty of the
mixture was measured in the laboratory at < 5 x I(Y9 m/s and the water retention capacity was
measured and considered satisfactory to maintain a high degree of saturation in the barrier.
Other possible positive effects are inhibifing of the acidophilic leaching bacteria due Lo the high
content of calclum hydroxíde m the fly ash that wilí raise the pH in the percolating water, and
the formation of a sustainable environment for sulphate-reducing bacteria producing hydrogen
sulphide that precipitates metals. However, there is also a risk that the combination of organic
compounds and ¡ron hydroxides in the upper (oxidised) part of the deposit couId produce
bacterial ¡ron reduction that would dissolve co-precipitated heavy metals. The ongoing follow-
up indicates that the oxídation of sulphides, has decreased and that the píl at the sito is higher
than at the reference site. No evidencc of any significant bacterial sulphate reduction has yet
bcen noficed.
1100, Eriksson, 20021

An other example of where an oxygen consuming cover has bcen constructod is the reclamation
of the East Sullivan Nfine in Quebee. Furthermore, in a combination of bench and pilot scale
laboratory test ffirce different organic materials ~ fime stabilísed sewage sludge and
municipal solid waste compost) were investigated in order to evaluate their effectiveness as
oxygen consuming covers (Elfiot et al 1997).

4.3.1.2.4 Raised groundwater table

For this rnaliod a thin cover is applied with the objective of raising the phrcatic surfacc above
the tallings Ic-,-el, thereby preventing oxidation. This is an intermediate (e.g. 'between' wet
cover and dry cover) soluíion for water saturafion without creafing open ponds.
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The benefit of the method is, apart from the reduced thickness of the cover, the lack of need for
compaction of the cover and the drastically reduced quality requirements on the cover material.

This is applicable in TMFs with a plireatic surface already close te the tallings surface.

1t Is inore cost1y tlian a water coYcr, but chcaper (because thinner) than a dn, co-,,er.

This method. is practised in two ponds in Kristineberg, both containing~ weathered
material. As the material is entirely water saturated, further oxidation is inhibited. This is
aceomplished without the problems connected to flooding (i.e. the dam stability issue). The
basis for such a measure is careful groundwater modelling, taking into aecount the influence
from surface water management and groundwater raising dams.
1100, Eriksson, 20021

4.3.1.2.5 Depyritisation

This method is somewhat similar to selective material handling, but is carried out as part of the
minerá processing in the mineral processing plant. Pyrite can he separated by flotation and
handled separately. This method is applicable if the ARD potenfial of the bulk amount of
tailings can be altered significantly (Le. converted from ARD generating to non-ARD
generating) by lowermg the pyrite content.

Flotation is the predominating tecImique for separation of sulphides. Pyrite can be recovered
from siliceous tailings with goad recovery, using xanthates and frothers in a dedicated flotation
circuit.

Reduction of the pyrite content may in some cases change the properties of a tailings product
from acid generating to inherently buffering. The de-sulpluírised tailings will require less
extensive decommissioning measures.

FIotaúon of pyrite is used in some plants for recoyery of pyrito as a sulphur source for sulpíturic
acid production. The tecImique is weIl Imown. Both acid and alkaline processes are used. The
pyritic product will have high reactivity and carefully designed measures for deposition is
required. Suitable disposal alternatives for the pyritic product could be underwater disposal in
abandoned open pits, in mine voids or in the tailings pond at a location where the groundwater
level will cover the material at all times.

Cross-media effects to be considered are:
a small affitional energy and reagent requirements for the pyrite flotation.
a energy penalty for separate management of high-pyrite and depyritised tailings.

Flotation and separate management of the pyrite will constitute significant costs.

The viability of this tecItnique is ruled by the pyrite content necessary to be removed. If this
content is too high, the cost impact is negative. One criterion is that the resulting pyrite content
necds to he sufficiendy low to secure buffering.

Example plants are the Bolidens mill #l, which produced pyrite for sale until 1991 and the
Pyhásafini míll still produces pyrite. lt is not known whether any plant separates pyrite as a part
of the rectamation plan.

4.3.1.2.6 Selective rnatarial handling

Selective material handling necds to be applied during operation in order to be effective. By
selectively depositing reactive and non-reactive tailings or wasto-rock the deconimissioníng of
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the non-reactive part can be signifícantly reduced. lt might even be possible to find alternative
use for the non-reactive fraction.

As an example selective management of ARD and non-ARD generating waste-rock is discussed
here:
The geological formations at a sulplilde ore deposit often exhibits zonation, vvith elevated pyrite
contcnt in the layers ncar the ore. In open pit iiiiiiitig� it is in sonic cases possible to manage
wastc -rock bpes selectivc1y using the geochemical propcrtics as a critenion. Careful geological
mapping and fóllow up analyses using drilling chips are means to provide infonnation required
for classification. Based on this ¡t is tlicn possible to separate tlic non-ARD wastc-rock from the
ARD-generating waste-rock-.

The operating and decominissioning requirements for wastc-rock depend on the net ARD
generation potential. Wastc-rock that does not haye tlic potential to produce ARD v.,ill require
less extensive decommissioning measures than waste-rock xvith ARD production potential.

If no selectivc waste-rock handling was applied the entire ivaste-rock would need to be
prevented from gencrating ARD. BNI appl5,ing selective handling the ARD-generating waste-
rock fraction is morc casfiv manageable becausc of the reduced amount (comparcd to the total
anlount of waste-rock),

Selective nianagement of wastc-rock does not call for adi,anced teclinolopy. merely prompt
routines for inforniation gatliering alid management of tlic material according to thesc resultS.

Low sulphur waste-rock tilay nicet the cri*tenía for construction material and aggregates, -,Yliích
enables replacement of quamies.

Sclcctive management corresponds to inercased costs duníng operation. At time of mine closure.
reclamation costs maNT be reduced.

The applicability is ruled by the geology- the mining method, and the geochemical propeffles of
cach ty,pe of �vastc-rock.

Several mines in the world practise selectivc managemelit of wastc rock. Boliden-s Aitik- mine
is one exaniple of a large scalc application.

4.3.1.3 Control options

When the weathering reactions cannot be prevented (such as might be the case during the
operational stage of the mine life), the migration of ARD necds to be controlled. Methods that
focus on minimising the transport of weathering products from. the deposit into the environment
include, e.g. diversion of unaffected surface water, collection of affected surfwe water and
control of groundwater flow. Minimisation of infíltration into the dcposit is often achievcd by
simple covers. Other control metbods, as can be seen in the following table are blending and the
acídition of buffering minerals.
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Control ínethod Used principie
Dry cover Uses a low per=able ¡ayer with high water content

W as an oxygen Músion bamer.
Blending Adds tailings and waste-rwk with high buffering

capacity to potentially ARD produemg matenal
thereby pH can be maintained at a neutral level.

Addition of buffering minerals (liming) Adds buffering capacity to potentially ARD
producing material thereby pH can be maintainad at
a neutral level.

Compaction and ground sealing By a combination of compaction and sealing of the
underIying strata ARD generation is minírnísed and
uncontrofied see~ áto the ground is avoided.

Table 4.8: ARD control methods and the principie on which their function is based

4.3.1.3.1 Dry cover

A dry cover ís a conventional cap-and-covcr solution comínon to other waste matarials.
Following termination of mining and cessation of active taílings deposition, ponded water is
removed from, the surface of the tailings deposit and the surface allowed to dry, although much
of the finer-grained tailings remain soft and saturated. A low-permeability cover is then
constructed over the surface and graded to enhance run-off, sometímes incorporatíng perv1ous
layers for drainage, monitoring, or capillary breaks. In principle, such a cover achieves two,
purposes:
(1) it restriets oxygen ftom, the surface tailings and oxygen diffusion into void spaces, reducing

reaction rates and therefore ARD generation
(2) theróby, the cover acts to prevent ponding and reduces the infiltration of surface water,

thereby restricting U~rt ofreaction products.

In practíce, however, for a varíety of reasons these effects can he hard to assure, and, may be on1y
partially realised. Moreover, suitable cover materials may not be locally available, and the cost
and difficulty of earthwork operations on the soft taifings surface can be considerable.
[13, Vick,

A water c-over is not possible if the catchment arca is too small to guarantee a permanent water
surface covering the area. In this case a 'dry' till cover must be arranged in order to reduce
infiltration and dfflusion and, to prevent water and oxygen to reach the taíhngs. A general
method to design a cover is to arrange a number of layers consistíng of different soil t3,pes as
clay, silt, sand and gravel. How effective the cover is depends on the content of moi~ in the
covering layers. The total thickness of the cover layers normally range between 0.3 - 3.0 m and
the permeability for the seafing cover ranges between 1 X 10-7 _ 1 X 10,9 MIS.

Before the tailings pond can be covered ¡t has to be dewatered, so the sand can consofidate. The
consolidation can take a long tíme depending on the properties of the sand. Consequently it is
sometimes necessary to apply a dust control cover on the tailings to prevent dusting during the
consolidation phase. To prevent gathering of water it is common practice to construct by-pass
ditches and, r~ the surface of the pond. Ideally the surfacc should declino 0.5 - 1.0 %
towards the edges of the pond.
[66, Base metals group, 20021

The seabng layer is protected from. drymg out and from, mechanical destruction through the
application of a protection layer. The protection layer is vegotated.

The short-term efficiency of a dry cover can decrease in the long term as a consequence of
different destructive processes that may cause cracks or other discontínultíes m barner layers.
Such processes are erosion, frost action, áying, differential settlements, root penetration,
digging animals and, man-made intrasion [95, Elander, 19981.
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Examples of sites where dry covers have been implemented are Apirsa (Aznalcollar), Aitik,
Saxberget, Kristineberg, Enásen,

Decommissioning of tailings ponds at the Saxberget mme in central Sweden, which, were
decommissioned between 1994 - 1996 using a composite dry cover, has been described. Two
separate ponds had been used for different períods, the West pond for the period 1930 - 1958,
and the East pond for 1958 - 1988. The West pond occupies an arca of 18 ha, while the East
pond ¡s twice the size, 35 hectares. In total, the tailings amount to 4 million tonnes, with a
composition of about 2 % S, less than 1 % Zn and 0.5 - 1 % calcite. This mineral composition
suggests that the material ¡s potentially acid-generating even though the tailings in the East: pond
produce a circum-neutral pH drainage at present.

The ponds are located on a permeable glacial formation, which was predictod to cause a rapid,
fall of the ground water table as soon as the supply of tailings slurry ceased. LwBe amounts of
tailings would then be exposed to the oxygen in the atmosphere. During the production period,
the mobilisation of zinc was estimated at 3 tonnes per year. Studies showed that after depletion
of readily available buffering minerais, the pollution load would increase considerably if the
oxygen supply to the material could not be controlled.

Modelling of the future mobilisation of metal indicated an annual mobilisation of up to 600
tonnes of zinc in the ponds. Due to precipitafion and adsorption processes at neutral pH levels,
the amount was estímated to stay at 3 tonnes per year as a net transport for severá years to
come. However, the predictod high future pollution load called for remedial actions. As the
hydrogeological situation excluded flooding of the ponds, the only realistic option rem g
was a cover designed to reduce the oxygen transport to the tailings.

As the proposed project would be the second one of its lánd in Sweden, and c~y the
largest, therc was no real practical experience at the time of developing the remediation plans.
Therefore, a number of options had to be investigated. In general terms, the cover was designed
in aecordance with principles defined within the Swedish EPAs investigation programme
aiming at long-term, low maintenance remediation solutions for mining waste. This called for a
coycr with at least two components, one low permeability sealing ¡ayer, and one protective layer
on top of the sealing layer.

The tailings were covered with 0.3 m compacted clayey till as a sealing ¡ayer and 1.5 m
unsorted till as a protection layer- The protection ¡ayer ¡s vegetated by grass and birch.

The key component was the sealing ¡ayer. For this purpose, a number of solutions were
considered. One of them was compacted municipal sewage sludge, which was found to possess
favourable hydraulic properties. For practical reasons, mainly the time factor, this al~tive
was rejected.

Another option was the use of fly ash firom power stations in the form of 'cefyll', a concrete-Ue
product which had been invesfigated, and used, in a similar project. The major drawback for this
alternative was the cost, as the source for the fly ash - coaPfired power and thermal plants in the
Stockholm region - was too, distant.

Investigations of glacial till oceurrences in the arca showed large amounts of clayey fin close to
the minin area. As this material was found to have excefient hydraufic properties, and the cost
was the lowest of aU alternatives, this bocame the sealing material selected.

Modelling of oxygcn and water ~sport coupled to solubility calculations yicldcd fl~ for
metal transport. Based on these calculations, the specifications for the permeability of the
sealing ¡ayer were established; 0.3 m with a pei cability of 5 x 1V m/s.

The extent of the protective ¡ayer was subject to discussion. The mining company claimed that
1 m of unclassified till would constitute sufficient protection against frost and root penetration.
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The EPA argued in favour of a thicker cover, and finally it was agrced that a 1.5 m protective
laver should he used.

The I¿n-out of the tailings area was designed to adjust to the surrounding landscape as much as
p ib 1 1ossi le. Surfacc run-off water 's led in a small stream windíng along the West pond. The
drainage from the West pond overflows to the East pond and forms largc arcas of shallow
wetiands. 1n this wav water saturation is mam'tained in the sealing laver, and ¡t gives the arca an
att:ractive and varied appearancc. Excess water is dischargcd through a stone paved outiet down
the former dam slopc.

Follow-up resuits show a positive trend in tfic developmcnt of the contaminant load from the
arca. ¡t is, however, too earlv to draw any conclusive results about the performancc of the cover.
1100. Eriksson, 20021

To keep the covcr from eroding ¡t the surface water is collected discharged *m a controlled
fashion. The following picture shows the applied solution at the Apirsa mine.

tos"
j,

lí
1. 01. . i,

le-$o

Figure 4.6: Collection and discharge channel at elosed Apirsa ta~s pond

4.3.1.3.2 Addition of buffering material

Addition of buffering matcrials (e.g. limestone) is normally practised before appl-ving a diry,
cover. This licIps to iminobilise and weathering products readilv available at tfic t'u«ne of the
&cominissioning of the site.

¡t is also a theoretically possible solution a decommissioning method as an addltion of enough
buffiring material would delay or even eliminate a drop in pH and the production of APID.
However, to accomplish such a long-tcrm buffering effect in a potentially ARD generating
deposit normally requircs large amounts of buffering mateníals which need to be brought in to
tite site at prohibitively lilgh cost.
100, Erik-sson, 20021
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4.3.1.3.3 Compaction and ground esaling

In the Ruhr, Saar and Ibbenbürm are coal tailmgs m dumpod onto the heaps in layas. The
thickness of layers ranges ftom 0.5 to 4.0 m. Compaction is achieved by way of the trucks'
rolling wheels and via vibration roolers to reduce as much as possible penetration by oxygen or
precipitation into the heap body and, thus, ininimising the gcn~on of ARD by pyrite
oxidation.

The principle of erecting a tailmgs heap is shown in the following figure, displaying four
constraction ~ withm the spreading ~. The first step is the construction of an outer rim
wall, vAúch is immediately revegetatod, servmg as shield for subsequent deposition of~s
in the inner zone.
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Figure 4.7: Schematie drawing of tallings heap construction In the Ruhr, Saar and Ibbenbúren ama.,
179, DSK, 20021
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It is known from investigations with lysimetor tests, that seepage water from coal tailings heaps
can contain dissolved solids. Resuits from these tests showed that chIoride can be washed out
and sulphate, calcium and magnesium levels can increme, due to pyrite o7cidation. ARD
generation is possible. When this happens, the decreasing pH-values and the falling buffer
capacíty of taflings materíal or aquifer can lead to trace elements in the heaps being mobilised.

As a consequenco, groundwater protection is the mam environmental concem when
constructíng and operatíng a heap. There are four mam measures which are used to protect
groundwater from possible heap effluents (see fígure below).

Specific solution are chosen deponding on sito-s~1c circtunstances, specific solutions are
chosen, Le. single measuros may be solected or a combination of different measures.

Recent findings obtamed d~ grounding works for wind power stations on tailings hoaps
demonstrated the effectiveness of these operational measures. The imer body of the heap was
~com~ and absolutoly dry.
179, DSK, 20021
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Case 1: Impenneable subsoll Case 2: ground seaUbase liner
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Case 3: downstream polder Case 4: ring drainage
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Figure 4.8: Tailings heap desiga - options for avoiding negath'e effe«§ on ground and surface water systern

179, DSK, 2002]
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4.3.1.4 Tmatmnt optiona

During tho operational, pliase of a mine or wh= the minimisation of the sulpítide oxidation rato
is not readily obtainable, ¡t may becomo necessary to collect and treat the drainage before it
reaches the environment. This treatment could be done either through passive treatment (e.g.,
wetlands or anoxic limestone drairís) or through active treatínent in a water treatínent plant
(straight liming, HDS-process, etc). At closuro, ¡t may be necessary to treat the drainago even
after a cover has been put m place, until the impact of releasing the resulting draínage to the
environment can be regarded as acceptable.

Effluent treatment techuiques am described in Section 4.3. 10.

4.3.1.5 Decision making for ciosuro of ARD genemting sitas

Vanous guidelínes for mine, closureP~haye recent1y been developed (e.g., MIRO, 1999.
A teclinical framerwork for mme elosure planning. Minerd Industry Rescarch Organisation.
Teclinical Review Series No. 20.). The following figure pre~ one of the decision trees
available m the literature for elosure design of a potentially ARD generating tailings and waste-
rock deposit.

U* MOR~
U~A~"EM""

CeGWU~

DCOL~~

~re 4.9: D«bbn tree for domm of a potentlek ARD generadng W%gs and waste-rock
mmawmmt&~
120, E~son, 20021

Apart from their chemical and biological comploáty, another feature, of these reactions is their
longevity. This makes ARD problems even more difficult dian those associated with cyanide,
which is chemically unstable and does not persist in the environment. Mines worked by the
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Romans in Spain and the Vilángs in Scandinavia continuo to generate ARD today, and once
exposed to oxygen ARD reactions on minera¡ surfaces may continuo. Even sulpítide-bearing
tailings isolated from oxygen will remam available for mitiation of thew reactions indefinitely
should they be exposed at some futuro time [13, Vick, 1.

4.3.1.6 ARD managenient at a ta1c opemtion

00 This subject is typically not relevant for industrial minerals, except mí Finnish talc deposits. In
these specific cases, there is ARD generafing firaction of the waste-rock consisting of black
schist. The normal carbonate containing waste-rock does not generate ARD.

To prevent or reduce ARD generation in this case, the following tec1miques are used:

Selective manageni t of ARD and non-ARD waste-rock:
The waste-rock is mainly carbonate contáning low quality talc-magncsite rock or black
schist. Black schist contains ARD gcnerating minerals (sulphides). In construction of waste-
rock piles ARD waste-rock is surrounded by carbonate rock which buffers the ARD of
black schist. Waste-rock piles have to be planned carefully With long-terni view to managc
ARD waste-rocks as weIl as possible with lowest costs.
Reduction. of ARD izeneration in waste-rock Riles:
During construction of waste-rock piles, the slopes are flattened and covered with local
moraine. This reduces erosion and supports vegetation growth. Apllying a moraine cover
with well-planned surface run-off collection and. vegetation, prevents most of the rain and
snow melting waters (75 %) to go through the waste-rock piles. Seepage waters coming
through the piles have to be collected and treated with lime if they are still acidic and
contain metals.
Reduction of ARD aeneration in tailin-es ponds:
During operation of the tailings ponds, the majority of the tailings are covered by free water
so that the AR-D generation minerals (sulphides) are usually in non-oxidising condifions and
limited amount of acid seepage is generated. The tailing are mainly magnesite (Mg-

*o carbonate), which is a buffering mineral that fórnis a non-ARD enviromnent inside the
#v ponds. However, in some operafions, old copper mine sulplilde containing tailings are
qw below the present inagnesite layers. Sulphide containing layers are planned to stkv in stable

condition after closure of the operations by covering the tailmígs ponds with a dry cover of
local moraine. Rain and snow melting waters are collected on the old pond to k-Cep the water
table high enough to prevent oxidising of the old sulphide tallings. Seepage waters froin
tailings ponds are collected to treat them outside the pond area with lime or wetland
techriology.
Wetland tecluiology to treat sepp@ge waters froin tailings ponds or waste-rock piles:
In wetland technology (see Section 4.3.10.2) the seepage waters are collected into wetIand
arca is constructed on old pond or swamp areas close to the operation. Using neutralising
construction materials (carbonate rocks) and natural specific vegetation the metals In
seepage waters are precipitated and clean waters can be lead towards local n*vers/lakes.

1131, IMA, 20031

4.3.2 Techrilques to reduce reagent consumption

Efforts are being made to reduce the amount of reagents added. This provides economic and
environmental benefits. In many cases the ore feed is constantly monitored for its chemical
composition, which then allows the reagent addition to be automatically adjusted to optimuni
values.

In general, as far as teclulically and economically feasible, the use of biodegradable chemicals is
promoted. Usually, reagents cannot be recycled because they are strongly bonded to the surface
of the particles 113 1, IMA, 2003 1.
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4.3.2.1 Computer-based process control lo
lo

Process-computer based process control is a key factor for optimising recovery *m the minera] lo
processing as well as reagent consumption. Reductions of reagent consumption has been lo
reported to reach a level of up to 30 % alter introduction of process control systems. By doing Vd
this all relevant information conceming (he process are coflected in a computerised system and
shown on screens in control rooms and other strategic places. This can be a totally computerised
system where the dosage of chemicals is controlled automatically or a semi-computerised
system where the operators execute the changes in dosage of chemicals With guidance from the
information froni the computers.

Advantages: q0• high level of control of the process which allows for optimisation of the reagent usage
• adjustments of the process are casy to perform. q0

Disadvantages:
• expensive to install
• demands a high level of computer skills by the operators
[118, Zinkgravan, 20031

In the flotation process ¡t is necessary to analyse produets on a regular basis, so that the reagent
adjustment can be very sharp. Some on-Imie analysers are available on the market, but so far
none of theni have been efficicnt1y applied mí the Industrial Minerals sector.
[ 13 1, IMA, 20031

The success of the flotafion process is based on the proper use of the chosen set of chemicals.
Any reduction of the prescribed chemicals may affect the financial resuits of the production
significandy. However, ¡t is also necessary that the use of chemicals is kept to a minifflum for
economical and ecologícal reasons. To achieve this often the ore grade is measured ftequendy
or even constantly so that the reagent addition can be adjusted accordingly. Newer teclínologies
in this area are cameras that monitor the froth on the flotation cells on-line. Together with expert
systems this results in optimisation of the process conditions and therefore higher recovery and
a most advantageous addiúon of reagents [69, Nguyen, 20021.

4.3.2.2 Operational atrategles to rninimise cyarílde addltion

The following operational strategies may be applied to minimise cyanide addition, these
involve:

• taking steps to reduce consumption of eyanide by other components such as copper
minerais, pyrrhotite, etc.

• attempting to retain cyanide in the circuit rather than discharging ¡t to the tailings pond. This
may be achieved by washing tailings, whcre practical

• employing a strict control of water additions to the circuit to reduce the need to discharge
solution in order to, maintain a water balance. In arid climates no-discharge facilities are
possible

• utilising a close monitoring of cyanide concentration in the process and in thc tailings in
order to keep cyanidc affition to a minimum.. Some sites have installed on-linc analysis
systems (e.g. automatic cyanide control, see below). These instruments can be coupled with
automatic reagent dosing instrumentation

• improving acration in the leach andIor addmg oxygon or other o7údants to achieve the
mwúmum rate of dissolution

• applying pre-aeration (e.g. using hydrogen peroxide, see below) of the slurried ore before
cyanidation to oxidise eyanide consuming constituents, which can then be thickened and
removed from of the process.

124, British Columbia CN guide, 19921
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bv using gravíty separation, if possible, and leaching the concentrate from this process. Gravity

concentration can nowadays he applied down to a grain size of 30 pm.

4.3.2.2.1 Automatic cyanide control

Up until about a decade ago, it was comnion practice to onlv. dose cyanidc manually míto the
cyanidation circuit by adjusting a valve, with the result that overdosing often occurred, leading
to CN losses. A typical value for the loss of cyanide was 10 %, however values up to 30 % were
possible.

The manual method has the additional disadvantage that samples are taken orily every few
hours, meaning that a long time can pass before the desired adjustincrit can occur. Also, the
sample taken is manually filtered and then titrated manuafly using silver nitrate, measuring an
optical endpoint, meaning that the result can be erroneous since it is operator dependant.

With the m'troduction of autornatic cyanide detoxification technologies, ¡t is possible to take
samples at a frequency of approx. every 5 - 15 min. and automatically and promptly adjust the
cyanide concentration close to the desired set point, accordingly. In this manner, it is often
possible to save up to 10 - 20 % of the cyaníde compared to the manual operation, whilst
achieving the same gold recovery.

Many sinal.1 gold mines still use manual dosage, since a certam critical or tlireshold cyanide
consumption of about 500 t NaCN per year is necessary for economical viability. However
above this threshold in most cases it is economic for the operator to apply this teclinique.

In short, the benefits of this teclinique are:
a savings in CN
a reduced CN destruction cost.

The capital cost for such an automatic systeni is around EUR 100000, depending on the size of
the operation.

4.3.2.2.2 Peroxide pretreatrnent

Although not universally applicable, many ores have very reductive properties when in an ore
pulp (often but not always sulplilde ores), with the result that standard aeration or oxygenation
is not sufficient in being able to provide sufficient dissolved oxygen and/or oxidative properties
for the oxidation of gold. This is necessary mí cyanidation, since otherwlse, the gold cannot be
leached using cyanide or this will only occur extremely slowly.

If the aeration is carried out using hydrogen peroxide (H202) instead of air or oxygen gold-
recovery can be increased. A side effect is a reduced eyanide consumption. because less cyanide
it consumed by the sulpbides.

This teclinique is generally applicable to ores containing sulphides. However a detalled
mineralogical study lab seale test are necessary to determine ore suitable for this treatment.

The consumption of hydrogen peroxide is often in the range of 1 kg H202 per tonne of ore
treated. The cost of H202 is around EUR 600 per tonne Of H202 (70

Capital cost for the treatment plant are around EUR 100000, but vary widely, depending on
throughput, hydrogen peroxide consumption and ore mineralog.v.
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4.3.2.3 Pre-sorting

By pre-sortmig the feed to the mineral processing plant by either manual (naked eye) or optÍCM-1
sorting, it is possible to reject some fractions which are not appropn"ate for further processing.
These basic practices are widely used m the industrial minerals industry. On top of that, these
techniques have no impact on the environment and turri to be inexpensive. The rejected
fractions can often be used for building tailmígs dams or as construction materials. The choice
between the manual and the optical sorting depends on the ore characteristics.

4.3.3 Prevention of water erosion

Water erosion of tailing or waste-rock- management facilities can be avoided by using the
following techinques.

• covering the sloping surfaces of the impomidinent with a protective layer such as avel- agr
soil and grass cover, geofabnc and grass cover or some form of synthetie coating

• ímpregnation of the surface layer of the tailings with a chemical which will repel water or
result in particle binding such as a silica compound, cement, bitumen or bentonite

• the chemical properties of the tailings, such as those containing sulphides, may assist
particle bindMig.

qé

4.3.4 Dust prevention

The foUowing table fists means of dispersion of solid taflings from dams or heaps and some
prevention options.

Solido may he #~d by: Prevention:
wind erosion to the surfaces of the impoundínent a dam crest and slopes may he treated as for
• crest of damAicap water erosion
• slopes of dams/heaps a surface may need wind breaks, water
• surface of the beaches spraying, application of binding material, Le.

spraying with bituminous emulsion [8,
ICOLD, 1996], surface mulch [ 11, EPA,
19951, lime shiny

a in extreme cases taüings may have to be
deposited under water

a surface vegetation, cither floating or on
inactive amas

a frequent change of discharge points around
~ter to achieve constandy wetted surface
[ 11, EPA, 19951.

Table 4.9: Dispersion by wind erosion of soUd ~gs from taffings and waste-rock management
faeflities and prevention options

4.3.4.1 Beaches

To avoid dusting from beaches the surface is usually kept wet. For example water spraying is
applied on red mud is applied when dusting conditions are imminent. This is more cost effective
than placing decaying vegetation such as hay on the red mud surface. Covers such as hay
impede optimum maturation of the red mud deposits. At the Aughinish site, the sprinklers are
distributed throughout the TMF and raised with the tailings leveL Such a system can only be
applied where tailings can be accessed by vehieles, Le. for thickened tailings.

Sprinkling of the beach mí combination with the continuous management of the discharge point
of the tailings onto the beach is normally satisfactory. Sprinkling is often applied in thickened
tailings operations.
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Advantages:
a water froin inside the TMF can be utilised
a not expensive.

Disadvantages:
o problems in cold climates with freezing
a labour intensive.

Another method te avold dusting is to cover the beach with non-dusting material such as
topsoil, lignine compounds, straw or bitumen. This method is only practical when the beaches
are raised in campaígns and not constantly. The bcach must be stable enough for machinery to
work on it in order to spread the material, alternatively costly methods such as using helicopters
are required for the placement of the material. The application of vcgetative covers such as tree
bark or hay can be very effective but they inhibit the maturation of the tailings deposits. The
technology to apply those methods on very soft but matuníng tailings is very expensive to
develop and operate.

Advantages:
o once the material is put in place the dust problem is solved for a long peníod.

Disadvantages:
a the beaches cannot be continuously raised
a the non-dusting material might have to be removed when raising the dam
a the beach mustbe stable enough formachineryto work- on itmi orderto spread the material.
[118, Zinkgruvan, 20031

At the tailmígs pond in the Legnica-Glogow copper basin, the water levc1 inside the pond 15
kept at a distance of at least 200 m from the dam crest. The beach constitutes a considerable
source of dust emissions, especially on windy days. To reduce this dust a water 'curtain' is
installed on the crest. Additionally, to stabilise the surface in sections which are temporaníly dry-
an asplialt emulsion is sprinkled from a helicopter. Currenlly, additional water 'curtains' are
being tested. These are installed inside the pond on the beach at a distance of 150 m, and are put
into operation when a dry section (after removing the asplialt cover) is being utilised for dam
construction.

At Pytifisalmi, spraying of fime slurry has bcen used to prevent the wind erosion of the fine
qW particles of the tailings. Spraying has been done by equipment originally made for the
00 agricultural uses. This consists of a tank- mounted onto a tractor and pump and hose system.

This equipment has the capability to disperse the lime slurry in more or less even layers to the
desired areas. Wlien drying, the lime forms a hard suiface layer, which lasts throughout the dry
summer period. Based on visual inspections this teclinique has significantly decreased the
effects of dusting. Flowever, there is no reliable data demonstrating the achieved benefits.

lt should be noted that a Pyhásalmi tbe lime slurry spraying is only done for the purpose of
mechanical and physical prevention of dusting and not for any chemical reactions (i.e.
neutralisation of ARD). With better equipment the result could be more homogencous and
efficient. The costs of this teclinique has been around EUR 15001ha, which is relatively much
considering the demanded area (5 - 6 ha) and the need for spraying every year (spring time).

Another, organisational way of dust reduction/prevention is a frequent change of discharge
points around perlineter to achieve constantly wetted surface 111, EPA, 19951.

In extreme cases tailings may have to be deposited under water.
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4.3.4.2 SIOPes

Onc way to prevent dusting froni the slopes of the dam is to cover the slopes with coarsely
crushed waste rock.

Advantages:
• non expensive if the operation has an excess of waste rock
• dam stabilitY will be increased with the extra ainount of weight froni the waste rock-

Disadvantages:
u additional cost for crushing and putting in place
[118, Zinkgruvan, 20031

4.3.4.3 Progreasive restorationirevegetation

Progressive restoration/revegetation during operation has the following advantages:

• costs are spread over a longer period and may be recovered firom mining revenues
• closure measure activities can be integrated into the daily operational activities of the mine
• a shorter closure implementation period will result
• monitoring programmes are mtegrated into routine enviromental management lo
• successful tecímiques can be incorporated into the final closure plan té
• adverse environmental effects are minimised.

Progressive restorafion cannot be practised if the entire arca is needed as one operational unit.
For instance in order to facilitate the maturation and consolidation of the tailings especially if
the upstream inethod of perimeter embankment/dyke raising is employed.

Heaps are often progressively revegetated with the added benefit that also erosion is reduced.
For instance at the Finnish talc site the waste-rock piles and tailings ponds are progressively
covered. by local moramie and revegetated 113 1, IMA, 20031.

When tailings are deposited on heaps, the heap can be built in horizontal layers. This allows to
lé

reclaún the final slopes immediately and subsequently in order to prevent dust.
Recultivation/Reclarnation is done aceording to the future use of the arca, the existing
surrounding area with its vegetation, and the needs of the local community. The main target is
laid on the fact, that a quick reclarnation with pioncer secds (grasses, bushes, trees) will prevent
dusting successfully and create valuable biotopes for different fauna and flora at a reasonable
budget.
[131, IMA, 20031

Ongomg revegetation already dunng operation can be accelerated by different measures:

• loosely tipping tailings to two m depth in the outer area in order to aecoinmodate good root
formation

• byblending with materials such as f1y ash from power plants, lime and dolomite rock
buffenng capacity, water retention abilíty and nutrient capacity can be increased.
appIy¡ng a 5 to 10 cm thíck layer of arable soil. To promote a quick and lasting vegetation,
apply¡ng either a thick (around 1.8 m, when tailings properties require that option.) or a thin
earth ¡ayer (S to 10 cm) am favoured options. In most cases, such sofis are available in
sufficient quantities. This soil will help the herbs find enough potential for root formation
and shrubs can be planted direcUy into the taüings. This has the advantage, that the young
plant can aceustom úself to soil conditions available in U~gs material and leads to a
natural root formation, which can provide enough moisture to the plant also in dry seasons
applying minerá fertilising to compensate the lack of nutrients. Organic fertüisers contain
nutrients, which are orgamcaUy bound, but which are released by microbial degradation.
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AdditionaUy, they improye soil structure, actívate soil org~s and enhance water
retention capacity
applymg surface mulchíng to enhance protechon agánst adverse chínatic conditions as weR
as for improvement of humus enfichment and water retention capacity, especially in the
carly stages of vegetation. Mulching materials can be straw or hay, but also wood chaff
irrigating in extremely dry seasons at night time only.

[79, DSY,,, 20021

In some mountainous regions, heaps are raised by dumping by the top. In that case, the slopc
gets the natural stability angle. In that case, reclalming of the slope cannot take place before the
complete end of the construction of the heap.

Figure 4.10: Example of a hiUside dump
[131, IMA, 20031

4.3.4.4 Transport

Tallmígs and. waste-rock are usually transport by pipeline (only siurried taílmígs), conveyor belt
of trucks.

4.3.4.4.1 Conveyor belt

The folloming table lists several approaches for reducing dust emissions from a potash operation
where the tailings are transported (on conveyor belts) and discarded onto heaps.
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TYIpme Of proach Redudion method
P~ Choosing mineral processing equipment that generates as litúe
approaches fínes as possible

Spraying of tailings
Secondary Organisational Continuous processing
approaches Reduction of transport distances

Maintenance of possible sources of noise emissions
Logisties of stacking areas

Teclinical Use of wind protection (e.g. covering of conveyor-belt)
Reducing discharge heights to a rránimum
Transverselreverse conveyor-belt
Moistening of the solid tailings

Tertiary Stop dumping under windya~aches 1 1 1

Table 4.10: Dust reduction approaches in transport

At the German potash operations, dry solid taffings from electrostatic "aration are moistened
indoors. The tailings are transported on conveyor belts and stacked with a moisWm content of
about 5 - 6 %. This leads to low dust emissions due tp re-"tallisation of the surface layer.
The on1y atmospheric pollution is salt dust from. stacking taflings on the top of the tailings heap,
especially when discharging froni a conveyor-belt onto a heap at very high wind. Therefore
stacking is stopped automatically, if the wind speed exceeds a pre-determined limit. During
recent years the maximuni dust detected by several imínission measuring stations (dust
monitoring and control system) around the tailings heaps showed less than 60 ingha'Iday. AU
available inimission data shows, that no h~l ^cts on human be'
(cmployees/mhabitants) and the environment could be detected.

Transfer stations are conimonly housed in and the air cleaned in filters [13 1, IMA, 20031.

4.3.4.4.2 Trucks

In cases where material is transported by trucks direct water spraying of the trucks or sprinkling
devices along the road are used. Visual monitoring is usually sufficient to assess the dust
thrcshold (1.e. if you can see the dust, it is too much),
113 1, IMA, 20031

4.3.6 Water balancea

The fonowing fig= shows a cross-sectional view of a taflings dam and, filustrates the water
ype of TMEcyc1e of this t

00
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At the S;;,edisch ¡ron orc mincs water balance calculation were performed for the tailings danis
system, including:
a precipitation
a surface run-off
a process water discharge

reclaini process water
evaporation
discharge to the níver systcm
seepagc undcr and through the dam.

Based on the water balance the estimatcd flow into the groundwater from the tailings pond/dani
system could be calculated. llowever. there As a a degree of uncertainty behind thas number
since several paranicters cannot be measured but must be csúmated.

Furthcr examples of water balances are shown in Figure 3.25, Figure 3.26, Figure 3.27, Figure
3.43, Figure 3.44.

4.3.6 Drainage of ponda

At tlic Ovacik- site the base of the tailings pond and thc daras wcrc madc impermeable by means
of a composite liner system of 50 cm compacted cim�, overlain by a 1.5 mm thick high density
pol-,Icthylcnc (HDPE) geo-mcmbranc, 20 cm of another compacted clay and 20 cm grave] filter
layer. Here dramagc pipes are placed in the fliter ¡ayer to drain the water towards the decant.
The following figure shows the set-up of the composite Imier system.
156. Au group. 20021

Sofid tallings

30a- ---- ^-A- -- ... .

----------- -------------------- ------------ IIDPF
- --------------------

Figure 4.12: Composite Uner set-up at ON-acik site
156, Au group, 20021
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This typc of system is applied in sinall impermeable ponds, where the process water is re-used. q#
The benefit of this set-up is that the water is filtered when reacliffig the drainage system. The
altemafive would be a bigger clarification arca. Hence, this system can be seen as a means of
reducm«g the pond.

This system may be favourable over an extra clarification pond or a larger pond arca if the
process water contams contaminants (e.g. cyanide).

Howevcr, tlic cost of such a drainage system is higli. Also, lf the drainage system clogs it is not
possible to repair. Anothcr disadvantage is that the reduced footpn'nt result mí higher danis.

4.3.7 Free water management

If the free water in the inipoundínent cannot be discharged direct1y into the natural water
courses, it will be necessary either to arrange the deposition such that all firee water is either
retumed to the plant or, in arid, hot cliniates, evaporated. The decant water may be stored in a
clarification or reclaim pond downstream of the tailings pond and, in sonie cases, needs to be
treated before discharge into the natural water course.

4.3.8 Seepage management

The basics of seepagc flow have bcen introduced in Section 2.4.2.5. q#

Seepage capture by puniping is an option of control for emissions into groundwater, provided
that ¡t is recognised that there may be an ongoing commitment after the taifings inipoundment is
closed. Tle necessity for puniping after elosure has to be reviewed in the rehabilitation and
closure plan.

A prerequisite for the design of seepage control systems is a thorough understanding of the
hydrogeological background of the site. This would normally involve the installation and
inorutoring of piezoineters to determine directions of flow, hydrauhc gradients and aquifer
characteristics. On consideration of such data, decisions can be inade on the appropriate
measures.

lo

The seepage through the dwn is collected mí ditches where flow rate and quality are
monitored. The sanie ditch also typically intercepts the flow into the ground.

If the smpage to the ground is of good quality is may be allowed to seep into the ground and
nicasuring the groundwater quality and, if necessary lifting and treating the water. The basic
approach to avoid seepage to the ground and groundwater is by identifying an appropn'ate
location for the facility. By an appropriate location, where the groundwater flows into the pond
instead of out of the pond the hydraulic conditions are fulfilled for avoiding infiltration to the
groundwater. Other approaches practised in the management of seepage into the ground are to
either try to completely seal the ground by using liners of clay or a synthefic membrane or a
combination of both. Liners are becoming more popular. However, critics quote the 'bathtub
effect' ineaning that the liners holds back the fiquids for a certain amount of time but will then
overflow at a certain point.

4.3.8.1 Seepage prevent and reduction

The inost efficient technique to prevent seepage into the ground is proper site selection, 1.c. in a
discharge area where an impemicable hydi-aulic bamier is avallable or where geoliydrological
conditions exist tliat result in a groundwater flow into the pond, For example waste-rock areas
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or taffings ponds cail be cojistructed oil iiatural Nvetiand arcas Nsherc: flic grouríd ¡s iiaturall,,
imperivicable.

If ¡t ís necessary to avoid seepage into the ground and no natural barrier exists, the bottoni of the
pond ¡s inade flupernicable -,N-Itli cla-, or offier sealing material so. that the pcnetration of �\ ater ]S
IoN\er thaii 10-' m/s. For this, humiriotis materíal must be takert off before the IMIrig. fil some
cases. the pernicabilit-, values are lower thail 10-" pro\ ided that a dranlage s,, stein recoN ers the
watcr.
1131, IMA� 20031

Liners systems are designed to restrict seepage of leachale through the base of the tailings
storage arca. All liner systems have a leakage rate which will depend on:

a the maguitude of the hydraulic head ahove the liner
a the thickness and effectiveness of the liner material
a the length of time the hydraufic head ¡s applied to the liner.

lt ¡s important to be aware of the hydro-geological background and the geochemical features of
the tailings to be managed [11, EPA, 19951.

The use of liners ¡s a regularly debated subject. The advantage ¡s the possibly high reduction of
seepage. However, crifics say that it ¡s not predictable for how long the liner will function
properly. The alternative ¡s to handle seepage from the commencement of use.

The following figire shows the types of liners sytems available.
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However, as mcntioned in thc prcv¡ous section, mcasurcs to rcstrict infiltration into the deposit
may be preferred over low-permeability bottom liners with accompariy¡ng hydraulic gradients
thal promote contaminant transport (the so-called 'bathtub' effect) [ 13, Vick,

Oric ficid of application for litiers are ponds, �\Iicrc
a the process Nvater Ns ould othenvi se seep into the ground (e.g. a pond on llat 1 and as sho-s\ 11 111

2.4.2.5. no hydi—aulic barrier) and
a there is a dcsire lo keep the proccss Y,� ater m ¡thin tlic pond duníng operation, e._g.

a in ordcr lo re-use process ~%N ater
a because the v, atcr is contarninated (le.g. CN)
a te aN oid dusting b\T keeping the beach saturated and

. it is not necessan, lo ensure thal tailings reniain -,vater saturated after elosure.

Temporar-, ponds (onl-,, during operation) containing 'pregiiaiit' (loaded ssltll gold) process
liquor ni CN Icaching and heap leaclies are also often lined lo aN oid scepage of CN laden
solution into the ground, ni niany cases mith double liners.

lt is virtually inipossible lo repair a loaded liner. Removal of tlie niaterial Is not practical. Retro
drilling oN er the afficcted arca (pi—csurning onc can locate it!) and injection of bcntonite are N en
difficult and cost1v. Aceuracy is also a nia or probleni.

Basically onejust lias lo accept the Icakage.

Froni a rion-repair point of vieNk. TMF perinicter interceptor tTenches or h-,,draulle barriers are
1 1 1 s ponds �\oLildotlier possibilities, bul are also very expensi\ e. and given Ilie síze of most t aílíiit,

lia\c lo be big constructions. Thev are also depth limited. so lf tlie leakage is dropping into tlic
bedrock tliese barriers Nvill llave littie effect. Puniping and treating the leak-age is anoflier
possible solution. but this -,,,7ould be xen expensiNc. and perliaps oili-, practical �,�lieii a iiiinc is
operational. as onl-v then svill there be treatirient a-, allable locall-,, This is not a lonu-terni
solution. as it is not sustainable.

Anotlici- kc\ aspect is (liat Icakage is entircIN controlled b-, the li\ draulic head. lf this is reino\ ed
tlicil tliere is no. or negligible, leak-age. So- draining tailings and cappiní, tliciri \sill reduce or
prevent build-up of head and thus Icakage. This is perliaps the most practical solution lo leakage
problenis in a closed facilitv.

A liner can never be guaranteed, lo prevent all leakage. Sonic holes or construction t1a\\s are
inevitable. What tlie liner does is reducc the leakage lo such a rate lliat the reccivilit)
enVironment can cope ,vith It by dilution and dispersa] or degradation.

NUien designing a lined TMF is is necessar-, lo accoura for tlic possibilit\ of leakage ajid
confírni that lom- leakage rates (-,vith1n standard industrial factors for construction defects 111
liners) \vill not result in significant environmental pollution. 0thensise sonic fómi of secondan
containirient (or Icak collection la-, cr) is desirable (e.g. cla-, - peat. belitotilte- ctc.). 111 inany cases
the taffings are so fine thal. follo\ving consolidation- tlieN ha,.e a sumilar pernicabilil\ as a
mincral liner. Tlial is, the secondan containirient conics froni within- This is better Nshere tlie
tailings are drained. Tlic consolidation can take man-, vears fóllosving loading and until talls are
at a good depth and/or drairied, In this case tlic synthetic liner is perfórming the principal
containnient clement until tlic talis are consolidated. Tlicreafter tlic talls tend lo be tlie
controlling barrier. Thus the long-terni life expectanc-, of tlic synthetic is less of a \\om.

4.3.8.2 Seepage control

Two types of control measure couId be considered, namely
a seepage barríers and
a retum systems.
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Seepagc barriers serve to prevent seepage into the ground and include cut-off trenches, s1urry
walls and grout curtains.

However, possible disadvantages of these measures mí connection with the stability of the
tailings dam must be considered in each case.

In somc cases ¡t may be more appropriate to install returrí systems instead of seepage barriers.
Return systems collect, rather than impede, seepage flow, thereby enabling seepage water to be
retained for treatment or then discarded in a manner which will not damage the environment.
The return system could consist of collector ditches and wells.

The advantages and limitations of seepage control measures are given in the fóllowing table.

Seepage TyPC Advantages Linútations
control
Measures
Seepage Cut-off Inexpensive-, installations can he Not practical for saturated barrier

trench weIl controlled foundations; effective only for shallow
pemous layers

SiurTy Low-permeability barrier can he Fligh cost; not well suited for steep
walls constructed terrain or bouIdery ground; impemíous W

lower bouridary requíred

Grout Barrier can be constructed to Ffigh cost-, finúted effectiveness due to
curtams great depths; not affected by site the pernieability of grouted zone;

topography cement grouting practical for only ircoarse solls of wide rock-joints
Retum Collector Inexpensive; suitable for any Effective for shallow pervious layers,
systems ditches tyW of dam but still beneficial in other cases

Collector Greater depth possible-, usefúl as Expensive; effectiveness depends on
Wefis a remedial measure 1 local aquifer characteristics.

Table 4.11: Sumniary of seepage control measure

lt shouId be noted that in reality seepage control at a site is often a combinafion of the methods
listed above. Also, in addition to the barriers, which are constructod offly for controlling the
transport of seepage, the treatment of the contammiants in the seepage is possible by certain
reactíve barríers.

4.3.8.3 Potash heaps

At tallings heaps froni potash inining the Nvater pernicabifit-, of the soll is deterniffled (baselille
conditions). Most1v the found soll components are sufFiclcjltl-,, impernicable to prevent die
contanunation of groundwater. lf not, the ground under potash tallings heaps is sealed b-,
íniproving the natural soll with up to 4 % of clav. The clav is nulled into tlic natural soll and the
inixture is distributcd and coniprcssed to reach impenneable conditions. After treatinent the
periiieabilib� coefficient is controlled and lf insufficient the procedure is applied again.

The toe of (he heaps ouLsíde the impermeable core zone is lined and ¡he solutions are collected.

A long experience in stacking potash tailings is necessary to be able to apply the appropriate
tailings management methods. As an example, the use of clay líners underneath the heap can
result in stability problems. For the extension of a tailings heap in the Fulda arca of Germany,
the authorities demanded the ground be sealed with an aráficial clay liner of 0.6 m. As the heap
expanded over this sealed ground, rapid movement of that part of the heap on top of the clay
liner was observed to an c~t that the safety of the employees on top and in front of the heap
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was ffireatened and operation had to stop. An invesfigation concluded that any material with a
low shearing strength must not be used for sealing the ground beneath potash tailings heaps.
[19, K+S, 20021

4.3.9 Collection of heap surface run-off

Tlic iriterior of potasli taillugs licaps is iruperuicable lo \\ater. Water and gerteraled salille
solutions oril-, flo-,N do-,vii iii an outer splicre around tlic inner inipernicable core. Tlie toe of tlic
licaps outside tlic inipernicable core zorie is carefull-, sealed aríd Ilic solutioris are collecied,

This t\pe of collection systeni is suitable if the qualit-, of the ruil-off is sucli tliat an iiiiinediate
discliarge luto tlie grourid is not ciis�ironiiicntall-, sound.

4.3.10 Effluent treatment techniques

4.3.10.1 Suspended solids and dissolved metais

Iii N\ater discliar_ges. solids crilissioris to \sater are cither particulate irialter or dissol\cd
coniporícuts. Successfál \\atcr trcatincilt niust conibiric the reductiori of susperided solids \vith
reiilo\�al of liarinfúl dissolved conteut of contarrunants.

Water treatilicut inay take place cltlier tu opcn ponds or iii corlstructed treatilierit plauts. I-lic
processes iiiNo1\7cd are precipitatlon of dissolved clerilents. iiialiil-, nietals. and separation of
precipitates aild particles. For precipitatloil. elthcr sulplilde or Iline or a coinblilatloil js used. For
qeparation of precipitatcs and sol ids- graN,It,, or forced sedirilentation 1s used Gris it,, separation
uia\ take place in porids or iii thickeriers, A �en po\scrful trcatuierit process is iiiixillL, of
cotitatuirlated water N\-Itli tilill tailings prior lo puri-iping to the talíllugs pond. Siniultancous
addltloil of lillie will reducc tlic coilteilt o¡ dissol\ed clerucuts- arid tlic sediríleritalloti tu the
poild %N 111 reduce tlic conteut of suspeilded solids .

Tlic slude 1 1 ire proper illaiiagciiieiit ajid deposlilon. Iii the ideal case. ti can be,e obtauied \� 11 requí
deposited as part of tlie backfilljiig operatiori of the iiiiiic�

Water treatirient. lio�\cN,cr neccssan. constitutes a sigilificarit cost.

Eacli iiiiiiing operation ríceds to desip,ti a proper s,, stein for m ater treatillent. Tlic requirciricrits
on tlic s\ steni voll deperid oji the site-specific -%N ater qualit-, arid s-oluiiics to be ti-caled. Local
conditiojis m 111 also deterni lile tlic cliolce of teclinolog\ .

The purification techriology to precipitate suspended solids in the Legnica-Glogow copper basin
is based on coagulation (with about 300 mg/1 ferrie chioride) supported with polyelectrolyte
praestol (1 m ) and, sedimentation in a lamella settling tank.
[132, Byrdziak, 20031

4.3.10.2 Acid waters

Water treatment methods used to eliminate or reduce acidity and heavy metals precipitation
from impacted waters can be grouped into two types: active and passive treatment.

Active treatment involves neutralising acid-polluted waters with alkaline chemicals. However,
the chemicals can be expensive and the treatment facility is expensive to construct and operate.
Passive treatment involves the construction of a treatment system that employs naturally
occurring chemical and biological reactions that aid acid rock drainage treatment and require
litúe maintenance. Passive control measures include anoxic drains, limestone, rock channels,
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alkaline recharge of groundwater, and diversion of drainage through man-made wetlands or
other settling structures.

There is also a possibility to combine active and passive treatment tecliniques (e.g. liming and
constructed wetiands)

Activc Trcatment - Chemicals
Limestone (calciuni carbonate)
Advantages of using limestone include low cost, case of use, and formation of a dense,
casily handled, shidge. Disadvantages include slow reaction time, loss in efficiency of the
system because of coating of thc limestonc; parúcles with ¡ron precipitates, difficulty in
treating ARD with a high ferrous-ferric ratio, and incffcctivcness in removing manganese.
A typical flow sheet of an acid water treatment plant is show in the following figure.

-7-%t

~LTER UME
SLO

PMSS FLIER

PEROXIDETAM

lo
OF LIME

PREPARAMMUNI¿

. .

........

NE~IUTM

TREATEDWATER
r 1

~FER FLOW METER

5~T~

Figure 4.14: flow sheet of a water treatment plant for low pH process water
(froni Almagrera)

¡t shouId bc noted tliat in the flow slicet inine aud proccss watcr are nianaged iii a coilibilied
nianor. This is not ahNavs flic casc.

• Hydrated lime (calcium hydroxidc)
Hydrated lime ís normally the neutralising agent of choice by the coal mining industry
because it is casy and safe to use, effective, and relatively inexpensive. The major
disadvantages are the voluminous shidge that is produccd (when compared to limestone)
and high initial costs incurred because of the size of the treatment plant [85, EPA, 20021.
Hydrated lime is not applied as neutralising agent in the German coal » mig industry as
acidic seepage from heaps does not occur.

• Soda ash (sodium carbonate)
Soda ash briquettes are especially effective for treating small ARD flows in remote areas.
Major disadvantages are higher reagent cost (relative to limcstone) and poor settling
properties of the siudge.

• Caustic soda (sodium hydroxide)
Caustic soda is especíally effccfive for treating low flows Mí remote locations and for
treating ARD having a high manganese content. Major disadvantages are its high cost,
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dangers ínvolved with handling the chemical, poor shidge properties, and freezíng problems
in cold weather.

Ammonia
Anhydrous animonia is effective in treating ARD having a high ferrous ¡ron and/or
manganese content. Anunonia costs less than caustic soda and has many of the same
advantages. However, animonia is difficult and dangerous to use, and can affect biological
conditions downstreani froni the mining operation. The possible off-site impacts are toxicity
to fish and other aquatic life fornis, eutropílicafion and nitrification. Fish species generally
exhibit low tolerance to unionised ainmonia and toxicity levels can he affected by pH,
temperature, dissolved oxygen and other factors. Anunonia use is not allowed in all arcas
and, where perínitted, additional monitoring is required.

Passive treatment
Constructed wetlands
Constructed wetiands utifise sofi- and water-borne microbes associated with wetiand plants
to remove dissolved metals froni rock drainage. Unlike chemical treatment, however,
wetlands are passive systems requiring liffle or no continuing maintenance. This is a
relativc1y new treatínent method with many specific mechanisms and maintenance
requirements not yet fully understood. Opfintuín siáng and configuration criteria are still
under study. Old, stable, naturally formed wetlands should he left untouched, because by for
example digging the drainage ditches the acidification processes may start again.

Influent N-Naters -with high metal concerítratiolis and lo�N pH flovk through the acrobic and
anacrobic zones of tlie -Y3,otlaiid ecos-,stciii. Metals are, remoNed tlirovigh ion cxchaii_gc-
adsorption. absorption. and precipitatioil wth geoclicnilcil and inicroblal oxidatlon and
reduction. lon excliangc occin—s as nictals ni the �\ater contact Iiiiiii1c or otllcr organic
substariccs in the NvetIand, WetIands constructed for this purpose often haN e little or no sol]
instead. tlic\ liaN e straN\. nianure or conipost. Oxidation ajid reduction reactions catak sed b,,
bactena tbat occur ni the acrobic alid anaerobic 7orles. rcspectiveK. play a niqjor role ni
precipitating nictals as livdroxides alid sulplildes. Precipitated and adsorbed ilictals settlc ni
quiescent ponds or are fliltered out as \\ ater percolates tlirou_gli (he, niediuni or the plants,

Influent water \vith explosl\ e residues or other contaminarits floNN s through and beneath the
gravel surface of a gravel-based -,vetIarid. Tlic svetIaríd. using emergent plants. is a coupled
anacrobic-acrobic systeni. The anaerobic cell uses plants ni cojicert N\ lth natural irilerobes to
dcgrade tlic contarílinant. The acrobic. also knovol as the reciprocatilig cell. further
iniproves Nvater qualit,\ through continucd exposure to the plants and the nio\cnicilt of\vater
between cell compartirients.

WetIand treatiríctit is a long-terin teclinology intended lo operate coiltinuousl\ for y cars

WetIands liave bcen used to treat acid nilile drainage gcnerated b-, inctal or coal iiiiiiiiiL,
actiN ities. These wastes can contalil high nictals concentratioris and are acidic. Tlic process
can be adapted to trcat neutral and hasic tallings solutions, The vctiands i—cniedia(1011
techriology must be adjusted to account for differences ni geology, terralil. trace nictal

<W coniposition. and cliniate. Wettands are generall-, niore effecti�c ni rciilo\llig iroll than
nianganese, Tlic greatest utlllty- of N\ctlaiids appears to be in tlic treatilient of sinall flo-,Ns 111
[he order of tens of litres per iiiinute [95. EPA. 20021. The fóllo-wing factors nla\ Iiiiiit the
applicabilitv aild effecti\ eness of the proecss i

. tlic long-tenil effectiNciless of Colistructcd wetIands is not ,\cll knowii. Wetland agenig
inay be a probleni \�lilcli iila\ contributc to a dccrease ni contanimaril renio\al rates
oN er tinic.

. the cost of building an artificial N\ etíand N arles considcrabl-, froni prqlcct aild inay not
be I-niaricialIN viable for nian,, sites.
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• teniperature and fluctuations in floNs affect Nsetiand function and can cause a ,vetland lo
display inconsistent contarninant renio\ al rates.

• coldcr conditions sloNN thc rate at N%-Iilcll tlie -YvetIand is ablc break- dovoi contarninants,
• a licaNA, llov,- of nicorning NNalcr can overload tlie rciiio\al nieclianisnis in a %Netlaiid.

while a dry spell can darnage plants and sevcrely 1 efiarid furict1011
11 24, US FRTR, 20031

WetIarid, establishment uses thc same principle as the water coyer but can manage with
less water depth as the plant cover stabilises the bottom, whereby re-suspension of
tailings can be avoided. Less water in the pond reduces the potential risk for a dam
failure. The prerequisites are the same as for water covers but with the additional
requirement of adding organic matter lo enhance the establishment of the wetland
vegetation in the pond.

It slic,uld be noted tliat tlic pnincipal idea of a ,),-ctland establislinient is not the treatment oí`
tlie \vater but flie establislinient of a self generating and sustainable cover that reduces tlic
requirenients for the Nvater depth and tliat acts as a ox-, gen consurnilig barrier Ndicil organic
matter is deposited on top of tlic Ns-ater saturated tajilings.

Ses,cral UK coa] TMF have bcen restored as Nvctlands niost notabl\- Rufford Lagoori No. 8.
This m,as reported lo thc Britisli Dani Socict\, "nie prospect for rcscn,olrs in tlie 21st
ccntvu-N,^' (Proccedings of the tentil confércrice of tlie BDS lield al the Universit\ of Walcs.
Bango,i- on 9-12 Septciiibcr 1998): Ed. Paul Tedd: Tliornas Telford. 1998 ISBN 0 7277 2704
4 and also lo the Institution of Mining and Metallurgy (Nottinghanishire and Soutli no
M¡dlaiidq Branclics) and publislicd in —International Mining and Mincrals`: Januar-,- 2001
No. 37. ISSN 1461-4715. An updatc (Juvie 2001) was reported lo tlie 3rd Britisli
Gcciteclinical Association Geocriv irrinilien tal Conferenec lield at tlie Universitv of
Edinburgh in Septerilber 2001 publislied ni "Geoenvironniental Enginecring
Geocrívironniental inipact niariagenlent—: Ed. R.N. Yong & H.R, Tliornas: Tliornas Telford-
2001 ISBN 0 7227 3033 9,

Exaniples of sitcs Ns-here svetIands are considered/plarinci:1 lo be inipleniented are Lisheen
and "stiiicber_g.
100. Enksson, 20021

Initial design and construction costs may be significant, ranging into tens of thoiasands of
Euros.

• open limestone chazmels/anoxic limestone drains
Most simply constructed passive treatment method. Open ditches filled with limestone
(anoxic drains are covered). Dissolution of limestone adds alkalinity and raises pH Coating
of limestone, by ¡ron and aluminum. precipitates, affect the performance of this treatment
method.

• diversion wells
Acidie water is diverted lo a "receptacie" or "weIP containing crushed limestone. Tron
precipitate coafing is prevented by turbuience of the flow through the well. Necds pcriodic
replenisluncnt of limestone.

[85, EPA, 20021

Passis,e treatincrit systenis are ofte,ii not �er-, fa\ourable ni their applicabilib, due lo problenis
Nvith capacit-v with regard lo flo-,N-., capabilit-v of lialidling higli acidib- walers, scasonal
variations. flom- variations etc. Howc\,cr. tlic-,, nia,, very Nvell constitute a long-teri—n solutioli
after tlie deconitnissionivig oí' a sitc vIen lised as a polisbing step conibiried matli oflier
(preventive) nicasures.
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4.3.10.3 Alkaline waters

At the Sardinian alumina refincrN the alkaline waters accompany-ing tfic mud rcicased from the
washing and filtering units are adjusted to pH 10 by the followm»g methods:

a) desulplitirisation process of combustion flue-gases rich of SO:
b) seawater add1tion for MgCl, reacting with caustic soda
c) sulphuric acid if needed.

At the Galician alumina rcfíncrv water from tlic red mud pond (frec and seepage) is coliccted
and pumped lo a treatment station (sec figure below). The first step is neutralising the water by-
adding sulplitiric acid. Tlic optimum pH is 6.85 at which thc aluminium in thc water becomes
insoluble helping the sedimentation process. After the neutralisation water overflows lo the
flocculation tank The clear water is pumped back lo the refinen-.

t=k

H

P,Iph~ mid

k

(Im w»br

TNIV

Figure 4.15: Treatnient of alkafine water at an aluminium refinery

In other cases carbon dioxldc is uscd lo lower pl—l.

4.3.10.4 Permeable reactive barriers

A pernicable react1%c bamers is a pernicable ione containing or crealing a rcacti\c treamieni
arca orjented lo iiilcrccpt and remediate a contarninant plume, ¡t rerno% es contaminants froni the
grOLInd%% atcr llom s-, stcm in a passis e niminer by pli-, sical. clicnilcal or biological processes

A full-scale contínuotis penilcable reactl;c barricr (PRB) ;%as Histalled in August 1995 domi
gradjent froni an inacti-%c ininc taflings inipoundivient at the Nickei Rini Minc sitc in Sudbur-,.
Ontano. Cajiada. Nickei Rini ,%as an acti�c mine froni 19�;3 lo 19-58. Primar\ nictals cxtracte'd
%%crc copper (Cu) and nickei (NI). Tallings ha;c bcen undergoing midation for approximatc]\
40 \cars Tlic groundvater plume cmanating froni tlic tailings Is discharging lo a ncarb-, JaL
The pnjiiar\ contaminants on site are niác1 (NI). iron (Fe). and sulpliatc. Initial concentrations
N% cre 2400-3800 ing/1 sulpliatc. 740-1000 nigíl Fe. and up lo 10 nig/1 Ni.

The contaminated aquifer is 3-10 ni thick and composed o¡ í,,Iacio-llukial sand The aquifer is
confined lo a narr0\\ ;allcN. bounded on both sides and bc1o,,\ hy bedrock. GroundN\ater
;clocit-, svithin the iqtiifcri,;'cstltiiited lo he 15 n0,r

STIMIPPCB/NITWR_Draft -2 Venion May 2003 351



Chapter 4

The PRI3 was instalied across the valley using a cut-and-fill techilique. The barrier spans the
valley and is 15 m long, 4 m deep, and 3.5 m wide. It is composed of a reactive mixture qo
containing inunicipal compost, leaf compost, and wood chips. Pea gravel was added to the q0mixture to mercase llydraulic conductivity. Coarse salid buffer zones were installed on both the
upgradient and downgradient sides of the reactive material. A 30 cm clay, cap was placed on top
of the PRI3 to minimise entry of surface water and oxygen into the PRB. Remediation at the
Nicke1 Rim. Mine Site was accomplished by sulpIlate reduction and metal sulpIlide precipitation
resulting froin the preselice of the organic maten al.

Monitoríng wells werc installed along a transect parallel to groundwater flow. Samples were
collected one month after installation and again nine inonths after installation. Passing through
the PRI3 resulted in a decrease in sulpliate concentrations to 110-1900 ing/l. Iron concentrations
dccreased to <1-91 ing/l. Dissolved nickel decreased to <OJ ing/1 within and downgradient of
the PRB. In additlon, pH increased froin 5.8-7.0 across the barrier. As a whole, the PRI3
converted the aquifer from acid-producing to acid-consuming. Monitoníng is planned to
continue for a minimum of fliree years with sampling occurring biannually.

The cost was approximately USI) 30000. Tbis includes desigii, construction, materials, and the
reactive mixture.
123, PRI3 action team, 20031

At a Finnish site, a PRI3 has recently becn installed consisting of limestone and peat in an open
ditch around the quarry. The results indicated that at first the system galned reductions of metals
of about 90 %. In time the system will clog and the reactive material will have to be reneNved.
The rate of clogging depcnds on circumstances, such as metal and solid substance
concentratlons and water amounts. Establishment costs of these kind of systeni construction are
estimated to be about EUR 100 /in3 . The costs of renewi9 the materiais are estuíllated to be
about the same level. q#

q#
This teclinique is applicable in reclaímed ponds where scveral years after closure sinall amounts q#
of ARD. An altemative passive treatment is the use of wetIands. Vd

For this mediod to be successful the flow regíme has to be wcIl identified to ensure that the
water actually flows through this barrier.

The bacteria 'doing the work' necds a pH level around 5-7. The pH of ARD is usually, lower,
therefore plí has to be raísed to achieve sulpIlide precipitation(c.g. by addm'g limestone).
However a too high pH precipitates metals which can result in rapid clogging. Therefore the
PRI3 necds to be weIl adjusted to the treated effluent in order to be effective.

lo
PRBs have a limited treatment capacity and have to be renewed periodically.

4.3.10.5 Xanthates

'Xanthate' is commonly used as a collective namc for a number of commercially available q0

organic compounds such as: K-cthyLx=thate; Na-isopropylxanthate; Na-isobutyIxanthate; and
K-amylxanthate. Xanthates are commonly used in the flotation of sulphide ores as a collector.
Xanthates are organic compounds thal are naturally degraded in the enviroranent. Degradation
is faster at lower pH. The haif-life of sodium ethyl xanthate at pH 7 at 25 OC is reported1y about
260 hours, inercasing to over 500 hours in the pH range 8 to 11 [88, NICNAS, 20021.

A typical xanthate concentration in the flotation of sulphide ores is about 50 - 500 g/tonne of
ore.

The potential environmental effect of xanthates has been studied with regard to various aspeets
over the years. The identified potential effects are:
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acute toxicíty - the LC50 for bacteria (microtox teclinique) and algac (phytoplankton:
monoraphidium) rangos from 25 - 650 p&/l ~Ils ot al, 1988). The acute to7ácity on fish
(Adantic salmon: salmo salar) is considerably lower with LC50 in the rango of 11000 to

40 65000 gg/l

q»
a increased metal toxicity when simultancously exposed to xanthatos (both algac and físh).

*o
An increased toxicíty for Pb and Cd has bcen observed, howeyer, the toxicíty of Cu is
roduced considerably by xanthates

a increased aceumulation of mainly Pb in fish liver.
[87, Bertilís, 19981

Xanthates in the tailings are not monitored, but most: would be expected to be retained in the
concentrate froth. Xanthate residuos m the ore concentrate are expected to decompose during
&ying or amelting [88, NICNAS, 20021.

Assuming a treatment rato of 500 g sochum ethyl xanthate por tonne of feed, 1 % loss to tadings
and 30 % solids content in the tailings siurry, the concentration of sodiuni ethyl xanthate in the
slurry will he in the order of 5 g in 3.3 tonnes, or about 1.5 ppin. Thcse ~ctions are

*o consistent with measured values in the rango of 0.2 to 1.2 ingll. Concentrations of sodium ethyl
xanthate hkely to be found in the tailings siurry may be toxic to aquatic fauna. Such Wings
streams should therefore not be discharged to waterways. In well managed mining opcrations,
tailings froin mineral processing are cxcluded froin wat=ways dwough ~tion in tailings
dams, where any xanthates that they may contain, decomposo. Tailings in theniselves can have
severo detrimental impact on stream ecology. When sultable precautions are taken to avold
entry of tailings to waterways, the environmental risk of sodium ethyl xanthate can be described

*V as minim al in view of the low enviroximental exposure and limited persistence.
[88, NICNAS, 20021

4.3.10.6 Arsenic

00 Trace metais = effectively removed froni mining effluents by the addition of f"c salts.
Arsenic is removed as cither calciuni or ferric arsexiate by precipitation. Through precipitation,
arsenic is removed as cither calcium or ferric arsenatc. Arsenites can also be precipitated, but
they are generally more soluble and less stable then arsenatos. ~te-containing efiluent is
generally oxidised prior to precipitation to ensure that the arsenate predominates. Process water
froni the processing of arsenic bearuig ores may contam Y~ amounts of arsenic (Un and
(V) oxyanions, arsonites and arsenate. The presence of such metal ions as coppcr, lead, nicke1,
and zinc limit the solubility of arsenic bocause of the formation of sparingly soluble metal
arsenatos.

The stability and solubility of these arsenates depends on the ratio of ¡ron to arsenic. The larger
the ratio, the more insoluble and stable the precipitate. Thus, where ferric arsonate is relatively
soluble, thc basic arsenates with an iron-to-arsenic molar ratio of cight or more are orders of
magnitade less soluble in the pH rango of approximately 2 to 8. Dissolved arsenic
concentrations of 0.5 ing/1 or less can be obtained by precipitation with ferfic ¡ron.

The precipioorí of insoluble ferric arsenates is very likely accompanied by co-precipitation of
other metalí such as selenium; that involves interactions betwcen the various metals species and
the ferfic hydro7áde precipitate. This makcs ferfic salts a very effective scavenger for the

lo removal of trace contaminants. Thus, arsenic and many other elements such as antimony and
molybdenuin can be reduced to levels of less than 0.5 ing/1 by contact with férric bydroxide.
The process normally involves the addition of a soluble forric salt to the process water followed.
by the addition of sufficient base to induce the formation of insoluble ferric hydroxide. in many
situations, the process water contains adequate ¡ron, thus only the affition of a base is required
to induce the precipitation of ferric bydroxíde.
[78, Ron Tenny, 20011
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In Finnish talc-magnesite ores, some arscnic mincrals occur. During processing talc-magnesite
ore (grinding and flotation) some arsenic is dissolved to the process waters. Arsemie is
precipitated as Fe-As compounds by adding ferric sulpliate (FC2(S04M. If the pH is 6 or lower,
arsenic can be precipitated completely. lf pH in the process water is higher (in on e case 7-8)
more femic sulphate has to be added to get arsenic on acceptable level (less than 0.4 mg/1). lt 15
difficult to precipitated micke1 and arsenic at the same time. Hence a tivo stage treatment 15
required.
13 1, IMA, 20031

4.3.11 Cyanide treatment

On as worldwide scale, natural degradation is sfifi the most con:unon treatment method of
treating cyanide in gold lenching offluents, although ¡t is often sapplemented by other trcalbnent
processes. Especially in dry and sunny climates as e.g. in South Africa, natural degr~on is
usually the on1y treatment method.

The following table lists the currendy applied cyanide trealbnent alternatives. Annex 7 further
discusses these and other techniques.

lo
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Treatment Procesa Stage AppHeations Comments
*V Natund degradafion C TPSW Apphcationishnutcdtosite-specifiefactors(c.&

Neutralisation by arid, sunny) and regulations
C02 absorption
HCN volatilisafion
Metal eyanide

tp coinplex dissociation
Metal cyanide
preciritation

"dation Procesan
a Alkaline C TP, SW Displaced by SO2-air and H202 due to cost, inability

ChIorination to remove ¡ron
a SO21air process C TP, SW Universal application, s1urry treatment can result m

elevated reagent consumption
9 HVdrogen Peroxide C sw Not amlicable to slurries due to reagent consumption
Adsorpfion

Activated carbon D sw Limited to low CN concentrations, site-specific
adsorption

Biological treatment
Biodegradation C sw Limited to low CN concentrations, site-specific, may

require supplemental heat.
Cyanide Rceyele

AVIZ C TP a not very practical on sluM-
a high capital cost
a need sufficient recoverable cyanide to break even

on operating, costs versus cvanide recovered. Free
cyanide is casy, then increasingly more difficult
recovery for zinc, copper and nickel evanide.
Precipitation of CuCN lowering ci,anide recovery
usually becomes too expensive when tning to
reco-ver below 30 rng/1 evanide. Therefore, still
need for remo-,Ing/destro�,1 cyanide after AVIZ

109, DevTst� 20021
TP = discharge into tailings pond
sw = Discharge into surface water
C = conímercial
D = Development

Table 4.12: AppBed CN treatment processes

Severa] other options for eyanide recovery are on the horizon and need piloting and full plant
implementation. The Sart process uses sodimn sulphide on solution to liberate the eyanide from
Zn and Cu, leading to recovery of thickener overflow eyanide which can be directl, recvcled.
The Hannah process uses the same principle, but uses ion-exchange on solution or pu1p to
rcmove cyanidc, stripping of eyanide from the rcsm, thcn prcelpitation of Zn and Cu with
sodimn sulplúde. This produces a more concentrated cyanide streani for recycle and offers the
possibility for higher recoveries. [ 109, De-%,uyst, 20021

The SO2/áir proccss, which is used in all European sites to treat the slurry prior to discharge into

to the TMF is usually described using the fonowing reactions:

Oxidation:

CNf,.. + S02 + 02 + H20 => OCN- + H2SO4

fo M(CN)42- + 4 S02 + 402 + 4H20 => 40CN- + 4H2SO4 + M2+

M> where M2+ = Zn2+, CU2+ , Ni2+� Cd�+ etc.

tp
Neutralisation using lime:

q0
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H2SO4 + Ca(OH)2 => CaSO4 X 2H20
Precipitation:

M2+ + Ca(OH)2 => M(OH)2 + C?-
2 M2+ + FC(CN)64- => (M)2 FC(CN)6
W Zn, Cu, Ni, Cd, Fe, etc.

The presence of copper ions catalyses the reactions. The influence of sulphur dioxide is not fully
explained, but ¡t is assumed, that some intermediary compounds are generated, that accelente q*
the reactions. One sito uses ferric sulphate to even finiher stabilise any heavy metals.

The CN destruction is capable of reducing the WAD CN concentration in thc s1urry from
140 mgA to bolow 2 mgA, if the copper content in the ore is not too high. At high copper
concentrations several stages of CN destruction may be nemsary.

All European sitos using tank leaching destroy CN, using the SOrmethod, before discharging q0
the tailmgs to the pond. The following table desaibes the CN concentrations of several sitos
[50, Au group, 20021.

Ske: Boliden OvacIk Rio Nar~
Lw&:
Free CN (mg/1) 120 200 400-450 (NaCN)

pH 10.5
10.5

Measurement daüy 2 hrs continuously online
fre~y
Min 70 180
max 50 220
Dheharge from
Detox- Free CN
WAD CN 0
Total CN 0.33 10-30
pH 0.87 0.4

7-8 8.5
Meas=ment 1 /day SIS method, 2 hrs 3 hrs
freq~y 3 /day 1-pierie method
Mn 0.31 (total) 0.06 (WAD) 1 (WAP)
max 1.94 (total) 0.88 (WAD) 60 (WAD) q0
in 1w
Free CN 0
WAD CN 0.23 20-30
Total CN 0.3 0.39
pH 7-8 8.5
Measurment SpC" dafly dafly
fteg~
Mn 0.05 (total) 0.04 (WAD) 10 (WAD)
Max 0.74 Q~tal 0.71 (WAD) 40 (WAD)
TMW dhebarge. no disobarge no discharge, drainage
Free CN retumed to pond
WADCN 0.06 0
Total CN 0.5-1.0
pH

8-8.5
Measurement daily dafly q#
Frequeney
Min 0 0.2 (WAD)

0.33 2 (WPkD)

Table 4.13: CN levels at Europam sites using cyanidation
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At the Boliden mineral processing plant monitoring of the CN-destruction and the water quality
of the discharge from the tailings and clarification pond was done during year 2001. Resuits
showing that 99.5 % of the CN was dosuWc¿ Further degradation of CN oceurs naturally in
the tailings pond. Similar results are reported from Ovacik and Rio Narcea.

While currently qyanide management has centred on the destruction of cyanide in single-pass
systems, it is possible to recover and re-use eyanide, thereby minimising the total amount of
eyanide used and reducing operational costs. The recovery and re-use of cyanide lowers the CN
concentration in the ponds and decreases the costs for destruction of CN [106, Logsdon, 1999].

CN recovery and re-use has been used since the 1930s. One method, called 'AVR'
(acidificationlvolatilisation/re-ncutrahsation) has been successfully applied in several sites. lt is
apparent that this method consumes large amounts of acids and bases but consumes less energy
than hydrolysis/distillation processes. Also volatilisation rates are higher [104, Young, 19951.

In Annex 7 techrtiques to recover and re-use CN are discussed in more

*o 4.3.12 Techffiques to reduce nolse emissiona

At Zinkgruyan about 0.5 million tonnes of waste-rock is managed on the surface close to the old
open pit as noise barrier around the cast pan of the industrial arca.

At the coal mines in the Ruhr and Saar regions ramps and working benches are transferred into
the heap's inner arca as far as possible, where ffley are shielded by embanknients, to minimise
dust and noise emissions from tailings transport, dumping and spreading operations [79, DSY,

*o 20021.

00 In some cases an outer slope Ís first created to keep nolse, dust alid the movetnent of machm'en7
out of the view of the neighbourhood, smíce what cannot be seen usually has a lower affect.
With this teclinique ¡t is first necessary to maliage the outside of the heap in order to ensure a
quick re-vegetation, which can act as an appropriate noise barrier. According to ticiglibours, the
most atuioying noise is warning nolse of reversing dumpers.
[ 13 1, IMA, 20031

This tecililique is illustrated ¡ti Figure 4.7.

Noise is commonly produced by machinery (e.g. conveyor belts) and vehieles. At the German
potash mines processing and tailings management are continuous day and night. These
contínuous working systems create less dust and noise, 0= truck transport.

Belt drives are conímonly encapsulated [19, K+S, 20021.

q0
00 4.3.13 Techrilques to reduce emiesiona to water

4.3.13.1 Re-use of procesa water

One approach to reduce emissions to water is to re-use the process water, as applied
succes~y al several plants. Only the surplus, which cannot be re-used, e.g. because of
saturation with magnesium containing salt [19, K+S, 2002], is cither, for some potash mines,
pumped into deep wells or discharged into surface waters.
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4.3.13.2 Mixing procese and otherwatem containing diasolved metal$

The adsorption ability of fmcly ground tailings has a cleanmig effect on water contaimíng
dissolved nictals (e.g. what is coming from the mine, drainage water from waste-rock- dumps).
Therefore if mine water is added to the tailings streani the dissolved metals tend to attach to the
mmeral surface. Metals adsorbed to the mieral surfaces will be kept in that forni as long as pH-
values are favourable (e.g. > 7 for zinc, >5 for copper). To assure good contact betureen the
dissolved metals and the tailings particle surfaces the mine water is addcd to the tailings stream
sunip prior to pumping to the TMF.

This is a simple system utilising the adsorption effects offered by 'natural maten'al". The
teclinique can casily be used at most TME Retrofitting is not a problem.
[118, Zink-gruvan, 20031

4.3.13.3 Sedimentation pondo

VY'hcn dumping tailings from flotation or other tailings containing fines on a heap, emissions to
water may derive from solids and eluates. Emissions of solids to water due to heavy rainfall can
be successfully prevented by the installation of sedimentation ponds along the roads and before
the recciving surface water body. The construction depends on the maximum rainfall- the area
and inclination, the flow rate, size of solids, etc. For documentation, monitoníng of solid content
is neccssary according to the local circumstances. The frequcuey and the kind of measurements
are fixed aecording to the requírements laid down in the geo-teclinical/environmental study, and
are adjusted duníng the lifetime of the TME
13 l, IMA, 20031

4.3.13.4 Washing of taflings

Reagents in the flotation of silicates are very stronglY adsorbed on the silicate particles.
Howevcr, tallings from flotation are washed with clarified process water in order to bilid
possible free reagents. Tailings containing silicate particles bind the residual free reagents
present in the waste water. Therefóre, a subsequent dewaterm'g process leads to a clear and
reagent free water, which can be discharged to a recipient or recycled into the process.
113 1, IMA, 20031

4.3.14 Groundwater monitoring

Groundwater is usually monitored around afl tallings and wastc rock arcas. The level of watcí-
table and the qualitv of water are monitored regularly.
113 1, IMA, 20031

At a large TMF in the Legnica-Giogow copper basin, the monitoring network of ground- and
surface water includes over 800 monitoring points.
[132, Byrdáak 20031

4.3.15 Water management at alurnifflum TMFs

Groundwater raoffitoring is carried out in wefis around the stacks and ponds. No effluent is
discharged into surface waters [22, Au~sh, 1. This is achieved by process water recycl¡ng to
tlic process or, in dry elimates, by evaporation.
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4.3.16 After-care

4.3.16.1 Alumina red mud TMF

In the after-care pliase the run-off necds to he treated pnor to discharge, until the chemical
conditions haye reached acceptable concentrations for discharge into surface waters. Also
access roads, drainage systems and vegetative cover (including re-vegetation if necessary) need
to be maintained. Furtherniore continued groundwater qualitN! sampling will form part of any
closure progranime iniplementation and must be continued.
[22, Aughinish, 1.

tu

4.4 Accident prevention

4.4.1 Diversion of natural run-off

4.4.1.1 Ponda

Diversion of natural run-off may be required:
a to maintain the necessary freeboard
a to avoid contamination of the natural run-off with process liquids or chemicals

5. to reduce the volume of water in those impotindinents relying on evaporation to remove
excess water rather than treatment and discharge.

Tliree standard methods of diversion are eniployed, the choice generally being related to site
topography and expected flow rates:

a channels above and around the dani
a conduits underneath the dani
a tannels~the fiank of the dam.

The diversion systeín is crifical to the safcty of a tailings dam- Failure of any part can lead to the
impoundment receiving floods of which ¡t was not designed and possibly overtopping with total
failure of the dam. The engincering of diversion structures has thus to be given a high priority m
planning the facility.

Generally the design of red mud. stacks using the thickened tailings niethod includes pervioxis
perimeter rock fill danis and sealíng of the underlyíng surface. A perimeter dam for the
collection of surface run-off typically surrounds the stack.

At Ovacik the TMF design includes surface run-off retention behind the upstream dam. At Río
Narcea the pond is surrounded by channels for collection and deviation of surface run-off.
Collected surface ran-off is diverted into tliree sedimentation ponds for clarífication before
discharge. Similarly, at the Kaolin operation in Nunía the surface run-off, containíng a large
amount of fines, is gathered and collected in a series of sedimentation ponds.

Howcvcr, it is not always possibIc or nccessary to collect al] surfacc run-off, e.g. at Kiruna tlic
3total water intake into the mineral processing plant was 61 Mm' in 2001. Of this 3 Min Were

captured surface run-off. Another example is the Boliden area where the tallings pond
catchment arca is 8 km2. The inflow of surface run-off has been estimated to be 1 NIM3 during a
dry year alid 3 Mm' during a normal year. The pond reccives approximately 4.5 MM3/NT Of
process-water froin the mineral processing plant. lt should be noted that at the Boliden TMF
dilution through precipitation and surface run-off adds (besides the natural decomposition of
CN compounds) to a decreased CN concentration.

At potash TMF saline drainage froni tlic heaps is, as far as possible, kept separately froni
surface run-off.
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4.4.1.2 Heaps

Water is by far the most likcly cause of üistability in a tailings or waste-rock- heap and the soll
underneath the heap since it- may Icad lo increased porc pressure and a reduction in shear
strength. Therefore, anylhing that tends lo increase the anlount of water or pore pressures in a
heap and its foundations is a potential sourcc of weak-ness. Particular attention is given lo
drainagc around the heap in order lo prevent the flow of groundwater into the heap and lo
prevent ponding of water at the toe. On sloping ground, dramís are usually constructed ncar tlic
uphill side of thc facility. In cases of extreme water inflow it may even be necessary lo lead the
run-off water and drainage through the dam by means of a culvert, For calculating the capacib,
the following fáctors are taken into account:

• catchment area uphill of the drain
• existence of springs
• agricultural drains
• natural sarface water flows which will be interfcred with by the heap
[130, N.C.13— 19701

All waste-rock deposits in the Boliden arca are surrounded by, diversion ditches and drainage
collection ditches. lf required the drainagc is treated before discharge.

At the Kerni site part of the drainage water from the waste-rock heaps is collected in a ditch and
led with other dramiage waters from the industrial area lo tlic tailings management arca. Another
part of the drainage is led directly lo the nearbv stream.
[71, H~-i, 20021

4.4.2 Tectíniques to construct and raise dama

4.4.2.1 Tailings or waste-rock management in a pit

In order lo prevent accidents the best possibIc place lo construct a tailmígs or wastc-rock
management facility is a sultable pit in the rock, since, in this case dam/hcap stabilib- is nol an
issue. Generally it is not possible lo find such a place near the facilities.

Care has lo be takedil that groundwater is not contanlinated.

4.4.2.2 Preparation of the natural ground below the dam

The natural ground below the retaining dani (but not necessarily the ground below the taílings)
is usually stripped of all vegetafion and huminous soíls in order lo provide an adequate
'fóundation' for the structure. This stripped surface necds lo be exaliúned for the presence of
any springs or groundwater which need then lo be dealt with by an adequate drainage system
(e.g. trenches equipped with land drainage pipes surrounded with graded stone and protected
with artificial membranes),
13 1, IMA, 20031

4.4.2.3 Dam construction material

The prime consideration for choosing the dani construction material is that the materials are
competent and must not weaken under operational or climatic conditions. For instance sand and
rock lald down ¡ti honízontal layers and compacted by, the passage of dump trucks and
bulldozers, together with addítional compaction by vibrating rollers, will in most circunistances
provide a strong enough structuro lo impound tailings, even those which are deposited
hydraulically in water suspensions.
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4.4.2.4 Taffings deposifion

Proper deposition of tailings, particularl-y ni a Nvet state. will aiwaN,s be critical to the stabilib, of
the structurc. Ts7pically the Nvet tallings are discliargcd off the crest of die dam ni as even a
distribution as possibIc around tlic dam in ordcr to create a "bcaeh" of tailings against the Iríner
face of the retaining dani. This will normally result in the coarser fraction of thc tailings sculing
out nearest te the embank-ment Nvith the fines settllng nearer to the supernatant pond.
13 1, IMA, 20031

4.4.2.5 Techniques to construct and raise dams

Tailings dams used to be constructed of the coarse tailings fraction. This can still be a very
appropriate way of retaming the taffirip slurry. However, the qualifies of the ore can change and
the processing method can change and therefóre the characterisfics of the tailings may change.
Hence quality management is a tricky issue over the entire life span of an operation. llerefore
there is a trend to construct the inifial starter dam, but often also the raises with borrow material,
whose quality can be more easily monitored during the construction of the dam. HoNN-cver not
only die ty e of material uscd to construct tailings danis but also the placing atid conipaction ofp
suitable construction material is csscrítial te cnsure long-tcmi stabilib,.

Tlic availability- of material (e.g. suitabIc tailings, borroNN, material) to raise tlic dam can be an
issuc. At tlic same dam hcight thc rcquired aniount of dam construction material lNoxild me
niany times higlier for the dovnistream method compared to tlic upstream method (sec figure
below). lf the dani material has te be extracted in borroN%- pits the footprint of the pit is larger
and larger amoutits have to be transported to the TMF for doss-nstreani construction

The following table summarises the different ways of constructing/raising tailings dams.

to
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Daín type Applicability Díscharge Water Raisingrate Cmatruction Se~c Dun
suitability atorage restridion material resístame Cost
- suitabilíty

Conventional Suitable for any Any Good Nol Natural soil I-ligh
dant or water rypc of tailings discharge dependent on borrow
~tion tyW ~ure tailings

suitable material
1 properties

Upg~ If tailings are Peripheral Not suitable Less than Natural soil, Poor in high Low
used: at least discharge and for significant 5 m/yr most sand tailings seismie
40-60% weil water storage desirable or waste-rock arcas
sand (0.075- c<mitrolled or sand
4 mm) in whole beach tailings in
tailings1). Low Dec=sary, conibination
puip density centre mith natural
desirable to discharge for soil or waste-
promote grain thick-cned rock
sizc segre- tailings
Ration

Downstreaní Suitable for any Vañes Good None Sand tailings Ifigh
t)" of tailings aceording to Or mine

design details wastes if
production
rates are
sufficient.
Otherwisc
natural soil.

Centreline Sandsorlow Periplícral Not Height Sand taifings Acceptable Medium
plastícity fines discharge recommended restríctions or waste-rock

necessary for permanent for individual if production
storage- raises may rates are
Temporary apply sufficient,
flood storage otherwisc
a~table natural soil
with proper
design details

l.) docs not apply to thickened tailings

Table 4.14: Comparison of dam construction tecitniques
111, EPA, 19951

The bastes of thcsc dam construction tecliniqucs liavc bccti introduced la Section 2-4.2.2-

4.4.2.5.1 Conventional dams

Tlic bcncfit of using the conventional dam built to its final height beforc tailings deposition
commences is that the dam is constructed duráig a short period of tinic when quality control

often is casíer to rcalisc. Thcsc dartis are oftcti túo costly thougli, which has resulted in upstrcaiii
datris being more common. For this method of construction ongoing monitoníng and evaluation

is necessary and vital.

This bw of daín is applied where
• the tailings are not suitable for dam construction lo
• the impoundment is required for the storage of water, usually on a seasonal basis, for plant lo

or other use lo
• the tailíngs management site is in a remote and inaccessible location
• retention of the tailíngs water is needed over an extended period for the degradafion of a

toxic element (e.g. eyanide)
• the natural inflow into the impoundínent is large or subject to high variations and water

storage is needed for its control.
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Advantages:
a dam is built with supervised construction in a relatively short time span
a minimal supervision of the, dam during operation
a protection against pollution by water and wind erosion.

Disadyantages:
a need for high capital expenditure before the facility is operational
a all construction materials have to be imported unless waste-rock from the mine can be used

in the shovilder fill.
to

Staged conventional dams are also non-permeable but are raised throughout the life time of the
TMF. A disadvantage compared to the conventional dam is that construction will be carried out
over a much longer time period, which can result in lower quality due to changes in staff and
contractors. difficult to have consistent quality control

4.4.2.5.2 The upetream method

The upstream method is the cheapest method, because the least amount of material is necessary
for a given raise. The main disadvantage of this method has in the past been the physical
stability and its susceptibility to liquefáction. Care inust be taken in the design stagc ui order lo
control the plircatic surfacc. Tlús can be aclileved by providing a widc cnougb beach, correct
drainage and opcration. The material used to build the, dam should not have ARD potential.

Note that Table 4.14 relates lo conventional taflings nianagement rather than thlek-ened talfings
The suggcstion that llic tallu*igs inust haye 40 to 60% salid fraction is not n=ssan- for

*o thick-ened tallings. For instance red niud tallings that use the upstreani tailings metbod N-en

00
often have already separated out the salid fraction alid it is deposited in the centre of the taifings-
So flicrefóre tlic tailings beflig analysed for stability purposes at the pcrinictcr are entirely- the

q0 finc silt fraction.
q0

Also Table 4.14 applies lo danis tliat have a ven higli annual lift rate of the order of 4 lo 5 ni
per NIcar. Tlic ratc of lift of niost red inud tallings Nvould be of the order of 1 lo 2 m per N-car. The
discharge sultabilib, applies lo pcnipheral. dischargc if convcntional ponding is applied and lo
centre tailings discharge if thickencd tallings are cinploved.

However, if the upaream. method is applicable ¡t can even be favourable over the other
methods, especially the downstream method, because the pfireatic surface will tend to, remain
low. The following figure ¡Rus~ this by comparing an upstream dam constructed out of
cycIoned tailings and a downstream dam of the water retention bpe using an impermeable core.
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taifings

taffings

Figure 4.16: Simplified com~n of the pbreatic surface for upstre-am and don-nstream method
of tailings dam constru~n

"15 1, Li1,11 lili, l�, a T1i(¿ Lq),,t¡,:am dan, �,liti,jid ¡la\,: a
less Llian 1.3 and Lile bcach shotild be �%id(:i- llum ¡¡le lleii,,Iit of Lhe dam. '¡-¡le stauc-coiistrucLed
comentional dam %kIth an upsircani corc should haic fílters and drains as Lile mater ,;111
V-0 oW lliroui-A11 those.

Tlic ul)strcaill method might not be sultable foi- xNct covcrs (sce 4.3.1.2.1) lf lile frce s%atc¡- drains
too Cast Lo kccp Lile iiilpouiidiiiciit flooded. On Lile otlicr hand Lile upsircam nictbod ni¡ 4t he Lile
besi dam StrUCIUR.: Lo kccp i%atcr m duc Lo ¡]te í-,ood stabilit-, of dic dalli because Of lile llal
plucafic surface

4.4.2.5.3 The downstream method

H �,111 1)�. lilal lkil ill,�lilk)d lile lil, 11,�, \\¿11�i H,
place Foi- incrcased lcakauc through Lile core. ¡he stabillt\ of Lile dani may be -copardised.j

lf borro;\ material is used. a posslblc ncuatise cross-media cffect ma\ be Lile fact that a much
larí-,cr amount necds Lo be extractcd froni Lile borro%s pit compared Lo Lile upsireani method lo q0
ach e,, e Lile sanic liclíJa MercWW

4.4.2.5.4 The centreline rnethod

In many cases the centreline method sems to be a good compromise hetween seismic nisk and
thc costs. Bv using this nicthod the avallable surface arca and therefore the sloragc capacitNr
docs not decrease with each dam raíse (see Figure 3.9)

4.4.3 Free water management

1 l- til, 11- \-:1,1 l l.,: 1 v—11
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4.4.3.1 Removal of f ree water

The standard methods for removing the free water have bcen shown in Section 2.4.2.4.

bCm ecn Lile dani and ¡¡le � alley side. ¡¡l Lile L . titurc. a systcni ot'open channeis ¡ti undisturbed
uround �kill be used ¡or discliaruing Lli, �sater. c1iiiiinaLing Lile cuKeri Llirough úi,- dani.
oilier nicial rtitnes in Noriliet—n Europe use this tvpc of construction (e.g. F�liasaliiii. llitura.
Zliik,,t-u,, ati. Kiruim. Mainiberget).

¡L ,s not possible Lo buili lile opcn cliarincl ¡ti undisturbed sol¡ for a paddock-sty le polid

Decant tom-ers proNcri Lo xvork ��cil utidcr frosty condittotis xvith a positv.c v.aicr b--i--,tcc
Ho\\ eN er Lile,, tia\ e Lo designed Lo resisi the pressure oí Lile tallings úirougiiout Lile hiettme oí'
Lile opci—ation Snicc water llo�% oceurs by gri\tty. no punips are ilecdcd. sslilch nicaris a
const= and sale suppl-, of energy (as needed for punips) is nel required. DisadsanLages Lo Llus
niethod is tliat tlic ctik c'rt perforaics and liciicc �N cakcils tlic dani.

At ON = ti, .1 l arlation of ÜIC decant to�%cr is uscd. is litch may bc b�-,,t d-.-,--ribcd as a decant
s% el¡*, The free �s ater is ;s tilidt-iN\ ¡l N ii a decant �s el¡ construcicd at ¡¡le ticar centrc ot'tlic pond
Tlic decatit systcni consisis oí- a perforat--d tubing surrounded b-, rockfill tsc.- figure b--Io,,�)

L,, a pci—niancrit systctin �%Iilcli is casl1y aeccssibic. As opposcd Lo discliargc to��cr-,r úic.-c ts
no Lubc pcrioramig lile dani. Tlic ciarifict:1 N\aLer is punipcd Lo Lile nittieral proccssiti_g plant.

This s-, steni is appheable ¡ti sniall ,ero-discliarge- facitittes ¡ti dry climates- ti' a high op,,ratttl---

WC11 run-off captured
Ul»

dowmb~
dam

Figure 4.17: De~t weil at Gvacik site

Iluj ula�el aroulid lile LOS\Cr acis as sLabilisi:t- and I'Ilt;jr for \%aiur tu jutam additlc)ital
i'caturc for tilis systeni arc dramage pipcs ¡aid oicr ¡¡le botioni ofilic pond durm.S construction
in fish-bonc configuration wld connected lo the L(.)s\cr in order Lo drain arid consolidate Lile
settled solid niaterial

q0 For a silla¡¡ pond at Ovacik a bargc systcni was coiisidcrcd unsuitabic bccausc.oiic is-ould lin;-c
Lo ¡no; e tlic barge too oficri ¡¡l ordcr t'o punip frec �\ater. since tlic discharg s arc clian
freqUCIlti'y.

e poniL _gcá

Tlic disadN antage ¡L ]las is tliat the larve lioldiilg.�Filteriiiu Pra%ci support filis a good chunk oí titt:
capaca—y and niN not be practica¡ and cfficient for Ncr\ largudaiw ¡L also ¡las linuted filturim,

qv
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4.4.4 Freeboard

At the Kiruna and Malmberget ¡ron ore mines, the freeboard at the tailings danis are 2 m at two
facilities and 1.2 m at the third. The frechoard is based on Swedish guidelines for water
retention dams (RIDAS), including precipitafion, water surface and wave run up. For a class 2
dam a one in a 100 years, 24 hours rainstorm event, should be decanted with out a raise in water
level. Discharge of tailings into the ponds is controlled by a relatively constant operation system
producing a constant flow of tailings.

At the Ovacik gold mine, a minimum of 2 m of írceboard is provided in the TMF design.

In the industrial minerals sector the minimuni freeboard is 1 m to ensure that the pond is aiways
capable of storing and attenuating a sudden flood in addlúon to its normal input of process
water (see Section 4.4. 11) W
13 1, IMA, 20031

At the TW in the Legnica-Glogow copper basin a minimum freeboard of 1.5 m is maintained.

According to the "Dani Safay Code of Practice" the freeboard for danis with high risk is
deduced from the maxim uni wave height or the depth of frost: penetration [ 129, Finland, 19971.

4.4.5 Eínergency discharge

The design of the tailings ponds and discharge facilities considers all foresocable extreme
events, such as extreme rainfall and snow smelt events. Nevertheless, further nisk reduction is
obtained by incorporating emergency outlets in the design. Eniergency outlets are dcsigned to
work automatically if the water level reaches a predetermined crifical level and to discharge any
excessive water volume (that cannot be discharged through thc normal discharge facilities)
without hampcring the integrity of the dam. In this way emergeney oullets can avoid overl-v
elevated water levels within the dara or in the very extreme scenario over-toppmig which
otherwise could lead to a catastrophic dam failure.

The absence of emergency outIets ffi the design. of the Baia Mare tailings pond was the reason
for its catastrophic failure. lf an emergency outlet had been in place only a sinall amount of CN
containing water would have been released and no tailings.

The most comnionly used. system is to have a number of pipes large dmiensions (so they cannot
be blocked) through the dam, The pipes are installed at a level so that tlic predetennined
minimum freeboard will aIways be maintained. Erosion at the discharge end of these outlets had
to be avoided. This arrangement eliminates tlic nisk of erosion of the the dam body under
extreme conditions.

Altematively, overflows can be arranged either as controlled overflows over the dam. body or
constructed in natural terrain, the letter option offly being available for valley tyTe dams. For
such systems, erosion protection is critical.

4.4.6 Drainage of dams

lf a dam is built witheut any internal dramiage system the conditions in the folloNving figure (a)
will develop. In practice the emergence of seepage form the outer slopc and saturation of the
outer toe are avoided as this may leach to instability unless the slopc is very fiat.
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4.4.6.1 Permeable dama

Pernicable danis are based on the principle that seepage through tlic dam should be dra-vvn doNvii
well below the toe of the outer slope. This can be achieved by, an interna¡ drainage system, with
the drainage zone being located in the inner section of the dam.

e) No dralnaga meatures

Theoretical flcww nel

Water
qv

a 1: 1-111,011 n 11

Impermeable Mundatlon

b) With drainage mestures

wal*T

Impermeable toundation

Figure 4.18: Dam without and with drainage system
1130, N.C. K, 19701

Care has to he taken, so that: the dramage, sometimes also refeffed to as the filter, systeni does
not get plugged with tailings material.

Consideration has to be given to the groundwater conditions. In some cases it may be necessary
to design a drainage system which will deal with both, the groundwater and the pond drainage.
[130, N.C.B., 19701

An cxample of a permeable dam with a drainage system can be seen in Figue 3.6.

At the Kernick mica dam the sand tailings and the waste-rock have been used to, constiuct the
dani in specific zones separated by transition layers. The waste-rock, evenly graded betmcen
50 mm and 750 mm in size, fórnis a central core for the capture and drainage of seepage
through the structure. The sand tailings, containing no material larger than 150 mm but typIcally-
less than 25 mm grain size, forms both the downstream and upstream parts of the main dam.
The transition layer, consisting of clean, crushed rock- bpically bebveen 75 mm and 125 mm,
fornis a filter ¡ayer between the satid tallings and the waste-rock core.

4.4.6.2 Impermeable dama
qo

It should be noted that also non-penneable dams have systenis similar to the drainage systein
shown mí the figure above. In this case the filter has the, purpose of keeplng secpage flom
through the core from eroding the core and the outer slope of the dam. A bpical filter for this
typc of dam can be seen in Figum 3.14.
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4.4.7 Monftoflng of seepage

Seepage through the dani as shown in Section 2.4.2.5 is not to be regarded as anything negative.
lt is important that a controfied seepage oceurs fimugh the dam to assure stability by lowering
the pote pressure over the dam. However, it is essential that the seepage is weU controlled and
managed both from the day to day environmental performance as well as froni an accident
prevention point of view.

Seepage control is used for the management of any dam construction. By monitoring the normal
seepage flow through the dam in combination with good understanding of surrounding
processes (meteorology, water level in pond etc) an carly indication can be obtained if there
should occur any problems with the dam. Increased flow in combination with suspended
particles in the seepage could mean that piping is starting to occur. Decreased flow coxild imply
clogging of drainagelfílter.

Due to the prevailing hydraulic gradient (hydraulic pressure difference) between the pond. and
the surroundings seepage occurs not orily through the dam but also under the dam and in some
cases also through natural ground that is used for confíning the tailings. Differences in the
hydrogeological setting between sites makes it necessary to conduct a site-specific evaluation at
each site. Depending on the outcome of this hydrogeological investigation and the necessity to
collect the seepage there are various prevenfion and collection options available.In many cases, 0*
a combination of available options is preferred.

Section 4.3.8 discusses scepage control froni an environmental point of view. q0

4.4.8 Kaofin tallings heap atablilty

The following criteria are required to build a stable kaolin tailigs heap:
• stacking must be made on a drained and topsoil-removed surface to limit slipping,-
• the material must be dried enoxigh before stacking, which requires a thickening process
• this can be applied down to a particle sizc of 80 p1m.

In order to Mícrease safety in die TMF, it is necessary to conduct a detailed stability study with
rcspcct to the undcrIyíng ground, proposed height, groundwater situation, long-tcrin weather
conditions and the proposed composition of the tailings (kand, grain size, percentages, etc,).

Dumping can start after prcparation of the ground (rcnioval of soil, wcak and soft layers ) in
layers, and reclaiming of the final slopc tak-ing placc immediately and subsequently. Waste-rock-
deposited direct1y in contact with the undMy¡ng ground necds to be of coarse size (blastcd
rock) to secure permeability. Inclined underlylng slopes are terraced in order to increase
stability. Seepage water froni tlic heaps is draincd.
13 1, IMA, 20031

4.4.9 Dam and heap atablilty

The stability of dani and heap stopes depends on factors such as

• friction angle, water saturation, plireatic surface, pore pressure
• the geometry of the cross-section
• the plircatic surface
• the strength paramí of the materials (e.g. shear strength) and its. foundations.
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4.4.9.1 Safety factor

The safety factor of a slope is defined as the ratio of avallable shear strengtli lo the shear strcss
required for equilibrium.
[75, Minorco Lisheen/lvernia West, 19951

According lo the Finnish "Dam Safetv Code of Practice" the total safety factor of danis in a
state of constant seepage flow should be at least 1.5. At the final stage of construction and for a
sudden fall in water level total saféty should not be less than 13.
[129, Finland, 19971

At the Zink-gruvan site tlic stability of tlic two danis have been controlled by externa¡ experts.
Results showing a safety factor of 1.5 and 1.6.

The waste-rock heaps at a Finnish talc operation are designed with a safeb, factor of at least 13.

At the Bergama-Ovacik gold mine during operation with the placeinent of the overburden and
the waste-rock on the downstream slopc of the main dam, the slopc changed lo less than 10 t
increasing the factor of safety of the dam structure lo 2.23 compared lo the usual 1.2 used
internationally for water retention dams.

As mentioned in Section 4.2.4 for long-tenn stable dams a safety7 factor of 1.5 is usual¡-,-
considered sufficient.

4.4.9.2 Aspecta considered for the construction of a dam in a liniestone
quarry

Tlic permitting procedure for the TMF at the Münchehof Iiinestone quarry included, according
lo DIN 19700 T 10, a proof of stability of the dam including static and h-,,,draulic aspects-

The stablílty calculation is carried out with the fóllov.,ing elements:
a geotechnical and hydrogeological modelling
a slope stability
a shear strength
a base fallure safety
a saféty against pore pressure build-up in the foundation
a overtopping and erosion stability

Another essential requirement for the dam stability is the suitability of the dam construction
material, This is investigated in geoteclinical tests. The following parameters are examined:
a ffiction angle
a specific density
a compressibility
a water content

During the construction pliase quality management was applied lo ensure that the parameters
that are crucial for the stabilit-v of the dam were nict. This applied lo the dam foundation- the
dam body and the dam core.

*v
[109, EuLA, 20021
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4.4.10 Techniques to monitor stablilty of dama and heapa

4.4.10.1 Instrumentation and monitoring systems to enable
survelliance Of a dam

The tailings daín desigri should include a monitoring systeín for assessing ongoing stability
(cheinical aud physical) of the, dam structures.

The foflowing table indicates the types of measurements that are usually performed and the
instrumentation used [7, ICOLD, 19961

water level
Meawrement

level
lustrummtation

seepage discharge through weirs or containers
• the dani itself pore water pressme gauges
• the foundation groundwater wells
• the abutnients.
position of pbrealic surface -piezorneter (typ¡cally open standpipe)
pore pressure ¡)iezorneter or bourdon tube pressme gauge
movement of dam erest and tañings geodetic datwn pomts on beach (conipleted dam)

and crest of the dam, acrial photography, gps
seismícity strong motion aecelerograplis
dynarnic pore pressure and liquefaction vibrating w¡re piezorneters
soil mechanics penetrometers for density and shear strength
tailings placement procedures shear strength, compressibility, consolidation,

grain size and density samples, width of the non-
subnierged beach as indication of plireatie surface
via acrial or sateRite photography

Table 4.15: Measurentents and i=trumentation required for taltings dams monitoring
[7, ICOLD, 19961

4.4.10.2 Monitoring frequency

For tallings danis during the operation stage the following prograinme (see table below) ma-,
be appropriate. More frequent dam saféty reviews may be required when the dams are raised in
stages every 3 or 5 vears and where the review is conducted in conjunction with the deslgn for
cach stage raise.

After elosure a much less frequent prograinme may be appropriate.

The fóllowing table proposes a monitoring prograinme during operation and in llie after-care
pliase

Inspection type Frequ ev Personnel
operational pliase after-care phase

dani surveillance daily dam operators
dani safety inspection e-,7cry 1-2 vears annually engincer
dam safetv re,�iew every 3-5 years every 5-10 years team of experts

Table 4.16: Taffings dam monitoring regime during operation and in the after-carc pliase
[116, Nfisson, 20011

The tecliniques to monitor the stability of dams and heaps in the industrial minerals sector can
be divided into tliree broad types:

1. inspection regimes
2. monitoring procedures and
3. geo-tecímical assessments.
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Inspection regimes include a daily inspection by an experienced operator/supervisor, following
a pre-determined 'checklist" which focuses on features that are likely to lead to problems if they
are not corrected, for example, blocked overflows, damaged punips, excessive erosion,
excessive wetness at toc of slope etc. These checklists should be based on features which are
immediately observable by experienced operators and which can he easily corrected within a
reasonable peníod of time. lt is this kind of simple inspection regime which keeps a heap or a
pond in good dally order; ¡.e. dally inspections should not be based on niatters, which require a
more detailed scientific approach. lt is important to ensure that these daily inspections are
recorded for future reference, and, that if they reveal some matter of concem to the operator
which he is unable to correct or is particularly abnormal, then there is a procedure in place to

qF notify a more competent person,

Monitoring procedures include a full topograplilcal survey of the structure at least once per
year, or more firequent if the structure is large and under coñstant development. Accurate plans
and cross-sections of the structure need to be prepared upon completion of these topographical
surveys, all of which are logged into a retrievable database.

1* At least once a vear, aecurate survey measurements are taken of "observation pillars" or "plates"
crected on the structure (particularly tailings ponds), chocking for any sign of horizontal or
vertical movement. lt is important that these pillars have a reference datum which is on solid
ground beyond the footprint of the structure. In structures mhere there is a potential risk of high
plircatic surface or seepage zones (more llkely in tailings ponds), a system of vertical
piezometers necds to be installed, both within the above surface structure of tlic tailings
embankinent and below ground level into the sub-strata. These piezometers nced to be read al
least once per 'season', Le. winter, spring, summer and autumn in order to record any seasonal
differences, particularly in groundwater flow. lf high levels of water are deliberately stored on a
pond (for dust control perhaps), then it may be necessary to read these piezometers more
frequently. These readings are ideally computer logged and annotated on the cross-sectional
drawings such that the 'scepage performance' of the structure is casily identified. 'Miere
seepage from the embanknient structure is released by, or flows through a drainage system (e.g.
pipes/stone filters etc) these systems are usually equipped with measuring weirs or conduits so
tlial the any decrease or mcrease can be identified and recorded for future reference. These
systems need to be checked at least once per season, and any sudden or abnormal change should
be notified to the more competent person.

Geotechnical assessments need to he undertaken at least once every tsvo years for structures,
which are in operation. These inspections need to be carried out by the more competent person

q» who is at the level of a 'chartered engincer" or similar profession -Vvho is qualified in, and
» understands rock mechanics, solls engineering etc. These assessments include a review of all

data available, the daily inspection records, the surveys, the plezoineter measurements etc. in
order to form an opinion as to the stability of the structure, both at the time of the assessment
and during the peníod leading up to the next assessment in say two years time. lf the assessment
identifies any features of fundamental concem, then it is essential for the competent person to
bning such concems to the attention of the operator, including recommendations for resolving
the probieni.

00 113 1, IMA, 20031

4.4.10.3 Stability of the supporting strata

The most stable tallings or waste-rock facility will fail if the fómidation it is built on is not
stable. Therefore it is important to investigate the sultability of a the supporting strata in the
planning pliase (see Section 4.2.1.4).

*o
During operation of potash tailings heaps the stability of the supporting strata is controlled%W rcgularly by seísmic nionitoring, which searches for and detennines seismic, seismic-acoustic

00 and geo-mechanie events or subsidence of the suifáce as a result firom mining activities. Surveys
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of pillars and the determination of the minera¡ compotinds are used to caiculate and obsene the
stability of the mined out rooms (see Section 3.33,2).

flus type of monitoníng is suitable for operations where there is a history- of seismic events or
which are in the proM.'mity of underground mining operations.

4.4.11 Design flood detennination for tallings ponde

Under the RIDAS franiework (see Table 4.1 and Table 4.2) for high consequence danis (elass 1)
the guidelines propose a determinMc approach, similar to the probable maximum flood (PMF)
procedure, with empliasis on critical timing of flood generating factors. The precipitation input
is however not based on estimates on probable maximum precipitation (PMP), but rather on an
evaluafion of observed maximum rainfalls. For a low hazard dam the 100-year flood, is used as
the design. flood. Typical measures to adapt to this approach may involve increasing of spfflway
capacity in order to safely release extreme inflows, and allowance for temporary storage above
the normal high water level by raising the crest of the core. The guidelines are developed for
hydropower conditions, normally with large catchínent arcas. When it comes to tailings danis
the, catchment arcas are ofien rather small. There is consequently a need for development of the
guidelines on that point.
[115, Mill, 20011

Aceording Lo the Finnish Dam Safety Code of Practice the hazard risk class of a dam, determines
the design flood valuc. For danis of the highest risk category (P) the design f1ood is based on a
5000 - 10000 year retam period and for the two, 'Iowcr' categories (N, 0) 500 - 1000 and 100 -
500 years are to be applied when designing the spillways.

The selection of the method to determine the design flood, depends primarily on the
hydrological data available.

4.4.12 Cyanide management

CN leaching and the management of CN in general involves by a large amount of security
measures to prevent accidents and environmental impacts. The design of the plant also includes
several technical solutions aimed at prevention of accidents and environmental impact, such as:

• the incorporafion of a cyanide destruction circuit integrated into the, leach plant. This circuit
has a design capacity twicc the actual requirement

• the tailings pond system constitutes a socond eyanide treatment facility, serving as a backup
to the cyanide destruction circuit
flotation plant tailings (for the extraction of base metals) and the, gold leaching circuit
effluent are combined prior to cyanide destruction to prevent an increase of pH, which may
cause dissolution of already precipitated cyanide complexes

• a backup systeín for fime addition is installed
• the storage tank for hydrochloric acid is weIl separated form the cyanide storage and,

prcparation muts
sulphur dioxide is delivered in liquid form. The storage capacity for sulphur dioxide is
limited, and the tank is placed away from. the leach plant

• a berm is placed between the sulpluir dioxide and the LPG tanks, to avoid mixing of the two,
gases in the unflke1y case of simultaneous leaks in both tanks

• the leach circuit is connected to a coflection pond with volume exceeding 1000 m3, Le. more
than the containing capacity of one leach tank (800 m3)

• the leach tanks are placed in a concrete trough with a surrounding berm, which also
functions as a collision barrier. The capacity of the, trough excecds the volume of one leach
tank. The floor is heated to avoid build up of snow and ice during winter
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leach tanks placed outdoors are open. Indoor equipment is connectod to a gas ex"Mon
system with a serubber operafing with NaOH solution
backup power gencrators = installed
all spifis are pumped back to the circuit.

[50, Au group, 20021

4.4.13 Dewatering of taffings

Tallings in slurry fórni consist of 20 - 40 % solids by weight, but levels from 5 - 50 % solids
have been known. Thcy are typically managed in tallings dams (Section 2.4.2). This is typically
the most cost effective way of manageing these tailings.

Additlonal ad-vantages of this way of dealing with the tailings are:
a no dusting occurs due to the water saturation of the tailings (this may change once tlieN, are

part of the beach and are exposed to sun and win)
a ARD is inhibited

The main disadvantage of dealing with 'liquid^ taiags is there mobillty. In case the
containment structure (1.e. the dam) collapes, thev líquif-,v and can cause considercable damage
due to there physical and chemical charecteristics. To avold this problem some altematives have
been developed.

As can be seen in Table 3.56 and Table 3.57 tailings management costs for slumied tailings
management vary between EUR 0.3 and EUR 1,6 per tonne of dn7 tailings.

4.4.13.1 'Drytaffings

*o At the Greens Creek Mine in the US the tailings are thickened alid then filtered to produce a
fílter cake containing about 12 % moisture. About half of the filtered tallings are used as
backfill in the underground mine, after mixing with 3 - 5 % cement. The remaining tailings are

*o trucked to a surface impoundment whcre they are compacted to specifications designed to
q0 minimise water and oxygen infiltration.
qv

The tailings are fine (90 % passing 20-30 juli) and require an expensive dewatering process
known as pressure filtration. The 'Ury tailings " method was found to be the only practical (and
economic) method for Greens Creek, due to the unavailability of a suitable arca for a
conventional tailings pond, and, to the specifications for mine backfíll.

The total operating cost of "dry" tailings disposal at Greens Creek is probably around USI) 4 - 6
per tonne (year 2002) for 1000 tormes of tailings per day. The cost is associated with thickening
reagents, compressed air (mairl1y electric power) for the pressure filters, operating and
maintenance labour and supplies and trucking of the tailings 15 km to the surface impotindinent.
This is much more expensive than a typical "wet" slurry disposal systein, where the tallings are
piped to a tailings pond (often by gravity) and allowed to settle, and the clear water pumped
back to the processing plant.

Another large scale dry tallings disposal is used at the La Colpa gold/silver project in Chile.
There, 15000 t/d of tailings are dewatered on vacuilin belt fílters and then conveyed to a
stack-ing system in the impolindinent area. The costs are much lower than Greens Creck,
because:
a the tailings are coarser and can be filtered on vacuimi rather than pressure filters
a the economies of scale (15000 t/d vs. 1000 t/d) and
a the site conditions (flat dry desert vs. mountainous wet clim ate).
[121, Sawyer, 2002]
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4.4.13.2 Thickened tailings

An option for a safer tailings managenient is paste (or thickened tailings) disposal rather than
slurry disposal [ 116, Ni1sson, 2001 1.

The basics of this teclinique have bcen introduced in Section 2.4.3. Essentially, thickened
tailings management requires the use of mechanical cquipnicnt to dewater tailings to about
50 - 70 % solids. The tailings are then spread in lavers over tlic storagc arca, to allow further
dcwatering through a combination of drainage and evaporation [ 11, EPA, 1995

The maín difference to the 'dry' tailings, descrtíbed in the previous section, is tlic solids content
after dcwatering. In the 'dry' method the tailings are filtered to a 'cake' with about 12 %
moisture. Thickened tailings otily dewaters the tailings to a 'paste' "¡th 30 - 50 % moisture (¡.c.
50 - 70 % solids).

The main benefit of flus teclinique is that the tailings are less mobile, which is beneficial ¡ti the
event of a tailings dam burst.

Other advantages and disadvantages are:

Adyantages:
• cost of maintenance and closure reduced
• storage capacity is greater for the same height of perimeter dam
• susceptibility to liquefaction is low, giving higher e"quake resistance
• decant system, with its problems, is eliminated
• reduccd seepage to surrounding terrain results
• most water separated at mineral processing plant, hence the need to recycle water from pond

is reduced [77, Robitisky, 20001
• casy closure and rehabilitation

Disadvantages:
tr~rL of thickened Lailings may be difficult and expensivo; offectivoly done, by
thickening facility at management site.
dusting may oceur from dried out surface, therefore an irrigation may systeni necessary

Source: [21, Riteey, 19891 unless otherwise mentioned

In addition to being a díscharge method this method has been recommended to cover existing
conventional tallings ponds [21, Ritcey, 19891.

The thickened tallings method may be of particular advantage under the followm'g conditions:
• flat topography, allowing development of a wide conical deposit With flat slopes
• where the construction of a conventional dain may be costly because of site conditions
• where the tailings are so fine that no coarse fraction is available.
[21, Ritcey, 19891

This method is not applicable under the following conditions:
• less than 15 % <20 pin (dry basis) in the tailmígs
• if tailings have an acid-forming potential

One publication claims that thickened tailings are also advisable for tailings With acid
generating potential. This is justified by the fact that the fines in the homogenous mix of
thickened tailings provide high capillary suction that inamítains tlic tallings in a saturated state,
thereby inhibiting acid gcneration [77, Robinsky, 20001. However this is often disputcd and it ¡S
hard to understand how these saturated tailíngs can be stable over a long peníod of time.

The following picture shows a comparison of a thickencd tailings systeni and a conventional lo

tailings pond in the, same setting. q#
q#

374 Venton May 2003 ST/EIIPPCBIWM^-Draft -2



Chapter 4

TA~ ola~
~su WATU k~ la AMA~ PROGR~

ay THI~ la 11107 OVM T>M~ TAILM"
D~OWD IBUT 13

Pl~
RECYCLED AT THE PLANT

FINAL PLANNED LOICT3

RE-CLMiA-K)« OF DiSPOSAL
OF AIL k" DEPOUT

VA

PtUWFF AND
RECYCLE POND

^l DM

THK~TA~ DM~ SYSTEM

ICOWEX ACCUMULAMON AT A GEWU aLOPE
OF 3 TO 6 PERCENT)

PlAX7

TAJLMW ARE V*MIED WN CON34DO~
PROCESS WA-ER FRON PERIÑEIn ROM

SE7 TLEMENT P^
FOR TAJUNOS

DM m PROGRESWEELY
RAJ5ED AS DISCHARGE

DECANT TOWER 0 CONTINLWS
RAMED PROGREUNUY',1

-~c, 1^

CONVE~ TAL~ DO~ POM

(CO»CAVE~ OF ACCUMULATKM

i 4.19: Oliliparimm of, thickeried taffinp %ysteni and comentional tailingk pond in .am&
geological %Ctting
177, Rohivisky, 20001

Thickened tallings are dcposited at 50-70 solids Tlils nicalis that tlicN contam more �kater
1 1 gs %%h¡ch subsequentIN iniplies that sonicthan can be stored ni (tic pore solume of the ti lítiq

s; atcr will ]ii% e to be discliareed froni tlic facitaN in sonie maN.

]"tic opera( tig cost for thickened tallings are about 25 % Inglier compared to sturried tailines
illanav 'f deep tliickcncrs are uscd and 40 11 gher 'f fílters are used.cnient

4.4.13.3 Alumina refining

For alumina rcfmining thc main differences between thc use of thickened and slumied tailings
can be sumnian»sed as follows:
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Siurried taffings management involves much more water being treated with the mud. This
method has the advantage that the slurry is casily pumpable by standard centrifugal pumps at q0
relatively low pressure in the pipelíne. The water availablo to suspend the mud may be seawater,
if available in the refinery vicinities, with an associated neutralisation of residual caustic. The
pumping may he carried out over relatively long dístances (several kilometres) between the
refinery and the pond without the danger of a pressure drop along the pipeline.

Thickened talfings management is associated with a good recovery of the caustic mother
liquor, as the management at the pond will not involve further neutralisation. The density and
viscosity of the thickened tailings (sometimes also called 'paste') is so high that the dewatering
is carried out preferably at the TMF unless the stack is located adjacent to the refinery. lf the
two sites are some distance from cach other, pumping is done at low density prior to dewatering
at the pond site, to produce the thick slurry right at the pond feed, in which case the surplus
water has to he pumped all the way back to the plant. Therefore, this teclinique involves an
additional investinent for a high pressure pumping station, such as inembrane punips, or
installation and operation of a deep thickener at the pond, Le. far froni the refínery.

The compaction of the decanted and aged shirry does not show any significant differences to
'matured' tailings. In both cases the figures are around 70 % solids.

4.5 Prevention of wasto-rock generation

The most efficient way of preventing the generation of waste-rock is to extract the ore using
underground mining instead of an open pit.

However, open pit mining may have economical advantages compared to underground mining
which completc1y changes tlic concept of what is ore and mineralisation. Consequentty, it ¡S
often possible to utilise a much larger part of the orebody 117 open pit mining is applied. In this
way it can be argued from a sustainability point of view that open pit minmig may be favourable.
This of course assumes that the waste-rock and tailings are adequately managed.

4.6 Mine sequencing

The mine sequcrícing is sonictimes affectcd by environmental planning, particularl-v if ¡t can be
shosvn to impact thc return on investment Le. closure and reclamation issues are an integral part
of the overall ]¡fe of mine economies. An example of this is the Ridgeway gold mine in South
Carolina, where non-reactive material mined carly in the mine life was stock-piled, and then
processed at the end of the mine life to provide part of the final cap on the tailingis
impoundment.
[121, Sawyer, 20021

4.7 Reduction of footprint

The use of thickened or dry tailings managemcnt can decrease foot ptint (see above), Otherwise
the most efficient way to reduce the footprint of tallings and waste-rock management facilifies is
to backfill all or part of these materials. However, ¡t should be noted that in many cases, even if
as much of the tailings and/or waste-rock are backfllled, surface management will be necessary
due to the increased volume of extracted material.
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4.7.1 BaMIIIing of tailinga

A hasic description of backfiiliilg lias already been given in Section 2.4.5

Possible reasons lo apply, bacUlling are:

for underground mining, to:
provide a working plafforni lo extract tlie ore ahove (Le. cut-and-fill nininig)
assure ground stability
reduce underground and surface subsidence
provide roof support so that further parts of the orebody can be extracted and to increase
safetY
provide an altemative to surface disposal.
to improve ventilation.

for open pit iiiining, for
a decoliiiiiissloiiiiigllaildscapiilg
a saféty reasolis
a lilinirnisation of foot print (e.g. as opposed lo building pojid or licap)
a risk nilininisatioli by backfilling pit instcad of building a ncw polid or licap

It is ~rtant to carefiffly analyse aU available options as backfilling may not aIways provide
the lowest iinpact solution.

The large stopes that are created m sublevel stoping makes this an ideal minmg method to be
combined with backfiUmg, hecause a is casy to dump solíd or slurned taílmgs iinto the large
openings. The usuálly much smafier remaining voids in longwall, room-and-pillar, and cut-and
fill-mining result in increased bacUílling costs. BacOlfing may still be applied in these cases if
the ore has a high value and bacíclififfig aflows a higher extraction rate, because safbty pillars
can be mined after the previous voids are baffifiled. If caving is applied, backtílling ¡S not
possible, because the voids are immediately filled with fallen material.

Anoffici- ficid of applicatloil is tlic bacUilling of ali-cady nillied out ncarby open pits or any otlier
vopcning^. The bacUlling of siurried tallings in pits still ni operation is usually not possible.

00 Froin an econotilics point of view hydraulic backfill is the most interesting option. Hov.-c-%-er jf
the iiiining method requires the back-fill lo stabilíse quick-er the need lo add cenient inay anse. In
niost cases tlio cost of addiiig cernent wil] niake backfilllng uneconoin leal. Therefore ni se\ era]
operations alteniative binders are used. Depending on the local situation these mateníals are
availabIc at lower or cven no cost. At one sitc the cost per tonne of Í`1y asti dcli-% cred lo tlic nulle
amounts lo EUR 17 - 18 (yr 2003).

Transferring tallings lo inincd out pits will usually oniv be econoinical lf tlic pits are -ivithin a
maximuril of a few kilonictres and tlic tallings can be transported by, pipcilile.

For Europeali base nictal underground opci-ations tallings (t 6 - 52 % of total tailings) are
conimonl.y baMílled. At PyhAsalmi 16 % of the taflings are used in the hacOlling of the mine,

00 the remaining 84 % (180000 t/yr) are deposited in a tailings pond. This relatively low backfiU
lo per=tage can he explamed by the fact that orily the coarse tailings are suitable for backfilling.

4.7.1.1 Backfiffing as part of the mining method

At Garpenberg and Garpenberg Norra the used mining method is cut-and-fill. The coarse
fraction of the taifings (sometimes referred to as hydraulic sandfifl) is backfílled and used as a
platfiorm whien miníng the ore above. Thc followmg figure ¡Hustrates how backOI is used in the
cut-and-flU method.
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-ir
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the ort.

193. \el;¡,, Copeo, 20021

Al¡ mining voids (or openings) created at Garpenberg are back-filled with waste-rock from w

devc1opment vvorks and tailings. The concentrates constitute about 10 % of the ore processed
which ineans that 90 % hecome tailings. 50 % of tlic tallings are used for backf illing. Men the
ore is blasted. crushed and ground the volume inci—cases by about 60 % which means that the
voluinc of tallings in Garpenberg is about 145 % of volume of mined ore. There are no
possibilities to backfíll more tailings underground for geometric reasons.

Al Zinkgru% an, die minirig inciliod used also requires backfíllíng.

4,71.2 Rackfílling in sniali-scale open pit rnining

In one smatl baryles pit in Spamí tlic fine tailings are dewatered mí a concrcte pool and the 'cak-e'
is then discarded by trucks in the open pit. This teánique is applicable in sinall scale operations
and under climatic conditions where: the tailings dcwater rapldl%' 1110, IGME, 20021,

4.7.1.3 Backfilling of filtered tailings

In a fluorspar opcration in the Southcrn Pvrcnccs, the tailings, containing 1 to 5 % CaF2. are
backfilled into the mine after dem-atering with filter-presses.

4.7.1.4 Partial backfilling in open pits

-�t a Ce0,par operallori iii Sc_gox la. 110000 C., r o¡ iiiiliiit�s are _vencrated Onjuik I)rodtjk:iii�ii
t y r) 1 hese consisi of a ,an(k fractiorí (80000 t r) aríd the taffings aficr llotatiorí TI),

,�,íild\ Fraction are coarse saiid,,' (hat do not liaxc a iliarki The-, are I)ackFillcd iii flic opcil pi
111;: llotation taffings are filtued The Filteicaki t i also hacUllud %%heveiv, th,

�ll)i!]] p,nj, TI, 1, !-w 1,
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b-, placing a drainage systeni to control and saniple the drainage Nvater prior to discharging to
t�c n. vcr.

4.7.1.5 BacUilling in a mined-out pit

The tallings pond of the Flandersbach limestone quarr) i instalied in a m"ncd-out quam,. Thes
arca today is 27 ha. The arca in the future will be about 60 ha. The total capacity is over 30
Mm'. The pond is located close to the mineral processing plant. The pipes for the process water
to the pond and for the clarificd water back to the mineral processing plant havc a length of
about 1 km. There is also groundwater inflow into the pond from dcwatering of the vvork-ing
quarry. Surplus water is led into a rícarby river.
j 107, EuLA, 20021

4.7.1.6 Backrfiling underground atopes

In potash mining backfill is applied in steeply dipping deposits where sublevel stoping (aiso
called 'flumel mining') is carried out. The mined-out stopes, 100 - 250 m in height, are
backfilled with salt tailings.

4.7.1.7 Backffiling in underground coa¡ mining

In underground coal mining backflfling is also an option. This can be done by transporfing the
tailings back into underground working arcas and fílling the previoas1y created cavities, called
the 'gob' or 'goaf . In coal mining backfílling is dependent on a series of geological and
tecímical condifions in order to be applied successfiffly in economical terms. Since clay content
in tailings from hard coal can cause blockages in pipelines when pumped with water, in the
Ruhr, Saar and lbbenbüren arcas pneumatic back0 methods have bcen favoured in the past

In the 1970s, backflll methods for flat dipping seams had been developed allowing integration
of backridl tecImique into extraction, convey:ing and face support Lecluíology. Limás of
application were identified for pneurnatic backfill operafions with low seam dips and seam
thickness of less than 1.9 m. Several approaches, aiming at applying backffil methods in smaller
coal seams have failed.

Investinent costs for an adequate back0 infrastructure m Ruhr, Saar and lbbenbürcn collieries
have bcen calculated at up to EUR 40 million. Aciditional invesfigations showed, that

*0 operational costs implied by back0 operations amount to EUR 20 per tonne of coal produced,
eW split equally to staff and material costs.
q0

The application of backflll tecImique resuits in a considerable burden in economic terms owingqw to the large investment and m=ased oporabonal costs leading to performance losses in
extraction operations. Backfifl operations, therefore, are consid=d for those cases, in which
they are economically tolerable and necessary for ecological reasons with regard to ground
surface situation. BackOffig is currendy not practised in the Ruhr, Saar and lbbenbüren area.

Some potential advantages of pneumafic bacIdilí teclutique, such as

a reduction in surface subsidence of approximately 50 % as compared to caving and therefore
reduction of intemal and externa¡ mining damages on the surface

a reduction of taflings volumes to be managed on surface
a extension of operational lifetime of existing or planned dump sites
a cost savings at surface management of tailingS
m better handling of rock strata pressure
a advantages for mine ventilation system, improving climatic conditions underground
a under certam circunistances reduction of underground water intake
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haye to be considered in the light of a series of disadvantages:

usually, subsidence movoments last longer as comparod to caving method (can causo delay
in surface rehabilitation works or repeated damages at already repaired objects)
idle times at coal production owing to disruptions in backfill operations (e. g. damages at
back-MI pipeline); this can cause unfavourable extraction dynamics, i. e. change of load
(delaylacceleration of the movement processes coyering rock strata and surface
bac0fil panels adjacent to caving panels create effects of a pfilar edge, equivalent to an
elongation peak on ground surface
increased rock burst danger as compared to caving method
installation of backfíll system. at an existing colliery is very difficult and expensive
(dimensions of underground roadways and entries)
need of a second conveyor system for tailings transport in opposite directing to coal
transport requires largo investment
exact synchronisation of taflings supply with coal production necessary
backflB method limits face operations m terms of advance speed and panel production
capacity, sometimes requiring alternativo panels
additional hazard potential ffimugh tailings in shaN with personnel transport
increase of production costs by at least EUR 20 por tonne of coal through backffil
operations.

179, DSI(, 20021
iiicrcascd safety bazards, cspecially, mhen bazardous wastc (c.g. fly- ash) is addcd to backfilj
duc to narrow situation in hautagc road and long-,vall.

4.7.1.8 Addition of binders

To overcome the lack- of true cohesion in hydraulic backfill, cement and/or other binders are
sonictimes addcd. Thcse binders can be fly ash or siags froni large combustion plants, waste
iticinerators or smelters. Tliey carí replace some or al] the cements. The sultability of alternative
binders dcpcnds en the calclui-n oxide content, vvhicli determines tlic final hardricss and tlic
reaction time. Ofíen a larger amount of tilese binders may be required to match the Final
hardness achievcd v,,hen using ccmcnt. Possible problems associated with using these matcrials
can be varying qualities, high pH and the presence of licavy metals or soluble elements.

4.7.1.9 Drainage of backfiiled stopes

Hvdraulic backfill in underground stopes has to be drained. The folloming figure shows an
examp1c of a drainagc system in an underground mine.
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1,91

Figure 4.2 1: U-ekfiil ti rairía—c

4.7.1.10 Paste fill

One specific sN ay oí' baci,filling is to titilise paste fíli (see Section 2-4-5). In this teclinique the

tu entire tallines (not onl-, the coarse fraction) are being inixcd ivith cenient to create a paste B\
donip 1 1 1 1 id's

qp
th s the dcnsity of tile mixturc increases and more taíl ngs can be stored ti the ;oí

undcrground 1119. Zinkgrus an. 20031 In this %ka,, it is anticipated that up to 65 lo of ilic tallings
qv Nvill be possible to backfíll as opposed to the about 50 %0 %shen using hydi-aulic backt-ffl, Sc;cral

nuncs are rnosing toisards paste backi-iii bccatise a los%cr cenient content (3 - 6'%) iís riccessan
to gani eqUI;alent strcn_gtlls to ;%ithstand roof pressure islien coniparcd to conscntional
11,%draulic backCill.
194. Mining Life. 2002]

Aclile�ed advantiges s%¡th this techrilque, in addltion lo the increased anlotint of baci,fiII, are.
for nunc .sater N%¡th loii pH: lilcrease ofpH in dic minc �%atcr duc to the use of cenicnt
less %%ater compared �%Itli traditional h,,draulic bacUÍ11
greater stabllity since ;o1ds are fifict:I N k lth notj ilings but also i% th cementjust tal 1 1

Disad; antages:
a cosi I'or buliding paste fili plant
a addaional cosi for cenicnt
118. Zini,grui an. 22003]

Paste fill Is an option in cases i%-Iicrc

a there js a need for a conipcient backilífi
a the tallings are sen Cine. so that litile material ;%ould be a%ailabic fior h,,dratilic backlill. In

flus case tile large amotint of 1-ines sent to the pond %% ouId dcNN atcí- ery SION% 1\
a ¡t is dcsirable to kccp Nsatcr out offlie nunc or islicrc ¡t is costi\ to punip the %%atcr draltillIL>

froín tlic taflines (Le o\cr a larue distaríce)
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Tailings used for backfill have to be dewatered in thickeners of filters. This is more cost1v and
energy consuming than for hydraulic backfill.

The delivered cost of cement to the mine site is typically USI) SOA (year 2002). A dcwatered
tailings product from a filter plant coxíld average around 15 - 20 % moisture, in this case 3 - 5 %
cenient affition by weight would be enough to combine with the ftee moisturc to produce a
falrlv stiff mixture which would be quite stabIc. This would therefore cost about USI) 2.40 to
4. 00 per tomic, of tailings placed (3/100* 80 = USI) 2.4/t)
[120, Sa-viTer, 20021

4.7.2 Backfiffing of waste-rock W

There are also several examplcs of sites where the wastc-rock is backfílled underground or in
open píts.

Most underground operations shift the usually small amounts of waste-rock to mined out parts,
thercby avoiding the necessity of hoisting worthless material and having to manage it on the
surface.

For open pit mining the backfilling of waste-rock is carried out under two conditions:

1 . one or more mined out open pits are nearby (this is sometimes referred to, as 'transfer
mining') or

2. the open pit operation is carried out in such a way that it is possible to backfíll the waste-
rock Without inhibiting the mining oporation.

It is usually not viable to first store the, waste-rock of an open pit on the surface and then
back-fill it once mining has ceased.

4.7.2.1 BacUffing of waste-rock upon cessation of the extraction

Waste-rock arising from, UK open pit coal mines is managed in temporary heaps duníng
operation. After removal of coal deposits, the waste-rock is then retumed to the void and
restored.

4.7.3 Other uses of taffings and waste-rock

In some coal opcrations, fine tailings <0.5 mm, froin flotation are first1y thick-ened to 40 - 51 %
solids. In order to make them suitable for deposition on heaps with the coarse tallings, further
dcwatering is carried out in plate-and-frame filter presses (sce Section 2.3. 1.11) with more than
1000 in' of filter arca or centrifuges. The water content of the finest tailíngs drained centrifuges
is approximately twice as that arising from plate-and-frame filter presses.
[79, DSK, 200í].

Coal tallings (coarse and fíne tailings) are also often used as aggregates or for other extenial
purposes [79, DSK, 20021, [94, IGME, 20021. The coarse tallings from the Swedish ¡ron ore
mines are also suitable for extemal use.

In lirnestone operations the use of tailings as filter sand has been tested and shows that the
results for very fine material are good. The limestone tailings remove the fine, material of other
waste water flows [ 13 1, IMA, 2003 1.
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*o 4.8 Mitigation of accidents

4.8.1 Evaluation and follow-up of Incidenta

To learn something from incídents that have already oceurred ft is important that there is a
to system for documenting and follow-up. When an incident occurs it is reported and documented,

what happened and why it happened. At the same time suggestions on how to prevent the same
thing from, happcning again are developed together with the names of the persons responsible
for performing the suggested action and a deadline for ivhen it should be done.

Advantages:
a minor as well as major incidents are reported and documented
a if the systein is computerised, it is casy to kccp track- on measures that v.,ere/are performed

to prevent a recurrence of an incident
a it is casy to see if one typc of incident is over represented and repeated1v occuníng.

Disadvantages:
a it tak-es a lot of work to fully develop and put in place a work-ing Systein
[118, Zink-gruvan, 20031

4.9 Environmental management tools

Description

The best environniental performance is usually, achieved by the installation of the best
technology and its operation in the most effective and efficient manner. This is recognised by
the IPPC Directive defmítion of 'technlques' as "both the technology used and the m,a-v in which

*o the installation is designed, buill, maintained, operated and decommissioned
tp

For IPPC installations an Environmental Management System (EMS) is a tool that operators can
use to address these design, construction, maintenance,_ operation and decommissioning issues
in a systematic, demonstrable way. An EMS includes the organisational structure,
responsibilities, practices, procedures, processes and resources for developing, implementmig,
maintaining, reviewing and monitoring the environmental policy. Environmental Management
Systems are most effective and efficient where they fórni an inherent part of the overall
management and operation of an installafion.

Within the European Union, many organisations have decided on a voluntary basis to
implenlent environmental management systems based on EN ISO 14001:1996 or the EU Eco-
management and audit scheme EMAS. EMAS includes the management system requirements of
EN ISO 14001, but places additional empliasis on legal compliance, environmental performance
and employec mívolvement; it also requires extemal verification of the management system and
validation of a public environmental statement (in EN ISO 14001 self-declaration is an
altemative to external verification). There are also many organisations that have decided to put
in place non-standardísed EMSs.

While both standardised systems (EN ISO 14001:1996 and EMAS) and non-standardised
('customised') systems in pninciple tak-e the organisation as the entity, this document takes a
more narrow approach, not including all activities of the organisation e.g. with regard to their
products and services, due to the fact that the regulated entity under the IPPC Directive is the
installation (as defined in Article 2).
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An enviromnental management system (EMS) for an IPPC installation can contain the
fóllowing components:

(a) definition of an environmental policy
(b) planmíng and establishing objectives and targets
(c) implementation and operation of procedures
(d) checking and corrective action
(e) management review
(f) preparation of a regular environmental statement
(g) validation by certification body or external EMS venífier
(h) design considerations for end-of-life plalit deconunissioning
(i) development of clcaner technologies
G) benchmarking.
These features are explamed in soniewllat greater detall below. For detailed information on
components (a) to (g), mhich are all included in EMAS, the reader is referred to the reference
literature indicated below.

(a) Definifion of an environinental policy q*
q#

Top nianagement are responsible for defining an environmental policy for an installation q#
and ensuring that it: lo

- is app,ropriate to the nature, seale and environmental impacts of the, activities
- includes a conimítment to pollution prevention and control
- includes a cominitment to, comply with all relevant applicable environmental legislation

and regulations, and with other requirements to which the organisation subscribes
- provides the framework- for setting and rcviewing cnvironmental ob ecti s and targetsj ive
- is documented and communicated to all cinployecs
- is available to the public and all interested parties.

(b) Planning, ¡.e.:

- procedures to ídentify the environmental aspects of the installation, in order to,
determine those activitíes which have or can have significant impacts on tlic
environincilt, and to keep this information up-to-date

- procedures to identify and have acccss to legal and other rcquirements to which the
organisation subscribes and that are applicable to the environmental aspects of its
activities

- establishing xid reviewing docuinented environmental objectives and targets, takm'g
into consideration the legal and other requirements and the views of interested parties

- establishing and regularly updating an environmental management progranime,
including designation of responsibility for achieving objectives and targets at cach
relevant function alid leve] as well as the means and tinieframe by which they are to, be
achieved.

(e) Implementation and operation of procedures

lt is inlportant to havc systems in place to ensure that proccdures are known, understood and
complied with, therefore effective environmental management Mícludes:

(i) Structure and rcsponsibilil:y
- defining, documenting and coniniunicating rolcs, respolisibilities and. autliorities,

which includes appointing one specific management representative
- providing resources essential to the implementation and control of the environmental

managemcnt systein, including human resources and specialised skills, technology
and financial rcsources.
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*V (ii) Training, awareness and competence

identifying, training necds to ensure that all personnel whosc work- maly significantl-y
affect the environmental impacts of the activity have received appropriate training.

(111) Communication
- establishing and maintaining procedures for interna] cominunication between the

vabous levels and functions of the installation, as weIl as procedures that foster a
dialogue with external interested parties and procedures for receiving, documenting
and, where reasonable, responding to relevant communication from external
interested parties.

#w (lv) Employec involvement
- involving employees in the process almed at achieving a high level of environniental

performance by applynig appropriate fórnis of parficipation such as the suggestion-
book system or project-based group works or environmental cominittees.

(v) Documentation
- establishing and maintaining up-to-date infonnation, m paper or electronic form, to

describe the core elements of tlic management systeni and their interaction and to
provide direction to related documentafion.

(vi) Efficient process control
- adequate control of processes under all modes of operation, 1.e. preparafion, start-up,

routme operation, shutdown and abnormal conditions
- identifying the key performance indicators and methods for measuring alid

controlling these parameters (e.g. flow, pressure, temperature, composition and
quantity)

- documenfing and analysing abnormal operating conditions to identif�� the root causes
and then addressing these to ensure that events do not recur (this can be facilitated
by a 'no-blamc' culture where the identification of causes is more important than
apportioning blame to individuals).

(vi¡) Maintenance progamine
- establishing a structured programme for maintenance based on teclinical descriíptions

of the equipment, nornis ete. as well as any equipment failures and consequences
- supporting the maintenance programme by appropniate record keeping systems and

diagnostic testing
- clearly allocating responsibility for the planning and execution of maintenance.

(viii) Emergeney preparedness and response
- establishíng and maintaining procedures to identily the potential for and response to

accidents and emergency situations, and for preventing and mitigating the
environmental impacts that may be associated Vaith them.

Checking and corrective action, i.e.:

(i) Monitoring and measurement
establishing and mamítaining documented procedures to monitor and measure, on a
regular basis, the key charactenístics of operations and actiVities that can have a
significant impact on the environment, mícluding the recording of informafion for
tracking perfórinance, relevalit operational controls and conforinance with the
installation's environmental objectives and targets (vee also the Reference documení

kv on Monitoring ofEmissions)

OW establishing and maintaining a documented procedure for periodically C',"aluating

wV
compliance with relevant environniental legislation and regulations.

MY
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(ii) Corrective and preventíve action
- establishm'g and maintaining procedures for defining responsibilitv and authority for

handling and investigating non-confonuance with permit conditiolis, other legal
requirements as weil as objectives and targets, taking action to mitigatc any impaets
caused and for initiating and completing corrective and preventive action that are

1appropríate to the magnitude of the problem and commensurate with the
environmental impact encountered.

(iii) Records
- establishing and maintaíning procedures for the identification, maintenance and

dispositíon of legible, identifiable and traceable environmental records, including
training records and the results of audits and reviews.

(lv) Audit
- establishing and maintaming (a) programine(s) and procedures for peníodic

environmental maliagement system audits that include discussions with personnel,
inspection of operating conditions and equipment and reviewing of records and
documentation and that results in a witten report, to be carried out impartially and
objectively by employees (Internal audits) or external parfies (externa] audits),
covering the audit scope, frequency- and methodologies, as weIl as the
responsibílities and requirements for conducting audits and reporting results, in order
to detenume whether or not the environmental management system. conforms to
planned arraligements alid has bcen properly iniplemented and maintained

- completing the audit or audit eycle, as appropriate, at int«vals of no longer than
tliree years, depending on the nature, scale and complexity of the activities, the
significance of associated enviromuental impacts, the importance and urgency of the
problems detected by previous audits and the history of enviromnental problems -
more complex activities with a more significant environmental impact are audited
more frequently

- having appropri*ate mechanisnis in place to ensure that the audit results are followed
UP.

(v) Periodic evaluation of legal compliance
- reviewing complíance with the applicable environmental legislation and the

conditions of the enyrironmental permit(s) held by the installation

-

documentation of the evaluation.

Management revíew, i.c.:

- reviewing, by top management, at intervaís that it determines, the environmental
managernent system, to ensure its continuing suitability, adequacy and effectiveness

- ensuring that the necessary information is collected to allow management to carry out this
evaluation

- documentation of the review. q0

Preparation of a regular environmental statement:

- preparing an environmental statement that pays particular attention to the results
achieved by the installation against its environmental objectives and targets. lt is
regularly produced - froni once a year to less frequently depending on the significance
of emissions, waste generation etc. lt considers the infórmation needs of relevant
interested parties and it is publicly available (e.g. in electronic publications, libraries
etc.).

When producing a statement, the operator may use relevant existing environniental
performance indicators, niaking sure that the indicators chosen:

i. give an accurate appraisal of the installations performance
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fi. are understandable and unanibiguous
iii allow for year on year companíson lo assess the de,,�,elopiiicnt of the

envirolimental perfonilance of the installation
iv. allow for comparison with sector, national or regional bencliniark-s as

appropriate:
NI. allow for companíson with regulatory requirenients as appropriate.

Validation by certification body or extenial EMS verifier:

having the management system, audit procedure and enVironmental statement examined
and validated by an accredited cci-tification body or an externa] EMS verifier can, if
carried out properly, enhance the credibility of the system.

(d) Design considerations for end-of-life t)lant..dcco-mmissioning

- giving consideration lo thc environmental impact from the eventual decominissiomíng of
*0 the unit at the stage of designing a new plant, as forethought mak-es decommissioning

casier, cleaner and cheaper
- dccommissioning poses environmental risks for the contamination of land (and

groundwater) and generales large quantities of solid waste. Preventive tecliniques are
process-specific but general considerations may include:
i. avoiding underground structures
fi. incorporating features that facilitate dismantling
111

.
choosing surface finishes that are easily decontaininated

qW iv� using an equipment configuration that minimises trapped chemicals and
facilitates drain-down or washing

V. designing flexible, self-contalned units that enable pliased ciosure
vi. using biodegradable and recyclable materials where possible.

(e) Development of cleaner technologics:

- envíronmental protection should be an inherent feature of any process design
activities carried out by the operator, since tecliniques incorporated at the earliest
possible design stage are both more effective and cheaper. Gving consideration
lo the development of cleaner technologies can for instance occur througb R&-D
activifies or studies. As an altemative to interna] activities, arrangements can be
made lo keep abreast Ma*th - and where appropriate - commission work by other
operators or research insfitutes active in the relevant field.

(f) Benchmarking, i.c.:

carrying out systematic and regular companísons with sector, national or regional
benchmarks, including for energy efficiency and energy conservation activities, choice
of input materials, emissions lo air and dischargos lo water (using for example the
European Pollutant Emission Register, EPER), consumption of water and generation of
waste.

Standardised and non-standardised EMSs

Ali EMS can take the fomi of a standardised or non-standardised ('customised-) system-
Implementation and adherence lo an intemationally accepted standardised system such as
EN ISO 14001:1996 can give higher credibility lo the EMS, especially when subject lo a
properly performed extemal verification. EMAS provides additional credibility due lo the
interaction with the public through the environniental statement and the mechanisni lo ensure
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complíance váth the applicable environmental legislation. However, non-standardised systems
can in principle be equally effectíve provided that they are properly designed and implemented.

Achieved environmental benefits

Implementation of and adherence to an EMS focuses the attention of the operator on the
environmental performance of the installation. In particular, the inamíteníance of and compliance
with clear operating procedures for both normal and abnornial situations and (he associated Im'es q0
of responsibility should ensure that the installatíoli's permit conditions and other environmental
targets and objectives are met at all times.

Enviromnental maliagement systems typically ensure the continuotís improvement of the
environmental performance of the installation. The poorer the starting point is, the more
significant short-term improvements can be expected. lf the installation already has a good
overall environmental performance, the systein helps the operator to maintamí the high
performance level.

Cross-media effects

Environmental managenient tecliniques are designed to address the overall environmental
impact, which is consistent with the intcgrated approach of the IPPC Directive. 00

Operafional data

No specific information reported.

Applicabílity

The components described above can typically be applicd to all IPPC installations. The scope
(e.g. level of detail) and nature of the EMS (c.g. standardísed or non-standardised) will
generally be rclated to the nature, scalc and complexity of the installation, and the range of
environmental impacts ¡t may have.

Economics

lt is difficult to accurately determine the costs and economic benefits of introducing and
maintaining a good EMS. A number of studies are presented below. However, these are just
examples and their results are not entircly cohercnt. They might not be representative for all
sectors across the EU and should thus be treated with caution.

A Swedish study carried out in 1999 surveyed all 360 ISO-certified and EMAS-registered
companies in Sweden. With a response rate of 50%, it concluded among other things that:

- the expenses fórmítroducing and operating EMS are high but not unreasonablv so, save In
the case of very smail companles. Expenses are expected to decrease in the future

- a higher degree of co-ordination and integration of EMS with oflier management systems is
secn as a possible way to decrcase costs

- half of all the environmental objectíves and targets give payback within one year througb
cost savings and/or increased revenue q0

- the largest cost savings were made through decreased expenditure on energy. waste
treatment and raw materials

- most of the companies think that tlicir posifion on the mark-ct has bcen strcngthened through
q0the EMS. One-third of the companles report increasing revenue due to EMS.

In some Member States reduced supervision lees are charged if the installation has a
certification.
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A number of studies' show tliat there Is an míverse relationship bet-,veen company sizc and the
cost of implementing an EMS. A similar inverse relationship exists for the payback period of
invested capital. Both elements iniply a less favourable cost-benefit relationship for
implementing an EMS in SMEs compared to larger companies.

Accordm'g to a Swiss study, the average cost for building and operating ISO 14001 can vary:

- for a company with between 1 and 49 employees: CHF 64000 (EUR 44000) for building the
EMS and CHF 16000 (ELIR 11000 ) per year for operating it

- for an industrial site with more than 250 employecs: CHF 367000 (EUR 252000) for
bu¡ Iding the EMS and CHF 15 5 000 (EUR 106000) per yIcar for operating ¡t.

These average figures do not necessarily represent the actual cost for a given industrial síte
because this cost is also higlily dependent on the number of significant items (pollutants, energy
consumption,...) and on the complexity of tlie problems to be studied.

A recent Cíerman study (Schaltegger, Stefan and Wagner, Marcus, Umwelttnanagement in
deutschen Unternehmen ~ der ak-tuelle Stand der Praxis, February 2002. p. 106) shows the
fóllowing costs for EMAS for different branches. lt can be noted that these figures are much
lower than those of the Swiss study quoted above. This is a confirmation of the difficulty to
determine the costs of an EMS.

Costs for building (EUR):
minimum - 18750
maximum - 75000
average -50000

Costs for validation (EUR):
minimum - 5000
maximum - 12500
average -6000

A study by the Gerinan Institute of Entreprencurs (Unternelimerinstitut Arbeitsgemeinschaft
Selbstándiger Untemeluner UNFASU, 1997, Umu,eltmaAlagementbefragling - óko-Audit in der
mitteIstándischen Praxis - Evaluierung und Ansátze fúr eine Effi.-ienzsteigeriing von
tfmwelttnanagement,�vstemen in der Praxis, Borm.) gives information about the average savings
achieved for EMAS per year and the average payback time. For example, for implementation
costs of EUR 80000 they found average savings of EUR 50000 per vear, corresponding to a
payback- time of about one and a half years.

External costs relating to verification of the system can be estimated froni guidance issued by
the International Accreditation Forum (hgp://www.iaf.nu).

Driíving fórces forninplementation

Enviromnental management systems can provide a number of advantages, for example:

o improved insight into the environmental aspects of the company
0 improved basis for decision-making
9 improved motivation of personnel
9 additional opportunities for operational cost reduction and product qualib� improvement
0 improved environmental performance

ES. DyUick and Hmn%chm¡dt (2000, 73) quoted in KImisch R and R. Holgcc� Umwelbnanagementsysteme in kleimn und
muderen Untemehown - Befim& biáberiger Umswu?W, k" Pq~ 01 102, Jwueuy 2002, p 15; Cimaen J., M. Kcü and NL
Jun~ The State ofEh£4S in the EU.Eco-M~emnt as a Tbolfor SustainabL- Dewlopment - Liter~ Sh&* Instibúc
for Eoologiod Eºonomy Rcse~h 03celin) wd Eoologio Insfi~ for Intmmtional ~d Euro~ Eny~Cntal POROY
(B«Ul 2002, p 15.
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• improved company iniage N*
• reduced liabilitV, insurance and non-compliance costs
• íncrcased attractivcncss for employecs, customers and investors
• increased trust of regulators, whích could lead to reduced regulator), oversight lo• improved relationship with enviromnental grotips.

Example plants

The features described under (a) to (e) above are elenicnts of EN ISO 14001:1996 and the
European Cominunity Eco-Managernent and Audit Scheme (EMAS), whereas the features (f)
and (g) are specific to EMAS. Thesc two standardised systeins are applied in a number of IPPC
installations. As an example, 357 organisations withMí the EU chemical and chemical products
industry (NACE code 24) were EMAS registered in July 2002, most of which operate IPPC
installations.

In the UK, the Environnient Agency of England wid Wales carried out a survey among IPC (the %o
precursor to IPPC) regulated installations in 2001. lt showed that 32% of respondents wcre q*
certified to ISO 14001 (corresponding to 21% of all IPC installations) and 7% were EMAS q#
registered. All cement works in the UK (around 20) are certified to ISO 14001 and the inajority
are EMAS registered. In Ireland, where the establishment of an EMS (not necessan'ly of a
standardised nature) is required in IPC licenses, an estimated 100 out of approximately 500
licensed installations have establislicd an EMS according to ISO 14001, with the other 400
installations having opted for a non-standardised EMS.

Reference literature

(Regulation (EC) No 761/2001 of the European parliamcnt and of the council allowing
voluntary participation by organisations in a Conimunity eco-management and audit scheine,
(EMAS), OJ L 114, 24/4/2001. htip:Heuropa.cu.int/comm/environment/emas/index en.litm)

(EN ISO 14001:1996, http://www.iso.ch/iso/en/iso9000-l4OOO/l�sol4OOO/�*sol4OOOindex. html,
hltp://www.tc207.org)
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5 BEST AVAILABLE TECHNIQUES FOR THE MANAGEMENT
OF TAILINGS AND WASTE-ROCK IN MINING ACTIVITIES

5.1 Introduction

In understanding this chapter and its contents, the attention of the reader is drawn back to the
preface of this document and in particular the fifth section of the preface: "How to understand
and use this docurnenC. The tecliniques and associated emission and/or consumption levels, or
ranges of levels., presented in this chapter have been assessed through an iterative process
involvm«g the following steps:

a identification of the key environmental and risk/safélty issues for the sector
a examination of the tepliniques most relevant to address those key issues
a identification of the best environmental performance levels, on the basis of the avallable

data in the European Union and worldwide
a examination of the conditions under which these performance levels were achieved, such as

costs, cross-media effects, main dn'ving fórces involved in implementation of this
techníques
6. selection of the best available tecliniques (BAT) and the associated emission and/or

consumption levc1s for this sector in a general sense

Expert judgement by the European IPPC Burcau and the relevant Technical Work-ing Group
(TWG) has played a key role in each of these steps and in the way in which the infonnation ¡S
presented here.

On the basis of this assessment, tecliniques, and as far as possible emission and consumption
levels associated with the use of BAT, are presented in this chapter that are considered to be
appropriate to the sector as a whole and in many cases reflect current performance of sorne sites
within the sector. Where emission or consumption levels —associated with best available
techinques', are presented, this is to be understood as meaning that those levels represent: the
environinental perforniance that coxild be aliticipated as a result of the application, n'i this sector,
of the tecliffiques describcd, bearing in mind the balance of costs and advantages inherent within
the definition of BAT. However, they are neither emission nor consumption limit values and
should not be understood as such. In some cases ¡t may be teclinically possible to achieve better
emission or consumption levels but due to the costs involved or cross-medía considerations,
they are not considered to be appropriate as BAT for the sector as a whole. However, such
levels may be considered to be justified in more specific cases where there are special driving
fórces.

The ernission and consumption leveis associated with the use of BAT have to be seen togcther
with any specified reference conditions (e.g. averaging periods).

The concept of Ievels associated with BAT' described above is to he distinguished from the
term "achievable level" used elsewliere in this document. Where a level is described as
"achievable" using a particular techilique or combination of tecliniques, this should be
understood to mean that the level may be expected to be achieved over a substantial period of
time in a wcll maintained and operated site or process using those tecliniques.

Where available, data concerning costs have been given together 1.Vith the description of the
tecliniques presented in the previous chapter. These give a rough indication about the magnitude
of costs involved. However, the actual cost of applying a tecluilque will depend strongly on the
specific situation regarding, for example, taxes, fíces, and the teclinical characteristics o� the site
concemed. lt is not possible to evaluate such site-specific factors fully ni this document. In the
absence of data conceming costs, conclusions on economic viability of tecliniques are dramn
froin observations on existing sites.
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lt is intended that the general BAT in this chapter are a reference point against which to judge %o
the current performance of an existing installation or to judge a proposal for a new installation.
In this way they will assist in the dctermination of appropniate "BAT-bascd" condítions for dic
installation or in the establishment of general binding rules. It is foresecn that new installations
can be des* ned to perfórni at or even better than the general BAT levels presented here. lt ¡S19
also considered that cxIsting installations could move towards tlic general BAT Icvels or do
better, subject to the tecImical and economic applicability of the techniques in each case.

Whíle this document does not set legally binding standards, it is meant to give information for
the guidance of industry, Member States and the public on achievable performance, emission
and consumption levels when using specified tecImiques.

For tailings and waste-rock management BAT decision are based on
• enviromnental performance
• risk
• viability.

Especially the consideration of nisk is a very site-specific factor.

5.2 Generic

BAT ís to:
• apply the general principles set out in Section 4.1
• apply the life cycle management descnibed in Section 4,2.

Life cycle management covers all phases of a site's life, mícludíng:

thc design phase (Section 4.2. 1):
• environmental baseline (Section 4.2. 1. 1)
• characterisation of tailings and waste-rock (Scction 4.2.1.2 in combination with

Annex 4)
• TMF studies and plans (Section 4.2.1.3), which cover the followm'g aspects:

• site selection documentation
• environmental impact assessment
• risk assessment
• emergeney preparedness plan
• deposition plan
• water balancc and management plan and *0• decommissioning and closure plan

TMF and associated structures design (Section 4.2.1.4)
control and monitoring (Section 4.2.1.5)

the construction phase (Section 4.2.2)
the operational phase (Section 4,23), with the elements:

OSM manuals (Section 4.2.3. 1)
auditing (Section 4.2.3.2)

the closure and after-care phase (Section 4.2,4), with the eletnents:
long-term closure objectives (Section 4.2.4. 1)
specific closure issues (Section 4.2.4.2) for

• heaps
• ponds, including

water covered ponds
dewatered ponds

water management facilities
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Furtherniore, BAT is to:
a reduce reagent consumption (Section 4.3.2)
a prevent water erosion (Section 4.3.3)
a prevent dusting (Section 4.3.4)
o carry out a water balance (Section 4.3.5) and to use the results to develop a water

management plan (Section 4.2.1.3)
a apply free water management (Section 4.3.7)
a monitor groundwater around all tailings and waste rock areas (Section 4.3.14).

ARD management
The characten'sation of tailm'gs and waste-rock (Section 4.2.1.2 in combination with Annex 4)

W includes the determinatíon of the acid-forming potential of tailings and/or waste-rock. ff an
or acid-fonning potential exists it is BAT to firstly prevent the generation of ARD (Section

00
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 prcvention, control and treatment options can be applied to existing and. new místallations.
However, the best closure results will be obtaffied when plans are developed for the site closure
right at the outset (design stage) of the operation (cradle-to-grave philosophy).

The applicability of the options depends inam1y on the conditions present at the site. Factors
such as
a water balance
a avallability of possible cover material
a 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.

Seeí)ap-e manaceínent (Section 4.3.8)
Preferably the location of a tailm'gs or waste-rock managenicnt facility will be chosen in a was,
that a liner is not necessary. However, if this is not possible and the seepage quality, ¡S
detrimental and/or the seepage flow rate is higli, then seepage necds to be prevented., reduced
(Section 4.3.8.1) or controlled (Section 4.3.8.2) (listed in order of preference). Often a
combination of these measures is applied.

Effluent treatment (Section 4.3.10)
BAT is to:
a remove suspended solids and dissolved metals prior to discharge of the effluent to recipient

water courses, if these fraction wotild othenvise have a negative ímpact (Section 4.3. 10. 1)
a neutralise alkaline effluents with sulphuric acid or carbon dioxide (Section 4.3.10.3)
a exclude tailíngs effluents containing xanthates froin waterways through their retention in

tailíngs danis, until any xanthates that they may contain, decompose (Section 4.3.10.5)
a remove arsenic from mining effluents by the addition of ferric salts (Section 4.3.10.6).

*V The following tecliniques are BAT for treating acid effluents (Section 4.3.10.2):
active treatments:

a addiúon of limostone (calclum carbonate)
a addition of caustic soda for ARD with a high manganese content

passive treatment-
a constructed wetlands
. open limestone channels/anoxic liniestone, drailis
a diversion wells

Passive treatinent systems are merely a long-term solution after the decommissioning of a site,
when used as a polishing step combined with other (preventive) measures.
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Noise emissions (Section 4.3.12)
BAT is to:
• use continuous work-íng systenis (e.g. conveyor belts)
• encapsulate belt drives
• fírst created the outer slope of a heap and transfer railips and working benches into file

heap's ffinci- arca as far as possible.

Emissions to water
BAT is to:
• re-use process water
• mix process water wíth other effluents containing dissolved metals
• install sedimentation ponds to capture eroded fines

Dam desien
In addition to the measures mí Section 4.1 arid Section 4.2, during the design pliase (Section
4.2. 1) of a taffings dam, BAT is to:
• use the once in a 100-year flood as the design flood for the sizing of the emergenc-v

discharge capacity, of a low hazard dam
• use the once in a 5000 - 1 0000-year flood as the design flood for the siníng of the

emergency discharge capacity of a high hazard dam. q#

Dam construction
In addition to the measures m' Section 4.1 and Section 4.2, during the constructional pliase
(Sectíon 4.2.2) of a taflings dam, BAT is to:
• strip the natural grourid below the retaining dain of all vegetation and huminous solls

(Section 4.4.2.2)
• choose dam construction material that is conipetent and does not weak-en under operational

or climatic conditions (Section 4.4.2.3).

Raisine dams
In addition to the measures m" Section 4.1 and Section 4.2, duníng the, constructional and
operational pliases (Sections 4.2.2 and 4,23) of a taffings dmn, BAT is (o:
• use conventional typc dains (Section 4.4.2.5. l), under the following conditions, whcn:

the taílings are not suitable for dam construction
the impoundinent 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 impoundmcnt is large or subject to higli, vaníations and
water storage is needed for its control.

• use the upstream mcthod of construction (Section 4.4.2.5.2), under the fóllo-Mng conditions,
when:

tliere is no seismic, risk
tailings are used for the, construction of the dam: at least 40 - 60 % material with a
parfical sl,-e between 0,075 and 4 nim in whole tailings (does not apply for
thickcned tailings)
the dani is raised less than 5 m/yr
the dam is not used to store water

• use the downstream, method of construction (Section 4.4.2.5.3), under the fóllowing
conditions, when:

suffient amounts of dam construction material are avallable (e.g. tailings or waste-
rock)

• use the centreline method of construction (Section 4.4.2.5.4), under the following
conditions, when:

the pond will not be used for perinalient storage
the seismic n'sk is low.
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00 Chapter 5
00 Dam operation
0» In additlon to the measures in Section 4.1 and Section 4.2, duríng the operational phase
q0 (Section 4.2.3) of a taflings pond, BAT is to:

monitor stability as further specified below
fóresce provisions for diverting any dischargc into die pond awqy from the pond in the
event of difficulties
províde altemative discharge, possibly into anotlier impoundinent
provide second dccant facilities (e.g. eniergency overflow, Section 4.4.5) and/or standb-,,
pump barges for emergencies, if the level of the free water in the pond reaches the pre-
determined minimum freeboard (Section 4.4.4)
measure ground movements with deep inclometers and have a knowledge of pore pressure
conditions
provide adequate drainage (Section 4.4.6)
maintain records of design and construction and updates/changes in design/construction
maintain a dam. safety manual as descriíbed. in Section 4.2.3.1 in combination with
independent audits as mentioned in Section 4.2.3.2
educate and and provide adequat training for staff.

Removal of free water from, the pond (Section 4.4.3. 1)
BAT is to:

íllmay in natural ground for valley site and off valley si e pondsa use a spi it
a use a decant tower

a in cold climates with a positíve water balance
a for paddock-style ponds

a use a decant well
a in warm climates with a negative water balance
o for paddock-style ponds
a if a high operating freeboard is maintained.

Dewatering of tailig£s (Section 4.4.13)
The choice of metbod (slum'ed, thickened or dry tailings) depends malnlv on an evaluation of
tlirce factors, namely:

00 a cost

tp
a environmental performance
a risk.

BAT is to manage tailings as slumies in ponds/danis without additional dcwatering (Section
4.4.13) under the following conditions:
a if there are less than 15 % <20 pni (dry basis) in the tallings or
a if the, tailings have an acid-forming potential.

If these conditions do not apply, it is BAT to use the thick-ened tailmígs tecluilque (Section
4.4.13.2), unless the cost for pumping and dust prevention are too higli- This tecluilque may, be
t0o cost1y in low risk areas.

Taffino and waste-rock manacement facifity operation
In addition to the measures in Section 4.1 and Section 4.2, during the operational phase
(Section 4.2.3) of any taifings and waste-rock management facility, BAT is to:
o divert natural run-off (Section 4.4. 1)
a manage tailings or waste-rock in pits (Section 4.4.2. 1 ), In this case heap/dain siopc stabilitN,

is not an issue
. apply a safety factor of at least 1.5 to all heaps and danis (Section 4.4.9. l), As mentioned 111

Section 4.2.4 a saféty factor of 1.5 is usually considered sufficient for long-terin stable
danis.
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Monitoríng stabilitY
BAT is to:
• rnonitor in a tailings pond, (Section 4.4.1 0. 1)
• the water level
• the quality and quantitY of seepage flow tlirough the dam (Section 4.4.7)
• position of pfireatic su�face

pore pressure
movement of dam erest and tailings
seismicity, to ensure stability of the dam and the supporting strata (Section 4.4.10.3)
dynamic pore pressure and liquefaction
soil mechanles
tailings placement procedures
carry out:
dally inspections (Section 4.4.10.2)
annual monitoring (Section 4.430.2)
audits bi-annually (Sectíon 4.2.3.2)

Reduction of footWn�nt
BAT is to reduce the footprint of an operation by either backfillig as much of the tailings
and/or waste-rock as possible or to, find other uses for these rnaterials (as described in Section
4.7).

BAT is te:
• backfill tallings (Section 4.7. l), under the following condítions, when:•

backifill is required as part of the mining method (Section 4.7. 1 � 1
• the additional cost for back-filling is at least compensated for by the, higher

ore recovery
• in open pit mining, if the tailmígs easl1y dewater (1.e. evaporation and

draffliage, filtration) and thereby a TMF can be avoided. or reduced in size
(Sections 4.7.1.2, 4.7.1.3, 4.7.1.4, 4.4.2. 1)

• nearby inmied out open pits are available for back-filling (Section 4.7.1.5)
• backfilling of large stopes in underground mines (Section 4.7.1.6). Stopes

backfilled with slurried tallings will require drainage (Section 4.7.1.9).
Binders may also nced to be addcd to increase the stability (Section 4.7.1.8)

• backfill tailings in the form of paste fill (Section 4.7, 1. 10), if the conditions to apply back-fill
are met and if-.

• there is a need for a competent backfill
• the tallings are very finc, so that litt1c material woxild be available for

hydraulic backfill. In this case the large arnount of fines sent to, the Pond
would dewater very slow1y

• it is desirable to kccp water out of the mine or where it is cost1y to pump the
water draining from the tallings (I.c. over a large distance).

• backfill waste-rock, under the following conditions (Section 4.7.2), when:
• ¡t can be backfilled within an underground mine
• one or more mined out opcil pits are nearby (this is someti1nes referred to as

'transfer minm'g')
the open pit operation is carried out in such a way that ¡t is possible to
backfill the waste-rock without inhibiting tlic, minig operation

Ciosure and after-care
In addition to flie, measures 111 Section 4.1 and Section 4.2, during the elosure and after-care
phase (Section 4.2.4) of any taffings and waste-rock management facility it is BAT to:

The requirements for rchabilitation develop througbout the lifetime of an operation and can first
be considered in precise detail in the closure phase of a TMF. However, BAT is to develop
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Chapter 5

these plans during the planning pliase of an operation, including cost estimates, alid then lo
update tliem ovcr time (Section 4.2.4).

For the closure and after-care pliase of tailings ponds BAT is lo construct the danis so that thev
*o stay stable in the long-term stabIc (Section 4.2.4.2).

5.3 Gold leaching using cyanide

In addtion lo the genenic measurcs in Section 5.1 for all sites applying gold leaching using
cvanide, BAT is lo do the fóllowíng:

o reduce the use of CN by applymg:
operational strategies lo minimise cyanide addition 4.3.2.2
automatic cyanide control 4.3.2.2.1
if applicable, peroxide pretreatment 4.3.2.2.2

a destroy the remaining CN prior lo discharge in the pond by using the SO,/air process
(Section 4.3.1 1)

a apply the following safety measures (Section 4.4.12):
sizc the cyanide destructíon circuit with a capacilN, twice the actual requirement
install a back-up systcm for lime addition
separate the storage tank for hvdrochlon'c acid from the cyanide storage and*o
preparation units
deliver in liquid fórin
place the sulphur dioxide tank weIl awz�y from tlic leach plant
place a berm bebveen the sulpluir dioxide and the LPG tankis, lo avoid mixing
of the two gases in the event of simultancous leaks mí both tanks
construct the leach circult on top of a collection basin with a volume exceeding
the containing capacity of one leach tank. In cold climates flie, floor of the basin
is heated to avold build up of snow and ice during winter.
connect indoor equipment lo a gas extraction s-..,stem with a scrubber operating
with NaOH solution
install backup power generators

6.4 Aluminium

In addtlon to the genenic measures in Section 5.1 for all aluminium refineries, BAT is lo do the

*o
following:

W a during operation:
*v a avold discharging effluents into surface waters. This is achieved by recyc1ing process water

lo the process or, in dry climates, by evaporation (Section 4.3.15)
a in the after-care pliase (Section 4.3.1 6. 1):

a treat tlic surface run-off from TMFs prior lo discharge, until the chemical
conditions have reached acceptable concentrations for discharge tínto surface
waters

a maintam access roads, drainage systenis and the vegetative cover (including re-
vegotation if necessary)

a continue groundwater quality sampling.
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6.5 Kaofin

In addtlon to the generic nicasures in Section S. 1 for all kaolin sites, BATfor the construction of
tailings heaps is to:

• prepare the ground by draining and removing the soil and weak- and soft layers
• terrace slopcs
• dump coarse waste-rock as a first layer, to provide a drainage layci-
• thicken the tailings (down to a particle sizc of 80 ¡mi) prior to dumping on the heap.

6.6 Potash

In addtion to the generic measures m Section 5.1 for al] potash sites, BAT ís to do the
following:

• if the natural soil is not impernicable, mak-e the ground under the TMF impenneable
(Section 4.3.83)

• reduce dust emissions froni conveyor belt transport (Section 4.3.4.4. 1)
• seal/line the toe of the heaps outside the impenneable core zone and collect the run-off

(Section 4.3.9)
backfill large stopes with dry and/or slurried tallings (Section 4.7.1.6).

5.7 Envíronmental management

A number of environmental management tecliniques are deterinined as BAT. The scope (e.g.
level of detail) and nature of die 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
impaets it may have.

BAT is to implement and adherc to an Environmental Management System (EMS) that
incorporates, as appropriate to individual circumstances, the following fcatures: (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 applicafion of other
features of the EMS)

• plaimíng and establishing the necessary procedures
• implementation of the procedares, paying particular attention to

- structure and responsibility
- training, awarencss and compctcnce
- communicafion
- employec involvement
- documentafion
- efficient proccss control
- maintenance programme
- emergency preparedness and response
- safeguarding compliance with environmental legislation.

• checkiniz performance and taking correctivc action, paying particular attention to
- monitoring and measurement (vee also the Reference docuinent on Monitoring of

Emissions)
- corrective and preventive action
- maintenance of records
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independent (where practicable) interna¡ auditing in order to deterininc whether or not
the enVironmental management system conforms to plamied arrangements and has bcen
properly implemented and maíntalned.

review by top management.

Three further features, which can. coinplement the above stepw1 se, are considered as supporting
incasures. However, their absence is generally not inconsistent matli BAT. These three
additional steps are:

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

0 preparation and publication (and possibly extemal validation) of a regular environmental
statenient descriíbing all the significant environmental aspects of the installatíon, allowm'g
for year-by-year comparison against environmental objectives and targets as ;%ell as with
sector benchmarks as appropriate

0 implementation and adherence to an intemationally accepted voluntary systein 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. Ho-vvcver, non-standardised systems cwi in pninciple be equally effectiVe
provided that they are properly designed and implemented.

Specifically for this sector*, it is also important to consider the following potential features of
the EMS:
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6 EMERGING TECHNIQUES FOR THE MANAGEMENT OF
TAILINGS AND WASTE-ROCK IN MINING ACTIVITIES

peroxide and INCO conibined (cyplus text)

6.1 Co-disposal of ¡ron ore taffings and waste-rock

The operator of the Swedish ¡ron ore operations and Kiruna and Malmberget has, for several
years, worked with the development of alternative inethods of transporting and depositing their
so-called 'waste-rock' (dry coarse tailings <100 mm) and tailings from concentrating (fine
tailings <3 mm). The objectives of this rescarch have pn'man'ly been to bning down the
significant investment and operation costs of trucking (currently used for waste-rock) and of
dani constructions (currently used for the fine tailings).

A major test has been conducted, were a mixture of chy tailmígs and wet tailings was pumped
with heavy duty slurry pumps. The tests and site-spccific evaluation showed that the operation
was not competitive to tradifional transportation tecliniques, mainly due to wear in pumps and
pipelines. The resulting co-disposal, however, showed that the sluM, stream 'dcsigned^ a
rounded moraine-like formation, similar to those created by melting lee during the withdrawal
of the glacial ice. The density of the deposited material was found to be higher than that of
conventíonally placed material, i. e. the use of avaílable volume is more efficient. In addition, ¡t
was concluded that if measures are taken in order to control the ground water leve] in the
deposit, stable and high deposits may be created with this disposal method.

The promising properties of the co-deposited waste-rock- and tailings have encouraged work- to
achieve the advantages of co-disposal combined with traditional transportafion techiliques. The
operator has developed the concept of drained-cell disposal and has laboratory, pilot scale and
full scale tests to develop applicable design criteria, to evaluate the operational, hy,draulic and
geotechnical aspects and to investigate the influence of cold climate on the stability of the
deposit.

The drained-cell disposal is now evaluated in pre-studies in Malmberget and in Kinina mine
sites.

ty
W 6.2 Inhibiting progress of ARD
q0
eb Artificial coatings have been found to form an impernicable and protective coating on sulpIlide
q0 surfaces inhibiting progress of acid rock drainage (ARD). This rescarch programme intends to

review the feasibility of the process of forming oxidation-protecting coatings on sulpIlides using
reagents or electrolytic processes. This protective HFO layer must be consistent in order to
minimise access of one of the ingredients that generate ARD. The focus of the researcli will be
on obtaming HFO coating layers that resist the agenig process. Electrolytic studies will also be

00 conducted in order to oxidise the surface of exposed sulphides in waste rocks or tailing danis
creating passivation layer
(froni bttp://www.miiiiniz.ubc.ca/research.htm#cnvironinenta), Study of formation of
passivation coatings on sulphide-rich waste rock: a way to hmíder ard propagation

6.3 RecycI¡ng of cyanide using membrane techriology

The recycling of cyanide usmig membrane technology, which is currenlly under development, is
planned to be applied to the gold metallurgical extraction process where the efficacy, of cyanide
use is hindered due to the presence of copper (and similar metals such as zinc and silver). The
prescrícc of thesc rrictals causes an increasc in tlic consumption of cyanide, a lowcrlng of thc
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gold recovery efficiency and also poses a liciglitened cnvironmental management issue for the
tailmígs.

The techinque Is an hybrid of inembrane and clectrowinnig technologies, which allow for the
recovery of metallic copper and the simultancous liberation of free cyanide froni the copper-
cyanide complexes. The frcc cyanide may then be rccovered and retumed to the front end of the

i ing process with bcneficial savings. The process may bc installed in the t íli gs e' uit iin íllí 1 1 aí m irc pnor
to discharge to the tailings pond or in the retunied water circult recovercd froni the tailmígs dani.

The component technologies of the process are weIl tried and tested in midustry. Inifial cost
estimates show that the process is potentially very attractive compared to altcmative approaches
including resin exchanges processes, precipitation and acidification processes.

The basic flow diagram for this process consists of tlirce parts:
1 . a solids removal step to provide a clean liquor for subsequent processmig
2. a membrane step that concentrates the copper-cvanide complexes. This step also recovers a

portion of the free cyanide
3. a metal recovcry unit (MRU) that deposits the copper electrolytically.. thereby liberating a

portion of the WAD cyanide as free cyanide.

This teclinique is planned to be applied to any process strcain that contains free cyanldc and/or
cvanide complexed wíth copper or similar (weak acid dissociable, or WAD cyanide). This may
be cither the tailings stream prior to the tailings dani or in the recovered water from the tailings
dam.

This tecliniqu for recoveríng cyanide from gold tailirígs can be casl1y retrofitted to existing gold
plants. The feed for tlic process is either the tailings liquor or the tailings return. This proccSS
provides a number of process benefits. Consumption of reagents is low compared to processes
for the destruction of cyanide. Cyanide that -%vould otherwise be lost to the circuit is able to be
rccovered from the tailings and re-used, reducing the cyanide inventory on site, and also costs of
purchasing cyanide and cyaníde destruction. Copper metal is recovered as a by-product.

There are no limitations on the treatable cyanide WAD concentrations, althotigh the efficiency
of the process is dependent on the chemistry, of the tailings stream.

There are also obvioxis environmental benefits. The amount of cyanide and copper in the tallings
stream is reduced significantly prior to cyanide destruction or disposal of the waste to tailings
storage facilities. This results in reduced enviromuental risk to wildlife and waterways.
Recovery of cyanide reduces the amount of mak-e-up cyanide purcliased, stored and handled on
site.

6.4 Uned cell

At the Las Cruces Project the proposed deposition method of the tailings is dry deposition in
impermeable cells. lt is proposed that tlic cells are constructed as block-s of 100 x 100 m with a
height of 25 m. The deposited tailings are proposed to be continuously covered by elay. The
final encapsulation will be done usmig a multi-layer cover, utilising the clay (marl) extracted in
the uncovering of the orebody. The cells are proposed to be constructed with an impermeable
base, constructed by varlous layers of clay, maybc supported by, a synthefic liner and drainage
layers. A system for the capturing of dramage will be installed and the drainage treated for re-
use in the process or discharge.
[67, IGME, 20021
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GLOSSARY

1. GENERAL TERMS, ABBREVIATIONS, ACRONVNIS AND SUBSTANCES

ENGLISH TERM NMANING

AAAAAAAAA
Acid-base accountíng Acid-Base accounting (ABA) is a screeníng procedure whereby the

q0 (ABA) acid-ncutralizing potential and acid-generating potential of rock
00 samples are detemined.
q0 Acid generation Production of acidity ~pective of its effect on the adiacent pore

water or whether the material is net acid producing or neutralising.
Acid mine drainage Acidic Dramage stemmmg from open pít, underground * * g
(AMD), Acid rock operations, waste-rock or tailings facilities th* contains fi-ce sulpínific
draínage (ARD) acid and dissolved metals sulphate salts, resulting ftom the oxidation

ofcontamed sulphide minerals or addítives to the process. The acid
dissolves minerals in the rocks, fiulher changing the quality of the
drain%c w~.

Acid Potential (AP) Maximum potential acid generation from a sample. The calculation of
AP (or MPA) is an integral part of acid/base accounting.

Acidity Measure of the capacity of a solution to neutralisc a strong base.
Air classifier Machine Equipment to separate dust «0.05 mm)fine partícles from the

dry input material «l0 mm) or equipment to remove fíne and coarse
fractions from an air stream.

Alkali Proton acceptor. A substance that, more or less readily, takes up
hydrogen ions in a water solution.

*y Alk~ Measure of the capacity of a solution to neutralise a strong acid.
y* Anaerobic A biological process which occurs in the absence of oxygen.

Associated structures, AU structures, components and facilities functionally pertaining Lo the
Appurtenant works, tailings dam, including, but not limited to, spifiways, decant towers
Auxiliary works, and pipelines, reclaim pumps, water conduits, diversion structures, etc.
APPurtenances
Aquifer A water-bearing layer of rock (including grave¡ and sand) that will

yield water in usable guantity to a well or spring.

BBBBBBBBBB
Backfíll Reinsertion of materials in extracted part(s) of the orebody. Materíais

used for backfilling can be waste-rock or tailíngs ftom the mineral
processing plant. In most cases back0 is used to refill mined-out
arcas for in order to
a assure ground stability

#o a prevent or reduce underground and surface subsidence
q# a provide roof support so that further parts of the orebody can be

extracted and to increase safety
provide an alternative to surface disposal
improve ventilation.

Bio-availability Property of a substance which makes it accessible and potentially able
W to affect an organism's health. Depends on site-specific conditions.

Bio-leaching Process in which mincrals are dissolved with the aid of bacteria.
Blending b&=g of the raw matenal to get input matenal with a steady quality

for subseguent processes.

qu BOD Biochemical oxygen demand: the quantity of dissolved oxygen
requited by micro-organisms in order to decompose organic matter.
The unit ofmeasurement is mg 024. In Europe, BOD is usually
measured after 3 (BOD3)» 5 (BOD5) or 7 (BOD7) days.

BREF BAT reference document
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CMCCCCCCC
Chamber fílter press Equipment to dewater thc fine particles in a slurry.
COD Chemical oxygen demand: the amount of potassium dichromate,

expressed as oxygen, required to chcmically oxidise at ca. 150 T
substances contained in waste water.

Comminution Size reduction of an ore by crushing andIor gnnding to such a particle
size that the product is a mixturc of relatively clean particles of
mineral and gangue. In order to produce a relatively pure concentrate,
it is necessary to grind the ore finc enough to liberate the desired
minerals.

Compaction Process resulting in a reduction in volume. The change typically
results from externally applied loads, creatíng tighter packing of the
solid particles. In fine sofis in particular, this requires an egress of pore
water. Greater compaction often results m increased consolidation.

Concentrate Marketable product after separation in a mineral processing plant with
íncreased grade of the valuable mineral.

Cross-media effects the calculation of the environmental impacts of waterlair/soil
emissions, energy use, consumption of raw materials, noise and water
extraction (Le. cve~g required by the IPPC Directive)

Crushing Comminution process that reduces the particlc sizo of run-of-mine ore
to such a level that grinding can be carried out. This is accomplished
by compression of ore against rigid surfaces, or by impact against
surfaecs in rigid1y constrained motion path.

Cyanidation Method of cxtracting gold or silver from crushed or ground ore by
dissolution in a wcak solution of typically sodium but also potassium
or calcium cyanide. Also known as cyanide Icaching.
The precious metals are then recovered from the pregnant solution:

cither by precipitation on zinc dust (Merril-Crowe process),
or by adsorption on activated carbon inside a column (carbon in
leach, (CIL» or within the pulp (carbon in puip, (CIP»_

DDDDDDDDDD
Decant lines Pipelines that carry water decanted from the tailings pond through,

above or around the tailings dam to a downstrcam collection point.
Decant tower Intake structure that is raised as the tailings pond rises. The decant

tower skims off the clear water from the surface of the tailings Pond
!Ed carries it away using decant lines.

Decommissioning Process by which a mmmg operation is shut down.
Dewatering Process of removing water from an und~und mine or oPen Pit, Or

from the surroundíng rock or non-lithified area. The term is also
commonly used for the reduction Of water content in concentrates,
ufflings and treatínent sludges.

Diffuse emission Emissions arising from dirca contact of volatile or light dustY
substances with the environment (atmosphere, under normal operating
circumstances). These can result fl-om:

inherent desiga of the equipment (e.g. filters, dyers ...
operating conditions (e.g. during transfer of material betw~
containers)
type of op~tion (e.g. maintenance activities)
or from a gradual rclease to other media (e.g. to cooling water or
waste w~.

Fugitive emissions are a subset of diffuse emissions.
Diffise sources Sources of similar diffuse or direct emissions which are multiple and

distributod inside a defined area
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Diversions For tailings ponds, diversions are usually relatívely small mterceptor

ditches that cofica run-off from the contributing watershed and divert
¡t downstream beyond the tailings pond and dam.

Drainage Manner in which the waters of an arca exist and move, includíng
surface streams and groundwater pathways. A collective term for all
concentrated and diffuse water flow.

Drainage cheinistry Concentrations of dissolved components in drainage, including
element concentrations, chemical species and other aqueous chemical
iparameters.

Drowning the beach Rapid rísing of the free water m the taflings pond which covers or
floods the senu-pervíous upstream, beach of the tailings dam. and
results in a fi= water surface against the tailings dam.

EEEEEEEEEE
'End-of-pipe' Tecímique that reduces final emissions or consumptions by some
tecímique additional process but does not change the fundamental operation of

the core process. Synonyms: "secondary technique", "ábatement:
technique". Antonyms: "process-integrated technique", Oprimary

technique" (a tecímique that in some way changes the way in which
the core process operates thereby reducing raw emissions or
consumptions)

EC50 Effect concentration 50. The concentration at which effects are
observed in 50 % of die test population after administering a single
dose. Effects include the iinmobilisation of dapimia, inhibition of
growdi, cell division or biomass production, or the production of
chIorophyl1 by algae.

Ecosystem Community of organisms and dieir immediate physical, chemical and
biological environment.

Effectíve neutralisation The ftaction of the NP, wluch will neutralíse acid generation and
potential OW) acidity inputs maintaining a drainage pH of 6.0 or above.
Effluent Controfied water discharge into the environment from a man-made

structure. For example, the dramage products from a water treatment
plant. or liquid produced after processing the mineral, which passes to
a water clarifilcation circuit for treatment

EIPPCB lujo~ IPPC Bureau
Emerging techniques Name of a standard chapter in BREFs
Emission The direct or indirect release of substances, vibrafions, heat or noise

from individual or diffuse sources m the installation into the air, water
Ir land

Emission limit values The mass, expressed in terms ofC~ specific param
concentration and/or level of an cínission, which may not be exceeded
during one or more periods of time

Environment In~lated physical, chemical, biological, social, spiritual and culturá
components diat affect the growth and development of hvmg
organisms.

EOP End-oPpipe
Erosion Detachment and subsequent rernoval of either rock or surface; m~al

by wind, rain, wave action, frecáng, thawing and other processes.
Europe Current EU Member States (EU-15) and EU Enlargernent candidate

countries (see Section 2 of this glo~)
Evaporation Physical process by which a liquid is changed into a gas.
Existing installation An installation in o~on or, in accordance with legislation existing

before die date on which dús Directive is brought into effect, an
installation authonsed or m the view of the competent authonty the
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subject of a full request for authorisation, provided that that
installation is put into operation no later than one year after the date on
which this Directive is brought into effect

Extraction methods There are basically four methods of extracting ore:
• open pit (open cast) míning
• underground mining
• solution mining
• guarrying.

FFUFFMFF
Financial guarantee Funds provided through various financial instruments, which may be

used by a regulatory authority to offset closure costs.
Flocculant Substance that causes suspended particles to aggregate or clump. The

larger apparent particle size causes the aggregated clumps to settle.
Flocculants are used to aggregate small particles whose slow settling
rate makes them otherwise very difficult to remove.

Flotation A form of separation of minerals from gangue based on their different
surface reaction to certain reagents (or altematively based on the
interfacial chemistry of mineral particles in solutíon). Reagents are
used to adhere to the target mineral, and render its surface
hydrophobic. The target mineral which then rises to the top of the
flotation cell with the injected air, where ¡t can be collected as a froth.
When the aim is to float the gangue this process is called reverse
flotation.

Free CN The cyanide not combined in complex ions, both the molecular HCN
and the cyanide ion [24, British Columbia CN guide, 1992]

Free water The area of water held on a tailings pond above the settled tailings,
normally removed by pumping or decanting

Freeboard Vertical dístance (height) between the normal maximum operating
level of a pond and the crest of the dam, the purpose of which is to
provide attenuation capacity in times of flood or sudden ingress of
water

Free on board (f.o.b.) Price of consignment to a customer when delivered, with all prior
charges paid, onto a ship or truck

Friction angle, angle of The angle between the perpendicular to a surface and the resultant
friction force acting on a body resting on the surface, at which the body begins

to slide

GGGGGGGGG
Gangue That part of an ore that is not econon-�cally desirable but cannot be

avoided in mining (see Figure G1).
Geochemistry Study of the distribution and abundance of elements in minerals,

rocks, soils, water and the atmosphere.
Geology Study of the earth, its history and the changes that have occurred or are

occurring, and the rocks and non-lithified materials of which it is
composed and their mode of formation and transformation.

Gossan ore within the upper part of a sulphidic orebody that has been
weathered to an oxide ore.

Grade Dimensionless proportion of any constituent in an ore, expressed often
as a percentage, grams per tonne (g/t) or parts per rnillion (ppm).

Grinding Comminution process ylelding a fíne product «1 mm), where size
reduction is accomplished by abrasion and impact and sometimes
supported by the free motion of unconnected media such as rods, balls
and pebbles.

Groundwater Part of subsurface water in the zone of saturation. Distinct from
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surface water.

HHHHHHHHH
Humídity cell test Kinetic test procedure used primarily to measure rates of acid

generation and neutralisation in sulphide-bearing rock.
Hydraulic gradient Difference in hydraulic head between two points divided by the travel

distance between the points
Hydrogeology Study of groundwater. A branch of hydrology.
Hydrology Study of all waters in and upon the earth, including ground water,

surface water and precipitation. When used in conjunction with the
*o term hydrogeology, hydrology is more restrictively defíned as the

study of precipitation and surface waters.

IEF Information Exchange Forum. (infonnal consultation body in the
frarnework of the IPPC Directive)

Inunission Occurrence and level of polluting substance, odour or noise in the
environment

Industrial minerals Non-metallic ore, non-fuel or non-gemstone rock, mineral or non-
lithified material of economic value. Industrial minerals are primarily
used for construction or in chemical and manufacturing industries.
Examples include barytes, borate, fe1dspar, fluorspar, kaolin,
limestone, phosphate, potash, strontium, and talc.

Infiltration Entry of water into a porous substance.
q» Installation Stationary technical unit where one or more activities listed in Annex 1

bv of the IPPC Directive are carried out, and any other direct1y associated
activities which have a technical connection with the activities carried
out on that site and whiá could have an effect on eraissions and
p llution

IPPC Integrated pollution prevention and control

jig Equipment in which materials are separated in a continuos flow
according to their different densities.

KKKKKKKKK

LLLLLLLLLL
LD50 Median lethal dose (abbreviated MLD or LD50 ) is the dose required

to kill half of the individuals in a group similarly exposed within a
specified period of time

*o Leachate Solution obtained by leaching; e.g. water that has percolated through
soil containing soluble substances and that contains certain amounts of
these substances in solution.

Leaching Passage of a solvent through porous or crushed material in order to
extract components from the liquid phase. For example, gold can be
extracted by heap leaching of a porous ore, or pulverised tailings.
Other methods are tank leaching of ore, concentrates or tailings and ¡n-
situ leaching.

Liberation Release of the valuable mineral(s) from the garípe.

Life-cycle Design, construction, operation, monitoring, closure, restoration, after-
care of a facility

Liquefaction Phenomenon that occursí in loose saturated sofis usually when the
excess pore water pressure (e.g. caused by an earthquake) becomes
egual to the original confining pressure, apd the soil behaves flke a
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ENGLISH TERM MEANING q0dense fluid, unable to resist significant shear stresses.
q0Lithology Composition of rocks, including physical and chemical characteristics

such as colour, mineralogical composition, hardness and grain size.
Long-term phase Period of time required, afier the end of the rehabilitation phase, for

the tailings to become sufficiently inert that they no longer pose any
problems to the environment.

Lysimeter Device for collecting water from the pore spaces of sofis and for
deterrnining the soluble constituents removed in the drainage

M~~
Maximum credible Hypothetical earthquake that could be expected from the regional and
earthquake (MCE) local potential sources for seismic events and that would produce the q#

severest vibratory ground motion at the site.
Mine production For metals, the amount of metal in the concentrate after production, in

all other cases, unless stated otherwise, the amount of concentrate by
weight after rrúneral processing

Mine production For metals: amount (by weight) of metal in concentrate. In case of
industrial minerals: amount of concentrate

Mineral processing Processes to produce marketable mineral products (concentrates) from
(benefication, ore ore. This is usually carried out on the mine site, the plant being
dressing, mineral referred to as mineral processing plant (mill or concentrator). The
dressing, míllíng) essential purpose 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, the
remaining material is called tailings.
Mineral processing includes various procedures that rely on the
mineraPs physical characteristics (¡.e. particle size, density, magnetic
properties, colour) or physicochemícal properties (surface tension,
hydrophobicity, wetability).

Mineral processing Facility, where mineral processing is carried out.
plant (mill,
concentrator)
Mineral resource Concentration or occurrence of natural, solid, inorganic or fossilised

organic material in or on the Earth's crust in such form and quantity
and of such a grade or quality that it has reasonable prospects for
economic extraction. The location, quantity, grade, geological
characteristics and continuity of a Mineral Resource are known,
estimated or interpreted from specific geological evidence and
knowledge.

Mining Methods and tecImiques to extract ore from the ground, including
support facilities (e.g. stockpiles, workshops, transport, ventilation)
and supporting activities in the mine itself or in the vicinity.

Mining operation Any extraction of ore from which núneral substances are taken, where
the corporate intent is to make an operating profit or build
continuously toward a profitable enterprise.

Mitigation Activity aimed at avoiding, controlling or reducing the severitY of
adverse physical, chemical, biological and/or socio-economic impacts
of an activity.

Monitoring Process intended to assess or to determine the actual value and the
variations of an emission or another parameter, based on procedures of
systematic, periodic or spot surveillance, inspection, sampling and
measurement or another assessment methods intended to provide
information about emitted quantities and/or trends for emitted
pollutants
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Multl-media effects See cross-media effeas

NNNNNNNNNN
n/a not applicable OR not available (depending on the context)

*o n/d no data
qW Neutralisation Raising the pH of acidic solutions or lowering the pH of alkaline

solutions to near-neutral pH (about pH 7) values through a reaction in
which the hydrogen ion of an acid and the hydroxyI ion of a base
combine to form water.

*o Neutralisation General term for a sample's or a materiaPs capacity to neutralise
» potential acidity.

(NP)

q* 000000000
Open pit (open cast) Mining operation takes place on the surface. Mining operation and
mining environment are in contact over an extended area.
Operator Any natural or legal person that is responsible for the control,

qu operation, and maintenance of the mine, n-�neral processing plant,
qw tailings dam and/or related facilities including the after-closure phases.
*P Ore Mineral or variety of accumulated minerals (including coal) of

*o sufficient value as to quality and quantity that: it/they may be mined at
a profit. Most ores are n-�xtures of extractable minerals and extraneous
rocky material described as gangue (see Figure GI).

Orebody (mineral Naturally occurring geological structure consisting of an accumulation
deposit) of a desired mineral and waste-rock, from which the mineral can be

extracted, at a profit, or with a reasonable expectation thereof (see
Figure GI).

Overburden Layer of natural grown soil or massive rock on top of an orebody. In
case of open pit núning operations it has to be removed prior to
extraction of the ore (see Figure GI).

ppppppppppp
Percentage extraction Proportion of ore mined from the orebody expressed as a percentage of

the original in-situ amount of ore.
Permeable reactive A permeable zone containing or creating a reactive treatment area
barrier oriented to intercept and remediate a contarninant plume. lt removes

contaminants from the groundwater flow system in a passive manner
by physical, chemical or biological processes [123, PRI3 action team,
2003].

Permeability Capacity of a rock or non-lithified material to transmit fluid.
Phreatic Pertaining to ground water
Phreatic surface The surface between the zone of saturation and the zone of aeration;

that surface of a body of unconfined ground water at which the
pressure is e ual to that of the atmosphere

Piping Mostly subterranean erosion of non-lithified materials caused by
flowing water. Results in the formation of conduits due to the removal
of particles.

Pollutant Individual substance or group of substances which can harin or affect
the environment

Primary crushing Process of reducing ore into smaller fragments to prepare it for further
processing and/or so that ¡t can be transported to the processing plant.
In underground mines, the primary crusher is often located
underground, or at the entrance to the processing plant.

Primary measure/ Technique that in some way changes the way in which the core
technique process operates thereby reducing raw emissions or consumptions (see
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Probable maximum A geoteclinical engincering parameter deterrnined by the maximum
cartliquake (PME) recorded earthquake at the site, the maximum recorded carthquake for

a site in a similar location for which historic data is available or the
one-in-10000-year eartliquake predicted statistically from previous q0
earthquakes in the region.

Probable maximum The most severe precipitation and/or snowmelt event considered
flood (PMF) reasonably possible at a particular geographic location. A site-specific

determination based on the possible range in meteorological and
hydrological events and conditions. Variables include the duration, the
area and the time of year. Usually defined as the 1: 10000 year flood or
two or tliree times the 1:200 year flood.

Pump barge Barge that floats in the tailings pond and supports the pumps that are
used to reclaim the fee water in the pond for re-use in the mineral
processing plant.

QQQQQQQQQ
Quarry Whole area under the control of an operator carrying out any activity

involved in the prospecting, extraction, treatment and storage of
rrúnerals, including corrimon related infrastructures and waste
management activities, being not a mine. lt is distinguished from a
mine because ¡t is usually open at the top and front, and used for the
extraction of building stone, such as slate, limestone, gravel and sand

RRRRRRRRRR lo
Reclaim lines Pipelines that are used to convey the rcclaimed water from the tailings

pond to the mineral processing plant.
Reclaim-system Several components comprising the system constructed to reclaim

water from the tailings pond and deliver it to the mineral processing
plant. May include such items as: pump barges, reclaim lines, decant
towers, and decant lines.

Reclaim water Water recovered from the TMF, water treatment plant or mineral
processing plant for re-use in the mineral processing plant.

Reclamation Restoration of land and environinental values of a mine site after the
(rehabilitation, ore is extracted. Reclamation operations are usually underway as socín
recultivation) as the ore has been removed from a mine site. The process includes

restoring the land to its approximate original appearance by restoring
topsoil and planting native grasses and ground covers.

Recovery Proportion, expressed as a percentage, of a constituent pertaining to
the concentrate (or for coal final tonnage) as compared to the total
amount of that mineral initially present in the feed prior to mineral
processing. A measure of mining, extraction and processing efficiency.

Refractory gold The contained gold is sub-microscopic «1 kun) and finely
disseminated in the sulphide mineral lattices

ROM Run of rrúne ore. Unprocessed conveyed material from rrúning
operation.

Runoff Part of precipitation and snowinelt that does not infiltrate but moves as q#
overland flow.

ssssssssssss
Sample Representative aniount of solids, which are drawn from, orebodies or

processes to perform analytical testwork. The amount of solids and the
number of samples drawn from the orebody or the process stream has
to be statistically accurate.

Screening Separating material into size fractions
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Seam Flat lying or near fiat lying stratum or'bed of desirable material

_(tTically�.-_coal, potash, salt, lignite or bitumen).
Secondary measure/ See end-of-pipe technique
teclinique
Seepage recovery dam Small, water retention dam located downstream. of the tailings dam,

whose purpose is to intercept, collect, and retum to the tailings pond
all surface and subsurface seepage flows that by-pass the main tailings
dam.

Separation Processing methods to separate ore into concentrate and tailings.
Shaft Primary vertical or inclined operting through. mine strata used for

ventilation or drainage and/or for hoisting of personnel or materials
(e.g. ore, waste-rock); connects the surface with underground
workings.

Shear strength The intemal resistance of a body lo shear stress, typically including a
frictional part and a part independent of friction called cohesion

Slurry A suspension of liguids and solids
SME Small and medium enterprise(s)
SolubilitY Quantity of solute that dissolves in a given volume and type of solvent,

at given temperature and pressure, to form a saturated solution. The
degree to which compounds are soluble depends on their ability, and
that of the other dissolved species, to form ions and aqueous
complexes in a particular drainage chemistry.

Spigotting Procedure whereby the tailings are discharged into the tailings pond
*o through a large number of small outlets or spigots. Spigotting produces

a fairly even distribution of tailings over the tailings beach that fórnis
the upstream semi-impervious zone of the tailings dam.

Starter dam Initial tailings dam, which is constructed before the mining operation
starts and provides the starting point for construction of the ultimate
tailings dam.

Sub-aerial method of Name conunonly used in North America for a method of spigotting
deposition which uses spray bars to place thin layers of tailings on a previously

deposited beach.

TTTTTTTTTT
Tailings, coarse/fíne Ore from which as much as feasible of the desired irúnerals have been
discard9 removed. Tailings consist mainly of gangue and may include process

water, process chernicals and portions of the unrecovered minerals.
Tailings beach 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

Tailings dam, lagoon Structure designed to settle and keep tailings and process water. Solids
bank settle in the pond. The process water is usually recycIed.

*o
Tailings heap, spoil Engineered facility for the storage of tailings on the surface Dry
heap disposal of tailings on the surface.
Tailings line Pipeline used to carry the tailings from the mineral processing plant to

the tailings pond.
Tailings management Refers to the fact that tailings from mineral processing steps have to be
facilities (TMF) discarded/stored or recovered. The chosen method depends amongst

many other fáctors on the physical characteristics (coarse or fine) and
on the treatment of the ore (dry or wet). Typical tailings management

9 The UK coal mining industry uses the terms as follows:
coarse discard: the coarser (and dryer) fraction of the discard, remaining after processing the mass of extracted material to
separate the desired product by wet or dry methods
fíne discard: the finer (and wetter) fraction of the discard, produced from the thickened or floceulated suspended solids in the
wash water used to process and separate the desired product from the coarse discard by washing or floatation of the extracted
material.
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ENGLISH TERM MEANING
facilities or methods are:
• tailings dam/pond
• tailings heap
• backfill
• recycling (construction material)
• reprocessing (extract content of ore by new better processing

methods).
Tailings pond, lagoon Engineered fiacility for managing tailings resulting from ore processing

and for clearing and recycling of process water, most of*the times
formed by a dam construction. Mainly contains tailings along with
varying amounts of free water.

Tailings sand Sand obtained from the total tailings for use in construction of the
tailings dam. Often produced by cycIoning the total tailings.

Thickening Liquid-solid separation process to increase the concentration of a
suspension by sedimentation, accompanied by the formation of a clear
solid.

Tip expression used in the UK mining industry for a spoil heap or lagoon
composed of refuse (tailings) from a mine or guarry

Top soil Natural huminous layer on top of the orebody, which has to be
stripped prior to start-up of extraction (see Figure GI).

Total CN The total of all cyanide existing in the various compounds in aqueous
solution [24, British Columbia CN guide, 1992]

TWG Technical working group

uuUUUUUUUU
Ultramafic Igneous rock composed chiefly of mafic minerals, e.g. monom-ineralic

rocks composed of hypersthene, augite, or olivine
Underground mining Extraction of the ore takes place under the surface. The orebody is

accessed by shafis, ramps and galleries.

vvvvvvvvvv
Vein Thin complex structure of ore accumulations surrounded by gangue.
VOC volatile organic compounds

WWV~WW
WADCN Weak acid dissociable cyanide represents cyanides that are dissociated

under reflux with a weak acid, usually at pH 4.5 [24, British Columbia
CN guide, 19921

Waste-rock, discard, Part of the orebody, without or with low grades of ore, which cannot
dirt, spoil be mined and processed profitably (see Figure GI).
Waste-rock Facility where waste-rock is discarded, stored and in some cases
management facility treated, including waste-rock heap leaches.
(WRMF)
Water balance Process whereby all water entering the pond, all water leaving the

pond and all water losses, are defined and described such that the net
gain or loss of water into the tailings pond can be determined.

Water table Elevation at which the fluid pressure is equal to atmospheric pressure.
The surface separating the vadose zone (where water is held under
tension) from the saturated zone (where fluid pressures are greater
than zero).

Weathering Processes by which particles, rocks and minerals are altered on
exposure to surface temperature and pressure, and atmospheric agents
such as air, water and biological activity.

,xxxxxxxxxx
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ENGLISH TERM MEANING

yyyyyyyyyy
Y¡eld Mass ratio of concentrate to feed, calculated on dry basís and

expressed as a percentage.

zzzzzzzzzz

Reagents:
*o short form full name

collectors:
SIBX Sodium ¡sobuty1 xanthate
SIPX Sodium ¡sopropy1 xanthate
SEX Sodium ethyl xanthate
PAX Potassium amyl xanthate
DTP Dithiophosphate

frothers:
qv mil3c Methylisobuty1carbinol

depressants:
cmc Carboxymethylcellulose

surface

topsoil..... . . ..........

ore
bo overburden
dy

ore

w ste rock

gangue

Figure GI: Schematic drawing of an orebody
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Sources for glossary:

• "MANAGEMENT OF MINING, QUARRY1NGAND ORE-PROCESSING WASTE IN q0
THE EUROPEAN UNION", Study made for DG Environment of the European
Commission TENDER DG XI E3/ETU/980116, June 2001, BRGM/RP-50319-FR

• "Mineral Processing Tec:hnology", 5 th edition, B.A. Wills
• Austrian comment on scope discussion paper
• http://imcg.wr.usgs.gov/dmmrt/
• http://www.dep.state.pa.us/dep/deputate/minres/dms/website/traininlglossa ry.htMI
• http://www.nrcan.gc.ca/nims/school/jzlossary.htm#r
• ht!p://www.vesresources.com/Business Tools/glossarv.htn-d
• htip://www.inap.com.au/inap/homepa7,e.nsf
• "Tailings Dam Safety. Guidelines". ICOLD Bulletin 74, 1989

2. CURRENT EU MEMBER STATES LIST (EU-15)

Short Name Full Name Abbreviation' Curreney2 Curreney
ISO CodJ #o

Austria Republic of Austria A Euro EUR q#
Belgium Kingdom of Belgium B Euro EUR

Germany Federal Republic of D Euro EURGennany
DK Danish kroneDenmark Kingdom of Denmark (pl kroner) DKK

Spain Kingdom of Spain E Euro EUR
Greece Hellenic Republic EL Euro EUR
France French Republic F Euro EUR
Finland Republic of Finland FIN Euro EUR
Italy Italian Republic 1 Euro EUR
Ireland Ireland IRL Euro EUR

Luxembourg Grand Duchy of L Euro EURLuxembourg

Netherlands Kingdom of the NL Dutch Guilder; NLG;
Netherlands Euro EUR

Portugal Portuguese Republic P Euro EUR

Sweden Kingdom of Sweden S Swedish krona SEK

United Kingdom of UK
(pl. kronor)

United Kingdom Great Britain and pounds sterling Bp q#
Northem Ireland M q#

1 . In BREFs, list Member States in English alphabetical order, using these abbreviations
decided by the Permanent Representations

2. Former Currencies (pre-curo)
- Austria - Austrian schilling (ATS)
- Belgium - Belgian franc (BEF)
- Germany - German mark (DEM)
- Spain - Spanish peseta (ES P)
- Greece - Greek drachma, pl drachmae (GRD)
- France - France franc (FRF)
- Finland - Finnish markka, p 1. markkaa (F IM)
- Italy - Italian lira, pl. Ii re (ITL)
- Ireland - Irish pound (punt) (115P)
- Luxembourg - Luxembourg franc (LUF)
- Portugal - Portuguese escudo (PTE)
ISO 4217, as recommended by Secretariat-General (SEQ96) 1820).
List of countries (Situation at 26.6.2002)
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3. EU ENLARGEMENT CANDIDATE COUNTRIES

Country CurrencyShort Name Full Name ISO Code' Currency ISO Code'

Bulgaria Republic of Bulganía BG lev BGN
(pl. leva)

Cyprus Republic of Cyprus CY Cyprus pound CYP

Czech Republic Czech Republic cz Czech koruna CZK
(pl. koruny)

Estonia Republic of Estonía EE Estonian kroon EEK
(pl. krooni)

Hung Rep�-b�li ¿f Hungary HU forint (inv.) HUF
Latvia Republic of Latvia LV lats (pl. lati) LVI,
Lithuania Republic of Lithuania LT litas (pl. lita¡) LTL
Malta Republic of Malta MT Maltese lira MTL
Poland_Republic of Poland PL Zloty PLN

Romania Romania RO Romanian leu (pl. ROL
le¡)

Slovakia Slovak Republic SK Slovak koruna SKK
(pl. koruny)

ISlovenia Wepublic of Slovenia !SI Tolar SIT
ffurkey 0,epublic of Turkey �R Turkish lira TRL

4. SOME OTHER COUNTRIES

Short Name Fuil Name Country Currency Currency
2ISO Code ISO Code

Australia Conunomealth of AU Australian dollar Al JD
Australia

Canada Canada CA Canadian dollar CAD

Iceland Republic of Iceland IS Icelandic krona ISK
(pl. kronur)

Japan Japan ip yen (inv.) jpy

New Zealand New Zealand NZ New Zealand NZD
dollar

qv Norway Kirígdom of Norway NO Norwegian krone NOK
(pl. kroner)

RU new rouble; RUB;Russia Russian Federation Russian rouble RUR
Switzerland Swiss Confederation CH Swiss franc CHF

United States United States of US US dollar USD
America

IS03166
IS04217

S. COMMON UNITS, MEASUREMENT AND SYMBOLS

TERM MEANING
ACkWh kilowatt-hours (altemating current)
atm non-nal atmosphere (1 atm = 101325 N/m)
bar bar (1.0 13 bar = 1 atm)
barg bar gauge (bar + 1 a!T)
billion thousand múllion (10")
oc degree Celsius
cgs centimetre gram second. A system of measurements
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TERM MEANING
now largely replaced by SI.

cm Centimetre
10-2Sest centistokes tokes

d Day
9 Gram
GJ Gigajoule
h Hour

(104ha hectare n�) (=2.47105 acres) q#
i Joule
K kelvin (0 T = 273.15 K)
kA kiloamp(ere)
kcal kilocalorie (1 kcal = 4.19 kJ)
kg kilogram (1 kg 1000 g)
U kilojoule (1 U 0.24 kcal)
kPa Kilopascal
kt Kilotonne
kWh kilowatt-hour (1 kWh = 3600 U 3.6 MJ)
1 Litre
m m

square m
m3 cubic m
mg milligra (1 Mg = 10-3 gram)
mi megaj oule (1 MJ = 1 000 kJ = 106 joule)
mm millimetre (1 nirn = 10-' m)
m/n-iin m per núnute

mmWG millimetre water gauge
106million tonnes megatonne (1 million tonnes tonne)

n-ffilion megatonnes per year

tonnes/yr

mv millivolts

mw, megawatts electric (energy)

MW,h megawatts therina (energy)

ng nanogra (1 ng = 10-' gram)

Nrr� nonnal cubic m (101.325 kPa, 273 K)

Pa pascal

ppb parts per billion

ppM parts per million (by weight)

ppmv parts per million(by voliún

S second

sq ft square foot (= 0.092 m
l»

St stokes. An old, cgs unit ofkinematic viscosity.

i st = lo-,> MI/S

t metrie tonne ( 1000 kg or 106 gram)

t/d tonnes per day

trillion million núllion (10`)

t/yr tonne(s) per year

v volt

vol-% percentag by volume. (Also % v/v)

w watt (1 W = 1 J/s)

Wt-% percentage by weight. (Also % w/w)

yr year

around; more or lessT
increase of temperature
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TEM MEANING
lim micrometre (1 pM = 10-6 M)

u ohm, unit of electrical resistance
92 cm ohm centimetre, unit of specific resistance
% v/v percentag by volume. (Also vol-%)
%W/W percentage by weight. (Also wt-%)

6. LIST OF CHEMICAL ELEMENTS

NAME SYMBOL NAME SYMBOL
Actinium Ac Mercury H
Aluminum Al Molybdenum Mo
Americium Am Neoclymium Nd
Antimony Sb Neon Ne
Argon Ar Neptunium Np
Arsenic As Nickel Ni
Astatine At Niobium Nb
Barium Ba Nitrogen N
Bericehum Bk Nobehum No
Beryllium Be osmium Os
Bismuth Bi Oxygen 0
Boron B Palladium Pd
Bromine Br Phosphorus p
Cadmium Cd Platinum Pt
Calcium Ca Plutonium Pu
Californium Cf Polonium Po
Carbon c Potassium K
Cerium Ce Praseoclymium Pr
Cesium Cs Promethium Pm
ChIorine ci Protactinium Pa
Chromium Cr Radium Ra
Cobalt Co Radon Rn
Copper Cu Rhenium Re
Curium Cm Rhodium Rh
Dysprosium Dy Rubidium Rb
Einsteinium Es Ruthenium Ru
Erbium Er Rutherfordium Rf
Europium Eu Samarium Sm
Fermium Fm Scandium Sc
Fluorine F Selenium Se
Francium Fr Silicon si
Gadolinium Gd Silver
Galhum Ga Sodium Na
Germanium Ge Strontium Sr
Gold Au Sulpbur S
Hafnium llf Tantalum Ta
Helium He Technetium Tc
Holmium Ho Tellurium Te
Hydrogen H Terbium Tb
Indium In Thalhum TI
lodine 1 Thorium Th
Iridium Ir Thuflum Tm
Iron Fe Tin Sn
Krypton Kr Titanium Ti
Lanthanum La Tungsten w
Lawrencium Lr Uranium u
Lead Pb Vanadium v
Lithium Li Xenon Xe
Lutetium. 1 Lu jYtterbium Yb
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NAME SYNIBOL NAME SYMBOL
Magnesium Mg Yarium y
Manganese Mn Zinc Zn
Mendlevium Md Zirconium Zr

7. SI UNIT PREFIXES

Symbol Prefix Term Number

y yotta 1024
1 000 000 000 000 000 000 000 000

T_-z zeta 10
Í8

1000 000 000 000 000 000 000 -
E exa 10 1000 000 000 000 000 000
p eta 10 5

1000 000 000 000 000

T tera 1000 000 000 000
G giga 10 1 000000000
m mega lo,, 1000000

-F--k kilo M 1000
h hecto lo, 100 q0
da jeca lO' 10
----- ----- 1 unit 1
d deci lo-, 0.1
c centi _F0,17 0.01
m milli 10-7- 0.001

n—Uro i o-�1-- 0.000001
7��-n nano 10 0.000 000 001
M__p pico 10 0.000 000 000 001

f fernto lo-15
0.000 000 000 000 001

-FF--a atto lo- 0.000 000 000 000 000 001 q0
z zepto lo~ 0.000 000 000 000 000 000 001
y yocto lo`-0.000 ooo ooo 000 000 oo0 ooo oo i

qw
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ANNEXES

ANNEX1

Cvanide chemistr
This section provides a brief overview of the chenústry of cyanide. Cyanide chemistry is complex,
and those seeking more detailed infonnation shotild consult the list of reference materials found at
www.cyanidecode.org.

Cyanide Species
The terin cyanide refers to a singularly charged anion consisting of one carbon atom and one
nitrogen atom j oined with a triple bond, CN. The most toxic form of cyanide is free cyanide, which
includes the cyanide anion itself and hydrogen cyanide, HCN, either in the gaseous or aqueous
pliase. At a pH of 9.3 - 9.5, CN and HCN are in equilibrium, with equal amounts of each present.
At a pH of 11, over 99 % of the cyanide remains in solution as CN, while at pH 7, over 99 % of the
cyanide will exist as HCN. Although HCN is higlily soluble in water, its solubility decreases with
increased temperature and under higlily saline conditions. Both FICN gas and liquid are colourless

*v
and have the odour of bitter almonds, although not all individuals can detect the odour.

Cyanide is very reactive, fórming simple salts with alkali earth cations and ionic complexes of
varying strengths with numerous metals. The stability of these salts is dependent on the cation and
on pH. The salts of sodium, potassium and calcium are higlily soluble in water, and since they
readily dissolve to form free cyanide, they are quite toxic theniselves. Operations typically receive
cyanide as solid or dissolved NaCN or Ca(CN)2. Weak or moderately stable complexes such as
those of cadmium, copper and zinc are classified as weak-acid dissociable (WAD), with equal
concentrations of the complex and of its component metal and cyanide ions existing at a pH of
approximately 4.0. Although metal-cyanide complexes thernselves are less toxic than free cyanide,

*o their dissociation releases free cyanide. Even in the neutral pH range of most surface water, WAD
metal-cyanide complexes are sufficiently soluble so as to be environmentally significant.

The differing stabilities of various cyanide salts and complexes under vary1ng pH conditions results
in different potential enviromnental impacts and interactions with regard to their acute or chronic
effects, attenuation and re-release. Cyanide forms complexes with gold, mercury, cobalt and ¡ron
that are very stable under míldly acidic conditions. However, both ferro- and ferricyanides release
free cyanide when exposed to direct ultraviolet light in the presence of water.

Cyanide-metal species also fonn complexes with alkali or metalliferous cations, such as potassium
ferricyanide (K3Fe(CNM or copper ferricyanide CU3(Fe(CN)6)2. The solubility of these complexes
varies with the metal cyanide and the cation. Nearly all alkali salts of ¡ron cyanates are very
soluble, and if one of these double salts does dissociate to the cation and the cyanide-metal

*o complex, the complex itself may then flirther dissociate to produce free cyanide. Heavy metal salts
of iron cyanides fonn insoluble precipitates.

The cyanide ion also combines with sulphur to forin thiocyanate, SCN. Thiocyanate dissociates
under weakly acidic conditions, but is typically not considered to be a WAD species because it has
similar complexing properties as cyanide itse1f. Thiocyanate is chenúcally and biologically
oxidised to carbonate, sulpliate and anunonia.

The oxidation of cyanide, either by natural processes or from treatment of effluents containing
cyanide, can produce cyanate, OCN. Cyanate is less toxic than HCN, and readily hydrolyses to
animonia and carbon dioxide.
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Cyanidatio
The process of extracting gold from ore with cyanide is called cyanidation. The reaction, known as
Elsner's equation, is:

4 Au + 8 NaCN + 02 + 2 H20 e-> 4 NaAti(CN)2'+ 4 NaOH

Although the affinity of cyanide for gold is such that it is extracted preferentially, cyanide will also
form complexes with other metals from the ore, including copper, ¡ron and zinc. The forination of
strongly bound complexes such as those with ¡ron and copper will tie up cyanide that would
otherwise be available tó dissolve gold.

Copper cyanides are moderately stable, and their forination can be a cause of both operational and
enviromnental concems. High copper concentrations in the ore increase costs and lower recovery
efficiencies by requiring higher cyanide application rates to compensate for the reagent that
complexes with copper rather than gold. The process water or tailings from such an operation can
have significantly higher cyanide concentrations than would otherwise be present in the absence of
copper.

Cyanidation is also adversely affected by the presence of free sulpliur or sulplilde minerals in the
ore. Cyanide will preferentially leach sulphide minerals, and will react with sulpliur to produce
thiocyanate. These reactions will also enhance the oxidation of reduced sulpliur species, lowering
the solution pH and volatising HCN.

Samplin2 and analytical methods from CN Code to be included

cyanide sampling and analyUcal methods.pdf
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ANNEX2
W
*V In the following several dam failures are described. The descriptions provide usefúl suggestions for

safe management of tailings management facilities.

The Aitik dam failure
On the night of September 8, 2000, a dam failure occurred at the Aitik site. The fíailure took place

*V in a section of the dam which separated the tailings pond from the downstream clarification pond.

to ' The event led to the discharge of 2.5 Mm� of water from. the tailings pond section into the

tp
clarification pond. The subsequent rise of the water level in the clarification pond, 1.3 m, caused a
discharge of 1.5 Mrn� clarified water into the receiving streams. This resulted in a temporary rise of

q0 the suspended solids content in the river system downstream.
qW
W The event occurred in spite of manual and automatic monitoring systems in accordance with a

recently developed OSM-manual.

Two theories to explain this event have been developed:

According to the first theory, the filter layers in the dam were not performing properly, so that the
pore pressure within the pond increased causing erosion or sliding failures in the support fill,
eventually resulting in a complete dam failure. Detrimental leaks with elevated pore pressure as a
result may also have occurred

along the discharge culvert through the dam
through the narrow upper section of the impermeable core
underneath the sheet pile at the culvert
through cracks in the bedrock
from the right side of the breach.

According to the second theory, inner erosion occurred along the discharge culvert, possibly in
combínation with openings in the joints between culvert elements and/or collapse of the culvert.
Break-in of water and soil to the culvert, probably caused a sinkliole in the dam with flow direct1y
from the pond into the culvert. The failure escalated and ended with overtopping of the dam and,
eventually, a complete failure.

lt will probably not be possible to fully elimínate one theory in favour of the other, mainly because
the dam was completely eroded away. The operator, however, interprets the results as leakage in
connection with the culvert being the main cause of the failure. The reasons for this conclusion are:

a the culvert was founded on gravel, 16 - 50 mm, and at the last reconstruction covered by filter
y» cloth. Leaks through joints and/or in the gravel have occurred which is proven by

00 investigations after the accident, when tailings were found, that did originate from the accident

*o
9 the culvert was not equipped with a longitudinal reinforcement, and could therefore not

withstand tension.

In addition, some conditions indicate that high pore pressure was not the main cause:
9 as late as the evening before the failure, no visible leaks could be observed along the toe of

dam E-F extension. This indicates that the failure occurred rapid1y
a calculations show that before the accident the dam had a safety factor exceeding 1 even at

increased pore pressure.

The operator has therefore concluded that leaks and/or collapse of the culvert are the most likely
causes of the accident. However, ¡t cannot be ruled out, that also increased pore pressure caused by
deficient fílter function may have contributed to the accident. [63, Base metals group, 2002]
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As one consequence of this accident more stable culvert has been constructed, which will in the
future be replaces by an overflow system built around the dam in natural rock. Future danis will be
built with two filter layers, coarse and fine.

The Aznalcollar dam failure
The Aznalcollar event has been described in many places. Here only the main causes for the failure
and the conclusions will be described.

On the night between April 24 and 25 1998 a 600 m section of the downstream dam of the tailings
pond suddenly slid up, to 60 m. The slide created a breach in the dam through which water and
tailings were flushed out. In a few hours 5.5 Mm3 of acid and metal rich water flowed out of the
pond. The amount of tailings that was spilled has been estimated to be between 1.3 and 1.9 million
tonnes. Due to the fine particle size of the tailings (d80 <45 pun) they were easily transported in
suspension with the flood wave.

The direct cause of the accident was a fault in the marls 14 m below the ground surface (see figure
below). This fault was the result of surplus pressure in the interstitial water of the clay due to the
weight of the dam and the tailings deposit.
[68, Eriksson, 2000]

Before 56 m

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

After

q0

q0
Distance of the fafied tallings pond

Cross-section of the talfings dam
[68, Eriksson, 20001 q0

W
One of the conclusions was that a good baseline study, conducted before the accident, would have q#
significantly facilitated the evaluation of the effects of the accident [68, Eriksson, 20001. Another
conclusion that can be drawn is that a close and thorough investigation of the TMFs foundation
has to be prepared and evaluated prior to the dam construction.
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Further examples:

There were many impoundrnents retained by dams built by the upstream method associated with
the copper mines in Chile. That country is subject to earthquakes and failures were not uncommon.
A well known example is that of the El Cobre old dam, built to a height of 33 m between 1930 and
1963, with a downstream slope of 1 on 1.2 to 1.4. Two years after its construction stopped, the area
was struck by the 1965 La Ligua earthquake, which occurred during daylight. Eye witnesses said
dust clouds carne up from the dam, obstructing ¡t from view as ¡t failed, releasing the liquefied
tailings to flow down the valley, engulfing the miners' village and continuing for a further 5 km.
Many lives were lost. This failure and others in Chile, have been described by Dobry and Alvarez
(1967).
The release of dust is typical of the failure of dry loess slopes and is caused by the volume
reduction on shearing that occurs in loose particulate materials. Air from the voids is expelled,
carrying dust with ¡t. The downstream face of the dam had clearly been relatively dry before ¡t
disintegrated allowing the release of all the unconsolidated tailings slurry.
In Japan, the Mochikoshi impoundrnent was being built in a hollow near the top of a hill to store
gold mine tailings and was retained by three tailings dams. These were being built by the upstream
method from very sound starter dams made from the local volcanic soil. The dams were raised by
building dykes from the volcanic soil placed on the beach and compacted. The impoundrnent was
subjected to a ground acceleration of 0.25g from the Iso-Oshima earthquake of magnitude 7.0 that
occurred on l4th January 1978. The highest of the three dams failed during the main shock,
releasing 80000 m3 of tailings contaminated by sodium cyanide through a breach 73 m wide and 14
m deep. The tailings flowed 30 km and into the Pacific Ocean. The second highest dam failed next
day, 5 hrs. 20 mins. afier an aftershock, releasing a flirther two to three thousand cubic m of tailings
through a breach 55 m wide and 12 m deep. These and other earthquake related failures led to
recommendations that the downstream method of construction should be used in earthquake areas,
rather than the upstream method. In this method, coarse material, possibly from cycIones, is placed
on the downstream part of the dam where effective drainage measures can be employed and the fill
can be compacted. Altematively the dam can be built from borrowed fill, as with water retaining
dams.

Stava
At 12.23 on l9th July 1985 two tailings dams, one above the other and both built by the upstream
method, collapsed. A total quantity of 190000 M3 of tailings slurry was released and flowed,
initially at a speed of 30 km/hr down into the narrow, steep sided valley of the Rio Stava,
demolishing much of the nearby small village of Stava and continued, at increasing speed,
estimated to have been 60 km/hr to another small town, Tesero about 4 km downstream, at its
junction with the Avisio River in northem Italy. The only surviving eye-witness, a holiday maker,
had the horrifying experience of watching the disaster from the hillside and saw the hotel where his
family were taking lunch being swept away by the torrent of tailings. The damage caused by
tailings is very much more than would be caused by the same flood of water, because the tailings
are so heavy. Where water could flood a building, tailings can push ¡t over and sweep ¡t along with
the flow. This failure caused 269 deaths.
The tailings dams were for a fluoride mine that was begun in 1962 and were sited on a side slope of
1 on 8. The decant was in the form of a concrete culvert laid up the sloping floor, with coverable
openings about every 0.5 m vertical rise. Water from the pond decanted into the openings, which
were covered, one by one, as the level of the tailings rose. The lower dam was built by the
upstream method to a slope of 1 on 1.23. When ¡t reached a height of 19 m, the second dam was
begun at the upstream end of the impoundrnent and built to a slope of 1 on 1.43. When ¡t reached a
height of 19 m, further planning consent was required. This was given on the condition that a 5 m
wide berm was constructed at that level and perrriíssion given for the dam. to be built to a height of
35 m. Construction continued at the same slope of 1 on 1.43 and the failure occurred when ¡t was
29 m high. The cause is thought to be due to a combination of blockage and leakage from, the
culvert under the toe of the upper dam, thereby raising the phreatic surface sufficiently to cause a

lo
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rotational slip, as indicated by Fig. 1. Six months befóre the failure, a local slide occurred in the
lower portion of the upper dam. on its right side, in the area where the decant pipes pass underneath
the dam, due to freezing the service pipe during a period of intense frost, according to Berti et al
(1988). For the next three months water was observed seeping from the area of the slide. A month
before the failure, the decant pipe undemeath the lower impoundrnent fractured allowing the free
water and liquid mud from the pond to escape towards the Stava river, creating a crater above the
point of fracture. A bypass pipe had to be installed through the top portion of the lower darn, and
the broken decant pipe blocked to restore use of the system. During this operation the water level in
the upper impoundrnent was lowered as far as possible, then just four days before the failure, both
ponds were filled and put back into normal operation. 53 minutes before the failure a power line
crossing below the. impoundrnents failed, then only 8 minutes before, a second power line failed.
The tailings from the failure reached Tesero about 4 km distance, within a period of 5 to 6 rninutes.
As a result of this failure, the strict Italian law governing the design and construction of water
retaining dams, according to Capuzzo (1990), is being extended to include tailings dams.

MerrieWruit
The Virginia No 15 tailings dam had been built by the 'paddock' method that is used extensively in
South Africa's gold rrúning industry. lt was a long dam encircling and retaining an impoundrnent of
154 ha holding 260xlO6 M3 of gold mine tailings containing cyanide and ¡ron pyrite. The
foundation soil was clay and drainage was required under the dams. General expenience was that
drains were often blocked by ¡ron oxides and other residue. The impoundment formed one of
several similar impoundrnents of the Harmony Gold Mine near Virginia in the Orange Free State. loThe suburb of Merriesprult containing about 250 houses had been built near the mine in 1956.

«0Virginia No 15 lagoon was begun in 1974 and a straight northem section of the dam nearest the
suburb was placed only 300 m from the nearest houses. Dam construction and filling of the lagoorí
continued until March 1993, when the section of the dam closest to the houses was 31 m high.
The summer of 1993/4 in the Orange Free State had been particularly wet and on the night of
Tuesday 22nd February 1994 there were violent thunderstornis over Virginia and a cloudburst
when 40 nun of rain fell in a very short time. The water level in the lagoon rose due to direct
catchment: there was no stream or other natural source of water that came into the lagoon, which
while operational, had a launder system that removed the transportation water decanted from the
tailings slurry that had been delivered into the impoundrnent. During the early evening at about
19.00, water was found rurining down the streets and through gardens and an eye witness saw water id
going over the crest of the dam above the houses. The mining company and contractor were
informed, but when their representatives reached the site ¡t was already dark. One of the
contractor's men rushed to the decants and found water lapping the top rings but not flowing into
the decants. He removed several rings to try to get the water flowing, but the main pool was next to
the north dam crest with no direct connection to the decants. At the same time, another contractor's
man was near the downstream toe of the dam, and saw blocks of tailings toppling from a recently
constructed buttress that had been built against a weak part of the dam. An attempt was made to q#
raise the alarm, but before anyone had been contacted, there was a loud bang, followed by a wave:
of liquefied tailings that rushed from the impoundrnent into the town.

A breach 50 m wide fórmed through the dam, releasing 2.5xlO6 m3 of tailings that flowed for a
distance of 1960 m, covering an area of 520xlO3 M2 . The flow passed through the suburb where the
power of the very heavy liquefied tailings demolished everything in its path, houses, walls, street
fumiture and cars, carrying people and fumiture with ¡t. According to newspaper reports, people
already in bed at about 21.00 hours when the mudflow struck, found thernselves floating in their
beds against the ceiling. 400 survivors spent the night in the Virginia Community Hall, a kilometre
away. Hetta Williarnson said that her husband had gone back in daylight to their former home and
found nothing but the foundations. It is remarkable that only 17 people were killed.

Apparently this north section of the enclosing dam had been showing signs of distress for several
years, with water seeping and causing sloughing near the toe. A drained buttress constructed from
compacted tailings had been built against a 90 m long section, but continued sloughing had caused
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the mine to stop putting the normal flow of tailings into the impoundment more than a year befóre
the failure, Le. the impoundrnent had been closed. At that: time the freeboard was, according to the
contractor, a respectable 1 m. But sloughing at the toe continued, and construction of the buttress
was continued. Not long before the failure, slips had occurred in the lower downstream slope just
above the buttress. In fact, although the placement of tailings had been stopped, waste water
containing some tailings continued to be placed and the water overflowed into the two decants.
Unfortunately there formed a sufficient deposit of further tailings to cut off the decants and cause
the main pool of water to move towards the crest of the north part of the dam, leaving a freeboard
of only 0.3 m, and water was still being pumped into the impoundrnent from the mill on the night
of the failure. Evidence of what had been going on since supposed closure was provided by satellite

qP photography. A Landsat satellite passed over the area every 16 days and the infrared images
revealed the positions of the tailings and the water pool.
Goverrunent Mining Regulations that had come into force in 1976, required a minimum freeboard
of 0.5 m to be maintained at all times for this type of impounchnent, to enable a 1 in 100 year
rainstorm to be safely accommodated without causing overtopping. Evidence of the level of tailings
in the Virginia No 15 lagoon showed that the tailings had been brought up to within 15 cms of crest
level prior to abandoning this storage in March 1993. Had the govermnent regulations required
inspection of the dam, particularly at closure, the very small freeboard would have been noticed

*o and a further raising of the dam crest enforced to prevent overtopping in the event of a maximum
probable precipitation.

Baia Mare
The expanding city of Baia Mare in Romania was beginning to encroach on old mining areas where
there were disused impoundrnents of tailings. Removal of these impoundrnents and their retaining
tallings dams would both. release valuable land for city development and allow extraction of

» remaining metals from the old tailings. The scheme at Baia Mare involved construction of a new
impoundment and a new efficient processing plant that would accept tailings removed from the old
impoundrnents. Initially three were to be reworked and pipelines were laid out to transmit water
from the new impounúment to be used for powerfúl jets that would cut into the old tailings,
producing a slurry that would go to the new processing plant for extraction of remaining metals,
with the tailings from ¡t flowing to the new impoundrnent. The system used the same water goíng
round and round with no interference with the environment.

The site for the new impoundrnent, well away from the city, was on almost level ground, with its
main axis 1.5 km long, sloping down only 7 m from NE to SW with a width of about 0.6 km, as
indicated by Fig.3. An outer perimeter bank 2 m high with 1 on 2 side slopes, as shown by FigA,
was built from old tailings, and the whole area of about 90 ha, lined by HDPE sheet, anchored into
the crest of the perimeter bank. Drainage was installed to collect any seepage, that would be
pumped back so that there should be no escape of contaminated water into the environment. About
10 m inside the perimeter, starter dams were built, also with 1 on 2 side slopes, to heights of about
5.5 m along the SW lower edge of the impoundrnent, tapering down to 2 m height about half way
along the sides, with the remainder around the NE end of the impounúment, about 2 m high.
CycIones mounted along the crest of the SW starter dam and part way along the side starter dams
accepted the tailings piped from the new processing plant, discharging the coarser fraction on to the
downstream side to fill the space to the parameter dam, and raise the whole dam, with the main
volume of fíne tailings slurry being discharged into the impoundrnent. Collected water was
discharged into the central decant, drained through a 450 mm diameter outfall pipe embedded
under the HDPE liner and pumped back to operate the monitoring jets in the first of the old
impoundments, 6/2 km away, and close to the city. Cyanide was used in the new processing plant
for the extraction of gold, so that the tailings and water in the new impoundrnent contained
considerable amounts of cyanide. No water should leak from the pipework circuit, although the
water used in the cutting jets flowed over the unlined floor of the old impoundment where it could
soak into the ground. First discharge into the impounúment was in March 1999, and during the
summer everything worked well, particularly during June, July and August when the average
evaporation was 142 nun per month, although the delivered tailings did not contain quite as much
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coarse material as had been envisaged and the rate of height increase of the dams was lower than
intended.
During the winter, however, conditions became greatly changed. The temperature fell below zero
on 20 December and remained low during most of January, freezing the cycIones and producing a
layer of ice over the impoundment, which became covered by snow. Tailings from the processing
plant was warm enough to keep the operation working, but there was no further height increase for
the dams because the cycIones were out of action. Precipitation during September to January
averaged 71 mm per month and fell as rain and snow on both the whole area of the impoundment
but also on the old tailings impoundrnents that were being worked. This extra water was stored in
the impoundrnent causing the level to rise under the now thick layer of ice and snow.
On 27th January there was a marked change in the weather. The temperature rose above zero and
there was a fall of 37 mm of rain. The lee and snow covering melted and the dams, half way along
the sides of the impoundment, where they were only starter height, were lower than the developing
water level. At 22.00 hours on 30th January 2000, a section overtopped, washing out a breach 25 m
long that allowed the escape of about 100 000 m3 of heavily contaminated water that flowed
fóllowing the natural slope of the area, towards the river Lapus. This in tum fed into the rivers
Somes, Tisa and Danube, eventually discharging into the Black Sea. A very large number of fish
were killed with serious consequences for the fishing industry for a time. The Hungarian authorities lo
estimated the total fish kill to have been in excess of one thousand tonnes. Water intakes from the lo
rivers had to be closed until the plume of toxic contaminate had passed and for some time
afterwards until the purity of the water could be confirmed. The cyanide plume was measurable at
the Danube delta, four weeks later and 2000 km from the spill source.
The concept of a closed system in which none of the process water should escape into the
environment should have been excellent, with the new tailings impoundrnent completely lined with
plastic sheeting and provision for the collection of any seepage. Unfortunately no provision had
been made for the additional water that would accrue from precipitation, nor had the problems of
working at low temperatures been. addressed. The scheme was one that could have worked well in
the hot and dry conditions found in some parts of Australia and South Africa.
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Example of asgecLs coyered by a baseline study

The fóllowing sub-sections provide an example of a baseline stady for a Udings pond rwmtly
performed in Europc [25, Lishom, 19951. These studies have bocome a standard procedure and are
ofim a legal requír=ent. They are necessary as a point of reference in order to quantify the impact
of un operation.

40
Archaeology and local history/cultural patrimony
This section of the baseline stady investigates whether archacological fíndings can be expectod
based on historical information. k gives answers to the questions whether any important fmdmgs
may he inMbited or even promoted by a new development. Froni the perspective of the operator
repeated archacological fmdmgs can significant1y slow down the development of a site. There may
be public conceni about the loss of archacologically- significant sites but many authorities is-111
accept their prcsen�ation by professional exca-N-ation and publislied rccord.

Socio-economic
The level of employnient is considered and trends for the future are discussed briefly. Major
sources of employinent are listed. Hence predictions can be made of the prosperity of the
investígated arca for the future.

Health
The typical lifesty1c (e.g. cating habits) in the region is wmincd, mortality r~ are listed. and
compared to "average" conditions (e.g. country/world average) and the possible reasons for
abnormal findings discussed.

Infrastructure
This section describes the road, railway, shipping and auway situation. Furthermore the access to
water and electricity is described. This section may also mention the waste coflection in the arca.

Trafiric
Local traffic situation is quantified. Traffic flow compared to other arcas or country average may
be investigated.

lo Climatology
Data such as annual rainfafi, prevailing winds (strength and predominant direction), humidity and,
air and, soil temperatures are presented. lf useful. these figures may be compared to other regions.

Air a~
The resuits of a baseline sampling programme are presented here. The levels measured are shown
and the orígins determined. The values measured include total dust and metals.

"l
This part describes the geology of the mmeral deposit and the nearby arca. It usually includes:

ST/EIIPPCBff#r~-Draft -2 Version May 2003 435



Annexes

• deposit depth
• stmta dip
• mineral assemblage
• dimensions of the deposit
• mineable resources
• description of topsoil, overburden, bed and waste-rock.

Landscapo
The countryside of the study arca is described here. Will the site be in the mountains or on fiat
pastureland? Are there many~ and/or hedges? The visual unpact of the new development may
be mentíoned in this context.

Ecol
This section describes, e.g.:

• the sofi of the arca
• woodlands of interest
• species in the habitats studied
• diversity of herbs and woods
• plant species
• diversity of birds and marumaís
• any special ecological designations near the site.

Day and night time noise levels, measured for the study are ofien fisted as 12 hour averages.

Sofis and soil suitability
Tle overall quality of soils must be investigated in the arca possibly effected by the development
and compared to other amas. The fíeld survey includes soil characteristics, quality and suitability
for grassland and crop and stock production. In the UK the assessnient of sofis is undertak-en by a
recognised system for evaluating the characteristics and qualib- of soils, the Agricultura] Land
Classificallon SN Stem.

Soil and herbago s=ling
This section investigates the soil fertility statas of the area. It includes the measurements of trace
elements (Le. magnesium, copper, molybenuín, manganese, cobalt, zinc, lead, cadmiuní) and other
nutrient elements such as phosphorus, nitrogen, potassium, calcium, sulphur, iodine, selenium.
These values are compared to other areas and anomalies are analysed. Special attention is dedicated
to establish baseline levels of any consfituents that may be al~ by a future mining operation.

"r and anunal ºEºductío
Surrounding farms are exammed for the productivity of their field crop and grassland. Their V~
numbers and conditions of livestock are examined at the same time. A recognised methodology- is
needed for cvaluatm'g the cropping and livestock systems in the arca which tak-es account of
variables such as fárTn management skills, level of fixed costs, inputs and agricultural land
classification. Comparison of yields without tak-lng these other factors into account would be
mísleading.
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Soil moisture
y* The purpose of this part of the study is to address the concem that dewatering of a mine may

adversely affect the growth of crops and other aboveground vegetation inciuding scrubs and trees.
To achieve this a survey on the movement of water in soils and the possible relationship between
the depth of the watertable and the soil water balance may be carried out.

Veterinary
Within an appropríate ama herds are surveyed for trace elements and other important elements m
blood silage and milk. Also, a 12 month animal health survey may be part of this section.

~Wology
All factors influencíng groundwater flow should he mentioned here, meluding aquifer/aquitard
systems, faults and fault zones as well as any other geological features influencmg groundwater
flow. The existence of hydraulic baffiers and hydraulic conduits should be discussed. Other issues
mentioned in dús section may be groundwater levels and transmissivity (hydraulic conductivíty x
thiclmess).

Groundwater guality
This part of the study analyses the groundwater chemistry. The water is typically sampled in wefis
and, piezometers. If contaminated groundwater is found, the possible source of the contaminatíon
should be identified (e.g., agrícultura¡ practices, other industrial activities, etc.).

Sur-face water aual
The resuits from a baseline surface water sampling programme are presented here. The sampling
points should be selected to provide a baseline for what part of the catchment area may potentially
be affected by discharges froín the pro~ development.

Typícally the overall quality of the water is discussed as wefi as the levels of organic pollution,
nutrient and trace metal leveis. Possible sources of contamination are identified.

m Surface water hvdrology
00 In order to determine the assimilation capacity of the receiving waters, flow data of all surface
00 waters potentiany influenced by the project is required. "Knowiedge of the surface water

hydrological characteristies is also, important in establishing the recharge and discharge relationship
between the nvers/streams and the groundwater system." [25, Lisheen, 1995]

Fisheries, fish poulation and Ipawning
A fish stock assessment in representative sections of the main watercourses within the survey arca
is part ofM section. This assessment includes tissue analysis and density measurements of the
existing specios. In addition die measures such as the mean redd count (Redds are the nests that
mated adult salmon build in the gravel, whcre dicy deposit and covcr thcir cggs. A rodd count is tho
number of such nests counted in the river at the end of the spawning season. The number of redds
is a good indication of the health of a salmon run) can provided for cach of the watercourses as a
means of investígating the spawning activities in these rivers.

Surface water flora and macroinvertebrate, fauna
Selected plant and macroinvertebrate species may be utilised as indicators of water quality. To
investígate these aquatic ecological surveys and water chemistry surveys are carried out. This part
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w ANNEX 4

sir The following text onginates from [133, Wilson et al., 20031. It has been provided shortly before
the release of this draft and has only been slightly edited.

ir
CHARACTERISATION OF TAILINGS AND WASTE-ROCK SAMPLES

ir
A summary of methodologies available for the geotechnical and geochemical characterisation of
tailings and waste-rock, and for predicting drainage quality, is presented.

1. Available methodologies for characterisation of tailings and waste-rock samples
�r►

1.1 Sampling
�r
ir To ensure reliable environmental characterisation of tailings and waste-rock and the design of cost-

effective remediation and reclamation schemes, appropriate sample collection and preparation
procedures need to be defined. These procedures will depend upon whether the programme is
related to the following:

baseline study
*o ■ pre-mine planning
*o ■ mine operations

■ reclamation/closure plan

Sampling may involve any of the following:
• point samples: These can be either a single grab sample chosen to represent a single waste

deposit , or random samples taken from various source points, generally within a predeternimed
arca.

+1r • linear samples: Continuous sampling over an interval in a line such as channel samples, profile
sampling of overburden, or throughout boreholes as discrete, disturbed, undisturbed or drillcore
samples.

• panel samples : These are planar samples made up of multiple chips collected from a surface
with dimensions.

■ bulk samples: Sampling of a large mass of material which will be sectioned and split into
fractions with samples taken from these various fractions.

+�r
rr, Sampling theory and practice is addressed by Pitard (1993), and sampling methodology specifically

related to tailings is given in MELAD (1989) and Runnels et al. (1997). Sampling guidelines and
protocols are beyond the scope of this report and are not discussed further.

1.2 Geotechnical Parameters

A range of field and laboratory tests is required for the characterisation of tailings and for potential
additives in order to derive an understanding of their likely geotechnical behaviour. Physical and
geotechnical properties of tailings may be derived from bulk sampling from the mineral process for
prediction and control of the deposition process, or from disturbed/undisturbed samples from as-
deposited material. The properties will include grain size, moisture content, specific gravite,,
sedimentation characteristics, in situ and relative density, permeability, plasticity, compressibility,
consolidation, shear strength, and stress parameters. Variations in these properties are all known to
affect both geotechnical and geochemical behaviour of tailings and impact on design, stability and
dramage of the impoundment as described in the CLOTADAM Green Paper (Knight Piésold,
January 2002).

ir

t~r

ST/E~B/MMR Draft 2 Vencen May 2003 439

tp
y*
Or
*o



Annexeo

Due to the iniportance of the geoteclinical, characteristics of soils in civil engincering and dani 0
design, a number of standard procedures have been developed. Many of these soll testing standard
procedures, which include British (BS), American (ASTM). German (DIN) and Euronomis, are
applicable to tailings. In addition, a nuiríber of non-stalidard test procedures are in use for the
determination of specific, tailings-related physical and, geoteclinical parameters.

Geoteclinical testing of tallings can be divided into four generic groups:
• individual sample (single) tests;
• conibined geotechnical tests;
• process specific tests; and
• model specific tests.

The nornial sulte of laboratory geoteclinical testing for basic characterisation o¡ tallings is
presented below.

Geoteehnical Characterisation of Taffings - Basie Charaeterisation

Method Standartis Operations Procedures
Moisture Content BS 1377-2, ASTM D2216
Specific gravity (Particle density) BS 1377-2, ASTM D854,
Atterberg Limits (Plastio and Liquid BS 1377-2, ASTM D4318
Limits)
Soil Classification (hydrometer and BS 1377
si_s eving)
Proctor (Compaction)'Fest BS 1377-4, ASTM-W98, DI 558, D558
Dry density_ B S 1377-4, ASTM C 127-88
Falling Head Permeabilib, KH Head: Procedure 10.7.2, BS 1377-6, ASTM

D2434, D5084
OedometerTesting BS 1377-7, ASTM D 3999

A full characterisation of tallings involves a variety of test-vvork-. Standard test methods and
guidelines on avallable procedures are outfined below.

1.2.1 Geoteclinical Testing

Geoteclinical tests to identify individual parameters for tailings include:
• indox tesfing;
• desíccation testing,
• permeability testing;
• strength testing;
• consolidation testing;
• settlement testing.
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Geoteelinical Charaeteflsation of Tailings - Single Tests

Method Available Standards
Indéx Tesfing
Moisture Content BS 1377-2, ASTM D2216
Specific pTavity, (Parlicle density) BS 1377-2, ASTM D854
Atterberg Limits (Plastic and Liquid BS 1377-2, ASIM D4318
Limits)
Grain size distribution BS 1377-2, ASTM D2487, D422
Proctor (Compaction) Test BS 1377-4, ASTM-D698, DI 558, D558
Dry density BS 1377-4, ASTM C 127-88
Soil Classification BS 1377,
Desiccatión Testing
Desiceation Test Mahar and O'Neill (1983)
Permeabihitv Testing
Permeameter ASTM D5887
Falfing Head KH Head: Procedure 10.7.2, BS 1377-6- ASTM

D2434, D5084
Strength Testing
Unconfíned Compressive Strength BS 1377-7, ASTM D2166

qw Consofidation Testing
Triaxial Testing BS 1377-5, ASTMD2435
Oedometer Testing BS 1377-7, ASTM D 3999
Rowe Cell Sheahan and Watters (1996)
Settiement Tesfing

1 Setting Velocíties BS 812-103, no ASTM, Pipette Method
Mud Line Test (drained and undrained) 1 Developed - Standard Procedures in Prepara on

Mudline tests to determine die senled density, of tailings samples on deposition, both in an
undrained and drained state, have been developed (Reference Knight Plesold Personal
Communication), a standardised procedure for which is being prepared within the Clotadam
Proj ect.

Indéx Testing

qv Index tests provide essential geoteclinical charactuisation of tailings, and have the advantage of
being casy to perform with a quick tum-around time and are thereby relatively cheap. Index
properties can provide a rapid tailings classification.

Partiele size determination
Tailings are comnion1y in the top tlirce of the fóllowing four grain sue distribution groups:

a clay - rnaterials less than 2 ktra-
a silt - materials Iying between 2 pni to 63 pm;
a sand - mateníaIs lying between 63 pin and 2 mm; and,
o gravel rnaterials Iying between 2 mm and 60 mm.

Test procedures for grain sive alialysis typically include a combination of sieves and a bydrometer-
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AtterbergLimits (PlavticLimit andLiquidLimit)
Atterberg Linits assess material plasticity and hence provide a fundamental test of tailings
consistency. The water content at which the tailings ceases to act as a liquid and bccomes a plastic
solid is known as tlic líquid lifflit. The definitive method is tlic Cone Penetration Test, where a
sample is tested for a ralige of moisture contents. From the cone penetration readings obtamed, a
grapli of water content versus penetration is plotted, and the liquid limit is taken as the moisture
content that corresponds to a cone penetration of 20 nim.

With decreasing inoisture content, the limit at whicli plastic failure changos to brittle fíailure 15
known as the plastic limit. The plasticity mídcx is defined as the range of moisture content over
which a matcrial behaves in a plastic manner. Gcnerallv, the finer the soil the greater its plasticib,
index.

Desiecation Testing
Air drying tests are carríed out on slurry samples to determinc the effect of atmospheric
evaporation on deposited tailings following initial sett1cnient and removal of the supcmatant water.
The test therefóre simulate sub-acnial deposition of tailíngs. Contm'uous monitoring is camed out of
the saniple weight and volume to define a relationship between the dry density, moisture content,
volume reduction, evaporation and degree of saturation of the tailm'gs maten*al. The test may
include the measurement of shear strciigtli, using a laboratory shear vane.
An absolute relationship between dry densitY and moisture content exists up to a break-away point
at which the degree of saturation falls below 100%. At this stage negative pore pressures develop
and act to further consolidate the tailings. At a limiting saturation point no further bleeding of the
material occurs wíth further drving oceurring due to tlic drawnig of water from the voids. At this
point cracking of thc sample occurs and hence final dry densíty and moisture content are typically,
calculated by míterpolation.
The standard air-drying test is undertaken using a 1 litre container with no underdrainage. For the
majoníty of die samples the lack of underdrainagc has no significant effect on the drying rate and
final density of the, sample. Vv`here tailings samples contain significant amounts of salt m' the water
the formation of a salt crust can inhibit drying.

Permeahility Testing
Standard tests are avallable for the deternifflation of the Coefficient of Permeability (Hydraulic
Conductivity) of a material. These tests provide a measure of the dramage characteristics of
taílings,

Strength Testing
Strength testing can provide basic characterisation data and also design paranieters for
consideratíon in elosure design of tailings facilities. Consolidated undrained and drained triaxial
tests use cylindrical samples.. Sainples typIcal1v have an aspect ratio of two to one and are sealed
by a rabber membrane attached by rubber '0' níngs to a base pedestal and a top cap. Pore pressures
measurements can be made during testing alid consolidation. Undrained Tria:xial testmig, of the
samples is typically carnied out at multistage cell pressure increments to detcnnm'e the shear
strength charactenístics over a range of effective confiming stresses, From a Mohr-Coulomb curve
the fundamental geoteclinical parameters can then be determined ¡.e. the effective angle of
resistance (friction) and the effective cohesion.

Consolidation Testing
Consolidation tests are used to assess tlie behaviour, particularly settlement and drajilage
cliaracteristics of a material with respect to changes in loading. Test results proVide vold ratio/log
pressure ratios, coefficient of consolidation, coefficient of volume compressibillty and sweIling
pressures. Consolídation parameters are of significance to operation, water managenient and
closure design of a TME
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The eonsolidation of the tailings can be described by two paranieters. The first paranieter is the
coefficient of consolidation (cv) which describes the rate of excess pore pressure dissipation and
hence the rate of gain in effective stress of the tailings. This measure of the rate of consolidation
implies that higher values mean rapid consolidation. The second parameter is the coefficient of
volume compressibiliK (inv) that is the volume change per unit volume per unit increase in
effective stress. The quotient of the two coefficients alongside the material's unit weight can be
used as a calculation of the peri-ncabilitY. These two coefficients can also be used alongs1de other
geotechnical parameters to perfonn settlement and drainage time models using suitable analytical
software.*o Consolidation is generally camied out in a standard fixed ring oedometer at varymg pressure
(effective stress) increments. Each pressure increment is double the previous, and maintalned for
approximately 24 hours. Routine measurements of settIement should be recorded with time duníng
cach loadmig stage. Once settlement ceases or becomes negligible during loading the confining
pressure is increased to the next stage. Typically for tailings confinmig pressures range firom 0.2 kPa
to 400 kPa. For low-density samples such as tailings, thc Rowe cell or a specially adapted
oedometer may be used for consolidation testing. These test cells permit sample placement and*o testíng at an initial solids content approximating the state of the tallings prior to consolidation
(determined froni the siurry settlement tests).

Seitíement Tests
Drained and undrained settling tests model sub-aqueous and sub-aerial phases of tallings deposition
and provide an indication of overall density achievement during placement. The tests indicate not
only deposited density, but also the rate of interstitial supernatant release used for water balance
modelling purposes.

tlndrainedS�eitling Test
The undrained settling test estimates the density at which the tailings settie n'i an undrained, sub-
aqueous environment. Tests are performed on slurriffiled tailings placed in a 1 litre graduated
cvIinder. The rate of settling and change in volume of the tailings as the supernant water blecds to
the surface are recorded. The dry density of the settled voids is calculated once the change 111
settIed volume remains constant.

DrainedSettfing Test
The dramed settling test provides an indication of the dry density that will be achieved fironi
underdraining the tailings. Tests are carried out in similar fashion to that of an Undrained Settling
Test, but thc cylInder has provision for bottom drainage and recoyery of downward seepage. The
rate of settling and change in volume of the tailings is recorded with time, as the supernant water
bleeds to the surface and drains from the base. To minimise development of a vertical gradient
across the sample, it is recommended that supeniant water is continually decanted from the surface.
The dry density of the setiled voids is calculated once the change in settlcd volume remains
constant.

Settfing Velociry
Particle settling velocities of the fine tallings solids (particle sizes <0.074 mm) are determined
using the data from the hydrometer portion of the grain size analysis. Altematively, they may be
determined by the measurement of the time it takes for thc particle to fall a distance of 500 mm
through distilled water. Thc rcsults may be used for calculating friction losscs for design of a
tallings slurry pipeline. To ascertam tailings delivery pipeline details the total product PSI) and
particulate settling veloelty are utilised for the slurry transport analyq1s.

1.2.2 Geoteclinical Modclling Testwork-

A practice adopted occasionally for the modelling of tallings deposits involves sequential testing of
kv a sample in order to sirnulate tailings facility conditions. In particular, this can involve a
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combinatíon of settling air-drying, consolidation and strength tests. The combined test aims to
reficct the fact tlic development of sub-acnially, deposited tailings in which any combination of two
of tlic following dcwatcn'ng processes are aIways taking place:
• satling
• air drying
• consolidation

Test methods are oullmed abovc, although thc practice of settling and consolidating samples in a
combined testing apparatus are not standardised.

1.2.3 Specialíst Testing q*

For the design of tailings disposal a set of additional process specific tests are recognised,
inciuding:
• wind tunnel tcsting
• dcwaten'ng testing lo
• filter Icaf testing q*
• gravity thickeníng tcsting

In the coursc of modelling taílings ponds, centrifuge testing is also occasionally carnied out. Such
testing is standardiscd for soi1s in ASTM D-425.

1.3 Chcmical-mineralogical analyscs
00

1.3.1 Chcmical Analyses
y#

Cheinical analyses include methods to analyse tallings and waste-rock- saniples for Id

(1) elcinents and compounds pi-csent in mincrals which generate and/or neutralise acid.
(2) trace metals, and
(3) whole rock constituents which, in conjunction with x-rav diffraction analyscs, can be used to
quantify mineralogical composition

The procedures to be selected are dependent on the mincralogy of the examined tailings and waste- *0

rock saniple. q*
q0

Sulphur and Carbonale Analyses q0
Of particular importance are acid-producing sulphur species and acid-ncutralizing carbonate
species. Acid producing sulphur species include sulphides associated with ¡ron sulpliáde mincrals
(usually pyriíte and pyrrhotite) and sulphates associated with jarosites, alunites and efflorescent
sulpliate minerals. Trace metal sulphides will contribute to drainage aciditY, if following their
oxidation in the prcscnce of water and oxygen. the associated trace nictals precipitate as
hydroxides, oxides, or carbonates. Thesc minerals are of interest bccause they can contribute trace
metals to drainage. Jarosites and aluilite must be distinguished from non-acid-producing sulphatc
minerals such as gypsum atid anhydrite.

Calcium and magncsium carbonate mineraís are iniportant in detennining the neutralisation
capacity of a waste mateníal, because tbeir dissolution can neutralise acid. It is necessary to
distinguish these minerals from carbonates of ¡ron and manganese which, under oxídizing
conditions, will yicld no net acid neutralization.

Su1phur Deterininations
Existing analytical techniques, such as those using a combustion furnace (e.g. LECO funiace) with
subsequciú quantification of the sulpluir dioxide evolved, are capable of accurately determining the
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total sulplim- content of the material under study. However, given the different fórnis in which
sulpliur can occur In tailings and waste-rock, e.g. sulphide sulphur, elemental sulphur, sulphates
etc., and their different potentials for acid production, an analytical scheme lo speciate sulphur
Nvotild be most beneficial for the environmental characterisation of sulphidlc tailings and ,vaste-

*o rock. Other sulphur species are often determined by, treating the sample lo remove a specific
sulphur phase. Such a method involves digcstion of the sample with sodium, carbonate lo remove
sulpliate mincrals. Sulplvide, sulphur is determilied as flic difference bctween tlic total sulphur and
the S(S04). This procedure presents some limitations depending on the mineralogical composition

*o of the examined tailings and waste-rock. For example minerals such as Orpiment (As2S3) and
realgar (AsS) will dissolve lo some degree duníng digestion, leading lo underestimation of the
sulphidc content, -%vlillc Jarosites and alunite may also not completely dissolve in tlic digestioli.
leading lo an overestimation of the sulphide sulphur.

Carbon Deterininations
Standard Tecliniques using a combustion funiace can be also used for the determination of total
carbon content (carbon present as carbonate, organic carbon, and grapihite). Carbon species are
often determined by treating the sample lo remove a specific carbon phase, and using a
determination of total carbon on the original and treated sample lo determine the change in carbon
content resulting from the extraction. A method lo determine carbonate content, involves heating of
the sample at 550 'C for one hour lo drive off organic carbon as carbon dioxide (Lapakko, 2000).
The carbonate carbon is estimated as the total carbon mí the residuc, and tends lo be slight1v lower
than the iitial carbonate content, due lo some loss of carbonate during pyrolysis. The difference in
temperatures at which carbon species decompose can be also used lo speciate carbon (Haminack.
1994). Transition metal carbonates (e.g. sideníte, FeCO3, and rhodochrosite, MnC03) decompose,
vielding C02, in the range of 220 'C lo 520 "C. Calcite decomposes above 550 'C whercas,
dolomite decomposition occurs at 800 T lo 900 T. A second metbod lo determine carbonate
content is referred lo as "Acid Insoluble Carbon" (Lapak-k-o, 2000). After analysed for carbon, the

*¡o sample is digested with hot 20 % HCI, dn*cd, and rinsed tliree tirnes with distilled water lo remove
residual clilonide, which can interfere with the subsequent analysis for total carbon. The residual

k# solid is analysed for total carbon and assumed lo be organic carbon. The carbonate carbon content

*y
is the difference between the initial total carbon analysis and acid insoluble carbon.

tp Total Major (whole rock-), Minor and Trace Melaly
Analytical tecluilques for determining metal concentrations *m tailings and waste-rock samples can
be generally categorísed as non-destructive or destructive. Non-destructive tecliniques analyse the
sample directly, leavm'g it intact. In contrast, destructive tecliniques dissolve the sample and the
resultant aqueous solution is subínitted for analysis by one of sevcral methods.

*o Non-destnictive Tecliniques
by Non-destructive tecImiques include instrumental neutron activation analysis (INAA) and X-ray
00 fluorescence spectrometry (XRF). Wavelength dispersive XRF (WDXRF) is used lo determine
tv contents of elements with atomic numbers less than or equal lo 26, generally referred lo as major

elements or whole rock constituents, althoxigh it can be also used for elements of higher atomic
numbers. Energy dispersive XRF (EDXRF) is used for determination of elements nith atomic
numbers greater than 26, having the additional benefit of being transportable for fíeld use. XRF is
the most widely used non-destructive teclinique.

Destructive Techniques
Acid digestion, sintering, and fuston are destructive tecliniques used lo dissolve the samples, and
the resultant solution/residue is analysed for the metals under study by one of several tecliniques.

An aqua regla (hydrochIoric and nitric acids) digestion is comnionly used lo attack sulplildes, as
well as sonic oxides and silicates, and determine trace metal concentrations. A "ncar total" lom
temperature, atinospheric-pressurc digestion using a combination of hvdrofluoric, kN7drochloric,
nitnic and perchionic acids is also employed. Sintering and fusion, with subsequent digestion, can
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solubilise a Nvider varíety of minerals, however, they are gencrally more appropniate for
determination of whole rock components than trace elements, Aqua region digestion is used to
determine die iiiaximum concentration of elements that might become availabIc undcr severe acidic
conditions.

The most comnion methods for analysis of digestates are flame atomic absorption spectroscopy (F-
A-AS), graphjte furnace-atomic absorption spectroscopy (GF-AAS). inductively coupled plasma-
atomic emission spectroscopy QCP-AJES), and iliductively coupled plasma-mass spectronictry,
(ICP-MS) (Hall 1995), The first two metliods analyse solutions for a single elemelit at a time,
whereas with tlic ICP methods solutions are anat\,scd for multiple components simultancously.

1.3.2 Mineralogical analyses

Petrograpli1c or míncralogical examination of samples is usually conducted by X-ray diffraction
(XRD) tecliniques and transmitted and reflected light microscopy, often coinbincd with Image
Analysis. More specialised tecliniques mícluding scanning electron inicroscopy (SEM) and electron
probe mieroanalysis (EPMA) are also employed, when more detailed analysis of specific
mineralogical components is required. Such tecliniques are particularly usefúl mí the detct-mination
of the chemical composition of sulphide oxidation products such as rims, inclusions and amorphous
(non-crystalline) species,
Transmitted light microscopy utilises thin (30 Vim) sections of samples and reflected light
microscopy utilises polished mounted samples. Saniples may be prepared from drill-core saniples,
or from tallings and representafive samples of treated material, or from. fragmented material such as
humidity cell leed and residue samples.

Transmitted light microscopy is used te examine those minerals that transinit light in tIún section,
and these include most of the gangue or non-metallic nimierals that may have neutralizing
capabifity. Reficeted light mieroscopy is used to exarninc those minerals that do not transmit light
in thin section, but reflect light to varying degrees when polished. Such minerals include metal
sulphides that m ay, oxidise to generate acid.

Both types of microscopy are used to identil`y individual mineral graffis to deterniffle mineral grain
size and slze distribution, and to identif�� mineral grain spatial interrelationships. Grain size, sizc
distribution and grains associations, are often examined, with the assistance of Image Analysis
tecliniques combined with the above microscopes Reaction products of sulplúde oxidation
(n'mming of grains) are readily observed, as are many other charactenístics of mineral grams (such
as inclusions) not readily seen by, other analytical tecliniques, These capabilities of mieroscopie
examination are extremely useful in ARD studies of both tailings and wastc-rock-.

1.3.3 Metal Partitioning

The concentration of a trace metal in a tallings and waste-rock does not necessanílN, reflect its
potential for release to the environment. The phase in which trace metals exist detennines how
readily available they are for release to the environment. Sequential extractions testwork developed
and uscd primarily for thc chemical spcciation of mctals in sofis and scdimcnts (Tcssicr et al.,
1979), can provide useful information about the mode of occurrence and mobility- of trace
elenlents. Recently, sequential extractiolis have been increasingly applied to tallings and waste-rock
in order to study the partitioning of metals (Leinz et al., 2000) as wcIl as the retention of mobilised
elements by secondary pliases (McGregor et al., 1995; Dold, 2001), paranicters characteristic of the
overall environmental bebaviour of the examined material. As an example, a 7-step sequential
extraction for tailings and waste-rock reported by Leinz et al. (2000) is given in the following table.
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Phase Samplel Conditions Duration
Extraction medium

Water~soluble 0.25g sample + 0.25 g silica gel + Shak-ing/ ambient 2 h
25 nil of de-lonised water temperature

*o Ion- Residue of VI extraction + Shaking/ ambient 1 h
exchangeable 25 nil 1 M sodium acetate temperature
Cartmate Residue of 2` extraction + Shaking/ ambient 2 h

25 rril 1 M sodium acetate buffered xkith temperature
acetic acid, pH: 5.0

1,'e-Mnox�� Residue of 3d extraction + Water bath/ 50 'C 30 nún
25 nil 0.25 M hydroxylamine
hvdrochloride in 0.25M HO

Fe0�,,y.,, Residue of 4" extraction + Water bath/ 94 'C 30 rmín
25 nil 4 M IICI

Sulphide Residue of 5"' extraction + 2 g sodium 45 min
clilorate +10 nil cone. FICI
Separation and dilution to 2 5 rrú Y,,¡ th
deionísed water

1 Residue + 25 rril 4N HNO3 Boiling water bath 40 nun
Silicate Digestion of residue with 10 rril of cach 220 'C

conc. HN03, HC104 and FW
+ 25 nil 4M HCI 100 OC 30 rrún

1.4 Acid Base Aecounting

1.4.1 Procedares

Stafic Acid Base Accountmig tests are short term (usually measured in hours or days) and relativeh,
low cost tests developed to provide an estimate of a tailigs and waste-rock's capacity to produce
acid and its capacity to neutralise acid. These tests do not consider parameters such as actual
availability of acíd-producing and acid-ncutralizIng minerals and dífferences betmeen the
respective dissolution rates of acid-producing and acid-ncutralizmíig minerals. Tlius, tliese tests are
comnionly used as a screcning tool, and their implications are subject to further verífication.

The most coinmon of such procedures include:
a Sobek Acid Base Accounting (ABA) procedure (Sobek et al., 1978)
a BC Rescarch Inc. Initial Test procedure (Bruynesteyn and Duncan, 1979)
a Net Acid Production (NAP) test (Coastech Rescarch Inc., 1989)
a Net Acid Generation (NAG) test (Miller et al., 1997)
a modified Acid Base Accounting (ABA) procedure (Lawrence and Wang, 1997)
a Lapak-ko Neutralization Potential Test procedure (Lapakk-o, 1994)
a Peroxide Siderite Correctioli for Sobek ABA method (Skousen et al., 1997)

Despite individual procedural differences, all these methods involve:
a detenuination of the Acid Potential (AP) based on the total sulpbur or suiplilde-S content
a deterinination of the Neutralization Potential (NP) including:

a the reaction of a sainple with an inorganic acid of measured quantity
a the determinafion of the base equivalency of the acid consumed
a the conversion of measured quantities to a Neutraliáng Potential in g/k-g or kg/tonne or

tonne/1000 tonne calclum carbonate (CaC03).

Initially, tlic most cotumonly-used static test was the standard ABA (Sobck et al., 1978). Variations
of ABA comnionly applied nowadays include the modified ABA (Lawrence and Wang, 1997).
NAG test (Miller et al, 1997) and the B.C. Rescarch Initial Test (Bruynesteyn and Duncali, 1979).
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As descrtíbed above, the static tests quantib, the acid potential (AP) using either total sulplitir or
sulphíde-sulphur content. The total sulpliur content (Standard ABA) overestimates the actual AP of
samples containing substantial non acid-producing sulphate minerals (e.g. baníte or "_sum). 011
the othcr hand. the sulphidc-sulphur measurcmcnt (modified ABA), will underestimate the actual
AP of samples contaíning substantial anlount of acid-producing sulpliate minerals (e.g, melanterite
or jarosite). Knowledge of the tailings and waste-rock sulpliate mineralogy will mídicate whether
the sulpliate minerals present, if any, are acid producing and allow selection of the more
appropn'ate AP quantification. However at present it is acccpted that the AP is calculated based on
sulphide sulphur.

Different static test methods can produce markedly, different ileutralization potential values (NP)
for the same sanip1c. Protocol variables which may contribute to tliese diffcrences fficlude tailings
and waste-rock particle size (tailmígs are typically run "as received"); the type and amount of acid
added (¡.e. digestion pH), temperature and the endpoint pH of the "back titration", if a back titration
ís used. The extent to which protocol variables will affect the measured NP is dependent on tlic
sample mineralogy. The conditions and minerals reported to dissolve by various ABA procedures
are sunimarised in the following table. lt is noted tliat carbonates are considered as the most té
reactive acid neutralizing minerals, whercas minerals including plagloclase feldspars, K-feldspar,
muscovite and quartz are slow weathering mincrals.

The Net Acid Production (NAP) (Coastech Rescarch Inc., 1989) and Net Acid Generation (NAG)
(Míller et al., 1997) tests are based on the pninciple that hydrogen peroxide accelerates the
oxidation of ¡ron sulphide minerals. The acid consequently produced dissolves neutralizing
i-ninerals present, and the net result of the acid production and neutralization can be measured
direct1y. This test does not require sulphur determinations and is, thereforc, more readil-y conducted
ni a field laboratory than other static tests. Based on previoxis studies, the application of NAP to
wastes with sulphur contcnt higher than 10% may underestimate the acid generation potential due
to incomplete oxidation (Adani et al., 1997).

Procedure Acid Amount End pH Test Test Minerals dissolved
of acid of acid duration temperature
added addition

Sobek Hydrochlo Detennin 0.8-15 Until gas Elevated Minera] carbonales
ne ed by evolution (90 'C) Ca-fe1dspar, pyroxene.

Fizz. Test Ceases olivine (forsterite-
(-3 h) fayallite)

Sorne fe1dspars
aiiorthoclase�>orthoclase
�>albite ferromagnesimis -
pyroxene homblende,
augite, bintite

BCR1 Sulphurie To reach 3.5 16-24 h Ambient Ca + Mg carbonates.
Initial pH 3.5 Possibly chIorite, limonite
Modified Hydro- Detemún 2.0-2.5 24 h Ambient Ca + Mg carbonates
ABA chloric ed by Sorne Fe wrbonale,

Fizz Test biotite, efflorite,
amphibole otivine
(forsterite-fayallite)

Lapakko Sulphuríe To reach 6,0 Up to 1 Ambient Ca + Mg carbonates
p116.0 week 1

Sobek - Procedure as for Sobek-, but with peroxíde correction for siderite Ca + Mg carbonates.
Siderite excludes Fe+Mn
Correction carbonates. "bemise as

per Sobek.

*(Mills, www.lnfominc.coin/teclinologv/environitne/ard)
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1.4.2 Screcning assessnient cnteria
Two paranieters are calculated to classiN, materials in temis of acid drainage generation potential.
These are:

a The Net Neutralisation Potential (NNP) which is the difference in value bebveen the
neutralisation potential (NP) and the Acid Potential (AP), expressed in kg CaCO3/ t of material
and

a The neutralisation potential ratio (NPR) which is the ratio of NP value to AP valuc.

The foriner is the paranieter preferablv used for the, characten^sation of tailings and waste-rock
steniming from the Appalachian coal mines, and the latter for Westem Canadian metalliferous
mines. Matelials With sulplilde mi1nerals whose net neutralisilig potential is negative are llkely to be
an acid drainage source. Exceptions are possible lf the sulphide content of material is very low
and/or if there are slow dissolving, non-carbonate sources of alkalinity. Based on the NPR valucs,
the Acid-Base Accounting screening criteria recomniended by the British Columbia Ministry of
Employinent alid Investment of Canada are given in the following table (Price et al., 1997).

The above guidelines define a "grey zone" for NPR raliging between 1 and 4. The acid drainage
potential of materials that fall in the grey zone is considered uncertain and kinetic testwork- has to
be conducted to further characterise them with regard to acid gencration potential. lt is noted that
the Bn'tish Columbia guidelines recomniend that the neutralisation potential is determined based on
the expanded version of the Sobek- method (Modified ABA) and acid potential is determíned based
on the sulphide sulphur content of the samples.

Potential fo r ARD NPR COMMents
Lik-ely <LI likely ARD generatmig-

Possiblv 1:1 - 2:1 possibly, ARD if NP is insufficient1v reactive
or is depleted at a faster rate than sulphides.

Low 2:1 - 4:1 not potential1v ARD generating uriless
significani preferential exposure of sulphídes
or extremely reactive sulphides in combination
xvith insufficienlly reactive NP.

None >4:1 no further testing is required unless inateníal is

1 1 going to be used as a source for alk-alinity.

An alternative approach is to use Modified ABA (Lawrence and Wang, 1997) together with the
mincralogy of the sample as the basis of a reliable ARD screening programme. Modified ABA has
a lower risk of misclassification of the examined waste saniples into the wrong category and
comprises a cost-effective screening test.

1.5 Kinetic tests

Kfflictic tests are performed for sulphíde tailings and waste-rock that according to static test results
*o are characterised as potenfially acid generating or fall in the zone of uncertainty. Kinctic tests can

also be used to detennine the metal leachability of trace elements of environmental conecni.
Kinetic testing is required to estimate the acid generation rate and quality of drainage of tliese
materials, information that are considered as critical for the environmentally safe management of

*W
tailings and waste-rock. A number of laboratory kinetic tests have bcen developed with humiditv
cells, columiis and lysimeters (see table below), being the tlirce most conimonly used laboraton,
methods for determining kinetic acid drainage characteristics of drill-core samples, waste-rock and

tailings. All kinetic testwork- procedures involve two main stages, i.c. subjection of sample to
periodic leaching alid collection ofdrainagc for analysis.
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Type Procedure Comments
flurnidity cells Sample mass: 1 kg standard procedure
(ASTM D5744-96) Oxidative wet/ dr

-
y eyeles determifiation of icid

Test duratíon: 20 -Yvecks generallon/ neutralization ratos
nunimuni leal conditions may not be

simulated.
2 Colun-in test Operafing conditions specific * tlexible, allowing simulation

lo exarrúned rnaterial or of fíeld conditions
disposal site 0 long duration
Simulation of oxidizing,
reducing environment.

3 1 Lysimeters test Simulation of field * no standardised practico.
conditions o long duration

The hurniditv cell js a standard kinetic test (ASTM D5744-96) recomniclided bv the government of
B.C, Callada for the prediction of the geocheinical behaviour of tailings and waste-rock. lt is
usually rc;fcrred as an accelerated wcathen'ng procedure, since it is dcsigned lo accelerate the
natural weathering rate of potentially acid generating samples and reduce the length of time for
which testwork must be run. A cell 203 min in height by 102 mm diameter is specífied for material
100% passing 6.3 mm (crushcd corc: or wastc-rock and coarsc tallings) and a ccIl 102 mm in licight
by 203 mm diameter is specified for material passing 150 W (fine tailings). The humidity cell
opcrational procedure is a cyelic one during which the sample is subjected lo three days of dry air
pertucalion, tlirce days of humid (water saturated) air permeation and one day of water washmg
with a fixed volume of water, ¡.e. 500 nil for 1 kg of sample. The saniple mass used is about 1 kg
and a minimum test duration of 20 weeks is recommended.

Column testwork may bc undertak-en lo deterinine the geocheinical behaviour of waste-rock and
tailings disposed on the surface and exposed lo atmospheric weatheníng (sub-aeníal disposal) or
disposed widerwater cover (sub-aqueous disposal). Unlik,e liuiiiidlty cell procedure, tliere Is liffle, lf
any, standardisation of column testwork- procedure allowing considerable flexibility, This
flexibility allows column testwork- lo be highl-,, sito or material specific with regard lo material
pafficle size, sample mass and volume, wet/dry cycles, volurne of water washig etc. Colunins for
sub-acrial and sub-aqucous testwork are typically 76, 102 or 152 min in diameter and range from
about 1 m lo morc: than 3 ni in height.

Lysimeters may be also used lo detzi-niffic the acid gcneration/ neutralisation rates of sulplildic
tailings and waste-rock and assess the drainage quality. Llke column kinetic test, lysimeter test
allows the simulation of tlic conditions encomitered at die site. Lysimeters haye usually larger
diameter and smallcr height as conipared lo colunins, (e,g. 30 or 70 cm in dialneter and height 30 lo
less than 100 cm).

It is noted that a hurnidity cell will usually deterininc if a given saniple -,vil¡ produce acidity but will
not define whcn the sample will go acid, or the on-site drainage quality. On the other hand, column
and/ or lysimeter test procedure may simulate field conditions and as a result, it can be used lo give
indications of on-site drainage quality, ¡.e. allow the determination of lower and higher bound.
Monitoring parameters in a kinetic test include mass/ volume of leachates, pH, conductivity, redox
potential (mV), acidib,/ alkalinity, sulpliate and dissolved metals.

1.6 Presence of Soluble Salts

Paste pH is a common and simple field test, used lo assess the presenee of soluble acid salls on
al 1 1 1 1-t ilíngs and waste-rock. Most i-netliods use a 1: 1 weight ratio of d'st'llcd water lo air dried solid-
and pH is measured at the mixturc. Sample mass and equilibration time of the water-solids mixture
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prior to plí nicasurement vary aniong methods. The procedure desc íbed bv MEND (1990)n

*o determines pH of a mixture of 10 g sample (-60 mesh) and at least 5 nil distilled water (Nvater
addition is adequate to saturate, but not cover, the sample). The Acid Concentration Present test is
slight1v more complicated but supplies an estimate of acidity present rather than simply plí
(Lapakko, 2000), A mixture of 20 g sample (-200 mesh) and 50 nil deionised water is agitateá. the
initial pH is recorded, and the mixture is titrated to plí 7 with NaOH.

The standard paste pH test developed by U.S EPA, (Method 9045C),

1. 7 Metal leaching tests

kv 1.7.1 Procedures
*0
*o Although acid generation has recelved the most attention for sulplilde and coal active and/or

abandoned mines, leachable metals comprise potential source of contaminants in tailings and
waste-rock drainage. Numerous leaching procedures have bcen developed worldwide addressing
vanous management scenarios, leaching properties and tallings and waste-rock types. Tests have
been developed to account for variability in the ratio of leaching fluid to solid materials, chemical
composition of tlic leaching fluid, testing of monolithle and granular materials, as weIl as stabilised

*o and solidified materials. A suminary of leaching test procedures used in Europc, the US and
Canada are given in the following table.

Leaching test methods can be divided into 2 general categonies:
a extraction tests, in which leaching takes place with a single specified volume of leaching fluid

and
. dynamic extraction tests, in which the leaching fluid is renewed throughout the test

Test protocols frequently incorporate particle size reduction to mercase the amount of surface arca
available for contact, thereby reducing the amount of time required to reach a steady state
condítion. Examples of extraction tests used for regulatory purposes include the:

qw a US EPA Toxícity Charactenístic Leaching Procedure (TCLP, Method 131 1)
b# a British Columbia Special Waste Extraction Procedure, SWEP (MELP. 1992)

o German standard DIN 38414-S4
a French standard AFNOR X 31-2 10 and
. Swiss TVA Eluate test
a EN 12457/1-4

The most coramonly used for the last two decades TCLP and SWEP tests were developed to
siniulate leaching in sanitary landOs and involves leaching with acetic acid, This acid, comprising
the decomposition product of organie wastes found in municipal landf1lls has a strong capacib� to
dissolve lead. Given, that *m the disposal sites of the mining industry, co-disposal of tailings and
waste-rock with organic wastes, does not normally take place, leachability testing -v,.¡th acetie acid,
is not consídered as the recommended practice for the characterisation of tailmígs and waste-rock-.
Extraction tests usin deíonísed water as the leaching medium, such as DI—N 38414-S4, modified9
SWEI> etc. more closely approximate conditions in a tailings and waste-rock- management facilib,.

Most recenlly, and within the application of the Landfl1l Directive (1999/31/EC), the European
Standard EN 12457/1-4 was developed, and applied for the classification of waste mateníal
accepted for disposal at LandOs (COM(2002) 512 final), also using de-lonised water as the
leaching medium.

In d-viiamic extraction protocols, the leaching íluid is renewed, elther continuousIN or
intermittenfiv, to further drive the leaching process. Because the physical integrit-v of the studied
material is usually maintamed during the test, and the information is generated as a function of
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time, dynamic extraction tests provide infonnation about the kinetics of contaminant mobilization. té
In general, dynamíc extraction tests can be categoriscd as:

• Serial batch tests,
• Flow-around tests,
• Flow-through tests, and
• Soxlilet tests.

In a serial batch test, a portion of a crushed, granular samplc is mixed with leachant and agitated for
a spccified time penod. At tlic end of the time períod, thc Icachate is separated and removed, fresh
Icachant added, and die process repeated until the desired number of leaching periods has bcen
conipleted. The concentrations of contaminants incasured ni the scn'al leachates can proNide kinetic
mformation about contaminant dissolution. Examples include the Multiple Extraction Procedure id(US EPA Mctliod 1320); the Availability Test (NEN 7341) and Serial Batch Test (NEN 7349) froin
the Netherlands. Yá

lo
Flow-around tests use cither monolithic samples, or saniples that are somehow contained. The
sample is placcd *m a test vcssel, with space around the sample, and leachant is added so that it
flows around the saniple. The leachant may be renewcd continuously, and sampled periodically, or
it may be replaced intermittently. In cither case, the liquid to solid ratio is expressed as the ratio of
volume of leachant to surface area of sample. Examples of flow-around tests míclude the ANSI 16-
1 and the Monolithic Diffusion test (NEN 7345) from the Netherlands.

Flow-through tests diffcr froni flow-around tests in that the leachant flows through the sampIc
rather than around it, conditions simulating tlic disposal of tallings and waste-rock. Flow-througli
tests, such as kinetic tests used in ARD testwork, are usually constructed as coluimis or lysinieters,
and can be set up to mimic site-specific conditions. These tests, liowc,,,cr, pose particular
expenniental chalienges such as channelling, flow vaníations caused by the hydraulic conductivity
of the waste, clogging of the systeni by fine particulates, and biological gro,.vth in the system-
Examples of flow-through tests include the:
• Dutch standard column test (NEN 7343)
• ASTM D 4874-95 Column Test and
• Nevada Meteoric Water Mobility Procedure (MWMP), -,vhich allow testmig for largc masses

and coarse particle sizcs of material.

The aboye classífication of leaching tesis is direct1y related with the operating procedures applied,
i.c. extractive, dynamic. Another way to categorise leaching tests is in relation to their aim of
applícation and practice. In this context, tests can be classified as:
• characterisation tests am'im»g to invcstigate the leaching bchaviour of inaterials under a vaniety

of exposure conditions (typical testing ran from. a few days to weeks or evc1i a month).
• compliance tests, which are generally of much shorter duration, usually aiming at a direct

coniparison with thrcsliold values (test duration up to one or two days) and fmally
• on-site verification tests, almed at verifving a previous evaluation of a charge or batch arriving

at a processing plant and/or tailings or waste-rock management facility.

The two last catcgon*es have bcen adopted in CEN, tlic European Standardisation Organisation, as
tlic basis for tlic dcvclopmcnt of a standard Icach tcst. As prcviously notcd that tlic rcccntIN,
developed European Standard EN 12457 (Van der Sloot et al., 1997, EN 2002) is an extraction test
proposed for leacbing of granular wastes and sludges with dcionised water at compliance leve].

452 Version May 2003 STIEIUPPCB/hí~-Draft -2



Annexes

Leaching test procedures for wastes (EPA/625/6-891022, van der Sloot et al., 1997)

«/« Organisation/ Standard Application Leaching medium Maxinutín1 Liquid: solid No of Test
Country particle ratio extractions duration

1 1 1 1 size
Extraction tests
1 U.S EPA Ep Tox -Classification of �,Nastes in Acetic acid 0.04 M, pl—1:5.0 9.5 16:1 1 24 h
2 I'CLP terms of toxicity Acetic acid pH:2.88 9.5 mm 20:1 1 18 h

or pH: 4.93
1 SPLI? Assess impact of wastes Synthetic acid rain 9.5 mm 20:1 1 18
4 British Columbia SWEI? Acetic acid. 0. 5 N, 9.5 mm 20:1 1 24h

I)H: 5.0 1
Special -,vaste Modified SWEI` De-ionised water 9.5 mm 20:1 1 1 h
regulation

6 Environment ELT Granular wastes De-10nised,,vater 150 �tm 4:1 1 7 days
Canada*
German DIN 38414 S4 Sludges and sediments De-ionised water 10 MM 10:1 1 or more 24h

8 France AFNOR X-3 1 - Granular wastes De-lonised water 4 mm 10:1 1 24 h
210 1

9 CEN/ TC 292 EN 12457 Granular .vastes and De-ionised water 90% <4 2:1 up to 10:1 1 or2 24 h
slud-P-es mm

70- Materials NICC -IP High-level radioactive ir-,_ -iorú sed water Monoliths Volume/surface 1 Not
Cluiracterisation vvaste arca: 10-200 cm determined
Center.. 1984 1 1

Environment Canada and Alberta Environmental Center (1986)
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(C ntinued)
Ma grain Liquid: solid No o Testal«

1
Organisation/

1
Standard

Isiz xCountry
-,Fpplication Leaching medium

-?Si e Iratio- lextractions duration
Dvnanúet
13 US EPA MEP Granular wastes a) acetic acid 9.5 mm 16:1 1 24 h

Serial batch test
'
) synthetic acid rain 20:1 ��9

14 MWEI? GranulaT wastes/ monoliths De-ionised water 9.5 nil-n or 10: 1 4 18 h per
monolith extraction

15 NEN 7341 Dutch waste management Deionised water at 125 50:1 2 3 h per
The Netherlands Availabilitv test Max leachability a) pH: 7.0 and b) pH:4,0 extraction

76 NEN 7343 Mineral wastes - Simulate De-ionised water with 4 mm 0.1:1 to 10:1 7 21 davs
Column test leaching in the short and HN03 at pH:4.0

medium term «50 vears) 1 1
17 NEN 7345 Tank leaching test for Deionised water OAXO.1 5:1 8 6h to 64

monoliths and stabilised xo.1 m davs
wastes >4O mm 1

NEN 7349 Long-term leaching De-ionised water a�justed 4 mm 20: 1 up to 100: 1 5 13 h per
7n Serial batch test beha-,iour of wastes with HNO3 at pH:4.0 extraction
19 Svkúzerland TVA-eluate test Granular and monolithic De-10nised water, C02 Not 10:1 2 24 h per

Serial batch test waste s atmosphere i)H:5-6 specified extraction
20 Sweden ENA shake test Nfineral wastes-Simulation De-ionised water a4justed 20 mm 4:1 4 24 h per

Serial batch test of initial pore kvater guality to pH: 4.0 with H2SO4 extraction
21 UK Waste WRU Waste disposal in De-ionised water or 10 mm 1 to 10 pore 5 2 -80 h

Research Unit inorganic environment orCH3COOHatpH:5.0 volumes
municipal landfill

72- The Nordic Nordtest CiTanular waste materials De-lonised water with 90% <� 2:1 up to 50:1 1 or 2 or 3 24 h
Countries Serial batch FINO3 at pH:4,0 mm

23 Nordtest Granidar waste materials Deioffised,,vater at 125 jim 100:1 2 3 h per
Availabilitv test a) pH: 7.0 and b) pHA.O extraction

24 Nordtest Granular waste materials De-ionised water v,¡th 4 mm 0. 1: 1 up to 2:1 4-5 20 days
Column test HNO, at p11:4.0

25 ANS 1986 ANS-16.1 Low level/ hazardous De-ionised water Monoliths Volumelsurface 11 2 h to 90
wastes area: 10 cm days

Nevada Mining MWMP De-ionised water 5 cm 1:1 1 24 h
Association

STIEIPPCBIMTWR Draft ~2 Version May 2003 455

&'Le¡ o¡ & IL & & & e t
o& OL



Annexes
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2.1 LiiN iminiental characterisation oftallings saniples

Based on the teeliniques de% cloped for assessing die environniental behi, lour of nimine, m astes.
as de, 'bed ii sect on 1. one possible tlie niciliodology for cliaracterisationsen 1 1 1 oí` tailings and
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Compansan bij* Shon term rxiraction tw Column test

BCRus~" (e S 'F('I-P, DIN 39414 S4) (e NEN 7341
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llote�nnaíli- ald uncerf¿unt.i, Nom andgorneranpW

qv
----

1
----lf-ffi- A17D ...S

reqLured

at mu,
Standard operations procedures (SOPs) describe the N%aN specific tests and inefliotís are
perfonilcd, These include sanipling. saniple preparation. calibrations. nicasurement proccdLires.
and any test úlat is done on a repetitive basis. "Standard" nicans tliat It specifies llic ;%a,, the
operation is lo be done on cacli oceasion. m hich nia, or may not be a procedurc des eloped' b,, a
standards organisaijon. llomc%er. i%licn sucli a standard procedure is a;ailabic. laboratones.

lo
rescareli organisations. and iiiining, industrics are adviscd lo consider theni sincc they represcnt

qw
pecr judgenient atid can pro; ¡de a basis for coiliparabilit, of dala aniong different user
laboratohes

qp
tu While tile ¡¡se of SOPs may prov]de a continuiv, of nicasurcínent expenicticc. no niethodology

sliould be used witbout judgenient. Its applicab ¡lit\ should be reconsidered al cacli and es,ery
use. lf used infrequentIN. 11 may be necessin for the rescarcher aiid� 1 or operator lo make a
sufficient nuniber of prelirninary incasurenients lo dcnionstrate attajilincrit oí` statistical control
offlie nicasuremeni process on cacli occasion

1110 Standard Opcratins-, Procedures (SOPs) for tlic cliaracterisation of tailings sailiples are listed iii
_g 2 tables The ni *ont\ oí- iliesc procedurcs can be also applied for thellic ffillomn Íkl

bv cliaractensation oí"%% aste-rock.
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Parameter sop* Method
Partiele sizc distribution BS 1377: Part 2: 1990 wet/dTy, sicving mcthod
Partiele densib, B S 1377: Part 2: 1990 Gas jar method/pyknometer method
Moisture content BS 1377: Part 2: 1990 Oven drying method
Diy density] moisture content BS 1377: Part 4: 1990 Compaction method
relationship
Consolidation column. test To be specified
Permeability, - Triaxial cell BS 1377: Part 6: 1990 Triaxial cell method
- Falling Head KP (Appendix A. 1. 1) Fallinp head method

*An equivalent to British preferably European standard methedology can be followed.

Parameter SOP Comments
Acid Base accounting Modified ABA Reconimended

(Appendix B. 1. 1)
Soluble salts 1. Paste pH Reconimended

2. British Columbia Modified
Special Waste Extraction Recommended
Procedure

Leachability
1. Toxici�y characteristie leaching USEPA#1311 Optional

procedure (-f CLP)
2. Synthetic precipitation leaching USEPA 9 1312 Optional

procedure (SPU)
3. Leachability by water DIN 38414 S4 Recommended

4. Leachability by Water EN 12457 Optional

5. Sequential method Needs standdrdization
Kinetic Testing
1. Humidity cells Modified from Morin and Hutt, Column or hun-úditv

1997and ASTM D5744-96 cell testing
selectively applied.

2. Column protocol Developed by GSG

Chenúcal Analysis
1 . Flanie Atonúe, Absorption Spectraff-
AAS) 00

2. Graphite-Furnace Atomie Absorption
Spectra.(G17-AAS)

3. Inductively coupled plasma-atornie
emission-spectroscopy (1CP-AES) *y

4. Inductively coupled plasma-mass
spectroscopy (ICP-MS)

Mineralogy
1. X-ray fluorescence spectrometry

(XRF)
2. X-ray diffraction (XRD)
3. Seanning electron mieroscopy (SEM)
4. Transmitted light mieroseopy jLM)

2.2 Characterisation of addit¡v'cs

For the environmentally safe nianagement of waste-rock and taffings during operation and
closure the application of additívcs te prevent and mitigate acid and contarninated drainage
forniation may be required. The characterisation of additives will depend en the type and the
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specific objectives of additive application. The addiúves can be grouped in the following
categonies:
Alkaline materials (e.g. limestone, linic) for tlic additioil of neutralising capacity-
Pozzolanic materials (e.g. fly, ash) for the addition of neutralising capacity, the modificatioll of
geotecluilcal properties of disposed wastes/tallings and the fórmation of low pernicability of
covers and barriers
Clays (e.g. bentonite) for the fórniation of low penneability barniers and covers and
Organic maten* als (e.g, biological sludge), maffl1y to facilitate the during the post closure peníod.
or to enhance the maintenance of anaerobic conditions within the mateñal.

Some methods for the charactetisation of additives are given in the fóllowing table:

Parameter Method Alkaline Pozzolanic Clays Organic
materials materiais niateriais

Moisture BS 1377: 2 1990
Grain size BS 1377: 2 1990

qv analysís
Swell index ASTM D 5890
Chemical AAS/ ICP/ Cao, Mg0, A1203. FC103, Ca0, Mg0, K20� Organic carbon,
arialysis Titration/ A1103, C02, Na2O,TiO2, SÍO,, SO,, CO,, LOI nitrogen,

gravimetrie SO3� Si(:)L,� Trace elernents content: Pb, Zn. phosphorous, LOL
Fe, Mn, LOI Cd, As, Mn. Ni, Cr heavy metaismethods content

Free calcium EN 45 1 -1
00 oxide content

Mineralogical XRD/ Optical
analysis microscopy
Neutralisation Modified ABA
Potential
Cation Olphen 1977
exchange
capacity
Metals TCLP
leachability DrN 38414 S4

2.3 Dcvclopment of rchabilitation tecliniqucs

2.3,1 Pbysical and geochernical stabilisation
For the development and evaluation of rehabilitation and ciosure strategles for tailings or waste-
rock managernent facilities, it is general practice that laboratory kinetic tests, similar with those
conducted duníng the environmental characterisation programme be performed. For example.
the effectiveness of alkaline addlúves in preventing acid generation from sulplúdic tallings and
waste-rock can be evaluated with humidity cell tests, columns (ROLCOSMOS, 200 1) as well as
lysimeters (PRAMID, 1996).

For the development and evaluation of low permeability barricr layers, involving mixiing of
tailigs or waste-rock with selected additives, the methodology should míclude geotechrúcal and
geochemical characterisation of the potential cover system, as shoNvn in the fóllowing figure.
This methodology, applied previously for sulphidic tailings - í1y ash/ bentonite composite cover
systems is based on the guidelines given by, international environmental agencies for:
(a) Design and evaluation of landfill coyers (U. S EPA/625/4-91/025)
(b) Stabilisalion/solidification tTeatnient of wastes (U.S EPA 625/6-89/022) and
(e) Prediction and prevention of acidic drainage in a sulphide mine (Environment Australia,
1997).

7.
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Environmental characterisation of materialís w
(taifings, additives) q0
- 1

Preparation of homogeneous mixtures

Geotechrilícal characterisation Geochemical charaderisation
_Proctor test (compacted and aged samples)

-Hydraufic conductivity on compactu i -Static ABA tests
and aged samples -Standard metals leachabifity tests

Seledion of mixtums - Criteria used
Hydrínific conductivity, k::110-9 m/sec

Neutr~on Potential/ Acid Potenfiak 1
Metals leachability < Effluent Dischargc Límits, EDL

Further geoteclánicalf geochemical characterisation
-Kinetic tests

-Detc~tion of compresive strength
-Determination of wet-dry durability

Evaluation and selection of mixtures
-Hydraubc conductivity vs. tiáne <I(f cm/sec:

quality in compliance with EDL

Field scale tests Computer
model

Following the physical characterisation of tailings and additives, i.c. moisture, gram size:
analysis, the geotechrilcal tests perfórmed with the compositc mixtures alin to determine criti cal
parametersí used in the development of surface barriers, such as standard Proctor compaction
curve and hydraulic conductivity. Where additivcs are employed which exhibit time-dependent
behaviour such as bentonitc/tailings or cement/tailings mixes, standard procedures for maturing
the sainple prior to testing are required. Such standardised test procedures are in preparation q0
(CLOTADAM 2003). q0

The moisture vs. dry density relationship (compaction cm-ve) can be deterrumied, aecording to
14

the standard and/ or modified Proctor nicthod (BS 1377 part 4. ASTM D698, D1557, 13558).
The iifflucnce of the maturation of the tailings/addltive mixwre on compaction delay time and
moisturc content of thc mixtures is normally considered.

Hydraulic conductivity incasurements can be conducted on samples compacted at their optimuni
moísture (OM) and maximum dry density and cured for 7 andJ or 28 days at relative
humídity>90%, at room temperature. Curing of the samples is very iniportant sínce it allows the
pozzolanic and cementation reactions to procced effecting the physical and geochemical
stabilisation of material. The hydi—aulic conductivity of samples compacted wet and dry of OM
is also measured in order to determinc the conditions leading to the loiver hydraulic q#

q#
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conductivity. Hydraulic conductívity can be determined with the constant (BS 1377 Part 7) or/
and falling head method (BS 1377 Part 5/6, ASTM D 5084).

To evaluate the geoteclinical sultability of the different mixtures tested, the hy,draulic
conductivity measurements can, e.g., be compared wíth the value recommended in the European
legislation for low perincability liners and covers, 1.e. k<l0-9 m/sec. For composite mixtures
complving with the above criterion, further geotechilical characterisatioli can he conducted.
including compressive strength (ASTM D2166) and dry-wet durability tests (ASTM D559) lo
determinc their strength charactenístics and cvaluate the long-tenn physical integníty. The U.S.
EPA considers a stabilisedi/solidified material with strength of 50 psi (345 kPa) te have a
satisfactory unconfined compressive strength. (U.S EPA/625/6-89/022). This minimuni
guideline has been suggested lo provide a stable fómidation for materials placed upon ¡t.
including constructíon equipment and cover material. The minimuni required unconfined
compressive strength for tlie tallings-addItive mixtures should be evaluated on the basis of the
design loads lo which the material will be subjected.

Geochemical tests
The gcochemical tests that can be perfórmed on compacted and aged composite mixtures
include:
a Modified ABA method te detennine the acid generation potential of sulplildic tailings
a Standard metal leachability tests - DIN 38414 S4 method

2.3.2 Revegetation of tallings disposal areas

A number of specific chemical tests can be conducted lo characterise the treated or untreated
tailings mateníals as a grov,,th medium for plants growth. These tests include: chemical alialysis,
acidity, salinity/sodicity and eleinents content in the soll solution. A detalled description of tests
lo be performed is given in:
—Methods of Sofis Analysis. Part 2: Chemical and Microbiological Properties", 2nd edition,
American Socielty of Agronoiny Inc., Soll Science Soclety of America Inc., Madison,
WIsconsin, US, 1982.

Chein ¡cal analysis
Apart for deterinination of the licavy metals content previolisly described, a number of inorganic
elements, essenfial for plants gromfli, can he determined duníng the development of the
revegetation scheme. They míclude:

Detennination of total carbon., inorganic and orgamic carbon:
Total C in solls is the suni of both organic and inorganic C. Most organic C is present in the
organic matter fraction of the soil, which consists of micro-organism celis, plant and animal
residues at various stages of decomposition, stable "humus" synthesised ftom residues, and
highl-,, carbonised compounds such as charcoal, graplirte and coal. Inorganic C is largely found
in carbonate minerals.

Determinalion ofP, N and K
The presence of these elements on plant growth media is vital. Their potential deficiencNI can be
mitigated by the addition of the suitable fertilizers. The tYpe and fertilizers quantity sholild be
detennined tak-lng into account their presence in the soil. Standard procedures for the
detennination of P, N and K content in solls will be fóllowed.

Potential Acidi�v andpH
There are different methods for measuring pl—l, including direct ineasurement in the saturating
paste, measurement in the saturation extract and measurement lo dilute extracts (¡.c. liquid lo
solid rallos equal lo 1, 2, 5 etc.). The more representative measurement for soil pH (as weIl as
for Electrical ConductivitY and soluble salts) is in the saturation paste/extract, since ¡t reseinbles
better the field cotiditions. However, incasurement methods in ofiler than saturatijig conditions

460 Version May 2003 STIEIIPPCBIMTWR-Draft -2



Annexes

are often applied, since they are easv and provide higher quantity of leachate solutíon allowing
the execution of additional analyses (e.g. sulpliates and heavy metals concentration nii the
extract).
Potential acidity/alk-allnltv is detemiincd by back titration with base or acid to a prcdefined end
point.

ECand soluble salts
As for pH ineasurcinent, Electrical Conductivity (EC) can be measured elther in the saturation
paste or in the saturation and diluted extracts. Soluble salts are determined by incasur-ing then-
concentration in the extract. The Sodium Adsorption Ratio (SAR) is calculated as follows:
SAR = Na/«Ca+Mg)/2) li�

where Na, Ca and Mg are all expressed as nicq/1

CF-C and ESP
Cation Exchange Capacity (CEC) is a measure of the ability, of soil to retain cations *m an
excliangeable form. Most of this exchange capacity originates from the clay and organic matter
componcnts of the sample. The capacity to retain cations in an exchangeable fórin arises from a
negative charge on clay mincrals and organic rnatter. This negative charge balance is neutralised
by an equivalent number of exchangeable cations. Procedures for determining CEC in non-
calcareous or non-gypsiferrous samples and in calcareous and gypsiferrous samples are
different. The Exchangeable Sodium Percentage (ESP) is the ratio of the sodium exchangeable
cations to the total cations exchaliged.

fé
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ANNEX5

Current standards for audifine in different í)arts of the worid
Independent audits shotíld conimence with a review of tlic desigrí and operation of tlic facilit-N
against the standards as set domn by the regulators of the country, in question and the
undertakings by the inine in their own docunientation.

In this respect, tlic standards of varlous countries are suminarísed as fállows-

Australia
The Australlan guidelines "Guidelines on the Safe Design and Operatáig Standards for Tailings

to Storage" and "Guidelines on the Development of an Operating Manual for Tallings Storage'^

to both produced by, the Australlan department of Minerals and Energy, Westeni Australia defines
standards for routine inspections and operational audits. A complimentan, document ¡S
"Tailings Dam HIF AudiC that describes tlic components of an independont audit aceording to
Australian standards. This document can be found at
littp://ilotesweb.ilipr.wa.gov.auNODAMSIMDWebAnalysisReps.nsf/ca94b]6fd4ldOO2 and tile
guidelines hayc ISBN 0 7309 7808 7 and ISBN 0 7309 7805 2.

Canada
The Canadian guidelincs "A Guidc to the Management of Tallings Facilities- and "Developing
an Operation, maintenance and Surveillance manual for Tailings and Water Management" both
produced by the Mmiing Association of Canada suggest that periodic inspections and reviews.

*o audits, independent checks and comprehensive independent reviews be camied out as part of the
% surveillance programme. The documents can be found at n-ww.mining.ca

South Africa
The primary document controlling a mining companies tailings disposal activities in South
Africa is the Department of Mincral and Energy Mandatory Code of Practice for Mine Residue
Deposits (MRD's) (available on website www.dme.gov.za (publications». This code requires
cach and every mine to sel out in writing its intended standards and procedures for the
protection of the health and safety of work-ers, and for the reduction of the nisk of damage to
persons and property.
Environmental aspects pertaining to the MRD are addressed in each mining companies

t*
Environmental Management Prograinme Report (EMPR), also required in ternis of South
Africa's Minerals Act (also available at the above web site)
Water qualitY aspects are controlled by the National Water Act, and a series of six Guideline
Documents, MI to M6.
The design of MRDs in South Africa is guided by SABS 0286: Code of Practicc for Mine

q0 Residue Deposits

00
Sweden
Generally all mining companies have programmes for daily, nionthly and yearly
inspections/audits, but there are no requirements en independent audits.
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ANNEX6

The report MMi (1998) Statc-of-the-art-report on Trevention and control of pollution from
tailings and wasto-rock products" will be inserted here at a later stage.

The report can be downloaded from the following web site:
htti)://,i,,,NN,-w.miiiii.kiruiia.se

tp
*o
tp
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