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Disclaimer 

From GARDGuide 

Disclaimer and Restrictions on Use 

The content of the GARD Guide ™ is not intended to be guidance or authority to any person or 
entity specific to any project of any natw"e. Any individuals or entities associated with this report 
disclaim any responsibility or liability to any person or entity that may use any portion or aspect of 
this report fur their specific needs. Each individual or entity interested in any aspect of this report 
is encouraged to seek out the guidance of a professional engineer or other qualified professional 
consultant fur assistance with respect to their individual and specific circ\IDlStances. None of the 
infurmation contained herein should be relied on in preparation or assessment of any infurmation 
by any person or entity. Should any person or entity decide to utilize the infurmation in this report 
fur any purposes, they do so at their own risk and consequence. The report is strictly intended to 
be a cuhnination of effurts of the authors regarding research and interpretation thereot; and is not 
directly applicable to any one circ\IDlStance or condition 

Terms and Conditions of Use 

Access to and use ofiNAP's GARD Guide™ web pages, image files and data are subject to 
the fullowing terms and conditions: 

Infurmation from the INAP's GARD Guide™ web site is made available on the internet fur non
commercial, personal use. Connnercial publication, exploitation, or use ofiNAP's GARD 

Guide™ web site on personal or commercial web sites, CD-ROM, or bulletin board systems 
(BBS) is specifically prohibited. 

Subject to the disclaimer and restrictions on use described above, extracts from this publication 
may be reproduced fur non-commercial purposes without pennission, provided full 
acknowledgment is given as fullows: 

The International Network fur Acid Prevention (INAP), 2009. Global Acid Rock Drainage 
Guide (GARD Guide).http://www.gardguide.com'. 

Click Here to Leave a Comment 
Retrieved from ''bt1p:!/www.gardguide.com'index.php?title=Disclaimer" 
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Executive Summary 

Introduction 

The Global Acid Rock Drainage (GARD) Guide addresses 1he prediction, prevention, and managerrent of drainage produced from 
sulfide mineral oxidation, often term:d "acid rock drainage" (ARD), ''acid mine drainage" or "acid and me1llllifurous drainage" (AMD), 
"mining inlluenced watei'' (MIW), "saline drainage" (SD), and "neulral mine drainage" (NMD). 

'Ihi! Executive SUIII!IIIlY fulbws 1he general s1ructure oftbe full GARD Guide, a state-of.practi:e SUimlll}' oftbe best practices and 
technologies, developed under 1he auspices oftbe International Network fur Acid Prevention (!NAP) to assist ARD stakeholders, such 
as mine operators, regulators, colll!IIlllil:ies, and consultants, wilh addressing issues related to sulfide mineral oxidation. Readers are 
encouraged to make use ofthe GARD Guide and its refurences fur furlher detail on 1he subjects covered in 1his Executive Sumnary. 
The GARD Guide was prepared wilh the input and assistance of many individuals and organizations, and their contributions are 
gratefully acknowledged 

Acid rock drainage is furm:d by 1he natural oxidation of sulfide minerals when exposed to air and water. Activities that involve 1he 
excavation of rock wilh sulfide minerals, such as lDllal and coal mining, accelerate 1he process. The drainage produced from the 
oxidation process may be neulral to acili:, wilh or without dissolved hesvy metals, but alwsys contains sullate. ARD resuhs from a 
series of reactions and stages that typically proceed from near neulral to more acili: pH conditions. When sufficient base minerals are 
present to neutralUe 1he ARD, neulral mine drainage or aaline drsinage may resuh from the oxidation process. NMD is charscterized 
by elevated m:tals in solution at circwmeutral pH, while SD contains high levels ofsullate at neulral pH wilhout significaut dissolved 
!nltai concentrations. Figure I presents 1he variom types of drainage in a schematic manner. 

F1gnre 1: Types ofDralnage Prodw!ed by Sulphide Oxidation 
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Typical relation to drainage pH: 

Saline Drainage 
-----
•••. !"eutral Mine Drainage 

Acid Rock Drainage --·-.. -.. 

pH I I I I I I I I I 
2 3 4 5 6 7 8 9 10 

Typical drainage characteristics: 

Acid Roc.k Ctainage: Neutral Mne Cfain~e: Saline Cfain~e: 

• aci<k pH · near neulrai!O alkaline pH • newal to atk<!r~e pH 
• modetateto elevf!ed · IOwtomoderatemetals. · low metals May have 
mete$ May have elevated zinc. moderate iron. 
· elevated sulphate cadmium. manganese. · moderate sulphate. 
• treat for acid neutre!izeticn antimony. arseniC or maglesiumandca!cium 
and metal and sulphate selenium. · treat fet sutP,tXe and 
removal • lOw to moderate sulphate SQ'lleti'nes metal removal 

• trea tor meta' and 
sometimes sulphate r&moval 

S1Dppmg ARD 1b• •••ti •n, cmee midecl, lillY be clwllrmging bec:aullc i il a process that, iflllilpeded, will comiiJe (mlllll)' 
accebate) Uld oue or IDJie ofdle reutaD (IIUifide niDerala, OJtYFD. Wlller) ill Cllbalnd or elleblec:lliomree.ctioa. The ARD 
~proceas Clllcomiue to produce iqleclecl clrailla~ 1br clecada or camiea der ~has ceued, such aa illuatrall:d by 
til poztaldaqmnn dle BDmiD miD SpeiD (Fi&uze 2). 

Flpni2: RODIIDPoltalllldiAdd:RockD~e -Spm 

Tbe costofARDJ:'eiD)OIRti!Jlat O!pbmedllliaes iii.NorlhAmmcaaloDe bu bec:nellii!Ddhdle as ofbilliam o!U.S. dolllll. 
hldiYilualmilca Clll1ice poll-cloture lillbi!D:a of liD to~ ofmliDndolm 1br ARD nm:didilm mlllea1ml:llt ifdle ll1llfide 
oDIItimproceu il mtprop~Zl)'1DI!!I!Ip duriagihcniDe'alif:. 
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Figure 1: Types of Drainage Produced by Sulphide Oxidation



Proper mille dlavte• imlcn, draillp-qa&ypredCiioD, mlllliD>W1B11C ,.......,. C8ll ~ ARD &a••ecioo iDmoet cuea, ml 
millilille: AliD mm:Biim il a1 cuea. Fmaiim ofARD 111111t COllliD:III:e at explomlilnml comille ~the mille-~ cytlc. 
~AliDplillllqml ~is crilicalto 1bc S'r»..thlp~ofARD. 

Mu,ymillea dmt prodwe ARD'becaule of& ill'llicmlt~l~a of!lallli2illgwaall:s or wry arid climalio 
COlldDIDB. JD.addanl, lllil:l dlatlllw ~Jrm:n!r.d 'ftD.iruDdccl p~cdllllllllld, 'Wbi:R RqUied, ~:llaSIIICII ml 
IIID!dorq pmgmma, llhou'kl allo be able to awid •igniflcnt ARD illlna. 

A co~ approach to AliD mnpxmtrcduce8111c CllYirollllll::lllallilkiJ aad 11\bacquem co8111Drtbc miail!g illdualry aDd 
gow.lllii:ID, teclucel acM:nc cmriM•ne~!Cal iqlecl8, ml proliiO!rs publtwpport ilr ~The c:DD lll!d padi:ullr eliem:m of 
1he AliD !l'ft!!8£l'!l" approach dlat llbouki be iD:p~ at a ~ular operalim wll Wily baled onmmy Ue-apeei&o ~ mt 
lil:lml to 1he project's potcdil1 to JPDlde ARD. 

Top oflml pas~~ 

Formadon of Aefd Roek DraiDage 

'Ibll process of1161e oxidatim lll!d &.uetiJnofARD, NMD, ml SDil WJY~mlilwlws alllD)i!nd" ofc:hmEalml 
lmJop:al pmc:es-tiBt can "WI)'·~ cltpmdiog on envirollllli!III3J, ,seoJop:almt c:fmlte rmx!Dn. (Nords1rmnml Alpms. 
1999). S161D mil.ak ilom depotb 11111 ilon&!cl Ullderteelu:iogc:ondDnw iD!bD ab~~mEG ofOX)'pll. Whm~Sl~JX~Ud to lllllllsplllllic 
oxypnor~ WliiiD dmtomiliJ& mbnlpmt"'N'in& -=avmiD, oro!bDrea:tlbtw~pm~ llll&le1limnlll c:an 
becmm llllllabJI! 1111 oxitim. Fp 3 p:aaD a ainp!W lll:ldeldr:aciilic lbe oxilatim ofp)'lh, whrh is the llllfide 1liDeml 
respoi18111D ilr JbD llllp -Jody ofARD (Stlmnml MOIIJIID, 1981). 'Ibii!MC~ims sbownare """"'nati: lll!d Jill)' DOt~ !bD 
CliiCt mcchatJRDJ.Int tbc ilbslralim is a UIC&d vilual aid mr~ wlfile oxilalim. 

J.I'Jc1n 3: Modelllrtlle Ozldldfoa ofl'y6 (StammandMcnpn, 1981). F Fo(ll) ' s,> 1' o, 

FeS2 (s) + 0 2 [t! ) SO/· + Fe (II)+ W 

Fe(l ll) ::; Fe(OH)3 (s) + W 
[4) 

'Ibll chmoWmacmn~l')de oxidation (mictiDn [1]) l"''.un. 11ne baaic qpdim:p)fte, 01)111!111, m1 "Wil1m'. Thill 
reac!ilnc:anoc:c. bolh~orbil*ally(ie., mediated tbrovibllli::roo!puism). JD.!bD 1111!er cuo, baeteria N:has 
AcJdlth/obaclllua.{erroo%ltllllu, whi:hcleriw'birm:taboi: eneq.yfi-omoxilizlilgbws to &:tri: i-on, canaecell:mtethe oxidation 
raclim181C bymmyordcrs ofnwpx!erelatiYeto abiotk: rms (Ncmlstrom, 2003). Jnaddiimto ctnctoxilaticm, pyrile c:analso 
be dissoMd ml !bc:n Ollilillcd (reedioD [la]). 

UDder lbe majo!iy of~ almoapbe.rlc oxygen ac11 as lbe oxilaDt. Ho~. aqiiCOII5 &:tri: RD can oxidille pyrile as well 
accon&lg to ftliCiim (.2]. 1b8 ftltdioD is cc.aiderably fam- (210 3 onlem ofnwpnde) tban die ftltdioD wkh Oll)FI. ml ~ 
~IIIDI\l aci&ypermole ofp)fte axidbled.lfo'\ftvcr, 1bil rac1ilnil fmill:d to COlllli:ima il.whi:hs--81111111111 of 
dillloMcli:ai: DlDOCCIK (ie.,II.Ci& rondP..·pH4.5 and bwer). Olli!mlnofi:lmua ioDby~(mldim [3)) il~ 1D 
FDI::I8fe 81111 1:\lPbiah ilri: m, ml acidic ~ 11\l ~ mr lbe latter to ftmlililaolBm ml ~ iD the ARD 
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producti>n process. As indicated by this reacti>n, oxygen is needed to generate furric iron from furrous iron. Al<io, the bacteria that 
may cataly7e this reactDn (prinmily menilers oftbe Acidithiobacillus genus) demand oxygen fur aerobic ceDular respiratDn. 
Therefure, som: nominal amrunt of oxygen is needed fur this process to be efli:ctive even wlx:n eataly7ed by bacteria, allhough tbe 
oxygen requirement is cOil'!iderably less than fur abiotic oxidati>n. 

A process of environnJmlal impoltmce related to ARD generati>n perlains to tbe mte of furrous iron resulting fromreacti>n [I]. 
Ferrous iron can be removed from solution under sligbtly acidic to alkaline condil:iom through oxidati>n and subsequent hydrolysis and 
the furmati>nofa relativelyin<oluble iron(hydr)oxide (reacti>n [4]). Wbenreacticm [I] and [4] are combined, as is generallytbe case 
wlx:n conditions are not acidic (ie., pH> 4.5), oxidatDn of pyrite produces twice tbe ammnt ofacilityrelative to reactDn [I] as 
fullows: 

wltich is tbe overall reacti>n most connronly used to describe pyrite oxidati>n. 

Allhough pyrite is by 1ilr 1he dominant sulfide reapOil'!ible fur tbe generation of acility, difli:rent ore deposits contain difli:rent types of 
sulfide mineral!. Not all of tbese sulfide minerals generate acility wlx:n being oxidi2Jed. As a general role, iron sulfides (pyrite, marcasite, 
pyrrhotite), sulfides with molar me1al'sulfur ratios< I, and sulliJsalts (e.g., enargite) generate acid when tbeyreact with oxygen and 
water. Sulfides withme1al'sulfur moos~ I (e.g., sphalerite, galena, chalcopyrite) tend not to produce acility wlx:n oxygen is the 
oxidant. However, wlx:n aqueous furric iron is 1he oxidant, all sulfides are capable of generating aci!ity. Therefure, tbe acid generati>n 
potentisl of an ore deposit or mine waste generally depends on 1he amount of iron sulfide preaent. 

N euiillli2atDn reacticm ai.o play a key role in detennining the coJlFositional characteristics of dmin<ge originating from sulfide 
oxidation. As fur sulfide mineral!, 1he reactivity, and accordingly 1he efli:ctiveness with which neutralizing minerals are able to bufli:r any 
acid being generated, can vary widely. Most carbonate mineral! are capable of dissolving mpidly, making them efli:ctive acid 
consumers. However, hydrolysis of dissolved Fe or Mn fullowing dissolution of their respective carbonates and subsequent 
~itati>n of a secondary minem1 may generate acility. Akhough generally more coiiiiiDn than carbonate phases, aluminosilicate 
minerals tend to be less reactive, and tbeir bufli:ring may only succeed in stabilizing the pH wlx:n rather acidic condil:iom have been 
achieved. Cakium-rnagnesium silicates have been known to buffi:r mine eflluents at neutral pH when sulfide oxidatDn mtes were very 
low (JIIllDor, 2003). 

The conbinati>n of acid generati>n and acid neuiillli2atDn reacti>ns typically leads to a step-wise development of ARD (Figure 4). 
Over tim:, pH decreases along a series of pH plateaus govemed by the bufli:ring of a range ofmineml assenblages. The lag tim: to 
acid generati>n is a very important considerati>n in ARD prevention. It is 1ilr more efli:ctive (and generally 1ilr less costly in 1he long 
term) to control ARD generatDn during ils early stages. The lag tim: also has significant mmilicatDns fur intetpretati>n of test results. 
Because 1he fust stage of ARD generati>n may last fur a very long tim:, even fur material<! that will eventnally be higbly acid generating, 
it is critical to recognizlltbe stage of oxidatDn when predicting ARD potential The early results of geochemical testing, tberefure, may 
not be representative oflong-tenn environnJmlal stability and associated discharge qnality. However early test results provide valuable 
data to assess future conditions such as coiiSIJillllion rates of available neuttalizing minerals. 

A comoon corollary of sulfide oxidati>n is metal leaching (ML), leading to the frequent use of the acronyrm "ARD/ML" or ''MUARIY' 
to more accmately deseribe 1he nature of acidic mine discharges. Major and tmce metals in ARD, NMD, and SD originate from tbe 
oxidizing sulfides and dissolving acid-cOil'!uming minerals. In 1he case of ARD, Fe and AI are usnally tbe principal major dissolved 
metals, while tmce metals such as Cu, Ph, Zn, Cd, Mn, Co, and Ni can ai.o achieve elevated concentrati>ns. In mine discharges with a 
more circumneutral character, tmce metal concentratDm tend to be lower due to furmati>n of secondary minem1 phases and increased 
sorptDn. However, certain parameters remain in solution as tbe pH increases, in particular 1he metalloids As, Se, and Sb as wen as 
other tmce metals (e.g., Cd, Cr, Mn, Mo, and Zn). 

Figure 4: Stages in the Formation of ARD (INAP, 2009) 
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R£ACTIOH51N STAGES I AND II 

FeS2 + 7/ 20 2 + H20 ~ Fe-2•+2.50,.2' + 2H" (1] 
9 ,-----------------------------------~ Fe2•+ 1/ 40 2 + H"f;: Fe1• + 1/ 2H20 [3] 

Fe'' + 1/ 40,+ '/1H10 .. Fe(OH), + 2H' (4( 
s r-----~~~===========-~----~~~~~~~~--~---

~ pH Plateaus Result ing From Minerals 
Buffering at Various pH Values 

~=============i>:;--------- REACTIONS IN STAGE Ill 
Lag Time fe2•+ 1/402 + H"f:;: fe-l• + l/2H20 [3) 

FeS~ + 14fel•+ 802 f::; 15Fe2• + 2SOl' + 16H" [2) 

0 ~----------------------~----------------------------------------------
Time 

Top oftbil pqe 

Framework ibr Ac:ld Roek DraiDage Management 

'Ib:: illlr1a aDd~ to ARD pml:lllim miliiiDif:ICJIICJit ~ lbe 8IDIC emlllllllbe 'WOl:1L llowewt, die apeci& 1l:clmiques 1IIICcl 
ilr ARD p~ .iie&prdation ofARD t.eatreaulls, 8lld AltD nwnaiF"""¢ mayctili:r ~on die IDeal, Rgkal or co1llllry 
com= 81111 11ft: adapted to clillde, ~. 8lld o• silc collldii)JI8, 

'l'l:l=ilre, deSJ*Ibe gbballlillilldiea ofARD ilaue8, 1hcle ill 110 ''oDe 8iie :Ill d" approach to addre8a ARD rDIIJIIfPIJiell 'l'be 
aeuq of each mile ill \llkpJc mi requiea a ICIIIridly CODii1ered 1M • i( to flld a~ lllra&egywtil die~ 
corporllle, re~ 111111 c01Dlii4.7 .larar::wwk 1hat SJ'Il)lies to lbe project i1. que11im. 'l'be dc-apecili: lleUilg ~die socaJ, 
-.wiJi: 81111 Clbillli!QAI RadiJn wti1 wl!ilh th; 'IIiDc iiiDcalcd, whilt lbe :lilmJ:wOik ~ th; applicabklllUlpOJB!t;, 
reguiJtmy IIODIIII 81111 !laDdarda 8lld (llli!Didy ~ 'Rq11in:m:Db11D11 ~. 'Ihil &arar::wmk applies owr 1Jr.: ampkl!e Iii: 
C)d: oflbe mil: 81111 il ilbitmtcd l:liD:qAually in FigureS. 
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Figure 5: Conceptual ARD Management Framework (INAP, 2009)
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Figure 7: ARD Characterization Program for Individual Source Materials by Mine Phase (INAP, 2009)



wide array of the reactions involved and potentially very long tiJm periods over whi:h these reacti>ns take place. Despite these 
uncertainties, qwmitative predictDns 1hat have been devehped using realistic asSIJDlltDns (while recogni-zing associated limitati>ns) 
have prown to be of significant value fur identificati>n of ARD managem:nt opti>ns and assessm:nt of potential envirolllii:lllal irqlac1s. 

Predi:tion of mine water quality generally is based on one ofnme of the rolhwing: 

• Test leachability of waste IIBterials in the laboratoty 
• Test leachability of waste IIBterials lDier field conditiom 
• Geological, hydrological, chemical and mineralogical characteri2ati>n of waste IIBterials 
• Geocbemical and other lllldeling 

Analog operating or historic sites are also valuable in ARD predicti>n, especially those 1hat have been tborougbly cbanu:teri2ed and 
mmitored. The devehpment ofgeo-envirolllii:llllllldels is one of the llllre prominent examples of the ''anahg"metbodology. Geo
envirolllii:lllliDdels, which are constructs 1hat inteipret the envirolllii:lll characterisb:s of an ore deposit in a geologic con1ext, 
provide a very useful way to inteipret and Slllllll!ll"i2e the envirolllii:lllal signstures of mining and mineral deposits in a systematic 
geologic con1ext, and can be applied to anb:ipate potential envirolllii:lllal problerm at future mines, operating mines and orphan sites 
(Plumlee et al, 1999). A generic overall approach fur ARD predicti>n is illustrated in Figure 8. 

Figure 8: Gene lie Overview of ARD Prediction Approach (INAP, 2009) 
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Top of1his page 

Prevention and Mitigation 

The fundam:n1al principle of ARD prevention is to apply a planning and design process to prevent, inhibit, re1ard or stop the 
hydrological, chemical, physical, or microbi>logical processes that result in the impacts to water resources. Prevention sboukl occur at, 
or as close to, the point where the deteriorati>n in water quality originates (ie. source reducti>n), or 1hrougb implemmlati>n of 
measores to prevent or retard the transport of the ARD to the water resource (i.e. recycling, 1rea1ment and/or secore disPosal). This 
principle is universally appli:able, but llll1hods ofimplernentati>n are site specific. 

Preventi>n is a proactive strategy that obviares the need fur the reactive approach to mitigati>n. For an existing case of ARD that is 
adversely impacting the environment, mitigati>n will usually be the initial course of acti>n. Despite 1his initial acti>n, subsequent 
preventive measures are often considered wiili the objective of reducing future contaminant loadings, and tlrus reducing the ongoing 
need fur mitigati>n cODirol<i. lntegrati>n of the preventi>n and mitigati>n ef!Drt into the mine operati>n is a key elem:nt fur successful 
ARD mmagemmt. 

Pri>r to identificati>n of evaluati>n of prevention and mitigati>n m:asures, the strategic objectives mJSt be identified. That process 
sboukl consider assessm:nt of the fullowing: 

• Quantifiable risks to ecological systems, lnnnan heal1h, and other receptors 
• Site specific discharge water quality criteria 
• Capital, operating and rnsintenance costs ofmiligati>n or preventative measores 
• I.ogisfus oflong-term operati>ns and rnsintenance 
• Required longevity and anfuipated fuilure modes 

Typical objectives fur ARD cODirol are to satisfY enviromnmtal criteria using the most cost-etrective teclmijoe. Techoology selecti>n 
shcukl consider predicti>ns fur discharge water chemistry, advantages and disadvantages of1rea1ment opti>ns, risk to receptors, and 
the regulatory context related to mine discharges. 

A risk-based planning and design approach funns the basis fur prevention and mitigati>n. This approach is applied tbronghout the mine 
lifi: cycle, but primarily in the assessm:nt and design phases. The risk-based process aims to quantifY the long-term impacts of 
alternatives and to use 1his knowledge to select the opfun that has the most desirable combinati>n of attributes (e.g., protectiveness, 
regulatory acceptance, connnmily approval, cost). Miligati>n m:asures imp1ernentad as part of an etrective control strategy shoukl 
require minimal active intervention and managem:nt. 

Prevention is the key to avoid costly mitigati>n. The primacy objective is to apply llll1hods that minimi2l: sultide reacti>n rates, m:ta1 
leaching and the subsequent migrati>n of weathering products that result from sultide oxidati>n. Such methods involve: 

• Minimizing oxygen supply 
• Minimizing water infiltrati>n and leaching 
• Minimizing, removing or isolating sultide minerals 
• Controlling pore water solution pH 
• Controlling bacteria and bi>geocbemical processes 

Factors influencing selecti>n of the above llll1hods inchxle: 

• Geochemistry of source materials and the potential of source materials to produce ARD 
• Type and physical cbaracterisfus of the source, inchxling water flow and oxygen transport 
• Mire-development stage (more opti>ns are available at early stages) 
• Phase of oxidati>n (more opti>ns are available at early stages when pH is still near neutral and oxidati>n products have not 

significantly accU!IIliated) 
• Thn: peri>d fur which the control m:asure is required to be etrective 
• Site conditi>ns (ie., locati>n, topography and available mining voids, climate, geology, hydrology and hydrogeology, availabilicy 

of materials and vegetati>n) 
• Water quality criteria fur discharge 
• Risk acceptance by corupany and other stakehoklers 

More than one, or a conbinati>n ofm:asures, may be required to achieve the desired objective. Fignre 9 provides a generic overview 
of the most common ARD preventi>n and mitigati>n measores available doring the various stages of the mine-lifi: cycle. 
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Another objective of mine water treatm:nt il the protecfun ofbumm and ecological beallh in cases where people or ecological 
receptors may collll in contact wilh the in:pacted mine water tlrrough indirect or direct use. Mine drainsge may act as the 1ran<!port 
m:dium fur a nmge ofpo~, which may in:pact on-sire and off. sire water resouroes. Water treatm:nt would rem>ve tbe po~ 
contained in mine drainsge to prevent or mitigate envirolllllllllal in:pacts. 

In the large majority ofjurisdO:tiom, any discharge of mine drainsge to a public stream or aquifer IDISt be approved by tbe relevant 
regulatory aullmil:ies, while regulatory requirem:nts stipulate a certain mine water discharge quality or associated discharge pollutant 
loads. Although discharge quality standarda may not be available fur mmy developing mining colllllries, internationally acceptable 
envirolllllllll quality standarda generally still apply as stipulated by project financiers and col11'any corporate policies. The approach to 
selecfun of a mine drainsge treatm:nt method is prerniled on a thorough understanding of !be integrated mine water system and circuits 
and the specilic objective(s) to be achieved. The approach adopted fur mine drainsge treatm:nt will be influenced by a number of 
cons:ide:raOOm. 

Pri>r to selecting tbe treatm:nt process, a clear statement and understanding of !be objectives oftreatm:nt should be prepared. Mine 
drainsge treatm:ntiDISI always be evaluated and in:pleDJlnted wilhin the context ofthe integrated mine water system Treatm:nt will 
have an impact on tbe flow and quality profile in tbe water system; bence, a treatm:nt system il selected based on mine water flow, 
water quality, cost and uhimate water use(s). 

Characteri2ation of !be mine drainsge in terms of flow and chemical characteriltics should inchlde due consileration of temporal and 
seasonal changes. Flow data are especially in:portsnt as this infurmafun il required to properly slm any treatm:nt system Of particular 
importance are ex1rei!I: pn:c1>itafun and snow meh ewnts1hat require adequate smng of collection ponds and related piping and 
direbes. The key chemical properties of mine drainsge relate to acililylalkalinity, sullilte content, salinity, metal content, and the 
presence ofspecilic co111'ounds associated wilh specilic mining operations, such as cyanide, amronia, nilrate, arsenic, selenium, 
11Dlybdemm and racfunuclides. Tbere are also a llllllDer of mine drainsge constituents (fur tlXllliple, hardness, sulli!te, silica) which 
may not be of regulatory or envirolllllllll concern in alljurildictions, but 1hat could affuct the selecfun of the prefurred water treatm:nt 
technology. Handling and disposal oftreatm:nt plaut waste and residues such as sludges and brines and tbeir cbemical characteriltics 
DllSt also fuctor in any treatm:nt decilions. 

A mioo-drainsge treatm:nt fucility IDlSI have tbe llexibility to deal wilh increas~decreasing water flows, changing water qualities and 
regulatory requirements over tbe lire of mine. This may dictate phased in:pleDJlntation and !1Ddular design and construction. 
Additionally, the post-closure phase may place specilic comtraints on tbe continued operation and maintenance of a treatm:nt fucility. 

Practical consilerations related to mine-sire fi:atures 1hat will influence the construction, operation and maintenance of a mine-drainage
treatm:nt fucility are as fullows: 

• Mine layout and topography 
• Space 
• Climate 
• Sources of mine drainsge fueding the treatm:nt fucility 
• Location of treated water users 

A generic range of ARD treatm:nt allernatives is presented in Fignre I 0. 

Figure 10: Generic Overview of ARD Treatment Alternatives (lNAP, 2009) 
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Figure 10: Generic Overview of ARD Treatment Alternatives (INAP, 2009)
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throughout the lifu of a mine. The developmmt, ilqllemontation and assessmont of the ARD managemmt plan will typi:ally fullow the 
sequence of steps ilhEtrated in Figure 12. 

As shown in !hi! figure, the developmmt of an ARD managemmt plan s1arts with establislnn:nt of clear goal; and objectives. These 
might include the prevention of ARD or achEving corrpliance with specili: water quality criteria. This includes considerati>n of the 
biophysi:al setting, regulatory and legal registry, conmnmity and corporate requirements and financial considerations. Characterization 
and predi:tion program~ identifY the potential magnitude of the ARD issue and provide the basis fur the selection and design of 
appropriate ARD prevention and mitigation technologies. The design process includes an iterative series of steps in wbi:h ARD control 
technologies are assessed and then corrbined into a robust system ofmanagemmt and controls (ie., the ARD managemmt plan) fur 
the specili: site. The initial mine design may be used to develop the ARD managemmt plan needed fur an envirolllllmlal assessmmt 
(EA). The final design is moally developed in parallel with project p~ 

The ARD managemmt plan identifies the materisls and mine wastes that require special managemmt. Risk assessm:nt and 
managemmt are included in the plan to refine strategies and implemontation steps. To be elfuctive, the ARD managemmt plan llliiSt be 
fully integrated with the mine plan. Operational controls such as standard operating procedures (SOPs), key perful1IIUICe indi:ators 
(KPJs) and quality assurance/quality control (QA/QC) program~ are established to guide its implemontation. The ARD managemmt 
plan identifies roles, responsibilities and accountabilities fur mine operating staff Data managerrent, analysis and reporting schemes are 
included to track progress of the plan. 

In the next step, mmitoring is conducted to compare fiekl perful1IIUICe against the design goals and objectives ofthe managemmt plan. 
Assorrptions roade in the characterization and predi:tion program~ and design of the preventionfmitition rreasures are tested and 
revised or validated. "Learnings" from mmitoling and assessm:nt are evaluated and incorporated into the plan as part of collliouous 
improvem:nt Accountability fur implem:nting the managemmt plan is checked to ensure that those responsible are m:eting the 
requirements stipulated in the plan. Internal and external reviews or audits should be conducted to gauge perful1IIUICe ofpersonne~ 
managemmt systems, and techni:al COJlllonenls to provide additional perspectives on the ilqllemontation of the ARD managemmt 
plan. Review by site and coiporate managemmt of the entire plan is necessary to ensure the plan continues to adhere to site and 
coiporate poli:ies. Additional risk assessmmt and managemmt may be conducted at !hi! stage to assess the e1fucta of changing 
conditions or plan deviations. Finally, results are assessed against the goals. If the objectives are mot, perful1IIUICe assessmont and 
mmitoiing continues throughout the mine lifu with periodi: re-checks against the goals. If the objectives are not mot, then re-design and 
re-evaluation ofthe managemmt plan and perfui1IIUICe assessmmt and mmitoling systems fur ARD preventionfmitition are required. 
This additional eflint might also require further characterization and ARD predi:tion. 

The process described in Figure 12 results in continuous ilqlrovemmt of the ARD managemmt plan and its implemontation, and 
accOllliDJdates possible ~mdifications in the mine plan. If the initialARD managemmt plan is robus~ it can be Jmre readily adapted to 
mine plan changes. 

IJllllem:nting the ARD managemmt plan relies on a hierarchy ofmanagemmt tools. Corporate poli:ies help define COIJlOrate or site 
standards which lead to SOPs and KPJs that are specili: to the site and guide operators inilqllem:ntingthe ARDmanagemmtplan. 
Where corporate poli:ies or standards do not exis~ projects and operations should rely on industry best prscti:e. 
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The level ofknowledge of ARD generation and mitigation has increased drsmati:ally over the last fuw decades within the mining 
industry, academia and regulatory agencies. However, in order fur thii knowledge to be m:aningful to the wide range ofstakehoklers 
generally involved with a mining projec~ it needs to be translated into a furmat that can be readily UDderstood. This consultstion should 
convey the predi:tions of future drainage quality and the elfuctiveness of mitigation plans, their degree of certainty and contingency 
m:asures to address that uncertainty. An open dislogoe on what is known, and what can be predi:ted with varying levels of 
confidence, helps build UDderstanding and trus~ and ultimately results in a better ARD managemmt plan. 

Connnmicating and comulting with stakehoklers about ARD issues is essential to the COJlllany's social license to operate. Due to the 
generally higbly visible nature of ARD, special m:asures and skilled people are needed to connnmicate elfuctively, and the invol.vemont 
of representatives from all relevant techni:al disciplines in a mining COJlllany may be required. 
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Acid rock dnrinage is om: of tire IIJJst serious enviromn:nlal issues fucing the mining industry. A thorough evaluation of ARD porential 
should be conducted prior to mining and continued tlrougb 1he lifio of mine. Cousistent wilh sustainabilily principles, strategies fur 
dealing wilh ARD should fucus on prevention or minimization mtber than control or-. These strategies are fuinJJ!ated wilhin an 
ARD managerrent plan, to be developed in the early phases of the projec~ together wilh IIJJnitoring requiremmts to assess their 
perfunmnce. The integrationoftbe ARD managerrentplan wilh the mine opemtionplanis critical to the success ofARDprevention. 
Leading practices fur ARD managerrent continue to evolve, but tend to be site specific and require specialist espertise. 
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Figure 12: FlowChart for ARD Perfo111111DCe Assessment and Management Review (!NAP, 2009) 
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Resumen Ejecutivo 

Introducci6n 

La Gufa Global de Drenaje Acido de Roca trata sobre Ia pred>:ci6n, prevenci6n y manejo del drenaje producido de Ia oxidaci6n del 
mineral sulfuroso, 11amado comUmnenle "drenaje acido de roca" (ARD), "drenaje acido de mina" o "drenaje m:ta1ffi:ro y acido" 
(AMD), "agua inlluenciada por miner/a'' (MIW), "drenaje salino" (SD) y "drenaje neu1ro de mina'' (NMD). Este reslllllm ejecutivo 
sigue Ia estructura general de Ia Gufa corrpleta GARD, un reSlllllm del estado de las m:jores pnicticas y tecnologias desarrolladas 
bajo el ampicio de Ia Red lnternacional para Ia Prevenci6n de Acido (International Netwotk fur Acid Prevention -!NAP) para 
auxiliar a personas irqllicadas con e!ARD, tales COIOO operadores de mina, supervilores, comunidades y consullmes que tratan 
cuestiones relacionadas con Ia oxidaci6n del mineral sulfuroso. Se invita a los lectores a utili2ar Ia Guit GARD y sm refurencias para 
detalles adicionales sobre los lemls cubiertos en este ReSUIDll1 Ejecutivo. La Gufa GARD fue preparada con el aporte y ayuda de 
DllChos :individuos y organfmc:imes; sus contr:ibuc:iones son arrplia.mmte reconocidas. 

El drenaje acido de roca se furma por Ia oxidaci6n natural de mioerales sulfurosos Cll'!ndo son expuestos a! aire y a! agua. Las 
actividades que involucran Ia excavaci6n de rocas con mioerales sulfurosos, tales como Ia minerla de metal y carb6n, aceleran el 
proceso. El drenaje resultante del proceso de oxidaci6n puede ser de neutro a licido, con o sin m:tales pesados disuehos, pero 
sierupre con contenido de suillltos. El ARD resulta de una serie de reacciones y etapas que tfpicam:nte proceden de condiciones de 
pH casi neutras a mis acidas. Cmndo los suficientes mioerales base estan presentes para neulnlli2llr el ARD, se puede presentar un 
drenaje neu1ro de mina o drenaje sa1ino del proceso de oxidaci6n El NMD se caracteriza por m:tales elevados en soluci6n con pH 
casi neutro, miontras que el SD contiene altos niveles de suillltos en pH neu1ro sin irqlortantes concentraciones de m:tales disuehos. La 
Figura I presenta los diversos tfpos de drenaje de manera esquemltica. 

Flgura 1: Tipos de Drenaje Producldns por OxldaclOn de Sulfuros 
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Typical relation to drainage pH: 

Saline Drainage 
-----
•••. !"eutral Mine Drainage 

Acid Rock Drainage --·-.. -.. 

pH I I I I I I I I I 
2 3 4 5 6 7 8 9 10 

Typical drainage characteristics: 

Acid Roc.k Ctainage: Neutral Mne Cfain~e: Saline Cfain~e: 

• aci<k pH · near neulrai!O alkaline pH • newal to atk<!r~e pH 
• modetateto elevf!ed · IOwtomoderatemetals. · low metals May have 
mete$ May have elevated zinc. moderate iron. 
· elevated sulphate cadmium. manganese. · moderate sulphate. 
• treat for acid neutre!izeticn antimony. arseniC or maglesiumandca!cium 
and metal and sulphate selenium. · treat fet sutP,tXe and 
removal • lOw to moderate sulphate SQ'lleti'nes metal removal 

• trea tor meta' and 
sometimes sulphate r&moval 

Puar Ia liun-=iSn dD ARD wm 'WZ ioiciado, p1ll!de serun miD, ya qUil es 1111 pmc:eso q1111 lim so daliaiJD, aniwmt (y ae p1ll!de 
aceJmr) basta que IDI 0 dos de JDsreac:IMJ. (llilmaJes ll1llfi-, oq,em, apa) lie a&!JialO lie rm:hyande Jaeaa:i(m Hl.pmc:eso 
de iiiiiiiC&de ARD piiCd.c rmtiurpod1r:imdo dmlaje iqlaciBdo por d6cadu o lligbs despak que Ia miB IBya c:eeado. IBl. 
c:omo ee btraendportalmEtpdll, qa: da1a de Ia q,oca Ro:mm~.(Fipa2). 

Hl.costo de Ia i.CllCdiriSn d.clARD mmiu U:a de operaci6n 86b en NOlle Addu ba si3o C8limc1o en diezmiiiiillonca de 
d61ua ~8. Miu Cl1 paticUrpueciCD eoRmarn:8]10Nib5!•dee de poat-cime de decelu de &:iedot de uilkme8 de 
d61ua porIa 1\mldiri'm y llalfi!••mo delARD si et proc:eao de ollilad6nde aul!ima m ae Dlllllj6 apropiodiiD1l'.llfe ~ Ia vida 
de Ia mba. La apmpiwla c~i6D de Ia mi111, Ia predicci6n de 1a cdlad delcbnlje y eliDIIIljo de lot de&eelxll de 1lina 
puedenevbr Ia mm:acim de ARD mla llll)'Clr8 de IDa C880I y mjnjtrjmr Ia ~nde ARD m todoslot ceaos. La pm'CIICi6n del 
ARD debe C:Ome:D:lllr at Ia ezpkmlci6D y Mllljrwwr a b lalfP del cit» de vila de Ia mba. Ea de 8IIIIB ~ Ia COIIIima 
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p•meacmnyllllllejo delARDpaa Ia eaoea ~delARD. Muchu milam prodla:ftnARD clebiclo alas~ 
gcoquid:aa ~~de a deeedm de mila o a las lillY Uidu colldalll:8 clrn6tbls .Adams, las mills que ill:p~ 
1llbajo8 de pmu6~ bm fim"""'''bdos y, cumlo proccdau.las medilu de ~nypmgra11118 de DIDDozeo, 11Di6n 
debcdn eer capacea de Mllr ~Oitlld.e8 pobll:mla de ARD. 

U111. pmpucsta emuuva de ~~~~~~~tjo de ARD reduce ricap aJd)i::JIIIbl ycostos postminu para Ia Dmltrit miDe:la y los fPbicmae. 
reduce iq)aclosll!!'imja'bllldwaof y Ji111D11J1M eliJIO)'O pUblillo pal& Ia lllillcdL Eld:m:e y 1Da el:m:dol pcliculms de Ia 
propuesta de lllllllljo de ARD que 11e delleD iq)lcmmlar en 11111. operaciSn pat'liDir, "\lllliid ea bue a ~lea lklore8 eapecllble 
deldi>, m lbtincloBC alpoU:Ilcilldcl~psra ~ ARD. 

Ia park: supai)r de ella pigia 

Formad6n del Dreaaje .Addo de Roca 

El. proee10 da aDiaci6n de llll1bos y Ia lillmacim ch!lARD, NMD y SD es lillY ClO!ItJ)ajo e iMib:m a 1llll. lllliiDd ch! pmc:esos 
quioicos y bm6pos fiiiD p1IDChm 'Wiilr 11~ depeDdiDDdo de las OONii i ne" mhina'les, plSgi:all y clim6.ti:aa 
(Nonls1mmy A\Mn, 1999). LosDiiDinll!& ~en los clep6silm de millmdse :limDmbajo CODli:ii:Jm&nclu:toma enla 
8UIIelll:ilda ~-CIIIDio se !DpOill!l1 al oxlglmD atllll6jMjoo o a apas ".........,,. de!Dio a Ia miB:fa, el,..,.......... del 
lllillnl, -=avaci5n uotms IJIIICI!I05 ch! IIIDViiDmiiD ch! timu, los milmiDs sulfimsos pUDdan wlwne ~-y oxilmlle. La 
Fp3 pmte1D mll!Dde1D ..,lificado qm descme Ia ollidaci6nde Ia pDa, laCIIIIes elmilllnl sulboso....,.......,\!1 ch!11111.pn 
ma)mfa da ARD (Stamm y MmpD, 1981). Las JlliiCCim&!s IIIJSiradas aon~ ypUDdmm pn!11Dar los JIII!CWiio.._ 
eliiCUII, pem Ia i1llllai:JSD.IIS ma Ui1 a)'lllla viAB1 psra eDir:Dder Ia ollidaci6n Nlilmsa. 

La racc:iinquini:a que~ 1a oxi1acXm c1c ta pirilll (racc:iin £1D n:quae ~res~ bukos: pna, ox~po y apa. 
Esta n:acci'in piiCde ocm tmo abi5tic •ecle como bi6~ (ejm.; medilda a tmU de micro()ijiiilismos). En Clle cuo,la 
badma como d.AciBIIbbacilkls ~ que cleriw su enerp metab6b de aDiaci6n i:aosa a hi:.uo finico, puec1c acclmr 
Ia 'Yeb:ilad de ftlii.1Ci.m por IJilclm 6rdeaes de npitud ll:8jiCCID a loa blicet abi61icos (Ncmblrom, 2003). AdeiiiU de Ia 
o~nclhlc1a, Ia pZb puede a« disueb y b&o ollidada (reacciin [la]. 

~~&1ft 3: ModaiiD puala Qddad6D da Pldta (Stmlmy MOIPIIo 1!111). F Fo(ll) ' s,> 1' o, 

FeS2 (s) + 0 2 [t! ) SO/· + Fe (II)+ W 

Fe(l ll) ::; Fe(OH)3 (s) + W 
[4) 

Enla ~de las~ eloxfpm atmodrico actUa como oxilamle. Sin~, elhi:.uo ~ acuowpueclc oxidar 
piia de 8CIICldo a Ia R8CCi6n [2]. Esta reacci6n ea conailembli:mcllle mis r&pila (2 a 3 6nlc:Dcs de -rat> quc Ia reacci6n con 
oxfFno YFDD 8\i)~ mis ac:iclezparmolde pirila oxidada. Sin~, estaRIICCi6nest61inbda a conclicimea en las 
que ae ~cmi!edee sipificaaiws de hi:.uo 6Tico disueiiD (ejm.:coudi:iloes alas:pH4.S yme:IIOI'el).l.a oxidaci6nclcl 
himo f:lroso por cqem (reac:cim [3]) se ~para pmr y n:poner alhimo &ico y IIC requiereD ~ icidu psra 
que 6rla penmne:n mla somci6Dypaticile e:ne)p!QCC80 de producci6ndeiARD. CoJm IIC ID.1e8lla e:nestamaccim, se ncceaila 
o~ pam F111Dr l:lieuo ~ delhieao i:aoeo. TIIIDi6n.las 'bac:1l:ril8 que pueden calalimr esta ree.cci6D (fimd""""""lrma= 
Di':Dinoa de Ia AciUIIiobacilbs G~~DB) dmwmdn ollfgcm para Ia ~naerobi:a ce'11111r. Aaf, 11e a:ceea de aem C8Diidacl 
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nominal de oxfgeoo para que este proceso sea erectivo cuando se catalice por Ia bacteria, aunque los requerimieolos de oxfgeoo son 
considerablemente menores que para Ia oxidaci6n abiltt:a. 

Un proceso de irqlortancia a.nDien1al relacionado con Ia generaci6n de lARD, estl relacionado con el destino del hierro furroso 
resul!anre de Ia reacciln [I]. El hierro furroso puede ser remJVido de Ia soluciln en condiciones de ligerammte licidas a alcalinas 
modiante oxidaci6n y subsiguiente hidr6n y fimnaciln de m relativamente insoluble (hidr)6xido de hierro (reacciln [ 4]). Cuando las 
reaccimx:s [I] y [4] se conbinan, c01m generalm:nte es elcaso cuando las condiciones DO sonacilas (ejm: pH> 4.5),la oxidaciln 
de Ia pirita produce el doble de Ia cantidad de acidez en COJlllaraci6n con Ia reacciln [I] de Ia siguiente manera: 

FeS2 + 15/402 + 712H20 ~ Fe(OH)3 + 2S042- + 4H+, que es Ia reacci6nghbalmas coiDliiiDlllle utilizada para describir Ia 
oxidaci6n de pirita. 

Aunque Ia pirita es por JDJCho, el sulfuro dominanle responsable de Ia generaci6n de acidez, difurentes depositos de mineral contienen 
dilirrentes tipos de minerales de sulfuro. No todos esoos minerales de sulfuro generan acidez cuando se oxidan C01m regia general, los 
sulfuros de hierro (pirita, DBICaSila, pirrotila ), sulfuros con proporci6n DDlar m:tal'sulfuro < I, y sulfusales ( ejm: enargila) generan 
acilo cuando reaccionan con oxfgeoo y agua. Los sulfuros con proporciln m:tal'sulfuro ~ I ( ejm: es1illerita, galena, calcopirita) 
tienden a no producir acidez cuando el oxfgeoo es el oxidanre. Por ello, Ia generaci6n potencial de acilo de m deposito de mineral o 
m desecho de mina, generahDmte depende de Ia cantidad de sulfuro de hierro presente. 

Las reacciones de neutralizaci6n tanili!n juegan m papel irqlortante en Ia determinaciln de las caracteristt:as de COJlllOSici6n del 
drenaje originado de Ia oxidaci6n de sulfuros. En cuanto a minerales sulfurosos, Ia reactividad, yen consecuencia Ia eficacia con que 
los mioerales neutralizantes puedan estabili-nlr (buller) cuakjuier acilo que este siendo generado, puede variar llllCho. La mayorla de 
los mioerales de catbonato son capaces de disolverse nipidam:nte, haci!ndolos efuctivos consumidores de acido. Sin enilargo, Ia 
hidr6n del Fe o Mn disueltos tras Ia disoluciln de sus respectivos catbonatos yposterio:r prec.,itaciln de m mineral secundario, 
puede generar acidez Aunque generalm:nte mas corn6n que las fuses de catbonato, los minerales de ahnninosilicato tienden a ser 
m:nos reactivos y SlL'! neu~Iailzlu:iones s6lo pueden tener Oxito en estabilizar el pH cuando mas bien las condicimx:s acilas ban sido 
logradas. Se ba sabido que los sili:atos de calcio-magnesio estabilizan los efluenles de Ia mina am pH neu1ro cuando los Indices de 
oxidaci6n de sulfuros estan IDlY bajos (Jambor, 2003). 

La conilinaci6n de las reacciones de generaciln y neu~Iailzlu:iln de acilo tipicamente conduce am desarrollo en etapas del ARD 
(Figura 4). Cone! paso deltierqJO, elpH dimrinuye a lo largo de ma serie de rresetas de pH, regidas porIa estabililacilnde ma serie 
de ensamblajes minerales. Ellapso de tiempo para Ia generaci6n de Bcido es ma consideraciln muy irqlortante para Ia prevenciln del 
ARD. Es mas efi:ctivo (y generalm:nte m:nos cosooso a largo plazo) cou1rolar Ia generaci6n de lARD durante sus etapas terqlranas. 
Ellapso de tierrpo tambi!n consta de ramificaciones importantes para Ia interpretaci6n de los resultados de las proebas. Debilo a que 
Ia prirnera etapa de generaciln de ARD puede durar mlargo tierqlo, atm. para =teriales que evenluahnente senin a1tatn:nte 
generadores de acilo, es irqlortante reconocer Ia etapa de oxidaci6n cuando se predice el potencial de ARD. Los prim:ros resultados 
de las proebas geoqufmicas, por lo tanto, DO poeden ser representativos de Ia estabilidad a.nDien1al a largo plazo y Ia correspondiente 
calidad de descarga. Sin enilargo, los prim:ros resultados de las proebas proveen datos valiosos para eva1uar las condicimx:s futuras 
coDD los Indices de consUIIIl de los minerales neutralizantes disponibles. 

Un corolaric comm de Ia oxidaciln de sulfuros es Ia lixiviaciln de llJl!ales (ML), dando Iugar ailL'!O frecuente de los acr6ninDs 
"ARDIML" o ''MUARD" para describir con mas precisiln Ia naturaleza de las descargas 8cilas de mina. Los elem:ntos ~myores y 
traza en el ARD, NMD y SD se originan de Ia oxidaci6n de sulfuros y Ia disoluciln de los minerales consumidores de acilo. En el caso 
del ARD, el Fe y el AI son normalm:nte los principales rretales rnayores disueltos, aunque los rretales traza CODD Cu, Pb, Zn, Cd, 
Mn, Co y Ni tanili!n pueden lograr altas concentraciones. En las descargas de mina con un canicter mas o menos neutro, las 
concentraciones de rretales 1raza tienden a ser m:nores debido a Ia furrnaciln de fuses de minerales secmdarios y ma mayor 
absorci6n. Sin enilargo, ciertos panimetros perrnanecen en Ia soluciln a IIIldida que el pH aumenta, en particular los m:tahides As, 
Se y Sb, asicoiiiO otros rretales traza (ejm: Cd, Cr, Mn, Mo y Zn). 

Figura 4: Etapas en Ia Fonnaci6n del ARD (!NAP, 2009) 
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R£ACTIOH51N STAGES I AND II 

FeS2 + 7/ 20 2 + H20 ~ Fe-2•+2.50,.2' + 2H" (1] 
9 ,-----------------------------------~ Fe2•+ 1/ 40 2 + H"f;: Fe1• + 1/ 2H20 [3] 

Fe'' + 1/ 40,+ '/1H10 .. Fe(OH), + 2H' (4( 
s r-----~~~===========-~----~~~~~~~~--~---

~ pH Plateaus Result ing From Minerals 
Buffering at Various pH Values 

"!+====::::::::======~:-------- REACTIONS IN STAGE Ill 
Lag Time fe2•+ 1/402 + H"f:;: fe-l• + l/2H20 [3) 

FeS~ + 14fel•+ 802 f::; 15Fe2• + 2SOl' + 16H" [2) 

0 ~-----------~------------------------
Time 

Ia pariiC supa:ilr de ella p6gila 

Esquema para el MaDejo del Dreuje Aeido de Roea 

Loa tle:lm8 ye:d>quet soble a prewo::im y:m~~~~Cjo del.AIID aon bllllillml ahdedor deliJIII!o. Sm ~. laa t=icu 
especfba ,....., .. pam a pzedEcim, ~de IDe resull8do8 de laa pmcbu yeliiiiiiJI:jo del.AIID paedCD clii:rir 
depeDdi:Ddo delcoliie:Do locaJ, Jegkalo DICicmlly se adaplallalcDa.lopograli\ yo1lU COllli:imet delUio. 

Por ID lalm, a pew de 1u lliDilllmades CDIDI11:maa de ARD,m Cllislc lllleailque "a laiDlCWa de todot" pm tr8lar elliiiiDCjo del 
ARD. La cod)IDIIICi6D de cads mill ea imica y rcquicle 11111. cuiladcea evdlaci6n para ClKlOiinr liB eelrategja de liiiiDCjo dCIIIro del 
esqUCDB C0%p01111ivo, ~ y de Ia 00111ri!•d que splique alpro~ encuestm.la COIIIDiraaei6D eapeclllca dellliliD 
cozqneade Ia dDICi6n soeil], CCOil6mi:a y IIISielllal dCIIIro de laa eUibi lalli:la esii aada,llli::ana que el eaqu::ma wllptellde 
laa IIODIJIII y ellliodm:s CCIIpOilltiwB apli:abb, aai WDD laa c:llpCC!Biivu y ~~ Cllpcclli:o& de Ia wmmil•d Ea1ll 
CIQ.UCDB apb en lodo el ci:lo de 'Yila de Ia mila y se ilusiJII ~ enla FWn S. 

Todat la.t COTqldfas mil.ns, mi:qniiiBnHmmlb, ........,.m.n euq~li:eonlaiDPJaci6niiiCimllylu~mla1iw& alARD 
de IDs pailet en IDs quc operm. Se 1:0111ilma bu&ma pmctica ~ aftBdilu DmiD6na Ia ori&dacim gklbaliiObm .AIID yen 
IDICbos C&tOs, llllac&i6n es 1IIB COildi:iSn Jliiiil el fiua:t:Lia:tuimtu. 

Mllchas COTqldia• mil.ns bm. eiilablllcKio cllllu& limlmi&mtos ~ q1111 mpmHmllll e1 piDo de 'Yilla de Ia wtqlllfiB accm:a 
u laa prirrilade• quc debl!ll tllmllrBe y- imeJpmtacioll!ll de lo q1111ae """itm:a .,....,.mue la 1118jar pdcli:a mlacDmda al 
ARD. Es DDCesam fiDr c:uilado y llll!(pllllll! de quc se cuq~lan IDdas laa espec:ihcimas de 1u J11811lacimes del pD. )'B quciDs 
linearrimtns cmpmaliws delARD m pzdt.n -'iluir las mgn!acinnes del pail. 

:m,_ 5: l'.lqaeDB Coueeptual del Muejo del ARD (INAP, 2009) 
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Corporate Regulatory and Community Context 

.X 
Environmental, Soci al and Economic Setting 

~ 
.... i~l ==========================~ . ARD Risk 

Mine Environ mental Management 

Lu oorqW!Bs DilmD opl!llllll cham de lu ~de 11111. '1i:eucia. aociaf' quD, Mteabme, 110 bua 1111lll &qJID a>JMIIIO de 
IDdas Ills parms mm-ias. EJte ClllliiiUIOtimfe a c:ubrlr11111.aqdiapmau elmm!ms soc:mJM, l!(li!Mmioos, mmimlll.li!s y 
pbemane1-:aJos (dllsmolb solllllli>ID). m.AIID jUIIp un iqlorlmllll papelenla iccmcia scx:il1 da a milll, dl!lbilo a quD el.AIID 
lirmde a aer liiB de las comearmlas mmiDali!& ma visibles de Ia miDr:rfa.. Los coi!Ds ddllBIIfljo de cilll'e ypott-cim-e dei.AIID 
soncada "WZmU ~~COlli) bxl........tab coq10~ de 10CLu lu opemcilDCS mil:ms popuestu ymopcmciOO. En 
alguDu ~ alaa se reqai:a'e cle algum imm de SUUJI'l fDm.:iera. 

Ia parte supa:ilr de ea P68ia 

CaraeterizaciOn 

La~ lbemcm!, tmmpcm y lltallaci6D del.AIID BOD iDirilll:adc8 procesoa ft:gilos por 'ID COJ!hiaacim de klxma &icoe. 
quid.loaylmJ6giloe.mbechlquee1ARDseCO!l\imaenlllll.p~aaRdaJ,depea!emgnmm:dicladelu 
~de lu iaiel, ~ yrercep~DJcs illwlucJid011. La~nde eatos upectos ee parlot&IIID cruci81.pua 
Ia p~ ~yiiiii!CjO delARD. Los prograDIIB de ~~eAbldile&dos ptraRCOleclar Ia lhl&i:Die 
ililrrrw:iSn pea Rapomcr a lu ~~~ pegu~~~aa: 

1.1}3B probabk: que Olllll8 elARD? 1,Qu6 Cilo de dre!lllje ee eapera (.AIIDINMDtSD)? 2. t.CuD:e 11011 lu lD:de8 del.AliD? 
1,Cu6do ARD liD FIJIDdo y camdo? 3. LCu6bi sonlaa lr&,ec!Driul ID!8 iq)ottadica que blllpodaDioll c.cd4" ,·,., 'ee al Bdb 
~receptor? 4.t.CuD:e 110111o11 iqlado& ~~de alberaci6nddARD alsdb mmme? s.1.Qu6 se 
puedc blcerpea piiM!Iko ~arel.AliD? 

Lu ~ !1!016P ymiDI:nl&!IJ del~ y a roca bu6sped son los priqlale'l commlN deltilO do drmlje qu~~ lllri 
,FDa1ldo COlli) msu1ado de Ia miJ:ris.. Ptlll1el:inm:nlt:, el c:lillll. delsiliJ y lu ~ hihol6~16gi:aa defim:n 
c6mD eldmlaje cia milt y-~ IOll1nmspoi111dos a tmves ullliKiiJ azdDm&e receptor bacia loll nap1Dlt111. Plllll 
evabr e.tllillllll!llimi!S, se equin dol COIIICiiDimiD de~- dioc\'hl, ~: !I!OllP. ~ hibobgil, 
bilroseomP, eeoquiDi:a, (mim)biobgil, Dll!lteombgB e iiJslmim'L 

Lu Wlllllllmilticas seol6gi:u do loll ch!p6sb lllilllmllN ejcm:en iqlor~m~~~~s yJl"'"'ri'"'" c:maolN soln a fmB mmimlal de 1aa 
mas miDmllradas (PbDiae, 1999). PD£ lo timiD, 110 debcri ll!lllizar 11111. ewlJaci6n pmfmim del potaa:ial del ARD, bll8ada en Ia 
nMii6n cia ils da!Ds po16p:os ecoll!c:tados dunm!D Ia explotaci6D. La CUllll1mirac:i6 base de las c:ancedmcii:Jms de 1lll!lllllN en 
vua lliKiiJs aubit:m.ls (ej.: ap, ti:lra, ~ybiola) lmliri6nplledenprowcr llll ~clelpotax:ialdei.AIIDysirYe 
pam dDc:mmar las poli!D:iales caa:emacioma de metallllllnlmmll: elewdaa. DIDirl: eldi!smolb y Ia opaaci6n de Ia 1liDI, ae 
rdlalaewt.i6nDcialdi!lpotax:ialcleiARD a 1nMs de los detdulos cla1Ds de ~de Ia estabilidad mmicmBide los 
lllllll:riab DliDenlles y de desec:ho.I.a npnct y Ia -wicaci6n de laa descarp8 de Ia mila allliKiiJ lllliliellle tald>i!ll ae idmtifiam 
dunlule ddi!Bim)IJ de Ia mila. Se llmm a cabo inwa1ipcioDcs ~roJ6gi:es, hidroJ6p e hi:lro,col68As para~ Ia 
camida4 y~deliiiJVinieao r:lel ap demro r:le la(s) ~a) de Ia milia, pea evallar lu ~de ll'mlpol1l: de los 
co~ de mm.. Se id!'djfqn loll rercepiDJcs biol6gicol po~ dcdro de ilalbilell r:le Ia Wltiede.. Como comec:ueDCia. 
dunlule Ia vila de Ia mill, el }7\D.o caira1 del programa de ~delARD ewb:ina deede el eeasblee« laa COildiciDDe8 
hue, a ptedecr Ia lbea:acml y llllll8pode r:lel d=aje. aiiDIIiiDJar lu colldi:i)llf:8 e iq)ac:!Ds~~Jbmab. 
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Figura 5: Esquema Conceptual del Manejo del ARD (INAP, 2009)



Peee alu dibeo::iu illleraas a los sitiot de mila (ejm: buado en~ de Dllfelia pm., clim, &se de mila, e&qUCIIIl regulador), 
eleuilque ~pea 1a cara.cailBci6D del sm es BiDillr: • Dc1iDi' 1a cadilad ycailad deldraBje pom;~ ~~~ por 
dii:De:lml ix:laa • I.t.mmar trayect.orilfl ~ y sublm6D:u que 1mDilpollmeldmaje d.eecle IRI orf1:D alJCCCplm' • 
Jde:ntifnr ~·que puedaD a dceados par Ia ~n llclmllje • Dedilt ell:ic~ de eeca 9p0sici6DLaa Figma 6 y 7 
prese:allllla cm110logk de UD pro.,.a de ~D de un ARD e i!t:ntifi:aDiu actiYilaclet de JeCOb:ci6D de da1Da i(picaullll: 
ejecula.da8 dlnde cada &se de 1a miB. :m ~de Joe lrabejos de ~D.OC\mlllliel del tlahjo de llliliPblacim 1liDm. 
duraJik:: 1a p~ ~y dile6> (alguaaa WCC8118mada Jiae de detaJ:rol;)), Ademb, IIC iJ""i&aD poCeDc8lc8 iqJacloe 
anDi:ntaJr:8 y ae illotpcmiD. apropildaa m:dilaa de pmenc»n y ~D. conel pmp6do de • •i i .;,, iqledol ~. 
Durall!e 1aa :liaea de piiCIIa enllllllfd:II/COJJIIIuceim y o.pcraciSD. OCUI'R'; uaa llallli:i6n de 1a ~deism al Jlii)DiloJeo, el 
cud collliiB aiD llqo de 1aa &8ell de clllulln/cielre y post.cicrre. E. collliluo IDmimllo a:yucla a refiaar el"""""djmjmtn del sili>,ID 
cud pc:mB ajiDr lila ll:llCDiaa de~ chmdo COIIIJ mmlllldo cos1DB de ci:m: reducidoa ym;jan:omejo de IDI!JJ. 

Frpra 6: V"•ta Gemnl del Pnlpua cle Caracteriati6a del ARD por Fuel de II. MiDI. (INAP, 2009) 

Mine Phase - Increasing Knowledge of Site Characteristics 

Exploration Mine Planning, Construction and Oe(Ommissioning 
Feasibility and Design Commrss1oning 
(Development) 

Source Ore body Laboratory t estinc of wMte Oncoin&laboratory testin& onaornc Oncornc wa,ter quaity 
eharKCeriz.atiOf'l and Ofe material$ (static and laboratory arM:J moni10fin& 
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lllpm 7: l'nlpaa de Cuactedad6o deiARD pllll Matedales de I'Delltelilcltrldual por Fuea de Ia Mu (INAP, 2009) 
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evaluaci6n de estas ahernativas. Durante las U1timas decadas, se han reaJrzado avances signilicativos en el enteodimiento del ARD, con 
avances paralelos en Ia preili;:ci6n de Ia calidad de agua de mina y el uso de tecni:as de prevenci6n Sin embargo, Ia preili;:ci6n 
cuantilativa de Ia calidad de agua de mina puede ser w reto debido a Ia aJIFlia gama de reacciones involucradas y los periodos 
potencialmente largos sobre los cuales se producen estas reacciones. A pesar de estas incertiduoilres, las predicciones cuantilativas 
que han sido desanolladas usando suposi:iones realiatas (en tanro se recono21:an las limitaciones relacionadas), han probado ser de 
valor sigoificativo para Ia identili;aci6n de las opciones de Dllllllljo del ARD y Ia evaluaci6n de los potenciales irrpactos ambientales. 

La preili;:ci6n de Ia calidad de agua de Ia mina genera1ramte estA basada en una o mas de los siguientes: • Probar Ia condici6n de 
lixiviaci6n de los desechos en ellaboratorio • Probar Ia condi:i6n de lixiviaci6n de los desechos bajo condiciones de campo • 
Caracteri2aci6n geok\gica, bidroklgica, qufmi:a y mineral de los desechos • Modelaci6n geoqufmi:a y otras Los sitios anaJogos 
hist6ricos o en operaci6n son 1:anbi6n valiosos en Ia preili;:ci6n del ARD, especialmente aquellos que han sido mirruciosarnente 
caracterizlldos y monitoreados. El desarrollo de modelos geo-ambientales es UDO de los ej~los mls prominentes de Ia IIIllodologfa 
''analoga". Los 100delos geo-anl:Jientales, que son aquellos que interpretan las carac1eristicas anl:Jientales de w yacimiento en tm 

contexto geoklgico, proporcionan una Dlllllllra 1llllY Uti! de interpretar y resumir las firmas anl:Jientales de Ia explotaci6n minera y los 
yacimientos en tm contexto geok\gico sis1emltico, y pueden ser aplicados para anticF los problemas ecok\gicos potenciales en minas 
futuras, operantes y silios fuera de operaci6n (Phnnlee et al., 1999). Un enfuque general para Ia preili;:ci6n de ARD se ilus1ra en Ia 
Figura 8. 

Flgura 8: VISta General del Enfoque de Prediccl6n del ARD (INAP, 2009) 
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Prevenci6n y Mitigaci6n 

El principi> fundarrental de Ia prevenci6n del ARD es apli:ar un proceso de planeaci6n y <fueflo para prevenir, inhibir, retardar o parar 
los procesos hidro16gicos, qufmicos, ::ffsicos o microbio16gicos que resuhen en los impactos de los recursos de agua. La prevenciJn 
debenl ocurrir en, o tancercano alpunto donde eldeterioro de Ia calidad delagua se origioe (~m:reduccilnde fuente), o a traws de 
Ia irrFlem:ntaciln de medidas para prevenir o retardar el tranapnrte del ARD a hs recun!os de agua ( ~m: reciclar, 1ratunienk> y/o 
eliminaciln segma). Este principi> es universalmente apli:able, pero los m!todos de implem:ntaciln son especfficos del sitio. 

La prevenciln es una estrategia proactiva que supone Ia necesilad de un enfuque reactivo para Ia mitigaciln Para el caso existente de 
un ARD que este impactando de IIIIUieill advema al medi> arrbiente, Ia mitigaci6n aenl regulatm:nte el cun!O inicial de acciln Ademis 
de esta acciln inicial, se comideran subsiguimtes medidas preven!ivas con el objetivo de reducir futuras cargas contaminantes y as! 
reducir Ia continua necesilad de con1roles de mitigaciln La integraciln de los trabajos de prevenciln y mitigaci6n en Ia operaci6n de 
Ia mina es un elemento clave para el manejo exitoso del ARD. Previo a Ia identilicaciln de Ia evaluaci6n de las medidas de prevenciln 
y mitigaci\n, se deben identilicar los objetivos estrategicos. Ese proceso debe considerar Ia evaluaciln de h siguiente: 

• Riesgos cuantificables a los sistemas ecol6gicos, Ia salud lnnnana y a otros receprores 
• Criterios especificos de Ia calidad del agua de descarga del sitio 
• Capital, cosros de operaciln y mantenimiento de las medidas prevenJivas y de mitigaciln 
• Logistica de las operaciones y mantenimiento a largo plaro 
• Longevidad requerida y ewnlos de contingencias esperados 

Los objetivos t:qliccs para el con1rol del ARD son satismcer hs criterios arrbientales U'lando Ia tecnica mis rentable. La selecci6n de 
tecnohgia debenl considerar las predicci>nes para Ia qufmica delagua de descarga, ventajas y desventajas de las opciones de 
tratamiento, riesgo para los receptores y el contesro regoladnr relaci>nado con las descargas de las minas. 

Un enfuque basado en hs riesgos de planeaciln y <fueflo funna Ia base para Ia prevenci6n y Ia mitigaciln Este enfuque es apli:ado a 
h largo del cich de vida de Ia mina, pero fundarnentalrre en Ia evaluaciln yen las fuses del diseilo. El proceso basado en los 
riesgos espera cuantificar hs impactos a largo plaro de las altemativas y U'lar este conocimiento para selecci>nar Ia opciln que tenga Ia 
collDinaciln mis deseable de a1ributos ( ~m: protecciln, aceptaciln regulatoria, aprobaciln de Ia comunidad, costo ). Las medidas de 
mitigaciln iiTFlerrentadas como parte de una estrategia de con1rol efuctiva de ben requerir una minima intervenciln activa y direcciln 

Prevenciln es Ia clave para evitar una costosa mitigaciln El objetivo principal es apli:ar hs m!todos que minimicen hs Indices de 
reacciln de sulfuros, lixiviaci6n de metales y Ia subsiguiente migraciln de productos ~erizados que resulren de Ia oxidaciln de 
sulfuros. Tales nE!odos involucran: 

• Minimi2llr elabastecimiento de oxfgeno 
• Minimi2llr Ia infiltraciln de agua y Ia lixiviaciln 
• Minimimr, reroover o aislar Jos minerales sulfurosos 
• Con1rolar el pH de Ia soluci\n de agua de hs poros 
• Con1rolar Ia bacteria y hs procesos bi>-groqufmicos 

Factores que influyen en Ia selecci6n de hs nE!odos anteriores incluyen: 

• Geoqufmica de IIBterias primas y el potencial de ese IIBterial para producir 
• T1p0 y caracteriaticas de Ia fuente, incluyendo el ~o de agua y transporte de oxfgeno 
• Etapa de desarrollo de Ia mina (se presentan mis opciones en etapas tempranas) 
• Fase de oxilaciln (se presentan mis opci>nes en etapas tempranas cuando pH eslll todavla cercano a nen1ro y hs productos 

oxidados no se ban acunJJlado signilicativamente) 
• Peri>do de tierrpo que se requiere Ia !llldida de con1rol para que sea efuctiva 
• Condici>nes del sitio (~m: ubicaciln, topografla y bnecos de mina disponibles, cliiiB, geohgia, hidrohgia e hidrogrohgia, 

<fuponibilidad de IIBterialeS y vegetaci\n) 
• Criterios de calidad del agua para descarga 
• Aceptaciln de riesgo por parte de Ia compaffia y otras partes interesadas 

Se puede requerir mis de una o una collDinaciln de medidas para lograr el objetivo deseado. La Figura 9 provee una vista general de 
las medidas de prevenciln y mitigaci6n de ARD mis comunes <fuponibles durante las dift:rentes etapas del cich de vida de Ia mina. 

Fignra 9: Vmta General de las Medidas de l'nlvenci6n y Mitigaci6n del ARD (INAP, 2009) 
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mina puede actuar com> modi> de tramporte para uoa gama de contaminanles, los cuales pueden irrpactar los recursos de agua 
dentro y fuera del sitio. Eltratamiento de agua rem:>verla los contaminanles conleoidos eo el dreoaje de mina para preveoir o mitigar 
los irrpactos ambientales. 

En Ia gran IIByorB de las jurisdi:cilnes, cualquior descarga de dreoaje de mina a una corrionte pUblica o acuffuro, debe ser aprobada 
por las autoridades reguladoras correspondientes, eo tmto los requerimientos reguladores estipuleo uoa cierta calidad de descarga de 
agua de mina o cargas conmminadas de descargas relacionadas. Aunque los estandares de calilad para Ia descarga probabk:monte oo 
esten di<ponibles para mucbos palies coo minerla eo desarrollo, geoeralmonte los estandares ambien!ales internacionalmm!e aceptados 
Uunbien se aplican confimne a lo estipulado por los financiadores del proyecto yeo las politicas de Ia compaiiia. El enfi>que para 
selecciooar 1Dl metodo para eltratamiento del dreoaje de mina se basa eo uoa compreosiln a 1imdo delsi<!tema y circuilos integrados 
de agua de Ia mina yen los objetivos especificos que se deban lograr. El enfuque adop1ado para eltratamiento de dreoaje de mina 
senl influenciado por lDllllDmro de consileraciones. 

Previo a Ia selecciln del proceso de tratamiento, se debenl preparar 1Dl claro y entendble connmicado con los objetivos del 
tratamiento. Eltratamiento de dreoaje de mina debenl ser sierqrre evaluado e implemon1ado den1ro del conlexlo del sistema integrado 
de agua de mina. Eltratamiento tendnl1m irrpacto en el fh!jo y el perfil de calilad en el sistema de agua; por ello, 1Dl si<!tema de 
tratamiento se selecciona en base al fh!jo de agua de Ia mina, calidad del agua, costo yuso(s) :linal(es) delagua. 

La caracrerizaci\n del dreoaje de mina, en tenninos de fh!jo y caracteristi:as quimicas, debenl incluir las debidas consileraciones de 
los cambios de lelqlorada y climliti:os. Los datos de fh!jo soo especialmente irrportantes ya que esta infurmaciln se requiore para 
eva1uar apropiadamonte cualquior sistema de tra1amiento. De particular irrportancia son los eventos de precipilaciln extrema y los 
desbielos de nevadas que requioren adecuar el tamafio de las pilas de recolecciln y Ia tuber/a y diques asociados. Las principales 
propiedades quimicas del dreoaje de mina se refieren a Ia acidex/alcalinidad, con1enido de sulfiltos, salinidad, con1enido de metal y Ia 
presencia de corrpuestos especffuos asociadas con operac:iones mineras especfficas tales cOJDJ ciatmro, ammiaco, nitrato, arsenico, 
selenio, trolibdeoo yradionucleidos. TambienbaylDllliDmro de constituyentes de dreoaje de mina (por eiC!ll'lo, dure23, sulfilto, silice) 
que no soo ml1ivo de preocupaciln ambiental o regulatoris en todas las jurisdi:ciones, pero eso pudiera afuctar Ia selecciln de Ia 
recnologfa deltra1amiento de agua prefurido. El manejo y Ia eliminaciln de los desecbos de Ia plan1a de tra1amiento y los residuos 
coDJJ lodos y salmueras y sus caracteristi:as qufmicas, Uunbien deben ser mctores irrportantes en Ia toiiB de decisiln de cualquior 
tra1amiento. 

Una plan1a de tra1amiento para dreoaje de mina debe rener Ia flexibilidad de tratar coo aumento/disminuciln de fh!jos de agua, calilad 
de agua cambianre y los requerimientos regulatorios durante Ia vida de Ia mina. Esto puede estabk:cer Ia irrp"""""""'iln por mses y un 
di<eilo modular y coostrucci\n. Ademas, Ia filse de post-cierre puede pooer restri:ciones especflicas en el manlenimiento y operaciln 
continua de una plan1a de tra1amiento. 

Las consileraciones pnicticas relacionadas coo las caracteristi:as del sitio de Ia mina que influenciar3n Ia coostrucci\n, operaciln y 
manlenimiento de uoa plan1a de tratamiento de dreoaje soo las siguientes: 

• Diseilo de Ia mina y topograila 
• Espacio 
• Clima 
• Fuenres de dreoaje de mina que alirrentan Ia plan1a de tra1amiento 
• Ubicaciln y usuarios de agua tratada 

Una gama generica de las alremativas de tra1amiento del ARD se presenta eo Ia Figura I 0. 

Figura 10: VISta General de las Altemativas de Tratamiento del ARD (INAP, 2009) 
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Drainage Treatment Technology 
Categories 
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Precipitation I 
Hydroxide 

Precipitation I 
Carbonates 

Precipitation I 
Sulfides 

Wetlands, 
Oxidation ponds 
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Technologies 

-i Desalination 

-j Biological Sulphate 
Removal 

~ Precipitation 
processes such 

as ettringite 

- Membrane-based 
processes 

- ion-exchange 
processes 

- Wetlands, passive 
treatment process 

Mollltoreo del Dreuje Acldo de Ro~a 

10401.002 

~ Specific target 
pollutant treatment 

r- Cyanide removal 
-chemical oxidation 
-biological oxidation 
- complexation 

Radio·active nuclides 

r- • precipitation 
·ion exchange 

Arsenic removal 

r- • oxidation I reduction 
- precipitation 
• adsorption 

r- Molybdenum removal: 
- iron adsorption 

'-- Other technologies 

Ellmlllmlco ea d proceeo de lllliB, lilt.emi1ico y que de~ recaba id>Dmci6ll pam usar ea eliiiiDCjo-taD:B de 
c!ccirilJa. Elmollitomo eaelnb de lamia 1il:llc COim objeliw id.entifblry~ CllilquD caldtb mhmal~ de 
laa acliYilades de mila pam evaar laa ~en elsili) y Joe _pod)l:s iq)ados pam loa RCeptoree. Blmaabeo COII8iillc de 
obeervlcim {ejm.: n:gjmr il!DrmaciDD aCCRa delllll:d» aldlien!e) e ~ {ejm.: prucbaa de mi:ilad CD dcDie laa 
co~a azrbi:liabl Cllal coaroladaa). Elmollilotco es de lhiDlll. iq)orlallcia enla lmiB de clecinmee n:laciDdaa llOJ1 el m&Dejo 
delAIID, por e,jarplo a tm6a de Ia evaDiei6D de Ia ei>clividad de lu medil8l de ..qri6n y Ia -~ il:p~ de 
ejuBk:a a laa IDXIKiaa de JdipcUJ, IICflm 11e n:quiem. 

El.desmvlo cia \D pmJPDB de IDIIlbto delAIID iDi:il c:on Ia nMDSndel plam dala mill, Ia maciDD fli'OIPii:a y Ia fisbp&. 
El. pJma dala milt ptopon;&mi illlimDiciDD de Ia mir.=im y Ia DJ!gpind de ahm!c:Kme' de Ia !ql~ y eliiiDueb, el 
pmcen •ie;•n delmilmllylos~ demolimlbl, laa m.s de emiwt:i6nda deleclms, los qpu. de deecmp de 
dieDtes. ... ~de liP~ y ... deaviaciDJIIII delapl S1prficial Ella ili:nmaci6n 01 aililada pam Xlentibr laa 
fillmii!S poiii!DCiJJDs delAIID, los pomli!s ~para clescaJpr elAIID alan"is;•e eceptor y los ec:eptom~ qm pudi&mm 
aer ~~ por elias delc:arpa, aaf COIDD Ia ).JOli!ID:Blmilipci6nqUD 1111 pudimt ~-Ya que Ia IDIIDiDD eepecid de m 
pmanmadaiDillimeo debe uim toda. e~tos c:onpcmentrs, ~ se ~de _ _._i5n de Ia CUI!IIIC8 pam e1 
monillmo dalAIID (:a:u,-m el ap iiiltta:uhlllll). ElliDDiiDm> 1111._ a cabo en tndas las elapas del deuoolb del ).JIOYI!lC1D, 
dade Ia pn:-opellldinhula elpost-~i:.oe. Sin~ enla vida de lamia,.,, obje!Mis, ClOJillomdes e iamilad de las 
activilada eli! iiiJ1dme:o c:ao:birin. El clelalmlb y bl CODpiDim!ZS dl:m pmanmadi! iiiJ1dme:o pd.ri:o del.ARD 1e pwetdlm en 
laFpll. 

J.ilpra 11: De1mollo cle U11 Plup11118 de Molllono de ARB (INAP, 24109) 
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Figura 10:  Vista General de las Alternativas de Tratamiento del ARD



Conceptual Site Model (CSM) Dynamic System Modell (DSM) 

ARD/ML Pathway Receptor • Quantitative representation of CSM 

Source ,..
1 
-------""-

c:::;;J v 
M ~ 

Define Monitoring Objectives 

• Characterize Current Condit ions 
• AssessARD/ML Potential 
• Detect Onset of ARD/ML 
• Predict Onset of ARD/ML 
• Assess Effects/Impacts of ARD/ML 
• Assess Engineered ARD/ML Controls 

Design Monitoring Program 

• Data Requirements to Meet Object ives 
• Sampling Locations and Media 
• Sampling Frequency 
• Sampling Methods (SOPs) 
• Parameters/Analytes to be Measured 
• Quality Assurance I Quality Control 

Implement Monitoring Program f+-
• Data Collection 
• Data Management 

Data Analysis & Interpretation 

• Validate or Update CSM/DSM 

Ia. parlll supmm. esla p6pa 

Audit 
(Internal I External) 

Continuous Feedback 

• Meeting objectives? 
• New objectives? 

• Adequate data collection? 
• Appropriate locations? 
• Appropriate frequency? 
• Appropriate methods? 
• Appropriate analytes? 
• Laboratory performance 

• Implementation of SOPs 
• Data security and integrity 

• Appropriate analyses? 
• Timely analyses? 

Manejo del Drenaje Addo de Roca y Euluaei6n de Decempeilo 

mllllllejo ddARD y la ew.UaciSD de sad~ ae describen \lSIIIhellle dedro del plmde IDBIIejo ai:aal delsilio o en 1111 

plan de IJIIDejo clelARD eepecf&o r:lel sm. m plan de liiUiejo cleiARD ~BCID la ~de loa~ y lu 1ec:DobgU 
dacrb8 con "Jten <Piled ea ea caplulo. Tatlhi6nhace ~a lo8 procaoa de diaetio de ilgemUit y a lot silteuu de IIIIDCjo 
opmliYoa Clq)Jeadoa por las COlJIIdiv miol::ru. 

La """'t'iW de 111 plan imml r:1e JD~~~Cjo de AltD 'llllllllacu= ee d.,........clena por loa ft:auladoa de 111 PfOf,JIIDB de pn:djcci6n y 
~nddARD 0 loa Je8dadot de JIIWiibeo del ailio. mclesurol;), evdMcmnymejom CO!iim r:1e 'Ill plan de DIIIICjO de 
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ARD es UDa acci6n continua a lo largo de Ia vida de una mioa. El deasrrolb, implemmtaci6n y evaluaci6n del plan de !Dillejo del ARD 
\ISillllmente aeguira Ia aecuencia de paaos ihEtrados en Ia Figura 12. 

Co!Dl ae nmestra en es1a :6gura, el deasrrolb de m plan de mmejo de m ARD inicia con el establecimiento de metas y objetivos 
claros. Estos pudioran incluir Ia prevenci6n del ARD o lograr el CU!IJllimiento de criterios especifioos de Ia calidad del agua. &to 
incluye Ia consileraci6n de m planteamiento bio-lfsico, registro regulador y legal, requerimientos corporativos y de Ia comnnjdad, as! 
coDJJ consideraciones financieras. Los prograrnas de carac1erizaci6n ypredicci6n identifican Ia IIBgnitud potencial delARD y proveen 
las bases para Ia aelecci6n y disetlo de las tecnologms apropiadas de prevenci6n y mitigaci6n del ARD. El proceso de dEetlo incluye 
UDa aerie iterativa de pasos en los que Ia tecnologfa de control del ARD es evaluada y luego corrbinada en m robusto sisteiiB de 
mmejo y control ( ejm: el plan de !Dillejo delARD) para el sitio especifioo. El disetlo inicial de Ia mioa se puede utifrzar para 
deasrrollar el plan de IIBDejo del ARD necesario para ma evaluaci6n arrbienlal. (EA). El disetlo :final se deasrrolla \ISillllmente en 
paralelo con los permisos del proyecto. 

El plan de !Dillejo delARD identifica los IIBteriales y los desecbos que requieren m !Dillejo especial La evaluaci6n y mmejo de 
riesgos estan incluidos en el plan para relinar estrategfas pasos de implerren1aci6n Para aer eli:ctivo, el plan de !Dillejo de ARD debe 
es1ar comple1amente iotegrado con el plan de Ia mioa. Los controles operacionales 1ales COIDllos procedimientos operativos estandar 
(SOPs), los principales indicadores de desempetlo (KPis) y los prograrnas de asegurami:nto/control de calidad (QNQC) se 
es1ablecen para goiar su irqllerren1aci6n. El plan de !Dillejo del ARD identifica los roles y responsabilidades para el personal operador 
de Ia mioa. Se incluyeo el IIBDejo de datos, ana!isis y esqueiiBs de reportes para dar m aeguimiento al progreso del plan. 

En el siguiente paso, se lleva a cabo el!Dlnitoreo para comparar el desempetlo en el caJ11lO contra las metas de disetlo y objetivos del 
plan de !Dillejo. Las suposiciones becbas en los prograrnss de predicci6n y caracteri2aci6n y el disetlo de las medidas de 
prevenci6n'mitigaci6n son probadas y revisadas o validadas. Los "aprendizajes" del!Dlnitoreo y Ia evaluaci6n son revisados e 
incorporados en el plan COIDJ parte de UDa ~ora continua. La responsabilidad para irqllemen1ar el plan de !Dillejo es revisada para 
asegwar qoe aquelbs responsables complan con los requerimientos estipulados en el plan. Se deberan conducir revisiones ioteiiBs y 
externas 0 auditorias para medir el desempetlo del personal, los sisteiiBs de !Dillejo y los componentes recnioos para proporcionar 
perspectivas adicionales en Ia implerren1aci6n del plan de !Dillejo del ARD. & necesaria ma revisi6n del sitio y de Ia administraci6n 
corporativa de Ia plan1a entera para asegwar que el plan contimie apegado a las DOIIIBS corporativas y del sitio. En es1a e1apa, se 
poeden realilar evaluaciones adicionales de riesgo y !Dillejo para eva1uar los efuctos de condiciones carrbiantes o desviaciones en el 
plan. Finahn:nte, se eva1Uan los resullados contra las metas. Si se CU!IJllen los objetivos, Ia evaluaci6n del desempetlo y el!Dlnitoreo 
contimla a lo largo de Ia vida de Ia mioa con revisiones peri6dicas contra las metas. Silos objetivos no se CU!IJllen, entonces se 
requiere del re-disetlo y Ia re-evaluaci6n del plan de !Dillejo y de los sisteiiBs de evaluaci6n del desempetlo y !Dlnitoreo para Ia 
prevenci6n'mitigaci6n del ARD. &te trabajo adicional tambien podrla requerir de caracteri2aci6n y predicci6n de ARD adicionales. 

El proceso descrito en Ia Figura 12 resulla en ma mejora continua del plan de mmejo del ARD y su implerren1aci6n, y 3COIDlda las 
posibles rnodilicaciones en el plan de Ia mioa. Si el plan inicial de !Dillejo del ARD es solido, puede aer mis adap1able a los carrbios 
en el plan de Ia mioa. 

lmplemen1ar el plan de mmejo del ARD depende de una jerarqula de berramientas de !Dillejo. Las pollfuas corporativas ayudau a 
delinir los estandares corporativos o del sitio, los cnales conducen a SOPs y KPis que son especilicos para el sitio y son guia para los 
operadores al irqllemen1ar el plan de IIBDejo del ARD. Cuando no exis1an pollfuas ni estandares corporativos, los proyectos y 
operaciones deberan basarse en las mejores pn\cticas del sector. 

Ia parte superior de es1a pagina 

Comunicaci6n y Retroalimentaci6n del Drenaje Acido de Roca 

El nivel de conocimiento de generaci6n y mitigaci6n del ARD se ba incremenlado dramati:amente en las Ull:imas decadas dentro de Ia 
industria miDera, Ia academia y las agencias reguladoras. Sin enibargo, con el prop6sito de que este conocimiento sea significativo para 
m amplio rango de ioteresados generalmente involucrados en m proyecto minero, se debe traducir a m lDriiBto que sea Jicihnente 
enteudible. &1a retroalirrenlaci6n debora commicar las predicciones de Ia futura calidad de drenaje y Ia efuctividad de los plaues de 
mitigaci6n, su grado de aegurilad y las Illldidas de contingencia para tra1ar Ia incertidurrbre. Un dialogo abierto sobre lo que se 
conoce y lo que se puede predecir con los distintos niveles de conlian2a, ayuda a cons1ruir Ia comprensi6n y Ia conliail2a y esto resulla 
a Ia 1arga, en m~orplande !Dillejo delARD. 

La collllllicaci6n y Ia retroalirrenlaci6u con las partes interesadas respecto al ARD son esenciales para Ia li:encia social de Ia 
compaiiia para operar. Debido a Ia genera1rn:nte al1a na1uraleza visible del ARD, se necesi1an Illldidas especiales y gente especializada 
para connmicarse con efuctividad y ae requiere del involucramiento de represen1antes de todas las disciplinas recnicas relevantes en 
una coll1'aiiia minera. 
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Resumen 

El drenaje aeido de roca es uoo de los problelms anilien1ales que enfrenla Ia industria minera. Una evaluaci>n exbaustiva del po1encial 
de ARD se debe conducir antes del1rabajo minero y continuarla a lo largo de Ia vida de Ia mina. Consistentes con los principios de 
sus1en1abilidad, las es1ra1egias para 1ratar con el ARD se deben enfucar en Ia prevenci>n o minimizlci6n, prefi:Ienletienll: que el 
conlrol o 1ratamiento. &las es1ra1egias estan fimnuladas denlro del plan de manejo del ARD, para ser desarrolladas en las filses 
1erupraoas del proyecto, j.- con los requerimientos de mmitoreo para evaluar su desernpeflo. La integraci>n del plan de manejo del 
ARD con el plan de operaci>n de Ia mina es de smm irqlortancia para el Oxilo de Ia prevenci>n del ARD. Las princ1>ak:s pnicticas 
para el manejo del ARD siguen evolucionando, pero tienden a ser especflicas del sm y requieren expertos en el lema. 
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Figura 12: Diagrama de Dujo para Ia Evaluad6n de Deseq~<fto y Revision porIa Direceion (!NAP, 2009) 
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Problem Defin ition 
- physical soiling 
- regulatory and lognl rogistry 
· community requirements 
·corporate requirementS 
- fir\anciaJ considerations 

+ 
Goals and Objectives 

+ 
Characterizauon am Pre<liction 

+ 
Design for ARD Prevention/Mitigation 

! 
ARD Management Plan 

- materials dofinition 
· risk assessment and management 
- managomont strategy 
• intogration with mino plan 
· operational controls (SOP's. KPI's, QAIQC) 
-roles, rosponsibilhios and accountability 
· data management. analysis and reporting 

+ 
Performance Assessment and Monitoring 

- roconciliation with goals. objectives and KPI's 
• assumption validation 
- IOarnings 
- aocountabii ty 
• auditing and management roviow 
- risk assessment and management 

~ 
~ 

No Yes 

• 'Ibil JlB8II was Jut lll!dili!d 18:28, 9 .I1D! 2012. 
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Introduction 

I.e guide intituk! Global Acid Rock Dramage (GARD) 1Ilrite des mosures de prevision, de preventim et de gestim des produits de drainage issus de 
I' oxydefun de lllinemux sulfures. Ce processus est designo! par <liverses e.pressions 1elk:s que << drainage rocheux acide » (DRA), « drainage minier 
acide » (DMA) ou «drainage acide et ~ »(DAM), « eaux toucbees par l'expbitation mioiOre » (EI'EM), «drainage salin » (DS) et « draiJage 
minier""""" • (DMN). 

Le present sommire adopte Ia structure pra1e etablie dans le guide GARD, soit ceDe d '1m sommire de 1' etat des Imilleures pmti:J.ues et teclmobgies 
elabore sous l'egide de !'!NAP (fulomafunal Network fur Acid Prevention) atin d'aider les parties concemees du domaine duDRA, -les 
exploilants de miles, les o~ de regiemontation, lcs colk:ctivites et lcs experts-conseils, i. n!soo:lre lcs quesfuns relatms i.l' oxydefun de lllinemux 
sulfiris. I.e 1ecteur peut awir acci!:s 8 des renseignemmts addl:ionnek sur 1cs sqjets abordes dans le present sonnnaire en consuhanl: le guide GARD. Celui
ci a ete redige grfice aux. c:omrrentaires et a 1' aide de notrbreuses personnes et organisations. Leur contribution est par Ja pdsente recomrue avec vive 
recomaissance. 

I.e drainage rocheux acide est issu de I' oxydefun oobn'elk: de lllinemux sulliJres qui ont 6U! exposes i.l'air et i.l' eau Des activiles associees i.l' excava00n 
de 1a roche contemnt des IIioeraux sulfures, par exmple 1' exphitation IIioire des Bt:aux. et du charbon, accelerent 1e processus. Les eaux: de drailage 
:issues du processus d' oxydation peuvent etre de neutres a acides et contenr ou non des m5taux burds dissous, liili9 elles contiennent toqjours des sul&tes. 
I.e DRA est atlribuable i. une s6ri: de reactions et d'etapes qui, de llJllliere g0n6rale, fun! passer les condibms d'un milieu de pH presque llOIJire i. des 
conditims de pH plus acne. Lorsque des mi:J6raux basiques sOIII: presents en quantit6s suflisantes pour ncutraliser les eaux: de DRA, lc processus 
d'oxydatim peut entram 1e drainage 1lliiirr neu1re ou le drainage salin. Le DMN est caracteri9e par des :lbrtes concentrations de metaux en solution 8. \Dl 

pH quasjneutre, 't:aiiiti que 1es ea:ux de DS pnSsentent de :IDrtes concentmtims de suliBtes a un pH neutre et 1' absence de toute concentration io:portaote de 
m61aux dissous. l.es scb6mas de Ia figure I -los divers types de processus de drainage. 

Figure 1: Types de drainage proveDillt de l'oxydation de ~rau:s: sulfuris 
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Nature du type de dra.inage en fonction du pH : 

Drainage satin 

Drainage minier neutre 
Drainage rocheux acide 

plJ. 

2 3 4 5 6 7 8 9 10 

Caractiristiques des divers processus de dra.ino.ge: 

Drainage rocheux acide : Drainage minier neutre : Drainage salin : . pHacide . pH quasi-neutre a alcafu . pHneutrea alcalin . Concentratiom . Concentrations faibles a . Faibles concentrations 
m oy ennes a elevees de m oy ennes demetaux. demetaux. Possibilite de 
metaux. Possibilite de concentrationsnXJYerlleS 

concentrations elevees de fer. . Concentrations elevees de zinc, decadmium,de 
de sulfates. m anganese. d'antim~ . Concentrations 

Traitements 
d'arsenicou de moyennes de sulfates, de . 
seleniwn. m agnesiwnet de 

necessaires pom la calciwn. 
neutralisation de . Concentrations faibles a 
l 'acide etl'elimination moyennes de sulfates. . Traitementsnecessaires 
desmetaux et des pour !'elimination des 
sulfates. . Traitementsnecessaires sulfates et. dans certains 

pour !'elimination des cas, desmetatDC. 
metaux et. dans certains 
cas, des sulfates. 

Uue u que lc p!OCQISIIIII de DRAa cl6bu!IS, il. peut a= 111!8 clifticilc del'~, car c'estun proce88lllll qui, en l'abeeDce de 101111: ~ 
d'~ 11e poUIIIIit(etpeutlll!B s'ac:c6~)jullqu'Ace qu'ullou pliBunl des ll!8e1ii (lllill6nlmtsulfiri8. o~, ecu) s'6puilleutou ue puialleut 
plulll ~Ala ll!actioiL I.e p!OCQISIIIII de DRA peut 11e ~ peodaDt des cLkemlics et dille des si!clcs apJI!s l'arret des tr&Wlllt cl'exll'lctiou, ce 
qu'illumm bien lcs CODdilion81 proxinill5 d'lmc em= de llliDc du6e en &pip, qui ciU: de l'6poque romaine (fgure 2). 
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Figure 1:  Types de drainage provenance de l'oxydation de minéraux sulfuré



Les co1llla.oci6s llllt IIICS1IM com=cM du DRA dans biiDiocs ozphelioes d' Am6rique du NonlBOut estim6s A des cli:raioes de millianl8 de dollalll 
am6ricaio8. Les ~del'~ d'UDC Dine quia f:rm68eS pora et a11aVIIUl[ WaDt A COftiFr le DRA et All'aill:r bl eGJl[ de DRA peumll 
elllrlbr des co11111D11lisam des clizaiDc8 et llli!B des CCIIIIiD:8 de millioDs de dolllllsila FSiion ~ clu proce8SIIII d'oli,)'Ciuion des min6raux 
8Ulliris n'a pu 61151881111!e cu 1:0111'11 de Ia dUII!e de vic de Ia Dine. 

La~ ad6q\U del'~ d'une Dinc.l'6laboradon de pmisioll8 wllbbl8111' Ia qualiiiS clu proce88llll de cllaiDIF et Ia F8liDn e1licace 
dc8 ~e111 miDiml peuw11t. dans Ia plupart dc8 CU.~ le DRA. et. dans 10U8 bl CU.~ au Dioiounla pnlduction d'emt de DRA. Les ~ 
IIICSUIQII pour~ le DRA doiwllt eft PJ*s loJIII dcsnwux d'~loll!ion et 11e po~ 1Dut 111 1:0111'11 clu C)de de vic de Ia Dine. La planificaion et 
Ia F8liDn COIIIimlc8 clu DRA 80IIt des 6~ cl68 de Ia pmemiDD de cc jm1CC88118. 

Dansie cas de~ lllinc8.1e probl!mc de DRAne 11e ~ pu. DOlaDDlcnt lo~~q~~e bl propri6161 FochiDiqucs illlrillll!qucs dc8 ~e111 niDienl 
ne fawrisellt pu BOD enclenchcD!It ou lo~~q~~e bl coudiliooa clinlaiquc8 BOut cclbl d'un 1DiJi,u 11'68 &ride. De plus, bl•illnll de IDiocs qui out Dilen 
~ dc8 outils de pmmon e1licacc8 et. au be8oiD. des IIICS1IM de~ et dc8 progrlllllllCS de BUM. ne clevraieDt pu awir A~ des 
probl!na de DRA iqlortanll. 

En adop1111t une approche globalc pour I8SUM Ia FSiion du DRA. il.estpoaible de~ bl '*lues pour l'~ et bl co1111811be6qucum que 
doi\tcDt I88UIIIC!' l'ioduslrie ~ et bl ao~ de~ bl incidences~ nuisiblc8 et de i.voriser l'appuiclu public pour bl 
actMII!slllillims. La pon!e de l'IJ'PftiChc de FSiion clu DRA et ~JeS6~ ~ quidoiYellt eft Dilen~ 8111' un mllliaicr dollll6 cl6jlendcDt 
de IIODD1Wlt fac1I:Unl propta au m et DOD IJelllemcllt A ccmt ..oci6s Ala poesibilill5 que l'exkution clu projet pnlduise du DRA. 

Top of Ibis P1F 

La prudKtioa de drainage rocheu acide 

L'~ des nin6JAlt 8Uifbn!s et Ia prodUC1ion de DRA. de DMN et de DS constilucutun pn~CCM~~~11'68 COJ11)kxe.lcquel~ de l1llllipbl 
~ chiDiqucs et b»>ogiqucs qui variCDt grandc!ncDt en i>DCiion dc8 condilioDIII ~ pologiqucs et climUique8 (NOJdslromet Alpem. 
1999). Leslllin6raultsulfiri8~ dans bl ~de lllinmiout6115 imD!8 dans des coudiliDua ~en absence cl'o~. Lo18qll'ila BOut 
~ Al'oxyFie atmoeph6riquc ou A des eaux com=am de l'oxyFie, Ala • de 11avaux d'exll'll:1iou, de trail=eDt du ~ d'~vation ou 
d'aulres activill!8 de~ bl nin6naJx 8llllbr6s JICIIWIIt cLmnir iostlblc8 et ··~. La-3 ~liD mocl!le siq)lili6 del'~ de Ia 
pyB.,Ie ~min6rlllllllfiri ~It clu DRA (Stlllllllet Mo!pll, 1981). Lea ~DIIBOut illllstl6:8 801111 i>ZD ~~eh6maliquc et ne ~p-DII':ut 
pu ~ bl rn6canismes CXII:1I, maisla iigiR CODIIIilue 1Dut de m!Jne un outile11icace pour visualiser et ~ l'~ dc8 nin6Jaux 
aulliria. 

La ~chiniquc de l'~de 1a pyrm, <~ l1D ~ 1a pn!senl:e de m ~principluK, aoitla pyrb, l'oxyF~e etl'eau. La~ 
pcut avoir lieu en nililru abioliquc ou b»lique (c.-A-d. par It bU de lllicroorpni8mc). Dans cc demicr cu. des bac1l5ric8 COIIDlC Arilidliobacib 
fmooxidaaa, qui limit leur 6neJP m6tlbolique de l'olii)'Cialion dum fmwx en m fmiquc, peumlt acc6~ Ia viii:8IJe de Ia ~D cl'oli,)'Ciuion et 
l'accroltn: de pl~Bum onln:s de grande1ll'8 ~lUX vill=8ses de ll!aclion en n&u ab»lique (Nonlstrom. 2003). La pyrb pcut DOn IJelllemcllt 
aubirUDC ~d·~~. maia ellc pcutlllll8ieft ~ et~ oxycL!e (~[laD. 

li1ple 3: Modtle de J•oKJclaUon de Ia pyJtle (Stmla et Moqan. 1981). 

F 
[I ) 

) 

rapide 

+ FeS2 (s) 

Fe(lll) ~ Fe(OH)3(s) + H• 
(4) 

Dans Ia plupart des cin:oDSIIIII:e8, l'oxyp atmoeph6riquc joue It 161e cl'olii)'Ciaut, T~ It m :fmique en phase aqucuae pcut aaio~ Ia pyrb 
selon Ia ll!aclion [2]. Celleciest bem.:oup plulll rapile (de 2A3 onlrl=a de grandeur) que Ia ~n awe l'oxyp et Ia q1lllllill5 d'acide produit par mole 
de pyrill: oxyd6e est grandc!ncDt ~. ce= ~est ccpendaDt ~ .. des coudiliDua daDII bquellcs bl C[UIIIIill!8 de f:r fmique clia80U8 
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soot ilqlortantes (c.-a-d. des conditims aciies oil le pH estegal ou io&ieur a 4,5). L'oxydatim dufur furreux. par I' oxygene (rCaction [3]) est nc:!icessaire 
pour produire du fur ~ue et recourtituer les quantites miales de ce con:pose et de plus, des COIXiil:iom acides soot essentielles pour que le fur ~ue 
demmre en solution et participe au processus de production de DRA. COliiDil 1a reaction l'indique clairemmt, 1' oxygene doit etre pr6sent pour produire du 
Ji:r rerrique A partir de Ji:r Jerreux. En outte, les bacteries qui peuvent catalyser cette reaction (prix:ipalem.mt celles du type AcidlhiobaciDus genus) ont 
besoin d' oxygene pour assurer Ia respDtim cellulaire aerobie. Une certaioe quant:ite d' oxygene est par cOIBiiquent nc:!icessaire pour que 1e processus soil 
eflicace, et ce, m!m: sides bacttries servent de ca1alyseurs, nais il firut pn!ciler que Ia q1l8ll!ill! d'oxygene requise est bi:n inli!rieun: a celle d'une 
oxydation en miliou abDtique. 

I.e sort du Ji:r 1i=ux issu de Ia n!action [I] comtitue uo iiu:teur enviomx:ru:rd>l d'i:npor1ance en!llltilre de production de DRA. I.e Ji:r 1i=ux peut etn: 
extmit d'uoe solltion, dens des cuuditims de pH kigOn:m:m acide a alcali:J, par oxydation suivio d'une hydrolyse et funmtion uiiOrioure d'uohydrol¢e de 
Ji:rrela-illsoluble (n!action [4]). La conDillsisondes n!actions [I] et [4], quia g6nOmlomont liouquand les cuuditims ne soot pas 1nls acides (c.!.-d. 
bisque le pH> 4,5), se 1raduit par une oxydation de Ia pyde qui produit deua li>is pilll d'acide, corrpam-a Ia n!action [1], sekm !'equation 
suivante: 

FeS2 + 15/402 + 7/2H20 ~ Fe(OH), + 2So.'- + 4W, 

Cette equation repn!senre Ia n!action Ia pbs couranJineDI utilis6e pour decrire I' oxydation de Ia pyrire. 

Bien que Ia pyrire soil de loin le principallllineral suJWre responsable de Ia production d'acide,les dM:rs gisenr.mts de mD:rsi conti::nnent difl&ents types 
de 1llioeiaux. sulfures. Ce ne sOIJI: pas tous 1es miD6raux. sulfur6s qui sont acilogenes Drs de leur oxydation De IIIIIliere g6neralc, lcs sulfures de fur (pyrite, 
D18li:IISsli:, pyrrbotire),Jes sulfures OU Je rapport m>Jsire m01al/soufte est infi!rieur a I et Jes sulibseh (p. ex.J'Onargile) pmduisent de J'acide Jorsqu'ils 
reag6sent avec 1' oxygene et 1' eau. Les sulfures oil le rapport Imlaire Infital/soufre est egal a 1 (p. ex. Ia sphalerite, ]a galene, Ia cbakmpyde) ont tendau:e a 
ne pas pmduire d'acide brsqne I' oxydant est I' oxygene. T-li>is, lorsque le Ji:r rerrique en pbase aquense comtitue I' Oll)'lant. tDus los sulfures soot 
acidogOn<s. Par consequent, le potentiel acidog!ne d 'un gisement de mD:rsi ou de rejets miniers depend g6nOmlomont de Ia qUIIDiie de sulfures de Ji:r 

~-

Les n!actions de ...-Jisationjouent auasi unr6le cki dens Ia detetmination des COlq)OSilions caracteristiqnes des produits de drainage issus de l'oxydation 
de sulfures. Tout COlllDil dans le cas des mio6mux sulfures, 1a nSactivit6 et, cons6queiiDEd:, l' eflicacil:e des IIioeiaux. neutialisants pour tanponoer tout 
acide pmdul, peuvent grandem:nt wrier. La plupart des minOraux carbonates peuvent se diisoudre rapidement, ce qui en iilit d'efficaces neulnllissnts 
d'acide. Toutefuis, !'hydrolyse du Ji:r (Fe) ou duliJilD!lllllOse (Mn) diisous, issus dela diisolutim de leurs cmbona.,. respectiiB, et Ia pn!ciplation 
subs6quente d'mmineral secondaire, peuvent entraiber Ia :fimmtion d'aciie. Bien qu':ils soicnt g6nOmlomont pb courants que 1es phases carlxmat:6es,1es 
mineraux alumioosili::ates ont ~ a etre Imios reactifS cpr cellesci et leur e:flet tanpon peut, dans certaiJs cas oil les coodiDons du milieu soot assez 
acides, penmttre seulemmt Ia stabililation du pH. Les donnees de certaines etudes iOOiqueDt que les silicates de cak:ium. et de magnesium peuvent 
1mnponner les-mi:riers et reudre leur pH neutre brsqne les W<:sses d'oxydation des sulfures -1nls filbles (Jambor, 2003). 

La coni>i:Jaison des rCactiom de productim d' acide et de neutmlisation d 'acide se traduit habituellemmt par 1m processus de production de DRA par 
6mpes (figure 4). Au til du ""'l'~ le pH <timinue en passant par une sene de plateaux, en function du 1lln\>ODDSge de difl&ents asseni>lages minOraux. La 
pCriode pn!cOdam le debut de Ia production d'acide constitue un !ilc1eur 1nls i:npomm en matilre de pn!venbm du DRA. n s' avere beancoup pilll eflicace 
( et geo6ra.1errmt beaucoup nnins coftteux, 8 kmg tenne) de ID!dlriser 1a production de DRA au cours des premieres etapes. La periode sUSllEiliouuee a 
aussi des incidences significatiws sur l'inl<Ipn!1ation des n!sula1s. Puisque Ia prerriOn: 01ape de production de DRA peut etn: 1nls longue, et ce, m!m: dens 
le cas de lllll.times pouvant devenir tres acidogenes, il. est essentiel de claireJmnt identifier 1' etape d' oxydation IDis de Ia determination du potentiel acidop 
duDRA. nest possible que les n!sula1s pn!liminsires d'essais geochimiques ne soient pas ..pre.- de Ia stabilil6 enviomx:ru:rd>1 ii long rerme des 
funmfuns geologiques vis6es et de Ia qualile des e-COIIDe>I:S. De teh n!sula1s d 'essail pn!lininaires peuvent routeli>~ comtituer des donnees 
pricieuses pour evaJuer des conditions futures et des e16Jmnts qui leur soot associes CODlllll lcs vitesses de neutralilation des mio6mux neutialisants 
diiponibles. 

Un corollaire est ftequeiiillCDI: etabli entre l'oxydatim des sulfures et 1a lixiviatim des mStaux (LM), ce qui explque que 1es sigles « DRAII.M » ou 
« LM!DRA » sOIJI: courarrment ut:ili!es pour decrire avec plus d'exactitude 1a nature du drainage minier acide. Les rretaux prCsents a :fbrtes concent:rat:iom 
et les mitans traces issus du DRA, du DMN et duDS proviemlont de I' oxydation des sulfures et de Ia diisobtion des mi:IOmux qui neutralisent l'acide. 
Dans le cas particu1icr du DRA, ce soot 1e fur (Fe) et 1' aluminium (AI) qui constituent habil:uellement 1cs principaux m:taux diclsous a :lbrtes concentrations, 
nais les concenlrations de mitans traces conm: Cu, Pb, Zn, Cd, Mn, Co et Ni peuvent aussi etn: ele.ees. J..orsque les e1Duents miniers pn!sentent un pH 
quasmeutre, leurs concentrations teDient a etre plus :IBD1es en raison de ]a :IDDIBtion de phases mio6m1es secondajreg et d'm pb6noimne de smptim plus 
i:nportant. Certains corq>oses restent routeli>~ en solutim bisque le pH augnx:nte, partionlilrem:n cerW:ls m01slloiles conm: As, Se et Sb, ainsi qne 
d'autres mitans traces (p. ex Cd, Cr, Mn, Mo et Zn). 

lilgore 4: Etapes die produetion de DRA (INAP, 2009) 
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Top of til P1F 

REACTIONS DES ETAPE S I ET II 
Ft$2 + 1/ 20 1 + H20~ ~·+2.5042' + 2H* 

..-------------------:Ft2"+ 1/,.0
2 

+ w~ Fe,.+ 1/
2
H

1
0 

p. ex. carbonates Fe' '+ '/,01 + ' / ,H20 !o Fe(OH), + 2H' 

(1) 

[3) 

[4) 

Plateaux de pH resultant du tamponnage par 
les materiaux se produisant a differents pH 

= REACTIONS DE L' ETAPE Ill 

~ 1 ~==P=ER=IO=D=E=AV=A=NT=LA====~--------Ft-1*+ lf40l + H*6; Ftl• + •JlHlO (3) 

a. PRODUCTIOND'ACIDE FtS~ + 14fth + 80~.!:; 15Ft1 * + 2S04
2' + 16H* (2) 

Temps 

Cadre de travail pour Ia geatioo du dnillage roc.heu acide 

Le8 qucstio111 et aiJ'1)ftiChc8~~:11ma Ala pmcmion etA Ia FS~ion du DRA 110ut allli!Dn panuut dalllllt IIIDude. Le811:Chlliques ~ llm'lllt A 
~a pn5visim8 de DRA.l'~des ~ cl'eais de DRAetla trimduDRApe1M!It1D1Jiri)is d&m'seiDnlt ~IDeal. 115gjonal 
ou lll!iooal, et il.&ut babbllcmCDt a adap=-aux courJilioll8 climUiqucs et IOJIOgrapbiqucs etA cl'~U~~~:s CODdilioDS propra m sill:lllillicr. 

Rn'exn clone pu cl'apJm~Che « uuibnill6c et lllliwrsellt »po111' Ia trim clu DRA. et ce. IIIIJ&n5lt fait que a questions~ A 1'6chellt 
~. 80Dt de 118!1111: IJeiiDJable. Cheque sill:lllillicr ~des CODdilioDS qui lui 80Dt jm)J)JQII et il.iut doDC raJiser UIIC 6wJuuion 110ipwse clu 
projet vil6 am cl'idcllli&rUDC Slllll5p de trim quipeut etre ildl5ar6c IIIli: cadre8 plus lazFs~~:ldl A 1a 115~ aiDsi qu'Aia ~ cl'exp»i!Uion 
et mt colb:tMII!s. Le8 ~ proJm:S au m ~ Ia COJ!io~~~:t~m: IICICU, 6co110nique et enviro~ dalllllaqucllt l'exploilation de Ia 
niDc s'e&cluc. 1IDdi8 que le cadre de avail~ eun cuns.Jes IIOIDIC8 115~ et celbl adopll!es Pll' les CDftplises qui 110ut ~ 
aiDsi que a~ eta~~ des collcctMII!e. La faiRS iiJustll: UD cadre conceptuelde CC type, quia' applique cluruit 1Dut Je C)":lt de 
vi: cl'une nine. 

Le8 ~ lllillinl de 10\dl:lllillca doimlt ~a lois et ~~ ~~:ldl au DRA des pa)'ll ot ellts eJ!Pioil=t des niDcs. On COIIIIidm IU88i que 
de boones p!lliqucs cl'~ con.,teuncut It~ de ciRctiws de nMiu ildmlalional.en mm= cle DRA.ItquclCODStilue claDI de~ cu 
UDC des courJiliolllli6es au fillancemcDt cl'un prop. 

Bon~ cle ~ lllillinl outadop115 des ciRctiws clafts qui115111Diputde INI ~ enmm= cle DRAetde li:ur ~des 
mcilltun:8 pra!iqucs ~. Riut cependaDt adop=- U11C approche~ am de l'usum' que IOUIIIes 616mcm1 des~~ ll8!ionlux IIOIIt 

~car a dRctiYe8 des eunpJisea~~:llma au DRA DC peuveut en lllf:llll cu se 8llb8tilucr aux ~PDDII des d5mdl pa)'ll. 

Main 5: CluD co .. peuelde pado• Iii DRA (INAP, 200!1) 
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-------------------------------------------------------------1 

Contextes propres pour Ia societe d'exploitation a Ia reglementation et aux collectivites : 

-~ ~========================================~ > 
~ 

Conjoncture environnemen~le, sociale et economique 

~ ~~================R=i=s=qu=e=s=a=s=s=oc=i=es==au==D=R=A================~ 
0 

LI ______________ G_e_st-io_n_e_n_v_ir_o_nn_e_m_e_n_~_le--de--la_m_i_n_e ____________ _J 

c===================~~ 

Le81ravaux des IICICi61J!8IIlillim8110ut Clll!c1dl!8 en 1mlallt CO!q)ll: des COIIIIIiaiJ:8 d'IID «pemis d'expJoiiUDn IIOCill.» qui,~ IIC imde 8\li'IID laiF 
COIIIICII8U8 ~groupaut 10118 bl ~. La llltiR IIISme du COIIIICII8U8 ~ ~UIIe \'1811: pDIIIe d'616mcu11 8CICiluK. 6coDoDiqucs et 
~ et des 6l6mcmlll de gD1MIDIIICC (Ia au d6veloppemeot clurlble). I.e DRA CODSiilue liD 6l6mcDt cl6 du pemill d'exploi~Uon IIOCill.d'lme 
Dine, car IIC8 eh coq>11:Dt hllbilue~ pcmibl r6pemaion8 ~ bl plus viaibbl de Pexploi!Uion llliai!re. Le8 co1lll des tr&VIIIlt de 
~de Ia niPe etde ceuxde ~ li6s A Ia f=Siion duDRAi>ut ~ ~ ildgr&~~~~: du budFtde 101111: aiDe enexploi!Uion etde 
lOut projet de lllioe. De noe j0111'8, de IIOIIim:ux _pa)'ll et Etm exiFDtUIIC quelcouque praldic ~ ayam 1llit A ees 6l6mcmlll partieulicrs. 

Top of til P1F 

Caraetfrilation 

La prochxl1ion de DRA.Ie dlaiDIF et le 1rlll8jl0rt des eGilt acide8 dall8 PenviroDillmlmt et Padop1iDn de IIIC8Ift8 d'~ com=ctiYee en ca de 
DRA COII8Iilucut des proees81l8 ~ n5p par UDC conirillai8on de fac1l:llnl ph,yaiqucs, chiniqucs et biologiques. I.e fait que le DRA pui8IIC CODStilucr 
liD probl!mc ~16cld6pend en grande p8llie des~ des~ des wa d'accQI et des llliliwlr n5cep11m!110Uch68. nest 
4oDC C811C1dielde pouvoir ~ ees upec1l avant d'efi:ctuer des pmisioD8 et pour icililm' bi111C81ft8 de pmenliDn et bltraVIIIlt de f=Siion du 
DRA. Lanat~R des progrllllDICS de~~ pen~~Ctde ~ U~~eZde dono6es pourn5poodrl: auxqucstio1111 de Ia lin: 
~: 

1. Quei: est Ia probabilill5 que le DRA 11e procluille? Quel type de clraiPaF est pmu (DRAIDMNIDS)? 
2. Quelb 110ut bl110un:es de DRA? Quelb qUIIIIill!s d'CIIIlt de DRA ~~erout proclub etA quclmDDDt ou A quci: p6riDde le ~~erout-elbl? 
3. Quelb 11011t a wa d'accQI qui~ 1e 1111111port des commjnam j1l8qu'IUll. n&ux n5cepllmll? 
4. Quelb 110ut bl ~ envirollllelllellllbl pn5wcs du DRA dalllll PenviiODD:IDOIIl? 
S. Quelb 110ut bi!DC8Uia quipeuYCDt a= aclop11!es dn de pmcuir le DRA. d'en 8SII5mlcr bl eh ou d'en U8lm' Ia F8lion? 

Le8 ~ucs pologjqucs et lllill6rl»gjqucs du gj8eDIIt et de Ia roche 11611: coDStilueut bl priDcipcult coDII6bl pologjqucs18110Ci68 m type de 
drliaaF qui~~e procluit lol'8 de Pexploi!Uion llliai!re. Par Ia-. ce 11011t bl CODdilioll8 climUiqucs et bl pro~ ~gjqucs ou h,ydropologjqucs du 
sill: quicl6tmDiDem Ia ~ dollt a COiq)OIIIIII de clrliDaF IIODt 1l'allllpOrll!8 dalllllle nililru 16cep11:111' et jll8qU'IUll. 16cepllmll. Pour 6vaJuer ees 
qUC81ious, ililutUiililler des CODIIIillsa!RI sp6cialill6e8 de llllllipbl domaiDee.nollllllm Ia ploP, Ia lllill6ri»P, P~p, Ph,)'dropoloP, Ia 
Fochinie. Ia microbioloP, Ia m6115orolop et dimi81CC11:Ur8 du pie. 

Le8 ~ucs FoJogjqucs des~ nio6nlult~d'iqlorllllll COIIII6bl pn5viaibbl8111'1cprojil~des ZDIIC8 

~ (Pludce, 1999). Riutdouc buerP6wluuion pn51ininain: de Ia probabilill5 de DRABUI'Pexamende dono6es pologjqucs ~durant 
bltraVIUX d'~ llliD6rlle. La~ des CODCe!III'Uioll de~ des m6tiiJl[ dall8 cli\tcnlllliliwlr (c.-A-cl. bl CIUll., bl ~ bl ~ et 
lc bill!:) peut aaii>\llllir 1111e iDti.:alion de Ia probabilill5 de DRA; de pJua. ees donn6e8 peumlt a= illll5pes A des clocuaniB8111' bl poaaibbl 
concenllllion8 ~~de lll6lluK. Au C0111'11destravaux d'am6napnent et d'explobtion de Ia nine, P6wluuion inilille de Ia probabilill5 de DRA 
est~ IUIDD)'CII de cloDD6es de ~d6taill6cs 8UI'Ia811bili115 ~des ~ell etdes llliDmis. La~de Ia 
naiUre exac1l: des efllucniB llliniml dall8 P~ notllnllnt leur eq>laceDDt et Piqlortm:e des qullllill!8 ~est d:c1u6e 8U COUll de Ia 
phue d'618boration de Ia aiDe. Des 6ludes m6115orologjqucs, b)Wologjqucs et hyclropologiqucs 110ut ~ dn de C8I'8C1I5riiiCr Ia q1l8ldill5 d'ecux et Ia 
cli=1ion de leur 6coulcmcnt dalllllle ou bl busill8 VCI'88IIIII de Ia lllioe, dn d'6valuer bl YOics d'accQI qui~ le 1llllllport des COIIIIIilu8niB d'in1151et. 
Le8 llkep11:1111 b»Jogjqucs poaaibbl pn511Cn1&8U IJCin du buain h,)'drologjque IIODt idenli668. Au COUll de Ia chfte de vic de Ia nme, bltraVIIIlt du 
progtlllllle de ~duDRAIIC ~douc pro~BUI'des 6l6mcmlll clilli5md8 et puiiC!Itde la~des CODdilioll8 de 
~A Ia ~n de Ia ~ et du 1llllllport des produb de clrliDaF, et par Ia BUill:, au suivides cour1ilioll8 du nililru et des iDcideDces 8111' 

r~ 

~ bl cli8!mlces quiiiODtpropn:s l dque sill:lllillicr (par ~le le type de lllillmi.exploill5, lc climat.la phue d'exploiluion, le ~de 
n5~n en vigueur dalllllc pa)'ll). Papprochc Fn6J* adop115e viaaut A C8I'8C1I5riiiCr lc sill: est IICIIDlablc et coq>orll: bl ac1ivill!8 8llivalla : 
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Figure 5:  Cadre conceptual de gestion du DRA



• Det<nniner Ia narun: des pro<lui> de draimge pouvant provenir de diflen:n1es sources aimi '!"' leur CjiJIIlllfu\ et leur qualite; 
• Idenl:ifier les voles d'accCs des eaux de surfilce et des ea.ux souterraines quip~ 1e transport des produil:s de drainage, des sources aux. 

milieux receprems; 
• Identifier les nScepteurs qui p0l.Dl'8ieol: subir 1es eflirt:s de 1' exposi:ion aux produls de dnrioage; 
• Determiner les rilques associes a cette exposition. 

Les figures 6 et 7 prOseoleot Ia cbromlogie des 1rawux d'un programne de caracten.ation du DRA et k:s activiles de ccllecte de doono!es coununn>:llt 
executees au cours de chacuoe des phases d 'uoe mille. La plupart des efi>rts de ca.ra.cter:6atin sont rea.Ws avant 1a phase de 1' extra.ctiJn miciere, soit au 
ccurs de celle de planilication, d'6wllation et de ccnception de Ia milx: (1rawux qui-parli>is designOs par l'exprossion englob- de phase 
d'Claborafun de B mine). De pbs, les incilem:es env:iou•• m • •I ales possDles sont identifiees et des BSI.D'es ad6qua.tes de ptivenWn et d'attenua:tim des 
eflirts, qui visent a reduire au minimmn les repercussions environnemmtale, sont int6gr6es au progra.mrm. Durant 1a phase de construction et de mise en 
serW:e et ceDe de 1' explol;atim, il y a 1ransition des act.ivites et ceDes de caracterisation du site sont rerrp:Jacees par ce&s du suM, lesquelles se poursuivent 
peOOant 1a phlse de mise hors service et de :fimmture et ceDe des tmvaux de post:limmrture. Le suivi peimrt: d' afWer les cOIIIIIrissances SlD" 1e !rite, lesquelles 
servent ensuik: i. ajustor les mesun:s correctives et, ccnsCquenm:nt, i. Wduire les cotlts de 1i:nmure du sire et accro'ib:e r eflicacil! de Ia gestion des 
rilques. 

lilgore 6: Ape~ du prognum10 de <lll'llderil&tion dn DRA, selon les phases d'nne n>ne (INAP, 2009) 
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Top of Ibis P1F 

Priviliolll 

Phases d'une mine - Connaissanc,es accrues des caracteristiques du site 

Exploration Planification et Construction et Exploitation :\lise hors Ira\ aux de 
conception de la mise en sen ice sen ice post-
mine et etudes de fermeture 

Source 

·voie······· 
d 'acds 

Caractensa
tiondu 
gisement 

faisabilite 
(Elaboration) 

Essatsde 
laboratoire sur les 
rej ets et les 
minerais (essais 
statiqueset 
cinetiques) 

Pretevement et 
analyse 
d 'echantillons 
d 'eaude sources 
cormues 

Essatsen 
laboratoire 

Essais de terrain 
sur les rej ets et 
les minerais 

····················-~---························+·························· 
Les forages Caracterisation : Suivi des 
d 'exploration h ydrogeologique ; parametres 
peuvent aider - presence d 'eaux ~ hydrogeologiques 
a caracteriser souterraines, ~ et hydrologiques 
la presence direction de ~ et de la qualite 
d 'eaux l'ecoulementet : deseaux 
souterraines debit 

Caracterisation 
hydrologique 
ecoulement des 
eaux de surface 

Donnees de 
reference sur la 
qualite des eaux 
de surface et des 
eaux souterraines 

Donnees de 
reference sur la 
qualite des sols et 
sediments 

·············-~---···················~···························+ ........................ . 
Recep- Identification des Suivi des 
teurs recepteurs recepteurs et de 

Dormeesde 
reference de 
caracterisation 
(recepteurs et 
habitat,y compris 
des etudes sur les 
metaux presents 
dansles plantes) 

! 'habitat 

Essats en Swvt de la 
laboratoire et qualite des eaux 
de terrain 

Installations 
pour le suivi 
desrejets 
miniers 

Pretevement 
et analy se 
d 'echantillons 
d 'eauissue 
des sources 

·sUivi·de·s········r·sUivi·cfes············· 
parametres : parametres 
hydrogeolo- ! hydrogeolo-
gique• et ! giques et 
hydrologiques ! hydrologiques et 
et de Ia ! de Ia qualite des 
qualite des : eaux 
eaux 

recepteurs et 
de ! 'habitat 

recepteurs et de 
! 'habitat 

Sw vt along 
tenne dela 
qualite des 
eaux (au 
besoin) 

·sUiV"i"de·s········ 
parametres 
hydrogeolo
gique• et 
hydrologiques 
etde Ia 
qualite des 
eaux (au 
besoin) 

recepteurs et 
de ! 'habitat 
(aubesoin) 

·············r···············r r..·es·reiise~g·ne:·· :···························-~·-··············································· ·························-~---··················· 

: : ments sur le : : Caracterisation et suivi 
: : gisement : Travaux de : 

I I ~§; I ":~~~.:·" I 

Les ~objcc6 des traVIUltde ~dus= ~ellft IIJIIQia ~ ~ IUll.probabilill!s de DRAetlla~ 
chiaique despnldub dudrlioaF. ~ lcs ~de pmisioneout~DDtli6e8 A celbl de plauii:aionde Ia ~~iDe.~~~~ chapin 
de Ia F'lion des emt et des • de Ia ~liD:., lcs dim~ de carac115risa1ion cloimlt aft ~ par 6tapes. pal'lll!lemeut au cl6roulemeut global de Ia 
planffication du projet. les 8Ctivill!8 iDiliabl de~ 80IIt IIOI!IIIIcmcDt de II8JIR ~ et DC~ habiluellcmentpu 8111' des hypolb!ees 
~en ce qui a nit A Ia iiiiR coD:ep1ion o=chaique de Ia mine. Les trawm: avm:a de~ et de IDDCI6lilllliDn cloimlt quaut A emt 1mlir 
con.,o: des 6l6mcum sp6ciaux de Ia phue de conception 1l:dmiquc et y aft emt-dmcs iull5p. Pour ce m, il. peut aft~ cl'ulili8er des 01llils 
d'i1151UoD, car l'6valuuion des probabilill!s de DRA peut IIICIIII: en~ le beeoin de~ uoe DOUYCIIe 6valuuion globele du plan de llliDc. 
L'iull5grUion des~ de~ et d'6vlluaJiDn A celbl de l'exploi!Uion ~ COIISiilue un 6l6DDt cl6 de Ia FS~ion efi.:ue du DRA. 

La pmision ~des fiJiurB clrainaFs cl'uoe llliDc exiF uoe tral bonDe co~bcasion des m6dlocles cl'6chamillonDaF, d'~n cl'eais et d'anq,e 
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Figure 6:  Aperçu du programme de caractérisation du DRA, selon les phases d'une mine



eq~JoyMs, restmdion :&abiD des lilllnl COIIIlilioDs ph)siq~~e~~ et JJ6ocbimiqJB c1u llilillu, aiosiq1111 1a de1m1liDation c1e 1a 1111tun1 des llliD6niult ~ 
de leur en'9lacemmt et de leur~. Cheque a= niDicr poee!de des~ quilui80Dt propra et qui80Dt woci6es A des icnw 
piDgjqucs. philliqUC8 et climmqucs.lla IIISIR des proclub DiD6rault et des m6tbocle8 de 1rlillmm du DiDmi. au rapcct des ~Pmm pertiDmB 
et mt ~des parties .iml5r •!: . Les progllllllliCS de~ doiwut done aft 6labcm!s 8111' ~.en imction des~ de Ia niDc, et 
de plua, lwnl objec1i&J peuYCDt grandemeDt varier. 118 peuYCDt par ~le ~ reslima!ion des be8oias en~ de~ des ecux, Ia 
86b:1ion de m6tbocle8 ad6quaa d'~ r6valuaion dc8 r6peJw88ioD8 8111' 1a qllllill5 de recu et 1a ~des 11011111a ~ po1U' U8lm' 1a 
~en6tatdus=. 

lllpN 7: PJvpuae cle ~dilation ciD ORA po11r cles mat»ns 1111111 cle I0111ftl ponetaelles, selon les pbues ci'De DDII (INAP, 2089) 

"' Q z :::;; 
Q 

~ 
Q .. ... 

.. ... 
"' 0 

lr! 
.2 
~ ;; 

.~ 
~ .. 
Q, 

~ 

Residu.s 
miniers 

Fosse 

Chantie. 
rs 
sourer
rains 

Phases de Ia mine - Connaissances accrues de Ia caracterisation des matieres issues de sources 

forage et 
donnees sur 
leurs teneurs 
(petrologie et 
mineralogie) 

Modele de blocs 
(quantite de 
minerai et de 
steriles) 

Examende 
donnees 
historiques 

laboratoire realises 
sur des 
echantillons de 
carottes-
pretevement 
d 'echantillons 
ciblantles 
steriles<•> 

Essaisde 
laboratoire realises 
sur desrhidus de 
I 'usine pilote<•> 

Analy se des 
liquides 
swnageants des 
essais en usine 
pilote 

Essaisde 
laboratoire realises 
sur des 
echantillons de 
carottes(a) 

Essaisen 
laboratoire realises 
sur des 
echantillons de 
carottes
pretevement 
d 'echantillons 
ciblant les parois 
de Ia fosse<•> 

Essaisen 
laboratoire realises 
sur des 
echantillons de 
carottes
pretevement 
d 'echantillons 
ciblant les parois 
des galeries de Ia 
mine<•> 

Construction et 
mise en sen ice 

Essais en laboratoire 
sur des echantillons 
de carottes de forage 
de developpement<•> 

Essais de lixiviation 
realises sur le terrain 
(barils, plates.formes 
d 'essai) 

Essais en laboratoire 
realises sur des 
rhidus de l 'usine 
pilote<•> 

Exploitation 

Essais en laboratoire(a) 

Essais de lixiviation sur le 
terrain 

Pretevement et analy se 
d 'echantillonsd'eaux de 
ruissellement et 
d 'exfiltrationissues des 
installations de steriles 

Essais en laboratoire sur 
des echantillons 
d 'effluentsissus de 
residus(a) 

Pretevement et analy se 
d 'echantillonsde liquides 
swnageantset d 'eaux de 
ruissellement du pare a 
residus 

Essais en laboratoire(a) 

Essais de lixiviation de 
terrain (p. ex. produitsde 
lavage desparois) 
Pretevement et analy se 
d 'echantillonsd'eaux (c .. 
a -d. des puisards, des 
ruissellements) 

Pretevement et analy se 
d 'echantillonsd'eaux (c .. 
a -d. des puisards, des puits 
d 'exhaure) 

Pretevement et 
analy se 
d 'echantillons 
d 'eaux de 
ruissellement 
et d 'exfiltration 
issues des 
installations de 
steriles 

Pretevement et 
analy se 
d 'ec-hantillons 
de liquides 
swnageants et 
d 'eaux de 
ruissellement 
duparc a 
residus 

Si des piles de 
stockage de 
minerai 
existent, 
preievement et 
analy se 
d 'echantillons 
d 'eaux de 
ruissellement 
et d 'exfiltration 

Preievement et 
analy se 
d 'echantillons 
d 'eaux deJa 
fosse et d 'eaux 
de debit entrart 
la fosse 

Preievement et 
analy se 
d 'echantillons 
d 'eaux 
souterraines de 
lamine 

Preievement et 
analy se 
d 'echantillons 
d 'eaux de 
ruissellement et 
d 'exfiltration 
issues des 
installations de 
sterile; (au 
besoin) 

Pretevement et 
analy se 
d 'echantillonsde 
liquides 
swnageants et 
d 'eaux de 
ruissellement du 
pare a residus (au 
besoin) 

Pretevement et 
analy se 
d 'echantillons 
d 'eaux de la fosse 
(aubesoin) 

Pretevement et 
analy se 
d 'echantillons 
d 'eaux 
souterraines de la 
mine (au besoin) 

(a) Les essais de laboratoire courants comprennent la detennination de la granulometrie de I'ec-hantillon, }'analy se de la roche totale,la 
mineralogie, la detennination du bilan ae-ide-base (ABA) et des essais de lixiviation statiques et e-inetiques. 
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Les ~ Msives Ala qualill! des produb de drlioaF peii\'CDt eft qualbsi\tcs ou ~. Les ~ qualbsi\tcs pcnm principllcment 8111' 

1'6wluuion des probabilill!s que des COudiliDDII acide8 IIC produiiiCDt daDIIJes ~e11llizliml et eDirlfllcllt par Ja ,u= du drlioaF COupmllllt des m6llull: et 
de l'acide. Sices ~ illdiqueut que bl probabilill!s de DRA 80Dt ~ blef»ri!IIIC ~ 8111' bl80lulioDII pei!IICtllllt de~ Ia 
produc1ion de DRA et l'orieD!Uion du progt~DD~e de ~nest moclifi6e dn de~ 1'6laboll!ion et 1'6wluuion de ces eoluliom. 

AuC0111'8 des quelques~ d61:ennics, des prop inportlldll Ollt6115 ~au chapin de Ia ~du .Pft10*U11 de DRA. ~ 
lUll. avanc6=8 d:c1u6es daDII bl domaincs des~~~~~ de Ia qualill5 des emt de nine et des 11:Chniqucs de pmcmion ~. T~ Ia ~ 
qllllllilatiw de Ia qualill! des emt de nine peut CODIIIiluer liD d6ide ..m, CD lli80n des 11'68 DOIIDreulles r6acliDDII parW:ipallt Ill PftiCe88UII et. poaib~ 
des 11'681ouaues p6riodes su co111'11 desquelb ces ll!actiom~~e produiiiCDt. MaJp ces fac1l:1ll'll d'iocertilude, des~ qUIIIIilatMs out 6115 6labo!l5es 
en 11e bu8llt 8111' des hypolb!IICs ~lOut en =ant coq>" des 616mcm1limilmiil CO!IIIClll:8, et bl ~ obllmiiiiiC 80Dt ~ 11'68 '1Jiibl pour 
~des 801ulioDII de F8lion clu DRA et 6vllucr a iDcideDce8 enviro~ ]1018ibles. 

Fp 8 : ~Fn6Jw!de l'approche adopll!epourbl ~de DRA(INAP, 2009) 

.i 
1! -
i 
)( .. 

Phase de pro jet type 

Tra w ux in itiaux 
d ·exploration et de 

L-r_•_•o_n_n_ai_s_sarn_•_•_du __ si_te--" 

u Exploration poussh et 

~L-·-x_•_m_•_•_d-etra-ill-e-du--si-te--" 

·-~tude de pretaisabilite 
(PIa nification initiale de Ia 
mine, de Ia gestion des 

rhidus et des ea ux. et de 
Ia fenneture) 

~tudes de faisab ilite et 
d em andes de p ermis 
(Plan ification initia le 

dhaillee de Ia mine. de Ia 

L.... : :~!i~ :t ~:sl:t!i~~!t~~:)e :t 
ewluation des effets 

Objectif mini mal du programme II , 
de LM/D R A Etape du program me de l M/0 R A I 

Activites du program me de l M/ 
ORA 

~laborer un mod e1e 
geologique co nceptu el du 

site 

~valuation in itiale des 
prob 1e mes possibles de 

LMIORA 

I Cia ssem ent prelimina ire 

I 

Phase 1 (Caracterisation 
geochimique initiale) 

~ Rpe~~~f~l~i~ et examiner des donnees 

~ ~Ia borer u n m anue Ide diag ra phie 

~ Forage au diam ant et stockage des 
carottes 

~ Oia graphies 

~ Ana lyse des carottes pour e1eme nts 
totaux 

~ Rapport geologique 

~ Interpretation geologique 

p c ollecte de donnees de reference 

Visite du site par le ge ochimiste du pro 

~Iabore run modele geochimiqu e 
conceptuel 
Comp arer le site et les analogues 

~Iabore r les essais statiq ues 

Essais statiques 
~chantillo nna ge des eau x du site 
(installations e xistantes. e aux de 
surface et ea ux soute rraine s) 
Interpretation des prob abilith de 
LM/ORA 

Elaborer des plans de phase 2 ~ ~~!~i~r~:fe~~n\~~:~n~~ar:~)ions de Ia r 
gestion de Ia mine et des (Caracterisation h 

rhidus a fin de rhoudre les ~ geochimique l ~ Identifier les besoins en matiere de 
problemes possibles de detaillee) donnees de caracterisation, par 

LM 10 RA installation 

L-------T--------;:~----,-;:-:-,L-,-,-~~--~r;:==;:=',.,+,.,..,.,=~ ~ ~laborer un plan de caracterisation 
Nouvelle conception Donnees necessaires ~ Edcuter les essais (statiques et 
des plans de gestion pour affiner le cinetiques. detaillh) 

de Ia rT!?deu ~t des param etre $ ou roe ~ Interpreter le s re su ltats des essais 

~ Dr~!?~rul:s criteres relatifs a Ia gestio n d 

L--------,.---------' fJ M odelisation de blocs 

f Poursuivre lestrawux dela phase 2 de 

R hliser Ia m odelisatio n 
lntegrer le bilan hydrique et le bilan des 

I 
Nouvelle ewluation I 
des effets du pro jet Mod elisation de Ia 

q ualite des e aux en 
a val 

p ~valuer l'incenitu de et les risque s 

Interpreter les donnees de reference SL 

des eaux 

Y 
Mise en oeu'Ure du pro jet 
(construction, exploitation 

et fermeture) 

Ew lue ret m odi1ier le plan 
de mine 

I Co ntrole d. veri•cation 

~laborer un modele hydrologique et 
hydro geologique des eau x en a val 

C hoisir Ia mhhod e de mo delisation de 
des eaux 
Rhliser Ia mode lisatio n 

~valuer !'incertitude et les risques 

~I abo re r le contrOie de W ri1icatio n 

Edcuter le plan de co ntrOie 

~valuer les re su ltats 
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• Les previsions de Ia qualite des eaux de mine sont habituellerrent b&eees sur un ou pklsieurs des e:~enxmts suivants : 
• Les r6sult.ats d' essai de Jixiv:iation r6a1is6s en labomtoire sur des rejets; 
• Les r6sult.ats d' essail de lixiviation realises sur le teiiain sur des rejets; 
• Les r6sult.ats de Ia camcterisation geologique, hydrologque, c1Jimque et mioeralogique des rejets; 
0 l..es resuila1s d'etudes de DDdOJisafun geochimi[ue et de 1rawux de DJldOJisafun d'aulres natm'es. 

Des sites analogues, en cours d' exploilafun ou ayant eU\ exploites par k: passe, coos1iuent aussi de preck:w< e-en m11ilre de prOvBion du DRA, 
parti:ulieremmt ceux: pour lesquek une ca.ract:eri!lation et un suivi pousses oot ere realiies. L '6labomtim de ~mdeles g6oenvirollOellEllaux repr6senle un 
des mei1kmrs exell1'1es de 1a m:51bode de « ~mdelisation anabgque ». Ces ~mde1es, qui soot en :tail: des construit.s penmttant d'iutctpt6ter les 
caractm.tiques environnem:ntak:s du gOem:nt de mioeraj dans \Ill contexte geologique, conatituent des outils tres utiles pour reakr l'ilte!pretation et Ia 
syntbCse des pro fils env10lllltilllill1aux de gisemmts et de mnes d'explolafunminiCre, pour un contexte gOOiogique syst6matij_ue; :ils peuvent auss:i servir a 
prevoir des prob~s emo:ir0lllltilllill1aux qui pourraient surgir sur Jes sites de futures mines, de mines en exploitation et de rrines orpheliles (PlumJee et 
coD., 1999). La figure 8 pres- un 'POl'I'U gOJJOm1 de l'approc!Jo sJobak: adoptee pour k:s previsions du DRA. 

Top of1his page 

Mesures de privention et d'attenuation des effets 

I.e principe :fimiarrlma1 sur lequel :repose 1a prevcntim do DRA consiste a Imtt.re en oeuvre un processus de planifbrtion et de conception qui vise a 
pr<venir, iobiber, retarder ou inlerrorrpre k:s processus bydrologique~ chimique~ physiques et mi:robiologiques qui ont des repercussims sur k:s 
ressources ~ues. La preventim doit avor lieu a l'endroi oU se produit Ia d6t6riJiat.ion. de Ia qualite de l'eau, ou a proxinite de celui-ci (sekm le 
prilcipe de reduction a 1a source), ou en mettant en oeuvre des rresures qui pertD:ttent de prevenir ou de retarder 1e 1ransport des produits du DRA 
jusqu'aux ressources h)>drilues ( c.-8-d. au IIl>)'el1 du recyclage, du tnriterrem ou de la dispositim adequate des produits, ou d 'une con:Dnaison de ces 
solutions). I.e prilcipe peut s'appliquer de IDil1liere g6n6rale, mais Jes mSthodes de mise en oeuvre SODt propres a chaqoe site minier. 

La prevcntim comtitue une stra.regie proactive qui permrt d' 6vier !'adoption de 1' approche reactive cor:qmrtant des rresures d'atte.r:J.Jatim des eflirt:s. 
Lo:rsqoe 1es cODlitions existantes de DRA ont des incidences negatives sur 1' emo:irOillleiieilt, Ia 1igne de conduite initia1e consiste habiluellerrent a ex6cuter 
des m:sures d'atrenustion. Malgre l'execufun de ces m:sures iniiak:s, k:s mesures de prevention adoptees subseqUOIDDi:ll! ont souvent pour objectif de 
reduire 1es futures charges de contanimmts et, par cons6quent, 1es besoios continus en lllll.tiere de rresures d 'attenuatiJn. L 'integration des rresures de 
prevcntimduDRA etd'atrenusfunauxactivin\s d'exploiafunde Ia mine constitue une- cl6 de Ia gesfun efli:ace duDRA. 

Avant de pouwir Kientifier ou 6wluer des rresures de prevcntim et d' attenuatiJn, il. :!aut determiner quels soot 1es objectiiS stmtegiques per:tiner:d:s. I.e 
processus doi comporrer 1'6valuafun des 6- suivanls : 

• Les r:ilques quantifiables pour 1es ecosysterres, 1a sa:nte 1nm:JUne et d'autres recepteurs; 
• Les criteres relatifS ala qualle des eaux de decbarge, qui soot propres au sie; 
• Les coUts en capital, ceux: d'exploitation et ceux: d'entretien associes aux rresures de prevcntim ou d'attenuation; 
• La logistique de l'exploilafun et de l'emetien along tonne des ins1sllatims; 
• La longtvil! n:quise et k:s DDdes de defitillances prews. 

Les objectifS usue1s, en tmtiere de mailrise du DRA, Went a respecter les criteres env.iowe:nen1aux en ut.ilisant les :r:o6tbodes 1es plus rentables. I.e 
processus de sek:cfun des reclmiques doi 1enir CO!l1'ti: des prtvi!ions relatives a Ia C<lll1JOSition chimi[ue des eaux de decbarge, des avanlages et des 
B:onv6nients des solutims de tnriterrent, des Iilques auxquels sont exposes 1es recepteum et du contexte reglemmtaire s'appliquaot aux diScharges des 
exploitations :rnitieres. 

Les decisims en IIIIltire de pr6veDDon et d' atte.r:J.Ja1im se :IDndent sur une approche de p1ani&ation et de conceptim bas6e sur les r:Bques, laquelle 
s'applique tout au coors du cycle de vie de Ia mine, mais prD:ipalerrent au cours des etapes d'6valuation et de conceptim. En se basant sur 1cs risques, le 
processus vise a quantifier k:s e1rets along tonne des optims et a utiliser ces connaissances pour choisr celle qui pres- Ia meilk:ure coniJinaison de 
propri6tes (p. ex. 1a. capacile de protection, I' acceptation du projet au point de vue r6glemmtaire, l'approbatim de 1a collectivite, les coOts). Des rresures 
d'attemationmises en oeuvre dans 1e cadre d'une strategie de mailrise efficace ne devraientn6cessier qu'unmilimm.d'eflbrts acti:f9 d':intervent:ion etde 
gesfun 

La prevcntim constitue I' e-cl6 qui pennet d' 6vitl:r l'adopfun de m:sures d • atrenuafun tres cotllellles Son principal objectif est d • appliquer des 
IIJStbodes qui pertD:ttent de redui-e au mioim:m ]a vitesse des reactions auxquelles pa:rt:qJent les sulfures, ]a lixiviatim des mSt:aux. et Ia migration ulter:irure 
des p:roduils d' aleration issus de 1' oxydation de sulfures. Les tmthodes de ce type ont ll01anmElt les buts suivants : 

• Reduire au minimum 1' apport d' oxygene; 
• Reduire aumin:imum.la presence d'eauxd'iofiltrationet Ia Jixiv:iation; 
• :Eiiminer Jes min6ralllt sul:fur6s, r6duire au mioim:m leur presence ou Jes :isoler; 
• Mailriser le pH de 1' eao :interstitielle; 
• Maitriser les processus bacter:ims et biogOO~ues pertinents. 

V oi:.i une liste de certains des :fitcteurs qui il:dluent sur 1e cbJix des m6tbodes susrrentionn6es : 

• La gOOchimie des rre:ti~res issues de 1a source et les probabilites que ces rratieres produisent du DRA; 
• La nature de 1a source et ses caract6ristiqoes physitues, y cor:qrris 1' c5coulerrent d' eau et le transfer~: d' oxygene; 
• L' etape de l'IUII6mgerrent de 1a mile (1es options soot plus mnimruses lors des premieres etapes ); 
• I.e processus et le milieu d'oxydation (1es options sont pb mr:r:Dreuses lors des premiere etapes, lorsque le pH est enxJre quasi-neutre et que 
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1a1 qmmli* IICelllllll6es de pnxluiiB d'olt)'lalion 11011t iliba); 
• La p6riDde d'~ que doimlt ~ 11:8 m6tbode8 et Ia llllllrille des COudiliDDII pcl1ioml:a; 
• Les coudiliDDII propra 111 sill: (c.-l-d. eq>lacemcDt, IDpographie et vides llliDicll. climat. pologie, b)Wologie et b)Woplogie, clispoDibilill5 
de~ etde plaml:s); 

• em=. ~~:ldllla qualill5 dee eaa: d'eflluml lllilliml; 
• Niwau d'acccpll!ion dee r*l_ucs par Ia 80Ci6IIS et aauiiQI ildmtcDaDII. 

n peut eft ~ d'ulili8erplusieum m6lbodes pour~ 11:8 objecli&J eouhaill!s. La jgun: 9 ofh un apervu ~des IIIC8IftS de pmtcDiion et 
d'~ dee eh du DRA 11:8 plus colUIIIa qui peiiYCDt eft eq>loy6c8111 COUll des~ 6tlpe8 du ~de vi: d'une llliDe. 

l.i'lpn 9: Ape•p116ralde1 ••me• de ).lriYelldoutcl'aU.~~~~adondllDRA(INAP, 2009) 

I Exploration caracterisation ~~ 

I Evaluation previsions 11 

Conception planiftcation visant a ev~er certaines cond~ions 

Construction structures pour le controle des eaux de surface 
et dess eaux souterraines 

v v rt v s v 
manipulation desulfuration 

speciale compactage 
segregation amendement 

encapsulation assechement 
stratification 

Explo~ation melange 

nouvelle extraction miniere 
remblayage 
passivation 

abattage selectif et mesures d'fvitement 
maitrise des parametres hydrodynamiques 

emplacement adequat des installations 
co-disposition 

disposition dans Ia fosse 
pergelisol et congelation 

bactericides 
matieres alcalines 

produits organiques 

I couverture seche I lmaaenaux d'etanct.ene I 
Misehors I couverture aqueuse I service 

I inondation I 

Top of Ibis P1F 

Trailement du dnioage rocheu acide 

L'exploiiUion durable d'unc llliDe exiF Ia Dite en~ de progranm:s Wallt lllldlri8er, pet 8JII5Duer 11:8 efh des traVIIIJl[ d'exlrlclion sur 
r~ 1.es iDcideD.:e8 de rq~loilaliDn ~ 8IU' blll:l80un:ee b,yclriquc8 peumJt ~~e poiUIUivre A 1o11g ~mB, dB peudaut 1a phue dee 
tr&VIIIlt polt-f:rmetun:. I.e~ des eaa: de draioaF mioier pcut coiiSiiluer un 616meDt dee~DeSU~~:S globales de Filion des eaa: de Ia mine au COUIIII 

de 1DIIt 1e C)de de vi: de rC91obtion Les objcc1i&l d'un progr&DliiiC de~ du c1raiDaF niDicr 11011t de naJure wri6c. n peut eft eoubaillble ou 
dB obliplDR de l6cup6m' et ll5uliliiiCr 11:8 eaa: de llliDe dee chauliml d'Cl!Pkli!Uion da, par CJDm~>k. de tram lc lllinmidalltll'utliDe, de 1llll8pom 
11:8 ~ et~diwnl 11'&VIIIlt(6ljmjnatinn des~~ de ~Wcmentde Ia mine. ~des~~ en6tlt). I.e~ 

2014-10-21

kmiller
Text Box



du drainage mnicr, dam ce cas partirulier, vise a mx1ifier ]a qua.lite de r eau a:fin qu' elle pu6se Stre utilisee a des :fuB pr6cises, que ce soil sur 1e site minier 
ou hors site. 

Les au1n:s objectili! du 1rairement du<irUiage milierCOfi\llemx:ntla proU:ctionde Ia sante humaine et de Ia salubrin\ de l'eovir0Ill1Cll£Ilt; 1orsqtx: le co~ 
est possDle, par utilisatim directe ou io:lirecte, entre des gens au des recepteurs ecobgques et des eaux: de mine touchees par les efiirts du draDage. I.e 
drainage minier peul: const:luer 1m milieu de transport de toute une garmu: de pallua:nts qui peuvent :iiflner sur 1a. qualit6 des ressources hydriques sur le site 
et lms site. I.e - des eaux de <irUiage pernJOUrait d. elimioer les polbmts qu' elles contiennent et de pmen;r les iocidences eovirolllrlll.'lllales 
connexes ou d' en attenuer les e:frets. 

Dans Ia pllpart des pays et E1ats, rout efiiJeot de produils du drainage minier dans un cours d' eau ou un aquilere publi: doit etre approlMS par I' organi!m: 
de rt'iglemmtatim pertiHmt; d'autre part, ce sont les exigmces rt'igleimntaires qui stipuleDt les divcrses valeurs associees a 1a. quaJite des eaux: d'e:flluents des 
mines ou aux charges de polbants connexes. Dam de :non:breux. pays oU l'industrie llliniere est en developpem:nt, il est possible qu'aucune J:l()[llE sur 1a. 
qualite des eaux: ne soil: utili>ee, mUs les responsables du :lioancemmt du projet et les politiques de 1' entreprBe garanti;sent habituellemmt le respect des 
llOIImS de qualite de 1' enviroimctmnt adopt6es a 1' 6cbclle intemationale. L'approcbc a ut:iliser pour choBir une mSthode de t:ra.itetmnt do drainage ninier 
repose sur Ia connaissance profunde do modele iolegre do sys1em: de gestion des eaux de Ia mile et des a-s crcuils aiosi que sur le ou les objectili! 
particuliors a at1oindre. L'approcho gk>bale adoptee depend d'un certamlDIIDre de lilct=s. 

Avant de choisr un precede de 1rairement, il est essentielde preparer un doCUIIJOII( qui enonce clairemeot les objectili! du 1raitenr.mt. Tout procOdO de 
tra.itemmt du drainage minier dol: Stre eva.be et mis en oeuvre en temnt compte du system: megre de gestion des eaux de 1a. nine, car il iiifluem sur les 
debits du sys!Om: et sur Ia repartiion de Ia qualin\ des eaux dans ce demier. Ls selection du procede de 1rairement est done efli:ctu6e en se basant sur 
1' 6::aulen:Kmt des eaux de Ia mine, lem- q_ualite, les coiits connexes et !'utilisation :lila1e de ces eaux. 

Ls carac1l!risstion des eaux de drainage efli:ctu6e en fimction des debils et des propri6n\s cbimiques doit renr CODJ>re adeq..- des fluctuations 
s~ et des variations dam le telq)s. Les donnees sur les debits sont ~ io:portantes. car elles soot essenti::IIes a 1a c:Ietermi:Jati: de 1a 
capa.cl:e de l'usine de t.ra.iterDmt. Panni les aulres t'iJenmts d 'inportance, mmtiormons les conditions parlbis extreJms Jiees aux precipilations et a 1' eau de 
funte de Ia neige, qui exigent Ia presence de bassles de relenue, de tuysux et de fi>sses de capacite adequare. Les principales propri6n\s cbimiques d'intbel; 
en IDiltire de drainage ninier, soot l'acilite et l'ak:alhle des milieux, leur teneur en sulfu:tes,lem- sa.linite et lem- temmr en metaux. ll :&rut aussi tenir coo:pte 
de 1a pr6seJu ( ou de I' absence) de COill'ases particuliers associes a des travaux pr6cis de 1' exploitation miniere, par exeiJ1lle les cyanures, l'amroniaq_ue, 
les nilrares, l'arseni:,le sel<nium, le molybdene et les radionucl!ides. En o-. il est posable qu'un certam lDliDre de constituants et propri!tOs do drainage 
minier (par exen:ple Ia durete de 1' eau, 1a teneur en sulfirtes et 1a presence de silice) ne soienl: pas vBes par des reg~enEDs au ne constiluenl: pas un sqjet de 
preoccupation eoviro• ". ''' !!!ale dans 1nus les pays et Etam, """' ils peuvent qusnd men.: influer sur Ia selection de Ia meilleure recbnique de - de 
1' eau. La ~ulatim et Ia diipositim des rejets de l'usine de 'traienEit tels que 1es boues et 1es sal.liii.D"es, et leurs propl"iStes cllinlques, doivent aussi etre 
con:m6rees 1ors de prises de d6cimns sur lc t.ra.iterDmt. 

Les usioes de tra.itemmt du drainage minier doivent Stre poJyvaJentes et avoir Ia capacite de fbm:tionner adt'iquatemm: 1ors de ha:usses ou de Wminutions du 
debit et de variations de Ia q_ualite de 1' eau, tout en tenant compte des cbangerrents apportes aux exigences tegletnenta:ires au cours de Ia duree de vic de Ia 
mine. n liuxlra done, dans eertames condiions, met1Ie en oeuvre le prograD~~n: par empes et adopter une approche modulaire 1ors des 1rawux de 
cou:eption et de construction. De pb, 1es traw.ux executes 1ors de Ia phase de post:fimneture palllTBient ir:qwser des contmintes pa.rticulieres au chapilre 
de !'exploitation et de I' enlretien des ins1allations de 1raitenr.mt. 

V oi;:i une Jmte des aspects pratXJ_ues, associ6s aux cara.ct:erim:].ues do site minier, qui influent sur Ia construction, 1' exploil:a.tion et l'entretien des usioes de 
1rairement du drainage minier : 

• I.e plan de Ia mine et 1a topagmphic du sie minier 
• L'espace dtipooblc 
• Le climat 
• Les sources d' eaux de drainage minier qui a1irnentent 1es usines de 1rait.em:mt 
• L'emplacetnent des utilisateurs des eaux trail:ees 

La figure 10 illustre on 6ventan. general des poss:ibilites pour le traitemeot du DRA. 
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Top of Ibis P1F 

Neutralisation 

Precede a Ia 
chaux/pierre calcaire 

Alcalis a base de 
sodium (NaOH, 

Na2COs) 

Ammoniaque 

eduction biologique 
des sulfates 

Marecages, drainage 
anoxique 

Autres techniques 

SuM du draioage roeheu aeide 

Categories des techniques de 
traitement du drainage 

Elimination des metaux 

Precipitation 1 
Hydroxydes 

Precipitation I 
Carbonates 

Precipitation I 
Sulfures 

Marecages, bassins 
d'oxvdation 

Autres techniques 

Oessalement 

Elimination 
biologique des 

sulfates 

Procedes de 
precipitation (p. ex. 

avec l'ettrin!lite) 

Procedes utilisant 
des membranes 

Procedes d'echange 
d'ions 

Marecages, 
procedes de 

traitement passif 

10401.002 

--4 T raitement particulier 
ciblant un polluant 

- Elimination des cyanures 
- oxydation chimique 
- oxydation biologique 
-formation de complexes 

- preCIPitation 
-1 . Radionucleides 

- echange d'ions 

Elimination de !'arsenic 
- oxydation I reduction 

:-- - precipitation 
- adsorption H Elimination du molybctene 
- adsorption par le fer 

H Autres techniques 

I.e suivicoii8R A ~lacolb:11: de~ de llllllin: ~. ~ et~, dnde pcM"Oirbl eq>ID)"::'Ades m. de trim 
etdepriee de dkision8. I.e BUMd'uns=lllillicrv* Aidemilicret~1Dt= "'ldffication ~ CIUII6c par bl ~ llliDi!res dnde 
pcM'Oir 6wlucr bl COudiliDlll p!Ojm:IIW. et bl iDcilcDce8 poaibks 8111' ks 16cep=m. I.e suM~ Ala ml'eMculion de travmt d'obemuion 
(p. ex. 1'~~ de doml6cs Bill' 1'~) et Ia ll!alisaiDn d'6tudes (p. ex. des eais de~ oil bl coudiliDll8 anDiaml:s 80IIt 80U8 

coldl6le. I.e BUM CODSiilue une 6tlpe cl6 pour Ia priee de cl6cmomr~:lui\tcs Ala FSiion clu DRA, par ~le lonl de 1'6valuuion de l'eflicaciiiS des 
me8lll'e8 d'~ et.m be8oia. de Ia mile en oeum: ~des "'ldfficaliolll cppon!e8 Aces llalll'e8. 

La~ 6l8pe de 1'61abo!Uon d'un progr&IIDC de BUM pour le DRA coii8R A eqmincr le plan de llline, et 1'~ pogt~pbique et le cadrl: 
poiDgjque de cellcci. I.e plan de llline i>umit des~ 8111' 1'~ et l'iqlonm:e des perturbuiooa de 8IDce et de 8llb8IDce, bl 
m6tbodes de COIII:U88F, de bro)'IF et de trail=ellt clu niPerai. a efts de dispoeilion des ll:jell.u.ique bl endroill WIJC produiBCDt bl efllucmi.Je 
~ d'eaux IIOIIIIm'ainc8 et Ia d6viuion des eaux de suril:e. ee. ~ IJCniCDt A ideDii6cr des 80lln:e8 poesibbl de DRA, ks 'YOics 
d'aco!s quipomraicnt ~ aa: eaux de DRA d'a= lib6J6=8 dallll'envirolllllmnt et bll6cep=m qui pomraimt en subir bl e1h, u.ique ks 
IIICS1IIa cl'atll5nualion quipolii!Unta= ~. Comnle Ia porll5c 8p8IU cl'unprogtllllllle de 811ivicloit~ 1Dlll ces c:orql088!!11, il.est 
eolM!It ~ cl'ado.P=-une 8J'j)ftiChe globale qui v*le basin hydroiDgique (y ~ bl CIUli.IIOIIIIm'aincs). Les ~ du progr&~~DC de BUM 
eout ~ AIDUII:s bl6tapes clu d6veiD.I'JlCD!It du projct. depui8 bl phuee pJ6c6claut l'exploiiUDnjlllqu'A cea, de postS:~ IIIIis bl objeclii 
de ces ~ aiPsi que li:unl constiluua et R ~. varimmt m COUIIII du ~de .. de Ia nine. La faun: 11 illllstn: 1'6laboration cl'un progrlllllllC 
Fn6Jildu suM clu DRA et 8C8 principaul[ 616mcn11. 

1Je1n 11: Dewlnpme• of u ARB MollblfDc Prop11111 (INAP, 2009) 
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Top of Ibis P1F 

Modele conceptuel du site (MCS) Modele dynamique du systeme (MOS) 

Voie Representation quantitative du MCS 
Source de d'acces Recepteur 
DRAILM 

G:;>l.------"> 

-
J~ + 

Determination des objectifs de suivi 

. Caracteriser les conditions actuelles . E.valuer les probabilites de DRAILM . Detecter le debut du DRAILM . Prevoir le debut du DRAILM . E.valuer les effets et repercussions du 
DRAILM . E.valuer les moyens techniques de 
maitriser le DRAILM 

+ 
Conception du programme de suivi 

. Donnees necessaires pour atteindre les 
objectifs . Emplacements et milieux d'echantillonnage . Frequence d'echantillonnage . Methodes d'echantillonnage (PNE) . Parametres a mesurer et substances a 
analyser . Assurance de Ia qualite I Controle de Ia 
aualite 

+ 
Mise en oeuvre du programme de suivi . Collecte des donnees . Gestion des donnees 

Analyse et interpretation des donnees 
"'---4 

• Validation ou mise a jour du MCS ou 
du MDS 

Audit 
(interne I externe) 

Retroaction continue 

~ 
. Objectifs atteints? . Nouveaux objectifs? 

~ 
. Donnees recueillies 

adequates? . Pertinence des emplacements . Pertinence de Ia frequence . Pertinence des methodes . Pertinence des substances a 
analyser . Performance en laboratoire 

~ 
. Mise en oeuvre des PNE . securite et integrite des 

donnees 

• Pertinence des analyses 
• Opportunite des analyses 

Geatioa du draiDage rocheu aeide et haluatioa de sa perfoi'IIWICe 

La cleecriplion du p!0CQ1S11111 de F8lion du DRA et de 1'6v81ua!ion de sa~ 11C 1roUYc habiluellcmcDt dalllllc plan de J:Siion enviroiiiiCIIICIIIIIc du 
mlllillm ou siDou. dall8 UD plan de F8liDD du DRA proJ= 111m. I.e plan de F8liDD du DRA ~ l:'illll5grUion des diml CODf.:CJ)UI et b:haiqucs 
dout Ia cleecriplion appard dall8 bi8CC1io1111 ~ du jm!IICDt chapin. Rmwoie 111118iaux ~de conception b:lmique et lUX~ de 
F8lion de l'exploi~Uon Ulilie68 Pll' bi80Ci611!8 ~. 

L'61abora1ion d'un plan imuelde J:S1ion du DRA est~ amon:6c lorBque blll!sullaUI du progranme de carac115risa1ion et de~ du 
DRA ou CCUl[ du progranme de suM du ml'~ L'61aboralion et 1'6v81ua!ion du plan de F8lion du DRA et biiiiC8UI'CS ~ d'am61iora1ion 
conlimle »ut.,.. illll5~ d'uoe d6man:he s»,. qui 11e ]IO\lllllit 10\lt cu IDug du C)':lc de~ de Ia llliDc. De~ Fu6r*, 11011 61abora1iou. sa Dile 
en CIC1l\lll: et eon 6wluUion suiwut Ia 86ric d'6tlpes illuslrl!e Ala~ 12. 
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Figure 11:  Development of an ARD Monitoring Program (INAP, 2009)



CO!Illlr l'illustte bien Ia figure, Ia premiere 01ape de !'elaboration du plan de gestion du DRA consist< a elablir des bula et objectiiS em. Ceux-ci peuvent 
con:pieahe la prevention du DRA ou l'atteinte de COidil:iom qui :respectmt des criteres de qualle de 1' eau particuliers. Dam 1e second cas, il :liu:d: tenir 
cotqlte dunilim biophysique, des emegistremmts regiemmt:a.res et o:fficicls :requ5, des besoins particuliers de ]a coiiectMt6 et de l'ent.reprWe, ainsi que des 
conlrepartieslinancil!res.I.es programm:s de carac1erisation et de prOvision; permet1eot de determiner l'ilqJortaJlce que pourraient prendre los probl!m:s 
de DRA et semmt de base aux processus de s61ection et de conceptim des techniques adequates de pnWent.im duDRA ou d'attenuatim. I.e processus 
de conception COirllOr!< UDe strie itbati>e d'&pes au cours desquelles los t<cboiques de con!I61o du DRA soot <wlu<!es puis corminees pour ibrm:r uo 
p:Bn de gestim.robuste pOI.D" 1e DRA et des outils de veriiEatim. pour m site minier particulier. I.e p1an de mile iol:ial peut seiVir i elaborer 1e p1an de 
gestion du DRA qui dol: et:re soumis dans 1e cadre d'une evaluatim environnet:rmta (EE), 'l:andm que 1c plan de mine filal est habioelkmlmt mis au point 
~~aupro=~de~de~de~et 

I.e plan de gest:ion du DRA penmt de d6termincr les rna.t:imes et b rejets miniers qui exigent mmlcanisrrl:: de gestion particulier. Des 616mmts 
d'<valuationet de gestiondes risques soot ioc01pores auplana.lind'affiner los strategies et los &pes de Ia mise en oeuvre. Afind'etre pk:inemeoteflicace, 
1e plan de gestim du DRA doit etre eutieteneut ioregre au plan de mine. Sa mise en oeuvre est :fiLciliree par 1' adoptim de contr01es d' exphitation C()l]][m 

les procedures nonmles d'exploitation (PNE), los indi:at<urs cl!s de perfbnnance (ICP) et los programm:s d'asSUI1UlCe de Ia quslili et de conii61o de Ia 
quslili (AQ/CQ). I.e plan de gestion du DRA detennine los r61os, los responsabilites et les obligafuns de reodre colql1e des -byes de l'expblation 
tniniere. Les progn)s realises dans 1e cadre do plan de gestion peuvent etre suivis en assurant m system: eflicace de gesfun, d'ana.Jyse et de COilll1lD1K:ation 
des dono!es. 

L'etape qui suit consiste a efiCctoer m suivi en conparant 1a perfbrmmce sur 1e terrain et 1cs buts et objectifS 6tab:JW Drs de 1a conception do plan de 
gestion I.es hypodleses emises dans lo cadre des programm:s de carac1erisstion et de prOvision; et los m>delos des mesures de pnWent.im et d'au<nuation 
sont mis a 1' epreuve, puil w.lides ou IIJJdifies. Les « le~ acquties )) IDis des activ:ites du suivi et d' evaluation sont examilees avant d' etre iotegnSes au 
plan, dam le cadre du processus d' a.tll!liomtion c~. Des v6rifica00m sont eftectu6es afin de s 'assurer que les personnes responsables de Ia mise en 
oeuvre du plan de gestion resp- los exigences stipol!es dans lo plan Des audits iotemes et externes devraient etre realises a.lin de mosurer Ia 
perfinma.nce du persom:Je~ des system:s de gestim et des con:posants tecbni:J.ues et de fuumir des points de vue supplen:Eitaires sur le processus de mise 
en oeuvre du plan de gestion du DRA. I.es gestionnai-es de site milier et de I' ent.reprWe deivent elli:cruer des examens des resubam des audits afin de 
s'assurer que les e1Cmmts du plan de gestion concordem toqjoto avec ceux des politques de l'enb'epriie et celles relatives au site minier. Des activires 
additiotmeiies d'6valua.tion et de gestion des :rkques peuvenl: etre ex6cut6es a cette etape particu1iere afin de deteminer ]es e:frets des condlions variab:Jes ou 
des ecarts signales par rapport au plan de gestion de DRA. Filak:m:n1; les resubam doivent etre o!valuo!s en function des buts et objectiiS &blis 1m des 
premieres etapes. S'ils ont ete atteints,Je processus d'evaluationet dusuivide 1a perfimnance se poursul: aucoto ducyc1e de vic de Ia mine, auDDyende 
v6rifuations periodiques. Dans lo cas contrain:, ilfilut enbepn:ndrc uoe nouvelle conception etUDe nouvelle ewmtion de plan de gestion et des sys1em:s 
d' 6valuation et du suivi visant a prevenir le DRA ou a attenuer ses efliml. Ces efiDrts supplemmtaires peuvent aussi exiger de muveaux: traw.ux de 
Cllili010risati et de pn!visions du DRA. 

Le processus ilbitre a Ia figure 12 assure une amSiionrt:im contiwe du plan de gestim du DRA et de sa mise en oeuvre, et de plus. il permrt de DDdifier, au 
besoin, le plan de mine. Si le plan de gestim initial est robuste, il sera d'autant pins &.cile de I' adapter aux cl:Ja:ngetmnts apportes au plan de mine. 

La mise en oeuvre ef!Eace du plan de gestim du DRA repose sur 1m ense.nD1e d' outih de gestion d 'ir:r:portance progressive. Les politiques de 1' enb'epriie 
servent a etablir les t:JOrims adoptees par l'enb'epriie et ceDes qui s'appJi:tuent au site minier, desquelles diicou1ent 1es PNE et les ICP propres au site dont 
se servent 1es exploilants pour rrettre en oeuvre le plan de gestion du DRA. S 'il n' exilte pas de polill:J.:ues ou de llOI'Jif:S au sein de 1' eolrepri!e, Ia gestim 
des projets et !'exploitation de sire doivent etre basees sur les ~. pilltiques de l'iOOustrie. 
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Processus de communication et de consultation relatlfs au drainage rocheux aclde 

Le niveau des c~sances sur 1a production du DRA et les m::sures d 'attenuation de ses e:frets a grmlemmt augra;mle au cours des c:Jemieres decenoies, 
que ce soit au sein de l'industrie :mi:Jiere, du milieu universitaire ou des orga.nima de nSglen:Eitation ToutefuB, ces collDil:Bsances ne peuvent etre utiles aux 
tres norrbreux :iltervenants d'm projet milier que si eiies sont presentees dam m funmt qui est :fBcile a corrprendre. Les actMtes de consultation de ce 
type doivent 1Ians.IIIrttre des rense:@ne:imats sur 1es previmns relatives a Ia qualite des futures eaux de drainage et 1' efficacle des plam d 'a.ttenua.tion, 1e 
degnS de certlode qui leur est assocE, ainsi que ]es m::sures priivues en tenant compte de cette incertitude. Lorsqu'm dialogue mere est possible, au 
cbapilre des ~ connus et de Ia nature et du degre de conflance des prOvisions, il est plus lilcik: d'accroilre Ia c~ et Ia conliance, ce 
qui permrt en definitive d' iilaborer 1m millleur plan de gestim du DRA. 

Les entreprises doivent 8SSI.D'er 1a mise en oeuvre de processus de COIDilllDicatio et de consultation relatiiS aux questions de DRA avec to-m les 
i:d:ervenants, car lli!e tellc demarche constitue 1m iilelmnt essenticl de leur permis d'exploitation social CoiDOil1e DRA represente habl:ueiiem::nt 1m 

phe:nomme de grande vilibille, i1 firut s 'assurer que les personnes qui doivent corrm.miqtu efficacem:nt avec 1es autres :intervenants sont des personnes 
qualifiees qui emploicnt des outils specialises pour le :firire. De phls, il est parfuis n6cessaire d 'io:pJi:tuer des repnisentants de to-m 1es domaines tecbni:J.ues 
pertincnts de Ia sociSte :mi:Jiere dans le processus en question 

Top of1his page 

Resume 

I.e drainage rocbeus aci<le consti!ue l'uo des plus strieus probl!m:s envirtmnemeniBu auxquek doit Jmrelilce l'i:ldustrie minilre. n 1ilut realiser uoe 
ewbation poussee des probabililes de DRA avant m!m: d'entteprendre l'expbilation minilre d'\Dl gioem:nt et poursuivre ces activites1out au bng du 
cycle de vic de Ia mine. Afin de respecter :Jes principes du diiveloppem::nt durable, les strategies de gestion du DRA doi.vent principa1cmmt porter sur 1a. 
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prevention du DRA et 1a reduction au minimum de ses etrets plulOt que sur b m:sures de cont:rale ou de t:raiteJmmt. Les strategies en quesfun soot de:lini:s 
dans lo cadre du plan de gestim du DRA, dont l' elabomtion est rOali!ee au ccurs dea pn:niOres phases du projet, panliiOiom:nt ala detennination des 
mesures du suivin6cessaire pour enevaluer 1a perfbrmance. L'int6grationduplande gestionduDRA aupland'Clq)loitat:ionde Ia mine const:lue me~Cmmt 
crucialdu succes duprogramm: de preventionduDRA. Les pratiques de pcilte, enmati/:re de geationduDRA, -l'objetd'81110lilrationa CODiioues, 
llllli!J]a temance actuelle COIJSEe a adopter des pratques qui soot propres aux sies et qui exigent l' apport de personnes poss6danl: des collDBissances 
specialiseea dans ce domaitx:. 
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Figure 12: Organigramme pour efl'eetuer l'examen de Ia gestion du DRA et de l'haluation de sa perfo11111UlCe (INAP, 2009) 
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Figure 12:  Organigramme pour effectuer l'examen de la gestion du DRA et de l'évaluation de sa performance
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Chapter 1 

From GARDGuide 

1.0 The Global Add Rock Draillage Guide 

1.1 IDiroducti>n 

1.1.1 Acid Rock Drainage 

Click Here to Leave a CoDIIDlnt 

1.2 Acid Rock Drainage Managcm:rd:- The Business Case 
1.3 Scope and ObjectM:s ofthc Global Acid Rock Drainage Guide 

1.3.1 Scope 
1.3.2 Objectives 

1.4 Relation to 01hcr Guides 
1.5 Approach ofthc Global Acid Rock Drainage Guide 
1.6 Appooation to Mine Phase 
1. 7 The Sustainable Deveklpmmt Approach 
1.8 Layout and How to Use the Guide 

1.8.1 Layout 
1.8.2 How to Use the Global Acid Rock Drainage Guide 

1.9 Chapter Reterences 
Lirt ofFigures 
Lirt of AppendX:es 

The GARD Guide 

1.1 Introduction 

Developmmt ofthis GlobalAcn Rock Drainage Guide (GARD Gone) was 
sponsored by the Inte:rnatima.l Network fur Acid Prevention (INAP) with the 
support of the Global Alliux;e. It is the property ofiNAP. Access and use ofthc 
GARD Guide is gnmted by lNAP mxler certain conditims. 

'I'hE GARD Guide dea.k with the prediction, prevention, and mmagemmt of 
drainage produced from sulphide mineral oxnation, often term:d ''acid rock 
drainage" (ARD), ''saline drainage" (SD), ''acn IIIim: drainage" or ''acn and 
nnllilerous drainage" (AMD), "mining iofluen::ed water" (MIW), and "neutral 
II1im: drainage" (NMD). The GARD Guide also addresses :tnltalleachiog cal.lled 
by sulphide mineral oxidation Wlnle fucused on mining, 1he technology described 
will be helpful to tmse practitioners 1bat encounter sulphne mineral'! in other 
activities (e.g., rock cuts, excavations, tunnel!). Som: oftbe approaches in 1he 
GARD Guide are a.Bo relevant to issues arising from reactM: non-sulphide 
miDeral'i. 

Tbis Venionofthe GARD Guide 

• VersimNun:ber: 0.8 
• Last Updated: DecenDer 13, 2010 
• Property of the Inte:rnatima.l Network fur 

Acn Prevem:Dn (INAP) 
• For further i:nfurmation or to provide 

cOIIIIIImts and conlributiom to updates of 
the Guide, please CODiact lNAP at 
terrence.chatwin@ioap.comau 
(mailto:terreiJ::e.chatwin@inap.comau) 

The GARD Guide is intended as a state-of.practi:e SUIIll1ll1'}' of the best practices and technology to assist mine operators, excavators, 
and regulators to address issues related to sulphide mineral orilation The GARD Guide will be of interest to the fullowing: 

• Mining and mining serW:e co~s 
• Govenm:euts (natima.lregulatory or land mmagemmt ageD:ies, IFC, World Bank, regional developnent ageD:ies etc.) 
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• Comulllml 
·~.Aa~demk 
• Conmmityleonmmjljr;l of izm=rc8t 

• BaDlom 
• NODo~OJpnizaMIII (NOOa) 
• I!JdiFDolll Pcopb 

1bc GARD Guide il a tl:dmi:alcloeualcllt cleaip:d ~ k a 8Ci::alist or qjaocr will a J'CIIIID'blc ~in cbcaillly aud 1bc 
buial ofCIIIiooeria& wid! lillie spcei!ic kDowli:dF of ARD. 1bc 11rFt audi:D:c il adapll:d ioma IIIDdclde\UJpcd by 1bc PIRAMID 
Comortim(2003). 

''lk cloeualcllt U~U~D:~lbc reader Ill be a~ or eugiDee.r wid! a reuom.blc blc:qroUDd in cbcaillly aud 1bc buial of 
cuaiDoeriD&. .W wid! 110 8pCCi6: kDowli:dF of acil rock draiDaF· 1bc 1IDIIel\viu& ICi:DI:e aud 1echDology of ARD arc 
~ in tu!li:m detaillhlt 1bc reader a111'111111emml1bcir appli:aQrul, but 1bc dilcUIIim ftlpllbort ofbciaa a imDil 
IICi:ulii: ~ on 1bc ~ upcct1 o( ill~ poci:lr:l!Dlk:ineli:l aud IOhdl= triDiport h.>'drodYIJI!IIica. ~. 1bc 
doc:urDimt JUidellbc reader dJrouah 1bc bpfimnoorlt of ARD nwnaF"""¢ Clllbq 1bcm 1o ~ 1bc lll.tiR oflbc 
probltmm: clraiDaF. aud 1bc po=m.lilr m1111F"""¢ 1hlt exirtl on 1bc ID, lcadiDa 1o 1bc aekoc1iDn oflbc mDit tpproprim: 
imnof~audmmldilmn." 

Top oftbil P1F 

1.1.1 Add Rock Dralllap 

l.l_AI:il_Roclt_DrlioiF) 
Al:il roek draiolac ill imDod by 1he naturlloxidalion of8111phide mioel8ls, lopr Mh ~ oflbo bue mioerU in 1he rock. which 
arc expoeod Ill air aud ""'*"· .Activiliea 1hlt iwobl: 1he e~avUion ofroek wid! sulphide mioe181s, IIICh u mioiJa, ~ 1he proceiJ8 
bocause 8\lf.lh ICiivldca iooraae 1he expoaure of 8lllphide mioerU 1o P., ""'*"• aud microolpllisa. 1bc draiolac prochJ:ed fiom 1he 
ollidalion proca~ may be lllrullll.lo ~ wid! or wilbout dil8o1Yecllavy m:tals, but 8\lf.lh clraiDaF ~ coDIIilll sulphall:. 

ARD reaub ioma .n. ofJ'CIIC1ioll8 aud ~ lhltU81111!,y prop!~~ iomDear lllrullll.lo IIIOl'O ICilic pH c:onditime (ace Cblp1er 2). Ill 
addilion Ill ARD, DWIIIl. mille drUqc or 8lliDc drUqc ay raul tom lbo Ollila lion proceiJ8 ~ dim arc llllllicm bue lliDcrU Ill 
~ lbo ARD. NMD ill charactlcrfmd by~ m::tU in aolulion at Dear lllrullll.pH SD coDIIiDI !qb lcvoll ofllllp!R at DWIII1 
pH wbut aiprificam m-.111~ aud 8lliDc clraioaF'• pm:ipaldissolYecl COIIIIilucmllbcn arc IUlplD, '"lll""'i'"\ aud aikium 
iol. . 

.Allhouah 1bc ""'*"quality~ fiom8111phide llillmlOJidatjon d.oe8 DOt leod illclflo ~ ~ lbo ~ 
chart ilultrala lbo vario111 typea ofclrUq: (Fp 1·1 ). Neulralmioe draiolac aud saline clrUq: a111 occur lliFihcr (Le., Dear DWIIIl. 
pH wih ~ unll aud llllp!R). 

1bc GARD Guide ~ ARD, NMD, aud SD ~ comrnjnmoo arc relcuod iomaolillo liquil phue by lbo oxil•tim of 
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llllphidc miocmll. For lilqllicily in the OARD Guide, clmil:qc prudua:ed by Slllpbilk: IIJiocmlnPI•tion il !d:mld. 1D lilqlly u ARD 
CllllCpt wbm lpoci& upcct11 of ARD, NMD, ml SD imDil:iDn or draDac ~ ~ ~ 110 the appi:mm of a pW;w.r 
11ildmology or na....,.....m approach. In tboec -, the speci:i: 11:rm11 NMD ml SD ~ 1IICd. 

PT,... 1-1: Typea ofD......,_ Pro._d by Nplllde omlldlo• 

Typical relatlon to drainage pH: 

Saline Drainage 
----
-- - -~eutral Mine Drainage 

Acid Rock Drainage ......... 

pH I I I I I I I I I 
2 3 4 5 6 7 8 9 10 

Typical drainage characteristics: 

a~!g B~k ~§!nag! N&\Jtral Mna Cfain~&. Saline D'ain~e· 

• ecl<loe pH • nearn$.11tai iOalkallnepH · neutral to alk~rle pH 

• modoroto to olovaod • lOw ro moderate metals · low metals May have 
moullo Mf1Y haveetevatedz•nc. moderate leon 
• olovotOd sull)llato cadmu,tn. manganese. · moderate sulphate. 
• ueet tor actd neutrehzallm an1•monv. arsen.c or ma91eS1t.m and c-alc1um 
end metal and sulphate selenwm · treat fa sulphate and 
removal • lOw to moderate sulphate scmetmesmetal renl(ll(al 

• treEl tor meu:l and 
somer.mes sulphate removal 

Top of dJil PliO 

1.2 .Aeid Rock Dniaap Maaagemeat- The B111iDe11 Cue 

ARD jmnatjon ill dillitult 110 I1IDp ooce illilllal:d bocaUic it ill a proc:eaebt. 
ifW 1113eml, will.couliauc (mlzmy eYeD~) Ulllilouc or~ 
of the MCIIDII (llllphidc IDiDcrall, ~ Wlll:r) ill ~or DO 
IDuFr avdable mr rcae1iDil. 1bc ~ can COIIIiauc 110 produee 
contBnjne1rlcf dlaioaF iomJDiuio& ml other l1llphidc bcarin& rock '9't'lla 
ilr decade8 or C\'el1 CCDiurieldl=r miaiua hu ceucd. In~ or 
uopicalelinUI wid! high raiaill, larF ~ of ARD can be prudueed 
requiriDg larF ml ~ colli:oc1iDD.,...., tlatnlcDtpllml ml civil 
WO!b (e.g., eow11 on millie '9't'lla). 

1bc COlt of ARD ,.,....tiation It primaribr abarwlonod ml ''oiphm:d" 
llio:8 i1 Nonh Aami:a has been~ in the 1lml ofbillions of U.S. 
dollanJ. Indivilualllio:e canflcepo&c:lolln liabiilitl ofllml110 over a 
~Dillon dollarl ilr ARD mnodildo11 and tra1ment if the BUipbide 
ol!idetion proc:e88 ill DOt properly~ duriD& the oine'•l2. 

Put~. ARD can mab a trine project unecononic ml praem millie ownen1 wid! ~Dy challqiiJa and~ Jona-=m 
IDIIIIIJ"""'¢ illuel. 

Fdure 110 ~ ARD can iDpct a coupaey"• ''8ocial.li:elllle 110 opera" dJrouib iDIDcial. polili:al, mdllllrwF""'¢ illueiiiiCh u the 
~ 

• U~ Jl'dtlllldoO ~ wid! Jalc or DO immlaJ.I'QIOUll:ell (ie.,IDIDpOwer', CCI.~ ~ llliilic8 ml 
IDIDIF""¢) It the time of elo8IR 

• Com+w wa11:r- wid! ad- inpet8 onbumm tallh, &Ira, ml am. 
• u~ ~ ofCII'IiroDmcllla,.,....tialtion 
• More llriaFDt regula110ey requirem:DIII wiD:h ewl\ed over tiDe 
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• Loss of corponrte image, public accepta.IK:e, and stak:emkler trust 
• Loss of future mining opportunities 
• Connnitmmt of cmponrte resources to a mine that has bng since ceased to provije ecommic vahJe 

Proper mine cbaracteri2atim, drainage quality pretfufun, and mine waste 
liBll8gemml: can prevent in IIDSt cases, and lilinimflc in aD cases, ARD furmation. 
However prevention of ARD Illl'it begin at expbration and continue throughout 1h: 
miD:>-lite cycle. The mining iodU'ltry recognill:s that continuous ARD pla.noing and 
liBll8gemml: is il:q>erative to successfulARD prevention. Proper pbuming and 
liBll8gemml: of ARD can prevent environmmtal irqlacts from occurring. 

Many mines will not produce ARD becaU'lC of the inherent geochenD::al nature of 
their mining wastes or very arid climatic coOOitions. ~. mines that have 
irqllemmted wen fuliiXled prediction and, where required, prevention and 
mmitoriogprograms shoukl aliD be able to avoid signifk:antARD i'lsues. For 
eXllliJ'le, Placer DollE Inc., a large gold and copper mining ~. pub!WJed 
infurmation on 1h: ARD and IIEtalleaching potential and managemmt plam fur its 

'Treating acid drainage on:e it has occurred, or 
mitigating environmental impact afier it has 
occurred, i'l usually an admissDn that sOIIEtbing 
has gone wrong either in the cba.racteri'lation, 
plamring, design or operation of a mine. It is 
NCWIIDllt's belief that acil drainage can be 
prevented ifso!IE key principles are fulbwed 
througbout the lifu of a mine, from expbration 
through to cbsure." Paul Dowd, ful'IIEI' 
Managing Director, N CWIIDll1 Australia (Dowel, 
2005) 

22 operating and cbsed mines (Placer Done hx:, 1998 and 2003). Ofthe 22 mines, eight (36%) exhDited a potential fur ARD and five 
oth:rs (23%) a potential fur NMD (m:talleacbiog), requiring that prevention and mmitoriog plans be developed and implemmled. Only 
three (14%) mines actually produ:ed ARD or NMD where water treatmmt of drainage was oocessary; none of those mines had 
irqllemmted ARD preventDn ~IEaSures from 1h: start of operations. 

A cotqn"ehensive approach to ARD managemmt, as pro!IDted by the GARD Guide, will redu:e enviromnental risks and subsequent 
costs fur the mining ind.U'ltry and govemrrents, reduce adverse environmmtal irqlacts, and build public support fur mining. The extent and 
specifi: elements of the ARD managemmt approach that shlukl be irqllemmted at a particular mine or project will vary based on the 
potential to produce ARD and other site-specifi: fuctors. 

Top ofthii page 

1.3 Scope and Objectives of the Global Acid Rock Drainage Guide 

1.3.1 Scope 

The potential fur ac:idi: dramage to furm from mining has been known since at least 1556 and ARD was observed as early as 1698 
associated with coal mining in Pennsylvania (BC Acid Mine Drainage Task Force, 1989). 

Research into the process of ARD funmtion and m:thods to minimize its irqlact have been ongoing fur !IDre than 50 yearli. Much 
progress has been mule, in the last 20 years in particular, through a number of research consol.'tium'i. As such, there i'l a consilerable 
scientific and engineering guidance available on ARD through organfl.ations such as IN AP, MEND, the Briti'lh Colurrbia AMD Task 
Force (BC AMDIF), the Briti'lh Columbia Minimy ofFnergy, Mines and Petroleum Resources (BC MEMPR), ADTI, the AU'ltralian 
Centre fur Minerals Extenmn and Research (ACMER), the South Afii:an Water Research Commission (WRC), The South Afii:an 
Depar1:!ne.Dt ofWater A:Jiairs and Forestry (DW AF), the Partnership fur Acil Drainage R.emldiation in Europe (PADRE), and other 
programi. However, 1hii research i'l generally available through di'lparate refi:rences and is not easily accessible. The research tends to be 
i'lsue, conm>dity, or geographi::ally (climate) centred. The objective oftbi'l GARD Guide is to consoli:late and s~ the current 
infurmation and to U'lC globa11hinking on ARD mmagemmt. 

Many exaiiJlleS and case studies of ARD pretfufun and mitigation have been studied fur the last 20 yeiUli that buttress and corroborate 
the more :fimdamenlal scientifi: research The kmwledge gained from both positive and negative field results contributes greatly to current 
and future ARD management plans and enhm:es the crediliilily of consultation processes on ARD. ~. application of ongoing sc~e 
and engineering research supports continual irqnuvemmt in ARD managemmt. 

This GARD Guide fucuses on mining and pertains to ores, wastes ( oVCibUiden, waste rock and residues/tailings), and mine wor~ 
(iooludiog in situ n::JiDillg). The GARD Guide applies to the entire mining mustry and aD commditi:s produced by mining, including base 

IIEtals, coal, iron ore, preci:lU'l m:tah, diamonds, and uranium where the ores contain sulphide 1Ilinet"afi[11. The GARD Guide is applicable 
to the CO!lll1ete mine lifu cycle and to exi'lting am historK:al ARD i'lsues as wen as future mines. 

While IWCh of the sc~e in the GARD Guide 8 !IDre broadly app&able, it does not specifi:ally address the fulbwing: 

• Acid sulphate soils, allhough refurence i'l mule to approaches and technobgies from the acil soil literature where relevant to the 
mmagemmt of sulphide mioera1 oxilation 
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• ImsolutDn of sulphate salts (e.g., jarosites and other hydroxyl-sulphates) that are produced by pyrometallurgi:al or 
hydrometallurgi:al processes (However, jarosites or other salts produced as irlt.enoodiate products during sulplOOe oxXlafun under 
an:bient conditions are considered.) 

The technoklgy descrbed in the GARD Guide DEY be of value to th>se en:mmtering or managing acid ~hate soils and pyromrtallurgi:al 
or hydrom:tallurgial sulphate sahs. 

Additional Web links fur organjzafuns: 

• MEND hltpilwww.nrcan-rncan.gc.ca/mm-smmltect-techlsat-set/med-txld-eng.blm 
• 1hc British Cohm:bia Ministry ofEnergy, Mm and Petroleum Resources (BC MEMPR) hltpilwww.gov.bc.ca/eiqlf/ 
• AD11 bttpi/inside.mines.edu!adti' ADTIMAIN .html 
• 1hc Australian Centre for Minerals Extension and Research (ACMER) hltpilwww.acm:r.uq.eduaul"mdex.html 
• 1hc South African Water Research Commissim (WRC) hltpilwww.wrc.org.za/ 
• The South African Department of Water Affairs and Forestry (DW AF) hltpilwww.dwafgov.za/ 
• 1hc Partnership fur Acid Drainage Rem:diation in Europe (PADRE) httpilwww.padre.imwa.infu/ 
• West Virginia Coal Mine Drainage Task Force- bttpilwvmdtaskfurce.cornl 

Top of this page 

1.3.2 Objectives 

The overall objective of the GARD Guide i'l to collate and mcilitate worklwide best practice in predi:tim, preventim, and mil:igafun of 
ARD. It is a refurence dOCUIII:IIt fur s1akehoklers involved in sulplOOe mineral oxida1ion and related waste managem:nt i'lsues. 

The GARD Guide has been prepared as a road map througb.1hc process of evaluating, planning, design, and managem:nt of ARD over 
the lifu cycle of mining. The GARD guide has also been prepared as a COIIJ>etxlium.ofthe concepts, the teci:mtues, and the processes to 
be considered in successful ARD mana.gem:nt over the mine-lifu cycle. It provides a broad, but not higbly detailed, understanding of ARD 
technoklgi:s and mmagcm:nt. However, a COIIJ>rehcnsive approach to ARD mmagem:nt will be created where the concepts and 
guKiaoce in the GARD Guide are translated into sire-speci&: acfuns. 

The GARD Guide is also a "compass" to identiiY n:me detailed infurDE1ion on ARD as it lists refurences fur th>se looking fur specifics on 
ARD technoklgics and approaches. 

The GARD Guide will assist the reader to m>nitor 1hc evolution of1hc sulplOOe oxida1ion process in mine wastes atxl identi1Y when 
invo:lve:mmt of IDOre experimced ARD pra.ct:iti>ners is required to address a par1icular ~ue. 

The GARD Guide is not a design docmn:nt; design requires a high level of understanding and site-speci&: knowledge of a parti;ular 
project or mine. Detailed design of ARD mitigation tecl:mi:Jues will continue to be cotxlucted by knowledgeable practitioners. 

The fblhwiog are specific objectives of the GARD Guide: 

• Arti:ulate the ~ues associated with sulplOOe mineral oxidafun 
• Improve the umerstandiog ofbest gbbal practl:e, custo:tmed where necessazy fur special geoclimati: conditions 
• Protmte a risk-based, proactive, consistent approach by encouraging planniog fur and il:q>lementa1ion of reduction atxl conlrol of 

ARD at the source 
• Leverage the workl's ARD experti'le atxl share expertise with developing courllri:s 
• Support the 'Equator Principles' developed by a consortium ofletxling institutims and the Internatioml C()U[J;il ofMioing and 

Metal's (ICMM's) objectives by achieving 'gklbalbestpractl:e' in future mining projects 

Top ofthis page 

1.4 Relation to Other Guides 

There i<l a considerable body ofknowledge on ARD mamgement in 1be scientific and engineering literature. Many technical docmnents and 
guidelines have been produced that slllllD'Ilri2e certain aspects of the state-of-knowledge and in some cases provide guilelines fur 
managing ARD. In addition, 1hc series ofi:oternafunal Coiderei:K:es on Acid Rock Drainage (ICARD), BC MEND, ACMER. and other 
confu:rences regularly review ARD research atxl ~ The ICARD proceedillgs in particular are valuable sl.lllmJIIi:s of ARD 
technoklgy and the reader is encouraged to revi:w these proceedillgs, especially case studies. 
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Some EiistiDg ARD Compendia 

• Acid Rock Drainage At Fn.viromioe, Enviromine bttp:/Jteclmohgy.infi>mine.com'enviromine/ardlhJn:E.hlm 
• ARD Test Handbook, AMIRA International, May 2002 http://www.amira.eom.au/ 
• MiMi-Results arxl Synth:s:is Report fur Phase 1 1998-2001, MiMi, April2003 
• MiMi-Perfimmnce Assessm:nt Main Report, MiM~, Decermer 2004 
• Guidelines fur Metal Leaching an1 Acid Rock Drainage at Mioesites in British ColuoDia, Ministry ofF.nergy and Mines, 

August 1998 
• Draft Guidelines arxl Recomn:nded Methods fur Prediction ofMetal Leaching aiXl Acid Rock, Mmitry of Energy aiXl 

Mines, 1998 
• Draft Acid Rock Drainage Tech!D:al Guide Vohm:Jl 1, Bril.:ish Columbia Acid Mine Drainage Task Force Report, Aug1tit 

1989 
• MEND M8IIUilh, MEND, January2001 
• List ofPotential InfomBtion Reqlliremmts in Metal Leacq Acid Rock Drainage Assessm:nt aiXl Mitigation Work, MEND 

Report 5.1 OE, January 2005 PDF http://www.mend-nedemorWrePOrtsl1iles/5.1 OE.pdf 
• Environmmtal Regulation ofMioe Waters in the European Union, ERMITE 

bttp:/lwww.nclac.uklenviromii:nt/researchiF.zmit.htm 
• Field and Laboratory Methods Application to Overburdens arxl Minesoils, Industrial Environmmtal Research Laboratory 

Office ofResearch aiXl Devehpments U.S. Environmmtal Protection Agency, March 1978 
www.techtransrer.osm-e.govlnttmainsite/Lirarylbbmanua1'fieldlablback.pdf 

• Risk Assessm:nt Fra.roowork For 1he Mamgem:nt ofSulfili; Mine Wastes, Amtralian Center fur Mining Environmmtal 
Research, Septen:ber 1999 

• Industry Liaison Officer Report fur the Managelmllt ofSulfidi: Mine Wastes Project, Australian Center fur Mining 
Environmmtal Research, February 2000 http://www.a.cmrr.uq.eduaulpublicatiomlhandbooks.html 

• Managem:nt of Sulfidic Mine Wastes aiXl Acid Drainage, Auitralian Center fur Mining Environmmtal Research, Septen:ber 
2000 

• Manual ofTechnitues to QuantilY Processes Associated wilh Polluted Eflluem Form Sulfidic Mine Wastes, Amttalian Center 
fur Mining Environmmtal Research, February 2000 

• COIIJiarison of Oxidation Rates of Sulfidic Mine Wastes Measured in 1he Laboratory and Field, Auitralian Center fur Mining 
Environmmtal Research, February 2000 

• Managem:mt of Sulfidic Mine Wastes - Current Amtralian Practice aiXl Available Knowledge aiXl Teclmitues, Amtralian 
Center fur Mining FnvironmentalResearch, May 2000 bttp:/lwww.a.cmrr.uq.eduaulpublicationslhandbooks.blml 

• Determining the Toxi:ity Potential ofMine Waste Piles, USGS, JUD: 2003 http://pubs.lligs.gov/o:fl2003/ofr-03-210/ 
• Acid Drainage Teclmohgy Initiative, AD11 Workbook Chapters: Introduction (in draft), Mitigation (in draft), Sampling and 

Monitoring. Pit Lake arxl Prediction (in preparation) 
• On-site aiXl Laboratory Investigafuns of Spoil in Opencast Collieries aiXl the Deve.hpm:nt of Acid-Base Accounting 

Procedures, Usher BH, Cruywagen LM, de Necker E, Hodgson FDI, South Afti:an Water Research Commissim Report 
Nunber 1055/1/03, 2003 http://www.wrc.org..za/Pages/D:isplayltem.aspx? 
ItemiD=7585&FromURL---o/o2FPages%2F AIIKHaspx%3F 

• Acid -Base Accol.llll:ing, Tecbni:}ues aiXl Evaluafun (ABATE), Usher BH, Cruywagen LM, deN ecker E, Hodgson FDI, 
South Afri:an Water Research Comm:issim. Report Nunber 1055/2103, 2003 
bttp:/Jwww.wrc.org..za!Pages/D:isplayltem.aspx?ItemiD=7586&FromURL---o/o2FPages'Yo2FAIIKHaspx%3F 

• Engineering guidelines fur the passive l"tllmdiation of acili: arxl/or mrtalliterolli mine drainage and similar wastewaters. 
European Comnissim 5th Fra.roowork RID Project no. EVK 1-CT -1999-000021 ''Passive in-situ retmdiation of acili: mine 
I indwtrialdrainage" (PIRAMID). UniversityofNewcastle Upon Tyoo, Newcastle Upon Tyoo UK. 166pp.) (PIRAMID 
Comortium (2003) http://www.nclac. uk/enviromn:nt/research'PIRAMID.hlm 

• AS 1M Method E-1915 Standard Test Methods fur Analysis ofMetal Bearing Ores aiXl Related MateriaB by Coni>ustion 
Infrared Absorption Spectrotretry, Annual Book ofAS'IM Stamards vohm:Jl 03.06 (also staiXlard tJEt:hod fur humidity cen 
testing, SPIP (vol11.04) aiXl MWMP (vol 03.06)) http://www.aslm.org!Standards!E1915.hlm 

• BestPracti:e Guideline Series, SouthA.fti:aDepartm:ntofWater A1lilirs aiXl Forestry, 2006 
• Managing Acid arxl Meta.llifurous Drainage, Australian GovermDilDl Department oflndustry Tom:ism and Resources, 2007 

SOIW existing con:qJe1ldia of ARD techoo.hgy are li<lted above. The GARD Guide SUillllllJil.cs am refurences these aiXl other key 
literature aiXl COiq:Jendia on the assessm:nt, predi:tion, comro~ and IIBIIIlgemml of ARD. It rem the reader to nxrre specialized state
of. the-art guiles aiXl SUIJIDlries where they already exist INAP bas commissimed a separate review of the ARD literature 
(Wolkersdorfur, 2008). 
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Top ofthil P1F 

1.5 Approach oftbe Global Add Rock DnJoage Gui.de 

Tbc GARD Guide il buccl on a l)'llll:mllic IJIP'OICh 1D ARD n mF"""'¢ u lhown in Fp l -2. Tbc IJIP'OICh prococcl8 iumsii: 
~ ID ~ lllll u11imU:1y irrp1crn=ntation ofm ARD t!11111F"'C'¢ plan. It io.:Uiel & loop ill'~ lllll 
calibralion ofprcdi;11DD11111la11: •etiB u put of~ lhc periwanoe oflhc ARD n•F""'¢ plan. 

Ji!pre 1-2· Overall ARD M~~~~~p-llt Pkla . 
CHARACTERIZATION 

I Review Corporate, Regulatory and Community Guidance I 
• I Def111e Situation and Characterize Site : 

~ • I Evaluate Potential ARD Sources I I Consider Mine Phase - proposed, operating, closed. abandoned I 
• I I Develop Conceptual Site Model I 

+ PREDICTION 

I Conduct Prediction Program 1 
: Corporate/Regulatory/Community Criteria I 

-. I Evaluate Risk of Unacceptable Release I 
~ • I Quantity Drainage Quality & Quantity for Base Case I. 'I Consider non-ARD Unacceptable Release I 

PREVENTIONIIIITIGATION ! I TREATMENT 

II Evaluate and Select Prevention/Mitigation Option : : Corporate/Regulatory/Community Criteria I 
-'- t 

jl Evaluate Performance of Prevention/Mitigation Plan ~- Evaluate Treatment Plan I 
-'· I • • It Evaluate Risk of Fa~ure of Prevention/Mitigation Plan t 

l 
I Evaluate Risk of Faaure of Treatment Plan I 

I Develop ARD Monitoring Plan : r MONITORING 

+ MANAGEMENT PLAN 

I Compile ARD Management Plan r 
I t 

I Evaluate Risk of Failure of ARD Management Plan I I Corporate/Regulatory/Community Criteria I 
t I I Implement ARD Management Plan I 

t 
I Evaluate Performance I 
Modify ARD Management Plan as Required 1 

Spocii: ckmml oflhc IJIPfOICh lllll approplilll: \ll:dmoklgi:ll ate de8cribed in ~~me detaiin thil GARD Guide. 

Top ofthil P1F 

1.6 Applkatfoa to Miae Plwe 

ARD nw"'F"""¢ il applied at allphue8 of & Iliac iom ''crldk ID melle" U put ofm enviromD:zllll DNF""'¢ l)ft:m(EMS), wiD:h 
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iDcJudCI a COllliauoUI ilqlro~ procc8l (Fp 1·3). ('Ibc 1lmn ''c!ldl: 111 cracllc'' charac1icrta 1be O'bjcctM: 111 n:tum IIDil ~ ix' 
llizliDa 111 biiJDp.JIJ procluctM: IIIC a1b:r llizliDa il :tizlilb:d.) 

BalD 1..3: ~ u :r.a.tru .. atlll M.-p-lt Syat.m tu ARD 

Tbc ARD !III'"F""""plln il buocl on 1l:dmical ~ ml kDowicdF but il cleiiDod wilbin COI]IOlUe policb, ID~ 
qnloriorw, ml OO!!IJI!mily apce1llia. Tbc ARD nwrwF""'#pllnil buocl onlille ~ml ARDINMI>ISD ~ 
ICicucc ml ilcozpclr'aa euaiJccri!&llli:UIR8 aiD:d at ARD pme.aiDD ml conlro1. Wlll:r lrcalml:llt uay be iDcblcd iD lbc plan u a 
~.or u a IICCCMly ilr CllilliDi DD:e. 

~mn oflbc ARD !IIIMF""'#plan R~quiM lbc IIIC ofl!liiiiF"""¢ I)WII:lDI ml OO!!D!miraOOn betv.wn lllkdloldem. Tbc 
plan'• ~ill~ lhrouih a liiiF ofiJ:ni:81IBIIIII.vbuocl on evabliDn ofmioc wu=r qualily. Tbc ~perilrmmee of 
ARD !IIINF"""" il ~ ..-.. !lpOCifie enWoiii!Ciilll ~ mllbc erib:ria allbllbocl by CO!pOlUe poleic8, 
JIMlDIIICIIlllludardl, ml C()Til!l1!mity CllpOCIItioDs. In 1hil way, lbc ARD !IIINpncnt procc8l il a COllliauoulloop. 

Tbc liM! of ••= ""Ill m1 plarmina m e.ch phue ofn:i!liDg wrie8 buecl on lbc depe ofiailrmltion aw.lllble mllbc cam of rock 
a:aVItion mllbc po1lmlillenvirorm:elll:ll.iq)act. For~ rdali.w\Y llde distmbm:e ml a:aVItion of rock c:o""inina tulphide 
Illiomll uruall,y OClCUII during explruUon. H'Dwem-ARD DWNIJ""'C'Ctplaus ~ ~ ix' ellplomiDn clrilliJa, buk lllqlb. ml at 
~UIId ~. Apoor\y plumed ellplomiDndrilliJ&propamc:ould Clllle ~11mnARD problenw 1hroush distmbm:e of 
lbc llllurll.arolllldwP=r c:ondilio111 ml provililn of DeW ~ilow pllbe. In addiliou, a c~u, illcludizla ore ml waite 
c~n ml ARD p~u, lllllt besia at lbc 8llrt ofmiDcnlexplolltion. 

Tbc lpproiiCh 111 ARD !llllllpncnt clurini lbc phuel of mile dewlopueDt il disclaod in IDOJ'O detail in Cblptl=r 9. 

Top oflhil P1F 

1. 7 The S•taioable Developmeot Approach 

Wilh ill~ wid.o-rqjz!a ml ~CO!IIeCI.III:IICCI, ARD ilm izqlol1IDt ~~· or ''llllllizlabiil' 
illuc. ~~ of ARD em be ICitlul ml enduri:Jg. J)epeDdia:la on wbm: a mile opezaa. ARD em allo iDpl:t lbc vd
bcizla of~ IIII1'0\IIIdil! 1be mille, DOW IIIIi in lbc filture. Poor lllllMF"""'¢ of ARD Cln not 0111¥ '-zm tbe enWoumcut but Uo tbe 
mioizJa blultrY• repulllion IIIIi c:o.....,m,• acceptance ofindividualminizla operation~. App1yioa tbe coocept oflllltlinlblc 
cle\dopm:llt. on lbc other hlud, ohm opportuDity 111 ilrvoM ~ lllkeholderl in ARD ""'",......r, ~\IC rU. "'"F"""", 

2014-10-21

kmiller
Text Box



and optimia: the socioeconomic and business benefils of a mining operation. 

The Minerals, Mining and Sustainable DeveloplllOlll (MMSD) Projec~ an elfurt initiated by nine of the worli's largest mining ~s, 
descrbes sustainable develop11l0lll as a goal to: 

''maximi2Je the con1ribution to the well-being of the current generation in a way that ensures an equitable distribution of its costs 
and benefils, without reducing the potential fur fulure generations to m:et their own needs" (MMSD, 2002). 

In practice, sustainable develop11l0lll requires an integrated, balanced, and responsible approach that accoUDts fur short-term and long
term environmen1a1, social, economic, and governance consilerations. The economic benefit derived from mining can be an essential 
con1ributor to sustainable development. Enviromnental and social conseqnences of ARD detract from thi! significant benefit unless 
managed appropriately. 

Sustainable develop11l0lll requires that the mining company engage stakeholders and find optimal solutions that lllinirni2e rWk, IIlOXimi2l: 
benefils to IIlllitiple stakeholders, and manage trade-oflil. Fundamentally, the company lWSt exerciie socially responsible practi;:es. As a 
parti:ular mining project presents an ARD rWk, how can the mining COIIJlany best limit the risk and satisJY the needs of its stakeholders? 
Sustainable develop11l0lll requires the fullowing: 

• Looking fur solutions to ARD issues from a whole-society perspective 

• Applying proactive pollution prevention rather tbao reactive mitigation and 1rea-
• Implementing ARD prevention and mitigation throughout the whole mine-lifu-cycle perspective 

Appli:ation of sustainable develop11l0lll principles to ARD manage11lOlll is discussed further in the GARD Guile (Chapters 10 and 11 ). 
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L8 Layout and How to Use the Guide 

1-8-1 Layout 

The GARD Guide ii based on a 'Wikf' model Chapters and subchapters are constru::ted as pages. Jntemallinks are provided fur topi:s 
where more de1ail ii available. Links to external websites are included to organjlations and other more detailed or specific topi: 
refi:rences. The appli:ation ofmanage11l0lll techoclogics ii based on the ARD furmation process described in Chapter 2. Chapters 3 to 8 
build on ele11l0llls in the 'knowledge map' presented in Figure 1-2. Each chapter is '~land alone" with key refi:rences and goilance. A 
Glossary of comrron terms and descq,tion of Acronyllli is available. Each chapter contsins tools (e.g., lilts, tables, and figures) to assist 
the reader to apply the knowledge. 

Most of the techoclogics and approaches in the GARD Guile are appli:able to generi: ARD issues. However, the techoclogics and 
approaches may need to be modified to address parti:ular aspects of ARD, such as 1hose related to the fullowing: 

• Commodities (coal or hard rock) 
• Smge in mine lifu cycle 
• Exploration 
• Mine planning, feasibility stuilies, and design (including enviromnental impact assessment) 
• Conslruction and cOIIIDiiisioning 
• Operation 
• Decommissioning 
• Post-c1osure 
• Mine sources (e.g., in situ leaching, open pit, underground, 1ailings, waste rock etc.) 
• Climate (wet or dry, 1en1>erate or hot or cold) 
• Higb/m>derate/low techoclogy appli:ations 
• Types of drainage - ARD, NMD, or SD 
• Sensitive community issues 

lnfurmation on these special techoclogics or approaches ii provided in the text, silo bars, and mbles, as appropriate. 

Chapter 9, Acil Rock Dlainage Assessment and Mana~ brings the techoclogics together and discusses their appli:ation wbile 
descrbing in more de1ail the risk approach, engineering design process, and manage11lOlll systems to ARD. The chapter describes how to 
prepare and irqlle11l0lll the ARD manage11l0lll plan Chapter I 0, CoiiiiiiDication and Consultation, describes how to collDlUIIlicate 
ARD issues within and outsile an organi>ation. ARD manage11l0lll must be fully incorporated into geological programs, mining, and milling, 
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so elfuctive collll1lllllication between disciplines ;. critical The chapter also describes1he ilq>ortance ofknowledge managemonl given 1he 
potential long lire of ARD i.sues. Regulators and local communilios nmst have a clear understanding of the risks of ARD and 1he 
elfuctiveness of approaches proposed w mmage it. 

Ditli:rences in approaches 1D sustainable develo~ migbt affi:ct bow ARD technologies and managemonl are applied. Smtainable 
developmont aspects are briefly dEcmsed in 1DJSt chapters of1he GARD Guide and in nme detail in Chapter II with respect w 1he 
possible future of ARD mmagement. Chapter II also identifies research needs and a possible pa1h furward w increase our understanding 
of ARD genesis, best practice, and rnamgement. 
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1.8.2 How to Use the Global Aeid Rock Drainage Guide 

Tbe GARD Guide contains II chapters, including 1hE one. Readers are encouraged w, in 1he first instance, progress from one chapter w 
1he next becaose 1he approach w ARD mmagement.;. step-wE.. Chapter 4, Characterization, in particular is ao ilq>ortant step in 
in:plem:nting 1he ARD rmnagement. approach became 1he application of technology must be based on a 1horongh knowledge of site 
comitions. 

Tbe wols proviled in 1he GARD Guide will belp 1he reader compile infunnation fur me by ARD spechlist practitioners. The GARD Guide 
will also support 1he reader's participation in nme detailed scientific investigations and engineering studi:s at a particular mine site ( e.s, 
identiiY and collcct rock and water S8liJ>les and review 1he results of aoalyaes). With 1he belp of1he GARD Guide and a site-specific ARD 
managemonl plan, fur exarrple, ao environmontal coordinawr will be able w work with o1her functional groups at a mine site (e.s, mine, 
mill, and plant services departmen1s) w assist them in implementing 1he managemon1 plan within 1he overall mine operations and w monilor 
1he plan's perfimnance. 

In general, readers are encouraged w apply 1he Jlowcharts and w me 1he wols in 1he GARD Guide w address a particular ARD i.sue. 
However readers must exercE. caotion and fully assess 1he relovance of a wo1w 1heir particular siluation became ARD i.sues are oflen 
nmltifBceted and COIIJ>lex; a ain:ple roo~ 1herefure, may not fully apply. Reli:rences and links in 1he GARD Guide should be mod w access 
more detailed infunnation on a specific aspect of ARD managemonl relevant w a particular mine project or ARD mmagement. i.sue. An 
expert ARD practitioner or a suilably qualilied person should be consulted in COIIJ>lex cases. 

Tbe GARD Guide ;. also a resource fur U:aching environmontal aspects of mining w science and engineering stoden18. 

Finally 1he GARD Guide ;. a ''living document'' and will be updated periodically w reflect 1he results of ongoing research and advancing 
knowledge of ARD mmagement. technologies. Tbe reader ;. encouraged w revisft 1he !NAP website w access 1he IDJst recent version of 
1he GARD Guide and w provile !NAP with conanents on bow 1he GARD Guide could be improved. 
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From GARDGuide 
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2.4.1 Cbanlcterisilis of Acid Rock Drainage, Neutral Mine Drainage, and Saline Drainage 
2.4.2 The Global and Geochemical Sulphur Cycles 
2.4.3 Acid Rock Drainage Sources 
2.4.4 The Sulphide Oxidation Process 
2.4.5 Reacilin Products fiom Sulphide Oxidation 
2.4.6 N eulraii2ati>n Reactions 
2.4. 7 The Acid Rock Drainage Process and Migrati>n 

2.5 Concluding Statement 
2.6 Relirrences 
Lilt ofTables 
Lilt ofFigures 

2.0 The Acid Rock Drainage Process 

2.1 Introduction 

Chapter 2 presents an introduction to acid rock drainage (ARD), the history of ARD, and an overview of ARD processes and 
definitions. This chapter also provides a descripti>n of the sulphide oxidati>n process, including the biological, chemical, and physical 
mctors !bat govern sulphide oxidation, control migration of ARD, and !bat modiJY 1he COIIJlOSitional cbanlcterisilis of mine di<icbarges 
along flow pa1hs. A brief evaluati>n of receptors and potential in:pacts resulting fiom ARD is presented in closing. 

Top of this page 

2.2 Acid Rock Drainage, Neutral Mine Drainage, and Saline Drainage 

2.2.1 Definition of Acid Rock Drainage, Neutral Mine Drainage, and Saline Drainage 

Througbout tbis <loculrent, the terms acid rock drainage (ARD), neutral mine drainage (NMD), and saline drainage (SD) are used. 
All1hree types of drainage can be produced by oxidati>n of sulphide mincnols. In the context oftbis GARD Goide, ARD, NMD, and 
SD do not represent consecutive stages in the evolution of mine waters, but insread reflect diffi:rent end points in terms of water 
quality !bat may have diffi:rent effilcta on 1he environment and may necessitare diffi:rent funns of management. 

Figure 1-1 in Chapter 1 provides an overview of the compositional cbsiacteristi:s of eacb oftbese drainage types. Ahbough funns1 
guidelines fur quantitative definitions of ARD, NMD, and SD are lacking. fur the pmpose of this GARD Guide, the fuflowing 
approximare 1hresbokls between the 1hree types of mine drainage are applied: 
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• Above pH 6: NMD and SD; and below pH 6: ARD 
• Sulphare concentration ofl,OOO milligram; per liter (n¢.): threshold between NMD vs. SD (in accordance with U.S. 

Geological Survey [USGS] cut-offbetween fresh water and sligbtly saline water ofl,OOO n¢. IDS [USGS, 2004]) 

A nnre detailed descripfun of the characteri;fus of ARD, NMD, and SD and the fuctors that control their developmmt is provided 
in Secfun2.4. 

A 1erm frequently used as being synonym> us with ARD is acid mine dnUnage (AMD). ''AMD" cOIJiinues to be CODliiJ)nly used, 
especially where ARD is derived from coal mines. However, use of''acid mine drainage" is discouraged as a general1erm because it 
irqllies that acid dnUnage origina1es from mining activities alene. Acid drainage can result from a variecy of natural sources and 
anthropogenic activities; therefure, acid mine drainage is too narrow a descriptor fur many situafum. For example, highway 
cOil'ltruction and associated excavations have led to a generation of acid rock drainage in such locafum as British Columbia, 
Penmylvania, and N orlhumberland because of ""!'Osure of sulphih>-bearing minerali2ed mnes. Waste from sand and oil shale 
extracfun in Australia has also been noted to produce ARD on occasion 

Another 1erm that broadly refurs to wa1ers that have been impacted by mining or mineral processing filcilities is mining inJiuenced 
water (MIW). This 1erm includes ARD, NMD, SD, and metallurgical process wa1ers of potential concern In Australia, the 1erm acid 
and m:tallifi:rous dnUnage (AMD) is used as a synonym fur ARD. A key charscterisfu ofDJJst of these wa1ers is that they contain 
elevated metals that have leached from surrounding solids (e.g, waste rock, tailing., mine surfilces, or mineral surfilces in their 
pa1hways). This filet is comDJJnly ackncwledged by the phrase "metal leaching" (ML), frequently resulting in acronyms such as 
ARDIML. 

Top of this page 

2.2.2 Natural vs Anthropogenic Drainage 

The primary process respOil'lihle fur generation of ARD, NMD, or SD of concern is weathering of sulphide minerals, in parti:ular 
pyrite. In some cases, the generation of ARD, NMD, or SD may also be due to oxidation of elemcutal sulphur. Wea1hering. or 
oxidation, of pyrite occurs naturally when '"'POSed to a1mosphefu conditions, either through geologic processes or anthropogenic 
activities that involve reDJJvai ofma1erial (e.g, mining, highway comtruction). Histori:al records clearly indicare that many mioerali2ed 
areas contained natural wa1ers with low pH and elevated concentrafum of metals and sulphate befure the Oll'let of mining, and 
geogmphic names such as RD Tinto (Red River), RD Agrio (Sour River), Sulphur Creek, ROtlhach (Red Brook) and Copper Creek 
are testimony to the presence of low pH and elevated metal concentratinm. 

Mining and other funns of earth DJJving, however, greatly accelerate the weathering of reactive sulphides because they create 
conditions that 1end to filcilirate DDvement of air and wa1er, '"'Pose large vohnnes of material, increase the surfilce area of the reactive 
corq>Onenl, and crea1e the opportunity fur cokmi'lation by mi:roorganisms that cataiy71> the oxidafun processes in the presence of 
acidity. As a cOil'lequence, the potential environmental COil'lequences ofhurnan activities can be significantly more nofueshle than 
those resulting from natural processes. 

Top of this page 

2.3 History of Acid Rock Drainage 

Like other human endeavours, mining and the use of mineral resources has resulted in environmental comequences. While organized 
mining may have originated around 6,000 BC (principally associated with extracfun of alluvial gold and flint stone), there is substantial 
evidence that by the 1hird millennium BC (early llron2e Age) there was contamination resulting from copper mining and smelting in the 
Iberian Pyrite Beh (Figure 2-1 ). On a regional scale, the effi:c1s of mining and smelting included heavy metal pollution in river water 
and sedirnellts, increased erosion, and defurestafun. A1mosphefu pollution present as metal-ri:h layers in ice cores from Greenland 
signifies more global effilc1s of these histori:al mining and smelting activities (N oce1e eta!, 2005). Similar observafum have been 
made regarding llron2e Age copper mining in Ireland, Great Britain, and Austria. 

Figure 2-1: Roman Portal with Acid Rock Drnioage -Spain 

As mining progressed throughout the Iron Age, the Roman ED1>ire, and medieval times, the environmental e11ilc1s of mining contirrued 
without controls. Specific relirrences to reactive sulphides and their degmdation to acid and sal1s dare from as early as the Roman era, 
and by the time Georgius Agricola puhffihedhis seminal and oft-quoted work onminingandmetallurgyin the mid-16thcenlu!y 
(Agri:ola, 1556), ARD and its effilc1s onhumanheahhand the environment were known The Industrial Revolution was made 

possible through, and required ex1ractinn o~ vast aDDUDis of mineral 
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ofaoils rEb in~ i:tJn oD!NIIIIChu lillmbs. 

Typal.m.dllpo.a t)pea JIXIIt COimllDly uaoc:ilted willARD iuelude w~ ImUiw llll\l)lile (VMS) depcm, l¥1 
llllphidaliDD epilhcl!Dil dqJodl, pO!phyry copper depodl mi. skam depoda. Coal dqlodl IIIIo hquCiily fiCIItli'AIC ARD. Typal. 
dtpod typet 1~ mil SD able Millilq,pi-V&k}'Type (MVT) dq1olill, bw-~ Fld~Wlinclcpoal, mi. 
''cbn''lkaml. NMD e111 be jDiidticl by a wile W!Ztyofore depodl. dqw:ndq cmlbc type ofalicadon IIIII ~ ~ 
incbwling D111t typc~liltl:d 1Dr ARD IIIII SD. 

Fi:klin clilpml Clll IIIIo be 1IICd to iiDirlll: a~ of~ ll:llt gow:m 1liDc water q1dy (Fp 2-S). In tbii ~ a 
IIIIIIDcr oflrcad lila demua• b Jl3&i;: dilet ofil:raaiJipyrill= CODialt, D:zcuq buc-mccal ~ CODialt, llld 
iDclaliua Cllbot:cte COIIIIed 011 mine WID:r qlllity. h portia~ in the ciiapmo, Ill m-m p)dll ~ tleDdl Ill red in mo~ 
ICidic watera. AD lar::ftue in buc-mccal ~ codalt 1ielldi1D ault in an ioc::reae in 1nce mcca1 ~•·wro,., and an inc:ra8e 
in Cllbouate cxdr:tll1iellck to lead to ~ lltab walal. IJo'MM!f, ttae tmxlt uut be dt:t:pr.-1 Mil CIIDm For eanp~ 
- depoeila Clll be c:alboudc rk:h bit Clll dperate ac:iii: walm if1be aeid-bulhq Cllbomdellft pbya:aly ~ tom 
tbD ~bidea, if a reaobm bmil!r ofma (b)dr)DDID• COlli tbD camolllle8 mi. pewm tiR dUobinu, ar iftbD c:arlxmalrii!IIJ'II 
..,rn.tncl wilh 1JII!Iall tlllll'llllue aeid wt.m pr• •• ~ 1M u h)idroxidea. 'l'blebe, ab-apeci&: -mmm of pnc:bernDl and 
plop c:1maclmiiiiD ofdm 0111 mi. miDc WUIIDI is requftd. 

J11pre 2-S: JlltkiiD Diagram Slllnillg SelecUcl Prilldple1 that GoYem 
Miat Waler Qldly (adapted frutl."'mdee et al, 1M) 
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Figure 2-4: Diagram Showing ARD, NMD, and SD as a Function of Sulphate Concentrations
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Oeomic elkta of cliulde are ~sed on Figln 2-S. In w:ry geumd 1mDI, mioe WBirn &:om dl ~ cleposD in arid 
cilmlllllllod 1D be JURaciD: llllli IDIIIallifi!m111 due 1D enha!W!CI CMIJIOI&Iiou aud a~ soliliD w.rm r:lllil ~ ~k 
iolmK!ion. Conwnely, thD pl!llll!r dikDm aud mduced soil1D WBlm ratio in W'l!lla" clmiiM panlly lDads 1D mioe wa11m1 limn 
u:id s-ratiog~ ~ 11 IMsiiCidk: audCO!Pinh ttw! cbam:tm. 'l1lll IMs mnwmn ~afmioe walmll wilh an 
abliuD mlln (DJt a1:lnm an thD !We) tmJdll to red n walmll b.t are IDDnl ~ wl:ue dikDm n wetter cimltAII tmJdll to redul:e 
tbc lllblioily. Cr)OC•IIX'4!dlidim (ic., CO!ICC:Ii:l:lDm due to icl:2ing) in ~~!die c:uoiJ:LIIlllUD lillY bd to mile Wlltm'll wih cbUd 
wu:eulzalilml of1nl:c mdalt IDi llll\lllltc. InlllldDm, ~a1im 1l:lxla 1D iol:lcuc cjlg tbc aci&: or abD: lllliR oftbe 
lllDc c8lucm. AllllloF climltc ill key COiirol on lllDc wala" quality, according 1D PUDicc (1 !illlll), tbe rdltiw; lbib h pH llllli metal 
CODiellt ilr 1 gjw:D depod t)1JC h difi:R:at cbiD: leUi!@ll are geuerallJ ofleucr iqlc:c......, a. tbe .... due 1D tbe clilbeuca 
il gcoiDgjc ~ Allo, lbc eliJct ofclil3m: onenviWIIIalal ~ doWiACiill ftom 1lllillll=llckpoa lbouil1111t be 
prec~. 8uch clkta cm be qde qptra For eprrpk, dowDs!Mmdilulim il mdl """"'ed il wece:r clil3m:l ~ 110 dry 
clmUce, wbilc -.cal occaralCel u:h u tbc lpdag iabet mi iDII=Die taDD. eYaD C8ll prodlale llmt-t.tmll¥.1Dad8 of 
comnjrwn!a wilh potaDibt c!nmdi: etildl on doWIIIItrelm liB W&1a' qualily. 

Top of til J11F 

Sulplmr plilylm il:qKMIBd miD iD thD &n 11 eli" • of ARD, NMD. mi SD. SupJmr il a wry 'Wil1!lliiD ell!mBm !bat CIID occur iD IDIIl)' 
dililnml c1m!al bmlll!lld amatim lllltel. n. c:beri:al imlll ofiDDSt ilqxullaLe ~rlllpi!Ct Ill mile dWc:hatr are elmwdal 
lulp!DJr, lllllphs18 (in 'IIJixnl fi:Jon U weUU aqiiDOIIII), and ...,hide (in mior.n.l fmnml, 111 B--depe,llqiJIIOIII and JIU80III). 

The com:apuudiog ammm 11111b oflll\l}u nmir:Jc!llli are So, g6+ and sz., ~-S~ apcciiW.o, and il UIOCiak:d 
polallial. euvirvmiaOl Uplctl, illlaeine lllrlqty rdaled to tbc n::duc~DD-o:Diamn (Rim) propc:rtic1 of !be llqUCOIII !I)Wimll 
wih wbi:h it ... 'Ill= oDJatKm ml reduc1im procc:IIC81hat iowlw lllllp1mr ..-a fl::al to be abw ••• mxJjatM by 
~ Howewl', ammm ofcertlil ~ llliDerall preeeut in miDc aad JWCCII wulel (e.s.. pyailotk) can be very 
rapn ew:a in 1bc ableDce ofbia& mediWon. In exiD!::ID: cases, Ollila1im can 1'CIUl il d~Jeatq 1114 ooabllltaln, whi:h 
DCCee'H•Iea lbc 1110 of!lpCCill ~~~~ wbmhaadlilg 1lae llllleriaiiJ. 

ThD globelcyclc of~ il ~by a Dllb::r rapn~ofaqucous lilmB iD Wiler llllli il allo ~by PIJe' 
and aero110., in 1be ll1molpbere. s~ pt\llelt il mduced imn in &ulphide 1lliDr:rU il relatiwly im:~Jble. :aov.--r, a.1llcr 8ulphur il 
expoeed duuuab 1.lliDi!a or ad. ~ IC!Mie•, ~ Ollilation, it can :law a..,._ ellilct on tbe receMia 
envirollllleDt1JJrouab tie ••••i •• ofARD, NMD, or SD. A liup labile raerYOir of~ speciet !llliQ ~ needjments 
and in di!soMd bm iD tbe world's ocem~. 

A lilqlli&d slobai ~ cyciD il pmviW nFp 2-6 (Stlmmml. MDJ:F~, l!il96), bd thD qaaaills preiii!Dd are apptoxina111 
at lat. In t1Jil dilgnmJ, thDwead&qsofiiU\Jiu-~milmals (&ypsumaud •'Phidea), wbali: millli:n, a tbe I1ICRulatiDn 
of:weaiBit aud bDpmiltp~~M repniiMD tbe molt i:qloi1lmt llltUnllwgtiM5LD ofthl cyciD. 1Im P,ballll\l}u C)dl illlrlll!ilY aJkb!d 
by UllbiiiJIOFU&: iqJUL ~ IIID aact ql8iiin and ecobgiall~ ofbmm codrinDml are cmlyputilly 
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Figure 2-5: Ficklin Diagram Showing Selected Principles that Govern Mine Water Quality (adapted from Plumlee et al., 1999)



1IIJIIcJsluod. it il pu::nlly llllCq*d a.t lamm~ an: signifiamt, partigulaiy anlbD c<niiuial lmd!IIIIIICII when:: human 
activity il wu:eullwleclllld lbD i:qllldl ofg;hactM:y are i=t. Major ietml in lbD ~ ~-~n~lbD CODiNI!ionofcodand 
petroleum. Otbar ilctcn ilcladc m_., procc"e' N.:hu smelliDs and relioios of~ 01a, wl*hrdcQe ~ oUies imD 
tbll atmospbllm. n- .....w.m III'D a d!lDIDI~ 1D tbll innati:m ofacii rUJ, which 1m t.d IDIIlf~lll llfilctll in 
Europe, tbll tW Stllllel, IIIII!. e-m. M<n nam !Dimabc eliJcts law Mal-i:llllbma m....,;,s,q. a wry rapa rail! 
111Ch u Cbilllllld IDdiL Hlmm lllliMilla • add 1D tbllllltllrllh ofU.O!Yed ~an-ww~~~r a 1D iJI:re..t. eraam and 
i:ldullril1 IICIMly. 

J11pn U : 'l1le GloW SuJPmrCydl ('Stamm_. M~t~p~~, 1996). Glab.IF!autl Ia 
Mllio• To• of SuJPmrper Year aDd Jmoelllorie1 ia ~ To• of SuJPmr 

Continent 
$0112,7 J( 1~ 

20 

""'.MJ\mnm • • 1,1 .. 

Oceans 
J.3x 10' 

140 L.Jmiii111 tt4 ' ' I 
Weathering .A,. 

~------- .--~....-__ 4i~:;:::~L~~::..__ _ ___Jt:.....-. 
- Sediments, Crust 

24x 10M 

1bc biogeochemical~ of~ il ~ liq)1: i:ICODCept. as illi.JiJtm:d inFp 2-7, will an~·" •Itt ofthe ~ beiDg 
bcavily jn!b!O!!!Ced by Jlli:roc:qlllli Molt of the ~ i:l the eat1h'l sedjmc;nta llld emit il pretCIIt i:l tbc ilml of primly 
c:l:m:tdalllllpllur m1 ~ llliDIDll, wl*h Clll be oxilill:d imD lll.llplft 1bn:qb boll bi:ltic IIIII lbW:: proceta. 'lbil il tbc 
pniOCMI'CipOIIIIIIo fir i+IIMf>III. OfARD, NMD, or SD. s~ ineoila call.betlkalq~ bypliiDIIIl.....,.., ill.o proa.. 
Wbcll.pllllll clic ml ~. mi:loOijiP · •• ni• •II& the~ in the prolleial iio ~FII ~or~ 1bc h)Urop 
llllphidc can then be cout.iled lfthmeullto bmmctal~ or the h)'droFn ~ Clll be oxi!iled 1D.........,... ~or 
IJillpbur diollide, dtpm~ 011 ~ CA ••l~i '"'IIIII moM:mr::llt ofbiola. In <:UC1 wb:re il)'drop ~ CXlilbi:ca will m:IU, 
••J!biFnic or ....,...,.my~ mill:nlJ are ~ In the mu.pbc:re. sulp1u: diollide 1111)' be tDiliiJDrl..S ooaili:le will waler 1D 
imn sulphuric IIC'i1, wbidlllll)' repod lo the t=ct11i11 and aqueot~~ enviromDeDt aa acii ni:l. I>R<;t lzwih mol!ino between sulplllle 
and l:tydrop suphidc Cllll. be ~ dmush• variety ofproc = 1brt are pliDlly bmbp:ally bib'••• rt 
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0 )11dation 

Top oflhil JliiF 

R~uction 

Oxidation 

Dissolution+ Rrductlon 

Air 
Soli 

In 1hc eoDiicat of1hil GARD Oaidc, wbi:h ilculell 011 dnli:llp prod;uced by aupbid.c miar:al.mt-fun, 1hc potrDillaounlCI i>r 
(ICDCtltioD of.ARD, NMD, llld SD ~re IUdM ~ llliD:nls am 1hcir oUialilm poducll. .Albolcbolb:r lllllinlyoccurril!g 
milcrlllllld byprodu1:411omp)fonmllrqi'llllld~prom1CII mayp!lllldc .am: IIOliiml (e.g., c:l:mr:n!al lllllilr, 
janJdca, IIIII olbcr~qbe#et IIJ:hu ...... ),llae ~te DOtdiscl&cd iD1hil GARD Guile. 'Illellllltcmnmn~ 
llliomlil pyrile [FdiiJ.P)rie ia die miar:al oflllltt J:d:vm:e !oman acid-FDCZatilll pcupeaive, bectuiC a ~ gtain 
lia:, aod cliltriJulimJIII)' be die llll• ~ iJetml afictiJ& 1bc produclir:m ofaciii: IIIia: WIIIIID (Nordltromllld ~ 1999). 
Other llllphidel CO!!IIIII)I!)y iJand more depolb ~re w m. Tabk 2..1 (Plumlee, I!l!l9). ThCIIe ~ 1111)' produce ARD. NMD. 
orSD. Sec:ondcyn:lilenlu~iom~ oDhti"' iD.:Iudc a c:ou.,leunayofiOiltlk ~ b)*o\11 ~~~
~laiiCII, metal~ llld b)drome•. ~. c:arboDia aod ~ and diar""k' ~- Some oftlae eoconc~Jiry 
milcriiiDll)'hlw dekUriouJ e&ctsonwa=cpd:ybeeaule oflbcreleaac ofadd!Jioral ac:idly~I!Dmmarion(e,g., metal 
(h)'dr)oUIIII) arreiNio ofllllnd ac:ifty, ~or IIIDID (or both llllpbam mi. III!IU) dmqti!R 6110'tnm (e.g.. inmllllll 
abrimm ~lt)'ll';nw,). 

Table 2.-1 c :-4 ]I]Mm I 01' 1ft .... • e, 

Miaeral Fo.-Ja 

C011111011~ kDOwn(infuml) to gm:r&~e acid wilh~u Ill oDhml: 

PyrR, llllltlde FeS2 

~ Fet.Jl 

:BoodD Cusf'eS-4 
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Figure 2-7:  The Biogeochemical Sulphur Cycle
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Arsenopyrite FeAsS 

Enargite/famatinite CUJAsS4/'CU;JSbS4 

Tennantite/tetrahedrite (Cu,Fe,Zn)rzAs~ n/(Cu,F e,Zn)12Sb4S13 

Realgar AsS 

Orpiment AszSJ 

Stihnite Sb2S3 

Comron sulphi:les that tmy generate acid with rem: iron as 1he oxilant: 

All of1he above plll'l: 

Sphabite ZnS 

Gakma PbS 

Chak:opyrite CuFeS2 

Covellite CuS 

Cinnabar HgS 

Mi1lcrite NiS 

Pentlandite (Fe,Ni>9S8 

Greenockire CdS 

The type and dB1ributi>n of sulphi:le mineral'li can vary wifely according to the type of ore deposit, nature of the mine waste, and 
mine stage. Certain types of ore deposits can be devon of sulphi:les (e.g., o:Dle-mcies banded iron furmati>n [BIF] deposils) while 
others contain very substantial am>lDlts of sulphi:le (e.g., VMS deposils ). Similarly, within an iodMlual ore deposit, 1he distri>ution of 
sulphide IIliDeral'i can nmge fi:om dioiseminated evenly through>ut the deposit to the sulphi:les being confined to specifu 2Dnes. The 
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diltribuiKm dqJcuda oo. tbc IIIIDc oftbc cqDI cm:-immlg p1w ar subleq1at llll:nbm. 1m tcc1Dp:t IIIIXl tD c:x1mct and 
~ ol'el cu ao ap:.cly a1kt the type and diatmution ofSIIIphi:le mioera1t, whk:h iltambu .....;tktdotw ~jll'dma the 
nature ofconapondqmi:le ~ The llqe ~ ofWU!Ie rock taullios fivmm open pt mille lillY law a lower OYeld 
IUiphiiWI C01111mt1hlll 1Im mallllr wbuD ••• iciMMtW,g fivman Ulldmgrmmd miz Thil bws- ownD. ~ omrm 'MliiH be chill 111 a 
gner clihlliDn wilh rock lilt dftaly uwociwhvf will the lllilllnliation 

A wide wmty ofuDnl JIIO<llllliwllllllbocb are~ med. Some oftlae mMhxll J'lllllk il wry diflind 1p1 ofaource 
DJ1111riU, ~~llliqiL ForamqJIB, wbare the -wna: tm0111m iiiiMOCiidDd wilha. ormn ~ uiJmU, 
b l'llll0->'1111YreU i:la ..-.,.nam lhlt il bw D. flat perti::ulu llllpburmimnl ~ ~. 1Da1 DDI!Imllly, wiBe 
lbilil mJt lbc cue, tbc ..-.,l!llyRprCIICit a lllllrrillllat il coweub:alr:d io aupanclltivc tD tbc oqp.l an:. The type and 
diltribuiKm of~ mD:nll Clll wry~ lbc ii: oflbc mille. 'l'hilllll)' be du= tD a c:balF il an: type or procciD!g m::lhodolDgy 
(or bolh an: t)'pe llld ~mcCbocloklm 01ICl" tiJz (e.g., iommilliag1D lap lclc.b. u tbc an: pdc dcac- or lbc nature of 
ban:~ tomm!D&-n:.hto •-~ Yllilllt).IDaddilion, bccaU1e oftbc aarpilg¥111 •i~&of~ 1hcy1111y 
become cleplc1r:d chftwtbc liiC oftbc mi:le ifllllfli::i::ldyreactive or, more likely, at IIOJIIe poilt Iller mi:le Wild. AI Alllralcd 
euler wilh 1he wrku FickliD ~ il. Sectm2.1, aloflhe abow ~ 1111t:DiDc dniltF ••••atod ~~ 
oxilamn cu ~how COIIhltnble COiq:IOIIDmii.DIIIF 01ICl" 1he it oflbc miDc u a ID.1Cba oftbe type ofm depo8 and mille or 
~ wuz. 1lae .. apeciti;l MJ!Iif....OO.. !ICed to be aclmowlecfFd beiue mile dewbpmi:U, cbileopetatiln, and dr:r 
ebnn: 10 lhat they can be aeeOUIIIed in' il. tbe jtercjlj:adon ml ~len:e.tdatian of appiopiirlde mile wuoc aod waller !1"4"'F"""¢ 
praetil;es. 

Top of this JIIIF 

ThD ~ of~ midarirm lllld inuati:m ofARD, NMD, and SD bu '-'. diKuud il~ adw:e.we1 {S1mmand 
M0IJ11U1. 1996; Nonllfnmlllld ~.., 1999), IIIII cmlya ll1mmiiY il pniiM!II1r:d hn. S~ miDIIra1l il. ore dllpoiD ~ imllld 
Ullder rcduciDg OCJR!jtjra. ilmllbiCilCe ofaxyp When~ to a1mo&pheric OX)1!ICI1 or~ Mia~ due to mili!& 
mix:talprDCCMDw. ~ or otber ~ proce88e8, sulphil.e 12iDmlll Clll beeomc ~ ml ~-

Figure 2-8 preaCIIIIa model ~!he midatmofpyrk (Stuammi Mc:apll, 1981). The RIICtlmt Dlwn&R: tdw:mttic and 
1111y mJt rcprciCIIt tbc cact IIW'Jwjonw,, bit 1he ibltzadon rcpreacnlla Uldll '¥iRa! aid IJr dilcallllr pydle oDWim 

.ftpn 2.-1: Model for llle I'Mdetfo• afP7dte (Stam aDd M01p11, 1981). 
('Ole -an llllnckea ... rer to the ... actknll prea•~Ddla S•dlo• UA) 

Fe(ll l) :; Fe(OH)3 (s) + W 
(4) 

ThD cbemicaJ lMCibn~p)!D am.m.. mquna three buie iopcl.i:m: l')dD, ~ m1 walillr. ThD own~pyra 
oDiatiDn niiiCiiDn panl1y il wdram u: 
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This reacfun can occur both abiotically or biotically (ie., mediated 1hrough mi:roorgllllisnE). In addition to direct oxidation, pyrite 
can al<io be di<isolved and then oxilm:d (reactim [Ia] on Figure 2-8). 

Under Dllst circums1ances, a1mospberic oxygen acts as the oxidant. Oxygen di<isolved in warer can al<io resuh in pyrite oxidation but 
due to its limited solubility in warer, thil process is nruch less prominent. Aqueous ferric iron can oxidi<e pyrite as well according to 
the fullowing reaction: 

FeS2 + 14F.f+ + 8H20 ~ 15F~+ + 2SOi- + !6W [2] 

This reacfun is considembly ms1er (2 to 3 orders ofiiilgnitude) than the reaction with oxygen and generates substantially IIDre acility 
per Dllle of pyrite oxidi>ed but it is limited to conditions in which significant amJunls of di<isolved funic iron occur (ie., acidi: 
conditions). Therefure, pyrite oxidatim is generally initiated 1hrough reaction [I] at circwmeulra1 or higher pH, fullowed by reaction 
[2] when conditions have become sufficiently acidi: (approximately pH 4.5 and bwer). A third reactim is required to generate and 
replonish funic iron, 1hrough oxidatim offurrom iron by oxygen as fullows: 

A common misunderstanding is that funic iron can oxidi<e pyrite indefinitely in the absence of oxygen. As indicated by reaction [3], 
oxygen is required to generate funic iron from furrom iron Al<o, the bacteria that lilly cataly2e this reaction (primarily menilers of 
the Acidithiobacillus genus) are obligate aerobes (ie., they require oxygen fur aerobic cellular respiration). Therefure, some nominal 
amJUD! of oxygen is needed fur this process to be eflilctive even when cataly2ed by bacteria, although the oxygen requiremmt is less 
than fur abiotic oxidation. 

A process of environmental irqlortance related to pyrite oxidation pertains to the mte offurrom iron generated 1hrough reacfun [I]. 
Ferrom iron can be remJved from solution under sligbtly acidi: to alkaline conditions 1hrough oxidation and subsequent hydrolysis 
and the furmation of a relatively insoluble iron (bydr)oxide. Assuming the mminalcoJII>Osition offurribydrite [Fe(OH)3] fur the latter 
phase, this reaction can be Sll!llllllrizlld as: 

When reactions [I] and [4] are coni>ined, as is generally the case when conditions are not acidi: (ie., pH> 4.5), it can be seen that 
oxidatim of pyrite generates double the amJUD! of acility relative to reactim [I] as fullows: 

A varietyofmi:roorgllllisnE are abundant in mine waters and when conditions become highly acidi: they lilly be the onlyfurmoflire. 
Included in the bacterisl finma are iron and sulphnr-oxidizmg bacteria (e.g., A furrooxidans and A thiooxidans) These mi:robes play 
an irqlortant role in sulphile oxidation and in the furmation of ARD, NMD, or SD. Due to microbial mediation, IIIlny irqlortant 
geochemical reacfuns take place against thermodyosrnic expectations (Mill;, 1999) became bacteria can couple a thermodynsmically 
unlilvourable reacfun with a reacfun that yiekls net energy. Rates ofreacfuns, such as iron oxidation, which in turn a.Jrects the rate of 
pyrite oxidation, rnsy be increased by IIIlny orders ofrnsgoitude relative to the corresponding abiotic rates (N ords1rom and Alpers, 
1999; N ords1rorn, 2003; Goukl and Kapoor, 2003). For example, the oxidation rate offurrous iron to funic iron (reaction [3]) can 
be increased by 5 to 6 orders ofiii!goitude in the presence ofiron-oxidizmg bacteria. Although the exact reaction mechsnism of pyrite 
oxidatim on a mJlecular level is still under investigation (a recent di<icU'ision of the state ofknowledge and research is given in 
Wolkersdorfur [2008]), the rate-limiting step is the production of funic iron from furrom iron 1hrough mi:robial catalysis. Figure 2-9 
(Robertson and Broughton, 1992) provides a schernstic illustration of the Illlri1IIIi2lld relative oxidation rates with and without 
bacterisl mediation as a function of pH. 

Figure 2-9: Schematic illustration of N ormali7JOd Sulphide Oxidation Rates .nth aod ..nthout 
Bacterial Mediation (after Robemon aod Broughton, 1992) 
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Albouab pyrilllil by Ia" thD llomilBm 111\l}D!miJIOIIIhiB ilr thD pmation of acill1y, diflilnD om deposb email dillimmt typs 
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doDotl. As a retu11, mine w1ta1 or~ limn llll1hlllllmilll1ml. 10 be aigniflcanllyume aciW 111m cfioclwrw:• limn~ 
•~plhltpriarily ilcklde ~ ml galeal. Oxilalim oftbe sphllcrile ml plea ltill OCCID, rc.- inrctac of 
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Figure 2-9:  Schematic Illustration of Normalized Sulphide Oxidation Rates with and without Bacterial Mediations (after Robertson and Broughton, 1992)



mineral<i in ore deposits or mine wastes. Instead, dissolved sulphile tends to be a by-produ:t of active water 1rea1m:nt at mining sites 
(fur ins1ance, I001al precipitation using N "2S or NaSH). Sulphiles can also occur because ofinteracoon between sulphate and 

organic Illltler in reducing enviwmnents, eilher in na1ural settings, active sulphate redu:ing bacteria (SRB) 1rea1m:nt systems, or in 
passive trea1m:nt systems su:h as constructed wetlands. Thiosal1s usually resuh from partial oxidaoon of sulphile mineral<i doring ore 
processing. The presence of sulphides or thiosal1s in process water can be a significant concern in acidificaoon of tailings supernatant 
and pore water, and can also potentially be of concern in downstream receiving waters. 

Total dissolved solils (IDS) concemaoons in mine and process dischsrges are usually directly related to 1he amount of sulphate, 
chloride, or bicarlmnate present in solution. Although o1her constituents lillY also increasingly contribute to IDS when pH decreases 
and mineral dissolution becomes more effi:ctive, sulphate, chloride, or bicarbonate tend to represent 1he dominant anion contributi>n 
to IDS. In 1he case of alkaline mine dischsrges (e.g., from kinDerlites), alkalinily in 1he furm of carbonate and bicarbonate ions lillY 
represent 1he most ilq>ortant proportion of1DS. 

Major and trace I001als in ARD, NMD, and SD are sourced from 1he oxilizing sulphides and dissolving acil-consuming mineral<i. In 
1he case of ARD, Fe and AI are usually 1he princl>al major dissolved metals, with cou:emati>ns 1hat can range from I ,OOOs to 
I O,OOOs lll!YL . Trace I001als su:h as Cu, Pb, Zn, Cd, Mn, Co, and Ni can also achieve elevated concemaoons in ARD, reaching 
levela from I OOs to I ,OOOs oflll!YL (Figure 2-3). In mine dischsrges with a more circmnoeutral character, trace I001al concemaoons 
tend to be lower due to funnation of secondary mineral phases and increased sorption of trace I001als onto a variety ofsorbents su:h 
as I001al (oxy)bydmxides, clay mineral<i, and reactive particulate carbon (Smilh, 1999). However, certain parameters reiiilin in 
solution as 1he pH increases, inparticular1he metalloils As, Se, and Sb as wen as o1hertrace metals (e.g., Cd, Cr, Mn, Mo, and Zn). 
The resuhing mine or process dischsrge is NMD, and trea1m:nt fur 1hese parameters can be challenging. As conditions become even 
more alkaline, some of1hese species will precipitate as carbonates or bydmxides (e.g., Zn and Mn) but o1hers lillY reiiilin in solution 
(e.g., Cr, As, Se, and Sb) while o1hers (e.g., AI) lillY become remobili21ld, su:h as in alkaline drainages from kinDerlite deposits. The 
mobility (and toxicity) of several environmentally signilicamtrace I001als is governed by their oxidaoon state, fur instance fur As, Se, 
uranimn (U), and chromimn (Cr). Mine waters tend to have an oxioful:d character, which mvours 1he less mobile arsenic species 
[As(V)], but enhances 1he mobility ofchromimn, selenimn, and uranimnin 1he furm of[Cr(VI)], [Se(VI)] and [U(VI)], respectively. 

Top of this page 

2.4.6 Neutralilation Reactions 

N eutrali2aoon reacti>ns play a key role in deletmining 1he composilimal cbaracteristics of drainage originating from sulphile 
oxidation. Generic reacti>ns fur consumption ofacil because of dissolution of carbonate and silicate mineral<i (using plagioclase as an 
OJ<all1lle) can be written as: 

MeC03 +II'"~ Me?++ HC03. [6] (where Me represents a divalent caoon, su:has calcimnormagnesimn, butnotironor 

manganese because 1hese release acility atler subsequent bydmlysisfprecipitation) 

and 

As fur sulphile mineral<i, 1he reactivity, and accordingly 1he effi:ctiveness with which 1hese mineral<i are able to bufli:r any acil being 
generated, can vary wilely. Most carbonate mineral<i are capable of dissolving rapilly, IIIlking 1hem eBective acil consumers. 
Although generaUy more common, ahnninosilicate minerals tend to be less reactive, and their bufli:ring may only succeed in stabilizing 
1he pH when low values have been achieved In some cases, when sulphile oxidation rates and flushing rates are very low, certain 
silicate minerals, in particular cakium-magoesimn (Ca-Mg) silicates, have been known to bufli:r mine eflluents at nentml pH (Janbor, 
2003). 

Hydrolysis of dissolved Fe, Mn, or AI fuUowing dissolution of acid-consuming minerals and subsequent precipitaoon of a secondary 
mineral according to reaction [4] may generate acility. As a conaequence, 1he net effuct of their dissolution in lermi of acil 
consumption may be signilicantly less 1han espected from reacoons such as [6] and [7], or 1hey may even generate net acility at 
funnation of1he secondary mineral phase. Examples of su:h incongruent dissolution reacti>ns 1hat are 1he equivalents of congruent 
reacti>ns [6] and [7] are as fuUows: 
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Table 2-2 provides an overview of the ~s ofneutmlilafun potential and bufliri:Jg pH fur a IlllDDer of COIIl!IDil minera.l'l. As m 
imrediately obvi>us, carbonate tninera1§ generate significantly ID)re neutralizafun potential than si!X:ate minerals, while 1hey no tend 
to bufier at higher pH values. Efli:ctive neutrali2afun, in prac&e is therefOre genmUiy directly related to the abundance of non-Fe/Mn 
carbonate llli!JerU. 

Table 2-2: Typical NP Values and pH Buffering Ranges for Some Common Minerals (Jambor, 2003; Blolftls et aL, 2003; 
BCAMDTF, 1989) 

Group Formula ~uflerpB Neutralization 
Potential Range 

(kg CaC03/tonne)) 

Catbonates 500-1,350 

cak:ite, aragonite CaC03 5.5-6.9 

snerite FeC03 5.1-6.0 

Imlacbite Cu2C03(0Hh 5.1-6.0 

ames 

gibbsite AXOH}J 3.7-4.3 

limmite/goetbite FeOOH 3.0-3.7 

furrihydrite Fe(OH)3 2.8-3.0 

Jarosite KFe3(S04h(OH)6 1.7-2.0 

A lnrninnsilicates 0.5-1.5 

Feldspar Group 

K-fuldspar (K,Na)A1S~08 0.5-1.4 

albite Na.AE~Og 0.5-2.6 
(Abl00-Ab50) 

anorthite Ca.AbS~08 5.3-12.5 
(An51-An100) 
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Pyroxene Group (Me)(S~~o6 0.5-9.5 

Amphibole Group (Me )7-S((Si.AI)40 11)(0Hh 0.2-8.1 

Mi:aGroup 

DIISCOvil:e KA12(A1Si:JOIO)(Olih 0.3 

biotite K(Mg.Fe)J(A1Si:JOIO)(Olih 2.7-8.8 

ClOOrite Group (Mg.Fe,AI)6(AI,Si)40 10(0H)8 0.8-21.6 

Clay Group (Me )(Si.AI)40 w(OH)2 -2.7-29.0 

Garnet Group (Ca,Mg.F e,Mn)J(AI,Fe,Cr}z(SiO ,V3 1.3-6.3 

Apatite Group Ca5(P04)3(F,C~OH) 2.7-11.3 

MEcellaneous 

talc M&JS4010(0H)2 1.7 

serpentine M&;S4010(0H)8 15.1-87.6 

epidote Ca2(AI,Fe)3Si.JOdOH) 1.0-3.0 

wollastonite CaSi03 440 

Me = monovalent, divalent or trivalent cation 

The conhination of acid generation and acid :neutralrzation reactions typi:ally leads to developmmt of ARD, as ilbitrated in Figure 2-
10 (Broughton and Robertson, 1992). Over tim:, pH decreases akmg a sems of plateaus governed by the bu1Ii:ring of a mnge of 
mineml assenhlages. Stage I i'i cbaiacterill:d by a ciroumneutral pH mnge and c~n of acid by carbonate minerals such as 
calcite according to generi: reaction [6]. Reacfuns [1 ], [3], and [4] describe the sulphide oxidafun process, whi:h results in sulphate 
release. AB this alkalinity i'i consmned, the pH declines in stages depending on the nature of the neutralizing lllinerafi (Stage II). 
Generally, at this stage sulphate, acidity, and trace JIEtallevels increase ah!Dugh fur some JIEtals (e.g., Cu, Pb ), concentrations IIBY 
be limited by mineral solubility controls. Butlirilg IIBY be provided by metal hydroxides. At pH values of approximately 4.5 and 
behw, mi:robially m:diated oxidation predominates (reactions [2] and [3]), resulting in a mpid acceleration of acid gem:rafun. In 
Stage 3, final buffuring i'i usualy limited to di'isolutim of sili:ate minerals (reaction [7]), and solubility controls on trace metal 
concentrations are largely absent 
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Flpn 2...10: Stap1 Ill the Fonllldoa of ARD (lifter BIU1JIIdiDD ud RobeJ11011, l!t92). 

Rrguom tn S'fAGts I AND II 
FeS, + '/,07 + H,O o. Ft2' +2SO.'' + 2H' (1) 

9 ~----------------------------------~ Ft''+ 1/ 40 , +WOo Ft'' • 1/ 2H, O (3) 

· -------~~~·~·~~·~a=r~==•=tM==========--~----~Ft:'_'+~'~4:~~·~'~h~H1~0~>;~f~e(:O~H~),~+ =2H~·----~(4~) -----8"' ~ pH Pl~te-aus RHultinJ F1om Minetlls 
Buffering ~t V~rious pH Values 

~=====================i~;---------------- Bcacnom IN STAge 111 
~ Fe>• +1/ 402 + H' Oofel• + 1/ 2H20 (3) Lac Time 

FeS, • 14Ft''• ao,., lSFe' ' + zso;·• 16H' (2) 
0 ~--------------------~------------------~----~------------------

Time 

Note: 'llll: llliiDer8 il. bracke1a rei:r 1o 1bc reacaiD prCIC8ccl il. Chapter 2.6.4 

'llll: llg a 1o aci1 j!iiDI'Itioll, u ll!oWDii.Fp 2- 10, iiiD ilq:lor1aDt corUicnlmD ii.ARD J11V9a&io4. It ilk IIIDl1: cfi:ctM 
(aDd 11:81 COIIIy ill 1bc kq tam) to COiirolARD g11• Mmdurillg S1qe I tbm durqllc ldlteqlllllt .C.,CI. 'llll: llg tiD: allo bu 
iqlor1allt lillilifwiiD llr idtap&dlltim oftl:lt R:dl. It il Cliti:al to n::cogoize 1be J11F of am..mn wla Pftdi::tic ARD potl:lllill: 
the i11t IIIF lillY 1ut llr a WI)' m.tm: ~ to )'QIJ), ~ilr u:ati:IU tbrt wiD. ewaually be bWbV dl•••••• 'llll: q 
l'CIIIlll of pcbemical .... bnfilrc, l1IIY DOt be ~ ofbt~~ttam~ llld dildiJrF qudty. 

'Ibii iiiiCtiDn deeallel diD fildDn did comoiARD fnn!IIWm, uiptian of.AIID, and potadia1 ~ afARD 1D ~· 11111 
iiJbwios dne upec1s ofARD &nueti m and nijtamn are ilcmtified and d.iac:l.-l.: 

• FIICiuB 1hrt IJlWII1 dill IBID of llll\lhile ollila1im 
• FIICiuB 1hrt1IIXIitYdlll cmq~odimofrellliq;cimi:qD in lbD J:J:JiollorprtKl&lllll wale 
• FIICiuB 1hrt 1IIlCiitY tbc cmq~odim of clniDF akr exilirg 1be JJJioe or pmc:et111 wutc lilciliy 

'Ibesc 1hrcc upce~~arc vb:rnetictllyilbllrlmld ilpP 2-11. 'llll: 6elara 1hrt 1!JM111 tbc ntc ofllll\lbiiC o"*'afionve ~ 
ildMiullly ill Sectam 2.4. 7.1 mi rcprceeat 1be 10\DlCtl:rmil. Figpre 2-2. 'llll: flctcn CbatJIIOdiiYCIII:I COllt'Odimoflhe 1UUIIiDg 
dJiia8F both wilhiD tbc JlliDe or proccu Wllltl: 111111 akr ediJg 1bc DiDc orproc:cu Jhcilly arc ilbllrlmld i1 Sect*ln2.4.7.2. 'Ibesc 
:liclo11 are tep1CICIIIIcd by tbc ptdbwaye i1Fp 2-2. Filllt, 1bc ~ivillg CllViroDmiD il dilcuNccJ i1 Sect*ln2.4.7.3. 

P1pn :Z...ll: Scbe-tk lllllltndDD ofFaeton a.t Alrect Sulpldde ODiadDD ud Modify MIDe Dnllllp dime 
'l'lulport 
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Figure 2-11:  Schematic Illustration of Factors that Affect Sulphide Oxidation and Modify Mine Drainage during Transport



• Type of oxidant 
• Oxygen 
• Feni; iron 
• Availabilityofoxidants 

The type ofsulphile mineral has a significant bearing on oxilation rates. As illustmted in Nordstrom and Alpers (1999) and Plumlee 
(1999), measured oxilation rates fur sulphide minerals vary widely. Although laboratory studies usually agree wilh the general ranking 
of sulphides in terms of their reactivity, individual studies can vary considerably in detail when considering observed reaction rates. 
This disagreement may be due to diffurences in other aspects related to the sulphide mineral, including surfilce area, crysta11inity, 
motpbology, mineral COIIJlosition, and sulphile asseni>lage, all of which can greatly inftuence resistance to oxilation. The description 
of these 1Bctors in the fullowing paragraphs equally applies to non-sulphides, including acid-CODSWDing minerals such as carbonates 
and silicates. 

Grain silie is a :fundamenla1 control on the reactivity of waste rock (Smith and Beckie, 2003). Because of the greater surfuce area 
available fur interaction wilh oxidizing agents, fine-grained sulphides tend to oxidi>e more rapidly than their coarser equivalents. A 
larger surfuce area can also result from rapid growth of sulphide minerals under highly supersaturated conditions or bacterial activity, 
which may lead to funnation o~ fur instance, frarrboidal pyrite (ie., "raspbeny-textured": aggbmerations ofmaoy microscopic 
spherules). Franiloidal pyrite is most commonly round in deposits 1hat furmed in sedimentary environmenls such as coal, or collofurm 
(intergrown radisting fibres) textures. In contras~ slower growth in a less supersaturated environment results in euhedral crystals wilh 
a smaller surfuce area, such as the typical cubic furm of pyrite. Rapid crystal growth also promotes funnation ofamotphous rather 
than crystalline mineral phases. The reactivity ofamotphous phases tends to be elevated relative to their crystalline coun1e!par1s 
because of their higher surfuce energy. The "reactive surfuce area" (ie., the portion of the surfuce area available fur chemical reaction) 
can be considerably less than the surfuce area measured using standard teclmiques because ofintergraoolar contacts or inclusion 
wilhin other minerals. An addirioua1 COIIJllication in mine and process 1Bcilities is 1hat not all exposed surfuce area is in the flow path of 
water, thereby further lowering the reactive surfuce area. The generalilJed effuct of particle sire on system reactivity is often 
counle!balanced by the effuct 1hat smaller particle silie has on decreasing permeability of the system to oxygen and water. 

The COIIJIOSition of the sulphiles can atio affuct oxilation rates. The presence ofirqlurities and detects causes strain in the crystal 
structure, which in turn diminishe• the resistance of the sulphide mineral to oxilation. Sulphides furming part of an asseni>lage 
consisting of diffurent sulphile mineral phases can weather prefurentially because of galvanic reactions caused by diflilrences in 
standard electrode potential<i of sulphides. This galvanic effuct is similar in concept to the galvanic protection applied in maoy 
indm1ries 1hat rely on longevity of metals, where sacrificial metals are used to prevent oxilation of the metal of interest (e.g., zinc blocs 
on steel surfuces). Minerati wilh lower standard electrode potential<i inchxle pynilotite, sphalerite, and ga1ens, and these minerals will 
oxidi>e prefurentially when in electrochemical contact wilh minerals such as argentite and pyrite, which have higher potential<i. 

TOIIJlerature and the pH of the ani>ient environment are important conlrols on the rate ofsulphile oxilation. TOIIJlerature effucts can 
be descri>ed in terms of the Arrhenins equation, which relates chemical reactivity to temperature and actiwtion energy. As a general 
rule, reaction rates approximately double fur every I ooc increase in 1ellJlerature. However, this generalimtion needs to be applied 
wilh caution, because reaction rates depend on the actoal reaction paths (simple vs. complex, homogeneous vs. heterogeneous), 
reaction order (Is~ 2nd, 3rd), and the mechanism! 1hat govern movement of reactants and reaction products (e.g., diflil.ion). Figure 
2-12 (Robertson and Broughton, 1992) presents a schematic illustmtion of the effuct of1ellJlerature on abiotic sulphile oxilation 
rates (normali:red) and provides a comparison against the temperature effuct on bacterially mediated oxilation. 

F1gure 2-12: Schematic lllustratlon of the Effect of Teq~erature on N ormalbJed 
Sulpbide Oxidation Rates (after Robertson and Broughton, 1992) 

2014-10-21

kmiller
Text Box



0 

l··ri
r ·

 ···
~~
tt
l 

't
lt
li
t~
tt
rr
iJ
I 

~~
~ 

fl
ii

 ~
i 

ac
 
!~

if
lr

iJ
~~

~~
~!

i 
f 

J ~~
-•· 

.., 1
 &. 

~.z
 !.

 
&

 t 
t-

s .
ft

 
-
t 

r 
r ~

 ~
. 

F
 51 

~~~
~ J

~: 
tl 'J

I ll
lrl

't~
tiJ

IIJ
i 

ll
i 

1[
 

r 
t f

 
llh

 I J
i .. ~

;.
h r

 
. 

•' Jh
 ,,

 I
 r I ~

 r 
1· ~I

 f
ll r

 f l 
i t

 ~ 
.-a

 
·I

 J
.ia

. 
1-

ii 
t•

i 
.f

f·!
H

 t··
J.r 

::l
 

-
r.a

. 
s_

l 
~'.!

f.J.
 

:. 
t· 

f
i 
'J
!~
It
~ 

:i
 

•.
 • 

~;a
. 

r2
.J

 
• 

s
ti

r!
. 

' !
lr

11
r· •

. •
 

I 
f 

• 
i 

. 
r 

rr
f·

a.
t 

H
'!l 

~ 

· J
 

J 
f i

 
J~

 ~ ~
 r B

 r ~
 

J: ~
' 

~ 
h 

ii
! 

lj p
! ~

it 
ltt

i~ 
Ji

l 
II 

i~l 
l.~

~rJ
!li

i~f
~i 

~ 
til 

H
 ~~~

 f
.lh

!ih
iiU

'I 
· 

~~
 

i 
a.r

J 
.~
 r

[o
.l

lJ
tr

~i
i 

( 
r 
i 

I· 
le 

~ 
· · •

 I 
4· 

·11 
J 1

 

tU
 

i 
H

 Jli
h ~

Ul
tJ

i~
 

' 
t a

.J 
If

 
t 

It
 
J 

a. J
: 

f 
f 

N
o

rm
al

iz
ed

 S
ul

ph
id

e 
O

xi
da

ti
on

 R
at

e 

? 
? 

p 
p 

? 
p 

p 
p 

p 
0 

~
 

N
 

~
 

A
 

~
 

~
 

~
 

~
 

~
 

~
 

:\ I 
\ 

II 
[ 

I 
'\

 
I 

~
 

t ~ 
I 

;:; 

LL
 

'0
 §·
 

""'-
c 

I 
"\

 
3 '0

 

I 

' 
~
 

I 
~
 

I 
.....

 
I 

.....
.. ~
 

I I 
3 

. 
~ 

v 
I 

';.
 

It-
.M

 

\ 
~-

1
-
)
.'

 ( 
\ 

f 
.. 

3 

\ 
~ 

! 
\ 

l .~
ii·

 
1\

' 

,I
 

) 
\ \ 

v 
~ 

I/ 
\ 

2014-10-21

kmiller
Text Box
Figure 2-12:  Schematic Illustration of the Effect of Temperature on Normalized Sulphide Oxidation Rates (after Robertson and Broughton, 1992)
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draws atmospheric oxygen into the waste rock pile llllCh rnore efficiently tbao diffusion, and convection is coosi!ered a significant 
oxygen-supply m:chsnism, at least fur the ooter portiom of waste rock fucilities. Wheo these strongly exothermic reactions occor in 
coal waste deposits, sponlmleous combustion may occur. 

Advective air gradients and gas 1rllmport can be generated because of wind. Because the tim: scale fur wind velocities is nruch 
reduced relative to convective air rnovement doe to ~erature gradients, this process is probably ofless significance. 

Barometri: pmnping results ftom chsnges in atmospheric pressure. The process involved is the compression of the gas phase wilhin a 
waste rock pile because of an increase in atmospheric pressure, which then allows ingress of atmospheric oxygen. Oxygen egress will 
occur when the atmospheric pressure declines. The net effi:ct ofbarom:tric pU!Jlling on oxygen supply and ARD generation is only 
partially UJK!erstood and further investigation is required, but it is generally not consi!ered a dominant mechanism 

Based on the coosideratiom presented above regarding availability of oxygen in mine and process waste Jltcilities, Ritchie ( 1994) 
coined 1he concepts of"global oxidation rate" and ''intrinsic oxidation rate (I OR)," which describe 1he overall flux rate of ARD ftom a 
waste rock pile and the observed oxygen consumption rate oftbe waste, respectively. The intrinsic oxidation rate is a m:asure of the 
oxidation rate at the mineral surfitce controlled largely by the reactivity of the sulphide minerals. Ritchie fuwxl global oxidation rates to 
be insensitive to changes in 1he intrinsic oxidation rate, which suggested that oxygen diffusion is the dominant rate-limiting process fur 
sulphide oxidatioo, particularly in a newly built pile. With tim:, convective gas 1rllmport will gain access further into the waste rock 
Jltcility as it ages, but even so, the global oxidation rate will remain approximately constant 

The availability and effi:ctiveness of fi:rric iton as an oxidant is controlled by tbe aiiDunt of fi:rric iton present, which in tum is related 
to tbe bacterial activity, the pH of the sohrtioo, and tbe residence tim: oftbe fi:rric iton Acidic conditions and tbe presence of an 
active microbial commmity promote oxidation offurrous iton to fi:rric iton. Physical removal mechanisms, such as flushing of contact 
water, also have an effi:ct on tbe availability offi:rric iton as an oxidant 

Top of this page 

lA.7.1.l Biological factors 

Certain bacteria IIBY accelerate 1he rate at which som: of the reactions involved with sulphide oxidation proceed. Bacteria of the 
Acidithiobacillus species (furm:rlyrefurred to as Thiobacillus) are of particular importance with regard to sulphide oxidation. This is 
because A. ferrouxidans is capable of catalyzing both tbe oxidation of sulphor and furrous iton (reactions [I], [2], and [3]), while A. 
thiouxidans can oxidJm sulphor only (e.g., reaction [I]). Other llllllDers oftbe Acidithiobacillus species are also capable of 
catalyzing pyrite oxidatioo, as are certain m:mbers oftbe genera Su!folobus and Leptospirillium (Gould and Kapoor, 2003; Mill!, 
1999). In sitoations where bacterial acceleration of """hide oxidation is significant (principally at low pH- see Figure 2-9), the 
bacterial population density and rate of population growth detennine 1he bacterial activity and tbe associated rate of acid generation. 
Population density and growth fur bacteria such as Acidithiobacillus are limctions oftbe fullowing: 

• Carbon availability (in the funn of carlmn dioxide) 
• An electron donor (furrous iton or sulphor) 
• Nutrient availability (ie., nitrogen, phosphorus fur production ofbiomass) 
• Oxygen (promotes growth of aerobic bacteria and is an electron acceptor; kilt. strictly amerobic bacteria) 
• Temperature (rnost bacteria demonstrate optimal growth below approximately 70•C) 

A. ferrooxidans can be characterizlld as an aerobic autotrophic bacterimn (ie., it requires oxygen and must redoce atmospheric 
c!llbon dioxide (C02) to an organic c!llbon furm to generate biomass). A. ferrooxidans has a ~lure optimD:nnear 35•c and 
a maxinmm temperature fur growth of 4o•c (Gould and Kapoor, 2003). A. ferrouxidans is an obligate acidophile: it requires acidic 
conditions (pH range ofl.O to 3.5 withanoptimD:npHnear 2.0) to survive. A. thiouxidans demonstrates similar characteristics, but 
is toleraut of a wider range of acidic conditions (pHbetweenO.S and 4.0) while ils optimum growth ~erature is between25 and 
3o•c. Figure 2-12 (Robertson and Broughton, 1992) preseuts a scheiiBtic illustration oftbe temperature effi:ct on bacterially 
m:diated sulphide oxidation rates (normali2l:d) and provides a comparison against 1he effi:ct of temperature on abiotic oxidation. The 
principal nutritional requirem:uts fur Acidithiobacilli (nitrogen, carbon dioxide) are ubiquitous. Sulphor and iton are readily available 
in mining environm:uts, while only smaR aiiDunts of phosphorous are required. As a result, sulphor and iton are vittuaily omnipreseut 
at mining sites, and have been identified in mine efiluents of diffurent compositions ftom quite diffurent mines and in diffurent 
clilmtological environm:uts. This implios that microbial m:diation of sulphide oxidation is the norm rather tbao tbe exception. It 11llS! 
be e1IJ1hasill:d that microorganistm are higbly ellicieut at IIBDipulating tbeir inmodiate environm:nt, either on tbeir own or in a 
syniliotic relationship with other microorganisms, and that actual reaction site environm:utal conditions may, therefure, be nruch more 
conducive to elevated oxidation rates tbao would be predicted ftom !lllasurem:uts in tbe bulk liquid phase. 
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2.4.7 .l Fadors that modify *ainage resulting from 1ulpbide oDdation 

This section presents the mctors that trndicy the composition of drainage resulting fium sulphile oxidation both within the mine waste 
and aJier exiting the mine filcility. These filctors are described simultaneously because the processes that aJfuct the drainage 
COJll'OSition during transport within and outside of the mine or process mcility are wry similar in coDCept Transport of dissolved and 
particulate constituen1B takes place along pathways, which are physical or biobgical conduits that albw trnvemmt of these 
constituents. 

AB fur the sulphide oxidation process, the filctors that a1fuct mine drainage composition are classified as chemical filctors, physical 
filctors, and biobgi:al filctors. These aspects limn part of a wry corq>licated and interwoven environmental system, and as such 
don't operate independently but instead tend to be highly interrelated. For the purpose of this discmsion, the drainage generated fium 
sulphide oxidation at the grain surfuce can be ARD, NMD, or SD, depending on the type of sulphile mineral and the reactions taking 
place in the microenviromnent immediately at the grain/water interfilce. 

The trsnsport of ARD, NMD, or SD through and away fium the mine or processing filcility can take many fulllli. The pathways of 
IIBin interest include runoff and overland tlow wilh eventual discharge into surfuce water and transport via surfuce water, infiiiiation 
through the mine or processing waste filcility and into the soil'vadose :rone fullowed by transport in groundwater, uptake by biota, and 
physical trnvemmt of mine waters as part of mine water managemmt (Figure 2-2). This section fucuses on the infiiiiation, surfuce 
water, and groundwater pathways. 
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2.4.7 .2.1 Chemical factors 

The principal chemical mctors that can trndifY the coJll'Osition of drainage during transport in the mine waste mcility and beyond 
include the fullowing 

• pH 
• Redox conditions 
• Chemical composition of drainage 
• Secondary mineral furrnstion 
• Smption 
• N eutraltzation reacfuns 
• Photochemistry 

The trnst in:portant chemical control on m:ta1 IIJJbility is pH, but the other mctors lilted above also intloeDCe drainage composition. 
Redox conditions determine the speciation of redox-sensitive species, such as many base and trsce m:ta1s and sulphur and nitrogen 
species. Redox conditions can have a pronounced eBect on the trnbility and toxicity of redox sensitive species. The trnbility of 
constituen1B of interest lillY he alfucted by other species present. For exarrple, cmq>iexation wilh anionic and organic ligands lillY 
increase the IIJJbility ofbase and certain trace m:tals. A good exarrple of this il the furrnstion of Al-F complexes, which greatly 
enhances the IIJJbility of ahaninum, resulting in JDJCh higher dissolved ahmDnnm concentrations than would occur in the absence of 
tlooride. Similarly, many dissolved organic COJll'Omxls can proiiD1e m:ta1 mobility. 

Atlenuation m:cbanimli are processes that reduce the trnbility and concentration of dissolved constituen1B in water. The trnst 
in:portant at1enuation m:chsnisms include furrnstion of secondary minerals and soq>tion reactions. A typi:al at1enuation sequence fur 
ARDin surfuce water il described in Plumlee (1999). AB an acilic mine discharge en1ers a s1ream, it il progressively diluted, which 
causes an increase in pli This leads to precl>itation of the typical orange li:rric (hydr)oxide colloids and coa~ cOllliiDilly observed 
in acidic mine eflluenls. AB the pH of the water continues to rile, ahunirmm and mmganese precipitares funn, while soq>tion onto the 
suspended Fe, Mn, and AI parti:ulates hecom:s more effuctive. Other sorbents of potential interest are clay minerals and parti:ulate 
organic lllltter. If the pH continues to increase, furrnstion of secondary carbonate minerals lillY occur, fur example, the copper 
carlmnares !IIllachite and amrite frequently eDCountered. Sulphate removal in such a sequence lillY occur through furrnstion ofFe/Al 
hydroxysulphate minerals at bw pH or, IIJJre coiiiiJJilly, in the furm of gypSlD!l if sufficieut calcilnn il present. Most of these 
processes are reversible. Should conditions change, remobili>ation of these atlenuated trsce m:ta1s into the water cohmm !Illy occur. 

In addition to pH changes because of the mixing of dilfurent water types, chemical interaction between water and neu1ralizing minerals 
in the solid !IIltrix (waste rock, process tailings, stream sedimmt, aquifur solids) lillY also result in a pH increase. The neutrali2ation 
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nrchanisms potentially occurring can be described by such reactions as presented in equations [8] and [9]. Phorochemical reactions 
are ofin:portance wilh respect 1ll reductioo of iron, which may lead 1ll iroo rerelease as well as the CODComitant release of smbed 
rre1als. Where ARD is contaca:d wilh organically eoriched water, sulphate reductioo processes may occur sponlaneously, resulting in 
depletioo of sulphate and an incresse in alkalinity and precipitatioo of trace rre1als in the limn of sparingly soluble sulphides. 

ARD, NMD, and SD do not represent consecutive stages in the evolution of a mine water, but instead reflect eodpoints in terms of 
water quality that may have diffurent efrects oo the eovironment and may necessitate diffurent funm ofmaoagerrent. However, in 
concept, the above progression presented fur the bypothetical suditce water describes the potential evolution of ARD 1ll NMD or 
ARD 1ll SD. In reality, in alrrost all mine water occurrences 1his sequence is not brought 1ll COI11lletion If the receiving eovironment 
(inchxling the mine or process waste fucility) deironstrates a lack ofneutralizltion potential or dilution (or bo1h neutralizltioo potential 
and dilution), the COI11losition of the origioal ARD may oot change appreciably wilh distance &om the origioal reactive sulphide grain, 
and the ensuing aciD: contamination can have a large spatial extent. NMD will be the olllcotre ifsorre of the trace IIEials are 
rem>ved &om solution, while, acconling 1ll ita definition, SD requires alrrost COI11lk:te m:tal removal NMD frequently occurs in mine 
waste enviromrents and sorfilce water and groundwater systems wilh sufficient readily available neutralizltion poteutialro counter the 
acid being generated, such as many skams, marine sedimmtary -ta, and clllbonate-hosted replacerreut deposita. Saline drainsge is 
rnost commnly associated wilh deposita that coutain little or m sulphide minerals, other 1han pyrite and su!D:ient bulfuring capacity. 
Exarrples of such deposita include certain coal deposita as well as "clearf' skams. 
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1.4.7.2.2 Physlwfa<tors 

The principal physical fuc1llrs that can modifY the composition of drainage during transport in the mine waste fucility and beyond 
include the fullowing: 

• Climate conditions 
• Precipitation eveuts 
• Water Imvemmt 
• Temperarore 

While chemical fuc1llrs tend 1ll be the most in:portant conlrols on sulphide oxidation mtes and the na1llre of the resulting discharge 
(ARD, NMD, or SD), physical fuc1llrs tend 1ll govern transport of the reactioo produc1li and the type and efii:ctiveness of reactions 
that occur along the llow path. 

Climate types (e.g., wet, arid, arctic) and climatic variations (e.g., stormeveuts, seasonal) can have a signilicant etrect on the 
hydrologic regirre wilhin a mine waste and in the receiving enviromnmt. Climate types and variations also affuct transport of sulphide 
oxidatioo produc1li and any changes in drainsge COI11losition while being transported. The IIDre water available fur transport, the 
more likely it is that a mine discharge will be generated, and the more likely that 1his discharge may travel off site and in1ll the receiving 
environrreut. Climatic variations may result in transport that is in essence continnous vs. episodic. Therefure, the water balance 
associated wilh each climate type and climate variatioo will be vecy diflerent, and each will pose ita own challenges fur water 
managerrent. The etrect of climate type and climate variatioo on chemical modilicatioo of mine drainsge is also an in:p
consideration For eXlllqlle, in drX:r climates, high evapomtion mtes tend 1ll increase the acid-bulfuring capacities of waters dmining 
most rock types. Therelilre, a smaller volume of alkaline water in a dry climate may mitigate ARD as eflectively as a larger volume of 
less alkaline water in a wetter climate. Mixing, degree of dilution, and contact tirre between a mine discharge and the solid matrix 
(waste rock, process tailings, stream sediment, aquifur solids) are all affucted by climate and seasonal eveuts. 

Water rnovement is also affucted by the physical chamcteristics of the mine waste and receiving environrreut. If water is essentially 
stagnant, transport of sulphide oxidation products is limited 1ll diffusion, which is a vecy slow process resulting in a reaction front that 
may not appreciably move over tirre. If the water is in motion, these reactioo produc1li can move wilh the velocity of the water in the 
absence of chemical attenuatioo rrechanisms. 

The IIJJst in:p- fuc1llr involving water rnovement is the hydmulic condnctivity. In principle, the greater the hydmulic conductivity 
of the source material, the greater the potential fur eflective transport of the sulphide oxidation products. Similarly, the greater the 
hydmulic conductivity of the receiving environrreut (e.g., a fractured vs. a non-fracrored rnediwn), the greater the potential fur ingress 
of the mine discharge. Changes in drainsge composition along a llow pa1h also depeod on the movement of water. Contact tirre is an 
in:p- fuctor, and rapid llow through prefurential coarser-geained channels in a waste rock pile will result in a diffurent discharge 
quality (ie., likely 1ll be IIDre dilute and less bullered) 1han gradualllow through the finer-grained matrix. Seepage &om process 
tailings lillY disPlay geochemical near-equilibrium wilh the tailings solids because of the exrensive contact between tailings pore water 
and tailings solids befure exiting the fucility. 
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The effuct of temperature i<l manifilld. Higher temperatures protrnte evaporation, thereby reducing the amnm! of1nmsport in lijuid 
funn, while aho increasing the rates of chemical reactions. Lower terrperatures IIBY aho prevent water m>vem:nl (in 1he case of 
fio= conditions), while reducing reaction rates or even arresting sulphile oxilation altogether when the sub:rero enviromnent 
prevents transport of reac1llnts and reaction prodncts. One of the trnst draJIBtic effucts ofterrperature on transport of sulphile 
oxilation prodncts i<l dnring the spring freshet in cokllpolar, Jnnnn temperate/marine and Jnnnn cold/continental climates where 
snowJhll occurs. During the spring melt, vmy large vohnnes of water can occur that contain large am>unts of oxilation prodncts 
acCU!Illllated dnring 1he SlliilDlef and full becanse of the reduced flushing rates. In addition to terrperature fluctuation, as governed by 
external climate and seasonal conditions, sulphile oxilation can result in generation ofbeat, wbich lillY have an effuct on 1nmsport 
and trndification of mine di<lcharges internal to 1he mine waste environment. 
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2.4.7.2.3 Biological fadors 

The principal biological fuctors that can JmdiiY 1he COIIJlOSition of drainage dnring transport in the mine waste fucility and beyond 
include the fullowing: 

• Microbial ecology 
• Microbial growth kinetics 

As explained in Section 2.6.4, biological fuctors greatly affuct the rate of sulphile and iron oxilation because of the catalytic 
fimctioning ofJIBny diffurent types of microbes. During transport of oxilation prodncts, the irqlortance of1hese bacteria tends to 
lessen while that of other types ofmicroorgani<lrns and biota tends to increase. 

Bacterially medi<lted activity of potential importance along flow pa1hs includes reduction ofboth iron and sulphate. Reduction of iron 
lillY lead to release of iron from previously insoluble minerals, such as iron (hydr)oxides, and increased trnbility. Conversely, 
rednctionofironcoupled with reduction of sulphate JIByatio lead to furiiBtionofinsoluble iron sulphile and othermetalsulphiles if 
other metal cations are available. Both reaction IDlChanisrns result in release of alkalinity, proWling neulrali2ation capacity, and both 
operate with the greatest etliciency in anaerobic water-saturated envimnments snch as submerged sediments and soil<!. In particular, 
the sulphate reduction process funns the basi<! fur use of cons1ructed wetlands and other sulphate-reducing bioreactors fur passive 
and active treatment of ARD. In an of these cases, the type ofbacteria (ie., microbial ecology) and 1he growth kinetics determine the 
effuctiveness of the various biologically medi<lted reactions. These biological fuctors are intrinsically linked to 1he chemical fuctors as 
the nature and type of microorganisms present are directly related to fuctors such as pH or redox. 

Other biological processes that lillY affuct drainage composition along a 1nmsport pathway include smption and ion exchange onto 
particulate oQ!llllic IIB!ter, direct uptalre by plants through roots and leaves, furiiBti>n of metal (hydr)oxides (aerobic conditions -
results in a reduction in pH), filriiBtion of metal carbonates (anaerobic conditions- results in a reduction in pH), and fibration by 
oQ!llllic substrate. 
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1.4.7 .3 Recehtng enlfronment 

The final coruponent of1he ARD migration process i<l the receiving environment or receptors (Figure 2-2). The principal receiving 
environments associated with mine di<lcharges water are growxlwater resources, air, soil and sediments. More detail on receiving 
environment and ARD i<l presented in Chapter 8. Potential impacts associated with mine di<lcharges are related primarily to 
sulphate/IDS (ARD, NMD, SD), metals (ARD, NMD) and acidity (ARD). In tenns of chemical parameters, therefure, these 
irqlacts are not unijne to 1he mining indns1ry, and 1he toxicological consequences of any of these impacts on the ecological and lruman 
receptors identified in Figure 2-2 are usually understood to be the same as if they originated fiom a non-mining soun:e. 

The nature and extent of any impacts i<l related to the location of a receiving environment relative to the mine release, the degree of 
sensitivity to the mine release, and 1he nature of the mine release. The enviromnent has a certain inherent capacity to absotb and 
sustain a level of ARD release without wxlergoing signiticaut dallllge. For exaJII!le, through natural neutrsli2ation, and dilution, it IIBY 
be possible to contain an ARD phml: of a certain JIBgoitnde without widespread enviromnental irqlact However, as 1he reservoir of 
alkaline IIBteriali<l consnmed close to 1he point of di<lcharge, 1he ARD phml: will migrate linther away, resulting in an ever-increasing 
:rone of impact For a receiving enviromnent with significaut acid neutralizing capacity, the extent of1he impact will be less than fur an 
environment with little or m bnffuring ability, and it will take longer fur an equivalent impact to IIlllllifust itself at any given location The 
irqlact of an SD di<lcharge will be less prooonnced than that of an ARD di<lcharge, an else being eqnal, because of1he generally more 
benign chemical C<JiqJosition ofSD. The identilication and implemeutation of mitigation measures are ainlod at preventing irqlact 
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allnge1her, or reducing io1Jacts 1ll a level1hat can be sustained by 1he receiving environment. 

Top of1hi<i page 

2.5 Concluding Statement 

During 1he past two decades, much has been 1eamed about ARD, NMD, and SD and how 1he reactions responsi>le fur their 
developtoont might be prevenred. The complexity of1hese reactions and 1he unij_ue issues associak:d with each mine and process sire 
do oot allow fur application of a sill1Jle single sttaregy or a "one-smo-fits-alf' solution Instead, each sire needs 1ll be examined on a 
case-by-case basis, leading 1ll imp!emmtation of a sire-specific ARD managemmt plan from the initial decision 1ll proceed with the 
mining operation through 1ll post-mining beneficial land use. This plan mJSt be a key fucus of the operations!, 1echnical and managerial 
resources at the mine 1hroughout its lifi: cycle. The developm:ut of an ARD managemmt plan is described in nme detail in Chapter 9 
of1hi<i GARD Guide. 
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Figure 1. A highly magnified image of framboidal pyrite
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3.0 Corporate, Regulatory, and Community Framework 

3.1 Framework for Management of Acid Rock Drainage 

Thii chapter examines 1hc societal fiarnowork fur developm:nt and operatioo of mires, and provK!es guidaoce on 1hc ARD specifi: 
implications of1hc fiarnowork. This fiarnowork includes corporate, regulatory, and COIIliiil!lity elem:nts, as illlstmted in Figure 3-1 aod 
Figure 3-2. 

Figure 3-1: Frame11VIk for ARD management 
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11140 

Corporate Regulatory 

I Community I 

J11a1n 3-2: Ble1'lfthlcl1 nlatll)•l!lplletwee• Global, Nadoul aDd LoCil Elemellll oftbe F'nmeltDJk 
'11401-020 

HYmyllliml iB llllllablilhlld wtila "toommmy"tbatilcbles didmtB!ed.and a&ctllcl J:11111i!s (Fp 3-2). 1'bMo llll)'iddl jrmwlja+e 

~IDc:al,mgilllalandllllliiiBl~s,"lllldpbalNOOsinotmrCOliiiiiB,~ontbDsdlg.I.ocalcxlDmmUsllftl 
jrd!nentja! and often 11m DIDil COJJtlE plllliDs ID deal wilL '!bey IIIli tbD IIIDSt climctly a&c:tad by a llliDD and 1111)' law micalie llll!eds IIIII. 
radand pen:eiwd tWD, as delcd!ed h Clapt« 10. 

'l'llll"ammmily'' griiiD ml CllD willdraw tbD "'loc:iilicmM" ID open~UI baed em pmtepCDJo ofpsfinmwe azd tbD liMl oflmlt. 
Coummilynecda ate DDt ll1wa)'B elcar1y deJiaxl azd DBYc:hurF o_.timc IIIIIIIK':iJCO qcu1W liODH:iluo ~. Tbc opemtoDI oflhc DiDc, 
~re. shJuld mmiliiWliR oftbD ~c:lbi:Ollll:llt wihillhc colllllllli1y. 

Tbc is8ue8 mi 8fiPJ08'lbell CO ARD tR•Illiimaad.........,.,.. llftllhc SID 8IOIDi tbD waDI. HowiM:r, lhc specilk: lechaiJ.u:s in-ARD 
-~ iJrinlape41dioDofARDpredklbu:~sub,IDII.lhc quamila!M mlpoinla ill ped •• »(e.g., w&U:rcpdy8lalldan!8) ay 
cli&r depelldiag on 1he IDc:al, ~or COIIIIZycomext.. 
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~ il. therein'e, DO "'De sfA, &a a1r approach to~ ARD 1111111~ at all mille sa.. F.adunile lldDIIJ ia 1Dquc ml ~uin:s a 
c:arddly comideTecl uaessrned to lid a..........,. sllUcgy wilbin 1be broader eotp01'8te, ~. ml COlDDIIityiamewolk 1bat 
applies to 1be 1liDe. 'l'bo de-sped& seaiagccnqnileslbe ~economic, and enviromlaDl s~ where 1be mile is b:aled. wbie 1be 
fiamewmk ecmpiees 1be applicable~ and R:gulll!.oJYDOllllll ml staDdards, and """""~1 sped&~ ml expectalions. 
This~ app!K owrdm CODtJlla liil C)d! oftbD milll ml il illustmll!ld c:ou:eptmlly inFp 3-3. 

l.ifpre 3-3: Co~ ARB Ma.p~mllt Fnlllel11111k 

Corporate Regulatory and Community Context 

.X 
Environmental, Social and Economic Setting 

~ 
... i~l ==========================~ . ARO Risk 

Mine Envi ron mental Manag ement 

Wilbin this :fianewwl: 

• AD 1liDiDg uwpmil!s, Despec:tiw of sa, lll!ed fD adhm!ID b m.tiDDIIllegisiBtion and....,letjrms oftbD coiDDDs wbml tbDy 
opemte. ~mililg CODtJIIIIiDs are DDt oblp!K ID co!IJII¥ wilh glDbal guidaD:e lllku ~ il a ccmdDm of~ til 
comidfnd pHi COip<Bidtipm:lila fD llllbln fD such,guilance um- itcmdli:ta ldh~ or oti.DIIIIffatmy~uRmlm!B. 

• Many uiDiDg c:oiqllllli!& haw ....,b'&obecl cmpcm1t11 ,gnilelna 1bat R!]mll&lllt dlD c:OiqNIIly's ~ ofdm pzmms fD be addJmsed. and 
tmir iDill1p1etatW ofpanlly accepted best pmclile. Such ,guideliDIIB provile &d~ in appmach, pm tbD m,...specm: llltln of 
ARD. 

• Cmpmat.e guideli:n can be app1icd in ptehca:e to collllby regulaiDm mi. giDbel guideli:n, provibl da:sc cmpol1IU: pilehs are 
IIIIJre wnpch:uolw ml ~ aod 11M: aclopWd a ~IBIY IIJIPIII8')h. CUD! il needed to CURR alllpllllifiDI oflhc 
WllllllyregulidiBa arem:t, 111 ~ ~ a~D~~Dtbe allllhll~ iJriXMI!Jy~ 

• MlDiDg C(JIIql4llli:e opel'8le MilD die COilllllaiD of a ''8ocilllicellce''1hat il billed on a tmad COilllellllll wlhal stakebo\lers ID die 
cldnt 1hat COIIIaJIUI il achiMb~ 1bii COII8ell8lll CO\el'8 a broad raagc ofsocill, ec<mri:-, ea•iN" • •4aJ, mi. gow:maJ~CC 
~ ARD playa 111. iq)O!Iallt part in die liD's "8ociilll:cllcc''whilc atibc ~time lllakdlollen aaymt ~111111cr818ad 
die 8880CBted ~CC~q>ledy ml uaced~Dics ofARD. 

• Tbc DiDc o11aumbs CC"I'"M"NI n:~ ARD 1bat imlllllbe iNDI!alim of1bc "8ociilli:ea»" ml aholillbe liD :Iii ID m:et ill 
con11i'""'""' a ~ialli=ae" can be pllcedetriak. While ARD iasuca arc ofaiiWdYCI:cllli:alllllme, 1be CODBeqiiCIII.1C8 of''Ftliog 
it'M0113''ahouldDOtbe ~ 

• MiDiDg coqKIIIies ahoalr:J mab a COhllih•CI• to capariy buildillg OD ARD Uuea wkhiJ. dJc ~when: tbeyoperU:. Mililg 
coqND!ies ahould also solict re&Wu iledback ml ~on 1be status ofARD ...,..,...,. pllllll. 

• Tbc costs ofclotln ml post-cbllft I1IIIIIF"'D of~ quality and ARD arc D:nesils!Yn:coPd u ainlameral CO!q)OIIC!tt 
ofaRlliniDgopeaatkms. PnmsimlbrciJSift cosqilnowl;Y.pically illcluded in:uewpojectwbd:itms. Some inmoffillm::m 
U81llllln (e.&, eoiJII8IIY ptovisi:m, boml, letter ofc:mdi, trust fimd, pamdal guarameo) a roquRcl iniJI)st ~ns. This Dwx:ial 
U81llllln pmvile& a merhmian to ~U~Dibat post-lllilq condilions will DDt leaw a lll!pliw Ji!pcydat pomlyDrliDctll onlllilq in 
IJ'II'IIll aod ila socid liceme to opcnle. 

ThD GARD Guide pmviles mappmach to assesmma aDd pluming mr ARD Dmiii!J"""" ThD GAlW sam allo i:x:!Bes on tbD 111¥ of 
proc:echnll and 111D111Ddobgi!& 1hBt couH be W1llid.nd wihiD.tbD mille-speci&: settingtopmdg;e IUcoml!s 11111 pi01/Dimadequate IIIYel 
ofc:ertainlylhatARD iiiiD will be deal will llldidilcllni,yo_.lhc eulire Iii: cys:le ofdlc ~A~~ of1hc c:om= and 
settiogofeamlliDc iB, h:Rm, requRd bcim: mappwptim: ARD ~llppJIIIldiil scW 1bil ~~IIRs a 
thorough 8MCM'JIC1!1 aod I.MDdim ofdlc appkable, aocill, cconomil, and eJ1Yircmmmlal be8cli:n. P1a, approaches, aDd die predi1red 
iqluta and rilb need to be pre8Cdcd to stakdloJden, 111111 ahouH be~ in such a way tilt lllakdlollen can ewlJale 1hc pwpoeed 
pctill'IDIDCe of1be ARD l!!!ll'llfF"'' plm. 

~ ~ con:pliiiDce wihregkmal or colliEyn:gulali)m il a millilllm.requiml:lcat in an~. Cb:R arc addiillllllaspeclllbat okll 
add ID 1he8c requill::m&:la. 'lb:8e addiiDDilaspecta iDcble die I:Dder8 and lllllrc'l»lde:r.cequiWWB, COJpcmde ~.and die IDc:al. 
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coommityneeds. 

Adequare project development, in:plem:ntation resources, and tim: are needed to comider and integrare requirem:nls and Ollpectations of 
stakeholders. This is an important phase 1hat is olhm given iarullicient attention and tim: wilhin the overall project tim:line. 

Stakeholders are increasingly better inlimnxl and rrore sophisticated in their undersbmding of ARD and ARD-related ilsues. The ability to 
deliver on conunitmenlli to mmage ARD in the long term will olhm be scrutinised and fullowed, resulting in the c0ll1lllllllicy holding operators 
accountable to perfunn When established, a love! of1rust il a valuable elomoot of continued mine success and 1lms incbsiveness and 
transparency in actions are in:pnrtant fur kmg-term perfurmance. 

The ARD mmagemmt approach cannot be delined in isolation, and ARD il only one of the environmental ilsnes (sometim:sthe dominsnt 
issue) theta mine IWSt address. Problem analysis and problomsolviog should be integrated into the overaDOllploration, mine planning, 
constru::tion and collllliisioning, operational, decon:missioning, and post-chsure processes, whi:h are illustrated in Figure 3-3. 

The preceding principles are discnssed inrrore detail in the Secticns 3.2 through 3.6. 

Top ofthis page 

3.2 Corporate Guidance 

The mining industty has seen significant devehp!relll in its approach to snstainability during the past 15 years. Most companies now bave a 
public co•• 11 ,,;,,, e1 !I to a sustainability charier, whi:h articulares the corporare wnnnilmout to heallh, safuty, environmml, and COilllll!!llily 
(HSEC). Clearly, fur the mining industty, the mmageme'll of ARD and prevention ofadverae in:pacts is a core ilsue. Beyond the individual 
COipOra1l: conuniiJnenlli, the industty has also cooperated to devehp international standards and principles fur sustainable developnent and 
rrore specilically ARD mmagenent, notably the Mining, Minerak and Sustainable Devehp!relll (MMSD) project and the International 
Council on Mining and Metala (ICMM) 10 Principles in the Sustainable Devehp!relll Fnnnework (ICMM, 2003). Meubers of the ICMM 
(and similar organi2ations) bave commitled to meeting these princ4Jlos and to being audired against the standards set fur1h in these Princ4Jlos. 

Corporare guidance available to address ARD issnes can inchxle the fullowing: 

• Corpnrare charier with cununiiJnenlli on perfu= and consultation 
• CooaniiJnenlli to exterua1 snstainabilityprinciplos and n:ettics (e.g., ICMM and the Ghbal Reporting Initiative [GRI]) 
• Public taigeiB fur environmental perfimnance 
• Specifi: (quantitative) perfuiiiii!l!Ce criteria thet are~ 
• Rilk assessmmt protocols and mothodohgies to devehp site-specili;: perfimnance criteria, fur whi:b the mothodohgy is prescriptive 

rather then the out£ooe 
• Teclmical guidelines with mcthodohgies to fullow fur assesSIDCDt, design, and evaluation ofwarer quality and ARD- similar to this 

GARD Guide. These are resource dOCU!lllllls in whi:h the process il prescubed, but the specific methods or criteria are not 
prescribed. 

CoipOrare policies and standards cliffur from co-to co-. Selected ~los of corpnrare guidance docuaentation and a 
perspective on how coipOrare requirem:nls relare to other requirem:nls fullow in Secticns 3.2.1 through 3.2.3. The corporare guidance 
docmr<:nts thet are refi:rred to in these secticns represent only a ""'Y limited cross section of the Iliiiil)' COIJlnraW docmr<:nts thet are 
available, and bave been provided h:re as ~los of the type of corpnrare ARD guidance in exisrence. The absence of a particnlar 
co-'s guidance documentation from those cited herein therefure does not in:ply thet guidance documentation has not been devehped or 
il not relevant. The intention h:re il to provide sooe perspective on the types and raoges of COipOra1l: guidance thet esilt 

Top ofthis page 

3.2.1Ne"""'nt 

Newrront has devehped a guideline doCU!II:II! titled Standard ARD Wasre Rock Evaluation Methods, dated Februazy 2003(Newrront 
Metallurgical Services, 2003). The guideline was devehped in response to the stare ofNevada's regulations in the early 1990s. Newrront 
Website (htlpilwww.newrront.com') 

The guideline doCU!II:II! conlliins the fullowing guidance: 

• Protocols fur ARD wasre rock evaluations 
• Protocols fur determination of net carbonare value (NCV) 
• Protocok fur classification of waste types by NCV 
• Protocol fur NCV confirmation studies 
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The appendices to Newmmt Metallurgical Services (2003) provide detlUis on analytical test methodol:>gios. The guideline is DOt prescriptive 
and can tberefure be adopted within the regulatory, coiilltllllity, and environmental context of each Newm:mt mine. Newmmt hss integrated 
its ARD and metal leaching guidance into 1hc stage-gate process fur approval of capital expenditures. 1bii method ofinplem:ntation 
provides 1hc discj>line necessary to eosure 1hat the appropriate lew! ofARD and metal leaching assessment is co!IJ>leted at each stage of 
project devel:>pmeot 

Top oftbi; page 

3.2.2 Rio Tinto 

Rio Tinto hss developed an ''eovirollllEill standard" to ensure risks associated with ARD are effuctively ilentified aod managed to prevent or 
minimise adverse inpacts and reduce long-term liabilities and costs. The stsndard covers all phsses of mining fiom expl:>rafun to post
chsure and covers irqJlementation and perfbrmance rmasures. It also uses references to many other internal documents such as water use 
standards, waste mansgement stsndards, aod land use stewardshj> (Rio Tinto, 2003). In a paper titled ''Design and Jn:plem:ntation of a 
Strategic Review ofARD Rill< in Rio Tmto" (Richsrds eta!., 2006), methodol:>gios and major 1indinga ofintemalreviews are SUilllllllri2ed. 
These reviews were conducted by Rio Tinto as part of its ARD management prograome. The purpose of1hc reviews was to rank !lS2ards at 
its mines and to assess the perfulmlllCe in key management areas. 

The Rio Tmto ARD management programme includes 1hc full:>wing: 

• A Imard screeoing protoco~ which is used to identiJY where liDs! of the risks posed by ARD reside within Rio Tinto. The screeoing 
protoccl was designed to assess all Imards created by the release of sulphide oxidation products, including 1hc funoation of acidic 
soils and saline soils, the release ofl:>w pH contact waters, or 1hc release of cootact waters (ie., waters1hat hsve cootacted mining 
wastes) with circum-neutral pH but elevated salinity (ie., total diisolved solids) or metals cooceotrafuns. The screeoing protocolraoks 
the porentia!ARD Imard posed by mining bssed on the physical and cbemi:al setting of each sire. 

• A ri!k review protoco~ which fucuses on h>w each operation is maoaging the ARD Imards posed by the ore body and on 
estsblishing mmagement measores to reduce 1hc overall financial, ~ heallh, aod reputafunal risks. The review protocols 
are divided into II key perfunoaoce areas 1hat cover all aspects of successful ARD maoagemeot, including bsseline chsracteri2ation, 
waste and wall rock chsracterizafun, materials maoagemeot, ARD gcnerafun processes, ARD migration pathways and fluxes, 
potential receiving envirollllEills, integrated conceptoal understanding, ARD mitigation program~, monitoring and ongoing assessment, 
maoagement skills, and resources aod stakeholder relationships. 

The ARD management programme is not prescrj>ti.e aod can 1hcrelDre be adopted within 1hc regulatory, comnmily, and environmental 
coutextofeachRio Tmto mine. 

Top oftbi; page 

3.2.3 Relationship to Other Requirements and Issues 

The apecific framework fur ARD management at a ]>lll1kular project or mine could be defined using a biorarcby fiomllDre ~ 
SOIIIrtirii::s aspirational policies, to III)re speci& site reql.liremmts, comtraints, and opportunities, such as the :lbllowing: 

• C01porate policies, including wnnnilmouts to sustsinsbilily principles (ICMM) 
• C01porate standards and guidelines fur environmental protecfun and ARD !D!mgerrem 
• Gl:>bal standards and principles (e.g., Worklllaok and IFC Standards aod Equator Principles) and best practi:es (as defined in 1his 

GARD Goide and other ARD guides) 
• Counby, provincial, or local laws and regulafuns 
• Local cOIIDilllllii:Es' needs, expectations, and aspiratims 
• Site condifuns, including topography, climate, environmental resources, and quality 

In 1hc framework diicussed above, cmporate guidelines do DOt tslre precedeoce over legal requirements, but usnally provide further 
clarificstion or expansion of the standards 1hat the corporation will full:>w in addition to or in 1he abseoce of other specific requirements. In 
some instaoces, COiporate guidance might be IIDre stringent 1han l:>callegal requirements and may address issues 1hat are not covered in 1hc 
applicable law. Companies full:>wing a precautionsry approach may also establish addilional stsndards of!D!mgement ofARD and 
environmental DBtters in a particular jurisdiction or geographic region because of anticipated future chsngcs in regulatory requirements. 

In addition, COlllpanies are also increasingly ascrbing to the principle that the practi:es in 1hc 'h>me' counby of the CO!IJ>OnY sbould be 
considered where they are llDre stringent 1han the local requirements. C01porate governaoce does not diicriminate environmental 
perfunoance based on a gcographicall:>cation. Moreover, NGOs, financing institutions, and others judge petfuimaoce based on 1hc 
CO!IJ>OnY as whole and not on individnallocafuns. Users of1his GARD Gnide sh>uld be tborougbly conversaut with in-counby regulatory 
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~. Milq coqllllics aari~Bccnmics ilr the fm time should be pcrtir.:ularly careid to obtaila t1lmnlgh ~ ofthe 
C88eiiCC of1hc Jl81ioDll, ~ ml bcallawa bdl1e swq aDCW ninillaproject. 

Eli:mctdB of the abcm hi:nrdJ.y liamewolk an: dilclaecl h1111~ detail bebw in Seetka 3.3 thvat!J13.6. 

Top of this JIGIF 

3.3 SuataiDabUity and Commmdty ConslderadoDI 

ThD ecomuic bm!DftdsMcl iommiD!gis anes.midcollllirutor to susiBioabiD ct-!IDpm&Dbm 1hD _.j:OWiillalazd social 
llOJliiiiCl1ll! am o11iet this btmlil11111L!ss IJIIIIISI!d appro~. Appropriall! AIID .,.,;., Dll!lliiDII slmull CODIIiler tbll ecomuic, 
socill, m1 mh'iiOllll&idal._ on a glDbal, mgimal, aud b:diiCU. CoJpomll! m1 giDbel i••~•4i ... 1 llDDlll azd lllliDII.,gidlmnlllll 
guidelioca gmmslly pmvih: fPOd glDbal azd regimal ClOlB:Jit but IOIDCliDa M lllmt on b:d codc:D.local ClOlB:Jit can~ be c:s!Bblllbcd 
lhrougha llmuugbllludyml ~oftbe ecown&:, IIOCilllllll biJph)U:albuelia. Ofeb:ac bucfll:11, tbe llocillillnlal an: the 
moct c:Gq)lex m1 abDuki be ded w6 by e&ctiw: p\DE MW'IJ""C'rt aDd. COIIIIUIIa1ilD wiDg, wb::re pollhil, 1ocallllq)Crlile kDDwb!pblt 
in tbe CliSIUIDI m11radiiaal (see Cblptl:r 10). AIIDaad tbe IIS80Ci8led risk an:mtwen1Dkntood by die gaaalp~DE, so iii irportut 
lhat tbe Dlillc opc:ra1oriM:ala iD~~Riilbldawarc:D~:a~ aadriskcolllllllllica1il c.........,;,m,oCAIIDilsucs il add!a8ediD 
ChlplcrlO. 

1be balm:c 1hat ll1xluld be aclliMd il iibstraled ilFp 3-4. 1be an:a lWbin die 1riiiDglc ofFp 3-4 i!Dstr~Bs a domailofla11111hat 
an: ID.acceptlblc. 1hc bUD:e poill at A. whi:h -we:P 1hc social aDd. ecoDOuic ume heavilyebm die emkoDIII:IDJ, il eq~accepllblc 
u1hc poilltof'IIUulce alB, wlli.-lnvep tbeenYioliiDI:ID11111m heavily. 'Ibc llllltsubblcpoa of'eqailbimcanbe ilemifild ~ 
lhroughan~ ~ proceea~dstlkehoilers. 

1!1pft 3-4: S•tablable Developmellt Bllllua 

Economic 

Colpom~ pkbmce &:om~~· usn il jrlw!diq susiBioabilily ccaidnia ao projectB.ID.~ 8llStlilabJiy 
~-~ill&fybeqmflededhco\DiymplalioiiSIDII.procc~~CS.Forexaupk\bl.JIIbdK¥ompscmeslbltpJumila 
shoull be done within the eomaa of' the regimal S\IBIUJable DeYdo,pmem PlaD. 'l'bt.Te are also allllilcr of' CO\Ddes will smlar wbolc
society~ianewwbthdaremtspecibllyi.teDiificdbytbetmn''su8tai~Bb~,"aswenuDIIIIIY1dlupalilll~pmeDt. 
watmhed, air qld:y, mlllmd ~ pllms, IIIIChas lWDcl by c:alcllmcmnam.....,. pllms iD Soldl.AD:a azd regional 
cloYoJo.pm.mtpllms in.Aullralia. Those pllms areal ofm~MD:e aud shoukl be consWiecl as~ AMmna! SOia'Cl08 am tbe 
EmiroDIIImiBI, lfmM1 ml Smty Guilehs ilr MDJs. pubilhDd. by tbe hdtniBiir:mal Fiom:e COIJ>Oilllim of'tbe Wodl Bank Oroup iD 
l>eceJDJer 2007 (World Bank Gm~, 2007) azd tbe I:IIIII!JDalKI!Ial.Fedmation ofCODIII!Jmg~ (FIDIC) on project~ 
llll.lllpll!lll 

SomD milD am :haw kq opl!lldimlliYM, so i il enmial to MOO,guim iulmi!jOJElalir:mal ~ iD 1hD IIOCi!eccnmmi: llllll!ds aud 
~ of1J. afi!ctad lllllbiJDlhn. AIID pllms sbouH llll!nmre be 6mibiD m1 albw IDr ad,iullmla ml cmiDJo111 i:qnowmmt owr 
tbll miDD Iii! cys:ID (uo CblpCc!r 9). ThD dcw&p!ll5lio oftbll AIID IIII!WIJI""""l pllma m a mi:l:l do llhoukl begil at an eq. .. iD tbll miDD 
deve~Djnm:Dt(i.e., ellplonaim, projcd llblicl, mlmilc pJm~). While dleulmde BOmDmiiB)' CMJM: mlclili:r at tbe c:odof 
tbe llliDe Iii: wh:n pM-ciDIIB llmd UBC iiiiCllcllld, a pJmshouH c:xilt iom tbe begjuuiujs; TecblDIDgjcal prop:~~ wili:qnove c:bmre aDd. 
llalmellt O]Jiiml mJ should be~ ao pllms. W"6 preparali)n ofm irdlial plllll, die tlrBl plm willl1lq\IR Jets adaptalimaad be 
siq)ltr 1o iq)lcm&zl. 

Rehabililatim aaaocil1ed w6AIID ilia~ ilc1or 1hat 1111.y delaDiDc tbe suilabilily ofdle llmd lbr liiiR ~~~ea. Post-ciDeum llad -..e 

2014-10-21

kmiller
Text Box



will.U.o be dictated by 1ilcton; that DBY include regulation, coilliiilllily interests, and ecooomic needs fur land. ARD predi:tion and 
management is oot a precise science so long-term cost ilq>lications have uncertainty, whi:h varies depending on the risk of ARD. These 
conaiderationa should all be -while conaidering th: overall short-term and long-term cost fur the mine. Future costs are som:times 
underestimated and it il th:refure prudent to conaider making adequate financial proviiions fur ARD closure and long-term,.,..,intenanr.e. 

Top oftbil page 

3.4 Global Regulatory Guidance 

Global guidaD:e, by definition, cao never be DBOdatmy owing to the sovereign nature of the laws applicable to host couolrics. The global 
guidance provided by organilations such as the World Bank, International Finance Cmporation (IF C) and World Heallh Organilation 
(WHO), however, provides relewnt and applicable s1andard:s of practice that should be 1ai<en into account fur mining projects. Project 
1imdiog agencies and banks have a parti:olarly s1roDg influence on the slandards that mining companies ID!s! mtinlain because th:y frequen1ly 
adopt the Equator Principles and th:it guidelines and standards are a prerequilite fur approval and continuation offimding. The IFC 
FnvironoK:ntal, Heallh and SaJi:ty GuDelines fur Mining (World Baok Group, 2007) provides general guidance on the prevention and control 
of ARDIML, inl:hxling the fullowing: 

• Design, operation, and DBintenanr.e of~ mcilities to interoationallyrecognillod s1andard:s based on a risk assessment strategy 
• Preparation and implementation of ore and waste geochemical characterimtion, inl:hxling leaching tests, ARD DBpping, and th: 

ilq>lementation of ARD prevenla1ive actions 
• Rigorous ilq>act assessments that ID!s! be ilq>lemented by suitably qualilied profussionals 
• Mine closure planning and post-closure obligationa 
• Financial fuasibilily and closure assurance 

The WHO s1andard:s identiJY acceptable levels ofhoOBn heallh exposure (WHO, 2005). 

Yo~ s1andard:s establilhed by irx!u.try organilations and associationa can also be ofassistaoce, inl:hxling the fullowing: 

• ICMM Prinl:~les (ICMM, 2003) 
• International Cyanide Management Code (International Cyanide Management lnatitute [ICMI], 2006) 
• Kimberley Process (Kimberley Process Certification Schem: [KPCS], 2008) 
• Goidelines For Metal Leaching and Acid Rock Drainage at Mine Sites in British Columbia (Price, 1997) 
• Minerals CoUDCilofAustralia-EnduringValoe (MCA, 2006) 
• Mining Association ofCaoada- Towards Sustainable Mining (MAC, 2007) 

Top oftbil page 

3.5 Country Regulatory Guidance 

3.5.1 Commo-.s in the Regulatoey Regimes 

Most countries have enviromnentallegislation, whi:h il geoerally applicable to ARD, and some countries have specific laws, regulations, and 
practice guidelines that apply e>plicitly to ARD. In most regulatmy regimes, mining proponents are required at ao early stage to address 
potential enviromnental risks (inl:hxling ARD) 1hrougb ao enviromnental impact stody (EIS) and sobseq~ 1hrougb enviromnenta1 
management plans (EMPs). E!Ss and EMPs are developed befure the construction of a mine project This mechanilm provides th: tlexbilily 
fur the mining proponent to ilq>lernent a management plan and enviromnenta1 perfurDBnr.e that DBU:h the mine context and that il acceptable 
to th: regulator and aJlilcted connmmity. 

Other conmm th:mes in country legislation and regulations are as fullows: 

• The impact assessment process required befbre the issuance of an authorization or permit i!i generally wen defined 
• The enviromnenta1 DBmgemenl plans funnulated as part of the authorilation process allen need to describe how the efli:cts will be 

DBmged during the mining operational phase 
• The predi:tion of conditions and plaooing fur mine closure 
• The provmim offimds :lbr closure and post closure during the operations of the mine 
• The ongoing monitoring, review, and continuous ituprovement, particolarly fur ARD 
' The reamation of COli II oito eots and requiretn:nts Specitied in pennits or enviromnenta1 ilq>act assessment (EIA) approvals 

A corrprehonsive review of specific requiretn:nts of the laws in all the couolrics where mining ocean; is beyond the scope oftbis GARD 
GuDe. The overview of some countey regulatory regimes in Sections 3 .5 .2 1hrougb 3 .5 .9 provides exarrples of requiretn:nts and guidelines. 
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Top of this page 

3.5.2 United States of America aod its States 

The Unired Stares has a complex regulatoty system that addresses tha entire nmge of irq>ac1>1 associared with an aspeclli of mioeral 
developmonl, incbling water aod air quality, reclamation, land use, aod final- closme. While bo1h stare aod fuderal ageocios may have 
roles in tha pennitting process, stare aod fuderal regulatoty ageocios operare under agreements, which atle!q>t to limit dupli:ation aod 
confusion in the mine permitting process. 

Mining corrpaoios are subject to a corrbinstion of fuderal aod stare prescriptive standards, discharge limits, anlhorizations, aod permils which 
nmt be obtained within a framewCik of spatial development frameworl<s aod include watershed, air sbed, aod land development plans. 

Federal laws provile a framewOik allowing stares to irq>lement more s1riogeot aod comprehensive laws. Ofum regulatoty enli>rcement fur 
mining. water discharge, aod wasre management is at 1he stare level Where stares have primacy in mine permitting, 1hey have developed 
regulatoty progmms that are at least as s1riogeot as 1he fi:deralrequirements. These regulatory progmms have been reviewed aod approved 
by fuderal agencies snch as tha U.S. Envirolllii:Illal Prorection Agency (USEP A) aod Ofli:e ofSudilce Mining (OSM). 

Federal laws do have specifi: limitations on.- discharges aod impac1B on receiving water quality. Envirolllii:Ill irq>ac1B, reclamation 
oblig;ltions, aod post-mining land use issues are ofum addressed in tha envirolllii:Illal reviews required by stare aod fi:derallaws. 

Proponents of new mining projeclli or expansions of existing -s in tha Unired Stares with tha porential fur ARD nmt corrply with a series 
offi:deral aod stare laws aod regulations that start with envirolllii:Ill baseline data collection aod extend 1hrcugh 1he lifi: of mine to 
reclamation aod closme. Because oftha variability of1he climati:, geologi;:al, aod ecologi:al characteristi;:s in 1he Unired Stares, U.S. fuderal 
regulations do not have prescriptive ARD protocol. aod lillY rely on o1her guK!ance or expertise. In many cases, stare regulations have 
developed more specific aod regional-based requirements aod guidelines fur ARD characterimtion, predi:tion, control designs, mitigation, 
aod rnonitoriog than fuderal regulations. 

Top ofthis page 

3.5.3 Canada aod its Provinces and Territories 

Canada consists of!O provinces aod 3 territories. The legislative anlhority over envirolllii:Ill IIIltters is not expressly aDocared to either 1he 
fuderal goveroment or 1he provincial goveroments. Generally, tha provinces have jurisdiction over provincial lands aod matters of a porely 
local nature, while 1he fi:deral goveroment asserts jnrisdi:tion over fi:derallands, navigable waters, IIUClear regulatory matters, inter-provincial 
matters, aod international matters. Bo1h fi:deral aod provincial goveroments have produced a fuiiDidable array of legislation aod soppor1ing 
regulations dealing with an aspeclli oftha environment. This section Slll1liilllrills 1he main fi:deral aod provincial legislations aod regolations that 
affi:ct ARD IJI!mgement only aod is not intended to be corrprehensive of an legislation pertaining to mining or tha environment in Canada. 
Several caregories of legislation exist in Canada int1uencing or alli>c1ing ARD evaluation in mining. Broad caregories of legislation aod 
guidelines in Canada include 1he fullowing: 

• Genera!ARD guidelines 
• Securities roles aod legislation fur exploration aod fund raising 
• Closme aod- rehabilitation 
• Discharge aod operational limits/guidelines 
• General envirolllii:Illallegislation 

Som: oftha rnost relevant legislation, roles, aod guidelines are as fullows: 

• Guidelines aod refi:rence materisk provided onder 1he Mine Envirooment N.-1 Dminage (MEND) initiative 
• Guidelines fur Metal Leaching aod Acid Rock Dminage at Mine Sites in British Colurrbia (Pri:e aod Errington, 1998) 
• Draft Guidelines aod Recormrended Me1hods fur tha Predi:tion ofMetal Leaching aod Acid Rock Dminage at Mine Sites in British 

Collrrbia (Pri:e, 1997) 
• Federal Metal Mining Eflluent Regulations (MMER) 
• Guidelines fur ARD Predi:tion in tha Nor1h (Deparlment oflndisn aod Nor1hern Development [DIAND], 1992) 
• Various provincial staodsrds aod requirements fur water quality discharges 
• v arDus provincial mine chsure am financial assurance requiren:Jmts fur mining 

Mine closme aod rehabilitation guidelines aod regulations in Canada are generally qnite prescriptive in nature aod include evaluation of an 
aspeclli of 1he -· including waste rock managem:nt, tailing<~ disposalmcilities, - aod site drainage systems, mine working<!, site water 
quality, aod revegetation The goal of1he- closme aod reclamation plan is to leave 1he site in a condition that willreqnite little or no long
term care aod mainreoance. As part of this process, ft is necessary to dernons1rare long-term physical aod cberoical stability of1he materials, 
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including an evaluation oflong-tenn acid genemtion potential, me1alleaching, poten1ial waler quality in:plications, and 1rea1mml requireoE!1s. 
A lioancial guarantee to cover the costs of reclamation nmt be posted by the mining company, often in the funn of a bond. 

Price and Errington (1998) and MEND 5.10E (2005) provide a comprehensive list of the infunnation requireoE!1s and &ctors to consider 
regarding ARD managemmt. The MEND 5.1 OE docum:mt is more concise and has m:>re recent infunnation on mitigation measures, 
whereas Price and Errington (1998) give more infunnation on connnon errors, omissions, and constraints. Price (1997) outlines the proper 
program planning, test work and the inteipretation of the resulting data. Although both Price and Errington (1998) and Price (1997) were 
deve]oped to guide the mining activities in British Columbia, these docum:mts are widely accepred across Canada, and are required methods 
nnder Ontsrio Regulation 240/00 nnder Part VII of the Ontsrio Mining Act relating to mine closure and rehabililation The DIAND (1992) 
Guidelines fur ARD Prediction in the North identifies uniqne aspects ofnorthero climate, geology, topography, and mining practices thst 
sbould be considered and outlines methods fur use in evaluating ARD and ML in the north. 

Top ofthis page 

3.5.4 Australia, itll States and Tenitories 

State and local governments in the Conmonwealth of Australia have legiolation and guidelines in place that are rek:wnt to mine site ARD 
llllllllgemml. The aim of this legiolation and guidebs is to protect environm:nta1 aspects snch as biodiversity, water resources (qnanlity and 
qnality), land1i>rrns, esisting and poten1ial fulure land uses, and cullura1 and environm:nta1 heritage. 

The prirmry means by which state and tenitory goverrnn:nts regolate ARD is through authorisations required fur a mining project. Although 
the regulatory regime applicable to ARD varies SODEWhat between jurisdictions, in geoera1 they all seek to minimise environm:nta1 in:pacts 
during operations and aller operations seek to achieve sustainable 1and1i>rrns fullowing rehabililation through the minimization of pollutant 
release. 

Key considerations nnder state and tenitory legislation inc We the fullowing 

• Identifi:ation and assessmmt of ARD risks in the env:ironmmt and social :impact assessmmt 
• Detennination oflioancial bonds based on adeqnate management of ARD issnes post closure 
• Management of complimce with national water qnality guidelines 
• Availability, qnality, and use oflocal and regimal water resources 

Signilicant 'bow to" guidance on the mmagement and prediction of ARDis provided in the Leading Practice Sustainable Development 
Program fur the Mining Industry, Managing Acid and Metallifirrous Drainage (Deparlment oflndustry, Tourism, and Resources, 2007), 
published in February 2007 by the Australian GovernnJllll, Department of Industry, Tourism, and Resources. Although they have been 
developed specifually fur the Australian mining enviroilllriii, these best prsctice guidebs are of value to mining compllllics dealing with 
ARD elaewhere. 

SoDJO Australian states and territories have published sustainable deve]opment plans, spatial deve]opment plans, and watenthed management 
plans. 

Top of this page 

3.5.5 European Union (EU) 

The Enropean Consnissnn (EC) is responsi>le fur proposing legislation, nnder which the EU DJOni>er states need to operate. Enropean 
legiolation is decided together with the Enropean Parliament and the Enropean Conncil in a so called "co-decision" procedure. Whilst SODJO 

acts and regolations are put in place by the EC, each EU DJOni>er state is espected to deve]op, mmage, and incorporate its own 
environm:nta1 protection rules and regolations on mining. 

While transposing EU directives into their own nationallegiolatim, the DJOni>er states are free to inc We additional requireoE!1s (e.g., 
regolate additional substances relevant within their own tenitory or set higher standsrds ). The DJOni>er states are not pennitted to set 
standsrds lower than EC standsrds because the minimnn level of protection affirrded should remain the same across the whole EU. 
According to the EU Treaty, certain areas of law, snch as land-use and taxation llllSt be regolated at the m:>st relevant administrative level 
EU mining law is therefure based mainly on nstional or regimallaws. 

A mauber ofEnropean environm:nta1 directives have been put in place in refilrence to the extractive industry. The m:>st in:portant of these is 
the Management ofWaste from Extractive Industries Directive (ie. ''Mine Waste Directive') (2006/21/EC). Prm to 2006, waste from the 
extractive industries fi:D within the scope of the I.andliD ofWaste Directive. However, in March 2006, the ''Mine Waste Directive" was 
approved and is now being trsnsposed into national legislation This directive applies specifically to waste resuhing from the eJdmction, 
trea1mmt and storage of mineral resources, and the working of quarries. The Mine Waste Directive provides fur measures, procedures, and 
guidance to prevent or rednce as filr as possible any adverse e1li:cts on the environment, in particular water, air, soil, fiuma and flora and 
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landscape, and any resultant risks to human heallh, brought about as a resuh oflbe managemoot ofwasre from 1be exttactive ioduslries. 

According to tbe directive, no ex1Iac1ive wasre managemoot ins1allation, o1ber 1han certain ins1allations containing non-ba>anlous wasre from 
prospecting, inert wasre, unpollured soil, or wasre resulting from peat exttaction, cao operare without a permit issued by 1be C0!11'etent 
aulhorilios. Meniler stares JWSt ensure tbet operators oflbe mining wasre mcilily draw op a wasre Dl!mgemoot plan wilh 1be objective to 
prevent or reduce tbe genoratim ofwasre and its negative ~act, and to encourage wasre recovery through recycling. re-use or recovery. 
w asre mcilities may be of two types according to tbeir potential risks: a wasre mcilily wbose fiilure or incorrect operafun would present a 
signiti:ant accident ba2md (care gory A), and all other wasre lilcililies (not caregory A). For lilcililies in care gory A, tbe C0!11'etenl aulhority 
llllSI C0!11'ile an external ernergeocy plan fur 1be measures to be 1aken off. site in tbe event of an accident. 1be operator llllSI provide a 
financial guarsntee befure 1be beginning of wasre processing operafuus so as to ensure tbet 1be provisioos of 1be Directive are complied wilh 
and tbet 1be financial resources fur restoring 1be site are always available. A mining wasre mcilily is regarded as finally closed wben 1be 
C0!11'etent aulhority condu::ts a final inspecfun, studies 1be reports submitted by 1be operator, collfirmi tbet tbe site bas been restored and 
gives its approval A1h:r closure, 1be operator DnJSt maintain and l!Dnitor 1be site fur as long as 1be co!11'etenl authority cnusiders necessary. 
To dare, five aopporting decisioos bave been adopred by 1be EC to elaborare on tbe implomentatim oflbe Mine Wasre Directive. Tbese 
incble 1be fullowing Commission Decisions: 

• Teclmical guidelines fur tbe establisbm:nt oflbe financial guarantee (20091335/EC) 
• 1be definition of tbe criteria fur tbe classilicatim of wasre mcililies (2009133 7/EC) 
• 1be bannonisation, 1be regular 1Iansmiision oflbe infurDJ!tim and questionnaire (2009/358/EC) 
• 1be definition of inert wasre (2009/359/EC) 
• 1be reclmicalrequirements fur wasre cbarscterizatim (2009/360/EC) 

In order to meet 1be requirements of this directive, wasre will need to be appropriarely characterized. 1be European CoiDIIlittee fur 
Standardi2afun or Coiimitbl Europeen deN orrnalisafun (CEN), bas developed a llllDDer of standards and specificafuus to be publisbed in 
2012: 

• Teclmical Report- Cbarscterizatim ofwasre - Overall guidance document on cbarscterizatim ofwasres fiom tbe exttactive industry 
• Teclmical Report- Guilance on sampling ofwasres fiom tbe e-.:>tive industry 
• prEN 15875 "Cbaraclerilation ofwasre - Static rest fur dererminatim of acid potential and neutrslisatim potential of sulfidic wasre" 
• Teclmical Report - Cbarscterizatim of wasre - Kinetic resting fur assessing acid genoratim potential of sulfidic wasre from ex1Iac1ive 

induslries 

Other directives tbat have some relovance to ARD are discnssed bri:fly below. 

The Environmental impact Assessment Directive (EC, 1997), requires an impact assessment to be calried out by 1be co!11'etenl national 
autbority fur certain projects, inc Wing all mines and quarries above a prescribed sizle, whiclt bave a physical e1li:ct on 1be environment. The 
assessment llllSI identiJY tbe direct and indirect potential eJli:cts oflbe project on 1be fullowing filctors: man, 1be muna, 1be flora, 1be soil, 
warer, air, 1be climate, tbe landscape, tbe =rerial assets and cultural beritsge, and tbe inreraction between lbese various elements. 1be 
assessment is to be carried out befure approval cao be granted fur 1be projec1; and 1be Directive lislli 1be third parties to be consulted in 
connecfun wilh approving 1be project 

The WarerFramewotk Directive (EC, 2000) is a Conmnmityfunnework fur surfilce and groundwarerprorectimand=gernent. The 
Framework Directive provides fur tbe identificatim ofEuropean warers and tbeir cbaracreristics, on tbe basis of individual river basin 
distric1s, and 1be adoption oflDlnagemool plans and pro gran>! of measures appropriare fur eacb body ofwarer. There are 6 daughter 
directives UDder 1be Warer Framework Directive which bave relevance to mine drainsge- some of which set environmental quality standards 
fur specific po!IJtants. In addition, EC Regulatim No 166/2006 (EC, 2006b) covers 1be anoual reporting requirements fur pollutant releases 
to water. 

The EU Eovironmental Liability Directive (EC, 2004b) wilh regard to 1be preventioo and remedying of environmental daDJ!ge incbles 
requirements fur 1be cost of cleanop and remedistim from ex1Iac1ive wasres. W asre mcilily operators IIIIISI provide a financial guarantee 
befure 1be beginning ofwasre processing operafuus and DnJSt ensure tbat a plan and financial resources are always available fur restoring 1be 
site. These plans and 1be financial resources IIIIISI periodically be reviewed at least once every 5 years. A1h:r closure of a wasre activity, tbe 
operator llllSI maintain and monitor 1be site fur as long as 1be 00111'etenl autbority considers necessary. 

The Major Accidents Involving Dangerous Substances Directive (2003/1 05/EC) is based on tbe Seveso II Directive (96/82/EC), which 
fucnssed on prorectim oflbe environment, and covered substances considered daogerous to tbe environment, in particular aquatoxics. 1be 
Seveso II directive introduced new requirements relating to safu1y IDlnagemool sysrems, emergency plans and land-use planning, and 
tighrened up 1be provisims on inspections and public infunnafun 1be scope oflbe Seveso II directive was broadened in 1be Major 
Accidents Involving Dangerous Substances Directive to cover cheroicsl and tbenual procesaing of minerals .-.::red in mining and quarrying, 
relared storage of dangerous substances and operational tailing~! dispoaalmcilities. 

A BAT (Best Available Techniques) refurence document fur Managemoot ofTailings and Wasre Rock in Mining Activilies (EC, 2009) was 
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adopted in January 2009. 

The Integrated Pollution Prevention and Conlro1 (IPPC) Directive does not apply to the exlmctive industry, allhougb. sam: m:rrber states 
have applied their correspoeding legislation to mines (e.g., Ireland's national legislation covered mining befure the IPPC Directive was 
adopted at the EU level). 

Top ofl:hi! page 

3.5.6 South Mrica 

South Africao mining law requires the fullowing of the holder of a reconnaissance permissDn, prospecting right, mining right, mining permit, or 
retention permit: 

• Must consider, investigate, assess, and cOliDIIIlili:ate the ilq:Jact of prospecting and mining on the en:v:ironmmt 
• Mmt manage an environmenlal ilqlacts in accordance with the enviromnental ttJJmgement plan or approved environmenlal 

!DIIlllgement programne 
• Mmt, as lilr as it is reasonably practicable, rehabililate the en:v:ironmmt a1li:cted by the prospecting or mining operationa to its natural 

or predetermined state or to a land nse which confunns to the generaJly accepted principle ofsmtainable developmont 
• Mmt be responsible fur any enviromnentaJ d&mge, pollution or ecohgical degradation as a result of the reconnaissance prospecting 

or mining operationa and which may occur insile and oumide the boundaries of the area to which such right, permit or permission 
relates 

• Mmt have made prescribed finaJlcia1 provisions fur the rehabililation or mmagement of negative environmenlal ilqlacts befure the 
Minister approves the environmenlal!D!mgement plan 

The relevant permits relating to mining. water llllllllgemonl, and ARD are as fullows: 

• A mining permit 
• A water use author:isati:m 
• An approved enviromnentaJ impact assesSillOIII 

In 1er1D! of ARD, the studies in sopport of the appbtiona fur environmenlal and water-related autborisstiona will include the fullowing: 

• The ilentification of an potenlial impacts from the mining operation 
• The assesSillOIII of these potenlial ilqlacts in tenns of the source of the ilqlac~ potenlial pa1hways, and potenlial impact on the 

receiving water body 

The South Aliican Deparlm:nt ofWater A1lairs and Forestry (DW AF) has published a series ofbest practice guidelines fur water 
IDIIlllgement at mines (DW AF, 2006, 2007). Most of these guidelines provide guidance on pollution prevention and minimisation ofilqlacts, 
and best !DIIlllgement practice relating to general and specific mining ac1ivities 1hat is direc1ly appbble to ARD. A specific guideline on 
impact prediction which relates to ARD will be developed in 2009. These best practice guidelines offur v!Wable ''lx>w to" guidance on the 
IDIIlllgement and prediction of ARD. Although these have beeo devehped specificaRy fur the South Aliican mining environment, these 
guidelines may be useful to mining COIIJlanies dealing with ARD ehewhere. 
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3.5.7NewZealand 

In New Zealand, an resource (ie., land, air, water, and the coast) utili2ation is managed in accordance with the provisions of the Resource 
Management Act 1991 (RMA) (New Zealand Govennneot, 1991 ). ARD is viewed as a cont>minant which, if released into the environment, 
has the potenlial to atrect natural resources. For l:hi! reason, the provisions of the RMA apply to ARD. 

The release of ARD into the en:v:ironmmt would be classified as a discharge nnder the RMA. Consequently, the RMA identifies the 
requirements fur the discharge of cootaminant> into or onto land, air, and water. 

To ascertain whether an ARD discharge requires a resource consent, it is necessary to consKler the provitiJns of the reJcvant regional p1an 
At~ there are no national enviromnentaJ staodards 1hat provile direction regarding discharges of coniDminants, so ooly provisions of 
regional plans are of relevance. Given the consultative process utilised to develop dOCUill:llts nnderthe RMA, each individnal plan's 
approach can be diffilrent even 1hough they are an developed under the fuunework established by the RMA. This can m>an 1hat the type of 
resource consent reqnired to ondertake an ARD discharge depeods entirely on which regional plan is involved. 

Top ofl:hi! page 
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3.5.8 Brazil 

An mineral exploilalim is conducted under rederallaw. The Ministty ofMines and Energy (DNPM) conlrols and permits mining ac1ivilies in 
the countty. A mining title is the instrumonl granted by the rederal authorities to permit exploralim or exploilalim of a certain mining 
concessim. Mining ac1ivilies in Bnlzil are, in general, subject to a aet of regulalims where the three levels of 1i:deral, state, and local 
autborilies have coiqJCtencics related to assessm:nl of mining and 1hc environment. 

The National F.nvironmontal Policy regulates enviromnontal protection and can cau<~e action that triggers the remedy of environmontal 
degradation resulting from a mining operation The construction, instaDation, expansion, and operalim of a lilcility that uses environmontal 
resources, and IIBY cause enviromnontal degradation, are subject to an enviromnontallicensing process that is D>lllllgOd by the Minis1ly of 
Fnvironmmt (CRNCEPRAM). Where mining activities are deem:d to cause significant in:pac1B to the environment (ie., in:pac1B to watera, 
soil, vegetalim and air), the environmontal agencies require that an EIA and enviromnontal irq>act report (RIMA) be C0111'leted fur the 
propoaed mining lilcility. 

The mining policy ofBnlzil incWes the fullowing principles: 

• Governmontal initiatives fur IIBinteusnce of the ecological balance, giving special consideration to the protection of cultural heritage 
• Conlrol and m:>nitoring the use of surlilce and groundwater 
• Planning and supervision of the use of enviromnontal resources 
• Ecosystems protection, 1hc conservation of special protected areas 
• Conlroland 2DIIing of potential or eflilctivelypolluting ac1ivilies 
• Incentives fur the study and research of technologies aimed at enviromnontal resources protection and use 
• Monitoring of environmontal quality 
• Recovery or protection of degraded or threateoed areas 
• Environmontal edocation at an levels, inc Wing collllllllily edocation, to erupower the co11lllllllity fur active participation in 1hc defunce 

ofthe environment 
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3.5.91ndonesia 

The lndonesisnlegislalimrelated to ARDis 1hc Decree oftbe State MinisterofFnvironmmtNo. 113 of2003 (GoWllllli>Dioflndonesia, 
2003) regarding wastewater staodards fur coal mines and processing activities. The 0111'hasis in this legislalim is that wastewater staodards 
speci& to wastewater produced from coal mine activities caonot be exceeded. 

The GoWllllli>DI oflndonesia, Minis1ly ofEnviromnent, issued a docurrront in 2003 containing guidelines relating to quality staodard fur water 
waste in coal mining activities This guideline prescribes the methods to prevent and haodle acid rock drainsge by selective placemen1, 
bacteria inhibition, soil IIBmgement, revegetation, stabilization, neu1ralization of ARD, and handling of ARD passively. 

Top ofthis page 

3.6 Risk Considerations 

Risk assessment is a powerful tool to develop ao ARD IIBnagcment plan It should be applied at each phase of mining in order to: 

• Provide a logical and CO!Il'rehensive basis fur decision IIBking 
• Provide process IIansparency to goWllllli>DI regulatory agencies and the pobli: 
• Inli>nn decision IIBking 
• Provide input fur priority aetting 

The risks posed by ARDIML should be considered on a sik>-speci& basis and the level and dep1h of the risk assessm:nt should depend on 
the stage of mine development, hazard associated with the source oftbe ARDIML, and the sensitivity of the water resource. 

Risk assessment is not only a tecboical process and tberefure 1hc risk ideuti&ation, aoalysis and assessment, and the selection of risk 
IIBnagcment >neasores should be conducted by a tecboical team in consultalim with stakeholders. Consultation should be used to lind an 
acceptable balance baween the enviromnontal and social and economic spheres of sustainable development Not an risks ideutified may be 
considered 'real' by an parties but they should be considered equally and assessed openly if publi: trust i; to be secored. There i; lilrely to be 
more than one approach that satidies 1hc risk criteria in an three spheres. The seleclim of the prefurred approach should be done in 
consultalim with the stakeholders. 

The gcocheroistty and risk assesament techniques related to ARDIML fur a new mine development are not as yet calibrated fur an situalims. 
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There willtherefure be a degree of uncertainty in terms of the contXience in the data coiiected ml the reliability of the analysis ml output. 
For this reason, a precautionary approach ml contiogencyplatming should be an integral part of risk asseSSIIEDts of ARDIML nmnagem:mt 
plans. 

The level of acceptable ra will vary from the local, regbnal, and national commuoities. In addifun, the level of acceptable risk changes over 
tilu:. Acceptable risks today may mt be acceptable in the future. 

Risk is defined as 1he probability that a certain event (lmard) will happen nmhiplied by the comequence of1he event (Equation 3.1 ). 

Risk= Probability x Consequence Equation3.1 

Lee (1999) proviles a risk management procedure fur mine sites IDJdified from 1he Management Advism:y Board (MAB), Australian Public 
Service. Table 3-1 out:lirEs the steps in the process. The risk assessm:nt: should be conducted by a team involving site or project staft 
teclmical experts, or risk management specialim. The risk assessm:nt should include 1he participation, or at least input, from potentially 
atrected commmities ml relevant reguators. 

Table 3-1 : Risk Management Procedure for Mioe Site• (modified from Lee, 1999) 

Step Name Description 

1 &tablish the context Define policy, purpose, objectives, success criteria, assessm:nt 
endpoints, ml receptors 

2 IdentifY the risk Define sources, pathways, concerns, ml comequem:es 

3 Analy2l: 1he rilk Cakulations (identifY concerns ml possible outcomes); certainty 
ml uooertainty 

4 Assess and prioritize Colq)are wih criterB; prioril:tle 
risks 

5 Manage (treat) the Mitigafun, cOiliiDl!Di:ation; develop and irqllen:J:nt contiJ:Jgcm:y 
risks aOO IIBll!1gem:nt plans 

6 Review and IDJnitor Risk management plan; continue reviewing and IDJnitoriog; assess 
e1fuct:iveness oftreatmmt 

Top oftbic! page 

3.6.1 Establish the Context (Step 1) 

Step 1 involves gathering infuii!Btion on baseline condil:iom, inchxling geobgic and enviromD:ntaJ. status, sites of cuhuml and histori:al 
interest, and rare !lora and inma. The risk assessm:nt: team determines 1he attitudes ofbcalland and water users toward the mine or project 
ml 1he perceived risks that it may pose. The team also collects water quality infurmation, initiates geochemi:al analysis, and identifies 
comtiluents of interest (COl). At the conchtiim oftbic! step, the team should be able to identify several assessm:nt empoints, which will be 
med to gui:ie decision making. These are explicit envirorJinmtal values to be protected, which have ecobgi:al relevaa:e ml socEtal value, 
ml are susceptible to cbcmif;;al stressors caused by ARD. In the context of an ecobgical risk assessm:nt, fur exanqJie, these could include 
the protection of sport fishing values doWD!tream from a mine site, that are therefure relevant to tbe site's enviromD:ntaJ. managem:nt goals. 
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3.6.2 Ideotify the Risks (Step 2) 
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Step 2 involves 1he n.k assessmont team evaluating preliminary hypotheses about bow ecologicalelfucts might occur by considering eacb of 
the potential sources of ARD, identifYing transportation pa1hways between sources and receptors (ie., runoti; sudilce water, and 
groundwater), fulliDilating a co~q>rebeosivc list of COD<:eiiiS and consequences associated wilh potentialelfucts on the assessmont endpoint, 
and estimating the level of n.k associated wilh each efli:ct. This step uses conceptual models of geochemical reactions and dnlinage 
tnmsport. At 1he conclosionofStep 2, 1he team reports the fullowing dam quality objectives (DQOs): (a) define the ilsues; (b) describe the 
decilions to be made; (c) list the da1a inpuls needed to make the decisions; and (d) outline bow the da1a will be used in decision tmking This 
inlinmation would be used by other project or mine planning teams in their assessmonts o~ li>r example, waste rock lllllllllgemm1, open pit 
mining sequences, and mill tailing lllllllllg<lll> 

Top oftbil page 

3.6.3 AnalylJO the Risk (Step 3) 

Step 3 involves 1he geochemical characterilation of mine and processing unilli, the hydrologic characteri2ation of flow pa1hs, s1atic and kinetic 
testing, and predictive geochemical and hydrologic modeq The infi>rmation could be used in an engineering reliability assessmont of 1he 
pedi>rmance of waste managemmt or 1reatmmt scbe!DlS.In an ecologicaln.k assessmml, the da1a could be used to (a) define the sources 
of CO Is, their distribution in the receiving envirolliDOll!, and 1heir con1act wilh or co-occurrence wilh receptors; (b) evaluate chronic and 
acute response relationships in the receptors (ie., evidence of exposure); and (c) define 1he impact of receptor respnnses on assessmont 
endpoints. Throughout tbil process, the n.k assessmont team identifies where flexibility il required to reduce uncertainty given IDture 
knowledge deveioplnent. The assessmont also identifies areas wbere n.k can be reduced, and perlimm sensitivity analyses fur wrious 
conditions and scenarios. Again tbil infi>rmation il reviewed together wilh other mine planning teams so 1hat resulls can be integrated into their 
assessmmts. 
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3.6.4 Assessment and Prioritization of Risk (Step 4) 

Step 4 involves 1he n.k assessmont team estimating 1he teclmicalhazlrds (Equation 3.1 ), which indicates 1he degree of conlidence in 
estimates, interprets e:Oects on assessmmt enipoints, estimates outcon:es resulting :from given comequences, and cakuJates overall mks. 
This analysis should also identifY social, ecnoomic, political, and legal mmilications associated wilh rilks, and prioritm:s 1he n.ks. The results 
allow 1he team to establish the most useiDI monitoring programs li>r the assessmont endpoints, whi:h are implemonti:d fiom the construction 
to post-closure phases. See Lee (1999) li>r specific methods used in qualitstive and qusutilative rilk calculations. 
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3.6.5 Risk Management (freat the Risk) (Step 5) 

Step 5 involves 1he n.k assessmont team, in co'lionction wilh other mine planning teams, identifYing approprilte strategies to deal wilh 1he 
moderate to higbest n.k events. For new projects or esilting mines wbere ARDIML il not yet an issue, these strategies could include (a) n.k 
reduction- reduce sources of I'M: or their likelihood of occmrence or both, and (b) rU: avoidance - take a diflerent course of action to 
avoid negative impact 

For !JirtorUl mines where ARDIML is being produced, the -tegies could also include (a) impact mitigation- minimi2Je potential impacts by 
designing physical and chemical barriers along flow pa1hs and implementing contingency planoing, regular audits, and iutemal co~q>liance 
guidelines (see Cbspter 6) and (b) risk co-mmagemm~- identifY bow portions of the risk can be managed by wrious s1akebolders including 
govemmeot agencies, or local comnsmities. 

In all cases, rilk accep1ance sbould be addreased: ie., the acknowledgemeut that the residualrilk is acceptoble viewed 1hrougb regulatory 
and sustainability leuses. At tbil s1age, regular and adequate public cousultation established wilh poteutially afli:cted groups can greatly reduce 
the risk associated wilh aoy given teclmicallmard, because the vilws of the public bave influenced 1he decilion process (MMSD, 2002). 
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3.6.6 Review and Mo-r (Step 6) 

During Step 6, 1he team consolidates 1he n.k managemeut aspects together wilh other project or mine teams into a n.k managemeut plan 
(RMP) to mansge vari>us rilks fiom construction 1hrougb post-closure phases. This plan SUilllllllrizlls the ideutificstion and assessment of 
msjor rilks, vari>us options fur 1reating rilks, including the benefits and costs of each option, recomnended actions, the implemeutation plan, 
and descrj>tions of monitoring programs. The RMP should be regularly reviewed so 1hat it becomes a living dOCUIIK:lll that evolves as rilks 
cbaoge over 1he mine lili:. The RMP will be integrated into 1he overall mine plan, standard opersting procedures (SOPs), and environmen1al 
managemeut systems (EMS). This il discussed IDrther in Chapter 9. 
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3.6.7 Risk Priorities 

The level of detail of the riU assessmmt and rmnagement changes as the mine progresses 1hrough the ARD!ML assessmmt process and the 
mine devehpmmt stages. The initial riU assessmmt might be rather conceptual but will becoml m>re c~rehe!Eve during the masilility, 
detailed design, and operafunal phases. Risk assessment and mmagement sh:nUi be spec:ifically applied to the closure plan becaU'ie of the 
potential long-term in:pli:atnm of ARD IIJlllllgem:ul 

Table 3-2 illustrates the relationship between the relevant ARDIML ma.na.gemmt e.lemlnls and the appli:able mk management process. The 
last co hum in the table gives an exatq)le of the r&: assessmmt tool that might be m>st appropriate at that stage. The appli:ation oft&: 
assessmmt and r&: IDI.IIIlgem:rd: il ~further in Chapter 9. 

Table 3-2: lntegnating Risk Approach into ARD/ML Management 

ARD Risk Focus Areas for Risk Management Example Risk Assessment 
Management Management Tools 

Process 
Probabilty Coosequences Uncertainty 

Cbaracterimtion Risk assessment San:pling Heterogcm:ity Representativeness 
Testing IIE1h>ds Potential problem assessmmt 

Minerahgy (PPA) 

TenponJ! variability T~er approach 

Spatial variability 

~ Risk assessment Testing Seepage Assessmmt criteria 
interpretation charact.eriltics Testing duration Ecological and human beallh risk 

Particle size effi:ct assessment 

Prevention Risk management System Seepage Waste variability 
malfunction charact.eriltics Climatic variability &!gim:eriog reliability analysis (e.g., 

Eflluent quality FMEA) 

Treatment Risk management System Eflluent quality Sample holding ti!II: 
IIIIlltio:tion San:ple preservation &!gim:eriogreliability analysis (e.g., 

Testing interJi:relx:es FMEA) 

Quantitation 1imils 
Trea1ment effi:ctiveness 

Influent quality 
In1luent quantity 

Monitoring Risk management Source Assimilative Sample holding ti!II: 
characterim:s capacity San:ple preservation Ecological and human beallh mk 

pathway receptors Testing intedereo::es assessment 

analysis Quantitation 1imils 
Seepage variability 
AssesSIIICIII: criteria 

Perfulliiii.IICC Risk management Human error KPis Applicability of 
assesSIIICIII: CODtiogeD:y Management Eflluent quality perfurmance measures Management system audit 

/~ planning error Receiving water 
Fmergency System. error quality 
respom;e 

COIIIIIIliiD:ation Rilk Stakehlkler Stakehokler 
conmmication ~ acceptance Stakeholder Values Stakeholder mapping and surveys 

Sustainability Rilk acceptao:e IIq:Jacts and Fnvirolll1lelltal 
aspects bem:fits social S111tainability Balance Sustainability rilks and 

2014-10-21

kmiller
Text Box

kmiller
Line



Top oft:ID! page 

3.7 References 

ecooomi: 
governance 

opportunities assessm:nt 

Departmmt oflndjan A1l8irs and N orthem Deve.lopmmt (DIAND), 1992. Guilelilles fur ARD Precb::tion in 1he North. 

Departmmt oflmmtry, Toumm and Resources, 2007. Leading Practi:e S\lltaioable Devehpn:r.nt Program fur 1he Mining Industry, 
Managing Acn and Metallili:rous Drainage. Austtalian Govet'lllllellt. 

Departm:nt ofWater A1J3irs and Forestry, 2006. Best Practi:e Guilelioe G1: Storm Water Management. 

Dep1111m:nt ofWater A1J3irs and Forestry, 2006. Best Practi:e Guidelioe G2: Water and Sal Balances. 

Dep1111m:nt ofWater A1J3irs and Forestry, 2006. Best Practi:e Guideline G3: Water Monitoring Systelm. 

Departmmt ofWater A1J3irs and Forestry, 2006. Best Practi:e Guidelioe H3: Water Reuse and ReclaJmtion 

Departmmt ofWater A1J3irs and Forestry, 2007. Best Practi:e Guidelioe A3: Water Managcm:ot in Hydrom:tallurgical Plants. 

Dep1111m:nt ofWater Affilirs and Forestry, 2007. Best Practi:e Guideline A4: Pollulim Conttol Darni. 

Dep1111m:nt ofWater Affilirs mxl Forestry, 2007. Best Practi:e Guideline H4: Water Trea1mmt. 

European Commission, undated. MatJagenm; ofT~ and Waste Rock in Mining Activities (M'IWR). 
http://eippcb.jrc.ec.europa.eu/ 

European Commission, 1997. F.nvirotmmlal ~ Assessn:r.nt Directive (97 /11/EC). bltp://ec.europa.eu/envirotmmlleia/eil
legak;ontext.h1m 

European Commission, 2000. Water Framewolk Directive (2000/60/EC). 
http://eur-lex.europa.euiLexUriServll.exUriServ.do?uri=OJ:L:2000:327:000 1 :0072:EN :PDF 

European Commission, 2004a. Refuretx:e Docummt on Best Available Teclmiques fur Managcm:ot ofT~ and Waste Rock in 
Mining .Activities. BREF Code MTWR, July. http://eippcb.jrc.ec.europa.eu/refuretx:e/ 

European Commission, 2004b. F.nvirotmmlal Liability Directive (2004/35/BC). bltp://ec.europa.eu/environmentlliabilityfnlex.h1m 

European Commission, 2006a. Mine Waste Directive (2006121/BC). http://ec.europa.eulenvirolliiElt/wastelm index.h1m 

European Commission, 2006b. ReguBtionNO 16612006. 
http://eur-lex.europa.euiLexUriServll.exUriServ.do?uri=OJ:L:2006:033 :0001 :0017 :EN :PDF 

GoVCIII!IICDI: ofindoncsia, 2003. Decree oftbc State Minilter ofF.nvironoJ:nl: No. 113. 

Intemafunal Co1n:il. on MmiDg mxl Metak (lCMM), 2003. http://www.mmcom'our-work/sustamable-development
~k/10-prioc~les 

Internafunal CyanKI.e Managcm:nt Institute (lCMI), 2006. International Cymme Management Code For The Manufiu:ture, 'Ihlmport 
and Use ofCymDle In 1'be Production of Gold (CyanKI.e Code). http://www.cyanKI.ecode.orgl 

Kimberley Process Certification Scheme (KPCS), 2008. bltp:/lwww.kin:berleyprocess.cOIIllhnn:fnlex _ en.hlml 

Lee, M., 1999. Risk Assessn:r.nt Framework fur the Managem:nt ofSulphilic Mine Wastes. Austral:ian Centre fur Mining 
Enviroiim:lltal Research (ACMER), Septeniler. 

Mine Envirom:nent NeutmlDraioage (MEND), 2005. I...tit ofPotential InfumBtion Requirernmts in Metal LeachingiAcil Rock 
Drainage (MIJARD) Assessn:r.nt and Mitigation Work. MEND Report5.10E. 

Minerals Co10:i of Australia (MCA), 2006. Enduring Value - the Am1ralian MinenUi Imll81ry Framework fur Sustainable 

2014-10-21

kmiller
Text Box

kmiller
Line

http://eippcb.jrc.ec.europa.eu/
bltp://ec.europa.eu/envirotmmlleia/eil�legak
bltp://ec.europa.eu/envirotmmlleia/eil�legak
http://eur-lex.europa.euiLexUriServll.exUriServ.do?uri=OJ:L:2000:327:000
http://eippcb.jrc.ec.europa.eu/refuretx:e/
bltp://ec.europa.eu/environmentlliabilityfnlex.h1m
http://ec.europa.eulenvirolliiElt/wastelm
http://eur-lex.europa.euiLexUriServll.exUriServ.do?uri=OJ:L:2006:033
http://www.mmcom'our-work/sustamable-development�~k/10-prioc~les
http://www.mmcom'our-work/sustamable-development�~k/10-prioc~les
http://www.mmcom'our-work/sustamable-development�~k/10-prioc~les
http://www.cyanKI.ecode.orgl


Development. ht1p:/lwww.mineral<l.org.aulenduriogvalue 

Mining Association of Canada (MAC), 2007. Towards Sustainable Mining 
ht1p:/lwww.miningca/sire/1smprogressreport2011/iodex.h1ml 

Mining. MineraB & Sustainable Development. Project (MMSD), 2002. ht1p:/lwww.iied.org.'sustainabk>-marketsllrey-issueslbusioess
and-sustainabk>-developrnen1/rnining-mineral<l-and-sustainable-devebpment 

Newmmt Metallurgical Servi:es, 2003. N OWID)nl, Standard ARD Waste Rock Evaluation Methods. February 20, Englewood, CO. 

New Zealand Go~ 1991. Resource Mana~ Act (RMA). Mm.try fur the Environment. 

Price, W.A, 1997. Draft Guidelines and Recornnended Methods fur the Prediction ofMe1al Leaching and Acid rock Drainage at 
Mine sites in British Columbia. British Cohmbia Ministry ofEmplo)'Ireiii and lnves-. April 

Price, W.A, and J.C. Errington, 1998. Goidelines fur Me1ail.eaching and Acid Rock Drainage at Mine sites in British Cohmbia. 
Mm.try ofF.neigy and Mines, August 

Richards, D.G., Borden, R.K., David, J.W., Blowes, D.W.,I.ogsdon, M.J., Miller, S.D., Slater, S., Smilh, L, and G.W. Wilson, 

2006. Design and !mplemenlation of a Strategic Review of ARD Risk at Rio Tinto. In: R.I. Barnhisel (Ed.), Proceedingli ?'h 
Internstiooa!Confi:rence on Acid Rock Drainage (ICARD), March26-30, StLouis, MO, Am:ricanSociotyofMiningand 
Reclamation (ASMR), Lexington, KY. 

World Bank Group, 2007. Enviromrental, Health and Safuty Goidelines fur Mining Internstiona!Finsnce Cmpmation (IF C), 
December. 

World Health Organjlation (WHO), 2005. Internstional Health Regulations. 

Top ofthis page 

List of Tables 

Table 3-1 :Risk Mana~ Procedure fur Mine Sites (modified from Lee, 1999) 
Table 3-2: Integrating Risk Approach into ARD/ML Mana~ 

Top of this page 

List of Figures 

Figure 3-1: Fram:worl<: fur ARD ~ 
Figure 3-2: Hieran:hicalrelationship b-.:en Global, National and I.oca!Eicmeots of the Fmmework 
Figure 3-3: Conceptoa!ARD Management Fmmework 
Figure 3-4: Sustainable Development. Balance 

Top of this page 

Cliek Here to Leave a Co~nt 
Retrieved from 'bttp:/lwww.gmdguide.comfmdex.php?til:lc=Chapter 3" 

• This page was last modified 19:38, 9 June 2012. 

2014-10-21

kmiller
Text Box

kmiller
Text Box

kmiller
Text Box





Chapter 4 

From GARDGuide 

4.0 Defining the Problem- Characteri>ation 

4.1 Introductim 
4.2 Site Characterization Approach 

4.2.1 Mine Life Cycle Phases 

Click Here to Leave a Comment 

4.2.2 Sources of Acid Rock Drainage 
4.2.3 Conceptual Site Model Development 

4.3 COIIl'onents ofSite CharacterizatiJn 

4.3.1 Gee-environmental Models 
4.3.2 Source Ma1erial Geochemical Characteri2lltion 
4.3.3 Watershed CharacterizatiJn 

4.3.3.1 The Hydrologic Cycle 
4.3.3.2 Water Balance 
4.3.3.3 Assimilative Capacity of1he Receiving Enviromnent 
4.3.3.4 Biological Receptors 

4.4 SUIII1III)' 
4.5 Refurences 
List ofTables 
List ofFigures 

4.0 Defining the Problem- Characterization 

4.1 Introduction 

The generatiJn, release, m::>bility, and attenuatiJn of acid rock drainage (ARD) is a complex process governed by a combinatiJn of physical, 
chemical, and biological mctors (see Chapter 2). N eulral mine drainage (NMD) and saline drainage (SD) are governed by similar fuctors but 
may or may not involve 1he oxidatiJn of sulphides. Whether ARD, NMD, or SD enters 1he enviromnent depends largely on 1he characteristics 
of1he sources and pa1hways. CharacterizatiJn of1hese fuatores is tberefure key to 1he prediction, prevention, and management of drainage 
irqlacted by the products of sulphide oxidatiJn at mine sites. 

In this chapter, 1he term "ARD" refurs to drainage types that are afrected by 1he products of sulphide oxidation, inchxling acid, neutral and 
saline drainage. 

Environmental characterizatiJn programs are designed to collect suflicient data to answer the fullowing questions: 

• Is ARD likely to occur and what are 1he potential sources? 
• What type of chemistry is expected? 
• When is likely to start and how ImJCh will be generated? 
• What are the significant pa1hways that transport contaminants to the receiving enviromnent and can those contaminants be attenuated 

along those pa1hways? 
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• What- the ..,...,ailed enviroiiiiiCDial iqlecll? 
• What can be done to pmoem or miliaa~ A1tD? 

Fp 4-1 sboWI how die m)l'lmtim p~ in this chapCer is iapded wti1 otbor cllaptlms ofdle GARD Guido in die chwolopoD ml 
.......,fjmofa de ~npmpmt.o addDss 1hese qu-stina 

~ 

-

PJgun 4-1: ChatderillltiDn Chapter Road Map 
Progression of 

Characterization Program 

Key Questions 

Question Ill 

Is ARO, NMO or SO 1 problem? 

" 
Question 12 

How much ARO, NMO or SO 

will be cene r•ted? When? 

+ 
Question 'f3 

Wh•t •re the anticipated 
environmental impacts from 
ARO, NMO or SO? 

+ 
Question 114 

Wh•t c•n be done to prevent 
or mitic a te ARD, NMO or SO? 

-
...-

-

-

Oatil Collection 
Activities 

Geo· 
Environment. I 

Models 

Chapter 2 
Chlpter4 

Buelino Water 
Quality 

Chtpt.t4 
ChapterS 

M•te rlaiTestin1 
CStltlt/ K1netk) 

Chlptar4 
ChapterS 

Buoline 
Hydrolon and 
KydroaeoaoiY 

(Water S.l•nce) 

Chlpter4 
ChapterS 

I 

Data Interpretation & 
Engineering Activities 

I 

Predictive 
Hydro-

G.ochemlc:al 
~ Models 

ChapterS 

I 

Pr.ventlon •nd 
Mitication 

Chapter6 

Troatment 

Chapter 7 

To IIKidreei h:11e key queali)m. CKpel1ile ium'IIIIIJII:JIRII cliicilliJee il rcquDd, D:hq pllgy, miacnllogy, h)Wulogy, h)11mgwlogy, 
prh'Jnidry, bi>llgy, w:!eorollgy, am engjn =rillg (Pipe 4-2). Flmti!!!'Jial\y, h: IJCOl>gil am miacnllogil c~ ofthe are 
bodymlhostrocll:(orh: coal seam am ow:rbuldcn) deb the t)'pe or~ i""""""te as aresulof~ 'I'be llile clilmtic ml 
~lDgi:Jh}droFOll&il ~deb whclbcr ml how C(!DdM•o!C• pmeat illlllb:: d!ailag: ue 1rUI8pOttcd Glrougb the RCeiYilg 
~t.o~!l. 

Becue b IJCOl>gil am miacnllogjc chmc11:rialicl ofmiaal clepota tml .rill& mf pmli:18b., conlrola OD the ezyjtcH1nplfal 

~of~ lla8 both bem!l'llliniD& ml clurillgmililg (Pbnlee, 1999), a ptdmilarya•1 "'C"t of the potadia1 u ARDis 
~made bued onmicw ofFQiogjc cla1a collccted chftlg Cllq)loralim. Bas.eine C!MoiDlCIIIIl~tion of eJemmtal 
~lll:in6 il wm111llllld& (i.e., WBII:r, soils. uptatioo, ml birta) IDlY also proWie anjndj:aoon of ARD potadial ml cloc•"tm 
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p~lllllnly-elevued coDCe!lllatiOIII in1hc ~~ 

1he millassesmzm of'ARD polnlialis 1dDcd chlriDgmile clewlopm:lll ad opeudinaaa dctaW. ~ da1a of1hc waste ad 
me llllllrriols cc obtablcl DuriDs mille cleyebpm:Dt. the nap.!e ad bealim of'SOIRes of mile ml process clisclmp to 1hc 
~alii Xltu•iW. 'IhD bollllllarillB ofthD receivmgWIItlnbds 111.'11 dehated hued on 1Dpopphy. ddiniDgthD aile c:baractl!irbal 
bo\Diary. ~gi:. ¥roJogical.lllll b)UmpoiDgi:al D ...... ! ins 111.'11 couhJc!ild 1D ~ tbD IIIIIDllllt mf din!c:tD1 ofwatllr 
IIIIMIIIId wibil tbD WllllmbDd (i.e .• tbD h)Wo!Dgi: c:yc!D) to IMbde amtami••• llllliiport pathways. Potlmlial bioiDgi:alnc:eptms "'tdhD 
thDWllknbDd bo\Diary aze Wlentified. OwrtbDliD ~ thD IDc:us oftbD'WlltCinll!d~nprogmmewlw& iomalab!Wuwt of 
buelile <An •~· ••, to pmcli:liln of ciDiiDqi! m!Due mi. 11iiiiip0lt, to '''"'~ .Dtg oftbD cmviomDmiBl cond.ililms IIIII ~ ilqJaciB. 

Thill cblpt.a pn:KID h: approuh IIIII m::11D!a 1)pil:ally applied to ~ h: r.d:uc,lmnlport, ml b ofi.1C1IJI1ilurDI JIRICd iD 
ARD (ie., Dajorcaliml mlaDiolll. m::1llls, Slalbida, aeillyfablilly) at a mill:: liD:. Dcspk ilhcreDtdilbtDCell at '~DiD:: dee (e.g, 
r.ommoctitytype, cbale, regulatory~); 1hc ~appoachto de ~ilsidar, as p!eeellled in1hc illbwiog~ 
oftil dlapQ:r. 

Top oftil Pill= 

4.l Site Chua£terization Approach 

Table 4-1 deecd>es tbe phues of mille developm::Dtiomellplontitmtmo~Jahto post~. Dlftratbe eadystagea ofuioc dewlopmed, 
sb-spcdfic;.tbrmatilnmaybelilllbclllllltbcreilreahijllewlof~ispn:semnae~ 'lhiii'IIIICCliailllyiueduced 
as jdju ueti Ill. oblaDd ciJrils aploratiou. plamJiD& am~ mi.~ lllll is :liJrllm mduced ciJrils opemtion mi. dec hili~ 

Mine Phase 

Exploration 

Mine Planning, 
Fea.sibility and 
Design 
(Development) 

Construction and 
Commissioning 

Operation 

Decommissioning 

Post·Ciosure 

Table 4-1: Mb l'llue Objedlvu 111111 Adhide1 

Primary 
Obj•c;tives 

Discovery and 
mapplnt of the 
extents of an 
economic ore deposit 

Assess the economic 
viability of mlnin& and 
proces.slnc 

Construction of 
fadhties and 
infrastructure for 
operational mine 

Extradion and 
procminc of ore 
deposit 

Site closure • to the 
extent possible, re· 
establishment of pre· 
mlnln& conditions or 
condition-s suitable 
fOt post-mlnln& land 
use 

land use 
commensurate with 
owner's desire and 
adj-acent land uses 

Manaa:ement of ton&· 
tetm environmental 
Impacts 

Typical Activities 

Review txistin& geologic information. 

Detai led surface reoonnaluance {e.c .• &eolo&lc mappint. 
&eoche1111ca1 sampll'l&. ,eophysics) 

Subsurtace investications (i.e., drillinc; expkwation pits, aditsOt 
shafts) 

Develop-nent of the mine plan and waste manacement plan 

Characterization of baseline site conditions 

Completion of the Environmental and SOd a! Impact Assessment 

Comptetion of the Feasibility Assessment 

Desicn d mine layout and facil ities 

Mine pe·mltinc 

Constru<tion of mine infrastructure (e.( .• power, roads, water) 

Constru<tion of metallurclcal processin&. waste containment and 
water treatment fac.ilrties 

Mineral elrtraction and processina: 

Ofe bodv dewaterin& 

Oevelop-nent of waste facilities (waste rock, tailings) 

Site recl~matlon (e . .r .• retrid•nr. covers) 

Oismantin& of buUdincs and road decommissioninc 

Ona:on c water treatment 

Environnental monitorinc 

Site redevelopment 

Possible water treatment 

lona:·term maintenance of waste stOta&e fadltles 
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Table ~2: Cbaraderiation .Adivide1 'by Mine Phue 

Mine Phase - Increasing Knowledge of Site Characteristics 

Exploration Mine Planning, Construction and Decommissioning 
Feasibility and Design Commrss1oning 
(Development) 

Source Ore body Uboratory t estin& of Wl$te On&Oil'll labor~tory testin& Onaornc Ot'l&Oinc wa,ter qua it'( 
charKCeriz..atioo and Ofe material$ (static: and laboratory arM:S monitotin& 

kinetic) Field test in& of waste and field test inc .. ore mlteria~ 
c Collection and analysfsof Instrumentation .. 
c water samples from exist ina of waste facl1itloes 
0 historic SOtHC'eS <1. 
E Collection and 
0 anatysisof water 
u ~mplesfrom 

Cij sources .., 
0 Pathway Expl01ation Hydroeeolock Hydroceotocic. hydro lock Oncoinc Oncoine twdro,ceolo(ic. Oncoinc 

::E driiUn.c may characteriutlon • a nd Wlt er q ua lity hydrogeoloek. hydrologic and water hydrogeolock . .. characterize croundwater occurrence. monlt•)tinc hydroloclc and quality monltorinc hydroklclc and 
;!:: 

cround'water d7rectlon and rate of flow water quatl y water quality 

"' -.; cxct.~rrencc Hydrolo&ic characterization · monilortnc monl torln& (if 

" surface water flow nect$$ary) -<1. sas.eune surf3ce water and .. 
u croundwatet' quality c 
8 Baseline soi and sedimc:nt 

quality 

Receptor Re<:epcor Identificat ion Receptor and habitat Onco!nc receptor Oncornc receptor and onc:ornc 

sas.eline characterintion montt.,rtnc and habitat habitat monttortnc receptor and 

(receptOr$ and hablat monlorinc habitat 

irKiud.,, ve&etation metals monitorint (if 

surveys} necessary) 

Oro body 
Peak 

information 
Charac:torlzatlon o,.olne Characterization and Monitorine 

supports site 
and source 

Effort 

characterization 

2014-10-21

kmiller
Text Box



Mine Phase - Increasing Knowledge of Source Material Characterization 

Wl$te Orl11cOte 

Rock dualptloos and 
assay data 
(petroloav and 

....... mln.o>DI~) 

0 
::;E Bloctmodel 

z (quantity o f ore .... and waste) 
0 
0: Tailings Review of any 
<1: hlstorlcal data ;;; 
; 
c .. .. 
~ 
I .. 
Q. 

~ 
Ore 

~ 
u 

p~ .. u.. 
~ 

0 .. .. .. 
3 Under· 

ground 
Workincs 

Mine Planning, 
(Pre-) Feasibility 
and Design 

Laboratorytestlnc: of 
drill ~ore sam pi~-
s.ample selection 
tarcetswaste W 

Laboratorytestinc of 
pilot plant taii"Wl&s 00 

All a lysis of pilot 
testlna:supematant. 

La bon tory te,.ina of 
drill core $1mples ~~ 

Labotatory test in& of 
drill core s.amples -
s-ample seleaioo 
tarceapit walls hi 

Laboratorytestlncof 
drill core samples -
sample selectloo 
tarcets mine walls,,. 

Construction anti 
Commissioning 

Oncolnc: laboratoryces~lnc ol 
drill COf'e or develo~ment rod: 
samples(~ 

field leach testing (barrels, 
test pllod~) 

Onaolnc laboratoryte'SI:Inc ot 
plot plant tailings '" 

Operation 

Onaolnc ~boratorv 
le$t~C.I 

Ongolna field leach 
tesUng 
coue-cck:ln an<tanlly'Si$ 
of runoff and scepace 
S;amples from waste 
rock facility 

Oncolnc taboratorv 
testln& of tai lings 
discharge 00 

Colleetlon and analysis 
of supetnatant af'W1 
seepace samples from 
TSF 

Ot'ltOina laboratory 
testin.&C.I 

Fidd $<:8le leadl testin& 
(e.& •• wal wt$hin&) 
C~ledlon and anaiV$iS 
of w11ter nmples(i.e •• 
runoff. sumps) 

Collection andanalysk 
of watersamples(l.e., 
sum~. dewaterfn& 
wel ls) 

• Typkall.aboratorvtestinccomponents: partk le size, whole rock analysis, mlnera5ccv, A8A, static and klnetk leach test!nc. 

Top of ebB paJe 

4.1.1 Mine J:..lfe Cycle Phase• 

4.2.1.1 E'l:plontkm Pllue 

Decommissioning 

Collection and anatysls Collection and 
of runoff and s.eepace anatyslsof runoff 
samples f rom waste aOO~epac:e 

rock facility samples from 
w.:H.t,.r~k 

faciHty (if 
nec~s.ary) 

Collection and anatvsls Collection and 
of supematant and a~tysisof 

seepaa:e samples from supernatant and 
TSF seepaa:e samples 

fromTSf (If 
necessary) 

tf ore stockpiles exist. 
<X>IIeaioo and analysis 
of ruoolf and seepaae 
sam pte$ 

Collection and anatvsis Collection and 
of pit wtter and pit an•tv~Jsof pit 
i'l flow(s) water water s-amples (if 
samptes nece$$ary) 

Collection and anatvsls Collection and 
of mine pool water a~tyshof mine 
samples pool water 

samples(lf 
necessary) 

'lhepnmryobjec!M ofapJomlimis to locate a po1adiallyeeonomi: ore bodyoreoer&YiaOun:e. 1he tedmiqucs euployecl iD.mil:ral 
aplmdimb;blc illemluRI ~. plogk: llllJIPill& FO lgni:al S81qlq (rock, IIOi, ml wala' lllll!'liDa). FCiphyR:al tea& RIDOie 
semilg lln'II)'S (llldce, lllbsrial, airbo~.m, mi. BllleBe), ataial phDtoFIPhf, azd m., (SME, 2008). ExploratiDn daiB am c:aq>illd to 
llm&ettidrzi lha om dDpoU, h:blins lha deposil:'satm, pde, miDinlilalim stylD, azd lha abrmln UIII!IID!ap p-=t. 1he sploratim 
I!'Kilogilt DllpS dJa Jalmaland, Ymlil:aJ.distribuliDn ofllllterlal t)'pes 8.CIOII b d&!posi. Mlllmial ~may ioclude distioct lilbologils OI'JlK'k 
• are mil, al.cm~Dm~Japs. c:oallelllllOWllbunbmml. imlnKdator IIOi~s tbatbave IHIM)¥~ ~ 
ofiqlwla:t&AI (a.g., .......,logy, ,gnUn sia!, mi. pomsily) to mi:lnlllllraclimazd pmcesq wasta mn•IJl'DP"l, mi. o1bar-11Dlh aa lilr 
COillllruclilm. ~oli" nsillllldigillll~ ofmatcrillt)pc:s, callcd blockmxlcl!, are ~iombcm:bok: data to ~lop 
~ ec:onmnic em: ell1illllimiD:Iddl (sce Chspter S). 

If•"' :.,~ dala are awilbl:, geologil) block modelll wilh 111 a~e IMiol&m lillu C8ll be adap!ccl usi!g ARD po1CIIIial indicaforparameC.e& 
(eo&, tolalllll\)lu ml.carbollalc Cllbonml ABAftSU!Ia)topnm!e mearlymrmmorlhl:: qliiiiiBs ofpo1=1ially aeii ~mi. 
Dmoaeil~WU1amllhl::omdARDpoii::DiillofCbedepod.De' uj.ui•nofparam:!msuchusulpburazdcatboDchU!g 
tJII'kmlbm, ~. pmvila ~lit value at 1ate:r IICage8 ofebe project C)U by at~•.,llli~ 1hl:: ABA dalabeae 1om.,~ 
~npmgmm. 

Blpbntintdala coW to dftmine 1hl:: economic \UJe of a miaal d.epod allo pmWie ai!IIUion udd in 1hl:: aaeea .....,. of 
arwin .... .,q~ iqlac1ll i'ommillmg. For ellaq)li:, the preaeiiCC ofaci:l gaaatiu& mi. acil neulnliziog ninmla I880Ciatecl wilh 1he ore mi. 
mstrock C8ll be deremhd fioomlllineJI!ogical dala, Bllploration clrillil& logs are oba soun:e ofusetihyclropoJop: data. 1he deplh to 
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Wlltmllllll q\llldy ofwat.m" cmi:OIIIIbnd duriog drilliDg IIIli jlfjHI!MiiHI dill IIBY be \lied 1D ~ gi1JIIIIIiwa1m CKlCIIInliiCO mJ. fbw 
wu9io• Soi, war.er, aD4 8CidiDmt -.!iDa provide .kJiJmetkm Oil dJe OCC\miiCe mliJI)bilyoftrace metala in the wa1a'lhecl. Remote 
saJSilg dala u:ayprovile ilillllBiion on tbe cliJtrlluliDn ofsecon'mymilc:rU imnld i.mn ~ ofmilleraldepotO. 

PbnJM•s (1999) mDD~rYof'bow lhll plop:~ of a llliDD depoa atilct a envmllllll!ld3l.pture ill repmcl1ad u Tablll4-4. 
M1dl oftbB irdimretXm il obtaDd. cbJriDs expbmtion. Sealllllllllanmlistrum (2003) dilcullll tbll applcation ofpenvimmn&Dallllldek 
mr DBSSiwJ su\I}Dillllll FJd. dqosD. SIIJI!'IN c:olllic!l!d dln!gtbll l!lp1omtim pima (com,~ llllll pulps) should be Clltllbtpl mi. 
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Characteristic 

Iron Sulphide Content Chembl 

Content of Other Chemical 
Su lphides 

Content of Carbonates, Chemic.al 
AluminiosiUcates and 
other Nonsutphide 
Minerals 

Mineral Resistance to Physical 
Weathering 

S&condarv Mineraklgy Chemkal 
&Physical 

Extent of Pre-Mining Chemical 
or Pre-Erosion 
Weathering and 
Oxidation 

Host Rock Utholosv 

Wallroc:k Alteration 

Major-, Trace-
elements in Deposit 
and Host Rock 

Physfcal Natu re of Ore 
Body(win. 
disseminated, 
massive) 

Porosity, Hydraulic 
Conductivity of Host 
Rocks 

Presence and 
Openness of Fautts, 
Joints 

ll<!poslt Grade. Size 

Chemical 
& Physical 

Chemical 
& Physical 

Chemical 

Physical 

Physical 

Physical 

Physical & 
Chemical 

Explanation 

OXIdation generates acid and supplies ferric oxk:Je. an aggressive oxidant. 

Many (but not all) generate acid durinc oxidation. 

Many of t hese minerals can consume acid. Iron and manganese carbonates may 
generate acid und>!r some conditions. 

Function of the mk'leral (different minerals weather at different rates) and the 
texture and trace~lement content of the m ineral 

SOluble s-eoondarymtnerals can store acid and metats. to be released when the 
minerals d issolve. Insoluble secondary minerals can armor reactive minerals, 
thereby restrictin& acceS$ of weathering aeents. 

Pre·mlnlng oddatb n greatly reduce-s potentl.al for sulphide deposits to generate 
acid. 

May consume or cenerate ackl. Physical characteristics (porosity, permeability) 
control access of weatherinc agents. 

May increase or decrease the host rock's ability to oonsume acid . May increase or 
decrease the host rock's ability to transmit croundwater. May also increase or 
decrease resistance to erosion. 

Elemental composition of deposit and host rocks are typically reflected in 
tnvironmental signatures. 

Controls access of weathering agents. 

Control access of weatherine agents. 

Control acc-ess of weathering a ~rents. 

Control magnitude of natural and mining Impacts on su rroundings. 
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of a llllllDer of trade-of!; design and prefuasibility studies, including 1be environtrental and social in4>act assessment (ESIA) and 1be fuasibility 
study (FS). The ESIA includes an assessment ofdre potential envirolllll:lllal in4>acts associated wilh developmmt of the deposit. Mine 
design, development of the mine waste management plan and closure planning are incmpomted into the ESIA while detailed design and mine 
pennitting fullow and are also considered part ofdre mine planning phase. 

During 1his phase, the intensity of site and source material chamcteri2ation is usually high. Labomtory testing programs aim to systematically 
evaluate the environtrental stability of waste and ore materials, including the occmrence and mture of sulphide minerals and minerals wilh 
neutrali2lltion potential and dreir respective quantities. Intensive baseline tronitoring is conducted to chamcterize existing envirolllll:lllal 
conditions. 'I1Ifi may inc We establfibment of surfuce water, groundwater, sedimml, and climate monitoring stations. The biological receptors 
wi1bin the watershed are identified and their habita1s chamcterized. 

Environmental characterization programs need to be integrated wilh activities of other mine departments to optimi2e both data collection 
effints and the design of the mine mcilities. For eXliiqlle, often ARD chamcterization activities can be conilined wilh geotechnical 
investigations (e.g., collection of samples fur ARD chamcterization of uhimate pit waDs during drilling to evaluate pit wan stability). Optimal 
siting of waste fucilities sbould integrate inJiJrmation ftom muhiple disciplines, including mining engineering, metallurgy, geochemistry, 
hydrogeology, hydrology, geology and geotechnical 

Wben a positive water balance exis1s in the beneficiation process and depending upon the expected effiuent quality, evaluation of water 
management (e.g., treatment and discharge) may be required to manage excess water if it cannot be contained on the mine property during 
and at!er opemtion. 

Characterization during the mine planning phase lllllSt be sufficient to allow estimation of any significant long-term cos1s of ARD management 
fur inclusion in the economic evaluation of the project It may not be possible to profitably mine some marginally economic ore bodies or coal 
deposits that have high ARD management and closure cos1s. 

Initial design considerations fur mine closure sbould begin as soon as possible during the mine planning phase. This ensures a "design fur 
closure" approach. Issues such as reduced mine fuo1print, ARD prevention in waste rock and tailings (and coal refuse), and the avoidance of 
long-term water treatment sbould be integrated into the mine design to ensure that the economic trodel fur mine development fully considers 
the true cos1s of the whole litecycle, including post-closure. 

If ARD or any other geochemical issue has been identified as a potential concern, then development of an ARD/geochemical block trodel is 
usually required during this phase. Integrated wilh the mine plan, the block model is used to estimate the quantity and production schedule of 
the identified geochemical waste types. Incmpomtion of ARD and other geochemical indicator pammeters into the block trodel mcilitates 
considemtion of envirolllll:lllal risk in ore development plans, waste production scheduling. and potential segregation of waste as part of an 
ARD management plan. 

4.2.1.3 Construction and Commissioning Phase 

Detailed design typX:ally occurs coincidently wilh and subsequent to the ESIA review by regulators, conmunities and other stakeholders, and 
the securing of mine pennits. Modifications to the ARD management plan may be rmde as a result of this consullation to rellect stakehokler 
input and pennit conditions. Detailed design tmnsitions into construction of all mine fucilities (e.g., mine camp, water treatment plant, and 
waste stomge mcilities) and infrastructure (e.g., water, power, and roads) required fur opemtion ofdre mine and associated mineral 
processing. 

The chamcteri2ation programs initiated during the mine planning phase are usually continued during 1his construction and coiillllissioning phase. 
Ongoing labomtory testing of ore and waste materials may now include testing of samples genemted during site excavation activities (e.g., pit 
pre-stripping and road/tunnel construction). Fiekl-scale testing programs may also be initiated at this tim:, including large test plo1s of mine 
waste and pilot testing of water treatment options. Routine surfuce water, groundwater, sediment, climate, and biological receptor tronitoring 
programs begin during baseline data collection and continue to be implemented during the construction and coiillllissioning phase. 
Environmental characterization activities to evaluate the construction of engineering controls intended to prevent ARD migration may also 
occur during this phase (e.g., fiekl testing of liners placed at 1be base of waste fucilities to ensure design permeability criteria are met). 

4.2.1.4 Operational Phase 

The opemtional phase is usually defined as the start of milling. Note that early mining opemtions, including pre-stripping of overburden and 
waste rock, and ore stockpiling at surfuce mines or during the development of declines, adits or shafts fur underground deposits, often begin 
in 1be construction phase. The majority of ARD sources resuhing ftom ore extraction and establishment of mine waste fucilities are created 
during the opemtionsl phase. 

2014-10-21



Laboratory and field testing of source materials generally continue during operatiom to calibrate/validate predictiom and validatehmdilY 
design of control m:asures. Testing also supports tracking of waste segregation by ARD potential, if required. Additional testing must be 
conducted if materials not included and/or fully assessed in 1be initial cbaracteri2ation programs are encolllllered during excavatiln The waste 
management plan commonly stipulates specific testing of waste materials to doCUJnmt the composition of waste fucililies or, as part of the 
waste management protoco~ to docummt operationa!ID)nitoring (e.g., fOr segregation of waste materials). Source cbaracteri2ation during 
operatiom often includes collection of runoff and seepage samples from potential ARD sources. In some cases, instrummtation of waste 
fucililies is required to fulfill specific data needs (e.g., lysirreters or gas ID)nitors within waste rock piles). In ~ ID)nitoring of drainage as 
close to the source as possible is preli:rred to minimi:re dilition elfucts. 

Watershed ID)nitoring (ie., groundwater, surfuce water, sediment, cfumte, and biological receptor) continues during the operatilnal phase 
widJ. a rocu. on 1be identification of enviroummtal impacts and colll'liance widJ. appli:able regulations. The quality of water Ie]]J)ved in 
association widJ. dewatering activities should be cbaracteri:red, even if recycled, to understand 1be e:ffi:cts on site water quality, and if 
discharged, the need fOr treatrrent. 

During 1be operational phase, source and watershed cbaracteri2ation data collected during operations are reviewed on an ongoing basis and 
colll'ared to expected conditions and compliance requirements. Trigger levels should be established during this phase that indicate the need 
to irqllemmt contingency measures (e.g., a change or ~ation to a mitigatiln m:asure or engineered source control m:asure ). Trigger 
levels may be based on predictive ID)dels or permit conditiom. As needed, the predictive ID)dels are updated to rellect m:asured conditions. 

4.2.1.5 Deconmdssioning Phase 

The decommissioning phase involves activities aimed to reestablish ptemining conditions (to 1be extent possible) or conditiom suitable fOr 
beneficial post-mining land use. Active mining and the activities associated widJ. mining and processing cease (e.g., cessation of dewatering 
activities, cessation ofbeap leaching). Site reclamation and rehabilitation activities are often conducted during mine operations (progressive 
reclamation) but their breadth and intensity increases substantially during 1be decommissioning phase. The closure measures outlined in 1be 
closure plan are revised as needed based on operational experience and are conducted during this phase. If necessary, water treatm:ut 
fucililies continue to operate or passive m:asures are instituted. 

Monitoring continues during the decommissioning phase to assess enviroummtal and geochemical conditions widJ. the view to assessing the 
perfOrmance of the closure plan inm:etingtargets and/orregulatoryrequiiem:uts, and to identitY any need fOr additionalor]]J)dified 
activities. Models are commonly u.ed to predict the perfOrmance of closure m:asures, and data from laboratory and field scale kinetic test 
work and operational]]J)nitoring can be u.ed to calibrate and verifY these ID)dels fOr longer term predictions. Additilnal test work may be 
necessary or the predictive ID)dels themselves may need to be ID)dified. 

Water table rebound and surfuce water intlow during the decommissioning phase preseut an opportunity to assess actnal pit lake or tlooded 
underground mine water quality. Additional data coDectiln and evaluation, including ID)deling, may be required to refine long-term water 
quality predictilns and assess the need fOr mitigation measures, inc Wing water treatrrent. The rate of water table rebound is measured to 
confirm predictiom of the time fOr mine flooding or establisbm:ut of a pit lake and its potential consequences (e.g., discharges), inc Wing 
acceptability fOr post-closure beneficialu.es. 

4.2.1.6 Post-Closure Phase 

With the advance of mine waste management techniques, 1be post-closure phase is u.ually characterized by the absence of a coutinuou. 
presence of personnel on the mine site, though som: operations might require ongoing water management and treatrrent. During the post
closure phase, land u.e i<; comtiiliiSIIl"llte widJ. requirements of permits and expectatiom from adjaceut land ll'!ers and regulatory agencies. The 
requiiements fOr post-closure ID)nitoring vary widJ. the post-closure objectives and 1be remaining fucilities. Typically, there is a period of at 
least five to ten years of perfOrmance ID)nitoring over which there is a decreasing frequency of activity, based on achieving the predicted 
perfOrmance fOr chemical and physical stability. Following perfOrmance ID)nitoring, som: aites may require longer term ID)nitoring and 
maintenance ot; fOr example, physical structores such as tailings dams, water retaining structores, or covers. There are a nuni>er of 
management ID)dels by which 1be post-closure ~ring can be achieved (e.g., the CQlil'any, contractors, regulatory agencies, col1lliilllities, 
or research institutions). 

Top of this page 

4.2.2 Soun:es of Acid Rock Drainage 

The distmbances and wastes resulting from mining and processing are the primary sources of ARD. The m:thods of extraction include surfuce 
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miq (e~, open pi mili:rg), lllllhqnJuDd lliDiDg. mi.BOllilamiq. The dc!pth oflha dapod, lha lllhn oflhe 11iDmB1imtim (e.&, 
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producoon and pathways of ARD. Conceptual!IXldek illustrate the chemical reactilns occmring within each fucility, as well as the !IXlvement 
of oxygen, heat, and water 1hat govern sulphide oxidaoon and transport of oxidatiln products. Additional teclmical detail on sulphide 
oxidatiln and transport of oxidaoon products i<l provided in Chapter 2. 

Top of1his page 

4.2.2.1 Swface Mines 

Mining of relatively shallow deposits or very large low-grade deposits often e!ll'loys surfuce open-pit mining techniques. 1his typically 
involves blasting, excavating, loading. hauling of waste rock and ore, with the construcoon of pennanent waste rock stomge fucilities and 
le!ll'orary (low-grade) ore stockpiles. An open pit i<l limned by the successive re!IXlvai of rock from benches as the mine deepens. 1he 
ultimate shape of the pit i<l usually a fimction of the shape of the ore body, the economics of ore and waste re!IXlvai and the mechanical 
characteristics (or s1renglh) of the rock in the pit walls. The ARD potential of the host rock lillY also be considered in detenninaoon of the pit 
shape to avoid areas with high ARD potential (SME, 2008) or to inc We areas ofhigh acid neu1ralizing potential such as limestone. 

Open-pit mining lillY alter surfuce water and groundwater conditions. Diversion of surfuce water or dewatering activities to lower the 
groundwater table lillY be required to access the ore body. Fractures generated during blasting alter the hydraulic properties of the host rock 
and lillY change groundwater flow patterns. Surfuce water and groundwater qnality lillY also be affilcted. When sulphides are present within 
the sUIIOunding rock, dewatering and blasting activities lillY expose them to a1Jmspheric oxygen, initiating oxidaoon and acid generatiln 

Operational Phase 

Figure 4-3 schelllltically illustmtes the prinmy water pathways and geochemical reactions 1hat occur within an open-pit mine during 
opemtions. When necessary, dewatering wells are sited around the perimeter of the pit to lower the groundwater table to beneath low stability 
rock units and mine working areas. Ahernatively, sumps within the pit lillY be used fur dewatering. Precipitation fulling within the pit capture 
:rone becomes pit wall runofi; or infiltmtes into the unsatumted rone. Infillraoon flows downward to the groundwater table or hori2Xlntally 
toward the pit wall, where it di<lcharges as seepage. High-porosity blast-generated fractures within the adjacent rock :rone and historical mine 
tunnels intersecting the open pit provide prefurential pathways fur groundwater flow and can create a rone of groundwater depression around 
the pit. 

1he qnality of pit wall runoff and groundwater infuw to the pit i<l a fimctiln of the composition and reactivity of the rocks these waters 
encounter and the contact time. Sulphides exposed to a1Jmspheric oxygen on the pit walls or blast fractores oxidi21:, causing generatiln of 
acid 1hat lillY result in ARD. Therefure, if the pit i<l to be filled and reclairred after mining i<l completed, and if mining i<l proceeding laterally as 
fur a surfuce coal mine, the back:611ing process should be coordinsted with excavation to minimize the a!IXlllllt of time 1hat the mineral 
sulphides are exposed. ARD neutralizaoon lillY occur due to di<lsolution ofbulfuring IIIIterials, when they are present. Sulphide oxidaoon 
products, which acCUIIllllate on pit walls and fractore surfuces, are flushed by groundwater or surfuce rumff Pit wall runoff lillY collect in 
pook where the haul road meets the pit wall During dry periods, evapomoon results in the acCUIIllllatiln of secondary minemls. These soluble 
mineral phases are flushed during storm events and lillY release metak, sulphate, and acidity, depending on their chamcteri<ltics. Ultimately, 
rumff collects in a shallow pool at the bottom of the pit. Water on the floor of the pit lilly infiltmte into the groundwater system, evapomte, or 
be actively re!IXlved by pwnping from swnps. Infiltrated water mixes with underlying groundwater and lillY be captured by dewatering wells. 

Figure 4-3: SoiD'Ces and Pathways of ARD, NMD, and SD in a Pit during Operation and Oosure 
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Figure 4-3: Sources and pathways of ARD, NMD, and SD in a Pit during Operation and Closure



minimal cmbomte or other neutralizing lithologies. Abandoned coal mine pits in eastern Genmny and Pennsylvania, USA, and uranium mines 
in central Canada have also developed acidic waters. Neutral to basic waters have developed in pit lakes hosted in limestone deposits, where 
the dilsolution of calcite bufrers pit lake pH. Saline waters also occur in pit lakes, particularly in extremely arid environments where the 
evaporative loss raises the concentration of dissolved solids. In some mine pits in central Australia, hypersaline water can accumulate due to 
the evapoconcentration of mturally higbly saline groWJdwater inflows. Stratifk:ation within pit lakes and the presence ofthenroclines and 
cbemoclines may resuh in waters of very <liflirrent composition with depth. 

Because pit lakes tmy potentially represent a long-term source of ARD that persists after mine closure, prediction of the quality and 
environmental impacts of these lakes is a key part of the ARD management plan. If impacts are predicted, mitigative options should be 
considered, including accelerated flooding, raising the flooded water leve~ and batch treatment such as nutrient addition to fucilitate 
bioremediation. Selective mining of problematic tmterial from pit wall<; above the final lake level can also be considered, and as a final option, 
Pliiil'ing'treatment may be required. 

A pit lake tmy be incotporated into the site water management plans fur post-closure (e.g., Island Copper Mine, Selbaie Mine, and Mt 
Milligan Project in Camda). Wastes can be stored in pit lakes where very low oxygen or anoxic conditions essentially prevent sulphide 
oxidation. Physical (e.g., sedimentation), chemical (e.g., mineral precipitation and SOtption), and biological (e.g., sulphate reduction) processes 
that occur in pit lakes can be used to ameliorate water quality. 

Additioml refurences on pit lake characteristics, predictive modeling. remediation and post-closure utilization include Geller and Salomons 
(1998), Castendyk: and Eary (2009), and Bowell (2003). 

Top of1his page 

4.2.2.2 Underground Mining 

UndergroWJd mining typically involves blasting, sloping, mx:king (excavating), hauling, and where a shaft is used, skipping (vertical haulage) of 
waste and ore to surfuce. Where employed, block caving mining methods tmy create a large mass of fractured rock above the main 
undergroWJd wo~. The rubbliled :rone in some cases may extend all the way to the groWJd surfuce. The physical and chemical properties 
of1his large mass of fractured or rubblw.d rock can be similar to the properties of waste rock. 

Similar to open-pit mining, dewatering activities are typically required to remove groundwater from the undergroWJd wo~, commonly 
through use of dewatering wells and Sliiil' Pliiil'S. In some cases, a drainage tunnel can be constructed below the mining level that permits 
gravity drainage of groundwater to land surfuce. Mining exposes sulphides present on mine wall<; or blast fractures to atmospheric oxygen that 
enters the Wlderground workings through shalls and other openings that intersect the land surfuce. The WldergroWJd workings, as well as the 
ore and waste piles generated by mining, are a potential source of ARD. 

Operational Phase 

Figure 4-4 shows the water pathways and geochemical reactions associated with underground mines. Dewatering activities during operations 
alter groundwater flow pa1hs near the WldergroWJd workings. Depending on the dep1h of the workings, the prima!y source of groWJdwater 
inflow into the mine tmy be from the regioml groundwater system (deep mines) or the local groWJdwater system (shallow mines). The shallow 
groWJdwater flow system is recharged by precipitation that fulls within the underground working capture :rone and infiltrates into the ground. 
The quality of groundwater inflow is a fimction of the COilllOSition and reactivity of the rock it encounters and the contact tirre. Oxidation of 
exposed sulphides in the underground workings (mine wall<; or blast fractures) resuhs in the acc11111llation of sulphide oxidation products. 
During mining, a constant supply of oxygen is maintained through the ventilation system and mine shalls and adits that intersect the land 
surfuce. Sulphide oxidation products are flushed by inflowing groundwater. Underground mine water quality tmy also be alfucted by 
chemicals introduced during mining activities (e.g., diese~ nitrogen from blasting residmls, grout, lime dusting) or by tmterials back:61led into 
the mine during operations or at closure (e.g., paste tailing<;, waste rock or borrow material). GroWJdwater removed as part of dewatering 
activities may require recycle to the mill process or treatment befOre discharge to the environment. Ahbough the WldergroWJd mine is typically 
a groundwater sink during operations, release ofill1>acted mine water to the environment may occur by infiltration to groWJdwater or surfuce 
dilcharges at mine openings. 

Figure 44: Sources and Pathways of ARD, NMD, and SD in Underground 
Worldngs during Operation and Closure 
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Figure 4-4: Sources and Pathways of ARD, NMD, and SD in Underground Workings during Operation and Closure
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presence of a low permmbility layer beneath the pile. Perched water may ako be present at higher elevations in a pile because of areas oflow 
permmbility created by haul roads. Waste rock seepage may exit along slope Jilces, at the toe of the pile or may infiltrate into the subsurfuce 
underneath the pile. 

To prevent infiltration of waste rock seepage into the underlying groundwater system, waste rock piles may be sited in areas where surficial 
soils have low perrreability. Siting such Jilcilities is best accoJll)lished by an assesSJrelll of the entire developlrellt site to map the levels of 
permmbility fur the purposes of detennining the optimnn location of all Jilcilities. In potentially sensitive areas, drilling, test pitting and 
geophysical investigation to fully understand the subsurfuce conditions may be required. In cokl clirmtes, permafrost may act as a barrier to 
the migration of seepage. However, because of the heat generated during sulphide oxidation, the permanence of the permafrost below waste 
Jilcilities requires evaluation. In som: cases, engineered liners may be used as a barrier to seepage migration and drains may be installed to 
collect drainage. 

Top of this page 

4.2.2.4 Ore Stockpiles 

Ore stockpiles are essentially te~I4>orary stomge Jilcilities that are established to provide reed to a processing plant or fur direct tmnsfur to 
nmkets, such as iron ore and som: coal There can be various grades of ore (e.g., higb, m:dium. and low), wilh the higher grades typically 
stored fur short periods (e.g., 1 nxmth) prinr to processing in the mill. In som: cases, depending on the economics at that time, lower grade 
ores may never be processed or may be stockpiled fur several years and, hence, should be managed as waste rock. The principles that apply 
to waste rock diDIIPS (Section 4.2.2.3), therefure may ako apply to lower grade ore stockpiles. 

High grade or nm of mine (ROM) ore may only be stockpiled fur a short period and ARD managenxmt generally relies on early processing 
befure ARD conditions develop and, in some cases ofhigh reactivity, the capture and treatment of dminsge. 

Lower grade stockpiles, that may or may not be processed, require careful consideration to ensure allowance is made fur closure. Frequently, 
low grade ore can have a higher ARD risk than waste rock. Tberefure, careful planning is necessary to avoid a potential long term liability 
associated wilh low grade ore stockpiles. 

4.2.2.5 Tailings and Process Refuse Storage Facilities 

Tailings are discharged to surfuce stomge Jilcilities by several methods, including subaerial slurry, subaqueous slurry, paste and dry deposition. 
The methods of transport and disposal are a function of the water content of the tailings (e.g., thickened and paste tailings may be disposed 
sub aerially using pipeline transport, whereas fully dewatered tailings are disposed by dry deposition methods, including use of conveyors and 
trucks) and the topography and placement of the tailings dam Tailings may be segreg~~ted by grain size (e.g., use of cycloning to separate the 
sand fraction from the slimes) befure discharge. Compared to waste rock, tailings are homogenous wilh a more consistent distribution of acid 
genemting and acid neutralizing minerals. However, if these minerals are associated wilh a particular size fraction, segreg~~tion may occur 
during deposition, wilh a higher sulphur content typically occurring near the deposition pipe discharge on the tailings beach. The tine particle 
size of tailings resuhs in lower permmbility to oxygen and water compared to waste rock. 

The tailings grain size, disposal method, and deposition history govern the hydrogeological cbamcteristics of a TSF (Blowes et al, 2003). The 
sulphide content of the tailings and the availability of oxygen willgovem the reactivity ofsulphidic tailings. Water covers, in the case of 
subaqueous disposal, act as a barrier to signifX:ant oxygen ingress into the tailings. Other tailings design matures intended to limit oxygen or 
water ingress include use of engineered covers and maintenance of a high degree of saturation (e.g., in tailings paste). 

In addition to surfuce disposal, tailings may be disposed in underground wotkings. Underground disposal may sin1>ly fill void spaces or may 
be designed to provide structural support fur ongoing mining. Reagents may be added to increase strength or in1>rove environmental stability 
befure backfill Addition of a binder (ie., cement) to acid generating tailings may provide some, allhough generally limited, neutnilization 
potential and typically reduces water and oxygen perrreability. Tailings segreg~~tion (e.g., removal of slimes) or dewatering (e.g., fur disposal 
as a paste) may be perfunned befure backfill Pyrite recovery from tailings in the mill pri>r to tailings deposition to reduce or eliminate the 
ARD risk from the bulk of tailings is current pmcticed at some sites (e.g., Ok Tedi copper and gokl mine in Papua New Guinea) and 
proposed at others (e.g., Paracatu gokl mine in Brazil). Pyrite may ako be removed tu create a non-acid generating cover near the time of 
mine closure (e.g., Detuur Lake Mine in Canada). The small volutn: of pyrite concentmte that is then produced can be managed and isolated 
permauently from atmospheric oxygen. In some cases, the pyrite concentmte may have a nmket value. 

Discharges associated wilh tailings Jilcilities include nmotf and seepage fur all disposal methods. Runoff and seepage quality are a function of 
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Sulphiie minerals remaining in the pile after conclusion ofleaching can ako contribute to acii furmation, depending on the residual sulphiie 
mineral conrent and climatic conditions. If an alkaline cyanide solution is used fur ore leaching, some cyanide colll'oll!lds lillY reiiilin somed 
to grain surfuces or dissolved in pore waters after leaching conchxles. At the cessation of mining, cyanide present in gokl heap leach piles can 
be rem>ved by rinsing or can be allowed to degrade mturally (SME, 2008). Maintenance of the resiiual alkalinity (pH I 0 to II) from 
cyanide leaching through the addition of a cover lillY l!Bo provide environmental benefits. Best operating practices from closed heap leach 
sites inN evada have demmstmted that preserving the alkaline conditions, which were essential during the cyaniie leaching operations, is best 
achieved by not rinsing the heaps. However, an engineered cover lillY be needed to limit infiltration of precipitation and prevent natural 
leaching of alkalinity to a level that could allow ARD, NMD or SD processes to begin depending on the nature of the IIIlterial 

4.2.2.7 In Situ Solution Mines 

Solution mining makes use of a series of iqjection and recovery weDs to circulate a leach solution through an ore :rone. Solution mining is 
applied to extract solids that are easily leached or dissolved. Leach solutions lillY be acilic, neutral or basic, heated, or mheated. Blasting 
lillY be conducted in boreholes befure injection to increase the permeability of the ore 20ne. Solution mining has been used in uranium, 
copper, mangan••e, halite, potash, mhcolite, and sulphur mining (SME, 2008). 

Solution mining ahers groundwater geochemistry and flow paths near the ore 20ne. In some applications, leach solutions are oxidants and lillY 
promote ARD. If not contained, leaching solutions, particularly oxidizing solutions and aciis, lillY degrade local or regilual groundwater 
quality. To avoid groundwater impacts, solution mining requires rigorous evaluation of the groll!ldwater flow system (e.g., flow paths, capture 
:rone analysis) befure iqjection ofleach solutions. Characteri2ation of the groll!ldwater system !IllS! inchxle hydrogeologic units in hydraulic 
connection wilh the ore body and aquifers above and below the ore 20ne. Disposal of waste solutions lillY pose a concern fur surfuce water 
resources. 

Top of this page 

4.2.3 Conceptnal Site Model Development 

A conceptoal site model (CSM) describes what is known about the release, tmnsport, and fute of contaminants at a mine site. As such, the 
model inchxles the fullowing components: 

• Sources 
• Pathways 
• Biological receptors 

The CSM describes the sources of potential contaminants, the mechanisms of their release, the pathways fur tmnsport, and the potential fur 
hurmn and ecological exposure to these parameters. The most itqlortsnt potential sources of ARD at mine sites are the mine pit (wall<;, 
benches and floor), exposures in Ullderground wmkings, waste rock, ore (including any low grade stockpiles) and process resiiues (tailings 
and rejects). 

A1Inospherie oxygen is essential fur oxidation of sulphiies and to begin the ARD evolution process. Water is the primary environmental 
pathway fur ARD released from these sources. Transport occurs by groll!ldwater, surfuce water, or infiltration through the vadose rone. 
Because water is a primary pathway, aquatic resources generally are the receptor of most interest In addition to water, hurmn and ecological 
exposure to contmninants lillY occur by other pathways, including air (e.g., exposure to wind-blown tailings) or from direct contact wilh a 
solid phase mine or process waste (e.g., vegetation in contsct wilh metal-laden soil<;). Indirect exposure lillY occur along the fuod chain (fur 
example exposure ofbioavailable me!M to animal<! that gra:zc on vegetation in contsct wilh contaminated soil<;). 

A conceptoal site model can be developed at any stage of a mine's lifu; however, development typically begins in the early phases of a project 
and is continually valiiated, revised and updated, as necessary, over the lifu of the mine as site characteri2ation data and operational 
monitoring data are collected. 

Where regulatory approval fur new mine development is required, early involvement by these agencies and other stakehoklers, including the 
local colllliiillities, in the development and valiiation of the model is key, and should be encouraged. Early involvement is needed to establish 
the ha2ard consiierations fur risk assessment (see Section 3 .6), as diffi:rences in risk tolerance can often be best deah wilh through consensus 
uaing the evolving site based model 

The principal data requirements of a CSM are shown in Figure 4-7. The ability of the model to accurately describe the release, tmnsport, and 

2014-10-21

kmiller
Text Box



fllle ofARD ila11D:tilnofthe IIIDUDtofawillblc ~data, wlli:h~il proponilDI11D the mille pbue. Alle:K~~~Pic 
sdam-etj; of a CSMil ahownm Fipe ~ 7. 

~ ~7: TyplcalDat. Reqmmellll of a CoDII:CptaaiSMe Model (CSM) 

COl Release '-------.> COl Transport '-----> COl Fate 

I ARD I NMD I SD Source I I Pathway I I Receptor I 
Waste Rock 

ii 
Vadose Zone AQuatic Ute 

~ Tailings Groul'ldwater Terrestrial Wildlife 
Oro Stockpile Surface Water • Sediment Vegetation 
Heap Leach Pile Humans (potable water} 
Pit (walts) 
Undersround Workings (walls and backfi ll} 

• Material Volume I Mass 
• Water- Physical Properties • Identify Receptors 

·direction of f low 

• Material Physical Properties 
- rate of flow • Habitat and Receptor 

- ai r I water permeability 
-tota l inflow Characterization 
-tota l outflow 

• Material Chemical Properties 
• Water - Olemical Properties 

-elemental composition 
- water quality 

- m ineralogy 
- acid generation potential 

• Sediment 
- acid neut ralization potential - chemical composition 
- met al leaching pote ntial 

COl - constituent of interest 

Top oftil page 

4.3 Compouldl of Site Charaeterlzatloo 

'Ibis sectiln p&e:ID 111111111l11Y of the co~ ad~ lo10DIIKIIiiYII8ed 1D cbamcte:riile: ARD 80un:e&, patlwaya, ad RCept.o& A 
~ehaiw: irq ofthe tooll U8CCl iD enviromD:Dial asseaeme:rote ofmiqprojecta, ilchlq .td:reDces mla d~ ofbirtR, it 
preeededitPbale m1Lopclon(1999). Price (1997, 2009)pmellll peliles ilrthe cleYebpmmofa~projtiiiii, 
mcu.tiJ& labcmlr.oryllesq ml ~nlion ofteetreaulll. 

An approadt m c.huac1e1 bation, clossificalion and pml.ictioD adopted by Barth Systems is documeDIIICl iD the Cbanderbatkio Cue 
Study. 

Top oftil paga 

A po-c:nvi<lllll 1~al mxlel of a mille deposit i111 de&r:d aa "a~ ofl§llCii!P:, ~ hydroloP:,IIDII. eugimxaiug i1&.uidin~ 
pealai4to h: eiiYi:ows:uld belavior of FJIDPIIY llimlla'mioeaal depom pzilr to IDi:ia& 111111. R:8llllil!g iom DiDiug m1 IlliDeaBl 
proceuqr (Sealet al, 2002). Tbe key elcmf:Dia of1bll Dldel able clepoa type, depoa *· bll8t rock. waR-rock allaa1DI, miaiDg m1 
ore procelllilg m:thod, depod 1rue elcmcDt gcochcDislry, J,'DDiry ml8e0021dcymilc:rabgy,1Dpography alld ph)U>graphy, h)Uology, 
ml c'lilllm: e&cta. ~~model& ~~e ~iricaldala ~ dlatm: best lllledu guilcliDes ilr1bllpo1mill~ of 
~iq)act& at am (Sealet al, 2002) ml l!boWd 110t be -..eci to predi:t pH or eJe:me:at coDCellllltiollll Gilt will develop at a de 
orillil:uofde ~n(Piud:e. 1999). 

Geo-eamm"e1aJDX>dell provilc a 8llrling'baa in' die li.Mlof~dlatdbe requhcl at a mille sib: • .Additicnl dismssion 
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4.3.2 Source Material Geochemical Characterization 

The primary pmpose of geochemical characterization of mine materials is to guide management decisions. Therefure, it is critical that a phased 
assessment program is carried out to ensure sufficient data are available at all stages of the project cycle ( explomtion, pre-feasibility, 
feasibility, construction, opemtion, closure aod post closure). Best practice environmental management can only be achieved through the early 
recognition of the potential fur acid drainage aod metal leaching. 

Geochemical characterization aims to identifY the distribution aod variability ofkey geochemical parameters (such as sulplrur content, acid 
neutralizing capacity aod elemental composition) and acid geoemting aod element leaching characteristics. A basic screening level investigation 
is essential aod should corrnnence at the earliest possible stage. The need and scope fur detailed investigations will depend on the findings of 
initial screening. Since som: tests, such as leach tests or oxidation mte m:aswem:nts, require a long tim: frame to provide the necessary data, 
it is important to initiate this work well ahead ofkey project milestones. 

Refurence to other mining opemtions in the region, particularly those situated in the sam: stmtigraphic or geologi:al units may provide 
eJlllirical infurmation on the likely geochemical natwe of similar ore types aod host aod country rocks. Early indications are also provided 
from explomtion drill core, and it is best practice to log key indicators such as sulphide aod carbonate type, abundance aod mode of 
occurrence, to analyze """l'les fur total sulplrur content as a minimlm, aod to include key environmental elements (such as carbon, calcinm 
aod magnesinm as possible analogs fur ABA parameters) in drill core assays. Minemlogi:al investigations should examine the type aod mode 
of occurrence of sulfide aod carbonate minerals. 

This section outlines sample selection aod llllllDer of saill'leS required fur a geochemical characterization program, and provides an overview 
of the testing programs aod classification procedures. More detail aod specific procedures and m:thods are presented in Chapter 5. 

4.3.2.1 Sample Selection 

Satlllle selection is a critical task aod nrust be given careful considemtion at all stages of a project Samples should represent each geologi:al 
material that will be mined or exposed and each waste type. The mnnber of samples should be based on the project phase but uhimately IIIlS! 

be sufficient to adequately represent the variability within each geologi:alllllit aod waste type. 

Allbough drilling aod sampling will fucus on ore :wnes in the explomtion and pre-feasibility stages, samples ofhost aod country rock should be 
increasingly represeoted as the project develops, so that adequate data are available to produce block models aod production schedules by 
geochemical waste types, where required. The available sources of material fur testing are typically related to the phase of mine developm:nt. 
Drill core is the most common material source fur geochemical testing during the early stages of mine development. Because explomtion 
drilling programs target discovery aod delineation of the ore rone, the selection of samples to characterire waste material nrust include careful 
examination of the spatial covemge of the drill core relative to the anticipated extents of the pit or lllldergrolllld workings (Downing and Mills, 
2007). Other sources of material fur testing that are frequently available include rock chips from borehole drilling. haod samples from 
outcrops, samples from existing waste fucilities, development rock, ore composites, and residues from m:tallurgi:al testing 

The project geologist is a valuable resource aod should be consulted in the selection of representstive samples fur testing Detennination of the 
appropriate disposal rrethods fur wastes geoemted during explomtion necessitates initiation of testing early in the mine lifi:. As m:ntioned 
previously, any material with the potential to genemte ARD or release contaminants should be characterized. Construction materials fur roads 
aod site infrastructure are o:llen quarried from the area aromd a mining development. The geochemical characteristics of these materials 
should also be evaluated befure construction. Due to the spatial extent of placement, use of construction materials with ARD potential may 
resuh in a widespread source of ARD. The potential fur laod disturbances associated with the construction of mine fucilities to expose rock 
with ARD potential should also be considered. 

Selection of representstive samples should consider the fullowing: 

• Material Type - Individual """l'les selected fur testing should be representstive of a single material type (e.g., lithology, alteration 
type). The explomtion geologist should be consulted regarding the initial definition of mine units and material types. Based on the resuhs 
of the geochemical characterization program, material type classifications may require further refinement For instance, a classification 
suitable fur mineral extraction may not be sufficient to identifY the environmental characteristics aod corresponding ore aod waste 
management requiiements of the various material types. Construction materials should be included in the characterization program Ore 
materials should also be included fur prediction of ore stockpile discharges. 

• Spatial Representation (x, y, z) - Satlllle selection should ensure good spatial representstion (vertical aod horizontal) of the area to be 
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mined. In practice, S3lll'le locations may be restricted to a one-dimensional line defined by a borehole or mine tonne~ or a two
dilrensional plane, such as the wan of an open pit or cross section through the deposit. Additional boreholes increase the <futribution of 
SaJlllle points and irq>rove the definition of mine units. Because mine plans change, the spatial representativeness of S3lll'les should be 
reassessed throughout operations. For example, if the location of the pit wan changes, additional testing may be required to 
characterial pit wan nmol[ Mining may also extend inlxl areas 1bat were not cbaracteriled during fuasibility resting and such mining may 
encoUD!er new materials. 

• Compositional Representation- SaJlllle selection should inc We an major material types and cover the nmge of pertinent 
characteristics fur each material type (e.g., pH, carbonate, sulphur, and neutralizjng potential couteut). Personnel tasked with SaJlllle 
selection llllSt be fiuniliar with the geological characteristics of the deposit, inchxling rock types, fracture patterns, weathering, 
aheration, and minerali2lltion. 

• Focused (Biased) versus Random Sampling- Use offucused or random sampling depends on the objective of the characterization 
program For example, sample selection may target areas with \'final sulphides to provide an indication of worst-case drainage quality. 
Similarly, fucused sampling may be more effi:ctive in ensuring a sample set with a colll'lete range of compositional characteristics 1ban 
random sampling. Random sampling may be appropriate during operations in dete:tmining the appropriate location fur waste disposal 
(e.g., wasre segregation based on total sulphur couteut). In this context, "random" still irq>lies a rationale-based program, which may 
be part of a phased program but lacks adequate samples to be geostatistically CO!llllere. Ultimarely, if a major ARD problem is 
predi:ted from earlier phase rest work, the wasre should be characteri2ed by a geostatistical mode~ which inchxles an adequate 
llUllber of S3lll'les as wen as a geological inte:tpretation. From 1Im mode~ one or more key indicators can then be selected fur the 
operations to use in separating materials. 

Appropriate sample storage and handling procedures should be defined. Prefurence regarding the use of weathered or ftesb materials fur 
resting rrust be dete:tmined. In either case, the type of material used fur testing llllSt be docmneuted. A photographic log of geocbemical test 
samples is recommended. 

Standard operating procedures (SOPs) fur geological logging and the coHection and docwnentation of S3lll'le selection should be developed 
and fuHowed. SOPs should inchxle quality assurance/quality control (QNQC) protocols (e.g., conection and analysis of duplicare S3lll'les, 
sample chain of custody procedures, and inclusion of standard S3lll'les with known values). Sample size should be large enough to provide 
material fur an potential geocbemical tests and S3lll'le fur archiving purposes. Archived S3lll'les should be easily retrievable. If compositing of 
samples is required, protocols should be defined. Colll'ositing may be useful fur ilentification of the characteristics of a sample represeuting a 
larger core interval or rock volutre, such as an open-pit mine bench depth or waste :rone. However, infurmation on the smaHer-scale 
characteristics may be lost due to the "smearing" of geochemical properties and analytical results. This "smearing'' may lead to samples with 
anomalous qualities not being recogni-zed, even though it may be those materials 1bat govern the composition of a mine or process effiuent. In 
~ it is recommended to coHect discrete S3lll'les with clearly-defined characteristics. These can be assayed as individual S3lll'les or 
coni>ined to represent mine bench intervals or other mining or wasre units (inchxling rocks imre<futely surrounding underground working;), 
with selected individual SaJlllles used to evaluate variability. 

The mine geologic model and the block model may be used in the selection of represeutative samples. If geochemical testing indicates 1bat 
special handling of waste materials will be required, the block model may be populared with diagnostic ARD indicator parameters (e.g., total 
sulphur). In this case, a comprehensive set of samples would be needed to build the geostatistical model 

4.3.2.2 Number of Samples 

The llUllber of S3lll'les required fur source characterization of each material type depends on the fuHowing (a) the amount of disturbance 
(ie., the volutre!mass of material exlracted or the amount exposed on pit/mine walls or production tonnage as dete:tmined by the block 
model); (b) the COIIllOSitional variability within a material type; and (c) the statistical degree of confidence 1bat is required fur the assessment. 

Initial estimares of sample mnnbers are typically based on proressi>nal judgment and experience. The mnnber of samples required comronly 
increases during each of the early phases of mine development as the knowledge base and project needs develop. Ultimately, fur sites 
cbaracteri2ed as having an ARD potential, a fun geostatistical model often provides the basis fur control plans where material segregation is 
part of the mine plan. 

Few guidelines are avlrilable regarding S3lll'le requiiemeuts. Table 4-5 provides an e"""l'le of Australian guidelines fur the llUllber of 
samples during the early phases of the mine lifu. Ahbough characterization testing is likely to occur during an phases of mine development, the 
peak of the laboratory testing programs often occurs during the reasibility phase. 

Table 4-5: Austratian Guidance on Sample Numbers (adapted fromAustratian Government Department oflndnstry, 
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Tourism and Resources, 2007). 

Mine Phase Number of Samples Description 

Exp1orafun By the end of the resource definit:X>n phase, there should 
(1) Prospect Testing- Include suJphur in JEt of elements be adequate infurmafun to accurately cba.racterize the 
being a.naly2ed fur all satqlles tested; include the full range ARD potential of the ore body (high and Jow grade), 
of pathfinder elements as defined by ore ahhough further test work will nonm1ly be required to 
depos:it/exp1orafun rrode~ col1ect and record characteria: the ARD potential of waste rock and ore and mineralop data as per exploration/ore deposit rrode~ hence tailing<;. 
wrere the geo1ogy of the deposit is known inc1ude static 
testing of at least 3 to 5 representative satq_)les of each 
keytmterial type (ie., litho1ogy, aherafun type); analysis 
of ground water and surfRce water fur acility and 
representative pathfinder elemmts. 

(2) Resource Definit:X>n- All satqlles tested fur sulphur 
and representative samples tested fur mineralogy as per 
ore deposit rrodel Static testing of at least 5 to 10 
representative satq_)les of each key material type. 
Collect gromdwater and surface water data. Surface 
water and gromdwater analysis to include acility as wen 
representative rartal ions. 

All testing to inc1ude QNQC sampes. 

Pre-F easbility 
Static testing of several hmdred representative satq)les of Where required, the llUilDer of saJll)es tlllSt be sufficient 
high and Jow grade ore, waste rock and tailings, the to populate a ''resource" block rrodel of the ore and host 
number dependent on the COilJlJexity of the deposit rocks that will be afiected by mining with a reliabe 
geology and its host rocks. distribut:i>n ofNAPp[l] data (e.g., acid producing 

All drillhole samples analy71:d must inc1ude sulphur analysis 
potential (APP), sulphur and acid neutralizing capacity 

and identified representative rartal ions. Samp1ing demity 
(ANC) (or NPR data) on ore, waste rock and wall rock. 

is dependent on complexity of ore deposit and host rock 
geology interval of representative drill holes but should be 
restricted to single rock units or lithologies - inch.de 
minirrutn9. 

Kinetic testing of at least 1 to 2 representative SaJll)les of 
each tmterial type. 

Surface water and groundwater analysis to include acidity 
as wen as pH, EC and representative m:tal ions, including 
AI, Fe, Mn. 

All testing to inc1ude QNQC sampes. 

Mine Plaming, Data set must be sufficient to assess ARD potential to 
Feasibility and Where required, additional static testing as required fur support a IIIIIIIIlgemml: plan. If data are insufficient, 
Design b1ock waste resource rrodel refinerrent - increase density additional testing will be required. 

ofNAPP (or NPR) characterimfun 

Inch.Jsion of confirmatory testing (e.g., NAG testing fur 
COtl'Jlamon to NAPP (ie. APP, or sulphur, and ANC) 
fur Imtallifurous deposits; and mineraJogy or NPR values). 

Continuafun ofkinetic testing. 

Upgrade drillhole database and waste resource rrodel fur 
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new ore positiom. 

All testing to include QA/QC sample(s). Apply QA/QC to 
all analyses, not only ore. Incbie wall rock. 

Stati<!tk:al analysE of test results is admble to confirm that a representative data set bas been obtained. For example, histogram; lillY be 
used to emure that the entire distribution bas been captured in sample selecfun (Runne& et at, 1997) and sarnp1es with "exl:retre" 
c~s have not been overhoked. The mmi>er of sanp1es will increase as the heterogeneity (e.g., pa.rt:i:Je si2e and composition) of a 
llllterial type increases. For this reason, characterizafun of process ta.iling'l typically requires fuwer sa.tq)les than characterizafun of waste 
rock. Sample representativeness IWSt continuaJly be assessed during the mine lire. For example, a change in ore type over the mine lire may 
produ;e process ta.iling'l with diffurent characteristl;;s. Operafunal mmiloring (see Chapter 8) should incbie a program of systematic ongoing 
ta.iling'l testing to neot:ifY changes and implemmt alternative waste managemmt pract:i:es, if required. 

The goal of material managemmt is to prevent or minimize ARD. Characteri2afun program; 1DlSt be desigood to provide adequate 
infunmfun to tmke cost-efrective, sustainable, and environrrentall protective decisions regarding the managemmt and dtiposal of waste 
materials. For material'! with an lmCertain ARD potential, resoh.Jtion of thE lmCertainty by additional characteri2afun effurts may not be 
necessary if a decision is made to manage the waste with the assumpfun that the material bas ARD potential For example, detailed 
characterizafun of the suJphide content ofta.iling'l over~ may not be necessary if the ta.iling'l will be placed in a contained impoU!ldmmt 
with a water cover. 

4.3.2.3 Testing Program Overview 

Laboratory and :field testing i<; conducted to characteri2e the acn generafun and ~tal leaching potential of mine llllterials. Geochemi;al 
characterizafun program; typically fullow a phased approach, beginning with laboratory testing fullowed by field testing. The design of IDJst 
testing program; is dynamic, with each su;cessive phase building on the results of previous phase or phases. A brief summry of the testing 
approach is provned behw, with significantly IIDre detail presented in Chapter 5. 

The laboratory phase of a geochemical characterizafun program will typically incbie the fullowing analyses: 

• Stat:i: Tests 
• chemical coJll)osiOOn (whole rock and eletwial analysis) 
• minerahgical analysi<l 
• acii base accounting {ABA) 
• net acid generation (NAG) 
• water extraction (batch extracfun) tests - with solution assay 

• Kinetic Tests 
• humidity cell leach testing 
• cohmn Jeach testing 

S tat:i: testing i<l the :first phase of geochemical characterization, and is a precursor to kinetic testing. The objective of statl;; testing is to 
descme the bulk chemi;al characteristl;;s of a llllterial These tests are designed to evaluate the potential of a pa.rt:i:ular rock type to generate 
acid, neut:rali2c acid, or Jeach ~~- Static tests provne an indica fun of the presence of minerati that may generate acid as well as ll1ineraB 
that may act to neut:rali2c any acid fur:ru=d. In so~ cases, testing may indicate that a smrogate paraiiirter can be used as an indicafun of 
ARD potential (e.g., iron as an indicator of the amnmt ofsuJphide, cak:ium or carbon as an indicator of the aiDJunt ofneutralizafun potential) 
(see Chapter 5 fur addiOOnal infOrmation on the use and intetpretafun of stat:i: tests). 

Elemmtal analysis results are cotmlXlnly coJll)ared to average crustal or tn!an world soil abundance values as a multiple or geochemical 
enrichmmt :factor to provne a screening level assessment of ebrents that are emiched in the S8.Jll)le. A high concentration of a pa.rt:i:ular 
elemmt does not necessary irq>ly that thE elemmt will be mobmd in concentrafum that may 1ead to environ.trental or health irq)acts, but it 
does higb1igbt an issue that should be further investigated. An essential COJll)Onent of static testing is minerahgical analysis that, at a minimnn, 
incbies ident:i&afun of all sulphur and caroonate minerals. If possible, minerahgical analysis should be quantitative. A descq,fun ofhow 
minerals with acn generation and acii neutralizafun potential occur (e.g., grain si2e, grain IIDtphohgy, disseminated, ftacture coatings, as 
incJusions) is also relevant in the assessmmt of reactivity (ie., rate of oxnafun or dissolution). 

ABA analysis typically ioohxles analysis of paste pH, suJphur speciation, neutrali'Zing potential (NP) or acid neutralizing capacity (AN C) and 
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totalil:nplk carbon (TIC). Pas= pHiauseclum inc!jcetorofthe preeeace oflltOI\ldaciliy. S~spccla1ionda1a, whichb:loclet 
.ilfuiiiiidiJnonthe pftllleiiOC of non-acid FDC•aliD&BIIP1umiaalt, are aaec! to cab*r.e the acilFJimlionpo1nlialoftheJIIIferill NP 
IIIII ANC proWic ~ oftbc acid ~poeatial of a llllteria1 (NP h tbc 'lliiB oftCa003 11tt ml ANC in tbc 'UIIils of 
qu2SO_.It). TIC is 1.I8Cd to c:ablale tbc cmbouabii lii:Uinllimg~ (CNV) or~ NP (Ca-NP). ml allows Utet!lllt\01l oftbc 
liaclim ofNP or ANC allliJIDd.lll c:ubonate millmd phase&. In IIOIID cases tbD CNV baaed on TIC (or ewm III!Bl c:adxm) can be 1IICid as 
I!.IIIDOplll to elliwll tbD NP or ANC at a particular aile. In cmd!illll:im, IMUb iomABA, NAG, ml elmDm1Bl aDd llimnbgi:allllllll)U 
11n1 \lied to assess tbD iditM Jllvpvrtiom of acid t¢11Datmg lllllacil r.t!1llmJilgllllll!riak. 

Slmt-ttllm ex11at1ion tes1ll (such as 24-IJJur blm:h ~tell& 111q deimMd water) pmviiD imiiiiiliDn on tbD s1mt tmm.DII!tal ~ 
potai.ill 'lhc llltiD: oflhc suq~k: (e.g., liDOXilmt 'W. oD1mt; oriJatjnn producla ab!elt w. oDation pmduclll pn:sc:Dt), 1eat aoWilm to 
ao1il nm, 1i11ivi11i. reac1im tm:, lllld ~~~~q~k: plll1i:k: 11i= IIIIDukl 1111 be c:cmRiered h h: ewbllimlllld COIIplrilcm ofk:ach 11:1tRIIIIII. 

Allloughh: ~- oftlati: 11Digllll.yilldicalrl a po11::dial1Dracilrock dnilage orm:talJtacl!it& kilelil 1cslil!gil CODmllllyRqaftd to 
..., the rdiiiM: mla ofh: Vllil118 ARD 8lld 1DCialbdriogfea!1Xn oct:lllilg. aDd to provilc ililiiiiiliDn on the ewkddl ofARD cm:r 
tiDe. Fi:D acale 1lach 1a181111.y be iDilialccl beine or chftlgthe CXldlllca.Ul4 oro~ phues of mille dewbpmcnt1o pmvkle a bela 
~nofmataill ractiYiy UDder IIIDicllt si1rl oondmm 

Ph)Ral propertiea oftbc 1aliJg DJU:rialll (e.g.,IIUiflce aree, patic\lldm ~ate allo da:!lamiued beca&e 1b:ae Ji10J14tiel atlid 
mderill~audate needecl m. tbc scale-up oflaboratorylllll field~~,. to ~~seutfield 8Cilc aocl opendiaml~ 

Fipe4-Bsbowatbc~colq)OIICiillandewbitmofapocb:mical~IUialliunprognm:ilr~poladialiO\li'CCmataials. 
Any~~ or proc:css streammicluet tbathMthepotedillto p•oa1e ARDDIIIt be b:luded in thellioe ~ 
proSJlllllso tbatappmprla!D dilpoalpmctices aDd lllilip1WIIII!UIDS can be~ l1iii D:bllls wutD ruck. om, pmc:eum~ilms, 
triillln&& sblaas, quazriDd lllllll!rials ilr c:onstru:tiDn, h!ap liladu:Mi!n111, ~ msibs, aJas ell:. Clapter 5 pi1!MD1B cletdd 
~ oftbD labomlmy aocl &ld scalD teetiog1il!li1Joda IIIII thn impualimi:Jr ARD pmc!Emn. 

J.llpre 4-8: Som:e Matedal Geodleaical Teath!g Pnlpam Can:wonem 
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4.3.3 Watershed Characterization 

Because wateris the primmy pathway fur transport of ARD, the quantity, quality, aod moveiiilllt within the mine's watershed nmst be 
characteri2ed. Delineation of the watershed boundary is 1he first task in watershed characterization Topographic maps aod site 
reconnaissaoce are used to determine the surfuce water bmmdaries, or divides, that separate 1he watershed containing the ore deposit from 
surrounding watersheds. Geographic infurrnation systems (GIS) aod digital elevation trodels (OEM) may be used fur this task. Groundwater 
watershed divides are initially assumed to coincide with surfuce-water divides, with refinements added based on 1he resuhs of subsequent 
hydrogeological investigations. The watershed boundary generally defines 1he site characterization boundary. 

Although groundwater watershed divides are typicaDy initially assumed to coincide with surfuce water divides, groundwater regilres aod their 
boundaries can be complex. When mining in an area with karst, investigations should be conducted very early in 1he site characterization 
program to identifY karstic limestone reatures within 1he watershed boundary. Karst fuatures can be major prefurentialllow paths which can 
govern local groundwater regilres aod the transport pathways of any seepage from tailings aod waste rock containment areas. Siting of mine 
infrastructure should al<lo consider the presence of major karst fuatures. 

4.3.3.1 The Hydrologic Cycle 

Climate 

The quantity of water within a watershed is a fimction of climate. The key COiqlOnen!s of climatic characteri2lltion are precipitation aod 
letqlerature. Infurrnation on the ammnt, letqloral distribution, aod furm of precipitation (rain or snow) is used in association with temperature 
data to characterizJe the quantity aod seasonal distribution of recharge to a watershed. These data are used in development of a site wide 
waterbalaoce (see Section4.3.3.2). 

Characterization of the climatic conditions at a site typically begins with identification aod review of available regional data. Site-specific 
climatic data are obtained by installing a meteorologi:al station to record daily values of temperature, precipitation, wind speed, wind 
ditection, aod relative hmnidity. In cold climates, snowpack should be measured. Evaporation pans or empirical equations are used to 
estimate site evapotranspiration rates. 

Site precipitation data are typicaDy compared to regional data collected concurrently to assess the representativeness of the regional data set 
Because the period of record fur regional data sets is typically longer, these data are ollen used to estimate 1he occurrence, frequency, aod 
magoitnde of extreme weather events (e.g., lloods aod droughts). Characterization of these events is needed to assess ARD release, mte, aod 
transport. During dry periods, sulphide oxidation products will accumulate. ARD loading is ollen greatest during a rain event that fullows an 
extended dry period. 

Hydrology 

Hydrologi: characterization begins with identification of all surfuce water reatures within the watershed (ie., lakes, Streaml, aod rivers) aod 
points of discharge (ie., lakes aod ocean). Surfuce water quality, quantity, and ditection ofllow within the watershed boundaries are 
characteri2ed. Baseline conditions are characteri2ed befure exploration or, trore connronly, during the development phase. Monitoring is 
conducted during 1he construction and operations phases, aod possibly during deconmissxming aod post-closure phases to assess impacts. 
Stream llow measurements are required to characterile the atrount aod rate of llow to evaluate constituent mte aod transport and to 
characteri2e aquatic habitat Stream llow is measured by developing a stage (water height) versus discharge relationship aod 1heo measuring 
llow by water elevation (e.g., pressure transducer). The stage-discharge relationship is developed by using a current meter or weirs to 
measure water llow at various water heights (see Chapter 8). The degree of seasonal variation will dictate the required tronitoring frequency. 
Continuous monitoring systems can be established using data loggers with solar or battery power. These systems characteri21: changes in llow 
in response to climatic events. Water quality sampling is conducted to characterizJe baseline water quality condi!Xms (see Chapter 8). If 
possible, water quality SRiqlling should precede any land disturbances such as exploration drilling. Multiple sampling events may be required 
to capture baseline conditions aod seasonal variation in water quality related to seasonal variation in llow. The initial water quality survey 
should be spatially comprehensive, with SRiqlles collected throughout the watershed, both upstream and downstream of the ore deposit aod 
future land disturbances. Typically, samples are collected above aod below the conlloences of each relevant tributary in the watershed, as wen 
as above and below any historical mine reatures aod natoral exposures of ARD. This approach allows anmnalous high values to be 
systemstically traced to their source. Some of the sampling sites in the initial survey will become part of a long-term tronitoring program if aod 
when a mine is developed. With this in mind, siting of SRiqlling locations should consider the locations of future mining fuatures. Sample sites 
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should be surveyed wilh a satellite based navigatiom system such as Global Positilning System (GPS), GALILEO (European Global Satellite 
NavigatiJn System), or GLONASS (Global'naya Navigatsionnaya Sputnikovaya Sistema [globalnavigatiJn satellite system]). Because m:tal 
concentratiJns may be naturally elevated in minerali2lld areas, cbaracteri2atiJn ofbaseline conditiom is critical in later assesstrents of water 
quality inl>acts related to mining. Baseline data may be used to support establishment of site-specific water quality guidelines based on 
premining conditiom. In tbe absence of adequate and defunsible baseline data, water quality impacts may be erroneously attriboted to mining 
operatiom or post-closure water quality criteria may be set to unachievable level<!. For these reasom, special emphasis is placed on historical 
mine fuatures and natural sources of drainage. These data may be provided to regulatory agencies in advance of mine developmmt to ensure 
doCUIDeDtation of premining conditilm. 

Water quality sampling and flow mmitoring continues during tbe operation phase to evaluate enviromnental impacts. Iflakes are present in the 
watershed or the watershed discharges to an ocean, cbaracteri2ation and mmitoring of these systems may be necessary. Chapter 8 discusses 
lake and marine water quality mmitoring and detenninstiJn of a lake water balance. 

Hydrogeology 

Hydrogeologic characterizatiJn incWes detenninstiJn of groundwater occurrence, groundwater quality, current and potential future 
groundwater usage, and groundwater llow direction and velocity. CbaracterizatiJn of groundwater conditilm is required to evaluate 
constitoent mte and transport, to design dewatering operatiJns, assess compliance wilh regulatory criteria fOr designated uses (e.g., drinking 
water), and to site mine and process fucilities (e.g., prefurence fOr siting waste mcilities in groundwater discharge :rones over groundwater 
recharge rones and preference fOr siting of waste fucilities over aqui1mds rather 1han aquifers). 

Topographic maps, site reconnaissance, and aerial photographs are used to ~areas of groundwater recharge (ie., hill tops) and 
groundwater discharge areas (ie., springs, streams, rivers, ponds, lakes, and wetlands). InfOrmation on existing groundwater weDs and their 
use is compiled. Existing geologic infi>rmatiJn fOr tbe watershed is reviewed to evaluate the nature and distribution of aquifers and aquitards. 
Aquifers are satorated geologic units tllat readily transmit groundwater (e.g., fractured bedrock, unconsolidated sand, and graveQ, whereas 
aqui1mds are geologic units tllat do not transmit significant quantities of groundwater (e.g., unftactured crystalline bedrock, most shales, and 
clay). In many cases, collectiJn of infOrmation on tbe lithology, stratigraphy, and structural reatures (e.g., fractures, fOlds, and muhs) of the 
subsorfuce will result in an understanding oftbe distribution of aquifers and aqui1mds. The geologic data collected during exploration and 
regional geologic survey data should be inchlded in the assessment of geologic watershed infi>rmatiJn 

Groundwater occurrence and tbe depth of the water table are determined by drilling and sonJetin:es by geophysics. Shallow exploratiJn 
boreholes can provide locatiom to n:easure the depth to the water table. ExploratiJn drilling log; may also inchlde infi>rmatiJn on depth to 
water and vohm:e of water encolllltered during drilling tllat can be used in the developmmt of the subsequent field investigatiJns. During tbe 
mine developn:ent phase, a monitoring wen network is established. Groundwater level<! are n:easured to create a potention:etric map fOr the 
stody area from which groundwater llow directiJns are determined. Groundwater llows from regions ofhigh hydraulic head (e.g., hill tops) to 
regiom oflow hydraulic head (e.g., stream valleys). Hydrostratigraphic cross sectiJns fOr the site are created showing depth to groundwater, 
aquifur and aquitard thicknesses, and extents. The locatiJn of seeps and springs and their llow rates should be documented. 

Laboratory or field testing is conducted to characterire the pertinent hydraulic properties of aquifur units (ie., porosity and hydraulic 
conductivity). Hydraulic conductivity is estimated from laboratory testing of drill core samples or from hydraulic testing in tbe field, including 
pieron:eter tests (slug test) or larger scale piJltlling tests. Because pumping tests provide in situ n:easuren:ents ofhydraulic conductivity 
averaged over a larger aquifur vohm:e 1han pieron:eter tests, pumping tests are ofum the prefurred testing n:ethod. Pumping tests also allow 
fOr detenninstiJn oftbe specific storage and trammissivity of the aquifur. Porosity is determined by laboratory testing or estimated from 
literature values (Free:re and Cherry, 1979). Groundwater llow velocity is calculated from the hydraulic gradient (determined from water-level 
data), hydraulic conductivity, and porosity. Groundwater llow velocities are required fOr evaluatiJn of constitoent mte and tramport. 
CharacterizatiJn oftbe physical llow system is also required to select an appropriate dewatering system and fOr dewatering system design. 
When dewatering weDs are employed, the dewatering tin:e is a functiJn oftbe PIJltlling rate, which is dictated by the nunber of pumps and 
Pllllll capacity. Dewatering rates dictate tbe required capacity of the water treatn:ent plant (iftreatn:ent is deen:ed necessary) and this 
infi>rmatiJn is also needed fOr sorfuce water discharge pennits. Numerical modeling software is ofum used to create a two- or three
din:emional representation of the groundwater llow system, which may be used as a tool in constitoent mte and transport and dewatering 
evaluatiJns. The groundwater model may also be used to define inputs to tbe water balance (see SectiJn 4.3.3.2 and Chapter 5). 

Groundwater quality sampling is conducted at an monitoring wens, seeps, and springs to establish baseline conditiom. Monitoring weDs are 
sited up gradient and downgradient of sources of mine drainage. Groundwater quality monitoring continues throughout the operation phase, 
and as required during the decomnissioning and post-closure phases to evaluate environn:ental impacts. For underground mines, 
characterizatiJn oftbe hydrogeologic conditilm is essential to assess dewatering during operatiJns and llooding at closure. Geologic maps are 
reviewed to identifY structural coutrol<! on groundwater llows. ExploratiJn drill boles may be converted to pieron:eters or fOr n:easuren:ent of 
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4.3.:U Water B•••nec 

Climlic, b)drlmp:al, and ¥ropo1Daic data am c:md>Dd to cbwelop a~ Wiler balance. ThD watm balm:e is a imdi!J))t'ftal 
CIIIJIIDlBi: oftbD envhmmma!Dpc:t .us ili5lllas t de&. tbD 111111\D ofwalm ~ c:hlmDJ.conp~lEIIII and th!l Wlltll£ 
a.vailablll m '&u" a cons1iDimt load.lllllucd imna IOIGe, 1bnby delillilgtbD C01P'J!I!Ja1im of a COIII!ilulmt in a watenaom:e .. An 
acanto Wlltl!r balm:e ill, tbmmre, by Ju tbD IICCIIIII1II pedi:lkm ofCl""''',., ~- ThD water balm:e il alao UIICid to lllllllll!JI 
ne--c:ommq~lim, pnm;t disclJq! imnwatm ti1511tnad pllm, chc......., desW1cd.mil :m sto:nn waJm c:ollec!im l)'llt&!lm. m1 
pRKiict post-~ pi lib :li5:rg (ifapplicablll). ThD wa1m" bem:o deecmee tbD ~logic reP. oftbD wa1m8hed. ThD _.. bem:o il 
macco~ofd Wiler q,ubl and oulpliiB ml clJmjp iD. ~For a watl:nbcd iD. v.m:h tbc llll"ke wa=-ml ~ diYib 
coill:m 81111 :k wbi:h Ibm; are 110 exlmlll inlbwa or oulfbwa of !!JO\IIdwa&l:r, tbc water baliiDI:e ill described aa i>IIDwa (l"ree= ml 
Clary, 1979): 

v.iDe Pill ~D, Q ilru!IDJt ET ill cvapolralllplra1kla, ml.4S is die cJmvl iDIIIXlmF oftbc groUDilwa~r mlllldcc-"WIIV 
~-A a.iqli!ied bo:uDillliOw~re&etda!ionofdle CiOiiji\)Ud8ofa Wlll:nbed waterbalm:c ill shown in Figure 4-9. 1his filpe 
iblndes die b.enlc1iln between Slll'i£c wa• ml ~~ill addullw C:Otq)Onenls (ic., o\'C!Iml tow [OF], iDOratioD to 
soil ml pllllwaler [1S aDd. JG], aDd. arounctwa• bue tow lBD-

1!1gln ...,: Water Balanec Bu aud.AmnvDiagmm 

I Atmosphere 

~----;-1----f-~----------;-}---f-~---- p l I ET 

•,' r~------~---~------~~[==~~~~~==J-~a-.c===~~~~==~ • Land SUrface ~ Surface Water Ocean 

IS ~ 

Legend: 
P- Precipitation 
ET - Evapotranspiration 
IS -Infiltration to Soil 

Groundwater 

IG - Infiltration to Groundwater 

8- Base Flow or Groundwater Discharge 
R- Groundwater Recharge 
OF-Overland flow 
Q - Runoff (Streamflow) 

8 R 

-·---· L---' 

Transfer process (input and output) 

Maj or Reservoir 

Watershed Boundary 

To chM=lop a liD: wide Wiler 'blllm:e. eacll oflbe wa1lT i:pD ml odpiD IDIIt be dc&lcd uD!g Ilk c:lmKtuiza!ion data. Whm de data 
~~e"IDmlillbli::, q,ubl are cle!Md.llllilrg regPml data CJr Cllablilbed re~'l.. For Clllllq)li::, tbc ~ mliC\'ipUIIiii6pi:idim 
qnamay~be balledonregiollll.data ml dlenqldated wihdala ltomtbc liD: m:lliorol>ghlslatioll. 'l'bc 'I'Imll!hwaileMeeb:Jd 
prcMiet a meaDS to es1imle alllhly ET ra11:8 aa wen aa IS ml IG vaD:t based on a~~ ai' ~Cqlel'alule, ll1ilude, mlsoil 
~~ (Dq:nn 2002). 'l'bc RatkmalEqummiCIIlbeased to ....tjrnmo; mo-OF vW:s (Felll:r, 2001). Sill:~ will 
cli:lale tbe tlelq)Oral~eollliln oftbc wao:r 'lllllllcc. l')pically, a dailY or~- lllep ill appled. SJII""'dtb::e~ program~, dataJiuee, ml 
clecili.mBIIII,Bca ao1ware (e.g., MS Elr.:c~ aDd. Ook!Sim) 111e wen deiPd m walie:r baJm.lc ~. To cwha~ c:onditicn 'ID!« a 
J:11QSC ofnillilewm, a~preq,italiDnreccud il geanlecL lbBJ:eCOM ~b:bles cxtreu climaW: CODdiliaDa (e.g., cho• 
mlllllnlm) to ew1Jate die e&e1l ofiiiCheldreme ewm. Statisticalllllll)Uofhillolicalplle'l !'a•mnreconll ill c:onclur:ted to cJm:unie die 
fiequeu::y ml mapvle ofcxtreu CYe!lll. 
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4.3.3.3 Assimilative Capacity of the Receiving Environment 

The sensitivity of1he downstream aquatic lifi: and 1he ability of1he receiving enviromnent to attenuate constituents of potential enviromiillllal 
concern must be characterired to predict 1he fute and transport of constituents in 1he environment. The buflering capacity of1he receiving 
enviromnent will a1fuct 1he fute and transport of acidity and l1lllals present in ARD. For historical mining or nstural ARD releases, 
neutralization of acidity may occur fOllowing mixing with alkaline waters or intersctions with solid mineral phases. MoveJrelll of an acidification 
front will be slower in a weJl. buffured system than a poorly-buffured system The transport of chemical constituents will am be alfucted by 
geochemical conditions within 1he receiving environment, and as such, key geochemical parameters should be measured (ie., pH and redox). 
Characteriz.ation program; should include collection of solid phase data fOr stream and lake sediments and aquifur materials 1hat may alfuct 
metal transport (e.g., presence of clay and total organic carbon). 

4.3.3.4 Biological Receptors 

The first step in biological characteriz.ation is to identifY the receptors within the watershed 1hat may be alfucted by release of ARD. Biological 
receptors may include vegetation, aquatic lifi:, terrestrial wildlifi:, livestock, and humans. Consideration should be given bo1h to current and 
future use of water resources by humans. During 1he mine development phase, receptor baseline conditions are characteriled, including 
receptor habitat, when applicable. These studies are completed by ecologists or biologists fumiliar with 1he local habitats and biota. During 1he 
construction and operation phases, receptor mmitoring is conducted to assess impacts. In some cases, potential ilqlacts to receptors are 
determined indirectly (e.g., mmitoring of gromdwater quality to ensure drinking water obtained from we& fOr human consumption and me is 
not a:ffi:cted). If operatioml mmitoring identifies impacts to biological receptors, the objective of 11Dnitoring during the decomnissioning 
phase is to measure recovery in impacted areas. Chapter 8 provides additioml detail on receptor characterization and mmitoring. 
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4.4 Summary 

Development of an ARD characterization program at a mine site is critical to 1he prediction, prevention, and maoagement of ARD. The 
development of a site characterization program begins with development of a conceptual site 11Ddel to identifY sources of ARD, pa1hways fOr 
transport, and the receptors within 1he watershed. This chapter identifies and discmses the common cotq~onents and data collection activities 
associated with a mine site characterization program Became 1he distinctions betweeo characteriz.ation, prediction, prevention and mitigation 
and and 11Dnitoring are loosely defined, 1he contents of this chapter should be reviewed in association with Chapters 5, 6 and 8. 

Identilication and characterization of source materials is fundamental to 1he accurate assessment ofwhe1her ARD is likely to occur at a 
particular mine site. Characterization of materials to assess their ARD and metal leaching potential should begin during the early phases of a 
mine lifu and continue 1hrough to 1he end of operation, and possibly into closure. At a minimum, 1he characterization program should include 
testing of the mineral resource (ie., ore) and waste materials (waste rock, coal overburdeo and process residues). Inclusion of o1her materials 
(e.g., construction material) may am be appropriate. 

The scope and development of an ARD characterization program is uhimately site specilic. In some cases, 1he precantiomry principle may be 
selected as 1he prefurred or roost economical me1hod to address IDlCertsinty in material characterization (e.g., placement of tailing! in a lined 
fucility). In all cases, 1he scope and intensity of1he characterization program are determined in an iterative fusbion. 
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Case Studies Chapter 4 

From GARDGuide 

Geochemical Characterisation in Australia 

GeochenEal Characterisation 1n Quantify ARD Rlsk And Facilitate Managemmt at a Gold Mine In AustraHa 

An ARD Geochemical Characrerisation case study prepared by Earth SysU:mi Pty. Ltd 

Introdnetlon 

A waste material clwacterisation study was carried out during tbc pre-fi:asibility stage of an Australian gold mining project This case study 
docummls how appropriate geochemical clwacterisati>n, from sample selecti>n, sialic and kinetic geochemical testwOik, through to ioregrati>n 
w:l:h a mine block JDJde~ limns tbc basis fur quaotiiYing ARD risk and fur ARD mmagem:nt pJannin& 

While rock and~ were tbc Imin waste materials to be generated from mining activD:s, 1his case study fucuses oo waste rock only. The 
approach, however, is equally applicable to ~' pit wallrock, ore/conoc:mate stockpiles and heap leacb pads. 

Sample selection and coDection 

Selection of suflicimt and represen1ative waste rock samples fur geochemical analysis was a critical part oftbc clwacterisation stody. Available 
data oo geology (map and cross section), geocbemimy (assay), mineralogy and tbc pit sbeD were used to identiJY seven distinct waste rock 
lithohgi:s. A lithology is defined as a primary rock type that bas been altered by a mincnllising oveq>rint (proto lith plus alteration fi:atun:s). 
Therefure a single rock type may be represented by DIJltiple lithohgi:s. These may be furtbcr sob-divided into degrees ofweatbcring 

An initial I 51 waste rock san:ples were selected from tbc seven lithologi:s fur static geochemical testwork. These CO!lJlrised sewrall m 
ioterval san:ples of eacb lithohgy, choseo from drillholes across tbc vertical and la1lmll extent of the pit sbeD. If a single lithohgy colllllim:d 
fresh, partially oxidised or fully oxidised sections, samples were alio collected to represent eacb oftbcse materials. TotalS (sulfur) and Total C 
(carboo) assay data were already available fur tbc entire deposil; and 1his assisted san:ple selection by ensbling a broad range ofS and C 
values to be chosen The D1111Der of samples collected fur eacb lithohgy (and weatbcring sob-category) was proportional to tbc relative 
proportion of that lithohgy within the pit sbeD that was identified as waste rock. 

Static geocbemicol characterisation and ARD risk classifk:atlon 

The fuDowing static geochemicalporameters were determined fur an waste rock samples: 

• Total Sulfur; 
• MaximnnPotential Acidity (MP A, kg H2S04/ tonne); 
• Acid Neutralising Capacity (ANC, kg H2S04/ tonne); 
• NetAcidProducingPotential(NAPP ~ MPA-ANC, kgH2S04/tonne); 
• pH al!er oxilation (NAG pH, pH units); 
• Net Acid GenerationatpH4.5 (NAG4.5, kgH2S04/tonne); 
• Net Acid Generation at pH 7.0 (NAG7.0, kgH2S04/tonne); 
• Total Carboo (wt'/o C) and Total Organi: Carboo (IOC, wt'/o C) (Total C-TOC ~ Carbooste Carbon wt %). 

Based oo tbcse resulb!, samples were classified using AMDact v.2.5 (by Earth Systems) acconling to their ARD risk into the fuDowing 
categories: 

• High potential fur acid generation- Category I (AGI ). 
• Moderate/high potential fur acid geoerati>n- Category 2 (AG2). 
• Moderate potential fur acid geoerati>n- Category 3 (AG3). 
• Low potential fur acid generation- Category4 (AG4). 
• Unlilrelyto be acid generating (UAG). 
• Likely to be acid consuming (LAC). 
• lncoosisteut data (ID). 

Average static geocbemicalresulb! and correspooding ARD risk classificati>ns are presented in Table I and Figure I. The majority of waste 
rock samples were cbaracteriled by positive NAPP values and NAG pH behw 4.5, correaponding to various acid generating categories. 
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Se-.l~~~~~piN Mb.NAG pH wllllll &bow 4.5, despim podiw NAPP ...U.,s- CIIDIIIm-ed 111Jlikely1D be acii rM'i" (UAG). 
Neptiye NAPP wka ~~ 1D NAGpH\Ua ~tbm4.5, b:lbqllat1bey-.-lbly1D be dl~ 
(LAC). A~lidively ob.e rekb-"" betwoen NAPP md NAG7 .0 "Wllcl ill: ID)ft ilbo1lsies iodi.:ata thlt Jl)de ia die~ dilr 
specilll. 

SalqJIN punlly ('4IDirwl nikMly bw COIICmllmtiom of1'ocal C mlllllaiillyDO 10C, aud ha:e Total C WB-~ 
equMimJt 1D C.tJcadD C md. tbBrdn-e wtaid&Jtwilh 11111 (!lllliiJilly bw ANC wllllll. l..bwile, tbln wu panlly a pJd cmrclaiDn 
~-.d NAPP vam1 (TabiB 1) and NAPP wm. calcaWDd iomoiltqTotal Sulhmi To1al CBibon V.U.. ilr lhll
~b. Billed 011 tbil ~ NAPP wb:l could be calcalllod IDr C80h lmiicrwl wihio lbt pil !lbcll wqt.c S aad C - y daJa. Thil 
~lilm wu iacoqJIIIDd i:m the miac block IIJDdel1D g"elllc m cmtiiuwa:lilll~ ill)w. 1k ARD mk o1ullili:laml)'llcm 
(a"lme)wu thcuppli=d 1D the miac blockiDMiel, baed aathe oalcalllodNAPP ll.:yc:r, pawlbibgOI1imlboft.c llllalproductimof 
wuliC rock wilbiD eachAllD rillr. ealiCpy (Fp 2). 

*n= numberofsamples 

l1clft 1: NAGpB w. NAPP for te'RB ,... rock ""'oooP'•· 
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Kmelit podlellllal teatwork ud e.tm.tion of .-llltillty pantioD ratea 

0~ ~ ltltwo1k wu CODducticd on bulk I&DI'Iel ofallaevt~~.ihoilga to cllriiYpyrile oD!mmnliel (PO~ k 1he purpoee of 
atimalillg ~ puaiiiD:mlll.tl iom ~ rock IDI1I:rU. 1bil approach prcMk:• - rapid 1'CIIIIIa 1bm oda ldar.ti: tleltv.Wt medJMI8 
(eg. columD leldi,IDI*B,y celll) IIIII allo bu 1he a'bililyto uaeu PORI u a JiD:timotby CODII'oll auch u ~milbe COIRd, Oll)'F!1 

cou:eullation llld ptrticle .rae. 
The me8MII'ed OX)'III1 ~ 1'ltle k eadl bulk lllllqlle wasiiNIJCd to be ~to 1he 1JUI ofp)'dc m die 1111Jt11e llld wu 
CllliYIIr1lld iJio aPOR wil(tbD ori:hDmetric relaliomhip m die C01J11lD RK~Kmilr ~ oDiation by~ (iD. 3.7S IDIIDI ofoxyp are 
CODIIIIIIIId to idly oDtile 1 adD ofpyri!D). Thil-1111l allllllb peMIIK. in tbD imnofreac:tiw! pyd~DIIId ... bl pydiD oDimm 
l'IIKiiou i1 driwo to COIJ1lllbm. OX)'8III1 dbDn UIOCialed d1 carboa dimle ~ iom ~ 91olabm ("DIIIpenMify 
DUIDCI) wu IIIIo tabm m 8DCIJlD mOX)'IBD ~ ce'bihtinw 

Dl:.spk 1he 1aoad ~mIll& ccm11:o11 oflhc bulk ~~~~Ipb, 1he 111111&-nnnTIIhrvl POib k alllilbDJDPa 'Wa'C Hm1lr lllll ai!CiaFd 0.2 
wt% FC182 / .,_-. Thceo POR Ida (wl% FcS2/ )'CID") m:aa t.t 0.2 wt% ofal pyxa Clpl-t to ll1lmllpbcn; llll)'lpl will be oDiilcd. to imn 
8IIHilri: acid (H~O.U per year. In til iml!, POib C8l1 be Uled to~ caal(or IID!IIhly) ICidily FtUDnnliellbr mylllllllluraled. 
lllllldic 1DI1mill, u Ja1w u 1he 1o1a1-of1he 11:11tleriallllld ill aal1kJe COiitlt are lmown. (ICC box bcbw). 

Acidity generation rate (t H2SO.tyear) = Mass of sulfidic material (t) 

x Pyrite content (wt% FeS2) 

x Pyrite oxidation rate (wt%FeS2fyear) 

x 1.65 (Stoichiometric factor) 

For emupiD, in Year I ofllpllllDml, i: wu esliJDilJed 1hat 3,668 kt oftnabpa!wl wute rock (CIImaPY A.G4) wouH be produced, wih an 
a_.., 0.9 wt% PeS,_. For a POR of0.2 wt% FeS2 per )ear", lbit 1I11f11l11 can be apectecl to ~ appoxiawtely 108 tmos H2S04 

pa-)'CID"wilhM lillY ARD ......,..m ~ ('lible 2). Thilill:qlliwbi; to 29 kg ~S04pa-1mi!ID of'wutc rock per )Qr. UD!g 1hill 
appro1Cb, the 11D111 &ciBy ... •atinflbadJ produced durillg Yean I to S ofll:.liq opc:ralioDI MtC qUIIdled fDr allihol>gi:s (ICC Tal* 
2). 

Tablll2: lllliiDibilllllllllaciBy ~loadJ ltomlliiNI1Inled Wille rock ill' Yea~~ 1110 S ill 1he lblcD:e ofARD ,.,.,.........ltl*P,. 
The LAC ~to be IICil CODIIDi!&) catlepy wu ~to pro\lile a CODICn'llio..!e 1 •eut 
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Esmnati!d annual acidity generation (tonnes H,SO. I year) 
Year Cumulative 

AG1 AG2 AG3 AG4 Annual Total 
T~l 

Year1 0 0 0 108 108 101 

Year2 0 75 136 59 270 371 

Year3 165 71 80 62 378 756 

Year4 191 79 67 76 413 1,169 

YearS 476 126 60 34 696 1,865 

ODCC Ill of1hc mile Wille rock lllllc:lilll were chlraclc:riled, cllaili=d, ~ ilr cdrleliDn llld UICIICd li:lr POR ml aDIIIIIIICiliy 
iDida, !!!II!IF"""' ~ were thea. ilrmlllll:d 1o Jawe:r tie ARD rill:. wih a beUI::r 1lllllcrllmliag ofli 11MM1k a lllld JaOIDlel. 

A key CCDlbim tom die data proWled aboV~: illbrt fbe "RUUe roc.k willtequi.'e 1110111F"'C'¢ 1D llillia* or prewa o1IDe aciay diilellarp. 
S~IDDre CbiD SO% oftle wutle roek c::JIII'Ic1l:d will be acidly & i a••iw 'I'be qllllllly of add rorwnrrqi!IDftlil wty mdaud wil~ 
be produced ia ·~ qiDDet h 1hc first 2 )'Qll. 

8Qod on 1IIIkD1 ~ aciay ~ rQill ml echedulils li:ubti:mo, 1hc :&,IJwq bypriol.:q,a ofW&IIc rock m.q, dellip were 
cU!velopecl: 

• Awil cui dmqJiw CO!IIIrllcMn lllclmiqulls. 
• Com~m:t thin lib iumA01-AG411111miala, atadilgiomtho bull oftho du!ql, optimM'IJI)ill!n llddDmamlmnn IDIXimun 

llOJlPidi:m 1D mimle U:-lllllry. 
• lb:aplalldD AGI-AG4 lib wih mmmm IS mti:k UAF 1ayl:n lllOIIIJil AG1-AG4 llCIIIID RCiocc OX)Fli:vels to dillilliDn 

coarol merJwnimw 
• 11i11RR optimmmoiltll:c addiion 1D UAF 11111erUIIId .,..,am.,~ 1D llillia* air-cary. 
• Peallllbialy ~ duiJp to growupMtda iD thiDAGI·AG4 Ill wih pro1iCCIM UAF mazjaa. 
• CliP AGI·AG4 cell wih UAF llllllcriU at 'YlU'i:Jm ._. orm.q, CO!IIIrllcMn when llllllll:iclltlllder8lil awillbk,lllll oolllimlc 

..nhmoiUe opUmUtion 11111 ~of atppq layerJ d!D:IgCO!IItructbl. 
• Seb:tMlymile lid t1Ddqli: ~lbrtarel.AC (mlirlt2 )'ell'l) IIIIi ulilile u oaturalalblillityprocllx:ilgC<M:t"~ 

cbqd:lc filial 111Ft ofciulql COI8tnJI:tion 1D optiDile IU1fide puiMdonllld thereby proplliYely ...,_ ~ ~ 
• IDitalla "~~ore lid ta.e" cxna" ~ 1hc allcllmypro .. C<M:t" tmlaQ in order 1D ID9ftrDCt pcn:olllil.nim 1hc AG1-

AG4IIIdlllr'U. 

In t:XIIIiJiurtDD, all of-.. appmacbn m1 expc1iDd 110 ohliltiiiiUlly lowlr: diiB oDimm ra8 mi diy lbt ndii&ID 1hc illl9' wbanl 
uallnl diUDI or polllilly pu&M 1rea1m1mt can deal wilh thl RlllihBl !leilly ra-. 
Rctn:-1 ium 'tilp:/Jwww~.COID'iodcx.php~aae s~ CI.plcr 4" 

• 'lbil P1F wu lut modillcci192S, 12 M&y 2012. 
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5.1 Introduction 

Thi; chaprer presen1s an overview of the JOOihods available fur ma1erial charac1eri2ation and the prediction of drainage warer quality, 
with SOilll guidance as to the usefulness and limitations of the various JOOihods. For IIDre detail, the reader should rerer to 
ht1p1/www.rnend-nedemmWre!lorls/files/1.20.1.pdf and the other refurences and links provided in this chaprer. 

Prediction of drainage chemistry is a critical part of mine planning; particularly warer and mine waare maoagemmt. The primuy 
objective of mine and process warer quality prediction is to evaluare the po1enlial fur geologic ma1erials and mine and process waares 
to generare acid and other constituenm ofpo1enlial environmm1a1 concern, and the po1enlial to atlect warer resources. AB ao importmt 
corollary, the need fur and natme of mitigation measures is deteimined 1hrougb prediction. Ma1erial charac1eri2ation and prediction of 
drainage chemistry needs to be syncbroni210d with overall project plaming (Price and Errington, 1998). 

Prediction daring exploration rends to be generic and generally avoids presumptions about future engineering and mine design. Pre-mine 
ma1erisl characterization and predriion and IIDdeling of drainage chemistry need to consider the SPecifics of engineering and mine 
design. Ireration may be required as results may lead to a revision of aspects ofbo1h the predriion program and the mine plan. The 
timing of the prediction program lDlS! be syncbronil!od with the mine development so 1hat the ~ of the characterization and 
prediction elfurts cao be U'ied fur the mine design. 

Accurare predriion of future mine discharges requires ao understanding ofthe analytical procedures used and consideration of the 
future physical and geochemi:al conditions, extemal inputs and outputs, and the identity, location and reactivicy of the con1ributing 
minerals (Pri:e, 2009). All sites are unique fur geological, geochemi:al, clilmte, connmdity extraction, regulatory, and stakeholder 
reasons. Therefure, a predriion program needs to be Utihred to the sire in question. Also, the objectives of prediction prognuns are 
variable. For exllll1'le, objectives cao include definition of warer trea1mmt requiremeuts, selection of mitigation me1hods, assessment of 
warer quality impact, or determination of reclamation bond aiiDun1s. 

Predriions of drainage quality are made qualitatively and qlllllll:ilatively. Qualitative predictions involw assessing wbe1her acidic 
conditions might develop in mine wasres with the attendant release ofmetak and acidity to mine drainage. Qualitative predictions have 
been perfurmed fur at least 40 years and allhough errors have been made, ofh:n due to inadequate Slllqlling, the predriions have been 
successful fur many mine sites around the world. Indeed, predictions ofwbe1her acidic conditions could develop fur high sulphur (ofh:n 
acid producing) and low sulphur (ofh:n nonacid producing) are ofh:n stmigblfurward. Wbere qualitative predictions indicate a high 
probability of ARD production without mitigation, attention qui:kly turns to reviewing al1ernatives to prevent ARD and the predriion 
program is refucused to assist in the design and evaluation ofpo1enlial success of1hat program Significant advances in the 
understanding of ARD have been made over the last several decades (see Chaprer 2), with correSPonding advances in mine warer 
quality prediction and U'ie of prevention recbniques. However, mine warer quality prediction cao be challenging becall'ie of the wide 
array of reactions involwd and po1enlially long time periods to cross geochemi:al1hresholds and achieve specific conditions related to 
ARD, NMD, and SD generation. 

The unders1lmding of equilibrium vs. kinetic controls on mineral reactions and their etrect on warer quality is of particular importance 
when predic1ing mine drainage chemistry. Equilibrium conditions are relatively sirqlle to simllate, but might not always be achieved in 
mine drainage wa1ers mxler ani>ient conditions. Conditions governed by rare-limited reactions are connmn and IIDre difficult to 
evaluate. However, 1hrough the U'ie of stal<>-of.the-art geochemi:al testing prognuns, bo1h equilibrium conditions and rate-limited 
reactions can be assessed. 

Despite the uncerlainties associated with qlllllll:ilative estimation of future mine warer quality, qlllllll:ilative predriions developed ll'iing a 
range of realistic as~ and a recognition of associated limitations have significant value as ARD managemmt tools and 
environmental irqlact assesSilllD! From a risk-based perSPective, the probability of a certain consequence (ie., drainage quality) 
occmring is examined during the testing and predriion s1age. 

The fullowing approaches have been used fur predicting warer quality resulliog from mining activities: 

• Test leachability ofwaare ma1erials in the laboratmy 
• Test leachability ofwaare ma1erials mxler field conditions 
• Geological, hydrological, chemi:al, and mineralogical characterization ofwaare marerials 
• Geochemi:al modeling 

Analog sires or historical mining wastes on the propercy of inrerest are also valuable in ARD prediction. •SPecially 1hose 1hat have been 
1horoughly characteri2ed and monitored fur warer quality and have many similar characteristics as the sire in need of prediction. The 
developm:nt of geo-environmm1al models is one of the IIDre prominent exllll1'les of the ''anal>g" melhodology. AB described in 
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Chapter 2, geo-enviromnmtal models of a mineral deposit are a COJl1lilation of geologic, geochemical, hydrologic, and enviromnontal 
infurmafun pertaining to the enviromnontal behavior of geologically similar mineral depnsits. Geo-enviromnmtal models are a general 
guile that will help ~ate potential enviromnmtal problemi at future mines, opemting mines, and Oiphan sites. 

A scbelmtic depicfun of the progression in prediction objectives and activities during the devek>pnErt of a hard rock mine i<l illus1rated 
in Figure 5-l and di<lcussed in more detril in 1hi<l chapter. More detril on the predicfun of coal mine drainage (CMD) i<l presented 
here: lntrodnction to CMD Prediction. 

Figure 5-1: Generic Prediction Program Flo-mot 
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Figure 5-1: Generic Prediction Program Flowchart



5.2 Objectives of Prediction Program 

The pmpose of a drainage cbemistty predirtion program is to characterile mine wastes and wall<; and to aniliipate probletm so 1hat, if 
required, impact prevention m:asures (see Cbaprer 6) can be irqllern:nted in tbe !IDS! cost-efli:ctive manner. The objective is to 
predict drainage cbemistty and contaminant loading wilh suflicieot accuracy to ensure mine and mitigation plans achieve tbe specified 
enviromnental objectives (Price, 2009). Adaptive management and contingency plans may be tbe !IDS! cost-effi:ctive approach to 
mitigaoon. 

Predi:tions occur at diffurent levels of complexity and fur diffurent reasons. In tbe context of pre-mine water quality predi:tion, tbe 
liDS! importmt questions generally are: Without mitigaoon, will problematic drainage cbemistty be produced from a particular: 

• Geological unit? 
• Zone oftbe deposit? 
• Mine fitcility or waste type? 
• Particular mining stage or pbase? 

This set of questions cao be answered if an appropriate database on geochemical characteristics is available and a sound understanding 
of geological and mineralogical conditDns bas been developed. The strength oftbe database required depends on tbe variability and 
coDJllexity oftbe contributing cbemical species and minerals, tbe geological units, mine fitcilities and waste types. For example, a !lDre 
coJl1lf"hensive database may be required where tbere are signim:aut variaoons in sulphur and carbonate mineral couteut or iftbe 
sulphur and carbonate mineral conteut are in close balance. The presence of elemeuts, such as seleniwn (Se) and mercury (Hg), or 
minerals, such as F<>-carbonate and ahmite, whose perfunnance is diflicult to predict, may create additional challenges. 

Without mitigafun, ARD will invariably produce enviromnental irqlacts. Where ARD will not occur, tbe potential fur metal release 
under near neutral pH conditions must still be assessed. Special attention is ollen placed on ttace elemeuts 1hat can be quite soluble at 
neutral pH such as me, cadmium, Dicke~ autilmny, selenium, and arsenic. Whole rock analysis and laboratory kinetic tests can be 
quite efli:ctive in assessing potential near-neutral or alkaline drainage cbemistty. 

The quantitative predirtion of drainage quality is !lDre diflicult 1han estsblishing whetber ARD will be generated. However, in many 
cases, an accurate quantitative predicoon of drainage quality is not required. Instead, it may be suflicieot to know fur design, 
operaoo~ or closure purposes whether a particular drainage will meet certain water quality standards, whetber it will be ARD, NMD, 
or SD type water, and wbat tbe overa.ll volu!n: will be. Therefure, all predirtion etiDrts (and associated infuimaoon needs and level of 
CODJllexity) need to be tailored to tbe quesoon at hand. Ail a general rule, tbe amount ofinfuimation and sophistication oftbe water 
quality prediction approach used must reflect tbe scale at which tbe problem is to be addressed, tbe availability ofinfurmatDn, and tbe 
level of detail, accuracy, and precision required. 
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5.3 Tbe Prediction Approach 

5.3.1 Acid Rock Drainage/Metal Leaching Characterimtion 

Figure 5-1 represeuts an ilealimd geoeric overview of a comprehensive ARDIML predic!Dn program Application of1his approach 
needs to be costomized to account fur site-specific aspects. The program, as preseuted, applies to a project 1hat advances from 
exploraoon through to mine closure. 

The flowchart in Figure 5-l assumes 1hat ARDIML predicoon activities are perfunmd at every stage of a project These activities are 
coupled wilh other project planoing activities and tbe level of detail of ARDIML characterization activities is determined by tbe stage of 
tbe project Data are accumulated as tbe project proceeds so 1hat tbe appropriste infuimaoon needed to support engineering design is 
available in a timely manner. 

The fullowing six mine phases are ilentified in tbe GARD Guile: 

• Exploraoon 
• Mine planning, reasibility studies, and design (inchxling enviromnental impact asscssmeut) 
• Cons1ruction and commissioning 
• Operation 
• Decomnisskming 
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• Post-closure 

The flowchart fucuses on 1he earlier s1ages of mine developrrent, a critical period fur proactive mine developrrent, wben the initial 
geochemical characterization is usually conducted. The descripti>n of mine phases in Figure 5-l tberefure diflilrs sligbtly from the 
conventi>n used in 1he GARD Guide. Bo1h se1s of nomenclature are presented. 

The !IBjor "pillars" of the flowchart are as fuflows: 

• Typical Project Phase. Five typi:almajor project phases offue mining cycle are included in Figure 5-1 (initial exploration, 
advanced exploration, prefuasibility, fuasibility/pemDtting, and project implem:nlation). 

• MiDimnm Objective ofMUARD PrograDL The overall mininmm objective fur each project phase offue ARDIML program 
is indi:ated on 1he flowchart For each project phase, 1he minimnn objective is typically defined based on the economic 
assessment offue project These objectives are described as "minimnn" requirements because project managers may choose to 
meet the objectives of subsequent phases to avoid delays. 

• MUARD Program Stage. This header indicates 1he level of characteri2ation 1hst is needed to meet 1he objective. 
• MUARD Program Activities. This element indi:ates the main types ofpredi:tion and characterization activities. All activities 

are considered cumulative. Activities occurring in earlier phases are continued here as needed to meet future objectives. 

Jfnewinfunnationbecomes available duringaoyone ofthe s1ages offue ARDIMI..program(e.g., a chaoge in mine plan, or unexpected 
monitoring resu!IE), re-evaluati>n of earlier s1ages may he required. These types ofiterati>ns are omined from the flowchart in Figure 5-
1 fur clarily. An approach fur characteri2ation, classili:ation and predi:ti>n adopted by Ear1h Systems is documented in the 
Cbaracterimtinn Case Study. 

Top of1his page 

5.3.2 Prediction dwing Different Phases of the Mine Life 

5.3.2.1 Initial Exploratinn/Site Reconnaissance Phase 

During 1he initial exploration' site reconnai<!sance phase, the fullowing activities take place: sudiu:e geological mapping, geopbysi:al 
surveys, soil and stream sediment surveys, trenching, and wide-spaced drilling. The infu=ti>n acquired from these activities is used by 
project geologists to develop a conceptual geological model fur 1he mineral prospect In 1he context of managing existing sites, 
reconnsissance occurs at 1his s1age to ob1ain histori:al and site layout infunnation to define subsequent investigati>ns. 

The infunnati>n collected during the initial exploration is not specifically interpreted fur ARDIML porential but becomes the fuundati>n 
fur subsequent evaluati>ns. For exaiiJlle, geological mapping and mineralogical studies should consider the host or crnmtry rocks in 
addition to the ore. A core logging manual should be developed so 1hst logs provile infu=tion 1hst can be used fur ARDIML 
characterization. Core should be suitably stored to be available fur future analyses. Rock SllliJ>les should be analy2x:d using ImJ!Ii. 
element scans (inchxling sulphur and carbon) in additi>n to 1he smpected commodity elements. Collection of environme:nlal baseline 
da1a (soil, sedirrent, sudiu:e warer, groundwater, and air) should begin during 1his phase. 

5.3.2.2 Advanced Exploratinn/Detailed Site Investigatinn Phase 

The adVllllCed exploration'de1ailed site investigation phase usually involves additional drilling at narrower spacing and, where 
appropriate, underground development to improve delineati>n offue ore body, but nonnally a mine plao has not been developed during 
1his phase. Specific ARDIML characterizati>n begins early in 1his phase. The geological model fur the project proviles a basis fur 
design of a Phase I (initial or screening) ARDIML s1aft: test program (Table 5-l provides more detail on testing me1hods). The 
geological model also aJfurds an oppor1wity fur conparing the project to analogs, which may indi:ate a potential fur drainsge quality 
issues, and proviles fuCU'! fur the initial investigati>n. At this s1age, water sampling in the area should include aoy existing fucilities and 
ns1ural weafuering fuatures (e.g., gossan seeps). 

Table 5-l is large enough to require its own page: 
Table 5-1: Methods for Geocbemieal Cbaracterimtinn (Table 5-1 provides more detail on testing methods.) 

5.3.2.3 Prefeaslblllty Phase 

The prefuasibilityphase inchxles development of initial mine plaus (or closure plaus fur existing sites). During this phase, the resu!IE 
ob1ained during 1he Phase I program are coupled wi1h the mine, waste, and water management plaus to design a detsiled Phase 2 
ARDIML characterizati>n program 1hst will lead to development of waste management criteria and water quality predi:ti>ns. The 
Phase 2 characteri2ation program will include s1aft: chemical and physical testing, mineralogical characterization, and implem:nlati>n of 
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laboratory and field kinetic tes1li specifically designed to answer questions about the geochemical perfui1IIIUICe of the individual mine 
and infrastructure fucililies. A preliminary wasle geochemical block DDdel might be developed during 1Im phase 1hat can be mod to 
initially estimate the quantities of diffi:reut types of wastes. 

5.3.2.4 Feasibility and Penmting Pbase 

The fuasibility and pennitting phases are oot clistinguEbed as separale phases in the Jlowcbart because the ARDIML cbaracteri2ation 
needs are essentially the same fur reasibility and pennitting, and the 1:rllmition from a positive fi:asibility study to environmenlal 
assessment and pennitting ofhm occurs rapilly or occurs in parallel and tberefure allows little time fur additioual studies. 

The main activity in this phase ;. the development of source water quality predictions, which are used in the fi:asibility study (e.g., to 
de1etmine water treatment requirements) and to evaluate the water quality efli:c1B of the project. The predictions are developed by 
coupling findings of the Phase 2 program wilh waste schedules and hydrological data fur individual fucililies. The predictions are med in 
the interualload balance fur the site and as direct inputs to downstream groundwater and surfuce water efli:c1B assessments (see 
Chapter 8). 

The Jlowcbart in Figure 5-l shows iterative loops from the source term predictions back to the Phase 2 program and show iterative 
loops from the efli:c1li assessment back to the source term predictions because further DDdeling and resting may be needed to refine 
water chemistry predictions. The parallel process fur mine or closure planning may result in the redesign of some aspec1li of the mine or 
closure to address unacceptable efli:c1li or costs. 

FollowingcoDJlletionofanacceptable mine plan, DDnitoringplans are designed to infunnwasre management deci.ions (e.g., analysi. 
ofblast hole S8DJ1le fur waste classification) and verilY water chemistry predictions (e.g., seep 88DJlling) (see Chapters 8 and 9). 

5.3.2.5 Construction, Operational, Oosnre and Post-Ciosnre Phases 

Prediction ;. a cradle to grave activity 1hat does oot finish when mining star1B, but continues during construction, mining and processing, 
closure and post-closure. Objectives of prediction during mining and processing and each subsequent phase of the mine lifi: are to 
vemy, refine and till gaps in the predictions from the previous phase. This ;. achieved through: 

• Material characterization 
• Monitoring of weathering conditions, drainage cl>e!n6try and loading<! 
• Studies to address infunnation gaps 

This section provides an overview of these activities. A roore detailed description;. provided in Price (2009) (httpilwww.rnend
nedem.ocyreports/files/1.20.l.pdf). The best time fur material characterization;. during mining and processing when the materials can 
be roost easily S8DJ1led and the infunnation can be med to guide materials handling Objectives of operatioual material characterization 
include: 

• Vemy, refine and address gaps in the pre-mine characterization 
• Segregate materials requiring diffi:reut dEposal or mitigation 
• Create an inventory of the composition of materials and the mass and location of diffi:reut types of material created by mining 

(e.g., mine waDs and wasle rock), processing (e.g., tailings), reprocessing (e.g., desulphuriled tailings) or during deposition (e.g., 
tailings sand and slimes) 

It ;. inlJortant to conduct operatioual material characterization fur the same reason 1hat mines conduct DDre detailed characteri2ation to 
check pre-mine predictions of ore grades. Operational material cbaracteri2ation also fills infunnation gaps 1hat result from a lack of drill 
core pri>r to mining at the perimeter or at great dep1h, a lack of wasle rock fines, difli:rences between pilot and large-scale processing 
fucililies, limited tailings S8DJ1les, and uncemtinty regarding the location of final mine walls. 

Considerations in sampling and inteipre1Btion ofanaiyti;:al results include an identification of the reactive portion of a mine waste, 
whether segregation occurs during handling and deposition, and whether there ;. further processing, reprocessing, co-deposition or use 
of additives (Price, 2005b ). S8DJ~Iing becomes mr more difficult once materials are buried (e.g., lower lifis of waste rock) or access ;. 
cut off to a portion of a project component (e.g., pit walls or backtilled underground worldngs). In addition to waste materials 
produced or surfuces exposed by mining and processing, characterization should be conducted on geological materials used to 
construct roads, fuundations and dams, and stripped as part of mine construction Sampling and analysE requirements fur operational 
characterization of diffi:reut materials created by mining are di.Cll'lsed in roore detail in Price (2009), Chapters 7, 8 and 9. 

Emuring suflicient time to sample, analyze and act on the results may be a challenge where material characterization;. used to segregate 
materials or verilY 1hat mitigation processes, such as desulp!mt+zation, have been efli:ctive befure dEposal can proceed. Efli:ctive 
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coimlllllication will be needed between the parties responsible fur each task where DDierial characreriza1im is used to manage 
materials 1hat are a potential source of problematic drainage chemi;try. 

In an etrective predicthn program, in addition to penni! COJlllliance, monitoring is conducted to track trends, infurm corrective ac1ims 
and penni! proactive resolution ofprobk:ma, adaptive management and timely implemmta1im of contingency plam. Monitoring should 
include measurement of properties and processes 1hat cause mineral instability and changes in drainage chemistry and contaminant 
loadings. Since weathering processes such as mineral depk:thn or milK: wall collapse ~my take many years to occur, long-tmn 
monitoring will usually be required 

A comnon target of weathering and seepage monitoring are wastes left esposed fur some period of time prior to flooding 1hat hsve an 
1DlCer1ain time to the onset of acidic weathering conditions. Periodic analysis of solid-phsse samples from the surfuce of project 
COJlllOnenls or field test pads cao be used to measure mineral depk:1im to warn when accelerated flooding may be required. 
Geochemical and pbysical heterogeneity of project COJlllonenls may be a chsJlonge when monitoring weathering and drainage 
chemistry. One solution to the chsJlonge of tracking the perfunmnce of1mterials with diffurent geochemi:al properties is to construct 
field test pads from each diffurent material of concern 

Not all predicthn questions can be aoswered prior to mining. Most milK:s need operathnal and post-operathnal studies to address 
unkmwns in miliga1im and closure plam. COillDDil reasons fur needing operathnal and post-closure studies include: 

• Relatively short-tmn nature of pre-milK: kinetic tests 
• Diffurences between aetna! materials and weathering conditions at the site and materials and conditions in laboratory tests 
• Uncertainty prior to mining about the COJlllosithn of 1ailings, 1ailings sand and slimes, and waste rock tines 
• Uncertainty prior to closure about the locathn of final mine walls, degree of wall collapse, reclalmthn plans or hydrogeology of 

the closed site (e.g., rebound in the water 1able, groundwater chemiltry or the height of the water 1able 
• Operathnal chsnges to excavation, processing. waste handling and reclalm1im plam 1hat change the coJlllosithn, 

hydrogeology, si>e, and loca1im of mine wor~ and waste materials 

There is ofum great value in continuing pre-milK: laboratory kinetic tests and setting up field test pads or monitodng sites on project 
COJlllonenls to stndy materials of concern. Predicthn of post-closure drainage chemiltry shoold be part of the first milK: plan, and 
shonld re-occur at regnlar intervals (e.g., every five years) or whenever there are significant chsnges to site or project conditions (e.g., 
changes in drainage chemistry or milK: plam). More de1ailed and accurate material characreriza1im and infur~mthn regarding site and 
project condithm at closure will become available as the project develops. 

Mine closure may be a dilli:ult time to conduct predicthn work and collect data, with fucilities being dismantle<!, staff departing. and 
equipmeut removed. S1arting to address outs1anding closure predicthn questhm early in the milK: lili: will allow a milK: to use ils 
operating fucilities, equipmeut and personoel when initiating and conducting studies, and provile more time to perfurm the studies and 
act on the results. Another irq>ortant comidera1im in encouraging ao early start to closure studies is reduced access aJler porthm of 
the milK: close (Price, 2005b ). 

Aller a milK: closes, many properties and processes controlling weathering are in :flux and there are a llliDDer of possible scenari>s 
regarding future drainage chemistry. Many milx:s need post-closure monitoring and studies to address unkmwns regarding future 
drainage chemistry. Post-closure predicthn shonld continue fur as long as there is significant uncertainty regarding environmeutal 
behsvior of mine materials and a potential need fur the proactive resolution of drainage chemistry probk:ma. 

Thorough, cradle to grave predic1im of drainage chemistry is a relatively new phenomenon. Many older milK:s lack CQJlllrehemive 
infur~mthn on operathnal1mterial characrerizathn of1ailings and waste rock, and hsve no record of the magnitode and disposal 
locathn fur 1mterial with diffurent geochemical properties. Another corrmon omission is a lack of long-tmnkinetic tests or weR
chsracterillld kinetic test SOJlllles. 

It may not be possible to coRect all the missing infur~mthn and resolve the uncertainty regarding future drainage chemistry. For 
example, it is generally not reasible to collect an in1act SOJlllle of the finer smo fraction of waste rock buried within large dumps built in 
several lifts. 

Top of1his page 

5.3.3 Water Qnallty Prediction 

It is in:portant to detmnine the objectives and the Jmnner in which da1a will be interpreted when designing a prediction program Figure 
5-2 proviles a generali2led flowchart 1hat shows the objectives and use of analytical and test results fur the prediction of potential water 
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qldye&cl! (Maest azd KlqJtn, 200S). 
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Figure 5-3: Conceptual Model Showing Metal and Acid Source Regions at Iron Mountain and Downstream Transport Pathways to the Sacramento River



Each reservoir conlains a cer1ain mass amolllll and average concenlration of the P""""""" of interest (acility, m:tsls, and sulphate in 
the case of ARD) and each arrow represents a given Jlux (or load) of these parameters from one reservoir to the next Because the 
mtes may change (e.g., with hydrologic condili>ns, irrigation n:eds, or other uses), a diffi:rent set of condili>ns can be shown by bo1h a 
range of values and a diffi:rent lbwcbart with diffi:rent values fur diffi:rent tinEs of year. 

Within each reservoir and flux, geochemi:al processes, such as precipilafun or sorpfun of m:tsls, resuh in rnore dilute solutions. It is 
within these parts of the lbwcbart 1hat staticlkinetic tests and geochemicalrnodeling can be helpful. For a complex mine site with an 
open pit, underground workings, waste piles, diversions, and tailings piles, each one of these units should be ilentified, their mte of 
weathering and water 1ransport quantified, and the consequences fur receiving water bodies detennined. A water balsnce (ie., a 
lllllliOl'icalrepresentation of the flowchart) should be developed fur the system 1hat takes into accoUDt precipitation, infiltration, and 
evapo1ranspiration The effi:ct of exlrerre events, such as lbods and droughts, might also be assessed. For example, the timing and 
volulm ofinfi'equent high precipilafun events are important in predicting dminage quality and quantity in quite aril enviromrents. 

AD geochemi:al reactions of relevance to water quality predi:tion should be placed in a hydrogeological context 1hrough the flowchart 
The main 1ransport pa1hways can be shown by arrows and by Jlux numbers where available. Selection of the rnodel to be used fur 
water quality prediction (Figure 5-2) should take into accolllll the predicfun objectives. 

The hydrogeochemicalrnodeling is conducted using site-specific infurmation to the maximnn extent possible. This hydrogeochemi:al 
modeling resuhs in predi:tion of contaminant concenlrafuns at a rrumber ofpredetennined hcafuns (e.g., C0111'liance points) or 
receptors. Through use ofmuhiple input values, sensitivity anslyses, and ''what-if' scenarios, a range of outco!Dls is generated, 
bmcketing the likely extent of water quality coll1'ositions and potential irqlacts. 

Through a C0111'arison of water quality predicfuns against relevant water quality standards, the n:ed fur mitigation treasures or 
redesign of the mine plan can be identified (Figure 5-2). If predicted concenlrafuns moet standards, additional mitigafun !Dlasures will 
likely not be required. rt; however, predicted concenlrafuns exceed standards, mitigation moasures will be necessary and 1heir 
effi:ctiveness sbould be evaluated using predictive modeling and active rnonile1ing dming and aller mine opemfun. If the proposed 
mitigafun treasures are deem:d inadequate fur !Dleting standards, a reassessllJlllt of mitigation !Dlasures and possibly even of the mine 
design may be required. The predicfun process 1hen repeats itsell; possibly including devehprrent of an irqlroved conceptoal model 
and additional data collection. Clearly, mine water quality predicfun is an ilemtive process 1hat cao take place on ao ongoing basis 
1hrougbout the lifu of a mine, from the exphmtion phase 1hrough post-chsme ll10llitoiing. 
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• Laboratory stati.: and short-tenn m:tbods 
• Laboratory killeti:: m:tbods 
• Field mc1hods 

• Modellillg 

Top of tim page 

5.4.2 GeologiW IUid UtbologkaliDvesUgatioDI 

MiDmll deposits are cate~rized acconmg to tbeir telqlerature of origill, their miDeralogy, their litbology, and 1heir structure. These categorizatims are 1he 
basil i>r the developnm of geo-environmerdalmodels described in Chapter 2. A dmough uoderstandi:lg of the milleral deposit il crili::al to tbe 
charactcrizatio of mine wastes and geologic materials and the predi:tion of mine dRinage quality. This ioinmafun is typi:aDy available from the project 
geologmt Thereii>re, the characterization and predi:t:ion progtliiiii often begin with assermly of geological reports and mt.ervicws with the project geologmts. 

1be elemmls likely to be of concem in water-qualily assessiiilills have a source in the rock and mineials 1hat are eJq>Osed to weatberiog because of milmg 
activilies. Qualilative predictiom on what those elem:nts are can be gaRd iom the rock type, Is type and degree of alteration (e.g., ~1hmml, 
weatbcriDg. ~).and the structural.conlrols, B:ludiogtbose that afiect pemrability and surJace and grouodwater fuw. F.Juuqlles ofio.lx>rtaot 
geological chamcteristi:s 1hat can afti:ct the dnmage qualily, and he!= the characte:rizati progmm, include the ii>llowing; 

• The presence of a pyrite halo arouod tk 1Dioeralil£d 21JlJi: 

• The: role of alteration (e.g., potassi: w. propyliti: w. ~seri:ib:l-pyrite alteration in porphyry copper deposits) in the presence and dis1rbution of 
sulphide and carbonate minerals 

• Vein w. dissemiJated deposl: 
• The presence and role ofliwlls il dilplaciog micerali2z:d and~ 20DC8 and as cooduils ii>r water 
• Dep1h ofweatbering (e.g., supergene vs. hypogem: alteration) 
• Sedinlentary/s1rlltigrap!D: sequence of coal deposits 

These lilctors wiD. ulin.Btely determile the chemical Cllii1losiion of the mine dRinage source material, wbi:h i'l an il:q)orllml: step toward predi:ting the 
cb:mical COJll)Osilim of the mine drainage. An exmple of geological in1i>rmation that is relevant to ARD prediction and can be gathered by mine geolog&ts 
during their CJIIlloration prognum is presented as Table 5-2. 

Table 5-Z: Geologla11 OblleJVatiou and LoggiDg of Con for ARD ADalyJIIJ 

1tqxn1ant data relevant to the predict:im of ARD can be gathered during the core loggi:lg process. 
Much of tim inimnation is akeady collccted by or can he obtained by interviewing CJIIlloration 
geologists. 1be ii>lklwiog Sliiiiiiiii.IUes wmk recoiiilllmlled: 

Quantitative Data: 

• V1Sual sulphide content (primarily pyrite) with an est:i:nate of accuracy 
• V1Sual CIIIbonate content with an estimate of accuracy 

Semi-Quantitative Data: 

• MiocnUJgy, grain size, mode of occum:nce of sulphides 
• MiocnUJgy, grain size, mode of occum:nce of carbonat~:~~ 
• "Fizz'' reaction of clllbonates (strong. weak, none- powdered and Ull(lowdered) 
• Extent of oxidation, if any, of rocks 
• Presence of &}PSUIII, barite, graphite or silerle 
• RQD or other tests of rock con:petence 
• Linit of oxidation and supergene 21J!Ji:S 

• Presence of water (dep1h to water table) 
• Rock hanlnesslcoiq~etence 

Qnalitative Data: 

• Presence of secondary sulphate minerals and identification vmere possillc 
• W eatbcriog or slakiog poteiJtia1 (11!11.111.1al observatims such as mpid oxidaDJn or wea1bmiog) 

in core as recovered or after storage 
• Potentialii>r breakage along fulcture planes and in" prei:rential eJIPOSIR of sulphides and/or 

CIIIbonatl:s 
• Presence of coaticg on sulphides and carbomtl:s 
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• Potential problem~ in colk:cting 8all1Jles fbr ~and testing (e.g., core los.s, concentration 
ofhlles ncar ore VCIS~B waste, lack of core at depth, difficuly vWually segregating difli:rent 
geolop 1lllits, difli:rem:es in specifu gravity, biasi1Jg by sulplme/carbonate st:ringms, etc.) 

• ObseiV!ItKms at outcrops of deposit (su\1lmelcadxmate CODteiJt, extent of weathering. 
staiJiJg, coatiDgs. etc.) 

• Pn:sen:e of staining or precipitation in streams or seeps draining the deposit 

Quantdative data should be compiled li>r each drill mterw.l and entered into a geolopts log. Semi-quantitative inli>nn~tion should be collected periodicaDy 
through the core wben ~ changes are mted and could be entered into the ''coiii!IImls" section oflog records. Qualilatiw inli>lliiillion relates to 
UlliJSIIIIl condil:ims tbat may be encountered while logging or storage of the 8all1Jles and could be described in a covering IIlClill ftom the exploration 
geolopt Geology staft' sh>uld also IICIWe ~ staft' and ARDIML consullanls of any samples submitted in" whole rock, lmal scans, 
minerabgical or petrographi;: ~ as 1his mmmtion il ofu:n also relevant to ARDIML predi;:tion 

Top oftbii page 

5.4.3 Hydrogeologiallllydrological lnve1tigatiou 

Contaminants in surlilce water and groundwater result ftom hydrologic and geochemical processes. The conceptual site model (as disC~~~sed in Chapter 4) 
of the hydrologic system includes recharge (preciplattm, SIIOWIIIllt, infikzattm, minus evapotranspiration), fbw paths, and dilcharge (springs, abstraction 
boreholes, seeps, portallbw, and base flow to a river or stream). These water 11uxes sh>uld be estimated (flux-reservoir diagram) and pur:q1 tests are 
mually needed to determice the geohydrological characterisb::s of aquifer material Ofu:n a po~~ sud8ce fbr Ulldergroucd workingoi, waste piles, 
and open pit or other excawtions needs to be estimated to detenninc the curreJJt or future potential condmns li>r water flow and changes in direcfun of 
1hat fbw. Determining the groundwater table in fractured rock terrain with or without mile veils (ie., an open pit or underground mine) can be chUienging 
but vety useful inli>rmattm, even n a rudilnen!ary li>rm. 

Top oftbii page 

S.4A IDtrodudion tu Geoc:heoKal Characterization 

Geochemical characterimtion requires careful sampliog (Section 4.3.2.1 ), sample preparation (Section 5 .4.5), analysil and testicg (SectKms 5.4.6 to 
5.4.13), data management (Section 5.4.14), quality assurance and control (Section 5.4.15), and data inteipretation and use (Section 5 .4.16 and 5.5). 
Secbm! 5.4.5 to 5.4.16 describe cbaracterizati.miilll1hlds I!Ddhowthe testresulls can be~ ilrpredktimofARD IUid diainage chemistry. Possible 
outcomes of geochemical testing D:lude Klentil}'illg 1llllterilm sulable fur construction ~W:S, as a rnedilm fur plant growth, and opbm; li>r the milling 
sequen:e, material handliDg. waste dEposal, and miligaWn. 

'fhil section represents a high-level o~ of available test IIlll1hlds rather thm a detailed accomt. of imiividual procedures, and li>CIIIes on the 
i:Jterpretive IUid predktive value resub:icg iomgeocbemical tests. Table 5-l provides a SIIIDDIIlY descq,fun ofvamus test tnethods ~globally and bri;f 

&ussions ofadVlllllag!es and limi!ations of the test IIlll1hlds. 

Figure 5-5 (Maest IUid Ku{Jers, 2005) ~ally presents the components of a typi::algeochemicalcharacterimtionprograma.md at developing water 
qualitypredK:tKms and the gencm1 sequence in which these components sh>uld be CODducted. This fbwchart in Figure 5-5 proW!es more detail on the 
Phase 1 and Phise 2 testing programs illustrated in Phase 1 consists of a screening-level program, while Phase 2 is more detailed. In some cases, a Phase 1 
program may be suflk:i:nt li>r mine water and waste management, whereas in more COlq)lex settillgs, a Phase 2 program is generally requi'ed. When a 
Phase 2 program il required, the results ftom the Phase 1 program are used to mntifY 8all1Jlcs fur kDrti: testing or addiOOnal static testing, such as those 
identi6ed in Figure 5-l and Figure 5-5. 

Thcrefilre, not all Clllqlonents oftbc geochemical testing program may be necessary dependDg on site-speci&: characteriltics and predi;:tion needs. 
Individual test methods are descriled in more detail in Ole Sections 5.4.7 through 5.4.13, and are sUIIIIllrized in Table 5-1. Not all testmed:JOds presented 
n the table are appropriate fbr evaluation of mile wastes, even though they occasiJnally are requested by regulatory audmities. Such methods include the 
Toxi:ity Characteriltic Leaching Procedure (TCLP) and Waste Extraction Test (WEI), as explained in more detail in Table 5-l. 

Figure S-5: Schema& m .. tration of GeocheoKal Characterization Program 
(modified from Maest Uld Klllpen, ZOOS) 
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Characterize geoJogy. 
alteration, 
mineralogy, 
liberation 

Define geochemical 
test units 
Estimate volumes 

ater balance and block model 

'Ibe FOCbmif;alc~n projp11D8IUUI with benc~..U alii!& wbk:h ~ iD.volYes wbo~ rock~ 1D cle1mliDc cbmif;alcolq)OIIiliou. 
In addilioD. niDmlopevrrinalion, ewlualion of acid pmlion po=m.J, ml ewluUiDn ofmctll.kachability ~ wccl1D ~ 1be ARDIML 
po1mial Dell:c1ion linibl in ll:siiiDUt be low eoougb 1D ~ comminanl!! at pol~DalcoiiCCI!IIevels. DepeDding on 1be con.,lmty oflbe pology aDd 
varialiDn ill ARD po=m.J, 1be lmiiiB iom 1be acid ~D atmg Diabt be coniriDccl1D develop a 3-climuiDull~.P~D oflbe qllllllity ml 
FOCbmif;alc~ ofo~ ml VIIB1I: rock. 'Ibe ild>!UIIIion iom 1be wbo~ rock anqa is wccl1D idenli6' ca~~:gori:s of rock in BUJI.POrt of 
~of a '\fiU1I: ...... .,..,..plan, wbk:h aia1D haDdlc niDiDa ~in such a IIIIIIDC!' u1D pmocnt or~ enviromncnllliqlec11 (liCe 
Chapm 6 ml9). 

'Ibe DCXtiqlorllntBII:p in 1be ~· ~PJOI!IIIDia kiDctic alii!& wbk:hcan lib 1be imnoflaboramlyatil!& field atil!gorbolh 
llbora1Dzy ml &Ill alii!& supp~ by on-ai!l: lltlllm' quality DDniiDriq. AD.IIIIlmilla iDYoMcl ill 1be kiDctic atil!g ahoWd 'UIIdcrao a coqm:henaiw 
c~ beiw 1be at begjpa, illcludina B1llface ara. parD:~ 8 distribllliDn, niDmlogy, cbmif;alcoql08ilion, acid~ po=m.J, ml 
lril ~n po1mial Atlhc co~ofkiDctic alii!& 1hc ~value oflhc kiDctic llrilgprojpiiDis pdyeobaDcecl by~ 1hc 
~n oflllillmlDgy, cbmif;ai.COiq)Oiilion, ml acid pmlion po11Dal 

In codriDuion with lltlllm', mleoiiiCiimcs Oll)'FII ilux calculuions, 1hc MUll~ fiom 1hc pochcnical~ progran~~ ~ wccl1D '*'* 
~ ~pnliD& ahon-1mDmlloug-1mlllril ~ po=m.J, kachl= quality, mliDadillill !om individual VIIB1I: type unill. '1'lae ~ 
can be extrapoln:d 1D ~- niPe icililbl by incoi]IOI'IliPg a *"spcci6c lltlllm' balm:e buccl on ild>IUIIIion on b,ydrology, b,ydropology ml cliau, 
ml a block model. Uee ofecdDa ic1Dnlm&y be required 1D 8I.1COUIIt k ~in....., suricc ara. rock 1D lltlllm' rUio ml ~between 
atil!g ~miDline il.:ilitiee. 'Ibe lallllillg lltlllm' quality C8limaa can be wcclu iD.pulllD ~lllldcla 1D 8I:COIIIIt i>r FOC~ 
~ 1hat m&y dct di88olwd concenllllion8 such .. ninm1 ~lion ml diluJion, 80!p1ion, ml inJmc1ion with atDID8phcric pees. Vl!imall:ly, 
1he fiDrJiDp oflhc pochcnical~ PJOI!IIID~ m ~ofnme '\fiU1I: m1 lltlllm'~plans. 

Any lltlllm' ql!llity ~ progt1111DCCCI81D be~ k a particular situation ml problem. Depending on 1hc niPe phue, conmldity, ~.or 
aiDe facility, .nor astlbectofpochcnical~ ll:slllm&y be requftd klhc ~elimand, al!bougb not iDrJicall:d in Fig!R S·S,IIlll!iple 
ilmliDna m&y be requRcl. Wllm' 1DIIsport Diabt outweiah dlliDaF cbmisay ulbe primuy ielDr delmuinillg enviromncnlllpemlllliDCC ill my arid or 
an:tif.: conditions with limi!l=d or in:ln:qucnt pcruion of mine clischarFs. In 1hat cue., 1hc primary ileus oflhc PJOI!IIID nipt be on delmuinillg aiJI: 
hydrology aDd hydropology, or 1hc hydnlulics oflhc aiDe facility railer 1ban 1he r&DF of FOCbcnica' ~. 

Conlarrinant loacliDa ill drainaF clischarF is usudy 1hc primuy ~ conccm. Olhcr conccms ill 1hc ~n ofdrainaF chcnistry m&y be aiJI: 
=!all!ltion, comminamlols bywiod-bomiiCClimcntml comminamupllb byt.ora&Dd iuDa. 'Ibe ARDIML pol~DalofnUriallhatwill~ a 
110wth DdiumDCCCI81D be delmliDecl bccGI8C of ill ilqlorlm:e i>r =lamalion ml conllllinautupllb by flora ml iama. 

In pml, 1hc earlier in 1hc a of a niDe, 1hc ~ 1hc rdiaDce on 'U8C oflaboramly 1l:slll k '\flllm' quality~ As 1hc aiDe llll!lftS, 'U8C of direct 
&Ill~ oflllllmill~ ml iomlltlllm'quality DDniiDrillg becona ~~ mlis adwcamd. ~.lbe coqm:henaiw 
~ .PIOI!IIID~ illFp s-s is 11108tapproprn twpropoecd ope!lliona, wbilc ~atinactiw ororphaDccl nines would 
iln84 ilcUIII on ob8CnUons ~JiftliD& exialiDg aiJI: lltlllm' mliiOil quality. 
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5.4.5 S ...... StoiBgellliiiPropamtiooPriorto Aoalysis 

S1nrage and preparuion ofS8JI11les prior 1n analysis plays an inl'ortant role in achieving""""""" da1a and needs 1n be can:fullyplanned. This section 
provides an owrvi:w oftbese activities. A nme detailed description~ provided in Price (2009) (bttpilwww.mend-nedemorWre!lorts/1iles/1.20.1.pdl). 
The objectives ofsan:ple stmage and preparation are to preserve properties critical to the prediction of drainage chenistiy and provile suitable test material 
fur planned amlyses and 1<1!18. Befi>re samples are collecU:d, a pro1nco1 sbould be dewloped lhlt outlinea 1he s1orage and pre1rea1ment requirenms fur 
each type of sample and analysis and rest Evecy sample sbould be provided wlh a IJaiDO, DIIDDer and a briof descrq,D;m that can be used 1n ideoti!Y 1he 
Sa&l'le in 1he field, laboratnry, and during da1a evaluation. The S8JI11Ie descrq,D;m should incllde 1he fi>llowing: 

• Sa&l'lingda"' 
• Sanpkr's llBlll:: 

• Sa&l'ling location (GPS coonlinares) 
• Area, volnne or length over whi;:h each :ild:ividual 88IIJlle :is coiiected or sub-san:ples are cotqmsited 
• San:ples2: 
• Geologic material 
• WaaU: material and project component 
• Type ofma11:rialsampled (e.g., drill core) 
• Subsequent tre- siDrage, and preparuion (e.g., drying and sieving) 
• VlSUal. cbara.cter:irtis such as Muosell cohur, degree ofweatberiog, minerabp composition, texture, alii parti:le aim dimbution 

Sample siDrage cOJJdiOOns sbould prevent fintber wea1heriog. eapecially su\>bide oxidation. The m>st OOillimil nri<>d 1n prevent further sulphide oxidation 
afier Sa&l'ling is drying the S8JI11Ie. Drying U:mperatun:s below 40C will ensure m>st mi:lerals are oot altered. Prior 1n and afier drying, S8JI11les should be 
kept coo~ and humid srorage cOJJdiOOns should be avoided. Where necessary 1n preaerve anaerobic coodilions, samples sbould be s1ored under nitrogen 
gas. FreeD:Jg can be used to prevent vamus wea.theri:Jg reactions. 

The m>at COIIIIDJil JiJJmi of sample prepandicn are sieving, crushing. and/or grinding. The -n about whether 1n separate difrereot parti:le size fractioDS 

aDi crush and/or grioi san:ples depends on the type of sauple, lo~ constmiJ::ds, and ~ objectives. Difrerenl: :IDnns of pretrea.tmmt may be 
required fur bedrock (e.g., drill core or chips) versus non-lihifiedma1<:rials (e.g.,~ and waaU: rock) orm:asurem:ntofromlsolid-pbase composmn 
versus 1he soluble ~species on soli:l-phase sur:filces. Where IIDre than one pretreatmmt protocol :is required, sub-samples can be created using an 
appropriate tmtbod such as a splitter box or coning and quartering. 

Siovmg may be required 1n separare 1he reactive aize fraction of oon-lilhified (particulaU:) S8JI11los. Partioula"' S8JI11los comining s1nnes may be dry sieved 
:ilto coarser and finer fractions to determine the COIIJlosil:im of the mrre reactive, finer size :fraction or to rem>ve particles that are too large ibr the ana.Iysm 
conllliners. The weight of each aize fraction should be measured, so analyb:al results can be exlrapolated 1n mine tbeililies as a wbole. 

The "reactive" particle size ftactim. depends on site-specific fi1ct:ors such as the grain size of :reactive minera.k, p:reviJus weathc:ring. and 1he porosity of the 
coarse fragments. Based on obserwtiom of mix:ral reactivity made on waaU: rock wlh a wide range in grain size, Price and Kwong (1997) reconm:nded 
tbat, in the absence of a sie-specifK: ewbrtim, the minus 2 mm pa.r&lc size be used as the cut-off :lbr 1he smallest, m:m: :reactive, pa.r&lc sim ftaction. The 
:i:Iftuence of coarse fragments on drainage cbemi9try increases if coarse fragments break down rapidly, are porous, or the tni::n.l9 2 mm ftaction 1J unreactive. 
The 118Sl.lD:ption that III)St cont:amiwmt :releases c~ :from the minus 2 mn ftactim. mty oot be correct :lbr historic mine wastes and oatumlly weathered 
mater:iak in which weathering has :rem>ved :reactive lllinmak :from the fuer pa.r&les. 

Many laboratories ao1nmati:ally crush and grind S8JI11les 1n < 74 I"" (200 m:sh) or< 120 Jm(120 mesh) as part of the standanl pre1rea1ment wlhnut 
CODSidering wbetber 1his will prevent aocma"' ma11:rial cbaracteri2ation and 1he prediction of1he drainage cbemis1Iy. Wbe1her 1n crush and grind S8JI11les 
and 1n what parti:le aize will depend on 1he sampled material and 1he proposed amlyses and 1<1!18. Depending on the laborstory, crushing and grinding 1n < 
74 I"" (200 m:sh) or< 120 1""(120 mesh)~ \IS\III]]yrecomneoded fi>r sub-s-los analysis of1nml elem:nts, su\>bnr species, neutralization po1oiJtial and 
o1herbulk, wbole or 1nmlassays. Bedrock samples are ofu>ncrusbed 1n < 9.5 nm(3/8 inch) or 6.4 mm(l/4 inch) fi>r ststic sohi>ilicywaU:r Ollliactiona, 
laboratnry humidity cen and colmm kinetic 1<1!18. 

Since crushing and grinding creaU:s new parti:les and surfilces, it sbould not be condtx:1l:d on S8JI11les of partioulaU: ma1<:rials prior 1n sieving, or on sie>ed 
partioulaU: l!ll11:rial prior 1n 1he meaaurem:nt ofsurfilce properties such as rinse pH or soluble constituents produced by surtbee weathering. 
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5.4.6 Summary ofTesting Reqoiremeots 

In SlliilDII.T)', the eva.bation of mine waste ARDIML potent:ial and prediction of :resulting water quality :requires an understanding of the :lblhwilg 
characU:ristics ofthe miningwaaU:s and geologic ma1<:rials: 

• Physical cba.ract:erist:£ 
• Chemical chamcteristics 
• MDe.rabp characteri>tics 
• Acid neutralization potential 
• Acid generation poton!ial 
• Leaching poton!ial 
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For ease of pres- in this GARD Guide, rests ltimed at derennining aci:l genera00n po1<:ntial and leaching potential are -~ aafbllows: 

• Laboratmystatic and slmt-termn:dmds 
• Labomtmy kinetic m:tboda 
• Fi':kl methods 

Sections 5.4.71hrougb. 5.4.13 present a brief overview of1he C<llqlrurnls of a COJr!>relrnsM: geocllemi;al characterizofun program and 1heir significance 
1br mine water qualty pre<h:mn Useful rei=lces relared 1D ststic and ki:H:tic testing m:tboda and 1he~ icrelpre1ation incble AMIRA (2002), 
BCAMDIF (1989), Jambor (2003), Lapakko (2003), Maest and Kuipers (2005), Mils (1999), Morin and Hutt (1997), Pri:e (1997), USEPA (2003), 
and White et al (1999). 
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5.4.7 Pbyskal Cbaracteristi<s 

The physical chamcteristic of most significance 1br water qualily prediction is 1he particle sm.. Particle ,;, distributions irqlact bo1h nineml reaction mres 
and reaction duration by a1li:ctiog 1he reactive surJilce area, 1he dis1ancea between po1ential\y reactive particles, and 1he pornsiy and permeability of a soli!. 
Porosiy aDi permeabill:y of a solil are particularly illlportant wilh regard to llDVCDEII: and transport of air, water, aDi reaction products from wea:lbcring 
resctiona. 

The pa.r&lc size distribution slmu1d be mmured bei>re any kinetic testilg, both fur Ja.bonrtmy and :fiekl-scale tests. To enable scale-up of test results, 
estimates of particle sile dis1r:bution :in mine ~s. sooh as waste rock repositories and heap leaches, are d!o requred. These can be determiled from 
direct~ or estilrated from the blasting plan. The ''reactive'' surfil.ce area of a mrteria1 (ie., that portion of the total surfB.ce that is actively 
available :lbr chemical reaction) may be signifbmtly S1llllk than the sur&.ce area as measured by standard teclmiqoes. 

Permeability, specific grav<y, and porosity sbolili be determined in 1he labomtmy 1br Wling m1terial The soil water chamcteristic CUIW (SWCC) and ~ 
enlry value 1br oxygen diffusion might also be determined in 1ho labomtmy (see Chapter 6). 
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5.4.8 Total and Ne81'-Total SoHd-Pbue Flemental Concentration 

'Thi; sectXm provXles an overview of the~ of total and near-total solid-phase eJemmal cowmtrations, which has JD.DmroUS uses and :i; a 
wluable part ofdrainsge cbemistrypeediction A more detsiled description is provided in Pri:e (2009) (bttpi!www.m:nd
nedemorflreports/files/1.20.1.pdf). 

Uses fur total solid-phase ebmrtal include: 

• IdentificaOOn of material!; with elevated concentrations of constituents of potential concern 
• An in the selection of sanples fur kinetic testing and interpretation of the resub 
• Pre<&t:im of the IIIlXimim. coocenb'ation of acii insoluble sulphate and trace mrtal sulphide IllioenUi in ABA 
• ldentilication of anomalous geocbenical conditions 
• Verification oflitbology and mineralogy 

Wbole-rock or near-1D1al solid pbase eienmal amlysilsbolili be conduc1ed nn an irqlacted geologic m11erials. Tolal elem:nt dots Dtially origi:lare fiom 
fJ'Ochemi:al exploration More cor:qJrehemive data are usually collected as part of pre-mine plamiog, with data from opemtimal characterizatim used fur 
verilicatinn and filli:lg dots gaps. Solid-pbaae amlysil consists of two steps: (I) satq>le digestion and (2) eienmal amlysil. More detsil nn tllese two 
conponents of solid-phase~ :il provided in the :oort two sections. 

5.4.8.1 Sample Digestion 

The putpose of digestion is 1D release elem:nts from minemla in1D a pbaae in which 1hoy can be analy2od. Many digestion and amlysil m:tboda are 
acceptable. A hot chemical flux produces a fused glass disk. Combinations of acids produce a lquil solution. Digestion IIEtbods vary in their ability to 
digest diOi:rent milorals, susceptibility 1D inter1erence by satq>le properties such aa sulphide c-. and detection limits of1ho subsequent Ollll\yses. 

Lilbimn borate fus:im complm:ely digests tmst sanples and :i1 recOIIIllCilded if the objective iol to tmasure the total concentration of DBjor tni:Jera1 :fimnilg 
elem:nts (le., wbole rock). The resulting 1bsed disk can be aJlalya:d OO.ctly by X-my Jloorescence (XRF) or re-dissolwd and aJlalya:d by inductive\)' 
coupled plaama (ICP). Prnr analysis is needed 1D detect satq>les \Were elevated sulphide m1y- wilh 1ho fusion or require additional dilution be1bre 
tlle 1race elem:nt analysis is conducted. Sodinn peroxide fusion ratber !bon lilhinn bora1e fusion is used wben 1ho sulphide nineml concentrafun is greater 
than 5%. Four acKl (.hydrofiuoric, perclJ1orE, nitric, and hydrochloric acKl) digestim E. the m:Jst powerful wet acKl Wssolutim procedure in commn use and 
:i1 considered a ncar total digestion A1thougb the lower digestim t:elq)erature makes it less able to digest silicates than fusXm. tmthods, the :fi:rnr acid Imlhod 
;, capsble of dissolvi!g most metal sols, caroonsres, ~hides, silicates, and almost an ~bates and oxides. Three acid digestion difli:rs fiom !bur acid 
digestion by not using bydrofluorio acid, which makes tlle digestion of silicares less complete but removes opemtional cballenges aasociated will tlle use of 
bydrofllori: aci:l. 

Aqua regia (3 :I mixture ofbydrochloric and nitric aci:ls) il an efli:ctM: solventfbr most base metal sulpbsres, ~hides, oxides and carbonsres, but 
provides only a partial digestion 1br most rock 1bnning elem:nts and elem:nts of a refuoctmy nalure. It is typically less expensive and does not provide as 
conplete a digestion as the Dur acid~ However, aqua regia provides a good rreasure of trace elerrents in m:Jst reactive :mii:K::ral'J. 
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5.4.8.2 Eleme- Analysis 

lnductM:Iy coupled plasma (ICP) moasureJIEJis are made on liquid S8liJ>los prodnced by acid digesOOn. ICP is capable ofm:asuricg 40 1D 70 elom:nls 
simJbaneously with relatively high level of derecfun. The sUmdard ICP procedure fbr near-1D1al solid phase analysis is ICP a1Dmic emilsion spec1roscopy 
(ICP-AES). ICP IIIIS8 spectroscopy(ICP-MS) maym:asure dilli:nm!Dnic species and bas lower de1i:c1:ionlimls tban!CP-AES.l.ow de1i:c1:ionlinits an: 
mrelyneeded 1br solid phase and are prinmilyused fbrwarer S8liJ>los. 

A1Dmi: abso1ption spectroscopy (AAS) moasureJIEJis are also made nn lijoid !18Jq>les produced by acid <ligestion. AAS is nnly capable of nne elem:nt at 
a time but the equiptmnt is less e11pensivc. AAS with. a graphite furnace has similar accuracy to ICP-AES. 

The IID8t coDJDDD use ofXRF is to lllfl88ure major elemmts (e.g., A1, Ba, Ca, Cr, Fe, K, Mg. Mn, Na, P, S~ aui Ti) ina lilhimnborate fused diik:. Trace 
elom:nls (e.s, N., Ba, Cu, N~ Sn, Sr, U, W, Zn, and :U) are m:asured in ao undigestod pressed pellet Major cations an: commnlyreportod as oxide 
equiwleots ( e.s, All03 and MgO ). Portable and band bel:! XRF eq~ is increasingly being used 1br fiekl characterization of undigestod samples. 
Primarily devek>ped 1br explomtion. fiekl XRF moasurem:nt of selecred elom:nls may be used 1D identiiY wasres n:quiriDg segregat;;m during wasre baiJdlinB 
(Guerin et al, 2006). The level of de1i:c1:ion in fiekl XRF will depend nn !18lq>le preparation and the type ofXRF eq"""""'- Other 1D1al elem:nt analysil 
m:tboda incble Leco furnace !Dr calbon and sulphur, l!"'vimetric and volum>lli: m:tboda, and specilic ion eloctrodes. In l!"'vimetric and volum>lli: 
tmthods, elem::ntal concentration is ca1culated ftom the amnmt of reacting species required to conpetely react with the elenE!t of interest 

Detection furits fbr total md near-total solD-phase elemmtal analysis wcy between labmatol'D due to difrerem:es in sa.Iqlle prepmatim, instrum.mts, 
teclmiques arxl range in stamards. Detection limits vary between SlliJ:llles due to difiCrences in conposition and iutetfu:rences. 

5.4.8.3 General Comments 

The m>St connnnnlyused m:tboda are- acid <ligestion by !bur acid and aqna regia, fbllowed by ICP-AES. Where the objeclM: is 1D derermilx: the 
concentration of major nineralfbnning elom:nls, <ligestion by lithiinn borare fusion with analysis by XRF or ICP-AES is reC<llllmlllded. 

Whele rock and near-1D1al solid phase ek:m:o1al analysil does oot disti:lguish the 1brm (e.s, mi:eml) in which the elom:nls exisl Therefbre, 1his analysil is 
not on its own a measure of potential. elemmtal c~ in draimge or the threat to the environment; iafinmation on the mne.raJogy, geoc:benOOal 
cnnditions and dminage chemis1Iy is needed 1D predict the eovmnm.otal signilicaoce of solid-phase ek:m:o1al analysil resull>. 

Dilli:reot m:tboda of digestion and analysil may produce dilli:nmt1D1al solid-phase resull> from the sam: s-le. Beware wben corqJaring data from 
dilli:nmt m:tboda. Methods of digestion and analysis and detection linim must be reportod when comnmicating resul>, 1D in<ticarethe porentiallimilations 
ofthe da1a. 

5.4.8.4 Calculation of Mineral Concentrations from Elemental Data 

To1al elem:nt data nr seloc1M: """""""'of dilli:nmt solid-phase fiactions (Cbaprer ll) can be used 1D calculate III1XimJm poll:Dtial cnneeotrations of 
:ildividual minerals by assuning elem::nts occur in only that one mineral phase. This t:echni:tue is used in ABA to determine maximnn c~ of 
~burtbat cooid occur as acid insoluble sulphate (e.s, barite and angk:site) nr associared withdilli:nmt sulphide miK:nlls (e.s, Znin sphalerl;e and Niin 
pentlandite) wlh equatiom sncb as the fbllowing: 

• Barle [BaS04]:%Bax(32.07/l37.3)~ %Barite-S 
• Anglesire [PbS04]:% Pb x (32.07/207.2) ~% AnglesiU>-S 
• Spbalerite [ZnS]:% Znx (32.07/65.37) ~% Zn-S 
• Peotlandite[NiS]:%Nix(32.07/58.7)~%Ni-S 

The accuracy of these cak:ulatiJm depeids on the accuracy of the assmqrtims that the element only OCCI.D'S in one specific mineral phase and the expected 
ek:m:o1al composiX>n of the minc1al phase. Assumieg the ek:m:n1al COiqJOSitinn of the mi:eml phase is correct, the caloolotion provides the III1XimJm 
potenlial cooceotration fbr 1bat mi:eml phase. N.smnptiom about 1ba minc1al source 1br speeilic elom:nls and the ek:m:o1al cOiqJOsitinn of minc1al phases 
should be verified umg mineralogical tests if these :mi:Jma1. species are potentially inportant. 

Caloolotion of mi:eml cooceotrations from ek:m:o1al data can range from the rela!M:Iy silqlle caloulation ofindividoalnmr,.]s 1D COiqJlex caloulation of an 
entre mineral asseiibJage usi:Jg normative conputer progranB. Normative ca1cu1a.tions produce idealized mineral asseiibJages from whole rock elenEJt.al 
data, based upnn assmqrtims about the potential minc1al phases, order of minc1alfbrmation and sinlplilied minc1alfbnrolas. 

The IIOiliiil.tive cak:uJation i:J. IIDSt conmnn use is the Cross, 1~, Pirsson am W ashiogton (CIPW) N onn. There are a number of assumptims i:J. the 
CIPW Norm 1bat deviab: from cnnditions comrooly observed in mired geologic marerisis. These assumptims inchxle oo hydrous nmr,.]s (e.s, ntJSCOVire, 
hombk:nde and biotite), fi:rronBgDosian mincmls are fi-ee of All03, oo weathering or b)drotbemml alteration, and limited caronn conceotrations. Generic 
llOIIllltivc cakulat:ims are, tbereibre, unlikely to provide an accurate prediction of the mineral asseiib1age in mined geologic materiak am shoukl never be 
used without da1alk:d mineralogical testing 1br eacb geologic unit 1D verifY their accuracy. 

5.4.8.5 Comparison l\itb. Concentrations in Non-Mineralized Rock 

Comparison with conceotrations (mw'J<g) in non-mineralizod rock (e.s, crus1al abUDdance, COiqJOsitinn raJJgeS !Dr specilic lihllogies and soih) can be used 
to :iientilYthe degree to wbich trace elem::nts concentratDns are ekM.ted. The solub1e or 1eachab1e proport:im ofconstitoents of interest can be determined 
by combining the resull> from 1ba chemi:aL analysis wlh lh>se from leach rests. 

One :rmasure of enr:iclnncnt of elem::nts in whole rock samples is the Geochemical Abundance Index (GAl). The GAl COtqlares the actual concentration of 
ao elem:nt in a sample with the m:diso abnndance 1br tbat elem:nt in the JD)sl relevallt modis (sncb as crus1al abUDdance, soils, or a partioular rock type). 
The main purpose of the GAl is to provide an i:JdEatim of any elenEJt.al enrK:hmcol: that may be of environo:lmtal ~- More detail on the use of the 
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GAiilll~h=:Eicmclllll~of~rocb. 

01bcr'UIIC8 ofcbmic81~ illcludc ewluaiDnof~ ~ ml ~of Ill. or pcrtoflbe bulklllinmiDgy. Cbmic81~ 
nayUo provide a8111!0pll: kacid bue 8CCOUIIIillap8llllll*t'8 (e.g., Cai>rNP; 1D11lsulphurk AP). Table S-3 is anC~~q~le table of~ fiom 
chcDcal~ ofvarioU8 rock~ iDcludioga~epiostcruslll values. 

Tallie 5-.3: :l!llllqlle QeiiDtly Tallie 

Ag AI Sb As Ba Bi Ca Cd Co Cu Fe 1-lg Mo N Pb Se Zn 
mglkq % mQ/kQ malkq mqlkq mQ/kQ % mQ/kQ mQ/kQ mglkq % mglkq mqlkq mQ/kQ mglkq mglkq mqlkq 

rrin 0.10 1.01 0.72 2.00 3(1.0 0.07 1.55 0.06 12.00 226.0 3.64 0,07 5.00 10.00 1.00 1.90 7.0 

Post max 1.52 1.72 4.00 12.10 120.0 1.00 9.70 0.25 30.20 3700.0 4.49 5.73 32.40 39.20 2.40 5.40 42.0 

Mineral 
mean 0.69 1.46 220 6.75 72.5 0.56 3.87 0.17 17.80 14Ce.o 4.10 1.70 13.14 22.03 1.53 3.65 22.5 
25th 0.18 1.36 0.98 4.25 52.5 0.15 1.88 0.10 12.75 578.5 3.99 0.39 6.61 12.18 1.00 2.78 13.8 

l>il<es (n=4) 
rredian 0.56 1.56 2.00 6.45 70.0 0.59 2.11 0.18 14.50 809.5 4.14 0.50 7.57 19.45 1.35 3.65 20.5 

75th 1.07 1.67 3.20 8.95 90.0 1.00 4.09 0.25 19.55 1640.0 4.25 1.81 14.10 29.30 1.88 4.53 29.3 
rrin 0.04 0.85 0.24 1.00 10.0 0.01 0.94 0.01 9.00 41.6 2.99 0.01 0.50 6.00 0.40 0.60 9.0 
max 13.60 3.74 98.00 93200 210.0 6.00 7.89 4.30 53.00 5670.0 10.25 5.08 46.50 435.00 230.00 20.20 533.0 

Andes~es mean 0.75 2.23 3.69 27.52 58.8 0.89 2.62 0.28 31.02 702.0 5.47 0.43 8.07 95.12 5.89 4.36 49.6 
(n=120) 25th 0.19 1.80 0.92 4.38 30.0 0.12 1.69 0.05 26.00 297.0 4.49 0.05 3.00 45.80 1.00 1.90 23.0 

ll'edian 0.30 2.22 1.62 7.95 50.0 1.00 2.44 0.25 31.00 523.0 5.32 0.50 4.40 85.90 1.45 3.70 30.5 
75th 0.73 2.61 4.00 20.25 72.5 1.00 3.26 0.25 36.00 866.8 6.29 0.50 9.71 121.13 4.00 5.70 48.3 
rrin 0.04 0.49 0.19 0.70 10.0 0.01 0.60 0.01 5.00 37.0 2.14 0,03 0.32 1.50 0.30 0.30 11.0 
max 4.10 2.98 27.50 79.50 700.0 4.00 6.09 4.00 59.00 7060.0 9.30 2.00 90.00 115.50 168.50 18.20 273.0 

Stocks mean 0.73 1.42 2.62 10.16 107.6 0.64 2.63 0.27 19.46 1093.0 4.87 0.39 10.62 23.39 6.58 3.71 41.7 
(n=105) 25th 0.30 0.98 0.73 3.00 40.0 0.07 2.05 0.08 8.10 605.0 2.99 0.09 1.30 5.00 120 1.60 23.0 

rredian 0.50 1.33 1.00 5.20 70.0 0.48 2A6 0.25 16.70 824.0 4.58 0.50 3.34 13.70 2.50 2.65 30.0 
75th 0.87 1.78 3.00 12.00 130.0 1.00 3.04 0.25 31.00 1120.0 6.32 0.50 8.58 32.00 5.00 4.68 42.0 

Continental Crust• I 0.08 18231 0.20 1.80 I 425.0 I 0.01 I 0.15 I 25.00 60.0 5.63 I o.o9 I 1.20 I 84.oo I 14.00 I 0.05 I 70.0 

Note: Values in bold are greater than <Mrage crus1al abundance (from Price. 1997) 

Top of tis P1F 

MiDmlogical. ~ lllC8BUn: pro_per1ies ofiDdividuai.CJ)WIIIIiDe mlllllO!PboulllllliDml plues mllbeir coldribulion 10 pologic DUrialllu a whole. 
MiDmlogical.iiJi)mmion is an C88CIIIill.colq)OIICIIt ofdllioaF cbmisay ~ becmle lllinmiDgical.propeni:s clc1mline 1be ph,yD:alaud 
FOCbmic818tlbility and raclion raa of poiDgjc IIUrial8 and Dine .....a. 'Ibis BeC1ion provides an o~ oflbe ~n oflllinmiDgical 
properties. A more detailccl deecriplion is providecl in Price (2009- haptlwww.mml-DCC!em.~ .20.1.pdt). 

In»IUII1ion about llliDml.plues po~ r-=quRcl fioma lllinmiDgicala• : •••'Cut includes: 

• Type ml qualllity 
• Bcmclllll.CC~q)08ilion (major~ and iq>urilics) 
• Grain •• Cl)'8tllahapes and inclusions 
• SpUialdistribllliDn and &IIIOCiaiDm 
• Suril:e CJI.P08UI'C and deimlilics 
• Mode of j)ftlll1ion 

• Dep: ofpmious weabcrillg and !DcaiDu. D. abUDdance and elimmalCO!q)OiiliDn ofweabcriq]miClucUI 

'Ibe type ofllinmlphue ~ 1be Dlljor ~COIISiiluculll ml n:laiYe ~ raa 'IIDder dili=ut weabcrillg condilioDs. Surit:e ~ srain 
8 and deimlilics Uo d:ct 1be 1'111: of~ One oflbe ID08t iqlortant'UIIC8 oflllinmiDgical.dala illllD support 8Cicction and deai&n ofolber 11n 
and~ oflbeir JaUIII. MiDmlogical.anqu i8118Udy r-=quired »r a·~· ~ect oflbe 8IUic at 8llq)lcs and each kinetic at 
lllq)le. 

~~and~ lllinmiDgical.inj)ftlll1ion nay be dillicult 10 oblain. MiDmlogicai.1I:Cimiqucs dilb' in speed andiCCIIIIC)', andlbe 
llliDmlphuea. properties and srain 8izl=s they can ~~~CU~R. It is iqlortant 1D U8C llline!Uigical~~=ehaiquc8 capable of providil!g 1be n:quired iiJi)IUII1iou. 

Challq:s wociall:d wilh lllinmiDgical.anqu iDcludc: 

• Many llline!Uigical.~ only provide qualiluiw or IICD-qUIIIIilaiM da!a. or measun: a wry smd.lllq)le volume 
• lqlortant DinerU, Sldlu ~ or pya. nay OCCill' in true 8IID\lllll, llllkiDg it dii.:ult 1D de1l:ct them. and 1D IIICUIR 1beir coD:CidraliDn ml 

chcDcalcoqiOdion 
• A siguificant proportion of po=tidy iqlortant minor and trace elemeDII may be Jm*11t u iqlurilies rather than major 8lrUI:1Url1 elemeDII 
• Many minerU an: solid sohdioDs (ie. display a coqiOdiollll.conlinuum between two en4-D11Dm) and cliiJ=nl:e8 in coqiOdion sipificallll,y 

iq)ac111beir wea&rlbility and CODiribUiion 1D clrainaF cbmislry. (For ewq>le,lbe llliDml')Ja&ioclue''!IIIFI in coqiOdion fiomn:la!M:Iy 
• ~ calci: plqioclue [anortbill:] 1D nu.:h alovm ~ 80dil: plqioclue [all*]). 

'Ibe ID08t commollly U8CCl mineralogical~ an:: 
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I. VlSUal description 
2. Pelrogmphic analysis (1hin section or polisbed section) 
3. X-my dilfraction 
4. Eloctronmi:roprobe (EM) 
5. ScaJllliDg elec1ron microscopy/energy~ speclroscopy (SEMIEDS) 
6. Laser ablation and other speciali>od methods 

At a minimnn, one usuallyooeds 1n conduct 1be first two procedures and either number 3 or 4. Other methods, such as mi:roprobe, QEMSCAN® and 
laser ablalion, will be used 1n anawer specili: prediction questiona. 

In ad<tition 1n 1be cboice of prooedun:, reliable and useful mineralogi:al infbnnation depends on analylmg S8JI1lles repres- of1be geocbemical 
wrisbility and material of concern and adeqoate care in sample s1orage and prepanstion prior 1n analysis. ~ S8JI1lles are identified from 
previous analyti:al worl< and a good undersl>ndDg of1be deposit geology. More detail on individualtecbniques is provided in 1be fullowing sections. 

5.4.9.1 Vllual Description 

Visual descriptiona provide iniDnnation about large-scale mineralogical variabiliy. Vmual descq,tiona will aid in 1be Ollliapolation of small-scale microscopic 
or submicroscopic mileralogi:alm:asureJmlls 1n project cOiq>Onenls and geologi:al unls as a wbole. 

Visual descriptiona usually com: from logging drill core. At existing mines, \isual descriptiona rnsy be rnsde akmg 1ranaec1> set up akmg-nme 
cotqlOnenls. Vmual descriptions are comnonly rnsde with 1be aid of a band lena, bydrocbloric acid (HCU. and scratebers, and provide wluable infbnnation 
about: 

• Rock type 
• Geological wrisbility 
• Mileral abundance and associaOOn 
• MDoral al1eration and weatberiDg 
• Presence ofcalbonates (HClfizz) 
• Organic C and S 

Users of\isualdescriptiona sboukl be aware of1be limilationa in visual mineral identification and 1be tendencyro include edueated gueases, wbichare not 
Dentified as such (e.g., aD. catbonate is ca1cite ). While it can proviie a good start, visual mineral identification will DJt be sufliZnt1y accurate fur DDst 
aspect. of drai:lage cbemis1ry prediction. In addDon, an assea"""" of mineral abundance is generally limi1ed 1n a qualiative eatinate (e.g, tra<e, minor, 
IIBjor). Cor:qJar:iwm between vBua1 estimttes and IIIB88ured vah:Jes have demmstrated that quantlative assessmmt of mioeml abmdance by WruaJ. II~m~> 
tends 1n be approxilmte at best, ...., when conducted by e>perienced pracffioners. 

5.4.9.2 Petrograpbk Mieros<Ope Analyais 

Pelrogmphic microscopea are used 1n make m:asureJmlls based on 1be optical properties of mineral pbases in a 1ranalocent or opaque, 1hinly ground (- 30 
I"") sli:e of rnsterial IIJl-.1 on a glass slide. Most minerala are identified with tranamlted pJane.polwill:d fiBbt. Su\>bide and a rew o1her minerals are 
identified with rellec1ed fiBbt. Thin sections rnsy be created from rock, chips, pulverimd or sieved S8JI1lles. Thin sections sboukl be polisbed 1n allow mineral 
identifioation wih rellec1ed light and subaeq- SEMIEDS analysis. 

Sample srorage sboukl lim< oxidation prior 1n slide preparation and analysis. Frisbie and ftagile DBterials, such aa secondaiyminerals, clays and weatberiDg 
products, require irrpregoatinn with resitm prior 1n sectioning Wet or damp samples IDISt be dried prior 1n inpregoation. DryiJg sboukl not occur at high 
temperatures because cJay-rrh ma.teria1s and certain sulphates react adversely to heat aui water. Thin sections IIBY be i:Dpregoated with ca.ki.m. or 
pomssinnspecilic staina 1n distinguish between calcic and potaBsiumminerala (e.g, ii:ldspars). 

Advantages of petrograph£ versus sub-microscop~ mineralogi:al techniques inchxle the preservatim of indiviiual grajos and their spatial Wstribution aui 
1lle larger field of vision. Petrography is useful fur iden!iiYing and measuring (Ibotq>son et al, 2005): 

• MDoral phase and quant<y (vol %) 
• Grain size, exposed sur:fil.ce area ani sur:fil.ce defurmlies 
• Alteration and wea1bering reatures, such as weatberiDg rinm and sulpbide oxidation 
• Association of ciifkent mineral phases 
• Spatial dBtrbut.ion of mineral phases in, or adjaceiJt to, areas of weakness, such as :fractures and veins 

The spatial Wstribution of difrerent :mil:aal phases relative to areas of weakness wiD. ii:JdEate 1bcir re1a.tive exposure in waste rock after excavation ani 
exposore. Weakness DByresult from minerals 1hathytlrn1e (e.g, clay alteration minerals) or dissolve (e.g, gypsum), orphysicalii:atures suchaa fuocturea 
and veina (Price, 1989). 

Users ofpelrogmphic analysis sboukl be aware of its li:nilationa. The dinrnaiona ofa1hinsectionare relatively small and a large Dlllli>erofsectiona rnsybe 
required 1n accurately characterm: heterogeneous m11erials. Pe1rogmphers sboukl note grain sia: linitationa, unidentified phssea, any uncertainty in mineral 
identifioation, potentialloases ofDBterial dming section preparation and recommendationa fur al1ernstive tecbniques. Po1entially key mineralogical properties 
lhat pelrogmphic analysis cannot distinguish are - carbona1e species or 1be identity ofmix:ral phssea wbose vol.m: is< 0.2-0.5 voF/o or< 50 ,m 
fur silicates and < 5-l 0 jliD i>r sulpbide graina. The grain ,;, cutolf prevenOi mineral identifioation in fine tmlings. 

Mineral abundance can be es1inlated semi-quamitatively from a visoal scan or quantilatively from a Jar IIJlre time-cO!lSUilling point counling. Given 1be 
po1en!ial-tions in mineral identificaticn with pelrogmphic analysis and 1be lack of autmmted procedures, point countilg is usually better conducted using 

2014-10-21



SEMIEDX or elec1ron nicroprobe image analysis. 

SEM or Rietve1d XRD ~ should be used to confirm results, m:asure uoKlentifiablc minerals mi smaD. graim, aDi provide m>re quantitative 
measurem:nt of mineral abundance. Like most olber fimm of mineralogical reclmi:[ues, pelrogmphic analysis is dependent oo 1he skill ofdle operaror. Care 
should be takeo to base mineral idemilication oo 1he opti:al evidence aod not speculation about tbe expec1i:d composiion or dleorios n:lated to deposit aod 
rock 1imnation. 

5.4.9.3 X-Ray Diffraction 

X-Ray dilfiaction identifies mineral pbases aod measures 1heir qii8Jl1icy from 1he peaks cn:ared by 1he scatrerilg of radiation by 1he 1hree dimensional arrays 
of atomi uni1:ue to each mineraJs. Mineral phases are i:lenti6ed by COiqllrilg the 1ocatims au:l IJtensm of the diffiaction peaks with those of mineral 
re:!Creme standards in the International Center fbr Diffiact:ion Data database. XRD is not limled by grain size and is able to d.minguish ninerals such as 
pyrite aod lllllrCasile wilh similar composilion but a dilrerent crys1>l slructure. XRD bas 1raditionally provided seni-quaotiative data. 

The two inportant adwntages ofRiotveld XRD analysis an: 1he quaotiative naton: ofdle data aod 1he low derection limim (Raudsepp aod Pani, 2001 aod 
2003). Rietveld XRD analysis cakula1ea dilfiaction patterns fur each mineral pbase from powder XRD data aod fits 1bern to 1he obsened powder 
diffi'actiJn pattern. Detection limD fur difrereDI: IIiDem1 phases using the tirtvcld Imlbod lillY be as low as 0.1 to 0.2 wt%, if there are no overlaps from 
peaks of olber mineral pbases (nore pelrographic eatilm1ea of mineral abiDXIance an: expressed in wl %). 

The Rietvekl mctbJd requires that the sanple be groumi under ak:obJl to an average particle size of< 5 .,un Ak:ohol~llini~Ili'ms heat productim during 
grinding, prorects tlle crystal structun:s of delicare minerals such as micas from damage, aod disperaes 1he aample, dlen:byprevenling clumpmg A parti:le 
size of< 5 .,an Illioimims micro-absor:ptDn and prefim'ed orientatim and ir:qnuws the reproducibility of the diffraction pattem. 

Detection 1irrits :fbr mineral abundances depetxl on: 

• XRD ins1rumont, particularly derector sensitivity 
• Counting tilm per point aod freq"""')' of ana1y2ed pointa 
• Subjective sk:iD.ofthe operator 
• Composition of matoria1, particularly tlle degree of peak overlap 

Po1ontially important peak overlaps an: tlle main peaks of pyrite aod sphalerile, cbaleopyrite aod caleile, aod biotite aod illilelmJscovile. 01her linilations of 
XRD ilclude an inability to identiiY 1he composition of solid sol.dion minerals, fracture coatings, mix:rals pn:sent i1 trace ~. aod disordered or 
armrphous minerak such as hydrated ~hates and secondary clayminerak. Phyllosilicate c1ay mineral species, such as SimCtl.e and kaolinle, can be 
identified by tbe dilli:rence i1 changes to tbe interlayer spacing cansed by K, Mg. beating aod glycol pre1n:a-. Again, XRD is not a stand alone 
rechnijue. It needa support of visual aod petrographic analysis aod occasionally SEM-FDS or elec1ron microprobe. 

5.4.9.4 Elee1ron Mkroprobe 

Electron microprobe (EM) accurate1y m:asures the e1emmtal conposition of selccted nineral gra.:i1s in polished sections, whkh may be needed to 
determine the concentration of major or trace constituents. 

Electron microprobe may be used to determine 1bc chemical couposition of carbonate minerals, especially ankerite and Fe-bearing dolomite, but also other 
carbonate species, such as siderie, that have a variable conposition (solid sokltion). Where carbonates that are not net neutralizing may be present, 
microprobe analysis ofdle obemical composition ofselecred carbonare Dinerah Bused to measure 1he proportiln that is net neutralizing (Ca aod Mg) aod 
not net neutralizing (Fe aod Mn) (Frosmd et al, 2003). 

Measuremmt oftbe concentration of trace elemmts in difrerent mineral phases may be needed to determine the accuracy of assuo:pfuos mule i:J. 
d:erpretation of geochemical :results. For exBlll'le, e1ectronmicroprobe may be used to measure the proportion ofBa and Pb that occur as acid :insoluble 
su\lbare. Measurem:ot oftbe concenlration of trace elem.mls in dilrerent mD:ral phasea 1my also be used to pn:dict conduciw conditions fur aod 1he 
relative rate of trace ekm:lml: release, fur exa.IIJlle, wbe1ber Se occurs in sulphide minerals and win be released by oxidative dissolution 

5.4.9.5 SeamdDg Electron Microscope 8lld Energy Dilpenlve X-ray Spectrometer 

Scanning elec1ron microscopy (SEM) prodtx:ea a backscatrered elec1ron image i1 which 1he average atonic nuni>er ofDinerah derenninas tlle shade of 
gray. Silicare minerals wilh a lower average nuni>er appear dark gray, wbil:: sulpbide minerals wih higkr atomic llliiiDers an: a ligbter gray. Portilns ofdle 
gray-scale can be expanded to diffi:rent.iate between mioerak such as difrerenl: sulphide miDera1s wlh similar average atomic lllliiDers. 

Energy dispersiw X-ray speclrome1ry (EDS) m:asurea 1he ek:m::otal composilion of small areas of interest aod can be used to determine tbe mineral 
pbase(s) associated with difEem: shades of gray in the SEM image. Major and minor eJen:mt analysis of polBhed surfilces by EDS may be semi
quaotiative or qnsntilative. 

Used together, SEMIEDS can be used to measure a wiie variety of mineral. properties: 

• Quantification of mineral phases 
• Ekmxmta1 corrposit:i.m 
• Grain and particle size distribution and spatial anangenent 
• Mi:Jcral association 
• Nuo:Der and sim of s1:ructm'al defurmil:ies and weatberiog fuatures 

Digital image analysis usi1g SEMIEDS software aod syslemi such as quantiletive ewhntion of minerals by scanning electron microscopy (QEMSCAN®) 
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ard mineral liberation analysis (MIA) can provide aut<nm1<x1 ~ (Lotter et al, 2002; Ou, 2003). Aulnmared SEMIEDS is a mm: expensive, 
but a1so a nme con:preheosive, ahemative to XRD. 

5.4.9.6 OOer More Speclalt.rod Tecbniqoes 

There are a IIWii>er of speciali'zcd micro beam minerak>gical t:eclmques aw.ilable that ImaSUre smaller depths or areas (e.g., sur&.ce a.1tcration or coati:Jg;i ), 
<tifrerent oxidafun sllll<s, iso1opes, types ofbondin& adsoiption mxles or wilh lower deteefun limits than elec1ron microprobe or SEMIEDS. i':xaJq>les 
B:ble: 

• LaserablafuniCP-MS 
• Pro!Dn muced X-ray emission (PIXE) 
• SecODiaryiJn mass spectiolmlry (SIMS) 
• X-ray absmpfun spectroscopy or X-my absolplion oea:r edge structure (EXAFS, XANES) 

Laser ablafun is used fur isorope ard elom:olal analysis oftbin layers ofweatbored, precipitated or incbled IDltmial Day ard Se>smi!h (2005) used laser 
ablation to tmaSure the concentration of selcnimn in reactive minera.k at a coal mine experiencing elevated se1cnium concentrations in the drainage. 

5.4.9.7 General Comments 

Mincralogical resting is a required, oot ao optimsl, analysis. Mincralogical aasessnrnt is geoerally required fur a 'n:pn:senlative' sub-set of s1atic rest 
s-les ard each kinetic test sample. MD:ralogical data will iolicat< whi:h minerals likely COillriboted 1D rest resulbi ard tbo tikelibood tboywill coDlri>ute 
similar ..,.,_ in tbo field Properties of ill=st will depend 00 the mineralogical composition, questions raised by other rest work aOO se-specilic 
weathering conditions. 

Careful plami:Jg :B required to obt:a.ilmineralogUI. infbnmtion at a reasonable cost AB with o1her analytical procedures, analysis shoukl occur on the 
msteriak ard composilional fractions of concern. Some ininmstion on mineralogy ard mineral dis1rindion IDly already he available in drill logs, explorafun 
reporll!, metallurgK:al rest work ard academic reports. Wheo requesting mineralogical analysis, it is n:conaoersred 1D provide infurUBtkm on sample 
geochemistry ard any other relevant infuri0100n (e.g., the type of ore daPOsit) 1D the mineralogist/petrographer, as this willbelp dat<oninc the pro1Dcollbr 
s-le preparation ard in tbo inlerpretafun of resulbi. Generally, the DDre lines of evidence are available, tbo mm: llCCUI'Ilte the resultant mineral 
ilentilication. 

R<:conaoended mineralogical m:thods are aa fullows: 

• Mmeral alnmdance - Rietveld XRD ard petrographi: analysis - tmy use image analysis wilh SEMIEDS i:lst<ad ofXRD 
• Mi1craJ. spatial distributim- VISual pins petrograp~ analysis or SEMIEDS 
• Mi1craJ. chemi::al con:positim - Electron mi7oprobe or SEMIEDS 
• Mmerai physical reatures - Visoal piJs petrographi: analysis and/or SEMIEDS. 

The costs of mineralogical analysis geoerally are similar 1D !bose of ABA ard less than tbo costs ofkinetic resting. Po1ential costs associared wilh inadequate 
mineralogical uoierst:aD;ling are often prohibl:ive in terms of consultant tees, enviromiEJt.aJ. r:Bks, and de1ayed regu]a.tory approval It is io:portant to 
recogni2£ that the use of mineralogical :infimnation in the selection and design ofstati:. and kinetic tests and the :ilterpretation of their results can only occur if 
tbo mineralogical analysis is cmq>let<d prDr 1D tbose activities. 

Top ofthis page 

5.4.10 Net Add or ARD Potential 

TWo basic types of rest are available fur det<nninstion oftbo net acid or acid rock drainsge (ARD) potontial: acid base acc01J!lting (ABA), 1hat measures 
net acid po1ential dlrough independent determinalion of acid generating ard neutralizing - ard tbo net acid generafun (NAG) procedure, whi:h 
generates a single value tbat can be used to indkate the lkelibood of mt acid generation. On a global scale, use of ABA and paste pH predoninates, with 
tbo NAGtestcomoonlyllled iniDlDyregions, particularly Austtalia, New Zealand ard SEAaia. 

ABA and NAG tests are relatively i:JcJqlens:ive and can be applied to large IllliiDers ofsan:ples. The resub :from these tests can be used fbr ident.ifi:ation of 
s-les n:qoiring additional resting (e.g., kinetic resting) 1D mm: definitively dat<oninc acid geoeration po1ential (AP). m addition, the rests IDly provide 
opemtimal screening criteria fbr mine waste classi&atim aui mamgemmt. However, ~ dilrerences exist i:J. the ability of the tests to predEt acid 
generafun pot<ntial. Acid base accounting sbould always be cooducred, while the NAG test rmy or rmynot be included, depending oo cmnns1mlces (lbr 
i:lstsnce, if !bore is littJe or no sulphur present or tbo ABA resuls iolicate a signili:ant exoess ofNF, tbo NAG test provides IItle additional inli>nnsfun). 

As dascroed in the predicfun seelkmlbr coal mitdog. ABA m:thods were initially developed lbr tbo coal mining indus1Iy ard later adapted fur use in me1BI 
mining. Allbough all melbods incorporate an indaPendent de1enniJafun of AP ard NP, ID1Dy <tifrerent pro1Dcok are available ard in use. Table 5-1 pres
tbe IIDSt commm metbJds and Sllllllllli"i2ls advantages and limil:aOOns associated with each type oftesl Results :from ABA mrtbods need to be inteipreted 
i:J. context with mineralogical infutn:etiJA 

In general, the detennioatim oftbe AP as part of ABA testing is cODiucted tbrougb ana.1ys6 of one or n:me ~bur species. The tbeoretical relationship 
hetweeo sulphur c-ard AP is aa fullows: AP (kg CaC0311Dnne)[l] ~ 31.25 x S ('/o). 

Su\l)!ur species identified geoerally include 1D1aL sulphur ard pyritic (or sulphide) sulphur. Other sulphur species frequemly dat<onincd (either dlrough ditect 
analysis or calculated by difli:rence) include sulphst< sulphlr, organic (or residual) sulphur, ard sulphst< aasociared wilh barite ard ahmite. The acid po1ential 
can be ca1cu1ated :from total ~bur content (the IIDSt conserwtive approach) or the acid potentit1 can be based on the concentration of one or n:me 
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SIJ\lhur species to provile a more refined estimate of the amount of reactive SIJ\lhur present In the case of coal, it ~ ilqlortant to dmcomt the proportXm. of 
SIJ\lhur associated with organi:s when determioiog AP. Silmlarly, sulphur OCCl.llTicg in the :fDnn of IIOII-acil generatillg sulphate ~. such as gypsum and 
barite, shouki be ~ wben iafutUBtim on sulphlr speciation~ available. 

Meas\ll'CIIIi:llt ofAP ii often relatively si!qlle and inteipretatDn ofresub is generally relatively~ lloWIMll', more Iieipretafun ofanalyti:al. 
results is typically needed fiJr tests devcbped to measure NP becm&: of the widely varilble solubilitics and reactionmt.es ofpotentiallyneuiia.izing mirlcml<l 
(e.g., carbonate and sibtes), 1he Wflerences in aggressiveness of1he wrilus medx>ds used to determine NP[2], and 1he dili:rent reactim COIXti!ions and 
tilration endpoints prescribed fiJr each test Because the resuhing value fiJr the NP is bigbly senstiw to test protocol and 1he mture of1he NP ~. it is 
mportant that any ABA program UBkes use of1he tnethodologythat is most appropriate fiJr a given objective and application. It il U<l ilqlortant that at 
least one single test medx>d ii used tbrougbo11t1he program to ensure tbat 1he resulls are i:Jtemally consistent Ahbougb pe.rbaps ir:nperfi:ct, the advantage of 
umg "standard" m:tbods fiJr determination ofNP, such as 1he Sobek and modified Sobek medx>ds (see Table 5-l fiJr description), allows fiJr cotqlllrison 
agajost a vast body ofrefi:rences values from other sites. The~ fiJr AP and NP are conirined UB1heUB1X:ally to ~ate whe1her a ~le bas a 
stoichiometric balance that mvours net acility or net alka.licity. 

The net potential ratio (NPR) and net neutralilation potential (NNP)[3] are cakmlated as i>llows: 

NPR=NP/APand 

NNP = NP- AP (kg CaC03/tome} 

Table 5-4 is an exlllll'le of ABA results, :i:Jcluding sunmary statistics. Figure 5-6 proviles an example COJlllarilon ofNP cak:ulated from total c&Ibon 
mcasureineilts vs. NP using the modified Sobek medx>d. NP is cakulated from total Clllbon using the i>llowing inmula, w1m:h II8SUIIIi:8 aD. carbon n 1he 
S&Jlllle occurs as cak:it.e (CaC03): 

NP (totalC)=o/oC x 83.3 

When NP il estimated umg surrogate IUIIIl}'ses (e.g., from total carbon or cak:iun), resub shouki be n:vEwed to ensure that these relatiombips are 
applicable to aD.IIIIIterial types and over 1he full nwge ofNP values observm. 

Figure 5-7 compares total sulphur content ~t SIJ\lhile sulphur content. If a quantifiable relatiombip can be estsblished, then deternDiation of total 
SIJ\lhur IIBY sul&e fiJr future purposes. Figures 5-6 and 5-7 are jmt two ofthe many gmpb; that can be used to ictetpret ABA resub. 

Table 5-4• Example ABA Table 

Paste pH Tota1 Sulphate Sulphile NP AP NNP 
pHunls Sulphur Sulphur Sulphur kw't.CaC03 JtWtCaC03 ](WtCaC03 

% % % 

Mininun 7.6 0.01 0.005 0.01 9 0.15 -189 

25th pen:eilllle 8.2 0.62 0.02 0.61 57 19 -38 

PitA 
Median 8.4 2.18 0.05 2.14 81 68 8 (n= 699) 

75th pen:eilllle 8.6 3.67 0.08 3.60 98 114.5 54 

Maximnn 9.5 9.35 0.18 9.26 222 292 201 

Mininun 7.4 0.002 0.005 0.002 10 0.15 -471 

25th percentile 8.5 0.68 0.03 0.54 40 21 -38 

PitB 
Median 8.7 1.59 0.05 1.45 56 50 13 

(n=839) 

75th percentile 8.9 3.04 0,07 2.91 85 95 45 

Maximnn 9.5 18.6 9.68 18.39 294 581 274 
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HCT• ~primarily iDmled 10 ~ ill:imDUion on wea&rillg 1111=8 of primary lllincrll8 (e.g., .W,bides); ill:imDUion that can be '118CCl1D ~ 1bc 
po=maJ.k iiiiiR ~acid coudilioo8. Diallolulion 1111=8 ofreadib' 101ul* primuy ml8CCODdazy lllincrll8 pJaeDt at 1be ODIICt ofatil!g (e.g.,~ 
hydrolbcrmal~) canal8o be clerMcl fiomHCTMUIII.In conDioation with ~modelill&. HCT~ M1llll can be, ml ~ hqucudy, 
U8Ccl1D make iDbnce8 with~ 1D drlioaF chcnislry, but due 1D a lack ofequilibruion with primary ml8CCODdazy lllincrll8 duriog HCT operUioD, 
.w.:h an ewluUion bu 10 be~ with C8Uiion. 

Column 11:8111 dilb' fiomHCTby haviDg a de8ign that alloWB COJI!Ininanl!! m-cd :&om primary lllincrii81D ~at 1bcir DUinl!~a u 8CCODdazy 
lllincrll8 (Pike, 2009). ByprovidiDg illi>mmion on 1be coiiDinecl efi:c1B ofprimuy mlsecoudaly lliDmla, cohmlll provide a IIIDZ~: ~ lla8IR of 
drliaaF chcni8try. Column 11:8111 nay be llllldilbllD ~ 1be d:c1ll of._8pCCii: clilua= condiliD!I8 ml ~ ~ .w.:h u COWI'II ml 
amcndcclllline WU11:8. TraDs:i:r ofoJtYFD, which i8 DOt limiliDg in HCT8 but nay be in columa8, nut be UDderBioocl in column 1l:8liDg. Fig!R S-11 is an 
~lc ofpH ml coiiCCIIIImion 1mld8 ml pre8CDIUion oflmllll :&om a column or bunidity eeD.at. 

Main 5-11: :IWiqU Plot ofKIDedc Teat Rea*t 
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For bo1h HCT ml column 11:8111, it ill ilqleruiYe that 1be at chaqp:8 be c~ be»~~: kineQ.: atil!g begjoll mldm-kineQ.: atil!g bu been 
~- 'Ibc inimDalion on 1bc at charFs nay provide iqloriiDt CO!ISIIIimllD U8ist in 1bc ~of at~ ml nay al8o provide 
ill:imDUion that can be U8CCl »r quality coldrol purpoees by~ llleUIIII:d 111188 muowlqaiast call.:ulall:d 111188 muowl:&om 1bc ~-

'Ibc JI:CluRd durUon ofkinctic atil!g i8 an~ ofCOIIIroWl'B)'. 'Ibc duration oflbc at depend8 on 1bc ~ oflbc 8lq)le mlat objectiw. 
Allbougb a lllillinmnlcD&Ih of20 w=b iiiiOIIlCiim::t ~ 1bcJI: ill lillie~ buis i>r 1bc 20-w=k J~:eoiiDIC!IdUoiL lilbc objectiw i81D 
dc1mline ~a Mlq)lc will~ add, kineQ.: 11:8111 ahould be~ lDIIil.adl& drlioaF ill produced or lllllil.dcplctiDD ~can be U8CCl 
~~:liably 10 ~acid peration po=tial Allolbcr CODDOII endpoillt i>r 1bc kinetic atil!g i8 when~ parllllC1Im ~ ~~:Juiwly COIISIIDt with timc. 

Top of Ibis P1F 

5.4.13llleld Method~ 

Field atbod81D de1mlinc acid peration ml mctlllcadqpo1miii.!IDF :&om rapid wry ~8CIIc 11:811110 IIIODi1DriDg of U-sia: nine idilic8 i>r 
~periods oftimc.InaD.CUC8, 1bc adVIDIIF oflbc field atbod8 is that on-a= DUrial8 ~118CCl ml an addecl bendt i8 that that 11108tfield 11:8111 
lllow i>r ewlualiDn of~ ll*1ioDs UDder~ coudiliooa, includiDa 8CUODII.efi:c11 ml ~ emdl N:h u iiiiiDe SIDJIDIII or 8110l!I'Bit. 
'Ibc ~ 1bc 111101111t ofourialinf.:luded in 1bc at.lbc ~ 1bc likeliboocl that a we&-cleaipccl mctbod willadeq1Aly rdcct 1bc ~ml 
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Figure 5-10:  Humidity Cells
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Figure 5-14: Test Plot for Paste Tailings - Somincor Neves Corvo Mine, Portugal
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Figure 5-15: Example of Block Model Use: ARD Potential of Pit Highwall Above Final Pit Lake
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A ri@mrus QNQC progmmis needed 1D ensure tbet geochemical da1a are reliable and defunsble, and tbet such da1a can be used fur 1ber ink:nded 
purpose, such as defini:Jg the geoehemical types and distribution of mi:Jo wastes, developing was1o mmagemoot plans, and fur mioe water quality predjotion. 

QC ;, defined as the applicanon of good labonl1Drypnu:tices, good m:asorement practices, and staodard procedures lbr ._ling. QC ;, also demed as 
s-le prepaxation and IIDIIIysis with control points within the sample Jlow 1D pre.w the reporti:Jg of erroneous resub. Tho ._ling should inolude 
specifications lbr cban of custody procedures and documeniBtion, ,_1e holding time vorilication, drying, comminu!ion, s1Dmge and preservation, ,_1e 
labeliDg, and uoe of proper SIID1>1e c<llllainors. Physical and chemical tests condocted using appropriate m:tllods and accredited labomtori:s should prodoce 
analytical resubl! with sullicion! """"""Y and precisDn i>r their ink:nded usages. Analyticalm:tllods and the~ repea1abilty, reproducDility, quantification, 
and detection limil> should m:et anticipa1ed requiremen1a (e.g., lbr claasilicstion of geochemical rock types or corq>arioon agajnst warer quality standards). 
Replicate samples, standards, certified reli:reo:e materiola, and blanks should be routinely sdnnitted 1D ensure and confirm tbet the analytical results are of 
accep1able quality. QA;, the process ofmmi1Dring !Dr adberence 1D quality control pro1Dcols. Tho DQO of a quality assur.mce project plan (QAPP) are as 
li>llows: """"""Y· precioion, bias, represen1a1M:ness, corq>leteness, and cOJr!l'li"O]>ilily. A QAPP will ensure 1hat 1he proper procedures are es1ablished 
befure initiating ,_1e collection and a.usiysjs, and 1hat procedures are IDIIinlaiJod 1hrougbout all s1ages of a geochemical program In adctition, correctM: 
actions are prescribed 1hrougb a QAPP. A defi:mible QNQC progmm will add costs 1D an ARD study, but it will also allow timely correction of errors, 
saving time and lllllley, and enhance the conlidence of opera1Drs, regulatory agencies, and other reviewers in assessing the da1a. A QAPP will help balance 
the costs ofinplctmnti:Jg a quality-assured programaga.i:Jst the potential liabilities associated with a poor1y-designed and executed geochemical 
cbamcterimtion program 

The data valilation ani assessmmt protocols :lbr geochemi:al data generated i1 support of predktim of .ARD and rmtalleaching potential are similar to 
1hose used in any type of study tbet relies on use of analytical resoits, and the da1a validation and assessment pro1Dcols inoi.Jde a wriecy of s1atistical ODIIiyses 
and graphical roo is. Geochemical rmde1ing can be useiDI (e.g., 1hrougb calculation of the ion balance), whilo cross checki:Jg using resub from diffi:rem types 
oftesling also may provide insight in da1a quali;y (e.g., cakitan .-vs. NP, sulphur.- vs. mi:Jomlegical COtq!Ositinn, m:asured vs. calculated TDS, 
NP titration vs. TIC). 

Top of1his page 

5.4.16 Scree Ding and Evaluation Criteria 

Screening and evaluation criteria are used to assess wi:Jmbm' results fi'om geochemical charac1:erilatio st\ldEs represent a potential iotlact or risk to a 
receiviJg environm:ut at a mioe sie and 1D segregate problematic wastes. Those criteria can be based on proli:ssional and errpiriea1 experience, guidance 
docum:nls, and regulatious pronmlgated lbr 1he express pmpose of protecling the environm:ut. 

Screening and evaluation criteria are corrm.mly used at mine sites fur water and mine waste mamgemmt Mine waste mamgemrt involves identificatim of 
potentially net acilic or ARD generating (P AG) and non potendslly net aci<tic or ARD generating (NP AG) waste. P AG material is either aci<tic or predieted 
1D becom: net acidic in the future. A material will becom: net aci<tic if the mte of acid neutrali28tion is unable 1D keep pace with the rate of acid generation 
1'hil inability to DEintain neutral coiXlitions IDly be due to a decrease in the rate of acid neutrali:zation or an increase in the rate of acid generation, or bo1h. 
NPAGmaterialB predkted to generate near-neutral or aika1ine drainage :i:L 1he :future. MateriaJs will be netneutmlor aika1ine ifthe rate ofacKlneutralimtim 
keeps pace with the generation of acid (Priee, 2009). 

Site-specific operational paraimters and 1bresho1d vahes are establBhed fur waste classifuation (ie., PAG vs. NPAG) based onregulat:myrequiremmts, 
literature, and the geoehemical test program ilxalq>les of coonnonly used operational parameters lbr waste rock managemoot inolude the sulphur c
(inoludiDg1D1al and sulphide su\Jhur), paste pH, NNP, net poteutialmtio (NPR), NCV, NAG test value, or NAG pH and m:tal c-

Theoretical relationsbips, empirical da1a, and evaluation of analytical and logiotical com1rai:ds should be used 1D es1ablish screening or evaluation crieria. For 
example, if a quautitative relatioushlp can be reliably es1ablished between ARD poteutial and sulphur c-a sulphur cutoff can be deteiinined 1D 
segregate between PAG and non-PAG was1o rock. Sinlilarly, if a relatioushlp between m:talleacbability and m:tal c-is identified, a m:tal 
coo;:entration cutoff can be established to dtic:rimiJate between DBterill1hat wiD. or wiD. not a:ffuct receiving water quality. Somilim::s a conDioation of 
m:tllods ;, needed 1D classity problematic mster:ill, such as paste, pH, sulphur, and NPR 

Guilance docum:nls are available that provide sereeni!g eriterio fur ewliatiog geochemical test resub, in particolar lh>se tests related 1D ptedietion of 
ARD potential: ABA (Prioe, 2009) and NAG test (AMIRA, 2002). These eriterio are generally related 1D specilic wlx:s !Dr NNP, NPR, NAG pH, and 
NCV, and can be used 1D classeymioe wastes and geologic m~teriola in tenm of their ARD potential Special care ;, required when dealing with mini:lg 
wastes tbet exbibt bo1h low sulphur c-and low NP boca= smill changes in analytical results can dramatically alli:ct the calculated NPR and the 
mine waste classification 'Ilae:lbre, the screening process shoukl be supported by data :from a mnnber of analyses and tests, inclnding 1he mineralogical 
conposil:ion. 

5.4.16.1 Acid Base Accounting Scree Ding Criteria for the Net Acid Potential 

An acid pH inoreases the solubilty of Imst m:1als (Stumm and Morgan, 1996.) and below pH 3 .5, the increased dissolved F e(lll) concentmtion greatly 
increases 1he rate of sulphide oxidation (Williamson et al, 2006). Consequem:Jy, criteria used 1D idenliiY materiola with the poteutiallbr acilic drainage are a 
key colqlODOII! of sound environm:utal and fiscal rremgerrent The objectM: ;, 1D be both accurate and cost-elli:ctive. Criteria m1y provide uoeiDI short 
cuts am enable cost-e:ffi:ctive predictim, but users always need to evaluate the UllderJ¥ing assmqltKms and linitat:iJm and whether 1he proposed cri:eria are 
corq>atible with the site-specilic condi:iom. 

The iOiklwiog criteria. are based on practi:al and tbeoretical (scient:D:) comXleratims, but it should be DJted that a difrerenl: set of criteria may result from 
site-specilic considerations. A Imre detailed deserlption;, proWled in Priee (2010). 

Under nea:r-neutral or alkaline, oxidm:d conditions, su1phide oxidation (Reaction I) and dissolution of acilic sulphate mioemis (Reaction 2) may produce 
acid. If not~ (Reaction 3), the acid will lower the pH. 
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5.4.15 Quality Assurance/Quality Control



Sulphide (pyrill:) oxidatiou: FeS2 + 02 + H20 .... Fe(OH)3 + 28042- + 4H+ (1) 

Acid sulp!R (u~) dilllloluliDII: FeS04•7H20 + 02 -+ Fe(OH)3 + S042- + H20 + 2H+ (2) 

Acid ~by~:CaC03 + H+-+ Ca2+ + HC03 (3) 

'Ibe IDD8t coo-e&ctiw lllCIII8 of~ Vr'bctbcr sulphidic poklgic IIUiial8 ~ PAG ia buccl on the~ of ABA. a 8Cibl of~J 
~ (SIUic at~) ml celcu1a!ioDII 'IIIICd 10 e8limall: the po11Da1i>r a IICII'-DCUII'Il or elbliDe ~ 10 produce acirJic drliDaF if it ia expoeccilD 
Oli\YFD and 'Wilm'. Add hue aecolllllillg COIIIIis1ll of 

• ~of pH (pull:, eoil, orrbe pH) 
• ~of a pmtiDg sulphur species and calcuJaion of a po=tia1(AP)I11 
• ~of~po=tia1(NP) 
• CalcuiUion ofNP/AP (NPR) and NP-AP (NNP) 

'Ibe pH~ lllC8Biftjl the chcDcele&ct ofpaticlc 8lll'ices on drliDaF pH and iDdic8a if a~ ia ~Y able 10 produce acirJic drliDaF. 

'Ibe ~ po=tia1 »r sulphidif.: poklgic IIUiial8 with a IICII'-IIWirll. or WliDe pH 10 produce acidil: cllaioaF ifexpoeccilD Oli,YFII and 'Wilm' dcpeods 
on the M!iYc CODCe!III'Uion and reac1ion rea of a~ sulpbur niDcrlla (AP) and DWII'IliliDg niDcrlla (NP). 'Ibe M!iYc maguilude of the NP 
and AP is~ by the NP/AP orNPR. AP and NP ~ ~rlrlel u qCaC03 ~ 80 tbeycau be co~ Afac1Drof31.25 is'IIIICd 
10 conwrt% S 10 q CaC03 equiwlctdrJIDnoe buccl on the U811q)tion that 1 mole of sulphur pnldul:es 2 moles ofH+ (Real;tion 1 ml2) mil mole of 
~ (CaC03) IICIIII'Ili.a 2H+ (Reac1ion 3) U j)JioWIII: 

AP ~ 31.25 ("AI sulphide-S+% a 8111pham-S) 

Acid IICIIIrllfzatiDn by~: CaC03 + H+-+ Ca2+ + H2C03 (4) 

Aeid~by~:CaC03 + H+-+ Ca2+ + HC03- (S) 

'1'bcn: ~two ~ raclio1111 i>r cU:C. Reac1ion 4 p!l:doniPaa beklw pH 6.3. Reac1ion S, wbich "=CluRs twke u ou:h NP 1D ~each 
mole ofH+, pmloninan at higher pH Reac1ion 4 ia U8UIIlCd in the calculuion of AP ("AIS x 31.25). Wid! reac1ion 4, an NPR < 1 ia ~ 1D produce 
ARD. WidlraclionS, anNPR> 2 ia ~~:quRcllD pm'CIItARD. UllderiiCII'-IICIIIrllpHCODdiliollll, ~-wilhbo1hreaclion4 &lidS~ lb\YID 
~. ColllleqiiCIIII,y, the NPR "=CluRd 1D FJ1C1* ARD will be 1letMen 1 ml2. 'Ibis ia why the ralio ofNP depletion (moles Ca + Mg) 1D AP depletion 
(moles sulpba=) IIICUIIn=cl in humidity cella ia typi:ally 1letMen 1 ml2 (Figun: S-17). 

1Ja1n 5-17: Molal'ndo of(Ca+M~CM npnte~ taqle tpedb NPR ....._, (yGI) 
Wllut dme ....... u (s-a:ll)forh!U ~ cellt (fnlmP'Ifce, 2010) 

3 .0 

2.0 

1 .0 

0 .0 -+-----,------,.------,------,,----,-J 

0 200 400 

A88uDil!g tbatthe ~ ofAP and NP ~ conM. lllq)ks ~ (Figun: S-18): 

• Po1I:DiiallyDCta&id~(PAG)ifNP/AP< 1 
• Not po1I:Diially DCt a pmtiDg (non-PAG) ifNP/AP > 2 
• UncerlliD ifNP/AP ia between 1 ml2 
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SStyidommtymecl to be addecl to 1lac criaia to addms liDilai»Ds ill. die prccDmor ac:ancyiDSIIDI)Iiqr. Dala:idbllllllliJgorprecli;:Cionof'lhc 
NP aod AP. 'lime ~~emmyopporllllilies k oWI'oruo:ler~t.,AP IDd NP {PRle, 2009). For iDstlmce, prriJrtndialcklpodionoi'llllaviilr 
suphile miDeralil may result ita 1ailillp beachh&vilg a hipler AP Olan 1he caJiiSilcavilg 1he proceai!apiEmL ~ CKpOICd AP ofwaste rockmtybe 
bighcr diaD prOOi:tecl by aaalyaia ofpre-IIIDe dril com or pre-blast bole cq,., ifaulp!Mea pn:baiaJ!y n:port to wute rock 1iDea (Table S-S). Rock types 
differ m da sar.ice ama ml tllerem da MtiYe CG1IIl'lrutim to 1hc ovaall waste rock COJII)OSilim. JfP AG W88lle rock iJ higbly aerlcD:.l "opeua up" 
like a book. exposing allb AP. Jn COJmlt.~~m-PAG waste rock wih lll)lt of die NP DBY be W1Y lad, wihi91Miy Tale reutiYe sudilce amL The 1111t 
IIIIIUl iJ a lllldliDwm c6c:1iw NP/AP Ill1iD lhm pmcli:tl!d by 1D, llllldiYe IIIISIMIIII ofb two rock types aDd, c:oJIIIell.lll!ldly, a IIIICh greater liblibood lbr 
JCDCialimofARD. 

Table S-5: AP IJidNP of> 2 111111.1Dd < 2 llllll'tlllte 

JOCk puCkle •be hcdou (from Pike, 2011) 

>2om <2om <2/>2 

AP (kgCaCOYt) 86 257 3.0 

NP-Sobek (kg CaCOy\) 32 44 1.4 

Oxidalion ofdJioaalllli:omiDia:nl pmc:casillgllll)' ac:ifiiY a 1ailillp water eowa-~ 6). Olli!ati:m ofanmmim (NH4+) &:om blastilg powder, 
fstilimr -~ ~ -.y also aQiifY a 1BiliJp watai'CXMI (Reu1»n 71Dd Fipre 5-19). An Dill decliDe in seepap pH IIILYR!iiUh ioDl 
1hc ~ ofcatiml it the IICiirallllille ~ k H+ inacilic orp1lic soillll below a waste rockdulqJ ~8 aml Fijplre S-20). 

82032- + 202 + H20-28042- + 211+- (6) 

NH4+ + 202-N03- + 211+- + H20 ('7) 

2CH3COOH + 8042- + Ca2+-+ 2CH3COO-Ca + 8042- + 2H+ (8) 

FJgln 5-19: A 41eclble Ill clniiDage pH n•~ from tbe eDIItiDD ef UlllllllllllaiD (hm Paf&le, 2010) 
85 
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Figure 5-18:  AP versus NP (from Price, 2010)



Flpn 5-20: AD IDidal clediDe Ill seepqe pll fnlm •H~~~Dc• of eaUo• Ill De111ral miDe 
clriiJDqe forB+ Ill ad& OJpDie soflll beiDwa 'Wilt. JVCkaq.(bml'lb, 2010) 

lOin 2000 2001 2002 2003 2004 2005 2001 2007 2001 200$ 2010 

O«oeye.-) 

Olbcr IIOun:e& of acid in addilion 111 sulphide and acidi.: sulpha: llliDmla iDclude naturiJb' acidi: (!IOIIIIIlWilm' and nlllOif iom8lli!UIIIIdil!g lml8 of sulphide 
~(Pike. 200Sa). 

'Ibe crilmia »r acid ~n po1mdial buccl on 1be NPR can be 8lllllllliiDcl u i>IIDVr'l: 

CrltmtHU Stlllflllf Is PAG lfNPR <I. Tbil c*rion is 1rUc ifdl= an: no "enwi' in 1be estima!ion of~ NP and AP. Poesiblc emm1 iDclude: 

• AAl ~ iomAP is~ by~ 110un:es inaddilion 111 1be NP 
• At a my low 1111: of sulphide ollidaon.lbe ~ncapadyof8ilicall:suaybe ~ byNP ~ becaiiiiC 1beir~i81DO 

slow 111 be con.,l=ly llleUiftd durillg a r~:luiYcly short period of acid diFslion 
• Sulphur niDerU colllliaiPg 1be sulphur 1»ed 111 cU:ulall: 1be AP nay FJ1C1* < 2 mobil of acid permo~ of sulphur 
• NP and AP ~an: made on wbo~ ~~~q~bl (e.g., clrill.chips) oflllllmillin wbi.:hNP isp!d=111ialb'expoeedon81Dcea. wbilc AP is 

UD&wilab~ widDn COII8e particbl 

CrltmtHUStlllflllf lsN.,.,A.G lfNPR >Z. Tbil c*rionilltruc ifdl= an: 110 "errom"in 1be estima!ionofe&ctiYe NP ml AP. Poesib~ CI!OII 

iDcludc: 

• NP is dcpl=d by acid produced in proce88CS olbcr dian by lrilic sulpba= diiiiiOiulion or sulphide oxida!ion, wbi.:h in we&.ilusbcd humidity cella can 
iDclude NP disiiOIIIIion by 1be ~ "'*" 

• NP procllxe8 bls acid llelllrlli'zadDn lbancalril: oris iucaplb~ of1111mining aJ~C~~~-DWirll.pH 
• Sulphide or acid sulpba= niDerU uay FJ1C1* or rdcue mor~: d18112 mob of acid permo~ of sulphur 
• NP and AP ~an: made on wbo~ ~~~q~bl (e.g., clrill.chips) oflllllmillin wbi.:hAP is ~expoecd on8111faces, wbilc NP is 

UD&wilab~ widDn COII8e partk:bl 

Crltmtnt: I ~NPR ~ Z. A88uDil!gno errom in lbe~noflbe e&ctWe AP mlNP, 1be llllllilwmNPRcapab~ of~ARD will. be between 
1 ml2. 'Ibe classii:adon of a~ wilh an NPR betwcen 1 ml2 nay~ ''uncerllid'lllllil.lbe NPR crbriDn is rdPcd. 'Ibe 'nininllm' sulphur 
coant ~ ofcausiDg ARD depeDd8 on 1be type of sulphur mllbe maguiludc oflbe NP. MiDcd rock oibm bu an exmnely low NP. For iaslm:e, at 
1be EutKelq)tvillc Mine in Nova Scolia.lamidityceD.~~~q~bl wilh0.07111 0.19"Aisulphidc-S, NPR of1111 2 and NNP > Oprocllx:ccl acidi: <lllinaF 
(Morin ml Hull. 2006). 0rat can: is r-=quin=d when working wilh IIUrial8 colllliaiPg low AP ml NP lewis becaiiiiC ninor varia!io1111 can sipificantly 
8br 1bc ~ ml resulliDg <lllinaF chcnislry. A sulpbur cut-oifahould not be Ulled 111 ._.lbc ARD po11Dal 'UIIblalbc niDilwmNP wlue ill 
knowu. Even low limla of sulphide can prodw.:e ARD iflbe NP ill illlnlli.:m 111 ~ 1be resulliDg acid. 

'Ibe !lllpitndes ofNP codriDed wilh humidity celliiiCUimiiC!It ofNP ~~:mow! rea provide rough est:ilnaa oflbc tilnc111 NP depletion. NP depCtion of 
2.5 111 s kg CaC0311DnD:/ycar ~it would lib 36111 72 ycm 111 dcp!= an NP of180 kg CaC0311D~~~~e in 1be bacldillcd tailil!p sml in 1be s~ 
Mine (Pike, 200Sb). To BUppOrt calculations ofNP depletion mllag times 111 acid~ deriwd fiomlabora1Dry atm&. it is inporlant 111 set up field 
at pads U IIOOD U p!'IC1icable 111 moni1Dr weabcriDg UDder field condilioD8 in varioUII FOJDgic DUrialllat 1bc • (Price, 2009). 

Obeervations such u 'tftbilll rock wu po1l:nlially ARD FDCIItiDa. we would haw Uady 8CCD ARDin 1bc duqle. 80111e ofwbi.:h an: owr SO )all old." 
an: fil:qucndy ~ Howewr, an ebeeDce of ARD dl:r exmled periods does DOt prow it will. not occur in 1bc fillun: becaiiiiC depletion ofNP 
nay lib 101111 1001 ofycm. For~. it 1DOk mor~: 1ban 15 ycm be»~~: acidi.: <lllinaF wu obemcclat IBiml Copper, wb= ~rock 
collllined only a IIIIICierall: amount ofNP (Fipn: s-21, Morin ml Hult. 1997). 

Flpn 5-21: Seepqe pllven• daattbe blaDIICopperMIDII (fnlmMoJIDaDdBillt, 1997) 
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OlbBr ~ ~ABAc:ritsiallnl as illbws: 

• Cak:ulidion ofAP, NP and NPR.1;Ypitally.....,. ~ ccmdiicma. 
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• 111: quca1imaDOtwbdhcr a DBmlFJ~~Dllcs ICil, bCC~U~e evetydimg~s ~ acil, butwbctber itwiD.b~ mtacid due to~ 
NP to neutralize 1he acid. 

• 'I1ID ARD polmDl ofiDIIIBillk will an NPR. bet-.IIIDII. 2 wil depcDl an b :fide of dmli:d.y (HC03-) procJm:ed by b pH> 6.31111drdlamn 
n:action (&u1im S). 

• NNP ~ NP-AP ill a&BM l'IID::rtbma:ratio,llld can~DOt diotiog"iab bet\'ft'JCDDlllterialil widumNPR> 2 mlan:NPR.l to 2. Uae oftbc 
NNP aDOtJ.'CC0111D31ecl mr~ lbc fiiiR ARDpotemial(Figme s-22). 

• Ilt8ilaF cllmlistry~ llhou1d still be CODduclicd ifb NPR> 2 bcawsc oonh!mD" WDAdlatillD at llliNINnl or abh pH IDlY~ be 
abow aMoDmemal guir:lc1ia (S~ 2004). 

F1ple ~%2: NNPven111 NPR tbr a Pnpoaed Ca-ADMIIIe (ikoml'da, 2011t). 
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JnSIIIDIIII)'. ABA crimit Ullllld to classilYI!IItlriUJ sbauU be buecl anpraclDilllll tbDamtnl.(scmD:) conDimBtims. CderiaiiJIYprovme slmt cul5, 
1M ODe alwa.JI needs to check wbellu lbc lDlerlyille &aiiiiDl'lbm or limila1iml apply 1o a sped& siuatiDn Milll:n1lgical, ekm::alal m1 humidly cell dala 
ate Rlqllked to ciJ:ck ~ aboutche:micals,pecica ~to 111: ABA param:em IIIIi cak:ulationRSUIII. 

NIIIIIID:alABA ailmia provided m guidaD:e doc:um&mlllllnl SIJIIII!CiJm& minDimstood. mod DppiOpl:idely lllll Dwc:undely described (e.g., Gill 
descqJ1im of guilelb::s :ll:omPri:e [ 1997) iD.Maest et a1 [2005:0. .AlwaJI CODiiler the specific sUtbns to whi:h lbc crkrit apply ml the deiBill 
ClOIIleiiiDg 1hcir \IIC, 

n is iqloiWt to reoopi!D 1JJd ...,m: ABA aDria CIIIIII01 Nriute mr muule15111111.iogofblllllbnlCIIMumo:ml, the project, 1he pbgicaliDII.t&!IU 
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Figure 5-21:  Seepage pH versus time at the Island Copper Mine (from Morin and Hutt, 1997)



ml the ~uimDeull i>r pro11=Ction ofhuman hedh ml the enviroiiiDC!It. 'I'bcJd>~. dewlopmcDt of._spcci6f.: crilmia is ncceaay buecl on mcuurable 
p8I'8DICIIm W a 'WC&-ioimncd 188 )88DIC!!I of the limiiUioD8 of the resulll. Pllc1ilioDcnl ncecllD decide what io:Dnnuion is~ 1D make an 188 )88DICDI;. 

\lllderwbatcouditiom 'abortCidl' ~ ~ ml wbmCODdilioDs ~ fiomlbc ·~·. SCIIIIilivity ~ ml riska•:•:ant~ ~IIRdlD 
de1mline the quality ml aclcqual;y of the available iui>IDlltiou. 

5.4.16.2 Net Add GeDeDtloD Scnellllll Cltleda for the Net Add Potelldal 

Fp S-23 is the Auslrllian AMIRA (2002) decision tree i>r cle1mliDiDg add~ poli:Diial 'Ibrough ,_of a codrinatinn ofresulll i'omNAG 
atiu& putiai.ABA atiu& ml prof:aioDalj~ lllq)lc8 ~ ca=JO!Dcl ia1D a lllllliler ofclwes with a f111F of ARD po1mllill8. 

lilpnl ~23: Decillion 'lfte for the DetermiDatloD of Add GeDeDtloD Potelldal (AMIRA, 2002) 

Sample Preparation Basic Screening Tools 

Crushing ~nd 
Splitting 

(•H IIor• I} 

Pulve-rise to 
-7S~m 

L-------1--tl pH,~ •nd ECL: 
(n~Hor•2J 

Not• 1: ~mptt Pf9p¥atlon may lnea.ldt cnJ$ft!ng to nomiN I· 
.:mm ana '91!1Ung or a; r~5en:itiY« itO wrrp.:e- rrom tM bc.fk 
Cote aDO roe.\ u m;pt" r tqulft etlt$n.:ng t>t:ore 'J)W:Ing. om 
CMp$ .¥14 l.lllnp cto no1 norm.31y rtqU1rt etu&l'llng. 

Not• 2: ph a.nc1 ! C rua.surem.n~ provtot a m-t.uurt Of 
lTimta~ttJ)' .tva~~ Ana u~tr.:;y. n;, ln:otm.l'len m.ty 
rurut~ tnt nniJ Ci1tg<Wli.aaon o: trl-t im' p:e Cll.l'f to po:t n:lll 
$f!Otltenn er.tel$ 01 a glvtn ma!Mal on cen.te~lltat!On. orar~:.ge 
e~c. W..t·nurt-m.nt' are tJrK.:: c.tmtG out on tM c:rusrt~ umptt 
r.Jtntr tn~n tnt puJVHIW<I w mpit W!l.tft poNI'J.:.. 

Notes: 

ANC - Acid Neutralizing Capacity 
NAG - Net Acid Generation 
N.APP- Net Acid Production Potential 
P.AF - Potentially Acid Forming 
N.AF - Non Acid Forming 
ABCC - Acid Base Characteristic Curve 

5.4.16.3 Other Scnellllll Cltleda 

NPPP 
Calcclation 

N.ot• 3: The occwrtnet or org~ eompoundi 1n IOmt 

m.i~rln mil lnlit1'Kt 'lf.!h NAG lt it5. In p.Jfi:OJb1' 5ill'fiP!'t5 
trc:rn coaJ OtJX151't$ wl'3\ more tnan 3tlOIJt S%- TOC. 

Note 4: F\utner evalll.atron 1:5 reocmmenoe<1 to coonrm 
C~~ ot1 &.:IIIT.p!f'i v.~ HJ~ SU'Pf'UI' atl<l Hql ANC. 
Tl"fff 15 I riU; 0: tncomp!ittt itJ:pl'lklf OXIGI~ cNrlng tnf 
NAG :n ! on l'llg/l i~Ur ..ampCE$ St~t<l UtrP:H Of Hlgn 
S ' 1'10 Htgn A-~C m.att tUI .S..'IOU._, Df S.UbJ~O to $f4jt ntla,l 

NAG ana A SCC <Jott HmCN: Jocu . SJrnplt5 '4''tft mort U'WI 2% 
S ' no AN.CJMPA ra:IO& ~5 tn.il"' 1.5 ih<M.t~ Ct t VJWtt d 

Categorise Sample 

Unc.rtJin 

NAf 
(1ft 1/o,. 4} 

Unc.ruin 

Nofft 5: f ut1Mf liiVt:i!S~tiO.n • f fCOI'I"iil",tnel.o to <ltttrml 
cap.aclt•n 01 wmpnWjtll'llgn S va.tlt $(>1%$) anoa bw N. 

l OW NAGJ'N:APP r-.:li.Os. lrun:.att t:tn~ non-.leiCI ptOd:t;Ctng S 
oXId.ttton 1n a.t N.JG tn t, ana .Mdltlln.M1t$.tng .ou~ Of r 
•Aflleh applies. In a ,.articula.rcase. 
Note 6: FWU'l.tr IIVtt.t!~:Jon' art rtq!JWO IO <ltlfrmlnt. 
~UltleJ.~ 0: &Jmplfi wtl'l oont tocang NAP P J.!IO NAG r 
·MJ~gn:t.Kte 01' i'C~ f ormlng c-~c:l!)' tOf PAF ioimPlti YiiUl l 
·Ava~~« ANC tor r.:tutr.tl',satJOnot ac:lo prooueeo In' 
:o Ngll s . 
·Ackl pO!en:lll « umplf6 w:-:n n"" conttnti or org.~nle tN 

No speci6c NPR wlue is ~gu!U:cl in the European Union (EU); rabcr, ._speci6c wlucs ~ dewloped. At 80111C Auslrlluian ... an NPR wlue of3 is 
~\Y ~ 1D be lbc lbreabold betweenpotmilladd ~mlmuadd ~mine~. Hovmw, 1111e ofalowerruio is 
accep11ble ollly if it can be denD~ buecl on •spcci6f.: iQ)rmation, that N.:h a wlue is su:llil:ieDIIy proii:Ctiw. As with all8CII:elliDg crbria, the 
burden in on the propoDCDt 1D ~ tbat tbeee c*ria ~ appropnu, ml cldnsiblc buecl on •speci6c COII8ideJUolll. 

Worldwide ~gulalory jtftclil:tio111 hal'~: adapii=Cl c*ria i>r ARD poii:Diial, ml110mc hal'~: been pro~ ia1D law. When N.:h crilmia exist, their 
applicaion is pmlly lllllldalDry, umc.~~~~e ofappropnu, ml cldnsiblc •speci6c c*ria is allowed UDder the law. 'Ibe selcc1l:cl c*ria can vary ml 
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an 1llldemmliog of IJ'1)1icable ~gulaio1111 is ocedcd when ewluatiDg MUIIB iomABA and NAG a111 k the puzpoee of~ of ARD po=tialand 
identification ofnioe ~ 11111111 ....... ~. ~ ofsuch~gu!U:d c*riaiDcludc anNPR 1luahold of3 k IIOII8cid ~~in 
New MeD.:o. mNPR lbMhold of1.2 iiiNewdl, (ie., 20"AI em:aa bue), ml a lb=-proupl approach ill Quebec buccl on sulphide conlmlt, NNP, 
and NPR. In Quebec, add pmtiog nUrialis ~by sulphide CO!di:Dt ~than 0.3%, and, ill the abem:e ofcouli!maiDJy kiDctic 1I:StiDg 
raul~~, an NNP bl8 than 20 q CaC03/Iomle or an NPR bl8 than 3. Figun: S-24 i8 an ~le plot of ABA raul~~ in wbich a lllldler of8JCft:CIIing 
crilmia ba~ becnincludccl, dclincUiD& tbe bo111ldari:s betweenlllllmilll wilhadilb'entpo1mill»r ARD. 

RaiD 5-24: 1!:uqlle Plot of ABA Ret6 udARD Clbeda 

<> StockS 

+ Trachytlc Volcanics 
6 Mdesitic: VoleMiC$ 

0 UtttieVolcanies 
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&gulaiDzy crilmia also exist »r ~n of raul~~ iomcerllill leach 1mB~ deaipcd »r clusi6:aliDn of~ IDilmill8 ml CO!q)lillll:c 
with"'*" quality stmlanls, u ~in Tab~ 5-1 and on Figun: 5-17 (AMIRA. 2002). ~a ofsw.:h 11:111 include tbe l'CI.P, ~ "'*" 
mobility~ (MWMP), aDd WEI' 11:S111 in the U!Dd Stta, the CEN-eericsa111 in Europe, the Cbincee GB 1M~. and the Brailian Noma 
Bruaa Rcgjstrlda. (NBR) 11:8111. 

Inpml. kinetic at raul~~ need 111 be ~in the CO!IImofaD.available ~~ inimDa!ioD. 'Ibe »DowiDgevaluuion811:J18 nay be of 
uaislm:e ill tbe ••: 11B11t ofkillctic at raul~~: 

• T~ tmld8 oflrility, alkalinity,~. and pH wccl111 &88C881111:8 of acid pnlduc1ion and CO!ISU!q)tion 
• RaiD ofadd produe1ion(lllilla8111phu:) w. add CODSIIq)1ion(lllillacakium. ~ Wliaity) 111 &88C88 ~ladw 1111:8 
• Conprillon between obeeMd sulpha=~ m= mllilmture 'Yiluc8 (Moria. 1997) 
• Conprillon between obeeMcl mctalCODCe!IIIUona and~ quality objecliYcs (A dRct ~ pmlly sbould only be u.cd u a 8JCft:CIIing 

11101. and abould tab in1D accollllt tbe ~in eolid 111 liquid lllio between tbe at and tbe IDDm envirollmcDt.) 
• Conprillon between kiDctic at raul~~ ml ~ iomABA. NAG at, DiDmlogy, stm:lcach atiq. ml&ld ~quality 
• Conprillon between kinetic atresulll aDd ~qualityiomanalog8b (ie., ~enviroDnlcDIIlapp!OICh) 
• GeochcnicaiiiiOddiDg 111 idemiiY ~on lcachu: colq)OIIitio" 
• Develo,PDDt of~laliDuahP between sulpha=~ mllboee ofconstilucnll ofilll=st that em be em.po~ 111 &ld CODdiliolllllbrougb 

sulphide oxiduion moclcling or calibru:cl apinst &ld lllC8BimiiC!dl of sulphide oxiduion 

In the abeeDcc of ~gulamry crmma. aDd ftc(UC!IIIy in addilion 111 ~gulamry crmma. m.specific 8JCft:CIIing c*ria sbould be developed. '1'lae c*ria 
should be buccl on a thoro118h~~noftbe lllllmill.atbml. &8ulll iomABA. NAG atiq. DiDmlop:.l~n.lcach 
atiDg. and kiDctic 1I:StiDg ~ l»Ccl111 dlmlop an iDimlally CO!I8is1=t1lllderBtmlillg of add pmtiog po1I:Diial, culnioaliDg ill identification of a small 
lllldler ofc*ria (pmlly oDe or two) that can be u.cd 111 ~liably clusiiY mining VIIBII=I and pologic IDilmill8 accordiDa 111 their ARD po11Dal To be 
of value ill m opellliona18CIIiq. t!ae crilmia DCCd 111 be buccl on p8IIIIR1I that em be ll9ii\Y dc1mlinccl on* wilh a hiah degree ofconfidm:e. 
Vl8Uilmctbods (e.g., rock type, *~~lion type, pyrb CO!di:Dt) and laboraiDrydelmlioation of111ttbulphur(Leco). sulphide sulphur(Leco nimllll wea 
add IIOiubb-S). SobekNP,111ttlcabon(Leco). ino!p11ic cabon(HCleoluble). NCV, aDd NAG pH~ the mostconmmlywccl ope!Uona1 ~ 
~1110111 • 

.Aidlough cleYclopmcDt of8JCft:CIIing c*ria is conmmly aimccJat ideDiifyiDa the Det acid~ po.Wofa BiDe~ or pologic DUri81, the 
proce88 ofewlualion ofpo.Wenvirollllnlll.~ should DOt 81Dp ~. 'Ibe lllllmialcluai6cd UDDn Det-acid pmtiog should 8liJI. be I8IIC8IICd j)r 
drlinaF quality. NMD and SD iomDOD Det-add pmtiog nUrialnay CODiiDue 111 be a Cllllle »r coocem ~in the cue of~ 11111111.,..... 
Sll*gics that include, mewq>le, se~p!ionofPAG iomNPAG ~rock or~n ofPAG rock byNPAG rock. 
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5.4.17 Reporting 

Reporting ;, an integral part of an AJID. related study. In addilion to ilriJdilg tabulations of analytical results, report<d iniDnnation needs to be pre.-d in 
a fbnmt tbat proviles proper inteipretation. This requres calculatim of descriptive sta:t5~s and use of a variety of graphical representations developed fur 
evalJationofresuls fiomABA, NAG testing, and kinetic testi:lg Price (2009) or Wolkersdorfi:r(2008) provide a c~ overviewof1he mcst 
commcnlyUBed table templates, calculation sheets, and gmphs. 

These procedures mnst be documented and submitted as part of1he report because 1he reviewer of an ARD sl\dy may rot be fiuniliar wilh all analytical and 
s-ling procedures. Alao ~is a discussion ofQA/QC aspects and 1he~ bearing on dsta reliabill;y and defi:usibility. 

At a minimttn, 1he report needs to COIIIlP:t all predi:tions ofenviromn:ntal behaviour, ilriJdilg 1he approach and tooh used (e.g, geochemical mxleling 
code, statim:al software), assuo:ptions imxnpora.ted n the predirtiJm, the predEtion resul:s, am a ~ ofum:ertaioties and limlatims associated 
wilh 1he predictions. Frequently, a report will also i:lclude recomnoOOations fur fin1her actiWies related to data collection or evaluation, an intetpretation of 
resuhs in temB of po1ential enviroommtal inpacts, and an assessmmt of m:asures that can be used 1o prevent. lllinilni:lc, or mitigate such po1ential e:lfucts. 

I. T Tbe acid potential i; also rei:rred to as1he ImXimnn potential acidity (MPA), "'P"'SSed in 1he units ofkg H2S04h and calculated aslbllows: 
MP A (kg H2S04h) = 30.6 x S(%) 
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5.5 Modeling of Acid Rock Drainage, Neutral Mine Drainage, and 
Saline Drainage for Characterization and Remediation 

5.5.1 Introduction 

Modeling has significant vahre as a prediction and data managemmt tool and fur gaining an 
understanding of the geochemical, physical, and biological system; at mine and process sites 
(Oreskes, 2000). In principle, m.Jdeling can be applied to all mine and process :tacilities, inchlding 
mine portal efHuent, subsurfuce waters (wells or underground workings), waste dl.Dllps, process 
tailings piles, surfuce waters, pit lakes, and open pits. The type of m.Jdeling used depends on both 
the objectives and the type of source or pathway. A wide variety of codes are available fur these 
various enviromnents, but the critical fuctors are the quality of their databases of these codes, the 
inherent assl.Dllptions, and, m.Jst in1Jortantly, the knowledge and experience of the m.Jdeler. 

Figure 5-25 presents a generalized approach to the development, calibration, and use of a m.Jdel 
The m.Jdeling process starts with a strong conceptual m.Jdel and the mathematical m.Jdel can then 
be used to update the conceptual m.Jdel as necessary. Calibration of the m.Jdel is a critical part of 
the overall process. 

Figure 5-25: Genel'lllimd Model Process 
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contrast, when a 11Dre quantitative answer is required (fur example: what is the expected arsenic 
concentration), the complexity of the 11Ddeling effurt may be quite significant, requiring both a 
detailed conceptuali2ation of the system being 11Ddeled as well as use of advanced 11Ddeling 
codes. Care should therefure be exercised in selecting 11Ddehi so that they suit the need of the 
application and are compatible with the range and quality of the input data. The use ofi1Dre 
sophisticated tools does not necessary equate to 11Dre accurate and precise 11Ddeling outcom:s. 
According to Oreskes (2000) and Nordstrom (2004), the current computational abilities of 
codes and advanced computers fur exceed the ability ofhydrogeologists and geochemists to 
represent the physical, chemical, and biological properties of the system at band or to verifY the 
11Ddel resuhs. In light of these considerations, the m:aning of"accuracy" and "precision'' in the 
context of mine and process water quality 11Ddeling rrrust be reassessed on a case-by-case basis, 
and numeric analysis needs to be conducted to reflect the uncertainty ioherent in predictive 
11Ddeling. USEP A (2003) recomm:nds the fullowing should be submitted at a minimum to 
substantiate 11Ddeling used fur regulatory purposes, regardless of the specific 11Dde1'code being 
used: 

• Description of the 11Dde~ its basis, and why it is appropriate fur the particular use 
• Identification of all input param:ters and assumptions, inchlding discussion of param:ter 

derivation (ie., by m:asuretll'ml:, calculation or assumption) 
• Discussion of uncertainty 
• Sensitivity analysis of important input param:ters 

The general understanding of geologic material<;, mine and process wastes, and the 
hydrogeochemical mctors that govern mine and process water quality continues to advance 
through the implem:ntation of laboratory and field experiments. In particular those experim:nts 
that isolate one variable at a time to identifY its effi:ct on overall discharge water quality are of 
great value. Similarly, ongoing characterization and 11Dnitoring of mine and process fucilities 
allows fur development of improved scaling fuctors needed to extrapolate resuhs from smaller 
scale tests to an operational level Also, the tools required fur geochemical, hydrological, and 
hydrogeological11Ddeling already exist Therefure, 11Ddeling can be a valuable component of 
mine water quality prediction and fur evaluating managem:nt and mitigation options. 

Additional detail on geochemical, hydrological, and hydrogeological11Ddeling, inchxling listings of 
coiDI1Dnly-used codes, can be fuund here: Modeling of ARD. 

Top of this page 

5.5.2 Geochemical Modeling 

This section describes the conceptua~ theiiiDdynamic, and kinetic fundamental<; of geochemical 
11Ddeling and its application to prediction of mine water quality in support of mine site 
characterization and rem:diation The emphasis in this section is on the basic processes that 
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rmde~ attempt to represent with <&cussions of the usefulness and the limitations ofrmdeling. 

Three basic approaches have been used with geochemical data: furward geochemical rmdeling, 
inverse geochemical rmdeling, and geostatistical analyses. Forward rmdeling i'l also known as 
simulating (ie., potential reactions between rock and water are simulated from initial conditions of 
a known rock type and composition). Reactions are allowed to proceed in equilibrium or kinetic 
or combined rmdes. Changes in temperature and pressure can be invoked, changes in water flow 
rate can be assessed, and minerals can be allowed to precipitate as they reach equilibrium 
solubility or <&solve as they become undersaturated. Potential reactions can be simulated to see 
what the consequences are. This type of rmdeling i'l the least constrained. A great many 
assumptions are either invoked as input data or invoked as dictated by the program that may not 
apply to the specific system being simulated. This approach assmnes the rmdeler bas a significant 
armunt of infOrmation on the ability of minerals to maintain equilibrium solubility or their rates of 
reaction 

Inverse rmdeling assmnes a water flow path is known and that water samples have been 
analy7ed along that flow path. Such data can then be converted into armunts of minerals 
<&solved or precipitated along that flow path. Several assumptions are still made regarding the 
choice of minerals and their relative proportions contributing to the water chemi'ltry, but the 
calculations are constrained with actual data. Inverse rmdeling can also be done without any 
recourse to kinetic or therrmdynamic data, in which case it represents a relatively simple mass 
balance calculation When speciation and therrmdynamic and kinetic properties are inchlded fur 
additional constraints, the possible reactions become quite limited and the rmdeling i'l rrruch rmre 
meaningful 

Geostatistical rmdeling of geochemical data takes place as part ofblock rmdel development, and 
is discussed in rmre detail in Chapter 4. 

Modeling of any type does not lead to a unique solution but the possibilities are rmre limited with 
greater armunts of carefully collected :field data. Martinet a1 (2005) smnmarized the benefits and 
limitations of geochemical rmdeling as fullows: 

Benefits 

• Set a ceiling on contaminant levels 
• Provide insight into potential future conditions. 
• Determine which variables are rmst important in determining future conditions. 
• Assess the effects of alternative approaches to ARD management. 
• Assess potential effi:cts of uncertain parameters 
• Establi'lh objectives and test conditions fur field and laboratory studies 
• Integrate available infOrmation 

Limitations 
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• Insufficient input data 
• Modeling can be challenging and results misinterpreted 
• Uncertain and variability of the results 
• Diffi:rence between modeled and actual field conditions. 

Alpers and Nordstrom(1999) and Mayer et a1. (2003) provide a review of geochemical models 
fur use in mine water quality prediction 

Top of this page 

5.5.3 Hydrological Modeling 

Generally, a hydrological model is an analog of a natwal or hurmn-modified hydrological system 
Tbi<; generic definition encompasses models of surface-water and groundwater systems. Scientists 
and engineers commnlyuse the term hydrological model to rerer to models of surface-water 
systems, and consider hydrogeological models fur groundwater systems as a separate subject 
Tbi<; section fullows the latter convention, describing hydrological models in the context of 
surface-water systems. 

Hydrological models range from simple algebraic calculations to complex reactive-transport 
computer codes. Physical analogs, such as stream tables, can also be useful sinrulations of 
complex surface-water systems. Hydrological models can be used to predict the fate and 
transport of mine drainage tlrrough a surface-water system, providing important input to hurmn
health or ecological risk assessments. Hydrological models can also be used to estirmte the 
water-quality and water-quantity evolution of pit lakes over tirre. Hydrological models can be 
coupled with hydrogeological and geochemical models to incorporate the interaction between 
surface water and groundwater into the sinrulation and account fur geochemical reactions. 

Selection of an appropriate, quantitative hydrological model depends on the type of output that is 
required and, critically, on the conceptual model of the system being evaluated. A robust 
conceptual model will identi:JY the important physical and geochemical characteristics of the field
scale system being evaluated. Based on that identification, an appropriate hydrological model can 
be selected that quantitatively represents those important processes. For complex systems or to 
assess a range of difrerent types of processes, muhiple hydrological models can be applied to 
predict the fate, transport, and potential impacts of mine discharges. 

Top of this page 

5.5.4 Hydrogeological Modeling 

Hydrogeological models address water flow and contaminant transport below the land surface. 
As with hydrological models, approaches to hydrogeological sinrulations range from simple to 
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complex. The universe ofhydrogeological m.Jdels includes physical and electrical analog<~. With 
the advent of powerful personal computers and high-level programming languages, these 
approaches are rarely used in current practice. 

Much literature exists regarding hydrogeological m.Jdeling, as do a mnnber of computer 
programs. Zheng and Bennett (2002) provide an excellent introduction to the topic of 
contaminant-transport m.Jdeling. Maest and Kuipers (2005) provide a review ofhydrogeological 
m.Jdel<; m.Jre directly fucused on ARD prediction. Three fullowing basic types ofhydrogeological 
m.Jdel<; are available, in order from simple to m.Jre complex: 

1. Analytical m.Jdel<; of flow and contaminant transport 
2. Analytic element m.Jdels 
3. Numericalm.Jdels 

As a general rule, hydrogeological m.Jdels should be as simple as possible while still representing 
the physical system with an adequate degree of preci<iion and accuracy. More complex m.Jdels 
should only be selected when project needs dictate, when simpler m.Jdels are dem.Jnstrably not 
adequate, or when suitable data are available fur m.Jdel parameterization and calibration. 

Hydrogeological m.Jdels are useful tools fur predicting the potential generation and resuhing 
impacts of ARD. Models can be used to fill data gaps, either in space or in tirre. They can also 
be used to test alternative conceptual m.Jdels in an iterative process designed to understand the 
complex natural or human-m.Jdified subsurfilce system 

Top ofthi<; page 

5.5.5 Gas Transport Modeling 

Gas transport, particularly the transport of oxygen into unsaturated waste-rock piles, can be an 
important process affi:cting the generation of ARD. Principal m.Jdes of oxygen transport include 
diffusion and advection. Wels et al (2003) provide a comprehensive overview of the role of gas 
transport in ARD generation and methods that can be used to m.Jdel gas transport. 

Relatively rew m.Jdels have been developed specifically to address gas transport in the subsurfilce 
and the application to ARD-related problems. Modeling the complete set of physical and 
chemical processes operating within a waste-rock pile requires a multiphase code capable of 
simulating gas and water flow in the unsaturated znne, chemical interactions with the solid matrix, 
heat generation and transrer, and chemical mass transrer in the liquid and gas phases. 

Top ofthi<; page 

5.5.6 Statistical Evaluation 
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The use of stati<;tics can be helpful in finding groupings and correlations among many pa.ram:ters 
in a large data set For instance, water quality resuhs may be grouped into sets that may relate to 
hydrogeochemical processes. However, caution should always prevail Stati<;tics is a furrn of 
mathematics and supports and helps to understand science and engineering. Statistical resuhs 
detmnstrate correlations or the lack thereofbut are nondeterministic. Plll"lllll':ters can correlate 
but not be deterministically related. Correlated pa.ram:ters may indicate unknown relationships 
that were overlooked. Several types of multivariate correlative manipulations using regression 
techniques are in common use (Davi<i, 2003), including Principal Component Analysis (PCA), 
Cluster Analysic; (CA), Probability Distributions (PD), and Factor Analysis (FA). These and 
other techniques often depend on assuming certain characteristics fur the data set that are not 
necessarily correct (e.g., data fullow a normal dic;tribution, sufficient data are available to apply 
statistical tests, and levels of variance are comparable among plll"lllll':ters being correlated). 
Perhaps the best uses of statistical tmthods are fur reasonable interpolation of spatial or temporal 
data and fur identicying potentially causal plll"lllll':ters that had not previously been recognized. 

Top of this page 

5.6 Conclusions 

Mine waste charactemation and water quality prediction are integral components of any study 
related to ARD. As described in this chapter, a standard and structured tmthodology is used, 
particularly fur new mine developtmnt. National regulatory frameworks and global guidelines 
frequently incorporate eletmnts of this approach. Defensible ARDIML and water quality 
predictions are being developed using state-of. the-art techniques by knowledgeable practitioners. 

Top of this page 
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Table 5-1 

From GARDGuide 

Table S-1: Methods for Geochemical Characterization 

Return to: 5.3.2 Description of Pbates 

Use in Geocbemlcal 
Test Type Test Metbods and Description Characte:riation and Water Advantages LiiDtations 

Quality Predldion 

Sieve PredX:t reactiviy on basil of available RelBtiwly rapXI, less expensive Little irlti>IlllllOOn on fine ftaction 
sur!Bce area No irlti>I1111ltion on ''reactM:" ftaction 

HydroDEte.r InfimDition on fine ftaction More tim: consumiDg. nme 
expensive 

Grain Size No irlti>IlllllOOnon ''reactM:" ftaction 

HEr method Sophis1i:ated t.echnque Time consuming and expensive 
Infummtion on ''reactM:" iactim Requires specialized equipn:lmt and 
through measurem:ot of total and pe.rsomel 
specific slrice area 

Digestion usmg vamus acils fur Detmmim:s total po1I:DI:ial klad of COiqlariion against site-specific Instrummt-specifi: iute:diaences 
~ by ~le qllllllli!ati:ve CODS1iuems to envirollllleDt. baseliue w.lues and rei:relx:e geoklgic Volatilization 
t.echnques (ICP-AES, ICP-MS, AAS, malmials Elevated detection limits due to 
NAA) Surrogate fur and confianation of dWiion 

CheDKal 
ABA piU'IUIXlters (e.g., Ca, S) 

Conp~&ldon 
Surrogate fur and coDfir.mation of 

Preparation ofbeadlpowder sa.tq>le lOr mineralogical COIJliOsil:im 
semi-quantitative analysis by XRF Evaluation of Sllli¥Jie set 

representatM:ness 

Portable equipment (XRF) 

Mixture of solution and so Iii in desired Detmmim:s pote.olial short-teDn eftect QuX:k. inexpensive, easy to pe.rimn in Lack of ability to predi:t long-term 
Paste pii/Paste ratio (typK:ally 1:1 to 5:1) fullowed by of sur&:iaVsoluble salls on water field and laboratory ciJlldifuns 

Conductivity pHielectrK:al. conductivity measuremr::ot quality Can be uselill. IDJDiorilg test fur Measures stored aciii1y 
operational mile waste lllllllllgem:nl: 

Sobek Method All MetbJds' AllMetb:Jds' All MeJbods· 
AP COIIIIOOilly iom total sulphur &tablisb overall acXi generating and Most techniques weD. established ProvXIe no inlimmtiononrelative 
NP by boilicg, HClto pH 0.8-2.5 acid DelltnllimJg capabi&y of a Genemlly relatively mst and rates of acid generafunand 

material1brougb independent inexpensive neuttalilation 
determiJation Provide opmatXmal scmmiug criteria AsSUIIE NP and AG sulfur or IIinerak 
Idenlification oftlr need fur and fur mile waste classification and are COiqlletely available lOr reaction 
sa.tq>les that require kDcti;: testing IIIIlllllgelD'II Can over- or Ullder-estimate AG or 

NP depeJK!iug on metbod used 
NPR cannot be calculated in tbe 
absence of sulphur and sulphide 
Acid addiion dependent on a 
subjective fizz test which can a1li:ct 
accuracy 

Modified Sobek (LmvretJce Method) Preventover-estimationofNP or AP 
AP iomsu\lbide su\lhur re:Jatiw to Sobek method 
NP at ambient telq'lerature fur 24 Wilelyused 
hours ncar boili:Jg. HCl to pH 2.0-2.5 

LtqHikko 
NP at ambient telq'lerature up to 1 
week. H2S04 to pH 6.0 

2014-10-21

kmiller
Line



BC Retie~H'Ch l11c. (BCRI) l11itirll 
NP at ambient temperature fur 16-24 
hours. H2S04 to pH 3.5 

Sobek Siderit~ Co11'eCtio11 Accouots :tDr CODtJle1e oxidation of AS 1M draft m:th>d uses sulphuric 
as Sobek, but w:lh H202 soluble m:taloi during titration acid Requires oo fizz test 

Uses pH to determine acid addili:m 
requnm.::nts 
N cJ!Iltive valJes iodi:ate stored acid 

Net CIJI'boiUite Value(NCV),"COl Devek>ped byNewroont Staodardm:d as AS1M E-1915 Requires carbon-sulplmr sophim:ated 
NCV = ANP + AGP, where Negative ANP lllXi postive AGP Waste rock composites chaiacteriled conDust:im-iniared iostrumenlll.tion 
AGP = -1.37[(total sulplmr) - (resnual IIllllit be corrected to zero with IIJ:tallurgica.l suilc !Dr ores similar to Sobek 
sulplmr after pyrolysis)] Negative NCV inc&a1es acid Several options fur sulphide Results require conversion 1br 
ANP = 3.67[(totalcarbon)- (carbon generation poteiJtial. coDfirmation depending on nioeraklgy c~ against data ftomother 
after HCl digestion)] (=see TIC) Confirm.NCV classi1i:ation using BC Classifalion system limits um:ertaimy ABA tests in order to diffi:rentiate 

Research Confirimtion on 2DIIC m:tbods 
composiles Metal carbonates overestimate ANP 

Acid Base Does oot accOUDt :tDr silicate buflirriDg 
Accounting (ABA) or stored acidity 

Acid BuJ1eri11g ChfliYicteristic Provides an :indk:ation ofth: portion Can be used to identifY ninem1s Only :feasible to do on selected 
Cun>e (ABCC) of the NP that is readily available fur respon&ble fur neutralization by SBDtJles due to kmg test time 
Titration of SBDtJle with acid while neutralization comparing against ABCCs fur Limited basil fur comparilon agai:ISt 
COIJI:iouomly ~molori:Jg pH Used priocipally in Anstralia refi:rence mincrak results from Imre ''lmditionar' ABA 

Similar in mture to 1he BCRI Inilial WeD suilcd :tDr measuring actual NP tests due to linited use to date 
lest vs. totalNP 

Represellls a less conservative m:th>d 
of measuring NP 

Totrll l110rgrmic Ctubo11 (l'IC) Measures NP associated with Only provnes carbonate fraction of 
TIC= (total carbon)- (carbon after carbonates only NP 
HCl digestion) Can only be used in cmx:ert with total 

NPresults 
wm include carbonates that do not 
contrbute NP (e.g., siderite) 
Not sulable fur m1terials with bw NP 

Slllphur Analysis PoteiJtial. of samples to generate acid Diltinguishes between sulplmr :fimns Does oot confirm the identity of the 
(totals, pyrit:i: s, sulphide s, ~ Used as part of ABA testing and a.lbws ilenl:ification of'i-eactive" sulplmr-beari:Jg Illio:JaXs) 
S, sulphate S, residualS) sulplmr spe~s Can overestilmte or uoderestilmte 
Analysis requires selective c~Ftion of reactive SlJ\:llmr content 
groUDd sample and~ of 
sulplmr by iniared or titratim after 
coubustion 
Reimvalofoon-su\)hide and/or 
targeted sulphide IIIiccmls to dete.rmioe 
sulplmr species 

Chromium Rducible Sulphur Used priocipally in acid sulphate soils ConUI.ered a very reliable m:tbod i>r Limited basis fur direct COiqJarison 
Targets acid-volatile su\llmr, elemmtal inYestigations. CRS i<l aka useful fur IIEasuring low-level sulplmr agllilst results liom Imre ''lmditionar' 
sulplmr lllXi p}Tite su\lbur through HCl sulphide analysis in coal and coal COIICelllrati:l ABA tests 
digestion reject m1terials Onlym:asures sulphide IDincrak 

Totrll Acturll Acidity (TAA) Can defio: actual acidity in bw-pH 
Titration ofKCl exttact to pH 5.5 with SBDtJles that have oxidized 
NaOH 

Totrll Potmtirll Acidity (TPA) 
Heat:i:Jg ofKCl exttact with H202 and 
tilmtion to pH 5.5 with NaOH 

Si11gle tulditio11 NAG All Metlpds· AllMetlpds· All MeJbods· 
Reaction withH202, ~of Establishes overall acid generating Evaluates net acid-base balance Does oot disti!lguisb between AP and 
1he NAG pH and titration to pH 4.5 capability of a m~terial through Generally relatively mst and NP 
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BDdpH7.0wlhNaOH simlbmeous reactKm of aci:l icexpemiw Poteolial i::detiaeu:.lll in ptesence of 
generating and aci:l neutraJrz.ing Provides operational screening criteria organi: c&Ibon and copper 
oompoDCDis fur mile waste classili;:ation BDd May underestimate ARD potential in 
Ideulilication ofth: need fur BDd I~ high-sulpbile material due to 
S11J111leS that require kiletic testing Greatly reduces :lillie positive and :talse inc0J11!lete oxiiatim (Sequential 
Used in coojuoction with ABA or negative ABA results NAG addresses 1hillitrilation) 
stand akme field test when calibrated Confiriii\tion resub fur unreactive Quality ofH202 may vary. SOine 

materials H202 brands required pte-treatmmt 
In con:Dination with ABA ilqm>ves fur NAG rest use 
predK:tion reliability BDd range of 
uncertainly 

Net Add S~"entlal NAG Oven:~ inc0J11!lete oxiJatim in 
GeDerating (NAG) Multi-stage repeat of single-addition higb-sulplrur samples 

NAG tests until NAG pH is greater Can provide qualitative estirmte of 
1ban4.5 approxirmte lag time to acid 

generation 

Exlendetl Boil tmd Calculated Accounts lOr potential ef!ect from 
NAG organi: JDltter 

As single addition NAG, but accounts 
lOr potential ef!ect from organi: IIBtt.er 
Extended boiling am assay of1hc NAG 
sokltion fur S, Ca, Mg. C~ Na BDd K 

KilldicNAG Provides quallative estimate of 
As single addition NAG but with reactKm kicetics BDd lag time (ie., 
mmitorillg oftelqlerature am pH weeks, mmtbs, years) 
duringreact:Dn wlh H202 

VU..al/Optictd Microscopy AflMeth!ds' AnMethlds· Qualitative 
Hand lens, binocular microscope Id.enlifY prirnuy BDd seCOIX!ary Provide inlbrmation on aci:l generating 

minerals that could ailect acid poteolial am NP, availability of 
generation potenl:ial and contact watm minerals fur weatbemg 
quality Conoborate litbobgi: Dfimmtim 
With increasing sophml:ation of Essential lOr understanding of 
techniques, no inlimmlim on geochemi:al. CO!llrols on contact water 
texture, mineral COJI1lQSition BIJd quality BDd as inputs to geochemi:al. 
morpbobgyto evaluate mineral IIXJdel sirnu1a1ims 
reactivity BDd aw.ilabilly fur 
weadlering reactions that can ailect 
acid generation and leacbi:Jg poteolial 

X-ray dijfractioll (XRD) Semi-qlllllll:itative at best 
Quallative or semi-CJUlllllitative 
(Rietveld) ana.lysil High detection liiilit -1% 

Capable of~ Cl}'litallim: 
milerals only 

Mineralogical 
COqJOiitioD 

Petrogrflplaic tuUJiysis Requires sophml:ated inslrumentation 
Rellection or traDsmismn petrograpbi: BDd specialilJed personnel fur 
microscope imelpretatim 

SEMIEDS Surpasses combustion-irrliared 
Electron beam scan fur milcraJ. l:De1h:xls in quantilyiDg trace sulfide 
ident:i&ation mineral concenttations 

ElectrollmicroproiM 
Like SEM but optimia:d fur cbemi:al 
ana1ysiJ 

Portable quip~~~e~~t (PIMA) Portabll: Not capabll: ofidentifYiog aD millerals 
Infrared 8lllllya:r Parti:ulBrly suited fur ¥rated 

minerals 

SPLP {Syllthetic Pndpitlllio11 AflMeth!ds' An Metmds. AJMeltpds· 
Le#chi11g Procefhlre) Measures readily solubll: constituents Provides mdi:ation of short-term Provides no Dfimmtion on transient 
US EPA Method 1312 of mile BDd process wastes ~!:aching of sobble constituenls. processes and long-termcondibms. 2014-10-21
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20:1 solutim to solid Idemilies readily dilsolwble Only sitmlates sbort-tmm ioteractKm 
Deioni21:d water or dilute cons1:lucna!i High liquid to solid ratio IIBY 
sulpburiclnlric acil to pH 4.2 or 5.0 tmderestimte leachability 
<9.5mn Grain si2£ reducfun 1IBY increase 
18 ± 2 hours reactivily 
Variarfr:. St1111tltnrl Test Method for 
Sltflke Extl'tlctioll ofMi11i11g Waste 
by tlte Sylltltetic Precipit1Jtio11 
Leaclti11g Procetbln 
AS1MD6234 

TCLP (l't»dcity Clt~m~ctmmc Used to determine if waste il Applicable stmxiards available Use of aceb: acid/acetate buffimlmt 
Leaclti11g Procetbln) ha2ardous UDder RCRA appropriate fur mili:Jg appbfuns, 
US EPA Melhod 1311 Int.cnded to simulatl: ~alland1ill Short list of mr::lals evaluated 
20:1 solutim to solid ratio coDiaioiog organic wastes 
acetic acid/acetate buffi:r 
<9.5mn 
18 ± 2 hours 

Meteoric Water Mobility Procedlln Same as fur SPLP Quasi-dynamic test Weaker lixivimt than acXiified SPLP 
(MWMP) Primarily med in Nevada More rea1istE than SPLP due to 
I :1 solution to solid moo liP" solid to soln>n ratio, kmger 
reagent-grade water duration and COaJSel" !IBteriaJ 
<2~ Applicable stmxiards available 
<48hours 

Crdifomis WIUte Extnzctio11 Test Int.cnded to simulatl: ~alland1ill Lower IK[un to solid ratio and lmgicr Use ofsodi!mcibate DDt appropriate 
(WET) coDiaioiog organic wastes test duration than SPLP and TCLP m mioiog appbtioos 
I 0:1 solutim to solid ratio Primarily med in CalifiJmia Applicable stmxiards available 
dilute sodium ciDa1l: solutim 
<2mn 
48 hours 

Modified Test for Shflke Extnzctio11 Same as fur SPLP Lower IK[un to solid ratio than SPLP 
of Solid WIUte with Water 
4:1 solution to solid mfu 
reagent-grade water adjusted to pH 
5.5 with carbODi: acid 
18 hours 

Britillt Col,mbis Special Wee Similar to TCLP fur OOIIlJil. procedure Modi!icd: lower solutim to solid ratio J:nteiXled to sitmlate IDJilicipalland1ill 
Extl'tlctioll J>roaHlure (BC SWEP) Similar to SPLP and ASTM fur than SPLP and ASTM contaioicg orgaoK; wastes 
20:1 solutim to solid ratio IDJdified procedure Same as m SPLP 
acetic acid 
<9.5mn 
24hours 
.Modificatioll for mi11i11g wliStes 
3:1 solution to solid moo 
dilute hydrochkri: acil 

NAG Test witlt Leaclttlte A11slysis Can be used to determioe total ''Short-cut'' to condDms Leachate COillaDI an reactim 
I 00:1 sohlti:m to solid raw potential loading or release of mr::lals repn:sentative of COI!Jilete sulphide products 1iom sulphide oxiiafun 
15% H202 solutim after COI!Jilete oxidafun of reactive oxidafun High sobtion to solid raw 
<75\DD. sulphides S:igo:ificant grain sile reducfun 
Until boili:Jg or e11i:rvescing ceases 

Chsl'tlcteriZIJtio11 of WIUte- All Eurqp13111 Union (lru) Melhods· All Eurqpa~~, Union (lru) Melhods· Same as m SPLP 
Leaclti11g- Compliace Test for Basic cbaracterimtion: obtain Test protocol is adjusted based on 
Leaclti11g of Gnu11d11r Mtllerirds infunmt:Dn on 1eaching bebavm and infunmt:Dn needs and sie-specifit: 
ad SJ,dge characteristics condiWns 
EN 124571 Cotq~liance: determine whether waste Applicable stmxiards available 
One stage test complies with speci& rei:rence values (expressed as loadings) 
2:1 solution to solid raw 
<4mn 
EN 12457-2 
One stage test 
I 0:1 solutim to solid ratio 
<4mn 
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Short-Term Leach 
Testl 

EN 12457-3 
Two stage test 
2:1 and 8:1 solufun tD solid ratios 
<4mn 
EN 12457-4 
One stage test 
10:1 solufun to soil ratio 
< 10 lDil 

AnMethlds: 
dioltillcd/demincra1i2cd/cieDnm:d water 
24hours 

Clumu:teriZIJiion of Wee-
LeGching Bel11111ior Te:m - Up-fluw 
Percoltdion Test 
CEN/TS 14405 
1 0:1 sobti:m to soil ratio 
<10mn 
demioeralized water 
duration as needed 

Clumu:teriZIJiion of Wee-
LeGching Behfn'lor Te:m -
lnjlueiiC#! of pH on LeGching with 
Initial Acid/Btue Addiim 
CEN/TS 14429 
1 0:1 sobti:m tD soil ratio 
at least 8 indiviiual solufuns of difrerent 
pH 1llicg nl:ric acn or sodimn 
hydro:Dle covering tlr range pH 4-12 
95%< 1mn 
48 hours 

Clumu:teriZIItion of Wtute-
LeGching BehiiVior Te:m -
InjlueiiC#! of pH 011 LeGchi~tg with 
Conti~tuouspH~onhvl 

EN 14997 
1 0:1 sobti:m tD soil ratio 
at least 8 indiviiual soluti:los of difrerent 
pH 1llicg nl:ric acn or sodimn 
hydro:Dle covering the mnge pH 4-12 
95%< lmn 
48hours 

Clumu:teriZIItion of Wee-
LeGchi11g BehiiVior Tests -Acid fllfd 
Base NntralUJJtio11 CtqHJcity Test 
CEN/TS 15364 
10:1 sobti:m to soil ratio 
at least 8 indiviiualsoluti:los of difrerent 
pH usir:Jg nl:ric acn or sodimn 
hydro:Dle covering the mnge pH 4-12 
95%< lmn 
48 hours 

Lixivia¢o de Residurn 
NBR10005 
16:1 sobti:m tD soil ratio 
aceti: acil 
<9.5mm 
24hours 

Solabilka¢o tle Rnltlurn 
NBR10006 
4:1 solution to soil raw 
deioni'md water 
grain size mt speci&d 
?days 

Used tD determine leachability of a Test can be med to establish the Sllllle as ilr MWMP 
waste lDier hydra~aDy d~ dioltntim between vari:rus release Test developed fur~ 
conditims (EU) mechanisms (e.g., first flush vs. steady 

state :Jeachicg) 

Used tD determine~ of pH on Leachate a.mly21:d fur ioorP Sllllle as !Dr SPLP 
waste leachability and butliri!g constiuenls (as opposed to Test developed fur ~ 
capacity (EU) piCEN/TS 15364) 

pH is allowed to &ctuate a1ter initial 
addiOOn of acn or base 
Alklws evalJaWn ofbuffi:riog capacity 

Used to determine~ of pH on Leachate a.mly21:d fur ioorgan:i;: Sllllle as !Dr SPLP 
waste leachability (EU) constiuenls (as opposed to Test developed fur~ 

piCEN/TS 15364) 
pH is m~intained at consbmt value 
a1ter initial addiOOn of acil or base 
Alklws evalJaWn ofleacbability UDder 
consbmtpH 

Used tD determine fioalpH of a waste Sllllle as !Dr SPLP 
as wen as assess c~ of Test developed fur ~ 
external inllueoces ( carbonatDn, Leachate only a.mly2l:d fur pH 
oxiiati:m) on tlr £oa1 pH (EU) 

Used tD determine if mile waste is Applicable standards available Use of aceti: acil not appropriate fur 
ha2ardous UDder soil waste mililg applicati:ms 
regulati:ms (Bm2il) 
Intended to simuBte ~al kmd1ill 
containing organic wastes 

Used to evaluate poteoliali>r intJacts Applicable standards available Sllllle as ilr SPLP 
tD grollllliwater by COII¥Jarison agamst Lower solufun tD soil ratio and 
groUDdwater quality standards (Bm2il) kmger durati:m than SPLP 
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Test Method SttuJdmvlfor Let~ehi11g Used to determine if mile waste ill Applicable standards available Sam: as m SPLP 
ToxicityofSolUI Wasta-Roll OHr ha7JJrdous under solii waste 
Letu:hi11g Procedllre regulatimi by co~q~arison agamt 
GB5086.1-1997 Integrated Wastewater D6cbarge 
10:1 sohDm to solii ram Standards (China) 
deionizedlcmtilled water 
<Smn 
18 hours 

Test Method SttuJdmvlfor Letlehing Used to determine if mile waste ill Applicable standards available Sam: as m SPLP 
Toxicity of Solid Wasta- hamrdous under solii waste 
Ho'*"ntlll Vibn1tio11 Extnction regulatimi by co~q~arison against 
Procedure Integrated Wastewater DBcbarge 
GBS086.2-1997 Standards (China) 
10:1 sohDmto soliiram 
deionizedlcmtilled water 
<3mn 
24bours 

Sequatilll Extnu:tio11 To evabrte associafuns between UDiersbmdicg associatioDS of Involved procedure 
Vati:ty of m.:tbods 1.Ecg dili:rellt CODS1:Iuellls of illterests and difli;rent CODS1:Iuellls with difli;rent iactims of MIIIIY reagents 
exiJactaDts to evaluate leachability limn fractXms oftbe solii the solii assilts in understanding Most reagents mt lllliquely selective 
targeted iactims ofmioc waste Allows m determioafun of the labile geocbemical. COlldili.m!l Ullder which to targeted ftactim 
Methods lillY vary depending on portim of the so Iii phase they may be released to the Use of som:: reasents precludes 
amlyte of illterest and target fi:actim of envirolllllliil analysi; of certan comtiluents 
interest No applicable standards 

Hu.Udity Cllll Tut (HCT) To determine long-term weatberiog Standardimd test Not sulable fur evaliation of 
AS"IM 05744-96 rates (sulpbile oxidafun, di!sokltion Provides kinetic and steady-state saturated materials 
0.5:1 or 1:1 sokltion to so Iii ratio of neutra.li2ing mi:Jera.h, trace metal leaching mmnation and is Grain sm: redlx:tion lillY increase 
deionizM water release) Ullder oxygenated condiliom recollllllmded test fur determination o reactivity 
dili:rellt dimensims m < 6.3 mn and To evabrte lag tim: to acid generafun weathering rates of prinmy liioeriUi Potential fur channel :ftow 
<150 jllD To provide reaction rates ilr H\lb leaching rate can afii:ct reaction 
weekly cycle of3-day alternating dry geocbemical. mxlelicg kineb:s due to bigber pH and 
air and wet air fullowed by leach U!ldersaturatim with secondaJy 
gcncrally 20-week minD:wm but can milerals 
run longer 
weekly amlysil of diagoostE ARD 
p~ (e.g., pH, SC, Fe, S04, 
Eh, Ca, Mg. alkalinity) 

Lo:og-Term.Leach gcncrally less- frequent analysi; Dr 
Tesu COJI1ll"C'hensive II:ICt:a.k and major ions 

Collllflll Tat As above, but can simllate leaching in Frequently closer to field conditXms Not standa.rdizJld 
variable sohDm to solii ram variably saturated or oxygen-deli:i:ol thanHCT Potential fur chameliog through 
generally~ water, groundwaler conditims Can simllate difli;rent degrees of pre:bentill flowpaths 
or natural precipnfun To si!Ilulate environmeolal saturafun Grain sm: redlx:tion IIBY increase 
generally< 25 mn per1Dnnaoce ofam:nded mioc wastes Can sinlllate rem:dial alternatives reactivity 
variable dmnsDn, but gcncrally larger and/or cover desigDS Simulates conDincd weatbcricg of Without entire load of wea1hcricg 
thanHCT prinmy and secondaJy minerals products limn prinmy minerak, 
leaching cycles can vary and D:lude reaction rates ilr prinmy millerals and 
m1jntaitilg water over sample, extent of secondary preq,ilation 
alternate fboding and draining. and cannot be measured 
recirculating leachate 

Willi WasiWJg An Metlx!ds · Rapi1 May be dillicull to establish accurate 
lL rinse ofl x 1 msudilce area To estilmte short and long-term Measures leachate quality limn in situ mass balance due to loss ofsohDm 
diBtilkld water potential of mile materials to generate rmterial 

acid and leach metals 1.Ecg on-site Can be repeated to obtain ten:poral 
materials c:oiqlOnenl: 

US G110logictd SurPq Field Lach Can be perfuriiEd in the field Sam: as ilr SPLP 
Test(FLT) Rapid and inexpensive method to 
20:1 sohDm to so Iii ram cbara.cterile chemi;al reactivity and 
deionizM water water-solub:le fi:actim 
<2mn Field screening method 1hat can be 
5 n:inutes used as smrogate fur SPLP due to 
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FteldTestJ b!S!:Itllubs.us!ll!.llQvltm'2007/05D03/ similarity in approach and results 

Field CdiWJ'm Pab/Mjne Test are conducted UDder actual fieH Compreheosiye characterilafun of 
Ftldlities conditi;ms test SBiq~le maymtbe bsible 
Momomg of increasingly larger Can collect samples aJler tnmsilmt Complete uoderstandicg of water 
volumes of mine wastes events balance may not be fi:asible 
AnDicnt prc~ilation or irripfun Larger SBiq~le sizz: results in enbanccd Compk:xity of tested system DBY limit 
Degree of grain size reduction required test charge represeJJtativeness interpretive and prcdkUve wb:: of 
decreases wid:!. increasing size of test With increasi!lg test size, c!rects from observatims 
Test duration mmtb!l to years grain size reducfun, SBiq!le 

hctcro~ and prcfi:rential 
palhways reduced 
With increasi!lg test size, e111>iri::al 
results D:rcasingly directly applicable 
to mile filciliy 

Top of tiJb page 

Retom to: 5.3.2 Description of Phases 

Rctricw:d from ''bttp:/lwww.gardguidc.com'imcx.pbp?title=Table 5-l" 

• This page was lastinodificd 01 :12, 16 April2012. 
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Introduction to CMD Prediction 

From GARDGuide 

C5.1 Introduction 
C5.2 Overburden Sampling Considerations 
C5.3 Predictive Factors Other than Overburden Analys~ 
C5.4. Acid Base Accounting (ABA) 
C5.5 Other Static Tests 
C5.6 Kinetic Tests 

CS.l Introduction 

The greatest difference in approach and technology between hard rock and coal mining lies in the 
area of prediction The underlying diffi:rences (geology, economics, regulations, etc.) between the 
two all come into play. As ~cussed in Section 2A, coal deposits are very different from most 
other mineral deposits. Except in completely new coal ~tricts, the nature of sedimmtary rock 
makes it relatively easy to predict where the coal can be fuund. Exploration~ not generally an 
important ~sue; instead, property rights and land access to the coal seam( s) are more likely to 
determine where a coal mine ~ placed. 

'I'm; section starts by ~cussing overburden sampling, which~ critical fur prediction ofCMD 
quality at surfil.ce mines, less significant at longwall operations, and even less significant at other 
underground coal mines, where the nature of the coal seam and the il:nrmdiately adjacent strata 
dictate eventual water quality. This section only introduces the concepts and some of the 
challenges that must be considered. However, representative sampling ~ critical: to quote Block 
et al (2000), "prec~e analyses perfurmed on an unrepresentative sampling plan wiD, at best, 
accurately characterize that unrepresentative population" Failure to accurately predict post
reclamation water quality~ probably more often due to an inadequate sampling strategy than to 
poor analytical techniques. 

The fullowing section d~cusses other important approaches to predicting post-mining water 
quality; valuable infurmation ~ provided by water quality at adjacent mine sites and pre-mining 
water quality. Overburden analys~, o~e known as static testing, fucusing principally on 
acid-base accounting ~ examined next. Finally, kinetic tests, which are much more typically used 
in hard rock mining operations, but are sometitms warranted at coal mines as well, are examined. 

C5.2 Overburden Sampling Considerations 
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The objective of an overburden sampling program i'i to provide statistically valid estimates of the 
pyrite and carbonate content of the overburden strata. At surfuce mines, the entire overburden 
continuum is important. At underground operations, the coal seam and the strata immediately 
surrounding the coal seam; are Jmst important, while strata further away from the seam being 
mined may be undi<iturbed by the mining process and therefure irrelevant. In either case, the 
aJmunt of rock being sampled compared to the aJmunt of rock being mined is minimal, and 
therefure there nrust be a fuir degree of consistency or at least a consistent trend that can be 
generalized across the entire site. With the exception of dehaic deposits, seditmntary rock is 
usually relatively consistent (laterally pervasive) on the scale of a mine site. However, there are 
exceptions. Brady et al. (1988) documented five surfuce mines operating near each other on the 
same seam in Fayette County, P A, USA, that were generating markedly d:iffurent water: both 
acidic and alkaline CMD. He fuund that that there were abrupt lateral changes in geology which 
caused som: sites (the ones with alkaline CMD) to have calcareous shale strata while the acid 
generating sites did not However, this is liDIISual Lilrestone, if present, will be fuirly consistent in 
carbonate content. Sandstone or shale, if calcareous (e.g., calcite cement) at~mre than one 
sampling location, will likely be equally calcareous across the site (Caruccio and Geide~ 1982; 
Tarantino and Schaffur, 1998). 

Pyrite content in seditmntary strata i'i som:what Jmre variable (Rym:r and Stiller, 1989). 
Chanoel sandstones are especially variable, due to changes in flow rates over tiire and area. 
Ideally, by collecting samples of each geological unit at various random locations across the 
prospective mine site, consistency in the aJmunt of pyrite and carbonate minerals in that unit 
across the site and their relative proportions in each unit can be assessed. 

Overburden sa.tqJles are usually collected by air rotary or core drilling; augering is not 
recomm:nded. When drilling with an air rotary rig, rock chips are collected as opposed to cores, 
which introduces one additional variable to consider. Samples from one unit can be contaminated 
with rock chips dislodged from another, depending on the sampling procedures being fullowed 
and the type of rotary rig being used. Thi'i efrect can be minimized (Block et al. 2000; Noll et al. 
1988), but in~ cores provide better samples than rock chips. 

Because these holes are being drilled alJmst exclusively fur overburden sampling (exploration 
drilling i'i usually not required), there may be a tendency to drill as fi:w holes as possible to 
minimize costs,. For example, in Pennsylvania, the absolute minimum is two sample points, with 
one additional hole requested fur every 40 ha (1 00 acres) to be mined. However, the standard 
practice in Pennsylvania is to require 6-7 holes fur every 40 ha being mined, though this ratio is 
som:tilres reduced if there is infurmation available from adjacent mine sites. Where predictions 
are Jmre challenging due to geology (e.g., dehaic coal deposits are notoriously hard to assess, as 
discussed in Section 2A), operators will typically drill1mre holes. For example, at one site, the 
ratio was about one hole per ha (Brady et al. 1994). 

Weathering results in the near-surfuce depletion of pyrite and carbonate minerals, and, if not 
considered, can lead to erroneous conclusions on the nature of a given geological unit (Figure 1 ). 
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The preceding discussion applies to horizontal variability. Vertical variability ~ ahnost a certainty, 
regardless of the geology. All &tinct geologic units should be sampled separately and thicker 
units should be sampled at every change in appearance or, if the rock appears to be cons~tent, at 
every 1-1.5 m If interbedding makes it impossible to sample individual units, then samples may 
have to be aggregated and averaged. Weathered strata should be sampled separately from rock 
that appears to be unweathered. More infurrnation on this topic~ readily available (e.g., Block et 
al. 2000; Tarantino and Schaffi:r 1998). 

However, overburden analysis uses only a portion of the samples taken from a given interval 
Acid-base accounting (ABA) typically requires only 1 g fur sulfur analysis and 2 g fur the NP 
test. Thus, changes in the geoc~try within the vertical extent of the sample introduce another 
potential source of error, which is typically resolved by crushing the entire sample (or, if from a 
core, a longitudinal half of the core interval) and then using a rifHe or splitter to obtain a 
representative sample. 

C5.3 Predictive Factors Other than Overburden Analysis 

Groundwater reflects the mineralogy of rocks and soils that the water has contacted and so can 
be used to confirm the presence of carbonates in mine site overburden (Perry, 2000). Brady 
(1998) suggests that alkalinity concentrations should exceed 50 mgiL in deeper groundwater if 
there are significant amounts of neutralizing minerals present. Further, if the ground water samples 
are alkaline but overburden samples do not indicate that calcareous rocks are present, the 
overburden sampling may not adequately represent the site. However, his study also showed that 
groundwater quality cannot be used to estimate the amount of pyrite, since it only oxi<Wes upon 
exposure to the atmosphere. Brady (1998) observed that sulfute concentrations were umelated 
to the amount of pyrite present. 

Water quality from mining operations at adjacent sites ~ generally more useful Large areas can 
be accmately predicted to be either acid producing or non-acid producing, since their geology is 
similar. The most obvious examples are most of the coal mines in the western United States, 
where because the deposits are associated with fresh water paleoenvironments, there ~ very little 
pyrite in the coal or overburden Similar trends can be observed in most coal mining regions 
where an extensive coal seam~ being mined and the overburden~ reasonably consistent. 
However, exceptions do exist, as documented by Brady et al (1988) and discussed earlier. 
Nonetheless, the water quality at adjacent mines~ often an accmate predictor of water quality at 
a proposed site. Brady (1998) documents numerous examples that demonstrate the usefulness of 
this technique and how it has been applied. He states that, ''Groundwater quality from previously 
mined areas, when available and used properly, can be the best mine drainage quality prediction 
tool in the tool box." That~ because it already represents many of the variables that cannot be 
assessed in the laboratory, no matter how many samples are analyzed. As a result, when the 
resuhs of predictive tests seem to contradict each other, water quality at adjacent mines should be 
given precedence (Brady, 1988). 
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C5.4. Acid Base Accounting (ABA) 

ABA is one of the standard means of overburden analysis charactemed as a static test, since it 
ignores the effilct of time-related mctors such as weathering. It owes its ancestry to a mine soil 
classification system developed to determine how nruch agricuhural :tiJ:n: should be added to 
support plant growth (Skousen et al, 2000). West Virginia University researchers recommended 
that sulfur profiles and neutralization capacities be determined fur all strata down to and 
immediately lmderlying the coal seam to be mined (West Virginia University, 1971) and the ABA 
methodology was subsequently described by Grube et al (1973). Sobek et al (1978) presented 
the field and laboratory procedures in Jmre detail Subsequent passage of the Surfilce Mining 
Control and Reclamation Act in the U.S. virtually required its use since there were no other tools 
available at the time to characteme overburden material prior to disturbance (Skousen et al, 
2000). 

If pyrite is not the dominant furm of sulfur present, then the actual aJIDunt of pyrite can and 
should be determined. For example, coal mining sites in the western U.S. sometimes generated 
relatively high acid potential values in the laboratory even though they contained virtually no 
pyrite. Organic sulfur (which is complexed within the plant material that makes up the coal and 
does not produce significant aJIDunts of acidity) in the coal, and non-acid funning sulfilte salts 
such as gypsum, are measured in a total sulphur assay. Therefure pyritic sulfur, rather than total 
sulfur should be measured at sites where the nature of the total sulfur present is unknown. 

Initial simple use of ABA in the eastern and mid-western U.S was not as accurate as hoped. A 
U.S. Bureau ofMines study (Erickson and Hedin, 1988) of sites that were not easy to predict 
(sites that were clearly dominated by high NP or AP vahres were intentionally excluded) 
generated the data shown in Figure 2. 

Figure 2. Sites where actual water quality exactly matched predicted water quality 
should fall on or near the blue 

line; any square in the upper left or lower right quadrants represented completely 
erroneous predictions. Thus, if 

accuracy is defined as merely predicting whether the CMD would be acidic or not, 
predictions were correct only about 

2/3 ofthe time for these sites. 
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Figure 2. Sites where actual water quality exactly matched predicted water quality should fall on or near the blue line; any square in the upper left or lower right quadrants represented completely erroneous predictions.  Thus, if accuracy is defined as merely predicting whether the CMD would be acidic or not, predictions were correct only about 2/3 of the time for these sites.
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Figure 3. A graph of some mine sites operating in Pennsylvania in the early 1990s, revealing how an NNP cutoff value of 12 tons per 1000 tons can be used to predict sites where alkaline drainage will be produced.



sedimentary strata made it inappropriate fur predicting CMD quality. Recently, Stewart et al. 
(2006) rrodi:fied the m:thod to extend it to coal mining operations and have recently tested it, 
using coal washery reject material (coal refuse) (Stewart et al., 2009). 

C5.6 Kinetic Tests 

Kinetic tests (e.g., leaching coh.nnns, hwnidity cells) are discussed in rrore detail in Section 
5 .4.4. 7 of this Guide. As stated there, the fimdamental concept is to simulate the cyclic wetting, 
drying, and flushing that occurs over tim: at every mine site. Their chief advantage is that they can 
be used rrore quantitatively than static tests, to simulate the relative rates of acid generation and 
alkaline production, the relative concentrations of net acidity, m:tals and sullilte concentrations, 
and the potential value that would be gained by alkaline am:ndm:nts (Perry, 2000). However, 
kinetic tests are nruch rrore expensive and tim: consuming than static tests. 

Befure making a decision regarding kinetic testing, readers are encouraged to consuh Geidel et al. 
(2000) and Hornberger and Brady (1998). Several researchers, as part of the U.S. Acid 
Drainage Technology Initiative (ADTI), have been developing a standard kinetic test procedure 
(Hornberger et al., 2005: http:!/wvmitaskfurce.com'proceedings/05/Hornberger.pdfThe U.S. 
Environm:ntal Protection Agency and the ASTM may designate this procedure as an official 
standard m:thod in 2009 or 2010. 

Retrieved from ''bttp:!lwww.gardguide.com'index.php?title=lntroduction to CMD Prediction" 

• This page was last rrodi:fied 14:26, 4 July 2009. 
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Appendix 5-A 

Introduction 

Geochemical Modeling 
This secti>n descrbes the cooceptual, themxxlynamic, and kineti.: 1imdamenta.k of gcocbemicaliD:ldeling and its app:ticalim to predi;:tion of Dille water qualit.y in support of mine 
site characterization and remediafun. The etq~hasis in tbil sectim il on the basi: processes that ID:ldels attetqrt to represent with di!icu<~sions of the U'ICfulccss and the limi!ati>ns of 
ID:ldeling. 

1n pricciplc, geocberiEal. IDJdeliog can be applied to an mine and process 1ilcilili::s, inckmlg mine portal efllueut, subsurfilce waters (wels or uodergroum workings), waste du!qxi, 
process tailings piles, surlilce waters, pit lakes, and open pits. Tbe type of ID:ldeling used depeDls on both the objectives and the type of source or pathway. A wKle variety of 
codes are available li>r these various environm:nts but the critical filctors are the qualit.y of their databases, the inberent assumptions, and, ID:lst in1Jortaolly, the knowledge and 
experience ofthe ID:ldelcr. 

"I'hn:e basic approaches ha\'e been used with geochemical data: iJrward geocbemicaliD:ldeling. in\'erse geocheml:aliD:ldelmg, and geo~tical analyses. 

Forward ID:ldeling il also known as silnl1ating (ie. potential reacoons between rock and water are simllated iom initial coOOilions of a known rock type and cotq:Josition). 
Rcactims are allowed to proceed in equilibrim or kinetic or conDioed ID:ldes. Changes in tetq:Jerature and pressure can be invoked, chlnges in water flow rate can be invoked, 
and lllinl:nWI can be allowed to preq,itate as they reach equilDrium solubility or dilsolve as they bee<Jm: Ulldersaturated. Potemial. reacfuns can be silwlated to see what the 
consequences are. This type of ID:ldeling il the :least constnrined. A great IIIIIIlY assumptims are either invoked as input dam or invoked as di:tated by the program that lillY not 
apply to the specific system being sinulated. This approach assuor::s the ID:ldelcr has a sigoifi:aut 111mUDt of inli>rDI\tim on the a billy of minerals to IIIIiDtain equilibrimn soklbility or 
thei' rates of reacOOn. 

ln\'erse ID:ldelilg as~s a water tlow path is known and that water SSiqlles have been llllllly2cd along that flow path. Such dam can then be converted into lllmUills of Dliccrah 
dissolwxi or precipitated along that ilow path. Sevcral. assumptims are stiD made re~ the cboi:e of minerals and their relati.vc propor!Dns clllllributiog to the water cbemiitry, 
but the cak:ulatXIns are constrained with actual dam. ln\'erse ID:ldelillg can also be done without any recourse to kinetic or tberiD:ldynamic data, in whi;:h case it represents a 
relati.vcly sin1Jle lDISS balance cak:ulaOOn. When speciation and tbenwdynami; and kinetic properties are included JDr addDma1 constrams, the possible reactions bee<Jm: quite 
limited and the ID:ldeliog is 1DICb ID:lre m:anilgful 

Modeling of any type does not lead to a uoquc salmon but the possibi!D:s are IIDre linited ~ greater 81D:lllllls of carefully ookted fiekl data. Martin et al (2005) SIIIIIIIIIliz:e 
the benefits and linimtions of geocbemicaliD:ldeling as li>lbws: 

Benefitl 

• Provide insight into potential future CO!XI.itims 
• Detennile whi;:h variables are IDOSt in1Jortant i:J. detcJmiuiug future conditions 
• Assess the efli:cts of altemati.vc approaches to ARD mamgemmt 
• Assess potential efrects of uncertain p11I'8111eters 
• Establish objectives and test condil:ions li>r field and laboratory studi:s 
• Ilix:grate available infi:mnalion 

Llnitatloas 

• InsufD:ient. i:Jput dam 
• Modelilg can be challengiJg and resub misinterpteted 
• Uncertain and vatilbility of the resub 
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• Diflim:nce betw<:en mxleled and "'rual field conditions 
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Approaches to Geochemical Modeling 

Speciation 
One oftlJe JOOst fimdamenlal types of geochemi;aliOOdeling is speciation mxlelin& "Speciation" reli:rs 1n 1!Je dislribution ofcbemi;al componenl> or elem:nts ammg 1!Je dilli:rem 
possibk: i>rim: or species. Aqueous speciafun is the di;tribufun ofc:bemE:al components ammg dissolved free ilm, ion pairs m:ltriplets, m:l otlu corrplexes. 'I'lml COIK:ept is 
i:nportaot because research has shown that a llllDi>er of processes, including mioera1 precipitation and dissolution, biJklgical uptake and toxicology, and smption are all afli:cted by 
speciation. 

Smm species, such as redox species, have to be detcr:mioed analytically. This is because IIDst geocbemical mxleli::Jg codes erroneously llSS1llm that redox equilibrium :B maiolained 
while, :in reality, disequilbrium am:.mg redox species i1 the rule, not the exception In particular, diJsolved iron is usually present in high concentration :in ARD and can exi:rt as the 
reduced :ICrrous iron or as the oxiilimd funic iron For an a.ccura.te evabrtim of ron speciation, chenK:al a.nalysB rather than speciatim mxleliog is required. In NMD aui SD, 
d:ilsolved iron iol largely absent due to :lbrma.t:ion ofsparingly-sohbk: &ribydr:ite or similar :iron oxyhydrox:ide minerals. Solil speciation iol the dist:ribul:im of chemical COIIJlOnenfs 
ammg varioJ>I solil phases. For example, iron can precipilate from ARD as 1!1Je1hite, jarosite, schwertmnmite, or &ribydr:ite. ldenlilj;ing tlJese pbasea would constitute solil 
speciatiJn. 

Aqueous speciation resulls are uoed in a wmy of JDJdeling objectives lhat inchxle IOOdeling of saturatioJ>. indes caleulations fur mass-traJlsli:r, mxleling of mineral precipitation and 
dissolltion, mxlelilg of adsorpOOn and desOiption, and reactive-1mnsport IOOdeling. 

Mass Transfer (precipitation, dissolution, gas transfer) 
Modeling ofmii:Jeml preciplatim and dissolutim and gas-transfur reactions can take place cou:eptually in one oftbree possible syslelm: equilinium state, steady-state, or tmnsient 
stare. The equilibrium stare asaum:s 1!Je sys1em under investigation ;, iaolared from any ex1emal excbangea of energy or llliSS. Abbougb an unrealiiti; concept, equilinium stare ;, 
actually quite pmcti:al because mmy re~ approxiware equilinium even 1hougb 1!Jere are gradjenls in water pressure or terq>era .... For """""le, in mmy groundwaters, 
cakite and gypsmn quickly reach 'their equilbrilm solubility. Even with gradients in C02 pressure or mixing wlh other sources of sulphate, 'these minera1s adjust to Imintain 
saturation and 1!Je asa-""> of equilibrium IDly be valid. In addiiDn, even wben geochemical re~ ofinrerest do not reacb equilibriun rapid\y, such ~ IDly achiove 
equilibriun over 1!Je tine seale oftlJe mxlelilg simJlation (ie. 1!Je lifi: of a mine and beyond). Therefure, 1!Je majority of geocbemi;al 100deling can be conducted under 1!Je 
assurrpt:ion of equilibrimn conditions. 

&active Transport (Coupled Models) 
Reac1M>-1mnsport IOOdels 1hat can be applied 1n simllation of ARD, NMD, and SD are generally 1!Je sd>ject of ective n:search, abbougb several ba"' been applied wlh 
conaiderable success. The idea is 1n couple !low Irodek wilh cbemi;al ~ Irodels 1n detennine 1!Je elli:c1s of !low on '""""ns and vice versa, including 1!Je elli:c1s of 
d:Bpersion Such DDdeling is re1ative1y st.ra.igbti>rward fur streams and rivers because 1he flow pa1h is not on1yvisible but m:asmable. Considerable e:ffint has been made to develop 
q\IOJlliUUive resction-traJlsport mxlels fur stream~ aflec1ed by acid mine drainage (KinDall et a!., 1994; Runkel et a!., 1996). Progress in surfiu:o-warer reactive-1mnsport IOOdeling 
bsa now advanced to 1!Je poi:ll where it can guide remediation decisions fur cmq>lex mine sites {Rimkeland Kinball, 2002; Kimall et al., 2003). 

Reac1M>-1mnsport JDJdeling fur groundwater bsa also progressed substantially owrtlJe last two decadea and mmy oftlJe recent codes bave been applied 1n mine sites. Three 
genoral types of coupled mxlels can be clialinguiobed: 1hose 1hat IOOdeltlJe groundwarer only, 1hose 1hat IOOde!tlJe unsaturated 2DilO only, and 1hose 1hat 100del bo1h. The IIIJSt 
recent overnew by Mayer et a!. (2003) provides 1!Je tlJeoretical fuundations 1br groundwater reactivo-tnrnsport Irodeling, me1hods of coupling !low wilh reaction, 1!Je various codes 
lhat bave been used in mined envronments, and case studies. An exoellent example of combining laboratory waling of wasre rock 1m1erial wilh field measurem:nts and mxlelilg of 
smaB- to mxlium-scale test pkrts of actual mine wastes to predict 1he consequent water quality over the s1mt term and 1he kmg term in a very sensl:ive enviromDmt m in progress at 
1!Je Diavil: mine site near Yellowknift:, Northwest Tenitnries, Canada (Blowes eta!., 2007). Tbio investigation IDly be one oftlJe first 1n combire lab-scale resm, field resm, and 
IOOdeling. supporred by 1!Je detailed cbaracterization oftlJe rock and mineral COiqX>sitim and tboir wea1herability. 
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Role of Thermodynamic and Kinetic Data 

'I'henoodynamic and, fur sam: DDdek, ~ data are part of 'the basE input to codes that coo:pute reactions and siw1ations Dr water-rock interactions. For sam: reactims, 
tlJese dam are known accurarely and preciaely; fur otllers 1!Jey are non-exis- or poorly known. TheriOOdynamic measurem:nts and evaluations are part of Olli!Ping research. 
Som:tiln:s 1!Je cOD:I.ISims of a mxlelilg study can be greatly aflec1ed by tlJese da1Bbasea and tboir uncertainties and SOillOtimes not Rarely are IOOdeling resulls evallared from 1!Je 
point of view of the bask data, v.D:hre:flects a general. lack ofQA/QC commn to many DDdelillg effurts. 

Scale-up Considerations 

Dminage quality pre<tiction is made cballenging by a lllliiDer oflilctnrs 1hat range in seale from small 1n large. SmalJ.scale lilotorslhat influence drainage quality are relared 1n 
~ at 1!Je warer-rock in1erfilce in 1!Je aqueoll!, gas and solil pbase. Infinlllltion on reactive surfilce area and ~rares generallyio limi<d. On a large seale, geology, 
climate, Dining method, mineral processing me1hod, and wasre management practices vary wilhin and aJOOll!llit operat>ms. V arisbility oftlJese large-scale lilotors ilqllies lhat it may 
not always be fi:asble 1n apply in1bnnation from one site 1n anotlJer. However, adwnces are being made in 1his respect, 1br instance, 1hrougb 1!Je use ofgeo-enviromnen1BliOOdels 
lhat preaent uniJYiDg principlea wbicillink nine warer quality 1n 1!Je na ... oftlJe on: deposit, clilmre, and type of mine was1e. 

Warer quality pre<tiction typically necesslarea 1!Je exlmpolation oflaboratnry-seale resulls 1n operational seale. Tbio exlmpolation must address lilotors such as difli:rences in parti;le 
.U.:, climate conditions, warer and gas 1mnsport, and dnration (ie., bow 1hose variables alli:ct drailage cOiqX>sitim over decadea, centuries or longer). Abbougb 1!Je cons1ruction of 
i:JstruoEJted, large-scale mine waste test cells has increased sjgnifkant1y in recent years aDi B expected to yiekl wllablc data, little infbrmation B cmrentJy available describing tbe 
efli:cts oftlJeae variablea on weJl.cbanu:leria:d nine wasres owr exreeded periods of time. Use ofmxlels tlJerelbn: ;, requRd 1n bridge 1!Je gap betw<:en laboratnryresulls and 
operations! COIJ<litmJs (USEP A, 2003). 
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Examples of Major Codes 

Slllne oftbe nme popular codes used prinarily fur groundwater geochemimy !rut al!lo fur mioiog-afrected Uc:s are shown il Table A-5-1 below. More detail on geocbeni::al 
1mdeling, 1mdeling codes and associaU:d uses and limitafum ii presenll:d in Alpers and Nordstrom (1999), Mayer et a1 (2003), and Maest and Kuipers (2005). SectDn XXX 
on hydrogeological tmdek in 1bis Appendix al!lo provides addiional infumu1im. 

A-5-l: SIIJIDiaiY ofGeocbemiciii.Modelillg Codes 

Code I Type Reference 

PHREEQC, PHAS1 USGS codes: mass trans& and reactiYo-~ort Parldnnt and Appc:lo 
(1999), Parldnnt et a1 

(2004) 

SOIMINEQ.GW USGS code: IDIIBS trans& and high lelq>erature Perkins et a1 (1990) 

WATEQ4F USGS code: speciation and bw-tc:mpc:ratun: only Ball and Nordstrom (1991) 

MINTEQA2 EPA supported code: speciation and mass trans& USEPA (1999) 

MIN3P Waterloo code: saturated and uosaturaU:d fuw Mayer et al. (2002) 

TOUGH-AMD Quebec code:: Jli1S and energy trans& without Lc:mbvrc: et a1. (2002) 
reactim 

REIRASO ~c:kma code:: UIISilturated and saturaU:d flow and Saall:ink et al (2002) 
reactim 

SULFIDOX ANSTO code: Jli1S and energy trans& Ritchil (2003) 

CRUNCH R...n!r RT. code:: UIISilturated and saturaU:d tlow and Steelill (2000) 
reactim 

Geocbeuist's University ofllliooi!l code: IIIISS trans&, saturaU:d ~e(1994, 1996) 
Workbench flow 

EQ3/6 Lawre.o:e Liwmme National LabomtDly code:: Wole.ry and Daveler (1992) 
mass trans& and rc:active transport 
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Hydrological Modeling 

Introductwn 
In a general sense, a hydrological !mdel iB an I!DIIbg of a natural or human-Imdified bydrological system. 'IbB generi: deliliion encon:paases !mdek of sudilce-water and 
groUDdwater sysllmli. Scimtists and engiars nme cOIDimlly use the tmmhydrobgical Imdel tore& to Imdek ofsudilce-water systeim, and consilc:r hydrogeobgical Imdek 
fur groundwater S}'Stelm as a separate sd:Jject 'IbB sectDn Jbllows the latter oonvention, describing hydrological Imdek in the context of sudilce-water system!. Hydrogeobgical 
1mdck and their appli:atmJs are preseoled in Section XXX 

Hydrobgical Imdek range from ~le algebrai: cak:ulatims to cotq)lex ~transport cOJq>Uter codes. Physicali!DIIbgs, such as stream tables, can ako be useful sirnllations 
of COtq)lex sudilce-water systelm. Hydrobp 1mdek can be 111ed to predi:t the &te and transport of IIIKie dnmage 1hrou,gh a sudilce-water system, provililg iwportaul input to 
buman-health or ecobgical risk assessments. H:ydrological Imdek can al!lo be used to est:ilnate the water-quality and water-qlllllllity ewluOOn of pi; lakes over time. H:ydrobgical 
Imdek can be coupled wilh hydrogeobgical and geochemical !mdek to :iccorporate the interaction between sudilce water and groundwater into the sinlllation and account fur 
geocbeni::al. reactims. 

Selectim of an appropriate, quantitatiYe hydrobgical 1mdel depends on the type of output tbat il required and, critX;ally, on the COD;CJ)tual !mdel of the system being eva1Jated.. A 
robust conceptual~mde1 wiD. identifY the ilqlortant physical and geochmlical characterillil:s of the field-scakl system being evalJaU:d. Based on that identilicatDn, an appropriate 
hydrobgical tmdel can be selected 1bat quantitatively represents lOOse ilqlortant processes. For complex system! or to assess a range of diflerent types of processes, muliple 
hydrolo~al !mdek can be applied to predi:t the lilte, ~ort, and potential ilqlacts ofmioe diicharges. 
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Data Needs 
In comiiDD wilh all m>dek, tho output ftom a hydrologi:al m>del is only as reliable as tho data tbat are used to gem:m., tho DDdel Typical data requirements IDr IIIIIlY hydrobgi:al 
DDdek :inclode: 

• Precipitation, either Deal or distributed across a region 
• Evaporation from surfuce.-water lxxl:i':s such as lakes an:1 rivers 
• Potential or actual ewpotrampiration from vegetated areas and bare land 
• SurJace slope an:lland cover 
• Channel slope, wil1h, deplh, am rouglmess fDr calculations of stream fbw or conveyance capacity 
• Concentrations of~ constituents. These may be determined from on-site DDnitoriog progranE. laboratory or :fiekl-sca£ testing progran:B, or estio:ated using 

geochemical DDdels 

Sin1Jle quantitatM: DDdels ofsurliloo-warer fbw such as tho Uniled Sta1es NaWral Resource C"""""""" Service (IDrmerly known as tho Soft Comervation Service [SCS]) 
curw-rnmi>er ~d (SCS, 1972) rmy only require a fi:w ofberore lisred data elet=Jts. More detaaed DDdels, IDr instam:e those that im:orpom., reactive tnwsport (e.s, Runkel 
am KinDall, 2002), rmy require addi:ional infinDBtion regardmg tho kineti;s Of reactions considered in tho simulation. 

Go~agem:ios in IIIIIlY COIIIllrios collect regional precipitation am evaporation data 1hat rmy be used fDr hydrobgical DDdels. Precipitation data are commnly collected 
wilh tho grea.,st fioquency 1hrough m:reorological measuring stations. Evaporation data, such as pan evaporationmeasuremenl>, geoerally are collected wilh leas ftequeooy. Som: 
mine sites also colb:t 1hese types of data on a k>cal sea£ 1hat can be med to refine the regional data sets. 

Care must be takeo ifconi>ining diffi:rent types of data ftomdiffi:rent bcstlons. The locations should be similar in"""" oflatirude, elewtion, overallctmatic """• am cbud cover 
fDr tho cOilDioed data set to be reliable. If1his is not tho case, sta1istical ~ have beeo developed to estilna., precipitation st a special sile from a known prec4Jitation network 

Water-Balance and Mixing-Cell Models 
W a1er-balance DDdels apply tho principle of conservation of mass to quaotiatively track inlbws am outflows ftom tho various comp~ of a cou:eptoal DDdel Mass am 
cou:entration of .ARD-related constluents can be Dx>r:porated ioto t1Jioi approach through mixing-cell mxlels. The hydrologic elcmmts of a conceptual DDde\ such as surfiu:e
water reservoirs, open pits, and groundwater basins, can be represented as a series of sitmlated reservors. The connections between the reservoirs, such as the creeks or 
grouudwa1er fbw pa1ba, can be represented by quantitatM: eatimrtes of capacity or fbw. Concemations of indMlnal constituents can be lracked along wlh warer quanlity to 
cakuJate the trans& of cl:JcttDl mass and :IIIl1:hmmtical mixed i1 the DDdel to evaluate cbanges i1 concentration over 1:in:J:: in the reserwirs. 

Water-balance and mixiog-cellDDdels can be ir:r:p:m.mted in stau:lard spreadsheets. More 00Iql1ex water-balance or mix:icg-cellmxlels, incorporating a.dditimaJ. physical or 

chemi:al processes, can be addressed by using~ system sitmlators such as GoklSim™ or STElLA ™. 

IIDinfaU IWnoff Models 
Appendix. A ofUSEP A (2003) describes the basic approaches to mxlelillg nmo:ff processes based on preclritation inputs. Rlmo:ff can be thought of as the excess precipitation 
after processes such as iofiltratim. and surfilce abstraction are evaluated. The DDst commnly applied DDdel to estimte the vohm:Ji: ofnmo:ff:B the SCS curve-number :nrthod 
(SCS, 1972). The SCS curw-rnmi>er ~d involves estilnatiJg tho vegetation am lsnd-cover characteristics of a watershed or mille filcill;y, looking up tho reauking cum: 
nuni>er, am tbon applying 1hat rnmi>er along wilh precipitation irrlinDBtion to develop tho ronoffwlume fDr a s!orm""""-

Tbe unit-hydro8l11Ph ~d ofrunoffd"""""""' DBY be m>re approprisre fDr IIIIIlY mine sites. The ~dis also descmed in SCS (1972). A hydrographrelating ronoffto 
precipitation is developed fDr a unit preq,itation volume over an area, fDr Olllllqlle 1 im:h or 1 centirmor ofrUrlilll. The unit hydrograph is tbon used to estilnare nmoffftom sloimi 
of grea1er or teaser intensity. 

Wa1er quali:y in well-mised rM:rs am streams can be predil:red using a code such as QUAI2K developed by tho USEP A (Chopm et al, 2007). QUAI2K reprea- a 
DDdemiz::d version ofQUAI2E (Brown am BamweD, 1987). QUAI2K is progranm:d in !be VlSIIalBasic fDr Applications language am =uted wilhin tho Microsoft Excel 
spreadsheet environment. The program can sinulare 1-dim:nsional fbw, cbmges in - qna[fty along tho fbw pa1h, am cbemical interactions wlh bed sediments. 

Distriluted-paralll.'1er raJolilll. ronoff DDdels are more appropriate !Dr larger wa1ersheda wilh heterogeneous fbw cbaracteristics. SW A12000 (N eitsch et al, 2002) is a distriJuted
paralll.'1er m>del developed by 1ho Agricu1tuml Research Service of tho U.S. Deparbnelt of Agriculture to sinllla., ronoff am wa1er quali:y in large, cmq>lex watersheds. 
SWA12000 am similar DDdels break a COill>lex wa1ersbod into hydrobgic sub-units, each wilh a unifDrm set ofcbaracteristics. Flow and warer qna[fty are caleulared ror each 
sub-unit, then aggregated to proWle pre<&tims at a con:p1ex watershed sea£. 

Pit Lake Modeling 
Pit lake :fimmtim. and the evobtiJn of water quality can be sinmJated micg a water-balance approach or with con:p1ex IlllDEI"ical codes. Water balance DDdels can be used to 
qua:nt:iiY the inflows to the pit lake as the pi fills after mining and dewatering ceases. Potential inflows :inclode direct precipitation over the surfilce area of the lake, nmoff entering the 
pi lake ftom tho SUITOUilding wa1ershed, am grouodwarer inlbw 1hrough tho walls am fbor of tho pit. Outfbws may im:lude dilect evaporation ftom tho lake surlilce, grouodwarer 
outflow, and potentially surfuce.-water Wscbarges if a spill elevation :B rea.chcd. 

A cbemical COill>oaition can be assigned to each inlbw am outfbw to eMend tho wa1er-balance m>del to im:bde ARJ).related ilqJacts. For Olllllqlle, wall-washi!g reaults can be 
used to estio:ate the mass i:Jput of chemical const:itueDis from seepage or overla.Di flow coming i1 contact with reactive portims of the pit waD. Geochcmical speciation DDdels can 
be used to predict tho resulting chemical qna[fty ofwarer in tho pit. 

Rairrl8ll-nmo:ff mxlels can be used to develop the surfiu:e-water inflow portions of the water balance. Groundwater inflow can be estimated usi:Jg sinp1e ~ equat:Kms 
(Marnelli am Niccoli, 2000). The sobtion to drawdown in alarge-dism:rer purq>ingwell presented by Papadopouloa and Cooper (1967) is oflen used to approximare tho 
grouudwa1er inllow to a mille pit, am can also be used to estilnare recharge to tho ph lake. Ci:nen (200 I) am AryaJilr (2007) pre- additimal analytical solutions tbat can be 
useful in pit-lake studies. 

Complex rnanericalDDde~ can also be used to estilna., tho grouodwarer inlbw to a pi lake. SEEPW (Ret) am FEFWW 0N ASY, XXXX) are finile..elem:nt, variably-satorared 
fbw DDde~ 1hat have beeo applied to 1his problem MODFWW2005 (Reij, im:luding tho LAK package, is a DDdular, 3-dim:nsiona[ finile..<tifli:rence m>del1hat can be used to 
sinlllare tho grouodwarer c~ of pi-lake ewbtion CoJqJlexDDdels su;:h as thoae, however, require more da1a fDr parameterilation am calbration tbon tho sirrpk:r 
approaches. Selection of mm: con:p1ex sin:IJJation approaches should only be made if the conceptual DDdel an:1 project needs require the addl:iooal con:putatimal burden 

An alternative to geocbemicalm>dels fDr tho prediction of ph-lake qna[fty is a code such as CE-QUAL-W2 developed by !be U.S. Army Corps ofEDgioeers Wa1erwsy 
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Experment S1ation (Cole and Buchak, 1995). CE-QUAL-W2 is suiable fur applicatiom 1o rivers, lake~ reservoirs, and esruaries. 

Watershed Models 
Warersbed modeh are used 1o simllare 1he hydrologic cycle, i:lcluding sudiooe wal<r, grooodwal<r, and 1he in1eractions betweeo 1he two, at 1he basin or warersbed sesle. 
Warersbed modeh can be used 1o predjct ARD impacts on downstream users and 1he evolnion ofAJID.related warer quality through a flow sys1em. Furman (2008) sunmnizos 
tbe Illl.1hem!.'!Es am cotqrutat:iona1 tools used to sinu1a.te coupled surfilce and subsur&ce flow processes. 

Watershed ~mdels can be data-mense and IllimCli:ally cor:qJiex. The IIJJst wKlely used wateWJed m~dels are: 

• MIKE SHE, developed by1he Danish Hydraulic lnstitu1e (DHI) inDenmuk 
• IIEC-HMS, developed by1he U.S. Army Corps ofEngiceers H}'lrologic Fngineemg Ceorer 
• WMS (Warersbed Modeling S~). a gmphicalin1edilce developed by FnvironoEJt!IModeling Sysll:lm, IDo. fur a Illmi>er of modules including HEC-HMS, CE

QUAL-W2 and o1her codes 

Top of1his pall" 

Hydrogeological Modeling 

Introduction 
H}'lrogeological modeh addn:as wa1er llow and cOlllamioaJlt traJlsport below 1he land surlilce. As wilh hydrological models, approaches 1o hydrogeologicalsimllafuns range from 
silq>le 1o complex. Tbe universe ofbydro~~"Qiogical modeh includes physical and electi:al analogo. Wih 1he ad- of powerful persooal co~q>~ and lrigb-level progmnmicg 
languall"~ 1heae approacbes are ran:ly1110d in current practice. Accontingly, 1his di!cusaion ofbydrogeologicalmodeh willfucus oo quantiative, mstbemstica1 approaches 1o 

subsurlilce warer flow and cootami:Jaut tnmsport. 

A large body ofli1eratun: exists regarding hydroii"Qiogicalmodeling aa do a IliiiiDer ofcompoler progt8Dll. Zbeng and Beooett (2002) provide an excellent inlrodtx:tionro 1he 
1oPio of oOlllamioaJlt-traJlsport modeling Maest and Kuipers (2005) provide a nM:w ofhydro~~"Qk>gical modeh more din:edy fucused on ARD prediction. 01ber reli:rem:es are 
provided in tbe discussion below. 

Three baaio types ofhydro~~"Qk>gical modeh are avWiable, in order from sirq>le 1o more complex: 

I. Ana1yticalmodeh offlow and oOlllamioaJlt ttansport 
2. Analytio element mode~ 
3. Nlllmi'kal~mdels 

As a ~rule, hydroll"ological modeh sboukl be aa simple aa possible wbile still n:pn:seming 1he physical sys1ern wilh an adequare degree of pn:cisim and accuracy. More 
cotq?lex rmdels shoukl only be se~ when project needs d.Etate, simpler DDde1s are demmstrably not adequate, and suitable data are available :lbr mxlel pa.ratmterization and 
calibmfun. 

Hydrogeological DDde1s are useful tools furpredkting 1he potential generation and resuting iotlacts ofARD. Models can be used to fiB data gaps, either :it space or :in t:in:l:. They 
can alae be 1IIOd 1o rest al1ernative c""""Jl'ual modeh in an iterative process designed 1o understand 1he COiq>lex natural or lnmJm-modifiod subsurlilce sysrem 

Figure 5-19 in Cbapler 5 of1his GARD Guile presents a genersJm:d approach 1o 1he developimm, calibmtion, and use of models, including hydrogeok>gicalmodels. Tbe 
quamilative modeling process starts wilh a strong con:eptualmode' and 1he quaJllilative model can 1hen be used 1o updare 1he con:eptual model aa necessary. Tbe !Dljority of1he 
eflbrt fur a hydroll"ological model goes inlo 1he calibmmn phaae of1he process, sometines alae refi:m:d 1o aa inverse modeling 

Data Needs for Model Parameterization 
Basic Flow and Transport Models 
As modelco~q>lexicy growa, 1he dats requirements fur model parame1erilation and calbmtion Uo i:lcn:aae. Basic dats requirements fur any groundwarer llow and oOlllamioaJlt
ttansport model inck>de: 

• Sa1ondod h}Waulic conductiviy 
• Specific yield or storativity 
• E1li:ctive porosity (fur calculations ofo-minarrt traJlsport) 

Unsaturated-Zone Models 
Simllamg flow and traJlsport in 1he unsa1ondod"""' typioally requires ad<titiooa1 inlbnmmn regarding 1he llow charac1eristics of1he unsatmared porous medium UDsatmared 
hydrauli: condu:tivly is a fimction of1he sa1ondod hydrauli: condu:tivly and 1he degree ofsatmamn of1he porous medium Addiliooal dats requirements fur unsaturated-"""' 
models inolude1he P"""""'"" fur 1he fimction describilg 1he relationship between saturation, IIB1ric sucOOn, and unsatunrted h}Waulic conductivity. 

Sorption and Retardation Fac(Qr,r 

Interaction between the aquirer IIIltrix and dmsolved constituents can be an illlportant process fur ARD-related hydrogeobgalmxlels. Many cOIJlamioant-transport mxlels 
simllare 1his in1eraciDn through 1he""' ofare1erdamnfilc1or. 

Tbe reWdation !iu:tDr is 1he nrtK> between 1he apparent vek>city of1he oOlllamioaJlt front and 1he pore vek>cty of moving groondwarer (Fetrer, 1993). In its silq>k:st fun:n, 1he 
n:tsrdation 1ilc1or is calcula1ed usilg a dislribution coefficient appropriare fur a linear adsmpfun iso1herm More complex limn! of1he n:tsrdation 1ilc1or can be derived using 
Wfli:rent adampmn iso1beJmi and aaaUiq>lions. 

Models incorpomtingn:lerdamn 11ms require ad<titiooal• includmg: 

• Bulk densjty of the aquirer matrix 
• Distribution coeflicient or other pantiiirters defining the adsOiption isotherm 
• Rate constants :fbr :oon-eq_uilbrimn sorption m>dels 
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Reactive-Transport Models 
As diicussed in Sectim XXXX under geo~ mxleliog, detailed evah:Jation of the evoh.rtim of ARD-related coostituent cOIICe.Dtmtims over tirJz and space in an aqui& lillY 
require the use of a reactive-transport tmdel These types of mxlels allow tbe simJJation of reactions between the di'lsolved constituents and tbe aquifirr matrix and rea.ct:ions 
between 1he diosolved speti:s 1hemselves. Relative 1o 1he nme basi: hydrogeological DDdels, addilional data are =essary 1o apply 1hese DDdel>, iochxling: 

• Non-equilbrimnmte constants describing 1he reactions between dissolved constituents 
• Proporfunality constants or functions describing the sollbility controls on i:Jdividual species uoier comidemtion 

S..,li:1 et al. (2005) and Mayor et al. (2003) provi;ie overviows of """"""-1Ilmsport DDdel> and 1heir associated data n:quirenEJI>. 
Data Collection 
Tho !iold data DDS! coiDDillliy obtaiocd in support ofhydrogook>gical DDdeling are 1he satmated hydmulic conductivity and stomge coeffio...,. (specific yield or s-tiviy). 
S""'"""d hydmulic conductivity can be m:asured on core smq>les i:t 1he labom1ory, byusingsingk>-weB slug1os1>, orbyusingiillllq>le-weD, kmg-rermJ>IIDlling1os1>. 

Slug1os1> and~ rests provi;le better estimllos ofs~ hydmulic cooductivity at 1he !iold scale tban labom1ory rests. Purq>iog 1os1> coodocred with one or nme purq>icg 
weiis in contrina:tion with at least one a.dditional observation well can a.ko provile data regarding the storage coefficients. Butler (1998) proviles an extensive descr.pt:ion of the 
design and perfimmnce of siJg res1>. Kruseman and de Ridder (2000) descrbe 1he design and perinmance of J>IIDlling 1os1>. 

The relationship of unsaturated hydra.u1£ conductivity to Imisture content can be nmsured in the :fiekl or laboratory, and the resulting data can be fitted to a :mrrber of equations. 
Stephens (1995) provides a deWied description of data collecfun and aJllliysio related 1o unsatmared-2D!le hydrok>gy. 

Other Data Sources 
Uos~ hydmulic cooductivity cbarac1eris1i: curves can be estimlted by se-.lm:lheda. RETC (van Genuch1en et al., 1991) and ROSEITA (Scbaap, 2003?) are progtllllll 
that can be used to estirmte unsaturated fhw chara.ctermics :fromiiJJre coiiiiiDIJ!y available data. SoilVBion (SoiiVimn Systelm, XXXX) contains a database ofimaSured 
uroatmated hydmulic conductivity cbaracteristic curves in addition 1o a nurmer ofalgoritlnns 1o calcolare uroatmated flow cbaracteristics. 

Adaorption- iso1herm dimirution ooefli:...,. fur a nurmer of m:1>l> are tabulated in Stenge and Peterson (1989). Valoes are i:tchxied fur dnee dilli:rent pH rangea and a raD8" of 
SOibent (organi:s, oxides, clays) conten1>. 

Analytical Models 
Analyti:aiDildel> are relatively simple m:lheda lbr simulating groundwater flow and c-transpnrt. These DXldels are furrnJlated as ck>sed-furm equations tllat can be 
solved directlywithcut 1he use ofllUID:rical m:lheda. Transi:nt or steady-stare solubms fur groundwater flow and contaminant 1mDsport with silqlle retardafun filctors in one, two 
or 'three dilmns:ions are available. 
Because of1heir sin1Jlicity, data needa are relalively milor lbr aoslytical Dllde~. HnllXlgereous, iaolropic flow conditions are cypically assum:d. Analyti:al Dlldels can be usefullbr 
screeniog-!ewl evaluations. Thoy can also be used lbr DDre definitive asaessm:nts of groundwater flow and conlaJiinamtransport iftbo assurq>tions are judged 1o be wlld or 
i:lsuflicient data are available 1o wammt a DDre COIJ1llex approach. 

One useful aoslyticalDDdeliDr 1he predicOOn of ARD-related tramport;, 1he 0!!1'1a and Banks (1961) solution 1o 1he advection-di!persion equafun Dom:nico and Schwartz 
(1990) exleixled that solution 1o inchxie aretardafunlilc1orbased on a linear adsorptioniao1henn The Dom:nico and Schwarlz(1990) Dllde1can be ill1Jlem:eted i:ta 
spreadabeet lbrmatand adapted 1o a wide varietyofproblemi. 

STANMOD (Simmek eta!, 2003) is a public dotminsetofaoslyticalsolubms 1o 1he advection-dispersionequationinone, two or1hree dimensions. A varietyofpreti:usly 
publi!bed solltions, already in 1he public doJmin, are inciJded in STANMOD. 

Analytic Element Models 
Analylic element DDdeling ta1res ad.-ge of1he principle oflinear sq>erposilion 1o solve groundwater flow and c-transport problems nDDre coJqJlex systems tban can 
be addressed by aoslyticalDDdels. llajijema (1995) provides 1he basi: 1heoretioal ~ !Dr 1he analytic elem:nt m:1hed and describea its use. 

GFWW (Haiijema Software, 2007);, a groundwater flow DDdellbat ill1Jlem::nts 1he llll!llyfu-elem:nt m:tllod. PbreFiow (Jankovic and !lame~ 2001) ;, a public dotmin analytic
elcmmt IIDdel of3-din:Elsmlal groUDdwater flow and cOI!lamioa.tJt transport. WhAEM2000 (Krelllllei' et al, 2007) il a public doma.i:J. and open source ~ pmpose groUDd
water flow DDdeling system, with s1n:ng1ba in represenling regional flow systems, and ground water/surfilce water inl<:ractiono. It was m;a]ly designed 1o filcilitare capture :rone 
deli:Jeation. 

Numerical Models 
N~ mxlels use iterative processes to solve the equatims of gromxlwater :lbw and contaminant transport in con:plex domains. Thw and tmmport uoier saturated, 
unsaturated, or variably-saturated conditions in heterogeneous, ani!otropic system! wlh various boundary conditions can be s:imJJated using these Imlbods. Numericalrmdels can 
also require a subs1antial amrunt of data regarding p8l'81110ters and !Dr iqlUt 1o 1he silwla1ion. 

Two numericalsolutionscbemes, me-difli:rence and finio-elem:nt, are widely used inbydrogeok>gica!Dilde~ (W"'8 and Anderson, 1982). pm;u,.difli:rence Dlldels -k>ya 
~ diacreti2ation scbem: 1o divide 1he Dlldel dotmin i:t1o individual ceBs, wihin wbich flow cllaracteristics such as hydmulic cooductivity are assumed 1o be mifimn pm;u,. 
elcmmt Imdels eiiJlloy elher a tria.Dgular or rectangular Wscretizatim schem: to dMie 1he DDdel domain into individual elcmmts of unifinm c~. 

As a general rule, finio-difli:rence DXldels are nme cotqJutatioosBy eflicient lbr a given problem compared 1o Jinire-elem:nt Dllde~. Filite-elem:ntllXldels can be ll.ted nme 
closely to irregular bouodarics and can hlml1e i:d:emal bouodarics such as mine pits, uoiergrouoi workings, or &.uhs wlh less llllDE'ical instability than :finite..difrerence IOOdek. The 
cboice of numerical sok>tion scbem: and corqmter code sbould be driven by1he conceptual DDde~ project requiremenl>, and awilable c()JqlUter resoun:es. 

Tho MODFI.OW fiunily of comp- codea (e.s, MODFWW2005, ReQ contams l>l!lllqlles offulo-difli:rence DDdels. MODFWW, origi:Jally released by1he USGS in 1988 
and upgraded periodi:ally since 1hen, is probably 1he DDS! widely used hydrogeok>gical Dllde1 in 1he world. 

Fm;u,.elem:nt Dllde~ are """""lilied by FEFWW (W ASY, XXXX). FEFWW is a conmort:iaHy awilable code that can be app!iod 1o a broad raD8" ofvariably--d flow 
and transportproblemi. CoJqJated 1o MODFI.OW i;bas nme capabi!ijea lbrDildeli:lgminc water problems becaose 1he original program cede was derived finma mining 
background. 

Many o1her Jinire-<tifli:rence and fini<-elem:nt DDdels suitable lbr applicafun 1o ARD-prediction problemi are awilsble. Maest and Kuipers (2005) tabulare1he capabilities !Dr a 
raD8" of Dllde~. 
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Commonly Available Models 
Table A-5-2 S1.1!1m11Iizes the chancterirtics ofsewrai.Dlllllll'il:al n:x>del con:puter codes tbat are wKielyused aod can be applied to problemi of ARI).related colllaiiiimml 
tnmsport SOlllll models are ieely available in the publi: domlio, while others are proprietary pro diEts dimibuted by colllln:I'Cial CIJII1lanies. Table A-5-2 il organized by 
COlJI)uter programaod by graphal user iDte.rl8ce (GUI). More il1inimfun on GUI use aod characteristi::s is presenled below. 

U11J/aturated-Zone Model! 
Unsaturated-:rone models are oJien used to as silt with predictiog th: Drmation aod tramport of ARD wilbin aod through waste-rock dutq>s aod unsaturated process tailiJgs 
mpoliiidmmts. Commooly used unsaturated-:mne models im:ble HELP (Schroeder et al, 1994), HYDRUS (SiiDunl:k et al, 2007), UNSA1H (Fayer, 2000), aod V ADOSEIW 
(GeoSiope lntemati:mal, 2002). HELP aod UNSAlH are available in the publi: domlio, as is the 1-d.imenshnal venOOn. ofHYDRUS. 

Fracture-Flow Model! 
The !llljcrly ofhydrogeological m:>dels are strictly valid fur silnllating flow aod transport through cO!fuxnlj porous~ only. However, some ARD problemi occur in 
subsur&ce systems dominated by flow aod tlliiEport through <Dlcrete fractures or fracture networks. Ewn if flow aod tnmsport are prin:mily through fractures, porous-mldium 
models may be adequate if the fracture dentty il great aod the fracture aperture il small. SOlllll models allow a dual-porosity inmllation that can represent the flow through a 
fracture network as weD as flow through th: porous media between fractures. 

If the llSSUIII'fun of flow through continuous porous media is not valid, models 1hat represent the physEs of fracture flow shnili be consKlered.. Two such m:>dels are FRACMAN 
(Gokler, 2007) aod FRAC1RAN/FRAC3DVS (Uniwrsily ofWaterloo, 2004 ). 

Density-Dependent Flow and Transport 
Most conlami!act-transport m:>dels are based on th: llSSUIII'fun tbat cmr;:entrations are relatively dikde aod the density of groundwater il not significaolly difi:rent from ftesh 
water. Groundwater tbat is heavily ilq1acted by ARD, howewr, can lave sufli:icotly large COIJCeiiiiafuns of metals, sulfate, aod other species 1hat the d.enUy efli:cts are sigoili:ant 
If the conceptual site m:>del indicaU:$1hat density eflects are important, a m:>del capable of account:i:Jg fur variabill:y in density shnili be selected. 

SEA WAT2000 (Guo aod LarJgeviD, 2002) il one such tmde~ developed by the USGS to sim1ate 3-dimensional, variable-density groundwater flow in poro111 media. It was 
developed by combilliog MODFWW and MTIDMS mto a sillgle program that solws 1he coupled flow aod soh*-tnmsport equafuns. 

Rllactive-Trtmsport Models 
Most conlami!act-transport m:>dels incorporate relatively UI1ple reactions describing interactim between dissolwd constituents and the aquifi:r IIIIUrix. These reactions are 
mplem:IJted in the :limn of retardafun &ctors usiog ooe of sewml adsorpfun isotbenns. Interacfuns between diasoM:d comtituents are typX:ally not COIIIWered. 

Table A-5-2: Hydrogeologkal Models and Grapbkal Uter Interfaces for tbose models 

GUI Grolllld1l'llter Grolllldwater Vunw Arglll ONE PM WIN Description 
Vmtu Modeliog MOD FLOW 

SytteDII 

SEEP2D X A 2D finite...elenaJt groundwater m:>del designed to be u 
such as cross-sections of earth dam! or levees 

MODAEM X Aoaly1i:: element model fur sin:ple flow aod transport cOIJ 

MODFWW88 X xXx MODFLOW is a 3D, cell-cen!ered, finite dilli:reo:e, sat1 

developed by the USGS 

MODFWW96 X X xXx MODFLOW il a 3D, cell-cen!ered, finite dilli:reo:e, satJ 
FLOW developed by the USGS 

MODFWW2000 X X X X xXx MODFLOW il a 3D, cell-cen!ered, finite dilli:reo:e, sat1 

developed by 1he USGS 

MODFLOW 2005 X X MODFLOW il a 3D, cell-cen!ered, finite dilli:reo:e, satJ 
developed by 1he USGS 

FEMWATER X 3D finite...elenaJt m:>del used to simllate density-driven c 
conlami!aDt tlliiEport in saturated aod unsaturated :mnes 

ARTID X A tbree-dimenslmal analy1i:: reactive tlliiEport model 

MODPAlH X X X X A parti::le trackiDg code used with MODFWW asllllDil 
tnmsported by advectim 
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PATII3D X General par1i:le tracking program fur calculating ground-. 
tin:J:s in steady-state or 1raDsBJt, 2 or 3D flow fields 

PMPATII xXx Particle tzaclrng 

MOC3D X xXx 3D method-of.cbanl.cteri9tics groUDd-water flow and 1ra1 
wilh MODFLOW-96 

MTID X X X X xXx Simllatim ofsicgle-species tnmsport via adwctDo, dilpc 
chemical n:actiom 

MTIDMS X X X X xXx Simllatim of!WlU-speci:B tnmsport by adwctDo, ~ 
chemical reactions of diisol:wd cODStituelll!l 

SOLUIE 
1RANSPORT PIIT3D X X A reactive tnmsport IIIldel coupli:Jg MTIDMS and PHR 

RTID X X X X An adVIIIICed JIIllti..species reacti.vc 1Ill.mport IIIJdel dcm 
Paci& Northwest NaWnal Laboratory 

SEAM3D X Reactive 1Ilmsport IIIldel to smwte COiq>Jex \mdegnuh 
miliple subs1rates and Dlllq:lle elcc1ron acceptors 

SEAWAT2000 X X X Simllatim of3D, transient, variable-density groUDd wale 

MODFLOW- X X Enhanced sirrulatim capabilities and robust soldion metll 
SURF ACT COiq>lex satura11:d/uosaturate fuw and 1Ilmsport 

MODFLOWT X Versim ofMODFLOW 1hat ilx:ludes IIIJdules fur simJia 
transport 

SWIFT X 3D IIIJdel to simllate groUDdwater fuw, h:at, briJx: and 1 

UfCHEM X A !WlU-pbase fuw and transport IIIJdel Kleally suited fur 
smwtiom 

MODFLOW 2000 X X Plll1IID.lter inversXm optim built into MODFLOW 2000 

UCODE X X X Devebped by 1be USGS, UCODE i9 a Ulliversal inverse 
pamiiEter estimation problenB 

PEST X X X X A IIIJdel-independent, non-li:Jear pamiiEter estimator to 

CALIBRATION 
ilterpretation, IIIJdel calibration, and predi:ti.vc analysi!! 

Stoc111Stic X X Plll1IID.lter inversXm using Monte Carkl or Latin Hypercu 

Modac X An inverse IIIJde11hat cak:ulates a K fur every cen in 1be 
llyers) Wig starting heads as the calibratim target 

Automated X Autmmted sensitivity~ that can be used !Dr inil:ia1' 
Senslivity pamiiEter sensitiviy 
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SOIIXIS X Optimi2ation rmdules to an in optimally1QIIlllgilg watl:r 

Brute Force X Optimi2ation based on pl.JDE COlll.aio!nmt 

OPTIMIZE 
MODOFC X MODOFC is designed to allow the user to create IUld so 

problems fur h}'draulic control ingrolllldwater S}'Steml 

MOO X X Optimi1J:ls groundwa=- !llllllagCilXlD IUld ~dial sttate~ 
physkal, environox:ntaliUld budgetary constraiols 

GIS hq>ort, export hqx>rt, export Import, export hq>ort, export 

Auto CAD hq>ort, export hqx>rt Import, export 

Registered hqx>rt hqx>rt Import Import 
irmges 

Suder hq>ort, export Import Import, export 

GRAPillCS EQuiS hqx>rt 

Slicer Export 

Earth Vision hq>ort, export 

EVS hq>ort, export 

Tecplot Export 

Prop. 3D yes yes 
Visuailation 

Local Mesh Refillement? yes yes 110 no yes 

If =tio!ll between dissolved CO!ljtituerds, or precipiatim IUld re-dissolution of mivXI.ual CO!ljt:ituerds are i:nportant processes, reactive-1:r'lllllport rmdels IQiy be necessary to 
adequatel;yrepresem the hydrogeologi:al system PHAST aDi PHI'3D are two poteDiial chli:es fur this type ofrmdel 

PHAST (Parkhurst et a1, 2004) sim.Jlates mJti-ooiJl)onent, reactive solute 1ransport in three-dimensional saturated ground-watl:r flow system!. The flow IUld 1:r'lllllport calculatioml 
are based on a rmdificd version ofHSTID ~. 1997) that is restri:tl:d to cons1aDt fbid deilSity IUld constaot te~Jl)erature. The geochemicalreacmm are sin:dated with the 
geochemi:al rmdelPHREEQC, whi:h is errbedded in PHAST. 

The publicly-available code PHTID (Promo:r, 2002) couples MTIDMS aDi PHREEQC aDi 1herefure works wilbi::t tbe MODFLOW scbeo:Jl. PHI'3D provmes the highest le\oel 
of couplilg between cons1aDt density flow aDi fully reactive-~ codes. Because PHTID couples MTIDMS with PHREEQC, it cllllllOt be used simlhmeously with 
SEA WAT2000, ~ Uo uses MTIDMS to couple MODFLOW. 
Models available ii>r fully coupled reactive flow am tnmsport with delllity efti:cts are severely lioited. PHW AT (Mao et al, 2006) incmpomtes PHREEQC-2 into SEA WAT am 
provnes the necessary capabilities. However, the rmdel is still in dew~ aDi not available cOIIIll:l'CiaDy. It can sim.Jlate ndi-c~ reactive transport wlh variable 
delllity groUDdwa=- flow. 

Graphical User Interfaces 
The raw input files fur mmy hydrogeological rmdels, including MODFLOW, are quite user-1111fiiendly. Model icputs are typi:aDy via Imlkiple text files umg line-entry IUld array 
fimmt Large rmdek can be quite dif&:ult to IIIIIDage. Fortunatel;y, several GUis have been devebped 1hat are user-ffiendly am sirqllifY the process of devcklping, calilmrting, am 
umg hydrogeologi:al rmdehl. 

In general, GUis provKie Windows-based illlerf8ces tlJ1t sirqllifY pre- am post-processing fur MODFLOW am other hydrogeological rmdels. Several GUis provide illlerf8ces 
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with AutoCAD, Geographic fufbnmtion Sys1<:ms (GIS), SURFER (Golden Software, 2002) or o1her graphical prognum 1o diroct1y input mal<rial properties and boundary 
COidil:iom as well as virua1im IIDdel outputs. 

GUis al1o provXI.e interfilces with add-on modules sooh as calibmti.m and optitnilationroutines, including UCODE and PEST. Some GUis provide inter18ces with these codes in 
addmon to the hverse-mxlelDg routines contamed wilbin MODFLOW. Fmther, a suite ofoptimizatim codes can be used to evabrte a variety ofhydrologic issues re1ated to 
groundwater pulllling, plnne UJITV!gemmt, cost ef!Cct:iveness, and receptor managerrmt fur contaminated areas. 

Local Mesh Refioemmt (IMR) proviles 1he ability 1o =are sulnmdek within a regional m>del While sulnmde~ camJOt be used siwuhaneously with a regi;>nal m>de1 tbey can be 
used to :refine calibmtion or pred.ktions within a smaller area after solving the :regimal mxlel Smm GUis p:rtJ\'De this :fimmon while others do not 

Table A-5-3 provides a comparison of capabilities of five wilelyused GU!s: 

• Grourdwarer Viow (llnvronrneniBl Simulations hie., 2007) 
• Grourdwarer Modeling System (GMS;FnWonmenlal Modeling Sys"""' hie., 2007) 
• VlSIIalMODFI.OW (SchiunDeigerWarer Servioes, 2007) 
• ProcesoicgMODFI.OW fur Windows (PMWIN; Cbiang, 2005) 
• Argus OpenNUilJ.'li:a!Enviromn:nts (ONE; Argus lfuldings LUI., 1997) 

Argus ONE is an open environm.mt fur creamg GU!s adapted 1o specilk: m>dels. The USGS and o1hers bave developed inlerilces within Argus ONE fi>r a manber of 
hydrogeobgical DDdels. The o1her 4 GUJs are diotributed aa packages wlh theE respective m>dels im:hxled in tbe diotribuOOn. 

Model Calibration 
Calbration of a hydrogeobgical m>del is an application of inverse m>deJin& Model calim!tion is 1he process of selectiog ~ values, inputs, and boundary condl:ions such 
1llat m>del oulpu! matebes related observed dam with an accep1Bble degree of accuracy and precisim 

Calbration can be a nmjor portion of1he elfurt required 1o complete tbe m>deling pbase ofa project The level of calim!tion required fur a partK:ular m>del depends on 1he type 
and am>unt of da1a available in conimation wlh project needa. Hill and Tiedernsnn (2007) pre- suggested guidelioos fur efli:ctive m>del calibration alongwlh a descq,tion of 
tbe calbration proceas. Vrugt; et a1 (2008) review 1he smte of1he sci:nce with reapect 1o inverse m>delilg ofsubsurfitce flow and transport propertiea. 

A DUIDber of co~ prognum bave been devebped 1o an1omate 1he calbration proceas fur partK:ular hydrogeobgicalm>dels. More recently, m>de~hxlependent inverso
m>deling prognum bave been devebped 1bat can be applied 1o a broad range offurward m>dels. Two such prognum 1bat bave been wilely aecepted are UCODE (Poeter et a1 
2005) and PEST (Doberty, 2004). Bo1h UCODE and PEST bave been incmporated m several GU!s 1o speed 1he m>de~calbration process. 

Top of1hio page 

Gas Transport Modeling 

Introduction 
Gaa tranaport; partK:ularly 1he transport of rucygen in1o unsatumted waate-rock pik:s, can be an irrportant proceas alli:cting tbe generation of ARD. l'rilq>al m>des of oxygen 
transport incble diffusjon and advectim. Wels et al. (2003) proWle a con:prehemi.ve o~ of the role of gas transport in ARD generation and n:dlods that can be used to 
DXldel gas 1ranaporl 

Data Needs 
Da1a required 1o m>del gas tranaport are similar 1o 1he da1a needed fi>r equivalent m>deling ofwarer flow and transport in 1he subsurfitce. The penn:ability oftbe porous nmdio is 
an inportant consideration. Becm.:tie pel'Bability to gas m a fimction oftk degree ofsa'hlration of the pore space, rmi9tm'e content is ako io:portant. 

Pel'Bability and moi9tm'e-content measurcmmts can be made in the fiekl or tk labomtory. Measunmmts of moisture content are reasonably straigbt:lbrward using established 
m:tbodobgics. Field meaaurem:nts of air penneability using JllY'UIIIllic pmq>i!g tests are descrbed by Baellr and Hull (1991) and are conceptually sinilar 1o groondwarer pumping 
tests used to determi:Jc aquirer characteristics. Stonestrom and Rub:i:L (1989) descrbe labomtory air-perm:ability IneaSili'eiDml:. 

Model Selection 
Relatively fuw rmdels have been developed specifi:allyto address gas transport in the subsurfilce and the appbfun to ARD-re1a.ted problems. Modelingtbe con:plete set of 
physi:al and chemical processes opemting with:i1 a waste-rock pile requires a muhi-phase code capable of sitrula:tilg gas and water :flow :i:L the unsa'hlrated mne, chemical 
i:JteracOOns with 1he solid matrix, beatgem:mtionand transfi:r, and chomi:almass 1ransfi:r in 1he liquid and gas pbases. 

Several general-purpose, multi-pbaae sUrulation prognum baw been devebped 1bat could be applied 1o tbese types of problems. The TOUGH fiunily of codea (Pruess et al, 
2004) waa devebped at Lawrence Berlreley National Laboratories and baa been applied 1o a wile range ofcmq>lex, mJitl.pbase problems. TOUGH-AMD (Lefi:bere et al, 
2001) is an adap1ation ofTOUGH 1o address~- iosues. TOUGHREACT (Xu et al, 2004) was developed aa a COD1Jl"Obensive non-ioo1hennal mJitl.coll:\)ODOD! reactive 
Jluld !low and geochomi:altranaport silwlaror 1o investigate acid-nine drainage and o1her problems. 

Groondwal<:r flow m>dels can be adaPted 1o simJlate air !low using appropriate 1ranafurnmtions of variables and parameter furDDlations. Maasman (1989) sbows bow groondwater 
solutions can be DD<lilied fur gas-flow problems. Tbio type ofadapmtion would mt be appropmte 1o m>del tbe m>at complexmJitl.pbase, reactive-tranaport problems, but nmy 
be adequate to address many issues ofin:portaiu: to tbe predktion of ARD generaOOn. 

Top of1hio page 

Considerations Regarding Predictive Modeling ofEmuent Quality 

As diocussed 1hrougbout Cbap1<:r 5 of1he GARD Guide and 1hio Appen<tix, 1he principal objective of mine and process wa1<:r qual<y predi:tion is 1o ewluate tbe potential fur 
geologic mater:ia.k and mine and process wastes to generate acXl and contaminants and aflect water resources. As an :important corollary, tbe need fur and nature ofn:itigation 
meaaures is detemined 1hrougb prediotion. 

The nahlre and sopbistication oftbe pre<tiction eflbrt may vary depending on 1he dean:d -orne. A prediction exercise aim:d at m:rely answering a ''yea!oo" question (fur 
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Dtance: will the water quality criterion :!Dr ~ be exceeded?) requires less up-fionl: uoderstandicg of the system being evaluated, in which case while use of relatively .. crude" 
[[J)deling took may sullice. In como.~ \\ilen a nme quantitative llliSwer ~ Iequired (fur iostam:e: wbat i< tho ""~'""""' axseiJic COIK:ematim?), tho ccmploxity of tho [[J)deling effurt 
may be quite signili:ant, requiring both a detailed conceptualizatim of tho system being [[J)deJed as wen as use of advanced mxleling codes. 
It should be ooted that use of[[J)Ie sophisticated too~ does oot =essary eqoa1e to [[J)Ie accurate aod precise mxleling outcom:s. Accordi!g to Oreskes (2000) aod Nordslrom 
(2004), tho ccmpulatiooalabilities of codes aod advam:ed cmq>urers CUITeDtly lilr exoeed tho ability ofbydrogeologis1s aod geocbemists to 10presem tho physical, cbemical aod 
biological properties of tho system at baod or to wrifY tho mxle1results. In ligbt oftboae dilliculties, tho treaDing of"accumcy" aod "precilion" in tho conl<llt of mine aod process 
water quality mxleliog IIIlS1: be re-assessed on a case-by-case basm, and ~ ~ needs to be conducted to reftect the uncertainty iDherent in predictive IIDdeliog. 
Accordingly, US EPA (2003) recomu:nds tho fuUowing sbould be submitted at a minimum to substmtiato [[J)delingnsed fur regulatory pmpose~ regardless of tho specific 
[[J)deVcode beilg used: 

• Description of tho mxle' ils basi<, aod wby it i< appropriaO: fur tho parti:ular use 
• Idenl:i&ation of aD input pa.I'lUmters and assuoptions, including WscussiJn of paramrter derivation (ie., by m:asurem:nt, cak:ula.tion or asswqrtim) 
• DmcussiJn of uncertainty 
• Semitivity analysis of imporWII input paramelers 

Having said an tha~ despite tho litnilatiom identified lllrougbout ~ cbaprer, [[J)deling aod prediction baw significant value as!ll\OOgerrent took aod fur gaining an nnders1anding of 
tho geocbemic"' pbysical aod biological systems at mine aod process sites (O..skes, 2000). 1bere ~ Iitle doubt that tho undemtlwding of geologic m11erials, mine aod process 
~ aod tho bydrogeocbemitalmctom that govern mine aod process warer quality will continue to advance threugh tho irq>lenentalion oflabomtory aod tiel:! ""!'erirmlm. In 
parti:ular those expwim:nts that i<ola1e one variable at a time to idenli\Y ils elli:ct on owmU ~barge warer quality will prow of great value. Similar\y, ongoing cbarac1erizatio aod 
mml:oriog of mine and process &cill.ics will allow devebpm:m: ofinproved scalicg &ctors needed to exlmpolate resub from smaller-scale tests to an operational level Lastly, 1be 
took required fur geoc~ hydrological aod bydrogeological[[J)deling already large\y exist Wih an increased comprebemion of tho fiu:tors that govern tho generstim ofARD, 
NMD or SD, [[J)deling aod predi:tim elli>rts will becom: im:reasingly reliable. 

Top of~ page 
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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. 

2014-10-21

kmiller
Text Box



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. 

Top of this page 

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 2014-10-21
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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). 

Top of this page 

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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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 
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Figure 6-2: Waste Rock Pile Structure and Processes (Wilson, 2008b)
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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 
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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 
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Figure 6-5: Methods for Prevention and Mitigation of ARD
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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 2014-10-21
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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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ammi!g of ebb m=iiJs (MEND, 1998a ml2001; Mk et tl, 2003 ad2006). Laye:riDg ofwu= rock 8lld 1llqJ8 m=iiJs is discussed below ill 
Secliln6.6.3.7. 

ElapBulalilnhu beat appli:d ilr acicHo biiloric tailqllbat MDC iDMd to eqm:la pit at lfPid mille ill 1he 'Iimilll regkm, Olllarb Cllllda. Tbc 
atilil Pamo• ~ wae re1oc:ated ill 2006 (PuDD111' Cue s•). 'Ihe ~ wae placed on a la)U ofD:Uiral ~ con.;,;e Cllll:e8a ICalbonalc 
llliaeiU and 4l01ICnld by DmllrllllteriaL Expei:iwadBIIIIuda wtre alia C0111J1eeed to ewbJ1e bd Willer qlll&yand reds wae reported ill MEND, 
2010. 
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Figure 6-6: Coefficient of Diffusion versus Degree of Saturation for Saturated Porous Media (from Aubertin, 2005)
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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 2014-10-21
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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 2014-10-21
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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. 
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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. 2014-10-21



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. 2014-10-21



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 2014-10-21



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). 

Top of this page 

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) 

2014-10-21

kmiller
Text Box



[ 
FatalFlaw 

Site and Material 
Characterization 

1 

FatalFlaw 

... --------------- Conceptual 
Co>-er Design -·---------I 

1 I 
1 

UnacceptableRisk/ Noncompliance J Basic 
Co>-er Design 

] Re>'ise Costs/ Benejits 
1 

l J 

[ bnpactAnazysis I 
[ 

Cost/ BenejitAnazysis L__ 
(Collectian &. Treatmem) r--

J Compliance l [ Risk l 
l~ __ A_s_~L~=m=m=t==~---====A=~=esism=e=m==~~ 

l Field Trials&. 
Performanceitfonitaring 

[ 

[ 
Detailed Design 

CO>'eT 
Construction 

l Long-termPerformance J 
Monitoring 

1 

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 
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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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INITIAL PERFORMANCE 

Chemical Processes 

- Brosion - Osmotic Consolidation - Root Penetration 
- Slope Instability 
- WetJDry Cycles 
- F reeze!Thaw Cycles 
- Consolidation/Settlement 

- Dispersion/Er:osion 
- Dissolution/Precipitation 
- Acidic Hydrolysis 
- Mineralogical Consolidation 

- Burrowing Ani nnals 

- Extreme Cl innate Events - Sorpti on 
- Brushfires 

LONG-TERM PERFORMANCE 

Ellluq)a ofiiOiccm:r &tP ae shown ill Figure 6-11 (MEND, 2001}. ~ iJr18e of soil. coW~~ are imld ilMBND (2001) aa wen. 'l'bc 
llilqlbtc:aae (ie. die biiiCmr:CbDd ~l~Mll'll)'llemcbigu) il ~e\lllbded 6ntchDlg1be I:OD:ep11M11111111/orpn:mDiryccm:r II)'IICemdceigaphaae, 
mi. then ClOiqlbiy added 1Dil1be cbiR:d cbign o'bjc:c:IM:Iae met. JniJBill), iDcmJailg CCJJq~bily in die ck:qn of a CCM%11)Wm i:qllica i:s:mlsc:d 
eowr l)'l1mn pe• liiii••"A, Ia wuuld also~ eoldi:JI:mued costs BDla DIDRI diiiEult lliMll' systmn to cons1ruct. Note, howlmir, Cbat an ior.:mJse 
in perimDIIII:CI ilmt III!CeSIIllily 1mD iJr all c:liiDIIB eolllliims. For GllliiJII1&, a lltln mi. mlllue COWl' in am or lM!DHm c:Tmale oomu.... am provide 
tbD SIDIIIIIMI afcomrol onDI!It pen:olatim aa c:cmpn!d.ID a cowrll)'lllm -Mil a bw h)dmulic c:oDduc:tMty baniBr la)ar or a c:api!Bry hmil!r' c:owr 
ll)'lllml(MEND, 2004a). Cami!emtiom iJr11111 ofsoieo'lll!lllamliltedilTabm 6-4 8lld an_..,n,.tsimiarconp!linnill pmvifad ilMHND (2004a). 

llgun 6-11: Saq* Sail Coven De1lpl (fmmMEND, 2001) 

Variatiou oa Ole Base Mdltod 
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Medlod 

I II 

Inacasing Complexity 
Increasing Performance 

Increasing Cost: 

v 

• Climte- Wl!ltio& ~ ~ tba~ • Soil c:own do mt 111Dp iofilb:atiDnml maymt 111Dp acil 
drabp. • T)pe 8lld p&DiiiiiiCti ofwulll (m:ha 

llldce ~), mactMlyofWUIIII • PI!IID!IIb~ ofwatm iDfillmtiDn bmim may D:easo -mil .m, 2014-10-21

kmiller
Text Box
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 
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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. 

Flpre 6-IZ: S&Jqlle CoJdlpndfo• ofSymhetb Ill SoB Co•en 
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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 2014-10-21
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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 2014-10-21
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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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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 

Drained / Sub-Aerial Tailings Deposition Methods
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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 
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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 2014-10-21
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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. 
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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 2014-10-21
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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. 
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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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Figure 2: Configuration of the Denison Tailings Management Area



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 
l:)eQon site, &ftliUD orpated i'om two 80\lltel: it bmed wheat die ~lui: acicl (H2S04) ill die bch aobion was 
neull1.li:llecl dlline (CliO) ad ildle oxidia:d lailiDas wb:.ll suP"'* aril 'MB produl;ed byp)'l'B ommm ad n:ac1lld 
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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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Figure 4: Water Quality in the Influent to the TMA1 Treatment Plant
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Figure 7: Water Quality in Quirke Lake Outflow

kmiller
Text Box

kmiller
Text Box
Figure 5: Sulphate Concentrations in Effluent from the TMA1 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. 
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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 1. Aerial view of the Benambra tailings dam at completion of rehabilitation works.
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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. 

Reference 

Earth Systems (2003). Geochemical study of the Benambra Tailing~! Dam, Eastern Victoria. Prepared fur Department of 
Primary Industries - Minerals and Pe1rolewn Division. Earth Systems, Melbourne, Australia. 
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7.0 Drainage Treatment 

7.1 Introduction 

The objectives and approach to treatment of the ditli:rent mine water types depend on the category of 
mine water and the degree of treatment required. 

The considemtion of drainage trea1m:nt teclmobgies covers the range of applicat:ims to the fullowing: 

• Difli:rent cOIIIIIJdit:ies, including coal, diam>nd, iron, gold, uranium, and precK1us and 
base IIIltals 

• Difli:rent phases of Illiniotr- including exploratim, 1i:asibility ( assesSIIIliit and design), 
construction, opemfun, decommissioning, and post closure 

7.1.1 Risk-based approach 

A rilk assessment smuld evaluate aD. aspects of the trea1m:nt process using a standard Failure Modes 
and Eflects Analysii (FMEA) approach, which evaluates rilk based on consequence and likelihood. 

There are 1M: liilin areas that should be assessed: influent. treatment system, eftluent. byproduct 
~and sire conditims. 

RiUs to be assessed fur the inlluent can include, fur instance, inlluent flow rates ( excessirely high 

This chapter collllrins an overview of the fullowiog topi:s 
related to mine drainage trea1ment: 

• Objectives of and approach to mine drainage 
trea1m:nt 

• Rn-based approach 
• Dramage sources, collcc1ion and management 
• Treatment teclmologics including: 

• Active treatment 
• Passive treatment 
• Active/passive hybms 
• In silu trea1m:nt 

• Treatment residues and waste 
• Recovery of useful byprodu;:ts 
• Dramage trea1m:nt during mine cbsure and post 

closure 
• Selection of appropriate treatment teclmology 

and/or variable), cordarninant concenllatims (exceed type and concenllation predi:ted), and influent pli The treatment rilks to be evaluated can include ~ 
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:&ilure, power :tailure, plugging of subs1Iate, piping or ditches, anmuriog of reactants, :tailure of reagent delivery system, :tailure of process control conponents, 
inadequate design volumo ofholding ponds, scaling of plant compOIICII!s, and shutdown due to labour diirupt»n. Efiluent ~risks IlllY include JiUiure to moe! 
C0111'1iance (to1al or dissolved metals, pH, etc.), efiluent toxicily test Jirilure, change in penni! requirem:nt, and inability to m:et receiving environm:nt water quality. 
Sludge IDilllllgem:nl risks can include low sludge densily, ilu;k of appropriate on sile disposal, oJ!'.sile transportation and disposal issnes, poor sludge stability ( cbemicaJ 
!Dlbili2ation, physical instability), sludge pond access risks (bmmn/1ilnna), and dusting (ailborne c~tion). Risks offiml sile conditions nmst also be assessed, 
su;;h as tbe riak ofnstural disasters to tbe trea- system (e.g., earlhqnake, exoessive precipitation). 

Top of1his page 

7.2 Objectives of Mine Drainage Treatment 

The objectives of milE drainage trea.tnEnt are varied am tmy :include OlE or lDlre oftfE fuJiowing: 

• Recovery and I'e\me of milE water within the mining operations fur processing of ores am miocraJs, C011Ve)'81EC oftmteriaJs, and operational use (e.g., 
dnst suppression, mine cooling, and irrigation ofrehsbilitated land). Most mining opemtions include tbe IDilllllgem:nl of water on tbe mine sile and IDilllllge 
associated water inlias1ru;;tore. The mine water balance requires ~of difli:rent dOI!IlDds and souroes fur water volumo and water quality. Mine 
drainage 1reatment, in 1his case, is aim:d at IDldicying tbe water quality so 1hat tbe 1reated efiluent is fit fur tbe intended use on tbe mine complex or sile. 
Wbere IWI!iple water sources are avWiable it is typically less costly to keep tbe water souroes separate to reduce tbe volumo of water to be treated. This 
option is particularly 1rue when oJ!'.sile run-off water can be diverted away from tbe mine and waste lilcililies to reduce water volumo needed to be 
treated. 

• Protection oflmman heabh in sitnstions where people IlllY come in contact with tbe in:pacted mine water 1hrough indirect or direct use of mine water 
drainage. 

• F.nviromoi:nta. protection, specifically related to mining water in:pacts on surlilce water and groundwater resouroes. Mine drainage may act as tbe 
transport m:dium fur a range ofpolhltants, which may impact on-sile and oJ!'.sile water resouroes. Water trea- would re!Dlve tbe polhltants 
contained in mine drainage to prevent or mitigate environm:ntal in:pacts. 

• Useful and potenlially saleable produ;;ts may be recovered fiommine drainage. It is unlikely 1hat by-products recovery would be a sole driver to tbe 
ins1allation of a water 1reatm:ntlilcility. However, when com!Dldily prices are high, tbe recovery of saleable products will improve tbe financial viability of 
mine drainage 1reatm:nt projects. 

• Rcgnlatmy requirem:nts may stipnlate a mine water dischaige quality or associated dischaige pollutant loads. Any discharge of mine drainage to a public 
s1ream or aquili:r nmst be approved by tbe relevant regnlatmy aulhorilies. Discharge quality standards IlllY not be set fur many developing mining 
co-s, but internationally acceptable environm:ntal qnsfity standards may stiR apply as stipulated by project financiers and company COiporate 
policies. 

• Mine water is a valuable resouroe and mnchoftbe world is lilcingwater stress. The beneficial use of mine water to satisJYtbe needs of a variety of mining 
and non-mining water users can be a key driver supporting tbe ins1allation of mine drainage 1reatm:ntlilcililies. There is an increasing Illl!lber of mine 
drainage 1reatm:nt projects aim:d at supplying 1reated mine water to neighbouring coiii!lllDitics and industries around mines. 

• Sustainahility of mining will require tbe miligation, IDilllllgem:nl, and control of mining in:pacts on tbe environm:nt. In many cases, tbe mining impacts on 
water resources are long term am persiit in dE post-closure situation. Mine drainage trea:tm~nt tmy be a component of overall milE water~ 
to support a mining operationovertbe mine's entire lifu and eubances post-closure and sustainable use oftbe mine property long allertbe ore deposit is 
depleted. 

Top of1his page 

7.3 Mine Drainage Treatment 

The approach to mine drainage 1reatm:nt is based on an understanding oftbe integrated mine water sys-and circnits and tbe specific objective (or objectives) to be 
achieved. A generic mine water sys-diagmm is shown in Figure 7-1 to d01Dlns1mte tbe point that trea- may be introduced at several difli:rent points or 
locations on a mining project and to illustrate difli:rent purposes and objectives. 

Figure 7-1: Generic Mine Water Systemlndicating Potential Position for a Dnioage Trea-nt Facility 
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1he geaeric l>calion:ilr a mille ciJUqc tn:am1mt facility illcbtes 'die iiJbwms; 

• A eelectedmille wa~~:rstramorijpDatillafioma process orlK&ycJ:isdllaP!ghigllcouce•mario• .mlbda ofpollulaml 
• A warcr streauuWi:e~ 111 some lllilliDg-~ Willa' use, wbk:h-.yequba spcdfi: wa~~:rquai:y 
• A rc111n wa11:r 8llam 111 miller the ftle)"Clccl Willa' fit muse in the mililg or IJiiJ:mJs processiJs opermm 
• A poD or dillilae dilcharp n.m Ill a mllllal Wllten:oiDe or aquimr 

Pollution prevention at all potential sources on the mine 

!!!!!!!!!!!! 

I 
~ 

..... ~ 

Minimization of potential impacts by mitigation measures 

!!!!!!!!!!!! 

I 
~ 

..... ~ 
Recovery and beneficial use of water on mine complex 

JJ I ~ Treattnent of mine water for beneficial use and discharge 

11lil appmachadopted:IDrmiDe dJaiJqe tn.lmeDtwillbe inftoii!IXX!d by aiDiilllr of~ J:UtM to 1hll :Dinmg: 

~Treatment 
~ Plant Pos itions 

• Bdml~elilcq tbetn.lmeDtp-, a cnrll1a1mlm!lml ~oftbeobjoc!Ms ofDaUamtsbould bepn!JJ~Dd. MiDe ~balmld 
IDIItalwa:y~ be CV!Wak:dml i:ql~ wilhin'dle llOdelltofCIJDDcpatedmioc waU:r ll)ft:m Tn:alm:at willll1b:t1be 6Jw ml qudyprofiiD in diD 
waa:r ~ lh&:tdm; 1be Drd lmllmi:Dt ll)'ll1em illaeb:Ced baled em mille warcr :llow, waa:r quai:y, cost. mllllliiDI1l:ly 'WRr liiCL 

• ~oflhe mille~ iD1mDI of:llowmlbypropedicl ofARD, NMD, or SDsboull.ilcble Clte1ill.c:oDiidera1imof1aq!Ol'alml 
8e8SOIIIII~. Alw dl1a are especially iq)orlall1 ~til ialbrn•!O "Dill~ Ill~- aDy ~ ll)'ll1em Parlicullr eoacc:m should 
be ta11m 111 accomt :Dr ememe preeipila1im aDd ~~~~GWJDelt ~to e~~~~&e dm 1be cokliln poDds m1 rebel pipillg aDd dk'be8 are adequaely Drd 
mJ ~ 1he by properties ofllliDc draiDaflc relate to aciBy mJ dalilly, ~hale co*U, satiy, melllcoliii:Dt, microbiologjcal qaaljy, mJ 
1be preiCIII.le ofapecifi: colq)OliDda wocil1l:d with specific mililg openD.lDa, IRI:hu C)'lllile, aDJDOllil,llll'Uc, meDic., selclliuiQ, mo~ mJ 
radillD:iles. Coalmille draiqc (CMD)typicallyCOD!aiB i:011, ahnipn mlD~q~DCee insptbutcoliCellll'Uiollll. 01bcrBIU are1IIUS!Iytmly 
pre&elt in tmce ~ mlu mellliolled ill Clllpter 2, dae are 11811111ylUDOwd in the procea ofm:etillg the typical CMD staDclards a 
D~q~DC&e. 'IbeDc are allo allllllilerofpiopettiel of'dlemD-clraiiiF ~(e.g., hatdneas, ~ m1 silica)1hatl!llYnotbe of~ or 
~coDCeminaljurisdil;tio• curremly, buttllllteoald atli:dthe seleaimofdle ptdm)d warcrtn:am~mt~Joay. 
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• Dilli:rent stages of mining and how 1he mine water systero and water balance will change over 1he lili: of a mine. A mine drainage 1reatment filcility nmt 
have 1he tlexibility to deal wilh increasing and decreasing water !lows, changing water qualities, and regulatoiy requirem:nts. This IDlY dictate phased 
irq>lementatim and !Dldular design and constructim of a 1reatment filcility. Additionally, 1he post-chsure phase IDly place specific cons1Iainll! oo 1he 
continued opemtion and mlintenance of a 1rea1ment filcility. 

• COIDIDldity-specilic water aspec1l! related to c~s present in 1he mine drainage (e.g., presence ofradimuclides in 1he case of1llllllimnmining). 
SOll'K:: mining or processing opemtions tmy :introduce extraJEous ciEmicU am reagents into the water circuits. Reagents :from OlE ~ processing 
plant (e.g., copper recovery) IDly be detrimental to ano1ber minerals processing plant (e.g., phosphate recovery). 

• Pmctical mine site fi:atores, which will influence 1he construction, operation, and maintensnce of a mine dminage 1rea1ment filcility, including 1he fullowing: 
• Mine layout and topography 
• Space 
• Cfumte 
• Sources of mine dminage fi:eding1he 1reatment filcility 
• Locationoftreated water users 

• Handling and disposal of1rea1ment plant waste and residues, such as sludges and brines 

Top of this page 

7.4 Drainage Sources, Collection and Management 

There are severalllllin types of drainage 1hat IDlY require 1rea1ment befure dischaige from a site: acidic dminage, neuiial drainage, and saline drainage. Each type of 
drainage, while m.tinct in ill! typical C""1'0sition and chemistry, cao typically be 1reated using similar, if not, identical1rea1ment technohgies. Chapter 2 provides !Dlre 
detail on the compositional chamcter:istics of these mine waters. Certain mine waters, fur instance :from coal operations, may contain specific constituents that are 
challenging to 1reat, such as selenium When certain constituenll! are absent, fur instance iron in neuiial dminage, cbemical1rea1ment of o1ber pllllllllOiers is ofu:n !Dlre 
dillicult. 

Dminage IIOil!Ces include waste rock dumps, tailings impmmdm:nts, haolage roadways, milling areas, conlmllinated surfilce, and UDdetgroand mine WOikings. One of 
1he IDlsl crilica.l steps in aoy site 1rea1ment stmtegy is 1he water IIIIIIlllgOI1IO plan. A crilica.l C""1'0nen! of1reatment system! design is 1he !low mte. By decreasing 
aoooal !lows requiring 1rea1m:nt, this will decrease opemting and capital costs fur 1he system The key to ao efii:ctive water IDlDRgem:n! plan is to divert cleao water 
aod concemate contsminsted waters requiring 1rea1m:nt, 

The objectives of a waterlDlDRgem:nt systeroare (Aube and Zinck, 2009): 

• To ensure diversion of all attainable UDContsminsted waters using ditches aod benus oo upper water catclnmnt areas 
• To ensure capture of aU contaminated waters 

• If contaminated waters corm:: in contact with cJean water, the clean water becom:s dirty and voluo:J:s of water to be treated increase 
• Prevent reJease of contaminated water 

• To minimise fuotprint and contact 
• Smaller waste storage and processing areas wiR minimise contact and result in Imre clean water 
• Covered waste piles prevent contamination 

The water IDlDRgem:n! systero compooents aod infiastructure pose engineering aod opemtional challenges because of1he variable !low mtes and 1he corrosive or 
scaling natore of mine dminage. The considerations in 1he devehpm:nt of a mine dminage collection and conveysnce systero include 1he fullowing: 

• Properties of mine drainage, including corrosiveness, scalolprecipilate funning potential, solids deposition, organic fuuling. and plugging 
• Dealing wilh variable mine dminage !lows aod qualities as dictated by climatic and seasooal changes aod by 1he difli:rent stages of1he lili: of1he mine (The 

sizing of collection ponds and ditches is partim:larly critical where combined snow or precipitation events can conbioc to over top and cmme :&ilure of 
1hese filcililies) 

• The sill: of1he collcctim ponds and ditches IDlY be defined by 1he regulatory requirem:nts (ie., to moe! a 24-hour 100-year precipitation event) 
• Site and route selection based on consideration of topography, geotechnical conditions, and climate 
• SeJection of appropriate materials of construction 
• Engineering fi:atures, including pre1rea1ment befure conveysnce, purq>ing installstion, and piping system! 
• Opemtional aspects related to access, regular cleaoing, nmritoring, typical Jirilures, aod risks 
• Maintenance aspects, particolarly ease of cloaoing 

Mine dminage diversion, collection and conveysnce system! are critical compooents of aoy 1reatment project Appropriste basis of design IIIUSt be devehped aod 
integrated into 1he overall1reatment project Surge poods IDlY be a valuable fi:atore in 1he case ofhigbly variable mine dminage !lows and polhmmt hads. This will 
alfurd so1110 protection against sun:haiging 1he 1rea1ment systero It is typically not economical to build very large mw water retentim ponds nor is it economical to 
build aJnail poods and very large 1reatment plants. Optinllln smog ofboth nmt be done toge1ber to determine best cost/efficiency mtio. Examples exist oflililed 
projec1l! because of1he neglect of1he design, opemtion and mlintenance of1he mine dminage collection inlias1ru;;ture. 

Top ofthis page 
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A wile apedl'lmofdrUiaac ~~baa beendewloped, prow.~~, ad applied to DIIIIYdilimtappi:uions. 'Ibe pek nmae ofmiuc cJraap 
tree1me1t teclu:llogiea il tdeciiCd m Fp 7-2. 'Ibe dacription of 'die dillilftd clrailt3e tree1me1t tedlllologiea n tiiiiCCliln will be fiamecl in 'die coDellt of,._. 
best pmdicc ofprown lleChooJogics. 

MD~ 1nlaiiDD IIIChooJogics can be bmadly cluaifi&!d into acliw treallii;afo passiwllleaiiDD, aud nsmllalmrmt IS described in Table 7-1. 'Ibe selllctim 
ofthD appropda caiiiJOIYofmiiD cbUqil i>ras,pecific applicatiDnk ~ bythD aspedlllfr.*"••rizMn 'I'abJD 7-1 

Neutralization 

Lime/ Limestone 
Process 

Sodium based 
alkali's (NaOH, 

Na2C03) 

Ammonia 

ll1gme 74: Ce~~edc Raup ofDraiDap 'fleatmem Teelmologfe• 

Drainage Treatment Technology 
Categories 

Metals Removal rl Desalination 

Precipitation I H Biological Sulphate Hydroxide 
Removal 

Precipitation I 
Carbonates H Precipitation 

processes such 
as ettringite 

Precipitation I 
Sulfides 

processes 

10401.002 

~ Specific target 
pollutant treatment 

r- Cyanide removal 
-chemical oxidation 
-biological oxidation 
- complexation 

H Radio-active nuclides 
- precipitation 
·ion exchange 

Arsenic removal 

1- .. oxidation I reduction 

H Membrane-based 

Biological Sulphate Wetlands, 
Oxidation ponds - precipitation 

·adsorption H Molybdenum removal : 
- iron adsorption 

Reduction 

H ion-exchange 

Other 
processes 

Wetlands, Technologies 
anoxic drains 

'-I 
Wetlands, passive 
treatment process 

y Other technologies 
Other 

Technologies 

Featme I Clllndedltk Aatn Tnatmem Pualve Tnatmelll J:aSbTnam.m 

I. Appblionto piiiiiC ofmiq Molt ijJpiOpi..., to apJoratioD Moat lllll'lldMlto tbe cloauDc and App~ 1D 1hc apbation ad 

and opemiomlphases ~- poat-clo~AR pbaaea, becau!le i operaliollllphuel becnse it 
~ actiye comrolad rcquRs only iPII nilltjC ~ OI!FiDg ope.mticm ad 
IIIIIBF""'¢ Closlft ad poa- supcnisim, neht~•••:e, aud 1111intrmance 
closum applicatiom ....mly Ill hiD II ic ofseft:.IIBiliD!s 
ISIICICiimld wilh larp &WI.. processes. 

2. Opeta!imaiDYoMmlmt ktiwl and ongoingplm op&atim& COIIIIala opetalimi DDt mquDd. ktiwlllllll ongoing upmatiuml 
IIDII.II!Iintrmance ~ ad ~~m...-n:aitDnwe essmid pe!801111Dl~ buiJ-'IIIMid. 

peiBOIIIII!L ,_on ailll notDQUirad. 

3. Opeta!imalqna IIDII.IIllllmilb Requns cbmala, up&idiuns Self'.,..n.;.q pmcesses, pmiJdi: Requns ~ opendiliili 
1111111; ~ 111aft; eb:IIUI uai!I>•MI•;e, jnh millet~ 1111111; iurelnillet4 field moinlmn:e, 
power, c:onlimmUI mllon.- """imi~ Mayr.ecpB ekettalpowerad IDw ~ 
IDDlliloril!& repllcem:ator ~of IDDlliiDrillg. 

llllla:iU at Jow :li:eque:al.ly. 

4. Slt'Pl.Yofpowe:r Elt:c1ricalad mool!anjc.al CD:Igy NlllialCD:agy IIOIDlell ofgraviy Elt:cttai.IIDII. m:cblmical CD:Igy 

80llnlCII. flow, 110llr CD::rgy aud bi>-cbe:Di:al 110un:e8. 

eaqy. 

s. McJarmt aud supervimn O.iDg ftii!IIAF!!Ill!ll ~. Low~ .............. e:IIIJIFID:IIt J¥hqum:y~im, bdm 
requi\:mela. co~Rmtfacility~ ad llw hqueDcy iJtel njlltiC pennanemailr: praeoce~ 

supervilim. 
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6. Range ofapplicat:Km.: Application to aD. tlow rates, Mainly applied to low tlow rates Large specttumofvolu!D: am tlow 
especially high tlow rates am any am acnity, m:tals, am sulphate applications, IIIlinly to deal wilh 

• Flowrates constituent of interest rem> val acnity am m:ta.1s retmval 
• Constituents ofinterest 

7. Treated water quality Treatment process can be pmpose Treated water quality poorer am Treated water quality lower am 
built to deal wilh spectrum of tmre variable than other opfuns. tmre variable than active trea1m:nt 
treated water requirements. process. 

s. waste sludge am brine Waste sludge am brine are No brine production, but longer Sludge am waste production 
product.Dn. produced, depending on IIM:l of tenn liability to deal with accumulated in situ, JmY pose long 

treatmmt, requiring di9posal accumulated pollntants in wetJam tenn envirolliDmlalliability. 
sludge. 

9. Capiml inves1m:nt cost High capital inves1m:nt am Moderate capital inves1m:nt wilh Low capital inves1m:nt typically to 
perndic capiml replacement perndic reinves1m:nt to replace deal with a short tenn problem 
required. depleted wetJams m:dia. 

10. Operating am llllint.enim:e cost High operating am maintenance Low operating cost Moderate operating costs, but 
cost, with sam: potential fur cost chemical mage JmY be high due to 
reco~bysale ofproductwater, process inefii:ieD:y. 
metals am by-products. 

The costs of each ARD trea1m:nt system based on neulrallzatim (in teimi of the reagent am>unt and cost, capiml investmmt, and llllint.enim:e of the dmpensiog 
system) am sludge di9posal should be evaluated to determine the 1mst cost efti:ct:M: system The U.S. Office ofSurlilce Mining has developed a software package, 
AMDTreat, wbi;:h can be used to decide ammg the vari:Jus opfuns. AMDTreat can be downloaded at: httpi/aml.oSIIIe.gov/. Where possible, Uiers shoukl apply 
local reagent prices rather than the defiwlt values . .Amther tool available ~ the Ex!:el based ABATES program (btlpilwww.c:artmystemi.com.aulresources/acid
drainage/) developed by Earth System! fur acid-base accolllltiog and reagent requirements and treatment costs. 

An excellent tool that can be used to decide which trea1m:nt process should be selected il the Acid Drainage Dec~Dn. Tree (Figure 7 -3) developed by Jack Adami 
(pers.comm.) of the University ofUtah. Depending upon a range of:litctors, including influent tlow rate, pH, acnity, alkaJinity, the presence ofiron, sulphate am other 
contaminants, the appropriate trea1m:nt process can be selected. 

Figure 7-3: Acid Drainage Decision Tree 
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Al:tiw IRalmeltJ.d::n lo lecllloi>ga requirillgOI!fPillg'llumimope;ratka; n•j~etr11w:e, IDlmollioq 'balledOllCldmlll80UI'CC8 OfCDCrgy(elcclrical~)~ 
~-qiwred 8)fte:ml. 

Al:tiw 1reiiiDed ~ecllloi>ga ilchle aeruiou. ~which otm iacblet m.:ta1 ~u. mciU Jle:lll)wl chmicelp~ila1»D, iiili:liiltmc JIIOCet8e8, 
-imm:~ m4 bmlp~halle mmwl. 

7.5.1.1 Aenfloll 
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SiD:e the principal contmninant is often dissolred furrous iron, a key aspect of treating ARD is aeration. Only about 10 mw'L of oxygen can dissolre in water, so if 
there is IIDre than about 50 q'L ofFe2+, the water liiirt be aerated. Even at bwer Fe2+ com:entratims, aeratim iocn:ases the ~~of dissolved oxygen and 
prmmtes oxidatim of iron and JIBDg!llll:se, ~reases chemi:al trea1m:nt efficiency, and decreases costs. Aemtion alio drM:s off dissolred C02, whi:h is commnly 
present in mine water coming from lDI.ergroum. This iocn:ases the pH and can significamly reduce reagent use. To view photos of aeratim systems, click here: 
Aeration syateDIII for treating CMD. 

Aeratim can be done befure or during treatm:nt, using gravity or~ aeratim/ milliDg devi:es. In-line system~ that use Venturi-based jet pumps and stati;; 

mixers can be a cost-efti:ct:M: alternative ~e the air and neutralizing agent can both be inlroduced into the sam: jet~ oriti:e, ~reasing opemtional efficiency 
(Ackman and Kleim:nann, 1984, 1991). Iftbere is atleast20 psi(1.4 x105 Pa) ofeJU:ess systemi; water pressure (e.g., the water is being pumped to the trea1m:nt 
site), these sin:ple in-line systems do mt require addiOOnal power. Otherwise, a smaU armunt of power can opemte an aeratim devi:e. 

The prin:my cost of aeratim is in the blower power consun:ptim. For exan:ple, a 40-HP blower operated 24 hours per day fur a year win cost about $18k/yr in 
power collSUIDJl1ion at $0.07/kWh. A second cost is in the milliDg system, as proper aeration requires that a high-shear radial impeller be used to break-up the air 
bubbles and ~rease the sur:&ce area fur oxygen dissolutim. These mixers typio:ally draw IIDre than twio:e the power than would an axial agitator used solely to 
ma.inlllin the precipillltes in suspe01ion (ZiD:k and Aube, 2000). 

A hilden cost is uo ~bled in the dissob.Jtim of carbon cfuxile from air, whi:h win ~ase lio:J: collSUIDJl1ion and sblge productim. AIIWugh air contains only 
0.03% Caibon dioxide, the dissob.Jtim rate of C02 is considerably fuster than that of oxygen. If aeration is mt necessary, these additionallio:J: costs and associated 
addiOOnal sblge disposal costs must also be considered (ZiD:k and Aube, 2000). 

The capillll costs of aeration ~ble the purchase prK:e of a blower, the air distribution system, and the radial agitator. Often a second blower is added as a backup, 
and either a separate buildiog is constructed or a room is insulated fur soum due to the high decibels put out by a blower. 

Top oftbis page 

7.5.1.2 N eutralimtioniHydrolysil 

The key considerations in selec1ing an appropriate neutmlt2at:im agent and integrated process cODfigumtion fur a specifu mine water trea1m:nt app&ation ~ble the 
fullowing: 

• Materials handling, ~Juding road/mil transport, bulk storage, llllke up, and dosing 
• Classifuation of alkali material as a dangerous or hazardous JIBterial requiring special precautions in handling and persmmel sai:ty 
• Availability and reliability of supply 
• Efficiency as neutralizing agent and active ingredK:nt/c~nent ofbulk JIBterial 
• Process ~lications such as ~asing propensity fur scaliiJWcoaqclogging of equipment /pipelinesflllS1ruiii:nlation 
• Inliastructure and equipment inves1m:nt cost of alkali JIBterial handling, storage, llllke up, and dosing &cilities 

N eutrali:mtion and hydrolysis are key aspects of ARD treatment and mmy dilli:rent alkali JIBterials and dilli:rent process cODfigumtions are enplo:yed. A list of 
commnly applied alkali compoums and JIBterials is in Table 7-2. 

Table 7-2: Alkali Materials and CompoUDds Applied to ARD Treatment 

Alkali Alkali Require me liD Neutralisation Efliclency Relative Cost 
CompoUDd/Material (tonfton of acidity)1 (% of applied alkali WJedj (S I tonnes bulkY 

Lilnestone, CaC03 1.00 30-50 10-15 

Hydiated m, Ca(OH)2 0.74 90 60-100 

Un-hydrated ( qui:k) lio:J:, 0.56 90 80-240 
CaO 

Soda ash, N~C03 1.06 60- 80 200-350 

Causti; soda, N aOH 0.80 100 650-900 

Magna lio:J:, MgO 0.4 90 Project specifu 

Fly ash Material specific - Project specifu 

Kiln dust Material specific - Project specifu 

Slag Material specific - Project specifu 

1 The alkali requirement is eJCPieSsed relative to Ca00:3 and rellects the amrunt of alkali required per unit of acidity (eJCPiessed as Ca~). 

2Neutralizltion efficiency estimltes the relative effectiveness of the chemical in neutrali2ing ARD acidity. For eJCBiq~le, iflOO tons of acid was the amrunt of acid to be neutmtilJed, then it 
can be estimlted that 82 tons ofhydiated ~would be needed to neutrab the acidity in the water (100(0.74)'0.90). 
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3Price of chemical depeodll on the quantity being deliv=d. Bulk delivezy prices and siiiiii quantity delivezy prices will differ. Theae prices are approllio:llte and geoezally ~fleet the Illlrlwt 
in January 2009. Prices will VIII)' significantly around the world and over tim:. 

Sek:ction of an alkai materia.J. depends on the fulklwing: 

• Secondacy in:qlacts associated with the use of a specific alkai remual on treated mine water quality su;;h as IIIIIIIlllia content ( aquati;: environmental, 
ceo-toxicity in:qlacts), and increased salinity 

• Cost ofalkaimateria.J. 
• Treatn:r:mt objectives, specifically the rem>va.l ofm:tals 

7.5.1.2.1 Lime 

Hydrated lim: (Ca(OHh) il typi:ally procured in bulk: powder funn. Lime can be added eilher as a colllrolled dispersDn of powder into the water or as a lim: sluny. 

Hydrated lim: is parti:ularlymeful and cost efti:ct:M: in large-fuw, higb-acility situatims wbere a lim: 1rea1m:nt plant with a mixer/aerator is constrncted to help 
dilpense and mix the cben:Jical with the water (Skomen and~ 1996). Lime slunypiping requires careful design and ma.intenance due to the tendency of the 
lime to congeal in the piping system umer certain coDlil:ims. 

Lime neullallzatim in a high density sludge (liDS) process configuratim il the industry standard fur in:qlacted mine water neullallzatim fur of the fulklwing reaso!Ji: 

• Relat:M: hw cost of lim: 
• Efficient me oflime 
• High density of waste sludge requiring a smaller site fur disposal 
• Scale colllrol on 1rea1m:nt plant sttuctures, pipelines, equipment, and insttmn:nta1ion 
• Good solils/water sepam1ion 
• Robmt process, able to treat variable flows and acility/metals hadings 

Lime ~lysis in an IIDS process configura1ion is the rmst establ6hed and wilely practiced ARD 1rea1m:nt teclmohgy. A mmber ofvariatims and 
inoovatio!Ji to the original IIDS treatn:r:mt process concept have been devehped and in:p~. The basi;; IIDS process configuration is siDwn in Table 7-3. 

The key fi:atures of some of the commnly applied IIDS process varia1io!Ji are siDwn in Figure 7-4. 

Table 7-3: Comparative Table Different HDS Procell Configurations 

Process Coovemional ComiDI:o Geco Procen Staged- Tetra (Doyon) 
Parameten HDS Process neutralization Process 

ARD reed point Mix. tank Mix. tank Sludge First stage Sludge conditioning 
conditioning tank 
tank 

Sludge recycle Sludge Separate Sludge Upstream stages Sludge conditioning 
point conditioning sludge/lim: mix conditioning tank and separate 

tank tank tank sludge/lim: mix 
tank 

Lime sluny reed Sludge Separate Rapid mix tank Downstream Separate 
point conditioning sludge/lim: mix stages sludge/lim: mix 

tank tank tank 

Aera1ion,air Neutraliza1ion N eutmJrmtion Neutraliza1ion Upstream stages Neutmlrmtion 
iqjecrlon reactor reactor reactor reactor 

Polymer Upstream. of Upstream of Upstream of Upstream of Upstream of 
addition point thickener tlD:kener thickener tlD:kener tlD:kener 

Solids Gravity Gravity Gravity Gravity Gravity tlD:kener 
sepam1ion thickener tlD:kener thickener tlD:kener 
device 

F1gare 7-4: Basic HDS Proceu Configuration 
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Sludge 
Conditioning 

Tank 

Neutralization 
Reactors 

~ - · - ·J· - · - · - l -

Sludge Recycle 

Sludge 
Thickener 

1he selectionoftbe IJI)stappropu fmc ~proeeas is site ad project specific m1 ddepeldontbe i>llwilg 

• Fllw 1'8le and aciD;yfmeldl iladiDas 
• BfticicDcyofimc U8IF 
• SbfF aeUqaudiiO~uilsepamtionc~ 
• Was!ll ..... dmDy aDd dilpoalsile s8 (volum!l) CO!IIIraiD 
• Sbfae stablity(msiluallllllllldzationc:apacily) 
• 1iuiJDd walm qualty 
• CapDliMI!mma 
• ~ mllllllilllmmce cost 

Tab1D 7-4lillts tbe mlaM perimmm:e ofSOIIIDiimD D!1lllalim1im proc:c!ll&!l baed on a ilw solDclimcdmia. 

l'aHe 7-4: Selecdon Cltteda for Lime Ne'lllralllaU..n Pmceaaea 

SeJeedoa Clbda ~-··- Col*o ~eohK:eaa Tetra (Doyon) Siapcl-
BDS hK:ell rroee .. ne'lllrlllaU..n 

Elli:imt lime 
X :XX :XX :XX XXX 'lltililalim 

Wwslaqe deody X XX XX XX XXX 
SbJF vilcoGy XXX XX XX XX X 

SbJFslllbilil:y XXX XX XX XX X 
'1.iullld. walm qualil)i XX XX XX XX XX 

I..epad X =pd 
XX ~beaar 

XXX ~bed 

ThD pmcess ~~ ilr tbe Geco, Tetm, aDd Sllljged N11!111raliza1DI b8lml!d proCNMS are simk llllll based on iotermDcliabll!ld. filial pH adjul1md. Stapl 
llll:!lllralDtiz bettm IIIDd to tbe lniBimmt of ARD wilh a high iron m!.q.bde codiD. 

1k capialcosll ofb: m:am:ut proca11 are diml11y depeukm em i:dD:d flow lldc. pP 7-S llbowB dK: ldDmq, be~ flow'!R mill&pilal colt based on 
aclulllll:llm:lt pllmt capialCOIIbl (Aube. 2011) 
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~lime ia kn cost eti:ctM if a WI)' high pH is -n:quiled to Je~DGW iom IIIEh u MD, whEhia a COIJDI)n probkmil CMD. Operato!l oflimc 1l'eatiiDt ll)'llems 
ollen m-eue lime appi:alionaa Mn IMll iDI.:ra8e in 1he water. H01m'el', clue to 1he l::iJetics ofline disddiln, ~ 1he lime 111te iDcreeles 'l1le wbne of 
'lllft8died lime that edel'll1he metd:lloc-lleldillapolld. An addiliDml couplicatim it that i is ldlliYdyeaayto OWl" treat CMD wilh ~ lim:, whkb eanresd m 
a pH that is hisJlCDOugh to cause ••mW.nm Ill raliaoWe. lf'b natecJ water still has a pH &bow 9 ODCe tbe i-on~ mJ setde8. tqpJiatoiy a:ul1xdies will 
t)pblly&ist that tbe abb water be m-acid&d to at least pH 9 uoll:ss tbe receiYiJg Sllamis adlic. UsiJs ann. IDe S)ftm(neutio.nccl in Seetion 7.5.1.1). may 
aliDw anopellllmiD beamm,gula!ll im 1BI8I' inm:hcin:umstau:ec.. • .AneJalllllla ofanliDS liDII Jll'l'lhllira!Xmll)'llmllil provided in1DI Brukuop Case S1Ddy. 

7.5.1.2.2 I..lmelfulle 

I m...trme Ills bemt Died m dec:&des 1D milD pH mt ~ilate Dllllala il CMD (Deulllllll Millk, 1967; Milok, 1970). It Ills tbD lowl!stDilterial colt mi. ilb 
salKt lllllleasil!st to hmllll oflha ARDc:llimialls. hill1111efillwhan1hD only r.<atlami•••s ofCOliDI!IIlam i'onaodabrinan, u is o1bm1hD case in CMD. 
'l1nlilltiutely, is mccessfillappblimilllmib!d dull to iiB bw soU.~ mi. t&uhu:yto ciiMmp aneJitmDalcoaq onDIIIJIII', ofFe(OH)3 whanaddecl to ARD. 
Tm:.tnnc., when ~p)lced i:io mioc Willa', should be~ fiDr.: piJ:d (a liP plllticll: lllrilcc ar.eal wbo:: 1111»). Tbc plil m1he limr.:l1oDe to dillsolw bclbm 
i bc:c:a~J~C~~BDJI)IRd. When pH il.,w mt 1he ne1111 ~aliollll m: alao J:Cldiwly bw, &:d}'-groiDIIo:atolll: lllii.Y be~ il:du cJraiDaF clm:Cly (liJatmlc 
lmlllpp]i:mm) or IID:IItolll: p\dlllll.y be ground il:dupowderbywatcl'-powacdrotmlgdnml (IID:IItolll: chumllllllmm) mt ~ il:du 'l1le ~. Sml
lli!J:d 1ilrl:tltoDc Ills allo been placed il. alilrfle c:yliDdricaltmk ml flliKed 'rillhe ARD Vfhoi:hia iirodlllcd i:io 1he boUDmoflhe teak; 1be8e sre c:alled dM:aUm wclll 
(FIIdlll:r mi. Slw\IICD, 199S; Amoil, 1991). Divmiollwelll use'l1le~ oflhe ~to tilille: (illmasuspeasi)n) 1he limr.:l1one. Tbc limr.:l1onepadi:blam 
~each v.&oro~&y, whi:hdlws dillollllim wiOiout l1'lmlll'iag. • ime.ofoJie bullllo becn \lied to 111eat CMD il. aaerobic (e.e, 8110xic limr.:l1oDe dnial) ml 
aerobi: eavkollllll:d8 (e.e. openlilll:sloac chaDDCIII). Tbcse sre c:ovead il.111101e deCaillller m till chapler, aa part ofpu8M 1l'e8UIII:IIt. 

A mwlDlegl'lted IID:stourJIID.: DC1IIl'lilldion proceu wu dewklpecl at die Soulh.Aiaa Colldm Scie:mifi.l mt llldustri81Reeesreh (CSIR) (~ et al, 
2001). u amwnuFp 7-6. Tbc illlcgramd ~proce88 ~die mlbwqdne proc:eaa 811cpf: 

Jl1&ln 7-6: J:ateptecl J:..lastoDe I Lime Neatrdlat»n PloeeJJ 
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• Pre-neutralization using relatively inexpensire ~stone 
• Lime ~to a pH target, whi:h is di:tated by the 1reatmem targets such as specifi: metals retmval (Ibis step is also designed to precipitate 

gypsum.) 
• Re-C&Ibonatim and pH adjmtmmt ming the C02 generated in the first process step 

The benefits of the ir:Jtegrated limr::storr/lim:: process n:late to the efficient me of n:latM:ly inexpensive alkali IIBterials and m~~e of alkali sludge produced in the 
process. 

Many process slreami within mioCial processing &.cilitics are bigbly alkalioc (ie., watms ftom futat:im plants). Thcn:fun:, ex~:ess process watms ftom the futat:im 
plant could be mixed with ARD fur neutralization. 

7.5.1.2.3 Other Fo11111 of Alkali Addition 

At sites where it is not possibk: to provne as JIIJCh supeiVisDn as the use ofhydmted lim:: requires, pebbk: qui:klime (CaO) has often been used, in coqjlDlCtion with 
the Aquafix water 1reatmem system This device is powered by the furce of the s1ream, using a water wheel com:ept (Jenkins and Skousen, 2001 ). The advantage of 
this approach is the amrunt of maintenance and manpower is JIIJCh less than is required fur a hydmted lim:: treatmmt plant, though it is sliD. greater than is required fur 
a passive 1reatmem system The ainount of chemical added is di:tated by the Inovetm:Ilt of a water whee~ whi:h cauies a screw reeder to ~ the chemical. The 
b>pper and reeder can be installed in less than an hour. This system was initially used fur sma.D. and/or periodi: flows with high acidity because CaO reacts wry 
quickly. Recently, water wheels have been attached to large sibs fur n:latM:ly high ftow/ high acidity situatio!Ji. 

Cllll'l1ic soda (NaOH) is available cormn:rcially as a concemmted liquid or as water solubk: pellets. It is generally onlymed in retmte hcatio!Ji (e.g., where elec1ri:ity 
is UDavailable ), and in hw flow, high acidity situatims, especially where long- tenn ARD 1reatmem IIBY not be necessazy or where Mn concenlmtio!Ji are high. Cllll'l1ic 
soda is wry solubk: in water, disperses rapnly, and mises the pH of the water quickly. It shoukl be applied at the sudilce of ponds because the chemi:aJ. is denser than 
water. The IIBjor drawbacks of!Ktun NaOH fur CMD treatmmt are its rclatM:ly high cost LiquKl NaOH is alia extzem:ly causti; and therefure potentia.lly 
dangerous to anyone wm comes in contact with it A third drawback, at k:ast in winter, is that it has a relatively high ft-eeziog point(:::: 14"C), whi:h has caused 
problciiJi at some sites. 

Soda ash (N a2C03) is generally only used to 1reat CMD in retmte areas with hw ftow and low ainounts of acidity and metals. Sek:ction ofNa2C03 fur treating 
ARD is usually based on convenience rather than chemi:aJ. cost Soda ash comes as solil bri:J.uettes, and is gravity fud into water by the use ofbins or ba!rels. The 
llli!Dber ofbri:J.uettes to be used each day is determined by the rate offtow and quality of the water being treated. One problem with the bin system is that the 
b~s absorb Inoisture, cauiiog them to expand and stick to the col11CIS of the bin. This prevents the b~s fi:om dropping into the s1ream. For short-term 
treatmmt at isolated sites, some operators use a much siupk:r system, ~hying a wooden box or bane! with hok:s that alk>ws water infk>w and outflow. The 
operator siuply 1ills the barrel with bri:J.uettes on a regular basis and places the barrel in the flowing water. However, this system o11i:rs k:ss cODtrol of the ainount of 
chemi:aJ. med. 

Top oftbis page 

7.5.1.3 Metal Re11111val 

As discussed in Chapter 2, the metals cODient of mine drainage varies signi&ant1y depending on the fulklwiog: 

• Geohgy and geochemistry of the mine environment 
• Specifi: ore being mined 
• pH and oxilatimireduction potential of the mine water which goWIIli the solubility of metals 
• Source of mine water (e.g., drainage fi:om uOOergrouM workings, ruoofffi:omopenpitworlcings, seepage ftomwaste rock dumps, drainage ftommiD. 

tailings and ore stock piles, spent ore piles fi:om heap k:ach operatims) 
• Clilmtic comilims 

The classi:al. approach to metals retmval is based on chemical precipitation, furmatim of solids parti;k:s cODiaining the metal precipitates, and separation of the solids 
ftom the mine drainage. Metals [M] can furm a llli!Dber of insoluble compoums with aoims, su;:h as; 

Hydroxiles; M4- + x OH- -+ M (OH)x 

The solubility of metal hydroxides can be used to ibtmte the point Many metals have an amphoteri: property, with decreasing solubility up to a threshold pH, above 
whi:h the Ineta1 solubility B:n:ases agajn because of the ful'IIBtion of soluble complexes. The pH corresponding to the theon:tical thennodynamir;: and miDiiiun 
solubility of some selected metal hydroxides is shown in Table 7-5. 

Table 7-5: Theoretical Minimum Metal Hydroii.de Solubility pH 

Metal 

Ferric iron, Fe3+ 

pH CorrespondiDg to Minimum Metal 
Hydroxide Solubility/L 

-3.5 
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Anlilmny, sb2+ -4.2 

Aluminum, AP+ -4.5 

Lead, Pb2+ -6.5 

Copper, Cu2+ -7.0 

F erro\11 iron, F e2+ -8.0 

Zilr.:, 'biJ.+ -8.5 

Nicke~Nil+ -9.3 

Cadmium, Cd2+ -10.0 

Manganese, Mn2+ -10.6 

Metal<! retmval byprecipitafun typicaly involves alkali addifun to a target pH fur sek:ctive retmval of the m:tal of inten:st It may al<!o be advisable to pre-oxidm: the 
m:tal (or m:tals) befure precipitafun where a m:tal can exiolt in mm: than one oxidation stare. 'Ibio! will assiolt precipitafun because the Imre oxidized furm. ofsoiDC 
m:tals bas a lower solubility. 'Ibio! il, however, mt tme fur cOIIJlOUIIds of chromium, selenium, and uranium, which are Imre soluble in oxidized furm.. 

A coDIIIDn approach to enhao;:e retmval of speci& m:tals il the use of chemical pre-tn:atm:nt or co-precipitation strategies, such as the fulklwing: 

• Aeratim can be U'led to io:prove retmval of iron and llJIIIlglllK:Se 
• In low-iron containing waters, iron may be added to co-precipitate or adsorb certain m:tal<! onto fi:nic hydroxide precipitates. This process achieves 

lower eftluent corxx:ntrations than would be achieved solely based on the solubility of the pure m:tal hydroxide 
• Chemi;:al reductim or oxidatim can be U'led to alter the valence stare of a target m:tal and enhao;:e its reimval F.xanples of chemi;:al reductim or 

oxidation D:lude arsenic, selenium, and chromimn 

The key considerations in selectiog an appropriate reagent fur m:tal precipitation D:lude: 

• Materials balllling considerations, D:luding roadlrail.1ransport, bulk storage, make up, and dosing 
• Classi&ation of the reagent as a d.angero\11 or hazardous material requiring special precautims in balllling and persODDCl sai:ty 
• A va.ilability and reliability of the supply 
• Jnfiastructure and equipmmt investment. cost of reagent baWling. storage, make up, and dosing &.cilitics 
• Cost of reagent 
• Treatment objectives 

The speci& process llliliiigCIIIli fur m:tals reimval il the Sllllll as fur nculralizatim- and il often in a lime/HDS configumtim wilh additional chemical reed and 
control system!. The primary diffi:rences are the potential pre-1reatm:nt req'lliremml:s, operation at an elevated pH, and the possible need to reduce the treated eftluent 
pH wilh acKl or carbon dilxide to IDCCt e1llucnt dilcbarge pH requireiDCnts. 

After chemicaltn:atment, the tn:ated water will typically be directed into sedim:ntation ponds or IDCCbani:aJ. thickeners so that the precipitating m:tals SU'Ipended in the 
water can precipitate and settle out. The m:tal<! gencrallyprecipiate from impacted water as a loose, open-structured mass oftioy gmins called 'fuc', which 
aggregates and settles out as a yellow, orange, or red sludge. Since CMD mrm.aly contains little in the way of potentially toxic contaminants, this sludge iol generally 
mn-bazardous, wilh the exceptim ofth:lse bigbcr selenium contents. However, CMD sludge canoot be alklwed to llow into the receiving stream since it woukl make 
the bottom of the stream inhospitable to fish, insect larvae and other benthic orga.niom. The sludge in the settling ponds !IIlst be pemdicaly pumped out and disposed 
o( since suflicicnt resKlence time, which iol dictated by pond size and depth, il important fur adequate m:tal precipitatim. The aimllll1 ofm:tallloc generated by 
nculralizatim depends on the quality and qlllllll:ity of water being treated, which in tum determines how often the ponds must be cleaned. 

Sludge disposal optims include: (1) leaving the material subrm:rged in a pond inde1ioitely; (2) puo:ping or hauling sludge from ponds to abandoned deep mines or to 
pits dug on surtilce mines, or sio:ply placing it onto the land surilce; and (3) d!mping sludge into refuse piles. CMD sludge il often disposed in abandoned deep mines 
or to pits dug on surilce mines to take advantage of its excess alkalinity (due to JD:O~ hydrated lime) but. this iol only appropriate if the c:nvirom:ncnt that the 
sludge il being placed into iol not acKlic. If the sludge iol exposed to suflic~ acKlic water, the sludge can diolsoM:, neutralizing the pH somewhat but. increasing the 
dilsolved m:tal content. Sludge dewateriog can be a cost effi:ctM: ahernative when the allematM: iol puo:ping or truckiDg sludge that is 80-95% water. CMD sludge 
puo:ped onto the surtilce of land and alklwed to age and dry il generally a good strategy fur dilposal, since, in its oxidized and dried condifun, the sludge can becOJDC 
ccystal1ioc and part of the soil. ARD sludge has al<!o been dewatered and contained U'ling geotextile products. 

Selenium content and potential leaching from 1reatm:nt sludge iol in general mt an iisuc as Se in its oxiii2l:d furm. does not readily report to the sludge. In a MEND 
study which examined seventeen tn:atm:nt sludges from coal, base IDCta1, precio\11 IDCta1, and lllliDium trea1m:nt operations, the com:enllatim. ofSe leached was 
below regulated limits fur al sanples tested (Zilr.:k et al, 1997). 

Top ofthis P¥ 

7 .5.1A Cbemiw Pred)itation Cor Salplude ReDMI 

The desalination 1reatm:nt techoologies Imst applicable to mine drainage target sulphate salts. Mine water may contain a wKle range of anionic species, but. sulphate iol 
typical ofliilllY mine drainages and often represents the primary contaminant Consequently, sulphate retmval iol an io:portant tn:atm:nt objective and is al<!o often key 
to the reductim of'IDS. 
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Some suPhafe ia ftm)\1ed by gyp8llll1 pn:clpilalion durin& neWaliatioD~ if1iDe, lines~Dne, or enotbcr caaun110un::e is added durin& water 1reatmLid. Ill 
1.1Wim, alllli>erof~Diion proce88118 haye beendeyek,pecl iwap«:i& appblimto highlllipba!e commmile W8llm, includioa1hc f)llowiDa: 

• Bazim llliphale process 
• Blllilgil! (~4h(OH)l:z•26Hz0) precpitatiDn p:oces& 

ThD bmm III\JhaiiD process il baaed on tbD addi1ion of a barimsalt to m-preciJDI& lll\l}llle. ThD DllollbiD barim~lllllllllud.tJI il separated aDd RIIIDWd &om 
tbD Dlllhlln!am process. 'IIill barimilmcoYI!Rid iomtbD supllllte sDip aDd II!C)'llW to tbD Dlllhstmam process. 

ThD bmmsu\11111111 process bas not been~ pasttbD dawklpm&Dofa pibt scaJDdemmib:alimprocess. Whil tbisp~ il wrye&c!M, ilia cbJ!ftpd 
by diD il1lowq: 

• 'lbc IIIC ofanenviu~ tolli: colqiOUIId aa a 1mt11mdmlfJ:d 
• ~aDd hll1ldlag of a tolli: and bazm!Oliii!A (H,S) 

• ~ ilr lht:l:mdre~n 8lld l'Ce)'Okl oftbc bariiDI'C8flCd 

Baria~ aad barim~lli!e haye been~ byCANMBI'·MMSL iDCIIIIIda. (Zb:ketal, 2007). 

Two~~~~ of1hc ~ p~imlnprocea (SAVMIN'IM aDd cott.e~ 8U\l1D l'CIDMI[CESRD haye beendeyeklped 8lld clemDIJated. 'lbc 
~ proceea il baaedonlbe addiimof•hmimm~xide illaqbpll eavkolm:dreaqiD~nofetlrirPc (a~ calcim~ 
~ u abownbellw: 

6Cal" + 3SOl· + 2A(Oilh +38Hz()~ ~S04~(0H)1:z•26Hz0 + 6H3o+ 

'lbe siqlificcl process tow dilpmoflbe SA VMINTM process is shown inFp 7· 7. 

l.ifpre 7-7: s••-fleclSAVMIN Prout• DJapmD 

Ttoate<l Water 

SAVMIN process flowchart 

Gypsun 
aollda 

(by-produtt) 

AI OH) rtcyelo 

EHtlnglto pttelpilate (slurry) 

Stage'" 
Aluminum 
Recovery 

Sta,go 4b Gypsum 

9~~ T (bYi>•O<Iueij 

Water ' 
(recycle to Stage 3) 

L------ -- ---- --- -__ J. 

ThD CESRpmc:ess il mar in.CODilept butCESR ,_a ptopi*ycll!mi:alclsMd iomtbD ceiDI!Ii:mustryto ~ etlriDgilll.lthal th!l bemftofnot 
~tbD decmqlos&m ofellri!pl or tbD II!C)'Ciillg ofDIIfJIIIIB. 

W)n"k, tbDae pmc:eslll!s haw been~ lll!ilher hal been applid to lllillD ~ pmjectJ ilr Y.sc:aJD iosldUims ID dab!. 

Topoftis~ 

7.5.1.5 Medrue 'l'lutmtllt 

A wile J:11111F ofllll:llima: 1realm'::llt lrlelmologies exiat1o 1reat~ml saliDe wa1m N:hu mile drailllc· 'lbc appbli)nof1beae :1111:Jdn11Dii>ted:mlogjes co 
mill: chaill,c ill c~ beuu8e ofiCdllg and irulillgpolc:lllill MD dlaiq: t)pi:a1ly colillbl aew:mlcolq)Ounds wJh aiCdllg 8lld irulillgpo1edill1Rda u 
meiU,IIII\lll*, aDd cat'bollllte. 'lbc appbli)n ofiDi:ld>tlllllii> dea~liam~D J110Ce88e1 co mill:~ allo t)J)E4' relull ill 1hc p1'041Wm of~Wc~flc aDd brile 
streama.ID~ )1CaEI, howew:r, alllllliler ofbigb reccmiY omr.:dollllllii> deqli!djm proceae~ DIYe bec:ndeUped, COll8lrUc1lcd. 8lld opeMed at mile Ua. 

'Ihl coucept ofabjghrecow:J:YIIJ:ld)l'IDC dmtinetimlproce~~ ia ahowninFipe 7-7. 'Ihl ptimzy~ oflbe maiJstreamiiJ:ld)IIIDJi> del8tinetkm)ll'OCeal iacble 
themlbMitl: 

• l'relrealm=la wihlme 111 remoye atals aDd~~ (this is eseaDd to limit the~ ec:alillgpo1eulial oftbe mille clraDp) 

2014-10-21

kmiller
Text Box



• ~to mmw n:ailualsuspended solids 
• ~ bylllljusq 1be pH to a nomealill&qime alld addq •su~~zt~ 
• Mc1dnm: ti.WIIIU ~ accoa.,lisbed •iDs spiral wuwd rew.rse OSIJI)sis (RO) or DIIDO-ilm!iln (NF) llle!IDmDes 
• Post 1l'e8IIDU (a~ process tbat liB)' only inwlve stabilrlatim umg anahi Sldlaslime) 

1i1gwe 7-1: CoDCeptual Hlp Reecwery Memllllme Deaalllation Pmceaa 
Filtration 

(micro/u ltra) Reverse 
Osmosis 

Trutlld 
Wdlr 

A. pass n:euinanD 1lUimD!a pnx:eM wiD.tY,pically ~only a clllan Wlllar J:eCCMir)' of60% to 7o-A ilr milD wallml. 'I'be liiiilin- pmce8ll stiD IINM& a 
sdlsllliDlh!D llmam, wbmmquns 1nlltmlmt. Mathoda to tn!attll!l hiD am dBcmsediJ.Secmm7.6. 'I'be illlwiJBtwo apJIIOIICbll& eDt to h:th!ti:l:l:euedlD 
clean walK n!C01II!rY and decmase the Dilled m briml hmlliDg m1. diBpolal: 

• '11111 biD mum can be claalumb!d by limD 1ml1miiDl whi:h ~ thD lllii-sc:amt adimaod ~my SII]MII5B1um1l! llllb. A ll&!allld ~~~ap 
J:¥mJm!sllml ROINF process ill then used 1Dil!I.'OWJ'DilRI cllian'Wlltm. 

• 'lbc bm: lllmlmcan be i.u1hcr CVD.tDiraltd by 1:on•.uJiiul hmBl ~~ m:.lm::Dt. 'l'lac k:clmipn m:e~:~~pilal dcmiw mi. 
DlqiB lllbslmiiJICJICIIY. 

A lil:tb:r \llldillblofb: llll::ldmllle dmhtirutproce811 inwM:a 1bcuse oftdmllr RO type • IAIIll. 'lbc ab:Eyprec.\)DliMlaad 1'CC)dcma1e oarmtil 
(SPAIUID) process 'W88 ~ aad holds po1cDiialasllhnm iii.Pp 7-9. 

Flpre 7-9: Coacept SPAIUt.O Pnceaa Eow Dlqraaa 

Slurry Tank 

~1-'--~ 
RO Feed 

Pump 

Cyclone 

Reject 

Tubular RO 
Membranes 

'lbc CODCept ofb SPARRO process ill bued on b prolcctkm ofibc illiidatDIRd.cel byprovilq a ab:EysuspeDSiln OliiD which 1hc ~ilaMD producla can 
imD. HWt water lWO~ weDC achi:wd by a deu~DIIlra1im 8Q8lc plia (Pallet et al, 1992). 

Ill. prD:p, otber m.mmwe pl'OCCSIIC8 8lldl as eledrodialylis muaal (BDR) can ao be applied to mile waller dc:sainat»11. No ~scale ED.R. delahtioD pllmta, 
howew:r, 11\ll::oown to em n 1be mile Wllm' induslry iJr'lhc lalae-aule cl""'htim of mile dralaae. 
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7.5.1.6 IAJDJ!)u)Mp 

Om oftbc ollcr ioneJdlan&e p1'C mm used by miniDg ecmpanies is tbc copper m•o•ati iii or~ process. In tbis pmcas, waste plvamll:d caDS wa-e 
bllld to RIDIMI tbe 2iDc coaq or otber lll!t3llic iron 'WU placecl in a COflPCl" ~ 111m1m, Vlllm was~ hch solulion fioma waste or low-IJBde om piD. 
Copper it sa1Dm woJjf pJaiD on tbe ~~rice oftbe iron 11&1811d in clomg so wunH ~ Uc:trons will tbe ~iron, oxidmngtbe iron 8lld ll!ldu:mgtbe 
coppar to tbe DIIJidic sta!JD. 'IIill p:r.- cmallld a bigbm'-vam pmdg:t &om a waste pm<b:t (pt~ copper fiom wast~~ c:ans) 8lld would Il!ld1&:e IOIIIBWbd tbe 

toD:iy oftbe sa1Dm to filh(erchan&iJB c.}+ k Fa* ions), aa Bhown iD. tbe illbwqn!IIC!im: 

3cJ* + 2Fe0 -+ 3CIP + 2F.,3+ 

'l1lil process hll been \lied to lmlt copper llOIIbliDiug aohdiml fiom~ lllilrlllie& it tbc U*d Stala aDd i il a proc:a111 bt illllll:llllblr= to 111e by llltiaan 
miD1:n it~coiiiD::s, pmviled tbc i:dh.Jentc:opperwDi:eulllidwill qdc c1cwbl (ie., p:aU:r dlmapprollim!4'20 JJt'IL). 

Aamlion~ procea~, GYPCIX~. wu d~ ilr~uu~t)'Pclllilrl ~'Ill: procea~ requia prelre8lDicmtorcam;m::lall, whi:hmay 
~ lllllll ~ tbc cdlft:Dcy oftbc downstream ion c~ ~ rcn.. 'Ill: <JYPCID) COIII.lCPtual:lbw dilgrunis shown in Pig,lre 7-10. 'Ill: cmm 
Je8iD. f:llll..., OJl-+, Mt+. aDd otbcr C8!i.lll8 (ie., Dial ions) by tbc illlowilgreecO.m: 

2R.·H + Cfi1;t-+ Rz-Ca + 211'" 'Ill: 'Willl:r is acidified in tbis lim pJQQC81811d requiet cJesuamg ofCOz. 

Cation Resin 
Loading 

Lime 

AnlonRe-:tln 
Loading 

10·101 ·013 

ThD pmdiEt warm iiDDBrDDIIIlllllllll may mquim stabilization bein cliidrtdim or dilcllup. 1hl'l msiuepxmDm mqunslllllpbmic acid 8lld liiDD, da ~ 
lliiDl1y m~~mas wast~~~llhfBe. 1hl'l OYPCIX proau hll been dana:udridtid on a lllllll scalD, bm m conmnc:id operaliml exist in 111111lillillg ioduny. 

ADIIIil« oflllllnl~ lllllllmilll, suchaa Jli!Oiill!& (a clasa ofabniJ:Jsili:atemil&uk),IIMI beandmmllllnllled. to haw b1011tuimlpo1elllial. FI!IW filii,.IICillD 
opentilglmllmmt ~ usq llltundiD.n-~htm!!JD 1lll1miU aid. 

Topofdlis~ 

7.U.7 BJa1as1W S.J)IIdl aa-1 

Bkllog;:&IIII\lhl* mmwlhall been used by millillg C01ql8llie8 at sewrallocatioal aro1Dl tbc WOill. Mally Vlllillilll8 oftbc proc:esa have been deveklped. 'Ill: 
pail bi)log;:al ~ ft:lll)vd p:r.-COllflgura1ion ill Bhown inFigm 7·11. 

l1&1ft 7-11: Goede BloJoclal S'lllpllate ReiiiOYd l'loceaa Co~• 
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Solids 

Hydrogen )>--------.•! 
Gas . 

Sewage 
Sludge 

Sulphate 
Reduction 

Reactor 

Option 

Option 

Clarifier 

~ 
-~-~~ 

Stripper 

• Pmiiealmmt to mmw llllllBII by~illltimaa ~~or carbO!IItes 
• Do~ofanc:b:lmndomr mi. aubon IIUIIRle lll&lh aa ak:om\ tlllJFo H2 pa, 111111 CMD COiql)cx tlllbslmla llll:h aa IICWIIF llludF 
• .AcldDmofllolzi:ID, D:hli!g BOURle8 of~ phllp]B1e, polaaailm, 111111 tncc mi:J&:nll 
• 811\lb* n:dll:limiD.anm.erobi.l ~1Dr whioh llOIM:I1II auPhde to ~. 'l1lc proce~s is llli':Ciim:d by~IU: mluciug ~ (SRB), whi:h Ule8 

i=imld 11\bsll:ala lll&lhlll :lilltyuids.lll:ohols, Slid H2 g~~a. 'l1lc b8CCerillpopullltioDD:lJcles aco111011imofo1hero!plism& lll&lhaa e" llitgbaccerit 111111 
lll:dllmo.-, IIOIIILl ofwhi:h ~ 10 h)Wolym Slid i;tmcat c:aqJm carb0111 to R8di1y llVIIilhk tlllbslmla ilr 1hc SRBs 

'l1lc bW>gal ~18: ~n pert oflhc procea baa 'beell:raemh:d 111111 dm• allale><l by a JUd)c:r ofcolq)8Di:s. 'Ibis pert oflhc owralllzea1D:IIU biD caD be 
comilmclu prow:n teclmol>gy. 'Ibc filr1hcr hmllillg ml N1mi:Dl ofebe ~ ri:h eflbd caD be doac iDa I1IIIIDer ofd&mit1ft)'l, aa a1mm iii.Figm 7·11. 
A an: 1111 (or i:Di: ab.fae:) ea be doecd 10 P=iPi!a11:1hc suPhide; a an: 1111\lhile ab.fae: is lhcnF"""*4, whioh uay ~ 8]ICCa1 caJe ill. dispoaa1 m1 Cbe 
aaaociacl anionmaymm..e sati;y oflhc tn:eliCd 'WiltW, u illlowl: 

• 'Ibc 811\iliiie ea be parlilly oxiliald 10 .W,bur in a cardd1y coarollecl micro-a.erobi.l envi'oDom. 'Ibc ~bur is ~ u a po1=lially 881eeble by
product 

• 'l1lc SII\Jhile is ..q,pecl mi. co~ 10 .W,bur in a side stream p:ouss. 'l1lc sdlSIDD:m ~by C02 raub ill. an ilx:ra8e in cmbom1e a.lk:alm:y 111111 
pollllD1 ~ ofc:aJbcmalal m:h as c:alcilll 

ThD cdmia ilr seiDc:lils anapproprialll miDD watm delalimtKm tec:hmiDgy amlillad iD. TablD 7-6, Mhanill.dicmm oftbD mlatiYe pminliiiiLti of clilind 
tedD!lDP.. 

MiDe Dnhlage 1iutmelll Teclmoloe 

Seleedml Clfteda 

Cbemlcll PftctpllatloD Melllbrae TleldmeDt lonEK""ap BbiD&kd Sdphate 
Relllmll 

Prow:n~gyon Pro\'tll wilh mmy l'Jowa, riliiiMftllqe ~on pat leU, Prom~. wi!h a limilecl 
COllllllfl:mtl acal= clemmnruioniCib, llq: ICGDIII:mlial pllaD 110 lqc COliiDI::ID1 pUll IIIJd)er of co1iiliiliiiCia1 pllaD 

CODJmoCislplada 

Speciolftd appl:aliln Generalapplica1ion to hi&b Galeral appkatim, but Mil Demollltralled ilr Ca804 Specialia:d application to 
metBll, hiah so. uiDe 'WilW.T appopr:ide pre-trealmela twewan,Mh hiah so. uiDe 'Willers 
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approprirte pre-treatment 

Waterreco~ High water reco~ > 95% High water reco~ > 90% High water reco~ oot Very high water reco~ > 
continn:d 98% 

Waste sludge/brine Large waste sludge Sludge and brine production Large waste sludge sman waste sludge 
production product.Dn product.Dn product.Dn 

Potential byproducts Potential fur CaS04 Potential, but oot Potential fur CaS04 High potential fur Sulphur 
reco~ reco~ demmstrated reco~ reco~ 

Chcmi:als dosing High cbemic!Ui dosing Limited chcmi;;a]s dosing High cbemic!Ui dosing Process depends on carbon 
source dosing 

Encigy uuq~e efficiency Modemte energy usage High energy usage Modemte energy usage Modemte energy usage 
(beating of anaerobic 
reactors) 

Reliable and robust Robust process Process good perful"IIIIIICe, IX process perful"IIIIIICe and Biobgi;al process sensitM: 
perful"IIIIIICe but sensitive to pre- resin reco~ subject to to toxi;;s, fluctuating fi:ed 

1reatmellt I iutediaru;;e water quality and 
enviroiiiiEIIIal conditions 

Capital iM:s1m:nt cost $ 300- 1,250 (see oote) $500-1,000 Seeoote $800-1,500 
(per m3/day capacity) 

Opemtions and $0.2- 1.51m'3 (see oote) $0.5 - l.Oim'3 Seeoote $0.7- 1.5 
maintenance cost ($ per 
m3treated) 

Note: The cost information on chemical precipitation and ion exchange processes is indicative since no full scale commercial installations exist. 

The cost of treating mine waters in cold and reiiiJte sites (i.e., arcti: regions) could be bigbcr by a &ctor of2 or mm: because of expensive 1zansportatim and storage 
requiremeuts of reagents. These sites are mually accessed by air or i:e roads and the treatment system! are instaDed and operated indoors, requiring constrnction and 
mtintenaDCe ofbeated buiklings. At cbsed milling sites, possibilities fur seasonal opemtions should be investigated and applied where possible. 

Top oftbis page 

7.5.1.8 Sulphide Precipitation 

Sulp1Dle precipitation works under the satD: basi: principle as hydroxiie precipitafun The precipilation process converts soluble m:tal compounds into relatively 
insoluble sulphide compounds through the addifun of precipitating ageuts, such as the fulbwiog: 

• Sodium sulphide (N~S) 

• Sodiumhydrosulphide (NaHS) 
• Ferro111 sulphide (FeS) 
• Ca.k;ilm sulphide (CaS) 

Sulphide precipitation is an efti:ctive a.lernative to hydroxiie precipitafun Over a broad pH range, sulphides (S2-, HS-) are extrem:ly reactive wilh heavy m:tal ions. 
Sulp1Dle precipitation can be 111ed to rermw lead, copper, chromium (VI), silver, cadmium, :zh:, mercury, nicke~ tba1lium, autimmy, and vanadium ftom 
wastewaters. The precipitation react.Dn is gencnilly induced umer ncar ncutra1 coOOitims (pH 7.0 to 9 .0). In a way that i-1 similar to hydroxiie precipitatim, IDCtal
sulphide precipilates IIDISt be physicaly rermwd ftom solution (through coagulation, fucculation, and clarification, or fibmtion), leaving a IDCtal-sulphide sludge. 

In addition, sulphide precipilation i-1 soiiii:tio:l:s used in water treatmellt fulbwiog convenfuna.J.lime 1rea1mmt to redu;:e coDCCDirafuns ofremual Illl:ta.ls, pliiWularly 
cadmium. This i-1 successful because of the ability of sulphide to reduce m:tal concemmtions to !DJCh lower values than can be achieved by precipilatiog Illl:ta.ls as 
hydroxiies wilh lin:J:, although the n:r=taE precipilated are oot recowred as they report to the lime sludge. Som: of the advantages of sulphide treatmellt include 
effi:ctive m:tal rermval fur JDJst Illl:ta.ls, bw retentim tiiii: requirem:nt:, and redu;:ed sludge volumes. The disadvantages of sulphide trea1mmt are significaut and 
include potential fur toxic hydrogen sulphide gas emissions and residual sulphide in 1rea1mmt efllueut. Also, the soluble sulphide process IIBY result in odour problmns 
and the COIIJllexities of the systems frequently result in bigbcr capital and operating costs than lin:J: treatmeut. 

Top oftbis page 

7.5.2 Passive Treatment Technologies 

Passive treatment refi:rs to processes that do mt require regular lnDmn intern:ution, operations, or IIIlintenaDCe. It should typi:ally enpby natural constrnction 
IIIIltei:Wi, (e.g., soils, clays, and broken rock), naturaliiiiltei:Wi (e.g., plant. residues such as straw, wood chips, IIIIJIIlre, and compost) and proJDJte the growth of 
natural vegetation. Passive trea1mmt systems use gravity flow fur water JDJwm:nt.. In some am climates, it might also include 111e of evaporation or infibmt.Dn (e.g., 
soi am:lioration and ncutmlization) ofsma.U wlumes of ARD. 
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Pane. et al (2004) deliDed a p888M tn:aSmeDt l)ftmu: 

·~ water treatmelfl synem tlult fii/Jizu 1Uflrmlll)l ovfJIIIIhk eMigi/801/TCU IUCit 118 topogTIIJ)hJc41 gt'tldJettt, mkroblal metabolic eM~gY. plwt08)111tltulallllll 
cltemtcaf eM~gJ~ muJ ~ repJar, brd ~ malntentmCe to operate 1Uccessfoffy over In dnlgn JV'e" 

a-t (2002) allo dmiDd paaM ln!almmlt u: 

" .... a proceif$ of sequmt/Qlly removing metalr anl1/or addJty ill a Mt117tll-looktllg. I1IIJ1J-ItUide blo-qrtem tlult capitallza on ecologiazl and geocltemtcal 
nactioM. 11re pi'DCCrS doa not require power or ciJemicalr after co1Ufrllctto11, lllllllom for det:iJIIa with minimal '-an lt4'J". 

A tmlypassive systmnsbouHallo :limclimmllllll)'}'I!IID willllulam~janl!lrafUo ep]&milhDIItmiak,llllllsbouti be abiD ID fillll:timwilhoulwiDgell:!dR:alpOWllr. 
:Beaqllllll Ottlll (1997) desciiJe a YOblb!erpusiw 5)'111mlat m abtmdomd l!ad-zillc milD D.lidmd Jhat bas~ b.n fimr.:limiogllllll1tl!lllle fir cmr 120 
)'1:1111. Similllr wb:iccr II}W:ml an: lr.ely ID be iJJmd fillll:limiDg at-mi afeli:i:IJcyD.most I:Jil1mDl~ dii!JU. Allmp 1D n:proclul;e 1bl: baz&:ill 
cfli:clB obscrwd at II\ICh wbJbler weliliJda in 1he eaa1mJ U.S. led 1o 1he UIC afplliiM 1zes1mD Glc!mo.,gy at mille sRa, 

Guldt (2008)proviles 81l~81111D18l'yoflhe bis1ory ofpeaaiw1reaiiDI:d 111 applied to ARDaad CMDillhe US. 'IbcpiMieerillgwm of a fll'Clq) of 
fl:8e8ll:hm at W~ Stale 11DM:rdyom-1hirly ,em lfP doonmenWJ11Vld« q1dy iq2roOWJJis ilall8turalSphagmmboginObio1hatwaam:eivilglow-pH, 
JD:Cal.lldaa wscr. Colq)~ til reeeerch. a group at West Vqjaia l.hiM:Idy lb1Dlllimilllr ~-at 1he Tub Run Bog. Subeequcldly, reaean:hr.D, ~ 
ml qileen lbc.e4 oncle\a)pilg 1he promisillg ll:cbl»logy ofutiag CODIUii:led we6al8 to 1lW acil ~. Sh:e 1he 1lmD 'wellmt', caaied leflal ml 
~ry chdl:¥• aDd doGimt qde dcacribe 111r1x:tu1ea like lllmic liiDe8C.oJ!e dlaiB or lh&lCelaive alldllyproducirg 8)ftmB. 1he 1mn ·~ llealmld"waa 
adoptecJ. Mo~ detaionlhe bi!ltoryofpusiw ~CIID.be bllldlae:BIItolf ofPauln 'I'INmllllt 

Mosl ebDela C8ll be tl\lallcd ila pa88M ~proceu 111 oulliDecl iDFijpe 7-12, whEhis 1he peabtic table ilr pa88M ~ elcmenla dewlopecl by Oasek 
ad Waples (2009). 

llgure 7-12: Pedodlc Table for Plsalve 'lieatmeut 

18 

Actin ide series 8oth anaerobic and o xidizing 

The (!l!liiD: c:alllps ofpaaMI 1n1a1mm1t S)'Btlmllam de!ailllcl in Table 7-7. 

Table 7·7: Gelll!d&: Categodea ofPaulve "I'rea~Jmllt SJ11i21111 

Plslive 'lieatmeDt Tedmolo&f AWJt•doD Niehe ill Milll! DNilla&e 

AA:robi: welimda Netablilc~ 

Almi: lila!DDe drails (AID) Net aeim, klw J.Y+, low PC*, .,w dil8oMd OX)'fpll draiDaF 
ADic:robi.l welimda Net ami: Wllll:r wlhi~Ulm:talcom:at 

~~aDd Wtiy producillg ll)'8lcma (RAPS) Net ami: Wllll:r wlhi~Ulm:talcom:at 

Ope:nlila!DDe drails (OlD) Net a.ci!i.l war wJhbjpm:talcoD~cDt, .,w 1111 llllderu: so+ 

'Ibc prownappblion ofp888M tn:aSmeDt ll:clmology is 1111 1bl: low-t.owfiiiiF. Mosl lh&lCellfilt passive tl\'.aiiDclt projedl an: 1laliDa leu 1han 1,000 m3 per day. 
'Ibc -.sa doc1m:ded p888M tn:aSmeDt l)ftmhas been 1reatill& approxiodely 6,SOO m3 per day able 1996 wJh lmDd 1111intenance (Ousek et aL, 2000, 2007). 
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Heclilet al. (1994a) dewbpedadecDnBUpJIOrt&waheetto wist iDdle seledimofanappropliate pa.M ~ll:clmology. TQ wu Utlle:rrefa:ct by die 
PIRAMIDCoD8ortbnaaahowniDFp7-13(PIRAMIDCODIOI'Iim,2003).0asek(2008)Utber~1bedec8Dntree1Dilx:bteawiderJ'IID&L'Of 
cl!emid• ies lbr lllillillttinlaenced 'WBim'IS earlier Ymkms prillmily ilcusecJ on iun ml marQm (Fijpft 7-14). 

~!gun 7-13: Sekedlln ofPuslYe 'I'reatmem Te&:Jmoloty Clmt 

Characterize Mine Water Flow and Quality 

Net alkaline 

Single aeration 
cascade, settlement 

lagoon 

Multiple aeration 
cascades, settlement 

lagoons 

P1pre 7-14: SeleedllnofPu11Ye 'lftatmem Te~ Clmt 

10401-012 

2014-10-21

kmiller
Text Box

kmiller
Text Box



Determine Flow Rate 
r-----11"'" ___ ...,. AnalyzeMIW Chemia!Jy, ..------.. 

By·Pass 
Mixing 
Pond 

• ()Diali)n 

Net Alkaline 
Mr.v 

Additional 
Mn?,NoFe? 

Long Term 
l.lon~oring & 
Maintenance 

NetAikabne 
MIW w/ Nitrate, 

Selenium, 
Suffate, Cyanide, 
Uranium, Other 
Heavy Metals 

Calculate Loading 

• ~D. as ~lliles Uld cmol1111:8 UDde:r aerobic """itimw, 

Net Acidic 
MIW 

Determine: 
ORP, 00, Ferric Iron, AI, 

Heavy Metals 

• ~D. as .. hiles Uld h,)Woli,Y-.W,bate (a..,niun special cue) '111111« ~~~~erobil colllfibls 
• Colqlbalionmt adscnpliln oiiiD o!pllic 1111tter 
• Jon elldlantJe wib o!plli.: maJier 
• Uptake byplllla (phyto-reaclialion) 

Net Acidic MIW 
HiAI, D.O. 

Heavy Metals 

NetAIKatine 
MIW 

CONSIDER 
ADDITIONAL 

COMPONENTS OR 
HYBRID SYSTEL, 

The~~ in the dili:mltpusiye beatnent ~wiD di:tale tho clomilaza IIICIBIII:'eiii)VII) mecbaninm, Experieuce in.Auslmlia SllliiPI* thai 
passiw tmalmld il~~~m~ efi!c1M iftbll aclday buiiDg is as thm appoxinately ISO lqr'day. 

ThDpn• i•b•ii!iofimnas h)drolliles Uld cmollllll& 111l)'also uairtintblllliiiiDWlofaddmrwlpoiDID. SewmlinDic speciiiB, such sa~ aDd 111DI)4xlaaml. 
co-prec:p.te or adsOib mm im: hyclroxides. '1hln is I!!Vidal:e that 11011m oftbllle ll!IICIDB c:an be micmbialy frc:ijcated (LeBim: at al, 1996). 

Sectilm7.S.2.1 dmugh7.S.2.7proW!eabriefowrvi&!wof1hDprim:iJalpesaiwbalml!ltttec!Dmps.pP7-1Spiaelllspho1Dppb&of1hDDIIlin~ 
ofpassiw tiealm!!!t systmm (iom Ouilek, 2.008). 

Figwe ?-15: Selected Pu1ive Tftatmelll CompoDellll (Gt.ek et aL) 
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Top oftbis PI8C 

Aerobtc 
Wednnd 

Aeranon nnd 
SettlUl$ 
Pond 

Reducwg 
nlkahnity 
producwg 
systems 
(SAPS! 
RAPS) 
photo crt<bt 
WWWW\'UedU 

f~gtKtenl 
landrtc/ 

LWlestoue 
~d.~ 

7.5.2.1 AeMblc Wetlalldl 

AnOXIC 

Lunestone 
Draw 
phoro crtd1L 

WWW W\ 'U tdu/ 

~aguten' 

landrrc:lbnd 

Aaro!D: Wl!ltkm pmviiD tbD enviomamllllcolllliliDDB mRIIIDWlofllllllfliDlad so1ils ami ~lllllllk usiJstbD iiJowiDsilabna: 

• lWIIMly ~w waller depths to allow aemtim oftlm mi:JII ~ 
• Cascades to :liD:tbDr 4lllllml:e umlim 
• ~aDdllyout to promDUI il.wumblll~ fbw couJiinJs (ImMD sbmtc:Kuiq) 
• Wdmda wjJI!Ialim to 11111i1t in umlim of1bD lllhl1ra1o (Wl!Gmda '~'¥"dim Ill& tbD c:apabAyto lllllillllli1 urobi: c:oDdilimiiiDUUild 11m~ 

area aod canal!o promDU: ii.WIIIIIbll: fbw llOildiliml) 
• Sllfli:i:Dt ........,:c: 1iD: to dow !be lm111Jatmldiml to tlb pm 
• Space ilr !be se!lq mi. SA::r•••lation of1hc m::lal preei)illdet mlaoli!a 
• layol& aod 8el'Cmq 8§lilst wind lllillillg ml ~SU!pCIIIilll oflleUied aoli!a 
• PloiD)h: q,.lgrowth ID :li.JrlhcriDcreeae 1hc pH ml ~ n••P''* oD!aWnml ~D. 
• ~aDd~ colllroiiiD 1111D1f1C 1hc wa1cr 11M» ill Dlivihlal we0ta1a cc11t 

AI~ pmi) •• ~can be enben<»f puaiw~bysillp~cascadqdll ARDdownarock:-bdchaDDclorowradam1D CDCOUIIF splll8hilgi!Dd 
abu1e:ace. MD:~ wa~~ertbatCOllllios leis t.nS01DjJL ofdissoiYecl ironmlreltltMilylowcollf:ei*!!OO• ofnw9""*' cano&n be 1leated sioplywilgd!B 
fimn ofterlllim, ill:lwed by a pollll or 'Mdand t.rm::lal t.oc settliD& ifdae is CII01Igb cbaDge ilelevalion to produce 1be ~turbulence. No cbemical tWWon 
isneeclecl mllbe water can be dilcharp4 saielywilboutadw.nelya6dil&~ s1re1a. Iflbe i'oncotw:nlrJti"" are hiper, addilicmalaemticmltept can be 
mnporared ao 1be design by Derq addiliollll turbuleDcc bel1fteD 1be poncls or wetlmd «111. SD.le eiDDcecl i:on oxitalion and hydrolysis are t1Jo bys 1D most 
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Figure 7-15: Selected Passive Treatment Components (Gusek et al.)



ARD and CMD passive treatment syslemi, such turbuien<:e steps are routinely added between wetland cells. For sires wh:re th: iron loading is part>:ularly high, or 
where the change in eJevation is minimal, supplmmntal aeration may be necessacy. At such sites, serm-passive system; have been constructed miog gravity-, wind-, 
and water-powered aeration or :neutralization processes, as wen as sOJD:: devices that require external ekxrtr:i::al power, may be used to provide suppbnental aeration 
T.hi; m still often less expensive than conventional chcmical trea:tm~nt. 

Aerobic wetlands consist ofTypbs and oth:r wetland vegelatim typically planted in sbslhw water dep1hs (<30cm), in relatively irq>enneable sedim:nts C0111'rised of 
soil, clay, or mine spoil. Aerobic wetlands prolmle m:tal oxidation and hydrolysis, th:reby causing precipitation and pbysicalretention ofFe, AI, and Mn 
oxybydroxides, nmch like sedim:ntation structures. Successful m:tal remJval depends principally on th: dissolved m:tal concentrations, dissolved oxygen (DO) 
conlenl, pH, net acidity/aJkalinity ofth: mine water, and th: retention time ofth: water in th: wetland. The pH and net acidity/aJkalinity ofth: water are particolarly 
irq>or1mll because pH inlluences bo1h th: solubilily ofm:tal hydroxide precipilates and th: kinetics ofm:tal oxidation and hydrolysis. "!"berefure, aerobic wetlands are 
best used in coqjuo;;tion wilh water 1hst is net alkaline; th: wetland serves primarily as a III:tlll-floc colloction and retention structure. The wetlands IWSt be designed 
properly to optimi2l: sedim:ntation and to provide fur sludge storage. The vegelatim enbances physical1illmtion of suspended m:tal particles and colloids; direct m:tal 
uptake by th: plants is usually only a significant Jiu:tor wben 1he m:tal concentrations are already vecy low. 

Som: aerobic syslemi bsve been constructed by planting Typbs Ibimmes in soil or alkaline spoil obtained onsire, wbile others bsve been planted ~ly by spreading 
Typbs seeds, wilh good plant grow1h a1ler two years. However, it is best to use a mixture of appropriate emergent vegetation since 1his will allow 1he wetland to 
survive better in times of stress. Forth: same reason, 1he wetland cells sbould not be ofunili>nn dep1h, but sbould include sballow and deeper areas and a 1i:w deep (I 
to 2 II\) spots. Most rooted aquatic vegelatim cannot tolcmte water depths greater 1hsn 50 em, and require sballower depths fur propagation. However, varying 1he 
dep1h will belp pro!Dlte wetland diversity (wilh respect to bo1h plants and animal<!) and will belp 1he wetlands survive drougbts and storm events. 

Som: of1he aerobic syslemi 1hst bsve been constructed to treat alkaline mine water bsve little emergent plant grow1h and are better termed ponds 1hsn wetlands. In 
Jiu:~ typically, since sludge can be pumped ftom a pond, a pond is typically placed befure 1he wetland cells to remJve llllCh, if not IDlS~ ofth: iron hydroxide. This 
pond is usually sized fur an 8 to 24 bour retention time (o1ienenc""1'8Ssing as llllCh surJiu:e area as 1he wetland cells tbst fullow it) and is typically 1.5 to 2.5 mdeep. 
To account fur 1he acCillllliation of iron, th: value of0.17 g of iron per cm3 can be used, so 1hst 1he required detention time will be available fur a predetermined time 
(ie. its design lili:). It is recommended tbst th: freeboard of aerobic wetlands/ponds be constructed at about I m to allow fur th: remJval of iron. Observations of 
sludge accunm1ation in existing wetlands suggest 1hst a 1-m fieeboard sbould be adequate to bold 20 to 25 years of iron oxybydroxide accunm1ation. Som: of1hese 
iron precipitstes bsve been characteri21:d fur potential recycling as pigment (Kairies et a!., 200 I and Hedin, 2002). 

Ofien, several wetland cells and/or ponds are connected by flow 1hrough a v-notch weir, lined milroad tie steps, or down a dileh. Use oflllli!iple ceiVponds can limit 
th: a!Dlunl ofsbort-circoiting, and aerates th: water at each connection Ifth:re are elevation difli:rences between 1he cells (as discussed above, to increase dissolved 
oxygen), th: interconnection sbould be designed to dissipate kinetic energy and avoid erosim and/or 1he !Dlbililation ofprecipilates in 1he next cen. Spillways sbould 
be designed to pass 1he IllllXiiwm probable flow. Spillways sbould consist of wide cuts in th: dike wilh side slopes no steeper 1hsn 2H:l V, be lined wilh non
bndegmdable erosnn control mbric and a coarse ripmp, ifhigh flows are expected (Brodie, 1991 ). Proper spillway design can preclude future maintenance costs 
associated wilh erosim and/or lililcd dikes. If pipes are used, small dismeter (< 30 en\) pipes sbould be avoided because 1hey can plug wilh litter and FeOOH 
deposits. Pipes sbould be msde ofPVC or PE, or coated fur long-term stabilily. More deblils on 1he construction of aerobic wetland syslemi can be round in 
Hammer's Creating Freshwater Wetlands (1992). The floor ofth: wetland ceHmsy be sloped up to a 3% gnule. If a level cen floor is used, than 1he water level and 
flow will be controlled by th: downstream dam spillway and/or adjmlable riser pipes. 

Hedin eta!. (1994a) reported typicalremJvalmtes of!O to 20 gd-1m-2 fur iron, and 0.5 to 1.0 gd-1m-2 fur manganese. Several groups bsve ~ted to devehp 
!Dldels 1hst !Dlre efli:ctively estimste 1he perfurmance of treatment systems, especially fur iron remJvai. W atz1af et a!. (200 1, 2004) were able to IDldel a system 
consisting of an aerobic pond, an aeratim cascade, and a wetland using only th: tenp:mture-adjusted abntic mte of iron oxidation Tbey fuond tbst th: overall 

perfunnance and th: perfunnance of cer1ain sections ofth: system fun wilhin 1he 10 to 20 gd-1m-2 range, but 1hst 1he perfurmance of som: sections was outside of that 
range. Tbeir IDldel indicated 1hst pH was th: key Jiu:tor limiting th: mte ofre!Dlval. 

Kirby eta!. (1999) used th: same filctors but included 1he elli:ct ofbacterial iron oxidation to model a set of17 ponds. Tbey round 1hst 1he relative irq>ortsnce of1he 
bDtic and abDtic mecbsnisrns was determined mainly by pH, wilh 1he abDtic path predominsting at 1he higher pH values. Tbey suggested tbst pH and temperature are 
the DDst important variables :lbr determining iron oxidation rates, and therefOre, iron rerrnvalmtes. However, lit& can be done to control tetqJemture in a passive 
trea- The work by Kirby eta!. (1999) suggests tbst increasing pH ftom 6.1 to 6.4, fur example, greatly enhances oxidation, whereas doubling dissolved oxygen 
(as long as oxygen is sulliciently high stoichDmetrically to oxidi2!: m:blls), pond volume, or retention time has considerably less iq>act on oxidation mtes. 

Dempsey eta!. (2001) round tbst oxygen 1Ians1i:r was mte limiting in one system, and 1hst 1he a!Dlunl of catalytic reaction provided by funic hydroxide was th: 
determining Jiu:tor at a second sire. While heterogeneous camlysis apparently plays a significant role in iron oxidation, it is diflicult to increase concentrations of iron 
solids in a completely passive system Su:h catslysis could be quite irq>or1mlt in semi-passive or active treatment syslemi. 

However, overaB. it appears 1hst 1he original estimste oflledin eta!. (1994a) of!O to 20 gd-1m-2 remains a convenient pre-construction role-ol'11nmD fur estimsting 
pond and wetlands sM:s fur iron remJvai. Studies undertai<en since 1heir publica!Dn tend to support th: findings in 1he msjority of cases (Younger eta!., 2002 and 
Watzlafet a!., 2004). Recently, however, Kruse eta!. (2009) suggested 1hst hydmulic retention time mther 1hsn surJiu:e area sbould be used to design such syslemi. 

The layout and slope of aerobic wetlands sbould be designed to minimi2l: disruption ofth: natural condi!Dns wben 1he wetland sludge is remJved and sub-te is 
replaced, wbile maintsining 1he above engineering considerations. Any bshitat value sbould reflect 1he potential uptake of toxic metals to birds, riparisn mam:nals, and 
8Jl1lhibians wbile enhancing 1he aesthetic quality ofth: project 

Msny aerobic wetland systems bsve eqjoyed long-term su:cess and cost elli:ctiveness. However, th:re bsve also been many Jirilures, which bsve been vecy damsging 
to th:ir perceived elli:ctiveness. In geneml, syslemi 1hst were not efli:ctive or lililcd were undersi>l:d, improperly designed, or both. The key, as wilh all wster 
trea:tm~nt system;, ii to understand the limitations of each llllit' s operation, to have reasonable expectations, and to me conservative sizing criteria to attain specific 
water quality goals. Even undersm:d passive syslemi can be useful, discharging water wilh signiticantly lower concentrations of m:tal conmminants than were present 
in th: inflow drainsge. These improvemeuts in water quality bsve significantly decreased th: costs of subsequent water treatment at active sires, and deleterDus impacts 
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that dmcbarges :from abandoned sites have on receiving st:rea.tm and Jakes. 

Top of11ris page 

7.5.2.2 Anaerobic We- and Biochemical Roacton 

Anaerobic system! primarily rely on cbcmical and microbial rednction reactions to precipitate ImllUi and ncutraJi2l: acidity. The water inlillmtes through 11rick, 
pcnncable oigllllic IDlterial that becomes anaerobic due to high biohgical oxygen dcllJlnd. Seveml other 1reatment mechanisms function beyond 1hose in aerobic 
wetlands, including Imlal exchange reactions, fimnation and precipitation ofimlal sulphides, microbiaJir-genemted alkalinity due to rednction reactions, and continuous 
funmtion of cmbonate alkalinity due to limestone dissolution onder anoxic conditions. Since amerobic wetlands produee alkalinity, 1bcir nse can be extended to poor 
quality, net acidic, hw pH, high Fe, and high dissolved oxygen (>21111¥L) ARD. Microbial mechanism! ofalkalinityprodnction are of critical importance to hog-term 
ARD trea1ment. Wben wetlands receive high acn hads (> 300 1111¥L), 1bc pH-sensitive microbial ac1ivi!ies are eventually overwbehned. Thcrefure, like 1bcir aerobic 
counterparts, amerobic wetlands are III)s\ snccessful wben nsed to 1reat small ARD flows and/or ARD 1hat bss ~emte water quality. 

The ARD 1reatment mechanisms fur anaerobic biocbcmical reactors (BCRs) (also refurred to as C""1'0St reactors) are based on alkalinity addition using 1bc fullowing 
two m:chaoisms: 

• Sulphate rednction, which converts Soi· into H2S in an oigllllic rich environment devon of oxygen, releases alkalinity as a by-prodnct as fullows: 

• Limestone and dohmitic IDlterial react to neuiialill: acidity as fullows: 

CaC03 + If'"-+ Ca2+ + HC03-. 

Caroonste lDllerial also suppresses funnentation bacteria, which are required in 1bc bacterial consortium, but are not desirable in quantily, since funnentation by
prodncts can hwer 1bc pH. 

The key fuatures of an anaerobic biochemical reactor are: 

• A substrate bed contaioiog a varied blend of natural material (e.g., wood chips, crushed Jia:J:I::stone, plant residue, grass cuttings, bay, s1Iaw, manure, and 
C""1'0St) 

• A sudilce pond (at least !50 IIIDldeep), which floods 1bc substrate bed and limits oxygen ingress into 1bc BCR 
• Mira: water flow distribntion and collection system to proiii)Ie a plug flow pattern (typically confignred vertically) wilh limited risk of short circuiting or 

dead mnes 
• Fhw and level comul devices to conlrol1bc water level and to prevent substrate fiom being exposed to 1bc a-sphere 
• Higher plant !iii: may be pre- to assist wilh oigllllic IDlterial supplcmenlation, as a wildlili: habilat and fur aesthetic appearsnce. However, vegetation 

may need to be suppressed in BCRs wilh a relatively 1lrin (< 750 IIIDl) substrate layer becanse 1bc oxygen infusion fiom 1bc plant activity can impact 1bc 
establislnnent of geocbcmical redncing conditions. 

BCRs cons1ru;;ted in 1bc 1990s were typically horimnlal plug-flow celli 1hat resulted in a sigoilicant OIII)un( of mine water flow across 1bc con sudilce. These were 
ot!en refurred to as compost wedands (Hedin et al, 1994). The cmrent COIDIDOll practice is to nse a vertical flow configuration wilh nn1reated water inlrodnced at 1bc 
top of1bc con and treated water collccted fiom 1bc bottom 

The mechanisms ofiml~Ui fOIII)val vmy depending on 1bc specific me1al, but mechanism! of metals fOIII)val are a cOllbination of1bc fullowing: 

• Sulphide precipitation 
• Oxidationlhydrolysis (on 1bc BCR sudiiCe if iron is pre-) 
• Carbonate precpit:ation 
• Abswption onto organic matter 

A key advantage ofBCRs is that 1bc organic matter is typically fuond hoaRy, as is 1bc consortium ofbacteris that popolate 1bc substrste. COIDIDOll anirnsl mannre 
(browsing anirnsls like cows, sheep, or goa1l! are prefurred) provides 1bc bacterial inoculum fur 1bcse units. 

BCRs are typically fullowed by aerobic celli. Systems are typically comprised of two BCRs to Jiu:ilitate hng-termmaintenance (aR flow is lelq>onuily directed to one 
BCR, wbile 1bc other is being retrofitted) reeding into a single lllli!iple-compartment aerobic wedand. 

Top of11ris page 

7.5.2.3 Anoxic Limosmno Drains 

Anoxic limestone drsins (AI.Ds) are buried celli or 1renches oflimestone into which anoxic water is inlrodnced (Figure 7-16). The ALD nmt be sealed so that 1bc 
inpnts ofal[[l)spheric oxygen are 1Ilinimi21:d, and 1bc acCDIII))ation of C02 wilhin 1bc ALD is maxiroizJed. This is usnsRy acconplished by burying 1bc ALD onder I to 3 
m of clay. Plastic is sometimes placed between 1bc limestone and clay as an additional gas barrier. In some cases, 1bc ALD has been completely wrspped in plastic 
befure burial (Skousen and Faulkner, 1992). This can also help keep clay and dirt fiom entering 1bc pore volm:oi: fiom 1bc bottom and snes of1bc excavation. 
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Go.s Tr"ap 
~nd 

Ovtlttt 

Soil Co.p 

~-------------L--------------~ 

ThD 1imstmJD dillsoM!s in 1hll am water, lllises PH. mi. adds alkalioi1y. 'UDhlr lllliDi: ccmdi:ims, 1hll ill:mtoDII does DOt coat or lllliiJUI'wilhFe h)'droDlea beamBe 

FJ:t' does DDt~ &11 Fe(OJih at m acid or c:in:um-'lllllllllll pB. In addiim to WID or DD dillsoMd OX}'Fllllli Pel+, ehmimm llODlelllralioa Dllllt alBo bo 
llw: b& dlm2 qiL. An AID in wab:m PCilDI)'lwoia 1brtm:eiwd 21 qfL ofabuinn ~c;i,g:d inqbt lllDIIIhl. 

I inntonc wlhbP:rCaC03 COIIIalt{> SOOA.) diliolml fla1c:r1bimliD:IC.aae w6a~JP% M&C03 orc.MitCOJh Wlllalt(=: 50% CaCO,) (Wa1zllfml.lkdm, 

1993}. 'Die limcs1mll: \lledinllll8t8lJCCe881iii.AID& eolllaiDI80to 9S% caeo3• Moatefklive 11JBU:m5 ha\e use45- to 20-cm..m:d liiD:alalle. somr.:: II)'8Ceml 

IMIIUwtx:d wlh:b 811118DIIIgra\dlmi:sloDC ha\e 6ibl. appartllllybecaale ofpqzagproble:IDI. 

1bc AID llhoiiD be deapd to iiiiiii1Uc 1hc lill:aii.JDC wilh wat« at an tiDr:8. cay dDt wtilil 1hc AID or lilc:r p,1les at 1hc oudlow oflhc AID will he~ eaue 
~u. Alao,lbc AIDdilchqc ahoull be equ;,pcd wilha pumilgtmp to preveat u fi:om~ 1bc 8)'Rm. Fil4', a poDifDDtbe ~ dowD
~to captiR doflbc i.1ln lbat d~illllc ODCC 1bc DCUiraliiJec1 waa COJDctalbe IIIDDapa. "IYP&:4'. til poDif is»~ by addilimal p<D!a or 
wet1mla to Utbereobm:e wa~~crquafty. 'Ibe dimemka ofAIDs \'ll)'ecaiclenbly. Nazrower AIDs ha\e 1bc ad'YUIIIfC ofuinini>ingahort-cimJiliD& b.tpmem 
a 8IDill cro88-aectiln petpeDdi:ular to 1bc ilow IIIII. filii may be !DOle poae to cbgiJJ. W'Jiler AIDs may be bs lkely to 8l6r •iw•if><:a•¢ permeebililyredactioJB 
(cbab&) tnt may albw sbott-ch:uDJa 111 oceur. Site cond.ilkms will o!m cldale 1bc dm.,•i "• ofdle AID. 

Faul::a:r m1 Skouscn(1994) ~ botb succesees m1. tins 8IIIDilg 11 AIDs trem~gmile warer in West vqm.. In an-. _.pH was raised..-AID 
w bm tine oftbe sbs had pH vabs <S.O, illd.icatiDgthrt th!l AID was not~~ Wblm WCIIDJs CCJm!Ctly, tbe pH vaha ofwater in AIDs slmuH 
bo Bllllut 6.0. Wa!m aQ!iyintbeN dDD decnued S01D 800-', IMFe mi. AlCOJUM&Jatiu• intbe oudbw,llllilrllmlll!ly, Uo dec:nlued. F~ imnmi.Al 
peciJDre as lrjdruxide1 at tbil pH; mductioDs in di&&olYed Fe aDd AI iDdi:ate 1hai~C~~Jm coatiJg or c;i,gilg ofimDstoDD lke1y OCCIIIDid. 

11D, 1lmt!JMy ofllUIIDma il a Jlllljor COIII:el11 mAIDa, especBily in tamll ofWBtllr IIDw tlmugh tbe lia:m!DIIIII. Unbs tbenl is 110 Fe3+, di&&olYed oxypl, or AI 
piOS&Ii, tMdlldc;i,gilg of1hll ill:mtoDII pam SJNI'lOII wilh pm:i)ilatl!d AI aDd Fo mllor JMIIIIDlil ~at 1D111Y des (NIIim et al, 1991). Selt:!c:bm ofth!l 
appioprlate water ml enviolmmbdcondilims is eriiEal m blg.tmm abJmy ~in an AID. lite weduJds, AIDs may be a solulim m AliD W & 
apccili: Vfllt.er ccmdiiml or ilr a :liJD: pemd.llhrwbi:h 1hc 11)'111emDilllt be ~q~bDahcd or n:pllced. 

'liBc« llludi:s iadir.:atx:d dlat wl* AID& approllimiU:plug.fbw II)W:Im. aomr.::llhort-~OCCID, ml.deadan:u do eDit. CakluiRd tell:alim1iaa, 1Dg49% 
parody, WCR h:lili:ly eoodagrcmmt wJh 1hc m:dimrelnlim1imlla oflhc tnccrtetdl (WIItirllretal, 2004). Wall::rqudlydatadelr;t'JiiDC1bc spplicab~ ofm 
AID al fbw dala provitc 1hc basil ilr 8ilillg aa e&cliw AID ilrlhc clemd ~ '& Approllimldy 15 houm ofcollllet 1iiDC between 'llliDC water 8Dd lirae8toae 
inmAIDju-=ceawyto 8ChiM amarinmCODCCIIIII1ionofalkalidy.lnOII'h:rto lldliiM IS hold ofcolbct tiD: wlhilmAID, 2.800kgofliiDr:atolle il 
requied lilr eechL'milofmb: Wiler fbw. Fore~ an AID 1hat ~ 'fV8U wJh 300 qiL ofabHy (lhc ma..mm 8llllaiD:d CODCeDira1iOI1 Ga lilr 
ob8CIWdhanAIDedlllca), dillloha 1,7SO kgoflillll:siDDC (90% calcilmt.18lb0DIIe)htm)Un, pereachL'milofmb: Wlllcrfbw. 'l'llmille, aliD:IC.aae bed 
llkniH comain 6,200 kg of'iJatoDc ilr each IIDiD of flow (equiwll:d to 26 tom o~ ilr eachpiln per lllilllllc offbw). lbia USUIIIIll t1at 1bc AID il 
COJllllnlctllcl wlh90% CaC031imcs1DDC rock IIIII. bas a poroBilyof49%. 'Ibe cablalimallo U81Del tbatdle oligildCMD dOCI ootCODiainFe3+ or A1 'Ibe 
preeeoce oftbeee il1111 couU tmJt i1 iUII:I'rallel oflillll:siDDC di&&obionclwto 1be poati•••ofacillydmq~I)U. More iqJoltaudy,1beyllawdlepoCedialto 
lid~ dillsobilnml ca~~~~e a qprificant reducticm in pe.mab~dlat could verywellleed to Aift (aa previlusly ~). For a more detailed~ 
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of'liDesroDe dia8obilnl'llr8, tJee Cra.vouallld Watzlaf(200l). 

To *""•• be, lbe 811.1Cel8 of .AIDs depeDds on lbe t.llowiDa: 

• JronDUit be in lbe ~ Bwl (Fe D) imnbecausc ioi: i.vn (Fe ID) wi!lamJ)•lbe hemne -ml(ifnot, 'USe a RAPS, as descrl>ed in 
Sectm7.5.2.3) 

• No iee ~(< l qiL) llllltbepmseol; olbenvise iron (Fe ID)precidlllimdlabl pJace (see RAPS in Section 7.5.2.4, ifwaterill ~ 
• LDwmiDD waller aJnninmconceDira.tion(< 2 qiL) beamBe any abniun ll)'droxDI ~ ddJgtbD liDa!DIIII bed 
• A wmilrace&11 C02 imllDd in tbD AW 

Top ofthis p-. 

Jfdle wmr llOiiaiD.s dilsoMdoxyue:nor hie iroll, a reducillgmi ablidypro~IIJ*ID(RAPS) diml:li>n bellft'lhlaanamllio liiD:atoDe dra.ia. RAPS are 
llilll1llr ii.COliiiN:Ii)nto 81l8IIIIC:I.'Obi.l BCR, but 1hc fi.mclimofaRAPS il to ltdnce bli.1 i.vnto :i:rro111 ila lhhorgulil kycr(as oppoaed to aJIIJChti:ll:r 
!Rb811111e layer illhc BCR) aDd 1hcn ~ 1hc acidily in aliiD:atoDe la)U iDICalled bea:alh 1hc oJ:IIIIIil ll.ycr. S~hlle recluclion allo 1ake8 place, wllich ~ 
daliaiy, 8111 em~ aom: m:tU as 8Uiphidea. lfowcw:r, alkaiDc a&mm ii.RAPS it dolllia4 bylhc liiDI:s1oDC di88olulion pdlway. 'lhc acid~ 
pOUdillalilntedbyaRAPSD~JF~iom3Stoowr400mWI.CaCO,_S~redll:tim~a81law:JaFof28%(wilbal'lllgCofStoS1%)ofeb:total 

ablillyprodlaled. The mile ofabh ed4ilion t.r a aiDgle RAPS ua is ahoat 40 to 60 gct1• The rate ofabh ed4iinn t.r a IICCOIId RAPS 'UIIit in a series is abOIII 
1/2 to 1/3 oftbe rate oftbe fm lllll 

'Ibis t)pe ofSJ*m was fm in1'~ at GaiD, vnp, in '111, la1e 1980s to tre8l hijl1y acidic, hip-i-on walm emersiJB fioman abandoned p)'rile lllile 
(HCilCIIXb 1991). In 1991, a aecon4 S)ftmoftbis t)pe wu COIAucted to tre8l Wider being disdlarpd by a coal plocessing waste lm:lfill11C81' Norton Vi:plia 
(Dw!dkstmaetal., 1992). Tbe limn "m:ceMiYe alkaliDilypmduciDg~J*m(SAPS)", Dti:mlgtbatDDmlhlaOIIII oftbalelllliiB could be UBed inltlri&!& totreei'WI)' 
hijl1y aci6: warm, was appiDd 110 tbDae ll)'llmnl by Kepllsr ad Ml:CI&my (1994), who demiiiidJaiAld a IIICCI!IIIfillappblion at tbD Howe Bridp aile inNW 
PaazyMmil. Tbe Kepk and Mt.Ciwy application ta:eiWld wideepDad DOii:e, BDl. 1M oftbese ll)'llmnl eKp8IIIIDd ~ tbmdm-. Siailar 8Jidlmll haw allo 
becmmim!d to as WIIDI:IIowll)'llmnl. Yertiad&wpcmda, or'Wllti:al&wWI6Dis. Ch&!mi:aly, !Dmp:aty, aDd physi:all¥, tbDae ll)'llmnl bebaw sinlilarly, BDl. 
am almim!d to hml as RAPS since mDSt appli:atim& involw jullt a ainsJe ~ IDDowed by an oxilmm pond 110 p~ilalll aDd aeldD iron iomtlle abliliy
bullind RAPS db!!t. 

A t)pAlcJe¥invuM:s a~mn pond orllm)biowellaud topn:cjla&c 811)' IAIIpCIIdcd i:uic ~llile lhahmy bepn:IICDL 'Ibis il iJDowtd by die RAPS, 
wllichil CODIIInJctl:d bypB:qak)Voflmca!Dne (0.61D 1.2 m1bi:k) on die boUamofanemiwU:dare& ADC1wolkofpcrimlkd p;,e. ill p~ in die IDw1z 
portimofthis b:sOOD&: la)V. Organa: llllllaill(0.15 to 0.6mti:k}, wllich~haa becDCOiq)OsU:d, il pllcedllbove 1hc limr::8luD:, mJ IICmll aa &mri:d 
II01ftC lDr 1hc iroA- BDl. ~reducilg bu1ma. 'lhc iCOq)O&Ied Ol'glllli: raa&erill1ic8 beacldh 1-3 mofwalf:r(Fture 7-17; 1hc wa1r;rpreeaurehep IDrce die 
Wlll:r Cl&o91hc orpj: ll.y::r. 

Go.tecl 
Discho.rge 

PerMeo.ble 
Drgo.nic Mo. tter 

I !l;Mp~e~r:Me~o~~~~e,~~~~~~~~~~~~~~~~~~~O~p~e~n~ 
Non-odd Cho.nnel 
Producing Inlet 
Rock Do.M 

Perforo.tecl 
Pipe Disc ho.rge 

RAPS are mw DDm ClOIDDOillhan AIDs ilr 1mBbiiiiDt ofCMD beamBe by am appropriate m water lhat coliiDI dilsolwd OX)'Fl or fmK: iroD, wllich can 
1111J1U diC limcst.onc ilanAID. It illhougbt lhat RAPS msy allo be 1111B R8idad to~ by alnimn lhlaAIDII beanlle oflbeir llq::r llroUIIeC:CimlliiRII 

mdi~Pz availabl: lad pm~~~~m~ (WaMlfllld HynBD, 1995). 'l'hcllowe'BiidfpRAPS lleaU:d Wlllf:rilr ll }aD bdm: beil!grepB:eci A&r 11 ,_., itwu 
lltiil abl: to pass so-At oflhc ioflJeDt W8la' 1hrough 1hc ICOiq)Oit ad lil:aeiCobe ll)uB.llowi:M:r, dlii~J~Uml.'lllli:Md aslhla 0.1 .. of ahrmjmm h appeared dlld 
die pro~ n:cha:bil~was due IOdle lack ora preliraialrysedi n4•!0!Dpoud; i:on~llilea ~on lop ofdle ICCJq)O&tla)U, 'rilm 
ewa.IIICCIIIIiaWnofii!Ol'e dian IS cmofironaludge on top ofibc ~ Rl:dnced ~cmalso J.aUliommrm-mobilizl:d llillmi oibr.rsolida, u 
wenu ~Aofm:tal~hila wJhin 1hc otplio lay::r. n.., M'4imed modo!ilgoflhc acblllpedl~D~t~~~:e oflhcae 8}'BICmll il warraJIIed. 

K.epa8DI.McCl:aly(1997)~ail8bil!gm:chanism1111t1br:yftPOIIedalkJwedRAPSto~aiatdJggilgby•'minm Hl.ltWWr,licld~ronhx:JM 
byWatllafet a1 (2003, 2004) ildi:allcd lbat.lllbougbitappem 11llt ~~ solm are beq bhcdout.lbe actualaDDuntia o•a nilm CGJIIIODIId ofwbd 
appaatly~ in 1hc symn, buc4 on VIIIICr qualilyJCCOJds. So, if•Dnimn il pre11e1t at qptir.att coDCeiiii'UiiiiS in lbe nine water, 11m alll:alimy-a4jastilg 
mediad sllnM be awided becaulle ofpo1nlial pJuaain8, 
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7.5.2.5 Open Limestone Drain 

Open limi:stone drains (OLDs) are designed to introduce aJkalinity into the dissolution of exposed limi:stone in the bottom and sides of a limi:stone drain. Past 
assumptions held that limi:stone anmured or coated wilh Fe or AI hydroxides ceased to dissolve. Zielrlciewicz et aL (1994, 1997) reported that anmured limi:stone 
was still sornewbat efli:ctive (50 to 90%, conpared to UllllliOOured limi:stone), and that seven OIDs in the field reduced acidity in ARD by 4 to 62% compared to a 
2% acid reductim in a sandstone cbannel They suggested tbst OLDs wonld be nseful in abandoned mine reclmmtion projects where one-time installation costs can 
be incnrred and regular maintenance is not possible. 

Long channels oflimestone can be used to convey ARD to a stream or other dmcbarge point. Based on fuws and acility concentrat:ims, cross sect:ims of stream 
cbannels (widths and heights) can be designed wilh cak:ulated arno- oflimi:stone (wlrich will become anooured) to treat the water. However, the design and 
opemtion of the limi:stone dmin require special attention to accommodate the inevilablc anmuring and coating of the limi:stone. The fullowing li:atores in open 
:tin:J:stone drain are recomo:Ja:ted: 

• Steep dmin slopes of> 20"/o 
• High fuw vehcities to scour settled solils and cbn precipitates :from the mstone surJBces 
• Ability to periodically 1lush the OID and clear accunmlated precipitates and solids 

Top of1his page 

7.5.2.6 Passive Sulpbato Removal 

A special category of passive trea1m:nt technohgy hss been specifically devehped to achieve high mtes of sulphate reduction and ultimately sulphste remJvalas 
elmnents.l sulphur. While IUIIU:l"Obic wetlands do incrupomte a degree ofsulphste reduction, mtes are hw and these wetlands are wilhout a dedicated oxidative 
process to remJve the sulphides as elmnents.l sulphur. An integmted passive mine water trea1m:nt process hss been developed in South Afiica (Pulles et al, 2004) 
using integmted and IDilllllged passive 1rea1m:nt (IMPI). The IMP! technohgy hss not been applied to nnny full. scale and pennaneut 1rea1m:nt sites. Passive sulphate 
renDval uses the sa.tD:: :finlamentaltreatment m::cbanisms at work :in an anaerobic wetland, but with some of the fullowing mvel fi::atures: 

• The Degmding Packed Bod reactor is 1illed wilh a specific seqnence of selected organic materials, designed to hydroi)2Je ligoo-cellulosic materials. The 
objective is to sustainably produce volatile liltty acids (VF A) to drive the sulphste reductim process. 

• The sulphide oxidizing reactors (primary and secondary) are intended to partially oxidizie the H2S to sulphur, wilh limited impacts on the VF A 
concentmtions. 

• The sulphste reductim reactor relics on the ups1ream genemtim ofadeqnate and snitahlc readily biodegmdablc conponnds, such as VF As to support 
the sulphate reducing bacteria. 

Top of1his page 

7.5.2. 7 Alka6no Leach Bods 

Alkaline leach beds are ponds or ceDs 1illed wilh limi:stone or steel slag. Like OLDs, they have occasionally been used to irq>rove water qnslily at abandoned mine 
sites. The aJkalinity is added up-gradient of sigoilicant concentrat:ims of dissolved motsla. Ideally, sligbtly acidic water wilh no IDOtals is introduced into limi:stone-1illed 
ponds. The limi:stone dissolution adds 50 to 75 mWL of aJkalinity as CaC03 to the water. The aJkalinity bulli:rs the s1ream and mitigates the efii:cts of ARD entering 

downs1ream At several sites where limi:stone-1illed alkaline leach beds hsve been installed, fisheries have been re-established. 

In situations where large IDOta.l and acid hads enter downstream, the ups1ream water IWSt be chaiged wilh greater levels of aJkalinity. Steel slag, a by-produ;;t and 
waste fiom the mlking of steeL contains high levels of aJkalinity tbst are released into water. Alkaline leach beds can be 1illed wilh steel slag, wlrich can genemte llllCh 
higher aJkalinitics in water (as llllCh as 2,000 mWL as CaCO:i). Sites where these high aJkalinitics are genemted IIIUSt be carefully selected, becanse water tbst is too 

alkaline can be toxic to aquatic lifu. 

Top of1his page 

7.5.2.8 Mauganoso Oxidation Bods 

Maoganese oxidation beds (MOBs) appear similar to alkaline leach beds but they are positioned as the final step in a snccessful passive trea1m:nt syatem ofCMD. 
MOBs support the grow1h of a bacterisJ/a.lgal consortinm The initial precipitation ofMn02 or similar conponnds is shw, but is apparently aided by the bacterial 
activily. Becanse MOBs are intended to filcilitate lllllllj!llll<Se oxidation, the limi:stone cannot be C0111'ietely inundated; the geneml role is "one shonld be able to easily 
walk across a MOB wilhout getting your 1i:et wef'. Bo1h research and experience have italicated that the bacterial'a.lgal organism! are na1umlly occuning and will 
typically cohnill: the bed wilhin six to eight weeks (Brant and Ziemkiewicz, 1997, Rose et al, 2003). Once the bacteria oxidizie the lllllllj!llll<Se and itaince lllllllj!llll<SO 
oxide precipitation, the miners! sudioce catai)2Jes additionallllllllj!llll<se oxidation (auto-catalysis). The algae enphy the Mn02 funned to provide hold-Jiosts to rocks 
in the fuwing water and appear to filcilitate lllllllj!llll<Se remJval 

MOBs only functim as a polishiDg step in a passive trea1m:nt syatem because they are only efii:ctive a1ler virlually all of the iron hss been removed, since dissolved 

Fe'-+ chemicaRy reduces manganese, cmmiog it to re-dmsolve . .Aho, while MOBs alkJw manganese to be inexpensive]y rerwved at circum-neutml pH, manganese ii 
sometimes only regulated as a smrogate fur othenmre toxic Inetals, as stated in the CMD sectim ofChspter 2. Wbere that is the case, the presence of such IDOtals 
may argne agai:Jst the emplaceinent of a MOB noless the removalof1hose IDOtals hss also been addressed. 
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7.5.2.9 Design of Pusive Treatment System Components 

Ousek (2008) provides a detailed overview of the testing required to design a passive treatm:nt system, wbi:h is IIUIIIDIIIi2l:d behw. If the chemistry of the acnic 
drainage is con:plex or 1lDKtuc, the initial phase of the passive trea1mmt eva.luatim migbt occur in the laboratory. As with aey treatm:nt process design, the con:position 
of the water to be treated, the nominal flow mtes and seasonal variatims, and the tmget eftluem IIM:Is must be clearly defined. 

Initilll Fe.sibi/ity Testing: Typi;:ally, hcally-availabk: and pk:ntiful caWidate substmte materi!Ui fur BCR system~ are evaluated in the laboratory, inwlvillg testing, 
uti6ziog about 30 to 60 gr:am<1 of ditti:rent substmte materi!Ui in culture bottles inml:rsed in drainage sanpk:s. The tests take about six to eight weeks. AerobK: testing is 
typically comucted silwllancously by IIDnitoriog eftluem behamur over tin:J: uoder aerobic comitims (algae ioocu1um) wilhlut substmte. A typi:a.l algae iooculum. 
may iD:lude pam SC1m1 or algae growths fiomnatural wetland sites near the project. IOOicat:M: ~asurem:nts during proot:ot:priD:iple testing iD:lude pH, oxidation 
reductim potential (ORP), condu;:tivity, substmre/water cohr, and odour (Gusek, 2008). These studies are static mther than flow-through experirm:nts and are 
typically devehped to test the suitability of the caWidate substmte materi!Ui or inocuhm in a passive trea1mmt con:ponent and determine whether rem>val of a 
c(.lT!Iaminant by microbial processes in a wetland with a kmwn substmre composifun is possibk:. 

Bench Scale Testing: To comuct eilective beD:h-scale tests, approximately 100 kg of substmte are opemted in the field fur at least three IIDillhs uti6ziog a typical 
mnge of dissolved IIEtali com:enllatim in the influent. Thii approach begins to sinJJiate the typical kinetic chemical reactims that migbt occur at a larger scak:. Sire
specific loading &ctors and substmre hydrohgy/p~ability characteristics are determined during beD:h-scak: testing. 

Pilot-Scllle Testing: Successful beD:h-scak: testing supports the construction ofpibt-scale system~ uti6ziog tomes ofsubstmte. These systems are typically opemted 
fur at least a year befure ful..scak: system design is finalm:d. If possible, pilot system cells are sm:d to be integrated into the overall, operational passive system design. 
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7.5.2.10 Pusive Treatment System Perfo11111DCe 

Ge!rrally, operatimal problem! with passive treatm:nt system~ can be attributed to inadequate design, 1JilrelliBtic expectatims, pests, inadequate construction 
m=!Wds, aM/or UIIIUiticipated perturbatims (e.g., eldlem: storm events, hog droughts). If properly desigmld and constructed, IWst passive treatm:nt system~ 
fimction vezy wen with a minilmm amrunt of attention and IWney. However, the specific periDiliilDCe and usefullifi: of passive treatm:nt system~ are dillbllt to 
predK:t with a high level of confideD:e. The treatm:nt kinetics and efficiency of such system~ are inftueD:ed by site-specific envirollliimlal conditio IIi, flow comitims 
and patterns, con:plex natural organic material, water chemimy, and seasonal variability. It is therefure important to pilot test such technohgies befure ful..scak: 
in:p:lenK:ntatim and to use conservative design criteria and perfi>IliBJICe estimates. 

Design and operatim of passive trea1mmt systems liilSt take into account seasonal variatDns and specifically cold climate winter conditioiii. AI bnchemical and 
microbial reaction mtes decrease as temperatures drop. Freezing comitims wiD. in:pact passive trea1mmt system perfimnan;:e, and can cause the system to fil.i1. Care 
must be taken in applyiog generic design criteria to such cold winter operating conditioiii. Precautioiii can be taken in the case of s~ passive treatm:nt &cilities 
(such as amxi;: linl:stone dmins and RAPS) to insulate the trea1mmt unit against the eldlem:s of winter temperatures. However, the mine drainage ten:perature may 
still decrease during winter and impact the treatm:nt efliciem:y. Pilot testing over a full year or IIDre should provide data on efliciem:y changes in response to 
depressed mine water ten:peratures, if they can be anti:ipated to occur. 

Limited infurmatim is available fiom ful..scak: trea1mmt processes operated fur a smtained period of tim: on the rem>val efficiencies fur so~ contaminants. Yomger 
et al. (2002) compik:d a SUIIIIIIUY of postulated passive treatm:nt reiiDvaliiJ:chaoisms, which has been enhanced and IWdified based on the prevailing wisdom and 
experience regarding these systems in Table 7-8. 

Table 7-8: Postulated Removal Meclumismt of Metals and Mioiog-related Pollutants in Passive Treatment Systemt 

Parameten Po1tulated Removal Medumillmt 

Aerobic Wetlands Anaerobic Wetlands 

Arsenic Oxidation to furmAsO 43-, adsmptim to Reduction to As3+, precipilated as a lllllllber o( 

fi:rric mciles sulphides 

Cadmium - Precipilation as a sulplDle 

Chromimn - Reduction ofCr6+- to Cr3+, precipilated as hydroxide 

Copper Oxidation in a.lkalioc envirom:nent, Reduction and precipilation as sulphide 
precipitatim as caroonate 

Cyanile Photolyti; conversnn, bacterial oxidation Reduction and decon:position to NH3 and C02 
toNH3 andN2 

Lead Oxidation in alkaline envirom:nent, Precipilation as a sulplDle 
precipitatim as caroonate 
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PR:cipitation as a sulp1Dle 

ZiD;: PR:cipitation as a carbonate PR:cipitation as a sulphile 

The reJmval of these conllmlinants takes places sirmbaneously wilh the 1IIlim1ream processes of reJmval of acidity, iron, sulphate, and ahDDimm, if present. The 
avallabk: iotDriiBtion on the reJmval rates of the non-:lmo111 IIEta6 and other mine water panuiEters i-1 growing, but sire-specific verification i-1 bigbly recOIIJ:IJ:OOed. 
System designers must accomt fur the potentil.l fur portions of a passive system to lose effi:ctiveness, to detennine where UDCOntrolled n:lease lillY occur, and must 
alklw fur the long-tenn deplefun ofnculra.lizing material, such as lio:l:stonc cb¥Js. 

Probably the tmst commn maintenance problem is stability in the dike and spillway. Rewoddng slopes, n:buikling spillways, and increasing freeboard can aD. be 
avoKI.ed by proper design and construction usiog exi'ltiog guideliocs fur such constru;:fun. 

Pests can plague wetlands with operational problems. Rodents such as IIUikmts can burrow into dikes, causing £akage and potentially catastrophi: 1ililure problems, 
and can also uproot sigoificllllt IIIII)mts of cattails and other aquati; vegetation. Muskrats can be discouraged by liniog dikes and slopes wilh chain link fuD:e or tWrap 
to prevent burrowing {Brodie, 1990). Beaver dam! can cause water level disruptions and can semusly da!IIlge vegetafun. They an: wry difli:ult to control oD:e 
established. Smill diauEter pipes traversing wKle spillways (three-log s1lu;:ture) and trapping have had limited success in beaver control Large pipes wilh 90-degree 
elbows on the upstream end have been 111ed as dmchmge structures in beaver-prone an:as {Brodie, 1991 ). Otberwi'le, shallow ponds with dikes and shallow slopes 
toward wne, 11>-rapped spiRways lillY be the best design to deter beaver populations. Insects, such as the armyworm, wilh their appetite fur Typha, have devastated 
mmocuhural wetlands (Hedin et al, 1994a). The use of a variety of plants in a system will minimrlJe such problems. Mosquitoes can bn:ed in wetlands where mine 
water is alkaline. In southern Appalachia, tmsquito :fish (Gan:buiia ailioii) have been ir:Jirodu;;ed into alkaline-water wetlands to controltmsquito populations (Brodie, 
1990). 
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7.5.2.11 CollcludiDg Comments on Pauive Treatment 

Cha.Iacterilatim of iofluent water quality and quantity, includiog seasonal variatim, is in:qJortant prior to the sek:ction and devebplnent of a passive treatlnent system 
(Hymm and WatzJat; 1995). The pn:sence or absence ofperiodK: events, such as spring flushes of deposited metal sal!s 1ium wilhin the mine an:a, lillY influence the 
selecfun and sizing of passive systems. 

Aerobic ponds and wetlands can be wry effi:ctive fur the reJmval of iron ftom net alkaline mine water, especially CMD. It appears that the original estimate ofHedin 

et aL (1994a) ofl 0 to 20 gd-1 m-2 Ieliilins a convenient pre-constru;:fun rule-otthumb fur estimating pond and wetlands sia:s. Recent stndies have proWled insight 
into the &ctors that control the ovenill processes, and these approaches lillY be 111ed to :fioc-tune sizing criteria. AB stated earlier, aeration can be used to sparge C02 

and iocn:ase pH, which can signi&antly iocn:ase iron oxidation mtes, thereby reducing the sill: of aerobic ponds and wetlands needed fur iron reJmval. 

ALDs can effi:ctively treat net acidi: mine water wilh a pH below 5.0. At thii pH, i:nic iron and aluminum concent.Iations will be very low. Intercepted ground water 
is typically low in dissolved oxygen, and often contains partial pressures of C02 higher than a1m>spheric levels, which alklws fur developinellt. of alkalinity 

conceni.Iations greater than 100 IlllifL as CaC03. Near IIIIIXimlm levels of a.lkalioi1y (usually between 150 and 300 IlllifL) can be achieved with 15 hours or tmre of 

contact time. ALDs an: tolerant ofboth furro111 iron and IIIIIl1giiDCSe, because they Ieliilin soluble wilhin the ALD. However, the presence ofi:nic iron, and 
particularly ahDDimm, can n:duce permeability of the AID by precipitation of these metals wilhin the vons in the lio:l:stone. In the absence ofi:nic iron and ahDDimm, 
ALDs have continued to perfurm wen with m obmus seasonal variatim or long-tenn reduction in effi:ctiveness. 

At mine sires where the appropriate water quality criteria wen: met and the AID was sia:d properly, effi:ctive 1zea1m:nt of mine dramage occurred, provided that the 
AID was fulklwed by ponds aW/or wetlands fur iron oxilatim, precipitafun, and settling. At these sires, it is projected that the AID wiD. be effi:ctive fur the designed 
1iti:tirne of25 to 30 years and, in some cases, wen beyond. ALDs otrer an effi:ctive means of introducing alkalinity into net acidi: waters that contain neither i:nic iron 
mr ahDDimm The pres= of either of these ions will reduce penneability of the AID by precipitation, which wiD. cause pie!IIlture :lit.ilure by cloggiog. In the absence 
of these ions, AIDs have continued to perfurm wen wilh no obvious seasonal variation or long-tenn degradation. Near IIIIIXimlm levels of a.lkalioi1y (usually between 
150 and 300 IlllifL) can be achieved with 15 hours or tmre of contact time. ALDs an: tokllllt ofboth :lmous iron and mmgaocse. ALDs must be viewed as a uoi1 
operation, not a standalone remediation technique, and must be fulklwed by a pond and wetland fur iron oxilatim, precipitafun, and settling. 

Alkaline addition in RAPS is dominated by the lio:l:stone di'lsolntim pathway. The rate of alkaline addition fur a single RAPS uoi1 i-1 about 40 to 60 gd-1 m-2. Rates fur 
the secom RAPS in a series :litJl o1fto about 1/2. to 113 of the rate of the first system Mu;:h of the variability in perful"liiUICe can be attributed to inlluent water quality 
and detention time. AB with AIDs, RAPS shoukl be viewed as uoi1 operations, mt stand-abne techmlogies. They liilSt be preceded by a pondlwetJand to precipitate 
iron and other settlcabk: solids. AB with AIDs, RAPS must also be fulklwed by a pond and wetland fur iron oxilatim, prec~itafun, and settling. 

Finally, can: should be taken to obtain sufficient water quality data, including seasonal variatim, befun: designing and developing a passive trea1m:nt system Site and 
fuodiog coiJS1zajnts lillY limit the applicability of passive techniques fur some mine dnUnages. However, fur those dnUnages wilh appropriate water quality and laOO 
avallability, passive 1zea1m:nt system'! continue to perfurm very wen. 
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7.5.3 In situ Treatment Technologie• 

In situ treatm:nt of mine dramage can be undertaken in many diffi:rent ways and configumtions. Thi'l secfun is limited to a bri:f discussion that includes the fulklwing: 

• Spreading of alkaline material across mining ilq>acted land and mine waste 
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• In pit water (pit lake) 1reatment 

• Organi:: covers of milE Jam aOO mining waste 
• Penn:able reactive barriers (ie., organic-rich material, :rem-valent iton) 

In situ trea1ment of acidic mine water by iqjectim of alkaline lime slurry to m.tmbed mine land, spoils, and mining waste bss met wilh mixed success fur mine drainage. 
The challcnges to practicalmine-scsle applications include the fullowing: 

• Flow and 1Illnsport characteristics of the mine waste IDlterial, described as pseudokarstic aquili:r due to the presence of interconnected prefurential fuw 
psdis 

• Introducing the lime slurry (or any other alkaline solntim) in a lDlDDer that will ensure distribution and efii:ctive conlact wilh acid producing :mnes or water 

bodies 
• The scsle of sucb opemtions and the preparation ofintillration beds or 1rencbes, which do not blind or sulli:r fiom ponding 

Full-scale trials hsve been conducted in West Virginia sudilce coal mines (Donovan eta!., 2000) wilh some success. Pit lake trea1ment typically involves the spreading 
and diipersion of an alkali material across the accumulated water sudilce. The challcnge is to efii:ctively bring the alkali material into conlact wilh the large water body. 
Available approaches are as fullows: 

• Approach I - Spreading of the alkali IDlterial in a powder or slurry furm across the fuR aerialexlenl of the pit lake. This relies on the even spreading of 
the alkali IDlterial and sullicicnt mixing and conllu;t time between the alkali IDlterial and the pit lake. Unreacted alkali material will acCU!llliate on the pit 
fuor, together wilh associated neutralization reacticn products such as metal precipitates. 

• Approach 2 - Ahstmcting the pit water and pumpinjiffuwing the water across or 1hrough an alkali mix device fur blending and dissolution of alkali 
material The pit water and alkali blend s1ream is then returned to the pit fur completion of the neutralization reacticns, precipitation oflmllUi, and 
diipersion of the alkali material 

• Approach 3 - Adding alkali material in the early stages of pit fuoding as water is entering the pit or workings. 

The challcnges to in situ pit water 1reatment include the fullowing: 

• Effi:ctive conllu;t between alkali material and pit water 

• Efficient use ofavailabe alkali.tmterial 
• Long-term dissolution of precipitated metals fiom the sludge layers 
• Poor control of the pH and redox conditions in an psrts of the pit lake to achieve the target 1reatment objectives 
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7.6 Treatment Residues and Wastes 

All mine drainage trea:tm~nt teclmobgies produce som::: residues (e.g., sblge, brines, and spent modia) or emissions (e.g., gasses). These residues and emissions 
contain the elemenll! and compounds rem:>ved fiom the mine drainage and the additives and supplemenll! dosed in the 1reatment process. No consideration of mine 
drainage 1reatment technologies is conplete without an understanding of these residues and emissions as it relates to the fullowing: 

• Relative production in terJm ofvoiuJD::s am JIBSses 
• Typical charncteristics in terms of cbemical conposition (e.g., hydroxide, sulphide, and NP) and physical properties (ie., consisteucy, volatility, and 

dewater abilily) 
• Hazudocs classiticatim and rating 
• Potential envitonmenta1 impac1l! 
• Disposal options 

The 1reatment residues can be broadly classified into the fullowing two categories: 

• Sh.xlge, which i; a shny or dewatered cake containiog precipitates of diverse composition 
• Brines, which contains sohlbJe salts in high concentmtions 

7.6.1 Sludge Management 

Sludge IDlDSgem:nl is an escalating concern as the inventOiy of sludge continues to increase and the stabilily of the sludge under varnus diiposal conditions is poorly 
understood. AB such, the lDlDSgem:n! and disposal of these mining wastes requires careiDI consideration and planning. 

7.6.1.1 General Con~idoratio01 

To design the IDOst appropriate sludge lDlDSgem:n! s1Iategy fur a site, sevem1 Jiu:tors need to be considered. The principal considerations are the IDlSS of sludge 
produced, whether the mine is operating or closed, dewatering abilily of the sludge, sludge density (100isture content), sludge volume, cbemical and physical stabilily, 
sludge conposition, disposal location availabilily, and economics (Zinck, 2006). The abilily of a sludge to dewater IDlY limit the options available. Sludges 1hat can 
dewater without m:chsnical assistance will not ooly reduce the area required fur dispossl, but also llllke it IDOre atlrnctive fur reuse options. The abilily of sludge to 
dewater depends on its particle sizJe, IDOiphology, and sudilce charge. AB a particle deviates fiom a spberical shape, the sudilce area per unit volume increases, 
resulting in reduced settlcabilily and decreased dewatering rate. These characteristics are linked directly to the water 1reatment process that generates the sludge and to 
the raw water chemistry (Zinck, 2005). 
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7.6.1.2 Sludge Dii)Mlsal 

Vamus opl»ns available fur sludge diiposalare reviewed below. 

Pond disposal 

Sludge manage=nt involves three priooipal steps, DIIIII:ly solid-liquid sepamtion, sludge dewatering, aod diiposal. Many sites utili2l: settling )Mlnds as ao eflicicnt 
sludge lllllllllgOillO opl»n. The sludge is pumped to a settling JKlOO wbere solid-liquid sepamtion, dewatering aod, in many cases, disposal occur siJmlmneously. 
lssoes associated wilh po..J diiposal are minimal Wind resuspension aod dusting present problems at so1110 sites, particularly in arid or northern regions. Doe to the 
large requirem:nt fur space, land use cao be a cballenge fur so1110 sites. Doe to the 1hixio1ropic natnre of sludges (viscosity decreases as sbear strength increases), po..J 
JiUiure could present some concerns, allhough genmally not to the sa1110 -as wilh WliDgs inpollllllmonts. In a JKlOO envirolliiiOIII, either wilh or wilhout a water 
cover, the degree ofm:1alleacbing is expected to be minimal, as the excess alkalinity available in the sludge is enough to sus1>lin a IDJdemte pH fur decades, even 
c-s (Zinck et al., 1997). Sludge disposal in a po..J environiiiOut cao be either sobaerial or sobaqneous. In a sobaerial envirolliiiOIII, the sludge is esposed to 
weathering conditions. Sludge cracking doe to DDistore loss at the sudBce is prevalent, causing ao increase in sudBce water infillrat:im. Uooer these conditions, sludge 
dewatering occurs at the sudBce wlrilc the Illljority of the sludge at depth is still vecy DDist The desiccated sur1ilce IlllY be reclam:d (Zinck, 2006). 

Codisposal with Tailings 

The pnu;tice of co-mixing WliDgs wilh 1re-sludge fur diiposal involves iqjecting the --sludge into the WliDgs sluny prier to discbsrge to the impolllliiii=t. 
Typically, the sludge to WliDgs ram is less thao I :20. Here the sludge serves to till void spaces wilhin the Wlings, in theory redncing the )Mltential fur water or air 
intillrafun aod the bydmulic co00nctivity of the mixture. This IIIOthod of diiposal could be an efii:ctive opl»n provided that the WliDgs are either non-acid genemting or 
that WliDgs oxidation is prevented. However, if the WliDgs 1!lldergo oxidation aod collliD:DCe acid genemtion, the likeliOOod fur sludge dissolution aod m:1al 
DDbilization is high (Zinck, 2006). 

Sludge as a Cover over Tailings 

The spplicaticn of- aod dry covers to prevent acidic dminage is widely adopted. Wet covers provide a barrier that minimi21:s oxygen contact wilh potentially acid 
genemting I!llterial aod, except fur minor oxygen dissolved in the water, precludes contact wilh atDDspberic oxygen completely. Some of the issues related to the 
application of a sludge cover on WliDgs are cnu:king aod prefurential cbannelling. Tberefure, sludge needs to be diiposed in a Ili1DDOr by wbich the particles will not 
segregate, snch that the sludge aod the o..Jerlying WliDgs rei!I1in saturated (Zinck, 2006). 

Sludge Disposal with Waste Rock 

Disposing sludge wilh waste rock has several of the sa1110 )Mltential benelim as diiposal wilh Wlings, including utilization of excess alkalinity to otli!et acid genemtion 
aod tilling of void spaces. This pmctice of diiposing --sludge in waste rock piles is being adopted at so1110 sites. While results (Coici!Iln et al., 1997) show that 
sludge is not effi:ctive as a cspping Illlterial, this method was fuaod to be a low-cost final diiposal opl»n because the sludge tilled JKlre spaces aod voids wilhin the 
waste rock pile. 

Disposal in Underground Mine Workings 

Disposal of1rea- sludge into aodOigroaod mine woikings has several benelim that Illlke it an attmctive sludge lllllllllgOillO opl»n. The deposition of sludge into 
aodOig!OoOO mines rednees the fuo1print required fur disposal sites (land1i1l<! aod impo-), eliminates the potential fur sudBce water )Mlllution, rednces the 
)Mltential fur sobsidence, aod inproves the aesthetics of the local area. Aho, in acidic mine worl<ings, the aodOigroaod disposal could have the additional benefit of 
redncing the acidity of the mine water. This pnu;tice involves pumping or trucking sludge to boreholes, wbich are drilled into aodOigroaod inactive mines. Some of the 
Jiu:tors that need to be considered in this disposal option include: 

• Site availability aOO access 
• Mine capacity, vo:il space, configuration 
• Sludge properties (e.~ viscosity) 

This IIIOthod is vecy attmctive ftom ao economic aod environiiiOutal sbllldpoint However, like DDst disposal optious presented, this is clearly site specific. Sludge wilh 
high iron content cao DDst probably be diiposed of this way economically. Disposal of sludge wilh high Cd, Zn, or N i content in this Ili1DDOr IlllY or IlllY not be 
economic or enviromn:ntally acceptable depeOOing on the contact effi:ctiveness aod ram between the sludge aod acidic mine water, the alkalinity of the sludge, aod 
the acidity ofthe mine drsinage (Aube, 2004 aod Aube et al., 2005). 

Disposal in Pit Lakes 

Disposal in ao abaodoned open pit is typically one of the DDst economical solutions fur sludge storage, if a pit is wilhin a reasonable pnmping distance fiom the 
--plant. Many cOIIJlllllies ftequently take advantage of open pill! available on site as an sppropriste short or long-term sludge diiposal opl»n. Some excellent 
work on this opl»n has been described by McNee et aJ. (2003) aod McNee (2004). 
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7.6.2 Brine Management 

Brine diiposal is nmch DDre challenging, aod the diiposal opl»ns include the fullowing: 

• Incwporation into a mine waste or tailing stream 
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• lnigatim and potential cultivation of salt resistllnt planll! 
• Solar evapomtion ponds, possibly wilh some wind-assEted fi:atures 
• Dischaige and dilution in a sanilmy sewer 
• Mechanical evaporatioo and ctyS1allilatioo 
• Beneficial use in the cul!ivatioo ofhahphilic t~alt loving'? algal species of cOllllllOICial value 
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7.7 Recovery of Useful Products 

A pamdigm shift has taken place in the handling and manage=nt oftrea- residues, such as sludges and brines. The recovecy of useful and salesble produ;;ts is 
now researched and actively ponmed. The recovecy of useful produ;;ts ftom the trea-process wsste stream! may include the fulhwing: 

• Met:a:b; recovery 
• Supplements fur mine lacd rebsbililation and revegetation, ...,has CaS04.2H20 
• Alkali recovery, such as CaC03 
• Building and construction related ma.ter:ia:b;, such as gypsum 
• Beneficial use ofbrine in the cul!ivatioo ofhalophilic organism!, ...,has a.iglle containing high B-carotenes and other -aional supplements 
• Rccovecy of saleable products, such as sulphur and magocsium salts 
• AgrimJtural use (e.g., 1Crtilizcr) 
• Supplement in cen=t IIIIIIlliiiu;turing 
• Gravel ftom sludge 
• Metal adsorb- in used industrial wastewater 1re.-
• Pig!mnt(fi:rrihydrite) (Hedin, 1988, 2002) 

For a deWicd discussion on reuse optious fur ARD 1re.-sludge refi:r to Zinck (2005). Research and developn=t WOik in this area are ongoing. The incentives 
driving the recovecy ofbyproducts include the fulhwing: 

• Reduction of wsste sludge and brine products, whiclt require peipetoal handling and disposal wilh associated kmg-term environmental liabilities 
• Genemtion of a revenue stream to partly or fully ofliiet the ongoing 1re.-cost 
• Comibotion to the long-term sustsinability of mine water trea-projects 

The key aspects of"""essful byprodu;;ts recovecy in the 1re.-of mine dnlmage are as fullows: 

• The 1>lrget byproducts nmt be selectively rem:>ved by minimizing the co-precipilation of compounds 1hat would degrade the qualily ofby-produ;;ts. 
• By-products recovery, as a project objective, will haw an impact on the mainstream trea'lmmt process in terJm of mrit trea.t:DEnt, process selectim, and 

sequence oftrea'lmmt processes. 
• Chemicals (reagents) dosing to the mains1ream 1re.-process nmst tske into account the impact on the potential fur and COJl1Xlsition ofby-products. 
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7.8 Treatment in the Context of Mine Closure and Post Closure 

The approach to mine drainsge 1re.-during and after closure of mining opemtions nmt be placed in context wilh respect to the fulhwing filctors: 

• Changes in mine drainsge Bow and qualily 
• Climate change over the long term 
• Long-term opemtions and maintenance 
• Capitalreplau:eirent cost 
• Non-mining water user requiremmts 
• Involvement fiomnon-mining stskeholders 

Mine drainage voluo:J:s requiring trea.tn:lmt may increase or decrease after mine cbsure. The opportunities fur COIISUD:ptive on-mine water mage decrease after 
closure, potentialJy resulting in increased excess mine drainage volumes. On the other bard, completion of rehabilitation work after closure may decrease the ingress of 
water into old mining operations, resulting in decreased =ss mine dnlmage. 

Managemmt and support fur long-term post-closure opemtion and tTIIintemree of mine drainage trea'ln'Kmt :&c:ilities lillY be limited. Passive treat:mmt techoologies are 
therefure considered mm: beneficial in the post-closure situation 1han active 1re.-technnlogics, where applicable. 

Mine planners should consider post-closure water trea- system lacd requiremmts in the design ofmilings stomge filcilities and mine waste dumps so 1hat space is 
available, when needed, and post-closure water treat:mmt does not becom: a major design cons1Iaint that :l.brces the io:pJemmtation of active treat:mmt technologies. 
For eJOIJI1'Ie, a wsste rock~ migbt be configured in a wsy that leaves adequate room at the toe fur collection and passive trea- of residual seepage. A similar 
design protocol should be fulhwed fur 1>lilings dam! and other long-term mine wsste filcilities 1hat may genemte dnlmage in some cases in perpetuity. 

The design lili: of post-closure 1re.-filcilities should be based on geochemicalJDJdel predictious of the kmg-tenn mine drainsge Bow and qualily. 
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Replacem:nt of capilal infiastructure and equipment ilemi nmst be mken into account fur continued post-closure 1reatm:nt. Mine drainage tlows and associated 
pollutant loads are typically projected to contioue fur a considemble pernd aJier mine closure. In so1110 cases, 1lris long-ten:n projection fur contioued 1reatmmt IlllY 
even require a re-evaluation of1be appropriate 1reatmmt approacb and technology as research and tecbnology development mke place. 

COiliiiilllilies and o1ber non-mining economic activities may rely on 1be long-ten:n avambility of mine drainage. Su:h reliance is not necessarily negative becanse 1be 
transfur of mine drainage 1rea1m:nt mcilities to a third par1y may assEt in 1be sustainahility of a post-mining situation. For inslllllce, 1be E1mlahleni Local Municipality in 
South AJiica receives a substantial part of their drinking~ supply fiom a mine ~reclamation plant (Gunther et al, 2008). 

The early involvement of non-mining smkeholders to identi!Y and irq>lement post-closure beneficial and economic use of mine drainage will assEt in developing 
appropriate 1rea1m:nt infrastructure. 
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7.9 Evaluation and Selection of Drainage Treatment Technologies 

The evaluation of alternative drainage 1reatmmt tecbnologics and 1be seloction of an appropriate tecbnology fur a specific application require considemtion of many of 
1be fullowing mctors: 

• Technicallilctors: 
• ScaJc of project 
• Location and accessibility of project 
• Location willrin 1be overall mine ~cycle and circuits 
• Raw water conposition and :How rate 
• Fit into 1be lili: cyclo of1be mine 
• Proven tecbnology 
• Treated water quality requirements 
0 RcliabJo periDliilllliCe 

• Riiks related to irq>lomentation 
• Opemtionallilctors: 

• Opemtions IlllDpower and labour reqlliren=ts 
• Process control and automation 
• Utilityreqlliren=ts (e.s, eloc1rica.lpower and water) 
• Chemicals and reagents requirements 
• Maintenance 
• Lo~s and co[IJ[[JJ[)jcations 

• F.nvirom:J:Imta filctors: 
• Rcsidnal impacts of1reated water dischaige 
• Climatic conditions 
• Waste disposal 
• land use impacts 
• Rcgolatmy approvals 

• Financial filctors: 
• Capital invesUmnt 
• Capilalreplacem:nt costs 
• Opemtions and maintenance (O&M) costs 

• Management mctors: 
• Negotiatingwithregolators and o1ber smkehnlders 
• De1iniog decmion process 
• Funding fur all phases ofmining 
• N egotiatiog fur unexpected resources requirelmnts 
• Maintaining companies' cred.Wility and good standing 

• Social.Factors: 
• COiliiiilllity acceptliJlce and involvement 

A lili: cycle financialD>Jdel approach is typically applied to evaluate 1be 1rea1m:nt project financial implications, including 1be fullowing: 

• Product:im and managellEilt of wastes and emissions 
• Potential fur by-product recovery 
• Sustainahility during active mining and post-closure phsses 

Top of11ris page 

The fullowing case studies are provided to denDnstrste so1110 of1be technologies higblighted in 1lris chapter. 
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I. The Argo Tunnel- Pulsed Limestone Bed Trea1lnent 
2. Bisbee No. 7 stockpile- BioSulphide process 
3. Equily Silver- Higb Density Shxlge TreatJnent Plant 
4. Keystone Mine- Constructed Wedsods 

The loters1ate Tecboohgy and Regulatory Council (ITRC) in die USA also bss C0111'iled several very useful case studies oo their website: 

bt1pi lwww.ilrcweb.o!Wminingwaste-guidance/case _ studies.blm. 
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Case Studies Chapter 7 

From GARDGulde 

1. 'l'bl:: ArsP ~1-PUedl irre.dm!eBed ~ 
2. Bisbee No.7~-BilSq.llidepoccaa 
3. Eq\ay Silver-~:O.:.jy SDIF 'n'eatml::at Plimt 
4. KeystoD: ~-Ccalmcted WeCimla 
s. BnKqa Pya~:~ s&- lfiF:O.:.ily s~ I...ime Neu!ra~D~i)n 

1. The Argo Tmmel- Pulsed IJmeatone Bed TreatmeDt 

{Dmmnshalim) 

B~ 

Tbll Ar,p ~Iii b:ated nldam SPJW9, Clllar Cn!ek CoUDLy, Colonulo, appmmaJy 30 m1Ds west of'DaiMr. Tbll 1mmi1V118 
coiLIIruc1lld tD pmWio dzaDip ml biiDijlOitatimmiMMlllllc:oDIIIIC!Ild PJ!d.lllioa. TbiiiiiiD!lccnDu!s tD dnmacil.i:lllimlwateratan 
•V~m~BD llllll of280 plbm par llliDde. Tbll &lliiiUlU1115111111111!ldia d!c1Dd. 11n1 surlice watm ml, tD a IDICh 1Dsser IDIID, pmdwater. 

~ApplltJtl 

A CO!MIDmaliul war.er be11m:11t plam was cca1r1r.:tec1 in 1998 and has beenopenaq combJ:)IIIly. PDDay c.cu,amion•• ilr;lude 
acili:y ml a mst ofbmy Dll.lfa1s, b:bliw a!nminm, copper, iron. """~~'"""" ml2b:. 

A pilt ftaiD:Iela S)'l!eiD was opcnll:d ml sludied periodically fiom2004 tbrollih2007 bylbe Unbd Stall:s Geotop:al Suwy (USGS) 
Leetown SdcDce Celm \lilil.i!s a pallect Jimtone bed 1rea1ment B)'B11mllt 230 1./Dm. 

IE 
13.7 m 

--
Horizontal stripper 

0 0 0 0 T 
2.4m 

0 0 0 0 

Limestone cohmms 1 
::-------L.,?-'--'Y-.,:-'----· -

Electric Control 
supply panel panel 

Ptllfo,__ 

Mellill mmwl:lilr imnaml abniun waa >98%. Copper had RmDvdl of SO tD ~A, wlilll.zilc llld RIIDDvdl iam S tD 65%. 
M~ COlh•••atillw WID pl~D~ly'~Dl&cteci. Tbll etlu&mt oftbD fmDstoDD n5KtDr mqiDcl post-trilillliiD mil 1iDD tD mise tbD pH 
qliemush tD mD1M1 2b: am( liE!·!- tD ~~~~IIIYels. Tbll sludp fiom tfiD iull!lmi!IJiDD tll!lllmiD sc.llaiDD had IM!lltl&!cl 
wbms tbat wm1 6()0~ oftbD 1iDD trilillliiD ali:Jm. 

RtJf-

Sind, P. L, T. R. WildamD, M. FricmUh, M. ~and D. Bless. 2005. 'UeiwDIII:alilnofa Pulsed J.imfnre BedPJoceee m 
the~ of.Acil ~ Ilra.Dp al the ArtP '1\mDel Sile." Abstract. www.epa.PJvlauilnewi!GgD.IDn 
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l. Bilbee No. 7 1tockpile - BioSulpbide process 

BdpDIIIUI 

'Ibe Copper Queen MD: closed ildle 1970. deroearly ODC 1llmdJecl )Ul8 ofmililg. ODe oflhcDBjor ilauet atCbilaile waa draiaagc 
ioma llqc em:: lltocllpib (.No. 7). 'lllil ~ waa oplimal.iJr BioSulphide tta11111::1t due tD ia liDw lilt ml copp« CODCCIIIra1im. 'Ibe 
pJaat Willi CODIIli!Dmlld il2004. 

7'taotwatt .4ppiW 

BiomQ 111111 P~a l>ocJF IBw a Joa Vcdm: Co 111e die pmc:e~~~~ID R:CO\a' copper at Bisbee, AlizmB. 'Ibe JDI!y COIDIIiiaimr::d 
BioS~ pJa reccnas coppm limn cbql cbai~Ja&e. 'Ibe 'R:SII!IiDg c:uu:euiJU: (So-A. Cu) n:ports Co lhc Milmi lll:lda iJrpmfilable 
walm'ln5alm!IL 'IbD pJa lila a de&fJi capecily of3.61umes Culday 

IW/oniiiiiU¥ 

Barren leaCh solution return to stocl(pile -------. 
Sulphur 

l J Ball M1ll 

H~S 
•••.• :. .. • •• Return Gas 
t : : • ......... . . ,. . : . . . 

Acetic Acid I Nutrients B_lo_r_e-ac-to_' ___ ....JI COOtaOO< 

Stockpaa drainage (PLS) -
I ~rrnTITh ;;rmrrr 

CuS Concentrate 

'Ibe W warcr to lhc plllli: QOIDD O.S to 2 rfL iron ml340 qr'L c:o,pper at a pH of2.2. A&r tlalmed, tho efllal:d COIDD lcM 1han 1 
119'L copper 111111 i:vu. Tho pBot is earcdlyree:ow.rloa~ 1ban 21Dm:s Cuper day. 

R4"emt« 
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Nel<ionL Ashe, Ian McLean, and MaxNodweD. 2008. ''Review ofOperafuns of the Bilsulpl!Kie® Process Plant at the Copper Queen 
Mine, Bisbee, Atilxlna". In Hydrotootallurgy 2008 - 6th International S}'lll)osilm- Honoring &>bert Shoetmk:er. Editors Courtney A 
Yo1111g, PatrickR Taylor, Corby G. Amerson- 2008- Teclmology&Engineering- 1186 pages 
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3. Equity Sllver- IDgh Density Sludge Treatment Plant 

Background 

The Equity Silver mine is a finmlr open pit and uodergroUDd mine, located 35 kilometres southeast ofHouston in north ce.rdra.l. Brilim 
Co:kmbia. The Equity Silver mine operated from 1980 to 1994 and then closed due to depletiln of the economic resource. The mining 
occurred from three open pits and a small uodergrouod mine. Copper, silver and gold were extracted through a conventimal millfutation 
circuit plus a cyanide leach circuit. 

Shortly after the mille opened, aciii: drainage was fuuod to be occurring from the oxilil.ation of sulphide ~ containOO in the mined 
rock. Equity Silver's original low density shldgc process was unable to hand1e the usually large nmo:ff events so a new high demity sludge 
(liDS) plant was coiiilli<lsioned to treat acili: drainage post closure. 

Treatment Applied 

Installation of a conventimal high density planted was completed in 2004 at a cost of$1 OM. The 600 m3.1h water treatnmt plant trtarted 
up in Decen:Der 2004, wih placement of the treatnmt shldge in an abandoned pit. The plant was designed fur full automation and rem>te 

control 

Panmeten Design Feed Permit Umlts 

pH 2.4 6.5 to 9.5 

Acidity 13,500 

Al(mgiL) 650 0.5 

Cu(mgiL) 280 0.05 

Fe (ID!¥L) 2000 0.3 

Zn(ID!¥L) 350 0.2 

S04(IIIIifL) 12,500 

Cd(mgiL) 1.2 O.Ql 

As(mgiL) 2.5 0.05 
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Pelformtmce 

The efiluent discharge consi<ltently m:ets regulatory compliarx:e. 

Treatment Statistics 2008 2007 

Lilm(t)</span> 4,014 7,290 

Drainage treated (nf)</span> 793,459 1,629,420 

Average acility (ll:\iL) 9,004 8,404 

Sludge produced (nf)</span> 99,240 125,930 

Water di;charges (nf)</span> 1,476,793 3,836,848 

Reference 

Goklcmp. 2008. Sustainability Report. http://csr.goklcm:p.com'doc!ii2008 _report. pdf 
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4. Keystone Mine- Constructed Wetlands 

Baclcground 

The Keystone Mine was owned by Silver King Mines Inc., ofSalt Lake City, Utah. Th: mille produced mainly copper from 1923 to 1925 
am includes two adits am 2,000 fl of drifts and crosscuts in an area of 15 acres. Th: extraction oflargc qlliL1l1itics of ore from the mine 
resulted in extensive devehpmmt ofthe undergroUDd walkings. Th:se walkings di;clmge two miles ups1reamofthe confiueJy;e wilh.Lake 
Shasta, with copper, cadmium, am zim: the COIIitituents of com;em 

Treatment Applied 

The typical metal concentrations am ranges of discharge are shown bel:lw. 

Comtituent Concentration 5 gpm discharge 10 gpm discharge 
[kg/year] [kg/year] 

pH 2.9-3.8 NA NA 

Copper 2-13:1J\iL 20-130 40-260 

Cadmium 3-21:1J\iL 30-210 60-420 

Zinc 0.02-0.12ll:\iL 0.2-1.2 0.4-2.4 

2014-10-21

kmiller
Text Box



In 1989, a conmucted wet:Jams 1realmmt system was commissimed. It consists of a vert:i:alilow of water 1reated using anaerobi: 
conditions at the base to pn:cipilate heavy m:tals as sulphiles. The technology ii designed to 1reat the drainage in pCipctuity. 1h:: system 
uses a ditch design with a topsoil substtate. 1h:: retentim ti1m through the 4200 square mrter (I m deep) system ii 0.3 days at a 11ow rate 
of8600 Umimlte. 1h:: 1reatm:ot system was constndcd fur $2M US. Operation and IIBintenam:e (O&M) are estimated at $10,000 per 
year indefinitely. 

Perfo1711tl11c~ 

1h:: constructed wetlands system has an efficiency of90%. Details of its perfurmux:e are presented below. 

Constituent Concentration Quantity removed Jn Quantity removed Jn 
(mg/L)> a 5 gpm discharge a 10 gpmdiscbarge 

(kg/year)> (kg/year)> 

Copper 0.2-1.3 18-117 36-234 

Cadmium 0.3-2.1 27-189 54-378 

Zinc 0.002-0.012 0.18-1.1 0.36-2.2 

Iron 0.9-14 81-1,260 62-2,160 

References 

RobertS. Hedin, RobertW. Nairn, and RobertL. P. IG:immm.. Passive Treatm:nt ofCoalMine Drainage. U.S. Dept ofthe Interior, 
Bureau ofMincs, 1994 - Technology & F..ngioeeriog- 35 pages. http://www.bedioenv.com'pdUptcmd.pdf 

l1RC website- rctricvcd on May 5, 2012 from- http://www.itrcweb.orglmiDillgwaste-guila.o;:e/cs22_24_keystonc_ming.htm 
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5. Brukunga Pyrite Mine Site- lllgh Density Sludge lime Neutralization 

~roved ARD Treatment With A HJgh Demity Sludge (DDS) Lime Neutralization System At The Brukunga Pyrite Mine 
Site, South Austraia 

An ARD Trealmmt case stWy prepared by Earth Systems Pty. Ltd 

Site history 

1h:: ~ pyrite mine ii located approximately 40 km east of Adelaile in the Mount Lofty Range of South Australia. Pyrite and 
pynh>til:e were mined from 1955 to 1972 to supply fuedstock fur sulfuric aci:i production fur the South Australian :furtiliser mustry. In 
August 1977 th: South Australian State Goven:nnmt accepted responshility fur rehabilitatim ofBrukunga, with the Departm:nt of 
Mawfil.cturiDg, Jnoovation, Trade, Resources and Energy (DMITRE) currently tasked with the management and remediatim ofth: site. 

Aci:i Rock Drainage (ARD) has been a significant iisuc at the~ mine as a result of the oxilatim of pyrite and pynh>tite within the 
waste rock piles, tailings and pit bighwaiL 'Jbic; process continues to generate aci:ii: water, characterised by pH vahles from of2.5 to 2.9 
and elevated acili:ies ranging from 2,500 to 12,000 mWL CaC03. ARD contains su\Jhate concentrations ranging between 6,000 and 
10,000 ~ and elevated soluble Fe, A1 and Mn concentrations, wbi:h ~the key constituents of1he mrta.l aci:ii1y. An average of 
approximately 2.0 tmmes ofH2S04 acility ii gerx:rated by the site each day. It has been conservatively estimated that acility gem:mtim 
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win continue fur lnmdreds of years, and unless a comprehensive rem:diafun s1Iategy is ilq>lcmcnted, water trea- in peq>etuity is tbc 
oo1y option fur enviromn:nlal prorection. 

Since 1980, the ARD afli>cted seepage from the tailings storage filcility and mine site have beeo directed to colloction ponds, and !ben 
purnped to a c.-1 water trea- filcility. The origioa1 water trea- plant com:nissioned by the S1are Govermn:nt in 1980 waa a low
density sludge (LDS) lime neulralization system, designed to treat a maximum of20kllh of ARD a.ffucred water. 

The capacity of the trea-plant was ofu:n exceeded, by up to 25KIJh, dne to high flows in tbc mine creek during high in1eosily rainfiill 
events. In 2003, to assist with inproved mine water maoagernenl, a river diversion sys1em was ins1allod to divert unpoDuted water from 
above the mine away from tbc sulfidic was1e ms1<:ria!.. lmproverneo1a in tbc trea- plant were also designed and implemented. 

Treatment plant upgrade 

In 2004 the South Aumalian Govermn:nt colllllliisimed an upgrade of the LDS plant. The key objectives of the WTP upgrade included: 

• bqrrove the hydraulic capacity ofWTP to better msoage heavy rainfiill events. 
• bqrrove the neulralization and precj>ilare settling capacity ofWTP to efli:clively treat tbc higher acidity loads reporting to tbc 

plant fullowing comttuction of !be clean water diversino sys1em around tbc mine. 
• Minimise sludge vohnnes prodoced at the plant in order to redoce Pllll1'ing, storage, dewatering and handling cosls. 
• Irqrrove the qnalily of discharge water by enhancing the oxidation of soluble Fe2+ and Mn2+ within the plant. 
• Optimise water- to minimise operating costs. 

The objectives of the WTP upgrade were met by ttansfurming the existing LDS plant to a High Density Sludge (liDS) system, and ins1alling 
additional hydraulic capacity with liDS capability. The liDS conversion straregy involved recirculating trea- precipitates (sludge) back 
into untreared ARD prior hydrared lime addition. 

The advantages of using the liDS approach include: 

• Ability to deal with mine waters characterised by high acidity. 
• A substantial reduction in sludge vohnne resulling from increases in sludge density from 2-6 wt% solids up to 40 wt% solids. 
• Reduced sludge monagem:nt cosls. 
• Sligbtly reduced reagent costs. 
• Ability ofHDS precipila1es to settle mster minimises si2ing requirements fur 1hickeoers/clarifiers. 

Detailed cbemi:alrestwork was conducted on sire to ilenti!Y the optimum operating pammeters fur the liDS upgrade. 

HDS plant operational parameten 

Resulls from the restwork and a site water balsnce ilentified the fullowing process variables fur the new liDS system: 

• Total liDS trea- capacity: 50kllh. 
• Sludge recycle rare: I0-15kllh. 
• Recycled sludge and raw ARD resileoce time in Reactor I: I 0-15 minotes. 
• Overllow pH of ARD/sludge mix from Reactor I ~ 4-7 pH uoils. 
• Target pH in Reactor 2 using hydrared lime shnry addition is -10. 
• Recycled sludge, raw ARD and lime slurry resileoce time in Reactor 2: 15 minotes. 
• Aeration rare in Reactor 2 ~ 110 m3/h. 
• Recycled sludge, raw ARD and hydrared lime resi1eoce time in Reactor 3: 15 minotes. 
• Aeration rare in Reactor 3 ~ 110 m3/h. 
• Anionic polymer flocculant addition to Reactor 3 overllow prior to 1hi:kener. 
• Target pH~ 9.2-9.5 insupems-overllow from1hi:kener. 
• Sludge deosily: 25-40 wt"/o at base of1hi:kener unit; and >50 wt"lo afu:r dewatering in the drying ponds. 

The liDS plant at Brolamga has beeo consistently meeting its design objectives both in terms oftreared water qnalily and sludge density fur 
tbc past 7 years. 

The future 

While the total vohnne ofsblge produced at Brolamga has decreased substantially, the total tooosge remsins unchanged and beoce issues 
associared with its monagem:nt and safu storage continue. Approximarely 3.0-4.0 tonnes (dry basis) of gypsuorri:h sludge are produced 
fur every toooe ofhydrared lime (dry basis) added in tbc plant. Heoce, an estimsred 2,000-3,000 tonnes of dry sludge are geoerared 
annually and diaposed against tbc higbwall at the mine sire (Figure I). The mine site currenlly hosts close to 60,000 toooes of dry sludge 
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Aeration systems for treating CMD 

From GARDGulde 

Pboto 1. A.Zs-pa•llyolluedeuca"~~: uradoa:lbmle (pboto co.teay of:Mib X•,,,.., 
Cheatnam.I:ac.) 

PbDto 2, ConvelllloD1111111dnllratlon (a lime slmy and a fiDecaJaDt bell!c added 1111ar tile nar of tile 
pllllto) 

and acbtJdcal aeration of coal mille drtlnap (pllotopaph by Teny Ackman) 
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Plloto 3. Stade IlDen bef.ae •ed to aei!D coaliiUe dnUap aJblrfD.II• •lllnJIJadoa 
•lllnJIJadoa Vlf-c Jet p...,.; u diiJ site, npl•dac 

a CO!MIIIdoaalli'!Drtnatmeat l'adllty llldl aa le.H• tyttem..,.. lll&flly cost ell'ectm (pllotoenl* by 
Teny A'*n•) 
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ftoto 4, A COIIIID8rdall5 lloft.,....Mr (U .. OOO li'IIUI) aendoa de'tlce (a MaeJatnm Od"•l) 
bltaned at a pu•m tnatmeat 11te 10 urate 

'fi'IIDr IIDlUe :llnJm .. .....,q:rDIDI coal m. (pllotopwpb by Do• Bldelt, Fmlnl .. lllal Soludo•, 
I&) 
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8.0 Monitoring 

8.1 Introduction 

Monitori:Jg B the process ofi'Olll:inely, systenm:t~ally, and purposefully ga1hericg iofbrmation fur use in ~-decBion making. Mine sie IIJJDioriog 
cbarac1eri2<s envroomental cbaoges ftom mining activities to assess conditions oo 1he site and possble irqlacm to receptors. Moniroring ix:ludes bo1h 
observation(e.s. recordingi:rlimmtionabout1he eoviromoent) and i:tvestigation(e.s. mmipulative stWies such as toxicitytesm where envirunm:mal 
conditions are controlled). Monitoring to assess the e:ffi:ctivencss of mitigation tmaSUres to minirnill: the efrects of environrmntallydetrirmntal processes 
such as ARD and ilqllemeotati>n of adjustmmts to mitigafun rreasures as required is an exarrpk: oftbe use of mmloriog il mmagelmlt decimn tmkiog. 

Devobpl=t of an ARD mino sire mmlxniug program begins wilh review of the mino plan. 1he geographi:allocation, and 1he geologi:al settins The mino 
plan provides i:rlimmtion oo 1he location and llllgoi;ude of surJilce and subsurlilce cn.torbancea, ore processing and miDiug procedures, waste disposal 
areas, efllueot Wscharge locations, grouoiwater witbdrawals, and surtisce water diversions. 'I'bW infOrmation is used to identify sources of ARD, potential 
po1hways fur n:lease of ARD to 1he n:ceiviug environmeut, receptors 1hat may be irqlacted by these n:lease~ and po~ mitigation tllat may be required. 
Becaose 1he spatial extent of a mmlxniug program twSt ioclude an 1heac comp~ a watersh:d (iocluding groundwater) approach to ARD mino site 
Imiiioring is often required. Monitoring occurs at all stages of project devebpmmt, fiom preoperational until post closure; however, during the Iii: of a 
mine, 1he objectives, comp~ and mtensity of the monioring activities will cbaoge. 

This Cbapter 8 pn:senl> guK!eliocs and took fi>r es1>blishiug a monioringprogram at mino ms wilh a po~ !Dr ARD, NMD, and SD. General aspec1> 
of nmriiDrDg an: diocusaed first wilh mmlxniug specific to ARD souroes discossed la1er in 1his cbap1er. Gereric guidance provided in 1his cbap1er can be 
used to develop site-specific monioring approaches fur assessing COIIIami:JatmJ, efli:cts, and irqlac1>. The guidance provided;, ilteoded to prom>te a 
monioringprogram that will satisJY a CO"l'any'S corporate n:sponsbilities and wrnuilnert to susminable mining, n:gulatory oe~ s1>keholler desire fur 
relevant and useful infi>rmation, and llliOagement requirements fur relevant and m:aniugful in!Drmation to support enviroolllOII!ally sppropri!te and cost
efli:ctive decisDn-makiog. Figure 8-1 outlines the chapter mgauilatim The objectives and developmmt of a mmitoricg plan are discussed first fullowed by 
a di!cussion ofmmlxniugwihin each of the CO"l'ooeo1>. 

Figure 8-1: MoDitnriDg ChapterOJganimtion 
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Section 8.3 

Plan De-ve-lopme-nt 
Data Manage-I'Oe"nt 

Data Evaluation 
Auditing 

8.2 Objective. of Molliloriog 

Monitoring 
Components 

Section 8.4 

Source-s 
Pathways 

Mitigation Me-asures 
Rece-ptors 

Ofkite 

MODiiDriq IIIDWB a DiDillg co~ 111 m:aBU~~: N.lCC8I in mcetiug cozpom= goala perlliDiDa 111 llllStlilllb~ llillill& colllimloul iapoVCDDt of 
environnlculll.ml80Cial.perimum:e, ml ninjniJjug ~~. MOJiiiDripg~~ nay Uo be iqloeccl by ~gulalory aulborilblu a 
colldilion 1D clewlop, ~.or clcconmill8ion a*· Mine pemibl oudine speci6c dala collcc1ion ml ~prolDCOis, oibm wid! a ileus on poila of 
dilcharF 111 1be receivillg ~ MODiiDriq co1111ituioDII nay Uo be made 111 stlbholdm or lmliug 8Fnci:8 u part oflbe ''8ociali:eullc'' 111 
o]ICIR a nine or u acondilionoffimdiD&, Manycolllllllllila ba~ ~ wbo u: wry~ in ~enviroiiiDCIIIIl.mouilorillgplml 
ml da!a. Flmdarnent~Dy, COIJIOIIll: ~. ~gulalory COIJ!)!iance, or Blllkeholder qreemcm nay be 1be primary objcc!M(•) of a moni1DriDa 
program; hovmw, 1be ~ goala or p\li]IOIIC oflbe illi>mmion obllinecl fiom dae progr~m~ u: o&n 111 pro11:Ct bumau bcallh mllbe enviroli!DB 

Wellddnccl objec1i\tc811Dt be esllblisbcclat 1hc 8lart of a moni1Drillaprogram. Specilic objccliw8 perlliDiDa 111 environnlcDIII. proli:C1ion fiomARD 
~!cue may D:lude 1be »liD~ 

• c~ ofCmreDt (Bueb) Condftion8 'Ihi8 moni1DriDa is cle8ipcd 111 ~ bueline environnlculll.condilio!l8 (ph)U:al. chcDcal. 
ml bio»gjcal) apipstwbich 111 ~ chaDFI ~iomnillillg. ~ u: not1Dtalb'ne ofCOI8 ~a disturbm:e. Forex&lq)~ 
DIU ml ataiiDiJ8 occur 111t11r1Jbt in 1be enviroiiDm (e.g., 'Wilm' mliiCCliam) ml in b»IDp:.J. 1ia8uc8. ~in~ u:u (ie., 
~ DiDillg OCCUI'II). Ba8eb condilioD8 may Uo be d::c1l:d by hia1Dricai.Dililg or olhcr anduopop activilic811111'Clu:d 1D llillill& DuriDa 
buelinc IIIDIIiiDrillg. u:u ~ 8eD8i1iw 1D chaDFI u: ideuli6:d. 

• CoulilmuiDD of ARD Po1mllill- 'Ihi8 mouiloriq tab8 place duriD& 1be clewiDpum phae ml invo1Ye8 80lid phae ~ ml ach atil!g (BIIID: 
and kinetic) beillgCODduc11:d 1D 188e881hc ARD po=alof~ ml ~ nUrial8 (ICC Cbapm4 ml S). 'Ibc8e atlnayCO!IIimle clurilla 
operaiou. MOIJiiDrillg i8 ~ 1D confinn 1be po1mdialk ARD cleJMcl fiom 1be atil!gprogram. 

• De1l:ct or~ ODBCt of ARD- 'Ihi8 molliiDriD& i8 de8iaDc4 111 de1l:ct 1be oDBCt or~ fiiiiR ~!cue of ARD u q u po88ib~ 111 lllow 
iq)~tinn oflllilip!iw IIICUIIII:8. MolliiDriD&nay include cli=tor illdirectiiiCUIIII:8 ofARD ~(e.g., cli=t- collcc1ionml anqu of 
~ ma=ial.8CCPIF mlruoofl; or indhct-~of~ ml oxyp profibl wilbina ~RICk facility u a~ of sulphide 
ollida!ion). MODiiDriq dala may be ~11Rcl1D Vllilla= or~~ models (ICC Cbaplm' S). 

• VerificaionofExpec11:d Behaviour- 'Ihi8 molliiDriDaclurillaoperUions i8 de8iaDc4 111 CODfirmlhc expec1l:cl environnlculll.bebaviourofnine 
~ u cle1lmlincdiomc~ml~efim8 (ICC Chapm4 ml S). MolliiDrillglliDWB »r~of~ 
bebaviour80 ~co~ ac1iDD8 can be tabu. 

• ABIII:88 Fa= ml TraD8port ofConstilucml- 'Ihi8 molliiDriDa i8 de8iaDc4 111 ~physical. or pochemical condilio!I81D ~ 1hc 1111: of 
moWDlC!It ofCOI8 tbrov&h 1hc ~ environnlcDt. 

• ABIII:88 ~ 1D 1be ~~- 'Ihi8 mouiloriqia cle8ipcd 1D c~ ClllmltcondiliDD81D ~ iape111D 1be ~ 
A diatinc1ion should be noll:d between e&ct8, buically ~which nay or may not be hamti(e.g., chaDFs in 'Wilm' or IICClimcDt quality) ml 
~which u: ~ bamdbl. ~ad~ a&ct 1hc lllility, viability, ml productivity of a popu!Uion ofo!pllis!D8.notjust 
iDdividualo!plliaa. Hovmw, in 1be cue ofbumml or~ .peen. ilqlac1ll would Uo app\Y 111 iDdividualo!plliaa. 

• EllvironmcDII!M•na.,..,. 'Ihi8 molliiDriDa i8 desipccllD 188e881hc perimDance of~ IDIN.,..,. priC1ice8. includiDg ~ cle8i&oa 1D 
ll:duce, ~ COlllrol, or~ ARD ml8tm=gic8 put in place »r proper~ dispoaal(e.g., ~RICk .e~ption). 

MOIJiiDrillgobjccliw8 naychaDF duriDg 1hc Iii: of a 11JDDi1DriDaprogram. Objccliw8 should be~ ml updall:d. u ~ u partoflhc cudit 
proce88 (ICC Sec1ion8.3.S). A8tlllmlcDtofcarobjec1i\tc8 i8 ~ 111 cli=tml ileus amolliiDriDaprogrammllD awid~ ml UI"'CCea8'Y 
dala colb:liDn ef»rtl. 

Top of til P1F 

8.3 The Aeid Rock Draioage Molliloriog Approach 

lbe 111011i1Drillgprogram~~ at a mine* is delmlinccl by 1hc mouilorillg objec1i\tc8. F.&ctiw mouilorillg balm:e8 coqm:~ DCCe88ity, 
mliiiOIIC!IIy C08t8. lbe molliiDriDa program ill *-speci6c ml take8 iDID COII8ideJUon 1hc phae of project cleYclopmcDt and 1hc 8e!l8ilivity oflhc 
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Figure 8-1: Monitoring Chapter Organization



sumJUDdillg envirollllll.mt 8Dd collllllllity. 'Ibis Section 8.3 pJaCIIII., s=pe in~ of a DDlliiDrillgprogram(Figl= 8-2). 

li1pnl ~2: Ste).IIID die Develo).llllelll of liD ARD MoDIIolfD&I'Iopam 

Top of Ibis P1F 

Conceptual Site Model (CSM) Dynamic System Model (DSM) 

ARD/ML Pathway Receptor • Quantitative representation of CSM 

Source ,..
1 
-------J""-

c::;;;J v 
''/ ~ 

Define Monitoring Objectives 

• Characterize Current Conditions 
• Assess ARD/M L Potential 
• Detect Onset of ARD/ML 

• Predict Onset of ARD/ML 
• Assess Effects/Impacts of ARD/ML 
• Assess Engineered ARD/ML Controls 

Design Monitoring Program 

• Data Requirements to Meet Object ives 
• Sampling Locations and Media 
• Sampling Frequency 
• Sampling Methods (SOPs) 

• Parameters/Analytes to be Measured 
• Quality Assurance I Quality Control 

Implement Monitoring Program ~ 
• Data Collection 
• Data Management 

Data Analysis & Interpretation 

• Validate or Update CSM/DSM 

Audit 
(Internal I External) 

Continuous Feedback 

• Meeting object ives? 
• New objectives? 

• Adequate data collection? 
• Appropriate locations? 
• Appropriate frequency? 
• Appropriate methods? 
• Appropriate analytes? 

• Laboratory performance 

• Implementation of SOPs 
• Data security and integrity 

• Appropriate analyses? 
• Timely analyses? 

8.3.1 Ccmceptaal ADd DJDAD* SYJtem Model Develo).llllelll 

'Ibe concep1Uals= model(CSM) (ece Chap• 4 8Dd Fipre 4-4) provides., iamcwork »r cleYclopmcDt of an ARD IIIOIIiiDriDg program. 'Ibe CSM ia a 
b.Y.Po1bcailllbat iD.lolporla a= clam 1D ._. filiiR or eu1m1t enviromnlll.~ ioma lliDiDa operuiou. 'Ibe CSM 881*8 plop:. ~lop:. 
chcJDc8l. biological. and dimalic inimnalion 1D de8cribe., rdcue, 1IID8port, and b ofconstilucmB at a llliDc a=. It should involw bo1h ~and 
spUialcoq~GDelllll and should be mietwcl and ep:d 1D by n:gulalory 8FDCics and olbcr Bllkeholdenl bdm: begimliog field or labo!IIDry BIUdics. 
~coudiliDIIa atsiD.ilarsb canuaistiD.ideuli(yiugpo1l:lllill.abortx:oniQIIIId pililla ml help ilcll8 b CSM uiiiiChu poaaiblc. CSMB an: 
dyoamil: and aboul4 be '1I]ICiall:d u addiliona1 project iu:DnDuion becomes available. 

'Ibe CSM is 1111Ccl1D idcnti(yb ARD 110un::ee. peShwaya.llld n:cep1D11»r inclusion in b DDlliiDJiD&program.(Tablc 8-1) . 

...... .,_ I --- I ---
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Wublrock Air A.[uali:lilil 
Tailiop Vadoee 21011e Te:aeslr81 wildliil 

Ole lllodQrikl Glo1D1wakr Vegetalim 
Heap leach pile Srice v.ur- IIJeClimcDt llumal:8 

UudergroUDd W'Orkillp ('Mll8) 
pi(Willl) 

'Ibe primazy 801IIteS of ARD ~nine ml Pft10* ~ o~ ml the clisturbaDI:es ~ i'omo~ emutioD. 'Ibe primazy pathway 1D the envirotDncut 
i>r coiiSiiluela (acidity, mcllls ml mclllloids) ~lcuecl fiom dae eoun:es is Vr'lll:r. Tllll8port nay occur by way of grouor!Vr'lll:r, surface Vr'lll:r, or 
ill:lilll:miDD 1bro118h the Vldoee 210ue. SccliDm ml air pathwa)'ll ~ ~ oflcaeer ilqlonm:e. Becmle Vr'lll:r is the primazy pathway »r DIU ml 
acidity, 14.uali: ~un:es ~ FJIClllly the primazy ~1Dr ofiul=st. 

'Ibe CSM providee the~ »r ~IDptlm of a dynaui: 8)'1111ml1111C!el(DSM). 'Ibe DSM agraa the CO!qlOIICidl of the CSM (ie., IIOifte8, 

pathwa)'ll, ml ~101111) ml ideDii6:s their ~!dado ... 'Ibe DSM qu&llli6es the~ that coldlol the ~leue (e.g., sulphide olddasion), 
1IID8port. ml upllke of CO Is. Bec8u8e of the ilq)oriiDCe of'\fllll:r wilh ~ 1D elofdae proc :88: , a •wide Vr'lll:r belm:e is a primary 
COJIIIODellt of the DSM. 'Ibe DSM ill~ 1D C1llmlt condiliDDII ml then 'lllleCllD ~ constilucnt b aud1riDIIpOrt. DSM nay 1180 be 'lllleCllD 
ewluall: the~ of~ 111CU111a. 'Ibe DSM will.higbliabt~ ml dam PJ18 ml ~can be'lllleCllD idend(y byCOJIIIO"C'dl 
of the moDilorillg program 'Ibe moDilorillg program may include collec1ion of dam 1D vcmy or~,., the accuracy oflliiC!el ~. Seasilivity 
~nay be cond~Rd 1D idend(y by iDput paiiiiR!IIIlD the DSM »r incllllliDD in the moniiDrillgprogram. 

Top ofdlis P1F 

tu.Z IUik Baed ApJnach to MoD!IoJtDII'Iupul Develo).llllelll 

A nine a= moDi1DriDg program will include moDi1DriDg ofbo1h ~- facililics ml the~ enviroDnlcnt. On-a= moDi1DriDg will include moDi1DriDg of 
facilili:8 illcnli&lcl u bavillg thepo1mi111D ~ ARD (ie., 11011nle8). 'Ibe lllCOJlC of the 80liR:e moniiDrillgprogram. includil!gnqiiCDil)'ml ex1m1t. 
abould »Dow a risk-buccliJIPIO&Ch 1bat consider8 the probability ml CODIICCI.UCDCeS of ARD FJICI'&Iion at a 80111te. 

A risk-buccl approech 1D moniiDrillg evaluaa the ~lmionahP between the ARD IIOifte8, the orpuiamB that liYe in the envirollllnt that~ the ARD 
~ ml the pathwa)'lllbat lillk the dilchazF eoun:e 1D the orpuiamB 1D cle1lmline the po11mtialk ~· Risk (or~) can 011\Y exist if a 
m.or(oreoun:e), pathway, ml n:cepwcoincide (Figlft ~3). In dlis risk-buccl approach, the ~environmellt is mwcl u an CCOI)'IIIImlml 
the eflluCDt ill~ in~~ 1D 1bat CCOI)'II1ImL 'Ihia ~~a~~~ that the ll:8ideDt O!plliams, their babillt ml ecology, ml nature ofbow they~ 
expoeccl1D the m.or (or m.om) elncecl1D be considen:cl. 

E1C1D 1.3: eo .. pCualRIIk-BueciApploadi-Relado•lllpt Bmweeadle Ot•nfM• So~ die Recepcur, ...... Pdway dlat 
eo-cudlem 

A risk-buccl envirolllllCIIIIle&c11 moDi1DriDg program seeks 1D ideDiiiY the »llo~ 

• 'Ibe pathwa)'ll by which orpnisa may become expoeccl1D an dlucnt 
• 'Ibe exlmlt 1D which t!ae orpuiamB ~ likt\Y 1D be~ 
• 'Ibe e&ct or iqlect that~ is likely 1D ha,., on dae orpnisDII 

Top ofdlis P1F 
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Table 8-1: Monitoring Sources, Pathways, and Receptors



8.3.3 Monitoring Program Development 

Developnxmt of an ARD DDDioring program begins with an assessmerd: of the lik:eliOOod that waste and ore lllllterial!l will generate acid and leach metah. 
Source mrteria1 cbaracteri23tion m:thlds and the icteipretatim of cbamc1miz:atKm results are dM:uBsed in Chapters 4 and 5, respectM:Iy. 

Water is often tbe fucus of ARD monitoring programs because of u role n both tbe release and transport of ARD, its fiequent beneficial use (e.g., dmJrng 
water and irrigatim), and its fimctim as a babi!at in' aquatic receptors. Monitoring program; im.:lde collectim of data to assess water quality and 
tmVeDJmt. Water quality data are collected to evaluate cotq~lia.nce with standards and 1i1te and 1I'IImport Water quality starxla.rds are deiiDed as JDlbws: 
"A water qualily standard defioes tbe ~als of a water body by desigoatiog the use or uses to be 1IBde oftbe water, establishi!g criteria ne<:esssry to protect 
those uses, and prevmiog degllldatKm of water quality through ant:idegradation provimns" (USEP A, 2003). Because water use lillY include humm 
COil5UIIJitim or aquatic habitat, or both, water qualilymonitoring also provides mlinmttim on possble iqlacta to receptors. 

ARD mmloring program; often D:h.Jde collectDn of data to evaluate 1he sulphide oxidation process. Because !here lillY be a lag ti!M to the onset of ARD 
at a mine site, prudent enmmmental1lB1'IIIgi'D'Ie incbdcs an assessment ofthe stage ofpotenlial or actual ARD. 

Developnxmt of a mmitomg prognmnwst consider 1he climati;: conditKms at a parti:ular sic. The OCClll'l'CIK:e and distrinltKm ofnWfilll at a site will 
di:tate decisi:mll regarding the timing of water sample collectim. For eJtaiq~le, in arid regi;ms, collection of water sallJlaiiily be scheduled to occur 
CODCIIl'l'eDt with rain&D. eveuiB instead of at equally spaced il1terwlJ over ti!M . .Alcio, in arid regioiiS, groundwater lillY be the prin:my constiluent pathway 
and therelDre the ix:us of water mmitoq Clirmti: coiK!iioiiS will also afii:ct tbe rate of evcbion ofARD (ie., ARD evcbion lillY be sklwer at low 
precipitation sites and n cold clirmtes) wbich will afii:ct deciftms regarding the fiequeocy and klcations of sample collectim. 

This Section 8.3 presem the inimmtim included in a mine mmloring program applicable to aD. components of the CSM (ie., ARD smm:e, pa1hway, 
mitigation, and receptor). This mine mmloring mlinmttim is typX:al1y included in the sampling and analysis plan (SAP) or QAPP in' a site. Detailed 
dllcussioiiS specili: to mmloriog of each COiqloneDt are presented in Sectim 8.4. 

Top of this page 

The data collection activilies required to fulfill the mmitorilg objecti\'es lDlSt :first be identified. These will de1ioe the ~dia that will be Slllq)led (e.g., water, 
gas, or sedin:Jml). Table 8-2 lists ac:tivDs COIIDIDD to ARD mmitoring program; and tbe ratXlnal&l !Dr each activity. 

Table 8-2: Co1111111n ARD Mooltoring CoqJOnelltl 

Type IDformation Rationale 

RainJiJ.Il water bslmce i:Jput 

Evaporatim water bslmce i:Jput (pit) 

Temperature waterbslmce 

Climati: Hllllliiity waterbslmce 

Wiol direction assess ARD process 

Wiolspeed assess ARD process 

Snowpack waterbslmce 

cak:ula1im of contamioant kladiog 

Surfilce water ilow aquatic habitat assessment 

sic or &cill:y water bUmce input 

c:baracteJTm in sin conditKms (baseline) 

Hydrology Surfilce water quality 
assess ARDIML source/process 

evaluate COI 1i1te and transport 

habitat ininmatim fur receptor exposure and effi:ctl'llq)IICI: assessmerd: 

cbaracterial in sm conditKms (baseline) 

Sedi=lt qually evaluate COI 1i1te and transport 

habitat ininmation fur receptor exposure and effi:ctl'llq)IICI: assessmerd: 

Grollllllwater ilow 
evaluate COI 1i1te and transport 

sic or &cill:y water bUmce input 

Hydrogeoklgy characteri2c in sin conditions (baseline) 
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I GrouoJwater quality I evaluate cor Jate am tzansport 

assess ARD/ML source/process 

cllaracteJTm baseline conditions 

BD:Dp 
Aqua& receptors 

assess COI exposure am efli:cllililq>act 

Hablat receptor exposme am e&ctsf~~q~act assesSIIJelll 

Cbemical COiqJOsilion assess ARD/ML poteolial 

ABA assess ARD/ML poteolial 
Geochemical 

Leach testi:Jg assess ARD/ML poteolial 

Milleralogy assess ARD/ML poteolial 

Gas Gas trans1irr assess ARD process 

ML-metal~ 

COI -constituent ofioterest 

Top oftbil page 

8.3.3.2 St.tlotlcal ComldordiiDI 

Ful!iiiiiimt. ofthe objectives of the l1'lliiitomg program will include u;e ofapproprilte sta1:Bti:aJ. am other data aoalyses. To assess efli:cts or ilq>acts, 
exposure (ie., downgradie.ot) data are COJlll81'e(l to reiereo;:e (ie., upgradrot) data to de1ermiJe if there is a dillereD::e. COiqJ!ian:e m:mitoriog nBy 

require that m:an or peak. cou:enllati;ms not exceed a certain !mit w.lhin a prescribed confidem:e linD:. Thi!l Section 8.3.3 .2 presen!s statisti:al coocep1ll 
relevant to the design of an ARD l1'lliiitomg program Monitoring design should incbde evaluation of the statisti:alme1bods that will be tmed in data 
aoalysis. 

Sample VarilOOn.- Determination of sample variaOOn. is key to design of an efl:icm IIXlllU>riog program The three limns of saiqJie variaOOn. are as :tbllows: 

• Spatial- m:asurable difli:rences betwl:en stafuns 
• TeiqXIDJl- !nlasureable dillereD::es within a staOOn between SHDtJmg perDds 
• Instaolaneous - m:asurable dille.rences wil.hin a staOOn. during 1he Sa!nl saiqJiing pemd (includes "real' variaOOn. as wei as 8Jl8!yt£al and fieki eii'01'S) 

Variafun is determined by taking IDIII:iple SaiqJieS (over time, space, or bo1h tin: and space) am examioillg 1heir frequency distribuli:m CohOOn of single 
SaiqJies asSll!IZ:s no Dtaolaocous variabiliy. CohOOn ofrepli:ate SHDtJies is required to assess instanlaneous variability. Dilli:reoces betwl:en sites (spatial 
variltim), the 1ilrxlam:lnW basis of an iiqJact assesSinlllt., can be determined only when difli:rences wil.hin a site (instanlaneous variltim) are known. 

Frequeu:y DistributiJn- SaiqJie variao;:e and the shape of the li:equeDI:y dimbution IIIliSt be consmered in mmitoringprogram design becaU~e SaiqJle 
variao;:e am1be shape of1be fi'equm:y distrbul:ion determine the ID.JDDer ofsaiqJies needed to reach a predetermined confidence level :tbr estilmtes of 
m:an am peak values. Selection ofapproprilte statistUJ. procedures depends on the nature of the distribuli:m 

Stratiti;aOOn.- Strata are filctors that II8Y influco.:e the m:an or variao;:e of a parameter and II8Y be evident by a bimxlal or m.d:inxlda1 ftequeu:y 
dimDuli:m Et&ieot saiqJiiog designs are stratili:d accordmg to the dominant pattern of variation. For exail¥lle, mmitoring of ARD iDpacts to a stream 
II8Y be seasonal or fuw related. 

AutocorrelaOOn- AutocorrelaOOn (serial dependeo::e) lWit be consi:iered to determille optinBl SantJiiog ftequency, especially when l1IC8.Il c~timl 

are required. Accurate detenninafun of the m:an with 1he fi:west mmber of samples requires that the saii¥Jiing ftequeu:y be klw emugh so that each 
saiqJie is independent ofthe previous saiqJie. For sysle!ns with low autocorre\U:ion, saiqJiing fi'equm:y IIIliSt be high enough to achieve the desired 
conlilence lmits of the mean. lfi8h ftequeu:y saii¥Jiiog should be corducted dlrilg prelimimuy studies to detetmioe the degree ofauiDcoiielation. These 
data will abo indicate the durafun of peak. or minimDn valles, which II8Y be of interest in assessing enviromncntal effi:cts or impacts. 

At mine sites where ARD is occurriog, or suspected of~ an Deosive prelimimuy SHDtJlicg program that includes the steps listed in Table 8-3 is 
n:comDCIXied (MEND, 1990). 

Table 8-3: PrelimiDiuy llltemive SlllllpliDg Program 

S~p Evaluation Detcriptlon 

1 Preliminary Identification of al filctors that might influco.:e the Inlan or varilnce of ARD ~-
stratifk:aOOn Selection of temporal am spatial sbata. 

2 Cofilctors Identification offilctors that may in1luence the tnean and varim:e of1be data JDr incklsD.n 
in IIJJDitoricg program(e.g., flow). 
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3 IllstaotaJrous Collecthn of 4 to 6 replicate samples lOr each stra1a (terrporal or spatill). 
variatim 

4 Autocorrclatim Collecthn ofilliiD:['()l)S saii1'les wlhin each tim: slratum to evaluate short-term telqloml 
variation and lag tim: between ii:KlepeDieDt samples. COIJtimJous mm1miDg ofkey 
~ (pH and ekm:al conductivity) to correlate with other ARD piii'liiDlters 
m:asured at shorter tim: dervah. 

5 F~ Using 1be tim: interval between ii:KlepeDieDt samples (Step 4), collect a mirDnum of30 
di<ltributim and random samples during each tim: slratum to determine 1be frequem:y di<ltributim (1111Jre 
variao:e than 30 saii1'les are typicaBy required fin' mn-mnml distribufuns ). 

6 Mooitoring design Using1be prelilllimuydata and detioed cODirolcrilerla (e.g., coufilence limilll) optim2e 
opUmi'lJitim the JDJDitoring program S1rata iieoblixi in Step 1 shouki be ew1uated and reduced to 

those with unique m;:ans. Vlrilnces and/or frequem:y di<ltributims. Evaluate cofactor and 
varBblclwriablc relationships to nentifYreductim in piii'liiDlters. De1enninc s~~~:q~ling 
frequem:y from autocorrelation data. 

Top of this page 

Collection of saii1'les at 1be potential SOID'Ce of ARD proviles in1brmation on 1be onset of ARD and 1be l1lllgllilude of constiuent loadi:lg to the environment 
Sectim 8.4.1 describes the types of saii1'les (e.g., seepage, nmofl; or supemat.ant) typicaBy collected at difrerent ARD solll'Ces. 

Designs ofreceivmg enviromn:nt sampling locatims fin' ilqlact studies IDJSt consXier the approach that will be U!led to determine if a measurable ilqlact 1Bs 
occurred as a resuh ofmioiog activities (Table 8-4). These approaches vary in 1he selectim ofpremioing or rererence tmoitoring locatims. 

Tallie 8-4: :lq)act Asse11ment SlllllpliDg Location Designs 
No. Design Type Name Description 

1 Spatial CODiroJ:.Impact (CI) or Spatial con:parlson between re1erence sites (upgmdient) 
Upgmdient-Dowogradiem and potentially irq)acted sies ( dowugradi:nt) 

2 Terrpoml Befure...A11er (BA) Te.rrporal comparison between premioing (baselioe) and 
Dining data 

3 Spatial-Te.rrporal Befure... A11er-CODiroJ:. ffillact Include bo1h spatial and 1elrpora1 c~ 
(BACI) (combination ofl and 2) 

4 Spatial Gradient Spatial con:parlsons ak>og an Dentiliable contaminant 
gradient 

The tmSt robust study design!! :im:lude a 1elrpora1 and spatial coiqlOIICIIl (ie., Beilre-A11er-COD!rol-ffillact [BACI]) to compare mnilqlact vmnm 
potentially ilqlacted areas. Study design~ 1hat include conlrollrei:rence statims (ie., ControJ:.~act [CI] and BACI) are enhanced by the :im:lu.Um of 
llllkiple rererence statims (MEND, 1997). Upgradjent-dowogndjent design~ are typically erq~klyed at mille sites to ewbrte ARD release from prmuy 
sources. 

Rri:rence areas or locatims serve as additi.mal be.o:hn:mks (to baselioe data) agaicst whi:h to COiqJare sies exposed to COb. Characterizatim of 
refi:reme sites mJSt be adequate enough to distinglmh potential ARD efli:cts from na1ural variability or 1rends at the regimal scale, or bo1h Typically, 
refi:reme areas or locatims represent "the opti!ml range ofmiDimllly irqJaired coodlions 1hat can be achi:ved at sites anlicipated to be ecologi.:aBy sinilar" 
and sbouki be acceptable by local stakehoklers and appropriately represent re1erence coodlions (Knml:zberg et al., 2000). 

The media to be saii1lled (e.g., solids, water, or biologi.:al) and metb:lds ofsaii1lle colleetim will influeD;:e the selectim ofsampliog k>catims. Selectim of 
s~~~:q~ling locatims sboukl consider 1he illlowilg (if applicable): 

• lllclu.Um of cOJq>liaoce IIDilioriog k>catims ~ted in permits and ilcbion of upgradi:nt statims as early warniog of e1lects or irqJacts 
• Colocatim wlh histori:al sampliog k>catims to allow fbr direct comparison and evaluation ofterrpora11rends 
• Colocatim of s~~~:q~lcs fur difrerent mxlia (e.g., sedilmnt, water, benthic IIBCIOinvcrtebrates, plankton, or peq,hyton) as required ilr data analysii 
• The Illlllile:r ofbcatioul requi-ed to ensure characterizatim of spatial variability 
• Sa1i: and easy access during al saii1'1ilg periods 

8.3.3.4 Samping FreqaelltJ 

Deterrninalion of the appropriate saii1'1iog icqucn1:y fur ARD mmitoriJg ImJSt consider terrpoml variabii:y i:t acidity and metal release from SOID'Ces related 
to clinBtic conditions. DuriJg prolonged dry periods or ieezing condilinm, sulphide oxidation products w:iii8CCUIDllate wdhin solll'Ce mrterials. These dry 
periods are characterlzed by having sulliciem water available to support sulphide oxidation, but insullicieni water to 1lush the products of these reactions. 
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'filtJ!ulh''~ (e.g, !be filltnlidD.ahra proiDDFd dJyperiod.IIDOWIIdt, ora periJd oflhawiDg) ue s=nmJI¥clB1wllrill:d by bigharililyml high 
mclllloedm,. Ruooft'milllCePIF quality fiomARD 80\ln:es ~will not only be a fimc1ion of !be CCiq)08ilion ofnUrials, but 1180 !be~ CODIIct 
m. ~or 811Dll't'Bit ema cluruiDu. podion ill hydrograph. mlm siDce Jut bhiDg ema. 

~of~ftqucucy IWStCODSiderlbe clinUc CODdilioo8 at !be niDe *·For~. inlowprccq,illdon ~ 8JCeP1F fiom 
WIB1I: rock pia uay be ialr;twillrouto SeepiF cokclion uay ~ ncccl1D occur coD:111mlt wilh nlidD.~. Nltlnl.8))1iDp ay 1180 !ow 
~ml~lbetilliogof!owml~qualitylll0lli1DrillaaybeclepeDdeutonnlidD.~. 

~ Eti:ct-~ deecribe81be C)":li.: ~~:!adD• between coDCelllrUion mi!ow (tiaiug m~~~~~stab~ or fllliDa hydrograph). ~ 
sulphide oxidation pnldue111ue Alshccl wilh !be irBt ilsh ema. CoDceullltion8 iDmue u iulillmiDg ~ COIIIIc1ll mot~: 8111'ices. Jf&w ~ 
coiiCCIIII'Uion8 will mlllin stable or~ u stxm=cl ollida!ion produc1l decline. ~. coiiCCIIII'Uion8 clecrl=ue wilh Bll:ady or tiaiug !DWB due 1D 
decliaiug ~. At !be eud of !be C)":k, !be 801fte lllllmill.ill "WCD.tDcd m1 COIIIimlccl bhiDg on\Y canieelbe ARD proc1ucW beiug ~at !be 
m (Fp H). MuillunARD loads ue til=»~~:~ duriugiiiOderall: 1D bigh!DWB that»llowlow!owperiods (MEND, 1990). 

li1ple 8-4: Wute Stoelqlae Seepap Water Qaallty BJ~tensll 
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25 25 25 
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Allbougb Decl ftqucDcy 8lq)liDg i8 oibm Blipu!U:d ill llliDc pemill »r ~quality mi!ow IIIOlli1Drill&. fila:cl ftq,ucucy uay not satisfY !be IIIOlli1Drilla 
objeeti\'cs, p8llicularly if~ mean or peak CODCCIIIII!ion wlucs ue ~uin:d. Saq>ling ftqucDcy clesign should be bucd on !be moDiloriDg objectives 
that~ !be~ 81X111U)'Ofmcanml peak wlucs. 'Ibe ~ 8IX1I1UY limlill buccl on !be mapiludc of !be llliDitwmchaQ:s or~ 
(i.e., varim:e) that IIIIStbe dell:c1l:d (MEND. 1990). Accurall: moDiiDriogofpeakcolll:elllrations uay~ ~ moDilorillg. 'Ibe ~uin=d accuracy, 
m1 ~ lllldlerof~ ~uired. should consider !be ~risk U8CICiU:d wilhashort-lmnpeak value. 

'EIIicicm saq>lillg program~ue 81ratificclscconliua 1D !be doniDaDt pallml of variuion in !be dala'' (MEND, 1990). Se1110nsl811'Ui6cation »r 111011i1Drilla 
of ARD 80\ln:es i8 oibm ~. To csp!IR !be irBt bh event. !be moDi1DriDg 811rt cia=IWSt be texiblc mi clelmliDcd by !be on-a= ope!I!Dr. 
WbmmoDiloriii&ARD ~~:~ 1D a Ram. a&w-straliW ftq,um.:y uaybe adop~ 'Ibia Dlhod ill~ wbm~ ~noflmlllll 
los4iDa is ~uin=d. 

ConliDuous 111011i1Drilla ofVIIIm' quality p8liiiR1I or !ow ill alDOl that should be~ 1D de1mliDe ~ am~F m1 peak wlucs. Due 1D !be 
~ e&ct. a continuo1111 moDi1Driog device ay be !be only way 1D csp!IR peak colll:elllratio becculle peak coDCelllrUion is a fimc1ion of~ 
wea&r CODdilioo8 u 'WCD.u ~ nlidD.ml!ow CODdilioo8 (MEND, 1990). When poesible, coldinuoull ~of ARD inr1icalorpal'llllCim 
lllliD&probes (e.g., pHml elccmlconductivity) ~!be most~~ ofpeakml am~F wlucs. Allbouah 1bia IPPft*huay not 
be suitable »r ~ ofmetlla, com:!Uio1111 uay be cLmloped. Continuo1111 ~of~ lewis 'll8iDa a trallllt1ul:er sllow »r cration of a 
conlinuo1111 &w ~. For coldinuoull moDi1DriDg devices, !be time periJd OlW which dl!a ue real, aVCJWFCI, m1 ~ IWSt be clelmliDcd. At 
11:1110" 8b, inslllllliDn ofconlinuo1111111DIIi1Driog dm.:eeay not be prac1k:81 becculle of !be poeaibility oflm=Udowu.lbet. or VIDddsm. S)Rmclesign 
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m.JSt consider these tisues. In S~J.:h instances, employtnmt oflocal personnel to per1brm m:mitoring activities may be an ellpedient alternative. 

Monitomg iequeocy should consider the degree of autocorrelatim. For both flow am water quality, sklwer chaiJp in gnnmdwatm il comparilon to 
sudiice water qualityresuh typX:allyin a shorter time peri>d between surmce watm measuremenls than groundwatm measuremenls. Jncres.sed iequency 
may be appropriate i>r groundwater weDs kx:ated adjacent to sudiice water when groundwatm lcveb show a sudiice water i:dluence. 

Baseline Data Collection - The potential fur seasonal variability in background water quality, because of acidity and metal releases associated with h8tmi:al 
miDiDg or natural comliOOns (mineralized areas), should be consnered during 1be baseline data coktim. 

The ti:niDg of SIUJl)lillg eveniB should consider not only 1be potential i>r variability in ARD release, but abo variability in receptor sensitivity (e.g., ARD 
release during early stages of fish devebpm:nt). 

Top of~ page 

833.S SIIIDjiiJIII Mod!odo mdPralllcolo 

Selcction of appropriate SIUJl)lillg methods am protocob will depcmi on data requirements and will consider tiJctms such as site specific chanu:t.erim:s, 
perml requirements, and requi'ed accuracy and precimn. Wdten SOPs should be devebped and awilable fur re&elx:e. SOPs ensure 1be fullowing: 

• IIqllcnentatim of a UDifurm approach am metmdology 
• Conlicuity wlh cbangiog peiSOIIOel 
• Use of standard field :inms 
• Inclu.Um ofQA/QC procedures (e.g., decontamination) 
• Use of correct SIUJl)lillg equipment 
• Adherence to cmporate health and safi:ty requirements 

Table 8-S 1islll SOP refi:rences fur typi;:al data collectDn actiYD:s. 

Table 8-5: MoDitoriDg Aetlvtty Guldaoce 

Mollitoring 
Adivity Guidanc:e Referem:e WebLiDk 

ISO 5667 - Water htlp:llwww.iso.OilfJSOfJSO _catalogue/catalogue_ tt/catalogue _ detailhtm?cSIIIliOOer=33486 
Quality Sampling-
Part 3: Guidance on 
the Preservation and 
/kmdling of Water 
Samples 
(ISO, 2003) 

USGS - National Field htlp:/ /pubs. water. usgs.g;wltwri9A 
Manual for the 
Collection of Water-
Quality Data 

Water 
(USGS, wrirusly dated) 

Quality 
S&Jll)li:Jg AN7ECC/ARMCANZ htlp:llwww.milll:os.gov.aulpubli:aOOmiaustmlian _guidelines_ fur_ water_ quality_IIIliiitori:Jg_ and_ reporticg 

- Austmlian Guidemes 
fur water Quality 
Monitoring and 
Reporting (ANZECC 
am ARMCANZ, 2000) 

ACMER- A Guide to htlp:llwww.acnr:r.uq.eduau/pd:llications/attachiD:nts/WQGTableoiContents.pdf 
the Applialtion of the 
ANZECCIARMCANZ 
Water Quality 
Guidelines in the 
M'rne:rals Industry 
(Batley et al, 2003) 

Water USEPA- Sampling htlp:/lwww.ecy.wa.goWplognunslwqlwastewaterlm:1hod_1669.pdf 
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Quality Ambient Water for 
Saiq>mg- Trace Metals at EP .A. 
Low Level Water Quality Criteria 

Metak Levels (USEPA, 1996) 
Anal)U 

USEPA- Ground- bt1p'/lwww.epa.gov/tioltsp/downbadlgw_sampliog__guide.pdf 
Water Sampling 
Guidelines for 
Superfund and RCRA 
Project Managera 
(Y eskil and Zaw1a, 
2002) 

ISO 5667 - Water bt1p:/lwww.iso.orWisolilo _ cataloguelcatak:Jgue _ tc/catalogue _ detaihlm?cSIIIIIIDer=29025 
Quality Sampling-
Part 18: Guidance on 
Sampling of 
Groundwater at 
Contaminated Sites 
(ISO, 2001) 

GroUDdwater 
Saiq>mg 

NEPC - Schedule B (2) bt1p'/lwww.eplx:.gov.aulnepml 
Guideline on Data 
Collection, Sample 
Desig1l and Reporting 
(NEPC, 1999)(ilchxles 
i:JfuJmlmn on soil 
sampling) 

ASJN2S - Water bt1p'/liniDstore.sajgbbal.com'store/detaik.aspx?ProductiD= 387183 
Quality Sampling. Part 
11: Guidance on 
Sampling of 
Groundwaters 
(ASJNZS, 1998) 

Sudilce ISO 5667 - Water bt1p'/lwww.iso.orWisolilo_catalogue/catak:Jgue_tc/catalogue_detaihlm?cSIIIIIIDer=34815 
Water Quality Sampling-

Saiq>lilg Part 6: Guidance on 
Sampling of Rivers and 
Streams (ISO, 2005) 

Gas TlliDSfi:r MEND -Field bt1p'/lwww.m:ol-nedem.or¢eport&/filt:sf7.5.pdf 
Procedures MatiUill 
Gas Transfer 
Measurements 
(MEND, 1993) 

Tailings MEND -Field bt1p:/lwww .m:oi-nedem.orWreports/categori:s-e.aspx?cat _ id= 10 
Monitoril!g Sampling Manual for 

Reactive Sulphide 
Tailings (MEND, 
1989) 

Receptor APIWAWAAIWEF- bltp:/lwww.apha.m-W 
Monitoril!g Standard Methods for 

the &amination of 
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1.3.3.6 Amolytn 

Water and Wastewater 
(23nl Editi.m) 
(APHA/AW~. 
2007) 

ASTM -Annual Book hllp:/lwww.astmorWinfiex.shlml 
of ASTM Standards-
Section II - Water and 
Environmental 
Technology (ASIM, 
2007) 

For an chemicalll!lalyses, the IIDniloring program should ilemifY the analyres fur an m:dia of mrest (e.g., water, sedio:Jmt or mine waste) at each sampliog 
location. The parameters typir.:all:y ofiiDst relewnce fur water saiiJlles collected i>r ARD mmitoringprogram1 are the fullowing: pH, (acidity or alkalinity, 
or both), elccri:al. co~, IIIlll sulphate am m:tals ofiotcrest as determD:d fur a parti:ulllr sire during characterization (Chapter 4). Sulphate, pH, IIIlll 
elcc1rical co~ are imicator pailliD:ters that arc used to monitor the onset of ARD, as descmed in Chapters 2 am 4. 

Detennination of the analytes fur water quality S3lll'les should comider the illlowing: 

• Rclevatt regulatory guide!D:s (e.g., aqua.ti: lifi:, potable water, amidegmdation) 
• COis idenli6ed duriDgpredktive ~ testiDg (see Chapter 4 aod Chapter 5) 
• Rcqurem.mts fur predi;tive geochemical IIDdeling (i.e., ~chemical analyses) 
• lnclllmn of analytes fur QA/QC evaluatiom (e.g., major Dill fur cak:ulation of ion balm:es) 
• Inclllmn ofanalytes that ImdifYtoxic1y (e.g., pH, hardness, di!solved organic cazbon) 
• Amlyti;:al hoklmg tim:s (at reiiDte sites, 1raosport mdlllllllysil of samples wilbiJ. accep1able hokiing tim:s may not be Ji:asille) 
• Appropriate parameter state (e.g., di!.solved, total or total recoverable m:tals lllllllysil; h:e, weak acid di!.socl!ble [WAD], or total cyanae analysis) 
• lnclllmn of chcmicals nroduced during uinemJ. procesmg or emaction (e.g., nitrogen species fimn blastng agents) 
• lnclllmn of in situ fiell analyses (e.g., pH, redox, elecbi:al comluctivity, tempemture, alkalitty, dmsolved oxygen, tu!bidity) 
• Inclllmn of mliobgi:al pailliD:ters 
• Cofilctor or variable/variable relatimships opportunlies to reduce the analyte list 

Water samplilg SOPs should incbde infutiDltion on appropriate Slllqlle contaioers, preservation methods, am storage tim:s. 

Guilelincs i>r selccfun of parameters in receiving waters fur early idenli&:ation of a release are listed bebw (Maxfiellmd Mair, 1995): 

• Fate aod Tnmsport- Are IIDhile (i.e., UDlikely to be retarded in sudilce water am grouodwater), stable, aod persiitellt 
• Baseline Cotldifimj - Do DOt exbibit sigoifk:am natural variabili1y in backgroucd. com:entratiom 
• AuUysis - Are easy to detect am DOt subject to significant saiiJlling IIIlll analyli:al inter&ences 
• QA/QC -Are cmmDn laboratory or fiell contaminants 

Top of tim page 

1.3.3.7 UbondurySdee1iaa 

Laboratory seklcfun is a priiimy consoeration in successful nq,bomlation of a IIDniloring program because oftbc laboratory's role in generation of an 
accurate IIIlll defi:nsible data set Issues ilr comidemtion in laboratory seklcfun incbde the fullowing: 

• Location(shippmgcosts IIIlll Slllqlle deliverywlbinhokmgtimes) 
• Reporting limits (Rcportiog limits DIISt be bw emugh to albw comparison to applicable guiielines/stiiilllanis.) 
• Scope of servi::es (water analyses, geochemi;al testing) 
• QAIQC (laboratory SOPs, level ofQAIQC reporting) 
• Servi;:e (tum-aroUDd tim:s, electrorm: reporting, report CIBtomi2ation, IIIlll respomiveness) 
• Accredlation 
• Cost 

On-Site Laboratory Analyses - Two advantages of on-site analys~ are lilvorable economics IIIlll irqm>ved decision-making capabilities due to rapid turn 
aroUDd. The required aoalytical precisDn IIIlll accuracy must be couWerc:d in the seklcfun of any laboratory, D:luding the decismn to analy2l: S3lll'les in
hou!ie. An in-house laboratory may DOt be capable of llllllly7jng key ARD plll'llm\lters to the required levels of detection 

Analytical accuracy bas IIOIIIelimes been overetq>basfmd as a pmrity in ARD mmitolilg. Jn reality, tbe day to day variations ocCUlriJg in sur&ce water are 
usmlly much greater tban the resulls fimn an on-sie laboratory versus a COIIliJ1li"Ciallaboratory (MEND, 1990). On-site analysis often albws fur :i:Jcreased 
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S8111>1ingftequency. Verification of on-sit< n:sulm can be achieved bysubmilsionofsplit ._les wan accre<Jm:d comm:rciallabora1ory. For som: 
mmloriDg objectiws, ""' of an on-site labomW>y lillY mt be appropriate ( e.s, IIIIIllysi! of samples requmg high precisDn 8Ild low detectim Imts, ,_1e 
IIIIIllysi! 1i>r regula1ory reporting). 

Top of1his page 

8.3.3.8 QuaUtyAssurmee/Qu.u.tyColltrol 

The reliability of asses""'""' made from a data set depends on 1he accuracy of1he data set To ensure colk:ction of da1a ofknown 8Ild dereosible quality, 
QA 8Ild QC opemticg procedun:s are irq>lemonted. F.leDEJts of a QAPP 8Ild specific iolimmtion indxled !Dr each are listed below (USEP A, 200 I): 

• Project Mallagem.mt- specific roles 8Ild responsDilities of1he project team, personnel qualilications 8Ild 1nlining requirements, DQO, 8Ild 
periDrmmce criteria 

• Data Generation 8Ild Acquisiion- SOPs i>r data oollection, m:asurement 8Ild analysis, S8111>ie b8Ildling 8Ild cus1Ddy, analytical me11Jods, labomW>y 
8Ild fiell quality como! activities (e.s, blanks, dupb.,, laboratory como!,_les) 8Ild required comolliwils 8Ild oorrec1:M> actions, instrwnem 
ca1bration m:l majnten!UV':e, m:l data IlltDtl.gellKmt 

• Assessment 8Ild Oversight - OOIT!lonenta 8Ild schedule 1i>r perlbnnance auruts, response actioos 1i>r deficiencies 8Ild nonconfimning activities 
• Data Validatimand Usability- criteria :lbr data:reWm> and wlidation 

For - quality analyses, selection of a labora1ory 8Ild appropriate analytical me1IJoda w achieve 1he required reporting liwils is an inportant srep in 
generation of a useful data Bel When project requirem.mls inchxle very low 1race mota! reporting linils, appropriate liekl procedures 1111St be errployed w 
avoid sanplc cootamination. The USEP A provides guiiance on collectim of a:nbient water sanp1es usmg ultra-clean techniques fur klw-level Imtal ~ 
(USEPA, 1996). 

Top of1his page 

8.3.3.911elllth IUldSIIfety 

Health and safety :factors IlllS1: be considered in the design ani i:nplenE!tatim of the mmiloring program For exauple, san:pling should not be mmdated 
(by managers or by regula1ory autborities) wben such activiies oould pose a daoger w human heabh. It is manda1ory nowedays 1hlt enviromn:nlal IlllnBgers 
develop 8Ild provile a budget i>r a heallh 8Ild """r plan bei>re ._ling is initiated. 

Personnel tasked wilh collectim ofsatll)les from source areas, :in particular waste rock piles, shoukl be aware of the potential :lOr oxygen de:ficm 
conditions because of su\>hile oxidation 8Ild cmbonate neutra];zation reactioos. ClimatK: oonditions, including temperature diffi:rentials between air 8Ild 
waste rock mcilities 8Ild shaip dreps in b~ pressures, have resulted in outflows of oxygen-depleted air from a waste pil:. S8111>ling locations sbould 
be sited in areas where 1here are no liwilstions w 1he mixing of out-!lowing gases with 1he surromxling area. Furilier inli>rmation on 1he air quality hazards 
associated with waste rock stockpiles m presented in Phillip et al (2008) who describe the inciient at the Sullivan Mine in British Coluni>ia, Canada. 
Sarnpling of ooal waste piles lillY require es1ablishm:nt of speciali'a:d heallh 8Ild safi:ly proroools w address bureing waste or 1he potential i>r spomneous 
oonbustion. Similarly, mcilities that are conducive w generation ofhydrogen sulphide (H2S) gas (e.s, treatm:m systems 1hat inchxle use ofsu\>hate 
reduction) should be approached with caution. 
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8.3A Data Management and lntetpretatlon 

Data managem.mt procedun:s i>r a project are inchxled in 1he QAPP 8Ild should incloda standard recordkeeping procedun:s, document como' 8Ild 1he 
approach i>r electronic srorage 8Ild retrieval. Procedures 1111St ensun: da1a accessibility w users wihlut compromising da1a security 8Ild integrity. The data 
IlltDtl.gellKmt sys- should be capable of integrating various file furmats (e.s, phoros, drawings, 8Ild labomW>y data) 8Ild inli>nmtion from dilli:reut 
disciplines (e.s, hydrology, hydrogeology, 8Ild water quality). Use of a database with a GIS interlilce is reooonneuded 

Ongoing data ewluation is requited w assess data quality 8Ild provile li:edback w enviromn:nlal IlltDtl.gellKmt systems. Reasons !Dr ongoing data 
evaloation include, but are not reslricted w 1he li>llowing; 

• Statistical analysis to Klentity changes in envro111Dmtal conditions (e.g., a change in water or sedimmt quality) relative to baseli:Jc or background 
conditions 

(see Section 8.3.3.2). 

• Evaluation of water quality lrends w identiJY1he onset of ARD. Graphieal roo Is should be errployed w evaluate temporallrends 8Ild w ensure early 
ideerilication of any l1llOliBious results. F~ assessment 8Ild 1rend analysis of ARD indieaWr paraimlers (le., pH, S04, alkalinity, 8Ild me1als of 
interest) is required to ensure early identification of the onset of .ARD. 

• Evaluation of water quality lrends w datemDne 1he need fur addiional mmitoring locations or increase/decrease in ._ling frequency. 
• A tiered IDJili1oring approach may be adopted with respect w ._ling locations, frequency, or analytes. This approach may incbxle es1ablishing 

1rigger le>els !Dr key parameters. If a tiered mmitoring approach has been agreed upon, ongoing data !Tll•agem.mt is essential w ensure appropriate 
irq>lemeotation of tiering. For exarq~le, - quality m>nilming nmy incbxle m:asurement of indicaror paraim1ers ( e.s, sulphate, pH, 8Ild ek:ctrical 
oonductiviy) w identiJY1he onset of ARD li>!lowed by inclosinn ofaddiionalme1als i>!lowirlg es1ablishm:nt of ARD. For parameters with water 
quality guidelines, a trigger le>el lilly be established at a wloe below 1he - quality guideline w provile an early warning of possible future 
exceedances. 
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• Rcguluupdaa 1D the DSM 1D..., perjmDm:e with ~10~11111. 

Fp ~S shoVr'I!IIJICePIF Wllm' quality data iom two W1B11: rock cluqla OlW a six-)at period. 'I'beee araphll illustru: the olllllet of ARD, ~ 
by decliocs in pH and iocreues in mc111 and ~ CODCe!III'Uioll. SCCJ18F pH r=aincd Dear DCUIIIlmr a lllllliler of )all beiH'e acidic CODdiliolllll 
w= estlbliabecl. 'Ibe v.ur quality ciUa in Fp B-S show lbat Wliaity, u oppoeecl1D pH. uay be a beam' q a indi:alDr of the OIIIICt of ARD. At 
this s=. the clownwanltmld in WliDity is evideut be»~ the clownwanltmld in pH. 'I'beee arapha filrtber ~the iqlonm:e offtqUC!It 
IIIODiiDriDa 1D cap!IR 8JCUODI1 variability in ~quality CODdiliolllll and the,. of grapha111:dmiqucs 1D idellliiY anomaloulll wlucs (see 2iDc ciUa in Fijpft 
11-S). 

Main W: Wute Rock Seepap Water Quality Tnadt (pB, Alkalllllty, SOt, Cu, IIIII 7a) 
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ARD monilorillg r-=quin:mcml wiii.CYOm: o~ a mioe'slii:. Regular miew of the molliiDrillgprogramilll ~ 1D eusun: lbat objecliws ~~~: beiog 
iblfillcd. 'Ibe ~ and8Chcdulc mrprogramcudb 111: includcclin 1bc projcctQAPP. Audb uaybe perimDcd byildmlalor~pe!IODIIel; 
uaiDa both ildlmlal.ml eDmlll.pe1101111elill desirlblc. PerioU: eDmlll.cudill by lbinl puti=s lllow »r a 'hi~ look" by eom:oDC wbo ill mDDvcd iom 
day-.day activilics. EwluUion oflaboralmy periHmm:e should be includecl in sudb. 

To_p of this P1F 

8.4 Mollitoriog Program Compoaea 

Soun:e and pathway moDiiDriDg ~ 1bc lomlofoonl!lnination ~in 1bc ~ envirotlmcDt. A 'Wmlaninant' illl ddiDccl in this GARD Guide 
u asubslm:e DOt DOrmally~(e.g.,low _pH) oru asubslm:e ~above baclc&rotmd or~ lc\'Cis (e.g., a mclllormclllloid). To 
dclmliDe wllctbcr or DOt lbat C(>DI!!mjnat;ion ill caplblc ofcauaiug an d:ct.tbe ildme1iolllll between CliPCI8IR (iomCOis) ml e&d&1D n:ce_p1Dll of 
po=tial CODI:el!llll: ewluu:cl. Ife&c111~~~: shown1D occur, or ife&c111 uay occur, then a delmlioation llll8t be made u1D wbelber or DOt tboee e&c1ll 
could become~-

An e&ct is ddiDcclu anallmtion 1D a wluecl CC08)'811mlcon.,onent(VEC) lbatcan be positive. neptive, orneulrll(e.g., Cuand Zn ~~~: C88CIIIiai.IDCIII8 
1hat can have posilive u welluDCpoe e&c1l on b»ll, clcpendiDg on CODCCDIIUon). An iq)act ill an d:ct 1hat 14\'CI'8ely a&cts 1bc procluctivity or 
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viabili.y of aVEC co~ or populafun ofVEC organisrm. The possibilicy of impact. is 1he primuy lOcus ofmmiaring. not eflec1g ro individual 
organimll, except in the case of endangered species or humans, where a greater level of protection of iodiv:ilW lillY be required 

In tenns of ARD, 1he lOcus is oo 1he fi>llowing JOur primuy potential adverse eflec1g, wlx:n of sullicient severicy, cao result in populafun-level irr!>ac1>: 

• Lowered pH 
• Increased su\lhate ion concentratioos 
• lllcreased concenlrations ofbioawilable motals and motalloils 
• Procipilation of me1al b)<lroxides (reduced bsbilot and oxygen supply) 

Top of1his page 

8.4.1 Acid Rock Draillage Soun::es 

The primuy lOcus of ARD soun;e monilnring is typically ro provile an early warning ofARD release. In Sections 8.4.l.l 1hrougb 8.4.1.3 a nuni>er of 
individual potential sources 1br ARD and specili: monilnring requrements are described. 

Top of1his page 

8A.l.l Moe Workillg1 

S~ miJorals exposed ro 1he atm>spbere in underground woikings and open pits are a potential source ofARD. During operations, dewateriog 
program~ (Ie!IXMII ofgroundwarer wilh wells and s-s) minini2e groundwarer interaction. When mining ceases, llooding of mine worl<ings may 1lJsh 
srored oxilation products from pit and mine walls. Backfill materials ( e.s. waste rock and tailinjjs) may aJ.o contribute motals and aciliy ro a mim: pool or 
pit lake. 

Hydroplogic sire conWtions IWSt be considered in 1he d...,lopmem ofa monilnringprogtlllll fi>r underground wmki:Jgo. Below-dndnsge (ie., fully 
flooded) mines rend ro bsvo a finilclifi: fi>r acn mine drainsge discharge whereas acid mine dndnsge from abovo-dndnsge (partially flooded mines) may 
pemist fi>r decades, or longer, depending upon 1he exposore and reactivity ofacn generating walls (IJemobsk et al, 2004). Peak conWninant 
cou:ent:Iations gmeml1y occur duri:Jg the first :Oush because of the rinsing ofaccumJlated sulphide o:xila.tion products. During water table rebound, 
underground workings may transition from a groundwarer si:lk ro a groundwarer source. 

An undeiS!aiJdfug of1he pit lake wa1er balam:e is n:quired ro determine if a ph lake will fi>rm and if1he ph will be a b)<lrologic souroe or sick. 

W arer Quality Monitoring- During operations, collection of._ and dewatering wen saJr!lles proviles a direct assessment of ARD. During pit flooding, 
collectim of 881q)1es :from the mine poo~ surface expressiJm, and within the pit Jake proviies source characteriza.tion. 

A cbemocline or 1hermocline IDly d....lop in open phs and underground wnlki!gl. Collection ofwarer quality s-k:s ro assess 1he presence of a 
cbemocline and evaluate cbsnges in chemistry will depth may be sppropriste. 

Hydroingic Monitoring-During operations, dewateringwlumes and infi>rllllfun ro estilmte 1he sill: of1he wid created by mining (ie., wlume of material 
remJved) sboukl be recorded. This mimmtim is used to estimate tirm to water table rebouoi fullowiog cessatim of dewatering activities. Duriog water 
mbk: rebound, warer leveh within 1he pit, underground worlrings, or dewatering wells are tronilored ro evaluate 1he rate ofwarer-mbk: rebound This warer
level infi>rllllfun is required ro estilmte 1he timilg and incafun of possible discharges ro 1he envitnmD:nt (e.s, warer discharge from underground adire or 
sha1ls or discharge from a ph lake). 

ARD Process Monitoring - Wan washing tes1s may be conducted ro provide data on sulphide oxilation rates and me1allesching from nine and pit walls 
(Pboro 8-l) (Price, 1997). 

Photo 8-1: CoRection of a Wall Wasbillg SBJqJle from a Pit Face 
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TopoflDPIF 

wu= RICk pibl ~ ~ de8cribc4 u ll=roFDCOua. couaistil!g of a llliiiiR of RICk typee wilh variable ARD po1mill.ml a IIIIF ofparD:Ic Ilia. In 
110me cues. operationalc~ (e.g., 1D11lsulphur ml NP anqg) ofW1B11: RICk nay be co~ 1D se~~ v.v11: rock on lbe bail of 
ARD po=mal ~lion islbe primary~ 110un:e moviDg duvugh lU WIB1I:. TypicalCCiq)ODCDIII of a WIB1I: rock moniiDrillaprogram~ IRd in 
Table 11-6. 

Objecdn Data Collectlrm MedlociiiDitnmem :am ..... 
Pon:~-~ ~vacuum 

ARDiML 
Zouc (N.ldDn)~ 

leacbils -Wlller Pon: ~- 8ltUI'Ill:cl21011e ~· quality RuDoff Weirl 

SeePIF Weirllwellll 

Pn:cipiladon RainPUF 

(ACMER, 2000) 
ID:Iillration ,_ Gravity~ Metbocl P-001 

wm-penliC8bility lnfillrationlalug 1I:S1II 

Neulronprobe 
Moislun:~ T'lllll>domain 

Wakrflow 
Rdec1romelry ('IDR) 

Teuaiounr 
Man: N.l1iDn 'Ibermalcondul:livity 

Se11110r 

So·~~ 
eun'C I..lboralD!y 1l:8t 

U~(~) 

~ couduc1ivity I..lboralD!y 1l:8t 

(ACMER. 2000) 
Metbocl P-002 
(probe inslaiiUion) 

T~(proSe) 'Ibemis1Dr 8lriDp mlP-003 

ARDiML (ACMER, 2000) 
p!OCQIIII Oli,YFD (proSe) wenpsporlll P-006 
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Photo 8-1: Collection of a Wall Washing Sample from a Pit Face
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W.tfl' 0Jtlllty MMitt11'1"6- Collcc1ion and anqu ofv.ur ~provides a cliiM •• :amcnt oflbc ODIICt or maguiludc of ARD wilbin a '\fiU1I: 
rock icility. Cokclion ofv.ur llllq)ks uay include 11iCeJN1F (~ collcc1rld at 1bc 111e oflbc ~). nlllOit and po~~: v.ur fiom wilbin 1bc ~. Po~~: 
v.ur ~a~~: collcc1l:d usiDg ~or pi:mmc1m iom 1bc 1lll8ltlll'all: and~ portiolla oflbc pile,~. Lysimc1m ay al8o be 
u.ec110 IIICUUII: v.ur volumes 10 ~ ildibrUion 1111=8 (Pho10 ~2). A IJICUO!IIlly 81rUificclllllq)qprogramis appropU i>r collcc1ion ofv.ur 
llllq)a. 

lly~~Wqglc MMitt11'1"6- 'Ibc l'IIIF ofparticlc 8ia:s in a '\fiU1I: rock~ corqilicaa lllCIBimiiCDt or cstinUon ofinfillrUou. we=-ildibrUion 1hrough 
'\fiU1I: rock is a coiiDiDadon oflllllrilt !ow ml pa~~:Diill&w. Bestp!IC1i.:e8 i>r ~ of'\f1U11: rock pibl10 qulllli(y by ildibrUion proce88C8 

a~~: still. in dewiDpmcnt; bolWW!', 1bc Jllllllll*l'8 oflll08t int=st inc~ ofb,ydropo»p; CODdilioDa a~~:~ COllll:llt, man: 811C1iDD, 80&
..-r ~ cum:s, and UIIIII!UI'Ill:d hydnadic conductivity (Snidl and Beckie, 2003). lnlillrUon is IIICaBIIn=cl dftcdy duough iaslllla!ion of 
~ wilbin lbcpile . 

.4RD hrH:al JltHclttll'l~~g- WIBII: rock moDilorillg uay al8o include cokclion ofc!m.10 evaluall: 1bc ra= or 8IIJU8 of ARD i>r ~ evalua!ions. 
'Ibc awillbility ml11'1118port ofol!IYFD 10 ractiYe sulphides coulrola 1bc ~of sulphide ollidaliou. ~ ~ oflbc ra= of8Uiphide ollidalion 
wilbin a '\fiU1I: rock~~ an underBtaDdillg of ps traDd:r mccbaninns wilbin 1bc pile (ie., dibion ml adwction) (see Chap=-2 i>r mo~~: 
detail on 1bc ARD proce88). To ddnc psiii!Dr, 1bc i>llowiog bulk~ Jllllllll*l'8 nut be DlCIBUI'Cd: lbcrmalCODductivity, ps dillbsion coefficient, 
ml ps pena:ability. MEND (lm) and ACMER(2000)provide illimllmonon&lll pniCCCI\ft8 i>r~and collcc1ionofdm.10 ~ ps 
~~~!Dr Tal* H. 
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Streamflow 
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Pyrb olliduion is an exo~ raclion lbat COII81IDieS OJtYFIL MeasumneDII of~ and OX)'FII proib witbin a Vo'IB1I: rock~ provide an 
iDdirect mcana111 ... die ra= of sulphide olliduiDn witbin a Vo'IB1I: rock facility.-ARD is wellesllblisbcd. 'Ibil mcdJod is applic8blc providccldle ~ 
does DOt coDIIiD olbcr ollidillble IDilmill(e.g., carbollll.lCOIIIIDilmill). 

Top of til P1F 

TaiJiDall ~ dillchalpl111 81DfiF icililic8 by Ill= Dlboda: subaerial.ahll!y, subaqueous. or d!y dcpodioD. Co~ 111 Vo'IB1I: rock.lliliDall ~ 
boiDOpo111 wilh a~ consis1l:nt distriblllion of acid~ and acid~ nU!ial8; bo~. ifueociu:cl wilh a particular 8 ill;1ion. 
se~pn nay occur durillg dcpodioD. 'I'be fiDe particle * oflliliDall raub in low jiCI!IlC8bility 111 OX)'FII ml Vllll:r. 

Spaial~ in sulphide~ and~ Vllll:rqualityiiiiStbe CO!I8idmd in die desi&nofa TSF moniiDrillgprogt~~~~. Taili¥ IIIOistiR con~~:ntilll a 
primary conlrolon die ra= ofolt)'FII dillbsion iniD 1liliDp mllherdm: die ra= of sulphide oxiduion. Sulphide oxidUon is typically~ 111 die 
uppenlll8t 1liliDall expoecd 111 die amnph=. Shallow acil& po~~: Vllll:r nay be~ u it lliaJ'U:8 downwanllbrough die lliliDall· Tai!i¥ pore 
Vllll:r quality illllberdm: typi:aJb' ~variable with dep1b. 'I'be 1imc »r aciD.: 8CCPIF 111 Clllllllll: iom die bue of sulphide 1lililljll will be a mn.:tion of 
bolh die ~of die 1liliDall (ie.,dle Msive rea and &IDDUIItofacid pcrUion by sulphide olliduionand acid~ bydis8olulionofniomla 
with bufbil!a capedy) and die travelmlbrough die lliliDall· 'I'be cluration ofd:cul tom sulphide olliduion iom 1liliDall can I'IDF iomdccadee (e.g., 
1lililljll wilh a low sulphide con11:nt and ahallow Vllll:r 1lblc in die 1lililljll) 111 cenlllli:s (e.g.,1lililljll with a hiah sulphide con11:nt and deep Vllll:r table) 
(BiolWI et al, 2003). Typal.~ of a 1liliDall moDilorillg program~ Win Table ~ 7. 

Tabil 8-7: Coq10:aellll of~ Sto~e Fadllty Mo!dlo!flll ~ 

Objective Data Collection Methocl/lllltnmelll 

ARDiML lcachiDa Po~~: ~ \lll88!lnlrlcl210ue Co~~: lllq)le exlraC1ion (e.g., CCIIIri&lpliDu. 
Vllll:r quality ~COD80iiduion-~~ Vllll:r 

displacemellt) 

Po~~: Vllll:r-8I!UIIll:d 21011e Suction~ 

Rlmojf Weill 

Scep~F Weirs.'MII8 

wa=r cover (subeq_UCOUIII clispoal) 

Wa=r:llow ~ coudue1ivity EBiilllamd fiomsrain 8, slug 11:8111 or~ 
11:8111 

~bce4 W-=rllml~inpi=IIR!rlwell8 

polld elevuion(~ clispoal) 
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Figure 8-6: Sprint Thaw Stream Concentration and Loading Trends (March 23 to June 22)
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Air pemEability Porosity 

ARDIML process Moisture cantent Neutton probe 

Poregas02 wen gas ports 

Time dmminre1lccttom:tty (IDR) 

Wmer Quality MDnitorlng- Collecfun and a.nalysi'l of water lllllrqlles pJ'OVKles a direct assessment of the onset or 11llgllilude of ARD wilbin the taili!lgol. 
Collection of water lllllrqlles fium a~ ~ IIBY D:lude (smq>lc types IIBymt be applicable tD an TSF designs) ~ slurry watm fium the 
point of diichlrge, tailiDgol pore watm, tailiDgol polXi supernatant (subaqueous disposal), tailings seepage ( embank:m:nt or fium collecfun drains), and tailings 
ruoolt: 

Di1lilrent methods IIBY be used to collect tailillgs pore water fium the unsaturated and saturated 2lliiCS (Table 8-7). Collection of pore water smq>lcs with 
depth allows evaluatim of current con:1itions and also allows the progressnn of acidification fiunls through the tailings. DifiCrences in geochemical coodilions 
at depth DBY result in enhanced 1mbility of som: comtitucnls (e.g., reductive dilsolution resuhing :i:J. arsenK: release). Thcrcilre, water quality resub fium 
shallow pore water or tailings pond supernatant IIBY not identilY an COis. Collecfun of tailings pond supernatant shoukl al!o consider the potential fur 
wrti:al sii'atilkatXm. 

Determination of the analyte IBt shoukl consiier D:lusnn ofbeneficiltion process ch:mical<l (e.g., cyanide). If the TSF is used filr codisposal of other was1e 

lllllteriak, im:lusbn of additDoal analytes DBY be approprirte. 

During operations, milling processes can produce thiosab, especially fium pyrrhotite ores. These thiosab l8Ually report tD tailings and can be the source of 
addilional concerns related to the further oxidatim to sulphate, whi:b bo1h bwers the pH and COIIIU!IES oxygen. 1'a.ilio8JI fium these reactive ores shoukl be 
mmtored ilr 1hiosal: presence and fur the associated oxidatim oftbese 1hiosa.lls and its potential eflect on tailiDgol water quality and the environment (see 
Chapter 2 ilr additDoal inilrmation on thiosalts ). 

In the case of subaqueous disposal in a lake or the nmine ~ additDoal m:mitoringrequirem::nls are related to sedim:nt quality and Simtbering of 
sedim:nts and the potemial filr lateral and wrti:al diltribub>n (ie., upwellilg) oftaililg-related water. 

IT;ytbopologic Monitoring - The hydrogeok.lgic COIIdtiom wilbin a TSF are controlled by taililgs grain size and depositional histocy. Measurei!Ilnls of 
hydrauli: bead and hydrauli: coo:Jucti.vily can be used to estimte the rate of water Imvemeot 1hrougb the tailings. Geoc~al clmacter6tics of the pore 
water DBY also serve as tracers to estin:Bte the rate of water IIIOVCIIEIII: (Bbwes et al., 2003). 

ARD Procen MDIIitorlng- Tlrllilgs soils smq>lilg and analysis DBY be conducted during operations to cbaracteri:ze changes in tbe was1e ~ositbn 
and acid base accolllllilg. Data collection to support predictive sulphide oxidation 1110deling and verificatim and filr perinmanl:e mmtoriog of mitigatim 
measures (e.g., covers) IIBY illclude Im:isture cantent profiles, porosiy, and pore gas oxygen cmx:entratims. 

Top of tim page 

8.4.1 Pathways 

The goals of pathway Imnitming DBY D:lude c1macrerizatim of current collllitiom, assessm:nt of fide and tmnsport of CO Is, and es1:inmtKm of 
conlami:lant bading. Sur&ce water and groundwater are the prirnuypathwa}'!l of interest fur impacts fiumARD sources. 

MD discharges DBY ioclude both cODirollcd releases ofefllJem (e.g., water treatmmt plant efllueDt discharge) and Imre d&e releases (ruooffand 
seepage fium was1e fiu:ilities ). ARD discharge occurs wilbilthe mine property bomdary where ilitial mixing with sur&ce water or groUDdwater occurs. The 
COl lilly eveotually migrate to the property or ~liance bolllldary and beyond. 

Top of tim page 

1.4.2.1 Slll'faceWIIIer(Sirealm uuiSodmeut) 

Water Quality- BACI (see Table 8-4) is the preii:m:d mmitor:i:J.g klcatim design i>r stream water quality mmitori:Jg. Exposure ststiom shmld be sl:ed 
near ARD sources or e:flluent discharges where ~Jete mimg is achieved. Collectnn ofllllltiple Slllq)les along the width of the stream will a1bw i>r an 
assessm:nt ofwlfm.statim variao:e and the degree ofmimg. Evaluation of the transport of CO Is downstream of a source requires collection ofsmq>les 
upstream BDi downstream of surlilce water infklws. 

Fbw-stratified smq>lillg is ohn appropriate. Figure 8-6 shows streamfuw 8Ild cou:eolratbn trends (dissolved copper and cobalt) doWIIltream ofmlltiplc 
ARD sources (TSF and waste rock). These data iDustrate that concentmtim trends filr param:ters IIBY difli:r, resuhing fiumdifiCrences in bo1h source 
release and transport wilbin the receivicg enviroJ:Dnmt (ie., dilJhing degrees of atteouatim). 

Collection of smq>lcs can be comucted IIBil1ll1lly or with aulo!mtic prognuDIDlble Slllq)lm's. Manual collect:im albws inl~Mdilte determination offillld 
param:ters and submiss:i:J.n of smq>lcs fur analysis. Programmable smq>lers allow collecfun of Dllliplc smq>les over ~ and can be used to capture 
mpredi;:table events (e.g., storm flush). The poteiJtial ilr damage to the automatic sampler duricg fbod events shoukl be considered when sil:icg the 
equipment The eflilcts of a delay between ssmple collecfun and analysis an: a potential diladvantage of aulo!mted lllllrqllers. Collection of grab smq>les is 
approprilte filr fully mixed S}'Stelm. Composl:e s~les (e.g., fbw weighted) can be collccted if COiqllete mimg has not been achieved. 

Diel (24-hour) smq>li:Jg IIBY be required to ~within-station variance lbr some parameters. Dissolved concentrations of som: trace metals exhibit 
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coDBislrmt ml.llllbstmial. diel varialio1111, pulicularly in ~~ram~ wilh DriiJimliD alkaline pH values. Daily c:IJaJpl in walm' ~ mi. pH mi. their 
d:ct on DII1801J)1ion ~ 1bc lll08t likely cm~C ofobemtcd cliumalmcllle)dcs. MelllCODCe!llll!ions twicelly show iDcreuiD& 1reDd8 duriog 1bc nipt 
mi.~ 1reDd8 cluril!g lbe day (e.g., C4. MD. mi. Zll). primaribt ~~:lamd ID chaq:s in walm' pH ~~:lamd ID ~D VB. pho1lllylllbeais of &quaD: 
pludB. HolmW, 1bc o~ 1reDd8 ha,., been obeerwd »r al'8CIIic (V!GS, 2003). In 1bc cue of ARD, such behaviour ia FDCJilly not obeerwd due ID 
1bc acidic lll!lln: oflbc 110lulion mllbc ~~:Jumly ninor cbanJ:s ~ ID 1bc oVCI'Ill mclll8 load. 

Flow-M~ ofB~~amcliachazF ~ ~~:quRcliD ~ chcnicalloadiD&. mi. such~ should be~ CODClllmltwilh walm' 
quality saq>lillg. l'llsiiDIIDeous stramcliacharF ~~made by dividiDa 1bc width of a stramiDID IJICC1ions ml meuuriDg 1bc CJ088 8CC1ioll81 
~mi. am'IF walm' ,.,!Deity lllliD& a cmrent ,.,!Deity unr (PhoiD 8-3). To111.rim' diachiiF is~ by 8IIIDIIiDa lbe diachiiF wilbin each 
subeection wb= 1bc cliachazF wilhin each subeection is 1bc produf;t oflbc subeection width, midpoillt depth, mi. am'IF ,.,!Deity, A Bt~F-cliachazF 
~~:laliombip (cum) can be deYclopecltD COIIYCrt walm' lcYcllllC8BimiiC!dl (fi'oma PDF or 11'8118ducer) ID streamllow. ~ 10 811Fldi8chazF 
~ tlbno~ai'IIIF offloWB, ~ ~~ ID esllblishast~F-diachaF cum (MEND, 2001). C~nofhiahflowaiD 
capt~~~~: 1bc hiah end oflbc SIIF-cliachazF cum nay ~~:qm 8lq)liDg duriua~1ion ewu~~. Sd:ty upec1ll U80Ciu:cl wilh 8lq)liDg duriDa hip 
~ eYCIIII should be 1lbn iDID 8CCOUIIt. Sllamllow moniiDrillg loca!io1111 should be .Win u:u wilh 1bc »llowiDg ~: ~~:!Umly 
migbt chaunel. 'UIIiDma bed elm!iDu.noD!Urbuba flow, mi. cloee prollinity ID 8tUf ~. 

'Ibe UC1II'IC)' ofdiachiiF ~in Dllllllin ~~ram~llllillg 1lldiliDII81Dihods (e.g., weir or e111m1t ,.,!Deity unr) is rcducccl becculle oflbe 
om:lusion oflbe contribulion tom lbe b,yporlm.: mne (subsurface volume of IIJeClilneDt mi. poro1111 space adjiCellt ID a Bllam 1bruvah v.m:h Bllam walm' 
~m:ba"F')· 'Ibe hydrologyofDUIIIIinmaa is~ Variability instreadled IDpography, JaUbinain varialioninstramwalm'slope, 
in:IIJ.lm.:e81be po1mdill. enqy distribulion at lbe bo\llldaly between lbe Bt~amml. 81lb81Dce. Chaq:s in )m:8SIR clistribulioll8 on lbe chaunel bed cm~C 
sdce walm' ID flow iniD mi. out oflbe bccl.lndividual.flowpabs ofexchanF can I'IIIF in IIC8k tom~ ID 11:118111 llundn:d8 of~~Rn~ wilh tra,.,l 
tilDes fi'om nillull:s 1D )all (IJantcy et al, 1996). Truer 11:S11 ha,., been IIIICd 1D ~ 1bc j)JiowiDg hydrologic proper1ie8 in IIIOUIIIIin man.: ~. 
ua,.,lm, p~liDilwalm' in:Bow, mi. miKiDa ofsolua (VSGS, 1997). Selcc1ion of a co~ 111cer ill by ID lbe succeaa oflllcer dibdiDn II:SII. 
Ouidm:e »rlbe cleai&n ofstramdiachiiF tracerstudi:s ·~ inKilpm;kml. Cobb (1985). 

Weill, eilbcr ulmqlOJIIy orpemiiiiCIIt ~ ~ 11110 IIIICd ID ~ streamllow. A weir ill an om&w 8lnlctUre built~ ID an open 
chaunellllia ID ~DeUU~~: lbe ra= oflbe flow ofwalm'. When properbt co~ mi. o~ flow is estimu=cl by IIICUUiillg lbe bead ofwalm' abo,., lbe 
crest oflbc weir. Tbc shape oflbc crest ovcr&w govcma 1bc ~~:laliombip between head lllCUimiiCDt ml cliacharF· Common weir types include 
~. V-noll:h. mi.Cipolttli(1Dpe210ml) wm. Guidelines »rlbe ~\llle ofwm mi. their~~ provided in lbe wm
Ma•..,.... Mamlal(U.S.Ilepartlneut oflbc Iarior-Blftau ofRcclamatinn, 2001 ). 

Al:cln1l: flow~~ C88CIIIiii.ID eVIIualiq chcD:al.loadil!g. M~ ofeb:ml.colllhrivity, in 1880Ciaion wilh flow~ 
nay allowmr identffica1ion of anomalous flow~ (W~. 2008). 

Sedlmem-Bccalle oflbe 1mlm:y »r IIJeClilneDt ID aet u a Dlllaiak. mi. conmBC~ a 110\fte ofDtll.~~:lcue mi.IDD.:ity ID aquaD.: ~rim' mi. lab 
8CClimCDt 11JDDi1DriDa ia oibm a coqlODCnt ofiq)act •• :•'''C'!I Slq)liog locations should tuFt b-graincd depoeiliona1210DCS. 'Ibe 'Wllical~ 
of CO Is is a&c1l:cl by b»lUrbatiOD, b»inip!ioD, ~n raa, ml tumo~ ~. RcconDlcDdccl deplbs ofsaq>le collcc1ion ~variable; 
holmW, ~ sanpk8 ~co~ up IDa depth ofapprollilaa1l:~ 10 ID 15 ~~~~~~ m:olq)UIIbe mne wilbin v.m:h lll08t bunowiDg animala 
h. Coii8Rney in 88q)le collcc1ion depth between ewu11 is crilical»r ""'ningihl COiq)llison8 of~l'lldata. Grab or co~~: saq>liog li'Cibod8 can be 
IIIICd; eo~~: 81q)liogprovides ~~»rsaq>~e deplb. ~ collcc1ionshould avoid periods ofdislurbaDce (ie., hi&h&wa or8CUODI1 
tumo~ emdl). ~le anqa ~ b:hldes cbcD.:alanqa (mcllla mi. Blllphidea; Blllphidea ~ ~ iqlortant wilh rapect ID pollllible 
8CClimcuttDD.:ityatiu&), gtlins=,m111.o!pllic carbon, mi.'\Wt/clryweigbt. Sequclllialexlllc1ionor acid vola6 sulphide (AVS) analyJes nay be 
perimDccl ifin:imlla!ion on II'CIIl pbucs illl~~:quin:cl j)r IDxicity or b»awilability 1::88 : :88"1Cllll. Tbc grain a fioac1ion IIIICd iH' chenical anqu llllSt be 
ddDcd. 

Collcc1ionofpo~~: walm'saq>a is lc88 CODDlOD, but nay be~ »rcletdcd tDxicityBIUdics.Insilu saq>qli'Cibod8 (e.g., N:lionorcliqa 
lllq)lce) provide beam' ~n oflbe anollk: CODdilioDs ~~than do llbol'IIDzy Dlhocl8 such u c:entri6lpliDn (Chapman et al, 2002). 

2014-10-21



TopoflDPIF 

MouiloriDa deaip 1D ._. ~ 1D labeiiiiSt couaider 1be i>IIDwiug c~ 1bat a&ct Wllm' quality ml CODStilucDt b aud111118p0rt (lfmD. 
1992). 

SOLUTE OUTPUT 

Temperature I 
Density Stratif ied 
Water Column 

Source - USGS, 1999 

Atmospheric 
Fallout 

SOLUTE INPUT 

Non-point 

Sources 
(Mine and Non-Mine 
Catchments) 

Stream Point 
Sources 
(Mine & Non-Mine 
Catchments) 

Thermal St ratification Turn Ove 

Increasing Temperature (T) 
and Dissolved Oxygen Concentration 1 

Source- Drever, 1982 

• Rclmion T'IIIIC -In~ 1D ~ 1be ioDFr r=mioD 1imc in a lake provides !DOll: 1imc i>r kinctically slow ~111110 come cloeer 1D 
CO!q)ktiDIL 

• Dei~= ofMilillg -IDcoq>~ miliDa in a lake ay rault in sipibllt 8pUil1 wrilbility in Wllm' quality. 
• EwporUion -In cloeecl buill labs. CODStilucDt coiiCCIIII'Uiolll will incrl:ue due 10 ewporUion. 
• 'IbmDal. Strati&atiDn-Heating oflbe upper~ Ia)":!' durillg warm periods IIWII in strUiblion bccalllle oflbe ~~:latiouq, between~ 

clellllity ml ~. 'l'bmDalstrUiblion 8eplllll:8 warmliablm' surice Wllm' (epilmion) iomcokl beam bouom Wllm' (b,ypolillllion). 
Minimabob= ~between 1be la)'CI'IIayrault in dlermalml chcnW:al~ mllbe deYclopmcntofa 1bermoclinelchemoclinc. 
Strati&atiDn can also C8lllle OJtYFD dqktion at dq1h bccalllle of atmoephm: isolation ml OJtYFD C011811q>1ion by~~. A 
c~ 1D coob' ~ ay rault in lake tumom- (Dilill&) ml a c~ 1D DDII: 'UIIiDma Wllm' quality coudilioua. includiDg DDII: 'UIIiDma 
dia8olYed OJtYFD coiiCCIIII'Uiolll. 

1'be physical. chenic8l. ml biolopcoudiliDIIII widlin a lake willa&ctlbe ll'allld:rofmcllla between 1be "'*" ml8JCClimcllt phucs. Iflbc CSM idenlifics 
mctllloldil!g 1D lake bcdiiCCiimcllllu a COIICeJII. idemi&.:aion oflbe primazy mcchauisall ~ i>r mctll1ZIIId:r between 1be aqUCOUII phue ("'*" 
column or lllCClimclltpor~: ~ mlBOiid phue (8JCClimcDII) widlin lbc lake mllbc ~condilio1111 clriviDg tlae aclio1111ay r~:quin: collcc1ion of 
speci6c dall. 

Lake molli1Drillg nay include lbc collcc1ion of"'*" quality Sllq)a. 1'be deS~= ofnildog widlin a lake will~ r~:quimueml i>r 8pUillcollcc1ion of 
811q)lcs. Collcc1ionofdq1h proSes ofbypullllC1Iml (e.g.,~. dia8olYed OX)'FD. elccml.conduc1ivity) will provide in:imoasionon lbc de31= 
oflllriiD:aiDn mllbe ncccli>r collcc1ion ofdq1h m64811q)a. 

EwluUion of~"'*" quality 1mldB nccasba collcc1ion of proper buelinc clua or DJDDiiDriDg ofrdreuce labs. or bo1h. Wilbout approp!U 
~ (ml backslollllll) ~"'*"quality ch~Dp! due 1D olber ie1DII (aril rain. climall: c~) nay be~ auribu=cl1D nine 
operaliollll. Molli1Drillg ofbackslound clraiDaFs o1118ide oflbc nine Clll:btnent nay be~ 1D ewluall: olber 801III:eS ofloacliosls. TeqlO!Il 
colq)Wo1111 oflake "'*"quality should be made wilh Sllq)a liken cluriDa lbc 8llllC IJICUOIL To ._. mctllloediDp 10 a lake, clua collcc1ion 10 
~a loadiug budFt nay be !DOll: appro.PJia= 1han iD-Iake "'*"quality~. M~ ofio:Bow ml oudlow "'*"quality ml&w 
alloWB i>r de1mliDalion oflbc lake u a colllllilueDt 801In:C or siok. Dala indif.:atiw of ICCUIWlalion of a COl widlin lbc lake could trisFr collcc1ion ofclua 
on likely siDb (8JCClimcllt ml aquaic O!pllisnll). 

To.P ofiU P1F 
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8A.2.3 MulDe Mmitorlllg 

For coastal sites, marine mmitor:ing may be required if the CSM indicates a potential fur ARD release to this enviromncnt:. The physical (e.g., tila1 and 
oceancurrenls) 8lld cbemi;al(e.g., bigbimi: s1reng1h, clrmicalgradieols) dynamics of1he marine system result in very 8®-specific approach:s to 
DDDIDriog. Biologicahmnitorng DBY be 1he IIDst efliciont way to ewluare ARD irq>aots (MEND, 1990). For submarine 1ailiDgs <lisposal, mmitor:ing to 
ewlJare 1he spatial- ofdispersiooof1he 1ailiDgs plunr is off<nrequired. 

Top of1his page 

8A.2A Groundwater 

BACI (see Table 8-4) is 1he preli=d DDDIDring location design fur growxlwater IIDnitoriog. IniDimation nn 1he sire geology, topograpby, 8lld hydrology 
(incloding wetlands) sboukl be reviewed to develop a conceptual IIDdel of groundwarer llow directions befi>re siting mmitor:ing wells. Land surfilce 
topograpby is used to aasess1he gem:ml direction of groundwarer llow 8lld ilentiiY areaa of groundwarer recharge 8lld discharge. Topographi:al highs are 
n:charge areaa where groundwarer llow is direcred dovmwmd. Gronndwarer discharges at topographi:allow areaa to springs, lakes, wetlanda, or s1IeSDB. 

The mmitor:ing wen netwoJk is desiBDed to provide inlixmatim on groundwarer quality 8lld groundwarer llow ( directim and velocity). SitiJg of mmitor:ing 
wells sbould cnnsider 1he fi>Rowing: 

• G:roumwater Flow - A mioioun of three groundwater level measureiiEltB from the ~ aquirer are required to detennioe groundwater :lbw 
direction. Caleulatim of groundwarer velocity reqnires infi>rmation nn 1he bydrouli: gradj::nt ( caleulared ftom warer-level m:aanrenr.mts) 8lld 1he 
bydrouli: properties of1he aquili:r (porosity 8lld bydrouli: cnnductivity [K]). Hydorulic condnctivicy can be estilmred using a variety oflaboralmy or 
fiokl restmg mo1hods (e.g., estilmred ftom grain s;,, labomtoty 1Blli:Jg-bead perm:amotcr rests, slog resting, 8lld p1ll11' resting). Tracer studies can 
ako be used to cbaracterize groUDdwater flow. Nunmical DDde1s may be used as a tool in the evalJatim of groundwater flow. 

• hq>act Wen SitiJg- Wells md to assess iiq>aots to growxlwater quality ftom a source mJSt consider groundwarer llow directions and velocity. 
Wells sited to provide an early warning of iiq>aots sboukl not be placed too fior downgradioot or at too great a dep1h (Richanls et al, 2006). Spatial 
mmitoiing wen coverage DIJSI cnnsider an 1llree <timensions. The porential fi>r mini:lg actMties to cbaoge groundwarer llow patrema or warer-lable 
depth should also be evaluated to determine well screen elevafuns (e.g., dewatering wells, ponded water conditions i1 a TSF). 

• Gronndwarer Quality- Fare 8lld Tnmsport- Cbaracrerizatio ofaquifi:r solids (e.g., neutralization poreotial, cation exobaoge capady) ""Y provide 
usefi>l data fi>r groundwarer mre 8lld 1ransport assessm:nts, specili:ally in 1he evaluation of m.m.ls attenuation or acidiy neulralization. Tbe sequence 
of pH bulli:ring reactions 1hot occur doring migration of an acidic plunr is wen documenred in areaa aJli:cred by mining activity 8lld descrbed in 
Blowea 8lld Pmcek (1994), Stollenwerk (1994), 8lld Browne! al (1999). 

• Geophysical MetbJds may ako be used to assess tbe migration of an ARD plurm and may be used as a tool in siting wells at sies where ARD 
contaminationexism (MEND, 2001). 

• Spring; - Baselile cbaracterillltio of sire hydrogeology sbould include a BUlWy of seeps 8lld springs. Collection of warer quality 8lld flow 
measuretmns may be included in baseline and operational monitorilg. 

• Monitoring Freqnem:y - A fixed frequency sampling program is typioally -loyed fi>r groundwarer IIDnmring (e.g., mmlhly growxlwater level 
m:asureromts 8lld quarterly growxlwater quality sampling). Couticuous warer-level m:aaun:m:ot using transdocers DBY be appropriare (e.g., 
mmitor:ing of groundwarer level decline associsred with dewarering operations). 

• Well Construction- Use of acid or s:u\lhate resistant materiah in the construction of ARD mmitor:ing weDs may be appropriate (e.g., use ofFVC or 
sta.irlbls steel screens instead of a mikl steel or use ofs:u\Jhate resistant grout). 

Top of1his page 

8A.2.5 Groundwater/Surfaee Water lnteneti.ODI 

Jnvestig>tive mmitor:ing DBY be required to ilentiiY gronndwarer discharge of CO Is to surli!ce warer. Synoptic Slllqllilg involves collection ofsamplea fiom 
miliple locations doring a sbort period oftilm to provide a ''snapsbof' of conditions 8lld identiiY sources 8lld sinks to 1he warer resource of inrerest. 
Synoptic stream sampling involves collectim of surfilce warer qua]jy s-les 8lld flow m:aanrenr.mts along allow pa1h synchronous with tlow velocity to 
1Iack loading 8lld ilentiiY sourcea 8lld sinks. This recbnique is off<n used to identiiY groundwarer CO! sourcea. 

F ollowillg Klentification of areas of groundwater seepage. seepage meters can be used to cakulate seepage rates or cokt seepage sanpb fur chmical 
ana.Iysm. The basic concept oftbe seepage meter is to cover and isolate part of the sedimmt-water intertisce wlh a cbanDer open at the base and to 
measure the change in the volurm of water contaitxxl in a bag attached to the cban:ber over a measured titre interval 

Top of1his page 

8A.2.6 Climate 

Collection of sire climatological data is irqx>mm to develop m-wide warer balance. IDstallation of pn:cipitation gaoges to collect dajiy minli!n data and 
ewporation pans provide data fi>r caleulatim of net infillmtion. Wind speed, wind directioo, relative humidity, 8lld remperatore data DBY also be cooq>iled if 
a <:OJqJrebemlve ewloation ofaire specific condiions is required. In cokl clinates, anowpack lll!y be m:aaured to evaluare hydrologic conditions during 
spring thaw. 

Top of1his page 

8.4.3 Mitigation Measures 
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The lbllowingan: examples oftypX:almonilmingrequirenx:nts 1br eva1Jationof1h: elrectiveness of engineering comro~ designed ro comrolormijgale ARD 
releases: 

• Waler Trea1ment (Passive ml ActM:)- Waler-qualitymonilming of1rea1m:nt i:rlluent ml- samples io sUmdard practice. Passive tn:a1m:nt 
systems may require m>re frequent monilming during certain climatic conditions to ensure consirtent periDnnance (e.g., periods ofhigh fDw or 
extn:m: llliDiont terq>em...,). 

• Cover P~ - Cover designs to prevent or reduce sulphDe oxidation are designed to limit oxygen 'tnliirlCr or water iofibration ilto a waste 
ma1erial. MonitoriJg designs to evaluate 1be eflect:ive:m:ss of cover per.f.imra~Ee are the ~ as those enployed to eva1Ja1e ARD processes wilhil a 
wasle tm1erialml are described in Section8.4.1. 

• I.iJcr Perfbrmmce- Waste :facilities tmy be lined to prevent migration of seepage D:o groundwater. Groundwater monilming wells 1111)' be sited 
adjacent to waste :IB.cilities to prov.ile early warning of COl release because ofliler :fiLilure. 

The IDitiption m:asures irq>lemmted at a partioular sire will W:tate tbo monilming requi'ed to evaluale perlbrmmce. AdditmJal ioinmation mitigamn 
meaaun:s monilming is provided in Chapter 6. 

Top of1his page 

8.4.4 Recepton 

Ri:ceptor monilming is ~ to identi!Y any changes in biota attributable to nining. Metal or acidity ~elease to tbo receiving enviromnont IDlY aher 
popu]ation dynamics or alter 1be CODliillliily cotqKJSilion of an ecosystem Receptor mmitorilg :B designed to detect changes in species conposition (the 
preaence or absence of taxa wilbin an aiea), abmlance or di!1rindion ofplanls and 8Jlinlah, or bo1h. Unlike water qualityJDJDilming. whi:h provides 
mimmtim on envirommot.aJ. cmdil:iJns at a poiot in tim; bDbp mmitoring proWies an indEation of envirommot.aJ. cmditiJns over tim:. 

Figure 8-8 showa 1h: sjeps in 1h: developm:nt of a binlogicahmnitoringprogram At 1h: start of a biologi:almonilmingprogram, Ieceplon in potentially 
afli:cled.,....,. identiliod_ Seleemn ofiecept<>n 1br inclusDn in 1h: DDnitoringprogram considers tbo lblk>wing pn:di:led CO Is, nmse ofbiota exposed, 
toxicologi:al irq>licaticns of exposure to specific binta, and porentiallbr recovery lbllowing mitigaOOn (e.g, Ieeoloni2ation, Ieprodtx:tive potential). 

Fignre 8-8: Steps in the Development of a Biological Monitoring Program 
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Identify Potentially Affected Areas 
• Part of CSM and DSM developm ent 

+ 
Identify Receptors in Potentially Affected Areas 

• Aquatic Receptors M ost Common 
• Fish • Per iphyton 
• M acr oinvert ebrates • Amphibians 
• Plankt on (for large lentic w ater bodies) 

+ 
Characterize Baseline Conditions 

• Identify reference ar eas 

• Recept or dist ribution, abundance and composition 
• Recept or habitat characterization 

+ 
Characterize Operational Conditions ~ 

• Receptor dist r ibut ion, abundance and composition 

• Receptor habitat char acterization 

+ I No Exposure 

Exposure Assessment ...J 
• Ev aluate habitat dat a including wat er and sedim ent quality 

• Ev aluate receptor survey dat a 

I Exposure I 
~ 

Effects I Impact Assessment 

• Has exposure has caused an effect or im pact? 
• M ay include additional dat a collection (e.g., toxicity testing) 

+ 
Risk Assessment 

• In tegrat ion of Exposur e and Effects Assessment s 

All :!Mmcnt ml111CU11mDC11t eudpoilllll ~ cle1iPccl mr each biDIDp~Uir. AJJ liM l!MDICUI eudpoim illllbc explicit~ oflbc enviromDcut8l. 
value diet iiiiiD be proli:C1I:d (e.g., survival. growdl, ml ~n of lllljor I41JUic CODDIIIIilics). A IIICIBimllCDt endpoint illllbc IIICIBUI'Ible ecological 
c~ 1bat illl~~:llm41D 1bc •• :•unt CDdpoint (e.g., ICtUil~m of survival, growdl, ml ~ 1llliD& laboralDzy or olbcr all or 
&Ill obecmtioDB, or bo1h). 

Filllh ml benlbk: IIIII:JO~bma ~ oibm ~~e~ 1D nasure efJ:c1l iomARD (PhoiD 8-4, PhoiD 8-5, ml PhoiD 8-6). Filllh ~ ~~e~ »r 
111011i10rillg bec8uee of their economic wJuc. public pen:eption (~ ~ o&n Wible ml ~n '1IIIILm1Dod by 1bc public). ml their U8e u 111 iDdicalor of 
poesible iqUIID lower trophic limls. Reducecl pHorftl:e mcl8la CllldctbehavioUIII, ~. ml o1bcrph)allogic8l.fishfimc1ion8. Fish 
populalion~ (e.g.,lqthml weiabt~~:lalionahP.IF ~,IICXruio, f:elmdity, ml growth) mltiasuc DIII.COD.:CIIIIUDDI ~ COIIIIDD 
IIICiric8 (MEND, 2001 ). 
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8eDdDc ~braa are smaD.animals widloutbec!cboncs dlatillbabitbouom~ aDd are maiDcd by mcshsi=l ~ 200 1D 500 ~ 
(Jim). BeDibi.: U8Cl~Diapl are ~!W of a I'IDF ofo!pllisa that exhibit wrilbility ill their ID!trm:e 1D iDpl.:1l (e.g., ~n ml DIU) 
(USEPA. 2003). Reduced density,~ 1llla ~or a shill fiom~ 1D 1DicraDt beulbic 1llla are alliDdicalxml of~. Reuon81D iDclude 
beDdlic ~braa in IIIOIIilDriD&progran~~ include their 8C88ile ~. their'UIIC u iDr1icalxml of~ quality ml babillt colldilio1111, aDd 1hey are a 
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fuod source Dr :&h, an indirect nx:asure of ARD ~ to :fish populations. 
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8.4.4.l&Uilliallment ofBuelille CeouitiCIIII 

'I'be CSM ideulifies llnlas that DBY be aflilcted by ARD release. Moni!oriog il conducted to establilh baselioe ecologi;:al coulitiml within these llnlas at 
both relimD:e and exposure stali>ns. Reimmce and exposure aquati: DDDitoriog stations should be sited in areas wlh similar physEal and ecoklgi:al 
characteristi:s to 1lliiini2e 1he poteolial fur ~es because of natural coni>uodiDg 1il.ctors (e.g., curreot veklcily, depth, sd:Jstrate, dissolved oxygen). 
'I'be fht aquati: mmloricg stamn should be locatl:d within 1he mixing :mne near 1he point of ARD release. AddDmal doWDStream stations l1nl sited at 
D;:reasing filled ~. The: fioa1 m:ml.oring locamn should be beyond the point ofpoteolial ~impacts. Co-locamn of water quality and 
sednnent sampliog stamns DBy be appropriate. 

Hablat, a consideralim in 1he selccfun of sampliog locations, should be c1laracteri1.l: at an locations. Jnfunmtim require1Mnts fur aquati: habitats l1nl 

shown in Table 8-8 (USEPA, 2003). IJetermioafun of relevant infunmmn will be receptor dependent 

Table 8-8: Aquatic Habitat Information RequlrementJ for Biologkal Monitoring 

Habitat Information 

Stream ("...,tl;...m- wnth and depth, pool ftequm:y, substrate CO!I¥lOsition, 
treanilank erosKm, fbw characterilti:s, telqlemture, and di<!solved oxygen 

!Lake or reservoir Deptb, llllliilce area, liltoralmne llnla, aquati: vegetatDn, and subs1rate 
corrpositi:m 

~2DilC Width, percent cover and COiqKJsition of vegetamn by strata, and estimated 
shaded llnla by season 

Top oftbii page 

8.4.4.2 Sllmjie Calleod1111 

Site conditions, receptors ofpote.nt:ial concern, and assessm:nt emlpoints will dictate sarq~le collectDn protocols. General guidemes ilr bemhic 
IIIIICroinvertebrate and :fish mmitoricg incble MEND (1997), FJJvirono:r.mt Canada (2002), and USEP A (2003). 

Top oftbii page 

Hablat (includicg water and sedimLmt quality) and tmlogi;:al mmloricg data l1nl evaluatl:d to deteJmine if receptors have been exposed to CO Is. 1he 
exposure assessm:nt atterqrts to answer the fullowillg questions: 

• Are COI.s elcvatl:d? 
• Could biomlgoifi:amn occur? ~afun is only relevant fur a very Jew orglllli: sd:Jstances (e.g., the orglllli: furm of nr.rcury - m:thyl 

nr.rcury), but not ilr inorglllli: :metah or metalloids. 
• How does enviroiiiiiCDial. mte of a COl affilct receptor exposure? 

ConfhDBtDn of exposure triggers an eJrects asseSSIMDt. 

Top oftbii page 

8.4.4.4 Dlda l!Mduatl<111- l!!reeal Auenment 

'I'be eflix:ts assessment attempts to answer 1he fullowillg questions: 

• Are CO Is lmklgi:ally available? The bioavailabilily, bioaccessDilily, and bioreactivity of the COl l1nl detemined. Bioavailability can be estimatl:d fur 
Inetals by lliOdelliog (e.g., tbe Bioti: Ligand Model [BIM]) (Paquin et al., 2000) or labOJatory testing. 

• Are CO Is ton:? 1he DBgoitude of any toD:ily associatl:d with exposure to CO Is is assessed. Such ini>llDiltion is typically determim:d iom toD:ily 
tests with well-establilb:d standard test organism!. 

• Are reUlent comwnilies altered? Alteration ofresnent conmunity structure is assessed by ilentiiYiog and~ assc:nDiages, and l.tiicg both 
univariate and multivariate analyses to deteJmine similarilies and ~s fromrelimD:e anlas and baselille c:ondiioml. 

• Are CO Is causative? Investigation of causamn involves additional or lliOre extemive studies as appropriate to site-specili:: circum!l1ances (e.g., 
spiced toxicity tests, toxicity identificatDn cvaluatDn [TIE], contBminaot body residue [CDR] analyses, tests with reUlent OQll!ll:ism;, and in situ 
bioassays ). 

Top oftbii page 

2014-10-21

kmiller
Text Box

kmiller
Text Box

kmiller
Text Box

kmiller
Text Box

kmiller
Text Box



8AA.! Ri1k Charu:terbatl.on 

Combining eJIPOsure and e:ffi:cts assessmmts dif!Crentiates contamination 1tom poDut:ion ("polhtion'' is defined here as contamination that resub in adverse 
hi> logical eJrects ). Including bo1h 1oxkily tesmg and asseSSIIIOII! of any alterations 1o resident eolllllllllliies dilli:reotiates eflix:ts from ilqlacts. Exposure and 
efli:cts assesSIIElls are integrated to determine wbe1ber or DJt sjgni&ant e:ffi:cts are occurring or are likely to occur. In addil:iJn, the nature, Dllgnitude, and 
areal extent of e:!J.ects on the selected assessment points are described. The CO Is that DllY be causing or sWstantially contr:buting to such e:ffi:cts are 
ileotiliod 1o tbe exteot possiblo. 

The results fur each line of e>idence are eoll\)iled and inteipreted separately. Subsequently, tbey are eormired and integrated, including UDCer1ainty and 
best pro!iossional judgm:ot. 1o establi!h a weight of e>idence !Dr assesoicg risks. Risb of adverse elfi:cts can gooerally be considered in tbe IDIIowing IDur 
categories: 

• Negligible- sio:n1tr to those fur baseline or refimmce coOOil:iom. or both 
• Modem1e- minor or potential~ corrpared to baseline or refure:~Ee cood:Jjoos, or both 
• lEgb- Dll.jor or signikant: diflimmces compared to baseline or refimmce coOOil:iom. or both 
• Uncertain- requiring :further study ( detenni:Jcd on a case- and site-specific basis) 

The latter two categories would ako involve determination of causation, specifically answering the question as to whether or not any observed bDiogical 
e:ffi:cts are due to ARD-associated contaminants and, if so, whi::h contaminants and at what concentrations. 

Top of1his page 

8.5 Closure and Long-Term Considerations 

During the decommissioning phase, current environrumta1 cood:Jjoos are compared to the predictive DDdek to assess the need :lbr long-term mmitoring. 
Becllltie there Dlly be significant 1ag tic:J::s to the onset of ARD, the absence of ARD :issues duriJg operations does not negate the possDilily of ARD 
COIKiil:iJm occmring :iJiklwi:Jg mine cbsure. If ARD releases have not OCCUITed dming operations, a reductim in mmitorillg frequency is t:ypkally 
appropriate. 

If opemtimal mmitoring identified ilqlacts to bDbgal receptors, the objective of Imnil:oring dming decommissioniog am post cbsure is to IraSure 
recovery in irrpacted areas. 

Access to rem>te sies DllY be an :issue dming the cbsure and decomnBsjoniog phases. For these sites, rem>te DDDIDriDg technques DllY be CIIJ'Ioyed. 

It is coDJDOD in mmitoring :lbr potential ARD e:ffi:cts to contime weD into the post-closure phase because ARD can beCOil:e evident after a considerable 
latent period. The frequency of post-closure mmitori:Jg is typically reduced relative to the frequency during opemtims so post-cbsure o:ften might be only 
once or twice per year, depending on the predictioos fur ARD occurrence :lbr a particu1ar site. Ouidance on when to cease mmitoring is provided i1 
Chapter9. 
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9.0 Acid Rock Drainage Management and Performance Assessment 

9.1 Introduction 

The IIIltlagem:nt of ARD am the assessment ofils perfui'IIIlDCe are usually described wilhin the site enviromn:ntal management plan or, in the case of a significant 
ARD issue, in a site-specific ARD IIIltlagem:nt plan. The ARD management plan represents the integratim of the concepts am teclmobgies descrbed in the previ:lus 
chapters of this GARD Guide. It alio refurences the engineering design processes am opemtionaliiiltlagem:nt systems employed by mining companies. 

The need fur a funml ARD management plan is usually triggered by the resuls of a chazacterizatim am predi;;tion program (Chapters 4 
am 5) or the resuls of site mmit.oring (Chapter 8). For a mine project, the cmporate mrlf coordinarlng the enviromn:ntal input into a 
fi:asibility study are Dl)st likely to id.entitY the requirenEnt fur an ARD IIIltlagem:nt pkm, wbilc fur an operating mine site, the 
enviromn:ntal superintendent is DI)St likely to identii}r the need fur the plan or an update to an existing plan. 

The devehpmmt, io:ple!:ncntatim, am assessment of the ARD IIIltlagem:nt plan will typi:a.lly fullow the sequence of steps illustrated in 
the tlowchart in Figure 9-1. This sequence is similar to that illustrated in Figure 1-2 in Chapter 1; oowever, the ARD management plan 
provides DI)Ie detail am it also provides perfuiliilDCe assessment am Dl)nitoriog. 

Figure 9-1: Fbnw:hart for Perfo11111UK:e Allsel8ment aod MIUillgement Review 

The comprehensive 
approach outlined in this 
chapter fur the 
development am 
contents ofanARD 
management plan 
asSilllll:s that ARD is a 
signifi:ant issue fur a 
mine project, operating 
or cbsed site. Only 
some elements ofthe 
approach contained in 
this chapter JIBY be 
applied where ARD is a 
lesser issue. 
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Prob:em Definition 
- physical soiling 
- regulatory and logal registry 
· community requirements 
·corporate roquiromontS 
- fir\ancial considerations 

+ 
I Goals and Objectives I 

+ 
I Characterization and Prediction I 

+ 
I Design for ARD Prevention/Mitigation I I 

! 
ARD Management Plan 

- materials dofin~ 
·risk assessment and management 
- management strategy 
• intogration with mino p&o.n 
• oporallonal controls (SOP's. KPI's, QNQC) 
- rolos, rosponsibilhios and accountability 
• data management. analysis and reporting 

+ 
Performance Assessment and Monitoring 

-reconciliation with goals, objectives and KPI's 
• assumption validation 
- IOatnings 
- accountabiity 
• auditing and management roviow 
- risk assossmont and management 

No ~ Yes 

~~~ tbe Dt811ep ilrtbe deYelopmeutofanARD..,...P"""plm. u alllwnhFiglft 9-1. C~also iDcludea ccnU!endionoftbe 
~scaDs (e.g., CSMas deel:riled inChap!er4), TCFiatoiylllld leplreJisby, ~mlcolpO!Bie requftmems, mt mmcid~ Clear 
soak BDd objcdiws are tbenes!Bbishecl ilrtbe IIIIJIII8miCDlplm Tbece .,.,U BDd objediws mip b;ble tbe pmoeulimoftbe deYebpmcmofacidi.: seeps BDd 
NlDtfortbe mcethsofspecifi: WB~erqudlycrileria. Chamctcrimtionlllld p-ecli::tkmp10pms (as dilc\aedhChaptm4 mt 5) ~tbepo1mllialmapme of 
tha ARDinuullll pmvHD tbD basil ilrtbD aUction and desijplofapprup:ideARDpmW!Dmallll midplmll~~c:lmoilps (Chaptms 6 and 7). '~'1m dsijplpmcess 
D:b!Ds anDDIM III!Iias ofSII!pll m wbi:hARD COD!mltechmlop. are 8IUIII!d and tbancon:iDJDdilm ambustl)'lllmlofllllmlJ"""'¢and COIIImk (ARD 
llllllllfJ""U pBI) m tbD speeD: m. '~'1m ioilial.llliml desijpl ill used to cmwiDp tha ARD ......,_a pJanDDedDd. ilr an eDYirolllllllllllluaeesment (BA). '~'1m fiBl 
~ill \BIIIIIy~hpatdDlwih piOjectpemillin& 

'1'1mARD ........... pJanillmifia lllllteriak and wu1a1 mllpeciaiDIIDlpuft. Risk assei!IIDI!Itallliiiii"'W'"''"Ihn iocluded intbepllmtomflllD ~ ml 
iqJ.._..,.tjan stl!ps. To be e11i!c1M, tbD ARD 1111mlJ"""'¢pllmJIIlllt be lilDy~ wihtbD llilll pJm OpemlimdCOJdmls such as SOI'I, bypttbmau;, 
~ (KPJB) allll QAIQC pmgiUDI are es!BblilbM to g,.Dde 1be i:qikuu4ati..., Rob, lCAipWIIiiti:a,allllatCOIIIIIBbiilic:a m lllil:le opetaliug 111afrto iqJkuzd 
bARD~ pial are Ylc:n!ifjrd Dala~ mBl)U, mlRpOitilgllduDctl am~ to tmck pmgm~~ ofbplm 

In b a.::xt A:p ofb ARD............,. plall, mollilmillg il ~to 8llle88 b &ckl pecBmDa:e COiq)al.'ed 10 b dtsigD fP8]s and objeetM:a orb 
.......,.. pJm AsNq>tinls adem. b chltaclr;riza1imand ~pogna anddeaigslofb pteY::~Dmand l'l'i!VfionpiiDare~ andreriled or 
w1idaled. ~" :lrommoumrilg and &88 ~ mcm are aaaeeaed and D:orpOIIIII:d iiiiD b plmas part ofcoiDluous iqJrowmcm. kcoualabilily llr htl~ 
~ ~ pJanil ~to eusun: 1hlt 1boec reapoll8i)lr: a illly adb:rilgto el:m:m ofb pa JJa:mlliiDII eDmlllre~ or audil8, a ollell CODhJcled 
ofpedlDIIIIIII:le, """9""3' 8)'Rmi.IIDII11i:Cimic81 COI:qiOIII:illla to provide addDDI penpec~Ma on b htl~ ofb ARD ..,...IF"""' plm Rm:w by 
de and COl'pOl'Ge """9""3' oftbe eliiR piiD ill DeCCU8JY1o CIIIAIIe bt dll phl COJliuel to~ 10 de allll cotpOl'lliC policiea. Furfb.:rmt aaseser:rD BDd 
......,...itCOlldiAdattliiiBIIIJC 10.,.. tbe e&c1a ofclml&iwCOIICWom orphl&MIIioua. Fhaly, JauJiB are~ apisttbe p& If1be IOU are 
met, periumance asaeaamemmtDDlliDqcoldiuuea 11Jrou&bout1hemile li6:, dpedodk: 1\ldlecka aphsttbe goal!. Iftbe IOU ate not met, ·daueclesijpllllld re
~oftbe ........,....pllmmtpetimDux:e aueume:llllllld~sy&~am lbr ARD~allllnqamn are~ TQ additiomlwudc.qlt 
akoD:blc Utber~nallllp~n~ 
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Figure 9-1:  Flowchart for Performance Assessment and Management Review
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result in the ''bar being set higher" than conventional enviromn:ntal pennitting considerations. Instead of accepting mitigation of impacts, the applicatim of smtainability 
concepts strives to maintain or io:prove o~ coiiiiiilDity conditions. 1hi<l approach has been accepted in a cumber of recent miciog projects (e.g., Gbson, 2005) 
and presents some specific cba.llenges fur ARD 1111mgement (see Chapter 1 0). 

The Aumalian Departm:nt oflnllumy, Tourism and Resources (DITR) has developed a series ofhamlbooks as part of their Leading Pra.ct:i:e S~ble 
Devehpment Program fur the Mining lniJumy that dermnstmte a clllll1lilneut to sustainable development through integratim of environmemal, economic and social 
aspects through an phases of mineral productim (DITR, 2006-2008). 

Top of this page 

9.2.2 Mille life Cycle Comideratiom 

Table 9-1 describes mine lifi: cycle considerations fur the development of an ARD 1111mgement plan fur Vlll"iou! sources of ARD. Aspects of mine lifi:-cycle 
consDeratims include cha.Iacterilatim and predi:tim fur new, operating, and closed mines and selcction of ARD colllrol techoology. Chaiacterilatim is divided 
between source investigatim and source perfuiliBDCe. This divisDn of source investigation and source perfurnlam:e ~ done to di<rtioguish between the cha.Iacteristics 
of the potentially acid ~materials and oow the IIII1tm:iali will behave when placed in an on-sire filcility. 

The project koowlcdge base is improved througOOut the mine lifi: cycle (e.g., Currey, 2008). Lessons learned ftom pibt tests, large-scale implementation, and 
mmitoriog are Uied to io:prove the desip and applicatim so that tbe ARD Illllllltge!Del plan can provide effi;:ient and efti:ctive enviromn:ntal protection. 

Table 9-1: Millie Life Cycle Co111ideratio111 for the Development of ARD Maaagemeot Plam 

Project For New Millie OperatiDgMiDe aosedMillle Comments 
(Without M~UU~gemeot Plan) 

Characte:rimtion & Prediction 

ARD sources Umited UDtiJ. mine developed, Mine WOikiogzi, waste rock Mine wolkiogs, waste rock piles, Number and size of waste piles and 
other than urually mimr sources piles, tailiogs deposit, tailiogs deposit, infiastructure built extent of mine wolkiogs increase 
that result ftom expmation iofras1zu:ture built ftom waste ftom waste rock, spillages abng during miciog lifi: cycle. Risk also 
program~. rock, spillages abng conreying conveying routes, wind-blown or exists fur interactions with sources on 

routes, wind-blown or storiiiWater-trampOited material, adjacent mines through inter-mine 
stonnwater-transported sediments in dams and hydrolop connections. 
material, sediments in dams waten:ourses. 
and watercourses and ore 
stockpiles. 

ARD maturity Not started. Mine WOikiog5 and waste rock Mine wolkiogs, waste rock piles, Maturity depends on time of exposure 
pilesmaybemature.T~ tailiogs and fugitive sources an to air and Illli<lture. 
irmmture or early stage of mature fur sur1Bce drainage. Tailing<~ 
ARD evolution due to reduced yi:kl to groUDdwater may be 
permeability and high water iumature. Rclevam:e of oft:. sire 
contem. Maturity of fugitive sources ftom inter-mine fuw 
sources (spillage, wmblown, depends on circmmtllllces. 
sediments) may wry. 

InfoiiDition Drill core, ~les ftom Drill core plus abundant rock Fiekl reconnaissance, drainage Fiekl reco~sance includes color 
available for trenches and road cuts. Stati; exposures fur sampq'testiog. water quality IIIJnitoring, drilling and change observations and paste pH 
characte:rimtion and lab and field kineti: eel Field kineti: eel tests; fiekl trenching to obtain aged ~les fur and conductivity testing of wastes. 
and. prediction tests. Good miciog geology reco~sance; lab tests, lab cha.Iacterilatim, includq Jeach Direct ~ling and testing of ARD 

UDderstanding fur source including leach extraction of extraction testing. Genemlly, poor becomes possible. 
Illldeliog. Jnportam to integrate aged waste; drainage water geology and operating records fur 
ARD data collection with quality mmitoring results. source and deposit Illldeling fur 
mioeralresource exploratim Good miciog geology hi<ltoricalmines. Variable hi<ltorical 
drilling and sampling. understanding and operating plans & records of mining activities 

records fur source and and deposifuna.J. hi<ltory fur residue 
deposits mxieling. deposits. 

ARDmodel Calibratim agaja:m experience at Cahbrate agaja:m mine mapping Possibly limited mine waste Need fur Illldeling and predi:tim 
calibration mines wilh similar deposit and placement reconls, results Illllllltge!Del records fur reduces as ARD condil:ims mature. 
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gcok>gy, miocmlogy and miD:: from lab & field test cells, characterizatim and IIJJdeliog but However long-tennpredktions 
development. Possibly lower reco!D18.Wsance tests and early good reco!D18.Wsance test results and necessary fur post ck>sure monitoring 
reliability. stage drainage water quality. drainage water quality fur and IIIIIimenaa:e plan developiiJ:Dt 

calibratim. and d.etenninatim'establishment of 
any post-closure tinalK:ial provisims. 

ARD Control Tecbllology Selection ADd Management Plan Design 

Selection of ARD All optiJns applicable to the Opti;)ns constmined fur Optims severely constmined by Control Jneasures involving best site 
control teclmology ARD miocra.J. type and sire exi'ltiog devek>piiJ:Dt and Illl:tiDds ofpmr miniog, waste rock selection, and IIBterials baWling to 

specific commns IIBY be waste deposits. Future mining piles and tailings sire selection and l1llXimi2x: prevention of ARD 
consilered. 'Design fur ck>sure' and ARD control Jneasures deposit designs. Drainage collection generation are possible only fur new 
and state-ot:.tl»-art practices can be optimiald to :trost cost and groundwater migration control mines. Control of ARD fur mines later 
can be appli:d to all mille efii:ctively implem:nt ARD might be difficult. Possible large in their lives is increasingly dependent 
eleiiJ:Dts. Provisim can be made control and a desired closure a.ccumulafun of ARD products in on ARD migration controls (e.g., 
fur appropriate mmageJneDI: coidiOOn.. Can optimi2e use of waste deposits. Relying generally on covers and in situ reactive banieis) 
practices and optitni2atimofuge suitable waste remaining to be migration controls and collectiln and collectiln and treatment. 
of mia:J:d IIBterials. Able to milled. Possible ix:reasing and trea1:n:l:nt allhJugb. 'prevention' 
~ 'prevention' controls. reliance on migration and prix:iples can be incorporated into 

collectiln and trea1:n:l:nt cover design. 
controls althougb regular 
revK:w ofmmageJneDI: plans 
will identifY new 'prevention' 
controls. 

The opportunity fur investigafuns and the intDriiBtion available fur SOUR:e and deposits IIJJdeling diffi:r during the !iii: cycle of a mille. At the start of expmation and 
miD:: design, there might be limited intDriiBtion on the nature of future potential ARD sources. Mine design and layout and characterization and predktion are based on 
laboratory testing that mually cannot be fully verified through field Jneasureiii:Dts and observatims. However, there il the opportunity fur both gathering intDriiBtion 
and fur optimizing the selection and applicatim of ARD control teclmok>gies through judi:_,us inteipretation of available test results, pro res sima! experiem;e, and 
c~on wilh anak>gue sites. State-of,. the-art practix:s and designs therefure can be incorporated into the ARD management plan. AJJ the mille develops, the 
ten:pora.l behaviours of the exposed Illiocrallmd rock, miD::, and process wastes becoJne apparent. 

Iniliating developiiJ:Dt of an ARD characterization and mmageJneDI: plan fur an opemting mille bas reduced potelllial. fur using deposit characterization as a source of 
data because IIJJst of the deliocatim drilling will have been con:pleted. However histori;;al core libraries IIBY be available and these can be invaluable in assessing 
ARD potential fur an exilting mille. Ore and waste can be IIBpped, S~~I~pled, and characterm:d as it il milled and processed. For an operating mille, mmy of the mille 
and process waste &cilities will have already been sited and partly" developed, thereby limil:ing the potential appli:ation of ARD prevention strategies. Depending on the 
age of the mille, best practices as docmnented in this GARD Guide IIBY not have been applied throughout mille development. The exi'lting developiiJ:Dts nmst be 
investigated and characterm:d to determioc the extent to which they represent potential ARD sources. The design of exi'ltiog &cilities IIBY constrain the nmge of ARD 
teclmok>gies that are teclmica.lly and economically viable. 

Monitoring exilting Illioo-waste &cilities and miD:: wids (open pit, uodergrouod miD::) provides valuable data on geochemical reaction rates uoder field commns. 
Geochemical reconnaissaa:e Slll'VeyS, leach testing, and drainage water quality :tronitoring provide data fur uoderstanding the ewlutDn and quality of ARD and 
maturity of these systeins. The value oftbis post hoc intDriiBtion can be substantially enhanced if the depositional history of these &cilities has been properly recorded 
(see Clmpters 4 and 5). 

Mine designs and operating practix:s can ofu:n be mxtified to incorporate ARD prevention strategies during opemtions that are then applied fur the remainder of the 
mille !iii:. The overal mille management plan should incorporate the ARD management strategy so that the 1ina1 sire condition at mille closure is consiltent with closure 
objectives. There are IIJJre likely to be perso1111Cl and equipJnent resources available fur both investigation/characterization and impleiiJ:Dtation of the mmageJneDI: plan 
during mille operatim than after decommissioning. 

Where milles have ck>sed without adequate consideration of ARD mmagemmt, there il a need to fim:nsi:ally investigate all eleiiJ:Dts of the mille and process 
developiiJ:Dt (mille, waste rock piles, process tailings deposit, and inftasttucture in which mille and process wastes were placed). In1imnaOOn relevant to ARD sources 
and characteriz.atim. might mt be available and a program of drilling and 1renclring with Sllllpling, field reco!D18.Wsance, laboratory testing wilh leach extraction testing, 
and monitoring of ARD discharges from mille waste deposits is ofu:n required. ARD from waste deposits might haw occum:d. 

At ck>sed sites, the ARD generatim process in mille workings and wastes IIBY be evolving, depemling on wben mining ceased. ln arid climates and wastes cont.a.iniog 
higher carbonate miocra.J. coDt.ent, that ewlution IIByproceed sk>wly. Drainage patterns in arid climates will also be diffi:rent than tmse in wetter climates (e.g., 
con:pared to freshet efii:cts in tenperate climates). Therefure, characteriz.atim. nmst consider and assess the stage of the ARD process. 

ARD control optims are limited, both teclmica.lly and tinalK:ia.lly, by the phys:i:al constraints of the closed mille. Materials required fur ARD contro~ such as cover 
IIBterials, might not have been stockpiled from distmbed land or from appropriate selectively haWicd and placed waste and it IIBY be necessary to dirturb additional 
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areas to develop bonow sources. Access, persoiD:~ and equipm::nt n::sources IIBY be limited in rem>te locales. Dirturbam:e ofiiBture omiziog mine waste can 
n::lease large loads of ARD products and n::bcation and disturbance ofmx:h IIBterial must be done wih appropriate caution and safi:guards. 

Top oftbis page 

9.2.3 Add Rode: Draioage Control- a Multidillciplimuy Tuk 

The devehpm::nt of an ARD IDIIlll1gement plan requires the integratim of a DlliiDer oftecbni:al. disciplines. Some of the disciplines tmst commnly required are lm.ed 
inTablr::9-2. 

In addil:im to the specialists listed in Tablr:: 9-2, then: are numerous other skilled persOID:l involved in plan developm::nt and implementation. These D:lude drilk:rs and 
excawtim smq>lcrs fur procurem:nt of smq>les, laboratory teclmi;:ians skilled in miDera.J. and ARD chaiacterizatim testing, Illlllitoring imtrumentation technicians, and 
teclmi;:ians and supervisors n::sponsible fur &cility construction, rock placement, water Illllll8gelllel water quality smq>ling, cowrs installation, and revegetation. 

Ofien project devehpm::nt staff at the cOipOmte level develops the mine plan during the B:asibility stage of a project F..n.viroDmenta and ARD specialirts need to WOik 
closely wih mine planners and metallurgEts to identii}r opportuniti:s to prevent ARD and to ensure ARD IDIIlll1gement m fully integrated into the mine plan and 
B:asibility study. For example, opportunities to segregate NAG and P AG waste rock and ta.iliog IIBY become apparent during project design. .bq>lcmentatim of 
segregatim requires that mine planners and metallurgEts integrate ARD consideratims into their B:asibility activities. Figure 9-3 smws an open pit bem:h plan 
developed during the B:asibility phase of a mine project Results of ARD block tmdeling are integrated wih ore and waste block tmdeling to show how segregation of 
NAG and P AG waste rock can be achieved at the individual mine bench level These plans and other tmre detailed plans will be used by mine opemtions staff to 
define smvel cuts and haul truck destinations. Figure 9-4 illumates the overa.D. segregafun. of various waste rock units based on their ARD potentia.J. and physical 
chaiactemtics. 

Table 9-2: Teclmical. Disciplioea Involved in tbe Development of an ARD Management Plan 

Dilcipline Typical Involvement 

Geology To de1inc the geological distrirution of rock types and miocnlJogy, fur developing the geobgical IJI)del on wbi;;h the 
geochcmi;:almnes and their chaiacterizatim are developed. 

Minerabgy To identii}r IIIii:JenUi that control the oxidatim and neulzaliz.atim potentia.J. and products. 

Geochemistry To evaluate the oxidation and neutralization processes, dissolutim, and solubility controls that determine mine water quality, 
IJI)deling of ARD, and the determioation of ARD control n::quirenEnts. 

Mining engineering and plaming To develop the mining methods and schedules fur waste exllaction and on:: placed in stockpiles and waste rock duups, and fur 
integratim of the ARD IDIIlll1gement plan into mining opemtions. 

Mineral.proces~ To determine the chaiactemtics of the heap leach, :miiir::d wastes or ta.iliogs and the control teclmobgies that can be applild in 
processing to minimize ARD potential. 

Analyti:al chcmimy To support mine and metallurgical operatims by implem::nting proper test methods fur sample handling. 

Water tn::atm::nt To design water tn::atm::nt plants to rem>ve deleterDus constituents in ARD and supervise water trea1m:nt plant operatims. 

Geotechnical engineering To design pit slopes and waste stoiage :litcilities mx:h as ta.iliogs dains and waste rock piles, cowrs, and erosDil stability of the 
post cbsure diainage system and landful11lS. 

Social sciences To ensure effuctive and open cOIIIIIIIDicatim with stakeholders and to ensure that their concerns are integrated into the 
IDIIlll1gement plan. 

Hydrogeobgy To evaluate groundwater infk:lws to underground and open pit mines and groundwater flows that have contact wih ARD 
sources. 

Hydrobgy and lio:J:Dbgy To determine flood flows and water balm;:e n::quired fur design water IDIIlll1gement :litcilities. 

Soi sciences To design and implement sudi:ial soils ( cowrs) in the cbsure Jamscape to &cilitate growth of self sustaining vegetation. 

Agronomy/botany furestry To evaluate sustainable vegetation to meet the mmagement plan and cbsure object:M:s. 

Biobgy/ecology To evaluate ecobgical iq>acts of residual sudiu:e and groundwater contamination and establish condil:ims fur ecosystem! of 
restored Jams that meets opemting and closure object:M:s. 

Fnvironmenlal.law To determine the regulatory requirem::nts that the mine needs to conply with 

Accounting and finlux:ial To estirmte and monitor costs, and IIBke appropriate provisions fur funding the mmagement plan and sustain post-cbsure 
mmagement Illlllitoring and liilintenamx: requirenEnts. 

Coniiact IDIIlll1gement To ensure that ARD IDIIlll1gement plan issues and measures are D:Oipomted into all relevant coniiacts that the mine enters into 
with suppliers and coniiactors. 

Project mmagement and To mmage and~ all aspects ofmmagement plan devehpm::nt and in:plem::ntation, D:luding kmg-tenn post closure 
~ion activities, where applicable. 
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.9.2.5 Dealp forCiatillft 

ThD COliCC!ptof"de.:lilrcbme''sbouti be applilld inibD desijplofaBIIIiDD mi. process licililiDs that haw anARD 
pot~Di~J. I:>esipmcZIID mquRs tbattbD fillllllim>-Jiil C)'llle, fiomdBwiDpm&Dto C"k!IID, be WllliletedntbD 
clesF oftbD mill! cmqlOIII!ID so tbat tbD desimd lllinD clo6un! mnditba arelldli&M!d. :Desisn m cZI!D sbouH alia 
COiliiS!llrtbDpotmiial,pmclEal,mlfllmcidiqllir:a1im&oftmqJwmy~ofopentiDmorofq~oftbD 

llliDD. 

An~ ofh: de•:lilrcbluR: ~lc iJIIDwB: lf-waa1e ill p~ &bow waa mlalbwed to oDiia: cJmq h: 

Wilb.an ARD 11111111,......... plm iD. place, 
tbD fimd1111111111111 objectiw ofpcdanii141.'1 
-~IIEIIl.mtmi.IIIDIIi!ming il to 
delmuiDD 1bD elk1Mau ofeblt plm 
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Figure 9-4:  Overall Segregation of Various Waste Rock Units Based on their ARD Potential and Physical Characteristics



that win m::et objectives. The expected perli>lillllliOe of these alternatives or options can be evaluated using modeling and other approaches, and the outcomes can be 
conpared to the sire-specific goali and objectives. Cost estimates and other aspects (e.s, security of approach, risk, ease ofimp-tion) are assessed to 
conpare the dilli:rent ahematives or options and thereby select the prefum:d option fur irq>lemenlatioo. This is an iterative process that may require a series of cycles 
of analyses, ahemative tecbnologics, and prediction to arrive at the prefum:d ahemative. 

Selecting technologies or conlro1m:asnres is dependent on the sire conditions, including climate, geocbemical cbaracteristics of rock materials, and sire topography. At 
som: sites, the concerns may be fucused on only one iisue, such as potential ARD seepage :from a tailings or mine rock :&cility. At other sites, a wide range of ARD 
concerns may bave to be addressed, snch as potential seepage ftom waste rock piles, ronoff fiom process tailings eni>ankmenll!, ronoff ftom minerali2!:d pit slopes, 
and diicbarge fiom nndergronnd mine workings. 

When only one concern is identified, there may be only a very limited llllllDer of applicable conlro1m:asnres to consider. Tecbnologics can be identified fur IIOil!Ce 
conlro~ mig!ation conlro~ and 1reatm:nt options. For example, the tecbnologics fur preventing ARD seepage fiom a waste rock pile can include waste rock 
segregation and selective placement, encapsulation of waste rock to limi! intillratioo, and addition oflime to delay the onset of ARD UDti1 a cover can be constructed 
(see Chapter 6). 

During the selection process of the conlro1 tecbnologics, coneeptoal designs are developed fur each tecbnology option. The design process is itemtive becanse a 
conceptoal design is developed and then updated as more infurmation becom:s avWiahle or more detailed sire infurmation is obtained. Elu:h of the tecbnologics should 
be considered and then evaluated, first using qnalilative screening based on advantages and disadvantages of each. The remaining tecbnologics should then be 
evaluated using, fur exai~ple, sire-specific modeling or cost estimation. The result is the selection of a prefum:d technology or group oftecbnologics 1bat can be 
cOllbincd to satisJY the goali of the ARD managem:nt plan. 

When there are IWI!iple sources of ARD, the tecbnologics or conlro1 m:asnres fur each source should be listed. Altematives or options are then developed by 
cOllbining a series of appropriate technologies. Conceptoal designs are developed fur each ahemative so 1bat sire-specific modeling and cost estimation can be 
conpleted. Elu:h alternative is screened using qnalilative and quantitative approaches. Experienced engineers and scientists should WOik together in a team to 
acconplish 1his 1ask becanse the complexily can increase dramatically with IWI!iple sources, tecbnologics, and alternatives. The outcoroe of1his process is a plan fur all 
the potential ARD sources, including the prefum:d alternatives or options 1bat win satisJY all the goals. 

9.2.6.1 Evaluation and Selection of PrefeiTed Option 

As described in Cbapter 6, there are maoy technologies that may be considered fur ARD conlro1 in the design of each of the mine components. For exai~ple, both the 
process tailings and waste rock may be placed below water (water covers) or stored in drained piles onder dry covers of various cypes. 

The combinations ofconlro1 technologies that address all conponents are "options" fur an ARD managem:nt plan. Various cOllbinations of alternative conlro1 
m:asnres may be considered in a llllllDer of''options." There are typically maoy advantages and diiadvantages fur each option identified. 

A llllllDer of decision tools bave been developed to assist the selection process. One is the Multiple Acconnts Analysis (MAA) (Robertson and Sbaw, 2004; Sbaw et 
al, 2001). The m:thod involves the fullowingthree basic steps: 

I. ldentiiY the impacts (benefits and costs) to be included in the evalnstion 2. QuantiiY the irq>acts (benefits and costs) 3. Assess the combined or acCU!llliated irq>acts 
fur each option, and compare these with other alternatives to develop a prefurence list (ranking, scaling, and weighting) of the alternatives 

The risk associated with each ARD managem:nt option is an imp- consideration and should be enbodied in the assesSIIIOlll ofvalnes fur indicators. 

Top of1his page 

9.2. 7 Risk Assessment, Management, and Contiogeney Plami 

Risk assesSIIIOlll is widely used in the mining irslm1Iy to identiiY and evaluate risks and develop risk managem:nt strategies and contingency plans. The basic process is 
described in Chapter 3. This Section 9 .2. 7 diicusses two approaches fur risk assesSIIIOlll1bat might be applied to eva1nating the potential snccess of the ARD 
lllllllllgelllO plan: a 1ililure mode and etli:cu! analysis (FMEA) and enviromnenbllrisk assesSIIIOlll (ERA). FMEA may be best soiled fur engineering designs and 
potential conseqnences 1bat may result ftom a lililure, while an ERA fucnses more directly on potential enviromnenbll efii:cts. 

Failnre Mode and Effects Analysis 

Haim:s (2004) describes a FMEA as a m:thod 1bat is "widely nsed fur reliability ans1ysis of systems, sohsysterns, and individnal conponents of systems." FMEA 
constitutes an ensbling mechanism to identiiY the IWI!iple paths of system lililures. A prereqnisire fur an effi:c1ive risk assessment process is to identiiY ''all conceivable 
1ililure modes of a system" A team of cross-diiciplinacy experts is required to construct an efii:ctive FMEA. The team should ideally include a representative that can 
speak fur the interests of the local cOlllllllllity (see Cbapter 10). Dushnisky and Vick (1994) describe the FMEA process as applied to mining projects. 

Multiple FMEAs may be perli>rm:d on ARD lllllllllgelllO during a mine's 1ili: cycle, especially as new infurmation becomes available, projects expand, or new 
technologies develop. It is essential, thougb, to perli>nn a risk assessment, FMEA, or other risk assesSIIIOlll approach to identiiY the selected alternative or option fur 
ARD managem:nt 

A small team of experts representing various stskeholders should be assembled fur a one or two day filcilitated WOikshop to perfurm the FMEA. The experts should 
also repre- dilli:rent disciplines associated with the ARD lllllllllgelllO plan and they should bave the sam: basic knowledge and nnderstsrsling about the sire 
conditions. The bonndatics of the FMEA should be established befure the WOikshop in tenns oftheil physical and ~raJ extent. For example, the physical 
bonndatics may include a single filcility on a mine sire, snch as a waste rock filcility or the whole mine sire. Temporal bonndatics may include the 1ili: of the mine plus a 
20-year, or longer, post mining period. It is alio nseful to identiiY som: conceptoallililure modes befure the wmkshop. 
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During the risk worksOOp, a fuD.Im ofrealist:K: 1hllure rmdes is identified am described using a Jmttix. where fililure tmde, efrects ofWiure, likeb'bood ofWiure, 
conseqUCDCes, am cou&lem:e in amJysis IIUrt be identified. Failure lik.elii:Dod am consequem;es are expressed in five descri>tors ('not likely,. 'low,. 'tmdemte,, 
'high,' and 'expected' fur fililure Jiketibood and 'negligible,' low,' 'tmdemte,' 'high,' am 'extrem:' fur conseqUCDCes). 'Ibe conseqUCDCeS can include financial, 
reputatimal, regulatory and legal, am otbCis that are appropriate fur the site conditions. 'Ibe 1hllure lik.eb'bood and conseqUCDCes are combinod using a 1m1rix su;;h as 
the one provided in Table 9-3. Agreetnent on the descriptions am bolDiaries used fur each of the likeb'boods, conseqUCDCes, and cou&lem:e ~Is slxmkl be 
establislxld early during the worksOOp. Failure rmdes ofbigh concern can then be identified according to the "warm'' colors (upper right quadnmt) in Table 9-3. For 
instance, if a 1hllure rmde bas a high lik.elii:Dod of occurrence and the conseqUCDCe of 1hllure wilh respect to a specific item su;;h as regulatory and legal is considered 
extrem:, then the risk will. be in the "da!k orange" area am will. be ofbigh concern. 

Table 9-3: FMEA Outcomes ComlriDillg liketihood of Failure and Comequences 

Consequem;e 
Likeb'bood 

Not Likely Low Modemte High Expected 

F.xlrei:ne 

High 

Modemte 

Low 

Negligible 

A risk IIIUlagem:nl: strategy is selected from vari:Jus opfuns fur each high am at least tmdemte risk 1hllure rmdes. The selected opfuns that con:prise the risk 
management plan can be prevenlive (to reduce the likeb'bood of the ''&ilure'1 or mitigative (to address potential consequem;es), or both. 

EnviroDIIIental Risk Assessment 

The ERA considers probabilities am potelllial conseqUCDCes of ARDIML to an enviromnental con:ponent. An ERA ~my consider one specific issue, fur eJUl1ll'le, the 
risk ofsur&ce water impact to a single aquati;: species, or the issue ~my be mJCh broader. The basi;; approach remains the sam::; identifY a hazard (or fililure tmde) 
and pathway am the consequem;es of such a fililure. 'Ibe cmmination of these ba:zmds and conseqUCDCes represents the risk. Chapters 3 am 4 provide additional 
inli>riiB1ion on the envirom:nenta1 risk assesSIIJmt process. 

Risk Modeliog 

Riik tmdels incOiporate risk into scientiti;: and engia:xlcriog tmdels. Riik tmdels define risk according to the objectives of the system umer considemtion am the 
nature am risk tolcmnce of the various stakehoklers involved. Modelling codes used fur evaluation of risk generally include specific matures that support decisnn 
analysis, su;;h as in the STEllA and GoklSim codes. 'Ibese codes allow fur ca.kulation of probability density furr;;funs (PDF) that take into accouot rmdel input 
uncertainty am are suited to the evaluation of sensitivity analyses and ''wbat-if' scenarios. 

In many instances, the data available to adequately address stakeooklers' perceptions am needs are insuffi;;ient, in particular, in the case of very con:plex system~ that 
are expected to moon or persm fur long periods of time. For instance, the consequem;es of a processing tailings dam 1hllure at a closed site can be catastrophi: 
when the tailings are acid generating am a pen:nanen1 water cover has been constructed as part of the closure strategy. On the other hand, 1hllure of a dry stack of 
chenD:ally inert tailings il nu:h less likely to have as significant an impact because of the lack of a transport medium am chemical reactivity. Risk rmdel<!, therefOre, 
are important tools to help KlentitY am implcm:nt mine waste IIIUlagem:nl: IIJ:aSU~"es needed to prevent or mioimize, or both prevent and mioimize, potelllial in:pacts. 

Contiogency Plall8 

Contiogerl;y plans are developed fur those fililure tmdes where a significant residual risk remains a.1h:r the appli:ation of ARD preventDn and control approaches. A 
contiogerl;y plan slxluki include targeted mmitoring, trigger ~Is fur actions, am specific responses in case a certain event slxluki occur. For example, if a fililure 
rmde is the potelllial fur ARD seepage from a waste rock pile, then lliOIIitoring can be established fur sulphate com:entratims in waste rock seepage as an early 
indi:ator of potential ARD fi>rma1ion.. If significant increases in sulphate com:entratims are m:asured, then contiogerl;y m:asures such as covers, dminage collcc1ion, 
or IDOre restrictive segrcgatim criteria migb1 be ilq>lemented. 
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Cont:ingea:y plans, or adaptive Illlllll1gellEI nmt ha~ clear mmitoring targets am actiom associated with specifi: ~ and outcomes. 

Top ofthii page 

9.2.8 MoDitoriDg Pe:rfol1118D.Ce aDd Assessment of Success 

To achie~ the objectives of a IIIIIllllgeiiii plan, both the in:qllem:ntation am the resuhs ofin:qllem:ntation of an ARD managemmt plan nmt be mmitored. 
In:plemematim indi:ators retlect how wei the managemmt plan is being executed. PerfimnalK:e iOOicators reflect how wei elements of the IIIIIllllgeiiii plan are 
perfurming against expected perfimnalK:e values. Monitoring involves the measurement of in:qllem:ntation am perfuii~~~~~x:e in accordance with indi:ators. Assessment 
involves the ccmparilon of observed indi:ator values compared to expected values. 

If assessment indi:ates that achieved in:qllem:ntation iOOicators vacy signifi:amly from the values established in the IIIIIllllgeiiii plan, then in:qllem:ntation nmt be 
adjusted to meet the required indi:ator values, or the management plan bas to be !IIldified. Examples ofin:qllem:ntation iOOicators are as-bmb: records con:pared with 
design values of the tai1iog5 dam am waste rock piles, am placenEnt of ARD mine wastes in the correct bcatiom specified in the IIIIIllllgeiiii plan. 

If assessm:nt indi:ates that achieved perfimnalK:e iOOicators vacy signifi:amly from the expected values in the managemmt plan, then the management plan must be 
III)dified to achieve the desired perfimnalK:e (objectives). Exalq>les of perful"llliiDCe indi:ators are seepage water quality from waste rock piles or in grouodwater 
quality as con:pared to lllllicipated quality, am treated water discharge qua.lil:ies con:pared with treatment quality objectives. IndMiual indi:ators must be estabmhed 
to determine what will be III)nitored and how mmitoriog will be conducted. Grouodwater quality mmitoriog can be establisbcd by selecting grouodwater sampling 
bcatiom am the analyti;:al parameters. Measured concentmtiom are indi:ator values, am these values can be compared with grouodwater concentration objectives 
fur that bcatim as wei as the concentmtion changes lllllicipated o~ time in the IIIIIllllgeiiii plan. To enable the rapn assessm:nt ofin:plemematim and 
perful"llliiDCe, trigger values should be estabmhed fur 'alerts' and 'response' act:ims. Wben an 'alert' value is reached during tmnitoriog, an increased ~l of 
mmitoriog am assessm:nt is triggered. Wben a 'respome' value is reached, the required assessm:nt and respome act:ims (e.g., contingency measures) shoukl be 
initiated. 

Table 9-4 provnes a broad grouping am listing of typical in:qllem:ntation am perfimnalK:e iOOicators that coukl be applied to tmnitor am assess in:qllem:ntation am 
perfuliiliiiiCe of an ARD management plan. This listing does mt co~ al possibilities am other approaches may be reasible or desirable. 

The gencml desct1>tims ofperful"llliiDCe indi:ators, shown in Table 9-4, nmt be translated into specifi: observatiom, measurem:nts, or tests that are suffi;;ient to 
uoderstand the nature am behaviour of each major element of the ARD managemmt plan. 

A IllliiDer of indi:ators may provide a greater uoderstanding of a current condition or the rate of change, although there is oo single program of tmnitoriog that is 
appli:able to an mine sites. An exa!IJlle is the suite of parameters that can be measured am III)nitored to define the state of oxidation am contaminant release from a 
mine waste rock :litcility, inchxling tmnitoriog oftelq>elature, gases (02 and C02), stored ARD products acCUIIJJiating in the pile, sur:litce and grouodwater quality in 
the seeps or dowmtream enviromn:nt, or the productivity and abumance ofbiota in the receiving environment The various attributes of these difti:rent indi:ators fur 
assessing difti:rent control teclmobgics are ~ in Table 9-4. The selection of the tmst appropriate key indi:ators will depeiil on the perful"llliiDCe issues that 
are of III)St relevaa:e to both assessing am ~trating the success of the managemmt plan. 

Seep llow mte measurem:nts are ofien early am semilive iOOicators ofperfimnalK:e of stockpile or waste rock pile intiiiiatim. and contaminant transport control 
measures. COJibined with water quality testing, llow measurem:nts support cak:ulation of the loads of contaminant releases to sur:litce water, and llow measurem:nts 
therefi>re are key perfimnalK:e iOOicators. Monitoring approaches fur on-site am ofl'.site :litcililies and receptors are described in Chapter 8. 

PerfimnalK:e iOOicators should be carefully selected to optimrlie both the IllliiDer and ftequeD:y of observatiom or Sll!IJlling and the con:plexity of III)nitoring. 
lnlh:ators that III)st dGctly represent the properties or effi:cts of interest are lmJally the III)st accurate indi:ators. The fi:equency of measurem:nts or observatin!s 
shoukl take into account rates of change; periods of mmitoring should be limited to pemds when the iOOicator is relevant am there should be regular reviews of 
indi:ators and their relevam:e to determine if tmnitoriog of some parameters shoukl be terminated, or if others shoukl be inlroduo:ed. 

Table 9-4: MoDitoriDg aDd Perfonoance Aneument of Suceen 

MoDitoriog Purpose Asseument Question~ Nature ofMoDitoriDg Key Implementation & 
PerfoiDIIlliCe lndicaton 

Soun:es Classification Are the waste rock Waste rock classifi:at:ims, Variance ofchaiacteristics from 
Monitoring mUcly of chalacteristi:s as lllllicipated? quantities & ARD properties. those designed fur in MP .1 
perfimnalK:e iOOicators Are tailiogs chaiacteristics as Tailiogs classifi:at:ims, quantities Variance ofchaiacteristics from 

lllllicipated? & ARD properties. those designed fur in MP. 

Are mine :&.ce exposure sudiu;e Mine :litce geometry, ftacturiDg Variance ofchaiacteristics from 
chalacteristi:s as lllllicipated? and ARD properties. those designed fur in MP. 

Are other properties (e.g., Cli!mte, grouodwater and sudiu:e Variance ofchaiacteristics from 
grouodwater am sur:litce water) water quality those designed fur in MP. 
as anti:ipated? 

MP execution Monitoring Is mining plan, schedule, am Mapping of mine :&.ce Variance of as-mined geometry 
mUcly of in:qllem:ntation :litce exposures in accordance d«M:Iopmem am ARD rock and rock classification from that 
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indi:ators wilhMP? types exposed. desigucd fur in the MP. 

Is mine wastes am tailings Record mine waste am tailings Variance of mine waste am tailings 
mmagem:nt in accordance wilh production, handliog am quanlities am management ftom 
MP? placement. MP. 

Are materials used fur control Sample am test construction Construction !IIlterial properties 
element comttucfun in materials in situ properties am am placement locatims variance 
accordaa:e with MP specs? placement locatims. ftomMP. 

Are control structmes being Observe construction am check Variance of as-built construction 
comttucted in accordaa:e with dim:nsDn am products. Produce ftom the design requirements in the 
MP? as-built drawings. MP. 

Is ARD collection, treatment Measure tlows am water quality, Variance of ARD water tlows, 
am water balaa:e in record trea1m:nt operatiom, am water balance, am trea1m:nt plant 
accordaa:e with MP? production results. operation ftom MP. 

Is the management am Audit mmagem:nt am reporting Variance of management am 
reporting structure in structme in:plememed. reporting structme ftom MP. 
accordaa:e with MP? 

Component Pertimnaa:e Umer water deposits Monitoring depems on Key indi:ators can vacy. Vlll"ilm:e 
Monitoring IIIlinly of con:ponents am indi:ators of of observed ftom design values 
pertimnaa:e indi:ators perfurmmce relatire to each monitored fur each control 

control technohgy. technohgy am component. 
Oxidation products (solils & 
liquids) 

Umer covers deposits Indi:ators of ARD generatim Oxidation products am ARD 
seepage 

Collecfun system! Indi:ators ot7ARD generatim % diversion; reliability/stability 

DM:rsim system! Indi:ators of efficient diversim % collection; reliability/stability 

Collecfun system! Indi:ators of efficient collection Reliability; 1mplanned discharges 

ARD water storage system! Indi:ators of reliable storage Discharge quality am reliability 

Water treatment system! Indi:ators of adequate treatment Demity am stability 

Sludge di9posal system! Indi:ators of efti:ctive di9posal Stability of material in disposal site 

Perfurmmce trajectory Is the evolntim of ARD ftom Monitoring involves the Variance of observed ftom 
Comparing change in sources/deposits 1!00er the con:pari'lon of the predi:ted time predi:ted time history indi:ates 
pertimnaa:e with applied comrolm:asures history of change in indi:ator a:ed fur recalibratim of predi:tire 
predicted change in devehping in accordance wilh values with the tim: 1mtory model'! am reassessm:nt of 
pertimnaa:e -to enable model predi:tims? That il, are observed values ftom field control m:asures etJi:ctireness am 
model calibratim am the comrol system! worlcing? monitoring fur the various requirementstom:etMPhng-
revile predi:fun sources/deposits. term objectires. 

Sources/deposits include: WQ during operation & tlooding Potential to m:et MP objectires 

U00ergroum mine WQ during operatiom & chsure Potential to m:et MP objectires 
(flooding) 

Open pit mine DmiiBge WQ, temp, 02, stability Potential to m:et MP objectires 

Waste rock &cililies Pond & seepage WQ, stability Potential to m:et MP objectires 

Tailings dam! Efficiency, erosDn, stability Potential to m:et MP objectires 

Collecfun system! Efficiency, reliability, cost Potential to m:et MP objectires 

Trea1m:nt plants Deo!ity, stability Potential to m:et MP objectires 

Sludge di9posal fucililies Deo!ity, leachability Potential to m:et MP objectires 

Fnvirolliii:lllal. in:pacts Aretheenvironm:ntal.impacts Monitoring ofthe potentially Indi:ators used fur monitoring 
Monitoring IIIlinly of on the sudi1ce of the in:pacted envirolllllmt; including environm:ntaJ. impacts are typically 
pertimnaa:e indi:ators sources/deposits am in the the sudilces over sources and the a m:asure of quantity and quality of 
relating to environm:ntaJ. receiving environm:nt achieving downstream sudi1ce am the natural resources and biota 
impacts MP objectires fur the fullowiog: groundwater environm:nt over am downstream of 

sources/deposits. 

Sudiu:e land use, aesthetics, am Vegetation; soil. am tem:strial Vegetation & biota species 
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Manageinen1 and 
mrilltenam:e 
S\W.ioability Monitoring 
ofboth ilq>lei:nentation. 
and perfim:nancc 
micators relating 
primuilyto long-term 
sustainability 

1MP- IIIIJiagem:nt plan 
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prochx:tivity? 

Sudilce water quality in tbe 
receiving environment? 

GrolDlwater quality in tbe 
receiving environment? Air 
quality and down.wim 
deposition efti:cts? 

Social in:Jmcts in tbe atli:cted 
coDllnlllity? 

Economic impact in the afti:cted 
coDllnlllity? 

Are tbe ongoing IIIIJiagem:nt 

and mrilltenam:e (M&M) 
activities required in tbe MP 
sustainable during operations 
and WI)' long-term? Aspects to 
be Illlllitored and assessed 
in:lude: 

• Financial susta.ioability of 
required M&M. 

• S\W.ioability of 
IIIIJiagem:nt structure. 

• S\W.ioability of 
Imnitoring activities. 

• S\W.ioability of operating 
and mrilltenam:e 
activities. 

biota; appea.nmce; land use. 

Surfuce water tlows and quality 
over and dowmtream. 

GrouOOwater elevatiom and 
quality in arolDl & dowmtream 

Air quality over and downwind 
deposits rates and anDUills. 

Ongoing impacts to the quality of 
lifi: in afti:cted collliiilllilies. 

Economic in:Jmcts to atli:cted 
commmities. 

Long-term ilq>lei:nentation. of 
fiscal, ~ operat:io& & 
maintenance systeioi and 
perfui'IIIIJICc and susta.ioability of 
these activities in accordance wilh 
MP and the MP objectives; 
ioc!WDJg: 

• Size and perfim:nancc of 
1ioancial security relative to 
MP furecasts. 

• Succession process fur 
M&M and durability of 
custodianship. 

• Sustamed success of 
COiq>leting Imnitoring 
activities ofMP. 

• Sustamed success of 
COiq>leting mrilltenazJ:e 
activities ofMP. 

9.3 Implementing the Acid Rock Drainage Management Plan 

ablDla!:x:e; prochx:tivity; 
appea.nmce & land use. 

Flow rates; contaminant 
concemratiom; aquati: 
productivity. 

GrouOOwater elevatiom; 
contaminant concemratiom. 

Particulates in air; down.wim 
deposits charactemtics, and rates. 
Commmity heahh, cuhure and 
recreatimal. pursuits. 

Job opportunities, economic 
burden, smtained economic 
benefi!s. 

Key ilq>lei:nentation. and 
perfui'IIIIJICe iodi:ators fur 
susta.ioability ofthe IIIIJiagem:nt 

and maintenance activities in:lude 
current iodi:ators and assessments 
of change trajectory cruq>ared 
wilh predicted by the MP. 

Value (size), security, and change 
in va.1uc of financial assuraJJCe. 
PreseD:e, completeness, aud:Drity, 
and effuctiveness of~ 

Ongoing completion ofimnitoring 
requiren:r:mts ofMP. 

Ongoing completion of 
maintenance requiren:r:mts ofMP. 

On-going completion of operating 
requiren:r:mts ofMP. 

Id.eally, tbe ARD Illllllllgeiiil plan bas been devehped as part of the original mine plan and envirolliiimlal assesSIIIliit. GcncraJ. requiren:r:mts fur ilq>lei:nentation. oftbe 
management plan are often contained in permits issued by regulatory agencies. Appropriate senm -level IIIIJiagem:nt respomibility and accoll!ltability must be put in 
place, together with access to adequate hun:ll.n and 1ioancial resources, to ilq>:lenK:nt the plan and audit its effuctiveness. The ARD IIIIJiagem:nt plan, in:ludiog its 
assessment of perfim:nancc, should be shared with commmities and other stakehoklers as di<icussed in Chapter 10. 

A key aspect in ilq>leinentiog tbe ARD Illllllllgeiiil plan wilh regaro to mine scheduliog is to establish a practi:al basis whereby tbe Illllllllgeiiil m:asures can be 
part oftbe shm:-range and long-range mine platming (see the Mt Milligan Project mini case study fur an exaJll'le: Mt. MiDigan Project). Operating envirolliiimlal 
staffknowk:dgeable in tbe basis oftbe ARD Illllllllgeiiil plan sh:lukl participate in tbe ongoing operations planoing m:~ and the geologic assessments. The 
envirolliiimlal sta1f sh:lukl alia explain the envirolliiimlal and geochemi:al. considerations in a way that is Ullderstandable and useable fur mine production sta1[ 

The transition from project devehpment to mine operations is a critical period because details and co•••••~~ • ents fur ARD IIIIJiagem:nt can be bst Ideally, operating 
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lllafFp~ D. the Dlalst~FS of mile aaibility ml CIIViromDe:llla usee,...,. ad pemililg because tbeyba-w: fm-han4 koowlcciF of.ARD mmaprm 
~ plims. mlco1iiilbuelD. 

Top oftbis PIIC 

Inp!ll!llll. lbD Dliqmustryhas ~~~~DIKed EMS. EMS ill widelyapplilld atllliDD des.. Appli:mmoftt- S)'SIIIml il buDd onc:oipOIBte ~poli:y ad 
lb11Dws a ~qdll ofpJamiog. ~nllllll Opt>latiw:t, c1l!c:D:Igad ~ acliDD, ~mvillw, and.c:onlimllll.illpowmlllll. 11m~ h 
Fp 9-S slmWI a typDIPMS cyc:ID and ils c:oqJODOllbi. 

J.ltpnl N: 'fn*al ED.viro-IDI Manaaemellt Model 

Management Review 

Checking and Corrective Action 
• Monitoring and Management 
• Non-Conformance corrective and 

preventive actions 
• Records 
'EMS audits 

Environmental Policy 

Planning 
• Environmental aspects 
• Legal and other requirements 
• Objeetive$ and targets 
• Environmental Management and Program 

Implementation and Operat ion 
• Strueture e'ld Re$pOM&ibai1y 
• Training, awareness and competence 
• Communication 
• EMS Documentation 
• Ooeument Cootrol 
• Operational Cootrol 
• Emergency preparation and response 

vam.otber~ldall:dmanaiJ"""'¢pm.eDtatmiDee,Adluabildiveraly ............ plm!,cbulepJana,VIUIIcmmaiJ"""'m'plam,~ 
wuae mlwater~ plans, DDIIDirillapJana, ml wrioua otbermile cleYebpmeltplm!. .ARD~plana ue o&nc:o1lllCt'led to11aeplla u pat 
ofthe owni!BMS. wa .ARDis a qprificant issue, .ARD shoWd 11M. OWIUTIIIIBIC"'D plm wihfukap to ldall:d plaDs in the EMS. Wh= ARDis a Sllllllcr 
iss~~:, a..........,..couU be m~ m. other plans ofb EMS (e.~. u pat ofthe ~IIIJMolilgplm ~P~Jil'OIPDIS iDr.ti:ate a low 
ARD~. 

1')pEally, lbD BMS aud lbD ARD llliJII8DIIID!Iplan am~ IIDIIIIIlly'tll6~or rmmm CMIY 3 tn S )'llaDI or lbD EMS aDd ARD 1DIIIItF""" plam. 
c:IJqDwbantligtmld by a major~ inopemtions (e.&, D!IW om bodylll'~pmc:ess). 

ARD~ plam am allo aniote,gmlputofc:bnnplam whm!ARD iB a q,.;ti:azt imle. Ck!SID plms ma.y be SOIIIDWbatc:om:eptuallllrly ht!DIIIiDD 1i!D 
bm c:l!SID plam becom&lmm~ specifia: ullillillgp~ CloiuRI plam lll:mUl be quie delai!d about 3 to S )'IIIIIJ3 bdm! lbD c:ouplelim ofmioiog up&idiuni. 
Ck!~AR plam tlbo\61 be mgmD:diDID mileprodl&llimplam ml, ink lut}all of~~. bec:om: alqc putoflhcprodl&llimplllninordaCollllh 
cfli:c:tM: \IIC ofmile 1111: 1a0uroes. 

Addftmel hi~Rs of a tiiiLlCtallillc:orpot* or -...~r:wl.ARD mmaiJ"""'IIIIacac D:blc 1hc ~ 

• Jar;orpol'lllilg e:JIYh)lllm:IDlaWil'eDeeS traiDillg (includiag.ARD ilauee) ialo 1hc iDchrim 1l'lliq program:&lr dmile 8114' 
• Ez!N:ilglhat e:JIYh)lllm:IDl~l'lilg becom:a a atmlald 8fll.lllda Man at ~elMii ope&'ID)lll aDd corpou ~ 
• Ilevebpq clear acli)n 1I:Um :&lr Ill by ARD mmilariagpoiala to ~D~R proactive acli)n 
• l'lll:blqpenolllldmnn the c:otpOt* enviromllcDt depctmed wm will lave dJ: reepoiiBHtfto elll1lttC 1bat proper c:olllidera1iDn iB giw:n to tbe li&>ll)'Cle 

e:aYi"Oumelaldab ao project dewlopmemaa 
• Collhl:tiJJ post-b:ilett ~ ofiDcidema where enYiroanedal ml ARD nctitot iiJ aielia ue eneeded or when a ~limce incidelt is 

reported In detenuile the CIUIIII! ofthe iDcideut ml de&e ml mplemed ~ meellftSID ~a~ oceummce. 
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1he ew.UatioD, deaigu, mtopemqe)dc depRd inFiple 9-6 is t)picallyrepealecl cbilgeechoftbe mile&: BIIF8 88 acoldinuous proeeu, 88 i!klsntecl iD. 
FpiJ-7. Sa a to1111& C)dc approadl is c:learl¥appliceble mjp.'ealiiekl projedl ml will proceed houghaltbe mile & C)dc alaif:l. H01MW, tbe nUatim, 
~ mt opcalilg C)dc canaho be applied to projeet111Bt me DOt bdJ:r clewbpeclak die cwpJorationstaF. aisq o.pemticms. ml clocecllllille$. 

Jtgure 9-6: 'l'lle C,r.le fur DevelaJDI ud Imple.-llfhlc ARD MBDBp.-Dt Plam Ill eadl Life CJc1e St.ge 
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OPERATING PLAN 

EXPLORATION 

MINE FEASIBILITY 
STUDIES 

DETAILED MINE 
DESIGN 

MINE 
DEVELOPMENT 
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STAGE OPERATION 

LATE 
STAGE OPERATION 

MINE CLOSURE 

POST MINING 
SUSTAINABLE MANAGEMENT 

RISK ASSESSMENT (FMEA) 
MONITORING 

GOAL, etc 

RISK ASUSSMENT 
MONITORING 

DESIGN/IMPLEMENTATION 
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In the case of advanced exploratim projec1l! 1hat are oot further developed, at least one cycle of the design process presented in Figure 9-7 would be applied. For 
...,h projects, an ARD IIIIIIlllgOI1Ii plan cao be developed aod imp-d fur explruation. Wheo the decision is made to end the explruation activities wilhout 
further mine devehpm:ut, a closure plan should be developed aod irq>lcn=red. In that case, the project proceeds directly ftom explruation to closure. 

Top of1his page 

9.3.2 Management System Roles and Respoasibilities 

The corporate staff should play ao imp- role in ensuring the developmont aod integmtion of the ARD managemont plan into the mine sire's EMS. That role 
includes anditing the irq>lemenlation aod snccess of the EMS. Corporate staff cao assist wilh strategic plluming in the EMS aod wilh consistent enviromn:utal 
perli>liilllliCe when key mine opemting staff change. 

Wbile precise COllJlRDY structures dilli:r between companies, key fuatures aod C""1'0nenll! of ao efii:ctive managemont structure fur ARD plans might include the 
fullowing: 

• A senior level person who mkes responsibility fur the corporate enviromn:utal (aod ARD) IIIIIIlllgOI1Ii system including policies aod guidelines, aod IDlY be a 
key reiiOil!Ce fur teclmical infimnation on ARD. The corporate enviromn:ut depar1m:ut oversees the company's ovemll enviromn:utal programs, including 
ARD IIIIIIlllgOI1Ii s1mldards aod guidance, aod prepares s1atus reports fur the company executive aod IDlY assist in compiling the business unill! report to the 
bomd of directors. 

• The mine sire's general manager hss ul!Dmte responsibility fur the implem:utation of the ARD managemont plan aod integmting the responsibilities into the 
relevant operations depar1m:uts. 

• The chief geologis~ who is responsible fur the geological block model (aod ARD block model where needed). 
• The mine aod mill managers aod soperintendenll! are typically responsible fur irq>lementing the ARD IIIIIIlllgOI1Ii plan becanse the plan nmst be integmted into 

milE opemtiona.l acti\.>ims. 
• The sire's enviromn:ut depar1m:ut should primarily review, andit, aod monitor the ARD managemontplao, ensuring that the plan is being fullowed by mine 

opemtions' functional groups. This could include evaluating field da1a aod perli>liilllliCe against the objeetives of the plan, interpreting the da1a, aod linking da1a 
ftom the mine or the mill (e.g., cOllJlllring mine dispatch da1a on segregation of waste rock against seep survey da1a fiom the dump or reviewing sulphate aod 
metal concenlmtions in 1ailing pond or waste ~ seepage). Wbere required, the enviromn:ut depar1m:ut should have ao appropriately qnalilied scieutist or 
engineer wilh prsctical experienee across a wide rsnge of relevant disciplines to ensure that the ARD IIIIIIlllgOI1Ii issnes relevant to the mining aod process 
opemtion are understood. 

The bullet items above are eJOIJI1'IeS of possible roles aod responsibilities aod illm1mte the rsnge of activities aod nmltidisciplinaiy aspects of ARD IIIIIIlllgOI1Ii plan 
irq>lemontation. Mines will employ dilli:reut organjzational structures based on specific needs aod personnel 

Top of1his page 

9.4 Long-Term Considerations 

An ARD IIIIIIlllgOI1Ii plan should provide fur the sns1aincd existence aod perli>liilllliCe of the structures that are required to achieve long-term preveotion aod 
mitigation of ARD. In 1his Section 9.4, some of these long-term issnes aod effi:cts are preseuted 1hat should be considered in the developmeut of ARD IIIIIIlllgOI1Ii 

plans to manage preseut aod future impacts. 

Top of1his page 

9.4.1 Design Horimn 

The robnslness of the techoology selected to address ARD issnes determines, to a great extent, the long-term snccess of ARD preveotion aod mitigation. The cost of 
more robnst techoologics should be compared to the costs of planning aod mtintenaJJCe fur vecy long periods oftime. 

Regmdless, there is a need to llllke a mtional aod prsctical decision on the service lili: fur which managemont measures are designed aod dnring the time period they 
need to be assessed. Wbile there are no consistent or universal regulatory guidelines, lDlDY designs aod cost analyses are condu;;ted fur a time hnrilDn of I 00 years. 
From a cost perspeetive, the financial provision 1hat caters fur eveuts dnring the next I 00 years is vecy similar to a financial provision 1hat caters fur longer periods of 
time, when m:asured in net preseut value (NPV) Ienos, depending on the discount rate nsed in the cakulations. The various inves-nncertaintics will olhm have a 
bigger impact on the NPV than a time line 1hat extends beyond I 00 years. However, lDlDY cOIIJlllllies aod regulatory agencies are examining other methJds of 
assessing the long-term cost of ARD IIIIIIlllgOI1Ii beyond NPV calonlations. 

Top of1his page 

9.4.2 Long-Term.Resoun:es 

There are various m:chanisrm 1hat are used throngbnut the world to manage post-closure monitoring aod llJlintenance requirem:uts across the spec1rum of closure 
activities aod ARD managemont is mt1y one C""1'0nent of the ovemll closure plan. The key post-closure activities related specifically to ARD cao rsnge ftom a 
relatively active sire presence ( aod cost) fur long-term opemtion of water managemont aod water trea- to a relatively minirml requiremont of periodic monitoring 
aod llJlintenance of structures to control water levels aod lDlin1ain llooded conditions. In lDlDY cases, given 1borougb sire chamcterilation aod application of the 
"design fur closure" principle, mt1y a pedimnaoce monitoring period of two to ten years may be required. 
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The operating IDJde1 fur 1his post-chsure maintenance can vmy as fullows: 

• Continued opemtion post chsure by 1hc mining company (Ibis III)de1 is typically seen in larger mining cOiqlllllies that continue to have opemting sites elsewhere 
cOI!bined wilh 1hc financial wbcrewilhal to ensure funding. Wilhin 1his IDJde~ 1hc site might be managed primarily by third-party conlmctors or by COiq>any 

enphyees.) 
• Third-party manage=nt of1hc site, funded ei1hcr by 1hc fimrl:r owner/operator or by a cOIIIliOl"CiallllillDgei1IOil wilh 1hc third party 
• C011plotion of decommissioning activities, post-chsure manage=nt and III)nitoring of1hc site by 1hc owner/operator fur so1110 tiim: period dnring 1hc evaluation 

of1hc perfurmance of1hc chsure 1110asures, fullowed by lo[[l)ver to a goverm:o::nt or regulatory audmitynnder a regulatory release fur conlinning ~or 
rmjotenance, as required 

• Sale of1hc property to a new owner/opemtor fur subsequent reopening (Ibis type of1Iansaction win require so1110 agreen=t on 1hc 1Ians1i:r or retention of 
liabilities fur 1hc fimrl:r owner. The conlractual and regulatory acceptance of1hc tranafur of liabilities win typically depend on 1hc confidence 1hat is placed in 1hc 
evaluation of post-chsure liabilities.) 

Wilh respect to 1hc sta1ling or 1mman resources fur chsure, 1hcre are again a variety of options that are typically considered wilhin a chsure plan, ranging fiom sta1ling 
fiom remaining operating sWJ; use of conlmctors and consulmnts, to devehping heal bnsiness opportunities to operate 1hc post-chsure site. 

A crilica.l elciiiOnt in 1hc definition of1hc post-chsure manage=nt III)de1 is 1hc qnantification of1hc tiim: pericd fur active sire manage=nt and 1hc associated costs. 

There are a llllllDer of dilli:rent inrematiooal guidelines on chsure funding and many colllllries are still in 1hc process of devehping legislation and guidance on 1hcse 
chsure funding IIIi:Chanism!. It is beyond 1hc scope of1his docun=t to discuss 1hc 1110chanisms in deW!; however, 1hc fullowing guiding principles are becoming 
stsndmd fur chsure placning and financial assumnce: 

• Deline 1hc tiim: pericd fur post-chsure manage=nt based on predictive III)deling, nmritoring, assesSIIIOIII and prediction III)de1 calibiation and validation, and 
1hcn negotiation wilh 1hc relevant regulatory authorities 

• Deline 1hc specific activities and associated costs, nsing a risk-based approach (The risk based evaluation conaiders nncertainty in predictiona and pedim:nance 
of ARD manage=nt 1110asures and expected value [or nmge] of costs.) 

• Deline 1hc pedim:nance crireria and triggers fur action (These in tum typically trigger a re-evaluation of1hc chsure cost IDJdeDing.) 
• Devehp a financial[[l)de1 to quantiiY 1hc provision required over ti!m:, conaidering 1hc nncertaintics ofbo1h 1hc site requireiiiOnts and 1hc potential inves

risks and nncertainties 
• Deline 1hc financial assumnce mochanism eilher internally to 1hc COiq>any or exlemaJly to ensure that 1hc funds are available as required and when needed 

(Typically, 1his win include s01110 funn ofandit of1hc financial reserve. Again, guidance varies by jlriidiction or co~ reganling financial tests to select 1hc 
appropriste mochanism) 

• Link 1hc cycle of planning, III)nitoring, anditing, and corrective action wilhin 1hc ARD manage=nt and chsure plans to updste 1hc financiallDJdeDing 

Top of1his page 

9.4.3 IDformatioDIIDstitutiolllll Knowledge Retention 

A significant issue in in:plciiiOnting mine decommissioning and post-chsure activities is 1hat key infimnstion, previously obtained and recorded by mine operating sWJ; 
might be discanted or hst at 1hc tiim: of1hc cessation of mine prodnction. Electronic storage can greatly filcililate future retrieval, but to be effi:ctive, all relevant 
iofurmation IJJ.M be in, or be converted to, electronic furmat 

The EMS implciiiOnted by 1hc mine shouklllllke specific provisDn fur 1hc identification, recording and camhguing, electronic storage (where possible), and 
preservation of all dsta relevant to ARD manage=nt and assesSIIIOIII (e.s, see ISO 14001 stsndmd [ISO, 2004]). 

The type of dsta 1hat shoukl be relained, include 1hc fullowing: 

• Exphmtion hgs and dsta 
• DeWled mining placa and survey data fur actual mining opemtiona 
• Prodoction records fur mine and beneficialion plant 
• Records on waste and residues (e.s, 1re.-sludges) prodnction fur mine and beneficiation plant 
• Depositiooal history and cona1ru;;tion details fur all wastes 
• Records on bacldill I!llterials placed back into nndeigronnd and open pit mine workings 
• All envirolliiiOIIIal ~ dsta (e.s, air, water levels, water flows, water qoality, soili, dus~ ecohgical, geocbemicaJ, and waste characterization) 
• Records onenvirolliiiOIIInoncompliances and stakeholder complaints 
• All specialist envirolliiiOIIIal and ARD reports prodnced by or fur 1hc mine 
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9.4.4 Changing Standards/Stakeholder Needs and Expectations 

Smkeholders (regulators and colllllllllities) expectationa chaoge wilh 1hc stage of mine devehpm:nt. What IlllY be conaidered appropriate fur an ARD manage=nt 
plan dilfurs fur new, opemting, and chsed mines. The expectationa of1hc stakeholders, wbo win be 1hc decision llllkers at 1hc tiim: of mine chsure, IIIUS! be provided 
fur in 1hc devehpm:nt ofanARD manage=nt plan including, if required, 1hc post-chsure custodianship of1hc sire. 

Regulatory conditions continue to beco1110 III)!"e s1ringent wilh tiim: and 1hc bar fur minimum compliance is 1hcrefure oJlen rsised (or "tbe goal posts are shifh:d'). A 
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mine that develops and irq>lemeots an ARD mmagement plan based on an objective and scieotilic assesSDlO!ll of all its risks fiom a Sll!tainable developm:nt 
perspective, even when it is oot required by current regulatmy reqlliren=ts, win bsve the inberent capacity to m:et changes in the regulatory and cOiliiiUility 
environment. This resilience is especially valuable fur mining projec1l! 1bst bsve a kmg lili:, measured in decades, wbere the issues oftigbrening and mJre s1ringent 
regulatory comuls over the mine lili: cycle are a reality. This resilience al10 allows the mine to plan fur the future. 
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10.0 Acid Rock Drainage Communication and Consulting 

10.1 Introduction 

The pu1pose of this Chspter I o i! to provide guidance to mining companies in their ilternsl COIIDDIIli:atio externs1 COIIlllllllli:a and consulamn wih 
neighbouring coiiillllllities, regu]ators, aui other stakehoklers about ARD during the lire of a mile. Key components of this chapter are outlined in Figure 
10-1. 

Flgnre 10-1: Chapter10 Layout/Road Map 
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E:li:ctiYe «'nmmlion on ARD camot be IDIIJIFCl in illolaion ml ill o• ODe upcct oflbc omlll.lllillc «'nmmlion ml coliSIIIIUDn procc88. AD 
agtlll:d OO!!!IIImication m1 COII81IIIalion 8trlll:gy ~IU:d 111 ARDis ~ml ahould rd:ct by iasucs 111 be~ ~ 1bill chap• hiablialdll 
80IIIe spcci6c ARD COil8ideruioDII in conmmicelion.dle in:Drmasion ~about ARD ~ill conduc11:d widDn die broedcr 8pcc1rUmofdle 
project or mille consuiiUion procc88C8. 'Ibe (IOOCl pliC1il:e priociplc8 mlapproechc81D conmmlion ml col~S~ll~Uon. mllbc need »r capacity buildil!g 
ofstlbho~ IJIPb' equaJbt 111 dewlopecl ml dewiD,Pilla COUIIIIi:s. HolWWf.lbc issues. questions.~ ml conmmicatiou mctbod8~~~: di&mlt 
j)r each niniDgpbue. 

To.P oflbill P1F 

10.2 Why Conummicate aod Co111ult about Acid Roek Drainage? 

'Ibe lcYclofknowlcdF about ARD pcrUion ml ni1ip!ion hu ~ clramuically during die Jut 20 )all widDn die niniDg industry. 8l.l8denia. ml 
~gulalozy ~. To be iiJb' llldd. hovmw.lbc ~~ knowlcclF IJIPiil:ab~ 1D a patil:ulu llliDc or project needs 1D be~ iD1D a i>I!Dit 1bat 
can be ~'UIIder81Dod by a broacl119 ofstlbholderB 1bat could be a&c1I:Cl by lbc project. 'Ibill COII81IIIalion ahould exalliDe lbc ~ of1iii!R 
drainaF qualitymldle ~ ofmilip!ion plaiJ8.1hcirdcgn:e ofuncerllinty. ml CODiinpcy lllC8BUIQII1D addraa dlatuncerllinty. SuchanOJICII 
dialogue on wbat ill known. ml wbat can be prcdAcl wilh wzyiug limlll ofconlideDI:e, belpe 111 build 'llllllmlllldil mltrust. ml ~\Y 1aulll in a 
be=!' ARD JIIIIIIFIIlCIIl plm 

'Ibill Sec1ion 10.2 ~&lid dilcuDe8 stlbholdcr pcn:e,P1iona &lid.,. about ARD. mllbc beDdB ofstlbholdcr conmml»n ml consuiiUion 
aboutARD. 

To.P oflbill P1F 

10.2.18takeholder Pem~~ about Add Rock Drablqe 

Sllkeho~em pcrally do not distioguish bettwen ARD. NMD. or so. nor do 1hcy clistiDpish bettwen llliDc conxnodilics. Until. die ltlkeho~em haw a 
be=!' underBianding of die i~Jsucs.dlcy ay exp!l:881hcir f:arB about such tbiDp ''Dine ...-r pollution;• •poor quality ...-r;• '1oD3-1mnliability;' ml 
"IDJ!k: spills." ARD ill dilb'enti'omlll)8to1bcr~ninio&illsuc8. If not propcrbt lllllliFd. ARD canpemistovcrmy lollg,PCJiods ofm ml 
nay~ OJ180iDg BIUily ml tratmcnt. 

From a stlbholdcr ~. ~pzdka ofwbctber lbc llliDc ill in lbc dcwiD,Piug world or dcwlopccl world. stlbholdm Diabt haw IIDD oflbc 
i>llowiug pcn:ep1iona ml vicWII about ARD: 

• ARD ill pcn:eMclu1Dllk: ml ~~ IICaiY· It 1llnlllsllallll ~kills aqualk: ~ ml mldm ...-riiiiSIIilll* »r donatk: PIIIJIC*8· In 11DD 

COIIIIIrics. such u P8pua New Guinea. die~ color ia cullurllly 88IIOCiU:cl wilh a bleeding Molbcr EardL 
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• ARD io perceived as funning som:wbat 1li»>OIlrollably wben mining occurs. Ako, ARD can mignm: iniD the enviromn:nt with little wanmg and 
1hereibre mks are harder to exp1ain. 'l'b:5 :is COill'licated by the varying levels ofmxierstanding and acceptance Nk of risk: a Jay person's 
uodeis1ml<licg and pen:c:ptml of risk dilli:rs iimdamootally fiom bow sciontists view risk. 

• Some scientific ~tiom and environmmtal assessmmts about ARD have been wrong in the past The Internet contains examples of ARD iom 
mines having caused signilk:ant enviromn:otal, social, and ecooomi: problemi. 

• ARD may alresdy bave contami:lared groundwsrer and soils, and people question wbether the mining C0IJ118DYwill CO!ll'ensare people fur lost 
resources. 

• People doubt 1he COiq)any' s ability to stop ARD, especially where there is a substantial cost and a lack of assurance that 1: is wen mmaged and 
CODlrolk:d. 

• fuyacts cso last fiom decades to 1bousanls of years unless SloPPed (clrims thet an: allo easily made on the IDtemet). 

Commmicating and comulting with stakeholders about issues such as 1hose above is essential to 1he corrpany's socialkeme to operate, even if the mile 
does mt have a high riik of ARD. ARD issues shluld, tbere:lbre, be part ofthe con:pany' s stakebokler cOIIIIIIDications strategy. Moreover, where ARD is 
a signifbnt concern, these iclsues and perceptions pose special challenges, need special IIJ::asures and skilled people to comnmicate ef!Cct:ively, and lillY 
require the involvem:ot of repre=mtives from an relevant teclmical disciplines in a C0IJ118DY. 

It :is useful to remmDer that ''trustworthiness goes up when you COil1DIDlbrte 'lbing!i that it would be :it your seU:.interest to conceal". 

Top of1his page 

10.2.2 Benefitl of CoiDIIUIIiea1ion and Consultation about Acid Rock Drainage 

Conmmicating and comultiog proaetively and transparently about ARD is a necessary and elli:ctive way to build good relations wlh an stakeboklers. If 
cotlll1lD1Utim is done e:ffi:ctively, it contributes to soc:ial acceptance of a con:pany's general business strategy and mi:Jing projects and results :i:L better 
projects and operations, as shown below: 

• People !i:ar wbat they do not llllderstml. Demystilj>ing the concept of ARD by explaining bow it funm, bow it cso be prevented, and bow it can be 
milipted belps stakeboklers overcome concems and !b"""' ~ A good OJ<aiq>le ofgenmalinfunmmn on ARDIML developed by the BC 
M:iJWyofEnergy, Mines & Petroleum. Resources :lbr a lay audience can be :IOuM here: GenerallnfonoationonMetall..eaeldllg and Add 
Rock Drainage 

• By providing accurate and 1:irrl::ly infimm.t:ion. the risk of rurmurs and the spreadmg of misinfimnation and speculation can be reduced. Without 
accurate iofur:matim, the Im<lia and other stakehoklers substlule their own ioimm.tion. which B often based on bad exalq)les of past practice. 

• By ensuriog 'that aB stakeboklers share the san~.' 1:irrl::ly accurate io:lbrmation, the CODIIIlDity as a whlle can develop an~ view onARD issues. 
• Consultalion provides balancing of perspectives (!AP2, 2002). By comultiog a wide OlTily ofstakeboldem, a more moderate and ptllgllllltic set of 

views is genmally gUied (IFC, 2006a). 
• Transpa.rency buikls trust and credibill:y, even if the news is not good. 
• Demmstratiog to stakebJklers. :regulators. NGOs.kmers. and others that a cor:qJany honours its colll11iln:ents to openness and transplll"elq 

enables progress. 
• Conmmicamn repres- so opportunity !br supporting and building stakebokler capaeity to better uodeistand good-practice mining envroomemal 

UJ!nagement, and to understand how st:auiards and guidelines are set and used by :regulators to evaluate a project 
• Receiving assBbm:e :from stakehoklers i:J. identif)'icg risks, potential e:ffi:cts, and opportunities to consiler can lead to better umlerst:andmg. 
• By listening and engaging. cmq>anios sre better plaeed to identifY iosoes at an esdy stage and deal wilh iosues proaetively rather than reaetively 

(Aumaliso Govemment DepaJ1ment oflnduslry, Tourism, and Resources, 2007). 
• Creating mxierstanding and a supportive enviromn:nt fur decision-making is good business practice. 

Top of1his page 

10.3 Mining DisclpUnes Involved in Acid Rock Drainage Management and Communication 

Ultimtely, \\i>ere ARD io a signilk:ant concern, repres-s fiom an mining diociplioes, and IDUJY mine -loyees (especially if they live witbi:t no:arlly 
conmunities). are involved in ~tion about ARD. The chaiienge is, over the lire of a rrine often with rotating personne~ to instill a lasting culture of 
constructive intemaJ. and e.xtemal coummication. 

A mi:le' s conmmicstions depaJ1ment (or public aflilirs, public relations or comnmity relations depaJ1ment) csonot commmicate and comu1t in ioolation. 
PersODilel in these departn:lmts may be higb1y skilled coummicators, but they are not noiiiiillly geochemists, engineers, or mine p1anners, so the 
commmicatims department often needs help to exp1ain the COiqJiex concept of ARD to stakehoklers. The ARD experts and the comnmications 
depat1ments need to worl< closely to undersUmd and elli:ctively convey messages. 

Top of1his page 

10.3.1 Integration of Functions 

Many large organimtims strugg]c with intema1 comnmication. People in mining conpanies work i:J. their spec:ial dis~ lines, each representing an in:portant 
aspect ofthe business and escb wilh their own responsibility. 

Internal commmication in a company needs to be designed to be e:ffi:ctive between difrerent :fimctiona1 groups at a mine. The :fimctional groups tDJSt wmk 
together to irq>lement the mine's ARD msoagement plao(see Cb&Prer 9), incbling stakebokler engagemenl; commmic.OOnand consulation, and 
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perinmance mmilorilg. lnlegrati>n shoukllead to ARD manage!IEI1 am coiDIIllllli:atim being fully incolporated into geologX:al program;, Dilling, miiii::J& 
enviromn:ntal and soc:ia.l ~ am colmllliiK:a1ims. At mines where there i'l a significant risk of ARD, it IDlY be nccesSIII}'to specifically demtc 
1imcfuns am respODSibilities pertaining to ARD il the job descq,funs of relevant per80111lel 

StakehJider cmgagem:ot needs to be~ as an mtegml part of company business fuo:tions, even if the mining CDiqlCIIly illllllllll with i:w staft: The 
conpmy shoukl provide colmllliiK:attms ln1irmg lbr personnel and shoukl mgrat.e comnmications into projecm and operations. This increases the 
~es bt ARD COilliWili:atim wiD. serve the purposes oftbe project, rather than beconiog a costly pet1Jheral exerciJe tbat is out of touch with 
operamna.J. realities that rUes expectatXmllhat caiiilOt be met (IFC, 2007). Comnmication shoukl be driven by a weB-defined strategy, and haw a clear 
set of objectives, timetable, budget, and allocation of respomibilit:ies to profi:ssXmal comnmicators. Many SDBD. mining conpmies subcoolract the bulk of 
colmllliiK:a1ims to comubams, assigoiogjust one sta1fiiiCidJer as the CDiqlCIIly spokesperson or liDon. 

If there is a significant rilk or perceptim of a risk of ARD, it is advissble to devote a sectim ofthe mine's public conmltation and disclosure plan (PCDP) 
or overall comnmicatioiiS plan to ODgDiog comnmication about ARD, and build in a Illlchanism in' ewbltim of the etktiwoess of the ARD 
colmllliiK:alim. It is irnportaot to ensure that grievance and COiqleDIIltim procedures are able to specifically deal with ARD. All staff should be JDlde 
aware of the program and uOOerstand why it is beiog uOOertaken and what ilrplications it might haw lbr the oulcoiiil ofthe project (IFC, 2007). Personoel 
il business fuo:tioiiS shoukl fully tmderstaod the mining process am ARD issues in order to COIIIIIUii;:at.e efli:cti.vely in lay laoguagc. 

Top of tim page 

10.4 PlaDDing Communication and CoDl!lultation on Acid Rock Drainage 

The lbllowing basi: plami:Jg steps, belbre engaging with stakehJiders and COIIIIIUii;:ating and consult:i:Jg about ARD, are described il ~ Sectim 10.4: 

• ~the CUil'eii!stat.e of the mine's relatioiiS with its stakemlders 
• Understaod the lel!lll am other requirem::ots pertamilg to stakemlder eoga~ regarding ARD 
• EIISure that the tec1ml:a1 aspects are weR tmderstood and accurately and properly prepared lbr presentation 
• Understaod the lcYcl ofknowledge and expeR:D:e of the stakeholders wilb.ARD 
• Tailor the objectives of comnmication and CODSIIbtim to the known i'lsues am the sl:ua.tion at band 

Top of~ page 

10.4.11be Foeus of Co•llltiag aDd Conmwnication 

The lbcus shoukl always be on COIIlD:t prevcniDn, rather than cmrlli:t IIIIIDilgem:nl (Zandvliet, 2007). 

The crux of ~ful ~and c0118Ubation is not what you do but how you do it (Zandvliet, 2007). Cotq)any-comwnity issues are never due 
only to extemallilctoi&. Daily operamna.J. activilies, IIJJre than commmity projects, determine comomity perceptKm. Commmity support is detmniled by 
how c0tq)8llies operate, il addiOOn to what they do. 

People's perceptims haw to be taken semusly. To them, their perceptDIIS are real, even if1iu:tually io:oirect. The lbllowiog exmq>les ilkls1mt.e 1Im 
IIIlSsage; 

• A company convenes a pub1ic Illletiog (ie., what the company does is selecting a good COIIIIIUii;:ation am coiiSll!lat:iJn Illl1hldology), but convenes 
the m:eting badly (ie., ch>oses a VI.'!DIIe not accessible to stakemlders; creates an ''II; and them" sl:ua.tion in seatilg ~; dilcmses teclmi:al 
issues at too high a level; does not allow sufficient time lbr quesfuns am debate; or becolnes defi:nsive and dismissive in anJWering questions from 
stakemlders ). Thus, bow the cmqmny conducted the Illleting has catastrophic results: open conf!K:t between company and stakemlders, enlreo:hcd 
negative perceptims, and c=ellctt Imtcriallbr negative publi;:iy. 

• A company convenes a pub1ic Illletiog that is supposed to be pub1ic COIISuhtion but presents a siJgle plan with aR the cou:bsims in place to IDlD8ge 

ARD; a company has JDlde decisims on what is acceptable risk with respect to ARD and water qudy; or a company has deciled on a design that 
requi'es perpetual treatiiilnt without prilr discussiom with the commmity. 

Thus, COIISuhtim and comnmication about ARD wiD. be infkJen:ed by how the eotq)any goes about its business, and consequently by whether its 
stakeholder relatioiiSbips are lJ)Od or poor. IfrelatioiiS are poor, colmllliiK:atim about ARD wiD. be chlllengiDg, and vb: WI&a. Envi'oniiilnlaJ ilriienls 
typi;:a11y serve as a trWr to lllllcash broader i'lsues that have not been addressed. Even a rurmur about ARD can spBik a disproportional comwnity 
reaction when other aspects ofthe stakemlder relationship have not been dealt with cons1ructively. Iftbe existing risk is already high, and anARD problem 
is possible, the rilk oflosing soc:ia.l1icense to operate will increase. 

Table 10-1 contains a simple assessment tool mines can use to assess CUil'eiii standi:lg in term! ofstakehJider engage!IEI1 (World Bank, 2004). This table 
is not COtq)Iebensive but is illmtmtM: of SOIIIl of the issues tbrt a mine IIIlY mce when engagem:nt is not proceeding as planned. These issues vary between 
geographic regions, etbm;: groups, am socioeconomic lcYcls. 

Table 10-1: Allusment Tool: lndiaton of Negative Engagemeld 'With Stakeholden 
CoqJOradon-CoiiiiiiJIDity CoqJOration-Govemment CoqJOradon-Crtdcs 

*Commmity leaders, elders stating tbcy do 
ton t fi:el respected 

•visits at the cDiqJaiiy gate/ people stayicg 
gate with COtq)JUts 

*Govcmm:nt presence in the area of 
funs is prinarily through the miliary 

*GoVImiiiiCllt expec1s CDiqlCIIly to build 
omwnity iniastructure 

*QuestioiiS are raised regarding company 
. ftomOOIIIl gowrmnent 

•QuestioiiS iom local or illemamna.J. 
· ouma.lism on cDiqJaiiy activilies 
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*Goverrnnmt dllengages its services from the *lntenlltional adwcacy N OOs criti:al of 
of coopmate operabmi any actKms start establishiog bcal 

*Reliance on bribery to get the go~ hes 
its duties *Being ~ned on activist websiles 

*Limited access of company staff to · on 1hcir radar screen) 
conliiUilityJgov~romrx:nt officials *Being accused of arrogant, defunsive or 

te *Riiicg treD:ls in theft {no reporticg and 
· ton OJIIl3llY seen as target) 

*Work stoppages 
*Deomds and hostile tone of comnmity 
enmxls increases 

*Bad press 
*ID:reaUJg criloe in the area of operations 
*Increased conftict between conmunities or 

Top of tim page 

*GoV\miiiieiit imerli:nmce with imemal galirti; tone C'we are Illbt and they are 
OJIIlllllYpobs {e.g., sta.ffhirio!iff ) 

*Both goverlliD:Il1: and COJIIlllllY state that *Refusal ofNOOs to nret with the COJIIl3llY 
o1hcr party m responsble in' comnmity 

lati:ms 

*NGOs ~ourage comnmity 
trations against co~ 

*NGO adwcacy catqlaigns against 
any 

10.4.2 Regulatory and Other Requirements for CoiiiiDIIIkadon IIUl Couultadon 

BeDre designicg a cOIIUII!Ii:ation and consub1Dn plan, the appbble laws and regulations need to be consulted. The miniiilum requiremmls in' 
COIDllllllir.:aWn. and consultatKm are often Ddi:ated in the applicable mililg or enviromoenlallaws of the jur'Ddiction in which the Dille operates {see Chapter 
3). In sonr couolries, laws o1her than those !Dr mioiog and enviromoen1 could govern cOIIUII!Ii:ation and consultation. These iD::Iude access to ilfimmtion 
(IIDre 1han 50 couolries worldwile IlllW have 1cgis1atim regardi:Jg access to in!Dnmtion), llllniniltzation of pub&: jum:e, heahb, and other app&:able laws. 
Bilh (ie., laws) that are not )'et protnllgated often carry lliOial :tbrce. COill>:tymg with in-cour:diy regulatory requirements will not bring about social 
acceptance of a project or stakeholder understa~Klmg of an ARD siluatim. Legislatim and reguBOOm usually state the miDim.an requireroents, which willmt 
be adequate if ARD 8 a significant ilsue, especially in coUIIIries wbere regulati:ms are mt well devebped or stakeholden; do mt 1riBt the govermoent. One 
way ofbuildil!g trust and credbility at the bcallevel m to as8Bt klcal stakeholden; to ucderstand illemati:mal guiielioes and standards, explain which of their 
provimm relate to ARD, and show how the mile will apply these to ARD at the bcallevel The Equator ~les am the IFC Enviroii!IICIIIal and Social 
Standards are often useful For exaJll)le, the IFC indi::ators (IFC, 2006b) !Dr free, pOOr', and infi.moed condation state that comnJIIiti::s should be 
consul!ed about ilqlacts that are diicowred allm operabmi have started. These ilqlacts would typi:ally inclde sigci&;ant cbimges in the quality of mioiog 
dBcharges, such as :irqlacts related to ARD. 

Establish wb&:tbcr there are applicable iclemational OOIM:Illions. In Europe, in' exaJlllle, the .Aarhus COIM:Dt:ion on Public P!UU:ipa1Dn (Amn., 1998) 
Ddi:ates that ARD ~sues that may ar8e should be dBclosed. 

Ahbough the IntemationalLabOID'Organilation (ILO) CoilWIIIion 169 onlJJdjgenousand TnbalPeoplcs (ILO, 1989) ~ drected at go~. 
con:panies should study the p:rovimns of tim cOIM:Dt:ion !Dr guilance. The provimns of the coilWIIIion are binding in 17 coUIIIries {13 of which are in Latin 
A=£8). AIWles 6 and 15 deal with consub1Dn by govermoeot, and companies can assirt goverlliD:Il1: with 1his condation process. 

Local or regKmalguides on comullation (D:Iuding "public p!UU:ipatmn", "stakeholder engagem:nt'', "commmity relafuns", and ''comomity engagem:nt") 
that stakeboldeJS could use to determine whether the company is adequately COillllllliii:a should also be consuled. Many devebped c~ have such 
guilam:e, bearicg in mild those guXles are neither recipes mr mmuals. In aD. cases, it is recoiii!IImded that a COJIIlllllY start the process by seekicg bcal 
am wider stakeholder input into 1he processes thly choose to use. 

Company values and Cllliiillilmm!s often contain requirements m COIDllllllir.:aWn. and consultatKm. At a minimum, project am mine site persoii!ICI should be 
keenly tiuniliar with 1heir cOiqlany's values and connnilm::ras, am should be able to relate these to ARD. Publicly stated wlues and con:milm::nts that are 
oot respected can lead to considerable mBtrust between a COJIIlllllY and its stakeholdeJS. 

Top oftlm page 

10.4.3 Tailor Objective• of Stakeholder Engagement to tbe Situation at Band 

There ism ''one-sill:-fils-all'' approach when it conrs to engJigCIIIIllll'Ibe type ofrelatioDSbip wiD difli:r IICCOldmg to the locafun, bcal culture, scale oftbc 
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project. phue of project deYelopmeut, and lbe illlm8ll oflbe Sllkeholdm. Figlft 10..2 (IFC, 2007) illustnla types ofSIIkeholder ~and lbe 
im=sitylbat people an: enppl A IliOn:~ approedlia illuslrmcl in lbe SpectrumofPublic ParticipUioD, u showninFipre 10..3, deYclopecl by 
lbe ~~»r Pub&: PW:ipaion(IAP2, 2006a.b.c). 

l1apn 10..2: 'l)pet of ttakellolder •~~PP••IIIId die IID•fty 'tlblll!llldl peOJD 1118 el!ppcl (IFC, 2007). 
Eappam1tllh stakeholden abomu ARD slhlaUon 1111111er clllrenmscenadol II IDdlcatecl on the llpn 

Types of Stakeholder Engagement and the Intensity with which People are Engaged 

General 
+--~~_. . ._ ____________ __ Project 

sta\eholders 

lnten~ty of Engagement 

IAP2's Public Participation Spectrum 

Public 
participation 

goal 

Example 
techniques 

Inform 
To l>r<wide the pubhc 
wit 1 balanced and 
objcctl\'e mfomtation 
to asstst them In 
understanding the 
problem. alternmh·cs. 
opponuniucs an<Vor 
solutions. 

We will keep you 
infomtcd. 

• fact sheets 
• Websitcs 
• Open houses 

Consult 
To obtain pubhc 
feedback on anal)·sis, 
alternatives ancVor 
decisions. 

\\c "~II keep you 
infonned. listen to and 
admowledge concerns 
~nd aspirniiOtiS, and 
pro,•idc feedback on 
how pubhc input 
influenced the 
decision. 

• Public comment 
• Focus groups 
• Sun·eys 
• Public meetings 

Involve 
To work dtrcctly \\1th 
the public throughout 
the process to ensure 
that public concerns 
and aspirntions arc 
COIISISICntll' 
understOO< and 
constdered. 

We \\111 work \\ith 
you to ensure thal 
your concerns and 
aspirntions arc directly 
reflected 111 the 
alternatives dc,•clopcd 
and pro,ode feedback 
on how public input 
influenced the 
decision. 

• Workshops 
• Delibernth·e polling 

Collaborate 
To p~nncr wnh the 
public m each aspect 
of the deCISIOil 
mcluding the 
development of 
alternmi,·cs and the 
idenufication of the 
preferred soluuon. 

\\c will look to you for 
otdv1cc and annovmion 
m formulatmg 
solutions ~nd 
mcorpor:uc your advice 
~nd rccommcndmaons 
into the decisions to 
the max1mum extent 
posstble. 

• Citizen adviSOI)' 
Com minces 

• Conscnsus-buildmg 
• Parucipmory 

dcctsion-m~king 

..... :iiii/1 

m 
Empowe1 
To place final 
dectsion-making 
m the l1.1nds of 
the public. 

\\'c will nnplemct 
whm )'OU dcc1dc. 

• Citizen juries 
• Ballots 
• Del~g:ucd dcci 

C> 200 
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during the mining process. Eachlevelofthe spectrum has a difbent objective and a difbentpromise to the public. The term1 denoting the diffi:rent level~ 
are based on di:tmmy deiioilimi. 

The nme senmive the stakehoklers the less 1hey1Nit the COJll)8IIY and government, the nme ilq>act the stakehoklers want on decfiion-JIBk:ilg, and the 
further to the lit# on tbe spectrum they want to be. For c:xmq>le, when a mine opera11:s in a siluatim of trust between the cwq>any, illl neigbbounl, and 
other stakehoklers and an ARD problem amc:s, colll!Illllli:afun and consubafun wmili typEally occur at the inim:n and consult levels of1hc spectrum, 
taking less ~. less ioYOlYe!m:nt of mine persome~ and less cost On the other hand, a large and potenlially Jilr-reaching ARD problem, wdh potenlially 
significant impacts to peoplll, their water resoun:es and the enviroilment, and especiaBy where thm'e is liltle trust between the mille and Is stakehoklers, will 
be more difl:icul to mmage, will require ioYOI.vemeot of aD levels of mine personne~ and will cost more ~ and m:mey. 

Top of tim page 

10.5 Communication and ConsuHation about Acid Rock Drainage for each Mining Phase 

The objectives and nature ofCODilllllli:afun and consul!ati:m about ARD !lllly evolve over the !iii: of1hc mine. However,~ in mine personnel and 
stakehoklers nvolved i:J. consullafunhc\Js to build rapport and 1Nit Companies should be parti:ularly senmive oftbe potential efti:ct on relatDnsl!ps 
during chlnges in senior mine personnel Where possiblll, outgoing senior personnel should irdroduce the incoming personnel For c:xmq>le, a mine project 
leader should ioYOlvll and irdroduce the incoming operatiog mine mmager to stakeholders as soon as practi;:al 'Ihil illlpires COI!lid~ in the COIIliiUiity 
that com:niln:euts l1lllde to 11lllllll.ge ARD during 1hc EIS process and permitting will be addressed dumg mine ~. even as 1hcse responsililitils are 
transfurred to diffi:rent personnel Duricg the !iii: of the mine, new stakehoklers will em::rge and, lhereme, basi:: ini>rmati:>n ~lied in the beginning would 
have to be repeall:d to assist new stakehoklers to mxler:staod ARD. 

Regardl:ss oftbe type of mine drai:J.age ioYOlved, and tbe pat1im1ar commdity, tbe approaches to and guidelines 1Dr COilliDIIIi:afu and consullation are 
the sa.m: and gbbally appli:able, wbe1her in the dew:bpiDg or developed world. Educamn levels vary am>ng stakehoklers in an COlllll:ries and cullmal 
comX!erafuns are in:{Jorumt in aD societies. Only the stakehoklers and issues are diflerent. Processes depend on local circums1ance, stakeholders, level of 
c:ducatiJnlli!m, cullmali!Ilperatives, curreotleveloftrust in and relafunsbip wilh tbe mining compaoy, and the nature and severiyofproblemi and 
i.npacts. Thus, tbere il m easy 1immla, except to try to manage the process proact:M:ly and adapt the establi!ihcd good practice approaches and princtlles 
1Dr stakeholder engagem:ut (IFC, 2007) and taWr the processes to each situafun. A h •rtant good practice approaches and principles are presented 
i:J.the Secfun 10.6 (m~dified ftom IFC, 1998; IFC, 2007; Chaniler ofMines of South Ai'i;a, 2002; and IAP2, 2006a,b,c). 

Table 10-2 conlains a lirt ofsoun:es wdhm~re in-depthinfOmBtlm. 

Top of tim page 

10.6 Good-Practice Principles and Approaches 

Top ofttm page 

10.6.11Ddu1ive Engagemellt 

A so Iii li.Juoiafun oftbe stakeholder consubation prognun is based on recogoiziog the broad range ofpotenlially Iierested parties, and the influence oftbe 
parties on the project outcom:s. Stakehoklers withi:J. a sector or a C01I11IU1ity do mt fimn a bmmgenous group, and incbl.e peoplll wilh difli:rent 
aspiraQJm, values, and challenges. There !lllly be cullmal and 1rbal inlluences that ~e hJw stakehoklers and their influence are d.e1iJJ:d. So, 1Dr 
example, special ef!Drts have to be !1lllde in patriarchal miniDg cOliiiiiiiilies to engage with womm. W om:n's ability to participall: in the engagcmeot process 
lllllY be limited 1br mmyreasons and tis the responsilility of the COJll)8IIYto identifY such groups and seek their input, otherwise the consultation will be 
i:J.cOiqllete. 

Table 10-2: So1U'Ce1 with More Info~tlon on Prlndplea, Appnladle•, and Teclmique• for CoiiiiiiUIIicatlon and Co1111ultatlon with 
Stakeholden 

Tide Desc:ription 

ICMM's Commmily Developmcot Proviies various tools ftom 8ll8ellsm:Ilt to m.mitoring. ID:kldes such item! as stakeholder ilcnt:i&:afun, 
Too l-Icit COllDIUility 1lllPPil& partnership assessnrnt, and ilm:ator dewlf:>pDEIIl. 

Stakeholder Engagenmt. A good- 'Ihil is a ID)st useful tool in" mirmg ~anies. Part One contans the key concep1s and principles of 
practice handbook 1br C<Jiq~anies stakeholder engagem:nt., tbe practices 1hat are kmwn to worlc, and the tools to support efli:ctivc delivery. 
doing business in em:rging markets Part Two shows hJw these ~Ills, practices, and tools fit with the difli:rent phases of1hc project cyclll, 
(IFC, 2007) ftom initial com:ept through constructi.m and 0pen1funs, to dM:slmlllt and/or declliiiiiissinDJg Each oftbese 

phases presents difiCrent rilks and opportunlies and ~ difiCrent practices need to be eJlllloyed and 
i:J.tegrated into Dlllnagenoent system; at each stage. 

w orlcing with indigenous Companies that are signatories to the Minerals Comci of Amtmlia's Fnduring Value fiam:wmk (MCA, 
cOliiiiiiiilies (Austmlian GoVIlmiD:DI: 2005), based on tbe Im:matiooal CollllCil on MiniDg and Metals' Sustai:J.ablc Deve:bpmmt Principllls 
Departmmt ofindustJy, Tourism (ICMM, 2003 ), UDdertake to 'eiJgllgc wdh and respond to stakeholders through open consullatDn processes' 
and Resource, 2007) i:J.tegral to each stage of a mining operatim, ftom design and consttucfun, through to operafun and closure. 

The handbook proviles guiiance on how to translate these higher level policy com:niln:euts i:J.to improved 
practices on the ground. It fucuses on the challenges that companies IDIIY encounter as they engage with 
Dligemus COIIIIIIIDilies. Compiiiiies need to dew:bp tntiting and mJtual1y respectful relatmJihips wdh local 
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COIIDIUDilics. The hamlbook cOlllaio! practi:al exaii1'1es on how to ilqlk:mmt good practi:e at the ~ IIM:l 

Best Piacb:es in Comomity In 2002, case studies related to COIIDillllity iovoM:m:ot were co~q~Jeted fur three Canadian IIioe siles, along 
Invol.venm (NOAMI, 2003) with experiences in comomity iovol.venm at abandoned mioes iJ. the Unied States. The ''leSSODS learned" 

from these studies were deve:bped into prB:iples lOr 111e by govellllrellts, industry, local COIIDIUDilics and 
other parties as a telqllate fur the deve:bpiiK:nt of policy and cilizen engagcm:nt plans prior to, during and 
a1ler the rehabili!amn ofprobJemati: sites. The filial report and the pamphlet are availabJe on the NOAMI 
website. 

The Practitimer's Handbook on "I"I:m hamlbook is the result ofUNEP's :ioterest to in producing a best practi;:e guide to stakeholder 
Stakeholder Engagenmt. (Account engagetn:nt. It provides practi;:al guidance, advi:e, methodobgies, and signposts fur further infimnation to 
Ability, United Nafuns Fnviromn:nt those merested ilhow to llllke stakeholder engagcm:nt lllDrC efli:ctM: and bencfuial fur the orgJllli2abons 
Prognmme, Stakeholder Rl:search and stakeholders. 
Associates C!lllllda Inc. 2005). 

Ask First: A guide to respecting The mtin part oftbis guide is the CODSUb:ation and negotiation process with indjgeoous peopJes. It cOlllaio! 
Indigenous heritage places and good-practi;:e principles and useful guidelines fur identification oftraditionU owners, other indigenous people 
values (Allstralilln Heritage and IIOIIimigcnoWI stakeholders. 
Comnission, 2002) 

The IAP2 Public Parti;:ipation "I"I:m useful toolbox coDiaiDs a comprehemive liitiog of public parti;:ipation teclm:tues and the strong and weak 
Toolbox (InlemabmalAssociation points of each. 
fur Public Parti:ipatlm) (IAP2a,b,c) 

Typi:al. questions to ask wbm deve:bpiog a stakeholder cOD!act list are as fullows (IWdified fromiFC, 1998; IFC, 2007): 

• Do bcallaws or intemltional inliatives the mioe has conmitted to, specifY wiD;:h stakeholders to consult? 
• Who would be directly or indirectly afii:cted? (ARD bas the potenlial to cause e1li:cts well downstream of the mile.) 
• Who nay perceive themielves to be adversely ilqlacted (even if they are not) or wbo considers themielves the representatives ofilqlacted people? 
• What are the vamus :ioterests of project stakeholders, even ifoot a1ICcted, and what elli:cts might 1hi!i have on the project? 
• Wbi:h stakeholders work in or with the aflec1ed commmit:ies? These could incbde bcal government officu, coiiiiiiU!Iiy leaders, NGOs and other 

civil society organiiJltions. While these groups lillY not be aflec1ed by the project, they lillY be able to infb:nce 1be rela~ of the mile with 
afii:cted comomities. They could also play a role in idemifYiog mks, potenlial ilqlacts, and opportunities. NGOs, particularly those wbo represeD1 

commmities drectiy afii:cted by a project, can be ilqlortam sources oflocal knowledge, souodDg boards fur project design and lllitigjltion, and 
conduits lOr consultmg with sensdM: groups. NGOs can also act as partners in planning. and assist in:rplem:ntiog and m:mitoriJg vamw project
related program~. 

• Wbi:h stakeholders might help to enbarx:e the project design or reduce project costs? 
• Who strongly supports or opposes the chaoses that the project will bring and why? The IWst vocal opposimn to a project nay com: fium 

stakeholders outside the afii:cted area - in other parts of the country, or fium other colllllries. If there is N GO opposiion, engaging 1hem early to try 
and Ullderstand their critiques ofiers an opportunity to manage these issues be!Dre they escalate or find another outlet lOr expression. 

• Whose opposition could be detrmenta1 to the success of1he project? For example, if negatively influm:ed by other stakeholders without the benefit 
ofbala.Ilciog perspectives, the opposimn of goveJIIIDellt, politicians and leoders, would be detzim&mlal. 

• Wbi:h stakeholder organizatlms might the mine wilh to pllrtner with in the ilqllemlmtaDJn of COIIlll1lllily deve:bpiiK:nt projects? These nay D:lude 
NGOs, govermneJII; bodies, llllkilateral organiiAWns, donors, and religi>us groups. 

• Wbi:h groups nay be :ioterested but lillY find it difficult to parti:ipate? Such groups could incbde W01Dell, the youth, and old and wlnerable people. 

Relii1in sensitive to changes in society, especillly wbm the mine lillY be operating fur two or lllDrC decades. Tberei>re, be :fiexible in comnJIIicatioll!il 
planning. Le~ nay chaose: new politicians IIBY becom: promimml; new Olpllimtims IIBY becom: established; key people lillY IWve away mi 
values nay change. 

Top of this page 

10.6.2 Get in Early 

Don't wsit 1lllli there is a problem to engage. Eogagiog with stakeholders fium the start- as part of the mine's core busiless strategy- enables a proactive 
cull:ivatim ofrelatimsbips that can serve as "capital'' duri:Jg challengiog tinES. Rl:achi:Jg out to 1hird parties, such as local go\'Clii!IICIIt ofti:ials or NGOs, lOr 
assistance as aBies or intenned.iari:s only a1ler a problem occurs lillY be IWre difficult because ofperceivro reputational risks ofbeing assocl!ted with the 
con:pany(IFC, 2007). Inregani to ARD, especiallyifthere is a high risk ofARD deve:bpiog, early commmicationshould includewhatARD~ how it 
lbrm;, and how the mine iltends to 1IBIIIlge 1he risk. 

Top of this page 

10.6.3 Be Respectfal to People aDd Cultural No11111 

Every society is di1limmt. Stakeholder values might ditrer from the wlues of COiql8Dy persotnl\ particularly wbm the company personnel com: from 
dii:rcnt parts of a country or of the world. This can lead to mine persomx::l being seen as 'outsiders' or 'iclruders,' or at best as a SlllTOgate govermneJII; 
that can deliver benefits. Becom: a good neighbour by showiog respect to people and their values. Ensure that coniJactors do 1be sam:. 
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lof.:lude loc81culllnlll0ftlll ml bask: CUS1Dmuy petillp in the loc811a1JauaF in indul:tion trainiiJ&. Publidy ml with~ ~guim loc81leadership, 
ml involw loc81~ in oonmmicating with the conmmity. Uee oonmmication pe!IODIIellbat speak loc81JaDauaFS ml UDderBtaDd loc81cuiiiR 
ml CUS1Dmll. 

'Ibe special wlucs, ml how they~~ »r loc81 ~bodies, sacred 8b, aDd resoun:es by the conmmity m&y appear 8llaDF 1D CO!q)llly 

pe1101111e~ but such whlC8 ~ oibm iqlonaut e~ of a mc.l.cuiiiR. While dae eentimonll Diaht DOt be fillb''1111dm1Docl, they DCCCIID be~ 
ml ~in the ARD manaF"'C'¢ plan. MUIUalcapdy building of the loc81conmmity menDers in 11:Chnicalninilla ml envirotnncnllliasucs, 
includiDg ARD ml of the mining coquy per80DDel&Dd cousullanll in loc81eulllnl.UJ1CC11, illl ~aDd a key s=p in building oonmmicadon ml 
~\Y1nlst. 

TopoflDPIF 

CoDsullation at aD.IImla will be DDZ~: CODStN:tiYe if~~:gulalDm. ~ coDI!Imjljes, ml other lltlbholdm ba11: ~ mlm\Y ia:Dmladon about 
upec1111bat m&y ha11: ~on tbem(IFC, 2007). 

Itia iqlonautlbatao~ ml co~ in lbc emactiYe iDdustric8 ~guim ~mllbc DCCCIID enhm.:e pubi: inaucial.~ml 
accounllbility.Itia 8l8o iq)onautlD adbm 1U ~in the CO!IImof~i>rconllu18 mllaWB ~Industries~ Iniliaiw, 
200S, ~less ml6). 

'Ibe bene1b ofusiDg Wua111Uria18 durillaconmmicadon ml consullation(e.g., be»~~: ml dl:rphomgllphs fiomotber ni1a, phomjplphs of 
IIIOIIi1DriD& aDd 1lrilg by 8Cicnlistl, line drawinp ml mq,le graphica) 1brougbout the niDe Iii: cannot be ovemq>huia:d. (Fig!R U~4). 

J.l1pre lo-4: A 110tke boaniiD •IIIIDIDI coJIIIIIIIIdty Ill GllaDa an matertalll an OD pe~~~~~~~em cllllplay. 
ARD JDDDIIolflll ns'lllll WI be cllllplayecliD dill •Y• ad co•tallll,y vpclatecl to shoWJ11011911 

'Ibe crux of making ia:Dmladon ~le 1D a wide IIIIF ofpco.Pie ism ba11: a good m of writ~=, visual. ml ~inimnadon. Ms=ial8 should be 
available in loc8lluJauaFs ml CO!q)lcx CODCej)ll. For~. ARD should be eKplaincd in mq,Je lay JICI'80D'8 ~. When eKplaining coq~licell:cl 
conceplllD lay people, II8C lbc wo!Uibat will be 1llldmiDo4 mlDOt lbc wo!d8 )'011 would II8C wbm lllkiug 1D a coJbaue. 

~lex 1rdmica1 clocumcnll. such .. envirolllllCIIIIl ml80Cial iqlact 11:]101'11. should be 8UIIDlllia:d, mq,lificd, ml111D81U:d, ml ., villlually 
displayed. ~ ml dl:r phomgraphs iomelllewll= in lbc world illustrllillg how ~~:habilldon. includillg ckauup of ARD, wu done,~ my Uldd.in 
l88iatiDg BllkeholdenllD co~hmllbat iq)ac1l can be milipll=d. Many mine COIIlDIIIIilie8 do DOt ha11: accealD the 1n1m1et ml80me colllllllllilies do 
DOt ha11: 1dephone or j1011118mice8. 'l'bcre»re, nUriala should 8l8o be available u hanl copic8. Locelmctbod8 ofd-.....;n.ting inimDadon within 
lltlbholder 8101J.P8 should be 'IIIICd. s= visb ~ ll80 a good Dlhod of~~ ml ia:Dmladon diallellinadon. 

TopoflDPIF 

10.6.5 OD&ollll Feeclbaek ad Admowclplem 

Keep lborougb ~ ofmcetiup held, who~ what 'M8 dilllcua8cd, 
~ pn, lllllmiala distribu=d. ml~ ~ml dealtwilb.lt 
ia iqlonaut 1D ~nl the IIW18 ofCOli8UIIation, coDBO!idall: the iasucs, quesdo-. 
ml vieW~~ ofaD.811kehoklm in1D a COIIliiiC!IIIIi ml ~ rqlOrt. It ia a 
good idea 10 ca=aor= lbia n:port in1D 8IOU.P8 ofiasues ml, ~ ARD ill an 
iaBue, ~a ca=&OIY 8pCCi6cally 1D ARD. AI80. conduct an ewlualion i'om 
miD m ofhow Bllkeholdenl cxperieDced the COII8Ubdon .Pft1CC811 perlliniDg 1D 

Evablatq a co•'llllatloD J.IIVCI'II- tn*aJ qae•Uo• to uk 

'Ibe IIIIIIDer ofpcople lbat CDdc4 ~ ia DOt an iDdaJiDn 
of a 8IICCeM6Il coii8UIIation process. Sul:cea dcpend8 on how 
slllkeholdelll exp&:imud the pnx:ess. Typalquestiom 1D ask 
include: 

• Wu the ia:Dmladon lW provided euy »r you 1D 
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ARD. 'Ibii evabati:m can be done n a number offimnll or DlimnU ways. What is 
mportaol is that the evah.Jation shluki be outcOIIIL'-based. Inchlde these data eo 
any n:pormg done. If the results of the evaluati:m were mt good, do mt hide f. but 
list poills ror inl>rovement and commit to deal with the poor resub. 

People want to reel like they are being heard; if people reel tike they are not being 
acknowkdged, they lose interest or start mistrustiDg t1x: process. Consul!iDg peopk: 
cmtails an ilqlli:il "promise" that, at a miDimim, their views wiD be consiien:d durillg 
the deciiDn-JIBk:i:lg process. It al<!o means takillg Jeedback received durillg t1x: 
consullation process sernusly and IIIIlkiJg best efin1li to address issues mBed 
through changes (e.g., to project design or proposed~ measures). In the 
case of an ARD issue arising and a process being laUIICb:d to evaluate dili:rent 
options ofresolviog t1x: problem, stakemlders want to know what happened to 
tiler suggestions, they requre Jeedback on the opti:m selected and ongoing 
feedback of lmDiloriog results. Feedback can be proWled in vamus written, vi!ual, 
and verbal ways. 

Top oftbis page 

10.6.6 Dispute Mllllllgement ami Resolution 

understand? 
• Did you find the irrlDnnltDn useful? 
• Did you lcam something u::w? 
• Did you get the Iopn:ssi>n that we valued your icpuls? 
• Did you receive~ i:edback? 
• Do you mel that we have honoured the conmilneuls that 

we made? 

ForeachquestXm, add a "wby."Responses willproWle the mine 
with directi:m on bow to inl>rove Is process. 

In addimn, the Social and Fnvironmen1ai.Assessment and 
Management Systems Standard of the IFC PerlilrnlUICe 
Standards on Social and Fnvironmen1al Sustainability (IFC, 
2006b) conlll.i!s a cotqXli!Cilt on 'conmunity engagement', 
together w.th a lD.lllDer of~ators lOr ascertaining ice, prbr 
and infimmd consubti:m which couki be used in the evabafun. 

Ideally, me1hods of addressing disagreements and disputes should be :in place fi'om the early stages of the project (usually the beginning of the socil.l and 
environmeolal assessment process ror the proposed mine). Addressing di!agreements and disp1lle shluld be done throughout comtrucfun and operati:ms to 
the end of project lifi:. Processes might be establBhcd by goVCIIliDlllt laws, regulati:ms, permits, or establBhcd by the company and in cases of some 
DlimnU processes might be establBhcd by the local colmlU!Iity. M~ of resolving disagreements and disputes shluld be known by all stakeholders. 
Such mechlmimli sbouki be appbbk: to addressing issues that DBY arise relallld to ARD. 

As with the broader process of stakehllder engagement, mile and project mnwgement shluki stay in1i:>rmed and involved in issues as they develop so tbat 
decisive acti:m can be taken when m:eded to avoid escalation of disputes. IFC (2007) listll points wor1h. considering when setticg up a mechanism lOr 
addressing disputes and disagreements. 

Top oftbis page 

10.6. 7 The Prindples of Risk CoiiiiiiUIIkatlon 

When mine personnel conmmicate about ARD, the COIIII1lii!Ii.: is about risk. More tban three decades of research and hundreds ofarti:k:s published in 
sci:ol:ifu jOUDIIIl! ll!deJpin the science of risk COilliiiiiii;:a (Covelkl, 1998). SandDBn (1986) states tbat "The most commn sources of risk infinDBtim 
are people whJ are proi:ssimally inclined to igoore me~. And hJw do people respond when their fi:elilgs are ignored? They escalate-yell louder, cry 
harder, listen less - which in turn s1iflens the experts, which :furth:r provokes the audience. The inevitabk: resuh is the classK: dram! of stereotypes in 
conflict: the cold scimtist or bureaUCiat versus the hysmal cili.zen." 

Mine personnel that have coo1act with stakemlders and neighbours can reduce the mille's social risk by becomi!g fimiliar with and applying the basi: 
prD:iples of risk COIDIIliiiK:a1im. Some ways of redtriJg social risk are listed below: 

• Understand that the risks that could kiD. peopk: and the risks 1hat upset peopk: are oflen compk:te]y diffi:reot (Covello, 1998). 
• Do not use the Decide, Announce, Dei:nd (DAD) Model: Leave room 1i:>r diabgue and resolving disputes befi:>n: decisnns are inlllemented 

(Covelkl, 1998). 
• Express caring. erqJBtby and co•• ",,;,,,em, respond humanely, and shlw respect. Do mt 1rivialrz:e people's lileliogll. These attdrutes accollllt 1i:>r over 

50 percent ofttwt :in high-concern situations. When peopk: are worried and upset, they don't care wbat you know UllliJ. they know that you care. 
Peopk: oflendecide if a person is caringwilhin9 seconds (Covello, 1998). 

• Adapt to the &ct tbat some people might use health, sai:ty, and ~risks as a proxy or SU!TDgate lOr other social, po!D:al, or ecommic 
CODCeriiii (Covelb, 1998). Assist them to express tiler UDspoken but real conceim. For example, nearby oeigbbours may claimcmq>ensati:m lOr 
ARD-polluted water, but their real concern may be that a oeauby COIIliiiJility received more ''benefits" from the mine tban they did. To enter icto an 
endk:ss argullJ.mt about wbe1her or mt the water is polluted will be futik:. Persomlly and pa&ody eJIPBmmg the criteria ror distributim ofbenefits 
DByresolve the issue. 

• Do not use COJq!lcx teclmicallanguage to comniiiK:ate iniDrDillim about risks. (Covelkl, 1998). Keep the language appropriate to the aOOicnce and 
the topic of~ 

• Coordilate and collaborate with o1he:r credible sources (USEP A, 1988). IfARD is perceived to be a risk or lll2ard by stakemlders, enabk: and 
8UppOrt the stakeholders to COJl1lare water quality variables to international standards and guidelilles. :lnd.ate which international bodies have 
research or other program; :in place and al<!o indicate tbat the company will work w.th tbose to ensure the latest techoology and best practice is 
brougbt to bear on the problem 

• Avoid negative publi; relaOOns teclmij,ues such as stonewalliog. SIIIlke-screeniog, whilewashillg. and blunicg SOIIIlODe eR (Susskiml and Field, 
1996). 

• Let go of some comrol Allow stakeholders to select the dates and t:irres of meetings, to ~ate the language of their choice, to indicate by what 
melbods they would tike to receive their mmmfun, to assist in listiJg criteria lOr JIBk:i:lg ciKJices, and to assist :in eJq)loring altematives (Greyling. 
1999). Lay peopk: "undeterred by Cllil\'ellfunal expert wisdom, often have good ideas tbat expertll can adapt to the situatim at hand; at a micimum, 
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lay people are 1he ellperU! on wbat ftigbrens 1hem and wbat would reassure them" (Sandmul, 1986). 
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10.7 Respmsibilities of Regulators 

In smm count:rEs, regulators have the responshlity fur cmxiucting consultation befOre making decisions such as granting exploration permls, enviromrlmal 
permis, or approving an ARD rehabililation plan or an ARD Dl!OOgerrent plan. 

In many counlrios' laws, this responsibility incblea regulatms placilg an advertisemont n a iooalDOWSpaper and convening a public hearing (or public 
m>eting). If no or li11le c01D1111lication and CODSUI!ation preceded this, and DO rela1iooslq> exms between 1he mining company and its stakemlders, such a 
pub~ gatberiog could be catastrophX:. 'Ibis would place the regu]ator in a dif&u1 posl:ion to autborim a permit i>r an activity, even if the activity had 
reclmical and economic merit and was environrrenUo]y acceptal>le. 

Mine companies are, therefim:, advised to share respOIJSibilities with govenJIO:Dt fur <tisclosure and consullation (IFC, 2007). Below are examples of 
recomnended approaches: 

• Assi8n a dedleated DEiiler of personoel (usually 1he enviromrlmal manager) to idemily 1he appropriate contact person (or persons) and an ahemate 
fur each relevant regulator at an spheres of govenJIO:Dt with whom to establilh a relafunship. Meet with !be contact person regularly, both limmlly 
and infurmally. 

• In regard to ARD, besr in mi:ld that wbile govenJIO:Dt officials rmy hsve rertiaiy qoalilications, these qualifications may be in <tisciplines to1RIIy 
difli:rent fiom geochemis1Iy, wa11:r quality, or mine desi8n Make specialeifin1s to esplain ARDin sirq>ler 1ermi and support their capacity b~ 
More gooeral in!DllDIIIion on m:talleaching and ARD, such as that produced by the BC Minis1Iy ofllm:rgy Mines and Pebllleom Resources (2006), 
migbt be helpful 

• Take regula.tors to on-site virits to the mine and processing p1ant, and assist them to fully understand the mining process and ac~s that could C8ll'Je 

ARD. 
• At tina, briog dilrereot regulators together to assist in coordination 
• Keep regulators fully iniDnned of collllllliD:ation and consullation ioiliatives by !be Dining c-and eosure that regulators receive an materiak 

inteoded fur ex1emal audiences, mcloding materiak related to ARD. If irrjlor1lmt ~ are to be hekl with stakeboklers, invite regulators in 
advance aod, if necessary, scbedole 1he ~ fur a time and date that soils regulators. 

• If regulators have responmility :!Dr convening public hearii:Jg!l, o:frer to assBt to convene and record the meeting, o:f&' to develop relevant DllteriaJs 
and visual dBplays, and ofiCr to distribute IIIl.teriaJs in advance. &sure, hnvever, that the regulator is still the convenor. COIIIIIIDicate also to 1he 
regulator 1hat the mine woukl be conductiog :Is own consultation process in advance. 

• Assiot regulators by coosolidating 1he iosues, questions, and views of stakemklers into a smgle report, with responses to each iosoe (commonly 
refurred to as a commnts/issoes and response report) issues log, or issues trackilg register. Such a consolilated record wiD. portray a wide range of 
views and will demmstmte that the views ofextrem: cril:i;:s are oot representative of the larger liiljority (IFC, 2006a). 

In !101m COlJDir:i,s, gove.rntmnt lillY discourage pub&: iovol.vemeot in decisiJns. 'I'hB dBcourageiiElt places the mining company and NGOs it a difD.mlt 
position. An imovatiYe solution lillY be needed :lbr such scenari>s that respects goVCI'IIIDW: needs but still proviies SOlll: :infimnation and opportunty fur 
consullation with stakeboklers. Buildiog capacity of govenJIO:Dt o!liciak regarding the trmt and respeet they will gain fiom consulti!g with stakeboklers io 
beoefioial and loada to betler decioions without mxlermining a goveiimJ:Dt o!licial's rmodate. 
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10.8 GoideHnes for Acid Roek Drainage Reporting 

It 6 important to hsve transpareDt and accurate in1l:roal and ex1emal reporting by mi:rlrJg corq>anles (and this shook! include reportiDg on ARD) becsose 
1Iansparent reportmg coDIIDutes to irrjlreved practice, rmy be a requirem:nt by leoders or regulatory autborities, aod, rmre broadly, builds credi>iliy with 
stakemklers. 

Aspects 1bat might be addressed in the ARD report are as ibllows: 

• The ri!k (likelihood and cooseqoeoce) of ARD from milo corq>ooeols such as waste &cilities, nioe worl<ingo and stockpiles, typically based on !be 
inherent ARD chsrscteri<ti:s of the materiak mined and rmosged 

• Results of rronitoring befi>re construction and operation, corq>ared to results of rnonilnmg dumg construction and operation and to regiooal or 
cooo1Iy requirements or in1erm1ional guidelines relevant to the project (Reporting on 1he results of rnonilnmg by Oll1erosl, ildepeodent DDIIiors io 
parti:ularly useful !Dr estal>lishing credi>iliy.) 

• Any significant coi11llitn£uts rmde to regulatms and stakeboklers and progress with these C<•iiii•i'"' 111s (In par!War, publicilli: any material chsoges 
to conmilrrerds or irrjllemenlation actions that vary fiom publicly dioclosed docoments. [IFC, 2007]) 

• Aey significant ARD issues that arise duriDg operations, steps to address the issue, steps to rehabilitate any contaminatXm, disck>sure of the situation 
and consuhatim wlh stakebokiers, and any mxlifica:tiJns required to the mine's closure plan as a result 

• After ck>sure, reporting on ir:qJiemmtation of the mine's closure plan, Dch.:diog success in ml:igatiog ARD and mmitori!g resul:s over~ 

ARD msues, mma~F"""¢ plans, and peribiiiBDCe coukl be integrated i:Jto ovmaD. corporate or ~ mine site hea1lh samty enviroiiiiiml: and con:m.mity 
(HSEC) plao or sustainsbilityreports (see, fur Olllll11'io, Placer Dome, 2005). ARD Dl!OOgerrenl io usually only ooe of several enviromrlmal iosoes a 
~or site is addressing, and stakemklers appreciote a full aoalysE and accouoting ofenv<onmemai perJbrmance. 
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Alllh: mile's sUokehoklers, i:lcludingn:gulalms, local commmities, project-a11i:cred people, 1h: m:Wa, and 1h: mine's sharehoklers should be included in 
tbo reporting process. Reporting by""" in liUrly sinJple language, with -le use of photographs, i< IIDre e!li:ctive tbsn merely preseoticg perlimom;:e 
tables. 

More frequent reporting may be required where a sigoi&aot ARD issue has amen. 'I'hB could be done n a number of ways: at m:ettJgs with stakehoHers, 
at an ammal environrrlmal report-back tmeting and site visi, at :rmetilgs of the mine's mmloring furum (if this has been established), in writteniiii.terials, 
and illh: ID.'dia. Earley and Staub (2006) n:port 1hat at a S-Cruz mine site an extensiw database oflllllliorillg results was C<llqliled. Various 
publioaOOns, including m:JIDS and brochures, were produced fur iotemal and '""""'-~ COIOllllllil:afun ammg 1h: worl<ers at 1h: U.s; by state, local, and 
fi:dera1 govermn:nt n:pn:seotatives; by n:gula1nrs and by 1ha public. Such m~terials cook! also be pla<ed oo COimiUIIicy noti:e boaros. 

Top of1his page 

10.9 References 

Al:collll! _Ability, United Nations Fnvirotnn:ot PrograllliDO, Stakehokler Research Associates Canada IB:., 2005. The PractitDoer's llaJldbook oo 
Stakehokler Engugerrent 
b!lpilwww.accoUII!sbility.org.uk 
b!lpilwww.Stakehokledlesearch.com 
b!lpilwww.ooeptio.org 

Anon., 1998. Aarl!us COlMllllion on Public Plliiiqlation. b!lpilwww.unoce.orgienvlpplwelcom:.btwl 

AnstralianHeritage COIDIDiision, 2002. Ask Fi-st: A guile 1D n:specrillg Indigemus beritage places and values. 
b!lpi lwww.enviromn:nt.gov.ll1>'boritage/abclpublicafuns/cOIIIIlBsimlbooks/ask -lirst.hlml 

Britisb CohmDia (BC) Mi1ia1ry ofMincs and Pe1roleumResources, 2006. Genersllnli>rmation and Me1a!Leachillg and Acil Rock Drainage. 
b!lpilwww.em.gov.be.ca 

Chamber ofMincs ofSoulhAfii:a, 2002. Public participafun guilelines fur stakehoklers in 1h: mining indus1ry, First Edition. COilSIJitati>e Fonnn.oo 
Milingand 1h: Fnvironm:nt, ChanDerofMiles ofSouthAmca, ManbaiiiDwn, SoulhAmca. b!lpilwww.bullion.org.m 

Covello, V. T., 1998. Risk and Trust in Comnmications. International Council ooMetals and 1h: Fnvirotnn:ot (ICME) Newsletter, C-.: fur Risk 
Coiiillllllicatims, New York, NY. 

Earley 111, D., and M. W. Staub, 2006. Sustainsble Mining Best Piactices and Certilicafun. In: R1. Bambise1 (Ed.), Poster paper 71h International 
Conli:rence ooAl:id Rock Drainage (ICARD), March 26-30, St Looia, MO, Am:rican Society ofMining and Reclatmtion (ASMR), LexingtDn, 
KY. 

Fqoa1Dr Principles, b!lpilwww.eqoatDr-principles.com 

Ex1nlctive llxlustries Tmmpan:ncy Initiative, 2005. b!lpi/einmspan:ncy.org 

Greyling, T., 1999. Towards environrrlmal dj,pote n:solotion: appropriate public participafun. In: Procee<ting11 of a Conli:rence oo llnviromimDI 
Diapute Reaclotion, June, F ourways, South Amca. 

Intemations!Associafun fur Public Participafun (IAP2), 2002. Public Participafun- critical fur sustainable developm:nt. IAP2 sd>mission 1D 1h: 
Work! SUIDDO on Sustainsble Developm:nt. b!lpilwww.iap2.org 

Intemations!Associafun fur Public Participation (IAP2a), 2006a. Spectrum ofPublic Plliiiqlation. b!lpilwww.iap2.org 

Intemations!Associafun fur Public Participation (IAP2), 2006b. PlanniDg fur llfli:ctive Public Participafun. IAP2 Certificate Trainicg Course 
Module 1. 

Intemationa!Associafun fur Public Participafun (IAP2), 2006c. IAP2 Public Participafun Toolbox. b!lpilwww.i<p2.org 

International Coum:ft on Mmi:Jg & Metals (ICMM), 2003. Sustainsble Developm:nt Principals. b!lpilwww.icmn.comlour-wwk/sustailsble
developm:nt-ftamework/1 0-principles 

Intemational Finance Corporafun (IFC), 1998. Good Prac&e Manoa!, DoiJg Better Business 1hrougb llfli:ctive Public Consultafun and Disclosure. 

Intemational Finance Corporafun (IFC), 2006a. The BTC Pipeline Project Lessons ofExperi.mce. 

Intemational Finance Corporafun (IFC), 2006b. Perimnance Standaids oo Social and llnviromimDI Sustailsbility. b!lpilwww.ifu.orgienviro 

Intemational Finance Corporafun (IFC), 2007. Stakehokler Engugem:nt. A good prac&e handbook fur c~s doing business in emerging 
mukets. b!lpilwww.ifu.org 

Intemationall.abour Organ;,afun(ILO), 1989. II.0 Coovenfun 169 oolndigemus and Tma!Peoples. b!lpilwww.ilo.org 

2014-10-21

kmiller
Text Box



Austtalian Government Depai1ment oflndustty, Tourism an! Resource~ 2007. Working with hdigeoous Comnunities. Lea<mg Practice Suslaimble 
Devebpm:nt Program, DITR, Canberm. b!lpilwww.ret.gov.au'sdmining 

MD:rals COU!lOil of Austmlia (MCA), 2005. Fnduring Value: The AusttalianMD:rals Industty Framoworl!: fur Suslainable Developmont. 
b!lpilwww.mioemls.~au 

National OJphanod/AbiUidonod Mines lniiative (NOAMI), 2003. Best Practices in Comnmity lnvolvl:n=t: Planning For an! Rehabilitating 
AbiUidonod an! Ol]lbaned Mines in Causda. b!lpilwww.abardoned-mioos.org 

Placer Dam:, 2005. Suslaimbilityn:port. CIIDIUtian Openmons, Placer Dom:, Tonm!D, ON. 

Sardmm, P.M., 1986. Explainicg linviromnmtal Risk: Dealiog with 1ho publi:. TSCA Assistam:e Office, Office of Toxic SubstaiK:es, U.S. EPA, 
Nowni>er,14-25. 

Susskind, L. an! P. Field, 1996. Dealiog with an Angry Publi: - The Mutual Gains Approach to Resolvi!g Disputes. MIT llarwrd. 

World Bank, 2004. Social Devebpm:nt Notes. Con!lict prewlllim an! reeonslruction. Redefining coopomte social risk mitigation suategies. No. 
16. 

U.S. linviromnmta~Protection Agency (USEPA), 1988. Seven CanlinalRules ofrusl: Conmmication. Pamphlet draflod by Vincent T. Covello an! 
Frederick H. Allen, OPA-87-020, April, Washington, DC. 

Zandw.t, L., 2007. CDA Collabomtive Learning Projects. 

Top of1his page 

List of Tables 

Table 10-1: Assessmont Took Jndiea- ofN e!ll'tive Engagem:nt with Stakeholders 
Table 10-2: Sources with More lnfinmltion. oo Princ4>le~ Approacbe~ an! Teclmiques fur Conmmi:ation. an! Consullation with Stakeholders 

Top of1his page 

List of Figures 

Figure 10-1: Cbapter 10 Layout/Road Map 
Figure 10-2: Types of stakeholder mgagem:nt an! 1ho intensity with wbich people are engaged (IFC, 2007). Engagem:nt with stakeholders about ao 
ARD sil:uatXm under <liflerent: scenarios is :inlfi;ated on the figure 
Figure 10-3: IAP2's Publi: Participation. Speclrum 
Figure 10-4: A noti:e board in a mini:Jg coiiiillllDiy i:t Ghana where mt.teriak are on periiii.Ileid: ilisplay. ARD mmitori!g resul:s can be displayed in 
1his way, an! consUmlly updated to show progress 

Top of1his page 

Click Here to Leave a Comment 
Retrieved fiom "btlpilwww.ganlgui;le.com'mdex.pbp'ltitle=Cbapter 10" 

• This page waa last mxtified 20:14, 9 June 2012. 

2014-10-21

kmiller
Text Box

kmiller
Text Box





General Information on Metal Leaching 
and Acid Rock Drainage 

From GARDGuide 

Contents 

• 1 FROM: BC Ministry ofEnergy, Mines & Petrolelml. Resources 
• 2 What is Metal Leaching and Acid Rock Drainage? 
• 3 Why is MIJARD Significant? 
• 4 How Can the Efrects ofMIJ ARD be Mitigated? 
• 5 Avoidance 
• 6 Flooding ofMine Waste Materiah 
• 7 Covers 
• 8 Blending ofMaterials 
• 9 Drainage Treatment 
• 10 How is MIJARD regulated in British Cohnnbia? 
• 11 Additional Rererences 

FROM: BC Ministry of Energy, Mines & Petroleum Resources 

What is Metal Leaching and Acid Rock Drainage? 

• Metal leaching and add rock drainage are naturally occurring processes that are caused 
when minerals containing tretals and sulphur ( caDed sulphides) cotre in contact with both 
air and water. 

• When sulphides are exposed to water and the oxygen from air, they net (or oxidize). 'I'm; 

oxidizing of sulphides can also produce acid. Iftlmi acid is carried by strea.m; or other 
natural watercourses it is called acid rock drainage (ARD). 

• The acid in ARD can leach tretals from smrounding rocks causing drainage that bas high 
am>l.Ults of dissolved ~retals (such as iron, a1umimnn, copper, lead, silver, zinc). This is 
called tretalleaching (ML ). Other tretals can also be leached from react in non-acidic 
drainage (such as selenium, zinc, rrolybdenum, nicke\ arsenic and antirrony). 

• Not an rocks that contain sulphide minerals will becotre acid generating. It depends on the 
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amount of neutralizing mineral<; and materials (such as litrestone) that are present in the 
rocks. If there is balance, or if there is an excess of neutralizing minerals, the rocks may not 
generate rretalleaching and add rock drainage (MIJARD). If there is excess sulphide 
minerals, then Mil ARD will typically develop after all of the neutralizing minerals have 
dissolved. This can result in a significant tim: delay to the developrrent ofMIJ ARD in 
rocks. 

• The rocks at most rretal and sorre coal mines contain high amounts of sulphide mineral<;. 
The excavating and crushing of ores during mining greatly increases the amount of rock 
surfuces that can be exposed to oxygen and water. Therefure mining activities can have a 
high potential fur leaching acid and rretals. 

• Mil ARD can occur from sulphide bearing mining wastes or from open pit or underground 
mine surmces. Mining wastes often include mineralized rock that is not of ore grade (called 
waste rock) and tailings which is sand sired material left over from processing ore. 

• Most mining operations leach rretals to sorre degree. The potential fur environrrental 
impacts depends on many fuctors including the amount of rretals in the mine drainage, the 
amount of acid-neutralizing ability in nearby rocks and water, the amount of dilution 
available in streams and how sensitive the receiving environrrent is. 

• Mining is not the only industry that can cause Mil ARD. Forestry, road construction and 
other industrial activities that dig up sulphide bearing rocks have caused significant 
Mil ARD. For example, the Ha.lifux airport had a major problem with ARD when it 
constructed a new runway in sulphide bearing rocks. 

Why is MUARD Significant? 

• Mil ARD can have significant negative impacts on the environrrent if not adequately 
managed. High levels of rretals and/or acid can be harmful or toxic to living organisms. 
Metals that are absorbed by plant and animal tissue can also be passed through the fuod 
chain. 

• Once Mil ARD has been initiated it can persist fur hundreds of years until the sulphides 
are completely oxidized and the acid and rretals are leached from the rocks. 

• Historical mining practices did not recognize or manage Mil ARD. A number of older 
mines in BC (e.g., Britannia and Mt Washington) have caused significant environrrental 
impacts due to MIJARD. 

• MIJARD can be very expensive to manage once it bas developed. For example, in Bl"i&h 
Cohnnbia water treatrrent plants to treat MIJARD have cost more than $10 million to put 
in place and have had operating costs of up to $1.5 million per year. Othermanagerrent 
strategies can also be very expensive. 

• Mil ARD associated with mining activities is a globally significant issue. There are several 
organizations world-wide that are dedicated to improving mining practices and developing 
new technologies to reduce the environrrental effucts and liabilities associated with 
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MUARD. 

How Can the Effects ofMUARD be Mitigated? 

• Proper planning of new mining developments can reduce the risks, liabilities and the costs 
associated withMUARD. 

• Testing of the chemistry of the rocks befure they are mined can predict whether MUARD 
will be an issue that needs to be prevented or managed. If the potential fur leaching of acid 
and metals is identified through testwork, there are mmiler of strategies that can be used to 
prevent and manage MUARD. 

• Each mitigation strategy has strengths and weaknesses and not all strategies are applicable 
fur all mine sites and their environments. Each strategy also has unique nxmitoring and 
maintenance needs. 

• Many management strategies rely on preventing oxygen contact with sulphide minerals or 
reducing the amount of water that comes in contact with ARD generating wastes to 
minimize the amount of leaching that occurs. The sulphide minerals can stay in the rocks fur 
hundreds of years, so mitigation strategies must often be designed to last furever. 

• Often mines use a combination of dilfurent strategies to ensure enviromrental protection 
Somet:im:s additional measures are provided fur back-up or contingency sareguards. 

• Mine sites and their environments are dynamic and continue to change after mining is 
finished. For example, changes can occur to water movement to a mine through climate 
variations and non-mining water users. Changes can also happen to the ecology of a mine 
site as nature reestablishes itseH; and to the chemistryofthe site from a varietyofmctors. 
These changes can significantly in11uence the efiectiveness of mitigation strategies over tirre. 

• Many MUARD mitigation technologies are relatively new and have perfOrmance 
uncertainties and limited perfOrmance histories. 

• Due to changes that can happen after mining and uncertainties with the perfOrmance of 
many mitigation technologies, regular monitoring, maintenance and responsive management 
are key to long-tenn success in preventing impacts from Mil ARD. 

• The main mitigation strategies that are used to prevent and manage Mil ARD are 
avoidance, flooding, covers, blending, and drainage treatment. 

Avoidance 

• Somet:im:s it is possible to avoid mining some, or aD, of the sulphide bearing rocks that 
could generate MUARD problems. If this is not practical, then other mitigation strategies 
may be needed to ensure protection of the environment. 

Flooding of Mine Waste Materials 
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• Flooding sulphide bearing mining wastes with water limits their contact with oxygen and 
effi:ctively prevents the furmation of ARD. 

• Flooding can be done behind a constructed dam, in old mine pits or underground workings 
or in natural water bodies such as ponds or lakes. 

• The timing that flooding occms is important. Mine wastes should be flooded befure they 
become acid generating or metal leaching, otherwise some metals and acid will dissolve 
into the water and this will have to be managed. 

• Ahhough flooding can effi:ctively prevent sulphide oxidation and the acid generation 
process, there can sometimes be residual metal leaching issues. One way that this can be 
prevented is by isolating the mining wastes from the overlying water by placing a barrier of 
clean rock or other material 

• Flooding has to be maintained in the mine wastes at all times, even during extreme climatic 
conditions (dry and wet). The flooding of sulphide bearing mine waste behind dam 
structures also leaves a legacy which requires long- term inspection, mmitoring and 
maintenance to ensure that they last furever. 

• Flooding of mine wastes is the IIDSt commn mitigation strategy used at newer mines. 
Flooding has been used successfully at many mines in BC including Equity Silver, Eskay 
Creek, Goldstream, Huckleberry, Island Copper, Jolnmy Mountain, Kemess South, 
Mount Polley, Myra Falls, Premier, QR Gold, Samatosum, and Snip. 

Coven 

• Covering mining wastes can limit the allDunt of oxygen and/or water that reaches the 
wastes. This can decrease the allDunt of drainage from the wastes and the quantity of acid 
and metals in the drainage that has to be managed. 

• Covers can be simple (such as one made of soil or glacial till) or complex engineered 
system;. 

• Ahhough covers can reduce the quantity and severity ofMIJARD, they are susceptible to 
break down over time from wind and water erosion, cracking, burrowing by anirmls, and 
plant roots. 

• Soil covers are also used at IIDSt mines to re-establish plant growth at the end of mining. 
• Covers to mitigate Mil ARD have been used with varying degrees of success at several 

BC mines including Cirque, Equity Silver, Gibraltar, Myra Falls and Sullivan. 

Blending of Materials 

• Mining wastes that have the potential to generate ARD can be mixed with materials that 
have acid-neutralizing qualities, such as litmstone or other mine waste materials. 

• Ahhough blending is a potentially effi:ctive mitigation strategy, it can be very difficuh to get 
enough mixing to prevent all acid generation and there can sometimes be residual metal 
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leaching that occurs. 
• Blending is generally more successful fur small volumes of mining wastes and/or wastes 

that have low amounts of sulphide minerals. 
• Blending has been used at several BC mines with varying degrees of success including Elk, 

Samatosmn, Quinsam and Quintette. 

Drainage Treatment 

• Mine water that contains leached acid and rretals can be treat in water treatrrent plants. 
Lime is used to neutralize the acid and precipitate out the rretals. Other chemicals are used 
to treat drainage with non-acidic rretalleaching. 

• Drainage treatrrent does not prevent MIJARD. Mine lands that have MIJARD and 
treatrrent plants generally have on-site enviromnmtal impacts and the land cannot be used 
fur other purposes. Treatrrent nrust go on fur as long as the drainage is impacted by 
leached acid and rretals, often fur centuries. 

• The treatrrent process usually produces large amounts of other wastes (called shxige) 
which have to be stored and managed to make sure they do not release rretals in the 
future. 

• Water treatrrent is very expensive and requires a lot of resources to maintain. The mine 
operator nrust exercise great care and watchfulness, often fur lnmdreds of years. 

• Drainage treatrrent plants can reliably produce acceptable drainage and can be a very 
effi:ctive Iiabilities,rreans of protecting the environrrent However, due to its high costs and 
significant enviromnmtal it is usually viewed as the mitigation strategy oflast resort. 

• Drainage collection and treatrrent is the most connron strategy used fur managing 
Mil ARD at older mines. Water treatrrent is currently used at the Brenda, Equity Silver, 
Island Copper, Myra Falls, Nickel Plate, Premier, Samatosum and Sullivan mines. 

How is MUARD regulated in British Columbia? 

• The challenge meed by the Ministry, ofEnergy, Mines and Petroleum Resources is how to 
regulate mining and exploration activities in a way that supports the Provincial goal of 
sustainable resource developrrent while ensuring the environrrent is protected, mining lands 
are reclaimed and the risk and environrrentalliabilities are minimized. 

• The Provincial governrrent's regulatory approach is guided by several over-riding 
principles: 

• A mining company has to demonstrate the ability and intent to operate a mine in a 
way that protects the environrrent. 

• Every mine and its environrrent are unique so mines are evaluated on a site-specific 
basis. 

• If significant disturbance ofbedrock is proposed, then a Mil ARD assessrrent 
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program is required befure mine approval This program involves predicting the 
potential fur MUARD from all mine material<;, developing prevention/mitigation 
strategies, and outlining monitoring program; that will be used to assess the 
perfOrmance of proposed MUARD managerrent strategies. 

• Where there is a high degree of uncertainty or enviroillllimtaJ. risk involved, back-up 
plans am required. 

• The prevention ofMU ARD is preferred. When Mil ARD cannot be prevented, 
mines are required to reduce the quantity and improve the quality of draillage to 
levels that protect the environrrent. An important secondary objective is to minimize 
the impacts to mining lands and mine site water courses that restrict their future 
productive use. 

• The Ministry will exercise a cautious approach when the level of infurmation or 
Ullderstanding is deficient. 

• The Provincial goverrrent requires reasonable assurance that enviroillllimtaJ. risks 
will be minimized and that taxpayers are not going to have to pay fur the costs of 
reclaiming mines and managing MUARD. 

• The Ministry requires a financial security that covers the cost of reclaiming a mine 
and any ongoing costs fur managing Mil ARD. This security is raised and lowered 
throughout the 1ifu of a mine to correspond to the level of land disturbance and the 
cost of reclamation and any mitigation 

• The Ministry uses the Mines Act and the Heahh Safuty and Reclamation code to regulate 
mining. As wen, the Ministry ofEnergy, Mines & Petroleum Resources and the Ministry of 
Environrrent have a joint policy on rretalleaching and acid rock draillage at minesites in 
BC. The Ministry also has a guideline document fur assessing and mitigating MUARD plus 
a manual of sorre Mil ARD prediction techniques. 

• The available scientific tools, combined with a wen-infurrred, cautious approach, should 
aRow mines with the potential fur Mil ARD to extract the province's mineral and coal 
resources, while protecting the environrrent and minimizing risks. 

Additional References 

• Policy fur Metal Leaching and Acid Rock Drainage at Minesites in British Cohnnbia, 
Ministry ofEnergy and Mines and Ministry ofEnvironment, Lands and Parks. 
http://www.empr.gov.bc.ca.!Mining'ProjectApprovals!MLandARD/Pages/Policy.aspx 

• Guidelines fur Metal Leaching and Acid Rock Drainage at Minesites in British Cohnnbia, 
Ministry ofEnergy and Mines. 
http://www.empr.gov.bc.ca.!Mining'ProjectApprovals!MLandARD/Pages/Guidelines.aspx 

Prepared by: Kim BeRefuntaine 
Senior Mine Review Geologist 
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11.0 ARD Management in the Future 

11.1 Introduction 

This chapter brieJiy examines the curreot state and the future of ARD research and managem::nt. It begins wilh a di!cussi>D. ofthe re~e and 
appli:ation ofsustaimblc devcbpmmt to ARD manageiiEit sD:e, today and in the future, ARD lllllll1geiD:Il is W:wed and mmal¢ through a sustaimblc 
dc:vcklpmeot ''k:ns". The second sec1im 1ri:Jiy exanioes the state of research and possblc future dc:vcklpmeots in ARD sci:oce and engilr;:eriDg. The :fiml 
section reW:ws the roles oftbe varirus lllllkeholders in ad~ ARD science and managem::nt. 

11.1.1 ARD through tbe S111tainable Developmeld "Lem" 

With Is potentially wide-ranging and~ co~, ARD is an iqlor1ant 'sustainable dc:vcbpmmt' issue. It is helpful, tbcreJi:>re, to v£w 
ARD and ils managcn:Eit through a sustaioable devclopmmt "lens". 

Tbe goalofSllltaicablc devcbpmmtwas outlined in Chapter 1 ofthe GuDe and is repeated here in- ease ofrelimu:e: 

"to llllXim2e tbe contribution to the weR-beiJg of the curreol generation in a way that ensures an equitable distribution ofils costs and benefits, without 
redo;:ing tbe potential firr future generations to m:et their own needs" (MMSD, 2002). 

• In practK:e, sustaiJablc devclopmmt calls Ji:>r an iDle grated, ba.lm:ed, and responsible approach that accollllls firr slmt- and long-term 
~ socill, ecooomic, and gDWlDIIIICe CODSidemtions. Sustaimblc devcbpmmt is a shared respoosibilly, wlh goveJli!IImls, civil 
societies, coiilllJ.II1ity leaders, and mililg operators an playillg ilqlortant roles. 

Clean and available water i; a finxlaxrental gbbal need firr cumml: and future generations. These resources are urder inl:reasiog demand iom growillg 
populations and ildustrial use around the world. As ARD can afrect water use firr decades, the proactive and responsille care of this resource is a 
fimdarrental sustaioabilly issue. 

Few regulations specifk:ally requre 'sustaicablc devcbpmmt' (see Chapter 3). Yet, industry is D:reasiogl:yutiliziJg the fi1lmlwOik of sustainable 
devclopmmt to inli>rm business and opemtional decisions, largely driYen by the need to protect ils socialli:ense to opemte. Most major mining COIJ:l)ana 
have established their own, intema1 sustaioablc dc:vclopmmt (sometimes also termed sustaioabilly or corpomte responsilility) prD:iplcs wilh their 
associated goals and targetl;. There are also industry-wide, ext.eroa1 ~lcs, such as those devcklped by tbe Int.ermtional Courx:il on Mining & Metals 
(ICMM). In addilim, lnlernatiooalFimmce Corporation (IFC) guiielioes and safeguard policies also drive m.JCh oftbe sustaimblc devcklpmeut 
consnerations. 

Tbe text box below provnes som: sustaioablc devclopmmt guiielioes relevant to enviromncnlaJ. and ARD managetnlDl and the mining industry in general 

Sustaicablc dc:vcbpmmt guidelines: 

• IFC Guidelines in- the Mmlg Sector. hUp:llwww1.iiC.orp/wpslwcm'comectll flJdc28048855&m879cd76a6515bb18/Fi:m1%2B
%2BMinillg.pdflMOD=AJPERES&id= 1323153264157 

• MMSD publi:ations, inchxiiog strategies and tools firr sustamablc devclopmmt at the global and regional. levels. hUp:llpubs.iicd.OI"IV 
• Australia's Leading Practi:e Ji:>r Suminable DevelopnEit, inchxiiog guides of ARD, IDiDe cbsure, and IDiDe rehabillatXm. 

bl1p:llwww.ret..gov.au1Resources/Pap!Rcsources.aspx 
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• GbbalReportmg IDiia1ive (GRI) Mii:Jerah aDd Milling Sec1or suppk:m:nt, wbi:b outliles SllltaDWle devebpm:ot iodka1ors IDJst relewm to 
the mimg indus1ry. bttp;//www.globah:porting.orw' 

• Equator Princilles, applied by IDJst financial institulioll!l in~ applicatioll!l fur~ bttp:/lwww.equator-prirx:iples.com' 

Gbbal standards, such as the ICMM ~les, are 111eful to be:P lDierstand issues that need to be considered wlhin the~ ofS~J~tainable 
devebplmll. However, app1icafuns of these princilles, especiaDy within the coo1ext of a mine site, are invariably local in nature. Lccallactors, such as 
the envmmncntal and ecobgi:al. cllaractemti:s, economic devebpmml, and cukmal values, determine the degree ofprority ammg ilsues that oced to be 
consilered aDd addressed. 

In ARD !D!nagenmt, sustainable devebptmlt typi;allyinvolYes the miling company engaging stakeholders and 1bl.ing optilml soluOOn!! that milini:ze mk, 
IIIIIXimi2c benefils to ~le stakeholdeill, aDd Jnliil8ll: tmde-oflil. FmxlarrentaDy, it il a Imtter of excrcimg sociaDy respDlllible pmcti:es. Sustainable 
devebpm:ot requires bok::ing fur the solution fioma whole socilty and a whole minc:-liib-cycle perspec1ive and fur the long-tenn. A S~J~tainable 
devebpiiiml view &voms preveobm of ARD over ~tim aDd treat:mlml. It also invol:Yes comideriog the bog-tenn cost of ARD managemmt in 
assesmg the reasibility of a mine project or Imjor cxpliiiSDn or IDJdification, includmg the cbsure costs and post-cbsure site activit:ics. 

The relative irqlorta.nce of the diffi:rent consiieratioll!l fur ARD is higbly dependent on the local environmenlal as well as socioecommi: characteristics. 
Stakeholders' asprations, prinilies, aDd preilrence help shipe the targets aDd param:ters fur ARD liiiilllgeiiX:I pmming. The plamicg ~fram:. the 
level of acceptable mk, and range of possible financing~ all depend to a large ext.ent on stakeholders' views. On the other haul, engaging 
stakeholders Ue> be:Ps in iieolifYilg opportuoiies to address other needs aDd COllCe.IDI within an iolegrated ARD managem:ntsolulim. 

The costs and the benefits ofARD liiiilllgeiiX:I occur to diffi:rent stakeboldeill and at diffi:rent timefiatnes. Left IIIIIDI:igated, the impacts irqlose costs to 
the commmity-at-large, often fur generafuns. A wei-designed ARD 1DIIIJa8eiiii'D plan, on the other band, whikl increasmg near-tenn costs fur the 
COII{lany, creates long-tenn benefits to the commmity, bcal government, and other stakeholders, and reduces risks to the environm:nt. Recognizing 
realisti:ally the nature of these costs over~. relative to the desired and ~ated benefits, is critical to the devebpm:ot of an acceptable solubm. 

SustiiDable devebpm:ot practices, io:ludiog broadeoiog the ARD p&miog perspec1ives, incoipOiatmg stakeholder COilCelm, and COIIliW!Ii:ating ARD 
managem:nt perfurmmce to stakeholders, might increase short-term costs to the miling company. However, they canprovile considenlble long-tenn 
bene!ls, incbding: 

• Reduciog the risk ofbumess, cbsure costs, and operafunal illterruptions 
• PmvX!ing financial incentives in temli of reduced financmg and insurance rates 
• Staying ahead of~requirenx:rdll 
• Protecting reput.atim and the social license to operate 

Many aspects of sustainable devebpm:ot may not seem directly relevant to ARD managem:nt at first glance. However, some case bistora in the industry 
have dmmmuated the value of applying the broader perspective early in ARD plammg. For example, at the Britannia Mine in Bttish Columbia, Canada, 
ilcludillg a geothermal energy system to ema.ct ARD beat fur a local ulility, a recreational area, and a sustiiDable commmity around the site COil!ltitute part 
of an integrated ARD managcrnmt solution that partiaDy 1imds the ARD mit:igatDn cost (Meech et al., 2006). Similarly, IIJCtsl recovery acti.vities (e.g., re
mining. processing wastes or IIJCtslrecovery fiomARD) might be iiq'lleiiJmled that benefit the COII{lany as well as the bcal connurity (e.g., Gusek and 
Clarke-Whistler, 2005). 'I'llll exl~Iq'lles illustrate bow iolegraticg envirolllllliiial, social, and ecooomi: aspects can produce Sllltainable sobtioiB 1hat benefit 
all parties nvolYed. 

In sunmary, st~~taimlble devebpiiJml proviles a vabable "lens" to ~ ARD at a particular mine and to devebp appropriate managem:nt plall!l that 
address bo1h poteolial short and bog-tennissues. 

Top of1hil pase 

11.2 ARD Research and Management- Today and Tomorrow 

11.2.1 History and Statu of ARD Researdl and MaaagemeDt 

As described in the Guide, research and koowledge ofARD managem:nt bas grown rapDly over the last 50 yea:s and particularly over the last 20 years. 
In broad temli, some Imjor advances IDly be SUillll8l'i4:d: 

• 1950s - iiq'lrowd understanding ofthe causes ofARD, includmg the role ofmi:ro-organilrni 
• 1960s - devebpm:ot of early predictim teclmiques starting in the coal fields of the soud:leastem USA and in Canada 
• 1970s - devebpm:ot ofARD preveoiKm approaches, ilcludillg segregation and selective handling ofwastell and of water treaiinent systems 
• 1980s - start of cmqm:bensi:Ye research prognuns, devebptmlt of water cover preveoiKm tcclmobgy, and il:qJroved national and global 

teclmobgy 1Ians& and excba.ntlc 
• 1990s - enbmced recogoibm of sustiiDability concepts, devebpm:ot of a ~ approach to ARD managcm:nt and devebpm:ot ofsoi 

cover models and Imlliple layer and store and release covem 
• 2000s - standard incoipOiation of sustainabiliy princilles, iiq'lroved iolegratim of ARD !D!Mgcrnmt iDio mine plans, and improved assessiiiml of 

costs and iii{llicafuns fur rrioe devebplmll. 

Perhaps the greatest acbievem:ot over the last 50 years, however, il the increased awareiJCss and COiq'll'ebemiYe uolerstandDg of1he ARD issue ammg 
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l!!! smkeholders. Wilh 1his fuundation, 1he future of ARD research and manageiiEl! is promising. 

Top oftbis page 

11.2.21be Future of ARD Research and Management 

Future ARD research and manageiiEl! experi<:nce will bring furtber advances. UlliJmtely, 1he goal should be to implom::ot cllaracteri2lltn, predi::tion and 
prevention progratn!i at an mines so that ma:ter:ial ~k of ARD and ML are not produced. Sulphide oxidation might not be stopped, but :its e:ftCcts coukl 
be reduced to insignilicant leveL.. Many mioes migbt ac!Dove mo discharge of el!IJeots lhrougb 1he application of water miuimizalim, l"OC)<'Ie, and 
teclmologUI innovation 

To achieve 1bc .ARD goa], advances must be mule to address: 

• Appropriate chan!cterizatio and pn:dictim prognum tbat support elli:ctive ARD prevention and manageiiEl! in all geo-climrtic eovironmmts 
• Prevenfun and mmageiiEl! plans tbat are fully integrated into mioe plans as a normal course of doing boainess 
• Costs of.ARD mma.genrnt are fully assessed and incorporated into mine :leasbility assessmmts incb:ling the :fuD. cost closure and post-cbsure 

scenarios lOr short and kmg tennn.ks 
• Permil> and approvals reflect understanding and confidence in ARD manageiiEl! approaches and regulatory bo<ties bave Ole capacicy to apply 

regulations tbat are relewm to elli:ctive ARD manageiiEl! 
• Liabilities associated with hirtoric mines are reduced tbrougb cost-etrective ARD mitigation, and where necessary by passive trea:tment 
• Stakeholders :fully understand the rWcs and mma.genrnt approaches to address ARD issues and have confidence in ther success through veriOOation 

ofpredjction and prevention approaches 

Substmtial progress is likely to be aciDoved towards 1his goal over 1he next I 0 Y"""' 1hrougb a conm.:d effurt of1he mililg induslcy, governm:nt agencies, 
financial institutions, uoM:rsilies, and o1ber s1akebolders. This GARD Guide is aiJnod at supporting such ao efli>rt by cotqliJiDg global inlimmtim and 
presenting it :it a fu:nmt that :5 access:bJe to aD. 

T.be :lOIIowicg are som: possilile milestones: 

• In 3 years - ir:qn'oved iotegmtion of ARD D"J!DHg;mmt into mine operations, efrecti.ve ew.brtKm am costing of .ARD mmagemmt in fuamilly 
studies and elli:ctive excllange of case studies by 1he mining indusby and go~ agencies 

• In 5 years- a field verifiod, s1ll!ldardia:d approach to predjction and risk assessm:nt and managem:nl; improved understandiJg of scale up ofARD 
predi::tion fiom lab to field and in1Jrowd resource recowry (water and me1als) technologies lOr ARD 

• In I 0 years - a field proven sui<: of prevention and mitigation tools to address mJltiple ARD problem sets in various geoclilmtic locations 

Specili: research is uceded to fill knowledge gaps, som: of wbich are listed below. In mmy cases, 1he approaches and technologies are awilable and 1my 
be proven lOr particular mD:s or geo-clilmtic envronmenl>, but it ~my not be known if1hey are broadly appli:able. 

Characterization and Prediction 

• Methlds to scaJo.up labocstorypredi::tion methlds to full. scale mioe filcilities 
• Predimon approaches fur l.Dlergrouod mines 
• Mme kmg-tennfield verift:atimofpredi::tionprognum 
• Methlds to predi:t dmi:lage fiom waste rock d1JIT!l8 and 1>.iling ~""""""""' in arid eovironmmts 
• Tests of 'the southeastern US coal :fiekl ''rules of1:hun:tl" fur prediction to coal miles in other geoclimatic regions 
• lnyroved coupled IIXldeb lOr predi;ting acid generation and metal disselltion and IIXlbility in waste rock d1M1ps 
• lnyroved and rmre timely kinetic predjction m:1hcdslbr ARD and ML 
• In:proved guiielines on 1he inttaptetati:m of~ test resub, ~blicg coal wastes 

Prevention and Mitigation 

• bq>rowd prevention and IJitiBation """"'tues lOr pit walls and undeiground mines 
• Devehpmmt ani demmma.tion ofARD passivation teclmobgies 
• Developm:nt of ~lom::otaticn guidelices lOr blending and layering of waste rock 
• Understallding of1he appli:atim and~-· ofUtiling paste and tailing-waste rock cc-djsposal 
• Verificatim ofperliJmmr;e and criteria i>r design and appli:atim of co"'"' on waste rock d-s and 1>.iling ~oll!ldm.mts in various geo-clilmtic 

cond.itiom 
• Further field and kmg-term demonstration and case srumes lOr all prevention and mitigation approaches 

Treatment 

• Cost-elrective methlds lOr s~hate n:nx>val 
• Developmml: of:in-pit water trea.tmmt tmthods 
• Me1hods to predi:t and evaluate 1he openrting lili: of cons1ructed wetlands and n1ber passive 1Ieabnent systeJm 
• Passive systetm fbr mmganese retmVBl. 
• Economi: recovery of mrtals at reJatively low concenlmtims :from ARD 
• Design approaches lOr wetland 1Ieabnent of ARD frommetalmioes (ie., w>le range of metal p~) 
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ARD Management 

• iJelnons1rared case studies ofmgratingARD prevention inln mine plans 
• ltqxoved and statxlardized approaches of riU: assessmmt and UEDAgemeot fur ARD prevent:im and mitigation 

Top ofthis page 

11.3 Stakeholder Roles 

AcbiMJg 1lle goal fur ARD """'~ outlined ab.we will require parlqlation of an stakeboklers. Som: oftlri roles are lil1ed below: 

• Mining iOOustty- develop =~ sys1<:ms and mgrare ARD in1n miiilg plans, develop caae studie~ share on-sire experience, and support 
n:search 

• Regulatory agencies - develop inprowd DJ!ilieds of risk Dl!nagerrent, share case hisk>ries (especially fur closed and abandooed mines), encourage 
c0IIIl11D1Utim between stak:ehokiers and continue to search fur m:ans to address ARD fi'om abandoned mines 

• Financial instituOOns - i:Jcorpomre guidaJJCe (such as 1he GARD Guide) and defue expectations inln tboir evaluamn of finaJJcDg reques1> by mining 
cmq>anies 

• Mull-la1eral OljllliUzations - incmpomre guidam:e (such as the GARD Guide) inln 1heir docummts and li>sler its implom:otamn in developing 
cmmies 

• COilSlllmg conmmity- apply best pmctice approaches nARD prevention plans and abare experience and knowledge 
• UniversDes -lbcus applied research projec1> to fillARD knowledge gaps, worl< closely with the mining indusby and o1her stakeboldem, and 1rain 

new scientists and engineers in best practice 
• NGOs- assist in assesUlg and conmmicatilg riU: ammg stakehoklers 
• Conmmities - conlrbute to building case studies and kmg-tenn ARD management approaches as part of attaining and nmintaining the social license 

to operate 

!NAP and 1he Global Alliance are dedk:sred to reducing liabilities associared wih sulphide-besringmarerials and will play1heir part in advancing best 
pmctice in ARD lllllllllgamm!. !NAP will fidlill its role by prom>ting and l2cilitating ARD prevent:im and treatment through global networkin& 1echnology 
1Iansfur and collaborative n:sean:h These activities will be achieved through peer re>iews, worl<abops and confurences, leveraged n:sean;h and po!i;y 
developmmt. 

!NAP beliews 1hat this GARD Guide will be a key elenr.mt in expsndilg ARD prevent:im and treatment capacl;y in the mining ildusby and its DUJD:roUS 

stakeholders. INAP is connnilted to 1Dilki1g the Guile the premier gbbal aulborty onARD in prevent:im ani trea.tmmt and a ''resource of choke'' on 
ARD best pmctice. 

To achieve this, the Guide needs to continue to evolve and in1>rove. The current versilo ~only an initial step. Participation of an stakeboldem is 
key. !NAP and its mmber cmq>anies will cOIJ!i:we to be actM:Iy ""l!l!!"'i in n:gular reviewa oftbe Guide and willensun:1hat an of its rechnical 
:imovatims on ARD that are oot confidential are included iltbe Guile. 

!NAP encourages anreadem ofthis Guide to provide input through the Wikiorto conlac!INAP or1he GlobaiAilimce. 

Top ofthis page 
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Acronyms 

From GARDGuide 

ACRONYMS 

Acronym/ 
Abbreviation 

ABA 

ACG 

ACMER 

ADTI 

Ag 

AI 

AID 

AMD 

ANC 

ANFO 

Click Here to Leave a Comment 

Defmition 

acid base accounting 

Australian Centre fur Geomechanics 

Australian Centre fur Mining Environmental Research 

Acid Drainage Technology Initiative 

silver 

aluminum 

anoxic limestone drain 

acid mine drainage, acid and metallifurous drainage (Australia) 

acid neutralizing capacity 

amroonium nitrate fuel oil 

2014-10-21

kmiller
Text Box



ANZECC 

AP 

APHA 

AWWA 

ARD 

ARMCANZ 

As 

AS 

AS 1M 

Au 

AVIRIS 

AVS 

BA 

BACI 

Australian and New Zealand EnviroiiiOOiltal and Conservation Council 

acid (generation) potential 

American Public Heahh Association 

American Water Works Association 

acid rock drainage 

Agricuhure and Resource Management Council of Australia and New 
Zealand 

arsemc 

Australian Standards 

American Standards fur Testing and Materials 

gold 

airborne vi<iible/infrared imaging spectrom:ter 

acid volatile sulphide 

befure-after 

befure-after-control-impact 
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BAT best available technology 

BCAMDTF British Cohnnbia Acid Mine Drainage Task Force 

BCMEND British Cohnnbia Mine Enviromrental Neutral Drainage 

BCMEMPR British Cohnnbia Ministry ofEnergy, Mines and Petroleum Resources 

BCR biochemical reactor 

BIF banded iron funnation 

BLM Biotic Ligand Model 

BMF biomagni:fication fuctor 

BREF best available refurence 

Ca calcimn 

CaC03 calcimn carbonate 

CA cluster analysis 

CANMET Canada Centre fur Mineral and Energy Technology 

CBR contaminant body residue 
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CCBE cover with capillary barrier elfuct 

Cd cadmiwn 

CEN Comite Europeen de Normalisation 

CESR cost elfuctive sulphate removal 

CI control-impact 

Co cobalt 

COl constituent of interest 

COPC contaminant of potential concern 

CPE chlorinated polyethylene 

Cr chromimn 

CSIR Council fur Scientific and Industrial Research 

CSM conceptual site model 

Cu copper 

DAD decide, announce, defimd 

DEM digital elevation model 
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DIAND Departm:nt oflndian A:ffirirs and N orthem Developm:nt 

DQO data quality objective 

DSM dynamic system model 

DWAF Departm:nt ofWater A:ffirirs and Forestry 

EA enviromnental. assessm:nt 

EC European Connnission 

EC electrical conductivity/electrical conductance 

EDR electrodialysi<l reversal 

ElA enviromnental. impact assessm:nt 

EIS enviromnental. impact study 

EMP enviromnental. managerrx:nt plan 

EMS enviromnental. managerrx:nt system 

ERA enviromnental. ri<lk assessm:nt 

ESIA enviromnental. and social impact assessm:nt 
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EU European Union 

F fluoride 

FA fuctor analysis 

Fe 1!'00 

FIDIC International Federation ofConsuhing Engineers 

FLT fieklleaching test 

FMEA fuilure IIJJde and effects analysis 

FS reasibility study 

GARDGuide Global Acid Rock Drainage Guide 

GB Guobiao Standard (China National Standard) 

GCL geosynthet:ic clay liner 

GIS geographic infunnation system 

GPS global positioning system 

GRI Global Reporting Initiative 

ha hectare 
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HCT humidity cell test 

HDPE high density polyethylene 

HDS high density sludge 

human health risk assessmmt 

HSEC heahh, safety, enviromrent, and comnnmity 

IAP2 International Association fur Public Participation 

ICARD International Confurence on Acid Rock Drainage 

ICMI International Cyanide Managem:mt Institute 

ICMM International Council ofMining and Metals 

ICP-MS inductively coupled plasma-rmss spectrometry 

ILO International Labour Organization 

IMPI integrated and managed passive treatment 

IMWA International Mine Water Association 

INAP International Network fur Acid Prevention 

lOR intrinsic oxidation rate 
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IPPC Integrated Polhrtion Prevention and Control 

IFC International Finance Corporation 

ISO International Standards Organization 

kg kilogram 

KPCS Kimberley Process Certification Scheme 

KPI key perfOrmance indicator 

LLDPE linear low density polyethylene 

LOE line of evidence 

MAA muhiple accounts analysis 

MAC Mining Association of Canada 

MCA Mineral<; Council of Australia 

MEND Mine Environmental Neutral Drainage (Initiative) 

Mg magnesrum 

mglkg milligrams per kilogram 
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milligrams per liter 

MIW mining influenced water 

ML m:talleaching 

microm:ter 

mm millirreter 

M&M managem:nt and maintenance 

MMER Metal Mining E1lluent Regulations 

MMSD M~, Mining, and Sustaimble Developm:nt (project) 

Mn manganese 

MP managem:nt plan 

MRG m:tal-rich granules 

MSF m:tal sensitive fractions 

MVT Mississippi Valley Type 

MWMP Meteoric Water Mobility Procedure 

NAG net acid generation (test m:thod) or non-acid generating 
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NAPP net acid producing potential 

NASA National Aeronautics and Space Administration 

NBR N onna Brasileira Registrada 

NCV net carbonate value 

NEPC National Environmental Protection ColiDCil 

NF naoo-filtration 

NGO non-govermrental organization 

Ni nickel 

NMD neutral mine drainage 

NNP net neutralization potential 

NOAMI National Orphaned/ Abandoned Mines Initiative 

NP neutralization potential 

NPR net potential ratio 

NPV net present value 
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NRC an Natural Resources Canada 

NZS New Zealand Standards 

O&M operation and rmintenance 

OLD open limestone drain 

OSM Office ofSurfuce Mining 

PaDEP Pennsylvania Department ofEnvironmental Protection 

PADRE Partnership fur Acid Drainage Remediation in Europe 

PAG potentially acid generating 

Pb lead 

PCA principal component analysis 

PD probability distribution 

PDCP public consuhation and disclosure plan 

PDF probability density function 

PE polyethylene 

PPA potential problem assessment 
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PVC 

QA 

QAPP 

QC 

RAPS 

redox 

RMA 

RMP 

RO 

ROPC 

RQD 

s 

SAP 

SAPS 

polyvinyl chloride 

quality assurance 

quality assurance project plan 

quality control 

reducing and alkalinity producing system 

reduction oxidation 

Resource Managetrent Act 

risk managem:mt plan 

reverse osmosis 

receptor of potential concern 

rock quality designation 

sulphur 

sampling and analysis plan 

successive alkalinity producing system 
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Sb antimony 

SD saline drainage 

Se selenium 

SEM scanning electron microscope 

SOP standard operating procedure 

SPARRO slurry precipitation and recycle reverse ostmsis 

SPLP Synthetic Precipitation Leaching Procedure 

SRB sulphate-reducing bacteria 

SSD species sensitivity distribution 

swcc soil water characteristic curve 

SQG Sediment Quality Guideline 

SUNY State University ofN ew York 

TAM trophically available rretal 

TCLP Toxicity Characteristic Leaching Procedure 

TDR tirre-domain reflectrorretry 
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IDS total di<isolved solids 

TIC total inorganic carbon 

TIE toxicity identification evaluation 

roc total organic carbon 

TRC tissue residue criterion/criteria 

TSF tailings storage fucility 

u uramum 

UNEP United Nations Environment Programme 

us United States 

USA United States of America 

USEPA United States Enviromrental Protection Agency 

USGS United States Geological Survey 

VEC valued ecosystem component 

VFA volatile futty acids 
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VMS volcanogenic massive sulphide 

WAD weak acid &sociable 

WEF Water Environment Federation 

WET Waste Extraction Test 

WHO World Heahh Organization 

WQ water quality 

WQG water quality guideline 

WOE weight of evidence 

WRC Water Research Commission 

XRD X-ray diffraction 

Zn zinc 
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Glossary 

From GARDGuide 

Click Here to Leave a Comment 

GWSSARY 

Tbi<; glossary includes term<; that can be fuund in tbi<; GARD Guide. All definitions are comtmn 
scientific usage. 

Use your browser Edit/Find function to search fur term; on tbi<; page. 

abandoned mine - Excavations, structures, or equipment remaining from a furmer mining 
operation that, fur all practical purposes, have been deserted while no intent of finther mining is 
evident. An assU!llltion of"abandoned" may be incorrect if an owner still exists, even if the owner 
has not perfurmed any activity at the location fur a kmg period, in which case the mine may be 
''inactive." 

acid-base accounting (ABA) - An analytical technique applied to mine wastes and geok.Jgic 
materials that determines the potential acidity from sulfur analysis versus the neutralization 
potential It is used to predict the potential of that material to be acid producing or acid 
neutralizing. 

acid generating- Rerers to ore and mine wastes that contain sulfur or sullides, which produce 
acid when oxidized. Acid can also be present as acid sulfutes or generated by their weathering, 
produced originally from oxidation of sullides. 

acid potential (AP) - The ability om rock or geok.Jgic material to produce acid leachates; may 
also be referred to as acid generation potential or AGP. 

acid rain- Term referring to the deposition of a mixture of wet (rain, snow, sleet, fug, dew) and 
dry(acideyingparticles and gases) acidic components. 

acid rock drainage (ARD) - A k.Jw pH, metal-laden, sulfute-rich drainage that occurs during 
land disturbance where sulfur or metal sullides are exposed to atmospheric conditions. It furm; 
under natural conditions from the oxidation o:ISullide minerals and where the acidity exceeds the 
alkalinity. Non-mining exposures, such as ak.Jng highway road cuts, may produce similar drainage. 
Also known as acid mine drainage(AMD) when it originates from mining areas. 

acidity - The titratable acid as measured in accordance with standard methods. It is normally 
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reported as milligram<; per liter as calcimn carbonate (CaC03),. 

acidophile - Inorganic substance or living organism (or part thereof) that mvors acidic conditions 
or acids. 

active treatment systems - Systems that treat drainage with active addition of chemical 
reagents or the application of external energy. 

advection- Refers to processes of transport and mixing of properties (energy, heat, moi<iture, 
etc.) of a fluid by mass motion of that fluid in the horimntal plane. In the atmosphere, the 
horimntal transfer of anything by the movement of air, ie. wind. Common examples of advection 
inchlde heat and moi<iture. 

agronomic - Pertains to the growing of crops under cultivation 

alkalinity - The titratable alkalinity, using a standard acid titrant, as perfurmed in accordance 
with standard methods. It i<; normally reported as milligram<; per liter as calcimn carbonate 
(CaC03), but it may also be reported as milliequivalents per liter as bicarbonate (HC03-). 

alteration - A change produced in a rock by chemical or physical action 

alumino silicate mineral - A-mineral in rock or soil based on ahnnimnn and silicon, such as a 
feldspar, mica, or clay mineral 

ameliorate - To improve or make better. Commonly referring to soil, when improving soil with 
respect to its plant growth properties. 

amendment - A material that is incorporated into another substance to improve its properties. 
For instance, into soil to improve soil quality and/or plant growth, or into a mine waste mcility to 
improve its geotechnical and/or environmental properties. 

anion - An ion with a negative charge. 

anoxic limestone drain (ALD) - A buried trench or cen of limestone into which anoxic water is 
introduced to rai<ie pH and add alkalinity, without coating the limestone with precipitates resuhing 
from metal (Fe, Mn) oxidation 

anthropogenic - Formed through or related to the activities ofhwnans. 

aquifer- A geologic furmation, group offurmations, or part of a furmation that contains sufficient 
saturated permeable material to yield significant quantities of water to springs and wens. 

aquitanl- A geologic furmation, group offurmations, or part of a furmation with low vahres of 
hydraulic conductivity, which allows some movement of water through it, but at rates of flow 
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lower than those of adjacent aquifurs. 

authigenic mineral- Mineral that developed in place. Mainly rerers to seditrentary material 
furm:d during or after deposition 

autotrophic bacterium- An organism that produces complex organic compounds from simple 
inorganic Jmlecules using energy from light or inorganic chemical reactions. 

backfill - Geologic materials returned to an open pit or placed back into an underground mine, 
after desirable minerals have been reJmved, to bring a surfuce mine back to original contour, 
partially refill an open pit, or to improve stability of underground workings. 

background - Natural concentrations of an elem:nt in natural materials that exclude human 
influence. A background m:asurem:nt represents an idealized situation and is typically Jmre 
difficuh to m:asure than a baseline. 

barometric pumping- Variation in the ambient atJmspheric pressure that causes Jmtion of air in 
porous and fractured earth materials, such as waste rock piles. 

baseline - A baseline m:asurem:nt represents concentrations m:asured at som: point in time 
and may or may not represent the true background. Baseline concentrations are typically 
expressed as a range, not as a single value. 

beneficial reuse - Using a substance normally considered a waste product in a new application 
or product 

beneficiation - The processing of ores fur the purpose of regulating the size of a desired 
product; reJmving unwanted constituents; and improving the quality, purity, or assay grade of a 
desired product Concentration or other preparation of ores can be fur sm:hing by screening, 
drying, fiotation, or gravity or magnetic separation Improvem:nt of the grade of ores can be by 
milling, screening, fiotation, sintering, gravity concentration, or other chemical and m:chanical 
processes. 

benthos - The organism; living on or in the bottom of water bodies. 

bioaccessibility- The fraction of a substance that is available fur absorption by an organism 

bioavailability - The fraction of a substance that can be absorbed by the body through the 
gastrointestinal system, the puhronary system and the skin. By its definition, bioavailability also 
includes the process ofbioaccessibility. 

biodiversity - The variety ofliving organisms at all levels of organization 

biogeochemistry - The scientific study of the chemica~ physic~ geologic~ and biological 
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processes and reactions that govern the composition of the natural enviroii!rellt (incWing the 
biosphere, the hydrosphere, the pedosphere, the atroosphere, and the lithosphere), and the cycles 
of matter and energy that transport the Earth's chemical components in time and space. 

bioiiTigation -The exchange of &solved substances between pore water and overlying water. 

biomagnification- Uptake of a contaminant through a fuod chain resuhing in increasing 
concentrations through multiple trophic levels. 

biomass - Standing crop ofliving material usually expressed as the amn.mt oflive or dry weight 
per unit area; usually associated with soil microbes, animals, and plant residues. 

bioreactivity- Governs whether a contaminant will be assimilated into a cell if it is bioavailable. 

biota - In ecology, the plant and animallifu of a region 

bioturbation - 1he !lXlverrent and relocation ofbottom sediments by the activities ofbottom
dwelling organism<;. 

block model- A !lXldel of an ore deposit generated by interpolating assay values from 
irregularly distributed drill hole data to a regular two- or three-di!nmsional grid. 

borehole - The generalised term fur any narrow shaft drilled in the ground, either vertically, 
horizontally, or inclined. 

borrow area - Place from which earthy or rock materials are re!lXlved to serve as fill or fur other 
construction pmposes. 

brackish water- Slightly sahy water. 

brines - Water saturated or nearly saturated with a sah. 

bulk density- A measure of the mass of soil or rock (or other solid phase material) per unit 
volume, fur instance wcm3. 
capillary banier - A space between two surfuces which is pmposely made wide enough to 
prevent the !lXlvement of !lXlisture through the space by capillary action, fur instance, by using a 
layer of coarser rock between .finer materials Also frequently referred to as "capillary break". 

capital investment- The !lXlney paid to purchase a capital asset or a fixed asset. 

carbonates - A class of rocks contaioing calcium (Ca) and/or magnesium (Mg) carbonate, such 
as lilrestone and dolomite. 

catchment- See watershed 
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cation- An ion with a positive charge. 

chain pillar- A series of pillars left between panels that support the mine roof and allow access 
to the mine panels as wen as air exchange in an underground mine. 

chemocline - The border region or interface between water volumes with two contrasting and 
predominating chemistries within a body of water. 

cleanup - Actions taken to address a release or threat of release of a hazardous substance that 
could affuct hwnans and/or the environment. The term is som:tim:s used interchangeably with 
remedial action, removal action, response action, or corrective action 

colonization - The movement of new individuals or species into an area. 

commodity - An article of commerce or a product that can be used fur commerce. In a narrow 
sense, products traded on authorized commodity exchanges. Types of commodities incble 
agricultural products, rretals, petroleum, fureign currencies, and financial ins1:rurrents. 

community - Assemblage of plants and animals occurring in natural system;. 

compaction - Increase in soil bulk density, caused by loading at the surface, generally by wheel 
traffic; the action of moving soil particles closer together by compressing the pore space. 

compost - The end resuh of controRed aerobic decomposition 
(http://en wikipedia.orglwiki/ Aerobic_ decomposition) of organic matter 
(http://en wikipedia.orglwiki/Organic _matter) known as composting 
(http://en wikipedia.orglwiki/Composting) . It is used in landscaping 
(http://enwikipedia.orglwikill.andscaping), horticulture (http://enwikipedia.orlifwiki!Horticuhure) 
and agriculture (http:/ /en wikipedia.orlifwiki/ Agriculture) as a soil conditioner 
(http://en wikipedia.orglwiki/Soil_ conditioner) and rertilizer (http://en wikipedia.orgwiki!FertiiUer) 
to add vital humus (http:/ /en wikipedia.orgwiki!HUIIIIIS) or hwnic acids 
(http://enwikipedia.orgwiki/Humic_acids). It is also useful fur erosion contro~ land and stream 
reclamation, wetland construction, and as land1ill cover. 

composite sample - A sample made by the combination of several distinct subsamples. 
Composite samples are often prepared to represent a minable or treatable unit of material when it 
is not economically reasible or desirable to analyze a large quantity of individual samples; to 
represent a particular type or classification of material; or when subsample volumes are 
insufficient to anow analyses by desired analytical techniques. 

conceptual site model - A representation of a site and its environment that represents what is 
known or suspected about contaminant sources as wen as the physica~ chemical and biological 
processes that affuct contaminant transport to potential environrrental receptors. 
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contaminant - Any physical, chemica~ biological, or radiological substance or matter that bas an 
adverse effi:ct on human and ecological receptors as wen as environmental rredia (e.g., air, 
water, soil, sediment). 

convection - In physics, convection is the transport and mixing of properties (energy, heat, 
IIXJisture, etc.) of a fluid by mass IIXJtion of that fluid. Inrreteorology, convection generally rerers 
to such transport and mixing in the vertical direction, and advection refurs to processes in the 
horiwntal plane. 

corrosive - A corrosive substance is one that will destroy or irreversibly damage another 
substance with which it corres in contact. The main hazards to people include damage to eyes, 
skin and tissue under the skin, but inhalation or ingestion of a corrosive substance can damage the 
respiratory and gastrointestinal tracts. 

cryoconce ntration - The concentration of chemical constituents in a liquid due to freezing. 

crystallinity -The degree of structural order in a solid. 

data - Any infurmation about a reature or condition; usually ~lies a mnnerical furmat but also 
can be textual infurmation 

data quality objective (DQO) - Qualitative and quantitative staterrent of the overan level of 
uncertainty that a decision-maker will accept in resuhs or decisions based on environmental data. 
A DQO provides the statistical frarrework fur planning and managing environrrental data 
operations consistent with the user's needs. 

density - The number of individuals per unit area. 

diagenetic mineral - Mineral that underwent a physical, chemical, or biological change after its 
initial furmation, fur instance due to changes in pressure, temperature, or fluid interaction 

discharge point- Location at which mineral-processing waste is pumped into a basin or 
~oundrrent. 

dissolved oxygen- A rreasure of water quality indicating the aiiXJunt of oxygen dissolved in 
water. This is one of the IIXJSt ~ortant indicators of a water body's condition, because IIXJSt 
aquatic organisms require dissolved oxygen 

dissolved solids - The weight of matter, including both organic and inorganic matter, in sohrtion 
in a stated volurre of water. The aiiXJunt of dissolved solids is usually determined by filtering 
water through a glass or 0.45-J.Uil pore-diarreter microrreter filter, weighing the filtrate residue 
remaining after the evaporation of the water, and drying the sahs to constant weight at 180°C. 

dolomitic limestone - Limestone ( calciwn carbonate) containing a significant percentage of 
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dolomite (calcium-magnesium carbonate). 

drainage - Any water draining from a natural or hwnan-made feature, including natural surfitce 
water runofi; mine drainage, and groundwater that has come to the surfitce. 

ecology - The study of the interrelationship of organisms with their enviroillllimt. 

ecosystem- A comrmmity of organisms considered together with the nonliving fuctors of its 
environment. 

emuent - A material, usually a liquid waste, that is emitted by a source, which is often industrial, 
such as a metallurgical or water treatment process. Gaseous efHuents are usually called 
emissions. 

electrical conductivity - Indicates the concentration of ionized constituents in a water sample or 
soil matrix. 

emissions - Gaseous materials emitted by a source. 

environmental impact assessment- A process required under national or regional 
environmental legislation in which potential environmenta~ physic~ and social impacts and 
mitigation measures are identified, evaluated, and discussed. A provision fur notifYing citizens and 
considering their connrents is connnonly integral to the process. 

epithermal deposits - A mineral deposit consisting of veins and replacement bodies that usually 
occurs in volcanic or sedimentary rocks, containing precious meta.B, and sometimes, ahhough 
rarely, base metals. Typically furmed at shallow depths (ie., within about 1 km of the Earth's 
surfuce) in a temperature range between 50 to 200 degrees C, usually resuhing in characteristic 
vein-like structures. 

erosion - The entrainment and transportation of soil through the action of wind, water, or ice. 

evapoconcentration- The concentration of chemical constituents in a liquid due to evaporative 
processes. 

evapotranspiration- The sum of evaporation and plant transpiration from the earth's land 
surfuce to a1m>sphere. 

exothennic reaction - A chemical reaction that releases energy in the furm ofheat It is the 
opposite of an endothermic reaction 

extraction - The process of mining and removal of ore from a mine. This term is often used in 
relation to all processes of obtaining metals from ores, which involve breaking down ore both 
mechanically (crushing) and chemically (decomposition), and separating the metal from the 
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associated gangue. 

extraction ratio - The ratio of the amount of ore removed to the amount of ore remaining in a 
mine or disposed of as waste. 

fauna - The animal component of natural system;. 

fermentation- A process which derives energy from the oxidation of organic compounds, such 
as carbohydrates, using an electron acceptor, which is usually an organic compound 

fermenting bacteria - Anaerobic bacteria that use organic rrolecules as their final electron 
acceptor to produce furmentation end-products. 

Dora- The plant component of natural system;. 

notation- The rrethod of mineral separation in which a froth, created in water by a variety of 
reagents, floats sorre finely ground minerals while other minerals sink. 

footprint - The planirretric area covered by a mine operation and associated roads, ponds, and 
other structures. 

framboidal pyrite - Spherically shaped agglorrerations of minute (approximately 0.25 
microrreter) crystals of pyrite (FeS2). It is the roost reactive of all pyrite rrorphologies. 

gangue - The minerals without value in an ore; that part of an ore that is not economically 
desirable but cannot be avoided when mining the deposit. It is separated from the ore during 
beneficiation. 

geographic infonnation system (GIS) - A computer program or system that allows storage, 
retrieval, and analysis of spatially related infOrmation in both graphical and database furrnats. 

geomembrane - Imperrreable material (usually a geosynthetic) used as a cut-off or liner to 
prevent rrovernent of water. 

geophysical survey - The systematic collection of geophysical data fur spatial studies. 
Geophysical surveys may use a great variety of sensing instruments, and data may be collected 
from above or below the Earth's surfuce or from aerial or marine platfurm;. 

geostatistics - The mathematical assessrrent of variability in a biological, chemical, or physical 
pararreter across a distance or area. 

geosynthetics - The term used to describe a range of generally polyrreric products used to 
solve civil engineering problem;. 

glory hole - An infOrmal term fur a large mine excavation open to the surfuce, such as a mine 
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shaft or an open pit mine. In the block caving :m:thod of underground mining, ore collapses from 
above into a mine tunnel If enough ore is removed, the ground surfuce collapses into a surfuce 
depression called a glory hole. 

gradient - The inclination of profile grade line from the horiwntal, expressed as a percent- age 
(synonym= rate of grade). 

groundwater- Water in the zone below the surfuce of the earth where voids are filled with 
water. This is in contrast to surfuce water. 

habitat- The place where a population (e.g., human, anima~ plant, microorpm) lives, its 
surroundings, and its contents, both living and nonliving. 

heap leach/heap leaching - An industrial mining process to extract precious :m:tals and copper 
compounds from ore. The mined ore is crushed into small chunks and heaped on an 
imperm:lable plastic and/or clay lined leach pad where it can be irrigated with a leach solution to 
dissolve the valuable :m:tals. Either sprinklers, or often drip irrigation, are used to minimize 
evaporation The solution then percolates through the heap, leaches out the precious ~ and is 
collected. 

hot spot - An area or volum: of ore, mine soil, spoil, tailings, or waste with an enhanced 
reactivity relative to the remainder. 

hydraulic backfill - Any kind ofbackfill carried by water through pipelines into an underground 
mine. Solid particles are sluiced through the water quickly without having the chance to settle until 
they reach the dumping point. 

hydraulic conductivity - A property of soil or rock that describes the ease with which water 
can move through pore spaces or fractures. It depends on the intrinsic perm:lability of the material 
and on the degree of saturation 

hydraulic head - A specific :m:asure:m:nt of water pressure above a geodetic datwn. It is usually 
:m:asured as a water surfuce elevation, expressed in units oflength, at the entrance (or bottom) of 
a well. 

hydrolysis - The process of splitting the water molecule into separate components ofhydrogen 
ions (H+ )and hydroxide ions (OH-) that often react with other constituents present. 

hydrometallurgical process - Part of the field of extractive metallurgy involving the use of 
aqueous chemistry fur the recovery of :m:tals from ores, concentrates, and recycled or residual 
materials. Hydro:m:tallurgy is typically divided into three general areas: leaching, solution 
concentration and purification, and :m:tal recovery. 

hyporheic zone - The region beneath and lateral to a stream bed, where mixing of shallow 
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groundwater and surfuce water occur. 1he flow dynamics and behavior in tbi<; zone (term:d 
hyporheic flow) is recognized to be important fur surfuce water/groundwater interactions, as wen 
as fish spawning, among other processes. 

impoundment- A closed basin that is damrred or excavated and is used fur the storage, 
holding, settling, treatrrent, or discharge of water, sedirrent, and/or liquid wastes. 

in situ treatment- Treatrrent perfurm:d in place, without <futurbance, remova~ or excavation 
of the material being treated. 

infiltration- 1he downward entry of water into a soil or other geologic material 

infrastructure- Elements that support develop:trent of a mine, incWingtransportation, utility, 
and cormmmication syst:eln'!. 

inoculum- A source or m:dium fur introduction of microorganism>. 

karst topography - A landscape shaped by the &solution of a layer or layers of soluble 
bedrock, usually carbonate rock such as .lim:stone or dolomite. Due to subterranean drainage, 
there may be very limited surfuce water, even to the absence of an rivers and lakes. 

kriging - A geostatistical analysis procedure used to estimate an ore grade or biologic~ 
chemica~ or physical value at locations where no samples were collected. 

land use- 1he primary use of a specific land area. 

laterite - A surfuce fOrmation in hot and wet tropical areas which is emiched in iron and 
aluminum and develops by intensive and long lasting weathering of the underlying parent rock. 

leaching - R.ermval by dissolution, desorption, or other chemical reaction from a solid matrix by 
passing liquids through the material 

limestone - A sedirrentary rock consisting largely of calcite (CaC03). 

Limnology- 1he study of inland waters, such as lakes and ponds, rivers, springs, streams and 
wetlands. This compric;es the biologic~ chemic~ physic~ geologic~ and other attributes of an 
inland waters (running and standing waters, both fresh and saline, natural or man-made). 

lithology - 1he character of a rock described in terms of its structure, color, mineral 
composition, grain size, and arrangement of its visible features that in the aggregate impart 
individuality to the rock. 1he term is often used to classey rock materials fur characterization 
purposes along with the degree of aheration and acid-base cbaracteric;tics. 

littoral - Sballow water zone in lakes and ponds. 
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lysimeter- An enclosed cohmm containing a solid (such as soil) that is used to m:asure 
leaching and/or evapotranspiration. 

manure - Solid wastes from livestock, often mixed with bedding materials such as straw or hay. 

metalloids - is a term used in chemistry when classifYing the chemical elements. On the basis of 
their general physical and chemical properties, nearly every elem:nt in the periodic table can be 
termed either a m:tal or a nonm:tal. However, a fuw elem:nts with interm:diate properties, such 
as antimony, arsenic, boron, and silicon, are refurred to as metalloids 

metallurgy - The science and technology of extracting and refining m:tals and the creation of 
materials or products fromm:tals. 

metallurgical processing - The m:thods employed to clean, process, and prepare m:tallic ores 
fur the final marketable product. 

metastable - A general scientific concept that describes states of delicate equilibriwn. A system 
is in a metastable state when it is in equilibrium (not changing with titre) but is susceptible to full 
into lower-energy states with only slight interaction. An example of a m:tastable system is a 
supersaturated solution. 

methanogens -A group of single-celled microorganisms, that produce m:tbane as a m:tabolic 
byproduct in anoxic conditions. They are connmn in wetlands, where they are responsible fur 
marsh gas, and in the guts of~ such as rumiDants and hwnans. 

microclimate - Localized temperature, m>isture, wind, and other climate conditions, caused by 
difrerences in hydrologic climate and vegetation difrerences due to topography or surfuce 
configuration. For example, windbreaks create microclimates. 

milling - The crushing and grinding of ore. The term may incble the rem>val ofhannful 
constituents or constituents without economic value from the ore and preparation fur additional 
processing or sale to market. 

mine - An opening or excavation in the groll!ld fur the purpose of extracting minerals. 

mine rehabilitation - Modem mine rehabilitation a:irn;; to minimize and mitigate the 
environm:ntal effi:cts of mining. 

mineral deposit - An occurrence of any valuable connmdity or mineral that is of a sufficient size 
and grade (concentration) to have potential fur economic developm:nt Ullder fuvorable 
conditions. 

mineralogy - The study of minerals and their furmation, occurrence, use, properties, com
position, and classification; also refurs to the specific mineral or assemblage of minerals at a 
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location or in a rock llllit. 

mining - The process of extracting useful minerals from the earth's crust. 

mitigation - Correction of damage caused by mining activity (e.g., mine subsidence, wetland 
impacts, acid drainage). 

monitoring - The periodic or continuous surveillance or testing to determine the level of 
compliance with process or statutory requirements in various media or in hwnans, plants, and 
animals. 

mucking - To remove rocks or clay excavated in mining. 

mulch - A layer of nonliving material applied or occurring on the surfiJ.ce that is placed on top of 
a growth medimn to control erosion and weed growth and to conserve moisture. 

net present value - Net present value (NPV) or net present worth (NPW) is defined as the 
total present value (PV) of a time series of cash flows. It is a standard method fur using the time 
value of money to appraise long-term projects. Used fur capital budgeting, and widely throughout 
economics, it measures the excess or shordhll of cash flows, in present value tei'Ill!, once 
financing charges are met. 

nentral mine drainage - A neutral pH, metal-laden, sulfute-rich drainage that occurs during land 
disturbance where sulfur or metal sulfides are exposed to atmospheric conditions. It fuiiil! under 
natural conditions from the oxidation oJSulfide minerals and where the alkalinity equals or exceeds 
the acidity. 

nentralization potential (NP) - The amount of alkaline or basic material in rock or soil material'~ 
that is estimated by acid reaction fullowed by titration to determine the capability of neutralizing 
acid from exchangeable acidity or pyrite oxidation. May also be refurred to as acid neutralization 
potentialor ANP. 

nentralization reaction -A chemical reaction in which an acid and a base or alkali (soluble 
base) react to produce sah and water, which do not exhibit any of the acid or base properties. 

ore - The naturally occurring material from which a mineral or minerals of economic value can be 
extracted profitably or to satisfY social or political objectives. The term is generally, but not 
always, used to refur to metallifurous material and is often modified by the names of the valuable 
metal constituents. 

ore deposit - A mineral deposit that has been tested and fuund to be of sufficient size, grade, 
and accessibility to be extracted fur a profit at a specific time, based on economic assumptions. 

organic matter- The accumulation of disintegrated and decomposed biological residues and 
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other organic compounds synthesized by microorganism; or used in mining and m:tallurgical 
processing; fuund in soils, ores, concentrates, waste rocks, tailings, and m:tallurgical processing 
wastes. 

overburden - Material of any nature, consolidated or liDConsolidated, that overlies a deposit of 
useful and minable materials or ores, especially those deposits that are mined from the surfilce by 
open cuts or pits. 

oxidation- A chemical process involving a reaction(s) that produces an increase in the oxidation 
state of elements such as iron and sulfur. 

passive treatment systems - Systems that treat acid mine drainage without continual and active 
additions of chemicals, including aerobic and anaerobic wetlands, anoxic limestone drains, 
successive alkalinity-producing systems, and open limestone channels. 

pathway - The physical course a chemical or pollutant takes from its source to an exposed 
organi<;m 

peat - An accumulation of partially decayed vegetation matter. Peat furms in wetlands or 
peatlands. 

periphyton - A complex mixture of algae, bacteria, microbes, and detritus that is attached to 
subm:rged surfilces in nDst aquatic ecosystems. It serves as an important fuod source fur many 
aquatic organisiil!. It can also absorb contaminants; renDving them from the water cohmm and 
limiting their nDvem:nt through the environm:nt. 

permafrost- Soil at or below the freezing point of water fur two or nDre years. Most 
permafrost is located in high latitudes (ie. land in close proximity to the North and South poles), 
but alpine permafrost may exist at high altitudes in much lower latitudes. 

pH- A m:asure of the acidity (pH less than 7) or alkalinity (pH greater than 7) of a solution; a 
pH of7 is considered neutral It is a m:asure of the hydrogen ion concentration (nDre 
specifically, the negative log of the hydrogen ion activity fur glass electrodes) of a soil suspension 
or sohrtion 

photochemistly- A sub-discipline of chemistry, is the study of the interactions between atoiil!, 
small nDlecules, and light (or electromagnetic radiation). 

photosynthesis - A m:tabolic pathway that converts carbon dioxide into organic compounds, 
especially sugars, using the energy from sunlight. Photosynthesi<i occurs in plants, algae, and 
many species ofbacteria. 

physiography - The physical structure and shape of an environm:nt. 
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phyto-remediation- The treatment of environmmtal problem; through the use of plants. 

pit lake - Any perennial or ephemeral water body that occupies an excavation in the land surface 
created fur the collection of ore material 

pollutant - Any organic substance, inorganic substance, a combination of organic and inorganic 
substances, a pathogenic organi<nn, or heat that, when introduced into the environmmt, adversely 
impacts the usefulness of a resource. 

pore water - Water occupying the voids in soil or sedin:x:nt. 

porphyry copper deposits -Large to very large low-grade copper ore bodies which are 
associated with porphyritic intrusive rocks. The ore generally occurs as disseminations along 
hairline fractures as well as within larger veins, which often furm a stockwork. 

porosity- A measure of the void spaces in a material Expressed as a fraction between 0 and 1, 
or as a percentage between 0 and 100%. 

potentiometric map- A contour map of the potentiometric or water level surface. As on the 
surface of the earth, water fuws from high elevation, or potential, to low elevation Thus a 
potentiometric map indicates which direction water is moving in the subsurface. 

production - The total amount of mass produced by a plant, mine, aquifer, and so furth. 

prospecting- The physical search fur minerals, fussils, precious metals, or mineral specimens. 

pyrometallurgical process -The thermal treatment of minerals and metallurgical ores and 
concentrates to bring about physical and chemical transfurmations in the materials to enable 
recovery of valuable metals. 

quality assurance/ quality control (QA/ QC)- A system of procedures, checks, audits, and 
corrective actions to ensure that all research design and perfurmance, environmental monitoring 
and sampling, and other technical and reporting activities are of the quality that meets the testing 
objectives. 

random sample - A subset of a statistical population in which each item has an equal and 
independent chance ofbeing chosen 

receptor- An ecological entity exposed to a stressor. 

reclamation- Rehabilitation or return of distwbed land to productive uses; incWes all activities 
of spoil movement, grading, and seeding; and the return of productivity equal to or exceeding that 
prior to its being disturbed. 
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redox - Shorthand fur reduction-oxidation Describes all chemical reactions in which atoms have 
their oxidation number (oxidation state) changed, roost comronly through the transfer of 
electrons. 

refining - The purification of a crude m:tal product; normally the stage fullowing sm:hing. 

remediation - Cleanup or other m:thods used to reroove or contain a toxic spill or hazardous 
materials from a site. It is the process of correcting, counteracting, or rerooving an environmental 
problem and often refers to the rerooval of potentially toxic materials from soil or water. 

remining - The return to underground or surfuce mines or previously mined areas fur further ore 
rerooval by surfuce mining and reclaiming to cmrent reclamation standards. It also refers to the 
process of mining fur processing of mine and mill wastes (processed or unprocessed) to extract 
additional m:tals or other comrodities due to a change in extraction technology or economics 
that make such remining profitable. 

representative sample - A portion of material or water that is as nearly identical in content and 
consistency as possible to that in the larger body of material or water being sampled. 

respiration- The m:tabolic oxidation of organic compounds by living organisms to produce 
energy (ie., breathing). 

riparian - The land bordering a stream channel 

risk - A m:asure of the probability that damage to lire, health, property, and/ or the environm:nt 
will occur as a resuh of a given hazard. 

risk assessment- A qualitative and/or quantitative evaluation of the risk posed to human heahh 
and/or the environm:nt by the actual or potential presence and/or use of specific pollutants. Risk 
assessm:nts are conducted fur a number of reasons, including to establish whether an ecological 
risk exists, to identi1Y the need fur additional data collection, to fucus on the dangers of a specific 
pollutant or the risks posed to a specific site, and to help develop contingency plans and other 
responses to pollutant releases. 

risk management - The process of evaluating and selecting alternative regulatory and non
regulatory responses to risk. The selection process necessarily requires the consideration oflega~ 
economic, and behavioral fuctors. 

sample -A representative portion of a population 

sedimentation - The process of depositing entrained soil particles or geologic materials from 
water. In a mining context, it usually resuhs from erosion of distwbed land and is considered a 
negative impact to streams and other water bodies. 
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sediment - any particulate matter that can be transported by fluid flow, and which eventually i'i 
deposited. 

sewage sludge - The mainly organic, solid residual materials resuhing from the treatm:nt of 
sewage, often used as a soil amendrrent. 

shale - A thinly bedded or fissile sedim:nta:ry rock fui"Ired from clay or silt. 

shovel- Machine used to excavate ore or other minerals and to load these minerals fur 
transport. Its bucket i'i loaded from the top, and the bottom i'i opened fur emptying the contents. 

skarn - Skarn i'i a metamorphic rock fui"Ired during metamorphi'im and in the contact zone of 
magmatic intrusions like granites with carbonate-rich rocks such as lim:stone or dolomite 

slimes- Material of silt or clay in size, resuhing from the washing, concentration, or treatment of 
ground ore. 

slope - The degree to which the ground angle deviates from horizontal, expressed as a percent 
ri'ie over nm or as a degree angle. 

sluny - Any mixture of solids and fluids that behaves as a fluid and can be transported 
hydraulically(e.g., by pipeline). See also tailings. 

smelting - The chemical reduction of a metal from its ore or concentrate by a process usually 
involving fusion, so that earthy and other impurities separate as lighter and IIDre fusible slags, and 
can readily be reiiDved from the reduced metal. The process coiii!OOnly involves addition of 
reagents (fluxes) that fucilitate chemical reactions and the separation of metals from impurities. 

sorption - refurs to the action ofboth absorption and adsorption taking place simultaneously. As 
such, it i<; the effuct of gases or liquids being incorporated into a material of a diffurent state and 
adhering to the surfuce of another IIDlecule. Absorption i'i the incorporation of a substance in one 
state into another of a difleJ:ent state (e.g., liquids being absorbed by a solid or gases being 
absorbed by a liquid). Adsorption i<; the physical adherence or bonding of ions and IIDlecules 
onto the surfuce of another IIDlecule. 

stakeholders - a person, group, organization, or system that affucts or can be affucted by an 
organization's actions. 

stratigraphy- The layering or bedding of varying rock types reflecting changing environments of 
furmation and deposition Also, a branch of geology that concerns itself with the study of rock 
layers and layering (stratification). 

stressor- An event that provokes stress. 
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sulfosalts -Complex sulfide minerals with the general fumrula: AmBnSp; where A represents a 
rretal such as copper, lead, or silver; B represents a semi-rretal such as arsenic, antimony or 
bisnruth; and S is sulfur or rarely seleniwn. 

surface mining (strip mining)- A procedure of mining that entails the complete removal of 
overburden materia~ may generally refi:r to either an area and/or a contour mine. 

surface water- Water at or near the land surfuce, such as lakes and stream;, as opposed to 
groundwater. 

sustainable development- A pattern of resource use that aim; to rreet hwnan needs while 
preserving the enviromrent so that these needs can be rret not only in the present, but in the 
indefinite future. The term was used by the Brundtland Connnission which coined what has 
becorre the nDst often-quoted definition of sustainable development as development that ''meets 
the needs of the present without compromising the ability of :future generations to rreet their own 
needs." 

tailings - The solid waste product (gangue and other material) resuhing fromthe milling and 
mineral concentration process (washing, concentration, and/or treatment) applied to ground ore. 
Tbi<; term is usually used fur sand to clay-sized refuse that is considered too low in mineral values 
to be treated finther, as opposed to the concentrates that contain the valuable rretals. 

tailings dam - See tailings impoundment 

tailings impoundment - Any structure designed and constructed fur the purpose of captwing 
and retaining liquid-solid shnries of mill tailings in which the solids settle. The liquid may or may 
not be discharged or captured fur recycling after the solids have settled out of suspension. 
Tailings pond and tailings dam are often used interchangeably with tailings impoundment and 
tailings storage facilities. 

taxa - Taxonomic groups. 

thermal stratification- Refi:rs to a temperature layering effi:ct that occurs in water. 
Stratification is due to diffi:rences in water density: warm water is less dense than cool water and 
therefure tends to float on top of the cooler heavier water. 

thermoclines - The border region or :interfuce between water vohnnes with two contrasting 
temperatures (and frequently densities and composition) within a body of water. 

topography -The physical structure, shape, and reatures (natural and man-made) of an 
envirormxmt. 

toxicity - A property of a substance that indicates its ability to cause physical and/or 
physiological harm to an organism (plant, animal, or hwnan), usually under particular conditions 
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and above a certain concentration limit, below which no toxicity elfucts have been observed. 

tumidity- The cloudiness or haziness of a fluid caused by individual particles (suspended solids) 
that are generally invi<lible to the naked eye. The m:asurem:nt of turbidity is a key test of water 
quality. 

vadose zone - The portion ofEarth between the land surfuce and the water table or zone of 
saturation Also nam:d the unsaturated zone. 

volcanogenic massive sulphide (VMS) deposits- A type ofm:talsulfide ore deposit, rmin1y 
copper-lead-zinc, which is associated with and created by volcanic-associated hydrothennal 
events in submarine environm:nts. 

waste rock- Barren or minera~d rock that has been mined but is of insufficient value to 
warrant treatm:nt and, therefure, is removed ahead of the m:tallurgical processes and disposed 
of on site. The term is usually used fur wastes that are larger than sand-sized material and can be 
up to large boulders in size; also refurred to as waste rock dump or rock pile. 

water balance -An accounting of the inflow to, outflow from, and storage changes of water in a 
hydrologic unit over a fixed period. 

water quality standards - AnDient standards fur water bodies. The standards prescribe the use 
of the water body and establish the water quality criteria that must be m:t to protect designated 
uses. 

watershed- The land area that drains into a stream The watershed fur a major river may 
encompass a mnnber of smaller watersheds that ultimately combine at a common point. 

lWathering - Process whereby earthy or rocky materials are changed in color, texture, com
position, or furm (with little or no transportation) by exposure to atmospheric agents. 

lWir- A small ovedlow-type dam commonly used to raise the level of a river or stream Water 
fiows over the top of a weir, ahhough som: weirs have sluice gates which release water at a level 
below the top of the weir. The crest ofanoverfiow spillway on a large dam is often called a 
weir. Weirs are frequently used fur fiow m:asurem:nts. 

lWtlands -Land areas containing ponded water or saturated surfuce soil fur som: portion of the 
growing season Those with standing water fur long periods may be mined only under special 
conditions, and the owner usually must reconstruct Imre acres of wetlands than originally 
disturbed. 

liDrkings - The entire system of openings (underground as wen as at the surfuce) in a mine. 
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OTHER USEFUL GLOSSARIES 

• General geological dictionary- http://www.webreforggeology/geology.htm 
• Glossary of general mining and processing tern:l'> -

http://www.northernminer.com'resources/tools/glossary.aspx 
• Mineral Infunnation Finder, a very comprehensive web site -

http://www.rocksandminerals.com'glossary.htm 
• Minerals Infunnation Institute, photos and descriptions of minerals -

http://www.mii.orgmineral-photos-type 
• 19th and 20th century mining term;, based in Australia -

http://www.heritagearchaeok.Jgy.comau!Glossary.htm 
• Many useful technical glossaries: US. Geok.Jgical Survey: http://www.usgs.gov/ 
• SME (2008). Basics ofMetal Mining Influenced Water (edited by V. T. McLem>re ). 

Society fur Mining, Metallurgy, and Exploration. 

Click Here to Leave a Comment 
Retrieved from ''http://www.gardguide.com'index.php?title=Glossary'' 

• ~page was last modified 20:18, 31 May 2011. 
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