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A/S MILJØPLAN P88-047

FORORD

Statens forurensningstilsyn har gitt en rådgivningsgruppe i
oppdrag å utprøve ulike tildekkingsmåter av gruveavfall for å
begrense utlekking av tungmetaller til nedenfor1iggende
vassdrag.

Rådgivningsgruppen består av:

STEFFEN, ROBERTSON & KIRSTEN, SRK, Vancouver, Canada

Senter for oppdragsforskning, SEFO, Norges
landbruksvitenskapelig forskningsråd, Ås

Norsk Teknisk Byggekontr011, NOTEBY, Oslo

MILJØPLAN, Sandvika

Miljøplan koordinerer rådgivningsgruppens arbeid.

Rapport nr. 1 gir en sammenstilling av erfaringer i Norge med
revegetering av gruveområder og andre vegetasjonsraserte
områder. Dertil gir rapporten en oppsummering av tekniske
tildekkingsløsninger son er benyttet i de senere år i
forskjellige land. Fordeler og ulemper ved ulike løsninger
diskuteres med hensyn til materialvalg, praktisk utførelse,
effektivitet i å redusere avrenning, holdbarhet over tid m.m.

PauD.Liseth
Prosjektleder



REVEGETERINGAV GRUVEOMRADER

av

PROFESSORDR. ATLE HABJØRG

Instituttfor hagebruk,NLH



Revegetering av gruveområder

Innledning.

clobale og lokale forurensninger og avfall fra ulike kilder kan

føre til større eller mindre skader på vegetasjon, jordsmonn og

vatnflora/-fauna, enten i orimær form eller som reaksjonsprodukter.

Spesielt utsatt er områder nær industrisentra, gruveområder, fyll-

plasser og sterkt trafikkerte veger. På disse områder er det ofte

en total ødeleggelse av økosystemene, dvs. flora og fauna på land

og i vatn. Videre vil det ved store tekniske inngrep i landskapet

- vasskraftutbygging, oljeinstallasjoner, vegbygging osv. - oppstå

store vegetasjonsraserte sår i landskapet med omfattende erosjons-

problemer.

Institutt for hagebruk har gjennom 20 år hatt forsøksvirksomhet

nå området revegetering og landskapspleie i forbindelse med

tekniske inngrep i landskacet. Innsatsen har spent over et vidt

problemspekter.

revegetering av vegetasjonsraserte områder i forbindelse med

oljevirksomhet, vasskraft og vegbygging m.m.

revegetering av gruveområder og sterkt forurensete industri-

områder - med øppbygging av sperresjikt, dyrkingsmedium og

vegetasjonsetablering. A/S Sydvaranger, Rana Gruver, Løkken

Verk, Kjøli Gruver, Knaben Gruver, Titania Gruver, A/S Borre-

gaard, Falconbridge Nikkelverk, DN Zinkkompani, Norsk Hydro

Aluminium mf.

naturlig vegetasjonsinnvandring på tungmetallforurensete

områder og utvikling av tung'metallresistenteøkotyper

i nlanter.

Prosjektene har dels vært et kortvarig samarbeid med de enkelte

bedr4fter og dels et mer langsiktig samarbeid med BVLI. Resultateni

er publisert i vitenskapelige journaler og i 6-8 diplomoppgaver

ved NLH.
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Problemene ned revegeterinc av tungmetallforurensete steder

Norge er gjerne knyttet til de klimatiske og edafiske forhold
på stedet.

Klimaforhold

Norces beliggenhet, som det nordligste i Eurcpa (58-710 N) med

1/3 av landarealet og 1/10 av befolkningen bosatt nord for den

arktiske sirkel, spenner over et enormt klimaspekter (Figur 1).

Eengst nord er vekstsesongen maksimalt 2måneder og det er praktisk
talt kontinuerlig sollys heile øerioden. I sørvest er vekstsesongen
gierne 7-8 måneder og daglengden er maksimalt 18 timer midtsommers.
Videre har vi et maritimt klima i vest hvor maksimal temperatur-
differanse mellom sommer og vinter er ca 350 C (+ 25-4 100) og
med årsnedbør opp imot 3000 mm. Tilsvarende temperaturdifferanse

de mest kontinentale strøk i fjellområder i øst er bortimot 850 C
(-I-33 til 4 50) og hvor årsnedbør kan gå ned mot 300 mm.

Den arvelige variasjon innen plantearter er meget stor og gjennom

generasjoner vil plantene tilpasse seg forholdene på stedet. Det
vil bl.annet bety at lokale økotvicerpraktisk talt alltid vil ha
større evne til å overleve enn "innførte" planteslag. Graden av
vellykkethet i et revegeteringsprosjekt vil derfor alltid være
betinget av hardføre økotyper.

Tabell 1. Vinterherdighet (% overlevende) hos ulike

økotyper av bjørk (Betula pubescens).

Dyrkingssted

økotype Oslo Trondheim Alta

Dansk 85 45 0

Trondheim 95 100 35

Alta 55 90 100

Edafiske forhold.





Bergverkdrift er blant de eldste industripregete virksomheter vi
kjenner, og går heilt tilbake til det 12. århundre. I en oversikt

fra 1925 er det notert 1414 gruver i Norge. 51 av disse er pr.
idag antatt å medføre betydelice forurensningsproblemer (NIVA 1984).
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De fleste av disse byager på forekomster av kismineraler, dvs.

svovelsalter med Fe, Cu, Zn, Pb og Ni i varierende forhold.

Jordanalvser fra avaangsmasser gir eksempler på følgende

kjemisk innhold (mg pr.

pH P

1)

Y

(HABJØRG

Ca

1988)

Fe Cu Zn Al

Yjeli 2,8 0,5 5 50 5090 106 i3 95

Fredrik IV.(5) 7,4 0,5 46 2170 1370 4260 108 108

Kvikne 2,8 0,6 0,1 22 1650 35 14 16

Vigsnes 3,5 0,7 9 104 3160 34 16 77

Gravdal 3,2 1,9 7 63 1862 24 8 27

Giftvirkninaen i forbindelse med eldre gruveanlegg er registrert

pA a1le disse steder. Videre er det registrert store skader på

vegetasjonsdekket bl. annet på Svalbard der avgangsmasser er brukt

som fyllmasse ved utbvgginger. Dessuten er det store skader på

vegetasjonen i og ved vassdragene nedenfor veltene grunnet sigevatn

fra disse.

Eksempler på innhold i sigevatn fra kisgruver. (HABJØRG 1988)




pH Fe Cu Zn Kond. MS/M

Kjøli 3,0 35 3,5 0,15 63,6

Kvikne 3,5 7,4 1,2




19,8

Gravdal 3,6 2,8 0,2 0,3 20,1

Killingdal 2,5 692 62 273 396

Partikkelstorre1sen i veltene er vanligvis fin nok for kapillær

ledningsevne. Dette sammen med relativt liten fordampning av vatn

fra massene gjør at vatntilgangen for eventuell vegetasjon på veltene

stort sett er tilfredsstillende.

Ve etas'onsetablerin .

Feltforsøk og forsøk under kontrollerte forhold har vist at plante-

vekst er praktisk talt umulig i masser med pH under 3,5 (Figur 1).

våre forsøk er det gjort få detaljstudier for å klarlegge den

egentLge årsak til vekstbroblemene på slik jord, NRIAGU (1978)

antyder at det kan ha følgende årsaker

- økt løselighet av AI- og Mn-ioner med fare for giftvirkning

på plantene
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- redusert tilgjengelighet av essensielle plantenæringsszcffer

særlig P, Y, samt Ca og Mg.

Fra jordanalysene som er oppgitt tidligere, går det imidlertid

fran at sammenhengen mellom plantevekst og forurensning nok er

betydelig mer nyansert. Blant annet har det vist at enkelte

plantearter og økotyper kan vokse tilfredsstillende på visse gruve-

masser, mens de går ut om de dyrkes på andre med tilsynelatende

minst like ekstreme forhold. For andre arter/økotyper kan situa-

sjonen være omvendt. Toleranseegenskapene hos arter/økotyper er

altså med få unntak spesifikke. Multitoleranse kan utvikles i de

tilfeller plantene utsettes for et allsidig seleksjonspress

(Bradshaw 1975, Håbjørg 1979). Tillaging av slike typer er imidler-

tid en såøass omstendig og arbeidssom prosess at det neøpe er gjennom-

førbart for norske forhold hvor variable klimaforhold ytterligere

kompliserer situasjonen

Figur I. Virkning av pH p8 vegetasjonsdekket på velter

Rørosdistriktet og på.Vestlandet.

5

• •
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Revegetering av sterkt forurensete områder kan i praksis skje ved

hjelp av

1 - sperresjikt og/eller dekningsmasser

2 -‘kalking/gjødsling direkte eller i kombinasjon med sperre-

sjikt/dekningsmasser

3 - stimulere naturlig vegetasjonsvandring og/eller såing/

planting i kombinasjon med pkt. 1 og/eller 2.
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Opnbyaging av snerreslikt /dekningsmasser

Norske velzer er relatvt små med en kuperz oc dels bratz overflaze.

Cfze flacer ocså velzene i en dal- eLler fjellside ned betydeLic

sneitevatnsmengder i vårløsningen. Det er derfor ikke problems----

med et gLazt oc heilt zezt snerresjikt av tjukk, glazt tiasz.

Dekningsmasser på toppen av ez slikt sperresjikt Vil lett bfl spylt

bort i sterkt regnvar eller i snøsmeltinga om våren.

Mangel på løsavsetninger for dekningsmasse er ez annet hovedproblem.

Ofte er også veltene lokalisert på temmelig utilciengelige steder

slik at massetransnorten kan bli relativt nroblematisk.

Igangværende forsøk tar hensyn zil disse rammebetingelser.

Følgende faktorer er variert

Snerresjikt

Slissenlast

Armert, noe vatngjennomtrengelig plast

Blank, tett plast

Det ideelle snerresiikt børettermin meninc kunne snrøvtes nå


(skumnlast e.1.) oc helst være noe c'ennomtrenaeli for vatn.

Dekningsmasse

Mangel på løsavleiring har gjort at det på Kjøli bare er brukt

bark. To barktykkelser - 4 og 8 cm - er brukt i kombinasjon

med ovennevnte 3 sperresjikt.

På Eitrheimsneset (DNZ) er det forsøkt med 3 cm jord (uten

sperresjikt) som dels er frest ned i eksisterende toppjord og

dels lagt nå topnen av opnrinnelig jord (onptil 2% Zn, 1100 ppm

Cu og 1500 pnniPb og 100 pnn Cd i jorda).

Tilføring av torv i kombinasjon med kalking og fosforgjødsling

førte til en betydelig reduksjon i lettløselige tungnetaller.

En kombinas'on av finnartikla morenemasser oc or anisk 'ord

(torv eller bark) vil i od nærincs=c vatnkanasitet i massene oc

dermed et odt buffret dvrkin smedium. Minimumstvkkelsen nå de

resnektive s'ikt bør vare 4-5 cm o 3-4 cm.

På snerres'ikt dekninasmasse-området kreves relativt omfattende

forsøksvirksomhet

Kalking/gjødsling.

Kalking/gjødsling må tilpasses jordbunnsforholdene. Deknings-




massene trenger særlig tilførsel avN P og K. Til en viss grad
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kan det også være en positiv virkning av kalking. Derimot vil

det sjelden være nødvendig å tilføre mikronærincsstoffer.

Gjodslincsmengde oc frekvens må tilpasses dekningsmassens

tykkelse. Tynt jordiag krever små gjødselmengder men hyapic

cjødsling - eks. 15 kg NPK-gjddsel 3 ganger i vekstsesongen.

På detze felt er det mange forsknngsresultater å støttfleg tbl.

Ytterlicere forsøk er derfcr nødvendig i begrensez crad.

Områder (uzen sperresjikt) med tynt eller uten tilført toppsjikt

av orgarj_skmateriale, må kalkes og tilføres store mengder fosfor.

Dette vil bidra til å heve aH og redusere konsentrasjonen av

lettløselige tungmetaller i toppsjiktet. I forsøk (Løkken) på

jordarter med pH på ca 3,6 er det ved kalking med 1000 kg kalk-

steinsmjøl og 100 kg fosforgjødsel/da ved alanting oppnådd god

etablerinc oc tilvekst nå lokale treslag.

Kalkinc oc fosforc'ødslinc bidrar såoass sterkt til bedrin av

dvrkingsfcrholdene i sur (aH min. 3,5) oc forurenset 'ord at

vegetas'onsetablerinc vanlicvis er mulic uten soerres'ikt o

deknincsmasser. Lokale tilaasnincer krever relativt omfattende

forsøksvirksomhet.

Valg av alanteslag.

Analyse av vegetasjon på velter i kyststrøk og i fjellstrøk

viser at det er en viss forskjell i artssammensetning i de to

klimaområder, men at denne ikke er så stor at det har noen

praktisk betydning for revegetasjonsarbeidet. Håbjørg (1988)

viser at treslagene bjørk (Betula pubescens), furu (Pinus

silvestris) og vier (Salix spp) er de mest vanlige planteslag.

Videre er grasslagene smvle (Deschampsia flexuosa) og engkvein

(Agrostis tenuis) og dels rødsvingel (Festuca rubra) temmelig

vanlige.

Gundersen (1988) viser dessuten at de genotyper (individer) som


vokser 0å veltene, alle grunndt sterkt seleksjonspress, har
-

saesifikk toleranse mct forholdene i jorda på velta.

Videre er det vist i tabell 1 at adaptasjon til viktige klima-

faktcrer vanskeliggjør flytting av økotyper fra ett klimaområde

ti3!et annet grunnet overvintringsproblemer.

Konklusjonen på dette blir at det må satses på treslagene bjørk,

furu, og vier og på grasslagene engkvein, fåresvingel og

rødsvingel. Smyle er ikke aktuell i revegeteringsarbeidet



grunnet dårli,  Sortsmateriale av enckve:_n,

rodsvinge:Log fåresvingel som er på markedez vil ha szore

broblemer med overvintring i høgfjellet og nordover. Men

fordi det er viktig å ezablere et erosjonshindrende grasdekke,

må det alflkevel i hovedsak satses på disse. I den arad dez er

mulig bor det i tillegg høstes frø av tungmetallresistenze oc

hardfore genotyper på de respektive områder. Dette frøet blandes

ned dez kommersielle frø og sås ut. På dette vis vil man spredz

over heile revegeteringsområdet få endel tungmetallresistente,

hardføre og frøproduserende genotyper som med tiden kan bidra

vegetasjonsdekning på området.

Det bør også samles frø av lokale treslag for innpIanting på

veltene - bjørk, furu oc vier. Forsøk har ellers visz at bjørk

og vier har så stør reoroduksjonsevne og spredningskapasitet az

det også er mulig å satse på naturlig vegetasjonsinnvandring.

Naturlig vegetasjonsinnvandring av trær vil imidlertid ta noe

lengre tid enn planting. Planting av trær muliggjør ellers

vala a arter som lever i symbiose med nitrogenfikserende

organismer og som dermed er sjølforsynt med nitrogen. Dermed

kan vedlikeholdscjødslingen reduseres til et minimum.

Vegetas onsetablerinaen må rimært ta sikte på å etablere et

markdekkende rass'ikt som kan hindre eros'on der det er osik'ørt

dekninasmasser. Det bør brukes kommersielle sorter av enakvein-,

fåresvinael oa rødsvinael blandet med frø av lokale helst tuna-

metallresistente aenotvoer. Tre- oa buskve etas'on bør fortrinns-

vis søkes etablert ved å aksellere den naturliae vecetas'onsinn-

vandrinc. Ved plantinc av trær bør det brukes lokale økotvoer

av nitroaenfikserende olantesla - råor.

Ved revegetering av massetak i forbindelse med uttak av deknings-_

masser, transportveger o.l. nyttes samme teknikk som nevnt over.

Vegetasjonsetableringen må følges opp med et vedlikeholdsprogram

som strekker seg over 3 år, og som i hovedsak består av gjødsling

ogikalkina.

As, 4. juni986
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COVER TECHNOLOGY FOR ACID MINE DRAINAGE ABATEMENT: LITERATURE SURVEY

1.0 INTRODUCTION

OVERVIEWOF ACID MINEDP,AINAGEIN NORWAY

Norway has a history of intensive pyritic ore mining and processing for over 300 years. NIVA,
1987, lists some 39 substantial pyrrie deposfts as shown in Figure 1, the majority of which have
been mined. Most of these rninesare now abandoned.

During mining and milling, pyhte rich waste rock and mill tallings are deposited on the earth's
surface. Mine workings are also opened up exposing ore and waste rocks to the entry of oxygen
and water. Oxidation of the exposed pyrite, by both chemical and biologica! processes, results in
the generation of sulphuric acid. The resulting acidic wastes leach heavy metals. notably copper
and zinc, and other contaminants from tne mine wastes and carry them away from their source of
generation and into the environment.

Irnpacts on the environment of the acid mine drainage (AMD) can be severe. The Norwegian
Instiarle for Water Research(NIVA)has conducted investiaations and evaluations of the extent and
impact of AMD frorn abandoned mines in Norway and the results are reaorted in NIVA. 1987.
Table 1 provides a summary of the pollution and environmental impact assessmentsfor the various
rnining areas in Norway. Severe impacts are experienced or threatened in the Orkla, Glama, Gaula
and Sulftjelmawater courses.

1.2 OBJECTOF THIS STUDY

The Norwegian State Pollution Control Authority has initiated a program for the abatement of the
environmental impacts of AMD in Norway. A preliminary evaluation of alternative abatement
measures at a select number of AMD sites was undertaken in 1987 (Steffen.Robertsonand Kirsten,
1987). This study was requested by the Norwegian State Pollution Control Authorfty, in a letter
dated 26th January, 1988,wfth the following objectives:

To evaluatetechnical solutions to covers for mine waste and tailings deposfts. The testing
was to include needs and possibilities of, as well as effects of, a capillary breaking layer,
soil cover, and finally the establishmentof vegetation over the waste pile.

The study was to include a full-scale test in the field which should be part of the solution to
the AMD problem at an existing waste deposit where abatement measures are urgently
needed.

The study for 1988was to be considered as the first part of a program and would form the
basis for further work. The program would, over a period of several years, test alternative
abatement options to deterrninetheir effects on the waste deposit and the on the quality of
the drainage.

A study program was developed by the Study Team (Steffen. Robertson and Kirsten; SEFO -
Senter For Forskningsoppdrag; NOTEBY - Norsk Teknisk Byggekontroll; MILJOPLAN) and
described in a proposal dated 24th February, 1988. The 1988 study program comprises three
tasks:
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SUMMARYOFPOLLUTIONANDENVIRONMENTALIMPACT
TABLE1 ASSESSMENTSFORNORWEIGIANMETALMINES(NIVA,1987)

1n the table C and X denote the following:

Effects lnputs

0 Unknown. neglagible

CO: Unknown (possible effects

X MInor effects

XX 51grilflcant effects

XXX Severe effects

0 Unknown. neolsgsble

X Moderate

fl Substantlal

XXX Large

Sect. Hame Municspollts Draltung to lnputs Effects Further •easures.
lnvestsgatlons





2.1.1 Vsgsnes




Lake




Inspectron • controll




Copper Works Karmøy Vagsnlea.natn XX X progranme

2.2.1 Evje Nlcke: Evje and






Works Hornnes Otr• 0 0 Inspection

2.2.2 Ertellen





InspectIon - controll




NlckeI Works Modun Henoa/Tyr1fj. XX X 1nvestigation

2.2.4 Langdalen Ronerike-: Sk)erdalswater-




Lower stretch of




Modus coursefTyrifj X X Skjaerdalswatercourse

should be Investgated

2.2.5 E1ker Copper




Dramnenswater-





Works øvre Etker COUrse




X •




2.2.6 Modun Cobalt






Works Modun Snaruaselva-51moa






Dramnensw.course X 0 Inspectlon

2.2.7 Konnerud Drammen Dramnenaelva-




Affects ground wator





Sandew.courwe X 0 1n the area

2.2.8 Grua Gran Viggaw.course X 0




2.2.9 Espedalen Sør-Fron/






Gausdal Gausa 0 0




• 2.2.10 Fossgruva Tolge-Os Vangrafte-Glkma X X




2.2.11 011ear II Tolga-Os Vangrefta-Gl&na X X




2.2.12 Folldal Folldal

Alvdal
Polla-Glima >30( XX Detafled anvestzga-

tined carrsed out






1984/85. Measures are

under concercheratson

2.2.14 Rostvangen

etc.

Tynset Glota-Tunna

Glina

X X Effect of neasures

1s being noratored

2.2.15 Kv1kne Copper Tynset
worka

Ya-Orkla XX X To-be aonrcored of

after the regulatrons

of the Orkla w.course



In the table C anc X oenot. the fo:lowtng.

Effects Inowts

C Unknown. nog1Igtble

(0. Unknown Ipeasicie effect,

X Mtnor etfects

XX Significant effects

XXX Severe •ffects

C Unknown. neglIctble

X Mocierece

XX Svoscantta1

XXX Large

Sect. Name muntcapoltt: Dratnang tc Inputa Effecta Turthe: measures.

1 nve s t ga tt ons

2.2.1A Ruros Copper Røros Gliwa XX X Measaires tn Lake

W. Stortvartx D.mmcsjøen

2.3.16 Ruros Copper Røros 01ima XXX XX Lake Orvsiøen ts

W. Konetens has been monitorec

2.3.10 Røros Coppe: Røros Gaula X 0

W. Muggrova

2.3.:: Røros Copper holtåten Mesje-Gaula X X

W. Messaalen

2.3.2. Kjø:: Holtållen Gaula XX XXX Turnte: Itmtnc. etc

1n 1965'

2.3.3 K112Ingbal Moltilen Gaula XXX XXX Measures 1n draft

2.3.5 Unoal Works Rennebu Skauma-Orkla X X

2.3.6 Lakken works MelOal Raubekkon-Orkla XXX XXX Further weasures

shoulb be drafted

The sttuatIon :s

being closely

wonttored

2.3.7 Dragset Worke Melbal Voraa-Orkla XX X The sttuation

should be monttorec

by means of a con-

troll programme

2.3.11 Nøydalsgruva Me1dal Svorka X o

2.3.10 Lt116fjell Moråker Stjerdals- The Meråker area

watercourse X :X: •hould be inspected

2.3.11'12 Cauistad- 0 0

Mokk

2.4.1 Bosawc Mo 1 Rana Ranafjorden X (X:

2.4.3 Sulltjelma Fauske Sulltjelma

watercourae XXX XX

2.4.4 Bjeark2sen Balangon X 0

2.4.5 Thstact Evenes Lavengseidet 0 0

2.4.T BxC1ovagoe Kautokekno Altawatercovise 0 0
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Task 1 - Uterature survey of technology of covers design

Task 2 - Evaluation of alternanve test sites and preparation of a test program.

Task 3 - Description of technicat rneasures with Cost estirnates for the test program.

This report outlines the objectives of the study and documents the results of Task I - the Ifterature
survey.

It brielly reviews the process of acid generation and AMD wfth the view of identifying the
objectives, design criteria, operating conditions and long term effectiveness of covers. It reviews
published information on the design of •covers. evaluates alternative design rnethodology and
discusses the results of tests or remedial actions conducted elsewhere.

1.3 BASIS FOR THIS STUDY

For the evaluation of the effectiveness of alternative cover types it is important to understand the
mechanisms of acid generation and drainage into the environrnent. The review therefore starts
with a brief non-technicai summary of these processes and the factors which control them. This is
followed by a brief description of the alternative cover types and how they serve to control AMD.
Finally the control technology is reviewed and design methods discussed. Since AMD is a long
terrn process, the effectiveness of the control technology in the long terrn is reviewed and
technology for the achievement of long terrn stabilfty is described.
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2.0 FACTORS SIGNIFICANTTO COVER DESIGN

MINE DRAINA3E

The process ot acid generation in mine wastes has been described by numerous workers including
Knapp (1987t: Paine (1987;; Errington ant Ferguson (1987a). It is a time-dependent process
controlied prirnahly by:

tne presence anc nature of reactrve suipnides
tne exposure of tne reactive suiphides
bacterial actior
availability of water
avahability of oxygen (by convection and diffusion)
temperature
pH or presence of alkahne reactants

)Ceinmann et aJ (1981) identified three stages of acid generation. These are illustrated in Figure 2.
During the first stage, chemical and/or biologicaI oxidation of pyhte and other sulphide minerals
siowly produce acid. This acid may inttially be neutralized by basic minerals in the rock. Once the
base source is exnaustet the second stage initiates as the pH drops in the microenvironment
around the sulonice rninerals ant acid generating bacteria such as Thio acillus ferro xi ans begin
to These bacteria -cause a further Oecrease in the pH and the third stage is initiated.
When the pi-i decreases below 3, ferric iron remains in solution, ferrous iron is converted by
bacteria to ferric iron which in tum oxidizes the sulphur rninerals. The rate of acid formation is
rapid in the last stage and is limtted by the concentration of ferhc iron.

Robertson. 1988, has proposed an analogy which is usefui in understanding the processes of acid
generation and drainage. It is illustrated for a waste dump in Figure 3. A description follows.

Factors Controlling Acid Generation

Acid generation occurs in a sulphide reactor. This reactor contains a finfte load of sulphide. The
rate at which the reaction proceeds is dependant on:

i) The nature of the reactive sulphides; with some oxidizing much more rapidly than others,
EPA, 1977. The form of the sulphide is also irnportant wfth disseminated framboidal pyrite
oxidizing more rapidly than large cubical crystal forms.

The rate at which the other fueis:
oxygen and
water,

are introduced into the reactor .

iii) The inftiation of bacterial oxidation may increase the rates of oxidation from 50 to 1 rnillion
times, Lundgren, 1971. BoM the chemical and biological oxidation rates are substantially
dependam on the pH in the reactor as illustrated in Figure 4 (Knapp, 1987). Typically the
reactor starts up slowty with local slow chemical oxidation, and increases rapidly as
biological oxidation starts after the pH has dropped below 5. On a single lump of waste
rock, as illustrated in the inset in Figure 3, indMdual crystals of pyrite may develop a
surface coating of low pH adhered water, providing the conditions for rapid bacteriological
oxidation long before similar condttions develop on other surfaces of the otherwise
naturally alkaline host rock.
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iv Oxication rates increase as Ine temperature increases as iliustrated in Figure 5 (KnaoC.
19Sfl

Acid is produced as a resul: of me oxidation reactions and stored in the vicinfry of the site of
aeneration, unless transported away trom the site by diffusion or advectrve water flow. Ir Me
aosence of flowing water the movement rate is extremeiy slow, and the acia products accumulate
(are stored) in the viciniry of the suipnides and inhibit turther oxidation. Movement of acid trom the
suiphide reactor site is theretore denendant on the presence of water as a transport medium.
Rernoval of the acit products allows the oxidation reactions to continue. Metais and other
products are dissolved in the acidic water. Flow or discharge from the sulphide reactor is therefore
an acidic water flow containing dissolved metals commonly referred to as Acid Mine Drainage or
simply AMD.

Factors Controlling Natural Neutralization

AMD is discharged intc the base reactor in which it is neutralized. If the reaction rate in the base
reactor is slower Man the rate at which AMD is defivered to il then only partial neutralization
occurs. inere may still be acidic orainage whiie a ner base potential remains. In practice this rnay
occur on a ILIMP of rock waste wnere tne sulphide is on the exposed 'joinr surfaces and oxidizing
rapidiy and the Dase matena; is contained in the interior of the waste lump from which it is released
more siowly.

The base reactor has a finite quantity of base material and atter this is consumed no further
neutralization occurs. Depending on the amount of base matehal contained in the base reactor,
and the rate at which AMD is introduced to it, the effective period of neutralization wIll vary. Thus if
AMD generation or transport from the sulphide reactor is slow (as may occur in a dry clirnate or if a
low permeability cover is installed) then the neutralization may be effective for a very long time, but
the end result of acidic drainage may be the same. Some of the dissolved metals in AMD,
including zinc, are not adequately precifrrated on neutralization and such drainage may stilI be
detrimental to the receMng aquatic environment.

The acid/base accounting method of AMD potential testing measures the total quantities of acid
and base generating potential but does not take into account the rates at which the two reactors
work. Hence the need for kinematic tests, particularly when the acid and base potential are nearly
equal. Both static and kinematic test methods for acid generation potential deterrnination are
reviewed and sumrnarized by Ferguson and Erickson, 1987.

Factors Controlling AMD and Environrnental lrnpact

AMD draining from the waste deposit passes through or over soils which have a neutralization
capacity. AMD is also mixed with surface and groundwater strearns which both neutralize and
dilute the AMD. The environmental reactor results in some improvement of the AMD. As the
store of basic materials close to the deposit is consumed the AMD plume migrates further from the
deposit, resulting in an ever increasing impact zone. At some point the volurne of dilution and
neutralization streams with which it merges is sufficient that the effect of AMD is abated.

Some environrnents have an extremely high load of basic rnaterials in the soils, surface and
ground waters. This is the case in many of the old deeply weathered landscapes wIth well
developed old soils. In Canada and Norway, where recent glaciation has stripped off all old soils,
only relafive fresh rocks and new, unweathered soils are exposed. These condttions generally
yield soils, ground and surface waters which are low in neutralizing capacity. Thus the potential for
extensive impacf on the surface and groundwaters downstream from the deposit are large.
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For all waste deposits there is a leve! of AMD release which can be sustained by the environment
witthout significan; damaae. lt is ffie objective of AM: adatemen; measures to reduce AM:
releases to below this levei.

2.2 ROCK WASTE DUMPS AND TAILINGS DEPOSITS AS REACTORS

Waste Rock Durnps

A waste dump can be visualized as a series of sulphide and base reactors on both a micro and
macro scale. On each piece of rock waste there may be zones which are either acid generating
(and acidic) or base yielding (and basic). The mos; reactive lump produces acid which allows the
pH to depress, initiating rapid biological oxidation. Drainage from this acid lump onto lumps below
it rapidly consumes excess base allowing a zone ,of high reaction rates to spread aiong the
drainage path.

Zones of predominantly acid rock waste will yield AMD and zones having a net base potential will
neutralize AMD flowing into them. The pH of the seepage trom sucn a dump is dependant on the
flow path which the transporting water has followed and may be eitner basic or acidic as illustrated
in Figure 3. lt is common to have both basic and acidic seeps trom the same dump during the
early stages of AMD developrnent.

Neutralized AMD will contain some of the dissolved metals taken up in the acid flow zones and not
deposited on neutralization. Zinc is often a persistent metal in this respect. Thus the evolution of
AMD from the dump is cronologically as follows:

All seepage characteristic of unoxidized leaching of the waste rock.

Some seeps develop characteristics of neutralized AMD (Lundgren et al, 1972). This stage
rnay be evident within weeks or months of waste placement but may take years.

Some seeps begin to exhibit depressed pH and characteristics of AMD. The stage rnay
develop within months of placement but a number of Westem Canadian exarnpies exist of
tt taking 10 to 20 years for the first such seeps to develop.

pH depression develops in all seeps from AMD generating zones of the dump. For rnany
mines this may be the entire waste dump. Documentary evidence exists of highly reactive
dumps that have developed to the maximum rate of AMD wtthin a few years of
construction. Our understanding is not complete for the time rate of increase for the much
slower developing reactors. Based on the observations for (iii) above it may take tens to
hundreds of years.

The quality of seepage improves as the sulphides are consumed and that in the faster of
the sulphide reactors is exhausted. Slow reactors (such as sulphides in the interior of
large hard rock lumps) can last for a very long time. This phase is observed to last for
hundreds of years for large waste dumps.

Seepage flows through waste dumps are usually partially saturated, and flow tends to follow
preferred flow channels. Some of the waste lumps are regularly fiushed by infittrating water while
the majority are seldom wetted by flowing water. Acid products accumulate on the seldom flushed
lumps wfth the result that acid products accumulate. During periods of high flushing (spring run-
off or high precipitation periods) some of these products are flushed out resulting in high flows wtth
very high contaminant concentrations. Because hydraulic conductivities are usually high in the
dump, the period between infiltration and seepage is short, resulting in rapid flushing and seepage
responses to precipitation.



Tne air conductivrry of ourrIDS are aIsc extremely hign Tne tendency for coarse waste wttr larce
air voias to accumulate a: tne oase of tne dumps usually provides an easy cassaae for air inte tne
base of the ournp. Tnerma aradients aeveiao due to natura temperature ranaes in tne arnoien: ar
as as due to the exothermic reactions of oxidatior in tne waste dump Sucn merma aradients
resut:in, a •cnimney efiect• in the cump wan Me resul: tha: oxyaen is arawn into the cumc and is
readily available to fuei suipnide reactions. Changes in tne barometric pressure causes tne CUrrlas
to Ibreavt. This 'Iuno effect' results in air fiowing in along the more conductrve channeis creec into
the aump. The entire dump therefore serves as a reactor wan an ample suppiy o oxygen and
water for suiphide oxidation.

In hard rock dumps which are resistant to weatnerinc tne amoun: of sulphides exposed and
avaitable for oxidation is limrted, limtting the rate ot reaction, The mass of sulphides exposed ta
oxidation condrtions are aimost direotly proportiona! to the surface area of dump material which
increases approximately as the inverse of the cube of the average iump or particle mass ir the
aump. Where the rocks siake (Preak down wan time) rapidly. increasinc the surface area of
exPosed suiphides. tne rate of suiphiae oxidation may increase rapidly Fortunatel) tre slakinc
effect. if it reduces Me rock to soiI sIze particies. rnay also reauce Me aump conauctrviht to boM air
and water sufficiently to resutt in reauced reactions.

Tailings Impoundments

The factors controliinc acid production and AM: from tailings impoundments drffers sianificantly
from those operaftve in waste dumps. These drfterences are summarizec in Taole 2

The sulphide content in tailings is otten much greater than in the mine wastes from the sarne ore
deposit, resulting in a potential for much larger acid production.

Because of the fine grind, a hiah percentage of the sulphides are exposed and avallable for
oxidation. If only these two conditions controlled reaction rates, then taflings would be expected to
be much greater acid producers than rock wastes.

The fine grind and mIxing that occurs in the milling process results in a much more even
distribution of the sulphides and base materials in the deposit. The taiiings are also generally
mainiy in water or in a high moisture state. particularly during the operating life of the
impoundment. The combination of intimate mtxing of sulphides and base materials and tne ampie
water to transfer acid and base ions over the srnaIl distances seoarating grains resutts in a hugeiy
reauced potentia for the deveiopmen: of Mgaer or 'ho: spots', and hence the initiation of fas:
reactions due to bioloaicai Ieachinc. Conditions surtabie for acid generation usually only deveiop
after tailincs piacemen: is discontinued. Thus the initiation of acid generation in a tailinas dam
usually starts iong after the same inaiation in waste durnas at Me same mine.

In contrast to dumps, infiltration and flow of air and water is restricted by the relativeiy Iow
conducftvity of the tailings. This flow restriction results in the development of zones of oxidation
(sulphide reactor zones), neutralization (neutralization reactor zones) and contaminant migration
as illustrated in Figure 6. These zones have been described and discussed by Robertson, 1987.
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TABLE 2

COMPAP,ISON OP CD MINE DRAINAGE FACTORS IN WASTE DUMPS AND TAILINGS

IMPOUNDMENTS

k ACID GENERATION


Subhbe source

WASTE DUMPS

Variabie in concentration
ano location
Conditions may vary from
sulphide rich to basic over
snort distances

TAILINGS IMPOUNDMENTS

- Conditions uniform often with

very high sulphide content.

ih pH variation

iii) Initiation of Raoit -
Oxidation

, iv) Oxygen Entry

Hignry vanable conditions
over short distances

Usually stans immediately
atter first wastes are placed
(in atrigger' spots1

Enters freely along highly
conductive fiow paths at base
at dump and large open void
spaces. 'Chimney and lung'
effects.

Fairly uniform condttions with
a few major horizontal zones

Usually stans after
tailings placement ceases

Restricted by water in the
tailings void spaces and the
lower conductVfty of the
partially saturated void
spaces

v) Seepage

AMD Releases

Seepage rapid along preferential
flow paths

Large infiltration resulting
in large seepage from toe
and to groundwater
Rapid release following
generation, sometimes with both
neutralized and acid AMD seeps

Seepage slow and uniform

L.arge early surface AMD
run-off
Lower infiltration
Gradual transition in seeps
from process water,
to neutralized AMD, to AMD.

After tailings placement is discontinued, oxidation usually initiates fainy duickly at the surface of the
tailings impoundment where tailings are exposed above water and where oxygen has free access
to the taihngs. Surface drainage trom the tailings impoundment tums acid fairly quickly. The
downward movement of the AMD is extremely slow because of the generally low permeabiltty of
the taihngs and foundation soils. Flow is relatively uniform and there is not a route for rapid
preferential seepage as in dumps. The period for the imrnergence of the first AMD contarninated
groundwater may be extremely long (tens, possibly hundreds of years).

After impoundrnent closure, there is otten a slow lowering of the water table in the impoundment as
drainage takes place. The partially saturated zone, in which oxidation can occur, increases.
Figure 7 illustrates the rapid increase in the gaseous difuSwity ot tailings or soil as the moisture
content reduces. Drying of the upper surface of the tailings impoundment also results in
dessication cracking of the fine tailings. This increases the conductivity-to both air and water. If
sandy zones are located in the deposit the cracks connect with the pore spaces in the sandy
zones and the lung effect results in oxygen transmission to these zones. Thus we often observe
yellow, oxidized sand zones intedayered with gray unoxidized slimes layers near the surface of the
tailings impoundment.
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2.3 ALTERNATIVE AMC CONTROL TECHNOLOGIES

AMD control technology is conveniently divided into three broad classffications.

Prevention of acid generation
Prevention of AMD rnigration
AMD collection and treatment

Covers can serve to both control acid generation and AMD migration. Since covers may be used
in combination with one or more of these other technologies, they are briefly reviewed.

Prevention Of Acid Generation

Prevention of acid generation in the first place is usually the most desirable of the control
technologies. If generation does not occur. then there is no risk of its transportation into the
environment.

This may be achieved by:

Removal of the pyhte source

Methods of pyhte removal have been reviewed by Hester and Associates, 1984. Removal of a
portion of the sulphides trom tailings, by flotation for exarnple, rnay make the dffference between
net acid production and consumption. Oxidation of the sulphides, as part of the mineral extraction
process, is being achieved at a number of gold mining properties (refer paper by Robertson et al,
this conference). If applicable, the results are effective in the- long term and no additional
abatement measures or maintenance is required. Costs are high and the technique is not
applicable to wastes.

Rendering acid generation minerals inactive by the developrnent of surface coatings

Hester and Associates, 1984, demonstrate that while these approaches hold promise they do not
as yet represent applicable technology.

Exclusion of water

Exclusion of water to the extent that acid generation could not occur is not considered practical
(Robertson 1987).

Control of biological oxidation

Bacterial action control by the application of bactericides have been discussed by Sobek, 1987.
Periods of effective control for adm&ed bactericides do not exceed 5 years and surface spraying
has been found to be not effective. This measure provides no control of chemical oxidation.

Ternperature control

If freezing conditions can be achieved, acid generation can be prevented. This control has
application in regions of permafrost, with adequate precautions being taken to prevent seasonal
surface thawing. Elsewhere surface covers have the effect of reducing the maximum surtace
temperatures, and therefore oxidation rates, but do not provide adequate control for abatement.



vF Exclusion o oxyger

The exclusion of oxyoen to the excen: tna: acic generation is reduced to acceptabiy low levels
requires the placemen: of a cover with an acceptably low level of oxygen dfffusion.

vii) Addrtion of Base

Base aodition can take a numbr of different forms.

Blending of net acid producing and net acid consuming wastes to achieve a net acid
consuminc mixture. Trus is what is etfectively practiced in the coal strip mines of the
eastern USA (Skousen et aL 1987. Its effectiveness for hard rock rnines has not been
demonstrated. The fiat honzontal layering of the sedimentary overburden over the coal
seams and the stno nuning method are well suited to achieving conSistent and intirnate
blending of the overourden. Tne distribution of waste rock types and the mining sequence
in hard rock mines is considerably more variable and consistent blending more difficult
and costly to achieve. Where poor blending has been done, acid generation may stiH
continue in localized zones resulting in neutralized AMD seepage of a quality which is still
of concem to the downstream environrnent.

Base addttion and blending can be practiced to allow consistent control throughout the
waste. The base material must be sufficiently fine and unfforrnly distributed that the rate of
base neutralization is sufficient to prevent AMD development. Large isolated lumps of
limestone would be inadequate even though the acid/base account may indicate a
reserve of base. Coarsely ground limestone or calcareous rock is desirable. The rate of
solution (hence depletionj and pH resulting from the addttion of large quanttties of slaked
lime may be unsuftable for both short and long term AMD control.

Surface applications are not considered effective for long term control.

Prevention Of AMD Migration

Where acid generation is not preverned, ft is necessary to resort to prevention of acid and acid
product migration. Since water is the mode of transport, the control technology relies on the
prevention of water entry to the waste pile. Control of water from the pile is of little value since
in the long term all water entering the pile rnust extt, long term storage being neglectible. The
control requirernents are as follows:

diversion of all surface water flowing towards the pile
interception or isolation of groundwater flow towards the pile
prevention of infiltration of precipitation into the pile

Diversion facilfties usually consist of ditches. Diversion of surface flows, while easily implernented
are otten difficult to rnaintain in the long term as discussed in the next section. The best long term
solution to such surface flows is to select a disposal site which rninimizes the need for diversion.

If the pile is located over a groundwater discharge area, interception and isolation of the
groundwater is very dffficult to achieve and rnaintain in the long terrn, While measures such as
underdrains and sealing layers rnay be employed, their perforrnance in the long terrn is
questionable. The most effective solution is to select a site which is not located on a groundwater
discharge area.

The secure prevention of infiltration, over the long term, is the most difficult to achieve. Covers of
different types may be considered.
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(MoHerron. 1986. Huntsman, 1988 & 1986. Pesavento and Stark, 1936). For northern climates,
concerns exis: regarding both the shor: term continuous effectiveness and the long terrn
maintenance reauirements. Eioloaica activrty reduces in the winter and water flow in winter is
canafided by ice formation. Uniess adeduate treatment can be maintained all year round it wifl be
necessary to store winter flows for treatment in the summer. The long terrn fate ot metais
accumulated in the organic depostts have not been determined. Where feasible. wetlands should
be considered as the fina polishinc step in the treatrnent of residual AMC, atter the implementation
of other primary abatement measures.



3.0 ALTERNATIVE COVER TYPES

3.1 WATER CCVERS

Water covers can be achieved b piacing mine wastes or tailinas under water in the sea (as is
practicec a: sites such Islanc Copper mine. Kitsault mine and the now closed Britannia mine in
Brttisn Columolai, in lakes or in rnan rnacie impoundments. Ampie demonstration exists of the
effectrveness o' acid generation control wtth under water piacernen: of potentially acid generating
tailings in tne numerous tailings impoundments tna: have been investigated.

Both the cover and the water in the interstices heip to prevent the oxygen transter to the sulphides.
It may be necessary to place a fine arained cover layer over submeraed coarse rock. waste to
prevent oxygen transter by convection of the pore water. Care mus: be exercised in the placement
of old wastes oelow water to ensure tha: the solution of contained acid products is allowed for.

3.2 SYNTHirC COVERS

Synthetic rnembrane covers such as polyvinyl chloride (PVC), high denstry polyethelene (HDPE)
etc. have been applied with some success (Caruccio and Geidei, 1983, and 1988„). The extremeiy
low conauctivtry of such membranes to air offers the potentia[ for oxygen exclusion. Main causes
of failure would be holes aue to imperfection in manutacturing anc installation and formec atter
installation due to dump deformations and puncturing. The lonc term degradation ano loss of
plasticity and ultimate crackina limits the long term effectiveness of such thin membranes. In
combination with low conductMty bedding rnaterials or cover layers. the effects of such cracking
can be considerably reduced. To entirely prevent oxygen entry may be necessary to entireiy
encapsulate the waste in such a membrane.

Other synthetic membranes such as geopolymers. asphalts, and cements sufter from cracking and
disruption. The potential for cracking increases withi

reduced tensile strengths
reduced plastictty and ductility
increased dimensional instabiltry due to humidity or temperature changes
degradation wtth aging.

Because of their dimensional instability, bentontte covers have displayed a tendency to crack on
dessication (Geidel and Caruccio, 1985). A cover material currently being evaluated which shows
promise is high volume polypropylene fibre reinforced sulphate resistant gunite. The corrosion
resistant fibres provide tensile strength and fiexibility and spread out any cracking which occurs. It
has the considerable advantaoe that it can be applied to steeply sloping surfaces and areas
inaccessible to large rnechanical equipment. Cracking generally would result in sufficient oxygen
entry for acid generation to continue, though at a reduced rate. The costs of such synthetic covers
are otten prohibttively high.

3.3 SOIL COVERS

Gaseous diffusion through soil covers differs little trom that for tailings (Halbert et al, 1983, Silker
and Kalkwarf, 1983). The effectiveness of the soil cover reduces rapidly as the moisture content of
the cover reduces (Figure 7). Long term disruptions of the soil cover rnay occur as a result of
erosion, cracking, frost action, root action, and burrowing animals. Current modelling techniques
do not adequately allow for such disruptions. The comparative reduction in oxygen entry would be
greatest for covers over very coarse waste dumps where 'chimney' and lung effects' would be
greatest. There is considerable doubt that shallow soil covers will provide sufficient oxygen
transter control to abate acid generation. They reduce the infiltration of water and hence reduce
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the acid transport mechanism as discussed in the next section. Mathematical models and
computer codes (such as the RATAP modei, SENES et a. 1986.) have been Oeveiopec to evaluate
the effeci of soii covers an acid generation rates.

Soil covers alt have a variable but finfte perrneability. Depending on the nature of the cover, cover
slope and precipitation pattern the percentage runoff varies dramatically. Surface slopes which
perrnit ponding considerably increases infiltration. Vegetation increases evapotranspiration but
inhibits runoff and rnay or may not resuft in a net reduction in infiltration.

Complex covers Oayers of high and low permeability) may be employed to promote drainage,
reduce infiltration, facilitate vegetation growth, reduce erosion or resist frost action. Altemative
cover designs and their long term stability are reviewed by Steffen, Robertson & Kirsten, 1986a.

The Hydrologic Evaluation of Landfill Performance (HELP) amd TRUST (Reisenauer et al, 1982)
programs may be used to estimate surface runoff, sub-surface drainage. and seepage that rnay be
expected from a wide variery of cover designs.

Bog covers are a combination of water and soil covers, involving a layer of non acid generation soil
placed over the acid generation waste together wtth shallow flooding, such that a layer of the soil
cover is always saturated. The bog vegetation and saturated sau provides the barrier to the
oxygen transfer (Steffen, Robertson and Kirsten, 1986a).
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4.0 INFILTRATION

4.1 WATER FLOW :N LINSATURATED SOILS

Water transport in the cover material and in the waste undemeath takes place under generally
unsaturated conditions (Collin. 1987). This imphes that the porous material is partly filled with air.
Flow under unsaturated conditions is considerably smaller than under saturated condltions. Water
statics and dynarnics in the unsaturated zone are alsc of utmost importance for the diftusional
transoort of oxygen from the surrounding air since a high moisture content in the cover material is
needed to restrict this transport. In the tollowing, a general description of water flow in unsaturated
materials is given (substantially sumrnarized trom Sfwik et al, 1987). For a more detailed account
see Collin (1987), Steffen, Robertson and Kirsten (1986a), Rasmuson (1978), or Bear (1972 and
1979).

One of the fundamenta: relationships that describes fluid flow through porous media is Darcys
Law:

v = -k dh
dx

Darcys Law is a linear relationship between the specific discharge (v) and the driving force, the
hydraulic gradient (dh/dx), with the proportionality coefficient being the hydraulic conductivity (k).
This relationship holds true for both saturated and unsaturated conditions.

Whereas the water in a saturated soil is under positive pressures- relative to atrnospheric (gauge
pressure), the water in an unsaturated soil is held in the pores under negative pressures (tension)
caused by the surface tension between water and air (see Figure 8). This soil-water pressure head
varies wfth water content (see Figure 9) because smaller pores hold water under graater tension
than larger pores, due to the greater curvature of the water menisci. Figure 10 shows the result of
this phenomena relative to the water table. In the saturated soil, the hydraulic conductivity (k) is a
constant; however, in the unsaturated zone, k varies with pore water pressure head, pw) (see
Figure 11) and thus with the water content (w). As the pore water pressure head becomes more
negative (drier soil), more pores drain and no longer contribute to the flow of water, thereby
reducing the hydraulic conductivfty of the soil.

A clearer conceptual appreciation of the difference between water flow in saturated and
unsaturated soil can be achieved by inspecting Figure 11. This diagram shows the variation of the
hydraulic conductivity (k), the pore water pressure head (or simply noted as pressure head (p)
and the water content (w), along a horizontal soll core conducting water under steady-state
conditions.

The non-linear characteristics of the unsaturated flow system result in it being more difficult to
accurately model water flux.

61 ax
[ k (p)

where: w = the volumetric water content
= the pressure head
= the unsaturated hydraulic conductMty.

Traditionally, the subject of unsaturated flow of water in sau has been dealt with by subdMsion inm

narrower topics with infiltration, drainage and evapotranspiration being prominent. The following is

a brief discussion of these three topics for uniform soil profiles (such as a single layer engineered
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F7CURE IC AN EXAMPLE OF WATER CONT-FNT. PRESSURE HEAD ANC.

HYDRAULIC HEAD FOR THE CASE OF RECHARCE TO A
WATER TABLE (after Freeze and Cherry, 1979;
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sofi coverL The textbooks by HiIie (1983a.c provide a more in-depth discussion than will be
presented here ano are apoc sources of furtner references on these tooics.

The rate a: which water infiltrates iMo an unsaturatea soL wnen water is atootiec to the soil surface
at atmosphehc pressure (infinitesimat ponding deotn) is termed the infittrabiltry. If water is ponded
to some depth on the surface of the soL, tne infiltration rate wiL exceed Me infittrability. The
infiltration rate wiil be iess than Me infiltrabiiiry rf the water is aophed at a rate lower than the
infiltrability. Even when water is aoplied at atmospneric pressure. tne infiltrabifity is no: constant.
As shown in Figure 12. tne infiltraoility decreases wttn time until. at long time. a steady infiltrability
vaiue is approached. A further complication ahses in that the inffitrability depends on the initial
water content of the soil as shown in Figure 13. For the purpose of introducing concepts of
infiltration into a uniform soil tayer. we will restrict the remainder of the section to infiltration of
shallow ponded water on the soi! surface. Figure 14 shows plots of hydraulic head and degree of
saturation versus depth for continuous shallow ponding of water on the soil surface.

As the wetting front reaches a given depth in the soil, the hydraulic head increases with time, as
does the dearee of saturation. When time is relatively large. the hydrautic gradient aPProaches the
uni: gradient with the pressure head equal to zero throughou: the profile and the change in
hydraulic head is due to the change in elevation head oniy At tha: time, the water fiux densrty
(specific discharge: is numerioaliy equa to the hydraulic conductMty. Under these conditions
water will no: infittrate at a rate areater than the hydrauiic conductivity untess significant ponding
occurs on the surface.

When water is applied to the soil surtace for a relatively shon period of time, the water redistributes
in the soil profile as shown in Figure 15. The actual water content at a given depth and time is
dependent on the soil water characteristic curve of the particular soil in question. This type of
infiltration and redistribution would occur in a waste cover atter a raintall event.

The changing soil moisture distribution during drainage of a untform soil profile that is initially
saturated is shown in Figure 16. Comparing the sand, barn and clay soils, we see that fine grained
soils maintain higher water contents (therefore iower air filled porosity) than coarse grained soils
drained for the same period of time. This is due to both the lower conductMty and smaller pores in
the clay soil.

This relationship between soil textures is also apparent in plots of volumethc water content versus
time at a depth of 41 cm (arbttrary) shown in Figure 17. Figure 17 also shows the additional effect
of simultaneous evaporation from the soil surface. Covers in Canada and Norway would be
saturated in the spring during and immediately after snow-melt, and would likely exhibtt the type of
drainage shown in Figures 16 and 17.

The water content versus soil depth profile caused by evaporation at a bare soii surface is shown
in Figure 18. if vegetation was present. the plant roots would be extracting water form the soil to
be transpired to the atmosphere. The combined effect of evaporation and transpiration is terrned
evapotranspiration. The presence of vegetation results in a greater loss of water form the soil and
drying of the soil to a greater depth, dependent on plant type and time of year. It also tends to
disrupt drainage and this increases ponding and filtration. There are a number of other factors
which influence the infiltrate rate, such as the texture and compactness of the soil surface, texture
and irregulartty and slope and the resulting ponding, duration and intensfty of rainfall. PredictiOn of
infiltration rates through uniform soils is therefore extremely compiex. Cracks, root holes, borrows
and soil variabiltry makes this even more cornplex.
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4.2 FLDW THROUGH LAYERED SOILS

By placinc layers of coarse and fine cra:nec soiis above each other it is possiole to develop
infiltration barriers anc arainage layers. Tnese complex engineeret covers are reviewed in greater
detail in Section 10 of this report.

A concept for a cornpiex layered sof cover for sulphidic mine water deposits is described by
Magnusson and Rasrnuson (1983:. The waste is covered with. trom below. a coarse-grained layer,
a fine-arained layer. anotner coarse-grained tayer anc a tilI layer (Figure 19). This cover system
includes capillary barriers which are forrned at the interfaces between coarse-textured and fine-
textured soiis. The capillary barrier concept involves the principles of unsaturated flow between
materials of different textures. If a fine-textured soii overlies a coarse-textured soil and both
materials are initially dry. water infiltrating trom the surface will not rnove into the coarse-textured
soil until the capillary potential in the fine-textured soil approaches zerc: (i.e., until the fine-textured
soi: is at, or near. saturation). The capillary barrier can also be placed above the fine-grained
barrier layer thereby preventing capiliary water transport upwards from the fine-textured soil.

Drying of the fine-arained layer. caused by capillary water transport upwards and downwards from
the fine-arained layer, is prevented. Tne lower coarse-grained layer rnay also form a capillary
barrier at the top of the waste sand. thereby preventing capillary transport of contaminated water
from the waste sand to the soii cover. The upper coarse-grained layer may torm a capillary barrier
at the bottorn of the till layer. Furtherrnore. the upper coarse-grained layer rnay act as a drainage
layer resulting in an increased lateral water drainage and hence a decrease of infiltration.

A conceptual moisture content profile in such a cover system is shown in Figure 20. This design of
the cover gives very aood possibilities fOr tne reduction of both the oxygen transport and the water
percolation through the cover. Fore economical reasons, however, a sirnpler soil cover would be
preferred.

	

4.3 MODELLING INFILTRATION

Modelling of water flow in unsaturated soils is complicated by the non-linear nature of the
irnerrelationships of the soil water properties, and by the fact that steady-state flow conditions are
seidom achieved in the field.

Altemative methods for the modelling of infiltration has been reviewed by Steffen, Robertson and
Kirsten, 1986a.

The Hydrological Evaluation of Landfill Performance (HELP) model developed by the U.S. Army
Corps of Engineers is an extremely useful tool for a first evaluation of the relative benefrts of
altemative cover layers with and without vegetation cover. Figure 21 indicates the results of the
evaluation of a number of alternative cover combinations, using the HELP model, for the acid
generating tailings at Elliot Lake (Stefien. Robertson and Kirsten, 1987). The large potential
differences in infiltration between the different cover types is apparent. The HELP model assumes
saturated soil condftions at the commencement of precipftation. Clearly this is an approximation
leading to considerable inaccuracies under certain circumstances.

The TRUST model was deveIoped at Lawrence Berkeley Laboratories and is well described by
Reisenauer et al, 1982. This suite of programs has been extended to allow more etfective and
convenient applications to cover design by McKeon et al. 1983. It was used by Collin, 1987, for the
evaluation of the effectiveness of the complex cover shown in Figure 19. While the program allows
for partially saturated flow the deterrnination of input variables to adequately allow for the seasonal
and extreme variations found in practice still renders the accuracy of the answers questionable.
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Figure 21 Infiltration Barriers for Engineered Cap - Elliot Lake
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A model that simulates unsaturated conditions. called SOILMOIST. has been developed tor the US
Uranium Mill Tailings Remedial Action Program and this rnay yield more realistic results under
certain circumstances.

A limitation that all the models suffer from is the inability to anticipate and include in the models the
effects of layer disruptions such as:

settiement causing drainage disruption and ponding
cracking due to settlement or dessication
root holes
burrowing channels forrned by insects, anirnals and man
frost action effecting perrneabllity and drainage
erosion
vegetation disruptIon of drainage
clogging of drains due to trost or root action

These disruptions may be more severe wtth complex layered covers than with simple
homogeneous covers.
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5.0 OXYGEN DIFFUSION

There are a number of potentiai mecnanisms contributing to the rnass transpon of oxygen through

an unsaturated porous medium. These processes can generally be classified as either diffusive or

advective transfer. Advective anc dfffusrve transfer occur both in the gas phase and as a dissolved

constituent in porewater, and thus transport can occur in both phases.

Si ADVECTIVE TRANSPORT WITH PERCOLATING WATER

The solubility of oxygen in water in equilibrium with air is 0.45 mole 02/m3 at 0°C and 0.35

mole/m3 a: 10°C (Landolt-Bomstein, 1968). Assuming a percolation of 500 mrn/year, less than

0.225 moles 02/rn2/year may be transported into the waste dump by this rnechanism. This

amount of oxygen may oxidize 8 g pyrite/m2. year 1987).

5.2 ADVECTIVE TRANSPORT IN AIR

Changes in the atrnospheric pressure cause a considerable transport of oxygen into the upper
parts of the ground and is an important mechanism in soil aeration. The effect on covered mine

tailings is investigated below. The diumal changes in the atmospheric pressure is less than 4% (4
kPa) (Glinski and Stepniewski, 1983). The oxygen transpon rate is limited either by the

accurnulation of air in the waste dump (rapid pressure equilibration) or by the transport capactry in
the sofl cover. The maximum oxygen transport rates for these two Iimftation mechanisms are

calculated below.

Rapid Pressure Equilibration

Assuming rapid pressure equilibration in the durnp, the air flow Into the dump is given by Vie

pressure increase and the volume of gas in the dump.

For a waste sand dump with porosIty 0.5, degree of saturation 0.70 and 1 rn depth to the

groundwater table, a 4 kPa pressure increase in the atmosphere gives a transport of 5.4-10'2 moles

02/m2 into the dump (Collin, 1987). The oxygen concentration in the air flowing into the dump is

assumed to be equal to the concentration in the atmosphere. Assuming such an atmospheric
pressure increase every day and neglecting pressure decrease leads to a transport of 19.5 moles

02/M2' year into the dump. This amount of oxygen rnay oxidize 670 g pyrite/m2, year. A lower

degree of saturation gives a higher oxidation rate, for example 8=0.5 gives 1 100 g pyrite/m2,

year. For large coarse rock waste dumps the depth to the groundwater table would be much
greater resulting in much greater oxygen transport rates. Collins, 1987, notes that this rough

calculation gives an overestirnation of the oxygen transport because:

The rnaximum pressure increase is used.

Pressure decrease is neglected.

The maximum oxygen concentration is used for the air flowing into the dump.
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4) The resistance against air flow is neglecat.

In addition to advective fiow due to pressure cnanaes Mere is flow due to temperature differences

between the dump rnaterials and the ambient air. Such temperature difterences change diumally
and seasoraliy. Increased temperature differences may result. particularly along an air fiow path in
a coarse hard rock waste dump, as a resuit ot the rapid exotherrnic reactions which may occur.
No estimation of the oxygen transfer due to such convection is known to the authors. It is
anticipated that advective flow of this type may result in considerably more oxygen entry to a
coarse rock waste dump than is estirnated for changes in atmospheric pressure.

It is self evident that the piacement of an intact coverlayer over coarse rock waste will have a large
effect on the potential for advective oxygen transport through such a waste dump. The
effectiveness is reduced for a tallings where the lower permeability of the tailings act as a natural
inhibiter of such advective flow.

Holes. which may devetop tnrouort a cover over coarse waste, will provide passage ways for large
incraases in such advective flows. Thus the continuiry of a cover is very important to the long terrn
control of oxygen entry.

5.3 DIFFUSION IN WATER

The diffusion rate for o>cygenin water is extremely slow, of the order of 0.02 to 0.05 meters squared

per year. Thus, in the absence of convective transport, the oxygen transport rate through water is
sufficiently slow to not be a concem for acid generation. This aspect is considered further in
Section 8 of this report.

5.4 DIFFUSION IN AIR

The following general description has been summarized trom Siwik et al, 1987.

In natural sofis that are well-drained, it is expected that most of the gaseous exchange between soil
gas and the atmosphere is by gaseous diffusion (Evaris. 1965; Kimball and Lemon, 1971; Kirkham

and Powers, 1972). Under other condftions, where pore spaces are almost entirely filled with water
(i.e., almost saturated), the filA of oxygen will be low and limited by the lower diffusivity in water.
Nicholson (1984) tound that the infiltration of dissolved oxygen could become an important or
dominant component of the downward oxygen flux ff diffusion through the pore network is

sufficiently restricted by high water content. In either case, calculation can be performed to
deterrnine the approximate relatha importance of each of these mechanisrns to oxygen transport.

A number of models have been used to describe oxygen transport through a porous medium. The

common basis for these is the inclusion of a diffusion terrn to describe oxygen movement. Models
have been developed to describe oxygen transport into reactive tailings (Nicholson, 1984; SENES-
BEAK, 1986) and into ore leaching piles (Cathles and Apps, 1975). The emphasis on transport
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mechanisms differs fc: each of these cases, but the fundamental principies are the same. The

following discussion introduces a relativeiy cornprehensive model for oxygen transpon that could

be appiied to taiiings covers and /or laboratory experiments designed to determine the behaviour

of the potential cover materials.

Oxygen transport is assumed to occur as a result of dfflusion through the gas phase and as

dissolved water infiltrating (at rate q). The differential equation describing oxygen movement can

be written as:

DeE a2C - gel_Q• E n ac- G

8x2 ax at at

where: De is the effective diffusion coefficient of oxygen,
z is the air-filled porosity,

q is the infiltration rate of water,

C is the concentration of oxygen in the gas phase.

is the concentration of dissolved oxygen in the water,

x is depth,

w is the density of water,

G is the reaction terrn for oxygen (possibly a function of C),

n is the porosity, and

t is time.

Assuming that oxygen dissolution in water is an equilibrium process, then the expression can be

simplified tc:

DeE 820 - qac - G = E+r-pwri-iac
ax2 K ax K at

L. w

in which Kw is the dissolution constant for oxygen in water (Henry's Law Constant). This equation

is simplffied at steady-state when the right-hand side is equal to zero.

This equation describes the oxygen movement into tailings or other material which consumes

oxygen. When oxygen migrates through a cover material that does not consume oxygen, G = 0

and an appropriate solution can be found.

Oxygen movement within the porous medium is controlled by both the infiltration of water

containing dissolved oxygen and the dfffusion of oxygen in the gas phase and water phase of the

pores. it is possible to estimate both the maximum and minimum rates of oxygen movement

through a cover material on tailings. The flux of oxygen through such a cover can be estimated for

both diffusion and advection separately to show the relative influence of each process.



Dxycer ftux b aaveattor tenterinc as aissolved oxyger witr me natura infiltration in, water is
calaulatec in the toliowing wav.

Fa = cD.'

wnere: Fia is Me aaveative flux of oxyaen (in mass per unr, area per unit timei,

c is Me rate of infittration tnrouch tne cove: nenctri per timet, ano

D' is Me concentration of dissolvec oxypen in tine infiltrating water (mass per

unr volume;.

The averaae annua rate of infittration is usually known wfthin reasonable limfts. For instance, in

northem Ontaric, infiltration in a vegetated area wouit likely be on tne order of 0.01 to 0.25 m

rt-i2 rn-2 a-1). Hicner rates of infiltration are, of course. possible, but an absolute upper
maximum equat ta Me amount of annuai precipitation mus: holc. Wqh a maximum precipftation of

about 10.0 m ar, r is not likely that annua cumutative infiltration wilt be areatr than about

0.5 m a. For the ourposes of the foHowinc calcuiation, the ranas of infiltration values is assumed

to pe 0.01 to 0.1C rn si The value of D' (aissolved oxygen concentrationi is constant for a

specified temperature. Therefore. the fiLa<of o)cyaen throuch cover, aue to transpor, in water, can

be calculated wttnin at: least an order of maanttuae range.

Wher oxyaen is consumed rapidly in the underiyind tailinas. oxypen cifffusion throuan a cover

matertat car be described by steady-state diffusion (Nichoison e: at., 1987). Wher the tailings

consume oxyden a: a moderate to hich rate such as Mat expected in reacitive taflings, then the fiL,.%
relationship reouces

F c :)( e/

where: ittc is the flux of oxygen.

De is the effective ditfusion coeffiaient of oxygen in gas-filied pore spaces.

L is the thickness of Me cover, and

is the conaentration of oxygen in Me atmosphere.

This relationsnip represents Fick's firs: law when the concentration of oxygen at the bottom of Me

cover is zerc. It is convenient to take tne ratio of De/L as a mass transfer term that varies over a

wide range of values. The equation can then be used to show the numerical relationship between

the dfffusive fiLp< and the rnass transfer value (De/L). It is known Mat the value of De wili vary

form about 1x102 to lx10-2 m2 a for dfffusion through air to diffusion through water, respectively.

The effectfve ditfusion coefficient in a water-saturated porous medium rnay be somewhat lower

than 1x10-2 m2 a-1. The vaiue of L will not likety be more than about 2 m. and wilt probably be

olose to 1 m for practicai purposes. Therefore. the range of vaiues for Die/L are close to the range

of vaiues for De alone.
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The relationshic betweer the ditusive flux and the macs transfer terrn is shown graphically in

Figure 22. In this fiaure. the fiux of oxygen tas beer converted to the eauivalent flux of acid triat

would de oroduced b. reaction oi the oxygen wtth pyrite. This acid flux represents a total avaiiable

acidiry (as H..SO; tra: would be produced. and is based on the stoichiometric relationship

between oxyjen and pyrtte in tne production of acid. Tnis figure shows that Me maxirnum fit.tt of

oxygen is equivaien: to abour 10 kg of H2SO4 per ni , of taihngs per year, when oxygen diffuses

through a very dry cover rnateriat. When the rnateriai Ras a greater rnoisture content, and diffusion

is the controlhng process, values are considerably reduced. The resulting flux can be as low as 1 g

or less ot H2SOL per m2 per year. However, on the same diagram, tt can be seen that the

advective flux of oxycien occurs within the range of about 1 to 10 g of H_SO4 per rn2 per year.

Because the infiltration rate is inclependent of dfffusion, the flux of dissolved oxygen will represent

the maximum limit for oxygen transport through the cover.

This lower lirntt to oxygen fiux is not practically affected by low perrneabiltry cover rraterials. The

lower limit considers an infiltration rate of about 0.01 m which is equivalent to the flow under

unit gradien: throuah a materiai having a nydraulic conductivity of about 3 x 10-10m s'l. This value

would be typical ot a clay till or marine ciay (Freeze and Cherry, 1979), and it would be difficult to

reproduce this property under field condttions. Therefore, the lower limtt for the flux of dissolved

oxygen will depend on the net infiltration rate and, therefore. will not likely be much lower than that

shown in Figure 22.

As noted above, covers are effective but only eliminate acid generation when the water table rises

into the cover. Figure 23 developed ffom the RATAP model (SENES et al, 1986, Steffen, Robertson

and Kirsten, 1987) illustrates the effects of depth of earthen cover (glacial till) on a typical Elliot

Lake tailings area for various depths of unsaturated tailings. As shown on the Figure, tailing with a

500 mm unsaturated zone would initially produce about 50% as rnuch acid as those with a 2.5

metre oxidizing zone. Two metres of the cover over these tailings would reduce the oxidation rates

by 60 and 70 percent respectively. Greater reductions would occur if the water table was to rise as

a result of cover addttion. It is worthy to note that the depth of the unsaturated zone is otten not a

major factor in deterrnining the initial acid generation rate. This is because oxygen depletion

occurs in the near surface zone thus being the rate limiting factor. However, the deeper the

unsaturated zone, the longer acia generation will continue. Eventually, vinually all pyrtte would be

oxidized trom the unsaturated zone.

The effect on dtffusion of a small air filied gap (crack) in a cover layer has been investigated by

Collin, 1987. Her findings are sumrnarized in Figure 24. This indicates the dramatic effect of small

imperfections in the cover on oxygen entry, and reinforces the conclusion that oxygen exclusion is

dependent on having a cover which is rnaintained at a high moisture content and is essentially

crack and hole free.
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5.5 PARAMETERINTERCTInN

This section reviews some of the functiona; reiationsnips Detweenimponant parameters to enable
the the effectveness of different cover matehalsto be assessed. It draws rnainly trom the writings
o Siwik et a. 1987.

The water conten: wfthin the cover wifl be retated tc the pressure head distribution and graM size
distribution characteristics for a specified cover rnaterial. When the water table is relatively
shallow, the pressure head will represent the distance between a specffied elevation in the cover
and the water tabie. The typical relationship between water content and pressure head has been
shown in Figure 9. This relationship can be determined in the laboratory for a specified material.
The relationship is hysteretic such tha: different values of moisture content are obtained at the
same pressure heao value depending on whether the material is going through a wetting or a
drying cycle. Hysteresisdoes not affect the upper end of the curve where the medium is saturated
under low to moderate pressure head values. In any cover layer design, therefore, It would be
desirable to use as fine arained a material as possible to provide a large range of pressure heads
for which the material remainssaturated or near saturated.

The hydraulic conductivtry of a medium is also a tunction fo the water content as discussed earlier.
This relationship is shown graphically in Figure 25. This relationship is not hysteretic.

The effective diffusion coefficient for oxygen in a cover layer can be shown to be a function of the
water content. This relationship is shown graphically for a sample of tailings from Elliot Lake in
Figure 26. It is evident that the value of De is qutte sensttiveto the moisture content (and therefore
air-filled porosity), especiallywhen the medium approaches saturation. The relationships between
D and the air-filled porosity is given by the following empirical equation (Troeh,et al, 1982):

D=

in which a and b are experimental coefficients. It is necessary to determine the value of the
coefficients for porous media with different textures.

Selection of Critical Pararneters

The overall selection of crttical parameters should ideally identify a small number of controlling
variables. Key parametersthat control the system overall, and those that can be related directiy to
field and/or laboratory measurements,are desirable.

The key parameters of interest for axygen transport through a cover are; the volumetric water
content (w) the soil water pressure head (pei),the effectrve gas diffusion coefficient (De), and the
saturated hydraulic conductivtry (ks). Of these, the volumetric water content is the least difficult to
rneasure. The three other parametersare a function of water content.
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The interdependence of the water content and pressure head is expressed by the soi; water

characteristic curve. Each cover material wir have a unique soil water characteristic curve. The
water content and associated pressure head can be measured in the fieid. anct monttored and

controlled in the laboratory. Seiection of an appropriate cover materiaI will be based on the abiliry

of the rnaterial to wtthstand signfficare negative pressure hsad values while rernaining at or near

saturation (i.e., near or above the air entry value). Because the ideal cover should remain near

saturation tc reduce diffusion of oxygen, the water content at a nurnber of selected pressure head

values should be used as criteria for ranking proposed cover rnaterials.

Water content is also known to be the key parameter controlling the effective gas diffusion

coefficient. Beuse the gas cfiffuses prirnarily through continuous gas-filled pores, higher water

content results in lower effective gas diffusion coefficients. The effective diffusMry of the cover can

be predicted from known values of water content atter experimentally obtaining the two

parameters that are related to grain size and texture of the spectfic material.

The saturated hydraulic conductMry is a critical parameter for the controi of water rnovement (with

dissolved oxygen) through potential cover rnaterials. However, it is of lesser irnportance than the

three parameters listed above for two important reasons. First. the rnass of oxygen transported in

dissolved form in water is usually small relative to that which would diffuse through the cover if li

were dry. Second, only soils with large percentages of clay can significantly impede natural

infiltration. If clay soils are disregarded for practical reasoris, such as lack of availability, then tt is

fair to assume that most of the natural rainfall and snowrnelt, less natural evapotranspiration, wifl

infiltrate the cover material.
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6.0 PLACEMENT DIFFICULTIES

The establishment pf povers on mine waste and tailings is complizated by the difficulties of access.
trafficability and stability of tne surfaces onto whicn the cover is to be placed. These difficulties
otten render a Darticular cover type irnpractical or prohibitively expensive Piacement of some
cover types requires access of wheeled vehicles working on fairty flat surfaces (asphalt covers).
others require carefU bed preparation and moderate stopes (synthetic mernbranes) and others a
firm surface against which to compact (clay layers).

61 WASTE DUMP SURFACES

Rock waste surfaces are conveniently subdivided into the dump surface and the dump slopes: with
dIfferent conditions applying to each.

Dump Surtace

The upper surface of a rock waste dump is usually readily accessible, trafficable and nearty flat.
The placement of any type of surface cover, except a water cover, is usually not

During dump development the material on the upper surface of dumps placed by trucking is often
broken down and compacted under the wheel traffic of the dump trucks. This results in a fairly
compact lower perrneability upper surface. This surface reduces infiltration and ponding is often
experienced on such surfaces. Desptte the initial coarse nature of the rnaterial in such dumps it
may be necessary to install a suction breaking layer to prevent downward suction on low
permeability cover tayers.

The dumps are subject to long terrn consolidation and settlement under the self weight of the
dump and as the dump rock weathers. These settlements are large (a few percent of the dump
height), and uneven, reflecting the natural variation of the waste rock and dumping procedures.
Dffferential settlements result in disruption of the drainage pattem on the dump surface and
cracking of cover materials. Settlement and crack pattems are often such that drainage is towards
cracks resulting in considerably increased infiltration.

Dump Slopes

Dump slopes are usually placed at their angle of repose. At this angle slopes are inaccessible,
untrafficable and marginally stable. Cover placement on such steep slopes is essentially
impractical. Crest dumping of cover materials has been attempted at some sites creating
uncompacted (permeable) uneven covers of questionable stability.

For dump slopes to be accessible it is necessary to first reslope. At a slope of 3 horizontal to
vertical (3:1), the slopes are trafficable by tracked vehicies and ft is possible to place soil type
cover materials. At this slope ft is possible to also place synthetic mernbrane liners but the stabilffy
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of cover tayers Ovr such membranes is cuestionable. The cost of resioping iarge dumps to 3:1 is
very large. requiring large expenditures of dozer time, unless the resloping had been planned for
and the durnps constructed witn a staggered dump slope.

At tts natural angle of repose a slope is just stable. Weathering of the dump materials. or increases
in the water tabie wttn time, rnay result in slope failure (HMSO, 1967. Campbell and Shaw, 1980,
Bishop. 1973). Such slope failure may not be catastrophic btz take the form of slope creep. Erther
wiII resur, in the disruption of any cover layers.

Dump siopes are subject to the same concems regarding differential settlement as are the durnc
surfaces.

Erosion on the steep dump slopes is a major long terrn concern. This is considered in greater
detail in Section 7.

6.2 TAIUNGS SURFACES

The access, trafficability and-stabilfty of a tailings surtace varies tremendously, depending on the
nature and age of the tailings deposit and location on the impoundment surface. The effects of
placement conditions on the properties of tailings deposits has been reviewed by Robertson ,
1987b. The difficulties of placing covers on tailings and the deforrnations of tailings surfaces are
reviewed in Steffen, Robertson and Kirsten, 1986a.

Wet unconsolidated tailings always represent difficult access conditions. Access irnproves as the
tailings are drained and consolidate. Where taiIings have been spigotted onto beaches, the sand
fraction is deposrted nearest the spigots and drain more freely than the slimes which accumulate
near and in the pond. Drained sandy beaches rnay be trafficable wrthin days of deposition while
pond areas may never achieve this condttion. Thus it is possible to place and compact covers on
the beach areas wrth little preparation. In the pond areas rt rnay be necessary to apply drainage
measures to remove free and near surface water, and use geofabrics onto the slimes foIlowed by
thin layers of the cover. The authors have successfully used this technique to place a cover over
slimes which could not be walked on at the start of cover placement Covers may also be placed
during winter when freezing conditions allow access, as was done for the cover placement over
wet tailings at the Beaveriodge mine (Steffen Robertson and Kirsten, 1983, Eldorado Resources,
1986).

To prevent capillary suctions in covers it may be necessary to utilize capillary barriers over taiIings
fines and slimes as discussed in Sections 5 and 10.

Prior to placing covers on tailings rt is necessary to first develop a tailings surface which has an
adequate slope and drainage pattern. Requirements are reviewed in Steffen, Robertson and
Kirsten, 1987. Much can be done to achieve such sIopes by adopting an appropriate tailings
placement and management method (Robertson, 1987b). Reshaping of tailings surfaces atter
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ciosure, with eartn rnoving equipment, rnay be dtfficult and prohibttively costly. Trafficabiltty of
dewatered tailings are reviewed by Robertson et al, 1982.

Atter closure, tailings continue to consolidate and settle as a result of dissipation of pore pressures
and thawing of included ice. The effects have been reviewed for Canadian tailings irnpoundments
by Steffen. Robertson and Kirsten. 1986a and 1987. These settlements can be a substantiai
portion of the totai tailings depth and result is disruption of the drainage pattern, leading to
extensive ponding on the tailings surtace, and cracking of covers.

6.3 ROCK SURFACES

The placernent of covers on steep rock surfaces, such as pit walis, poses a*particular problem.
Two approaches can be used.

The first requires the construction of ihick self supporting covers (Robertson et al. this conference).

The second requires adherence of the cover to the rock face and relies on the rock face to support
the cover. The use of guntte-or shotcrete methods is appropriate for the second. Both asphalt and
concrete materials can be considered. Because of the corrosive nature of AMD to cernent and
steel, the use of synthetic fibres and silica furne concrete is appropriate.



T.0 STABILITY

Waste taoiles oar usoaf».oe aesignet to acecuatei  aonieve tne aesior ano acanoonmen: oiar
oPied.trves at trie tirne o ctiose-o0i However. in the iond term tne waste aeoosh ant its contro

structures are suoier. to rwd ciasses c./ disr-uotive torzes

Enor: coration extreme everrts suon as fiaads. fires. eartioduakes and tomattoes

appy torces ta tne structures in exoess a vatues for whion they were originally aesigned.

Tne siow Puo.peroetua: action foroes whion brind about ceterioration, suon as water ant

wino erosior. fros: adtion. tne weatherino anc ohernic.a change a wastes. covers liners or

structurai matenais, anct intrusion by roots. anirnats and man.

Under tne action a these farces. taiiure is inev2anie wthin geoiogio time. Periodic maintenance

car serve to repair tne ravages ot rnany ot tne perpetua: forces. F-"or2 well oesioned faciky the

reauirec interva, petweer rnaintenande may be aecaoes or centuries, imposing rninima cost on

future generations. Rernedia. measures may be reciuired after extreme events. The levei of

periodic maintenance and risk ot remedia', action which may be approariate to pass on to future

aenerations mus: be caianced by tne presen:value to society of tne resource.

Durino their evaluation zit tre iono terrn stabiiity of uranium taiiinos structures and surtaces. Stetfen

Robertson and Kirsten 935a. 1936P), deveioped a surnrnary of potential causes and associated

hsk of long term instabiiiry a 'aenerid Canatian tailinos impoundments surtaces. The conciusions

from these evaluations are summar2ed in Tabie 3.

Extrerne Events

Because of the long period of interest the iikelinood of extreme events is proportionately large.

This likelihoot is aeterminekt from probablity:freauency reiationships based on the histaricat

record of evems.

The period of recorc is for ar interva in which a particuiar climate applied. Evidence suggests

(MoInnis. 1985,i that climatio oycies occ.x reguiahy. varyino from relatively minor 30 year cycles to

major alaciai and inter dadia cyciies at tens tc hundreds of thausands ot years. The weather in

severa: years. or a tew centuries from now is unknown (Hiare ant Thomas. 1974.) While it is

questionabie whether man has altered worid climate to date, the potential for materiai alteration
increases and his infiuence may rivat or overruie naturai ciimatic changes in the eariy twenty-first

century or sooner. Wrile the nature of the changes are unknown. it is certain that the extremes ta

which the impoundments will be subjected will be areater than that predicted from existing

recoros.
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TABLE 3

SUmMaRT OF EVALURT1ONOF POTEMTIAL INSTABILDY OF IMPOUNDMENT SURFACES

COVER TYPE MODE OF INSTABIL/TY
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KEY:

1. Potential InstabliltyCode

fl none
minor

= moderate
= severe

not applicable

2 x cost of producing pyrite free tailings

REMARKS

Stability of vegetation questioned. Evaluationassurnessuccess.
Feasibilityof producing pyrite free tailings unknown.

rit Direct vegetation presumed inappropriate. Evaluationassumesfailure.
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High Precipitation and Floods

Larae precipitation events represem one of the mos: likely causes of waste impoundment failure.
Failure during such events are also likeiv to result in iarge losses of tallings or waste fines to me
environment.

Methods for the estimation of high precipitation events, and for the calculation of the resulting flood
flows are wefl developed for darn design purposes. Current practice is usually to design operating
facifities to withstand the one in two hunored year precipitation event. Design for the Probable
Maximum Precipitation (PMP) is probaoly more appropriate for long term conditions.

Earthquakes

Dynamic loads, due to earthquakes, may result in the liquefaction of low denstty saturated taiiings
or uncompacted. saturated portions of granular embankrnents or embankment foundation
materials. Fallure of the Ei Cobre tailings dam in Chile, (Dobry and Alvarez, 1967) and Mochi Koshi
tailings dam in Japan. (Okusa and Anma. 1980), are ample demonstration. New dams can be
designed to appropriate standards. ln populated areas, h may be appropriate to design for the
long terrn to cope with the maximurn credible earthquake. Methods of earthquake loading
probability estimation is well developed for dam design.

Nurnerous older tailings impoundments have been constructed in a manner which make their
embankments susceptible to liquefaction during extreme earthquake events. Abandoned
impoundments of this type, if located in an earthquake potential area, rnay require rernedial works
to render them stable in the long term.

High Winds and Tomadoes

Tomadoes, tropical cyciones and low pressure systems are sources of high winds. Risk of failure
from the last two sources is associated more wtth the precipkation that accompanies them than
from the high winds themselves. Tomadoes, though the most destructive of all winas, are of such
a short duration at an impoundrnent site that they do not have a significant potential of effecting
the stability (Kolousek, 1984).

Forest Fires

Forest fires are expected to occur several times in the period of interest. Of thernselves, they do
not pose a significant threat to waste impoundrnent stabiltty. However, ioss of vegetation cover
may lead to accelerated erosion by wind and water.
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Perpetual Disruptive Forces

Erosion

Erosion rnay occur as a result of eitherwind or water action. Both are potentially severe causes of
instabiltty of surfaces and covers.

Wind Erosion

Wind erosion has been observed to be a major release mechanisms at some existing waste
impoundments. Control of this mechanism, for the long terrn, depends on the successful
establishrnent and rnaintenanceof a wind erosion resistant cover, such as vegetation, waste rock
or surface crusting. Methods for trie determination of the wind erosion potential and release rates
of a particular cover type are reviewedby Steffen Robertson and Kirsten (1986a). They conclude.

Unacceptably high wind erosian rateS OCcur on tailings surfaces and soil covers (without
graveff uniess a welldeveloped vegetation cover is established. Loss of vegetative cover
(due to forest fires, flooding, or salt migration) could result in unacceptably high rates of
wind erosion releases.

till, with a substantial gravel percentage, and rock waste will form effective wind erosion
resistant layers when placed in thin (600 mm) cover layers.

Water Erosion

This is probably the single rnost severe cause of impoundment instabillty. Erosion can take the
form of flood erosion of the diversion works, or sheet and gully erosion of the impoundrnent
surface and embankment slopes.

i) flood erosion

A substantial portion of total erosion occurs during extreme precipitation and flood events. The
probabiltty of failure will depend on the crlteria used to design the structure, and the degree of
scour, sedimentation and/or blockage which has occurred. Sedimentation, be, vegetation growth
and debris blockage are extremely difficult to avoid in the long term; though easily and
inexpensively cleared through maintenance.

Methcds for the evaluation of erosion risk, and appropriate methods of design are reviewed in
Steffen Robertson and Kirsten (1986a,1986b). Appropriate control structure design would involve:

1) Design and construction of diversion structures to accommodate the Probable Maximurn
Flood (PMF)with ample width and size to allow for partial blockage or sedimentation.
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2; Use of heavy hprac (or waste rock) armouring along flow channels and on adjacent
slopes. Methods for erosion protection design are provided in Walters and Skaggs (1984(.

ii) sheet and gully erosion

The most suitable methods for the prediction of sheet and riO erosion are the Unified Soil Loss
Equation (Wischrneier and Smith. 1978). and Modified Universal Soii Loss Equation (Williarns
1975). After using these methods for erosion rate estimation. Steffen Robertson dn Kirsten (1985a)
concluded that:

Taiiings and bare soil would result in excessive sheet and rill erosion unless the soi:
contained a high percentage of coarse gravel.

Good grass cover does much to control this type of erosion which becomes insignificant
with continuous forest cover.

Rock waste and cobble riprap are effective controls.

Discontinuous cover or periodic cover loss will result in unacceptable erosion rates.

iii) gully erosion

Gully erosion has been observed to be a major cause of instability of tailings surfaces and
embankments. The only available method of gully erosion estimation is that proposed by Falk et al
(1985). This method is based on limited data for American clirnatic conditions. does not account
for vegetation cover and is considered invalid for long pehod estimation. Nevertheless, it has been
used to demonstrate that the only effective gully erosion control for gravel tree embankments and
tailings s(opes is riprap. This conclusion is in agreement with field experience.

Biotic Activity

i) root penetration

In general root action is considered to have an overall beneficial effect on covers, embankrnents
and other structures in providing a binding effect and resistance to soil erosion, as well as
minimizing inNtration. Two possible destabilizing effects have been observed:

Roots rnay penetrate low permeability layers and, on decomposing, provide seepage

channels which increases inflitration through covers, or piping in embankments.

extensive root development in moist, perrneable drains or drainage layers may ultirnately
result in clogging of the drains, in a manner similar to that experienced with residential
drains.
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Metnods to reduce the potential for drain blockage include ensuring that the drains operate in

flooded conciltion and use of larae drains with surplus drainage void space.

burrowing intrusion

Burrowing intrusion by insects and animals have the potential. in the long term, of significantly
aaering the permeabiliry of low permeability capping layers.

Intrusion by man. principally to obtain taiings for use in construction. has proved to be a rnaterial

transpon mechanism at some acid generating waste sltes. Vehicie and large anirnal traffic can

also be a major cause of erosion. The prevention of intrusion by man, in the long term, can only

be achieved through institutional control and enforcement.

Fros: action

Recent studies and experience regarding frost action in tailings impoundments (Knight and
Piesold, 1986; Geocon, 19S; Steffen Robertson and Kirsten, 1987), have demonstrated that the

effects of frost on the engineering properties of tailings and their containment structures can be
large. In those areas where continuous or discontinuous perrnafrost develops, and in areas of

severe winter cold, frost action may be a major cause of long term

The effects of freezing temperatures on tailings impoundment stabikty can be divided into two

broad groups.

i) annual ice accumulation

Water flow in channels or drains may freeze in successive layers resufting in large accumulations

of ice in a single winter, ice accumulations may result in blockage of the diversion structures or

outlet works, with a consequential risk of erosion along the displaced flow channel during the early

spring melt. Freezing of drains may result in a build up of pore pressures in embankments

resulting in slope failure.

Ice accumulation can and does occur during tailings placement, where tailings are discharged

onto beaches. Depending on the rate of rise and the sequencing of the beach development,

annual accumulations may be rnany rnetres thick. Incumbent layers of tailings serve as a therrnal

insulation layer resulting in successive annual accumulations of frozen tailings. These layers of

frozen tailings prevent drainage and hence both the dissipation of pore pressures and the

consolidation of the tailings.

As a result, large consolidation settlements may occur atter close-out. Such settlement wifl affect

the drainage pattem on the surface of the impoundment and may result in cracking of any cover

layers placed on the tailing.
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seasona. ifros: deneopinor.

an: tfiesol: (1988 tount mr. tne eftez: of treszin: tow oenstry talitngs is to create a larn.te
wory: 0: ioe orysta; wcr. consoicatec tfailinps dr,oetweer. Tne ettez: on tne enpineering drodemes
C,"tne taihncs. (Roderson. 1987a. to inorease the perrneablitry of tne taiiings a: tne same time as
inoreasng tne oensts . Seedape an: zonsoiciation rates latter tnawing. are tneretore inorease:
=-ros: sustedtbie cove: matenas suoeotec to treezing wil. develop ice lenses ant a fissurec
structure wnion. or triawm; increases tne Impermeabiltry o: Vie cover. Wnere tne cover is
oesigned to firnr, infkration tnfs represents a severe tailure meonanism Fros: penetration may als:
DIOCKsuosurtace orans, preventing oratnage ant causing pore pressure inoreases.

Witr. annua aocurnufations cf: ice. tnere is ar assozate desegrepationa: tros: heave. Conditions
have der iderdifiet where ut to 2D::.mrr o: heave can ocour annuaby (Strien Robertson ant
Kirster.. 199T). Tnis seasor.a. heave is unever.. depending or sunface ant oedosd condttions.
keave wttr. tts conseouentia: eftecis ar. Orainape. wint anc watr erosion anc cover disturcanoe.
turtner atterzs difterentfa tros: heave condidons. The end is a hummooky, irregular surtace
wftn areatly disrudtet orainage an: cover layers. Small variations in seasona temperature, snow
cover ant vegetation cover condttions will matertaliy ettect rates of agpradation ant degradation of
the tros:. Frost inducet creep (soffiuotion) also occurs on steeper suriaces such as embankmenf
ant waste pile slopes.

Weathering

The ohemica anc pnysical change of cover materials due to weathering may result in long terrn
degradation of the protectNe layers. Factors to consider include the ettects of alternate wetting
and drying, atternate ternperature changes, uttraviolet radiation, and cherniml reaction with pore
fiuids. Methods tor the selection and evaluation of riprap durabiltry are reviewed in Steften
Robertson and Kirsten (1986a, 1985b). Long terrn durabifity of natural materials tor use as liners
has been studied by Clitton Associates Ltd. (1985), Uziemblo ef a (1981). Nasiatka et al (1981) and
Buel: ant Barnes (1981), these results shoult be apoficable to Vie ourabiltty of soil covers as wer.
Goloef Associates (1984) ant Buel: ant Barnes (1981) have evauatet Me durabillty of synthetic
materlas.



8.0 WATER COVERS

rrecnnioue.s contra acic oeneration inouoe tne exousion o oxyden 77-3mtne su!::nizS:z waste as

cescrbec ir Seccor 2.: underwater disposa. is currenti  trie teonnicue Ine rnos:

sudoesstu ir acnievinc tnis coiective ano is Inerefore Ine mos: seoure acic ceneratior contro
measure Tnere is steadiiy aczumu;ating evioenoe tna: storage of aoic aeneratind wastes unoer
water reouces aoid aeneration ieveis to neoiigibie amounts (Noian Davis & Associates 1957
Ropenson. 1957 McOreary. 1957: Senes Consultants titt 1954, ktnouon oxidation of suionices
and resu:tarn acid deneratior rnay not De halted entireiy by Diacind wastes unoerwater trie rate
aoid generation is generally recuced sufficiently to make tne impao:

Water cover may be acinieved by Ine disposa) o waste into natura: waters or into man-made
impounornents and Ine floodin; o unoerground mine workinos ano oper. pits

WASTE DiSPCSA2 INTO NATURAL WATERS

Tnere are a nurnbe ci sites in anaoa wnere acid oeneracnc wastes nave oeen ano are Deinc
Oiaciec in lakes or coasta: Waters (Noian, Davis & Assooiate. 198T Stefien RoDertson & Kirsten.
19815;. An exampie of copper taiiincs deposhed in a shallow lake abol.t 40 years ado ai Mano  ,'
Lake. Manitolga, provides interesting information (Senes Consuizants Ltd.. 1984: Harniltor, and
Frazer, 1978). A study oarried out snowed the pyritic tallings had a hign subnide content (15 to 17
peroen: suiphur anc appreoiabie arnounts of zinc (t .7 percerti and copper (0.9 percen:).
Subrneraec tailincs under a water oover of 0.2 to 1.1 m showec littie evioence of oxidation or
acidification. Typioaliy, suomeroed tailinos porewater pH vaiues were around 6.9 in comparison to
a surface water piH of 7.7 above tne taiiings. Onh; in panialiy exposed tailinos deposhed aionc tne
shoreline had tne pH, oeciined to 4.5. The authors reported vigorous revegetation and a healthy
benthio oommunity on the unoerwater tailinos depos)t)

In cortrast. nearby exposed dry tailings o similar composhion were found by tnese same
investigators to have underoone substantial oxidation. A siontficant traotion of the suiphide
mineras in the top 15 cm has been oxidtzed to iron oxides, suiphate and dissoived heavy metals.
Solubie copper and zinc concentration measured 797 mo.1:1 and 218 mcrif, respectiveiy. and the
pH vallie was approximateiy 2.5. The entire suriacie of the tailings rernained devoid of vegetation
(Hamilton and Frazer, 1978).

There are other examples of tailings disonarged into naturai lakes that indicate a oeneral laok of
oxidation under these condhions (Notan. Davis & Associates. 1987). The concept of floodinc
pyrttic mine tailings has been evaluated by many researchers (S.C. Research 1970. 1974 and 1980,
Hawley 1975, NanisMk Mines 1981. Halber. et aL 1982). An extensive searob of the Iherature on
this specifio topic identified some twenty-fNe taiiings disposar schemes invoiving discharge direotiy
under a water cover (SENES and Goider, 1981). The name, iocation, mine and disposal type for
these schemes are shown in Tabie 4.
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Table 4 APPLICATIONSOF WASTE DISPOSALINTO NATURALWATERS*

Operation

Name/Location/Tvoe

FRESHWATER

Cominco
Benson Lake, B.C.
copper

Eldorado
Beaverlodge,
Saskatchewan

uranium

Grong Gruber
Norway
iron


Disposal
Location/Type

Fookes Lake
shore discharge has
createddelta

Huddingvann
horizontalsubmerged
outfall

Tailings

Treatment/Discharoe

10% solidsin slurry
all particlesin tailings


45 vm diameter

de-aerationtower
at shore

Benson Lake in operation1962 to
verticaldischarge 1973
from raft at depth
of 30 m

Iron Ore Company • Wabush Lake
LabradorCity, shore discharge

Newfoundland

iron

Mandy Mine • Mandy Lake • in operation1917 to
Mandy Lake, Manitoba tailingsdeposited 1920 and 1943 to 1944
copper, silver, gold in shallowwater at

shore .

Nanisivik • West Twin Lake
Baffin Island, horizontalsubmerged
N.W.T. outfall

lead, zinc

Newmont Mines • headwatersof river
Stewart, B.C.
copper

*After Senes ConsultantsLtd. and Golder Associates,1981.
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Operation

Name/Location/T e

Polaris Mine
Little Cornwallis
Island, N.W.T.

lead, zinc

Western Mines
Campbell River, B.C.
copper, lead, zinc

MARINE

Amax
Alice Arm, B.C.
molybdenum

Disposal
Location/Type


' Garrow Lake (saline)
proposed,horizontal
submergedoutfall

Buttle Lake
verticalsubmerged
outlet

Alice Arm, fjord
submergedpipeline

Tailings

Treatment/Discharoe

premixed with saline water
thickened to 50% solids

in operation 1947 to
1980

Alkaline chlorination.
7% to 10% solids in
tailingsslurry

mixed with sea water
de-aerated

Reserve Mining Company • coastalbay
Silver Bay, Minnesota shore discharge

iron

A/5 Sydvaranger
Kirkenes,Norway
iron ore processing

Atlas Consolidated
Philippines
copper

British Aluminum
Marseille, France
iron

fjord
pipelinewith outlet
near shore

coastalbay
verticalsubmerged
pipeline

coastalbay
submergeddischarge

Cleveland Potash

•

coastalbay

 

premixedwith sea water
Yorkshire,U.K.
potassium
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G;e-az:or. D5:258:

Name./._oca-,:cn/Tvge .._oca-jon7-Type Treatment .scnaroe

Fc'Lga: Ve-k
Norwa\
cooper

7 oscaens BeroverKs
Norway
ron.

orc
no*zonza: submergec
goe'nes

^ ^
y

cgarsetaYinas are
barged,fine tancs
are gYsznarcedfror a
aungerat tle snore

Oreenex ' :ime anc focfl;art aggeg
Green:and nar:0nta: submergeg ' mzixegwHt:-.sea water
eag, -,:ng,s ver, pipeine
cooper

:sand Cociper lime,goacuants addeg
Vancouver :sjand, horontal submerged wHxecwfth sea Water
E.C. outfa: arinc sea ' 40% scHos

copper, molybgenur, beg

Marcoope"
Philippines
copper

coastalbay
suomereecdischarge

Norsk-NefeTn.
Norway
iron

fjorg
suomeroedbipe ne

Rana Gruber
Ranafjorg,Ngrway
iron ore processn;

fjort
vertica submergeg
ppe'hne
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Operation

Name/Location/Tvoe

Sunro Mine
Jorden B.C.
copper

Titania
Norway

titanium


Oisposal

Location/Type

Tailings

Treatment/Discnarde

coastal bay in operation 1960 to
tailings discharged 1974
from platform 700 m
off-shore

fjord tailings are thickened
horizontal submerged and "degassed" before
tunnel for discharge release

Westfrob Mines : ocean inlet
Tasu, B.C.
copper, iron
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There appears to be very Firnitedinforrnationavailaole on the results of monitoring of the irnpact of

waste rock disposal in ratural waters. A detaiied monttoring program is underway at the Island

Copper Mine on Vancouver Island, Brifish Columbia, where waste rock is being placed in the sea.

A serious limitation of waste disposai in natural water bodies is that there may be other

environmental impacts. This is refiected in the general concem on the part of the public and rnany
regulatory agencies over the use of natural water bodies tor any form of waste disposal. The

environrnentai concems include the following:

Toxicity from reagents and heavy metals in mill effluent:

Excessive nuthent additions:
Increased turbidrty causing a reduction in light penetration;

Direct impact on the habitat, e.g., srnothering of bottom organisms.

In circumstances where natural water bodies do exist in reasonable proximIty to mining

operations, the relative merttsof using them for reactive waste disposal should be weighed agains:

the cost and long-terrn environmental implications. This evaluation should then be carried out for

land-based disposal alternafives.

8.2 WASTEDISPOSALINTO MAN-MADEIMPOUNDMEKTS

Since available evidence indicates that water cover provides the most secure rnethod of acid

generation control, consideration should be given to the construction of a water retention faciltry

should natural waters be unavailable or unsuitable. The practicality and cost of a rnan-rnade

reservoir relative to alternative measures is clearly dependent on site specific crtteria, for example

topography and volume of waste to be stored. The cost of flooding existing waste faciltties is likely

to be very high. A proposal for the construction of a darn to flood the existing reacttve tailings at

the Curragh Resources property in the Yukon, Canada, was estimated would cost approxirnately

$50 million (Nolan, Davis& Associates, 1987).

The design of a faciltty to provide water cover to cornbined tailings and waste rock may prove

beneficial and cost effective for proposed developments. A tailings and waste rock irnpoundment

system for permanent underwater storage of waste has been designed for the proposed Clnola
project in Canada (Robertson et al, 1988). Combined tailings and waste rock disposal may have

definite advantages in terms of acid generation control, particulariy if the tailings are not acid

generating and are discharged at elevated pH (greater than 7). If intirnate mixing of tailings and
waste rock can be achieved, the permeability of the coarse waste rock would be signfficantly less

than If the rock were placed alone. This has the advantage of reducing potential water movement

through the waste rock. These advantages are Illustrated in the proposals for the Cinola project

(Robertson et al, 1988; Norecol EnvironmentalConsultants. 1988).

There are however, lirnitations and design considerations that may be a disadvantage to man-

made water cover facilities. These include:



There are however, limitations and design considerations that may be a disadvantage to man-

made water cover tacilities. These inciude:

Water retentior, dams require detailed design of embankment and spillway facilities, careful

construction contral and maintenance in the long-terrn. Depending on the site-spectfic

conditions this may prove uneconornical.

Reliable water sources must be available to provide a continuous water cover of sufficient

depth to avoid generation of the waste and erosion due to wave action or water flow.

Minimum water cover needs to be maintained in low precipitation and drought periods.

Water reservoirs may induce unacceptable seepage. If there are other soluble deleterious

products in the wastes this may result in increased contaminant loading of the
environment. Whetner these are signfficant tor the specific project and site conditions has

to be deterrnined.

8.3 FLOODED MINE WORKINGS

Flooding underground mine workings and open pits is a means of controlling acid generation from

the exposed rock taces in these facilities. This method also provides a potential disposal area tor

acid generating waste.

Rooding of worked out coal rnines has been successful in the control of acid mine drainage in

several instances with acidity reductions of 45 to 99% being reported (Gleason et al 1978). The

potential benefrts to be derived from flooding underground mine workings have been reported for
several anthracite coal mines in eastem Pennsylvania (Ladwig et al 1984). Field investigations at

the mines, which were allowed to flood some 14 to 20 years ago, revealed that the mine waters

which were formerly highly acidic are now slightly alkaline. Sulphate reductions of approximately

54 and 74 percent in mine waters were seen in comparison to 1960's data. In addition, marked

decreases in the iron, aluminum, manganese, calcium and magnesium levels were observed. The

proposed Cinola gold mine in British Columbia is an example of a plan to backfill and flood the

open pit on closure of the mine (Robertson et al, 1988).

The disadvantages associated with storage of waste in flooded mine workings are as follows:

At sIngle ptt operations it is necessary to store reactive waste rock for the life of the mine

and to then incur rehandling costs in moving the material back to the pit at a time when the

operation is producing no revenue.
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If all waste removed from the pfi s reazfive, the bulking factor (usually about 30%) will
result in an excess volume of reactive waste to available underwater storage. particuiarly

as the pit wfl likely fiood to a poin: less than fun.

Any sulphides in the pit walis above the final water elevation will oxidlze causing a
deterioration in water quality uniess preventative measures can be applied.

Backfilling and flooding precludes future underground development that might be
associated with the ore body.
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9.0 SYNTHETIC COVERS

The use of synthetic rnembranes for linerc for tailincs irnpoundments has been reviewed oy Goider

Ass., 1984.

9.1 GEOMEMBRANES

Flexible membrane liners are commonly referred to as geomembranes. Common types are:

i) polyethelene (P.E.)

li) high denstry polyethylene (HDPE)

chlorinated polyethelene (CPE)

chlorosulphonated polyethylene (CSPE)

(commonly known by the Dupont trade mark - HYPALON)

polyvinyl chloride (PVC)

ethylene propylene diene monomer (EPDM)

butyl rubber

Occasionally neoprene and polyurethane are also used.

Collectively, synthetic membranes display a number of advantages and disadvantages which may

be summarized as follows:

Advantages:

can contain a wide variety of fluids with minimum seepage due to low reported

perrneabiltties of typically 1 x 10.10cm/sec or less.

have relatively high resistance to chemical and bacterial deterioration.

fli) are readily installed tor many applications.

iv) are relatively economical to install and maintain.

Disadvantages:

are relatively vulnerable to attack from ozone and ultra-violet light.

have limited ability to wtthstand stress from heavy rnachinery.

have not been in service long enough to evaluate long term perforrnance.

are comparatively susceptible to laceration, abrasion and puncture.

some materials are prone to cracking and creasing at low temperatures or stretching and

distorting at high temperatures.

although readily installed there are often difficulties associated with seaming.

Polymeric membranes offer wide ranging chernical resistance and are readily inspected. However,


they are susceptible to damage during installation largely due to improper subgrade preparation
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and vehicular traffic. They require very careful installation and their performance is dependent on

careful anc successful field seaming. Field searning is, in general. a detailed and sensitive

operation Weatner, inciuding temperature and precipitation, is generally the goveming factor. In

this regard, the elastomeric liners narnely, Butyl, Polychloroprene and EPDM would appear to

presen: tne most problems in field seaming. Of the rernaining liner types considered, successful

field seaming has been demonstrated with HDPE, PE, CSPE, CPE and PVC. It Is noted, however,

tha: there are serious concerns about the long-term weatherability of PVC and PE.

Proper subgrade preparation and construction is crucial for a successful liner installation and

would typically consis: of subexcavation of compressible materials, sterkzation of the subgrade,

removai of all roots, sticks, stones and debris, grading and proof-rolling, and installation of the

sand cushion, liner and soil cover. Installation of the liner and field searning should be carried out

by approved installers rneticulously following liner supplier instructions.

Soil cover is desirable bu: will require liner inclinations fiatter than about 3 hortzontal to 1 vertical.

This is a sever limitation when applied to waste durnps.

With the exception of polyurethane the base polyrneric resins and asphalt show promise for long

term resistance to the major anticipated constituents of uranium tailings. Caution should be noted

with regard to the following:

CPE may be affected by weak sulphuric acid solutions

kerosene is used for solvent extraction in some milling operations.

Most of the liners will offer satistactory resistance to the low

kerosene concentration anticipated.

most liners would be adversely affected by high kerosene concentrations associated with

accidental spillage

Compatibility testing carried out by Pacific Northwest Laboratories (PNL) on CSPE, PVC, HDPE

and Catalytic Airblown Asphalt in the presence of simulated acidic uranium tailings leachate

indicates that, with the exception of PVC, these materials were relatively unaffected by the leachate

for the short test periods.

Thin fiexible membrane liners are susceptible to overstressing by strains associated with large

differential deforrnations in the subgrade. It may be necessary to subexcavate and replace

compressible materials encountered over the subgrade prior to liner installation. Similar concems

exist for liners placed on slopes and where there is a potential for excess hydrostatic or gas

pressure buildup beneath the liner.

Seepage through liners is primarily through liner defects. A rational approach to evaluating

apparent or field liner permeabilities is through detailed monitoring of existing installations.
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Estimates of liner release rates were undertaken by Golder Associates. 1984, assuming permeable

subsurface conditions (permeability greater than i x 10-4 cm/sec) and tallings permeability of
1 x 104 cm/sec. The analyses indicate that an asphaltic rnembrane would reduce seepage to

about 50 percent of an unlined basin for a field liner perrneability of 1 x 10*e centimetres per
second Polymeric liners with an effectfve perrneability of 1 x 10.10 centimetres per second would

reduce seepage to less than 10 per cent of an unlined basin.

In West Virginia, a polyvinyl chloride liner was used to cover a 45 acre backfilled site to prevent

seepage into acid producing materials (Caruccio and Geidel, 1923). Ffesults showed substantial

decreases in flow and acidity from associated seeps (Caruccio and Geidel, 1986).

Used as the barrier layer in cornbination with soil rnaterial layers in a complex cover,
geornembranes should prove to be very effective in limiting oxygen and water transpon.

9.2 ASPRALTIC AND SPRAY ON SEALS

Asphaltic and spray on surface sealants can be applied to the surface of the waste to form a barrier

to infiltration and oxygen diffusion. A number of products are available, including:

Alkyd

Asphalt

Concrete

Epoxy

Polyester

Polysulfide

Polyurethane

Silicone

Synthetic Rubber

Therrnoplastic Molten Sulphur

Vinyl

These materials have, in general, been developed for applications such as caulking sealants, soil

stabiters, waterproof barriers, and corrosion protective coatings. Their application to date in

mine waste covers is limited.

Surtace sealants can be forrnulated to produce either flexible or rigid lining structures. As a class,

these materials do not interact with the existing subgrade of the tailings ponds, but provide a

surface coating over the prepared subgrade.

Surface sealants can be installed with three basic techniques:
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In- • r• mI^ I r

The materials chernically cure or hardert atter beIng applied to tne suriace Tnese matertals usualiy

invoive more than one specIlic chemical:

II) HeatiboliCAliOn

Materials which are solld in the deslred operating temperature range are applied at elevatec

temperatures to improve ease of application.

111) SurtacADrvIng

The matertal is lormulated in a water .emulsion or dlluted 1ne solvent carrler for application. The

carrier evaporetes leaving a solld coating.

Combinations of the above technbues are also feaslble in many ceses The obJect Is to prepare

the material for ease of applicatIon usually with conventional spraying equIpment. The actua:

lechnloue for application is a function of the specIfic material.

The prIrnary advantegas and disadvantages of surface sealants are:

Advantaoe4

either sufficient flexIbIllty to conform wtth or sufficlent strength to support the dasIgn bad

bearing (pedestrIali or vehlole traffIc for example),

good weatherabillty and servIce Iffe,

cornpatiblIky wIth the stored product,

immunhy to biologIcal attack,

sufficient purtcture and abrasIon resIstance,

capabiltty of beIng placed with mlnlmal defects

eaally repalrable, and

ease of applicatIon and produces an Integral liner wIth no JoInts.



Reiarrvei tc recu;ale the rale ol acolicat,cr anc tnus tne tnIcKness anc unrformroy

o' the sea,ant.

As a ciass tnese matera,s are raatrvey exoensive. The higr cos: versus reiatrve

ease o ac:Xicator lc- tne soray-ons snoux.: De Zonsioerec tor sgeoffic azoications

Faoffic Nortnwes-. Lagoratones nave investigated tne effectiveness o' Yanous asgnaltio seaLs for
use as racor garriers or urarturr :aFings oepos (Baxer. Htartie anc Freernar. 1984,, Types of

sea:s testec :no:uoed sgrayed-or asonal: emuisior, ir sr,g adcurbor fg asonal: emulsror. ho:
ruogenzer asbna:: sea. anc asgra: emu!s  or, aorrixes Tney founz mat. tnougr al, apchcations

recused rator, fux aortx seaS suor, as those aggiiec wr-r a Daver aopearec

to be signfficancy more st.abie mrar tne otner sea!s. Aornix seals couid no: be aogilec to surfaces

s:oorric more tner however.

Tes: resu!ts, or ragor barrier systems using ar. asonal: ernUsior aormx sea are descrbed by
Hartley e: a 1932:. Tne garrier system is showr in Figure 27.

r
 ate

ce:

7.5 cr

F:2,.:P.E 27 Asona:: Racor barrier Evster:

The asphaPitemuision systern consiszs of an 8 cm thick asphal: emulsion/agaregate admix sea:

thal his covered with —0.6 m of overburden. The adm:x seal, which forms the radon-impermeable
difusion barrier, is a mixture of cationic aschalt emulsion and an aggregate such as conorete sand.
Wher cured. it contains — 22 wre"caspna:t and less than wt% water. Tne overgurder stabi!,zes
the azmix sea ang protects 1: from 1.1'; exposure. rair. extreme temperatures, ano suoder.

ASPHALTEMULSION

ADM X SEAL

UR;V:ILlhs.

TArtING5
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temperature changes. Filter/dralnage layers would have to be added above and below the seal tc

prevent degradation due to frost action in Norwegian climates.

Tests perforrned at Pacific Northwest Laboratories showed that asphalt seals are very effective in

reducing radon fiux. Asphalt seals were shown to have very low diffusion coefficients to racon

(see Table 5): and, field tests showed that asphalt seals could reduce radon flux by more than

99%. Asphalt seals should, therefore, be very effective in reducing oxygen dfflusion as well. They

also provide very good barriers to infiltration, their hydraulic conductivities being around 10-22m/s

(Bell, 1987).

Table 5

ff tiv Diff i n C effi-ients for Radon Thr h A h It I

(after Hartley et al, 1982)

Seal Description De, cm2/s x 10-6

Asphalt Cement 0.44 to 1.5

Rubberized Asphalt 0.12 to 0.15

L.aboratory Prepared Asphalt 1.6 to 31

Emulsion Admix Seals

Grand Junction Field Test 2.2 to 10

Asphalt Emulsion Admix

Seal Core Samples

Typical Earthen Cover 10,000 to 20,000

The concem with asphall seal is thejr long-terrn stability. Hartley et al (1982) stated that aqueous

leaching and oxidation should not be expected to degrade the seal, and that the mechanical

properties of the asphalt seal are more important in assessing Its long-terrn stabiltty. Further

testing of the long-term mechanical properties of asphalt seals will be required.

9.3 GEOPOLYMERS

Geopolyrner is the terrn given to a compound of minerals, principally containing silica, phosphate

and oxygen that bond to form a ceramic type product. The suitability.of using this product as a

control measure for acid generation is currently being investigated In Canada by CANMET. fl is

anticipated that geopolymers may be rnixed with tailings to form a solid mass preventing oxygen

and/or water access to sulphides. A possible alternative is to mix the geopolymer with soil or
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other material and apply this as 2 COver tO the waste. The behaviour of geopolymers when mixed
with ditterent waste rnaterials is not fully known at this stage, nor the reststance to naturai

processes such as freezing and thawing. Geopoiymers are still :n the developmenz stage and

require extensive research to establish their suttability as a control measure.

9.4 SHOTCRETE

Shotcrete is the name given to concrete pneumatically delivered through a hose and applied onto

a surtace at high velocity. Shotcrete may be effective in the control of acid generation when

applied as a cover to certain wastes. The advantage of shotcrete is that it can be applied to steep
rock slopes or other surfaces which may be difficult to cover using other methods.

The etfective use of shotcrete as a cover is dependent on the stabiltty of the undertying rnaterial.

This method has been used very successfully on rock faces and on compacted rnaterials.

However, ff the rnaterial to which the shotcrete is applied undergoes consolidation or settlement

causing relative displacement at the surface, cracking of unreinforced shotcrete will occur. Once

the shotcrete liner has suffered cracking, the etfectiveness of the cover is lost. Experience has

shown that displacement of uncornpacted waste dumps otten occurs and for this reasons

unreinforced shotcrete is not appropriate as a cover to these rnaterials. High ternperature induced
stresses in a shotcrete cover on the surface of a waste facilfty may also result in cracking.

The resistance of shotcrete to cracking may be increased by providing reinforcing. Conventional

steel mesh reinforcing is expensive, difficult to handle and subject to corrosion in the long-terrn.

Steel fibre reintorcement is easier to apply, however, is also vulnerable to corrosion. A method of
reinforcement using high volume polypropylene fibre reinforcement, which is corrosive resistant

and relatively fiexible, shows prornise. A benefit of the fibre type reinforcement is that It reduces

crack widths in the shotcrete. This gives the shotcrete cover the facility to accornmodate larger

movements than mesh reinforced shotcrete.



-65-

10.0 SOIL COVERS

10.: SIMPLE COVERS

To minirnize cost, one would prefer to cover the mine waste wfth a soil layer. A fine textured soil,

such as clay or clay-till would be required to limit infiltration. To lirni: oxygen transport it would be

necessary to maintain the layer at a hiah moisture content A single soil layer, however, would be

limfted in its effectiveness for the following reasons.

Wtthout suction barriers, a simple soil cover would be subject to large seasonal variations in

moisture conten:. This could resuft in dessication cracking. increasing perrneability. ln addition,

decreasing the moisture content of the soil increases the rate of oxygen diffusion, as discussed in

Section 5.0. These seasonal variations are greatest near the surface and are theretore greatest for

thin cover layers. For sinale cover layers to be effective they must be thick - generally greater than

2 m.

The fine-grained soils required to lirnit infiltration would be trost susceptible. Ice segregation would

result in degradation of the cover and increased permeability. Frost heave would also make the

surface of the cover irregular, allowing ponding and increasing infiltration.

A simple soil cover does not have the ability to prevent rnoisture being sucked up trom underlying

tailings by capillary action. Likewise, it could not lirnit the migration of salts from the tailings to the

surface due to surface evaporation and transpiration.

A simple fine-grained soil cover would not be able to adequately withstand wind and water erosion

or burrowing and root action. Some form of erosion protection, such as vegetation or riprap would

norrnally be required.

These Iimitations on the effectiveness of a single soil layer can be overcome by using cornplex

covers, as described below.

10.2 COMPLEX COVERS

The effectiveness of a soil cover would be greatly improved by adopting a complex cover design

consisting of several layers, each perforrning specific functions to improve water and oxygen

exclusion effectiveness and long-term stability. These layers and their spectfic functions are

described below. A typical complex cover design is illustrated in Figure 19.

1) Erosion Control Layer

Erosion protection can be provided by vegetation or by a layer of coarse. gravel or riprap.
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The establishrnent of vegetation on the waste dumps is desirable for aesthetic and land use

reasons. Theretore. revegetatior. is usually tne mos: desirable method ot providing erosion

control. However, where revegetation is no: practica! cr wil! no: sufficiently control erosion coarse

gravel or riprap may be required.

Studies for uranium tailings deposits in Canada (Stetten, Robertson and Kirsten, 1986a) indicated

that forest cover would adequately control sheet and rill erosion, and wind erosion, but no analysis

methods are available to assess the eftectiveness of vegetation on gully erosiort. A vegetation

cover design guide has been prepared for U.S. uranium tailings deposits by Beedlow, 1984. While

this design guide illustrates and discusses many of the aspects relevant to vegetation cover

design, it is not directly applicable to Norwegan mine waste deposits. Studies spectfic to
Norwegian conditions will be required. A similar guide tor the design of riprap erosion protection

has been prepared by Walters (1982).

	

2) Moisture Retention Zone

The purpose of tne rnoisture retention zone is to provide a zone for moisture retention to limtt the

effects of dessication. It alsoprovides a growth medium to support vegetation. Moisture retention

is desirable for two reasons:

It helps to keep the infiltration/oxygen barrier moist. This helps prevent

dessication cracking and reduces oxygen dttfusion.

By retaining moisture after a precipitation event it allows time for

evapotranspiration.

The soil used to construct the rnoisture retention zone would general be a barn soil with a

substantial sand fraction.

	

3) Upper Drainage/Suction Break L.ayer

The upper drainage/suction break layer serves two primary purposes:

to draM water laterally trom the surface of the infiltration barrier, preventing

ponding

to prevent rnoisture loss trom the infiltration barher due to upward capillary

suction

Prevention of ponding reduces infiltration. Keeping the infiltration barrier rnoist helps to reduce

oxygen ditt usion and prevents dessication cracking.

This layer can also be designed to prevent intrusion by burrowing anirnals il it incorporates large

gravel For drainage to be effective it must be constructed wtth a cross fall of 1% or greater.



Tne eflectrveness of this layer would be expected to decrease with time as becomes clogged with

roots and organic debris and in-washed fines, and as the drainage slope is modified by long-terrn

settlemen: of the underly tailincs or rock waste.

Infiltration Barrier

This is a Iow-permeability layer consisting of fine-grained sau or synthetic materials (or a

combination of both). Its purpose is to preven: the downward infiltration of moisture and the
diffusion of oxygen into the tailings.

Rasmuson and Eriksson (1987) have investigated the use of capillary barriers, containing fine and

coarse sau layers, to reduce infiltration. They found that the capillary effect of a fine-grained soil
overlying a coarse-grained soil would not be practical for preventing infiltration. A low-permeabiliry

infiltration barner is required. They did conclude, however, that ethe low conducfivity of the fine

layer, together witn higher conductivity layers above it, could diminish infiltration to the waste rock

significantly".

Lower Suction Break Layer

Finally, a suction break layer is placed between the infiltration barrier and the tailings surface to

prevent suction of moisture downwards into the tailings.

The long-terni perforrnance of a complex soil cover could be greatly reduced ff fine-grained

rnaterials are allowed to migrate into the coarse-grained layers. Filter layers could be added.

Basic Layer

A basic layer could be incorporated into the design to reduce ffle pH of Infiltrating water and

therefore acid generation rates. Alkaline materials such as limestone could be spread over the

surtace of the waste before placing the cover or mixed into the cover layers.

Lirnestone is commonly mixed with waste rock during placement at coal mines with great success

and research is being done on the addftion of phosphate rock (Chiado et al, 1988). However, the

potential for acid generation control by surface applications of alkaline rnaterials is less attractive

than mixing them with the waste. Limestone has a low solubility in near neutral water, and the
resulting alkaline charge is therefore small and insufficient to control AMD. Surface inflows tend to

be concentrated at isolated locations such as depressions, cracks, permeable zones, etc. At these

locations the available alkaline rnaterials are quickly exhausted. The addition of a basic layer

would not significantly reduce acid mine drainage where unsaturated conditions predominate,

such as in waste piles. It would be more beneficial in saturated tailings, and might be usefully

ernployed in tailings impoundment covers.
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10.3 THE EFFECTIVENESS OF SOIL COVERS

Information on the effectiveness of so!! covers in controlling acid mine drainage is availabie as

results from rnathematical model sirnulations of covers and from monitoring results from a lirnited

number of actual covers.

Acid flux reductions calculated in Steffen, Robertson and Kirsten (1987) using the RATAP model for

some simple cover types are tabulated in Table 6, and illustrate the theoretical effects of riprap. soll

and limestone covers.




Effect of Closeout

Table 6




0 tion on AtH G ner ti n

Tailings/Cover Depth Sulphate Reduction




(m) FItc< of Acid Flux




(moles/rn`lyear) (%)

None




76.65




Waste Rock 0.6 59.37 22.5

Depyritized Tailings (soil) 2.0 21.06 72.5
Depyritized Tailings (soil) 2.0 7.9 89.7

+ Limestone





The effect of cover thickness is clearly demonstrated in Figure 23.

Figure 21 shows the effects of various types of covers on infiltration rates as predicted by the HELP

model for uranium tailings deposits in Canada. The results show considerable benefrt of a

complex cover design over simple covers, and benefrt of adding a synthetic

The results of the intiftration modelling runs are discussed below.

Bare Tailings

Bare tailings can be expected to have high runoff rates, modest evapotranspiration losses and

substantial net infiltration or seepage. With an unvegetated surface, the run-off can be expected to

be quite high. For the example model runs, runoff, evaporation and seepage rates account for

19%, 63.5% and 17.5% of the annual precipitation respectively. When the tailings perrneabilfty was

increased by a factor of 3, runoff rates decline by 3% and seepage rates increase by 3%.
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Vegetated Taillngs

Vegetation has a rnarkec effect on the water balance at a tailings site. With the growth of
vegetative cover, runoff rates decrease trom 19% to 9% of the annual precipttation while

evapotranspiration increases from 63 5% to 73.6%. The major finding is that seepage rates are not

changed. With a good vegetative cover, runoff rates are again reduced further to 3.3% of the

annual precipitation. Although evapotranspiration rates are increased. this rnay not offset the
reouced runoff. This is not to conclude that this phenomenon is universally applicable to all sites.

Soil Cover

Direct application of soil to the tailings area surface may have mtxed effects. lf the soil retains its

low permeability, runoff will increase substantially and seepage rates wIll be greatly reduced. A

compacted till cover with a perrneability of 2 x 10"5 m/s will reduce seepage rates to less than 2%

of the annual rainfall. If this cover cracks and weathers (as is expected) infiltration rates increase

substantially. The example indicates that ff the effective permeabillty of the cover increases to i x
10-5 m/s, seepage rates exceed those for bare tailings. The increased permeability results in a

major reduction in the rate of surface runotf .

Rock/Gravel Cover

Rock or gravel is often applied to stabilize the surface of a tailings area. This pervious layer

effectively eliminates runoff and therefore can substantially increase infiltration rates. For the

modelled case, the rock/gravel cover increases seepage rates trom 17.5% to 37.8%. This is more

than a factor of 2 and further demonstrates how the permeabilfty of the surface layer can affect the

overall amount of seepage produced.

Engineered Cap

A properly constructed engineered cap can greatly reduce infiltration rates. The example modelled

includes a cap wfth one metre of soil for frost protection and vegetation, 0.3 rnetres of lateral

drainage layer, and one metre of a low permeability seepage barrier. This cap reduces surface

runoff to 3.1% of the annual rainfall. The lateral drain intercepts 19.4% while evapotranspiration

accounts for 70.9% leaving 6.6% as seepage. This is a 62% reduction in the total seepage as

compared wrth bare or vegetated tailings. The major finding is that these layers are effective but
not 100% efficient in limiting seepage. At 6.6% infiltration this represents approxirnately 60 mm of

precipitation or 60,000 m3/yr from a 100 ha disposal site.

Rock/gravel surface layers have a major effect, increasing the infiltration. Wrth a pervious surface

zone, the lateral drains become more efficient reducing the seepage rates.

An engineered cap with a synthetic membrane liner is by far the most effective short-terrn


infittration barrier. The seepage rates predicted for an engineered cap with a liner that was 99
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percen: efficient are 0.1% of the annual rainfali. The lite of the linet, however. needs ta be

considered.

Altnougn tneoretiza stmutattons are usefu: ir comparina altemate cover types. the true

eftectrveness of covers in controlhna acid mine trainape dan only be determineo from monItoring

tne pertorrnance or actual covers in the fteld. Unfonunately. montbring results are ilmttec.

The bes: cocurnented case of a sau cover in use on an actua mine waste durnp is tha: of Me Rum

Jungte uranium and copper mine in Austratia (NITCME.


tnree actobeneratind overouraen heaos The covers


iayer. ovenain by a 250 mmnsancy clay loarn retention

1986). Composite covers were placed or

consisted ot a 225 mm compacted ctay

zone tayer ovenain Dy a 150 mm aravelly

sand erosion layer. Rehabilization of the heaps aisc inoluded resnaping their sunaces anc

providing surface dratnage systems. A typical cross seation ot the rehabilhated heaps is snown in

Figure 26. The iargest ot the three heaps. Whites Heap was covered in 1983 /84. The other two

were coverec ir 1984/85.

Measurements ot oxyaen condentrations in the pore gas in the heaps show a marked recuction in

oxyczer concentrations aftet installation ot the compacted clay cover (Benned e: a. 1988t.

Althoudn measuremems indicate tha: the transttion rate of aas through the seal has increased

stnce tts inttial placemem. aue to dessication orackind in the dry season, the oxyaen

concentrations in the heaps are still much iess than they were betore rehabiiitation (NTDME. 1986).

The effect of thls reauction of oxycen concentratlon on oxidation rates has not been quantified.

(N-TDME. 1986).

Pre and pos: rehabilitation measurements on and near the heaos indidate that the cover has

provided some reauction in infiltration (NTDME. 1986t. However, the amoun: of that reduction

remains in question. Estimates based on lysimtter measurements indicate reductions areater than

90%. while others based on groundwater estimates indicate only a 50% reduction (NTDME. 1988t.

The final measure of the effectiveness on the covers, though, is reduction of metais loads in the

local river system. Precipftation and fiow data are summartzed in Tabies 7 and 8. The reductions

in post-reclamation rnett ioads determines by KTDME. 1986 are indioated in Tabie 9. Althouan

sarnples taken from the Eas: FinnIss River snow larae reduotions in metals loadind it is unclear

wnether these reductions are due to covenno the heaps. or aue to vartations in preciottation rates,

i.e., tt is not clear whether tne reauction in the loads is due to reduced acid generation anc

micration resulting trom cover piacemen: or merety due to reduced migration resulting from low

precipttation in the years followinc cover piacement. To better evaluate this the Rum Junaie results

were reanalyded as follows.

The results of the East Finniss River fiow rates and metals loadind monttoring are shown in Fioures

29. 33 ana 31. Fioure 29 snows the retationship of river fiow to raintall. Figures 30 and 31 show
piots measured metals loads as a function of annual rainfal:. Both fiow and metal bad values have

been normailzed to Me maximum measured fiow year (73174) to compensate for reiative
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differences in concentrations of the different metals measured. Comparing the normanzed metals
loads against the flowiraintali curve permits evaluation ot the metals load measured in a year
against the metals loads to be expected Orven the amount of rainfall for that year. Although the
data from the 1983/1984 season (the year Whites Heap was covered) appear to show some
reduction in metals loads from those expected, the data from the 1984/1985 seasons and the
1985/86 seasons show no improvement. More mOnitoring results are required to conclusiveiy
assess the effectiveness of the rehabilitation measures. Metals loads measured during a high-
precipttation year, such as the 1973/1974 season, would be particularly useful.

Table 7

Ea t Branch of th‘ Finni River

Revised Poll i n L adin Vat

(after NITDME, 1986)

Season 1971/72 1972/73 1973/74

Rainfall (mm) 1542 1545 2000

Total Flow m3 x 106 31 22 69


Metal Load (t)

Copper 77 67 106
Manganese 84 77 87

Zinc 24 22 30

Table 8

mm f Monttorin Results for th East Bran h f th Finni Riv r t 15097

(after NTDME, 1986)

Season 1982/83 1983/84 1984/85 1985/86

Raintall 1121 1704 1112 910
Total Flow m3 x 106 9.5 48 11.7 11.4

Metal Load (t)

Copper 23 28 9 4

Manganese 6 21 7 8

Zinc 5 9 4 3
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Table 9

Percentaae Reduction in Poll i n f th tB nh f th Finni River


(atter N(TDME, 1986)

Season 1983/84 1984/85 1985/86 Target

(Stage 1 & (Stage 3

part Stage complete)

2 complete)

Metal




Copper 70% 80% 91% 70%
Manganese • 76% 88% 86% 56%

Zinc 67% 73% 79% 70%
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ANNCTATEDBIBLOGRAPHY

(from Siwik et al, 1987)

Arms:rong and Beckett (1985)

Extensive rnodelling of oxygen diffusion in plan: roots is presented, along with the oxygen
corcentration in the water filrn around the root..

3akker and Hidding. (1970)

A non-steady sate method of determining the effective diffusion coefficient for oxygen
into undisturbed soil cores is describet. Calculations are made of the errors involved
when neglecting the szorage terrn, temperature and pressure variations, a the oxygen
consumption and resisarce in the ambient air. An exzensive table reviewing the
litera:ure on the relation between ai: perosi:y and gas diffusion in soils is given.

Bornstein, Beno::. Scotf, Hepier and Hedstrorn. (1984)

Platinum eiectrodes and neutron rnoderation techniques were used :c deterrnine the
oxygen diffusion rate (ODR) and scii-water content. respective:y, in packed laboratory
coiumns of silty clay loarn. A linear relationship between ODS and soll-water content
was observed for zhe we: range (16 to 47% water by volurne). Graphs are presented tha:
cleariy show the rela:ionship between ODR and soil-water content when water is applied
to the column.

Brown. (1970)

A laboratory study, using a closed system, is usete to assess the effec:iveness of thin (a
few inches) cover layers of non-reactive natural porous media for the reduction of
oxygen consumption by reactive pyritic tailings. A steady-smte finite difference mode:
was used. It was conciuded rhat Penman'e (194C)equarion (D/D, = C.66E) relating the
relative diffusion coefficient to air-filled porosity cannot be used to estirnate oxygen
diffusivities of pyritic refuse. An air pycnometer was used to rnea.sure
porosity. The amount of oxygen consumed was calculated frorn the change in pressure
within the closed syszem. Occasional injection of nitrogen was used to offset pressure
differentials within the chamber. The soil moiszure characteristic curve was not
mentioned.

Callebant, Gabriels, Minjnuw and deBcodt. (1982)

Laboratory columns of sandy loarn and loamy sand were used. Gas sampling and platinurn
microelectrodes were used to deterrnine oxygen concentrations and diffusion rates, while
the soil-water presstre was monitored using mercury tensiometers. The relationship
between depth to waterabie and the monitored parameters was investigared, and showed
an increase in oxygen diffusion with a deeper watertable,



Colvin. (1977)

Colvin cites Shurnate (1971; CE?.4.-.1)ast-4214C1CFRR 04/71; as saying tha: 1Cto 15 fee:
of dry, granular soil would be needed tc make a siznificant differerce on the rate of
oxygen transport through a cover. Used Taylor's (1949) transien: diffusion metiod. Like
rnos: studies, tie oxygen diffusion coefficient and oxygen uprake rate (i.e.. reaction rate
are considered to be consrant throughou: tne soil layer, bu: is acknowierized that: this
may no in fact be a valid assurnption. One, two and three layer cover designs are
simulated using a steady-swte mixing ceil mode..

Currie. (1960a)

. A laboratory appararus usng a modified thermal conductivity gas analyzer and soil
columns is described. Hydrogen gas diffusing into air is studied and the transient solutior.
for a gas diffusing from a closed chamber into a porous soil column is given.

Currie. (1960b)

An equation based on theoretical considerations for porosity and the tortuosity cf pores
is given tnat equares the effective diffusion coefficient to gas filled porosity. A large
variery of porous media is rested, including sand, nic, neel wool, ceramic beads, rnie
and salt, to narne a few. An extensive table of empirical parameters for firting a curve
to the effecrive diffusion coefficient versus porosity data is given for the full range of
mawriais tested.

Currie. (1961a)

The theory concerning oxygen diffusion into spherical soll aggregates in a soil is
discussed and accompanying equations are given. The corcepr of a critical aggregate
radius under which there is no anaerobic centre in the aggregate is introduced.

Currie. (1961b)

A non-steady state technique was used to investigate the relationship between gas
(hydrogen) cliffusion coefficients and air-filled porosity for a number of materials
including glass beads, sintered glass, sand, carborundum, pumice and soil crumbs. The
effect of inter- and intra-aggregate porosity is discusscd. Numerous graphs of relative
diffusion coefficients versus air-filled porosity are givert. No single expression fits all
data.



Enoch and Falkenflug. (1969)

Modification tc the design of a Clark-type membrane-covereci oxygen probe improved the
probe so that only one caiibration curve is needed for operation of teprobe in air or
water. The double membrane modification did increase tie resportse time of the probe to
five to eight minutes.

Grable and Siemer. (: 968)

The diffusion of oxygen in soil was found to be deterrnined primarily by air-filled
porosity. Bulk density and aggregate size per se had linle effec: on the rate of diffusion
or on the concentration of oxygen at rooting depth.

Gradweil. (1961)

A study of diffusion of oxygen through botn packed and undisturbed soil cores. The
transien: merhod of Taylor (1949) was used as the basis of tne analysis. The reiationship
between effective diffusivity and air-fiLled porosity was not found to fit the rnodeis in
the literature (e.g., Devries, 1950) for the undisturbed cores. This was anribured to soll
srritaure, I.e., macropores. An anernpt to experimentally quantify the oxygen sink terrn
is presented.

Jaynes and Rogowski. (1983)

Fick's Law is compared with the Stefan-Maxweli equations for gas dilfusion. I: is
concluded that the Fickian diffusion coefficient is not a constant. Rather, it is
dependent on the diffusional fluxes of othe gases and on the mole fraction of the gas in
question. Examples of the cases when the Fickian gas diffusion coefficient can be
considered constant are given as; the diffusion of a trace concentration of a gas through
a gas mix:ure of any composition, equimolar counter-current diffusion in a binary gas
rnixture, and diffusion in a tertiary rnixture where one ps is smgnant.

Jellick and Schnabel. (1986)

An in situ metiod, based on spheical diffusion of gas from an injec:ion point is evaluated
for the determination of diffusion coefficients of N20 in field soils. A finite differerce
model was developed that incorporated initial conditions more consistent with the
experimental data, than was possible using analytical solutions. The method involves the
injection, through a needle, of a slug of gas at time zero, followed by periodic
microsampling of tie gas back through the needle. A linear-relationship between relative
gas diffusion coefficient and air-filled porosit y is observed.



KIrnball-and I...emor.. (1971;

A device that measured rhe rate of evaporation of liduit heptane from a porous steel

piate buried in e soil is describet. It is conciuded zhat, a: very shallow depths (too few

cm), air turbuience and pressure fluctuation have a significant effect, bu: tha: soil

aeration is mostly a diffusive process.

Kowalik. Barnes and Smiles. (1979)

Soil columns were equipped with snall access ports through which srnall gas samples

were drawn. Tne oxygen contan: in the gas was measured using an oxygen elec:rode.

Using this set-up, a tneory of oxygen diffusion in soil in which the rate of oxygen

consumption varied with time was appiied to describe the oxidation of a slurry of pig

manure.

Tiecije and E.-ickson. (1976)

A method based on radial diffusion from a point source injection was used. A needle 1s

inserted into rhe soil. Fifty ml of gas is injected and. at given :ime intervals, 0.25 mL

sarnples are drawn back through the needle and analyzed using a gas chromatotraph. The

duration of each exriment was oniy four minutes; therefore, sink and source terrns

were considered negligibie. leas: squares fi: of the theoretical solution is appiied to

zie data to soive for the diffusion coefficient. A plet of effec:ive giifusion coefficfen:

versus ait--fillerf porosity is given which fi:s the expression D./D0 r E

Lemon and Erickson. (1952)

The original paper on the use of a platinum elec:rode to measure oxygen diffusion in

soils. Data given show increasing oxygen diffusion rates with larger soil aggregates and

greater soil porosi:y, along with decreasing oxygen diffusion rates with increasing depth

in rhe soil profile.

Marshall. (1959)

Theory based on the bundle of capillary tubes model of flow through porous media is used

to develop a non-linear exoression for the relationship between the effective gas

diffusion coefficient and air-filled porosity.

McIntyre. (1966)

The platinum microelectrode is stated to give reliable data only over the range of soil-




water contents that maintain a water film on the electrode surface. This minimum


water content, for which accurate oxygen flux rates couid be measurec with a 1.5 mm



pa:inurn eiectrooe. was acnievez ai-ter two days of drainage frorn tne s.turated sate for
a well-drained soil. 1n a pooriy drained soil, the piatinurn eiectrode wa.sstill operating
atzer six days. A abie of oxygen flux rate atter one, two and three days of drainaze.
aiong witr: infiltration time for five inches of water, is given for a wide range of oil
tertures.

McIntyre. (1966)

The platinum microelectrode is tested on glass beads. a andy loarn and a loarn. The
dependerce of current on the rate of oxygen flux to the electrode was found to be bezzer
for constant effective volage relative to a reference electrode, rather than constan:
appliet voltage.

Millington. (1959)

Theory is presenterj to si.ppor: the relationship D/D0 = E413, where is the relative
gas diffusion coefficient, and is the air-filled porosiry. 71-ledatz os Taylor (1949),
Penman (194C) and VanBave (1952) are comparet to the theoretical curve. The
agreernen: be:ween theory and data is marginal.

Millington and Shearer. (1971)

Theory and an equation that relates the effective diffusion coefficient to the degree of
saturation and the inter- and intra-aggregate water contents is given. A nurnber of
graphs of effective diffusivity versus air-filled porosity are given that cornpare the
theory ro experirnental results for a number of aggregated soils and pumice. The
agreement between the theory and experimental data is good.

Nielson. Rogers and Gee. (1984)

Theory is presented for calculating the diffusion coefficient of radon gas from soil-water
content and pore size distribution datat. Diffusion in both tie air-filled and water-filled
pores is considered. The model results compare well with measured values.

Papendick and Runkles. (1966)

The necessity of using a transient analysis becauæ of non-constant oxygen consumption
rates (sink terms) is discussed. A laboratory apparatus incorporating platinum oxygen
electrodes, and a hanging water column (tension table.) to rnaintain constant water
contents is desc-ibed. Plots of oxygen consumption rate versus time for a silty clay loam
over the period of eight days is shown. An exponential decay in the oxygen consumption
rate is observed.



Phene. (1 986)

A deraiied discussion of the tneory and methot of construction of piazinurn erecrodes is
presented, along with the design specifications and considerations for a basic oxygen

diffusion rate measuremen: system. A fully automated fieid installation is discussed and
a schernatic diagrarn provided. In addition, mc Meory and appiication of the mernbrane
eiectrode meziod is discussed with drailed schernatics of probes and eiectronic curcuits.

Phtne, Campbell and Doty. (1976)

A fully autornated field system of measurement of oxygen diffusion rates (ODR) in a soil

profile is describet. Platinum rnicroelectrodes are incorporated inzo the system design.
The ODR at various de2Ms in a sandy loarn soil are monitored, art a diszinc: response to
rainfall and irrigation events is'shown.

Pilot and Patrick. (1 972)

Tbe method of Taylor (1 949) was used to measure oxygen diffusion into soil with 200 pprn
nitrate. A polarographic Clark zype oxygen electrode was used in conjunc:ion with a

Beckman Model D oxygen analyzer. The redox porential of the soil was measured usir.g
18-gauge platinum elecrodes. A: low air-filled porosities, no oxygen diffused all the
way through te cores. At porosities above 11%, 12% and 14% for loamy
very fine sandy loarn and silzy clay loarn respec:ively, oxygen diffused cornpletely

through te soil cores.

Pritchard and Currie. (1982)

A steady-smte rnethod in which the gas is injecte.d at a s:eady but low rate into the end

of a coiurnn is presented. Small (0.10 to 0.35 crn') sampies are removed through saniple
ports in :he wall of the column and then analyzed using a gas chrornatograph. Tables

comparing measured diffusion coefficients to those found in Me literature are given.

Raney. (1 949)

A robust in situ diffusion chamber is desc-ibed for arnpling gas in the unsaturated zone.

A Beckman oxygen analyzer is incorporated into the de.sign to determine oxygen diffusion
coefIicients. Ihe effec: of different tillage practices cn diffusion rate is investigated.



Reardon and Moddle. (1986;

A steady-state method for meauring CO2 diffusion in unsaturated pyritic tailinas is
preser,ted. A sodiurn hydroxide solution is useo as a sink for CO2. The mass flt of CO2
into the NaOH solution causes a change in electrical conducmnce. This change is used to
measure the CO discharge frorn the core. Oxygen diffusion coefficients are calculated
using the CO2 data and me fac: that dit relative diffusion coefficient (1.e., measured
divided by mc free space value) is independent of the gas used.

Rid<man. (1968)

The eff ed: of salts and SDil solution electrical conductivity on platinurn oxygen
electrodes is discussed. The conditions under which a platinum electrode should work
mos: satisfactorily or have minimum interference from salts are destibed.

Rogowski, Pionke and Broyan. (1977)

Tne lack of literature on spoil water flow, oxygen diffusion, surface runoff, erosion,
evapotranspiration and temperature distributions widiin Me spoil banks is pointed ou:.

Rolston. (1986a)

Recommended laboratory and field merhods for the deterrnination of gas diffusion
coefficients of soils. The methods are transient and assurne a non-reac:ive system, Le.,
no source or sink terms.

Roiston. (1986b)

Three meMods: (1) flux tzlculated from Ficks Law, (2) closed chamber meMod and (3)
flow-through chamber method, are described for the quantification of Sie gas flux at and
near the soil surface.

Rolston and Brown. (1977)

A laboratory column fitted with gas sarnpling ports is used to observe the diffusion of
nitrogen gas into an Argon gas flushed air-dry loarn soiL A field experiment is also
described. A sealed chamber fitted to the soil surface is flushed with Argon. Nitrogen
was then pumped through the chamber. The rate of flow and nitrogen concentration of
the gas flowing out of the chamber through exit ports is used to calculate the flux of
nitrogen into the A plot of gas diffusion coefficient ve.sus air-filled porosity is
shown.



Rust, Klute and Gleseking. (1957)

A transient solution for diffusion from a closed reservoir into a soii core is
however, no sink or sourze te r ms are included. The problem of mass counter flow cause
by the differing diffusion coefficients of gases is discussed. To overcome the possibilitv
of mass cotinmr flow "self diffusior", using radloactive and non-radioactive carbon
dioxide is usec. A detailed schematic of the apparatus is given whic:h fricorporateci the
use of an air pycnometer for determining air-filled porosity.

Sallarn, Jury and Letey. (1984)

A laboratory study was conducted to measure gas diffusion through soil at low air-filled
porosizies, using tne inert gas Freon. Penman's (1949) model greatly overestimated,
while the Millington-Quirk (1961) model slightly underestimated the diffusion
coefficient. However, the Millington and Quirk model couid be made to fit the data by
using a slightly smaller exponent on the porosity term.

Shearer, Millington and Quirk. (1966)

An improved oxygen probe is presented along with a proposed laboratory apparaws ior
measuring oxygen diftusion through porous media. Design specifications are discussed
and experirnenmi results for capillary zube bundles are given. No sand data are
presen ted.

Smiles and Griffin. (1966)

MetIods of measuring oxygen diffusion in sa tura ted porous media are examined relative
to de platinum microelectrode technique. The effect of microbial respiration is
discussed.

Taylor. (1949)

One of the earliest papers on oxygen diffusion in soi1s. This paper is frequently
refererced a.s the source for equipment design when a closed chamber, transient gas
concentration method is used. A Beckman oxygen aralyzer is used with continuous gas
sarnpling of the diffusion source chamber. Theory is presented for cfiffusion through
porous media with no sink or source terms.



Zab-roand Kirki-,arn. (1982)

The commonly used equations relating the gas diftusion coefficient to air-filiet porosi:v
are examined. The commonly uset linear D1D0 = a (E-b) and curvilinear D/D0 = krrrn a/e
discussed in terms of their advantages and limitations. A more accurate and general
equation is presented, D/D0 = ((E-u)/(1-u))v. An extensive table of values ior tie
c:rve fitting parameters, de-ivec from the data available in the literature, is given.

vanBavel. (1954)

A sirnole straight cylindrical tube inserted into the soil is flushed with nitrogen and the
oxygen diffusion coefficient is calculated from the rate at which oxygen diffuses into the
cylinder. Charts for computing purposes are given. 7be physicai and rnathematica,
aspects of the method are presented, along with experimental data.

Willey and Tanner. (1963)

Continuous in situ mea.surernen: of oxygen concentration of soil-air is accomplished using
a temperature-compensared membrane-covered polarographic eiectrode. A robust design

permits sealing in a SDiiaccess tube. 7he time constant is on ie order of C.25 minutes,
and the relative error in the measurement is approximately 2%. Geneal desigt features
of the probe and exampie measurernents are presented. A plot of percent oxygen versus

time over a six-day period is presented, which shows response to soil surface cracking
and rainfall events for a probe 12 inches deep in a silty clay loarn.
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