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REPORT 64701/1
ALTERNATIVE MEASURES FOR ACID MINE DRAINAGE ABATEMENT AT NORIVEGIAN
MINES

EXECUTIVRSUMMARY

This report presents the author's observations following a brief review of acid mine drainage at seven
representative Norwegian mine sites and recommendations on the development of appropriate
abatement measures.

Norway has a history of intensive pyritic ore mining and processing for 300 years. Most of the mine
shes are now abandoned and many of the remaining operations are, or will, be discontinuing in the
near future. On exposure to the atmosphere, pyritic ores or wastes oxidize generating acid mine
drainage (AMD). The acidic water dissolves metals, such as copper and zinc, which are carried in the
seepage and run-off from the waste site into the surface waters of the surrounding environment.
Concentrations of these metals reduce as dilution occurs with other surface flows and.as the metals are
geochemically attenuated. Close to the mine site the flows are toxic and damaging to man and the
aquatic environment.

The resulting environmental damage can be quite severe Examples are the impacts on water quality
and fisheries potential in lakes such as Langvatn and Orevatn at Sulitjelma; Tunnsjoen and Store
Skorovatn at Skorovas; Orvsjoen at Sekstus Gruve; Djupsjoen at Roros; and in rivers such as the
Glama and Guala near Roros. Other surface water resources could be impacted near mines which areclosing, if adequate long term close-out measures are not implemented, such as the Namsen river near
Skorovas and Orkla river near Lokken Verk.

Norway shares the problem of AMD abatement with a number of other countries, aIl of which have
come to realizz the impact of AMD only recently. Abatement technology development is relatively
new and many of the proposed measures are not adequately tested or demonstrated. Implementation
of abatement measures are still substantially a process of trial and error. An example of unexpected
results is provided by the abatement measures implemented at Kjoli Gruve. The need for a sound
understanding of the processes of AMD; the location, condition and nature of sources; and their
response to abatement measures is clearly demonstrated.

The development of any abatement plan must start with the definition of the site and AMD source
characteristics; appropriate programs are described in this report. The migration route and
environmental impact must be characterized and quantilied in order that the consequences or benefits
of alternative abatement measures can be evaluated. Alternative abatemcnt measures should be
proposedand cost/benefit analysesperformed to determine what levelof expenditure isjustifiableandrealistic. The report listsand brieflydiscussesalternativeabatement measures and includes,by
reference,methodologiesthat maybe considered. This selectionprocedure is veryitnportant becauseof the highcostof abatement measuresand the uncertaintyof some of the results.

The report providescrudebasiccost estimates for some elementsof alternativeabatement measures,based on the authors westernCanadianexperience,to providean initialguide for alternativeidentificationpurposes. The costsand effectivenessof alternativeabatement measures are highlysitespecific.Each of the sevensites visitedare reviewedand commentsmade on the nature and sources ofAMD, its migration route and impact on the surrounding environment. The potential for increases or
decreases in the long term impacts are commented on. Potential alternative AMD abatement
measures are mentioned, discussed and, where possible, a crude cost/benefit evaluation made. The
purpose of this cvaluation is not to define the most appropriate alternative (insufficient data and
analyses were involved within the scope of this study), but to illustrate the types of alternatives that may
be included and tome of the issues that must be considered.
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REPORT 64701/1
ALTERNATIVEMEASURESFOR ACIDMINEDRAJNAGEABATEMENTATNORWEGIAN
MINES

1.0 INTRODUCTION

1.1 OverviewofAcidMine Drainagein Norway

Norwayhas a historyof intensivepyriticore miningand processingfor over300years. NIVA,1987,
listssome 39substantialpyritedepositsas shownin Figure 1, the majorityof whichhavebeen mined.
Most of these mines are nowabandoned.

Duringminingand milling,pyriterichwasterock and mill tainngsare deposited on the earths surface.
Mineworkingsare alsoopened up exposingore and waste rocksto the entry of oxygenand water.
Oxidationof the exposedpyrite,by both chemicaland biologicalprocesses,results in the generation of
sulphuricacid. The resultingacidicwaters leachheavymetals,notablycopper and zinc,and other
contaminantsfrom the mine wastesand carrythem awayfrom their source of generation and into the
environment.

Impactson the environmentof the acidmine drainage(AMD) can be severe. The NorwegianInstitute
for Water Research (NIVA)has conductedinvestigationsand evaluationsof the extent and impactof
AMD from abandonedminesin Norwayand the resultsare reported in NIVA, 1987. Table 1provides
a summaryof the pollutionand environmentalimpact assessmentsfor the variousminingareas in
Norway. Severeimpactsare experiencedor threatened in the Orkla, Glama, Gaula and Sulitjelma
water courses.

1.2 Object ofThis Study

The object of this studywasfor the author to:

visitand inspectsevenrepresentativemine sites in NorwayfromwhichAMD is occurring;
make a brief reviewof the NIVApublisheddata on contaminantmigration data from the sites;
and, based on his Canadianand USA experiencein AMD abatement,
suggesttypicalabatement measureswhichhe considersmaybe applicable;
indicate the stepsrequired to investigatesite specificconditions,developconceptual
abatement mcasures,cvaluatethe alternativesand select and iraplement the most
advantageous;and,
commenton the regulatoryframeworkunder whichabatement can be implemented.

13 BasisFor This Study

This studywasessentialiyto be an overviewof Norwegianconditions,conductedduring a one week
visitin earlySeptember,1987,coveringthe sevenminesites,with assessmentsand evaluationsbased on
the authors experiancein AMD abatement in similarclimaticand topographicconditionson the West
coast of Canada. Time and availabicdata were insufficientto perform an in depth cvaluationon any
one site. Conclusionsand recommendationsincludedin this report, written after the visit,is intended
to provideguidanccon the methodsand proceduresto be followedin developingappropriate
abatement measures and not a prescriptionof the abatement measures.
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TABLE1 SUMMARYOF POLLUTIONANDENVIRONMENTALIMPACTASSESSMENTS
FORNORWEGIANMETALMINES(NIVA,1987)

1n the table 0 and X denote the follow1ng:

Effects Inputs




0 Unknown. neglig1ble

IOI Unknown IpossIble effects/

X Minor effects

0

X

XX

Unknown. neglIgIble

Moderate

Substantlal




XX SIgn1fIcant effects XXX Large





XXX Severe effecta





Sect. Hame MunIcIpolItz DraIning to Inputs Effects Further measurea,
nves t lg• tIon•






2.1.1 VIgsnes




Lake




InspectIon • controll




Copper Works Karmsy Vigsnesvatn XX X progr•ame

2.2.1 Evje NIckel Evie and






Works Hornnes Otr• 0 0 1nspection

2.2.) Ertellen





Inspect1on controll




N1ckel Works Modum Henoa/Tyr1fj. XX X investIgation

2.2.4 Lengdalen Romer1kei Skjerdalswater-




Lower stretch of




Modue course/TyrIfj. X X Skjardalswatercourse

should be investgated

2.2.5 Elker Copper




Drammenswater-





works øvre Elker course X X




2.2.6 Modue Cobalt






Works Modum Snaruas•Iva-Siisoa






Drammensw.course X 0 InspectIon

2.2.7 Konnerud Drammen Dramenae I va-




Affects ground water





Sandew.course X 0 1n the area

2.2.8 Grua Gran V1ggaw.course X 0




2.2.9 Eapedalen Sør-Fron/






Gausda1 Gausa





2.2.10 Fossgruva Tolga-Os Vangrofta-011ma




X




2.2.11 Oscar 11 Tolga-06 Vangrefta-011ma




X




2.2.12 Folldal Folldal

Alvdal

Folla-Glima XXY XX Detalled Inveettga-

tIned carrIed out






1984185. Weasures are

under concerderatton

2.2.14 Røstvangen

sttc.

Tynset Glota-Tunna

Glima

X X Effect of measures


I. beIng monItored

2.2.15 Kv1kne Copplwr

work,

Tynset Ta-Orkla XX X To be monitored of

after the regulations

of the Orkla w.course
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TABLE1 (cont'd.)

In the table 0 and X denote the followIng


Effecte Inputs

0 Unknown. negligible
(0) Unknown tposetble effectst
X mInor effects
XX StgnIftcant ef(ecte
XXX Severe ef(ects

0 Unknown. negitgible
X moderate

XX Substantiel

XXX Large

Sect. Name MunIctpolttx Dratntng to Inputs Effecta Further seasures.investigatIons

2.3.IA Reros Copper Reros ClIma XX X Measures 1n Lake




14. Stortv•rtz





Djupsjeen

2.3.15 Rpros Coppet
W. Kongens

Reros Cllea XXX XX Lake Orvsjeen is
has been aonstored

2.3.IC Reroa Copper Reros Caula X 0




W. Muggruva






2.3.ID Reros Copper Holtilen Hesja-Caula X X




W. Hessdalen






2.3.2. Kjelt HoIt:len Gaula XX XXX Furhter liming etc






1n 1985'

2.).) KIIIIngdal Hottllen Caula XXX XXX Measures 1n draft

2.3.5 Undal Works Rennebu Skauea-Orkla X X




2.3.6 Lekken Works Meldal Raubekken-Orkla XXX XXX Further measures

should be drafted






The sttuattOn 1s
betng closely


eonttored

2.3.7 Dragset Work, Meldal Vorea-Orkle XX X The sttuation

should be mon.tored
by neana o( a con-
troll progreeme

2.3.8 Høydalsgruva Meldal Svorka X 0




2.3.10 LIllefjell Møriker Stjerdals-




The Merlker area.





watercourse X !X) 4hould be Inspected

2.3.11'12 Gaulstad-




0 0




Mokk






2.4.1 Boasmo Mo i Rana Ranafjorden X (X)




2.1.) Sulltjelaa Fauske Sulitjelaa

vatørrourse XXX XX




2.4.4 BjerkIsen Ba 1angen




X 0




2.1.5 T:rstad Evenes L•v•ng•e Ide t 0 0




2.4.7 Bldjovagge Keutoketno Altawatercourile 0 0
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2.0 OVERV1EWOF AMDABATEMENT'TECHNOLOGY

In this sectionthe mechanismof acid generation is brieflyreviewedto providea frameworkfor theidentificationof alternativeacidgeneration control options. Alternativeltechnologiesfor preventingAMD from developing,from migratingto the environmentor for its collectionand treatment areidentifiedand reviewed.

Our understandingof all the proresses involvedin acidgeneration and acid mine drainage is stillonlypanial and under activedevelopment,as is the evaluationof the effectivenessof the alternativeabatementmeasures. A considerableeffort is being expendedby industry,governmentand researchinstitutionsin countriessuchas the United States, Canada and Swedenon the developmentofappropriate technology.Rapid advancementsare anticipated. Some of the evaluationsmade andconclusionsdrawnin this revicware based on limited experienceor data, and rnustbe re-evaluatedasadditionalinformationbecoraesavailable.

2.1 AcidGeneration

Acicigenerationin minesand mine wasteshavebeen describedby numerousworkers includingKnapp,1987;Paine,1987;Errington and Ferguson,1987. The followingbrief descriptionof acidgenerationand its significanceto alternativeabatement measures,is extracted from a paper bythe author(Robertson,1987)whichis includedin the AppendixA to this report.

Acidgenerationis a time dependent processcontrolledprinaarilyby

the presenceand nature of reactivesulphides,
availabilityof water,
availabilityof oxygen(byconvectionand diffusion),
bacterialaction,
temperature,

or the presenceof allaline reactants.

Acidgenerationoccursboth as a result of chemicaloxidationand biologicaloxidationby the bacteria

	

i cill F rr xid n . The rate of acid generation increaseswhenboth oxygenand water is freely
available;as the temperature increasesand as the pH decreases to about 3_5,at whichbacterial acidgenerationis at its maximum.

IIan alkalisourceispresent (and available)in the waste in sufficientquantities,the acid products areiramediatelyneutralizedand additionalacidgeneration is inhibited. This effectivelyabates AMD,despite the presenceof sufficientsulphide,oxygenand water.

Acid generationpredictiontechniquesare descz-ibedbyFerguson and Erickson,1987,a copyof whichis includedin the AppendixA. Concernexiststhat the conditionsimposedduring testing,to acceleratethe time dependantreactions,result in unrealisticallyconservativeresults. This limitationis of lessrelevancein NorwaywhereAMD is a fact at most of the sites of interest, and field measurements ofAMD canbe used to definethe nature and extent ofAMD.

2.2 AMDControl Technolozy

AMD controltechnologycan bc dividedinto three typcs;control of the initialacidgeneration; controlof the raigrationof the acidicproducts;collectionand treatment of the contaminatedwaters.



6

2.2.1Control ofAcid Generation

Acidgenerationcontrol measures aim at control of one or more of the factors listedin Section2.1.
Afternativecontrol technologiesare reviewedby Robertson, 1987,who concludes:

i) The removalof pyrite from the wastescannotgenerallydone economically.

Renderingpyritemineralsinactivebydevelopingchemicalcoatingsholdspromisebut does
not as yet represent viabletechnology.

Exclusionof water to the extent that acid generationis preventedcan be achieved,with
mediumterm stability,onlywithsyntheticmembrane covers;provisionfor replacementallows
them to be used in the longterm. Soilcoversarc sufficientlypermeable that, in high
infiltrationareas (such as Norway),they pass sufficientwater for acid generationto continue.
Soilcoversmayhoweverserve to control acidmigration.

Exclusionof oxygencan be achievedfor the long term withwater covers;for the medium term
withsyntheticrnembranecovers;reduced but not excludedfor the medium term withsoil
covers. Water coversdo not require a continuouslyfloodedcover,as a saturated layer of soil
(bog or inarsh) byer over the wastewilleffectivelyexcludeoxygen. Soilcovershaverecently
been evaluatedon a theoreticalbasis by Collin,1987;Steffen,Robertsonand Kirsten, 1987,
amongstothers, but there is still a paucityof relevant fielddata or experience. If water covers
are used for waste rock, the rock pile (under water) shouldalsobe coveredwith a thin layer of
materialwitha lowhydraulicconductivityto prevent convectivewater circulationin the pile,
whichcouldtransport dissolvedoxygento the wastesurfaces.

Bacterialactioncan not be controftedin the long term by surface sprayingor admixing
bactericides.

Natural temperature controlplaysa sigaificantpart in the control of acid generation in cold
climaticzones. This effectcan be enhancedto inaease control at some locations. Placement
of a coverreduces the maximumsurface temperatures. In areas of permafrost, the potential
for achievingpermanentlyfrozenconditionsmayprovideeffectiveacidgeneration control.
Evaluationsare being made in Canada of the potential of maintainingfrost in discontinuous
permafrost areas by usingfrost inducingdevicessuch as thermal syphonsor Cryopiles.

The effectof a sufficientquantityof alkalimaterial in the waste has been previouslydi.scussed.
It providesan effectivecontrolmeasure if intimatelymixedwith the waste. If the alkali is
solublethen considerationmust be givento time period that willbe involvedbefore the alkali
is leachedfrom the waste. Surfaceapplicationsof alkaliarc often not effectivein that
insuffidentalkaliis dissolvedand transported into the waste to achieveneutralization,or
preferential flowpaths form, effectivelybypaccingmuchof the acid generating waste.
Neutralizationof acid solutionswithhighmetal concentrationsmay not result in adequate
reductionsin the contaminantconcentrations. Zinc often does not precipitate to adequately
lowcont.cntrationsunlessthe pH is increasedto considerablyabovepH 7. Thus zoned
massivesulphidewastes,withvolumesof acid generatingand basicwastes,may result in
neutral scepagewhichis still fairlyhigh in zinc. The neutralizedacid products remain in the
pile. Manyof these productsare readilysolublein aciddrainage, and regeneration ofAMD
wouldresult in an inaeased environmentalimpact. RedevelopmentofAMD must therefore
be prevented.
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2.2.2ControlofAMD Migration

Acid migratesas a flowof lowpH water from the wastepile to the enviromment.Becauseof
differencesin permeability,coarsewaste dumpsand tanngs depositsbehavedifferentlyand equivalent
abatement measureshavedifferenteffects.

Wastedurnps

Coarse wastedumpshavea veryhighpermeabilityto both air and water. Oxygenand water are
availablethroughoutthe dump,allowingacidgeneration and reaction productsto be distributed
through the dump. Predpitation and surface flowsonto the dump infigrate rapidly. Runoff is often
low. Flowthroughthe dump tends to followpreferred channeLsalongwhichthe acidproducts are
regularlyflushedout. There are zones in the dump whichare seldomflushedbut receivemoisture as a
result of capillaryactionand water vapour migrationand condensation. Duringperiods of high
infiltration,newor additionalflowpaths developflushingout some of the accumulatedacidicproducts.
Thus wemaysee an increasein the concentrations,as wellas the seepagerates, in the early stagesof
high flowevents,i.e. duringthe springfreshet. This results in a huge increasein the contaminantload.
Disturbanceof a wastepile,loadedwithreactiveproducts,changesthe flowpaths and results in
temporaryincreasesin the contaminantconcentrations. Thiseffectappears to be demon.stratedby the
Kjoliminewaste reclamationproject,in Norway,(MVA, 1979and 1986)where consolidationand
contouringof a rockwastepile resultedin a huge increasein the contaminantload in seepagewaters.

Tailingsimpoundments

In contrast to wasterockdumps,infiltrationand flowof air and water throughtailingsimpoundments
is muchmore uniformon a microscalebut restrictedby the relativelylowpermeabilityof the tailings.This flowrestrictionresults in the developmentof zonesof oxidationand contaminantmigrationwithin
the tailingsas desa-ibedby Robertson,1987,and illustratedin Figure2.

Acid generationin the tailingsgenerallycommencesafter the last of the tailingshavebeen discharged
to the surfaceof the impoundment. Prior to this, acidgeneration is effectivelypreventedby the
neutralizationwhichoccurseach time a newlayer of tailingsis deposited (effectivelyalkali control).
Once add generationstarts it maybe manytens of yearsbefore the add product front passes through
the tailingsand foundationsoilsto reach a surfacedischargelocation. Surfaceflowsacross the tallings,
on the other hand, mayproduceAMD shortlyafter tailingsdischargestops. This is of significanceto
some of the Norwegiandepositswheremodern fine grained tailingsimpoundmentshave onlybeen
constructedsincethe processof flotationhas been implemented,and tallingsplacementhas only
recently(in the last decade) been discontinued.

li mayappear that there are two approachesto the control of add migration:(i) control of seepage
entry to the wasteusing diversionditchesand lowpermeabilitycoversand control of seepage away

frorn the wasteusinglinersor cut-offwalls. In practice approach (ii) can not functionin the long term
sinceinfilnatingwaterwhichcan not escapeviaseepage must colleetuntil availablestorage is filled and
then dischargeoverthc lip of the liner or cut off walL Thus the onlylong term abaternent is infiltration
controland the preventionof gioundwaterentry into the waste.

Diversionof surfact flows,includingditchingto divertsurfact flowfrom rearhing the wastes,and
contouringto promote surfact water run off are alwayscost effectivemeasures to reduce contaminantmigrationflows. The long tenn stabilityof such diversion.s,subject to sedimentation,vegetationand
debri.sblockage,ict blockageand erosionis a concern. Surfact contouringis onlyeffectiveif the waste
pileor tailingsarc not subjectto substantialerosion, consolidationsettlement or frost heave. These
asperts are reviewedin Steffen,Robenson and Kirsten, 1987.
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Surfaceinfiltrationcan be appreciablyreducedby the placementof lowpermeabilitysoil covers.Howeversoilcovershavea fmitepermeabilitywhichmaybe increasedin the longterm by erosion andfrost action. Water infiltrationthroughsuch a coveris not dependant onlyon the permeabilitybut alsoon the water balance that developsin the coveras a result of run off, infiltration,storage and
evaporativeand transpirationlosses. This water balanceis drastirallyaffectedby factorssuch aspondingon the wastesurface,presenceof suctionbreakinglayersetc. and coverlayerscan be designedto reduce infiltration. Workon coverdesignto reduce infiltrationis describedin RasmusonandErickson,1986,and Steffen,Robertson and Kirsten,1987. Research work,to establi.shthe long termeffectivenessof suchdesigns,is stillverylimited.

Syntheticmembranecoverscan and havebeen used to reduce infiltrationto verylowvalues. Relevanttechnologyand materialsare developingrapidlyas a result of extensiveuse of syntheticmembranes forisolationof other wastese1sewherein the world. The effectivelifeof a suitablesyntheticmembrane(suchas 2 mm highdensitypolyethelene,HDPE), adequatelycoveredto preventphysicaldamage,shouldbe at least 100years. The presentvalueof providingfor the replacementof such a coverevery50 to 100years is a relativelysmallportionof the initialinstallationcost.

Groundwaterlearhing can be verydifficultto prevent if the site has not been selected to avoidit. Cut-off wallsmaybe considered.

2.2.3AMD Collectionand Treatment

The collectionand treatment ofAMD has been the mostwidelyappliedabatement measure to date. Awidenumber of papers are availableon the topic (Vachonet al, 1987). Collectionof the surfaceflowsis usuallyfairlyreadilyachieved. The collectionof subsurfaceflowsrequires the installationofcollectiontrenches,or wells,or cut-offwallsto force the groundwaterflowto the surfacewhere it ranbe collected. Most collectionsystemsrequire long term maintenance.

Treatment maybe grouped into activeand passivesystems.

i) Activesystems

Activesystemsrequire the continuousoperationor interventionby man. Chemicaltreatment, in awater treatment plant, is an example.

Chemicaltreatment involvesthe additionof an alkali (usuallylime or quicklime), and the sett.lingofthe resultingsludgesin a settlingpond. Major concernsrelating to this abatement measure are theneed for long-termtreatment, the quantitiesof sludgesproduced and the requirement for the long-term stabilizationof the sludges.

The prime advantageofchemicaltreatment is that it involvesknown and tried technology,and
continuousmonitoringenablescorrectiveactionto be taken to ensure that dischargestandards aremet. Major disadvantagesare the ongoingrequirement for activecare and the associatedcosts;a highrisk of equipmentor powerfailure resultingin untreated dischargesand the need to providesafe longterm storage for the accumulatedsludges,whichmaybe more difficultthan the initial containment ofthe pyriticwastes.

Passivesystems

Passivesystemsare intended to operate withoutfrequent interventionby man. These include:

a) PassingAMD throughlimestonetrenches or channels. The large voluraesof sludgeproducedresults in rapid coating of the alkalinematerialsand the fillingof the voidsbetween them.
Thus the trencheshave a short effectivelifeand cannot be consideredin the long-term.
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b) Naturalor developedwetlandswhichrelyon both geochemicaland biologicaleffectsto
achievetreatment and water purification(Kalinand Van Everdingen,1987). Whilethis
methodstill has a number of uncertaintiesit does offerhope for a long-termpassivetreatment
system,particularlyas a polishingstep in improvingwater quality.

23 Control and Abatement

	 ofAMD is the objectivein all containmentand reclamationdecigns. Control impliesthat
AMD canbe constrained,by specificactionsby man,to somedesirablelevelconsistentwithcost and
environmentalimpact.

Abatement is the term used to describethose actionswhichwillreduce AMD and reduce the
environmentalimpact. li is often not possibleto pre-detennine quantitativelythe effectof an
abatement action;or the effectmaybe less than that neededto achievecontrol. At manyabandoned
mine sites the costof controllingAMD is prohibitivebut cost effectiveabatement measures can be
applied to significantlyreduceAMD.
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3.0 REVIEW OF REGULATORY ENVIRONMENTFOR AMDABATEMENTANDCONTROL

In this sectionsome of the factors important to the implementationof regulatorycontrol andabatemeat of AMD are reviewed.

3.1 Introduction

Concern regardingthe environmentalimpactsofAMD has developedprimarilyin last decade inconcert withthe increasedpublicconcernwithenvironmentalimpactsin general. In the United Statesthe extentof the impactsof AMD havebeen determined substantiallyas a result of investigationandresearch conductedunder the ComprehensiveErwironmentalResponse,Compensationand LiabilityAct of 1980,and the subsequentSuperfundAmendmentsand Re-AuthorizationAct of 1986.Substantiallyas a result of Governmentacceptanceof the netd to devclopand implementremedialactions there has been a change in focusin the designand implementationof abatement measures.More fundshavebeen availableto evaluate the impactsat sitesabandonedbythose originallyresponsiblefor mining. Governmentinterests havealso focusedmore on achievingclean-upand longterm controlswhichwillensure that future interventionis eliminatedor minimized.

Concernshavedevelopedover the same period in other countriessuchas Canada,SwedenandNorway. The miaing indusuyshares this concernand has taken the initiativeat many locationsin thedevelopmentand implementationof abatement measuresat operatingor newlvabandoned sites. Thetechnologyof AMD and its abatement is complexandwillrequire the combinedefforts of IndustryandGovernmentto developand test appropriate solutions. In Canada a combinedIndustry andGovernmentcommitteehas been formed to arrange fundingand coordinateresearch into AMD andits abatement (ReactiveAcidTailingsStudiescommittee,Ferguson, 1987).

3.2 Protection ofWater Quality

The major irnpactof AMD is on the receivingsurfact waters. Protection of the surfacewaters requiresthe defmitionof a set ofdesirablewater qualitycriteria. The desirablecriteria should depend on thequalityof the recehing waters (if not alreadyimpactedby the AMD) and the resource valueof thatwater. Streamswhichsustainlarge sport and commercialfisheriesshouldhavedifferent criteria tothose withlownatural qualitywhichare unproductiveor little used.

The regulatoryapproach to new minesis often to require the use of best availabletechnologywithsome rairtimumcriterionwhichmust be met. For abandonedmines withAMD these minimumcriteriamaybe technicallyimpossibleor exorbitantlycostlyto achieve. Under these circumstancessome formof costbenefit evaluationof the alternativeabatement measurcsmakes considerablesense.

Includedfor reference purposesin AppendixB are the first pagesof a selectionof North AmericanGuidelinesand Standards:

CANADA:

Federal;
CanadianWater QualityGuidelines,March 1987,Chapter 3 Freshwater Aquatic
Life.
EnvironmentCanada,Metal MiningLiquidEffluent Regulationsand Guidefines.BritishColumbia,Provincial; •
PollutionControl Objectivesfor The Mining,Smeltingand Related Industries, TableV Objectivesfor the dischargesof finaleffluentsto marine and fresh waters.
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UNITED STATESFEDERAL:

EnvironmentalProtectionAgency,Water QualityCriteria Documents- 1980.
EPA; AmbientWater QualityCriteria for Copper - 1984.
EPA; Water QualityCriteria; Noticeof finalambientwater qualitycriteria documents- 1985.

In Norway,as in Canada,the surfacewaters in riverstend to be ofveryhighquality,and sports fishing
and commercialsalmonfishingare often effectedbyAMD. Aquaticwater standards maytherefore be
applicable. Selectionof an appropriate standard is site dependantbut a logicalselectionprocedure for
abatement levelmayfollowthe reasoningof the followingexample.

Possiblestandards to consider:

Level1.Meet CanadianWater QualityGuidelinesfor FreshwaterAquatic Life (CW0G-FWL).
Level2. Meet CW0G-FWL for dissolvedor acid extractablemetals.
Level3. Meet no observedeffect levelfor commerciallyimportantspecies.
Level4. Meet no acute toilcity effect for commerciallyimportant species.

Exampleof levelsfor copper:

- copper toxicityto AtlanticSalmon
- water hardness = 50 microg/1
- LC50for AtlanticSalmon = 197micro g/I

Level1 - Total copper = 0.002ing/I
Level2 - Dissolvedcopper = 0.002mg/I
Level3 - T. or D. copper = 0.035mg/I
Level4 - T. or D. copper = 0.098mg/1

A maximumtotal copper concentrationof 01)05mg/I, in the receivingwaters of a salmonriver,was
recentlyset by the BritishColumbiaMinistryof Environmentand Parks as the objectivefor abatement
ofAMD from an abandonedcopper mine.

All of these standardsmaybe verydifficultto meet in instancesof severe AMD to sensitivereceiving
waters. A further reductionin objectivesmayhaveto be consideredon economicgrounds.

33 Confidencein Control Technology

Experienct with the implementationof control measuresfor abandonmentand their long term
effectivenessis embryonic there is not a clear understandingof what is effectiveunder anygivenset of
circumstances.Developmentof an AMD controlor abatement plan involvesthe considerationand
evaluationof technologyand methods whichare stillunder developmentand test. There is
considerabledoubt as to our abilityto accuratelydetermine the effectivenessof some of the proposed
measures. The costof the `secure'measuresare often prohibitivelylarge and we art behoovedto
carefullyevaluatethe lowercost alternatives. With each alternativethere is an associatedrisk of
failure,whichis substantiallydependant on the reliabilityof the technologyinvolved. The following
reviewdiscussessome of these uncertainties.

141 AMDwIthTIme

Acid generationis an evolutionaryprrri-c.swhichmaytake manydecades to developand evolve.

Experiencein BritishColumbiahas shownthat in some dumps,witha moderate neutraliiing capaciry,
it maytake ten or more years before an acidgeneratingwaste developsits potential to the extent that
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AMD becomessignificant.Where the pyritecoats the fracturesurfacesand is of a typewhichoiddizesrapidly(marcosite)acidgenerationcan be muchmore rapid and mayreduceafter a time as availablepyrite is spent or becomescoatedwithoxidationproducts. As coarsewasterockweathersand breaksup, newsurfacesand pyriteare exposed. Thus a slakingwastemayexhibitan increasein acidgenerationwith time.

The rate of acid generationin finegrained tailingsare limitedby the rate of oxygendiffusionand waterinfiltrationand secpage. Whilethe surfacerun offbecomesacidveryquickly,the initialAMD seepageis neutralizedalongthe seepagepath. As discussedbyRobertson, 1987,it maytake decadesfor the fullAMD potential fronaa tailingsimpoundmentto establish.

Over the verylong term there must be a reductionin the AMD as the availablepyrite is spent. Thetotal acidgeneratingpotentialof a one milliontonne wastedeposit containing15% sulphidesis about450000tonnes or 1 500tonnes per year for 300years;sufficientto be consideredan infinitesource.

33 LongTerm Stabilityof Control Measures

It is clesirablethat abatement or controlmeasuresshouldfunctionas intendedinperpetuity.
Unfortunatelythis is seldomachievable.All geotechnicalstructuresare subjectedto disruptiveforces.These maybe dividedinto twoclasses;extremeeventsand perpetual forces.

Extreme eventssuch as floods,earthquakes,tornadoes and fires subjectthe reclamationmeasures toforcesfor whichtheymaynot havebecn designed. Where tailingsdams are constructedin watercoursesor have associateddiversionstructures,the floodhazard maybe high. Robertson and Clifton,1987,reviewrequirementsfor the long term stabilizationof tailingsimpoundments.

Erosion byimindand water,frost action,root actionand burrowinganimalsare examplesof theperpetual forces. Arting over the long term of interest, these forceswear awaythe coversandembankmentsconstructedby man.

3.6 Maintenance

With out some maintenance,mostgeot chnicalstructureswillfail in time. Ditches,for example
become blockedbysediment,debris,vegetationor ice. Overflowingof the ditchmayresult in scourand the formationof a newflowchannelwithassociatederosion. Whilemaintenancemaybeinfrequent,perhaps onlyeveryfewtens of years, it is an essentialpart of the long term securityof wastedisposalsystems. Sincethe miningcompaniesthat undertake the miningand reclamationmay have a
limited functionallife,the onus of maintenancewillaccrueto the State. It is consideredappropriatethat this be recognizedand that the appropriate State RegulatoryAuthoritymake arrangements for theprovisionof suchmaintenance.

3.7 Responsibilityfor AbatementCosts

Abatement costscan be high In manyincrancesthe entityresponsiblefor the placement of the wastesis no longer in existenceand the onus ofclean-upaceruesto the State.

In other instancesthe propertieshavebeen operated and possiblyprepared for abandonment inaccordancewiththe lawsof the State at the time. Suchproperties mayhavepassed on to new owners.Ownersof suchpropertiesfind themselvesin possessionof a property requiringabatement actions forwhichtheydo not feel responsible,havenot anticipatedin their financialarrangements and may not becapableof undertaking. Operatingmineswishingto closeand abandon findthemselvesin an
essentiallysimilarsituationwhere theymaybe required to implementabatement measures whichwerenever part of the States requirementsat the time of mine planningand fmancing.
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While the responsibilityfor abatement costs are a matter for the State to decide,it is the writersopinionthat the costof implementingabatement measuresrequired as a result of a changein Staterequirements,shouldbe born by the State. The mineralsrecoveredin generatingthe wasteswere usedfor the benefit of the citIrensof the State, providedemploymentand taxes. The liabilityand benefits,as theywere understood,were acceptedbyall beneficiariesat the time of project initiation. It isappropriate that theyall share in the incrementalcostsofAMD abatement required as a result ofrecognitionof an increasedenvironmentalimpact and the desire to abate the impact.
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4.0 EVALUATIONANDSELECTIONOF ABATEMENTMEASURES

This sectionlists and discussesthe major activitiesrequired to develop,evaluateand selectan
appropriate set of abatement measuresfor a particularbite at whichAMD is occurring. The required
activitiescomprise:

Determiningthe physicalcharacteristicsof the site.
Determiningthe location,physicaland chemicalcharacteristicsof the sourcesof AMD.
Determiningthe nature and extentof contaminant migrationresultingfrom the AMD.
Descriptionof the environmentand the impact of the AMD.
Conceptualdesignof abatement alternatives.
Assessmentsof the costs and benefits.

4.1 Characterization of Site

Prior to startinganysite specificinvestigationand abatement measuresdesignil is first necessaryto
prepare the data base on the physicalcharacteristicsof the site. This includes:

Topographicmapsof the area at sufficientscale to define the locationof all major physical
features on the site such as buildings,structures, dams, wastepiles,pits, mine entries, water
coursesetc. Use of air photo interpretation is of considerablebenelit.
For undergroundmines;taine maps,locationsof all mine development,ore remnants,
opcnings,water infiowrecords, support and subsidencerecords.
Geologicalmapswhichderme the underlyingsoils and rock materials,and geohydrology.
Climaticdata, includingprecipitation,evaporation,temperature and windvelocitydata.
Location,historyand nature of miningactivities,and all waste deposits.
Locationand nature of naturallyavailableconstructionmaterials (cla» for coversetc.) and
alternativedisposalsites (lakes,mineworkingsor impoundmentsites for under water disposal
etc.).

4.2 Characterization of AMDSources

All wastesare not acidgenerating,and acidgeneratingwastes havedifferentdegrees of severity. The
acidgeneratingcharacteristicsof the varioussources on a site shouldbe determinedas wellas the
AMD that is occurringfrom each source.

i) Determinationof sources

Sourcesare determinedbyconductingseepandnm-offsurveys.It is recommendedthatat leastfour
seepsurveysbe conductedduringthecourscofthe firstyearto determinethetemporalvariationof the
flowratesandconcentrationsofthevariousseeps Sucha setofsurveyswillservetodemonstrateboth
thelocationandsizeoftheAMDsourcesonthe site(hencethosethatrequircabatement).It maybe
foundthatwasterockfromcertainpartsofthemineor froma particularrniningperiod are not of
concern. It willindicatethe contaminantloadvariationduring the year. This providesa better
understandingof the sourcesand mechanismofA/vIDat the site as wellas averageand maximumload
estimates. Two of the surveysshouldbe done early and during the spring freshet whenconcentrations
and loadingsmaybe greatest.

Setp surveysare conductedbywalkingandinspectingthe siteat likelyseeplocations.Seeplocations
shouldbe markedandrecordedforfuturereference,flowmeasurementsmadeucinga flowmeter,
bucketor estimate,as isappropriate, and water samplescollected. Samplesshouldbe tested in the
fieldfor pH and conductMtyand in the laboratoryfor copper, zinc,iron, sulphate,acidityandcalcium.
Occasionallya full suiteof26 elementsmaybe done on larger setps. The seep surve» shouldbe
plotted on a map showinglocations,flowrates, concentrations,loadingsand the overallfiowpattern.
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Evaluationof the conservationof flowvolumesand loadingswillindicatewheresourcesand sinksare
located.

The use of thermography(thermal photography)and variousformsof remote sensinghas been used
with varyingLsuccessto definezones of activityin the waste dumps.

ii) Characterizationof each source

Each major source is surveyedto determine its size.

Mine maps,whereavailable,are required for the defmitionof mine workings.The locationand nature
of wastesplacedin the mine,ore exposures,remnants,all openingsand water qualityshouldbe
determined. Ore and wall rocksamplesare tested (if the informationis not available)as per the waste
rock samplesdiscussedbelow.

Waste rock depositsare sarnpledboth from the surfaceand at depth and tested to determine;

pH of interstitialwater, if any,or of a de-ionizedwater wash
ph of paste of waste rockwitha smallquantityof de-ionizedwater
acid and base potential
for some of the samplescopper,zinc,total sulphidesand sulphatesand other constituentsas
appropriate.

solidsand interstitialpore fiuidsamplesare taken at variousdepths on profilesin the tailings
impoundmentat locationsrepresentativeof the beach area (coarse tailings)and the pond area
(slimes). Tallingsinterstitialwater is separated from the solidsusingcentrifugeseparation or washing
techniques. The interstitialwater is tested for pli and conductivityin the fieldand in the laboratory for
copper,zinc,iron, sulphate,calcium,and acidity. These tests providea profile of the both the acid
generatingproductsand the neutralizationproductsto determine the variouszones defmedin Figure 2.
Some of the solidssamplesare tested for the same constituentsas the waste rock.

Both rockwaste and tallings maybe subjectedto kinematictests to determine the nature and rate of
acid generationevolution.

Basedon this characterizationthe current AMD yieldfrom each source must be estimated plus an
assessmentof howthis is goingto changewithtime. For example,in a tailingsimpoundment,it maybe
concludedthat the surfaceyieldof contaminantshasfullydevelopedbut that the yieldto the seepage
flowisstilldevelopingand willresult in inatased loadingsat some time in the future. To estimate
such future yieldsit maybe necessaryto perform modellingof the acidgeneration and migrationsuch
as describedbyJayeset aL,1984,and Davisand Richie,1986,for waste dumps and SENES, 1986,for
tailingsimpoundments.

43 Characterization of Contaminant MIgration

Much of the investigativeworkdone to date on the impactsofAMD from Norwegianmines has been
characterizationof the contaminantmigrationin the surfact flowsawayfrom the sources and into the
environment. The objectof such characterizationis to define the flowsand loadingsof contarninants
beingcarried awayfromthe site. Samplingand testingshouldbe done at a sufficientnumber of times
duringthe year to definethe temporalvariationof the loadingsand concentrations. Care shouldbe
taken to define the time and conditionsof maximamconcentrationsin the most important receiving
waters. Monitoringshouldbe continuedfor as longas it is nrriassaryto determine in if the
contaminantplumeis increasing,stabilizingor reducing. If an inerease in the AMD release rates, or
further developmentof the contaminantplume,is anticipatedthen the downstreamflowpath should be
sampled,tested and desated to a sufficientextent to enable the contaminant plumedevelopment to
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be evaluatedby modelling. This willrequire the determinationof the qualityand bufferingcapacityof
all downstreamdilutingflowsand the flowchannelenvironment(naturalAMD abatement in bogs,
flowsthoughalkalisoilsor rock channelsetc).

In additionto the surface flowinvestigationscurrentlybeingdone someconsiderationshouldbe given
to subsurfact flows. Where wastedeposits are underlainby aquifersthe migrationroute to the
environmentmaybe alongthese aquifers. During the initialstagesof plumedevelopmentthe buffering
capacityalongsuch a route may abate AMD and reduce the contarninantloadingsto surfacewaters.
As the bufferingcapacityof the flowpath bccomcsexhaustedthe contaminantyieldsmayincrease.
Such increasesshouldbe anticipatedif the longterm impactsof the AMD is to be evaluated. Sampling
and testingof the subsurfaceflowpath mayincludetest pittingor drillingto samplethe soil strata and
laboratory tests to deterraine the neutralizingand bufferingcapacityof the soilsto the AMD, including
columnleach tests to determine coefficientsof retardation, Kd's. It is alsonectssary to defme the
physicalparameters whichcontrol flowsuchas the hydraulicconductivity,gradient,and storage along
the flowpath. The resultinginformationmaybe used in a contaminantmigrationpredictionmodel to
a levelof sophisticationto suit the concernsassociatedwithtbat particularflowpath.

4.4 Characterization of Environmentand Impacts

The economicand other benefits ofAMD abatement can onlybe assessedif the ba.seline
environmentalconditionsand the impactsof AMD are clearlydefined. The NIVAinvestigationsto
date haveconcentratedeffectivelyon the definitionof baselinesurfacewater qualityand the impacts of
AMD on these. These characterizationstudiesshouldbe extendedto definethe baseline aquatic life
and impact on the aquadc life as wellas the other environmentalimpactssuchas effectson
consumptiveuse by man, sports and recreationalvalueimpactsetc.

43 ConceptualDesignorAbatementAlternatives

Conceptualdesignsare prepared for all potentiallyviableabatement optionsin order that the potential
effectiveness,irnpacts,and costs canbe estimatedwitha viewto makinga rational and defensible
sclectionof the most cost effectiveand appropriate option.

Alternativeswhichshouldbe consideredinclude,but are not nectssarilyIimitedto:

Diversionof surfacewater
Condit.ioningofwastes

- pyriteremoval
- dewatering
- placementmethods
- solidification

Covers
- vegetation(in combinationwithothers)
- soil, till or clay
- syntheticmeml-ranes
- water
- saturated soil or bog

Baseaddition
- mixingwithwaste
- surfaceapplication

Alkalitrenches
- up stream
- downstream
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Bactericide
• mb:ingwithwaste
- surfaceapplication

Collectionand treatment
- chemicaltreatment
- peat or woodwastetreatment

Wetland treatment

A brief review,and references to further research,of these alternativesare providedin Robertson,
1987,in AppendixA. Manyof the alternativesmaybe rejected, as not effectiveor applicableto a
particular site, after a cursoryconsideration. The remainder must be evaluatedin sufficientdepth to
enable a validand defensiblealternativesdesign,costingand benefitsassessmentto be developed.

4.6 Assessmentof Costs and Benefits

4.6.1 Assessmentmethodology

Sincewe often lackreiable, accurate technologyfor the predictionof acidgeneration and the
effectivenessof abatement measures,much of the assessmentmethodologyis of necessitybased on
judgement rather than deterministicanalyses. In a recent studyfor the abatementof AMD from a
waste dump (Steffen,Robertson and Kirsten,1987a)an assessmentmethodwasused whichinvolved
considerationof each of the followingfactors:

practicalityof implementingthe measure
durability(life expectancy)of the measure
sccurityor risk of failure
environmentalimpact of constructingthe measure
constructioncomplexityand duration
inspectionand maintenancerequirements
effectivenessin reducingAMD

A point scoreand weightingfactorwasassignedto each of the abovefactorsto derivea total points
rankingof the measures. A cost estimatewasprepared for each measure. Bydividingthe cost by the
total pointsachievedby each measure it waspossibleto developa cost/points benefit rankingof the
measures. This process assistedconsiderablyin decidingwhichof the measures couldbe selected and,
where appropriate,combinedwithothers, to achievethe most cost effectiveset of measures.

A more definitivecost/benefit evaluationinvolvesthe determinationof the present valueof both the
abatementmeasures costsand the financialvalueof the benefitsgained in environmentalclean-up.
The valueof environmentalimprovementsare often difficultto quantifyin a manner that enjoys
general agreement. SteffenRobertson and ICirsten,1987a,calculatedthe present valueof the
inaprovementin commercialand sport fisheriesassociatedwiththe clean-upof the AMD from a
particularminewastesite and foundit to exceedthe present valueof the clean-upcosts bya fewtimes.
Ile site theyconsideredwas in an area of relativelyhighpopulationdensityand theydid not include
tourism,reaeational valueor any other valuesin the present valuecalculations. Such evaluationsare
extremelysite specificand allowthe levelof abatement to be adjustedto the usage and benefit to man
of the impactedresources.

4.62 Costsof abatementmeasures

In this sub-sectionapproximatecostsare estiznatedfor some alternativeabatement measures as they
mayapplyto some 'gencric' sitc. The rates, in Canadiandollars,are based on the writers experience in
westernCanada and must be adjustedto suit Norwegianconditionsand particularlythe site specific
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conditionson any project. Theyare providedto enable a fust order estimate to be made of possible
costswhenmakinga preliminaryevaluationof alternativeabatement measures.

Diversionof surfaccwater:

This is usuallya lowcost effectivemeasurc whichshouldbe consideredas part of anyabatement
scheme. Trenchingto achievewaterdiversionis dependant on the flowsto be diverted,the need for
rip-rap erosionprotection,the slopeof tbe terrain in whichthe diversiontrench is fonned and the need
for blastingin the excavations.Costscan typicallyrange from $10per meter for smallunprotected
trenches in soilson gentleslopesto $100or more per meter for ditcheson slopingterrain requiring
some blastingand rip-rap lining.

Conditioningof wastes:

Costs are highlysite specificand it is not realisticto quote typicalcosts. Conditioningis unlikelyto be
practicalor economicunlessh is part of the mineral extractionprocess.

Covers:

Vegetation: Costsdepend on the abilityof the acid generatingwastesor covermaterials to support
vegetation. Direct vegetationcostsmayrange from $1000to $2000per ha. dependingon the amount of
waste or soilpreparationand fertilin-r that maybe required. Additionalcostsare accrued when it is
necessaryto installdrainage,contourand surfacethe wastes,improveaccessover soft or boggyareas
and repeat limeor fertnizerapplications.With such measures costsmay increaseto $5000per ha.
Tbese costsdo not includefor anysoil coverplacement.

Soil,till or clay: The costof coverplacementis determined largelyby the availabilityof suitable cover
materials in closeproximityto the wastesite (withinone or two km.),and the trafficabilityconditions
to and on the waste. Under idealconditionsa 0.6m cover (minimumrecommendedby the author) can
be placedfor about $2per sq. m. This mayincrease to about $4 per sq. m for more difficultplacement
conditions(suchaswinter placementon soft taiiings)withmoderate haul distances. To this must be
added the costsofwastepile surfacecontouring,areecspreparation, reclamationof the borrow areas
and the coversurface. Where the coveris a complexlayered cover(withclaylayers and granular
suctionbarriers) the costswillincreasedependingon the number and thicknessesof the layersand
sources of materials. Rip-rap materiaIsmaybe required on slopingsurfacts to protect againsterosion
at a cost of between$3 per sq.m,if av-ailableas borrow locally,and $6 per sq.m if it has to be specially
quarried. Vegetationmaybe sufficienterosion protection on gentleslopes.

Syntheticmembranc: To ensure durabilityit is nerissary to use thickmembranes (2 mm say)with
good chemicalstabilitycharacteristics(such as HDPE), perform adequate bed preparation and place a
cover (0.6m minimumrecommended)to providephysicalprotection. In Canada the supplyand
installationof 2 mm HDPE shectingat remote mine sites in the typicalquantitiescosts about $14per
sq.m. The cost ofbed preparation and coverplacementwillbe about $6 per sq.m and to this must be
added the costsofwastepile contouringand revegetation.

Water cover: reats and practicalityare extremelysite dependant and it is not possiblcto quote typical
costs. It is seldompossibleto achievea water coverunless the disposalsite was designedfor one in the
first place. If a naturalwater body,such as a lake, is availableto whichthe wastescan be removed then
the cost of the water coveroption is proportional to the amount ofwaste to be moved. Waste removal,
with a haul of lessthan one km,willtypicallycost about $230 per cu.m. Additionalhaul willbe at
about 50cper cu_mper km. To this must be added the cost of lake water qualitycontrol duringwaste
placement, the costof a sau layeron the submergedwaste and reclamation of the area from which
waste is removed.
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Saturatcd soilor bog layers: Suchlayerscan be economicallyachievedif the wastepile is suitably
shaped, a water sourceis availableand suitableconstructionsoilsare availableon the site. It is not
possibleto quote typicaicosts.

Base addition:

The costof base additionis primarilydependant on the availabilityof a cheap sourceof suitablebase
material closeto the site, such as a limestonesource. The quantityof base required is dependant on
the potentialacidityof the wasteand can differby and order of magnitudeor more. Intimate mixingis
usuallyrequiredfor this abatement measure to be effectivein the long term. The cost of excavationof
an existingwastedeposit,base additionand replacementis likelyto be at least 13per cu.m.plus the
cost of the base material deliveredto site.

Alkalitrenches:

The cost of the alkalitrenches dependson the type and amount of alkaliand the frequencywithwhich
it willhaveto be replaced. The present valueof future replacements,as wellas the cost af disposalof
the spent alkali,shouldbe includedin the overallcost.

Bactericide:

Commentson costsare essentiallysimilarto those for base addition. The costs of intimate mixingwill
be similasbut the effectivelife is shorter.

Collectionand treatment:

The costof collectionand chemicaltreatment is primarilydependant on the maximumflowvolumes
that haveto be treated and the levelto whichtreatment must be taken. Other abatement cost
comparisons(Steffen,Robertson and Kirsten,1987a,amongstothers) have shownthat the present
valueof the long term costsof treatment canbe comparableor less than alternativeswhichachieve
clean-up. These comparisonsgenerallydo not talceinto considerationthe long term problem of
disposalof the resultingtoxicsludges.

Wetland treatment:

Wetland treatment is beingsurressfullyimplementedfor AMD from coal mine in the eastern USA.
The author is not awareof surressful applicationsto AMD from metal mines in cold climate areas and
is unable to commenton short or longterm costs.
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5.0 REVIEWOF AMDANDABATEMENTATSELECTEDNORWEGIANSITES

This sectionoffersa brief reviewof the observationsmade duringthe visitsto selectedAMD sites in
Norwaywiththe objectof illustratingsomeof the alternativeAMD abatement measures that maybe
consideredat those sites. It is necessaryto stress the short durationof the visits,limiteddata
availabifityand cursorynature of the conceptualabatementmeasuresdevelopmentand evaluation. A
detailed site and AMD sourcescharacterizationstudy,contaminantmigrationand environmental
impact assessment,alternativeabatement measuresdesignand evaluationis required before any
specificset of abatement measurescan be selected.

5.1 Storvartsgruva

5.1.1AMD Impact

The locationof t.heStorvartsmine is shownon Figures3 and 4. Started in approximately1644,mining
continued until 1972.

Miningwas from undergroundworkingswitha total productionof more than 1 milliontons. Initial
mininginvolvedthe hand pickingof highgrade ore for direct roasting,resultingin surfacepilesand
underground fillof relativelyrich (45%) sulphiderichwaste rock. The mines havebeen allowedto
floodbut the leveland qualityof the minewater is not known. It is not knownif floodinghas reached
its maximumheight and if dischargeor seepagecanbe anticipated. These aspectsshouldbe
determined if the longterm impactof the minesis to be determined

The waste rock pilesare scattered around the site. Someof the waste rocks (greenstones)are slaking
and haveweathered to soils. Other wastes,particularlythe lowgrade sulphiderich ore/waste appears
to be weather resistant. The weatheringresistantwasteappears to be clean and mayhaveyieldedthe
majorityof the acidityavailablefrom surfaceoxidation. Vegetationis growingwellon these old coarse
rock piles and this mayindicate that acidgeneration,at least near the surface, is nowlowand leached
out. The slakingwastesappear to be oxidizingthroughoutand are a potential long term source of
AMD. A/vIDseepswcrc apparent from the base of some of the wastepiles and accumulationsof
AMD precipitantswere apparent alongthe flowroutes. Waste rockhad been used for road and
platform construction,further addingto the distributionof the wastes. Definitionof the locationand
nature of the AMD generatingwasteswillrequire a detailed surveyofthe site and samplingof the
variouswaste piles. A comprehensiveseep survey,conductedduringthe heightof the springfreshet,
willindicate the sourcesof significantsurfacedrainageofAMD. No data currentlyexistswhichdefines
the AMD sourcts and loadingsattributable to these wastedumps.

During this centurya modern milling and flotationplant wasconstructedand the ore milledand
floated to eadractthe sulphides. The resultingtailingshave a lowerpyrite content but are clearly
oxidizingand acid producing. Theywere r1krhargedto a broad valleywhichdrains via a stream to
DjupsjoenLake. Erosion of the tailingswashedtailingsdownthe stream forminga small tailingsdelta
(approximately2 ba abovecurrent lake level)in the lake. The stream channelwas not inspectedbut
undoubtedlytailingsdepositsmust occur alongit. The lake has a poorlymainta1a.4 dam at its outlet
(NIVA, 1980)and this presumablyindicatesthat the levelof the lake is artificiallyraisnd and that the
lake deposit of tailingsmaybe considerablygreater than that observed. The current qualityof the lake
water is not knownto the author but it is understoodthat it is inaprovingand that fishing has improved
in the lake.

To prevent further erosionof the main tailingsdeposit (more (han20ha) the State constructeda earth
embankmentin about 1982. Water ..toredbehind this cmbankmentfloodsa smallportion of the
tailings. Measurementsof the water qualityfrom the overflowfromthis dam indicates that the water
qualityhas a typicalrange as follows:
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Copper 1-8 mg/I
Zinc 5-17ing/1
pH 3.4-5

This results in about the followingannual loadings:

Copper 1.6tonnes/year
Zinc 72 "
Iron 1.2.4 '
Cadmium 12.7Kg/year
Sulphate 155tonnes/year

It wasobservedthat there wassubstantialleakagethrough the earth embankmentwhichdischarged
from the downstreamdrain. The extent to whichsub-surfaceseepagewasoccurringis not known.
These latter flowsmaybe a significantload not measured at the dam overflow.AMD yieldfrom the
depositsalongthe stream and in the delta are not known.

The AMD yieldfrom this propertyis expectedto havereached its maximum,exceptpossiblyfrom the
followingsources:

- rninedrainage,should it occur,
- additionalexposureof the beach tailingsif the lake leveldrops,
- additionalgroundwaterseepageyieldsas the acid generation front developsin the tailings
deposit.

These potentialsourcesfor increasedAMD shouldbe investigated.Should it be establishedthat they
are unlikelyto occur then abatementmaybe planned to address current yields. The impact (July 1978)
on the watersof Djupsjoenlake, as measured at the outlet, is such that the resuhing concentrations
are:

Copper 0.055mg/1
Zinc 0.22 nag/1

Comparativevaluesat Hitterelva,near Roros are

Copper 0.08nig/1
Zinc 0.16mg/1

The backgroundvaluesare not knownto the author but it appears that the decrease in water quality is
significantand mayhavea material irapacton the aquatic environment. The drainage from this mining
area flowsinto the Glamawhere its impactcombineswith that from other miningareas.

5.1.2AlternativeAbatement Options

Alternativeabatementoptionscan onlybe proposed withconfidenceonce the stcps outlined in sections
4.1to 4.4of tbis report havebeen cotnpleted. Based on a preliminaryevaluationthe followingmay be
applicable.
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A. Minedrainage:No actionrequired.

B. Waste dumps:

Determine the AMD releasesfrom the variousdump locationsfrom a detailed seep survey. Consider
the followingabatementmeasures for thosedumpsresponsiblefor a significantpercentageof the
AMD yield:

B i) Divertsurfacefiowsaround dumpsto reduce leaching.

B ll) Covcrdumpsin-situ,withas littledisturbanceas possible,witha till or lowpermeabilitysoil
cover. Contourcover to promote drainageand establishvegetationto control erosion.
Evaluateinfiltrationto assesreductionof AMD migration.

B As an alternativeto considerconsolidatingall wastein a singlepile (required if allwaste is
contributingto AMD) contouringand coveringwitha syntheticmembrane,0.6 in till cover
and revegetating. Reclaimdisturbedareas. This shouldprovidean effectivecontrol to both
acidgenerationand migration. Establish a fund to providefor the long term replacementof
the membrane.

C. Tailingv

At tailingsirapoundment:

C i) Miniinizecontaminantmigrationbya) divertingcurrent flowsacross the impoundment,round
the impoundment,b) improvingsurfacecontouringto reduce pondingand hence infiltration.

C fi) Install a 0.6m till coverover the exposedtailingsand revegetation.

C As for but first installa syntheticmembrane cover.

C iv) As an alternativeto ii) installa water coverby increasingthe size of the present embankment
and dredgingtailings from higherelevationsinto the impoundmentto achievea 1m water
cover. Water treatment willbc required duringthe dredgingperiod to control surfacewater
discharges.

Tailingsalongstream:

C v) If these are yieldingsignificantAMD they maybe removedto the tailings impoundment.
Placementin Djupsjoenwouldcontaminatethe lake heavilyduring placement.

Tailingsin delta:

C vi) II impactis smalltheymaybe left where theyare withincreasedsecurityofwater levelcontrol
at the outlet.

C vii) If impactis large,due to portion abovethe lake levelwhichcannot be flooded,consider
removingthis portionand transportingback to the tailingsimpoundment.

5.1.3Cost/Benefit Estimates

The followingcost/benefit estimatesare verycrude as the writer has had to make assumptions
regardingareas and volumesinvolvedand sources and availabilityof materials.
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om m n ti

This comprisesB i) plus C i) plus confinuedmaintenanceof current embahkmentand Djupsjoenlakeoutlet. This lowcost (fewtens of thousandsof dollars)willdo little to abate AMD and there willbelittle benefit,but the situationwillbe preventedfromworsening.

Mod r te t rn nt ti n:

B i) say 510,000
ii) 5 ha @ 55/sq.in 5250,000

C i) 2 km @ $20/m $40,000
C ii) 20ha @ $6/sq.m 51.200,000
C v) 10,000cu.m@ $6/cu.m 560,000
C vi) say$100,000

TOTAL 51,660,000

It is anticipatedthat this abatement option willhavea large abatement of possibly60to 90% resultingin a significantimprovementin downstreamquaiitybut not in a return to closeto backgroundlevels.

Ext n iv bat m nt ti n:

B i)
B 5 ha @ 520/sq.m
C i) 2 km @ 520/m
C iv) Embankment

Dredging200,000cu. m @ $5
C v) 10,000cu.m@$6/cu m
C vii)40,000cu.m@ $10/cu.m

TOTAL

say 510,000

51,000,000


$40,000

say52,000,000


51,000,000

$60,000


$400.000

54.510.000

The abatement achievedbythis alternativeshouldbe veryhigh,with onlylowlevetsof contaminatedseepage from the impoundmentsresultingmainlyfrom the groundwaterleachingof contaminantsstored in the tailingsand waste rock.

52 Kongens

5.2.1. AMD Impact

The Kongensmine, locatedas shownon Figure5, has a historyand impact that are siinilarto those forStorvarts. The mine wasclosedin 1972. AMD from the Kongens,Sextus and Leirgruvebakkenminesflowinto the Orva river,whichis highlyimpacted,and then into the Glan3a. This discussionis conrmedto the Kongensmine.

The undergrouudworkingsof the Kongensmine havefloodedand was observedto be yieldingasubstantialdischarge(approximately201/s) at one location. The qualityof this mine drainage is asfoliows:

Copper
Zhke
Iron
Sulphate
PH

16.6mg/1
30.9mg/1
135mg/1
648 mg/I
2.8
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Mine wasteshavebeen widelydistributedoverthe mine site, similar to Storvarts. AMD from some of
the waste areas arc drainingtowardsOrvsjoenLake. This lake also receivesAMD from Sextusand

t 1 ; Leirgruvebakkenminesand dischargesto the Orva river.

The outlet of lake Orvsjoenhas the followingquality(NIVA, 1980):

Copper 0.095mg/1
Zinc 0.71 mg/I

Approximately1 milliontons of floatationtailingshavebeen depositedin a tailingsdam constructedof
till as a side hill impoundment. The maximumembankmentheight is about 10 M and the area was
estimated to be about 15ha. AMD from the mine, from somewaste areas and the mill site are beingchannelledinto the tailingsdam, from whereit is dischargedwithout treatment to the Orva river.The
qualityat the outlet is as follows(NIVA,1980):

Copper 1-20 mg/1
Zinc 35-133ing/1
Iron 14-261mg/I
Sulphate 430-1860ing/I
pI-1 2.8

Seepage is occurringthrough some of the embankmentsand foundationsoilsand acidickillof
vegetationis apparent on some of the downhill slopes.

The total loads to the Orvariver from the Kongensmine has been estimated (NIVA, 1980)at:

Copper 1.8tonnes/year
Zinc 16.1 •
Iron 47.5
Sulphate 237 "

With the contributionsfrom the other minesloadingsare more than twicethis withthe result that the
Orva river is devoidof fish.

5.11 AlternativeAbatement Options

The evolutionof acidgenerationin the tailingsimpoundmentmay stillnot have reached its maximum
release rate. The back end of the tailingsimpoundment,where the coarsest tailingshave deposited,
appears to be relativelypermeableand the release of acidicproducts is expected to increase with time.

The alternativeabatementoptionsthat maybe consideredfor the Kongensmine are similar to those
for Storvarts. The major differencesare:

AMD from the mine:

Abatement measuresare required for the acid mine drainage. No informationwas availableon the
layoutof the mine and itsworkingsduringthe site visit. Typicallyabatement measures that can be
consideredincludeinstallationofmine plugsto inerease the percentage of the mine that is flooded;
pluggingof mine openingsto reduce entryof water and air; groutingwith a filler or basic rnaterial;
collectionand treatment.
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Tailings:

The tailinp embankment is a side hillembankmentof a qualityunsuitableforkhesafc retention ofwater for a floodedwater cover. Coversthat maybe consideredfor the tailingsare therefore:

till,

till pluswaste to developa saturated zone or bog abovemost of the tailings,similar to thatdeseribedby Robertson, 1987,

syntheticfiner plustill cover.

With each of i) and ii) there willbe a significantseepagethoughthe tailingsand transport of the acidicproducts currentlystored in the tailings. Thiswilllimitthe initialeffectivenessof these abatementmeasures. 1nviewof the high permeabilityof the backend of the tailingsimpoundment the initialeffectmaybe to increaseAMD. With infdtrationfromthe surfacewillbe reduced to a small
fraction of the current valueand oxygenexclusionat the surfacewillalso be effective. Groundwaterleachingwillcontinuewithall three options. The tailingsembankmentswillhave to be stabilizedtoensure long term stability.

Considerationmaybe givento developinga series of paddockson the tailingssurface,usingtill forconstruction,in whichwetlands(bogs)are developedto both seal the underlyingtailings(from oxygen)and providesome wetlandtreatment for the acidmine drainage. The author is unable to anticipate theeffectivenessof such a system.

Considerationcan also be givento the removalof all surfacedepositsof tailingsand mine wastes toOrvsjoenLake for belowwater disposal. This lake is alreadyimpactedbyother wastes deposited in itand AMD to it.

5.23 Cost/Benefit Estimates

In the absenceof any mine data, no estimatescan be providedof the costs/benefits of acid minedrainageabatement.

Assumingthat the volumesof wastesand tailingsare similarfor Storvartsand Kongens,the abatementcostsfor equivalentabatement measureswillbe essentiallysimilar. Becauseof the greaterconsolidationof tailingsin the Kongenstailingsimpoundment(hence smaller area), the costof similarcoverswillbe a little less. The effectivenessof abatement of the AMD from the impoundmentwillbemore difficultto achievebecause of the seepagethroughthe tailingsembankmentsand foundation

The cost of lake disposalwillbe high,estimatedat about 54/cu.m for all wastesand tailings. Duringdepositionof the contaminantloadedwastesin the lake it willbe arrnsary to treat and control thedischargefrom this lake. Longterm control is expectedto be effective.

$3 Killingdal

53.1. AMD Impact

The mine is locatedas shownon Figures3 and 6. Two miningareas are involved;the Nordre minestarted in 1674and abandoned in 1968at the top of the mountain, and the Sondre mine started in 1793and closedin 1986. The two minesarc connectedand extend to a depth of about 1500m, as illustratedin Figure7. Ore mined comprised1 to 2% copper,3 to 8% zinc and 20 to 50% sulphur. Since 1953the ore from the mines havebeen dressedat the companiesflotationplant in Trondheim.



30

Eig. 6 Mine Location - Killingdal (after NIVA, 1979)
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Three primarysources ofAMD exist.

.1)AlvIDfrom the adit just belowthe entrytc;the upper mine,KI1 on Figure6. Averageflowsfrom
this adit (NIVA, 1979a)are reported to be 0.21/s withthe followingaveragequality:

pH 2.4 to 2.9
Copper 80 mg/I
Zinc 385mg/1
Iron 1175mg/1
Sulphate 4650mg/I

This yieldsa total annualbad of about:

Copper 02 tonnes/year
Zinc 1 "
Iron 3 "
Sulphate 12

The typicalmine developmentconsistsof an indlineshaft at about 30 degrees in the hanging-wallwith
cross-cutsto the stope. The stopes axemainlyroom and pillaropen stopes, though waste has been
placed in some of the older stopes.

ii) Mine drainageused to be pumped from the mine (NIVA,1979a)at an averagerate of 0.0331/s
(personalcommunicationwithmine personnel)frombelowthe current raise intersectionwithold raise
(see Figure7). This pumpedwater had a concentrationand annual loadingas follows:

Concentration Load
Copper 625cag/1 1.2tonnes/year
Zinc 7550mg/1 13 •
Iron 6150mg/1 11 "
Sulphate 43000mg/1 75 "

This loadingrepresents about one third of the total AMD from the mine. Dischargehas nowbeen
discontinuedas the mine has ceased pumping. The mine has done calculationsthat indicate that the
evaporationfrom the shaft caused bynatural ventilationexceedsthe inflowrate and have concluded
that there willnot be a longterm accumulationof water in the mine. The author has not reviewed
these calculations,but questionswhypumpingwas required in the first instance,if evaporation
rvreisded inflow. It is noted that the inflowis verysmalland consequentlytht rate of mine filling
wouldbe slow. The period before anydischargewilloccur is therefore long, if ever.

AMD from the wastedumps.

Approximately150,000ctim of waste rock has been placedin piles near the upper (ohl) mine entry.
The wastevarics considcrablyin nature, includingcoarseand fine wastes in discrete piles,burned or
roastedwastesand newerverycoarse waste. An area of approximately4 ha is coveredin wastesor is
heavilycontaminatedbyAMD and crosion products. Seepagefrom the dumps has approximatelythe
followingconcentrationsand annual loading:
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concentrations load
pH 2.6 to 2.9
Copper 40 mg/1 23 tonnes/year
Zinc 175rng/1 12 "
Iron 484mg/1 63
Sulphate 2300mg/I 163 '

To the extent that the aboveconcentrationsand loadingsare representativeof the annualvalues,it is
apparent that the majorityof the AMD loadingresults from the mine wastes.

AMD from the mine drains into Gruvbekkenwhichflowsinto the Gaula River 2 km belowthe dumps.
The water qualityin tbe creek at the confluenceis as follows:

pH 3.0
Copper 1.83ing/1
Zinc 83 mg/1

Water qualityin the Gaula at differentdistancesdownstreamfrom the confluenceare as follows:




500m 6 km 10km 20km
pH 63 6.8-72




Copper 0.2 0.05-0.11 0.02-0.09 0.002-0.006
Zinc 0.1-4. 0 12-04 0.1-0.2 0.005-0.01

The concentrationsare such that the Gaula does not support fishfor a considerablelength (> 10km).

5.32 AlternativeAbatement Options

Sincethe majorAMD loadingto the Gaula appears to be from seepagefrom the waste dumps,the

abatement measuresmayfocuson this Three alternativeabatement measures maybe considered.

flackfillto the mine

The natural mine ventilationshouldbe maintained,if this is required for control of the mine drainage.
It maybe feasibleto do this by placingthe waste in the old stopes leavingthc raise free for ventilation.
Sinct approxirnately3 milliontonnes of ore wasextracted from the mine there is ample room for the
waste. Placement in the old stopeswillrequire rehabilitation of the old raise to allowthe transport and
tippingof the wastesinto the stopes.

Water coverin a dam on Gruvbekken

A dam couldbe constructedon Gruvbekkenwith a basin volumesufficientto contain the relocated
wastesand maintaina water cover. Duringrelocationof the wastesto the basin, limewouldbe mixed
with the wastes to neutralfreanystored acidity. Followingwaste placement, the surfaceof the waste
wouldbe coveredwitha thin,03 m, of lowpermeabilitysoil or till to prevent convectivetransport

of dissolvedoxygento the waste. A shallowbut secure water coverwouldbe sufficientto considerably
abate acidgcneration.

Consolidatewastesunder a syntheticmembrane cover.

The wasteswouldbe consolidatedin a singlepile cOntouredto promote drainage and this wouldbe
coveredwith a syntheticmembrane liner installedon a suitable beddingmaterial and coveredwith a 0.6
m protectivetill layerwhichwouldbe revegetated. Drainage ditcheswoulddivert surfaceflowsaround
the pile.
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Abatement of the AMD from the upper mine adlt depends on the sourcesand mine layout,whichwere
not reviewedduringthe visit.

5.13 Cost/Benefit Estimates

i) Minebackfill

Cost estimate:

Raise rehabilitation $400,000
Mine preparation $200,000
Waste placement 150,000cu.m $10 $1,500,000
Reclamation 4 ha @ $5,000 $20.000

TOTAL $2.12a000

Sinct this abatement measure effectiveeliminatesthe transportation mechanism,it has a highpotential
for achievingan adequate levelof abatement.

Water cover

Cost estimate:

Constructionof embankment





assume 100,000cu.m@ $6 $600,000
Placementofwastes 150,030@ $4




$600,000
Lime and mix 7,500tonnes @ $100




$750,000
Cover placement 20,000cu.m@ $6




5120,000
Spillway




5100,000
Reclamation




$20.000




TOTAL




$2_160.000

The water coveris consideredto provideeffectiveabatement of additionalacidgeneration. However
the release of containedacidityand solublecontaminantsmustbe preventedby neutralizationand
treatment duringthe period of waste relocation.

Syntheticmembrane cover

Cost estimate

Oonsolidationof wastes 50,030cu.m $4 5200,000
Contouringand ditching




$ 50,000
Placementof membrane& cover40,000sq.m $20 $800,000
Vegetation 4 ha @ $2,000




i$442
TOTAL




$1.058.000

Sincethe membrane preventsinfiltrationand AMD transport, it is consideredthat the abatement will
be effeetive. Becauseof the locationof the pile it is anticipatedthat there is littlepotential for
groundwaterleaching. Provisionmust be made for long term replacement.
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5.4 Kjoll

5.4.1. AMD Impact

The locationof Kjolimine is indicatedon Figues 3 and 8. Miningoccurredin 1766-98and 1857-68
when copper wasextractedand 1896-1907and 1910-1920whenpyritewas exported. The principal
dumpswere establishedin 1986-1920and havea total volumeof approximately80,000cu.m (NIVA,
1987).

AMD is occurringfrom the undergroundworkingsand from the wastedumps. NIVA conductedwater
qualitysamplingand testingof these drainagesin 1977-78,(NIVA,1979b),and the results are
summarizedas follows:




Mine drainage




Mine pluswastedurnps




Concentration Load Concentration Load

Flow
pI-1

23-7
2.8-3.1

1/s




3.6-60
2.8-3.1

1/s

Copper 2.6 mg/1 0.4 toane/year 6.6 Ing/1 2.7 tonne/year
Zinc 0.2 mg/1 0.05 ' 0.2 mg/1 0.2 "
Iron 40 mg/1 53 ' 57 mg/I 27 '
Sulphate 260 mg/I 36 ' 340 mg/1 140 "

Accordingto this data the AMD load is primarilyfrom the wastedumps. During the fieldvisit it was
noted that the mine drainageappeared to be significantlygreater than the maximumreported flow;an
observationthat mustbe checkedand whichillustratesthe need for monitoringto cover the full annual
cycle. Drainagefrom the mine and dumpsflowinto Storbekkenand then into the Gaula riverwhere it
contributes to the impactcausedbyAMD from Killingdalmine as discussedin NIVA, 1979b.

In an attempt to improveAMD the NorwegianDepartment of Industryundcrtook abatement
measures in 1981. The dumpswere consolidated,contoured to a gentle,uniformslope and 100tons of
hydrated limewas sprayedonto the 2 ha surfaceof the dump. These abatement measures are reported
in NIVA, 1986.The resultswereunexpected. AMD has increasedeach year since 1981. This is
illustratedbythe followingaverageannual copper concentrationsand loads:




Concentration
mg/1

Load
tonnes/year

1977-78 7.26 4.2
81 11.0 4.9
82 110 5.7
83 24.8 10.9
84 22.2 131
85 453 23.4

It is the author's opinionthat this increasein AMD is primarilydue to the disnirbance of the waste,
resultingin the establishmentof newinfiltrationand seepage paths, whichenables accumulationsof
acidityand leachproductsto bc transported out of the dumps. The surfaceapplicationof lime had
little effecton the total stored acidity. The disturbanceof the pileswouldhave exposedfresh surfaces
and providednew pathwaysfor air and water entry for additionalacidgeneration,but this is considered
a secondaryeffect. It is consideredthat the increas.ein the transportation mechanismshas a greater
effect than the increase in the acidgenerationmechanismsand these two effectsare together
considerablygreater than the controlaffordedby the surfaceapplicationof the lime.



36

Fig. 8 Location Plan - Kjoli (after NIVA, 1979b)
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5.42 AlternativeAbatement Options

Mine drainage:

Current minedrålnage is issuingfrom an adit at the 1047m level. NIVA,1986,indicatesthat by
pluggingthis lowCradit it maybe possibleto floodabout 50% of the undergroundworkingsup to the
1064entry level. The potential for additionalpluggingshouldbe investigated.

Waste Dumps:

Two alternativesare consideredappropriate for this project.

i) Syntheticmembrane cover

This alternativewouldinvolvethe diversionof all surfacedrainagearound the waste dumps;coveringit
with a 10cm layerof (till) beddingmaterial;placinga 2 mm HDPE membrane cover;coveringthis
with a 0.6ni Ullprotectivelayerand establishingvegetationon the cover.

Water cover in Kjolitjernlake

This alternativewouldrequire the dewateringof the lake, followedby the removalof all waste to the
lake where it wouldbe mixedwith lime in sufficientproportions to noutralizethe contained acidity
before placementbelowthe ultimatewater level. Followingplacementthe wastewouldbe covered
witha thin layerof fmegrained till to preventconvectivetransport of dissolvedoxygeninto the waste,
and the lake allowedto flood. The water qualityat the outlet from the lake willbe controlledby lime
addition and settlingprior to discharge,until the lake water qualityimprovessufficientlyto allowdirect
discharge.

5.43 Cost/Benefit Estimates

Mine plugging:

The geomeny of the mine outlets is not knownand an allowanceof $150,000is made for the
installationof an appropriate plugor plugs.

Waste dumps:

i) Syntheticmembrane

Cost estimate

Diversionditches $40,000
Bedding,membrane& cover 20,000sq.m @ $20 $400,000
Vegetationestablishment SLQ:52

TOTAL $445.000

Allowanceshouldbe made for the cost of longterm replacement of the membrane. The effectiveness
of the abatement willdepend partlyon wether anygroundwaterleachingis occurring. In the absence
of anygroundwaterkarhing, it shouldbe veryeffective,sincethe transport mechanismis esscntially
eliminated



1i) Water cover

Cost estimate

Lake drainageand water control
Waste removalto lake
Lime addition
Till cover placement

38

allow
80,000cub.m@ $4
4,000tonnes @ $100
10,000cub.m@ $6
TOTAL

$100,000

$320,000

$400,000
160.000

$ 880.000

During wasteplactment in the lake the water qualityin the lake willhaveto be controlledby
treatment. Once the water qualityhas improvedto the extent that it can be dischargedwithout
treatment, the abatementshouldbe effectiveand longterm. Little or no longterm maintenance
shouldbe neccssary.

53 LokkenVerk

55.1. AMD Impact

The locationof the Lokkenmine is shownon Figure 9 (Burridge,1985). A section through the mine is
shownin Figure 10,and Figure 11showsthe locationof the mine wastedeposits and tailings(NIVA,
1983). Miningof this depositstarted in 1654and about 20 milliontonnes of ore grading2.5%copper
and 13% zinchas been extracted. Present miningisbased on the Astrup shaft.

The mine is locatedon the steep slope of the west embankinentof Raubekkenstream, in a highly
populated area. AMD drainingto Raubekken,as measured at station 7 (see Figure 11) carries an
annual contaminantloadof 42 tonnes copper,54 tonnes zinc,292tonnes iron and 4745tonnes
sulphates. Loadingsat stations2,5and 6 account(NIVA, 1983)for onlyabout 30% of this loading
indicatingthat the majorityof the load reaches the stream viagroundwater. Raubekken is currently
entirelydivertedto the SvorkmoPowerStation from whichit flowsinto the River Orkla at Svorkmo,at
whichpoint dilutionis so great as to lirnitthe impact of the AMD. Becauseof the high costof
abatement at this site, the most economicoption maybe to maintain the current diversionof
Raubekken. Concernexistsif such diversioncannotbe continuouslymaintained.

Previouslysome500,000cu.m/year of mine water drained from the Wallenbergworkingsinto the
Astrup mine. Anyminewater to be disposedof was dischargedviagravityflowthrough a wood stave
pipe to the sea. This drainagewascut offby installingthree plugsin (be drifts draininginto the Astrup
mine. The old mineworkingsare expectedto flood to the outlet levelnear Fearnley shaft in about two
years, potentiallyaddingto AMD.

The various areas ofAMD concern are descnlzedand discussedin the next section.

5.52 AlternativeAbatement Options

i) AMD from the old mine workings.

Mine collapsehas occurredover the old workingsand it is not feasibleto scal inflowsto the mine.
Dischargewillultimatclyoccur at the qualityof the surfacewaters in the mine. Samplingof the surface
water in the Wallenbergshaft indicatesan improvementof the water qualityas it rises (communication
with raine personnel). Thismaybc due to the establishmentof a contaminant concentrationgradient
in the mine. Shouldsucha concentrationgradient'remain stable then it is possiblethat the quality of
the water drainingfrom the minewillbe considerablybetter than the averagein the raine. There will
bc a flowgradient fromthe retharge arcas towards the outlet and this maycause upwarddisplacement
of the poorer qualitywater. The potential for this maybe checkedby installingsubmergedsampling
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points in the Fearnleyshaft betweenthe 200and 120levelsand conductingmine surfacewater
pumpingtestsprior to minc water reachingits dischargelevel.

The time to dischargecanbc delayedfor a fewyearsby allowingminewater to drain to the Astrup
mine,but thiswillrequire sealingof the ventshaft in the Orklavalley.

ExperienceofAMD from other floodedminessuggeststhat contaminateddrainage can be anticipated,
though the qualitymayimprovedue to the floodingof mostof the exposedsurfacesin the mine.
Provisionmaybe made for the longterm collectionand treatment of this drainage or re-
implementationof the sea disposalsystem. The volumeand qualitymaybe improvedbysealingoff
inflowsand increasingthe levelof floodingbyinstallingadditionalplugs. The potential for this is not
knownto the author.

Collectionand sea disposalor treatment involvesconventionaltechnologyand is effectivebut requires
longterm care and maintenanct.

Newtailingsarea

Newtailingsare placedin tailingsimpoundments2 km west of the mill. The embankmentsfor these
impoundmentsare constructedof apparentlynon-acidgeneratingcoarse float tailingswithan upstream
facingof filter fabricand ccmentplaster. The cement plasterwasobservedto be fractured and
cracked,resukingin considerableseepagethrough the embankment Tailingsare placedunder water
and againstthe upstreamfacingto help seal the embankment. It is understood that these tailingswill
be abandonedin a floodedconditionto preventacidgeneration. It wouldbe appropriate to evaluate
the long term stabilityof the embankmentfacingand the potential for pipingunder a long term water
cover. A water coveris consideredto offergood, long term control of acidgeneration in these tailings.

Old tailings

Approximately3 milliontonnes of ore washings,old flotationtailingsand metal hydroxideprecipitates
havebeen placedin variouscontiguousimpoundmentsconstructedon the east bank of Raubekken.
Recentlyunsurressfulattemptswere made to process these old tailings. At the time of the visittailings
were beingexcavatedand movedto terrace the tailingsarea to form a parking lot and playingfields.
An inspectionof someof these old tailings(3 to 10yearsold) indicatedthat oxidationhad penetrated
onlya fewtens of centimetersinto the massof most of the tallings,though penetration to 2 meters was
observedlocallyin dessicationfractures. In areas of highwater table the penetration was evenless.
Alongembankments,such as alongRaubekken,extensiveoxidationhas occurred. StrongAMD from
surfaccdrainageand seepageis apparent. Unless this is abated it maybe expected to get worse as the
dessicationand oxidationfront penetrates further.

Abatement measuresthat maybc consideredare:

Dredgingand pumping(or hanling)to the newtailingsimpoundmentsfor disposalwitha
water cover. This is an extremelyhighcost option but provideseffectivecleanup, in the long
term, for Raubekken.

Stabilizationin-situwitha syntheticmembrane cover. Thiswould involvethe constructionof
stableembankmentsalongRaubekken;contouringand coveringthe tailingswith a synthetic
membranewithsuitablecoverand reclamation. Surfacewaterswillbe diverted around the
tallingsarca in diversionditches. WhilecOnsiderableAMD abatement willresult there will
stillbe signiticantgroundwaterleachingof the tailingsand tailingscontaminantsbecause of
the tailingslocationrelativeto groundwaterdisrharges. Thus there sal continue to be
considerablyreduced but signiticantcontaminantyieldsto Raubekken.
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As for b) exceptthat the upper surfaceof the tailingswillbe coveredin sandysoilsto allowthe
accumulationof surfacewater,`bogi,or subsurface4ponding'ofwater on the tailingsto prevent
air and oxygenentry. Becauseof the increasedhydraulicgradient and infiltrationthrough the
tailings,the contaminantyieldfrom this optionwillbe significantlygreater than for b).

Canalizationof Raubekken,from abovethe AMD impactedzone, to isolate it from the AMD;
and the collectionof allAMD reachingthe valleybottcm whichwould then be treated or
dischargedto the sea. A possiblecanalizationand collectiondrain section, for installationin
the valleybottom, is illustratedin Figure 12. Installationof the ranal and drains in the narrow
valleybottom willcause some inconvenience.It maynot be possibleto maintainisolation
duringlarge floodflowperiods. The measure shouldbe effectivein that it providesnot only
for AMD from the tailingsand knownsurfacesourcesbut alsoAMD from all other sources
dischargingviathe subsurfaceto Ruabekken. Longterm maintenanceof the systemwillbe
required.

iv) Wastedumpsadjacent to mill

Approximately3 milliontons of mine and millwasteshavebeen deposited on the steep slopesadjactint
to the mill. These dumpsare standingat their natural angleof repose. Attempts to coverand
revegetate them has been successfulfor their relativelysmallupper surfacesbut unsuccessfulon the
large slopingsurfaces. The hill side slopesare generallytoo steep for the dumps to be flattened to
enable either soil or syntheticmembrane coversto be placed. AMD abatement options that maybe
consideredinclude:

Removaland placementin the newtailingsimpoundmentwithwater cover. While this is
consideredan effectivelong term abatement measure it is alsoextremelycostly.

Consolidateisolatedacidgeneratingwastepiles;installditchesfor surfacc diversionof
uncontaminatedwater; coverupper surfaccsand anysurfacesthat can be adequatelysloped (3
horizontalto 1vertical)withsyntheticmembrane to reduce infiltration,flatten remaining
slopesas muchas possibleand, wherepossible,place a lowpermeabilitysoil cover,usingcable
toolson the slopes. Whilesome abatementwilloccur it willbc marginal. This alternative
considersthose measures that can be relativelyeasilyachieved,but benefits are minimal.

Canalin Raubekkenand collectAMD as per d) above. Comments on abatement are also
similar.

v) Waste surroundingFagerlivatnand Bjornlivatn

Large quantitiesof wasteand hand pickedore surround Fagerlivatnand lie along the drainage to
Bjornlivatn.The coarse float tailingsappears to be non-acidgeneratingand is placed abovethe acid
generatinghand pickedore. Some of these dumps are currentlybeing coveredwitha shallowlayer of
peat and organicsoilsto establisha vegetationcover. It is considered that such revegetationwilldo
little to preventAMD. Fagerlivatnreceivedmine water in earlier years and may contain accumulated
sludges. A seepsurveyand dump acidgeneration surveyshouldbe conductedon all wastesto identify
whichare and whichare not acidgencrating. Abatement measures that may be consideredinclude:

Syntheticmembrane coversas previouslydiscussedfor other sites. While this willprevent
infikrationand oxygenentry, it willnot preventgroundwater leaching. The resulting
abatement is not readilyanticipatedbut if shouldresult in a significantimprovement.

Water cover,achievedby raisingthe levelof the outlet to Fagerlivatnand movingwastesbelcw
the floodlevel. Submergedwastepilesshouldbe neutrali7rd to stabilizestored acidityand
coveredwith a layerof soil to preventconvectivetransport of oxygeninto the waste and rapid
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leachingof stored contaminantproducts. To allowconstructionit maybe necessaryto
temporarilyreduce the water levelin the lake by pumping. Becauseof the large contaminant
load in the submergedwastesit willtake some time for the water qualityto improve. The long
term control shouldbe effective.

c) Collectionof drainage from these lakes and treatment or dischargeto the sea.

5.53 Cost/Benefit Estimates

The areas impactedare large and complexand a cost estimate for alternativeabatement options is
beyond the scopeof sucha conceptualassessment. An assessmentof the potential effectivenessof
each of the abatement measures has been includedin the previoussection.

5.6 Skorovas Gruber

5.6.1. AMD Impact

The locationof Skorovasmine is shownon Figure 13. Mine productionstarted in 1952withore
averaging37%sulphur, 1.1%copper and 22% zinc at a producnonrate of 500tonnes per day. AMD
from the mine site impactstwo differentdrainages as indicatedon Figure 13. The mine has recently
shut down.

Mine water is drained at an averagerate of about 2 l/s from an adit (originallythe explorationadit) to
Stallvikelvacreek whichdrains to TunnsjoenLake, 10km from the mine. Timnsjoenlake, at 90 sq. km,
is the .5thlargest lake in Norway. Stallvikelvacreek is heavilypollutedand the contaminantdischarge
to the lake in 1985wasapproximatelyas follows(NIVA, 1987a):

Copper 1.5tonnes/year
Zinc 30 •
Iron 50 •
Sulphate 800 '

Impact on Tunnsjoenlake is confmedmainlyto StellvekelvaBayat stationsAl0 and A29 where copper
levelsof about 0.015mg/1and higher are measured (NIVA,1987a). The effect on fishingis difficultto
determine as the regulationof the lake for hydroelectricpurposeshas a large impact on the lake
fisheries.

A wastedump of about 600,0(X)tonnes has been duraped on the steep slopingtopographyadjacent to
the mine. Drainagewater from this waste dump,outcrop, mill,and old milltallingsdrain into
Dausjoen lake (30ha - 4 millioncu.m). In the 1970'sthe heavymedia tailings were placed in the lake;
later dozed into the lake and nowform a terrace 1 m belowthe surfaceof the lake. A diversionditch
has been constructed(blastedinto rock) to divert cleanwater around the waste duraps. A collection
ditch collectsa substantialpercentageof the lowpH AMD from the wastedump and directs it to a
limingstation at the dischargeto Dausjoenlake. Since 1963 floatationtailingshavebeen placed, at a
pfl of about 8 to 9, into the lake.

Natural acid drainage to the lake,prior to mining,resulted in a dead lake (personal communication
withmine personnel). At the exit to Dausjoen lake the limingstation adds hydrated lime
(approximately230tonne.sin each of the last twoyears) to the minc wasteand milldrainage and this is
dischargedto the creek flowingto Store Skorovatti.lake (60 ha). The creek acts as a mixingchannel
and sludgesare settled in Store Skorovatnlake. The metals loadingin this flowin 1985was the
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Copper 11.2 tonnes/year
Zine 35.7 "
Iron 23.0 '
Sulphate 774 '

Reductions may be occurring as a result of mine shut down but insufficient data is to hand to quantify
this. Discharge from Store Skorovatn flows to the Namsen river. The NIVA , 1987a, report indicates
that water quality in (be Namsen was being effected at times particularly prior to 1976 when average
concentrations of about 211and 60 micro grams/1 of copper and zinc were experienced at station E4
shown on Figure 13. This report also serves to demonstrate that while copper is settled in Store
Skorovatn, zinc tends to be flushed through, possible as a result of dissolution. The high volumes of
sludges lining the flow path to the Namsen provide a source for metal loadings should the pH of this
drainage ever be allowed to drop.

5.6.2 Alternative Abatement Options

Mine drainage

The layout of the mine workings are not known to the author. It may be possible to achieve some
abatement by plugging the exploration adit and the main mine entry. The location of discharge would
have to be established and the drainage direction and impact evaluated. Fish mortality tests would help
to determine the consequences of lake water degradation and hence the need/benefit of abatement on
this drainage.

If treatment of AMD is to continue in the Skorovatn drainage, consideration may be given to the
diversion of (be mine drainage to this drainage. This could be achieved by constructing a ditch along
contour from the one drainage to (be other.

Waste dumps

Synthetic membrane cover

The potential of placing a synthetic Membrane cover on the wastes should be considered. To achieve a
stable protective cover on the synthetic membrane, the waste must be sloped at no greater than 3
horizontal to 1 vertical. Because of the steep terrain the required flattening may be impractical - it
must be investigated. Alternative protective covers would be very costly. Such a cover would
effectively prevent infiltration. Groundwater leaching at the site is probably low, if any. Surface water
diversion could be improved by installing more effective lined diversion ditches. Thus the AMD
transport could be reduced to a small fraction of (he current value, effectively abating AMD. Lang
term maintenance and replacement would be required.

Water cover

The following sequence of events is envisaged. Drain Dausjoen Lake, treating the discharge water.
Spread lime in the lake basin. Place waste 'in the dry' to levels which will be covered by water, mixing
in lime to neutralize contained acidity. Cover the top and sides of the waste, including the old heavy
mcdia tailings, with a thin 30 cm layer of till to prevent convective leaching and oxygen transport to the
waste. Allow lake to recover. Some natural acid drainage as well as the AMD from residual mine
disturbance will remain and the quality of Dausjoen lake will be poor. If the pH in the discharge from
the lake drops appreciably then there may be dissolution of the metal sludges deposited in the creek
and Store Skorovatn lake. This potential shouldbC evaluated. Total AMD generation will be reduced
considerably but the improvement in the contaminant load to the Namsen requires considerably more
evaluation. It may be necessary to continue with chemical treatment of drainage from Dansjoen Lake
in the long tertn.
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5.63 Cost/Benefit Estimates

Abatement benefitshavebeen reviewedin the previoussectionand it is not possibleto make rraristic
estimatesof abatement costwithinthe scopeof this review.

5.7 Sulitjelma

5.7.1. AMD Impact

A number of mines havebeen developedover the last one hundred years in the area surroundingLake
Langvatnat the locationsshownon Figure 15. Two minesare located to the south of the lake.

Jalcobsbakkenis an underground,room and pillarmine locatedat a high elevationabovethe lake and
has been abandonedfor about 20years. The mine dips into the mountain and entry wasvia an adit a
short distancebelowthe outcrop. Subsidencecrackingoccursabovethe old workings. The mine is
floodedand AMD is issuingfrom the adit, estimated at 2 l/s during the visit. li appears that seepage is
also occurringfrom a crack at about 20 meters lowerelevationwitha flowestimated at about 5 1/s.
There is a wastepile of about 50,000cu.mjust belowthe adit. Adit and crackdrainage flowsthrough
the duraps and there maybe additionaldischargesnot visiblebelowthe waste. The AMD from the
mine drains to a smalllake and then viaJakobsbakkento Granheibekkenand LangvatnIake.. The flow
in Granheibekkentypicallyhas the followingquality(NrVA, 1987b):

pH 2.8 to 5
Copper 1.5mg/I
Zinc 4.8 mg/1
Iron 57 mg/I
Sulphate 426 mg/1

Some of thc wastchas been used in recent years for road filland for the constructionof a pad at a
camp site. NIVA,1987b,reports that this has resulted in localAMD.

SagmoGruveis a newer, 'dryt mine withan associatedwastedump. Thc qualityof drainage from this
mine has not yet been determined.

A large numberof minesare locatednorth of LangvatnLake. These includeMons Petter gruva,
Gilken/Charlotta gruva,Hankabakkengruvaand NySulitjelmagruva.These are all interconnected
with a strikelengthof about 3 km and a dip lengthof about 1.5km, exiendingfrom about 500 m above
lake levelto 4L)0m belowlake level. There are manyentries and openingsto the mine complexand a
number AMD locationsmainlyinto Giken creek. The typicalqualityof Giken creek is as follows
(NIVA, 1987c):

pH 33 to 6
CoPPer 33 mg/I
Zinc 4.9mg/1
Iron 8.6mg/1
Sulphatc 150 mg/1

It was estimatedduringthe visitto be flowingat a rate of 1130to 1501/s. Numerouswaste piles are
located at variouslocationsalongthe side slopesot the lake.AMD from these have not been
determined.

Both the old smelter and the newconcentratorare located on the north bank of Lanvatn Lake. Wastes
and tailingsfrom these havcbeen dischargedinto the lake forminglarge deltas ( approx. 10ha).
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Current tailingsdischargeis from a opcn ended pipe, 10m belowthe surface,wellout in the lake.
With sucha dischargea high levelof turbidityand suspendedsolidsmaybe anticipated. Suspension
maybe maintainedby the substantialhydro powersurgeinflowsthat occur into the lake. To reduce
these suspensions,considerationmaybe givento de-airingthe tailingsand effectinga deeper, near lake
bottom discharge. The combinedimpactof allAMD to Langvatnlake water is demonstrated by the
concentrationprofilesfor copper as shownin Figure 16(after NIVA, 1987c).There are no fish in the
lake. Langvatndischargesto Lake Orevatnwhichis also substantiallyimpacted. Copper concentration
profilesfor Orevatnare shownin Figure 17. A significantand possiblyincreasingimpact is apparent.

5.7.2 AlternativeAbatement Options

Jakobsbakken

If the AMD from the scatteredwastesare significant,theymaybe excavatedand consolidatedwith the
main wastes. Becauseof the leachingof the base of the main waste pilebyAMD from the mine there
is little benefit in coveringthe pile in-situ. Considerationshouldbe givento removingit to a new land
locationand coveringit witha syntheticmembraneliner,or placingit under water cover in the small
lake ncar to the mine. These measuresshouldeffectivelyabate AMD from the wastes.

AMD (romthe mine appears to be the major sourceofAMD. It maybe partiallyabated by plugging
the current outlets, though onlylimitedadditionalminefloodingis anticipated,if any. The potential
for divertinginflowsinto the mine through surfacecracks,usingdiversionditchesor cracksealing,
shouldbe investigated.Abatement of the remainingAMD maybe achievedby makingthe maximum
use of naturalbiologicaltreatment in natural and enhancedwetlandsalong the flow path to Langvatn
lake.

ii) Mine wastesand tailings(rom minesnorth ofLangratn

A detailedsurveyof the locationof all wastesand acidseepage is required to identifythe sourcts.
Followingthis definitionalternativeremedialmeasurescan be proposed. The followingare a list of
possibleactionsthat maybe consideredfor depositsthat were identifiedduringthe site

Slagand tailingsdelta: The materialslocatedabovethe water table in these deltas couldbe
dozedor dredged into the lake so that a water cover can be developed. Mixingwith lime
duringremovalmaybe appropriate to neutra1i7estored acidity.

Acidgeneratingwasteslocatednear to the lakecould be removedto the lake in a similar
manner.

Acidgeneratingwasteson land dumpsat higher elevationscan be coveredwith till or synthetic
membrane covers.

AMD (rom mine workings.

Abatement of this AMD is a difficultproblem. The secure technicalsolutionis collectionand
treatment, for whichthe on goingcostswouldbe high. Other solutionswouldinvolve:

sealingthe minesto water and air entry. The potential for this appears low.

pipingthe water to the sea. Thiswouldprobablyinvolvea pressure pipeline along the road
route. Advantagecouldbe taken of the nitural head availableat the AMD dischargepoints to
avoidthe need for pumping.
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5.73 Cost/Benefit Estimates

A realistic assessment of cost/benefit for the alternativeabatement melasuresat this site is not practical
at this stage.
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6.0 CONCLUSIONS

The impactofAMD from operating and abandonedmine sites in Norwayis substantial. Lakes such asLangvatnand Orevatnhear Sulitjelma,Tunnsjoenand StoreSkorovatnat Skorovas,OrvsjoenatSekstusGruveand Djupsjoennear Roros are all impactedto the extent that their aquaticqualityandfisheries are affected. Rivers Glama and Guala near Roros are similarlyimpactedand the Namsenand Orkla riverscouldbe further impactedif adequate abatennentmeasures are not implementedormaintained.

Byimplementingabatement measures it is possibleto reduce the impactsand achievebeneficialgainsin environmentalquality. The responsibilityof implementingabatement measures at old abandonedmines accruesto the State. The extent to whichpublicfundsshouldbe expendedon abatement isdependant on the perceivedbenefits,quantifiableand indeterminate. The quantifiableimpacts(suchas loss of fisheriesproductivity,effectson sports fishingand tourismor recreationalvalue),can betranslated into monetaryterms, but this has not been done for anyof the mine sites in Norway. Bycomparingthe costsof alternativeabatement optionswiththe fiscalbenefits it is possibleto arrive atone measure of the appropriate levelof abatement.

At operatingmines there is the issue of the coasequencesof additionalimpactsresultingfromproposed close-outmeasures. The damage resultingfrom suchadditionalimpactscan be translatedinto ficralterms and this used to assessthe appropriate levelof abatement.

The questionof whoshouldbear the costs of abatement is a matter of opinion. The author'sperceptionis that the mineralsrecoveredin the generationof the wasteswere used for the benefit ofthe citizensof the State,providingemploymentand taxes. lite liabilityand benefits,as theywereunderstood,were acceptedby all beneficiariesat the time of project initiation. It is appropriate thattheyall share in the incrementalcosts ofAMD abatement required as a result of recognaion of anincreasedimpactand the desire to abate that impact.

Selectionand developmentof the most appropriate abatementoptionsat the variousNorwegianmineswillrequire a programof site, sources and impactcharacterization;alternativesdesignand evaluation;implementationand monitoring. It is recommendedthat thosesiteswhere the abatement options willpotentiallyhavethe best cost/benefit be consideredfirst. Kjoliappears to be the site most worthyofearlyinvestigationand abatement.

At the same time as workingtowards abatementat the abandonedmine sites, attention must befocusedon operatingminesand their proposedclose-outmeasures. h is recommendedthat eachoperatingmine be required to prepare an abandonmentplanwhichincludesthe site, waste andenvironmentcharacterizationnecessaryto allowthe impactsand costsof the proposed close-outmeasuresto be evaluated. h maybe necessaryto providetechnicaland/or fmancialassistanceto themine to be able to do so. The early developmentof the close-outplan allowssome of the abatementand close-outmeasuresto be performed as part of the ongoingoperations of the mine, often withconsiderablesavings.An early developmentof the close-outplan also allowsprovisionto be made forthe ftscalrequirementsof the plan.
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ALTERNATIVEACID MINE DRAINAGEABATEMENTMEASURES

Dr. A. MacG. Robertson,President,Steffen Robertsonand Kirsten

(B.C.) Inc.,Vancouver,B.C., Canada

INTRODUCTION

Acid mine drainage (AMD) is recognized as potentially the single

largest cause of detrimentalenvironmentalimpact resultingfrom the
mining of ores. There are currently over 2 billion tons of
potentiallyacid generatingtailingsin Canada (John, 1987). If the
cost of abatementmeasures were $1.00 per ton, an approximatefigure
which appears to apply in many cases, this represents an industry
liability of at least 2 billion dollars. This figure does not
provide for any consequentialcosts for environmentaldamage nor does
it allow for abatementof AMD from mine wastes other than tailings.

AMD from abandonedand operatingmines in the USA has resulted in a
large number of these properties coming under mandatory Federal
clean-up and abatement as a consequence of the US Comprehensive
Environmental Response, Compensation, and Liability Act of 1980
(CERCLA) and Superfund Amendments and Re-AuthorizationAct of 1986
(SARA). Under these acts Federal Authorities are empowered and
required to investigate sources of environmental impact, implement
remedial actions, compensate those who have suffered significant
damacieand recover the costs of these actions from those responsible
for causing the environmental damage. Natural resource damage,
resulting from AMD, and related remedial costs suits under this
legislationcurrentlytotals many billionsof dollars.

The US experience serves to demonstratethe level of public concern
(as reflectedin US legislation)and the responsibilityand liability
that the US public has attributed to the US mining industry.
Canadian industry should anticipate similar responsibility and
liability.

Both mining industryconcernsand public concernshave developedas a
consequence of increasing environmental awareness and relatively
recent realizationof the long-termdetrimentalimpact of AMD. The
industry finds itself with a liabilitywhich it neither anticipated
nor fully understands. Industry has not had sufficient time, or
financial resources, to develop a complete understanding of the
processesof AMD and has, as yet, not been able to develop a secure,
cost effective control technology. It is necessary that the mining
industry, together with the public that benefits from it, and the
regulatory authorities responsible for its promotion and control,
work together to find and implement control technology that will
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provide adequate abatementof existingAMD and permit the continued
recovery of natural resources from mineral deposits with potential
for AMD.

This paper presents a brief review of availableand alternativeAMO
abatementtechnology. It considersprimarilythe technologyrelevant
to mine waste and tailings,though some of the techniquesmay also be
applicable to exposed pit walls and drainage from underground
workings.

Technology for AMD abatement is most extensivelydeveloped for the
coal fields of the eastern United States. This technology is
valuable, particularly as regards AMD collection and treatment.
There are a number of fundamentaldifferences between typical AMD
from hard rock waste dumps and local overburden spoil piles. For
example, coal overburden in the eastern US usually contains a high
percentage of slaking mudstones or shales. Large changes in
permeabilityof these materials, with time, results in substantial
natural reductionsin infiltrationand oxygen penetration. Hard rock
waste dumps remain highly permeableto both water and air for a long
time and similar reductions in AMD do not occur as rapidly. There
are also differencesin the nature of the soluble metals. Transfer
of this technologymust be done with due caution.

A distinction must be drawn between existing deposits and new
deposits. The technical options available for AMD abatement are
considerablygreater at new deposits than at existing deposits. At
existing deposits, abatement measures are limited by the site
specific and deposit conditions. Further, the operator of an
existing deposit is limited by the economic constraintswhich have
developed as a result of planning that may not have included
provisionfor AMD abatement. The necessitynow to include provision
for abatementmay demonstratethat the cost of such abatementcannot
be supported by the remaining resource value. This is amply
demonstratedby the lack of funds availableto abate AMD at abandoned
mine properties. Under these circumstances,the always important
factor of 'cost of abatement' becomes a crucial factor, which may
eliminatesome of the otherwisemore appropriatealternatives.

KINETICSOF ACID GENERATION

An understandingof oxidationand acid generationis essential in the
developmentof abatementmeasures.

The process of acid generation in mine wastes has been described by
numerous workers includingKnapp, 1987; Paine, 1987; Errington and
Ferguson,1987. It is a time dependentprocess controlled primarily
by:
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the presenceand nature of reactivesulphides.
availabilityof water.
availabilityof oxygen (convectionand diffusion)
bacterialaction
temperature
pH or presenceof base alkalinereactants

If a base source is present (and available) in the waste in
sufficientquantities,the acid productsare immediatelyneutralized
and additionalacid generationis inhibited. This effectivelyabates
AMD. Most mine wastes contain at least some base potential.
Unfortunately this base is sometimes not all available for acid
neutralization, or it becomes available at a rate which is
insufficient to neutralize the acid at the rate at which it is
generated. Figure 1 illustrates,diagrammatically,the availability
with time of base and acid in two hypothetical materials. Both
materialshave a net acid generatingpotential. Material type A does
not produce sufficientacid for all the base to be consumed,and AMD
does not occur in the time period of interest. pH controls may
prevent material type A from ever producing AMD. Material type B
produces sufficientacid that, after a period represented by OF, it
becomes acidic, and thereafteracid generation rates increase as a
result of bacterial action and other pH dependent reactions and AMD
becomes severe. Thus AMD is dependent not only on the acid/base
potentialof the material, but also on the total quantities of acid
or base that are availablewith time.
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Acid generation prediction techniquesare described by Ferguson and
Erickson,1987. Both static and kinetictests are used in an attempt
to determine the long-term behaviourof the wastes. Concern exists
that the conditions imposed during some testing, to accelerate the
time dependent reactions, result in unrealistically conservative
results.

For coarse waste materials spiked (acidulated)tests may be more
appropriate. Waste is not mixed or blended to the same degree as
tailings. A single small quantity of highly acid generating waste
may be mined and placed, without intermixing,in the waste pile.
This small quantity of rock waste may become acid generating, long
before the remainderof the waste in the pile, and act as a seed or
natural spike for the remainderof the pile. Thus the initiationof
AMD in wast rock dum $ ma be tri ered b such natural seed
uantitiesand not b the more t ical avera e condition .

The extrapolationof laboratoryor field acid generationtest results
to estimates of AMD from a field deposit requires that the field
deposit be modelled. Such modelling is extremelycomplex. The most
comprehensivemodellingprogram developedto date (RATAP or Reactive
Acid TailingsAssessment)was developedfor acid generating tailings
and has been calibrated against the Elliot Lake uranium tailings
(SENES and Beak), 1986. This model requires calibration for
application to other tailings and must be further developed for
applicationto waste rock. This model must be linked to other such
modellingprogramsto evaluatethe full pathway for any AMD before it
impacts surface waters. The current state of the art is such that
the redic ive accurac of lon -term modellin of new tailin s or
mine waste de osits is extremel uncertain. Thus it is also ver
diffi ult t evaluate the absolute effects of alternative abatement
measures in the lon -term. Modelling does permit an effective
evaluation of the comparative effects of different abatement
measures.

ALTERNATIVEABATEMENTAPPROACHES

Alternativeapproachesto AMD abatementare reviewed in this section,
while the effectivenessof specificabatementmeasures are evaluated
in the sectionentitled 'AlternativeAbatementMeasures'.

AMD abatementmay be divided into three broad approaches: control of
acid generation; control of acid migration; and collection and
treatmentof AMD.
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CONTROL OF ACID GENERATION

Acid generation control implies the prevention of acid formation.

This requiresone or more of the following:

Removalof acid generatingmineral
s. Methods of pyrite removal

have been evaluated by Hester and Associates, 1984 and it has

been concludedthat the economicscannot genera
lly support this

alternative.

Rendering acid generating minerals inactive by developing

chemical coatings. Hester and Associates, 1984, demonstrate

that while these approaches hold promise they do not as yet

representapplicablete
chnology.

Exclusionof water. This would require dry placement and the

exclusionof any infiltration. Such conditions could only be

achievedwith a synthetic membrane cove
r. Clay or other low

permeability soil covers have been evaluated by Steffen

Robertson and Kirsten (1986a) in the context of covers for

uraniumtailings. It is concludedthat long-termdegradationa
l

effectswould result in sufficientwater penetratingthe cover

to enable acid generationt
o continue.

Exclusionof oxygen. Entry of oxygen into the reactive waste

is controlledby:

the convectionof air into the waste. Convection plays

an important role in coarse waste piles. Daily and

seasonalvariations in
barometricpressure res

ult in the

pile 'breathing', almost like a lung. Temperature

differentialsbetween the interior of the pile and the

ambientair, particularlyin instanceswhere the heat of

oxidation has elevated temperatures, result in thermal

convection.

the diffusion of oxygen through the cover or into the

water. TIgediffusivityof typical dry tailings is about

2.0 x 10-' cm/sec (Halbertet al, 1983). At this value,

unacceptablyhigh rates of oxidation and acid generation

are being experiencedin the reactive tailings at Elliot

Lake and many other tailingsdeposits. Diffusion rates


into coarser waste must be considerably greater.

Tailings therefore are not considered a suitable

candidate material for the elimination of acid

generation,by either placing as a cover or by injection

into the waste. Studies of diffusion through uranium

tailings (Silker and Kalkwarf, 1983) have demonstrated
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that similardiffusivityvalues are obtainedfor typical
soils, includingclayey soils, if they are dry or only
partiallysaturated. Thus dry soil or clay cover layers
are also probably inadequate as oxygen excluders,
although they may play another, more effective,role as
inhibitorsof the water transportmedium, as discussedin
the next section. The rdiffusivity of oxygen through
water is about 2.0 x 10-' cm/sec (Klohn Leonoff, 1981),
i.e., about four orders of magnitude less than that for
typical dry tailings.

Water covers have been demonstrated to be effective for
tailings, reducing acid generation to very low levels.
Figure 2 shows the correlation between the diffusion
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coefficient for a gas and the moisture content of
tailingsas determinedby Rogers and Nielson,1981. This
figure demonstratesthat a high degree of saturation is
required to reduce diffusion to values approachingthat
of water cover. 1f a saturated layer can be developed
above the tailingsthis would providean effectiveoxygen
barrier. Maintenance of saturation is important,
requiring either the establishment of permanent bog
conditions,or the design of a complex layered cover to
trap precipitationand inhibit evaporation as has been
proposed for the Faro Mine tailingsin the Yukon (Steffen
Robertsonand Kirsten,1986b).

Controlof bacterialaction. Once the pH in a waste pile drops

below about 4.5 bacterial action increases the rate of acid
generationby five fold or more. This bacterialaction cannot
be controlledby sprayingor mixing the waste with bactericides
(Sobek, 1987). Only biologicalacid generation is controlled

in this manner, and the period of effectiveness of the
bactericidemust be taken into account.

Temperaturecontrol. The rate of acid generation depends on
temperature as illustrated in Figure 3 (Knapp, 1987). The
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effect of temperatureis consideredto be large in the northern
parts of Canada. Diffusionin gases varies as a power of the
absolutetemperature,somewhatgreater than 3/2. Bacteriaalso
are less active at low temperaturesand become dormant during
the frozen season. The periodof elevatedsummer temperatures
may be too short to allow the bacteria to become fully active
and propagate. This is demonstratedby low bacterialactivity
at the Faro Mine in the Yukon, (SteffenRobertsonand Kirsten,
1986b). Placement of a cover has the effect of reducing the
maximum temperatures of the upper surface of the reactive
tailings, with a commensuratedecrease in the rate of acid
generation. Frozen conditions effectively reduce acid
oeneration. In areas of permafrost, the potential for
achievingpermanentlyfrozenconditionsprovidesa means of AMD
control. In marginal or discontinuous permafrost areas,
considerationmay be given to the developmentof natural frost
inducing conditions, or the use of artificial frost inducing
devices such as Cryopilesor thermalsyphons. These procedures
are as yet experimental.

vii) pH control. The effects of pH on biological and chemical
oxidation rates are illustrated in Figure 4 (Knapp, 1987).
Control of pH can be used to reduce both the chemical and
biological oxidation rates. Control is achieved by adding
limestoneor lime (or other alkalinematerials)to the waste or
spreading it on the surface of the pile. Again, acid
generation is not eliminated,and the effective period of the
pH control must be considered. The addition of an alkaline
material, however,has the advantagethat acids are neutralized
as they are produced,reducingthe potential for low pH water
to dissolve and transport metal contaminants from the piles.
The neutralized acid products remain in the piles. Many of
these products are more readily soluble in acid drainage, and
regenerationof AMD would result in an increasedenvironmental
impact. Redevelopmentof AMD must thereforebe prevented.

CONTROL OF ACID MIGRATION

Acid migrates as a flow of low pH water from the waste pile into the
environment. Because of differencesin permeability,coarse waste
dumps and tailings deposits do not behave the same, and abatement
measures have differenteffects.
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Coarse Waste Dumps

Coarse waste dumps have a very high permeability to both air and
water. Oxygen and water are availablealmost throughout the dump,allowing acid generation and reaction products to be distributed
anywherewithin the mass. Precipitationand surface flows onto the
dump infiltraterapidly. Runoff is often low. Flow through the dumptends to follow preferred channelsalong which the acid products are
regularly flushed out. There are zones in the dump that are seldom
flushed by running water but receive moisture as a result of water
vapour migration and condensation. These condensates may become
highly acidic and trickle down to join the less acidic flows. The
combined flow exits the toe of the dump, or enters the foundation

soils to form a subsurfacecontaminantplume. Flow through the dump

is rapid and rainfall often produce increasedflow from the dump toe
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within minutesor hours of the start of the rain. The dump acts as a
store of acid products,which are partiallyflushed out from time to
time. Concentrationsof contaminantsin the toe seepage may reflectthe flushing history. During periods of intense flushing, theconcentrationof contaminants in the AMD may reduce. Conversely,after a periodof low infiltrationand flushingthe first significantrainfall may result in both high concentrations and large AMDloadings. Figure 5 illustrates diagrammaticallythe flow rate,concentrationand loadingvariationsthat have been experiencedat atypical small sized hard rock waste pile in British Columbia at alocationwhere high rates of infiltrationare experiencedin June andOctober (SteffenRobertsonand Kirsten,1987).

Sulphide oxidation commences as soon as the first coarse waste isplaced in the dump. Thus AMD from the toe of the dump can sometimesbe detectedwithin a few months of waste placement,depending only onthe time required for art of the dum to become acid generating(refer Figure 1).

Tailings Impoundments

In contrastto dumps, infiltrationand flow of air and water through
tailings impoundments is restricted by the relatively lowpermeabilityof the tailings. This flow restrictionresults in thedevelopmentof zones of oxidation and contaminantmigration withinthe tailings,as illustratedin Figure6a.

Water infiltratingthrough the tailings surface enters a zone ofpartial saturation,Zl. After passingthrough this zone it joins thewater below the water table in the tailings. Infiltration wateraccumulates in this layer, Z2, and displaces the original processinterstitialwater downwards into underlying soils (in this casealluvium) where it mixes with the groundwater. Oxygen entering thetailings is consumedwithin the zone of oxidation, Z3, which limitsthe depth in which acid generation occurs to this zone. Waterinfiltratingthrough the tailings surface becomes acidic in thiszone, Z3, and then flows downwards into a zone, Z4, in which theacidic waters react with the alkalies in the tailings and areneutralized. Depending on the rate of reactions and the elapsedtime, the base of Z4 could be above or below the base of Z2. As thesulphides are consumed in the oxidation zone the depth to whichoxygen can penetrate increases, and Z3 increases. As the alkaliesare consumedin the tailings,the depth of zone Z4 also increasesandthe acid contaminatedseepage and other dissolved products progressdeeper into the tailings. After a periodof time, zone Z4 penetratesthe foundationsoils and the groundwaterbecomes contaminated.
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tailings is consumedwithin the zone of oxidation, Z3, which limits
the depth in which acid generation occurs to this zone. Water
infiltrating through the tailings surface becomes acidic in this
zone, Z3, and then flows downwards into a zone, Z4, in which the
acidic waters react with the alkalies in the tailings and are
neutralized. Depending on the rate of reactions and the elapsed
time, the base of Z4 could be above or below the base of Z2. As the
sulphides are consumed in the oxidation zone the depth to which
oxygen can penetrate increases, and Z3 increases. As the alkalies
are consumed in the tailings,the depth of zone Z4 also increasesand
the acid contaminatedseepage and other dissolved products progress
deeper into the tailings. After a periodof time, zone Z4 penetrates
the foundationsoils and the groundwaterbecomes contaminated.

Groundwatercontaminationis expectedto occur first near the edges
of the tailings impoundmentwhere the depth of tailings is least and
Z4 reaches the foundation soils first (refer Figure 6b). This
contaminant load increases as Z4 increasesand a larger portion of
the impoundment contributes to groundwater contamination. The
initial acidic flows reachingthe foundationsoils are neutralizedby
the base capacityof the foundationsoils,which can be very large.

Acid generation in the tailings generally only commences after the
last of the tailings have been discharged to the surface of the
impoundment. Prior to this, acid generation is prevented by the
neutralizationwhich occurs each time a new layer of tailings is
deposited (effectively alkaline control). Once acid generation
starts it may be years (possibly tens of years) before the acid
product front passes through the tailings and foundation soils to
reach a surface discharge location. Surface flows across the
tailings, on the other hand, may produceAMD shortly after tailings
discharge stops, dependingagain on the time period for the tailings
on the surfaceof the impoundmentto become acid generating.

Initiallyit may appear that there are two approaches to the control
of acid migration: (i) control of seepageentr to the waste using
diversion ditches, and low permeabilitycovers and (ii) control of
seepage awa from the waste using liners or cutoff walls.
Interception systems consisting of wells or trenches are not
migration barriers but collection systems and are reviewed in the
next section. In practiceapproach(ii)cannot function in the long-
term since infiltratingwater which enters the waste and becomes
acidic, and which can not escape via seepage,must accumulateuntil
the available storage is filled and then discharge over the lip of
the liner or cutoff wall. Thus the only effective long-term
abatement is infiltrationcontrol and the prevention of groundwater
entry to the waste.
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Groundwaterleachingcan be very difficultto prevent if the slte hasnot been selected to avoid it. Cutoff walls may be considered.Surface infiltrationcan be reduced considerably by diversion ofsurface flows, surfacecontouringto promote runoff, and placing lowpermeabilitycovers. Almost completeeliminationof infiltrationcanbe achieved by a synthetic membrane cover, though provision wouldhave to be made for its long-term replacement. Low infiltrationrates (sufficientto achieve large AMD.reductions)can be achieved byplacing clay or other low permeabilitycovers. Such covers may besubject to degradationwith time, due to erosion, frost action androots.

ACID DRAINAGECOLLECTIONAND TREATMENT

The collectionand chemicaltreatmentof AMD has been the most widelyapplied abatement measure to date. A large number of papers areavailableon the topic (Vachon,et al, 1987). Collectionof surfaceflows is usually fairly readily achieved. The collection ofsubsurfaceflows requiresthe installationof collectiontrenches, orwells, or cutoff walls to force the groundwaterflow to the surface,where it can be collected.

Chemical treatment involves the addition of alkaline materials(usually lime or quick lime), and the settling of the resultingsludges in a settling pond. Major concerns relating to thisabatement measure are the need for long-term treatment, thequantitiesof sludges produced and the requirementfor the long-termstabilizationof the sludges.

AMD can generally be expected to continue for many decades if notcenturies. Treatmentmust be maintainedthereforeduring these longperiods. If there is a breakdownof the treatmentplant, the AMD isessentially unabated for the period of the breakdown. During thisperiod substantial damage may result to aquatic resources inreceiving waters. Thus it is essentialthat such a treatment plantbe built with adequate reliabilityand redundancy to minimize therisk of breakdown. This contrasts with most other abatementmeasures, which fail progressivelyallowingcorrectivemeasures to beimplementedbefore the impact becomesexcessive.

Each tonne of pyrite in the waste has the capacity to produceapproximately 3 tonnes of acid, which, when neutralized, producesabout 7 tonnes of dry sludge. These sludges are extraordinarilydifficult to densify in a settlingpond. Steps taken to improve thedensity (thickening, underdrainage, evaporative drying, etc.)typically result in settled sludge densities of 10 to 15 percentsolids by weight. Thus one tonne cf sulphidesmay produce 70 tonnesof wet sludge.
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Thus a waste pile containing 2% sulphides has the potential ofproducinga volume of sludge that exceedsthe volume of the originalwaste.

Often these sludges are readilyleachableby moderatelylow pH watersand are a potential long-termsource of contaminants. They in turnmust be carefully stored and protected. In the long-term, the
containmentof the sludge may be a conSiderablymore difficult taskthan the alternativemethods of AMD abatement.

Passive methods of treatmenthave and are being investigated. Theseinclude:

i) PassingAMD through limestonetrenchesor channels. The large
volumes of sludge produced result in rapid coating of the
alkalinematerialsand fillingof the voids between them. Thus
the trenches have a short effective life and cannot be
consideredin the long-term.

The effectivenessof wetlands for the biological treatment of
AMD has been well demonstrated (Kalin and Van Everdingen,
1987). A number of difficultiesand uncertainties,however,
still limit the general applicationof this abatementmeasure.

ALTERNATIVEABATEMENTMEASURES

This section provides a brief review of the effectivenessof someabatement measures. Many of the measures are not by themselvessufficientto control AMD from any given site. Used in combinationwith other measures they may yield the most cost effectivemeans toachieve the desired short and long-termabatement.

DIVERSIONOF SURFACEWATER

Diversionof surfacewaters is almost always an inexpensiveeffective
abatementmeasure. Diversion also reduces the potential for erosionof the other measures. Unfortunately,diversionworks are themselveshighly vulnerable to long-term disruptive forces, such assedimentation, debris and ice blockage, erosion, etc., and
maintenanceis usually necessaryat fairly frequent intervals.

Diversion of groundwater,by installingcutoff walls, etc., may alsobe consideredwhere this can preventleachingof the wastes.
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CONDITIONINGOF TAILINGS

Some improvementsin AMD can be achieved by placing tailings in acondition that is more favourablefor AMD abatement. Placement oftailings or wastes entirelyunder water (subaqueousdeposition,i.e.,providinga water cover) effectivelypreventsoxidationand thereforeAMD.

Placing tailingsin a systematicmanagedmanner,to achieve a uniformdeposit with maximum density and minimum segregationresults in theminimum permeability to both air and water. Layered tailingsplacement, with minimized pool areas and maximized dischargedensities is the most suitable placementmethod. This technique isoften referredto as 'sub-aerial'(Knightand Haile, 1983) or 'semi-dry' placement. Reduction in acid generationdue to oxygen exclusionis negligible. Reduction in infiltration(due to reduced surfacepermeability)is significantbut still comparativelysmall. Whereunderdrainageis maintainedthis may increasethe rate of both oxygenentry and AMD. Thus the direct beneficial effect of layeredtailings, on AMD abatement is small, and, in some instances,may bedetrimental. Of greater importance is the improved consolidationcharacteristicsand surface trafficabilitywhich permits easier coverplacement.

The relativelypoor control of AMD providedby layered or sub-aerialdeposition is graphicallydemonstratedby the experience with SouthAfrican gold tailings,where layeredtailingsdeposition is practicedextensively. Oxidation and acid generation has penetrated manymeters, in some cases tens of meters, into these tailings.

COVERS

Covers offer one of the best means for long-term abatement of acidgeneration.

(i) Vegetation

It is desirable to establish vegetation on the waste pile inorder to return the surface to a state similar to thesurrounding environment. Vegetation also serves the veryuseful purpose of reducingerosion and therefore the frequencyof maintenance work (Feldhuizen, Sewek and Blowes, 1987).There is also some evidence that vegetation may produce amarginal reduction in acid generation in the long-term. Rootpenetrationswill result in permeabilityincreases in any clayor low permeability soil layers installed as cover seals.Vegetationhas a significanteffect on the rate of infiltration
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through the cover; this may be either an increaseor decrease
dependingon the precipitationpatternand cover properties.

(ii) Soil, till or clay

Soil covers act:

to shed surface flows
as a poor inhibitorof oxygen entry
as a moderate inhibitorof infiltration
as a temperatureinsulator
to provide a medium for vegetativegrowth
as a sacrificialerosion layer

Infiltrationof air and water through the cover depends on the
permeabilityof the material used as well as the cracks and
holes that may develop over time. Erosion, dessication
cracking,frost action, settlementcracking,piping into coarse
waste, root penetrationand burrowing by biota are all severe
long-termdisruptiveforces,which tend to increasethe rate of
infiltrationand oxygen entry. A recent study of the long-term
integrityof such covers (SteffenRobertsonand Kirsten, I986a)
has demonstratedthat they are vulnerable to these disruptive
forces. Their primary effect is the reductionof infiltration
and under marginalAMD circumstancesthis may be sufficient to
achieve the desired amount of abatement. Modelling programs
are available for the determination of infiltration rates
through simple and composite covers. The HELP program
(HydrologicEvaluation of Landfill Performance,Schroeder et
al, 1984) is an example. Unfortunatelythese programs are as
yet crude compared with actual field conditions,and they are
useful only for comparisonof the effectivenessof alternative
covers and not for determination of absolute infiltration
rates. In a recent study, infiltrationestimateswere made for
a large variety of simple and composite covers (Steffen
Robertsonand Kirsten, 1987). These indicate that in a high
precipitationenvironment,such as the British Columbia coast,
infiltrationthrough a clay cap would still be a significant
percentageof the annual precipitation.

(iii) Syntheticmembrane liners

Because of their vulnerability to puncture, membrane liners
must be installedwith adequatebedding preparationand surface
protectivecovers. They are of low permeabilityand offer the
potentialof acting both as oxygen and infiltrationbarriers.
Thick (2 mm) high density polyethelene (HDPE) membranes are
less susceptible to the disruptive forces effecting soil
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liners,except for the likelihoodof tearing under differentialsettlement and long-term weathering. To allow for long-termdegradationit will probablybe necessaryto provide for liner
replacementin 50 to 100 years.

Water

Water cover is currently the most secure oxygen inhibitingtechnique. It is therefore the most secure AMD abatementmeasure. There are, however, a number of limitations and
disadvantagesassociatedwith a water cover. These include:

It may not be possibleto achievewater covers on some of
the existingdeposits.

Water covers generally imply water retentiondams. Such
structures have the potential for catastrophic failure
and requiremore secureconstructionand maintenance.

Water covers providedriving force resultingin increased
flushing of the wastes. If there are other soluble
deliterious products in the wastes this may result in
increasedcontaminantloadingsto the environment.

For existing piles, removal to an underwater disposal
site may not be feasible because of the loading of
oxidationproducts that have accumulatedsince the waste
was placed.

Reliable water sources must be available to ensure a
continuouscover of sufficientdepth to avoid erosion due
to wave action or water flow.

Placementof the wastes in natural water bodies may have
other environmentalimpacts.

Despite these limitations,disposal of acid generating wastes
in lakes appears to offer a large number of advantages. The
lakes are usually stable basins with an assured water supply,
and adequatecapacityand depth to insure substantialdepths of
water coverage. Costs are usuallylow.

Saturatedsoil or bog

The effectivenessof a saturatedsoil layer, for the exclusion
of oxygen has been demonstrated.
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Bog conditions can be achieved by a combinationof a shallow

soil cover with a shallowwater cover provided for by a water
retaining structure. Under these circumstancesthe tailings
will be effectively under water. The soil helps to prevent
total loss of coveragewhen the water depth reducesduring dry
periods, and it also prevents convective currents and wave
action. Vegetative accumulationis also believed to have a
marginal but beneficialeffect on AMD abatement.

It is also possible to develop a shallow saturated layer of
soil as a perchedwater table on the tailingsas illustratedin
Figure 7. In this cover a layer of tailings slimes are used to
seal the upper surfaceof the tailings. A layer of till serves
as a reservoirto hold water above the slimes. This is covered
by a layer of coarse waste rock (non-acid generating) which
serves to induce infiltrationand retard evaporation. The need
to constructa large water retainingembankment is eliminated.
The long-term stability and effectiveness of such a cover
remains to be evaluated.

BASE ADDITION

Mixing with waste

If low cost sources of base materials, such as limestone, are
availablethe option of mixing them with the waste to render it
non-acidgeneratingshouldbe considered.

Surface application

The potential for acid generation control by surface
applications of alkaline materials is less attractive than
mixing them with the waste. Limestonehas a low solubility in
near neutral water, and the resulting alkaline charge is
therefore small and insufficient to control AMO. Surface
inflows tend to be concentratedat isolated locations such as
depressions,cracks , permeablezones, etc. At these locations
the available alkaline materials are quickly exhausted. The
method has been found to be ineffective.

ALKALINE TRENCHES

(i) Upstreamof waste

The alkaline charge can be increased by concentratingsurface
water flows and directing them through trenches filled with
large quantities of limestone and other alkaline materials
before deliberatelyintroducingthe flows into the waste piles
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(Caruccio and Geidel, 1987). While this method is an
improvement on surface applications, and may have some
applicationto marginal acid producingcoarse rock waste, its
long-term effectiveness and application to tailings is
questionable,becauseof its rapid consumationand blinding.

(ii) Downstreamof waste

Alkalinematerialsplaced in tren-chesconstructeddownstreamof
the waste pile are quicklycoated,blinded and clogged and have
been found to be ineffectivein the medium or long-term.

BACTERICIDE

Mixingwith waste

Bactericidesserve only to control acid generation that occurs
as a result of bacterial activity. The reduction in AMD is
unlikely to reduce contaminant concentrations to levels
required for abatement.The current state of the art is such
that bactericides mixed with wastes during placement may be
effective for up to 5 years (Sobek, 1987). Because of their
partial and short term effectivenessthey are applicable in
only limited circumstanceswhere other forms of control become
the primary abatementmeasures.

Surface applications

Repeated surface applications of sprays are considered
ineffectivedue to selective infiltrationand the very short
period for which the sprayedbactericidesare effective.

COLLECTIONAND TREATMENT


(i) Chemicaltreatment

AMD collection and chemical treatment is currently the most
widely practiced AMD abatementmeasure. It represents mature
and known technology, and it is functioning to successfully
abate AMD impactson the environment. The degree of abatement
depends largely on the percentage of the surface and
groundwaterAMD that can be interceptedand collected. This
measure is most successful where groundwater conditions are
such that seepage releases are naturally concentrated and
guided to a surfacedischarge.

Accumulation of sludge, its storage and long-term stable

containment, is the primary concern associated with this
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measure. Treatment costs often increase with time as themaximum acid generating potential of the waste pile developsand as the naturalbufferingcapacityalong the seepagepath isexhausted. Treatmentcosts are high. Failureof the treatmentplant for relatively short periods can result in largecontaminantreleases,requiringsecure operatingfacilities.

Collection and treatment may be considered as an interimmeasure until a more secure cost effective set of abatementmeasures can be implemented. It may also be required as afinal polishing step to improve the dischargewater qualitiesachievedby other less costly,more reliablebut less effectiveabatementmeasures.

(ii) Peat and woodwastetreatment

Alternativetreatmentmethodsusing peat have been demonstratedby Sridhar et al, 1974, Kadlec and Rathbun, 1983, andDissanoyake and Weerassoriya, 1981. While large percentageimprovementscan be obtained, such treatment requires largequantitiesof peat or woodwaste. Concernsregardingmethods ofchannelingAMD flows to achieveefficientmaterialconsumption,the fate of the metals when the organic materialsdecompose,aswell as the environmental impact resulting from thedecompositionof the organic products render these treatmentmethods as experimental,at best.

WETLAND TREATMENT

Wetland treatment offers much promise as a long-term passivetreatment system at those locationswhere wetlandscan be establishedand maintained. Biologicalactivityreduces in the winter and waterflows through the wetland are canalized by ice formation. Thisconsiderably reduces the effectiveness of the biological activityduring the winter period. Unless adequate treatment can bemaintained all year round it will be necessary to store winter flowsfor treatmentin the summer. This generallyrequiresa large storageand treatment area. The rate of accumulationof sludges,metals andorganic matter is large. This will require the periodicmaintenanceof the wetland. The long-termfate of the metals accumulatedin theorganic deposits so formed have not been determined. These depositsmay themselvesbecomethe sourceof contaminantreleases in the long-term as organic matter decomposes. Where feasible, wetlands shouldbe consiaered as a final polishingstep in the treatmentof residualAMD following the implementation of other abatement measures.Considerable research and field trials are required to demonstratethe long-term effectivenessof this abatement measure and the long-term fate of the metals accumulatedin the organic wetland deposits.
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EVALUATIONMETHODOLOGY

The lack of reliable, accuratetechnologyfor the predictionof acid
generation,the effectivenessof abatementmeasuresand the long-term
changes,makes the evaluationand selectionof the most advantageous
measures difficult. Much of the assessment methodology is
necessarily based on judgement rather than deterministicanalysis.
In a recent study for the abatementof AMD from a waste dump (Steffen
Robertson and Kirsten, 1987) an assessment method was used which
involvedconsiderationof each of the followingfactors:

Practicalityof implementingthe measure
Durability (lifeexpectancy)of the measure
Security/riskof failure
Environmentalimpactsof constructingthe measure
Constructioncomplexityand duration
Inspectionand maintenancerequirements
Effectivenessin reducingAMD

For each alternativeabatementmeasurea point score was assigned for
each of the above factors using a five point scale. The scale values
are illustratedby an example from this evaluationin Table 1. The
point score for each factor was weightedaccordingto the importance
of the factor and the total points counted. This point count was
used to rank the various alternatives. The resulting ranking is
shown on Table 2. A cost estimatewas prepared for each measure
which included the capital and operating costs for 50 years. By
dividingthe cost by the rankingpointsa measure of the cost benefit
is achieved. The cost/benefitvaluesdeterminedfor this project are
also shown on Table 2. They demonstratethat some of the abatement
measures, such as diversion ditches, have a comparatively large
benefitat low cost, even thoughthey are individuallynot capable of
reducingAMD to low levels. Such measuresare of particularbenefit
where funds availablefor abatementare very limited,and they should
be consideredas part of any AMD abatementplan.

The ranking procedure was used for the selection of the most
advantageousalternatives,whichwere then investigatedand evaluated
in greater detail.

LONG-TERMMONITORINGAND MAINTENANCE

It should be the objective of all AMD abatement plans to reduce
monitoring and maintenance to a minimum commensurate with the
available technolo and lon -term costs. The current state of the
art of long-termAMD abatementis that a condition of no monitoring
and no maintenancemay not be achievable,even at very high cost, for



24

some of the existing waste deposits. The perpetual forces of
erosion, weathering, root action, frost action and burrowing
activitiesof biota (insects,animalsand man), as well as a host of
lesser effects,will result in disruptionof abatementmeasures with
time (refer Steffen Robertson and Kirsten, 1986a). To avoid the
detrimentaleffect of these disruptionsit is considerablymore cost
effective to provide for a measure of maintenance, rather than to
attempt to construct structures that will operate without
maintenance,in perpetuity.
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TABLE 2


OPTION RANKINGACCORDINGTO TOTAL OF RANKING POINTS

Rank Points Options
$/Point

HIGH PROBABILITYOF SUCCESS (>95%REDUCTION)

1 124 SyntheticLiner
2 97 ChemicalTreatment

MODERATE PROBABILITYOF SUCCESS (75-95%REDUCTION)

Cost/Benefit

6,612
11,948

1 103 CompactedTill Cover 2,720
2 87 Removalof PyriticWaste to Lakes 13,655
3 82 AlkalineTrenches 10,609
4 79 Waste Removaland Mixing 17,632

LOW PROBABILITYOF SUCCESS (<75%REDUCTION)

1 75 DiversionDitches 367
2 73 In-SituSeep Neutralization 1,643
3 70 SurfaceApplicationof Limestone 12,471
4 62 LimestoneBarriers 6,532
5 57 Topsoiland Revegetation 4,052
6 56 Wetland 8,503
7 40 Peat 6,562
8 36 Woodwaste 12,471
9 34 Bactericides 21,617

Further it is noted that the present value of maintenance to be
undertakenin 50 to 100 years time is small. Thus it is justifiable,
by conventionaleconomicprinciples,to provide for such very, long-
term monitoringand maintenancewith relativelylow levels of present
funding. Acceptanceof this principle allows for the provision of
maintenance in the design of AMD abatement measures. Under these
circumstancessome of the alternativeabatementmeasures,which might
otherwise be rejected as being of too short a duration, become more
advantageous. An example is the use of synthetic liners to cover
waste. A thick (2 mm) HDPE membrane liner, appropriatelyinstalled
as part of a compositecover, may be expected to last for 50 to 100
years or more. The cost of establishinga fund for the replacement
of the membraneat intervalsof 50 to 100 years is relativelysmall.
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ABANDONMENTPIAN DEVELOPMENTPROGRAMS

A current trend in regulatorycontrol is to requirethat abandonmentplans include adequateAMD abatementmeasures, in order to precludeAMD impact on the environment in the long-term. It may also berequiredthat the abatementmeasuresshould be secure and maintenancefree (in perpetuity). Given the present state of knowledge andanalyticaltools, both requirementsmay not be achievable.

However,with provisionfor maintenanceand contingenttreatment,thepreclusionof AMD impacts are possible for the very long periods ofinterest. Many of the currentlyproposedabatementmeasuresmay turnout to provide adequate long-term abatement, but it may not bepossibleto demonstratethis conclusivelywith currenttechnology.

The development and testing of AMD abatement measures is a rapidlyevolving technology. It will be spurredby the researchproposed inprograms such as the CanadianReactiveAcid Tailings Studies (RATS)program (Ferguson,1987). To allow appropriatenew developmentandtechnology to be included in future abandonment plans, it isrecommendedthat regulatoryauthoritiesshould not insiston rigidlyspecifiedabandonmentplans written into operatingpermits,but thatthey adopt a more flexibleapproachof requiring the implementationof appropriate abandonment plan development programs with definedobjectives. Such programs should provide for field trials todemonstrate the effectivenessof AMD abatement measures, prior totheir being incorporatedin abandonment plans. This approach toregulation is now likely to ensure that the funds provided forabandonmentmeasuresare spent in the most cost effectivemanner.

The recommendedapproachis not unusualwhen comparedto other fieldsof geotechnicalengineering. In the field of earth dam engineering,for example, it has long been the practice to build to a flexibledesign that is monitored by instrumentation. The details of thedesign may be changed during constructionshould conditions in thefield turn out different from what was anticipated during earlydesign stages. This is known as the ObservationalMethod (Peck,1969). When applied to AMD it is likely to be a more pragmatic andsuccessfulapproach,rather than trying to proscribe for contaminantcontrol.

Specifying performance criteria (or end-product specifications) interms of certain numbersto be met by law may be unrealistic. It maybe simply unworkablebecause our understandingof the problem in thelong-term is as yet too imprecise. It is better to require themining industryto work to specificdesign criteria and regulate atthis point, rather than be faced with the frustration of a faitaccomplithat does not meet up to performancespecificationsset out
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in statutes. In practical terms this alternative approach means
working to design criteria aimed at limiting or eliminating acid
generation (Smith and Van Zyl, 1983). These criteria are exclusion
or limitationof oxygen availability,water ingress/infiltrationand
bacterial activity. Methods of achieving these criteria are
described in their paper togetherwith case histories.
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WILL IT GENERATEAMD?

AN OVERVIEWOF METHODS TO PREDICTACID MINE DRAINAGE


By K. ID.Fergusoniand P. M. Erickson2

INTRODUCTION

Many believe that mining effluentsalways contain metals. While

techniballycorrect most mine effluentscontain either high or low

levels though the concentrationand loadingof metals varies from mine

tc mine. Acid mine drainage (AMD) is usually the cause of high metal

concentrationsin contaminatedeffluents. Mines that have AMD have

difficultyin meeting environmentalstandardsand usually expend large

financialresourceson pollutioncontrol. It is imperativethat mining

companiesand regulatoryagenciesattemptto predict AMD prior to mining

sc that mines can be designed that are cost effectiveand compatible

with the envircnment. If AMD is generated,then companiesshould

identifythe scurce so that mitigationmeasurescan be accomplishedfor

minimal cost. In this paper, we discussthe predictionof AMD prior to

mining and the identificationof acid sourcesafter drainagehas become

contaminated.

Formationof AMD

Predictionof acid mine drainagemust be based on a thorough

knowledgeof the process of formationand the factorsthat control it.

Unfortunately,the process is complexand not completelyunderstood

1Head, Mining& M..tallurgyProgram,EnvironmentalProtectionService,Kapilano100, Park Royal, West Vancouver,B.C.
2Su2ervisoryphysioalscientist,U.S. Bureau of Mines, PittsburghResearchCentr-r,Pittsburgh,PA.
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despite severaldecades of intensestudy. The knowledgebase is

considerable,however,and growingas illustratedbelow.

Kleinmannet al., 1981,identifiedthree stages in the generationof

acid mine drainage. In the first stage,chemicaland, or, biological

oxidationof pyrite and other sulfidemineralsslowly producesacid

(Figure1). This acId may initiallybe neutralizedby carbonate

minerals in the rock. After the carbonatesare consumed,the process

enters the second stage. As the pH drops in the microenvironmentaround

the sulfideminerals,populationsof acid loving (acidophilic)bacteria

such as Thiobacillusferrooxidansbegin to multiply. These bacteria

cause a furtherdecrease in pH, causing the process to enter the third

stage. When the pH around the sulphidesdecreasesto below 3, ferric

iron remains in solution. Ferrous iron is convertedby the bacteriato

ferric ironwhich in turn oxidizesthe sulphideminerals. The rate of

acid formationis rapid in the last stage and is limited by the

concentrationof ferric iron.

The four equationsin Figure 1 generallydescribe the acid

productionprocesswith pyrite (FeS2)as occurs at coal mines, but,

describeonly a few of the many sulphideoxidationreactionsat metal

mines. The mix of sulphidemineralsat metal mines accounts for the

dIversityin AMD quality.

Fergusonand Erickson (1986) classifIedthe factors that control AMD

formationas primary,secondary,and tertlary. The primary factors are

those directlyinvolvedin the acid productionprocess. Secondary

factorscontrol the consumptionor alterationof the products from the

acid generationreact:ons,while tertiaryfactorsare the physical
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aspectsof thewastematerialsor minesitethatinfluenc
eacid

production,migration,and consumption.

Theprimaryfactorsincludepyriteandothers
ulfideminerals,

oxygen,water,ferriciron,and iron-oxidizi
ngbacteria(Figure1). The

physicalrelationshipof thesefactorsin an acidgeneratingminespoil

is shownin Figure2. Here,waterand oxygenare providedby the

externalenvironmentto theacidgeneratingsi
teswithinthespoil. The

massivetransferof reactantssupportsrapida
cidproduction.

Regardlessof thepresenceof pyriteand othersulfideminerals,AMD

may not be a problemat a minesitedue to secondaryfactors.The most

importantsecondaryfactoris theneutraliza
tionof acidby alkalinity

releasedfromcarbonatemineralsin the minew
aste,suchas calcite

(CaCO3)and dolomite[CaMg(CO3)2]as describe
dpreviously.The

neutralizationby calciteof acidityproducedfrompyriteoxidationmay

be representedas follows(Williameet al.,1982):

FeS2(s)+ 2CaCO3(s)+ 15/402(g)+ 3/21120• Fe(OH)3(s)+ 2S042-

+ 2Ca2*+ 2CO2(g)

Othersecondaryfactorsincludealterationof
oxidationproductsby

furtherreaction,suchas ionexchangeon claysurfaces,gypsum

precipitation,and acid-induceddissolutionof
otherminerals.

The physicalcharacteristiesof a miningwaste,the spatial

relationshipbetweenwastes,and thehydrolog
icregimeare someof the

tertiaryfactorsLbataffectthe AMDprocess.
The importzntphysical

characteristicsincludeparticlesize,physic
alweatheringtendency,and

minewastepermeability.The rateof acidpro
ductionis a functionof
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theparticlesurfaceareasincethatpropertyreflectstheamountof

sulphideexposedfor reaction.

Waterservesseveralrolesin theacidproductionsystem,actingas

a reactant,as a reactionmedium,andas a producttransportsolvent.

The overridingprinciplein thegenerationof acidminewateris

thatif thealkalinityreleasedby mineralsor alreadypresentin the

contactingwaterexceedstheacidityproducedthenthesystemremains

neutralor basicand theprocessdoesnot enterStageII. In thiscase,

thebacteriaresponsibleforcatalyzingtheacidgenerationreactions

are inhibitedand the solubilitiesof ferrousand ferricironare

reduced- both factorsinhibitacidproduction.

The prediction,of acidminedrainageinvolvestheconsiderationof

thefew importantfactorsthatmightcontrolthe acidproductionand

consumptionreactionsat a minesiteand the synthesisintoa qualitative

statementforecastingconditionsduringand aftermining. Modelsand

testingtechniqueshavebeendevelopedto aid investigationsin making

thisforecast.

Pre-MinePredictionof AMD

Methodsto predictacidminedrainagecan be dividedintofive

groups(Fergusonand Erickson,1986).

geographicalminingcomparisons

paleoenvironmentalandgeologicalmodels

geochemicalstatictests

geochemicalkinetictests

mathematicalmodels
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Geographicalminingcomparisonsinvolveexami
ningand sampling

drainagefromabandonedor operatingminesnea
rthe projectunderstudy.

Simpleextrapolationsare madeforsimilarmin
ingoperationsin related

geologicalenvironments.

Paleoenvironmentalmodelsexaminetheregiona
ldepositional

environmentof the sulphideminerals.Pyriticsulphurforme
din marine

or brackishwatermay havea greatertendencyto generateAMDthan that

formedin freshwaterenvironments(Caruccioe
t al.,1977,Williams

et al.,1982). Geologicalmodelsof a sedimentarysequenceor igneous/

metamorphicorebodyare valuableinestimatin
gthe locationand sizeof

potentiallyacidgeneratingzones.

Geochemicalstatictestssimplycomparethe am
ountof potentially

acidgeneratingsulphidesto acidconsumingca
rbonatesin a rock sample

(Figure3). The acid/baseaccountingand APP: SulphurRatiotestsare

used frequentlyforcoalminesin theUnitedS
tateswhiletheB.C.

ResearchInitialTest is usedfrequentlyform
etalminesin Canada. The

acidpotentialdeterminationsare similarfor
the threetests,but, the

neutralizationpotentialsare different.The
acid/baseaccount

neutralizationpotentialinvolvesa strongerdigestionof carbonate

mineralsand may producea slightlyhighervaluethanthe othertwo

procedures(Ferguson,1982,Caruccioet al., 1
977).

The acid/baseaccountincludesa formatforpresentingAMD

predictiondatausefulfor surfacecoalmines
disturbingmanylithologic

groups(Figure4). The net neutralizationpotentialsof the individual

groupsmaybe usedto developa wastemanagementplanforattemptingto

preventAMD formation.



220

Thesetestsare calledstaticas theydo not considertherelative

ratesof acidproductionand consumption.The rateof releaseof

acidityfromsulphideoxidation,andalkalinityfromcarbonate

dissolutionmay be quitedifferentandcouldaffectthegenerationof

acidminedrainage. Geidel(1979)suggeststhatthereleaseof

alkalinityis limitedto a maximumvalueby thepartialpressureof

carbondioxidewhilethebuildupof acidityis not constralned.Various

investigatorshavecriticizedtheuse of statictestsand suggestedthey

are onlyapplicableto obviouscaseswherethequantityof acid

producingor acidconsumingmaterialis in significantexcess(Caruccio,

et al.,1980;Williamset al.,1982;SENES,1984). However,Ferguson

and Erickson(1986)in theirreviewof AMD predictiontechniques,found

thatstatictestswereoftenaccuratein predictingdrainagequalityand

wereparticularlyvaluableas screeningteststo determineifmore

sophisticatedproceduresshouldbe used.

Statictestshavebeenmodifiedto accountforpossibledifferences

in pyritereactivityat coalmines. Caruccioet al., (1977)used

reflectedlightmicroscopyto determinethemorphologyof pyritewhich

correlatedwithdrainagequalityfromleachingtests. The finegrained

"framboidal"pyritewas foundto be themostreactive.Hammack(1986)

usedan evolvedgas techniqueto provldea rapiddeterminationof pyrite

availabilityfor oxidation.Sampleswereplacedina furnace,heatedin

an oxidizingatmosphere,and theevolvedsulphurdioxidemonitoredat

varioustemperatures.The pyriteoxidizedfrom150°C to 555°C, but

onlythatwhichignitedbelow2200C significantlyaffecteddrainage

qualityin parallellaboratoryleachingtests.
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Kinetictest methods attempt to model the acid producingand

consumingprocessesin the laboratoryor field. Various protocolshave

been developedas shown in Table 1. Kinetic zests might be expectedto

more accuratelymodel the acid productionand consumptionprocesses

though interpretationcan be difficult. Kinetic tests are not commonly

used becauseof their higher cost and longer duration,comparedto

static tests. B.C. Researchhas developeda type of kinetic test idhich

assessesthe ability of bacteria to oxidizesulphideminerals in a rock

sample (Test1 in Table 1). This test is of particularvalue in

determiningwhethera mineral constituentof the waste is toxic to the

microorganismsand inhibitstheir growth. Other kinetic tests follow

the change in leachatequality over time and use the results in a

physicalor mathematicalmodel of the AMD process. Mathematicalmodels

have recentlybeen developedto quantitativelypredictmine drainage

quality (Caruccio,1984; Jaynes et al., 1984; Ricca and Shultz, 1979;

Halbert et al., 1983: Nicholson,1984; Cathles,1979; Davis and Ritchie,

1983). These models are rather complexand have not been extensively

verifiedor used for predictionto date.

A majordifficultywith predictiontechniquesis the lack of

verificationof test results with field experience. Two recent studies,

one of metal mines and one of coal mines, examinedthe accuracyof some

AMD predictiontechniques.

Static (acid/baseaccounting)and kinetic (humiditycell) tests were

conductedon 22 rock samples from seven metal mines in British Columbia

and Yukon (Ferguson,1985). Samples of tailingsand waste rock were

obtainedfrom both active and abandonedminesites. The total sulfur



222

contentsranged from 0.13 to 49.2 percent,and neutralizationpotentials

ranged from 0 to 258 tonnes0a003 equivalentper 1,000 tonnes of

material. The very high percent sulfur contentsof some samplesyielded

a definitepredictionfor acid productionaccordingto static methods.

The staticand kinetic tests correctlypredictedthe formationof AMD in

all but six cases - three were incorrectand three were inconclusive. A

few resultsfrom the kinetic tests (humiditycells) were difficult to

interpretdue to indefinitepH trends. The results supportedthe use of

static tests for predictingAMD, but suggestedthere was only a poor

relationshipbetween the magnitudeof the net base value (net

neutralizationpotential)and the amount of acidityproduced during the

initialstage of the AMD process. The static tests may be useful for

qualitativeAMD predictionsbut not for estimatesof actual mine water

quality.

Correlationsbetweenthe static test results (percentsulphur,

neutralizationpotential,and net neutralizationpotential)and the

kinetictest results (sulphateproductionrate, cumulativeacidity

production,initialleachatepH and final leachatepH) provided some

insightinto the geochemicalprocesses involvedin acid generation. As

expected,the sulphateproductionrate increasedwith percent sulphur

and was a good indicatorof the sulphideoxidationrate. The initialpH

of the leachatedecreasedwith increasedpercent sulphurprobably

reflectingan increasein solublemetal salts in the samples at the

start of the experiment. The cumulativeacidity productionand final

leachatepH, however,correlatedwith the neutralizationpotential

rather than the net neutralizationpotentialas might be expected from
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static test predictiont
heory. In these tests, the quantityof

neutralizingminerals in the samplesappearedto play the criticalrole

in initiallycontrollingth
e acid generationprocess. In the longer

term, acid productionfrom sulphid
emineralswould be expectedto

"outlast"the alkalinit
y from carbonatemineral

s in potentiallyacid

generatingrocks and the AMD processwould enter Stage II. These

findingsagree with results from other short-term(up to 6 months)

kinetic tests where little acid was producedfrom samplesexhibitinga

strong acid potentialac
cordingto static tests. Trends in sulphate

production,acidity,and
pH from kinetic tests must be examinedtogether

with the static test results to forecastthe long term leachatequality

at a mine.

An analogousstudy evaluatedthe predictivecapabilityof
static

(acid-baseaccount)and
kinetic (a modifiedhumidity cell p

rocedure)

tests appliedto coal overburden(Ericks
on,1986). Sites were

dellberatelyselected to
focuson hard-to-predlotcases.

In the

preliminaryanalysis,25
sites were analyzedby the statictest; 14 of

these were also subjectedto the kinetic test.

A simple type of interpretationwas applied to acid-baseaccount

data. The net neutralizationpotentia
l(NNP) was calculatedfor each

lithologicunit and the values for individualunits were combinelto

generatea thickness-weightedavera
geNNP to representthe whole

overburdencolumn. Tnickness-weightedNN? values ranged from -20 to

•250 tonnes CaCO3 per 1,000 tonnesof overburden. These values were

then comparedto flow-weightednet alkali
nity in drainagefrom reclaimed

mine sections(Table2). There is'no linear correlatio
nbetween
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observeddrainagealkalinityand thickness-weightedNNP (Figure5). NNP

values greaterthan 33 tonnes/1,000tonneswere always associatedwith

alkalinedrainagewhile NNP values less than 22 tonnes/1,000tonnes were

predominantlyassociatedwith acid drainage. The validityof a boundary

between 22 and 33 tonnes/1,000tonnes to distinguishsites that will not

produceacidic drainage is uncertainbecause only 4 of 25 sites had

higher NNP values. Furtheranalysesare in progressto test other

methodsof evaluatingoverburdenanalysis data for water quality

predictions.

Kinetic tests were conductedon overburdenfrom 14 of these sites.

The cumulativealkaline loadsproducedby each lithologicunit during

the simulatedweatheringtest were averagedfor the whole overburden

column on a thickness-weightedbasis and comparedto actual drainage

quality. As with the acid-baseaccountresults,no linear correlation

was found. Attemptsto use the thickness-weightedalkaline load from

the kinetic test to predict acid or alkalinedrainagewhen the NNP value

from the acid-baseaccountwas less than 22 tonnes/1,000tonnes were

unsuccessful.

These findingsare not surprisingin light of the high geochemical

variabilityin coal overburdenstrata. Tests on individuallithologic

units fail to account for interactionsbetween potentialacid-and

alkaline-producingmaterials.

Uncertaintyin AMD Production

The productionof acid mine drainage is complexand yet, important

factorscan be modelledfor prediction. However,uncertaintyis always

present and varies accordingto the nature of the waste materialand its
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depositionandreclamationhisto
ry. The rangein uncertaintyis

illustratedin the foursimpleca
sesof wasterockdisposalin Fig

ure6.

Caseone representsthe mostcert
ainpredictionwherethe wasteis

eithercompletelycomposed(1a)o
r devoid(1b)of sulphideminerals;

caeesrarelyseenat realmines.
Uncertaintyincreasesin casetwo

wherethe sulphidecontenthas in
creasedor decreasedfromthetwo

extremesincaseone. The potentialforAMDcan be pred
ictedwith

reasonablecertaintyby statietestsin eitherhigh (2a)
or lowsulphide

content(2c)samples.Predictio
nsare moredifficultwhen thesulp

hide

and carbonatecontentare in crit
icalbalance(carbonates3.125tim

es

sulphidesby weight)as shownin2b. If everyparticlecontainsa

balanceof sulphideand carbonat
emineralsthentheoretically,the

two

mineraltypeswouldbe balanced.However,the maximuma
mountof pyrite

thatcanbe oxidizedis unlimite
d,whilecarbonatedissolutionis

governedby equilibria.Further,coatingson
both sulphideand

carbonatemineralsurfaceswill f
ormandaffectthechemicalreact

ions

and ultimatedrainagequality. K
inetictestswouldbe valuablein

assessingreactionrates.

Homogeneouswastesare rarelyfou
ndat realmines. Morefrequently,

theacidgenerationpotentialwil
lrangereflectingspatialdiffer

ences

in geologicalenvironments.The n
umericalbalanceof the acid

generationpotentialof theentirerockcolum wouldbe assessedas part

of theAMDpredictionin acid/basea
ccounting.Thisbalanceis

important,but,the positionof thewastetypeswithinthedumpm
ay

ultimatelydeterminedrainagpqua
lity(Case3). Potentiallyacid

generatingwastedepositedon theexteriorof a dumpmaygenerateAMD
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that may be only partiallyneutralizedby carbonateminerals in the

interior(3a). Coatingswould form on carbonatemineralsdiminishing

neutralizationcapability. In some cases, the sulphidemineralsmay be

randomlydistributedin the dump (3b). Acid generationmay occur in

only isolatedzones and seep qualitywill vary dependingupon its

source. Potentiallyacid generatingwaste should be placed in the

interiorof the dump where only alkalinegroundwatercontactsthe high

sulphidewaste (3c). This is AMD preventionby segregation. However,

with largequantities,or highly reactivesulphides,the AMD may form

despite the alkalinecover due to geochemicallimitationson the maximum

amount of alkalinitythat can be deliveredto the sulphideminerals, as

discussedpreviously. A combinationof static and kinetic tests, the

latterusing a simulatedstackingsequenceof wastes, might be valuable

in assessingthe relativerates of reaction.

Heterogeneousgeochemistry,randomlydistributedparticles,and an

overall sulphide/carbonatebalancerepresentsone of the MDS: difficult

predictions(Case 4). Very high uncertaintywould be associatedwith a

predictionin this case and must be supportedby comprehensivekinetic

tests on samplesthat simulatequantityand placementof various

lithologicunits. Case four describesthe sites selectedfor the coal

mine drainagepredictionstudy describedearlier. The inaccurate

predictionsidentifiedin that study may demonstratethe role of spoil

placement.

Determinin the Source of AMD

The overallcost of AMD controlwould decrease if the most active

areas within acid generatingwastescould be identifiedand mitigation
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measurestargetedformaximumbenefit. Locatinga
nd samplingtheseeps

fromminingwastesis usuallythefirststepthat
companiesand

regulatoryagenciestaketo identifyacidgeneratingzones. ThepH,

acidity,sulphate,metal,andmicrobialcontent,a
nd flowof theseeps

indicatethegeochemicalandhydrologicalprocess
eswithinthewaste.

For example,samplingat an abandonedwasterockd
ump inBritish

Columbiaindicatedthatflowandqualityof seeps
varied,but their

locationremainedthe same;neutralizationagentsc
ouldbe appliedat

thesespecificsitesto reducecontaminantloadin
g(Figure7). The

majorityof copperreleasedfromthedumporiginatedfromtwoo
f the

fourdrainagezonesin thedump (zonesBB and CC in Figure7).

Mitigationmeasuresshouldbe targetedto thosear
eas.

At thesesites,seasonalvariationin AMD quantityan
d quality

requiresmonitoringovera widerangeof hydrologicconditionsto

quantifyloadingsto thereceivingenvironment.Contaminatedseepsare

usuallymostreadilyidentifiedin the springand
fallcoincidentwith

maximummeltor precipitationeventsfollowingpro
longeddry periods.

Yellowor red stainingof rockand leachatemay alsoindica
tethe

sourceof AMD. AMD containlngonlyferrousironis clear,but sho
wsa

red or yellowtintdownstreamas the ferrousiron
is oxidizedto the

ferricform. AMD frommetalminesmaybe blue-greenreflectingh
igh

coppervalues. Deadvegetationneara seepmay be an earlyindicatorof

contamination.

Characteristicsof thewastesuchas totaland sulphatesulphur,

neutralizationpotential,andpastepH indicatetheprogressof AMD

formationreactions.Samplesof metalminetailin
gscanbe obtainedat
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various depths and analyzedby these geochemicaltests to determine the

depth of oxidationand other informationuseful in designingalkalineor

impermeablecovers for AMD control.

The partialpressureof oxygen available in the pore spaces

throughoutthe waste indicatesboth oxygenatedzones that can support

acid productionand zones where oxidationis occurring. Several oxygen

profiles(02 partialpressureversus depth) are typicalfor mine wastes

(Harrisand Ritchie,1985; Erickson,1985). When oxygen is supplied by

diffusion(inducedby concentrationdifferential)from the atmosphere,

the profile shows decreasingoxygen with increasingdepth. Active

oxidationzones are reflectedas sharp partialpressuregradients. When

advection(inducedby thermalor pressuredifferential)suppliesoxygen

to the mine waste,high partialpressuresare observedat intermediate

depths. Gradientsare less easily correlatedwith active oxidation in

these cases. However,the availabilityof oxygen in advectionzones

indicatesthat, if present,pyritic materialwill likely undergo

oxidation.

Variationsin the surfaceor interiortemperaturesof mining wastes

can indicateacid generationsince the reactionsare exothermic.

Temperaturesup to 45° C were recordedby thermisterstringsburied in a

very activeacid generatingwaste rock dump in BritishColumbia

(Patterson,1986). A significantdrop in temperaturefollowing

reclamationof a waste rock dump was recordedby Harriesand Ritchie

(1986) using thermisterprobes in wells. Thermography(infrared

imaging)was used to identifyacid,generatingzones at three waste rock

dumps and open pits in British Columbia. A related,but simpler
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approach,involvedlocatingbarespotson a wasterockdumpfollowing

the firstsnowfallof winter. In allcases,heatgenerationcorrelated

withobserveddifferencesin waterqualityof seeps.

Remotedetectionof acidsourcesis possiblewiththe geophysical

methodof electomagneticinductionmeasurements.Thismeansof

surveyingdetectsterrainconductivityanomolies.In seve
ralsurveys

conductedat regradedcoalmines,anomolieswereobserveda
nd later

confirmedto reflectpyriteoxidation,changesin saturati
onstate,and

disturbedareaboundaries(Watzlafand Ladwig,1987). The methodwas

foundto be mostusefulas a reconnaissancetoolprecedingapplication

of detailedmonitoringmethods.

Summary


Thoughthe acidminedrainageprocessis complexand not co
mpletely

understood,predictiontechniquesareavailablethatare su
ccessfulfor

manyminingprojects.Considerableskilland experienceis
requiredto

conductsometestsand interpretresultsforaccuratefore
castsof mine

drainagequality. Uncertainityisalwayspresent,and sho
uldbe

estimatedandacknowledgedin thepredictionstatement.

The locationof acidgeneratingzoneswithina miningwastecan be

determinedby bothsimpleand sophisticatedtechniques.In
general,it

iseasierto locatethe sourceof AMD thanpredictpriorto miningif

drainagewillbe acidic. Successin bothof theseareasof prediction

arerequiredif miningis to be conductedin an environmentallysound

manner.
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TABLE 1. - KINETIC ACID MINE DRAINAGEPREDICTIONTECHNIQUES

(Adaptedfrom Ferguson,1985 and Fergusonand Erickson,1986)




TEST DESCRIPTION USE RWERENCES

B.C. Research - Sample placed in 250 ml Erlenmeyer Frequently Bruynesteynand

Confirmation flask with 70 ml nutrientmedia, used for Hackl

Test culture of Thiobacillus
ferrooxidansat pH 2.2-2.5.

metal mines
in Canada

(1984)

Flask placed on gyratoryshaker at


35° C in 002 enrichedatmopshere.
pH monitoredand additionalsample
added.
If pH rises substantiallythen
sample non-acidproducer.
If pH remains low then sample
potentialacid roducer.
Sample placed in 1L Erlenmeyer

flaskwith 600 ml of water or

nutrientsolution.
Series of samples testedat various

startingpH, inoculation,and

temperature.
Samples incubatedfor up to
3 months.
Leachatesanalyzedweekly and bi-




weekl for ran e of parameters.

Standardor modifiedSoxhlet
reactor used.
Water placed in reservoir,
vaporizedand passed into
condenser. Condensedliquid drips

into thimblewith sampleand thence

back into the reservoir.
Leachateanalyzedafter 64-192 hrs.

for a ran e of arameters.
Sample placed in plexiglass
containerconnectedto humidified
air.
Humidifiedair passedover sample

for 3 days.
Dry air passed over sample for

3 days and 200 ml of water added on

seventh day.
Leachateremovedand analyzedfor

range of parameters.
Procedurere eated for 8-lo weeks.

Shake Flasks

Soxhlet Reactor

. HumidityCell

Infrequently
used for
metal mines
in Canada

Davidge (1984)

Ralbert,
et al.,
(1983)

Infrequently Sullivan and
used in coal Sobek (1982)
fieldsof
Appalachia,
U.S.A. Renton (1983)

Relatively
common in
coal fields

of
Appalachia,
U.S.A.

Caruccio
et al.,
(1977)

Caruccio
et al.,
(1980)
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TABLE 1. - KINETIC ACID MINE DRAINAGEPREDICTIONTECHNIQUES(ContInued)


(Adaptedfrom Ferguson,1985 and Fergusonand Erickson,1986)

TEST DESCRIPTION USE REFERENCES

5. Columns/ - Sample placed in columnand Relatively Sturey
,Lysimeters periodicallyleachedby distilled common In et al.

water. Canada and (1982)
Samples of leachateanalyzedfor U.S.A.
range of parameters. Apel (1983)

- Usually leached for 8-10 weeks Ritcey and
minimum. Silver (1981)
Several variationsof set-up and
leachin roceduresin lIterature.

6. Test Plots/ - Run of mine or modifiedsample Very Eger
Pits/Piles placed on ImpervIoussurface. infrequently et al.,

Precipitationprovidesleachate used In (1981)
which is collected in sump. Canada and




Samplesof collectedleachate U.S.A. Murray and
analyzedfor range of parameters. Okuhara (1980)


- Test usually run for at least
1 year.
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TABLE2. - COMPARISONOF OVERBURDENANALYSIS

AND POST-MININGDRAINAGEQUALITYFOR

25 U.S.COALMINES(1)

SITE ACID-BASEACCOUNT
Thickness-weighted
net neutralization
potential,tonnes/
1,000tonnesas
CaCO3.

MODIFIEDHUMIDITYCELL
Thickness-weighted
cumulativenet alkaline
load,g/300gas CaCO3.

POST-MINING
DRAINAGEQUALITY
Flow-weighted
net alkalinity,
mg/Las CaCO3.

1 -1.6 --(2) -120.

2 -11.




7.6

3 7.5




65.

4 4.8 18. -72.

5 250. 18. 170.

6 34, 33. 110.

7 -20.




-340.

8 -2.9 -18. -110.

9 -3.5
 •• -85.

10 -2.9




-100.

11 -6.8 -170. 100.

12 3.0 2.2 -290.

13 7.4 23. 110.

14 3.2 7.7 -860.

15 22. - -
-13.

16 11. -

-240.

17 150.




100.

18 -4.6 -210. -500.

19 2.7 -24. -190.

21 3.2 27. -8.7

22 90. -280. 430.

25 20. 21. 310.

27 9.8  - •• 52.

29 3.6 -42. -610.

30 -0.49 - -
38.

valueshavebeenroundedto 2 significantfigures.

(2)Dashesindicatethatthe kinetictestwas not perfor
med.
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STAGES IN THE FORMATION OF ACID MINE DRAINAGE

STAGE I

REACTIONS IN STAGES I AND II

Fe S2 (s) +7/202 + H20 —s+FeT 2+ 250;t2+ 2HT

FeT2 +14 02+ H+--ls- FeT3+-1/2H20

Fe÷3+3H20—a-Fe(OH)3(s)+ 3HT

TIME

OVERALL PROCESS ( Sturnrn and Morgan, 19 81)

+2 -2
Ee+ S2

Fe 52(s)+ 02

+ 02
$042 t Fe42

+02 Slow Fast + Fe52

Fe+ 3 Fe(OH)3(s)

FIGURE1 FORMATIONOF ACIDMINEDRAINAGEFROMPYRITE
OXIDATION

7

4.5

2

0PH

IN

MICRO

ENVIRONMENT

AROUND

MINERALS

STAGE II

REACTIONS IN STAGE III

FeT2+1/402+H+ — re+3+1/2H20

FeS2(s) + 14FeT.3+ sa0-~15 FeT2+250-2+IGHT4

STAGE III

Lag Time
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AIR/OXYGEN CONVECTION AIR/OXYGEN DIFFUSION

FIGURE2 PRODUCTIONOF ACIDMINEDRAINAGEINPOROUSWASTEDUMPS(AFT
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ROCK SAMPLE

\--/CRUSHED

ACID / BASE

ACCOUNTING

(Sobek et al
1978 )

NEUTRAL1ZATION

POTENTIAL

- odd known amount

of MCI,Heat ond

titrote with NoOil

to pH 7

- convert to tonnet
CaCO3 equIvalent/

1000 tonnes

ACID POTENTIAL

- determine sulphur

content by LECO

furnace*

- convert to tonnef
CaCO3 equivalent

1000 tonnes

NET NEUTRALIZATION
POTENT1A L

- negative volue greater


than 5 tonnes /1000

tonnes indicates

Potential acld
producer

APP/SULPHUR
R ATIO


(Caruccio et al
1977 )

ALKALINE PRODUCTION


POTENTIAL (APP)

- oddknown amount of
stir for 2 hours,

tltrate wIth No0e1
to PH 5

- convert to mps
CaCO3/500g

samPle using CaCO3,
NaOH colibratIon
CUrve

SULPHUR CONTENT

- determlne su I phur
content by LECO
furnace*

- express sulphur
content ae %

     

APP: SULPHUR RATIO

low ratios suspected of

high AMD potential

usually used with other

static or kinetie test

BC RESEARCH

1NITIAL TEST

( Bruynesteyn
and Nock I,
1984)

ACID CONSUMPTION

POTENTIAL

- titrate sarnple with
standardlzed 142504
to PH 3.5

- convert to kg i42404/

tonne

ACID PRODUCTION

POTENTIAL

-determlne sulphur
content by LECO
furnoce or alternate
technlque

- convert to kg112504/
tonne

POTENTIAL AMD

PRODUCER

- negatIve volue indicates

aotential acid producer

* Pyrite sulphur content may be determlned for cool rnme sornples

FIGURE3 STATICACIDMINEDRAINAGEPREDICTIONTECHNIQUES



241

DE PTH

oencIENCy M•t•rs)

r
cn I

	 1===s
90

100

105

1. I 12210

t tt 


====a120

110


ELEIC I


115

CI T-T  
,

I

135

140

145

150

125

130 '

PROFILE

ID3806C 40 20 10864 	 2 2 å t 910 20 4.0 6080I00

Ca 003 EOU 1V4 LE NT

(Tons / Thou sa nd Tons of Mafericl)

e LO

h

L EGEND

M
Sandsfane S iitstone reudsfone Coai

FIGURE4 ACID/BASEACCOUNTFORB.C.COALMINE

(FROMSTURMENVIRONMENTALSERVICES,1
985)



500

•

I I I

-500-

-1000 ,
-50 0 50 100 150 200 250 300
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FIGURE5 RELATIONSHIPBETWEENPOST-MININGWATER
QUALITY(METALKALINITY)ANDACID-BASE
ACCOUNTPREDICTOR(THICKNESS-WEIGHTED
NETNEUTRALIZATION.POTENTIAL)
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ACID 2 ALKALINE

DRAINAGE DRAINAGE

PRODUCED PRODUCED

CASE I

la
I b

2a 2 b 2 c

Gi

CASE 2

3 b
3c

30

CASE 3

LEGEND
CASE 4

Suiphide Minerol on
Carbonote Minerol 4

FIGURE6 UNCERTAINTYINAMDPREDICTION
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(1978)reporcedthe resulteof varlou.fleldstudiesvIchpoorl
ydeftnedor

expertmencallyconfoundedexposurecondIctons,tapersby IlaudoulnåndScoppa

(1974),DodgeandTheis(1979),hans (1980),Turmanske(1979),Hurtaoco

(1980,1982),andVerme,et al.(1980)conceinCoo ftvexperimencaldetails

to allovIncerprecactonot cheresults.IrIngmannandXuhn(1982)culcured

Daohnia21ku. inonevaterandconduccedcestein enothervacer, Smichand

:
Heach(1979)on'tynporced resultsgraphIcally.Shcherban(197

7)didnot

reportusableresults,andBrkovic-PopovIcandPopovic(1977a,
b)used

quesclonabledlluttonvacer. Dataverenocusedifmorcaltcyin checontrola

vat coohlgh(HoandZubkoff,1982:Hulleom,1983:WatlIng,192
1,1982,

1983). HIghconcrolmorcalltteeoccurredin allexcepcone cet
treporcedby

Sauter,et al.(1976). Controlmortalltyexceeded10%In one c
escby Mount

andHorberg(1984).The 96-hrvaluisreportedby Butkema,ec al.(1974a,b)

veresubjeccto errorbecauseof posstblereproductIveincerac
tions(Bulkema,

ec al.1977). Sloconcencractonfaccorscouldnotbe calculacedfromthedata

of AndersonandSpear(1980a).

Sumfflary,

Acucecoxicitydacaareavallableforspecteeln41 generaof freshwacer

anlmals.Ac å hardneelsof SOmg/Lthegenerarangeln sensttivtcytrom 16.74

us/LforPcychoeheilueto 10,240 wg/LforAcroneurta. Daca forelxhcspechis

indlcatechacacucetoxlcicydscrtttttås hardneas1ncrttttt. Addlcional

dataforseveralopeciesindlcacethatcoxicicyalsodec  wichincrcasts

in elkaltntcyand oreantccarbon.

Chrontcvaluesareavallableforflfceenfreshvacerspeciesand
range

from3.873us/Ltor brook crour to 60.36 14/1.tor northern pike. Tishand

22
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TABLE V Objectives for the Discharge of Final Effluents to Marine and Fresh Waters

Parameter Range

(mg/L dissolved in effluent unless otherwise stated) (5)

Total suspended solids (1)(2) 25 75

Total dissolved solids 2500 5000

Toxicity (96-hour LC 50 static bioassay) (3) 100% 809

pH (pH Units) 6.5- 8.5 6.5-10




Radioactivity: (6)




Gross Alpha pCilL 10 100

Radium2" pCi/L (dissolved in effluent passing
through a 3 tr.m filter) less than 10




Specific elements and compounds:




Aluminum (A1) 0.5 1.0

Ammonia (as N) 1.0 10.0
Antimonv (5b) 0.25 I .0

Arsenic (as trivalent As) 0.05 0.25
Arsenic (total dissolved) 0.10 1.0

Cadmium (Cd) 0.01 .1
romium (Cr) 0.05 0.3

Cobalt (Co) 0.5 1.0
o r u . .3

Cvanide (as CN) _ .1 0i5--
Fluoridr(F)- " 2.5 10.0-

Iron (Fe) 0.3 1.0
Lead (Pb)




. Manganese ( n)




-Mercu ' (ToiaT)T14-1-(-4-)- " Nil 0.005

Molvbdenum (Mo)_ 0.5 5.0
Nickel (Ni) ------ " 0.2 I .0
Nitrite Nitrate (as N) 1 . sr
Phosphate ( forånrbiologically

available in effluent) 2.0 10.0

Selenium (Se) 0.05 0.5
Silver A 1 0.05 0.5
Uranvl (UO2) 2.0 5.0
Zinc Zn 0.2 1.0
Oil and Grease (Total) 10.0 15.0

(I) Not applicable to approved direct discharge of tailing solids.

Variances may be allowed during periods of excess runoff.

Bloassay on salmonid species.

Natural background concentration will be assessed.

Analysis for Total Elements in tailings may be required prior to and during operations
and the Director would give consideration to this information when issuing a permit.

To apply to operations where the objective is not the mining of radioactive ores.

Il
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Federal RegIster / Vol. 45, No. 231 /
Friday, November 28,1980 / NOtiCes

suattatty: EPA announces the
availability and provides summaries of ' •
water quality criteria documents for 64
toxic pollutants or pollutara categories.
These criteria are published pursuant to
section 304(a)(1) of the Clean Water Act.
AVAILABILITY Of DOCUMENT&
Summaries of both aquatic-based and
health-based criterifirfrom the

- _
MENTAL PROTECTION _.

'Y . -

1623-31

i NsitGECr Environmental Protection

Guanty CrIteria Documents;
lablaty

ensy.

AC110li Notice of Water Quality Criterla - 117541. . ' • , -
Documents. 30.2.4-dimethylphenol, PE81-117558,

31. Dmitrotoluene, PS81-117588.
EPA is today announcing the

availability of criteria documents for 84
of the 65 pollutants designated as toxlc
under section 397(a)(1) of the Act. The
document on TCDD (Dioxin) will be •
published within the next month after .

reyiew of recent studies. Criteria for the •-•
aection 307(a).(1) toxic pollutants being
published todaywiul replace the criteria • •documents an published below. Copies 117640. -• for those same pollutants found 1n the 'of the complete documents for , 41. Hezachlorocyclohezane,17881 -. EPA publication, Quality Criteriaforindividual pollutants may be obtained 117857. ' Water, (the "Red Book.") Criteria for allfrom the National Technical Information 42. Hexachlorocyclopentadiena P881 - other pollutants and water conatituentsService (NT1S), 528$ Port Royal Road. 117665. fotmd in the "Red Book" remaln valid. -Springfield. VA 22181, (703 - 487- 4850). A 43. Isophorone, PB81 - 117873.• The criteria published today have beenhst of the MIS publication order 44. lead. PB81-117881. ' dertved using revised methodologies for
deterraining pollutant concentrations

. that will, when not exceeded.
reasonably protect human health and •
aquatic life,Draft citeria documents

Chromlum. PB81 - 117467, • shellfish, wildlife, plant life, shorelines,
Copper. P881 - 117475. - . beaches.esthetics. and recreation whIch may
Cyanides. PB81-117483. be expected from the presence of pollutanta
DDT, P1381-117491. to any body of water, including groundwater. -
Dichlorobenzenes, P13812117509. (13)on the concentration and dispereal of

pollutants, or thelr byproducts, through •28. Dichlorobenzidine. P881417517. biological. physical, and chemical processes,Dichloroethylenes, PS81417525. and (C) on the effects of pollutants on2,4-dichloropheno!, PB8I-117533. biological comrnunity diverafty. productivity, .
Dichloropropanesjpropenes, P881- and stabtlity. including information On the •


factors affecting rates of eufrophketion and ,
rates of organic and inorgardc eedimentation
for varying types of receiving waters. ' •

Dmhenylhydrazine, PS81-117731.
Endosulfan. PB81- 117574. •
Endrin. PB81 - 117582.
Ethylbenzene, PB81-117590.

38. Fluoranthene. PB81-117606. - --
Haloethers, PB81-117618.
Halomethanes, PB81-117624. ^
Heptachlor, PB8I-117632.
Hexachlorabutadiene, PB81-

nambers for all 134critena documents is . 45. Mercury, P881417699.
published below. lkese documents an .48. Naphthalene, PB81 - 117707.also available for public inapection and 47. Nickek PB8I - 117715.
copying during normal business hours . 48. Nitrobenzene, P1381-117723.at Public Information Reference Dalt, 49. Nitrophenols, P881-117749. - were made avallable for publicUR Environmental Protection Agency, 50. Nitrosamines, PB81-117756. Comment (44 FR 15928, March 15, 1979,Rciom 2404 (rearj, 401 M St., 5W., 51.Pentachlorophenol, PE81-117784. 44 FR ceee. JILly 25, lra 44 FR 5643*Washington. D.C. 2)460. As provided in ' 52. Phenol. PB81-117772 October 1. 11779); These final criteria40 CFR PRrt Z a reasonabie fee may be 53. Phthalate esters, P881 - nma have been derived after consideration ofnharged for copying services. Copies of -54. Polychlorinated biphenyls (PCBel, an comments raeelved-these documents are also avadable for. - PB81 - 117798. - . .review In the EPA Regional Office ' 55. Palynuclear aroinatIC -

liydrocarbons, PB31-.1178)6.:2-Copiesof the documents an not 56. Selenium. PB81-117814.avallable from the EPA office listed V. Silver, PB8I - 117822.below.Requests sent to that office will 515 Tetrachloroethylene,PB81-1117830. filDt 19791' Funuant to•Paragraph "be forwarded to NT1S or returned to the ' 59. lballlum. P381-117848. • of that agreement, EPA is required to
sender
Acenaphthene, PS81-117288:
Acrolein, P881417277.

3, Acte4onitrile, PB81-117285.
drin/Dieldrin. PS81- 117301

Anttmony. P881-117319.
Ansemc, PB81-117327.
Asbestos, PB81- 117335.
Benzete. PB8I - 117293.
benzichne, PB81-117343.

110.Paryllium. PS81- 1173$0.
21_~um. PB81-11736.3

a`••• Tetrachloride, PS81-

aacksround - - - Cdterla , - .13. Chlordane, PBG: - 117384. _

15. Chlodnated ethanes, P135[1-117-40.3.-A Mrecitarad tp Peripara Ikalte140118 of scientifm ciataSt.Chloroalkyl ethera PB81‘4174.114-Xtrad Pablish erkeria far water 011atef“;--;',-~ the effects arpollutanti-ort pablk040rinate4 noPkIka.latia,1,11$'.'" . ~1.rVelY rellockeg the liten tvZleIaav -haakb and wrallare,aquanckfe aad

- aeS

Tbese criteria documents are also
Issued in satisfaction of the Settlement
Agreement in Natural Flesouroes -

Delense Cauncil et aL v. Traia, 8 E.R.C.
2120 (1976), modified 12 E.R.C. 1833

W. Toluene, P1381- 117855. publish criteria documents for the 145
ftl. Toxaphene, PE81-117883." pollutants which Congress, to the len
62. Trichloroethylene,.P1381-11.7871.' amenclments t° the Act deelignated83. Vinyl chloride. P881-117889. laxic under seetion 307011(13.115etle I< zinc, men_unr. documents cantain recommendedpom rngi apwoRmAnott cor A6T: maximum pennissible pollutant .

Standards Divisfon twii-sas), united Lreiect'on aquatic orgaalsna, hamanStates Enviroamental Protection '
alth, and aome recreational activities. «"

Agency, 401 N4Street S.W. .
Ahhough paragraph 11 certaln -

Washington. ac. 204430, (202) 245-3042 - atio" °n the Agenien;I:7741bes n°1
surn.naort" IKFOftli~ -

Dr. Frank Gostomaki, Criteria concentrations consistent with the

Denappmant of Watar Quallty

Colorotorta 41744Z batth neellanint* tht Ponatentl water ;
flsm. zc hirpie pnei-1174.59:s-

butactiatitad 10. SICOhO0.-97111, sehich will gertendly entrun water .-

	

at ‘tni;ter P1381-11%-i14: C•Sthe 1;24;nd fzient -,.:+zacentration. ar quantatin

	

-
fj.escreation, aind f2) quantitatIve

4. chlarinated bennat.„. _ Ponment to sectian 304(eX1)of Ike • ' Bechon 304(a)fljdritaria oontalatvon ; - •- 2--. Clean Water Act 11.S.C. ":Q-niaarn' OrPef of infonnation: (1) '

:

-

, -.5•41.C"
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30784 Federal Register / .Vol. 50. No. 145 / Munday. July 29. 1985 / Notices

ENVIRONMENTAL PROTECT1ON
AGENCY

(01S-FRL-2871-4)

Water Ovality CrIteria; Avallablitty of
Docurn~

suratENCe:Environmental Protection
ArncY.
ACT134t Notice of final ambient water
quality miteria documents.

IIUMMARY: EPA announces the
availability and provides surnmaries of
nine ambient water quality criteria
doCuments and national guidelines fur
criteria development. These criteria are
published pursuant to section 304(8)(1)
of the Clean Water Act. These water
quality criteria may form the basis for
enforceable standards.

Availability of documents: This notice
contains: (I) Surnmaries of nine
docuroents containing final ambient
water quality criteria for the prolcction
of aquatic organisrns and their uses. (2)
a summary of changes in the document
entitled "Guidelines for Deriving
Numerical National Water Quality
Criteria for the Protection of Aquatic
Organisms and Their Uses" (which is an
updated and revised version of the
Guidellnes previously published at 45
FR 77341;Novembcr 28, 198.0).and (3)
responses to public cornments on the ,
Guidelir.es. Copics of the complete
criterla documents and the revised
Guidelnies may be obtained from the
National Technical Inforrnotion Service
(N1 !S), 528,5Port Royal Road.
Springfield, VA 22161 (phone number
((703) 487-4650). A list of the NTIS
publication erder numbers for all 10
docurnents is published below. These
documenla are also available for public
inspection and copying during normal
business hours at: Public Information
Reference Unit, U.S. Environmental
Prolection Agency, Room 2404 (rear),

Nt Street SW., Washington. D.C.
. As provided in 40 CFRPart Z, a

asonable fee may be charged for
pying services. Copies of these

ocuments are also available for review
n the EPA Regional Office libraries.

pies of the documents are not
vailable from the EPA office listea
elow. Requests sent to that office will
e forwarded to NTIS or returned to the
enden• .
I. Amblent Water Quality Criteria for

monia—EPA 440/5-84-001: Nris
'umber PB85-227114

. Ambient Water Quality Cdteria for
rsenic—EPA 440/5-84-033: NT1S
urnber P1385-2274-45
3. Ambient Water Quality Criteria for
drnium—EPA 440/5-64-032; NTIS

umber P385-227031

Ambient Water Quality Criteria for
adorine—EPA 440/5-84-0313: NTIS
Number P885-227429

Ambient Water Quality Criteria for
Chromium—EPA 440/5-84-029; NT1S
NurnberPB85-227478

Ambient Water Quality Criteria for
Copper—EPA 440/5-84-031; N71S
Number PB85-227023

7. Ambient Water Quality Criteria for
Cyanide—EPA 440/5-84-028; NTIS
Number PB85-227460

& Ambient Water Quality Criteria for
Lead—EPA 440/5-84-027; NTIS Number
PB85-227437

Ambient INater Quality Criteria for
Mercury—EPA 440/5 84 026: NT1S

Number PI385-227452

Guidelines for Deriving Numerica!
National Water Quality Criteria for the
Protection of Aquatic Organisms and
Their Uses. N'TIS Nurnber P885-227049.
FOR FURTNEI INFORMATON CONTACF:
Dr. Frank Gostomski. Criteria and
Standards Division (WH - 585). U.S.
Environmental Protection Agency, 491 M
Street SW., Washington. D.C. 20460,
(202) 245-3030.
SUPPLELIEWARY INFORMAT1O1C

lickground

Section 304(8)(1) of the Clean Water
Act (33 U.S.C. 1214(a)(1)) requires EPA
to publish and periodically update
ambient water quality criteria. These
criteria are to reflect the latest scientific
knowledge on the identifiable effects of
pollutants on public health and welfare.
aquatic life. and recreation.

EPA has periodically issued ambient
water quality criteria, beginning in 1973
with publication of the "Blue Book"
(Water Quality Criteria 1972). 1n 1978,
the "Red Book" (Quality Criteria for
Water) was published. On November 28.
1980 (45 FR 79318) and February 15, 1984
(49 FR 5831). EPA announced the
publication of 85 individual ambient
water quality criteria documents for
pollutants listed as toxic under section
307(a)(1) of the Clean Water Act.

Today EPA is announcing the
availability of nine individual water
quality criteria documents which update
and revise certain criteria previously
publiehed in the "Red Book" and in the
1980 ambient water epiality criteria
documer.ts. The criteria documents for
amrnonia and chlorine replace criteria
previously published in the 1976 "Red
Book." The criteria documents for
arsenic, cadmium, chromium, copper,
cyanide, lead. and mercury replace the
aquetic life criterie previously published
In the 1980 ambient water quality
criteria documents. Draft criteria
documents were made available for
publIc comment on February 7, 1984 (49

FR 4551). These final criteria have been
derived after consideration of all
cornments received.
.Dated:luly19.1965.

Eelwin C. Johnion.
Aaing Assistont Adrninistraor for el'afee

Appendix A—Sununary of Water
Quality Criteria

1. Ammonio

Freshwater Aquatic Life

The procedures described in the
"Guidelines for Deriving Numerical
National Water Qualily Crrieria for the
Protection of Aquatic Organisms el nd
Their Uses" indicate that. except
possibly where a locally import.inl
species is vert sensitive, freshwater
aquat:c organisrns and their uses should
not be affected unacceptabiy if the four-
day average concentration of amrnonia
does not exceed the recomrnended
criterion more than once every threp
years on the average and if ene one-hour
average concentration does not exceed
the recommended criterion more than
once every three years on the average.

Tbe recommended exceedence
frequency of three years is the Agency's
best scientific judgment of the average
amou.nt of time it will take an unstressed
system to recover from a pollution event
in which exposure to ammonia exceeds
the criterion. Stressed systems. for
example one in which several outfalls
occur in a limited area, would be
expecled to require more time for
recovery. The resilience of ecosysterns
and their abliity to recover difier
greatly. however, and site-specific
criteria may be established if adequate
justification is provided.

To protect freshwater aquatic life, the
criteria for arnmonia (in mg/liter un-
ionized NEL) are based upon ambient
waler temperature and pH with one-
hour and four-day average
concentrations provided. Criterion
concentratons for the p11 range 6.5 to 9.0
and the temperature range 0 *C to 30 *C
are provided in the following tables.
Total arnmonia concentrations
equivalent to each un-ionized amrnonia
concentration are also provided in these
tables. There is lirnited data on the
effect of temperature on chronic toxicity.
EPA will be conducting additional
research on the effects of temperature
on ammonia toxicity in order to fill
perceived data gaps. Because of this
uncertainty, additional site-specific
information should be developed beforc
these criteria are used in wasteload
allocation modelling. For example, the
ch.onic criteria tabulated for non-
salrnonids at ternperatures much bclinv
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20*C dre less certain than those
tabulated at temperatures 136/2

Where the treatment levelaneedal bo

meet these criterta below 20'C maybe
substantial. use of she-specj:fic criteria
strongly suggested. Devekpment of trach
criteria should be based upon site-
specific toxicity tetts.

The use of criteria in designirrg waste
treatment facilities requires the
selection oran appropriate wasteload
allocalion modeL Dynamic models are
preferred fcrr the application of these
crtteria. Liroited data or other factors
may make their use impractical. in
which case one should rely on a steady-
state model. The Agency recom.rnends
the interim use of 1Q5 or 1C210for
criterion maximum concentrabon reMC)
design flow and 7Q5 or 7Q10 for the
crIlwr:nn continuous concentration

(CCC) clitsign flow in steady-state
models for unstressed and stressed
systems respectively. fle Agency
acknowledges that the CCC snearn flow

eraging period used for steady-state
wastcload allocation modelling rnay be
as long a 30 days in situabons involving
POTWs desjgned to rensove ammonia
where limited vahability of effluent
ponitlant Goncentration and resultant
concentrations in receiving waters can
be demonstrated.

In cases where low variabllit can he
demonstreted. lor.ger averaging per:ods
for the ammonia CCC (e.g.. 30-day
a5e:aging periods) would be acceptable
htuause the magnitude and duration of
f- ceeden cer, above the CCC would be
sufficlently limited. These matters re
dtscussed in more detail in the
Technical Support Document for Water
Q;:ality Based Toxics Control (U.S. EPA.
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