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6.0 PREVENTION AND MffiGATION 

6.1 Introduction 

The most recent and wilely accepted metix>ds fur the preventioo and mitigation of ARD (see Cbapter I fur definition) are preseoted in 1his Cbapter. 
lliicossiJns include the princ1>les aod objectives fur prevention aod mitigation aod definitions aod terms, suitability aod applications, expectations aod 
limitations, aod prinmy refi:rences. While this cbapter fucuses on enviromnental1echnologies, regulatory, social, economic, aod sustainability issues IIIISt 
always be managed within the applications of all prevention aod mitigation reclmiques. 

As discossed in Cbapter 2, sulphide mineral oxidation occors natorally as part ofthe sulphor cycle. In the con1ext of ARD management during mining, the 
goal of mitigation measures is ofien to mWnlain or control the rare of sulphide mineral oxidation so tbat ARD furrnstion is prevented or reduced to minimal 
or acceptable levels. Absolute prevention of ARD may require tbat all reactive sulphide bearing minerals remain virtually isolated from attrospheric oxygen. 
However, absolute prevention of ARD may not always be required fur prorection of environmental quality. 

The basic approaches to prevent ARD are similar at coal mines aod bard rock mines: redncing oxygen ingress aod redncing the flow of water tbat can act 
as a transport medium fur oxidation prodncts. Coal mines may make use oflow-permeability covers, or selectively place pyritic material high in the bacldil1 
so tbatit will not be exposed to ground water. Pyritic material can also be mixed wilh alkaline strata or some added alkaline material or by-product (e.g., 
lly ash, sreelslag), to neutralizllacilily aod inhibit high rares of pyrite oxidation tbat can occor when the pH gets low enough to penni! iron-oxidizfug 
bacteria aod li:rric oxidation of pyrite to become significant (Brady et al., 1990; Perry aod Brady, 1995; Rich and Hutchison, 1990; Rose et al., 1995; 
Skousen and Larew, 1994; Smith aod Brady 1998; Wiram aod N aumano, 1995). These IaUer reclmiques bave also been applied wilh some modifications 
at bard rock mines, as will be discussed later in this cbapter. 
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The implemmtation of methods fur prevention and mitigation depends on the mine developmont stage, deposit type, geochemist!y, climatic regi!IIl, terrain 
(or topography), surfilce water, gee logy, grouodwater, and aquatic and terrestrial ecosyslelm. Material availability, land management and land use 
requiremmts, receprors, n.k, cost, rnainlenance, sus1ainabilily and regularory requiremmts wiD also influence the approach selec1ed. 

It is in1Jortant to recogni>e 1hat 1he science and engineering of ARD managemmt, especially related to prevention and mitigation, are evo~ There are 
no ofi'.tbe-sbelfsolutions 1hat can be applied at all sites 1hat wiD guarantee acceptable water quality 1hrough prevention of ARD or leaching of soluble 
comtituen1s from mine rock, tailing,; or otber mine materials. Therefure, the planning fur and management of mine material bandling and storage sboukl be 
comidered in a risk-based framework. While a risk-based approach shoukl apply to otber aspects of ARD such as prediction, as discussed in Chapter 5 
oft:m. Guide, it is especially relevant to 1he plamiog and implementation of prevention and mitigation methods 1hat wiD inevitably have unijue matures and 
issues 1hat are associated with site-specific and mine-specific conditiom. 

Prevention and mitigation of ARD is an exerciae in water quality management. One in1Jorlant fua1ure of managing water quality associated with mine 
materials is delay titnes between in1Jlomentation of remedial activities and observed or measured water quality from a lilcilily such as a mine rock stockpile 
or a tailing,; irqJoundmenl. Delay titnes between in1Jlomentation and monitoring or measurement of elfucts o:llen result in the need fur long periods of 
monitoring or testing to determine the outcomes ofin1Jlemenred methods. Tbere is a growing fuundation oflong-term studies and case histori:s fur 
prevention and mitigation strategies in the literarure and in practice at many operatiom. With the exception of water covers 1hat are relatively well 
understood, the scientific and engineering conmnmity are on an ongoing learning curve fur many of the otber ARD management approaches. Therefure, 
prevention and mitigation plamiog sboukl be undertaken with due consileration ofkey uocertainties and appropriste management of risks to achEve the 
desired outcomes. While it is not practical to wait years or decades to confirm successful perfuiiiilJlCO of proposed waste management methods, adsptive 
management techniques are needed and appropriste to respond to unexpected responses while maintlining environmental protection and cost conlrol 

An uoderstanding of delayed responses to test cooditims or mitigation activities is in1Jortant to anticipate potential outcomes and to correctly inle!pret data 
collected from tests or full. scale lilcilities. In some cases, delays can result from chemical behaviJr. The titne to deplete neutrali2ation potential (NP) and to 
the onset oflow-pH conditions is an obviJus exaJ11lle of soch delays. In t:m. case, we understand 1he process ofNP depletion and with the appropriste 
data, the depletion titnes can be estimated even if test results did not exhibit depletion 

There are otber, more subtle, changes 1hat can also occur over titne 1hat can represent delays as well. For exaJ11lle, Rinker et al (2003) showed 1hat 
neutral drainage from humidity cell tests of mine rock from a nickel deposit exhibited delays of20 to 50 weeks befure exhibiting nickel concentrations 1hat 
exceeded 0.01 lll!ifl.. In 1hat case, the elevated nickel values were 1riggered by a pH shift from 8 to 7 .5. Aller recognizing 1he mechanism 1hat was 
responsible fur 1he increased Dicke~ 1he process and 1he outcome can be accounted fur and tberefure managed as required. Similar delays in metal release 
were observed in fiekl-scale mine rock pile tests at a copper-zinc mine in South America. The test piles had been operating fur fuur years with relatively 
low metal concentratiom in 1he drainage. A shift in pH from 7.5 to 6.3 resulted in 1he release of copper and zinc concentrations in the 1eDS ofmWl. range in 
the drainage samples. 

Ahhough delays from cberni:al processes like those described in the previJus paragraph can occur, the more common causes of delays are generally 
related to the hydraulics of rock piles and tailing,; lilcilitics, or a combination ofhydraulics and cbemical reactions. 1be bydraulics or hydrology of mine 
rock piles and tailing,; deposits are relatively well understood and can be evaluated with proven science and engineering princl>les. Combining the 
hydraulic and chemical behaviJr is somewhat more COilJllex, but conceptual models can be developed and translated to quautitative models or caleulations 
as discussed in Secticn 5 .5. Nonetheless, the monitoring of such lilcilities to assess perfuiiiilJlCO of mitigation measures is not always straigbt furward. For 
exaJ11lle, it is not easy to measure leaching or water quality efli:cts in a fiekl-scale rock pile. Therefure, it is o:llen necessary to collect and monitor drainage 
at 1he base oftbe pile. Depending on 1he sm: of the pile, this coukl represeut years of delay between the changes 1hat may occur in the pile and those 
observed in the drainage. The processes woukltberefure normally be modeled to better uoderstand the expected water quality and titneftame fur 
arJ!ic1>ated changes, and 1he modeling results woukl guide the monitoring program 

This chapter emphasU!:s examples and case histories in an al:1erqlt to assist the reader in understanding approaches to prevention and mitigation strategies 
1hat have been applied and fur which perfurmance data are available. 
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6.2 Goals and Objectives of Prevention and Mitigation 

Prevention is a proactive strategy 1hat obviates the need fur the reactive approach to mitigation Mitigation wiD be the usual initial course ofacticn fur an 
existing case of mine drainage 1hat is adversely in1Jacting the enviromnent. Despite this initial action, subsequeut preventative measures may also need to be 
considered in the coutext of reducing future coutarninant load, and 1:hu. reducing the ongoing need fur mitigation controls. For example, the amount of 
seepage requiring treatmmt may be reduced if the current source strength is reduced. 

For both prevention and mitigation, the strategic objectives llllllt be ilentified because, to a large extent, these strategic objectives wiD define the conlrol 
methods 1hat need to be used. The process of identifYing the strategic objectives shoukl consider the fullowing 

• Quantifiable risks to ecological syslelm, human healtb, and otber receprors 
• Site-specific discharge water quality criteria 
• Cap~ operating, and main1eDSnce costs of mitigation or preventative measures 
• Logistics oflong-term operations and main1enance 
• Required system longevity 
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• ru.k ofsystem1itilure and ilentification ofpotential1mdes of1itilure 

ARDIML prevention is 1he key 1o avoid costly mitigation ARD, NMD, and SD are all1he resuh of natural weatbering processes 1hat occur under 
a!DDspheric condifum. The primuy goal of the prevention is 1o slop contaminated drainage :liom leaving the mine site at its source by minimizing reaction 
mtes, leaching, and 1he subsequent migration ofweatbering products :liom mine waste 1o the enviromiJ:nt. 

A typical objective fur ARD con1rol is 1o satiszy environmental criteria using the DDS! cost-effuctive technique. Tecbnobgy selecfun should CO!l'iider 
predictions fur discharge water cbemistty, advantages and disadvantages oftrea1mmt optiom, risk 1o receptors, and 1he regolatoiy context, including 
permitted discharge water quality (see Chapter 9). 
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6.3 Approach to Acid Rock Drainage Prevention and Mitigation 

Prevention of ARD can be achieved tlrough a risk-based planning and design approach 1hat is applied tlroughout the mine !ifil cycle. However, prevention 
is prinmily accomplisbed in 1he assessmont and design phases. The prevention process aiJni 1o qlllllllifY 1he bng-term ilqlacts of allernatives and 1o use 
this knowledge 1o select 1he option 1hat has the least impact Mitigation m:asures ilqllemouted as part of an efli:ctive con1rol stmtegy should require 
minirml active intervention and managenrnt. 

The primuy approach 1o 1he prevention and mitigation of ARD is 1o apply llllthods 1hat minimrze the supply of the primuy reactants fur sulphide 
oxidation, and/or maximi'zJo the a~munt and availability of acid neutrali'zing reactants. These IJilthods may involve one or mJre of the fulbwing 

• Minimizing oxygen supply because of dilfusion or advection 
• Minimizing water infillmtion and leaching (water acts as both a reacWrt and a 1ransport llllChanism) 
• Minimizin& re~mving, or isolating sulphide minerals 
• Controlling pore water solution pH 
• Maximizing availability of acid neutrali'zing minerals and pore water alkalinity 
• Controlling bacteria and biogeochemical processes 

Factors influencing selecfun of the above llllthods inchxle the fulbwing 

• Geochemistry (ie., sulphide/carl>onate content and reactivity) of source materials and the potential of source materials 1o produce ARD 
• Type and physical chamcteristics of1he soun:e, including water llow and oxygen transport 
• Mine development stsge- (More optiom are available at early stsges.) 
• Phase of oxidation- (More optiom are available at early stages when pH may be near neu1ral and oxidation products have oot significantly 

acCUIIJJlated.) 
• Time period fur which 1he control measure is required 1o be effuctive 
• Site conditiom- bcation, 1opography, and available mining voids, climate, geobgy, hydrobgy and hydrogeobgy, availability of materials, and 

vegetstion 
• Criteris fur discharge 
• ru.k acceptance by company and stskeholders 

In geoersJ, more optiom and mJre efli:ctive options are available earlier in 1he mine !ifil, as indicated in Fignre 6-1. More than one measure, or a 
conbination ofllllasures, may be required 1o achieve 1he desired objective. 

Flglll1l 6-1: Optiom and Effectiveness with Time (TEAM NT, 2004) 
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6.4 Driven of Add Roek DraiDage 

1'1111 primry dzMn ofARD can be clasai&d in dne didiJct ca!iegmi&!s ofph)U:al &cion, px:lllmDl'IIW'I~ pmcesses, ml climte ml phyU:al. 
emio~DD~L Each is dDscd!ed bebw in Sectilms 6.4.1 tbmup 6.4.3. 
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'Ibe 81zuctumlllllla'e ml ~i* ~of !beARD 801ll\le llllla:ia1 iiiDIBe8 selec!km of !be IIINit ap_prop!iate method(s) irr pnMiiiaD ml 
~n. Typi.1al~miJIDDomillillgtelamd 801ll\lell ofARD• mi::wed iii.Clllpte:r4. Specific lllillillgatedCJ!I!II''" :iacllle lbe fblklwillt; 

• W881e rock-come, ~pe!llablc llllllluralcd poro1111 o~llllt.l:rill (boukler 110 8IDd. siA'l) depo8k4 ill. !be lllil: pl or aa rock pilc8 
abow; die lllllln1 topOjpphy 

• ~ alldcoaltelille- tiDe, wriablysalul'aledor •!1!81hn!N poro18llllt.l:rill(clayli0 &aDd siA'l) derMlcliomcm:: proceuqarbcbe&il1*m, 
~dl!poded iD.~ io:pJuodmmd3 

• Spma om aDd )l!llp l!edleaidu&!& 
• Open or :liiDd ph, comimgmc:k debris, llllllliw and :bcnnd rock 
• lJDdqtmDlllliDD llllida ..... a1Ja.h, drib, lllld.lltDpes 
• Bb:k caw nilblD 2lllli!S (can be 1lllllliliDDB1 between wast11 rock m! 6:adlnd ruck 111!ldimnc~) 

The 81zuctumlllll!n m1 physwCIIYiromDI:Dtofeach8011ftle 11111t be desailed ..nhretpeetliO die wmrmbJe, aeep~F m! Sow, ctewee ofea1umtion, 
oxypD, heat, m! solas to proWJe a detailed lcYclof~ ormw geomcery, hydmdic properties, and ftll:tlft ~ eomol"'CChhnn, 
beba.vm, and po:iunw. Far eliiii!Pie, Fig= 6-2 illlslratea proceaaes tbd omrwkllin a...-rock~ and • mft"""'-ed by slnlcUe. By 
o:ceady, sobims to prewm or~ ARD will~ be de apeci&. 

IJpa 6-2: Wute Rock fie Stnlctllnl aDd Proeettet (WIIIo., 200111) 
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Figure 6-1: Options and Effectiveness with Time (TEAM NT, 2004)
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6.4.3 Clbmte llllllll'llpfad Ea.rinmmeut 

A p~cmiuDtim is fimo:d whm war ml euer&Y lnJdaetB are ~led 'ril die tamiD, Jandj)l'llll, Brice 
1DpOJIIPhy, soil, ~ 81111 FOlo&Y. surface ~gy. ~FOll&Y. 81111 Sora. Top1her1bese fac1Dnl c:otqnile an 
''earth ryJ'mi' ml ueec! to be 1;0111ide.Ted ill cleye)opiDg lbe Dll8t subble meelloda lbrp.-eYelllion, colllro\ ml ri;ptim of 
lllilll: ciBchqca. 

For Cllllqllc, il opea pl bud JOdi: miDe8, 1IIDit oflbe lllilll: WU!lca are typi1aJiy lltaled 0111hc surface ml eJII)C8ed to 
llmlephai: colldiiim8. Became die maiD soun:c oflllilll: dlailalc iiiiiDCCieori: ......u, local climiU: bll8 a cli'ect idJe:DI.le on 
1he: IICJcclimofpt1Mdimml~m;~ ilr ARD. '1111:: K~ll)llll:m(Peeletal, 2007) ill a welkDowiUIII:thod 
ilr cbille cluai!i:llfun. MeCblda IDr~ellliGn ml ~ 1h8t are lllliabJc il a tmpicalllllmid cliiDIIIe, 8UCh88 Bo!DilO, 
lndo!IID, DBY :liliin a clry cliDde llllllh aa1hc Pilblm regmn ofWeA:m.AIIIIralia Ill' die polla: climiU: ill 1he: NorlhRst 
TeniOla oflh= Cllllldim .1\roti). 
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6.5 Pha1ed Approach 

A p--approach 1D lbe iJplt:mr::dation ofm:tbods ilr ~ ccnao\ 81111 m~iption is recoiiDICIIdccl. Hxpezience 
ba8ecl onclhct obaervalim is of greet \'llue iJr cleeilionanalyaia (adaptiw mmegmmt) 811111be design of8)RIQI ilr 
pmwli!nmlrniiJ!i!JL 

Forellllqllc, ~1amdam 1Dr~ARD1111:1boc18 (e.&, wuerco\UI) are mwawilablc. As cli8cu88ecl ii.Sectiln6.1, 
m i'aDII:8 asaocilllcd Mlllllillll ~ C)'llea are clccedes ml aom:tiDca caiiiDI, ao die~ fiiDa requRd ilr 1he: 
~of~ml DIM~tmm;~ IDly be IDI!g. 

'1111::reilre, asaeaii!ID, cle&fA te&U!gmlrc.fillr.:n• •d• shouU lake place at dphaaea ofthcprojcctallhough varyi!&in 

Saqie Climate 
aaullkldlon 
(Dpn ayatem) 

• Tmpicalllllmid 
• Dry 
• MikiDid· 

~~dade 
• Sew~~::Did­

lldade 
• Polla: 

·~ 

Sdellllllle Method 

• Ques1icm 
• ll)potbesi8 
• Bllperillll:u1 
• Allll)U 
• CcmcDiiml 

ild=dyofe1i!rt. ~ 13pbabm, acliYilics an: lllilliDilllllda ~ ll&&eiiiii!Cd of a h~ llllqll:s ilr ABA woukl be llclequaU:. 
Dmilg project pmm.g. tiD ellilrt II1IDukl be wnsisbml wih bl ~of& pmj&d, wilh pmlilliiiiJydlrtll at bl ~ lllllp to ihmlifY 
posmll ow 81111 ilsu&!s, 1D IDinl aclwD:ed 111111. iobmsifiod ass esSIIZl& 81111 Xbnffir.atim ofpm&n!d ARD IIJIII8II'IIIID opliDIIDr wma mille 
CODpl!!!!!D. 

n- cou:ept~ haw becmlllliculatecl ill Cbaptlmllllld S and an~ ibtnred inFpe. 1-2 mi. S-1. Fipm 6-3 bulb onFigln S-1 'ril an mphaaill on 
bl ~of~ml.lliliptionstm~Bpslllll plans. BecaiBe of& Ue-tpcci&:lllllllm of ~~~!!bods and bl CMJMJglllllln ofscimlific 
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Figure 6-2: Waste Rock Pile Structure and Processes (Wilson, 2008b)
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~am ...... i:tsexpciiim:e, 1hml il aneed.ilremiDJolll iledb!Wk, Blf" •eul mi. re&.MIIIEIII at IIIII wmlll slap ofmi:eplm!iog, 
cle\U)pDm, operatima m1 cJ.r.:mmissjcmjog 

llpl8 6-3: AdapCIYe MuqealltApfnadlm Pftvellll!»nadMitlpdonofARD 
Project Phase Minimum Objectives Activities 

Exploration Concept ual Geological Model Screening assessment of ARO 

Mine Planning - SoopingfPre- Concept ual ARD Model for Site/Project Waste Olaraa erization 
Feas/Feasibility Preliminary ARD Assessment Lab Tests · Limtted Materials 

Follow Through Assessment Preliminary Predictions 
Develop Conceptual ARD Management Plan 

Con-struction 

Operation 
Field Monitoring 

• 
Update Assessment 

• 
Refine Design 

• 
Monitoring 

Deoomissioning and Oosure 

Additional Waste Testing 
Confirmation 
Refinement 

Scale-up Tests 

Preliminary ARD Plan 
Model Mitigation Scenarios 
Test Mitigation 

Refine Designs 

Finalize Mitigation Plans 

Implement ARD Management Plan 

Monitor 

Re-assess 

Refine 

Monitor 

'11111 o~approach baed cm !Klilmli&: 111111hodB il IIIIIIDDst appropiilrte llpJIIIIIldl. 'l'be ARD pnMmlim pJm l!bDull be u mb1llt (bued em 
~ 111111 ~oedmda) mi. &miD u possi)ID so drat i can be adapted baled em obierwd pemiiDIIIIXI. FWn 6-4 iiDIImte& adap1iw 
llliiJII8I!IDID am ilp ............. urmg a plmed 8.pJIIIlllclJ. wbK:h beam wlh 1Im cmwiDpm&mt ofbypodmes ml ClODCI!plllll clesP baed em aile 
~am piObiDmde&dion. 'l'bepbued. pnx:ess can begin am ~!~Will my &lap of liD &wllJIIIIIIIIL '11111 byltl!p B to cmwlop B II)'Blmn 

c~esWn drat IDads to 11m basil m IIIIII1)U m1. 11m c:apaciy to llllk.e dec ioi "• '11111 pmceul!bDu11 illclude a 1111p1 approach did a1IDws lllljpiog IID8.I)U. 
veri!i:a1im, ml iqJM151li5d iD II)'Btlmldi!ISip. RlsgioDBlml b:alctepllliaia;d Bllll!lllbymiles, 'W1IIn availabiD, sho)jf a!lo be llll!d to 111iDimt.!.D Rllhmdallt 
inwsliplinrs am to optiDim tbe IIIDfl SWMSSfid m:tbocLs ilr ~am comol 'Ibe pbased apJIIOUhleads to~ of a mmiloriog ml 



1Jc1n 6-4: AdapClve MaJ116:emellt lqllemellladoD by J.lllued~ 

B 

! 
Development of 
hypothesis and 

conceptual 
designs 

Design of fteld 
and ~boratory 
experiments 

Decision 
analysis, 

system design 
ond stoge<l 

implementation 
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6.6 Ovenlew of Beat Praedee Methods 

Adaptive Management 

Implementation by Phased Approach 

Site 
specifte 

On .going 
analysis and 

lf 
verification, or 

redesign of 
methods and 
experiments 

Regional and 
international 
data base 

knowledge and 
experience 

Continuous 
observation 

and 
monitoring 

Tbil aec:!Dl pn~sma a llllDDIIII)' oftm 1lll!llbDds availabkl ilr JIDM!!Dmazd mq,.!' • oflliml citailql; as shownio.Fipa 6-S. ThD pgpote of ibis 
sectilnil to provile an~Ml'Yi:w ofbestpmcticc metbods. DelllieddesPI!IIIIIIIk, ~~&'has MEND (2001), MHND(2004a) m:lDWAF (2007). a;n, 

provilecl iD. tbe 1dma seclim. 

Teclmi:aly, ~iqllies plml aractivilic8 bemn: tbe ActtbatwiDresal iD.110 udeeirablc e&c1l as araultofmile Wille """'r"""' Far 
~. dhctcleposti:mofwwedlerecliiUlpbide tdilp UDder water ding operatica topreYCDtacid plelldonazdmetallee.chiD.gmaybe 
consj!md a~ accim. ~'CI!lbe eppW to pmUtbe OCCIIRD.le ofARD arl8 acom:ctiw: actimto aneDtilgrondirian Far 
iDslaDce, olliliilcd ~~caD be flooded to lllilifllll:: water q1IIIly efktl by ~adi!g filii= acid ~D. 1M eolmb m:cu maybe relcuecl 
iom put OJitaliDD. Becallle IIC:IDLUII&:IiMMia C8D be appi=d dulqtbe p~ ~&II true '~n" stJatepa 18 we;llaa caaec:tiYe llflategiea 1Jr 
Cllini!gconMinM to ~ARD mi 'Wa1erquality~ tbe ~-~~haw 110t beellsepamlecl io.tbe illbwiDg 
~ ~. wb:le appopriate, cauli)llll'yiiOk:S ha.w been added iD.tbe tmto iDdS:a1e wbereperi)l'IIBIMle ofparli:ulllrmeCbldamay difk 
whcnappW to :&elh, -lY cll:poeW 1JB1mlls \ellllll hiltmi:, pn:1liDlB1y 13pollecl Illlte:rU wilh 1101ublc buill of.aliy m:llar ~ ~. For 
c:JIIIJq)l::, :llooclqrofbolhhlhDm-omm:d and pre-ui:lificd ~ c:anbc b-li;ial.llcnftM:r, as m::ulina:dllllo\e, Jhc pre-acidilicd tJili:1&l will need 
tu be _....,. appwp.tidelf to lli:COUIIliJr b acid aud.lllli!!D dllt wil b" flllllDd li:um 1bD 1ailiDgB aud.lhe tim dllt d be r:equDd belbm b owrlyiDg 
'WIItm" qUIIRy appmac:h&!s b ch!aDci c:rilmia or llqDt COIIDii4tatWnw 

1!1gwe 6-5: Meii!Ddl fDr l'leveldkm and MtiipdoD of ARB 
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Exploration characterizabon II 
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6.6.1 A't'CIIda!llle 

Salbat FJ1C1* ARD w¥1a ~ sohlle load and CODCednllioD8 ofw••ii••i••4s ean D:ur eipi&:am loq-llmDARD tMimed eOJts that can iqlair lbe 
CCODDDi: NtlCess m1, m IIOJDL' tCUel, 1hc viability of a project. Meu~R~m ARD pmallkm, llilipliDD. ml~~a~D~U 11111t daem be illcblecl in 
~ofmbe liicyl::le cost8, bothmproce88illg WIB1II:S lbat• da:M:c1 iomb me ml o\'Cl'bmdcnonwte mckllldllllltbe aq,ped 1o 8CCC8I 

lbe on:. lbe n:doflbis overalla88eeer:rrhlllybe adecililnmt1o mbe a padimllrmck maas atao~~~:: IIJila, or1o mbe maiiiiiiiDIZthatmigbtillilially 
be lhouglt1o be llllJe costly (AD11, 1998). 

Eut,y avoklaDu of ARD pmllle1111ll a belt pracdee tedmlque dllt may be ad*ved dlrovp 
illleptiJI& dae ftlliU of cJIIluteriatioD and ).ftclictioD, c!Heribedia Cllqleen 4 and 5, 'Widl millie 
phDJ!iDa, cletip, 11114 'f'llllte D~U~~gemelli •ntelie•· 

Awidanca ilmt !IJIIlD)1JII1ll ~mn-ch!wbpmlmt in~ A-..mler:ce :iDChle& 1hD chlCilim mt 1o eJdJiu:t a par~Eli~dyn!IICIM mc:k t)PC! that will be 
luo dilm:ul to DIIIII8L' m 1hD bn. 'lhiii11111Ymquinl1hD ~ oflllioe clasp that awid or 'Wilt 11!0111111 clilm:l* rock t)pe& 1huusb akara1ion of 
milD access, iocfms,IIIDpes, ml opm pit designs. 
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6.6.2 Re-uming 

Hi<1micallegacy siles 1hat are currently generating ARD are som: of the m>st difficult to rem:dia1e because significant volum:s of reactive wastes may 
need to be managed or even m>ved. However, SOillOtim:s abandoned surfiu:e or UDderground mines cao be re-mined to rem>ve valuable materia11hat 
remaios. &<>-mining provides opportunities to improve was1e cmposal syslemi and redu:e or rem>ve sulphide minerals. 

Re-mining me1hods used inchxle the fullowing: 

• Excavation and milling ofwasre rock and tailings deposits 
• Coveting and burial of emting wasre piles with new benign wasre 
• Push-back of emting pits walls to excava1e and process reactive rock, leaving lower grade non-reactive wall rock 
• Excavating areas previ>mly mined by room-and-pillar m:tbods, extracting the reactive rock along with the remaining comnodity (e.g., coal), also 

called "dayligbting'' 
• Re-bandling wasres and IIDving them to improved storage mcilities 

Typically, at coal mines, re-mining and reclamation reduce acid loads by 

I. decreasing infii1Iation ra1es 
2. coveting acid-producing materials 
3. rem>ving the remaining coal whi:h at many siles is the source ofm>st of the pyrile. 

However, re-mining cao also e>pOse pyritic overburden strata and so can ac1ually degrade wa1er quality unless supplemonta.l abatem:nt m:asures, such as 
alkaline addition, are med (Hawkins, 1998). Therefure, an assessm:nt ofre-mining options shoukl consider the potential long-lenD cos1s fur mitigation and 
trea1mmt of drainage versU'i the potential fur increased recovery of resources. At many siles, the value gained from extraction cao finance fin1her 
opportunities to mitiga1e ARD (PaDEP, 1998 Chap1er 17). 

Top of this page 

6.6.3 Special Handling Methods 

Speciali2ed bandling procedures fur mine was1e produc1s, inchxling tailings and was1e rock, are otlen adop1ed as part of a stra1egy to lllinimrzll ARD. This 
is otlen the first srep in irqllem:nting the ARD management plan. The bandling procedures are based on the result of the ARD prediction program 
(Chap1er 5). Specialbandling approaches are discll'!sed in 1his chap1er and in Chap1er 9. 

6.6.3.11ncnrporation in Mine Plan 

Mine wasre bandlingmaybe incmpora1ed into mine planning to lllinimrzll exposure of materials to atoDspheric conditions and lllinimrzll the volum: of 
material left on surfiu:e at closure. ~les of common practices inchxle the fullowing: 

• Use of tailings hack:till fur underground support. This m:tbod can also redu:e overall cos1s eotiJlared to cooveotional hydraulic bacldill 
• SubaqueoU'i diaposal of reactive was1es in mine voids, inchxling placing mining was1es into open pits and underground worl<ings. The economic 

fuasibilily of this practice is higbly sile specific, but is firirly commn, and the approaches are well developed. Mined-out pits cao provide a void fur 
storage of tailings, waste rock, or seepage wa1er. Pits provide the potential fur long-lenD geologically stable coutaintoeut while traditional 
impoundm:n1s otlen require IIDnitoring and maintenance to ensure stability of the construc1ed embankments over the long 1erm 

• lo-pit di.posal of tailings or waste rock may be combined with other straregies, such as subaqueous or underwarer cmposal, alkaline addition, cover 
1echnologies, and sulphare reduction, whi:h are descubed la1er in 1his chap1er. 

• Minimimtion ofthe was1e fuo1print to reduce capping and revegetation costs, or to reduce the suditce area exposed to precipitation and oxidation. 
• Avoilaoce of placing wasre storage mcilities oear sensitive receiving environm:uts or regionally significant aquifurs. 

6.6.3.2 Segregation 

Segregationofwasre rock (also refurred to as selective haodling) involves pbysi:alseparationofPAG and NAG materials (MEND, 2001). While 
segregation on its own does not prevent ARD, it is otlen a necessary s1ep within the mitigation plan. PAG materials may be U'ied or placed in engineered 
configurations to lllinimrzll impac1s to the receiving environm:ut Conmonly, ooe atlempts to either ensure 1hat PAG material is kept coiqJle1ely satura1ed 
(to lllinimrzll exposure to ail) or to minimi2e suditce and groundwa1er coutact with PAG materials while maximizing wa1er contact with alkalinity generating 
materials. Segregation of ore and waste is standard mining practi:e, and similar rechniques may be U'ied to separare waste types (see Chaprer 9). The 
development of ao ARD management plan 1hat involves segregation generally proceeds as fullows: 

• The mine wasre plan is developed based on detailed geochemi:al characterization U'ling procedures defined in Chap1ers 4 and 5 and approprisre 
m>deis (ie., block Imdeis fur open pits). 

• Wasre management and operational m>Oitoring program; are established to identifY and segregare materials befure haodling, transport, and 
deposition. 

• Special bandling procedures are developed, such as cellular construction ofwas1e piles or pmpose-buih repositories fur reactive materials with 
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sys1em design oo provide isolation and sealing (e.g., subaqueous disposal of reactive wasres or srorage ofPAG rock wilhin tailings in1Joundrnents). 
Was1e rock lills might be COJlllac1ed or covered with thin layers of lower penneability material oo inhibit infibration and oxygen ttansfur. 

At coal mines, the PAG material is typically placed on a pad of non-reactive rock so 1hat it is eleva1ed above any fluc1uating wa1er level in the pit. The 
material should be COJlllac1ed and trea1ed with alkaline material oo neutralize the acid-producing potential, capped with a layer oflow penneability 
material, and then covered with non-acil-producing material and ropsoil oo reduce wa1er and air movemmt inOO 1he reactive rock. Fmtber infurmation on 
special handling at coal mines may be fuund in Peny et a!. (1998: htlp:/lwww.dep.sta1e.pa.us/dep/deputate!rninres/dis1Iicts/cmlp/cbapl4.hlml), Skousen 
and Zieniciewicz (1996), and Hawkins (2004). 

6.6.3.3 TailiDgs Desulphurization 

The concept of desulpburization of tailings oo prevent ARD has been consilered since 1he early 1990s (Bois eta!., 2004). The concept is based on the 
separation of non-economic sulpbile minerala inOO a low-volum: stream, leaving 1he majority of the tailings with a low sulplrur content 1hat will be less 
reactive and prefurably non-acil generating. The two tailings slrealm can then be maoaged dillirrently. The higlrsulplrur material can be selectively 
deposited in the tailings pond oo remain subnmged in wa1er during operations and post closure. Ahernatively, the high-sulplrur tailings can be maoaged oo 
ensure 1hat they will be covered by the low-sulplrur material aJier closure if assessment shows 1hat 1hi<i approach is consilered proJective ofwa1er quality 
during operations and in 1he long teon In any case, there will be a need oo manage 1he higlrsulplrur tailings 1hat preswnably will represent only a small 
fraction of1he Mal tailings volum: produced during 1he operation. 

Desulpburization can be achieved in clifrerent ways, depending on the ore type and rretallurgical process used oo exlract economic minerala fiom 1he ore. A 
separate lh1ation circuit or additionalllo1ation cells oo increase sulphile removal in the mill can be construc1ed. Bois eta!. (2004) showed 1hat metal mine 
tailings con1aining about 20% S could be separa1ed by lhmtion, inOO materials con1aining 0.5% S and 43% S. Hesketh eta!. (201 0) also demonstrated 
sulplrur removal by lhmtion rechnology and achieved a low sulplrur tailings with 0.22% S 1hat was non-acid generating with a net neutralrzation potential 
(NNP) of25 kg-CaCOft. 

Sulplrur separation was used at a mill1hat processed nickel sulpbile ore in Canada. The sulplrur was initially removed oo lower the sulplrur conlent in 
coarse-grained tailings 1hat were used fur mine backfiD. The fine fraction or cyclone overlhw was utili2ed as a low-sulplrur cover material on existing higlr 
sulplrur tailings (Martin and Fyfu, 20 II). 

Sulplrur separation can also be achieved as an objective ofrretallurgical processing of ore, fur pmpbyry copper ores, fur exanple. Metallurgical 
separation ofsulplrur in ore can be used oo increase efficiency of copper recovery producing a "rougher'' tailings with a low sulplrur conlent and a "cleaner'' 
tailings with a high sulplrur content. Examples of such metallurgical processes have resuhed in low-sulplrur tailings 1hat con1ain less 1han 0.03% S with a 
positive NNP and will not genera«: acil. The corresponding higlrsulplrur tailings stream can con1ain on the order of5 oo 10% S, and would typically 
represeut less 1han I 0% of1he rota! tailings mass. At a proposed copper mine in Central Anmica, the high sulplrur tailings will be deposited under wa1er 
inOO the pond wilhin 1he tailings in1Joundment during operations and tben will also be covered by low-sulplrur tailings at the end of1he operation (AMEC, 
2010). 

Depyritizx:d tailings with non-acid generating or acil consmning characteristics may be srored in lalge-volum: repositories. Relatively clean tailings 
materials may also be med fur other prevention and mitigation methods, such as soil covers (Sjoberg-Dobchuk eta!., 2003). The acil generating 
charac1eristics ofthe depyriljzed tailings should be verified oo ensure 1hat it is not acid generating befure it is used as a cover material 

In general, 1he fuasibility oftbis sulpbile separation option depends on 1he charac1eristics of tailings and therefure IDJSt be assessed fur site-specilic 
conditions. The lh1ation processes IIIISt be sufliciently elli:ctive oo remove enough sulphile minerals oo render the remaining tailings as non-acil generating. 
The cost of1he process may be oflSet by the production of a relatively clean tailings material1hat can po1entially be used oo provide a final cover layer, 
rather 1han having oo mine or in1Jort material fiom elsewhere (MEND, 2001; Bussiere, 2007; Strathcona Case Study). 

6.6.3.4 Complletion and Pbysieal TailiDgs Conditioning 

Con1rol of physical properties of tailings may be accomplished by methods including 1hickening, filtration, coJlllaction, and gradation con1rol The purpose 
of conditioning is oo improve pbysical properties, snch as reduction ofhydraulic conductivity, oo limit 1he ARD process. For exanple, a decrease in 
porosity may result in a decrease in both hydraulic conductivity and oxygen diffusion. Fignre 6-6 (Aubertin, 2005) illustra1es the relationship betweeo the 
coelli;ient of oxygen diffusion and degree of saroration fur soils or porous medis. It illustrates 1hat oxygen diffusion rapilly decreases by 3 oo 4 orders of 
magnitude as the degree of saroration increases above 85%. The concept described bere has beeo successfully in1Jlemeo1ed at a munber of sites, inchxling 
the llllllli-layered cover design at the Les Terrains Aurfues (LTA) site in Quebec, Canada described by Bllisiere (2007). This case was also repor1ed as 
a MEND srody and can be fuUDd on 1he web site htlp:/lwww.mend-nedemm-W. 

Figure 6-6: Coefficient of Diffusion versus Degree of Satoration for Satorated Porous Media (from Aubertin, 2005) 
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may be adjlnd to c:n!llte fiDD IB)'IIIB tbatlllliolain high l8tui8lim ~ 6-7) m:l RIIIID:t Olt)'!l1m &w to ~ ~b-i:Js COIIIllal' IB)'IIIB. This 
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Figure 6-6: Coefficient of Diffusion versus Degree of Saturation for Saturated Porous Media (from Aubertin, 2005)

kmiller
Text Box



6.6.3.6 Blelldblg 

Double 
Layer Cover 1111 

Batter 
Cover Single 

2200··3300mmt -=~=---=~~~~~!;,;,.~Oou::,!b~le:!..l:;L=ay=~'=s~=o""='~ PAG I NAG ',, Layer Cover I• •I 

PAG/NAG 
:t:. 

Bl::nclitgil thl:: ~ofWUCeii!Ck t)1!C8 ofVIl')'illgatillf"'M"""Mn811d~po1e:Diial1o crea1e adcpod tmtgclll:tlb a clilcl:aiF of 
a«epllbl: cpdy. 'l1lc c~ ofbleDdil!gas anoplimclcpeDda on die IMilllbiliyof1Dil1erialllllld 1he lli:le pJillll, thl:: gaaaliiCoicJ•kn•x:tric belalr.le 
bc:tvAlcnacKI pmcJucmg ml IICU ~ IIBh:IU, !F""'b&:rriru!J propaiii:&,IC&dM1y of"WIIIIh: mc:k ~ :lbw palhwayB CICIIkd wtii die ch:posit, 
8lld thl:: eU:It oflllilq ml m::CbJd ofblr.:udiog HimDFDCOIIIml dmoiPmiDlg il FJCIB)ly n:quilm to~ moDuwn bmcft (MEND, 1998a 
8lld 2001). EvKimKle limn rmi 1riU illd.iclm81imib!d succe&1l wih~ofwute mc:k t)1!C8lllillg hrml1rucka, but bGib!r miDig ofwute mc:k wllh 
limDstDDD was acbiLM!cl ~a COIM)VT II)'BIImlllld 11acbr ~ et al, 2006). 

Opmmmal~••• e mi:ats that, me&ctiYe bllmdiJBofPAGmckwihliiM -,it is esaeidialtbatd8 iixtms wihild!D blllld be atll!ast 
atil-bue neiDI (i.e., NPR (ANCIMPA) of at li:ut 1). Sh:e thl:: liD of mile pedicle sa oflimestone is FIJC!dyc:oancr tbanPAG rode, dJ: acid bue 
balm::e or NPR ofth: ~waste mc:k DCCds to be pa1ft tbanone. ~ 'dlmc:k t)1!C8 at FMeport (Jndoncsia) 8lld Ok Tecli (Papa New 
Guixa) bli:atcs tbalwen.millcd PAG mllim:stone roeknecds to haw a ~NNP of more tban ISO qCaC03"t(orlll.ltd productiollpotalial 
(NAPP) ofle88 tban ISO lrgH2S041t). 'l1lc actual bbl ddepeod on de fi.ctors ml particle BB clis1zibanilr eachmck t)'pe. 

6.6.3.7 Co-clllpotll 

Co-dilposalilll thl:: dilpoaalofwaacemc:k wllh lailiDg8. Co-dilllposalcaDtab lle\UIIIDDDI, which-wycle_pe:Ddqonthl:: ~ ofmildag, aa ~ 
ill Tabl: 6-1 (W"s:klm4 et al, 2006). 

Table 6-1: l'ol'llll ofOo-Dilpo~ll (fnlm WirklaDd et aL, 2006) 

Co-clapotll Type 

~LIB mimns- Wast~~ roekaud llliqt In bllal&d to imn Junaailg ch!pe of 
a hNII'f!FDIIOiiiiiiiiiSII- ''pub! JDCk." mimg 

Pl:mp!d ~dispoal-Couae 8lld fiDa llBI:eliak In pmp!d to A ~ §)rdis_poal(~~epplimi)Q(liQ ondeposticm). 

l...ayeRd ~lliDgliDg -Iaym ofwute rock 8lld taililss are 
akamtecl. 

waace mc:k ill adclccl to a 1liil&t iq)ol"'"m -
~are a4dcd to a WIB1Ie rock p&. 

waace mc:k mllailill&s are disposed il thl:: Ba~~~C ~ 
clqftaaim. 

Co-disposal baa diD potldill to limii.ARD aa iJIIDWB: 

• Co-dilpoulot'IJP!yJI!Ildiwwas11!mck wilbilllllturatlld ~ np011flll&'* 
• La~ ~IDiJsliog oftm-Jcmwl1Bi~iDt~Ji BDd WUIIII roek 
• Tbmoughmid!g ofpuae or Omd 1BiliDjpl will WUIIII roek to auto "}}illie mc:k" 

Ineacllc:aae, ~ o~podul;ts can be MCbll:ecl aa a ~ed ofrcsllk:tcd acceM to Olt)'FD as -wclaa MCbll:ecl :lbw mms tboaF the deposit 
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Figure 6-7: Example Waste Rock Encapsulation Strategy



COIIJ)ared to cOIKlitions within a typical waste rock piE. 

For ideal mixing. the void space of waste rock particles are :filled with finer tailings particles whi:h typX:ally have a higher troisture content, thereby limiting 
the transport of oxygen and water relative to deposits of waste rock ahne. Atmldmmt of tailings with alkaline materials is possible, and co-disposed 
materiak will have a hwer rate of ARD production than ODly blending of waste rock types. Benefits and consideratims fur co-disposal are listed in Table 
6-2. 

Table 6-2: Benefits and Considerations of Co-Disposal 

Additional Benefits Considerations 

• Minimflation offuotprim or volume • Waste production schedule and 
required ii>r disposal sequencing 

• Physical stability • Proportims of waste rock to tailings, or 
• Possible use as cover material strip ratio 
• Possible eliminaoon of the tailings dam • PAG/NAG ram 
• Creati>n of an elevated water table within • Erodibility of gap graded mixtures 

deposits • Methods ii>r mixing and placetnent with 
respect to maximum particle size 

• Limitations on future remining of tailings 

l'urq)ed co-dmposal of coarse and fine coal beneficiation wastes has been ilq)lem:nl:ed at coal mines in the United States, Australia, and Indonesia since 
the 1990s (Willia.ml etal, 1995), though pumped co-disposal typX:allyresults ina segregated deposit. Co-dilposalis 111ed in South African coal 
operations where coal slurry is placed within a dam constructed of coarse reject Mixing waste rock and tailings ii>r blended co-disposal and paste rock at 
operating hard rock mines appears proiDisjng, but is in the research stage and, as of20 12, has not been implem:nl:ed at full scale. 

6.6.3.8 Permafrost and Free.zing 

Permafrost or X:e covers approxilmtely 25% of the earth's surfuce, and the mine operator may take advantage of cold conditions to control weathering 
and drainage. Permafrost is generally defined as grm.md that~ behw 0° Cel<iius fur IDOre than 2 )'ears. The tenn permafrost does not in:ply X:e or 
water content. 

Freezing of materiak to control acid generaoon has been 111ed as a strategy to control ARD at several northern sites (MEND, 2004b ). However, it should 
be noted that chemical activity does not stop at 00 Cel<iius, and :fi:eezing point depression, caused by higher concentrations of dissolved solXls in water, 
may resuh in unfiozen water in mine waste materials at teiq)eratures wen behw freezing. 

PemdX: warming of the surfuce during SlllllllE pemds in mnes of permafrost results in thaw within an upper ''active mne." Strategies fur limiting chemical 
weathering may include a cover that prevents penetration of the active mne into PAG materials so that the PAG materiak remain frozen (MEND, 2009). 

Ta.iliJ:Jgi deposition planning may be op1:imizl:d to proiDOte freezing during winter IDOnths and limit thawing during SUIDII:l" IDOnths. Thermal analysis is 
required to predX:t hng-tenn freezjng of reactive materials. Experience has shown that tailings will freeze on cold sites, such as at theN anisivik: Mine, 
Nunavut, Canada (Claypool et al, 2007). 

As a general rule, permafrost encapsulation requires approxilmtely -8° Celsius Jnean ammal air temperature. One possible limitation of relying on freezing 
ahne is the potential fur clirmte change associated with gbbal warming (MEND, 2001 and 2004b ). 
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6.6.4 Additions and Amendment Methods 

Methods ii>ruse ofa.mendmmts and additions are described behw in Sections 6.6.4.1 tbrough6.6.4.4. 

6.6.4.1 Passivation 

Passivaoon ti the trea1lrelt of reactive rock surfuces to limit release ofleaching or oxidaoon products by creating a chemically inert and protective surfuce 
layer. Few systematic studies have been perfunned, especially at the field scale, and operatimalme of passivation techniques is essentially non-existent. 

Under EPA's Mine Waste TechnohgyProgram, MSE Technology Inc (MSE) conducted three comparative evah.Jafun studi:s to evaluate severalARD 
passivaoon and microencapsulaoon teclmohgies. Laboratory-based weather accelerated conditions were studied fur two commercial teclmohgies. 'I'hti 
wmk iodX:ated that the K.EECO trea1lrelt (see below fur IDOre detail) was successful in preventing or delaying ARD with the ioitiaJ. consequence of 
generating very high pH levels. This work also indicated that the MTI F..coBond trea1ment (see behw fur IDOre detail) delayed the onset of ARD. 

A field nlJiti..cen evaluation of fuur trea1lrelt teclmohgies (KEECO, potassiwn pennanganate, F..coBond, and lime) indicated that the penmnganate and 
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limo teclmologies were able to prevent or delay ARD funmtion. An evaluati>n demmstrati>n offuur teclmologies on an open-pit mine highwall indicared 
1hat an trea- reduced 1he coru:entrati>ns ofS04-2 rem>ved and reduced 1he tmbility ofm:tal<i from 1he highwaiL 

Several of1he rechnologies 1hat have undergone investigation are discussed in liilre detail in the fullowing secti>ns. 

Potassium Pennanganate 

A potassium penmnganare based passivati>n teclmology was developed by DuPont (DeVries, 1996) and is owned by Univeniity ofNevada, Reno 
(UNR). The pyritic rock surfuces are first rinsed witb a solution of limo, sodiumhydroxile, and magnesium oxide at a pH > 12, fullowed by treatmmt witb 
potassium penmnganare. The overall reacti>n generares a rnanganeseliron'magnesium surfuce, which is resistant to fur1her oxidation and substantially 
reduces the ARD generation. Pilot-scale experimmts have sbown 1hat passivation witb potassium permanganare can substantially reduce contaminant 
release fur tmre 1han 5 years, but the long-term stability of1his treatlnent still needs to be establisbed. Treatlnent of:treshly mined surfuces bas sbown the 
grearest success, and requires 1he lowest cODSUJl1l!ion of reagents COJll'ared to treatmmt of aged reactive rock surfuces, which ofum have high acidity and 
contain an oxidation rind 1hat limits the effuctiveness of passivation (Miller and Van Zyl, 2008). 

Phosphate Coatings 

Applicati>n of soluble pbospbare together witb hydrogen peroxile generares an inert surfuce layer. The hydrogen peroxide oxidizes pyrite and produces 
furric iron, which reacts witb the pbosphare to produce a surfilce-protective coating offurric pbospbare on pyrite surfuces. Evangelou (1998) proposed an 
alternative coating teclmique involving the furmation of an iron oxide/silica coating on pyrite surfuces. 

The application ofpbospbare :terti1i2ers was proven to be an effuctive sbort-termtnethod. However, 1he resuhs oflong.term field trials deliilnstrare 1hat 
coarsely granulared wasre rock was not coared by seconda!y pbospbare solid phases and 1hat ammdmmt by pbospbare rock or pbospbare furti1i2er did 
not inJ>rove leacbare quality compared to the llDSlDlllded wasre (Maurie et a!, 20 II). 

Laboratmy experimmts (Harris and Lotrenmser, 2006) deliiliiS1Iared 1hat the application ofbulk: indus1rial cbemicals (potassium penmnganare and 
warer-soluble pbosphare furti1i2er Trifus, Ca(H2P04)2) to partly oxidi>ed, polymineraDic mine wastes can inhibit sulphide oxidation and m:ta1 and 
m:talloil tmbility. Cbalcopyrite and galena were fuund to be abundantly coared witb IIEa1, IIJrtal.alkali and aJklili.pbospbare. The teclmique was 
ineffuctive at suppressing oxidati>n of arsenopyrite and preventing 1he release of arsenic from mine wa1ers. 

Combined Phosphate tmd Thiocyanate Treatment 

Combined pbospbare and 1hiocyanare trea1ment bas been presenred as an effuctive coating technology (Olson eta!, 2005) to prevent ARD generati>n. 
Thiocyanare at low concentrati>ns is a strong and selective inhibitor of microbial iron oxidati>n, which prevents severe ARD generation 1hat lessens 1he 
effuctiveness ofpbospbare in precipitsting Fe and AI pbospbare coating on pyrites. The technology was resred at 1he Red Dog zinc-lead mine in 
norlhwes1ern Alaska on sulphidic wasre ma1erials at a kg scale in laboratory lnanidity cell and cohnm leach rests and at 600-ton scale in field trials (Olson 
et a!, 2005). Thiocyanare addition reduced ARD generation by 50% or tmre compared to unlreared sulfidic wasre. Low dosages ofpbospbare ma1erials 
conbined witb 1hiocyanare treatmmt reduced ARD generation beyond 1hat was achieved witb 1hiocyanare alone. 

High"fiH Aluminum Waste 

Treatlnent of acil generating pyritic rock surfuces witb high-pH ahunjmun waste (ITRC, 2008) offurs certsin benefits 1hat can not only neulrali2ll acidic 
rocks but also provile a passivati>n layer fur the remaining rock. In this treatlnent, wasre from aluminum smelters, which generally bas a high pH, is mixed 
witb either 1he acidic wasre rock or an acil drainage solution. The resulting precipitsre on 1he rock surfuce serves to limit fur1her oxidation of reactive 
surfilces. 

EcobondTM 

Metal Treatmmt Teclmologies (MT2) bas developed a proprietary pbospbare-based solution, which aims to genera«: a stable and insoluble furric­
phospbare coating on 1he acil generating rock. The technology funns a stable iron phospbare COJll'lex on acil generating rock 1hat is inrended to resist 
hydrolysis and prevent further oxidati>n. 

Silica Micro-Encapsulation (SME) 

Klean Earth Fnviromnental Company (KEECO) bas developed a proprietary silica microencapsulation treatlnent to coat acil generating rock surfuces. 
The silica treatmmt was fuund to prevent acil generation fur over six years (Eger and Autonson, 2002, 2004; Eger and Mitchell, 2007). 

6.6.4.2 Allkaline Materials 

A relatively COD1III>n approach to mitigation of ARD is 1he control of solution pH by the addition of alkaline ma1erials. Me1bods fur use of alkaline 
ma1erials incWe blending witb waste rock, ammdmmt of tailings, placement of alkaline ma1erial ahove or below wasres as liner or cover ma1erials, and 
treatlnent of drainage (BC AMD, 1989; PaDEP, 1998, Cbap1er 13; Miller eta!, 2003 and 2006; and Taylor eta!, 2006). 

Addition of alkaline ma1erials can coutrol ARD, provided intima«: blending can be achieved; this is oflen a difficult task. The effuctiveness of1he method is 
dependent on 1he pathways oftmve!lEII ofwarer throngh 1he system, degree of mixing, and 1he nature of1he contact between acidic rock and 1he alkaline 
ma1erials. If1he mixture is not botmgeneous and 1here is not good contact between 1he ma1erials, 1hen locali2ed ''hot spots" ofacil generati>n may occur. 



The type, purity, reactivity, availability, and proportion of the alkaline material are also irrportant. Commn additives at mrtal mines include furestone 
(CaCOi) and 1i1n: (CaO or Ca(OH)2). liJ.uid fDrim are considerably diluted relative to solid fDrim and have limited longevity, but may provide better 

penetmtim of the acid generating mine waste. 

At coal mines, mstone il often the least expensive and tmst readily available source of alkalinity. It bas a neutrali2ation potential (NP) between 75 and 
100% ofCaC03 equivalent, and il sa:fu and easy to handle. On the other band, it bas no cen:mting properties and cllllllOt be used as a barri:r or bw-

penii:ability materill FluKlized Bed Conirustim (FBC) ash generally bas NP values between 20 and 40% ofCaC03 equivalent., and tends to harden into 

a cemmt after wetting (Skousen et al, 1997a). Other power-generation ashes, like flue gas desulfuril.ation (FGD) prodl.X:ts, may also have significant NP, 
which can represent suilable alkaline ~material; (Stehouwer et at, 1995). Kiln dust, prodl.X:ed by 1iln: and cemmt kilns, contains similar NP 
leveti as FBC ash, but also contains 50 to 70% lDl-reacted mstone. Kiln dust absorbs tmilture and hardens upon wetting (l&h and Hutchison, 1994 ), 
and is widely used as a stabilimti>n and barri:r material at coal mines in the US. 

Steel slags, when fresh, have NP values from 45 to 90% ofCaC03 equivablt. Steel slag can be U>ed as an alkaline a.tnmdment as wen as a mediwn fur 

alkaline recharge trenches. Slags are prodl.X:ed by a number of processes, so care is needed to ensure lhat candidate slags are not prone to leaching mrtal 
ions like Cr, Mn, and Ni Potential sources of alkaline materhl shouki be checked by a con:plete analysis (see Chapter 5) to evaluate the possibility of 
adverse efli:cts on leachate water quality. 

Use of alkaline material; overlying acid generating mine waste can proviie a bng-term source of alkalinity, may lead to furmation of a "chemi:al cap" (ie., 
a hardpan) at the imer1ilce between alkaline and acn generating material, and may produce a passivating coating on the surfiu:e of acn generating 
parti:les. However, the effuctiveness of1his approach depends on the solubility of the neulralizing agent and the flux ofinfillrating water available to carry 
the alkalinity down to the Ullderlying sulphidi: waste. Use of alkaline materials Ulldernea1h acid generating mine waste may result in fimmtion of a 
passivating coating on the surmce of alkaline parti:les, thus reducing consnerably the effuctiveness oft:llil strategy. Benefits and limitations of alkaline 
amendments are Slliiiiiiirized in Table 6-3. 

Table 6-3: Benefits and Limitatiom of Alkatine Amendments 

Configuration Benefits Limitations 

• Liquid • Excellent initial control • T~ - alkaline materials are conswned by even pH-
amerxlment of solution pH neutml water 

• Versatile - allows • Readily flushed from storage mcility 
hcalized 1rea1lnent • Cost and availability of reagents 

• Proven to work • Parti:le sill: and release of alkalinity 
• EfiDrt fur mixing or bleDling 

• Layering • Easy to implement and • Difficult w obtain mixing of alkaline and acXlleachate 
manage due to prefi::rential tbw 

• En:apsulation • Easy to implement and • Cost and availability ofmaterhl 
and~ manage • T~ and release rate of alkalinity 
Cover • Versatile and allows • Alkaline materials are consumed by pH neu1ml water 

hcalized 1rea1lnent 

• Blending • Excellent pH control • Cost of mixing and blending 
• Proven to work • Availability of materia1s 

6.6.4.3 Exao.,tes of Alkaline Materials Applications 

Limestone, CaC03 

Rotary drum stations have been used in West Virginia to grind mstone into a powder funn befure appkation into acili; streaiDS (Zurbuch, 1984; 1996). 

Kiln dust 

Rich and Hutchilon (1990; 1994) reported a successful operation where 2% 1i1n: kiln dmt was added to refuse at a coal preparati>n plant in West 
Virginia. The kiln dust prevented acn furmati>n and it in:proved the strength of the refuse pile by absorbing Inoi!ture from the filter cake, allowing easy 
access fur large haulage trucks. At that tine, eight preparation plan1s in the eastem USA were using thi; tecbnitue. 



Steel Slag 

Extensive reclamation effur1s at 1he Broken Aro Mine in Ohio, USA utilired slag beds receiving both ARD and clean water (Rose, 201 0). The slag beds 
were used in combinsfun witb diversion of surfuce water, verticalllow ponds, settling ponds and o1her technologies to rem:diate contaminated waters 
(Laverty et al, 2007). The slag beds were mUDd to contribute large amJJmm of alkalinity. Similar success of slag bed utillzafun was reported at 1he Huff 
Run watershed in Ohio (Hamilton et al, 2007). 

6.6.4.4 Use of Organic Matter 

Organic !IIlterials can be mixed directly witb wastes to collSU!IIl oxygen and pronDte nEial reducfun in an amxic enviromrent by naturally occurring 
bacteria. Bacteria can reduce available sulphate aod create insoluble nEial sulphide precipitates in 1he presence of suitable organic substrates. ~les of 
organic substrates incWe sewage shxlge, rrnmicipallaodfill waste, and pulp aod paper waste. Similar concepts are described as a passive trea1m:nt 
method in Chapter 7. The method is limited byexhausfunoforganic materials. Use of organics as part of a cover design is discussed inSecfun6.6.6.2.3. 
A possible concern in using organic !IIltter is that 1he reducing conditions generated can dissolve precipitated iron and n>mgllliOSe hydroxides. The latter, 
especially, cao be proble!IIltic at coal mines. 

6.6.4.5 Bactericides 

In limited circumstances, anionic surliictants (1he active cleansing surliictants used in detergents aod ~oo) can be used to control bacteria that extract 
energyftom1he oxidafunofiron, and 1herebycontrol1he mte of pyrite oxidafun (K.leinmumand Crerar, 1979; Kleimnannetal, 1981). The efli:ctiveoess 
of anionic surliictants was mUDd to be sbort term and repeated applicafun of chemicals was required (Loos et al, 1989). 

The bacteria cao 1hrive in 1he very acidi: water because 1hey are protected from it by a pbospbolipid cytoplastnic membmoe. This greasy coating allows 
1he interoal-s oftbe bacteria, wbichrequire a near-neutralpH, to fimcfunnonnallyinanacid enviromrent (Langworthy, 1978; lngledcw, 1982). At 
low coocentrafuns, anionic surliictants induce seepage oftbe H+ into 1he bacteria, wbich slows down iron oxidafun by decreasing 1he activity of1he pH­
sensitive-s. Sligbtlyhigber surliictantconcentrafuns kill1he bacteria (K.leinmann, 1979, 1998). 

Anicnic surfilctants have been successfully used in combating ARD from coal refuse, reducing acid generaoon by 60 to 95%. They worl< best oo fresh, 
pyritic !IIlterials like 1he r«ject !IIlterial from coal prepamfun plants. There, surliictant solutions are applied to refuse conveyor belts or spmyed by 1rucks 
onto 1he coal refuse 3 to 4 times a year (Rastogi, 1996). The surliictants can also be applied to older coal refuse piles, but 1here will be a lag perixl befure 
1heit benefit is observed as acid already futmld has to be washed out (K.leinmum and Erickson, 1981, 1983). However, applying 1hem to sites that have 
already been reclaimld is inefifuctive because 1he surliictants bind to soil and dirt. 

Anicnic surliictants have occasionaJly been used at surfuce mines, inc Wing nEial mines (Parisi et al, 1994), but ofien 1he efli:cts at such sites have been 
minimal and/or sbort-lived. Surliictants, 1herefure, are not considered to represent a permanent solution to ARD. Eventually, 1he COJl1lOonds either leach 
out of1he rock msss or break down. 
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6.6.5 Water Maoagement Methods 

Methods fur water management inc We diversion of site surliice drainage and groondwater. Water acts as a transport mechanism and as a reactant. 
However, 1he amJunt of water reqoited fur sulphide oxidation is virtually always present in excess, except in extremely arid environments. The primary role 
of water management is to reduce infillrafun and 1hereby reduce 1he volume ofafli:cted dminsge and potentially 1he contaminant loading. It is generally 
more cost efli:ctive to treat smaJler volumes of more concentrated water than larger volumes ofless coocentrated water that stiR fuils to meet discharge 
standards. Water management should be assessed at 1he local watershed scale (DW AF, 2006). 

6.6.5.1 Hydrogeological and Hydrodynamic Controls 

Hydrogeological coolrol<i fur groondwater systems inc We bo1h baniers and higher permeability matures. The objective ofhydrogeological control<! is to 
control tire llow of groondwater. The use ofhydrodynsmic control opfuns is site specific and depeods on site conditions, incWing climate, topography, 
geology, hydrology, and hydrogeology. 

An example ofhydrogeological containment is disPosal of1>Uiing<i in an open pit witb a pervious surroond. A granular filter layer is placed between 1he pit 
wall and 1he low-permeability tsilings to provide a higb hydraulic conductivity pa1hway fur regional groondwater llow. Because 1he 1>Uiing<i have a lower 
hydraulic conductivity 1han 1he surroonding granular layer, groondwater pre1i:rentially flows aroond, ra1her than 1hrougb, 1he 1>Uiing<i (e.g., Rabbit Lake 
Mine, Collimi Bay, Saskstchewan, Canads). This can reduce 1he coostitoent loadings ftom 1he 1>Uiing<i pore water to 1he smroonding groondwater aod 
1hereby to 1he surfuce water environment. 

6.6.5.2 Dewateriog 

Dewatering involves lowering 1he bydmulic head to change 1he hydraulic gradient. Clean upgradient groondwater can be collected befure encountering 
reactive wastes. ~les incWe pit dewatering to reduce seepage into pits aod shallow groondwater collecfun ditches up gradient of tailing ponds aod 
waste rock piles. The collecfun of contaminated water using groondwater pUJl1ling is considered part oftrea1m:nt (see Chapter 7). Cooveofunal 
hydrogeology science cao be applied to design coolrol measures, such as wen spacing and poJl1ling rates. 



6.6.5.3 Divenion 

Con1rol of surlRce wa1er can IIIinirmze llow 1hrough PAG materials and thereby reduce the volume of ARD. Surfilce wa1er diveniion may inc We upstream 
ditching or ioJ>ervious cbannels to divert drainage around impacted areas. Drainage worl<s 1lllSt be si>ed based on ca1x:lnnent hydrology, inchxling 
snowmeh and storm events, and will typi:ally require ongoing maintenance (because of debris accumJ!ating. sloughing. and animal activity) to ensure long­
term perfurmance. Therefure, tbe best long-term solufun may involve selecting storage sites !bat Illinirmzes the need fur surfilce diveniion (ADTI, 1998). 

In con1Iast, alkaline recharge trenches ( Caruccio et al, 1984) are surfilce ditches 1hat are intentionally construc1ed to allow wa1er to slowly infiltrate into 
tbe coal mine back:6D. Trenches can improve water quality at down-gradient seeps by causing tbe water to llow 1hrough alkaline material befure it 
infiltrates. Early researeb med relatively small trenches to divert tbe surfilce wa1er 1hat naturally collected dnring precipita1ion events. These detmmtrated 
mioimal benefits since water movem:nt into tbe back:fill was limited by raiofull and tbe water did mt move unilimnly 1hrough tbe back:fill (Caruccio and 
Geide~ 1989). More recent applica1ions of this technology med water pUJl1led from ponds into tbe alkaline trenches to greatly accelerate tbe movem:nt of 
alkalinity into the backfill (Ziemkiewicz et al, 2000). 

&ploration boreholes can be a souroe of groundwater 1low 1hat can be con1rolled by proper grouting fullowing drilling. Hydraulic mine seals (discussed in 
Sec1ion 6.6.5.5) eruplsced in underground workinjjs are anotber way in wbi:h groundwater can be manipulated. Conventional grouting methods can be 
applied to fractnred rock, but COJllllete sealing may be difficult became water can still migrate using alternative lower permeability pa1hways. Grouting may 
also result in tbe build-up oflarge pressure-heads !bat have safuty implica1ions in underground mines, especially where tbe bost rock contains karst 
fi:atures. French drains and soil-bentonite-shnry cut-off walls may be used at surfilce mines. 

At rnsny sites !bat have been successfully immdated, tbe volume of water being W.Cbarged can sometimes be large. Red~~:ing tbe mte of surfilce infiltration 
may be required. Much oftbe surfilce water may enter tbe underground coal mine 1hrough subsidence-induced fractures 1hat have intereepted streanileds 
and are partially or eveo COJlllletely draining tbe strearm. These small fractures are oflen biddeo from view by stream sediment. Haod-held geopbysi:al 
ins1rumen1s can be ll'ied to locate tbe areas where significant amollllls of water are flowing underground. Small boles can be drilled or hamnered into tbe 
stream less 1hao I minto tbe rock beneath tbe sedimmt, and med to nyect grout beoeath tbe streambed. The intent is mt to seal tbe entire fracture, but 
mther to seal cmcks 1hat have reached near to tbe stream and serve as water cooduits, draining the stream into the mine (Ackmao and Jones, 1991 ). The 
approach has restored 85 - 100% of stream flow and has beeo used to reduce infiltration into active mining opera1ions. For more detail regarding this 
method, click here: R<:duc1ion ofSurfilce Infiltmtion 

Con1rol of groundwater in discharge areas can be challenging to achieve and main1ain. A drainage system may help to keep a mine pit relatively dry, 
especially at coal mine sites where water is infiltrating 1hrough the high waD. This is particularly important wheo tbe pit floor contains acid-funning materials, 
and when this pyriti: material canmt be COJlllletely immdated when tbe mine is closed. Pipes or French drains have beeo med. 

PAG waste materials should mt be placed in a groundwater W.Charge zone (DW AF, 2006; ADTI, 1998; and TEAM NT, 2004). SoH covers may divert 
water and limit infiltra1ion, and are discussed in Sec1ion 6.6.7. 

6.6.5.4 Flooding 

Flooding of underground or surfilce mine voids with water has tbe potential to significantly inhibit tbe supply of Ol!)'ge!l so !bat ARD produc1ion is mt a 
concern (see Section 6.8. 7 .I). The scientific basis fur tbe approach is .U.o provided in MEND (2001 ). However, caution 111llS( be med with flooding of 
previously oxilized wastes became stored oxilation products may be dissolved dnring tbe initial immdation of pits, wastes, or workinjjs. Flooding can 
release soluble products to tbe flood water and therefure provisiom may be required to adjust pH to neutmlize acidity or to mitigate unacceptable 
conceotta1ions of other comtitueots. 

Factors to be considered fur flooding inc We tbe status oftbe mine plan and schedule of waste produc1ion, potential fur mobili2a1ion of stored oxila1ion 
products, aVlrilability of opeo workinjjs or pits, and capacity to store waste products (note !bat mined material will increase in volume by approximately 
25% to 30% [swell fuctor]). ARD from block caves and glory boles may be difficult to manage as access may be restricted. However, flooding may be 
possble depeoding on bottom drainage cooditions. 

In bnmid and temperate climates with a positive water balanee, flooding of underground and opeo pit opem1iom will typi:ally occur aJier closure. 
Considera1ion should be given to tbe potential soluble products 1hat may be dissolved into tbe flooding waters, and implementa1ion of mitigation strategies 
may be required. Mitiga1ion may depend on tbe expected outflow pa1hways from tbe mine void(s). Outflow directly to surfuce water may require difli:rent 
comidera1iom 1hao outflow 1hrough subsurfilce pa1hways. There may be ongoing conlributiom of loadings from zones !bat will remain above tbe expected 
final water level in tbe mine opening(s). Water quality efli:cts should be predi:ted (see Chapter 5) in order to assess tbe potential risks and to develop 
water management strategies, if required, aJier llooding 

There are exallJ>les of flooding to mitigate ARD and metal leaching as reported by MEND (1995) fur in-pit disposal pmcti:es. One exallJ>le cited was 
tbe potential relocation of weathered ni:kel-rich mine rock, 1hat had elevated soluble ni:kellevels, to a mined-out pit at a omnium mine. The rock has been 
subsequeotly relocated in the pit, covered by a one-meter layer of till and flooded. Water quality in tbe pit is expected to be acceptable at closure. 

Flooding aJier closure has also been selected as a prefurred op1ion fur tailings at a nuniler of sites. One oftbe best known success stories is represented 
by the reclamation ofpyriti: tailings in tbe Elliot Lake omnium district ofOntari:, Canads (DES, 20 II). Several tailings impotmdments operated from tbe 
1950s to tbe 1990s wheo deconnnissioning was completed. One of these, tbe Denison tailings management area, serves as a good exallJ>le of reclamation 
by llooding (Denillon Case Stndy). Acid genemting tailings 1hat were located in low-lying areas and in funner lakes were flooded by constructing and 
mising darm to develop a water cover. Acidity from tbe tailings was treated as necessary to attain neutral pH prior to discharge. The acidity, and therefure 



the need to treat and comequent m demand, declined over several yeaiS. Most flooded tailings in the Elliott Lake di<itrict no longer require treatmmt fur 
cODirol of pH or m:tals. 

Occasionally, water di<icbarges ftom stratified mine pools. The water quality may then initially be acceptable as the infiltrating surfilce waters tend to be less 
deme than the more stagnant and concentrated water beneath. This stratification may become a concern if the deeper water reaches 1he level of the 
di<icbarge. 

6.6.5.5 Seals 

When decoiiiOl5siming an undergroUDd mine, knowledge of1he areas within 1he mine that are geocbemically IIIlst reactive and knowledge of water 
ingress and di<icbarge hca!Kms will enable design and in:plemmtation of a rational ARD management plan aim>d at conlrolling 1he flow of water to 
l'l'linimill: water quality deterioration This process would involve construction of seals and also perllaps reinfurcing of some areas in advance of flooding to 
accomnodate water flow. Use of seals and reinfurcements is a good example of prevention and minimizltion by design. 

Hydraulic seals limit IIIlvement of air and water through mine wotlcings. Seals can be used to proiiilte flooded conditions. Fhoding of mine workings may 
generate comilerable hydraulic beads and, tberefure, require rignrous engineering design. An exanple case study fur UDderground mine flooding is 
described in Lang (2007) fur the Millennium Plug installed at 1he Britannia Mine in British Cohmilia, Canada. For the Britannia Mine, a concrete plug was 
placed within a tunnel to prevent e11luent ftom being released to the environment, and caused flooding of the mine to prevent oxygen enlry and further acid 
generation. The plug alae resulted in water storage within the mine that served as a reservoir prior to treatment. 

Sealing of drills, adits (horizontal), and slopes (angled mine workings) is common when decoiiiOl5siming an undergroUDd mine. Seal construction may 
inchxle brick and IIIlf!ar walls to contain concrete PIJDlled between the seals. Hori2Xlntal seals or plugs can be left with through piping that may be opened 
to allow drainage of mine waters, if necessary. Where safuty of workings is a concern fur the construction of seals, particularly in old mine sites, concrete 
seals can be placed reiiiJtely through drill boles. Seals at active mines are rarely cons1ructed reiiiJtely. 

Three common and successful approaches to consttucting seals inchxle pressure grouting of adjacent ground, increasing the leng1h of1he seal to increase 
the seepage flow path leng1h, and installation of secondary seals (ADTI, 1998 and ERMI1E, 2003). 
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6.6.6 Engineered Banien 

Engineered barriers can be applied to either cover waste or to provide a bottom barrier or liner, each with their own unique perfurmance requirements. 
From an ARD mitigation pmpose, covers are typi:ally designed to limit the ingress of water and oxygen into the underlying waste. Liner systems are 
typi:ally designed to act as a barrier fur contaminant flow ftom 1he overlying waste into the receiving environment. 

6.6.6.1 Linen 

There are a miliihvle ofhw-permeability materials, ranging ftom synthetic to geosyntheti: to natural, that can be u1hd in liner systems. There are also a 
miliihvl• of liner system designs that can be applied. The combination of the design and 1he materials will determine the leakage rate of the liner system 

Given the relatively high cost ofliner systems, it is important to qUIUI!ifY the perfurmance requirements of the liner system so that 1he design and required 
materials can be optimized in terms of cost Risk-based approaches are typi:ally used to qUIUI!ifY the required liner perfurmance against the risk of 
downstream receptor in:pact It is alae in:portant to evaluate the robm1ness of the liner materials (durability, COiqJatibility and lire expectancy) against the 
geochemi:al characteristi:s of the drainage that will report to the liner system 

6.6.6.2 Dry Cover Methods 

Thy covers are typi:ally earthen, organic, or synthetic materials placed over mine wastes. The term "dry'' cover is used to contrast 1hem ftom water or 
"wef' covers, which are di<icll'!sed in Section 6.6. 7. The prinmy pmpose of placing dry covers over reactive waste material is to IIlinimi2e ARD and ML 
production and to IIlinimi2e its transport. In addition, dry covers can also be designed to provide a suitable rooting :rone fur vegetation, and have minirml 
erosim through design of stable landfurms. 

Perfurmance criteria fur a given dry cover should be devehped on a case-by-case basis, with due consideration of the short-term and long-term in:pacts 
on the receiving environment at a parti:ular site (O'Kane and Wels, 2003). The objective is to determine the appropriste level ofcODirol (e.g., oxygen 
ingress and/or net percolation) required by the cover system Fignre 6-8 puts furward a methodohgy fur devehping site-specific perfurmance criteris fur 
a dry cover designed to cODirol ARDIML and/or gas :fluxes. The methodohgy links 1he predi:ted perfurmance of a cover system to groundwater, surfilce 
water, and air quality in:pacts. 

Figure 6-8: Flow Chart for the Dry Cover Design Proeess (adapted from O'Kane and Wels, 2003) 
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In tbD iiDSIImD, dry cowr S)*mlllllllt iDimact ~ chu!, ~BY· bamm aciMy, wg:IBIKiu, lllimaJs.IDII aeldmuna of.-tyqDIIItmial. Fipa 
6-91't'l*hil a IIi-bar pill ofeliode elas&i&:atiou, raildil, and~ proWies plClllisnjdamo on appropDare- t)pes a elimiet r.mains 
fioomaril to highaD611m:t tropi:altopolar. Olt)'Fil barricrcown vdhilwwala'pam:ebilil:ypreyemoxypncdr)'by"•i••i•ic .. water 
8IAIII!ioiL These CCMlll are best sakeclto ~ n:giu:a when: tbe potfdia1 ewpocuu.,ira1ion to pn:clpbsionmli> ia leea tban I.O.It is dillicWtto 
mUdUl8111nlilllill.dryeliDia when: the poli:Diidewpc.nnepblionralio .. ~1bm 1.0; tbcrdln:, tbe daiguobjectiw mtbe eow:r becomes tbe 
riJirirati!nofjntj)rmm~watercliYCiaioD. nmo1faud ~or llt.ole mirelease m:ebalisma.ltia n:coDJ111'3!1k4 did sm8Caliialc:auliollbe 
ueed wbr::n eeJccq a plldi:allr dry c:cm:r design bued on "'mmllf' Cli'a8 mr ~1hc elimlll: at am. N11111:ro• m. e:Dt 'Wbele 
pn:q,ialimcaedJ pOCI:dial ewpora1iall OD 8D 8DIIIIIl basil; ilowelu, tbD ReDBy capcrimcc hGt. dry DDDihll whf::n: ~~ ~ 
raiDiil. '1'llae dry IIIDIID cmrJjljn ICIIIlmab it dillbllto destll• ()(Ml'II)A:m dldm:cta aD.objecli.ws lhroug!lolt tbD )CC. Jnllllllll)' ialem:ee, wbele 
tbD poleDlevapomtkm e:Eeeda ~tiGn on an 8DIIIIIl bali!, tbD Ilk~ eaperieDce higb iDI=8ity 1114 8hort chnlimlllliiOOI cmdilin, whioh may 
elllllCCd tbD ~ c:apady of1hc ecm:rmate1'ial Patliculllr caliimil n:quRd wbz tb= il poWillial.ilr C01I8CI:Uiiw: qptk:a rail!U em!l8, whioh limit 
1hc tm: :&am: :m ewpolrmlpi:abm to n:IIDve IIDilltuR: :&vm 1hc pmliD\IIImd m1 th=m iocmwc 1hc DCt peroolllim (MBND, 200411). 

For tbD purpoes oflhil pile, dry amn 11n1 divided iol:o tbD m.,wmg~: 10il amn (Sec:tim 6.6.6.2.1), abJioD ecmn (Sac:liDn 6.6.6.2.2), 
o!plic cown (Sectim 6.6.6.2.3), cown ofsulpbide-'beazirB bit lll!t ~llllltarial& (Sec:tim 6.6.6.2.4), and~ cowrs (Sac:liDn 6.6.6.2.5). 
It abouH be mlilld, bowiMr, did oqpmic aDd ll)'lllbl!ti: Dl!ll!riak ara oftma llOlljlOD5ill of a Dlllli-layer aoi cover. Gas bmiln ~m~bmfly ~ in 
Seetiln 6.6.6.2.6, wbiiD ~aDd lmlimnu.ipill.mlalim fD dry ecmn 11n1 diic:ussecl in Sec:1Kim6.6.6.2.7 aDd 6.6.6.2.8,ll!llflC!CIMiy. 
MCIIIimiJs is bDDf1y dilallsed iD Section 6.6.91114 in IIIIRI Utaiill. Chaptlllr 8; hDwiMI£, specific delails on perilm•nc"' ilii1Snq IDr dry COVI!llllllnl 

inf.:blccl ill. Seclim 6.6.6.2.9. 

J.llpN 6-9: CGven 1111111 Clmatle Types (modified from HoJdrtdce et IL, U7l by 'WkklaDilllld Wllllon) 
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Figure 6-8: Flow Chart for the Dry Cover Design Process (adapted from O'Kane and Wels, 2003)
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Figure 6-9: Covers and Climate Types (modified from Holdridge et al., 1971 by Wickland and Wilson)
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UDderlying waste material At lDillY sites, a chemically inert nm-of.mine waste material can be used to construct a store and release cover over mine 
wastes to reduce or cODirol ARD production Despite the perceived silqllicity of constructing su:h a cover, a gap- or well-graded material will segregate 
when haul trucks are used to place the material (MEND, 2001 ). Angle-of. repose coarse layers funn, which increase water infiltration and act as 
prefurentiallbw paths wilh lbw and storage characteri;tics diffurent from the rest of the cover layer. Following cover placement, the material may have to 
be mixed to ensure that a homogeneous layer has been created. An ''enhanced" store and release cover can be created by collJlacting the upper waste 
material first (Cl:riiteusen and O'Kane, 2005). The COIIJlacted waste layer ''holds" infiltrating meteoric waters wilhin the overlying cover material fur an 
increased petiod of time during wet petiods, providing the opportunity fur evapotranspiration and 1hus redu:es the am:nmt ofnmo:O; and can decrease 
oxygen concentratious and increase the capacity fur dissolution of camonate mineral<! (Strock, 1998). The stored water is evaporated back to the 
atmJsphere, rather than reporting as net percolation into the UDderlying waste material 

Single soil layers were also used in North America fur revegetation of mining wastes and it was hoped that they would redu:e ARD. However, in general, 
they were not etrective. Engineered IJiliti.layer soil covers fur ARD control becaml popular in the 1990s wilh the development of the science of 
Ull'iaturated medis that enabled prediction of evaporation from soil cover systems (e.g., the SoOCover Model). Multi-layer systems in wet climates often 
include a relatively hose layer fur vegetation roots, a compacted fine grained layer that UllinWins a high moisture content to reduce oxygen trausfi:r, and a 
coarser capalary break that preveots upward migration of soluble salts from the underlying mine wastes. In general, collJlacled clay rich barrier cover 
desigm limction best in wet tropical and lellJlerate climates. An ClXllllJlle of a recently designed t:nulti-layer soil cover fur reactive mine waste is the one 
cons1ructed over the backfilled open pit at the Whistle Mine near Sudbmy, Ontario, Canads (Ayres et al, 2007). 

Multi-layer soil covers may also include a capalary barrier to mainWin a teusion saturated layer wilhin the cover system and 1hus mitigate oxygen ingress. A 
:lioo-textured material placed between an underlying and overlying coarse-textured material can result in a capalary barrier fur dowoward as well as 
upward moisture migration from the "sandwiched" layer (MEND, 2004a). The lower hydraulic conductivity of the :lioo-textured layer (usually compacted), 
coni>ined wilh the hwer capalary barrier, also proviles a control on net percolation to the UDderlying waste material The design of a capalary barrier is 
depeudent on the contrast between the hydraulic properties ofbo1h the coarse and fine materials. Capalary barriers, unlike COIIJlacted clay barriers, do 
not rely solely on a hw hydraulic couductivity layer to restrict moisture movement into the UDderlying llJlterial Processes that increase hydraulic 
couductivity, su:h as desiccation and :liee2Eithaw cycling, do mt necessarily decrease the etrectiveness of a capalary barrier (MEND, 2004a). 

Often in the design and cons1Iuctio:n of a IJiliti.layer soil cover system, the fucus of the design is on the barrier layer. While the ilqlortsnce ofthe barrier 
should mt be discounted, neither should the ilqlortance of the overlying grow1h mediwn (Ayres et al, 2004). The grow1h mediwn layer serves as 
protection against physical processes, such as we11dry and free:re/thaw cycling, as well as various chemi:al and biological processes. An inadequate 
grow1h medimn layer will not properly protect the barrier layer, leading to possible changes in its perfurmance (see !NAP, 2003). One of the most 
common 1ilctors leading to 1iUlure oft:nulti-layer soil cover systems is an inadequate 1hickness of grow1h medimn material over the hwer hydraulic 
conductivity layer (e.g., Rum Jungle in the Northern Territory, Australia). One key mctor to consider during the design of a t:nulti-layer cover system is the 
available water hokling capacity of the grow1h medimn layer to ensure that plant demands fur soil water can be satisfied under drier climatic conditions, 
1hus 'oioio •izing the potential fur root penetrstion and desiccation of the barrier layer. 

The hngevity of a soil cover design should be evaluated in relation to site-specific physical, biological, and chemi:al processes that will alter as-built 
perfurllJlnce and detennine hng-term perfurllJlnce (Figure 6-1 0). It is noted, however, that in lDillY respects the impact ofbiohgical and chemical 
processes specific to a site on long-term cover perfurllJlnce can only be evaluated from a qualitative perspective. In contras~ lDillY of the physical 
processes atrecting long-term perfurmance are quantifiable using stat<>-of.the-art technohgy, provided that adequate materials characteri2ation data are 
available. Recent reviews based on I 0 to 15 years of cover perfunmnce data indicate that covers llJly limit, but do mt stop, infiltration and sulphide 
oxidation (Wilson, 2008a; Wilson et al, 2003; and Tayhr et al, 2003). However, the achieved reduction in oxidation (and attendant ARD and metal 
leaching) may be sullicient to meet design goals and at a mirDmnm can reduce water treat!IIml requirements. 

Figure 6-10: Conceptual IDusttation of Processes Affecting Long-TennPerfonnance ofSoll Covers (fromiNAP, 2003) 
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Figure 6-10: Conceptual Illustration of Processes Affecting Long-Term Performance of Soils Covers (from INAP, 2003)



• Surfuce water fk>w and erosion 
• Topography 
• Hydrogeobgi:al setting and basal fk>w 
• Availability of cover :tmterill'l 
• Const:nJ:ti>n quality control and 

IIILiDtenance 
• Design oflandfurms - final laM use 

6.6.6.2.2 Alkaline Covers 

when subjected to climate and vegetation. 
• Oxygen barrier covers are especially vulnerable to relatively 

small imperfuctions in the cover - such as diffurential seU:lem:nl:, 
holes caused by animal burrows, desiccation cracking, - that 
efli::ctively render p~able an otherwi§e sealed area. 

• Soil covers :tmy be prone to erosion and kmg-term :tmintenance 
requiretnents 

• Soil covers :tmy be vulnerable to vegetation, animal, and 1nunan 
activity ioch.Jding velOOle 1ra.fD: 

The addition of alkaline :tmterials to mine wastes has been described in Section 6.6.4.2. 'Ibi<i section addresses alkaline covers . .A1ka1ine cover :tmterials, 
such as lilnestone, placed over P AG :tm~ can increase alkalinity of infiltration, thereby proviliog pH control (see Section 6. 8.3 .6 and Section 6.8 .4.2). 
Alkaline infiltration :tmy react with and generate a surJace coating on sulphil.e bearing :tmterials that ilolates sulphil.e mirx:ral; (Miller et al, 2003) and furm 
a hardpan (ie., ''chemical barrier') at the contact between the~ :tmterial and the reactive mine waste. Use of the method DDJSt consider climate, 
availability of a1kaline :tmterials, geoxnetry and reactivity of alkaline tmterials, and tiJm of c~n. Infiltratbn through a lilnestone cover :tmy transport 
sufficient alkalinity to neul:la1rzc the uppenmst portion of the U!lderlying waste and thus increase the etrective cover 1hickness and sbw the oxygen flux. to 
reactive sulphil.es deeper in the profile. An example of the use of alkaline tmterial in a cover is provided in the Benambra Case Study. 

6.6.6.2.3 Orgllllic Covers 

The addition of organi: :tmtter to mine waste has been addressed in Section 6.6.4.3. Organi: :tmterill'l can aha be used to cover P AG wastes to provKle 
some or all offulk>wing: 

• A saturated layer that serves as a physical b~ to oxygen 
• An oxygen consuming layer- (DecoiiJlosition of organi; tmterial tmy create a large biobgi:al oxygen detmnd [note: tmy need repleni!brnmt]) 
• Chemical inlmition- (DecoiiJlosition products and COIIJlOUDds within the organic :tmterial :tmy inhibit the growth and mrtabolism of acmtying 

bacteria) 
• Chemical mnelioration- (Organi; conpoums tmy create conditions that support the reductive di9sohltion of iron oxides and subsequent 

precipitation in the furm of sulphil.es 1hus reducing acid production by furric iron [see Chapter 2]) 
• A carbon source fur sulphate reducing bacteria 
• Limitation of water infillration by lowering hydrauli;: conductivity 

Organi: :tm~ haw included pulp and paper residues, sewage sludge, bark, sawdmt, sanding dust, fiberboard, pulpwood, deinking residws, peat, 
con:post and carbonaceous :tmtter, or waste rock rich in organi: :tmtter. 

Organi: covers have been shown to reduce acidity but without stopping ARD (Case Study Orgllllic Covers). Limil:atbns to the process include 
availability of organi: :tmterill'l fur cover, bngevity ( organi: :tmterill'l win becmne remtant to decoiiJlosition with time), and climate (bumKl climates :tmy 
be required to IIIIinlain anaerobic conditions in the organi: tmdium). Another example of the use of organic tmtter in a cover is proWled in the 
Be1181dml Case Study. 

6.6.6.2.4 Covers of Sulphide-bearing but Net Neutrali7iDg Materials 

Mineral wastes that contain sulphil.es, but which have an excess of neutra1iliDg potential, can be used fur covers that win cons111ne oxygen but not 
contribute to ARD generation. For further infurtmtion see Section 6.6.3.3 on the use ofdepyritia:d tailing covers. 

6.6.6.2.5 Syntbetk: Covers 

Use of synthetic tmterials to cover wastes can dnumtically reduce infilt:ration. Synthetics include cliflm:Dt types of plastics (polyethylene (PE), high density 
polyethyk:ne (HDPE), chk>rinated polyethyk:ne (CPE), chk>rosulplxmated polyethyk:ne (DuPont trade mark HYP AWN), polyvinyl chk>ride (PVC), 
linear low-density polyethyk:ne (ILDPE), geosynthetic clay liners (GeLs), and geonxmimmes impregnated with bitumen. A review of mmy types of 
synthetic covers is presented in MEND (2002). Synthetics are often subject to degradation by sunlight and DDJSt be protected with an earthen cover 
Imterial GCLs consist of a -1 em layer of sodion bentonite sandwiched between two geotextiles or glued to a geom:nbrane. Prior to selecting a GCL 
product, chemical COIIJlat.ibility with the overlying cover soil must be confirmed to prevent cation exchange with the bentonite layer, which can lead to 
substantial increases in the hydrauli;: conductivity of1he GCL (Meer and Benson, 2007). A suitable bedding :tmteriallayer (fur example sand) JWst be laid 
in advaiK:e of application of the synthetic layer to prevent pli!ICturing by U!lderlying rock. Similarly, the synthetic layer DJJSt be care:fully covered with a 
protective overlying layer befure adding the final growth substrate or rock IWlch layer. A slope stability analysis is recOIIIIDlDied when a synthetic layer is 
incorporated in a multi-layer soil cover placed on relatively steep sbpes. S8111'le configurations of synthetics in soil covers are illustrated in Figure 6-12. 
Benefits and disadvantages of synthetic covers are listed in Table 6-5. 

At the Upshur Mining CompJex in West Virginia, Meek (1994) reported covering a 20-per hectare(ba) spoil pile with a 39-mil PVC liner. This treatm:nt 



II:Clucecl acilloada by 70'Ye. 

ODe ofb:: eadiclt HDPB COWII1'18& iDIId:d on a 46-ha ~ fllcifty at Cbe Pom Mile (Polder Cue Stlldy) sB ilNOl1hweet Qoeb«, Cllllda ill 
2000 (lAil et al, 2000). 1he CO\a' hila ftducccl aciliy am m:tlll~ m1 deczeaaed scepaf1o' 1om the: ~~A~ga. A lliDi1ilr • CO\a' syatem1'18& 

ills!llblonb:: Noml:lal(No~~~~etal Cue Stlldy) reaclile ~ ilNO!daDQldlee. C81111da. (Ho11onam ~. 2010). 

CoDa!Iuclim of a bimD:n I:IMI' 011:millr.: JllClb pib mi. o~ a para.Jiy b•rlrfilbl, III:Bibwpit at a imDcr copper Di:1: at Mold Wubi:Vm, Brililh 
Cohl:bil, ea-Ja was midcd iD2009 (Mlllphy, 2010). The birtmic mile opCIBbm 1'111& abtmdODCd ill 1hc 11Ji1.1960s aod coppm badiDga 1u Cbe 
downt!JumG!IYium&d- COIIIIihm!d 1u haw aftDc:b!d aamm ~ ThD hmDm nmdn&IE Willi cowmd by 1 m ofb:al tilllDrpmCaelim ThD 
iJur-hilc1lmlcowr was estjmrted to cost about S4M CND (m.2007 $). 

A OCL cowr~ys~~~m was c.oDIIII£1tid owr lllililqpl at tbD KamKoliJ, abandoned coppei1' :ziDc liD m (1111111r'limim, Olam, Cllllda) owrb period 
of2006 tD 08 (Hazmlil, 2010). Mmiogoa:umd between 1943 aod 1944 ml apiobetwl!en 1961 ml1972, msutiJsiltbD depodimofa.lmost7 M 
1111D111 ofacilp••••iclll.iq. owr soo ha,llllCh ofwbi:hdil not~ an~ iqxnmdmmlt ThD 80 ha GCL IJdi,.la)'l!£ cowrwaa 
estiDliCd tD cost $16.S M Cdn(2008) orabout$200,000 per ha. The I:CMI' syltancoatis=t of a OCLneuilnme CMrdlc c:Dtilgpllllllarmrterialon 
1he 1dup am il Older, tml'laio by 0.15 mofc:lay, 0.6 mofpdlr iii! will a 0.15 mlaycr oflojlloil.at Sldce. 
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6.6.6.2.6 Gas Banien 

• Diffuull:ies in seaming 
• Uplift pressure ftom contained fluid or gases 
• Degradafun due to low acidity conditions I cafun exchange fur 

GCLs 
• Ditlerential s~ of underlying material'~ 
• 'Ibenml expansim and e<mtracfun (high thenml coefficient) 

Flooding of underground mine wor~ wilh deoxygenated air (e.g., nitrogen) coukl prevent ARD, but applicafuns are relatively rare. Mille ventilafun il 
controlled during opemfun and any post-closure investigafuns nmt consm safu work procedures fur cODfioed spaces. For example, a1Imspheric level'! 
of radon may increase (e.g., LiiMen Mine, Ireland). See Chapter 8 fur refurence to the extrem= sarety hamrds posed by deoxygenated air as illmtrated 
by mtalilies in a sampling shed at the SuDivan Mine in British Cohnnbia, Canada. 

6.6.6.2.7 Vegetation 

Establishnx:nt ofvegetafun is often irx;luded as a criterion fur closure. The purpose oftbe vegetative cover may include erosion contro\ enha.ncemmt of 
evapotranspirafun as part of a store and release cover system, re-estabmlm:nt of sustainable ecosystem;, and satilmcfun of requiremmls fur post­
closure land use, irx;luding regulatory requiremmls and visual appeal Depending on leaf area mex, vegetafun may ilx;rease the evapot:ra.mpirafun rate up 
to a maxilmm equal to the potential evaporafun rate proviled an lllllimited supply of soil water is available to the plam roots. The fun:fun ofvegetafun 
fur store and release covers il important as it can substantially reduce the net percolafun of~ waters to the underlying waste compared to a bare 
surface condition The overall perfurmance of the vegetafun cover il depement on the cover density, the species COIIJIOSil:ion, and the available rooting 
depth. Generally, a diverse vegetative comm.mity that Illilni:s or replicates the exilting native coiDIIIlllities in the surrol.lllding area will provile the best 
long-term cover perfurmance. A cover that il too 1hin will IIDt only limit the volum: of water that can be stored during wet periods, but will al'lo limit the 
types ofvegetafun that can become estab!Med. 

E1fucts of vegetation lDlSt be consDen:d in engineered soil cover design with respect to ARD. Vegetafun may phys£ally alter cover systemi by way of 
holes because of roots, tree throw, or blow down, and may uptake and transport oontauirumts from below the soil cover. Root penetrafun of cover 
system; may efii:ctively bypass capilltuy break layers and provile a pathway to the surface ecosystem. Root exudates and decoiiJiosition products create 
soil structure that irx;reases the permeability of clays. 'fbi; may have undesirable consequences fur water penetrafun and gas exchange. In many cases, 
however, an underlying barrE- cover layer can be protected provided the growth mediun or protective cover layer il thick eiiOugh to provide sufficient 
available water furplam growth. A properly designed growthmedium.(thickness and DDiWre retention characterilt:Es) is DDre important to the long-term 
integrity of an underlying low permeability layer, than the properties and characteriltics of the low permeability layer itself One of the DDst conm>n 
reasons fur milure of a low permeability layer (ie. eventual increase in permeability) il an inadequate growth medium. layer, where inadequate generally 
ilqllies :insufliciem tbi:kness. 

Long-term maintenance requiremmls nmt consm effucts of vegetation. Vegetation growth will increase organic content of the cover, and its decay will 
consume oxygen(see Secfun6.8.6.3). 

Many jurisdEfuns encourage the use of local or native species to ensure ecologi:al cont:imJity with surrol.lllding areas and Illinilnim care and maintenance. 
However, seed of native species may not be readily available or they may be costly. Also, native species may be diffuuh to establilh and lack the grazjng 
resistance and erosion control properties of agroiiDmic species. 

6.6.6.2.8 Landform Design 

The long-term integrity of dry cover systemi nmt consm the effi:cts of climate and extrem= climatK: events, hydrology, aniinals, vegetation, and bio­
geochemistry. The closure landfurm will evolve or develop into a condition that is in steady-state barDDny with its surroundings. The rate of evolution and 
the desired em point Dlll'lt be included as goal'! fur reclamation. Cover system; that shed water might increase the potential fur erosnn and therefure the 
specified physi:al design parameters (e.g., slope angle and length) JWSt take into accoU!lt the variability ofthe local climate (MEND, 2007a). Some 
ongoing Dl!intenaooe may be required fur at least a period of tine after closure. 

6.6.6.2.9 Perfonuance Monitoring of Dry Cover Syste1111 

Hiltori;ally, dry cover system perfurmance was evaluated by water quality analyses of seepage dilcbarged from the waste storage mcility. 11m; approach 
CIIJiirically describes a waste storage mcility through mmitoring of :its cumJ!ative effi:ct at the base (Morin and Hutt, 1994 ). In addition, fur sites actively 
generating ARD, rronitoring gaseous oxygen and 1eiiJ1erature profiles can also serve as a tool fur the evaluafun of cover system perfurmance because the 
profiles indi:ate the internal behaviour of the a waste storage mcility (Harries and Ritchie, 1987). Ahlxlugh these DDnitoring techniques have their merits, it 
may take tens of years befure a consilerable change is measured insile or downstream oftbe waste storage fucility due to the drain-down effuct and 
COIIJilete omafun of sulphili: minerals. 

Direct measurement of field perfurmance il the state-of. the-art methodology fur measuring perfunmlv;e of a cover system Field perfunnance DDnitoring 
can be iiiJilemented during the design stage with test cover plots (e.g., MEND, 2007a; Aubertinet al, 1997; O'Kane et al, 1998a), or fOllowing 
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COD8Iruc1ilnof1be m1-IICU CO\U (e.g., O'Kac et 11., 1998b; ~· et 11., 2007). Died~ of field. ped!!IW!!I)C of a CO\U syatemia the best 
Blhoclmcleml~dlstdlccow:rsya=nwillperilJmucleapd. 'IhlllBilobjediYeaof1icld.peril!um.:elllllliloz:iDgareto(MBND,2004e): 

• Ob1aila Wlllli:r balm:e fbrtbe site 
• Ob1ail81l8Cillftle aet of field da1a to c:alibt'ale a miii'C!'i-AJ model 
• De\d)p eonMmcc Mil an lllabllolders wilh respect to COl'llriiJ*m per!i!I!!•!M::c 
• De\d)p 8ll ~ fiJr key cllanwh:ridi:a and proceuea tbd ClOdlol pcrfia "•":e 

In 1mm1 of a 1icld test plDt 11illlllllllD, cowr I)'Sbm11icld P"" lin"., .. ,~ ll)'ltlmlllhDuld be dqwl to lliiiUlDIIIIIsl oflhD tmJ4KiD*1bi oflhD 
watm bdmce as welas 01)lPlqpu:rm&, usbownsc:hmmlalyii.Fp 6-13. '1'hi11 iocludes lll!lllorolDpllll"il"itiO ~of1111iltura 
lltoi38D cbiqtes, azd IDiiduri:.s ofmt pemolation, suriiallllllllft; emsim, ml wr ,. I (MEND, 2004e). For 1icld perliniiMII:O mmo.a.s m a fidl.. 
acalD C0111!ri)'S!Iml, a ec:mmnded ninimm IIM!lof1111niDq wouH D::ble llllltaorobgicalliDDiiDriDs (i.e. debi• ••i•ti "' ofpotiDial ewpwaliDn 
rata), sb-specifi: pit(iiJ:Uikm, cowrlllllmiai.IIIIBtln stomae chanps. Wlllmb:d or ca1clmmt an:a Brice lllllllft; w~ ml aotim (MEND, 
2004&). 

Top oflhil paac 

6.A7 WaurCcwer Metllodl 

SLrface 
Evaporation 

WASTE ROCK 

t Precipitation 

DBposal ofacilpeati6111111arials below a walm' cowr il 0:1111 oflhD 1111!1 ellilc:tM Dll!ltboda m liniliiJs ARD jb1dlllim. In walar, 1hD IIIIIXimm 
c:onc:entratMmofdilsolwd Dlt)'pllil approxima~Dly30 1ims lim tbaniJ.b lllmDipbn. MDRl iqxmmdly, b 1mlllpOitOfDX)'plltJmuFwaterby 
ad'YCCiimazddiliJsimis sewnly limilecl relatiw to IIBDSpOrtilar. ForCXIIIJIIC. the ct.ilbiw'llmld:rofoxypnhwarcr is on the Ol'L'lcroflO,OOO tiaa 
siDwerlbandillilsM uasir hu. Raub of field andlabo!lto!ytesqhaw ecmfimed 'datNme!FWO ofARD &e'<"'i'llllllerU is 0111: ofthe best 
avdable mr:tboda lbrliJDwARD gr::DClll1iDnowrthc 1DDa lmll(MEND, 2001). Odlra'JD:Cbaninno ~ wih'WIIIII:rcown D::b:le &UPhille 
~ bybactail, ur.:tal~e prec;,ilation, and clewlDp!IIU ofsediDD la)us, which iDbibit ~between taililgs ml ~'W81m. 

Wm:rcowra can be allail:d ilwrklul ways. 'l'be~ ~~e e:lllqllca ofllll\l]lile llllll:rD deposill:d iDIIIISUIIlwm:rbodica to tab~ ofphyaically 
8llblc, clepodi)lllll euvirolm:ID. Milled out pill ~~e ll8o beq llled :li>r IDh:r waw ~jljrm m1 storao= of~ tdilge (MBND, 1995). In oibcr 
~ ~ IIIDI:Idelae ased to :mile or coiiii:OI wa1er IIMirl. Wmr CCMIII can be dewloped at clllsure u dilclll8ed lilr 1be UlllimmiDI:a iD 1be 
Elliot LIW: dillzi:t ofCamda (Sec:Um 6.6.5.4) or depodim UDder wmr can be achieved duril!g operali)nlllllhu dlat at 1be LoavicoutMille iD 
Quebec, c.z.da(MBND, 2007b) m1 atdlc Voiley'a Ba.yNi:kdMilc it Labrador, C81111da. SOJD: operaliml baw W1144c:b:aJiM P'OIPJ'IIi m kmg­
lmmllllbaqueolll cblpodim of.q,llile 1ailiqp. VIIID'• 'l'bmqlaon llliilgB bam baa bem iD apt~J~~Wn lliDI:e 1955 will \Dierwa&llr dilpoaal oftailqJI ml 
plllm ilrllliD!glhD"Wlltm IIM!la iDtbD baainumtuinld. to anupectedc:IDSIDD2030 (Ccx:bnm&!, 2012). 

6.A7-1 SnllaqnecnB DlapRal 

WatmCOVI!DIImitthl! upo~~~n orPA011Btmills to oxypn.l'!DiqiiD c:cnJfWaati:u msdlaqmo1ll tailiiJsl dilposalm~ slmwnii.Fp 6-14. ClenDmlly, 
sufli:imt depth ofwater .,_.the PAG11Dria11111St be proviled to amnD m miDlg ofb wa• colunnand to~ R~S~~~PaJSiDn of--by 
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wild. or-aclim. Wa COWDJIB)Imtbe suilabJD ilnmtmialtllltlllll abady llplllllcilblyomm..t 'lhll"c:utaff'paD at v.ti:htil diilioclimis 
made d be mb.l-wasle IIJlecifi:. GeDe:!al proc : u :a ilr water covm are ilbArall:d ii.Fp 6-15. Seclim::Dt J.)'a! callbr.l\:1 jsolille sdlequeoul wu11:8 
ml adjus1me:la ofwar CO\U cb:miiiJy il a111o pcl88ibk. 

Flg1n 6-14: S'llllaq~~e0111 Tafi!D&t Dllpoaal 
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&lqlli'e~Dm ilr a waller~ iacble a climao: wilh a podM: 'Wlller bUD:e, kq.temJ.plJ,yaicalllllbility ofconlllim:tt mcilli:s m1 ouli:l ~ 
(wih111111i:i:a capadyto btuxle ~em~~~). m1 Wiler depth llllfli:iD to pmullRUpCD&im by wild m1 wa~ actiDD. Detp IIUt COIIIkler ~he 
po1e:Diillilr pa:i)cJ8 off!J!mled ~ llld e~ ofpDCVil~ 88llnled llldeDL 'lbc CO!IIideruioll8 ilr a Wiler co111:1 are IRIIIDIIia:d ill Table 6-
6. WI* ~ahaliDwwaa cown arneeded 1D e1kli.d.YJl1'MIIlOXJBCDdjlljajm, a 1hic'kcrco1oU(~i1m11 to 3 m:tret deep) iiDeeded if 
pmeali!gresurpelllkmofllDe taili!fjl due Iowa~ aclimil aCOlllitelamD. MBND (1998b)proviies a lhoroughll*le ilr die ~ofdequeous 
ilq)onnclnll!!lll, An tlllllqllc of a puuwncm wala' COlU, "l&l"""*d by abD amr:•dnr;J¢ llld 01lJIIIi: llllllm', il proWled il. d!t Belllllldra Caae 
Stuct,. 

A dBID:1imilllllde bl!lweal 1110 ofllll1unll watm bodi!s or :flooded mililgwm llld ~ 1l1iliDss damiiiiiiiii'Bmlllle1ab&. Thblll6-6 pDICIIIIB a 
~IIM!l owM!w ofposmlll &~:tor& 1hat could be colllillmld il. tbD evalmim oflldltupou& clispoal; tbil owM!w il mt lll!lld to be~· 
ThD proposed ma ofllllllnlwatal'bocli!i& inparticularmaymq!D ex!lmlriw llludi!s ofbueh cond.ilions IIIII. potmDliqlacb, as wen as lllgiUrtiYo 
aetiln. Por ~ il. Cllllllda ~pCCial. ammhrnt to a regulalimis mqubd to UIIC "fiilh.beariog wall:r bodies" ilr SIDmp of mile wastes. 

T.ue U: Some Co•lderatlo• for S DIJpoJal 

Co•lderatlo• for U.e ofN.-.. Co•lderatlollllbr I'.Dpleend Water RetaiJdDa Stnlctlnt 
WmrBoclea (llba oroeealiS) (llketlllllldaml, pill, 'IIDIIe~ ~) 

PtuiDty CD MD Da1111 aDd Dlba 

• w.w"l • Dclai1lld ~ ofmiMm'kt!!wt IIIII. s.pAwayrecp&ed 
• 'mel m:i llUil'CJIIB • Mea8lftl requRd 1o ICOlllrol8CeJlljJ: 
• Olb:r lalre Ule8 • Geo~ ~. llld iollpc:carequi'em:lil ofdbe, dama, 
• Rqpdory arwilu1111Lil1l aod ~ lllnlcCuml requirm 1D llllidUJ.& Wiler-
• Pot&Dial. toD:iy ofWBSIBI ioohMiing • H)'dmi!J!01D&Y m:i h)drulogy, - a reliablll watm ao!DlO il requDd to 

mlllllllllar.hiJg. J:1!IIFIIB lllllllllllU IIIIDail. &odl!cl awxlitXma, CM!Il during droup 
fiom b milliDgproce88 • Pot&Dial.rilb to doWllitl-.amceptDIII of~ tin m:i 

• RMilm liamblastiogpm c as a mlllase ofll!lail&!d water BDdlorwasllls 
potmiai.JUri:.D SCIUIW 

l'tD ud 11Dderpnmd 'fi'OIIdDp • Poll:dial ixnue in turbidity 
• Poll:dial etids on local &!a IIIII. 

• Potrailhmbilrlation of aturecl oxidalion produl;18 ~ 'lbotlilg 1iala iacblmg COiiKii.®ial..lllll 
~ilh::riea 

• PotaDlleadlilg ot'JIII.'IIal& fiom&odcd mal!e!ioJo 

• Poll:diallota ofhabilat • ~~lalre.-h:miatty 

• NllllnlmiliagJIIO' : 811: a • Po1aD! OJY111fjnn ofJIB1I::riallabow ~he wm:r fae 

• I..ab Wllt.l:r cheDislry • Comildy will oCb:rUidCigiOlllld workqJI 

"-7.2 Pu1ial Water Cover 

ThD partial water CO\W cou;ept inwl.w& an el&MIW walm lablll ht •••ii•i•lllltlnbm tbruugbiJut tbD buk oftbD ~ pmfilll (Baaaim, 2007; 
Ommpwa et al., 2006). A lllriu:e pcmd doe& mt abmd.ID b.........._,. Ill' d)b& abngdm perillll!lm' oftbD 1lliqp ~1M a IIIIBil pollll 
may be ....nDwl il. b ccDie to Dlllintain an eliMIW watm' lablll owr b IDD mgim ofdm 1:ililiiJsl ilq)onndmmt 

ThD objec!M oftbD padia1WIItl!£cowris 1D miDimi:!Jllhll higbDrlilk ofllnEIInl &.ib:e UIOCiall!ld wilhbavinga watm'CO\W aDd. poal adjaamt1Dtm 
eubanlcmru wal, whiC mahawq l31lnlion lbrov&h emuahoftbe was1c to liD tbe JDDjmm cxlmd: ofoxidalion that will oeell'. The patial walm' com' 
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Figure 6-15: Water Cover Processes



rretbod is weD suited fur operations wbere two types of tailings are being generated: tbe high sulplmr coocenlrate produced by desulpburizafun (see 
Section 6.6.3.3) 1hat is stored at depth and tbe DOil-acil generating tailings 1hat are used as cover above tire level of tire pond (Sjoberg-Dobchuk et al, 
2003). A partial water cover is .U.o weD suited to tbe case where tbe underlying non-oxidi2ed tailings bave sufficient neutralizing capacity to assimilate tire 
entire acilload 1hat is produced from tire overlying rind of unsaturated tailings. A key design considerafun is to raise tbe water table above tbe acil 
generating material by placing non-acil generating material as a cover, controDing tbe water level by tbe pond spillway elevation, or both placing non-acil 
generating material and controDing tbe water level 

Use oftbe partial water-cover method must coosiler climate, topography, hydrology and hydrogeology, tbe resilual neutralizing capacity of unoxidi2ed 
tailings, and tbe water cbaracteristi: reteofun curve oftbe tailings material A case study is proviled fur tbe Lupin Mine in Nuoavut, Caoada (Lupin Case 
Study). 

6.6. 7.3 Wetland Covers 

A wetland or bog cover includes soil, vegetation, and water overlying acil generating wastes. Soil ameli>rates exlreme climati: drying events and 
vegetafun helps prevents erosion. Water limits oxygen ingress and plants olli:r passive trea- opportunities (ERMITE, 2003). The most criti:al 
operatioual aspect of using wetlands and bogs as covers is 1hat oxygen depleted and reducing cooditiom are mainmined at tbe base of tire cover profile, 
thus not only protecting underlying unoxidi2ed material but also creating tbe potential fur precipitafun of existing ARD products as sulphides. MEND 
(1993) proviles a coiiJlreheosive case study of wetland covers. 

6.6. 7.4 Attenuation 

Atteooation measures are discussed in Chapter 7. 

6.6.7.5 Streamflow Regulation 

Control ofsurlRce water flow and drainages 1hat discharge to adjacent receiving water bodies IWSt satis:ty complian;y criteria established by regulatory 
agencies and interoal corporate standards. In most cases, criteria are defined in terms of coocenlratiom fur specified parameters ( e.s, pH, acility, 
alkalinity, metati, sulphate, and major ions), streamflows, and eovironmentalloadings. Concenlrations may also be defined based on perbds fur high flow 
and low flow. 

Assessment of mine drainage ofum involves development of a coJl1lrehemive water batince (ie., both surfilce and groundwater) combined with mass 
loadings. Key COJl1loneols of a surfuce water batince include precipitation (both dsily and bourly), evapotrampiration, runofl; infiltration, and drainage 
rates from surfuce s1ructures (ie., waste rock). Surfilce water management is controDed most s1rongly by Jl11'Cl>itation, which is highly respoosive within 
sbort time peri>ds and can be easily monitored with ins1n1In:nts and flow gauges. Contaminafun of groundwater resources and tbe migration ofplum:s to 
surliice water streams are frequently overlooked and can only be evaluated based on an understanding of groundwater hydrogeology and chemical 
analyses (see Chapter 8). 

Stormwater management associated with exlreme climati: events is ofum tbe most important issue fur peak flow prediction, design ofinpoundment 
storage capacity, freeboard, spillways, flow concenlrations, and diversion cbaonels. Design inadequacies and fuilure of surfilce water management systems 
generally occur during ex1reme events so designs are based on storm returo periods and hydrologic assessments. In many cases, it is better to use Dllili­
staged designs based on operatioual flow rates supported with bypass spillways and diversion channels to bandle exlreme high-flow conditiom. Criteris fur 
bypass flow IDJSt be established based on risk, peak loadings, and downstream dispersion and dilution. Designs need to llliliiimz1: tbe risk of severe 
erosion and structural stability of major containment fucilities, especiaDy after closure. 

6.6. 7.6 Water Recycle and Rense 

Mioimjzafun of water use and water losses is a criti:al objective, especiaDy in aril climates. Key design optiom include 'ninin •inug process water 
discharged to tailings (ie., thickening), use of low permeability 1iners and barriers, recycling of process waters along with aoy contaminated discharges and 
seepage to tbe mill, and tbe me of surfuce water reteotion ponds fur evaporation (climate pennitting). Trea- sWges are also freqoently discharged to 
tailings in:J>onrxlmeots and may be sent to voils fur deep disposal in pit lakes fur long-term managemeot 

Salt budgets may also be criti:al at aril sites fur pit lakes and surfilce impoundments where a negative water batince because oflow precipitation and high 
evaporafun can cause evapoconcenlration or byper saline cooditiom to develop with time. 

6.6.8 Drained Tailings Deposition Methods 

1\vo legs oftbe ''ARD Tetrahedron'' (ait and water) can be disrupted if fine-grained pyriti: tailings can be dewatered and consolidated. Creating a low­
water content paste is one rretbod of tailings management 1hat bas been used to accomplish this goal as weD as to maximizJe tbe amount of solids 1hat can 
be stored in a given tailings storage fucility. However, tbe energy and machinery involved in paste tailings production and placement is expemive and a 
certain amount of water DliSt remain in tbe tailings to allow pipeline tramport De-watering tailings passively with little additioual equipment is an attractive 
aJtemative. 

Sub-aerial tailings deposition (more specifically, thin-layer sub-aerial deposition) is a methodology fur mineral waste management which bas proven 
successful in a mnnber of sites in eovironmeotsDy semitive areas oftbe western U.S.A, Caoada and in tbe Pacific Ritn Since about 1990, tbe rretbod bas 
been used to place tem of millions of cubic meters of tailings in an eovironmeotsDy acceptable manoer. The method involves tbe sequential deposition of 
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ill j)ur diltb:t 11taJe1 u decailed below ml ill Fig= 1: 

• In St~~C 1, lbc sllayil ill a~~q~C~~o&a1Uiamci colld&m 'Will sold paaa ~letely SIJIIPCIIdecl ill lbc 1ml ~ illlllilliDal ~ ICOIIIIct 
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ofpodM pon! pniSQ'CS. 

• Staae 4 deYebps u die draD:d deposit is allowecliD •dry ml camolilate. This C0ll801idation can be qui'e «ipitka ml n:sds &om the 
clewbpmectofnepliw orBticmpn:88UI'C8 illlbc depodu ar ilaciecl wkhintllc 110ib1n1cture. The ~la)v of•dried wute is a 
Btlblc, partillV-salmdecliDISS which hu alovm pe:nDI.l8blty ml greatly iaeued reaislaDce ID frtueiclim 1llller ~ badilg. The most 
sptka ~ ofdJ: sbly'a1rallaimDamn iom StaF liD State 4 ill dJ: ilx1eue iD lbc ciJy deDSiyofsoila. For lllllllll'e, a gokl taiJi1w1 
dmyiil:illtfat asolm comemof42% ~ il.d!yBOildeanyiomiiJlllll1XiiD111:ly0.83 QIL(S2 pollllb per an mot[pcf.J)toDe&dy 1.6 
kW!-(100 pel) ~~~:~ely by albwillgseldcBDt, clrailaF aad~il..ellltively1hilllaym pri)rm clepodi1nofa:mhll)l:r oftaililfjL 

STAGE 1 

WASTI!s:t.U~'t 
lS DEPOSITED 
INA THINL.T 

ligtn 6-16: State of Solidi cluriDg Depolitio• allfl Coao&dat»n (L); Stqe 4 Photo (R) 
SUPI!RNA tAHl 

$TAGel 

AfTER 
SeTTUNO 

ORAINAO! 

$TAOE) 

A ,TER DRAINAGE 
(100~ SATURATION) 

EVAPORA liON 

$TAOI • 

A1T£ROAYINO 
(PARTIAL 

SA TUAA TION) 

A!Jihc ~pmceil& CcnDmea ml tml11Di&tun: COJih::lltJ:IIII beenn::duced to appiuxiuJdely 20%, 1hc chydcndyabowa litJc:: meue wihcmrtimel 
dJyi!g. Jnpmc1Kle, cmceticl poi:thu becm'R!IWhc!d, a!IIIW Ia)'~![ of .... is added ml Gill e)"llil begincl.n 

l1gure 6-1'7: Sdlemadc l'lcm View, 'l'SF 'Wbh 'l'llfte Deplsfdo..J.7oma 
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Slope -+ 

Jnonk:rto acmcw 8~aF4 cmda-, air-cbyiogoflhc ~depodcd (100 to ISO DID) la)<erofllli!i¥ il ~§w:ilitsh:xl Clmqlla ~ 
rolalimalwas!B clilc:lllrp lllrldegy. No1D1hatewn tholl&h IIIII ~ JIBtsillilFipll I (R) ispn:ibablyhrthm74 microm (<200 IDlllh), ilot1ndli: ill 
posmll wilm!MMDlweeb ofceuatimofcleposilmn. VebK:Ik hldlic to caallll:tcbAn acliYilillll (e.s, ~ofcowncrilll, IDn, or soil 
aiii!IIC!mmls mle\tgt! ,. ·~ i1 al&oposmll abDI21¥der S1liSII 4 ,..,.u- •w 1n obiC!Mid on1b&!1BiliDp sriaJ ~« al, 2001). 

If IIIII ?aiiJss ~n 'ftlr)'fiiD ~ thin-Ja.ym-811b-aerialupoiDm fiiCbaips can Cll!llte a~ 1111811 ?bat il rY!Miyiqllmlll!llbll ~ ~ lllll2rlliDid 
IIDiltun!. Jnflct, i can be daii•iid•1dtid that IIIII low pmmD&biity of1b&! comolilatai tai!iop liBierials in IIIII mialifb coull albw raplalmg apm:ils to 
consiler 1hc PBifap thl::mselws as a "'iil::" in a doube-hr c:onlipalim. A c:lrabp bllmket beDeath ?be ?dllp woulll be h:bled iD ?be cletian u a 
leaclLcolcelimand ~system COJIICCl1II=DIIy, ?be design sbo1il requb cmly oae FOfYDibetic 1iDer (beDC8Ih ?be dzaDp blabt) to-~ a 
doubJo.faer~ 

lf1hc 1llilga colDil~ CCBCIIIra1iom of~ sul!ilea,1hc re8tiw iqlemabililyof1hc 111iJi¥ 1111811 C1afed wih.W-aerillplatem:Dt 
II:CimiJ.ua~ abDmlallo ~ABO ilrmaliDD. eilberiD1hc toe aeepaee (wl*llabmld be ninjn"""d) orru11oKiom1hc ~ aar&ce.ltelro1il2illg 
exillilg ~ iq)o•"""'""' Cbat:IIM bceD desigDecl u 811b-aqucollllici~D:s it al&o posmlc (Filu ml7m..m.ld, 1993).IIIsedilg'M:k drailll or 
inl'\o:"""fiog o1hcr puliw m:.:Cblda 1hat:relicw 1hc po~e pJ.aSUJe ilallllnllld Wlilfllbu al&o bceD coliBik:red (Brown and Ozealway, "IDI*d). 

ln8UIIIIIIry, b: d!D-ll)u am-aerill tailil!fli depoaili)n m:thod aayprcM!c a cott-e~ millimm energy 81ld ecMm:at ~ ...,.I!P"""# 
k:clmolcgy. ~ ofk tedmiDgy illcludc: 

• D:malod stmed cltuiD& 
• mduced~a-
• mducedARD paatim 
• D:malod ease of-&ce reclallldion at closunl aDd 
• iqnuw!d eniw*nwt lltabilily. 

M~ CCODOliXal ltJslmlm ~lillY be f:asible v.ih81i!-aedlldcposW tailitp. In abort, tbil k:clmolcgyfillycoimlccs ?be eoacept ofstoriDg 
80ids, not water, and iD doq so, can better ~Wid ARD problml dlliJJ operatim ml post closme. 

Top oftil paee 

6. 7 Seledion aDd Enluation of Alwmativa 

No IIIIMDalaolDm c:Dia lilt tit l'ft'<CIIIiBII, coldrol, and trifVtblofARD, NMD, ml SD. While subiwifUA£ ill ~1hc mott ~ 
Slab\o: approach, UaqucoUi dilpoaal oftailil!fli and wutr: il.lllhal waa bodi:l, m:h as laba or IDil'inc emiu•m •A, can be ~ 'lho 
appbbAyofb!c!moagjN to ABO IIIJURlell and pilUle of~ illlhDwnilFipll 6-18. 

Spec:D: evabilimofllllllhDda firpmotiDIDnandlllil¥a?ilnofARDrequD& a cllaru&!Dmofobjec!Ms llllldmioDd pmpose.. 'l1lD llpC!Cili: 
emioDIIJ!IDI tec!moaps ml opiKm& 1hatwill. WOik best d be lliia speci&, oflm ~by clilm?ic consillmlliml. 'l1lD app1i:ab~ ofiiCM!IBI 
llll!lhacb dacmed ii.1D! pec:edilg 8C!ICiion& illllllllllmilllld iD TabiD 6-7. s-Dlllllmds ~~aw been dmmiii1Jatlld m be efliK:Iiw 111 w. BllRDI1D! world 
v.i1iD otbm ha.w had W da .. •Mbsliun. This is aDqlliiiDDIIr)'onlyiD.om.to braadlyc:a~BFrillll ?ba Plll:bDoi!gy. Sollll!tac:lmDlops1111)'ha.w 
bcellde!DJDIII:a!ed iDa fi:w ~liode t)pe but coull be appbblc 2D o?bers. As cliKluMed11Jruuabout tbil Ouile, •specii: ~ llll8t be 
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Figure 6-17: Schematic Plan View, TSF with Three Depositional Zones
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•• :•: d cbilg lbe evabdimo!aay .ARDp~n~gy. 

Wmr cow:ra• a PfOval tedlaoklgy floma gcocheui:d pe:mpective 'but are onol!!jnabJc cm1y ill clilllla wiha podM wa11:r bUD:e (ie., ~ilalion 
> evapomtim). Jnc'liDIIel 'ftll a IIIIDblc wa~ 'b8lmle. P'tw:!mi:alaad 'lmle-tl:lmllamrda wUh respect 1D ~. eJil'c:IDe stomB 8lld floods, 
~)'II, emsim, 8lld oda Dllllnlllamrda such as &eilmi: evall8 IDIIt be ~ 

J.ligJn 6-18: PftvelltioD IIIII MifiptioGEvahatiu of Allemativea 

Prevention and Mitigation 

Evaluation of Alternatives 

Character1zatlon and 
•see Chapters 4 and 5. 

Prediction of ARD/NMD/SD 

•includes specific water quality targets, as required by regulatory 
environment, licensing commitments, or an assessment of risk to 

Deline Purpose human and ecological receptors 
•criteria for decision are defined 
•see Chapter 3 for guidance on regulatory framewort<s 

Compilation of Options •<Nerview of available technologies 

Pre-screening 
•definition of criteria 
•scoping level decision 

Prepare matrix of methods and characteristics to capture synergistic 
effects of multiple prevention and mitigation measure~ including: 
•costs 

Review and Compar1son ot •benefits 
•effectiveness 

Options 
•reliability and service life 
•sustainability, requirements for long term treatment and maintenance 
•acceptabil~y to stakeholders, public and regulators 
•risks associated w~h failure or non-compliance effects 

Decision and Planning for •review of decision criteria with respect to mat rix of methods 
Implementation •decisioo 

TaHe 6-7: Sllllllllll'Y ofPftwmlonandMitiptive Meu-• 
IIDil CIID.Btz Colllidentiam 

OsygenUndll•c 

'WickJy Demo•aued ~Demo•mdioo 

• S~(allc!DUa~B) • Oxyge.nccauni~Jicowr(alchates) 
• Water COW1I (A. c. D) • Smra1echoil.cowr (A. C, D) 
• JD.pit di&poeal(allclilllla) 
• EliM1I:d wa~ 1lbll:: (A.C. D) 
• Mile bec\f!lliug (alcllmlet) 
• Me!dmiD:: cowra (alclimlea) 

Waaerl.indtbc 

Wlde)J Demo•aued Llmltecl Demo•mdioo 

• DiYCrsion (allc:lilllaa) • I..owpcmabilil:y covm n wet c:iDies 
• Sun BDd m:ue cow:ra (B) (A. C, D) 
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• Mezdmmc COWIII (dcimtea) I • Plate T~ (c,D) 

Geodle.-I 

Widely De1111•traeed ~De1111•tratioa 

• S~(IID.elimlln:s) • Alkalioc CCM:JS (IID.ellnah:s) 
• Awillmce (IID.clinalm) • Puaiwtim (IID.clilllllm) 
• 1'aililwl desulpburimmn (C) • Blmxliog(dclimab!B) 
• :HILiqleulation (c:oal) (C) • Bocapsulation (1111113l) (A,C) 

I..EGEND: (Climate Cla11Hbdon by Klppenayatem) 
(A) nopk:alhumil (D) C• dientai~CYC~"C mid-lalilude 
(B) Dry (H) Po• 
(C) Te~ milmid-llllilxle (B) llidllml 

JD.piclispo8al8111llllile baddillmigltbe ~ iDaomc d!JIIIilus, 'bltdlisiiii:Cixld ofdispoul:usuallyolllybecomca avdabb afll:r orweniiiiD1bc IIIDc 
operati!g pbue. 

ln~DU~ycaaea, IIID!e dllll1 cme 8pl'l1tl8eh ormclbod. wiD. be~ Po: Clllll:tiJie, ~ 11q111111mn co~ wih wa= eown, elewt.ed wa1cr lable, 
IDil bmi:r COWIIIIDiy prow to be 1bc beat conDiDcd ll)'lk:milr a gival tlililfjliqloo••I••IC IlL 

Costllll.decommic viabi)jyDIIItbo avaW simllr ID lha olharcdmia lDr &Nit••"•'al m1 scx:idseuqp. Costesmtes are abolltalwayll aib!­
specifi:. SlliDdml ~~am med. to~ c:apDlami OParaq COlt 1!61i!mii!IB 1u IMillabl opmus ami to assilt iD.~elac:tiog a 
b!clmDJogy. Dl!1llilDd ~ ofanARD pn!Yl!ll!iDn or mq,m.. teelmaiD&Yio.wlws pepariog a dellliiDd cost esliowl. 'l1ID spacl& ~ m1 
llll!lbodl med to cost ARD piiMIIID1 mlllilisation b!clmDJops are bo)'UDl thD acope of tim GARD au&!, but am desailed iD.IIIIIDhlld engDmiog 
1llltt books. Sill-spec:ili: pm-COIIIIructilm coat fllllimaii!S llll.d ac:tualu-bm. CCIJJMu:tkin c:oti!B liBY be ilund. il.lha JIRIC"""i91ium thD 11Bjor ARD 
coni:tewes ami otbc:r so~GCS. 

Ho~. il.aenemJ, eCMI' .,_. b'1ailiDp ami WIB1IC rock depoab are olb eottly. AbboUJtu:o111 wry wilely, aoicow:ra cosb C81111111F fiom 
about$25,000 to $100,000 (USD)peT ~ (ha); heaviydepell:leltupondle poxkukyofbcmow801111:C8 ilrtbe aoicowriJIIderial. 'lhe application 
ofsyDibr:ti.l ami ~IJI!ti.la)u COWilll c:Ul eaaib' double til cost m1 daem dme 11:clmD!ogi:s are 111114' appied at llll:llk me. Fp 6-19u 
an e:llllqlle, tiiiiJIIIta ~elidiYe eo.u of • n ll:dmologa ilr a parti:u1ar m: capillay bcricr cowr (ie., cow:m wih eapmay bmi:r e11i:ds (CCBE)), 
~IDg:imtjmCOlal, m1 wawcow:m. AB shown II=. ~bo.;mt;mlllllybe1bcmostatnc1i.ve allmlllM ofdle 11ne opmm lilrGiil partiaullr 
m~upondle~ofo11Jcrjic10m(e.g.,eueofappli:atmlmlemitunmcn••IIDII.socillrequballs). 

~ 6-19: Co11JP811dive Colli Cor Capilluy BmierCoftr (CCBE), Colll(lleCe 111!11 
PartialD lipllmi- IDIIW: ie Ccw (B ' IDIIIWill 2006) et• n a r er nllltft 011, 

CCBE 

Cc:rnplete desulphlxisation 

Partia I de sulphu.risation 

Undenv ater d.isposal 

on s 1.00 $ 1 .2~ $ 1.50 $ 1.7~ $ 

Cost estirmtion per metric ton 

Dm. requR:me:ID lilr deCaibi dee~ ofJ~N"embnml ~n ~ iacble deCaibi liJc c~D, 8Udlaa topogmphy ml ph)U:alseUillg. 
geology, ~geoJDgy m1 ~logy. climate,lllllerilll availbay mllllile dewiDpiii!D scqucDCC,IDII. cleJai=d ehamcluMtion ofiiCRfte DBtcriala, 
incJnc!itgtype, JLW'tanidry, wbll!:, mltc~C1ivi1y. BwllalimofalemaUvet aa patofG!cp!CJ1818mnoflho: ow:miARD,.........pllllllil diicii8IICd 
fi.a:1her il. Chap1a' 9. 

Top oftil pBF 

6.8 Design IUid Coutruetton CoulderaUom 

DeqpiofJIDM!Idmami ndip!' ·-wiD.Iibllyn~qun IIOIDI aual)ti:al or -i::al tDDdeliog (or both analylalami-nltDDdeliog) 1D 
pmli:t bothJLWbarkal m1 physical pcrilrmancc (see Chaptft S). 1be tim fi:ame m18cll:cluliog oflho: ~Jcne•-•Ji "' ofcomol~~JC~~~~nt beecJmcs 
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in1'ortant when PAG Imterials have a limited ti!IIl to the onset of ARD production. 

Construction llllllt consider site location and transportation logistics, nse and availability of local Imterial types, quality control and quality assurance, 
inchxling as-built inspection and reporting, and ongoing tronitoring, maintenaoce, and reporting requiremmts. Construction quality control program; are 
critical to the success of any prevention and mitigation measure. 

Top of this page 

6.9 Maintenance and Monitoring Considerations 

Efli:ctive maintenance and tronitoring program;IIIISt fullow selection and implementation of any rechnical ndx>d fur prevention or mitigation Monitoring 
dernonstra1es achievement of objectives and Imintenance ensures engineering integrity of the design. Monitoring is discussed in ID)re de1ail in Cbap1er 8. 

Top of this page 
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Case Studies Chapter 6 

From GARDGuide 

I. Pam:mr Tailing'l- &capsulation 
2. Lupin Tailing'l- Elevated Water Table Covers fur Reactive Tailing'l 
3. Strathcona Tailing'l- De-Sulpburi2ed Tailing'l Cover 
4. Poirier Tailing'l-IIDPE Synlbetic Cover 
5. Nonretal Tailing'l-IIDPE Ment>rane Cover 
6. Denfion Tailing'l- Reclamafun by Fhoding Post Chsure 
7. East Sullivan mine site- Organic Covers 
8. Benambra Mine Site - Alkaline Covers 

1. Pamour Tailings - Encapsulation 

A historic gold tailing'l irqloundtrent in tbe Tinmins area, Ontario, Canada is sulphide bearing with m>derate to high 
carbonate contents. Espansion of an open pit required relocafun of a tailing'l stack (TI ). During milling, tbe tailing'l were 
separated into a sulphide concentrate and a carbonate-rich flotafun tailing'l and were placed in ditrerent hcafuns within 
tbe T1 stack. The sulphide concentrate tailing'l were on surfilce and exposed to tbe atmosphere fur decades and 1herefure 
had developed acidic pore water within 1he near-sudiice tailing'l. Relocation planning included investigafuns to mitigate 
existing acidic pore water as well as ongoing acid generafun The selected opfun included tbe relocation and deposition 
of1he acidic sulphide concentrate tailing'l onto a nearby high-carbonate tailing'l stack (T2) fulhwed by a cover composed 
of1he remaining high-carbonate tailing'l ftom 1he reheated Tl stack. This encapsulafun approach was investigated 
extensively to miniini2e tbe risk of acidic leachate. An investigafun was also completed to evaluate tbe quality of pore 
water 1hat would evolve when acidic waters migrated down through tbe high-carbonate tailing'l and tbe results were 
presented in MEND Report 2.46.1 (20 I 0). 

The tailing'l in bo1h tbe T1 and T2 stacks were characterized in 1he field dming tbe opfuns investigation Slllll'les oftbe 
sulphide concentrate and carbonate-rich T1 tailing'l were collected ftomnrultiple dep1hs and at severallocafuns. The 
solids and soluble (pore water) products were analyred in all samples. Acid base accounting (ABA) was complemmted 
by total sulphur and sulphide-sulphur analyses as well as carbonate contents to illustrate AP/NP values fur 1he carbonate­
rich tailing'l and to quantiiY available NP in 1he stack below tbe sulphide concentrate layer. 

The acidity in 1he existing pore water represented only a small portion of1he AP. The AP/NP balance clearly showed 1hat 
1here was adequate NP to consume all acidity in hw-pH pore water as well as all AP 1hat could be generated in tbe 
sulphide concentrate layer if all of1he remaining sulphide reacted to furm sulphuric acid. 

The investigafun of mitigated water quality was colll'leted in two phases. The initial phase included batch studies 1hat 
added acidic tailing'l to neutral carbonate-rich tailing'l, aJier which pore water was extracted and analyred. The second 
phase included cohnnn studies involving acidic tailing'l overlying neutral tailing'l, which were completed over a one-year 
period with field-like infiltration rates. Slllll'les of pore water were collected within 1he neutral tailing'l and column 
drainage was collected at 1he base oftbe column and analyred. The results showed 1hat concentrafuns of m>st soluble 
constituents in 1he neutrali2cd pore water were attenuated or mitigated to low values as waters migrated through tbe 
nentral tailing'l. Field m:mitoring was conducted to fulhw 1he perfurmance oftbe encapsulated tailing'l. 

Reference 

Mine E.nvironn=!Neutra!Drainage Program (MEND), 2010. Evaluafunof1he Water Quality Benefits ftom 
Encapsulation of Acid-Generating Tailing'l by Acid-Conswning Tailing'l- Decent>er. 
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2. Lupin Tailings- Elevated Water Table Covers for Reactive Tailings 

The Lupin furmer gold mine in Nunavut, about 400 km NE ofYellowknifi:, NT, Camda operated from 1982 and closed 
in the mid-2000s. The tailing~! were potentially acil generating. Tailings were deposited over a 600-ba area in miliple 
sballow ceDs 1bat were originally stmlllakes and were contamed by miliple stmll dams. The closure concept fur the 
tailing~! included construction of''dry covers" between 0.6 to 1.6 m thick with the added design fuature 1bat the final water 
table in each tailing~! cell would occur within the cover layer as described in MEND (2004 ). With the water table above 
the tailing~! surfuce, the raised water table provides an "elfuctive" water cover to preveut sulpbile oxidation. The cover 
design therefure was a hybrid system 1bat represented a dry cover with no standing water within the tailing~! ceDs while 
maintaining submerged conditions fur the sulpbile tailing~!. Allbough this concept was irq>lemeuted at a mine site in 
permafrost terrain, permafrost was not a necessary aspect of the design and adaptation is possible at other sites with an 
appropriate water balance and topography. 

Deposition of tailing~! in ceDs provided an opportunity fur progressive reclamation 1bat started in 1995. The cover material 
consisted of esker sands. There was no need fur low-permeability materials to preveut infiltration of water or ingress of 
oxygen. The elevated water table above the tailing~! represented the design fuature 1bat preveuted oxidation and generation 
of ARD. The cover system, however, included a second fuature to colll'lemeut and maintain the raised water table. The 
surfuce layer was composed of coarse granular material1bat reduces evaporation and promotes infiltration to maintain an 
elevated water table. 

While it is connnonly accepted 1bat a water cover in a pond, fur example, should have a thickness of I to 3 min order 
avoil physical resuspension of tailing~!, the depth below the water table can be minimal because any water cover thickness 
is elfuctive at limiting oxygen access and there is no poteutial fur mixing within a porous medium. Tberefure, the design 
criteris fur a raised water table above the tailing~! swfuce can inchlde a minimum depth below the water table and the 
thickness of the cover in constrained only by the prefurence to avoid free water over the cover layer swfuce. 

Reference 

Mine EnviromneutNeutra!Drainage Program (MEND), 2004. Covers fur Reactive Tailings Located in Permafrost 
Regilns Review. Report 1.61.4, Natural Resources Camda 
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3. Strathcona Tailings -De-Sulphurized Tailings Cover 

The Strathcona tailing~! fucilily, near Sndbury, Ontario, Camda bas an active area oflOO ba and bas been operating since 
1968. For the first two decades, the nickel tailing~! with a sulphur co-of 15% S, mainly as pyrrhotite, were discharged 
as an WJSegregated slurry in ceDs within an impotmdment. When tailing~! were exposed to the atmosphere with no further 
addition of fresh tailing~! slurry, the swfuce material oxidiled rapidly, producing acility, soluble metlll; and a visible crust, 
or bard pan, ofiron hydroxide. Tailings management alternatives were consilered in the early 1990s and the prefurred 
option was to use the scavenger tailing~! with a sulphur co-ofless than I% to cover the high-sulphur tailing~!. Liml kiln 
dust or reject material from lime production was also added to the low-sulphur tailing~! to increase the carbonate NP as 
well as the NP/AP ratio. The high-sulphur tailing~! fraction with 30% S was deposited underwater in the Oxidation Pond 
1bat is also an integral part of the water treatment system fur the mining COill'lex in the Onaping area. The low-sulphur 
cover placement was initiated in 1995. 

The low-sulphur tailing~! cover is produced as the cyclone overllow from the scavenger llotation units 1bat generate a 
sandy material fur mine backfiD. The overllow contains the fine-grained fraction refurred to as slimes and therefure bas the 
value-added property of moisture retention capacity. The high-moisture retention acts to reduce oxygen ingress due to 
low values fur the gas diflil'!ion coefficient. 

The low-sulphur tailing~! slimes cover was evaluated through modelling to determine the appropriate thickness required to 
protect the tmderlying high-sulphur tailing~! from oxidation. A minimum cover thickness of 1.5 m was selected as being 
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adequate as an oxygen barrier based on the degree of 100i<!ture retention or saturation anticipated in the lower :rone of the 
cover layer. The desulpburi=l tailings cover was almost colll'leted by the smnner of20 II. 

Interimassessmmt of the cover layer bas shown that the sulphur content i<l consi<ltently less than I% Sand that the 
NP/AP mtios ranged between 1.4 and 12. The lime demmd fur water trea- in the adjacent oxidation pond bas 
decreased substantially since the cover construction was initiated. The lime demmd in the pond, however, represents 
other possible sources of acidity and tberefure does not directly reflect the perfurrnance of the desulpburi=l tailings 
cover. 

Top of this page 

4. Poirier Tailings - HDPE Synthetic Cover 

The Poirier Mine was an underground copper-zinc opemtion that opened in 1965 and closed in 1975, producing about 5 
million tonnes of tailings coutaining between 6 and 20%S. A reclamation options assessmmt was initiated in 1996 fur the 
surfuce oxidized and acid genemting tailings. The prefurred option that was accepted by the regulators was the 
construction of a HOPE meni>mne over the 46-ba tailings inl>olll1dJreut with a protective earth materials cover over the 
meni>mne. The objective of the cover was to reduce long-tennloadings of acidity and metal'l from the tailings to the 
adjaceut environmeut by limiting infiltration into the tailings that coutained substantial loads of soluble oxidation products as 
a resuh of 100re than 20 years of exposure since the mine closed. 

A fullow-up stody with fuur years of perfurrnance data showed that the loadings of acidity and metals ftom the tailings 
inl>olll1dJreut were reduced to small percentages of pre-reclamation values (Maurice and Wiber, 2004). The water table 
in the tailings bad declined to elevations near the base of the tailings as a resuh oflimited infiltration to recharge the 
subsurfuce water. The outllow from the tailings bad also declined in response to the decrease in tbe water table. 

Reference 

Maurie, A. and LotteriOOser, B.G. Phosphate amendment ofmetallifirrom waste rocks, CeutmyPb-Znmine, 
Amtralia: Labomtory and field trials. Applied Geocbemi<ltry, 26 (2011), 45-46. P. 45-56. 
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5. Normetal Tailings - HDPE Membrane Cover 

The llllderground N ormetal Mine opemted from 1937 to 1975, producing 100re than I 0 million tonnes of sulphide­
bearing tailings that were deposited over a 60-ba area. An HOPE meni>mne was placed over 56 ba of the tailings in 
2005-06. The objective of the membrane cover system was to reduce oxygen and water infiltration into the tailings, 
thereby reducing acidity and metal loadings to the environment. 

The cover system inc Wed 0.3 m of clay till on meni>mne slopes and 0.5 m of clay on flatter meni>mne surfuces. Rip-mp 
was afio placed on slopes as added protection and fur stabilization. Toe dmins were installed at the base of tailings slopes 
below the meni>mne to collect and divert tailings seepage to desired locations. Surfuce dminage networks were 
cons1ructed to collect and divert non-coutact waters. The exposed clay cover layer was re-vegetated. Construction was 
corupleted in Septeni>er 2006. 

In the first two years a1!er construction, the water table decreased an avemge of about 6 em per 100uth resuhing in a 
reductionoftailings seepage Jlow from 150 to 103 Umin. The downstream conditions inl>roved overthattime, showing 
increases in pH and decreases in concentmtions of acidity and metal'l. The pH increased from 3.0 befure reclamation to 
6.8 in 2009. Concentmtions of iron decreased from a high of300 ~ to values near I 0 ~ and zinc declined from a 
high near 7 ~to values near 0.2 ~over the same period. The overall cover perfunmnce was considered to be 
successful to 2009 with plans to colll'lete detailed Imnitoring to 20 II. One tecbnicali<lsue noted was partial blockage of 
seepage dmin pipes by iron precipitates and organic ''slime" 1hougbt to have resuhed ftom iron-oxidizing bacteria. 
Mitigation of the precipitate furmation was being considered. 
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6. Denison TailiDgs - Reelamati.on by Floodillg Post Closure 

1'1111 Elliotl..ake UnmimMDJsDimictin 01lblrio wu llllll ofstMmllqsoUR:eB ofliiiiDimiD.Cilllllda.. MimyoflhD 
ElliDt I..ake mil:l!& ceased ~iD.lhD early 1%0&. SODDillilllls, hDwllwr, Ope!llklci lllllillhD llllrly 19901 produci!s 
IIIDDit 200 :mi11im tmDtl of~ bcmm c:bnn. 1'1111 DlllillanMD opmalld fiom 19S71D 1992, piOCiucq about 60 
mllim 1umea of~ tat Mte stoJedin t1wJ ~~- (IMA). 

Dea~ofDeiiiODMJDe 'IMA 

ElliDtl..ate i130 kaum1hofl.ake Huron aDd 130kmweet ofSudbmyonlb: Cl•dim Shii:Ja, uegbnofelq)Oeecl 
h:cadrriuu:odl: did 111116a alqc u:a acrou Cmsda. 1hl Deailonproperty is located IIbeRt llllm.IIDllhofEillt 
Lake audit wkhiD. die Sezpem RiYer Wllmbed dat clraD 1D I.ake lbml(Fp 1). 1'be Ulldq:owd mile bepn 
O,PCJBtion iD.l!JS7 ml r.mriwr4 proc~D.:lion lllllill 992. 'lhe miD. wulocallcd. on sill: aDd 'b oqp.l prodlt;timmiiC of 
S,OOO'Imlla pc!l'daywaa h:Iuaed.ID 6,350 1umea pc!l'dayiD.l!m aud.13,600 ID:t~~a pc!l'dayiD.l982. Mmll tban60 
mllim 1umea ofcmt'Mnpmcesaed.overtlm liil ofmiDII ml thamiiJss wm~IIIDII!ld intwo~~­
(IMAa), 1MA1 ml TMA2 (Fp 2). 1'1111 c:md>imd 8018 oftha TMAs is 280 J.. 

J.llpn 1: JAcatfo• of die DcDiacmMine 
0-"1 6 Kilomclcrs 

1:155000 

-. 
s 

1'1111 1MAa-cqiJally lakes dJat bad dam& Wllilllided at m-r sec:tmns of tim peliu&lhml iD. onhir to muse 
c:apllcily. 1'aili:1p chipomm was 1WDI..wh low dmdy &bry dah!ryto 1hD iupJuDdm&miL SpfJ!ttiJged.ecl iD.lhD 
~of~ bcac:han:uiiCIIJ' 1111: SJrilpt ml poala wllm: :&ac1 tclll:d. DCIIJ' 1111: dmua. 

llJpft 2: Codpratbn of die DeaboD TafiiDal Mm~&emelll Alea 
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1'1111 Dtmiomtailqp'MIRI ~of~ fimnb Hlliltl..ab ore body. 1'1111 OIIIWU a Pnic:auhiuu:••'W'iileni!D 
lliD:ilar to fhiii!Pid dapom ill. Soulh Afiil:a. 1'1111 unmimjpde was on tba onler of0.2% U. P)de was anaccesiiOI}' 
milllmdwilht)picahnphila CO!llmbl ill. tba IIIDIJ! ofS to 10% S. 1'1111 om wu mllld wilha lll\lbD: acillilachpnlC)ea 
tbat miiMd mypotcdilllc:azbou~U: or o1berneulnllir.ilglllil:nlt. 'Ib&: ~DC1111111ilalm pnCnDil (NP} ill. da: ~ 
oJigjDalied fl:omll:li!llll bees of carbolllle llliDmUI ill. k 1iD= ht waa UIICd.IO llelllralizr; k tailqp prm to depodil11 
ill da: 'IMAs. S1Dcliel ofoda:r .-., cleposila ill k legim •gead dlat 1he NP ofEIIiot Lab Wlilt.lf waa kn1hall 
0.1% CaC03 or 111g CaC031t (Dubrowky ct al, 1985). 

~'Wilt« ill die Ilalilon 1liil8l wu ~ill die 1980s ml wate:r ~plllllla wae COIIIIIIJ:Iled to llliiiiF 
1he cflb:nta iom ee.ch oflbe 'IMA8 ~ly. The 1rcalmi.'d ~ wm deeipl mpH comol u welaa ilr 1he 
mDO\'alofrad.im-226, admprilom_pe of11111Dimtbllhas a peahd.dllemrclcasc 1Dof0.37 BqiL(lOpCt'L). 

'1'111: De~aloiDg em-pt 

1'1111 JliOlXIICid clacmunis.;..q pJm ilr tbD TMAa was hued on tbD C0!1CC!pt afllllilif)ltiin to lilsBCI1 diD liNd ilr ac1M 
~iD.b lqtmm, iD.accoJduJce wilhd!DpsiD.ciJIN clnRJped bytba idmalDEINr~ agm~cy. W.. 
da: ch:w .... .w;...q,lm COIIIIKicn:d aD. mille ... m1 inli:ulmctiD:, da: ldDp n:pn::ICded k DBiD fxlll m Wllh:r 
qlMIIily e1ke&, ml Cbaebe, il da: ilclll oflhil c!Wuim 

Pyrilc oDiaD!D ml ~ acil ~in CJIII08Cd cm-Jmlllliqa was ilemtifled u the by CGD:Cm wJh 1he D:Cd 
10 dewklp r.Jwni:alslablTtyilr 1he proli:C1ion ofwat« qua1ly io.lhe il~ tam 'Ib&:rcln'c, floodilg ml P""""""3t 
Ulldcrwn::r at.omge ofk eDtilg ~ wu selected u k prcbml cbnlrc op~Dn at DelliloJI, u welaa Be\Uilolher 
TMAa at Hlliltl..ab. .AllJ:Nihclamt wm in place to COIDio.tailiatP ill. 'IMA1 and 2, 1heywae ~110t 81Dc110 
llile wata- lewis sufl\iendyto Alocl.lbe beached 1aililp. Fbodilgwas achiMcllbrouaba codbdimofD:I>destdlm 
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11i1e1 ml ~to mU water at ap.Propriate eii.Mtiom, u welu die ~1ocatio'l of8QDIII: bee.cbed taililp to lower 
elcwtica. Some bcadJcd taiilp in TMA2 ~ rebcatccl to 1MA1 mhomc ~ 8CIIt'UIIdt.qp:tnal Some dmbp 
mlirectiDn in die walcnbcd was a11o RICJ.IIi=l to haw a podiw water baJaDce ml to mdntain a wab:r ClCMr on 1'MA1. 

A COIUIIiluDii ofthD decomlillsil!q.Plan m Denioon, ml ilr olbDr 1MAs at ElliDt I..ab, - thD ID1bw-~ llllliilminB 
plan 1hat CODiiltcd ofdn111im ofsurwilllmce. n.e jrixled a llll9' of~.U. &mnthD lilolpJD oftba dup 
Eilily 1D 1hD ~ WlltlilnbDd 1hat rec:eMs Wll1m' fimnDIDIIl ofthD 1MAs. 

Water~ Before ADCIAfter 

.N:iW oondjljn llld developed illbe beached 1ailillfll ill T.MAI ml 'IMA2. 'Ibe acil oondjljn w= obse:Md illbe 
e1llucDt flomthe Deaon ldv· Mo~ clc11ilccl iln e•'f.l!'" om at o1he:r EliDt Lab '1MA& riiKnved 1hat 1be ald>w 1dlg8 
po~ 'lft1m wae COlliW4'c~ bypH'Yibt leu dllll3 wihelmli:Clsui.Plate ml ack)iy, hmadolber 
mcta1a (DIRowky et al, I98S). Jnfoc.piDccl1aiJil&s, die acm: BlDea wm pmJ~y limitecl to die top n mms of 
lailiDas whie ill coancr ad wel-diUiccllailiDas acil~D~~CS had developed to depths of 1Om. At :JJc11isoD, abolt 1. 7Mm3 
offbllDIDStaciW tailiJp il 'IMA2 'Miftl reb:amd cbDlgdllromuissbqv.ihaboutSO% ltd to~ 
wo~ ml SO% to TMAI. DuriJB reb:atioD, limll was added to tba aeili: lailiDas 1D mille thD pR 

TbD aciiily IDads paated il tba 'IMAs c:an be ea1imattd &mn tba qllll6s oflimll ml/or IIOdimll)dmDitllatld ill tbD 
IJallm&mtpllllD 1hat DCBM nmDlfml JJeeJ111F &mnthD ~ Pmr lD :fbxlilg TMAl, t)pi:allim ~was 
on lbc mder of 4,000 tomes ofCaO per )a!' (Figure 3a). I..inc CO!BIIIq)tion clceliocd cban 'i ally ~b: 
clccon .. e.m..mgpmceu bydne onlml ofnaPxJe (99.9%}. Sidalyill TMA2, IIDC!iumh)odroD!c ~ 
pri)rbJ dCI'IIII!!NkmilgWIIIJ ODibe OrclcrbJ 1.51/8, whi:hdMJjrwlbJ .iiC:I.'O postdeCGIIII*"irilg~ 3b). 

a) Lime and Sodimll Hydroxide Consumption at ThL<\1 b) Sodium Hydroxide Consumption at ThL<\2 

10000 35 

30 

0.0 1 I I II I 
0 

.. I 
Year Year 

Walm' qualily ofthD Dbna to tbD walm' IJaltmclll pllll:treflllc:b tbD c6ctll of flooding 1D 101111!lllldld u sbown& 
IIIII.Phlltl!, ~ ml i'oDC0Dt41•4nttious inFigun! 4. Ant-miii:td&:olhat 'Miftl e1DYamd pmrto fillodqexlibidtlcnues 
111m' fiDodiJg. TbD diflk.,....,• do DOt~ u chiiilillli; u dmoe & 1m.! IIStl, primllrily bcauBe thD ~ oftba 
1Biliujp baainwta waaakrecl byio..llilu.lim:: addiOOnpD!rto n:potliqslD b: lmltmclllpl&iL Pmt oflbc CM:Illlmmin 
py1'ilrl oU!atDl at T.MAI ill exbi)icd by 1he ClODiiCDlidi:ai of&u\'l!ab: illbe 11aled wa1cr, ullbown ilF'¥ft 5, dlat 
wm ~ill lbc I,SOO to 2,000 q'L l'Bilgl/l prilrto clecommissblilg IIIIi clceliocd to the 20 to 100 fl{/L raagr:: a.kr 
flooding 'Ibe bwl:r ~ ofiiiii.Pha!c ~~e ~to pmrilt & aa.Clllmled pc:riad becae oflhe p~ of 
gwsum(CaS04 • 21120) illbe ldlg81bat dil&olwe ml ~'bl!et ~hate to po~ 'ftll::r. ~. ~hate illbe 
po~ 'ft1l::r 8 releued to die o~ Will:!' u a JaUk of diiiDsimat die 'Wili:JI.lailiDas ~ Jn die tlliqa at die 
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with available calciwn 

The elfucts of deconmissioning are also observed in tlle Serpent River, irl:Jrediarely downstream of the Denison efHuent 
dmcharge as shown in Figure 6. While 1be pH values have become more consistently in the range of6.5 to 7.5, the 
sulphare, acidity and iron concentrations have all declined to low levels. For eJ<llllllle, prior to 1994, sulphare 
concentrations as high as 1,000 liilifL were connmnlymeasured in 1be river while the average value from2010 to 2011 is 
less than20 liilifL. 

Quirke Lake is the largest warer body irmnediarely downstream of the Denison 1MAs in 1be Serpent River chain oflakes 
with a volum: of803.0Mm3 and an amrual average outflow of183Mm3/a. Quirke Lake also receives treared eflluent 
from the other 1MAs 1hat were also deconmissioned and flooded at about 1be sarre time as 1be Denison lMAs. In tlle 
1960s, Quirke Lake had pH values near 4 as a resuh of early milling practices 1hat did not incWe COIIlllete neutralization 
of mill process warer prior to tailings discharge. N eutrali2ation of tailings was implemented in tlle 1970s and tlle pH in 
Quirke Lake increased. The warer quality at 1be outlet of Quirke Lake from 1be !are 1980s to 2011 is s111Illi11riz.ed in 
Figure 7. The pH was typically in the range of5 to 6 in 1be early 1990s and has since increased to values consistently near 
7. The concentrations ofsulphare have declined fromabout200 liilifL in 1991 to less than 50 liilifL in2011. Similarly, 
concentrations of acidity and iron have declined since decOIIllllilsioning of1be Denison and other upstream lMAs. 

Figure 4: Water QuaHty in the Influent to the TMAl Treatment Plant 
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'Ibc 'UI'aJiiummiJet ill Elliot Lake '\'I'm clcYclopeclllld openlie4 0\V decacle8 at a time w1a cam iiiiOCt'l el'ic1ll fioom 
sul,phicle oxidatioD 8lld acil....,m.'l on water q\dywa-e mt cleadywde•siOOd. PlatmiDg lbr cJ.eronmiuioums mi. 
miliptiDn of acil sa*' a! i iii wu tbl:reilre only c:omidtred ill the b ~~tap of operaliDD, prklr to lllilll cb!IIR. nurm, 
clasum pJami!& m\'hilo oxilalmn and ailiDp aciclifcatim wse mc:oguillld. as tim JDDSt iqxalad iD.tbmes on:liilln 
WBim' qualily ml.aaibgi:alhDdhofb walmlh!cl. 'Ihl ill.tllsia4••i iii ofc6ctiwl nilitptiw llllategias m ~ 
aciltf51Elalk1s1Biql IJIOCh-d ucell!mt re81lb mWIIlllr q1111ty ~at lhD iDdivilual TMAs 11111. illtbD 
wa1msbecl, cmnll. 'Ihl cue studyoftbD DlmiKm 1MA mi. esub :IDr o1bDr :lbxled 'IMAa ill hi SlllpCI!t RMr 
WaleDbr::d n::pRICd cm:clbt Clllllqlb oflbe ~iliy ofCillli"'"'·'~aJ c:Jl:e111 ium~ upcaadillii tat were mt 
iDiliBily d........, to~ acil ~IL 'J'bc \" @iii~IIM d by :Dem!onMiJe81D;, ml olh% ~ maWm mill:; 
operalm& at Blliati.ab lias cleadyclemoiiSirall:d 1hathileari: lllillls D.led mt rep!t8CIIt a :DCglltive e1111iro"'"'4aJ ksacy 
J)r fidure p:ntiDIIa. 

Refen~~na 

BU, R.D (1981). ~pochenislry of an IDactiw P)riic UmDilm TaiiDaiJ Buill, Nord.C MiD.c, Eliot Lake, 
OlilllriD M.Sc. 111DsB, Dllpulmmit ofEarth Sciu:es, UoiwlniyofWalmloo, WatmiDo, ON, CIIIIBIIa. 

rummky, N.M., I .A. Chmy, and E. J Rlmdon (1984). Geochmoi:al.Evolulion ofiDB.ciMI P)riic 'fllii9 ill tim 
BlliDtl..ab 'Unali.JmDilttEt. ~ofEarthSciu:el, 'UIMJDyofWalmiDo, Wlltllrbo, ON Cmtd• 

L>dpe, L, Mcmell, R., KDapp, R.A. ml Kam, S.N. (1997). Dtw1111liooWilillg ofllaiiaonMD:e ~ 
Menerm.Areas. ProeeediJal oflhe FOUithlrAm•!O""'Cod:tCDOO on .Mil Roek ~ Volm: :rr. pp. 
917-933, May 13-J~~~~: 6, 1997, V8IICOIM:I', Bdilh Cobrbia. 

MoDU, D. 1111! M. Telie:r (1978). ltadbbgjcal ~~~~ oflllAbllllloDCd Uranim Taiqs Ala. I. Ea.vi'. 
Qual., 7(3). 

To.p ofthie peae 

kmiller
Text Box

kmiller
Text Box
Figure 7: Water Quality in Quirke Lake Outflow



7. East Sullivan mine site- Organic Covers 

A mixture of organi: material<; (sawdll'<t and sewage shldge) was emplaced into a mine spoil bacldill to stitmlate microbial 
growth and generate an arnxic enviroiDn:Dt through sulphate reduction (Rose et al, 1996). The results ofilie organic 
matter iqjection process call'<ed no change in water pH, about a 20% decrease in acidity and a similar decrease in Fe, 
Mn, and AI The results indicate tbet 1be process works, but improvemmts in organic material iqjection and 1be 
establhllment of a reliable saturated :rone in 1be bacldill are needed fur maximum development. 

The mture ofilie organic materialll'<ed to preveut 1be oxidation of sulfidic mine tailings is varied. Forestry wastes have 
been laid down since 1984 at the East Sullivan mine site in north-western Quebec (Germain et al, 2003). 

The wood waste cover on 1be East Sullivan mine tailings serves several fimctions. The cover is considered to act as a 
prevention =thod fur poteutial ARD production. The organic matter conswnes oxygen and tberefure acts as an oxygen 
barrier. The wood waste also proiiDtes higher infihrationrates and tberefure maiomins a higher water table in 1be tailings 
than would occur without 1be cover. The higher water table is considered to be protective of the reactive tailings if oxygen 
does migrate through 1be cover. In addition, the cover has bad a role in water treatment. Water collected in perirmter 
ponds is pwnped onto 1be wood waste cover with 1be inteut of reiiDving soluble sulphide oxidation products, such as iron 
and other rnetak, and to neutra&ze 1be water with alkalinity produced by decomposition ofilie organic matter (Germain, et 
al, 2010). 

A field-scale experitneut was conducted at 1be Greens Creek Mine on Admiralty Island, JUDeau, Alaska, USA to evaluate 
various organic camon sources (peat, speut-brewing grain, mmicipal biosolids) as amendmmts fur passive treatnlmt of 
tailings in pore water (Lindsay et al, 2011 ). The field experitneut proved tbet the teclmijue can elfuctively limit 1be 
transport of sulphide mineral oxidation products in mine tailings irq>omdments. The experitneut reported tbet the 
amendmmts containing a large proportion oflabile organic carbon CO!llJOunds should be used sparingly, as rapid 
developliXlu! of reducing conditions can lead to enhanced IIDbili2ation of iron and associated trace eleJnlu!s. 
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8. Benambra Mine Site - Alkaline Covers 

Rehabilitation and Post-Closure Monitoring and Performance at the Benambra Base Metal Mine Site io 
Australia 

A Closure and Rehabilitation case stody prepared by Earth Systeros Pty. Ltd. 

Site history 
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The Benanilra Mine Site in south-eas1ernAustralia was operated as an underground base tretalmine from 1992 to 
1996. During operations, 927,000 tonnes of ore was processed on site to produce copper and zinc concentrate, and 
nearly 700,000 tonnes of sulfidic tailings from the process plant was delivered by pipeline to a neruby tailings dam The 
tailings are dominated by pyrite (65 wt %), with lesser amounts of quartz (13 wt %) sphalerite (1-8 wt.%), dolomite (4-5 
wt %) and chalcopyrite (1-2 wt %). 

The mining colll'any was liquidated in 1996 and the site is now managed by the state government ofVictoria, Australia. 
A detailed rehabilitation strategy was developed fur 1be tailings dam, process plant site, geological core storage :facility 
and road network. The rehabilitation strategy aimed to restore 1be environment to as near pre-mining conditions as 
possible, in accordance with industry best practice and stakeholder, community and legislative requitemeots. The key 
environmental risk was tbe potential fur ARD generation from 1be tailings dam (Earth Systems, 2003) which is therefure 
the fucus of1his case stody. 

Description 

The tailings dam was engineered as a competent water-retaining structure. Pmr to rehabilitation, the dam contained about 
160 ML of superoataut water, with near-neutral pH and elevated concentrations of dissolved tre1als (zinc, arsenic, 
copper, lead, and manganese) and sulfilte. Due to the irregular batbymetry of the tailings surfuce, the superoataut water 
depth varied from 0 to 8 m POOr to rehabilitation, 1be superoataut water was treated with hydrated lime (calcium 
hydroxide; Ca(OH)2) on several occasions as required to achieve suitable water quality fur off site discharge. The 
residual metal hydroxide precipitates aming from these treatmeut activities remained in tbe tailings dam but progressively 
beg1111 to dissolve, with acidic catchmeut inputs releasing tre1als back into the water cohnm, over subsequent months after 
treatment. Seepage from the dam wall, flowing at around I Us, was also aJfucted by ARD. This water was characterised 
by slightly acidic pH, elevated zinc, maog1111ese, copper, lead and arsenic, and high sulfute concentrations. The source of 
this ARD was attributed to the presence of sulfidic rocks in 1be dam wall rather than the tailings. This is based on the 
water chemistry and low flow rates observed, and elfuctively satorated condition oftbe tailings. 

Rehabilitation 

The primary objective of site rehabilitation was to manage ARD in the tailings dam by creating a permanent water cover 
over the tailings, with a mininrum 2 m depth, and utilising passive treatmeut systems fur long-term water quality coutro~ as 
fullows: 

• Diversion channels 
around the tailings dam 
were removed and 
origioal creek aligommts 
were reinstated in the 
upstream catchment, to 
direct water back into the 
tailings dam to maintain 
the permaneut water 
cover. 

• A spillway was 
constructed to allow 
coutrolled overflow and 
ensure long term stability 
oftbe dam wall Long 
term climate and water 
balance modelling was 
conducted to determine 
the required spillway 
elevation to maintain the 

Plate 1. Aerial view of the Benambra tailings dam at completion 
of rehabilitation worl<s. 
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Plate 2. View of the vertical upflow anaerobic wetland that
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encouraged water birds to the dam Faeces from water birds is introducing new organic matter and 
phosphorus to the system, which is furtlrer encouraging sulfute reducing bacterial activity and probably Inetal 
phosphate precipitation, ultimately improving water quality. 

• Continued vegetation growth arotmd the dam peritneter will promote a self, sustaining biological reJIIldiation 
system within the dam (via passive carbon addition) and ensure long-term passive water trea1Jnent tllrongh 
natural biological processes. 

• The anaerobic wetland and downstream oxidation processes are conilining to effi:ctively treat ARD 
seepage from the dam waD. 
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