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Revegetering av gruvecmriader

Innlegrinc.
Globale oc lokale forurensninger oc aviall fre uvlike kilder kKan
f¢re il st¢rre eller mindre skader pé& vegetasjon, jerdsmonn o¢

e
vatnfleora/-£fauna, enten I primar form eller som reak=jonsp odukzer.
u

e
rlasser oc sterkt trafikkerte veger, P& Eis
en total @deleggelse av gkosvs+temene, cvs. £
oc I vatn., Videre vil det ved store tekniske inngr

e k
- vasskraftutbygging, oljeinstallasjoner, vegbvgging Oosv. - CD

w
Q
Joow
n

1

store vegetasjonsraserte s&r i landéskapet mecd omfattende eros
problemer.
Institutt for hagebruk har c¢jennom 20 &r hatt forsgksvirksomhet
pé omradet revegetering oc landskapspleie i forbindelse med
tekniske inngrep i landskapet. Innsatsen har spent over et vicdt
problemspekter.

- revegetering av vegetasjonsraserte omrader i forbindelse mecd

cljevirksomhet, vasskraft og vegbygging m.m,

- revegetering av gruveomrader og sterkt forurensete industri-

o]

mrider - med-oppbygg%ng av sperresjike, dyrkingsmecium og
vegetasjonsetablering. A/S Svdvaranger, Rana Gruver, Lgkken
Verk, ¥jeli Gruver, Knabern Gruver, Titania Gruver, A/S Borre-
gaard, Falconbridge Nikkelverk, DN Zinkkompanri, Norsk Hydrc
Aluminium mf,

- naturlig vegetasjonsinnvandring pd tungmetallforurensete

omréder og utvikling av tungmetallresistente gkotyper

i wlanter.

jektene nar dels vert et kortvarig samarbeid med de enkelte
pedrifter oc¢ dels et mer langsiktig samarbeid meé BVLI. Resultaten:

er publisert i vitenskapelige journaler og i 6-& diplomoppgaver



Proo.emene ned revegeTerinc av Tuncmetallfcrurensete steder I
Nerge er glerne knviiet tll ae klimztiske oz edzfiske Fforheld
D& stedex,

Kilimeforneld

Ncraes beliggenhet, som de: nordlicste i Eurcoe (3B-71% N) med
; ; /10 f T noré for den

e
-/ av landarealet oc 110 av beifclkningen bos
e as

a c
1, spenner over et sncrmt kKlimaspekzer (Figur 1).
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rlig scllive heile perioden., I sgrvest er vexksisasonoen

Vigere har vi et marizim:t klime I vest nver maksimal temperatur-
cifferanse mellorm sommer oc vinter er caz 33 C (+ 25-:%109) oc
mec &rsnedbg¢r opp imotr 3000 mm, Tilsvarende temperaturdiff

(B

e
1 ce mest kontinentale strek I fiellomrdder i ¢st er bortimot 8

e
(+ 22 =il + 50) oc¢ hver é&rsnecber kan c& ned mot 300 mm.

Den zrvelige wvaria s

cenerasjoner vil plantene tilpasse sec fcrholdene pé stedet. Dex

vil tl.annet bety at lokale gkotveper praktisk %falt alltid vil ha

sterre evne il & cverleve enn "innfgrte slac. Graden av

llvkxethet 1 et revegeileringsyrosijekst vil derfor alltid vare
g

et av hardf¢re gkotvver.

Tabell 1. Vinterherdighet (% overlevende) hos ulike

M

gkotyper av Dierk {Betules pubescens).

Dyrkincssted

Gkotype Oslo Trondheim Elta
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90 10¢C
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forhecld.
ste industripregete virksomheter vi
=

£ 12, &rhundre. I en oversik:
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Kvikne 2,8 0,6 G,1 22 1E50 5 14 18
Vigsnes .5 0,7 5 104 3160 34 AN 77
Gravial 2,2 I,c 7 £3 18€2 24 g 27

tcre skader pé

Eksempler D& innheld I sigevatn fre kisgruver. (HABJQRCG 1988)
e Cu Zn Konc. M5
+8 25 3,5 C,i5 63,6

3
Kvikne 3,
3

’)

Gravaal

e
frz massene cjgr at vatntilcangen for eventu
t £

redsstillende.

Vegetasjonsetablering.

Feltforsgk oc forssk under kontrollerte Zorhold har vist
s

e
antyder at det kan ha Ifg¢lcende arsaker
- @9kt l¢selighet av RI- oc¢ o

& tlantene

avgangsmasser er bruk:
s

lzene crunnet sigevain

vne. Dette sammen med reiativit liten <fordampning av vatn
e

&3]

11 vegetasjon pé veltene



vsene s$2m

sammenhengen mell

annet
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vere omvend

anTeverst

og

har aet

sl-si med F& unntak spesifikke. Multitcleranse kKan utvikle
—ilfcller mlantene utsetctes for et &llsiliic selekslionspress
(Bradsnaw 1873, Hibje¢rg 187%), Tiilaging av slike typer er
il er sipase omstendic oO¢ arberdssom Drosess at 4et Neppe
farmars for norske Seornclé hver veriable klimaferhelc yoter
kompliserer situasionen
Figuz Virkning av pE pé vegetasjionsdekket pd velter =
Rerosdistriktet og pé& Vestlandex:.
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Norske velzTer er ralztiv: smé mel er kupert Og dsle Zrati overilats
Cfce licger ogsé veltens :oen dal- sller Ihellslas med Detyaelic
gsmelievzinsmengder I varlesningen. Dei er derifiocr ikke problemfriz:
med et glatt o¢ hellt tet:t sperresjik: av tjukk, clatt Tlast
Deknincsmasser pé toppen av et £lik: sp rresjikt vil lett Bli spwic

s K
Mangel p& lesavsetninger for dekningsmasse er et annet hovecprotlen
& veltene lokalisert ©é& temmelic utilciengelige steder

setranspcrien karn bli relativt prozlematisk.

Felgende faktorer er varlert

Sperresiiki
€lisseplas:
Lrmert, noe vatngliennomtrengelic zlast
Elank, <Tett rlast

De+ ideelle sperresiik:z ber erzermin mening kunne sprevies Di

- Y

(skumolasT e.1.) oCc helst vere noe c-ennomirencelic fcr vatn.

Deknincsmasse
Mancel »é& legsevlieiring har c¢jo 3
bark. Tc barktvkkelser - 4 oc & cm - er bruk
med cvennevnie 2 sperresjikt.
P& Zitrheimsneset (DNI) er det Zcrsokt med 3 cm dori (uten
sperresiikt) som dels er frest ned i eksisterende topplord
lact p& toppern av onprinnelic joré (opptil 2% 2Zn, 1100 zom
00 pom Pr o¢ 100 pom C2 I Jordal. .
¢ av torv i kombinasjon med kalkinc og IZcsiorcjiedsling

) N - - =

1 en betvdelic reduksjon i lettlesel:rge tuncmetaller.

En komtinasicn av finpartikla morenemasser oc¢ crcanisk iord
s

{(torv eller bark) vil c: goé n@rincs=oc vatnkapasitet i mas

dermed et codt buffret dvrkingsmedium. Minimumstvkkelsen pé de

respektive siiks ber vare 4-3 cm oc 3-4 cnm.

Da\soe**e=1 k+ /deknincsmasse-omrédet kreves relativi omfastende

forsoksvirksomhes

Kalking/cio
Kalkinc/cjoiselinc mé& tilpasses jcrdbunnsfcrholdene. Jeknings-

massene trencer sa&rlic tilfersel av N Pog K. Til en viss c¢rac



kan det ocsé vere en positiv virkning av Xelking., Derimet vil

s
r cderfcr nocvendig i begrenset grac.
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fnzges swerk: til bedrinc av

rerenset dord at
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vece-zeionsetatlering vanligvis er mulic uten sperresjikt og

deknincsmassey, Lokale tilpasninger krever relativt omfattende

forseksvirksomhet.

1g av plantesla

Y]

Lnalvse av vegetasjon p& velter i kyststrek og 1 Ifjellstrex

viser at det er ern viss fcrskjell i artssammensetning 1 de to

h.limaomrader, men &t denne ikke er s& stor at cet har noen

nrak:tisk betyvdning for revegetasjensarbeldect. Héhjerc (1988)

viser at *treslacene Zjerk {3etula pubescens), Ifuru |
s

silvestris) og vier (Salix r de mest vanlige p

essu-en at de genotyper (individer) som
ne, alle crunnet sterk:t seleksjonspress, har

ok
spesifikk tcocleranse mct forholdene 1 jorae Té velta,
a

[22Y
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nrcilemer med covervintrinc I hoegijellet o¢ ncrdover., Mer

= e o s aim L4 PR — - i . = | - s
ICoril LG8t eI ViXHTiT & eT&biere €T rosjonsninireniae Cr&asSaerke

mé dew alliwevel I hovedsak satses pé Eisse. I Qen cra
muilic bor det 1 tillegc nestes Irg av tungmetallreslistent
= 'Der p& de respektive omréder. Dette Ireet blandes

med de- kommersielle fre o¢ sis ut. P& dette vis vil man sprec:t

=il full vegetasicnsdekning Té omrades.

De: bor ocgsé samles Ifre av lokale treslag Ior innplanting Dé
veltene -~ £lerk, furv ogc vier. Forsgk nar ellers vigt at Daior:
oz vier nar s& s:icr rerroduksjonsevne oc spredningskapasitet &t

nn planting. Planting av trar mull
ever i symbiose mel nitrogeniik
ermed er sje¢lforsyvnt med nitrog

o
cioislingen reduseres til et minimur.

Vegetasijonsetablerincen mé primert ta sikte péd & etablere et

markdekkende crasg-fikt som kan hindre ercsijon der det er pakijers

dekrincsmasser. De:- ber brukes kommersielle sorter av engkvelir,

firesvingel og redsvingel blander med frg av lokale, helst tunc-

ceno+tvper. Tre- oc buskvedgetasiorn ber fortrinns-

{ aksellere den naturlice vegetasigonsinn-

c
vandrinc, Ved vlantine av trer ber det brukes lokale ¢kotvper

av nitrocenfikserende nlanteslac - graor.

Vel revegetering av massetak i Iorbindelse med uttak av dexnings-

masser, transportveger ¢©.l. nyites samme teknikk som nevnt over.

Vecezasionsetableringen mé folges opp med et vedlikeholdsorogram
oC s s

s
som strekker seg over 3 ar, or. 1 hovedsak bestdr av ciedslinc

og fraliking.
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1.0 INTRODUCTION
5t OVERVIZW OF ACIT MINE DRAINAGE IN NORWAY

Norway nas & history of intensive pyrilic ore mining anc processing for over 300 vears. NiVA,
1987. lisls some 3¢ substantial pyre deposits as snown in Figure 1, the majorty of which have
been minec. Mos: of these mines are now abandoned.

Ouring mining anc milling, pyrie rich waste rock anc mill iailings are deposited on the earth's
surface. Mine workings are also openec Up exposing ore anc waste rocks to the entry of oxvgen
and water. Oxication of the exbosec pyrite, by both chemical and bioiogica! processes. results in
the generation of sulpnunc acic. The resulting acidic wastes leach neavy metals notably copper
anc zinz. ans other contaminants from the mine wastes and carry them away from their source of
generaticn and into the environmen..

Impacis on the environmen: of the asic mine drainage (AMD) can be severe The Norwegizn
Institie for Water Research (NIVA} has conauctes investigations anc evaiuations of the exten: and
impact of AMD from abandoned mines in Norway ang the resuits are reported in NIVA, 1987,
Table 1 provides 2 summary of the pollution and environmental impac: assessments for the various
mining areas in Norway. Severe impacts are experienced or threatenec in the Orkla, Glama. Gaula
and Sulitjelrna water courses.

1.2 OBJECT OF THIS STUDY

The Norwegian State Poliution Control Authority has inftiated a program for the abatement of the
environmental impacts of AMD in Norway. A preliminary evaiuation of alternative abatement
measures at a seiect number of AMD sites was undertaken in 1657 (Steffen, Robernson and Kirsten,
1987). This study was requested by the Norwegian State Pollution Control Authority, in a letier
dated 26th January, 1988, with the foliowing objectives:

i} To evaluate technical solutions to covers for mine waste anc tailings deposits  The testing
was to inciude needs and possibilities of, as well as effects of, a capillary breaking laver,
soil cover. and finally the establishment of vegetation over the waste pile.

if) The study was to inciude a fuli-scale test in the field which should be par: of the solution 1o
the AMD prodlem at an existing waste depostt where abaternent measures are urgently
neegec.

i) The study for 1988 was to be considered as the firs! pan of a program and wouid form the
basis for further work. The program would, over 2 period of several years, test alternative
abatement options to determine their effects on the waste deposit and the on the quality of
the drainage.

A study program was developec by the Study Team (Steffen, Rozertson and Kirsten; SEFQ -
Senter For Forskningsoppdrag; NOTESY - Norsk Teknisk Byggekontroll; MILJOPLAN) and
described in & proposal dated 24th February, 1988, The 1888 study program comprises three
tasks:
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SUMMARY OF POLLUTION AND ENVIRONMENTAL IMPACT
TABLE 1 FSSTSSMINTS FOR NORWZIGIAN METAL MINZS (NIVA. 1987)

ir the table ( anc X denote the fgllow.ng:

Zifeczs Inputs
. Unknowr, negl:gitle ¢ Unkniows neglig:itle
e Unknowr, ipossible effects X Moderate
h) winor effecte XX Substantial
X¥ Ss:igrnif:icant effects XXX Large
XX} Severe eflfectuis
Sect. Nane Municipclitz Draining te lpput: Effects Further measures
investigalions
PR Yigsnes Lake inspeciieor - controll
Copper wWorm: Karmev Yigsnesvazin XX X Frogramme
Z.:z.1 Evie Nicke! Ev)ye anc
wWorke Hornnes Otra [ & Inspection
z.2.32 Ertel:ern Inspestior *+ COORLTG..
Nicke! worxs  Mocunm Henoa 'Tyr:!; xx X invesTigation
Z.z.4 ~angca.en Romerike Skimroalswater- —ower s:ireich of
wogu= course 'Tyrif;: X X Sk)leraalswatercourse
should be .rnvestgatec
i.2.% Eiker Caopper Drammenswater-
Rorke Ovre E:iker course X X -
Z.z.8 Mocur Cobalt
horks Modum Snarumselva-Simoa
Drammensw.course X c Inspestion
Z.2.7 Konnerud Drammer Drammense]lve- Affects ground water
Sandew.course X = in Che area
i.2.8 Grua Gran Viggan.course X <
z2.2.% Especalen Ser-Fron
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Alvdal tinec .., Carriec ol
158485, Meacures are
under concerderation
2.2.14 Rostvangen Tynset Glota-Tunna X X Effect cf measures
L9 - Glama 1s beinc mon:itorec
2.2.1% Kwvikne Copper Tvnse: Ya-Orkla XX X 7c be meniicrec of
Works after the regulations

of the Orkla w.course
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Task 1 - Literature survey of tecanciogy ¢of covers aesign.
Task £ - Evaiuation of aliernative 1es: sites anc presaration of 2 1est program.
Task 3 - Describlion of technica measures with €28t estimates {or the 1es; program.

This repor: outlinegs the abjectives ©f the stuoy anc aocuments ihe resulis of Task 1 - the inerature
survey.

It brefly reviews the process of acic generation anc AMD with the view of identifving the
obiectives, design criteriz. coerating conditions anc long term effectiveness of covers. ! reviews
publishec information on the design of-covers evaiuates alternative gesign methodology and
discusses the results of tests or remedial actions congucted eisewhere.

1.3 BASIS FOR THIS STUDY

For tne evaiuauor of the eftectiveness of alternative cover types & i imporan: 1o undersians the
mechansms of acic gengration and crainage inte the environmen:. The review therefore stans
with a briel non-technicai summary of these processes and the factors wnich control them  This is
foliowed by & brief gescription ©f the alternative cover types anc how they serve to control AMI.
Finally the control technology is reviewed and design methods discussed. Since AMD is a tong
term process, the effectiveness of the control technology in the iong term is reviewed ang
technology for the acrievermen: of Iong term stabilty 1s described.
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a.e FACTORS SIGNIFICANT TO COVER DESIGN
27 421D MINZ DRAINAGE

The process ci aciC generation in mine wastes has been descrided by numerous workers ingtuding
Knapgo {19€7), Pamne {1967), Ermngion anc Ferguson (1887a). It is a time-dependent process
controilec pnmarily dDv:

tne presence anc nature of reaciive suipnides
- the exposure of the reactive suiphiges
- clerial action
- avaiiabiiity of water
- avaiiapilmy of exygen (by convection ang difiusion)
- temperature
- pm or presence of alkahne reactants

Kleinmann et al {1981 igentified three stages of acid generation. These are iliustrated in Figure 2.
During the first stage, chemical and/or biological oxidation of pyrite and other sutphide minerals
siowty Drocuce acic  This acic may inmially be neutralized by basic minerals in the rock. Once the
base source is exnaustec ine second stage inttiales as the pH drops in the microenvironmen:
arounc the suiDniae minerais anc acid generating bacteria such as Thiobacillys ferrooxidans begin
to multioly. These baclenz cause & further oecrease in the pH anc the thirc stage Is inttiatec.
When the pH decreases below 3, ferric iron remains in solution, ferrous iron is converted by
bacternia 1o ferric iron which in tum oxidizes the sulphur minerals. The rate of acid formation is
repid in the tast stage and is limited by the concentration of ferric iron.

Robenson, 188€, has proposed an analogy which is usefu! in understanding the processes of acid
generation and drainage. it is illustrated for a waste aump in Figure 3. A description foliows.

Factors Controliing Acid Generation

Acid generation occurs in 2 sulphide reactor. This reactor contains a finite load of sulphide. The
rate ai which the reaction proceeqs is dependan: on:

i) The nature of the reactive sulphides; with some oxidizing much more rapidly than others,
EPA, 1877, The form of the sulphide is also important with disseminated framboigal pyrite
oxidizing more rapidly than large cubicai crysta! forms.

i The rate at which the other fuets:
- axygen anc
- water,
are introduced into the reactor.

iii) The initistion of bacterial oxidation may increase the rates of oxidation from 50 to 1 miliion
times, Lundgren, 1971. Both the chemical and biciogical oxidation rates are substantially
dependant on the pH in the reactor as illustrated in Figure 4 (Knapp, 1887). Typically the
reactor stans up slowly with local slow chemical oxidation, and increases rapidly as
bioiogical oxidation stans after the pH has dropped below 5. On a single iump of waste
rock, as illustrated in the inset in Figure 3, individual crystals of pyrite may develop a
surface coating of low pH adhered water, providing the conditions for rapid bacterioiogica!
oxigation long before similar conditions develop on other surfaces of the otherwise
naturalty alkaline host rock.
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v Oxizalion rales increase as (Ne lemperaiure ingreases as lliustrarec in Figure S (Knaoo
1987

ACIC IS procucec as & result of the oxicalion reactions anc storec in the vicinmy ©f the site of
generalion uniess transportec away ftrom the site by difusion or advectve water fiow  ir the
absence of fliowing water the movemeni rate is extremely siow, and the acic produsts accumuiale
(are stored) in the vicinmy of the suiphides and inhidit further oxigation. Movemen: of acig from the
suiphioe reastor site is therefore dependan: on the presence of water as z transport medium
remova! of the acic products allows the oxication reactions to continge. Metais and other
progucts are dissoived in the acidic water. Flow or discharge from the sulphige reactor is therefore
an acidic water fiow containing dissolved metals commonly referred to as Acid Mine Drainage or
simpiy AMD,

Factors Controlling Natural Neutralization

AMC is discharged intc the base reactor in which & 15 neutralized I the reaction rate ir the base
reaglor is siower than the rate & which AMD is delivered tc it then only pariial neutralization
occurs. Tnere may still be acidic arainage while a net base potential remains. In practice this may
occur on & lume of rock waste where the sulphide is on the exposed "joint” surfaces anc oxidizing
rapidiy and the base material 15 contained in the intenior of tne waste iump trom which it Is releasec
more slowly

The base reactor has z finite guantity of base material and atter this is consumeg no further
neutralization occurs. Depending on the amount of base material contained in the base reactor,
and the rate at which AMD is introduced tc it, the effective period of neutralization will vary. Thus if
AMD generation or transport from the suiphide reactor 1s slow (as may occur in a dry cliimate or if &
low permeability cover is installed) then the neutralization may be effective for a very iong time, but
the enc result of acidic drainage may be the same. Some of the dissolved metals in AMD,
including zinc, are not adequately precipitated on neutralization and such drainage may still be
getrimental to the receiving aguatic environment.

The acid/base accounting method of AMD potential testing measures the tota! quantities of acid
anc base generating potential but does not take into account the rates at which the two reactors
work, Hence the need for kinematic tests, particularty when the acid and base potential are nearly
equal. Both static and kinematic test methods for acid generation potential determination are
reviewed and summarized by Ferguson and Erickson, 1887.

Factors Controlling AMD and Environmental Impact

AMD graining from the waste deposit passes through or over soils which have 2 neutralization
capacity. AMD is aisc mixed with suriace and groundwater streams which both neutralize ang
dilute the AMD. The environmental reactor results in some improvement of the AMD. As the
store of basic materials ciose tc the oepaosit is consumed the AMD plume migrates further from the
depostt, resulting in an ever increasing impact zone. At some point the volume of dilution and
newralization streams with which it merges is sufficient that the effect of AMD is abated.

Some environments have an extremely high load of basic materials in the soils, surface and
ground waters. This is the case in many of the old ceeply weathered landscapes with well
developed old soils. In Canada and Norway, where recent giaciation has stripped off all old soils,
only relative fresh rocks and new. unweathered soils are exposed, These conditions generally
yieid soils, ground and surface waters which are low in neutraiizing capacity. Thus the potential for
extensive impact on the surface and groundwaters gownstream from the depostt are large,
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For all waste deposits there is & level of AMD release which can be sustained by the environmen:
without significan: damage It is the objective ¢! AMT abatemen: measures 1 recuce AMD
releases tc below this leve:.

22 ROCK WASTE DUMPS AND TAILINGS DEPOSITS AS REACTORS
Waste Rock Dumps

A waste dumpe can be visuatizec as a series o suiphioe anc base reaciors on both 2 mizro ang
macro scale. On each piece of rock waste there may be zones wnich are either acic generating
(and acidic) or base vielding (and basic}. The mos: reactive tlump produces acid which aliows the
pH 1o depress, initiating rapid biological oxiaation. Drainage from this acic lump onto lumps below
¢ rapidiy consumes excess dase allowing z zone Of nign reacuon rales 1C spreac aiong the
drainage path.

Zones of predominantly acic rock waste will visic AMZ anc zones naving a net base potential wil!
neutratize AMD fiowing into them. The pH of the seepage from such & dump is depengant on the
flow path which the transporting water has foliowec and mav De either basic or acidic as illustratec
in Figure 3. 1t 1s common to have botn basic anc acidic seeps from the same dump during the
gany siages of AMD development.

Neutralized AMD will contain some of the dissolved metais taken up in the acid flow zones and not
deposited on newtralization. Zinc is often a persisien: matal in this respec:. Thus the evoiution of
AMD from the dump is cronologically as foliows:

i) All seepage characteristic of unoxidized ieaching of the waste rock.

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

iil} Some seeps begin to exhibit depressed ph and characteristics of AMD. The stage may
develop within months of placement but a number of Western Canadian exampies exist of
it taking 10 to 20 years for the first such seeps 1o develop.

iv) pH depression develops in all seeps from AMD generating zones of the dump. For many
mines this may be the entire waste dump. Documentary evidence exists of highly reactive
dumps that have developed to the maximum rate of AMD within a tew years of
construction. Our understanding is not compilete for the time rate of increase for the much
siower deveioping reactors. Basecd on the observations for (iii) above it may take tens 1c
hundregs of years.

v) The quality of seepage improves as the sulphides are consumed and that in the taster of
the sulphige reactors is exhausted. Slow reactors {such as sulphides in the imterior of
large hard rock lumps) can last for a very long time. This phase is observed to tast for
hundreds of years for large waste dumps.

Seepage flows through waste dumps are usually partially saturated, and flow tends to foliow
preferred flow channels. Some of the waste lumps are regularly fiushed by infiltrating water while
the majority are seldom wetted by flowing water. Acid products accumulate on the seldom fiushed
lumps with the result that acid products accumulate. During periods of high fiushing {spring run-
oft or high precipitation periods) some of these products are flushed out resulting in high flows with
very high contaminant concentrations. Because hydraulic conductivities are usually high in the
dump, the period between infiltration and seepage is shor, resuiting in rapid fiushing anc seepage
responses 1o precipitation.



The air conducivity of aumps are aisc excremely high The tengency for coarse waste with large
air voigs 10 accumulaie a: the base of the gumps usually Drovides an easy passage for air into the
base of the cumg. Thermai gradients deveiop due to natural temperature ranges 1n the ambien: arr
as well as due 1o the exothermic reactions of oxidation in the waste dump. Such thermal gradisnts
resuit in & ‘chimney efiect’ In the gump with the result that axvgen s drawn Into the cums angd 1s
readily available to fue: sulphide reactions. Changes n the barometric pressure causes the dumps
to ‘breath’. This ‘lung effect’ results in air fiowing in along the more condustive channeis deep into
the dump. The entire dumg theretore serves as a reacior with an ample supply of oxygen ang
water for suiphide oxiaation.

In hard rock dumps which are resistan! 10 weathering the amournt of sulphides exposed and
avaitable for oxidation s limited, limiting the rate of reacticn. The mass of sulphides exposed to
oxidation conditions are almast directly proportiona! tc the suriace area of dump material which
increases approximatelv as the inverse of the cube of the average lump or particie mass in the
dump. Whnere the rocks siake (break down with timel rapidly, increasing the surface area of
exposec sulphides, the rate of suibhide oxidation may increase rapidlv.  Fortunately the siaking
effect. i t reduces the rock to soil size particles, may also requce the QUMD ConAUEtivity to both air
and water sufficiently t¢ result in reaucec reactions.

Tailings Impoundments

The factors controliing acid production and AMD from taiiings impoundments differs significantly
from those operative in waste dumps. These differences are summarized in Table 2.

The sulphide content in tailings is often much greater than in the mine wastee from the same cre
deposit, resulting in a potential for much larger acig production.

Because of the fine grind, 2 high percentage of the sulphides are exposed and availabie for
oxidation. If only these two conditions controlied reaction rates, then tailings would be expected 1o
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 suiphides and base materials in the deposit. The tailings are aiso generally
mainly in water or in a high moisture state, particularly during the operating life of the
impoundment. The combination of intimate mixing of sulphides and base materials and the ampie
water to transfer acid and base ions over the small distances separating graing results in a hugely
reduced potential for the deveiopment of ‘trigger’ or ‘hot spots’, and hence the initiation of fas:
reactions due to biological leaching. Conditions suitabie for acid generation usually only deveicp
after tailings placement is discontinued. Thus the initiation of acid generation in a tailings dam
usually stans long after the same Initiation in waste dumps at the same mine,

In contrast to dumps, infitration and flow of air and water is restricted by the relatively low
cohductivity of the tailings. This flow restriction results in the deveiopment 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
COMPASISON OF ACID MINE DRAINAGE FACTORS IN WASTE DUMPS AND TAILINGS
IMPOUNDMENTS
A, ACID GENERATION WASTZ DUMPS i TAILINGS IMPOUNDMENTS
i Sulphige source - Vanabie in congcentration - CondHions uniform often with

ano location [ very high sutphide content.
- Conditions may vary from

suipnige rich to basic over i

short distances |

i) pHwvanation - Higniy variable conditions - Fairly uniform conditions with
over short distances a few major horizontal zones
ii) initiaugn of Raoig - Usually stars immegiately - Usually starts afier
Oxigation atter first wasies are placed | tailings piacement ceases

{in "tngge:” spots)

iv)  Oxygen Zniny - Enters freely along highly : - Restricted by water in the
conductive fiow paths at base | tailings voic spaces and the
of dump and large open void | lower conductvity of the

' spaces. ‘Chimney' and ‘lung’ | partially saturated voic
effects. i spaces

vl Seepage - Seepage rapid along preferentiall - Seepage slow and unitorm

| fiow paths '

| vi)  AMD Releases

|

- lLarge infiltration resuylting | - Large early surface AMD
.in large seepage from toe ' run-oft

and to groundwater - Lower infiltration
Rapid release foliowing | - Gradual transition in seeps
generation, sometimes with bothi from process water,
neutralized and acid AMD seeps. 1o neutralized AMD, to AMD.

.

After tailings placement is discontinuec, oxigation usually initiates fairy quickly at the surface of the
12ilings impoundment where tailings are exposed above water and where oxygen has free access
to the tailings. Surface drainage from the tailings impoundment tums acid faify quickty. The
downward movement of the AMD is extremely siow because of the generally low permeability of
the taiiings and foundation soils. Fiow is refatively uniform and there is not a route for rapid
preferential seepage as in dumps. The period for the immergence of the first AMD contaminated
groundwater may be extremely iong (tens, possibly hundreds of years).

After impoundment closure, there is often a siow lowering of the water tablie in the impoundment as
drainage takes place. The partially saturated zone, in which oxidation can occur, increases.
Figure 7 iliustrates the rapid increase in the gaseous difusivity of 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 resuits in oxygen transmission to these zones. Thus we ohen observe
yeliow, oxidized sand zones interiayered with gray unoxidized siimes layers near the surface of the
tzilings impoundment.
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2.3 A_TERNATIVE AMD CONTROL TECHNOLOGIES
AMDT control technology is conveniently diviged into three broag classifications.

- Prevention of acig generation
- Prevention of AMD migraticn
- AMD coliection and treatmen:

Covers can serve to botn controi azic generation ana AMD migration. Since covers may be usec
in compination with one or more of these other technologies. they are pnefiy reviewed.

Prevention Of Acid Generation

Prevention of acid generation in the first place is usually the mos: desirable of the contro!
technologies. |f generation does not oceur, then there is no risk of its transportation intc the
environment,

Tnis may be achieves dy:
i) Removai of the pyrite sours

Methods of pyrite removal have been reviewed by Hester and Associates. 1984. FRemoval of 2
portion of the sulphides from tailings. by fiotation for exampie, may make the difference between
net acid production and consumption. Oxidation of the sulphides, as part of the mineral extraction
process, is being achieved at a number of goid mining properties (refer paper by Roberson et al,
this conference). If applicable, the results are effective in the-long term and ne additional
abatement measures of maintenance is required. Costs are high and the technique is not
appiicabie to wastes.

] Rendering acid generation minerals inactive by the development of surface coatings

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

jif) Exclusion of water

Exclusion of water to the exten: that acic generation could not occur is not considered practical
(Robernson, 1987).

i) Control of biological oxidatian

Bacterial action contro! by the application of tactericides have been discussec by Sobek, 1987.
Periods of effective control for aomixed bactericices do not exceed 5 years and surtace spraying
has been found to be not effective. This measure provides no control of chemical oxidation.

v) Temperature control

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



Vi EXCIUsSIOn O oxyger

The exclusion of oxvgen 1o the exten: tha: aci? generation i1t reguces 12 accepianiyv iow levels
reguires the piacemen: of & Cover with an accepiadly low level of oxygen diffusion

vil} Addition of Base
Base agdiion can take 2 numboer of dieren: forms.

- Blending of nel acic procucing and ne! acic consuming wastes to achieve a2 net acic
consuming mixture. This 1s wha! is effectively practicec in the coal strip mines of the
eastern US4 {Skouser et al 1987, |Its effectveness for harg rock mines nas not beer
demonstratec  The fizl homzonta! iayenng of the sedimentary overburden over the coal
seams anc the strio mining methoc are well suitec tc achieving congistent and intimate
biending of the overouraer. The distripution of waste rock types anc the mining sequence
in harc rock mines is consigerably more variable anc conststent biending more difficu!:
anc costly to achieve. Where poor blending has been done, acid generation may still
continue in iocalizec zones resulting in neutratized AMD seepage of a quality which is still
o! concern 1o the gownsiream environment.

- Base aadition anc biending can be practiced 1¢ allow consisten; control throughols the
waste. The pase material must be sufficiently fine anc uniformiv distributed that the rate o
base newtralization ts sufficient to prevent AMD deveiopment. Large isolated lumps o
limestone would be inadequatle 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 aepietion| anc pH resulting trom the addition of large quantities of siaked
iime may be unsuitabie for ooth short and long term AMD contro!.

- Surface applications are nz: consicered effective for iong term control,
Prevention Of AMD Migration

Where acid generation is not prevented, it is necessary 10 resort 1o prevention of acid and acid
product migration.  Since water is the mode of transpor, the contro! technoiogy relies on the
prevention of water gniry to the waste pile. Controi of water gxit from the piie is of Iittle value since
in the long term ali waier entering the pile must exft, long term storage being negiectible. The
control requiremnents are as follows;

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

Diversion facilities usually consist of ditches. Diversion of surface flows. while easily implemented
are often ditfficult to maintain in the long term as discussed in the next section.  The best long term
spiution to such surface fiows is to select a disposal site which minimizes the need for diversion.

If the pile is located over a groundwater discharge area, interception and isolation of the
groundwater i3 very difficult to achieve and maintain in the tong term, While measures such as
underdrains and sealing layers may be employed, their performance in the long term is
guestionable. The most effective solution is 1o select a site which is not tocated on a groundwater
discharge areza.

The secure prevention of infiltration, over the iong term. is the most difficult to achieve. Covers o
different types may be considerec.



Feauctions in inflitration do no: necessarily mean eguvaien: reguctions in conaminam: lcadings i
AMD  since the conzentralions may increase in the reducec fiows A 75% percent reguction In
infiltration may only resul: in & marginal recuction In contaminant loading. On the other hane the
placement of a cover alsc has other abatemen: efiects due to reductions ir air entry ang therma
vgriation: control.  Reliance on covers for infiltration control requires their continued effective
operalion, in tne long term, as diszussed in the next section.

AMD Collection Ang Treatment

Coliection anc treatment provides the last gefence in AMD abatement It invoives technology
whnich Is weil estadlished, ang is working effectively at 2 large number of mines. lts main crawback
is that coliection and treatmen: mus! be continuec for a very long period in time, whiie AMZ
continues.

The risk of faiiure of any form of treatment system is large. Extreme events such as flooding and
fires can prevent treatment operations. Mechanical failure, labour disputes, power icss. reagent
supply faiture. all represent large risks to continued treatment.

Alternative chemical treatment metnods are reviewed by Skousen et al, 1987. The onmary
lreatmen: methoc currently involves treatment with lime to produce a sludge. The mass of siudge
produced exceeds by many times the mass of the sulphides responsibie for acid generation. in
the long term the volume of sludges may exceed the initial volume of the wastes producing the
acic. Disposal of these sludges are an increasing probiermn. Long term dissoiution of these siudges
may represent an environmental hazard as great as the initial acid producing waste. Chemica!
treatment. while i offers a secure short term method of achieving environmental protection, may
not offer long term affordable solutions.

Treatment of AMD by wetiands has been demonstrated by a number of workers to be effective
(McHerron, 1986, Huntsman, 1985 & 1986, Pesavento and Stark, 1986). For northern climates,
concerns exist regarding both the shorn term continuous effectiveness and the long term
maintenance requirements. Biological activity reduces in the winter and water fiow in winter is
canalized by ice formation. Unless adequate treatment can be maintained all year round it will be
necessary 1o store winter flows for treatment in the summer. The long term fate of metals
accumulated in the organic deposits have not been determined. Where feasible, wetlands shouid
be considered as the fina! polishing step in the treatment of residual AMD, after the implementation
of other primary abatement measures.



3.0 LTERNATIVE COVER TYPES

Wate: covers can be achievec by piacing mine wastes or tailings under water in the sez (as Is
pracricec a: sfies such Islang Copper mine, Kitsault mine anc the now closed Brianniz ming in
EBrisn CotumDdia;, In iakes O th man maoe impoungmeants.  Ampie demonstration exists of the
eifectrveness o acic generalion conirol with unaer water piacemen: of potentialty acic generating
tailings in the numerous ailings impounaments that have peen investigatec.

Both the cover and the water 1n the interstices help to preven: the exygen transter to the suinhides
It mav be necessarv to place & fine grained cover layer over submergec goarse rock waste 10
preven: oxygen transter by convection of the pore water. Care must be exercised in the placemen:
of old wastes Deiow waler 10 ensure that the salution of contained acic produsts is altowed for.

3.2 SYNTHETIC COVERS

Svnthetic memprane covers such as polyvinyl chioride (PVC), high density polyethelene {HDPE)
glz. have been appliec with some success (Caruccic and Geicel, 1882, ang 1888,) The extremely
low conaucsivity of such membranes 1o arr offers the potential for oxygen exclusion. Main causes
of faliure wouid be holes gue to imperfecuion in manufactunng anc installation ang formec aher
mstaliation due to dump deformations ang puncturing. The long ierm ogegradation ana loss of
plasticity and ultimate cracking iimits the long term effectiveness of such thin membranes. |n
combination with Iow conductivity bedding materials or cover layers, the effects of such cracking
can be considerably reduced. To entirely prevent oxygen entry it may be necessary 10 entirery
encapsuiate the waste in such a membrane.

Cther synthetic membranes such as geopolymers, asphalts, anc cements sufter from cracking and
disruption. The potential for cracking increases with;

. reduced tensile strengths
- reduced plasticity and ductility

increased dimensional instability due to humidity or temperature changes
- degradation with aging.

Because of their dimensional instability, bentonite 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 reiniorcec sulphate resistant gunite. The corrosion
resistant fiores provioe tensiie strength and fiexibility and spread out any cracking which occurs. 1t
has the considerable advantage that it can be applied to steeply sioping suriaces ang areas
inaccessible to large mechanical equipment. Cracking generally would result in sufficient oxygen
entry for acid generation 1o continue, though at a reducec rate. The costs of such synthetic covers
are ofien prohibitively high.

3.3 SOIL COVERS

Gaseous diffusion through soil covers differs Iiitle from that for tailings (Halbert et al, 1983, Sitker
and Kalkwart, 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 may occur as a result of
erosion, cracking, frost action, root acticn, and burrowing animais. 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 tha: snallow soil covers will provide sufficient oxygen
transfer control 1o abate acid generation. They reduce the infiltration of water and hence reguce
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the acic ransdon mecnhanism as discusses in the next secton  Mathematiza mogels anc

compuler codes {such as the RATA® moael, SENES e a. 198€.) have been geveiopec 1o evaluaie
tne efiec: of soil covers on acic ganeration raies

Soil covers all have a vanadle bt finite permeabiiiny,  Depending on the naiure of the cover cover
siope anc precipitation patiern the percentage runoff varies dramaticailv  Suriace slopes whnicn
permit ponding considerably inCreases infiitration.  Vegetation increases evapotranspiration bu
innibrts runc® and may or may not resutt in & net reguztion in infiltration

Complex covers (layers of high ancd low permeability) may be emploved to promote drainage.
reduce infiltration, faciitate vegetation growth, reduce erosion or resis: trost action. Alternative
cover gesigns anc their iong term stabiiity are reviewed bv Stefier. Robertson & Kirsten, 1988a.

The Hydrologic Evaiuation of Landfill Performance (HELP) amc TRUST (Reisenauer et a!, 1982)
programs may be used to estimate surface runofi. sub-surface drainage. anc seepage that may be
expected from a wiae variety of cover designs.

Bog covers are a compination of water anc soil covers, involving a laver of non acic generation soil
piacec over the acic generation waste togsther witn snaliow fiooding, suzh tnat a iaver of the soil
cover ts aiways saturatec. The bog vegeialion an¢ saturated soil provides the barrier 10 the
oxygen transier {Steffen. Robertson ang Kirsten, 1986za).



4.6 INFILTRATION
4.7 WATER FLOW IN UNSATURATED SOILS

Water transport in the cover material anc In the waste ungerneath takes piace under generally
unsaturateo conditions (Coilin, 1987). Trus impiies that the porous material is partty \'lllc-:-c:i with air.
Flow under unsaturaiec conditions is considerabiv smaller than under saturated conditions. Water
Slauss anc ocynamics in the unsaturaled IOne are aisc of wimos! imponanse for the diffusional
transport of oxygen from the surounding air since 2 high moisture conten: in the cover materiai is
needed 1o restrict this transport. In the following, a general description of water fiow in unsaturatec
matenals i1s grven (substantially summarnizec from Siwik et al. 18871, For & more getailec account
see Collin (1987, Stefien. Robertson anc Kirster (1988a;, Rasmuson (1578, or Bear (1572 anc
1879),

One of the fundamental retationships tha: describes fiuid fiow through porous media s Darcy's
Law:

ch
ox

Darcy's Law is 2 linear relationship between the specific discharge (v) anc the driving torce, the
hyaraulic gradient (dh/gx), with the proportionality coefficient being the hydrautic congductivity (k).
This relationship hoids true for beth saturatea and unsaturated conditions.

Whereas the water in & saturatec soil is under positive pressures:refative 1o atmospheric (gauge
pressurej, the water in an unsaturaied soil is helg in the pores under negative pressures (tension)
caused by the surface tension berween water and air (see Figure 8). This soil-water pressure head
varies with water content (see Figure 8} because smaller pores hold water under greater tension
than larger pores, due to the greater curvature of the water menisci. Figure 10 shows the result of
this phenomena relative 1o the water table. in the saturated soil, the hydraulic conguctivity (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 fliow of water, thereby
reducing the hydrautic conductivity of the soil.

A clearer conceptual appreciation of the difference between water flow in saturated and
unsaturatec soil can be achieved by inspecting Figure 11. This diagram shows the variation of the
hydraufic conauctivity (k}, the pore water pressure head (or simply noted as pressure head Py
anc the water conten! (wj, aiong a horizontal soil core conducting water under steady- s.ate
conditions.

The non-inear characteristics of the unsaturatec fiow system result in & being more difficult to
accurately model water fiux.

gw = £ | kip,) 20 |
O't ax L ax |
where; w = the volumetric water content
P, = the pressure head
K = the unsaturated hydraulic conductivity.

Traditionally, the subject of unsaturated flow of water in soil has been dealt with by subdivision into
narrower topics with infiltration, drainage and evapotranspiration being prominent. The following is
a bnef discussion of these three topics for unitorm soil profiles {such as a single laver engineered
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soil cover;. The textbooks by Hiliel {1883z2.b) provige & more In-0eDih ¢iscUssiorn than will De
presentas Nere anc are goos sources of jurther references on these 100158,

Tne raie a: wnich water infiltrates o an unsaturatec soil wnen water 1s appiiec 1o the soil surace
a: atmospnenc pressure (infinftasimal ponding oeotni Is termeg the infiltradility. ¥ water is ponsec
1o some oepin on tne suniace of the sol, the infiltration rate will exceec tne infiltradility. The
infiltration rale will be less than the infiltrability ¥ the water 15 appiied at a rate lower than the
infiltrabiity. Even wnen water is appliec ai atmospnenc pressure, tne infiltrability is not constan:.
As shown in Figure 12. tne infiltradility decreases wiin time until, a: long time, & steacy infiltrabitity
vaiue Is approacnec. A further complication arises in that the infittrability depenas on the initial
water content of the soil as shown in Figure 13. For the purpose of introducing concepts of
infiltration intc a uniform soil layer, we will restrict the remainder of the section to infiltration of
snallow ponaed waler on the soil surface. Figure 14 snows ptots of hydraulic head and degree of
saturation versus aepth for continuous shallow ponding of water on the soil surface,

As the wetting fron: reaches a given depth in the soi, the hvdrauiic head increases with time. as
does the gegree of saturation. When time is relatively large, the hyoraulic gradient approaches the
unii gradient witn tne pressure head egual 10 zero throughour the profile ang the cnange in
hydraulic heac ts gue tc the change in elevation heac oniv At tha: time, the water fiux gensity
(specific discharge) is numerically egqual 1¢ the hyoraulic conductiviy. Unoer these conditions
water wil not infiltrate a2t & rate greater than the hydraulic conguctivity unless significan: ponding
pccurs on the suriace.

When water is appliec 1o the soil surface for a relatively shor: 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 s
depencent on the soil water characteristic curve of the particular soil in question. Tnis type of
infiitration ang redistribution would occur in & waste cover after a rainfali event.

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

This relationship between soil textures is also apparent in plots of volumetric water content versus
time at a depth of 41 cm (arbitrary) 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 exhibi; the type of
drainage shown in Figures 16 and 17.

The water content versus soil depth profiie caused by evaporation at a bare soil 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 termed
evapotranspiration. The presence of vegetation results in a greater loss of water form the soil and
drying of the soil 10 a greater depth, dependent on piant 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 infivence the infiltrate rate, such as the texture and compactness of the soil surface, texture
and irregularity and siope and the resulting ponding, duration and intensity of rainfall. Prediction of
infittration rates through uniform soils is therefore extremely compiex. Cracks, root holes, borrows
and soil variability makes this even more compiex.
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4.2 FLOW THROUGH LAYEREZD SOILS

Bv placing iavers of coarss anc fine cramnec soiiz above each other & is possibie to develor
iniiltration, barriers anc crainage layers TNese COMPIex engineeres covers are reviewes in greater
aetail In Secuor 15 of this repon.

A concep: tor & compliex laveres soll cover for suiphidic mine water 0enostts Is aessribec by
Magnusson anc Rasmuson (1982) Tne waste is coverea with, from beiow, a coarse-grainec layer,
a fine-grainec layer, anotner coarse-grainec iayer anc a till taver (Figure 18). This cover svstem
inciuoes capillary barriers wnicn are formec at the interfaces between coarse-textured and fine-
texturec soils. The capillary parmer concept involves the principies of unsaturated fiow between
materials of different textures. if & fine-texturec soil overlies a2 coarse-textured soil and both
materials are initialy dry. water infittrating from the surtace will nor move into the coarse-textures
soil until the capillary potential in the fine-textured soil approaches zerc (i.e., until the fine-texturec
soil is al, or near, saturationi. The capilian barner can also be placed above the fine-granec
barner iaver thereby preventing capiliary water transporn upwaras from the fine-textured soil,

Drying of the fine-grainec laver, caused by capiliary water transpor, upwards and downwards from
the fine-grainec layer, is preventec. The lower coarse-grainec iaver may alsc form a capiliary
barrier at the top of tne waste sanc. thereby preventing capillary transpon of contaminated water
from the waste sanc 1o the soil cover. The ubper coarse-grained laver may torm a capiliary barrier
at the bottom of the 1ill layer. Furthermore, the upper coarse-grained layer may act as a grainage
layer resulting in an increased latera! water arainage ana hence a decrease of infiltration,

A conceptual moisture content profiie in such a cover system is shown in Figure 20. This design of
the cover gives very Qoo possibilities for the reguction of both the oxygen transport and the water
percolation through the cover. Fore economical reasons, however, a simpler soil cover would be
preferred.

4.3 MODELLING INFILTRATION

Modeliing of water flow in unsaturated soils is complicated by the nondinear nature of the
interrelationships of the soil water properties, and by the fact that steagy-state flow conditions are
seldom achieved in the field.

Alternative methods for the modelling of infiliration has been reviewed by Steften, Robertson and
Kirsten, 1988a.

The Hyaroiogical Evaluation of Lancfill Performance (HELP) mode! developecd by the U.S. Army
Corps of Engineers is an extremely useful tool for a first evaluation of the relative benefits of
altemative cover layers with and without vegetation cover. Figure 21 indicates the results of the
evaiuation of a number of alternative cover combinations, using the HELP model, for the acic
generating tailings at Elliot Lake {Stefien, Ropenson and Kirsten, 1987). The large potential
differences in infiltration between the different cover types is apparent. The HELP model assumes
saturated soii conditions at the commencement of precipitation. Clearly this is an approximation
leading 10 considerable inaccuracies under certain circumstances.

The TRUST model was developed at Lawrence Berkeley Laboratories and is well described by
Reisenauer et al, 1982. This suite of programs has been extended to aliow more effective and
convenient applications to cover design by McKeon et al, 1883. It was used by Collin, 1987. for the
evaluation of the effectiveness of the complex cover shown in Figure 12. While the program allows
tor partially saturated fiow the determination of input variables to adecuately allow for the seasonal
and extreme variations found in practice stili renders the accuracy of the answers questionable.



evapatranspiraton

"-\ - -
R " Sailllan’
~ -~
-—-— AT —————
5 -~ e -~ e o
= -
L ~ precioitalion
Sk
ety I
T '
S SR c
W ,f PN —_
‘ T 7 Storoge 7 Ve getotion
lateral Sl TR tiil/ loom ‘ Layer
P N [T . |
watar C’ . ‘A\'\ |
TRy
transpor: TR L e,
‘ ~——Tarse-grainec ayo’ T — Copillory oreax/Drainage
— .y iarainage lave! o Loyer

——— Sarrier Logyer

itight tayer
\ __.___-—’

~——— Capillory bregk

—_— fine-grainec layer
' coarse-grained iaye!
i — -

_ v
e !
1 |

I.

waste sand

O A
\\\_‘§‘§\.\§‘\\\\\\\\\ fine=qri:nes
R NA ARG

.aver

soatse-crainec
.aver

| ‘\ TR ) grouncwazer
O AR tad.
N \‘\\\\\\\x\\\\\\\\\ hoee
R UL LA \\ ,\\\ )
I\ \“\ s LR \\\\ \\\‘\ \\“\
M : TR
N A ey
N MR ‘:.‘\\\\E‘g’ o
A
ceon

Fig. 2C Principal Profile Through the Soil Cover and Waste Sangd Deposit



Bressianos SRADOIGOS

4 sl
T —_—
Aupo.’
x o %
= : - Tabnge
R =T
serpag:
A Ne Cover
Fresmiauon N Svatmeransptanus
e =
' ——
Fair . - = Runo!”
Crasy g "
T 3 " 7 i Tawnz:
> = pmoxil T oam s
' )z_?l‘:
b= - Modszrate Vegeratior Cover
Frecpaauon 4 Dvapcraniovausos
i id
- M _—
o0 e = Rubo!
AT i is
Tang
. . emoxdC” cmys
cepage
¥ el
C) Good Vegerauon Cover
Fromtd i i 5 | UEFETE R TY
HTEy :.
Houno
T e
‘> ‘\\ wow Permeaouns
NN S -\\.* T s

N\ 3
AR e RO A
SN \“\ k:..\\‘. \~‘V\" Bl emay

=¥ Taangp

e a - r=g 11y cmys

Secpags
D) Low Permeapiiity Till Sou Cover
Pregpuanae [ 4 Eveoonantauaten

AL ]

Tawog
emeull” ¢myy

you
E) High Permeability Till Soi! Cover

Nois: (*) Numbers are peresor of total
annua! precipitalon.

Frespusoor S vap0Taer

i i

aECHAlt

T il

F Riprap Eresioc Resistan! Cover
Precod o i [ovmacn ra pattrvma an
i 9 i -
fung:!
Commr Som

N pxil  cmir

e WS EL mmar ettty Diewas
O’ S

v u"f =T
‘o .
i ke ixil omoa
g ,"' = L '-mlp'
= 4 Uozeanit Tcmn
S
|
G Soii Barner witk Lateral Drain 2né Sotl Cover
Precwumocs . i Ervarar re s o
o 1 sid
Runod?
t { PP
s S g g ]
= E._G’Q;.'AQQCOWQQ P.:niﬁ‘_rr-.
. JEa GP'OC:} N
S C=2 - 4210 ' Sy
o J.n _%;_ 3 xl -1 I'fnll
3 =T 4 Barrer Seu s
im ETE e I 1 o3
b —a= = i L=EI0 cmi

H]

LW

Sotl Barmier witk Lateral Drain and Riprap Cover

Freopascs i Evagen rummonrm oo

oo Bl
—tr h“‘“
L¥]
Fawr YT T T T I T LTI III LTI tt]
Crem T- -
Compr Son

-
L=lelt cmir

Stoo vesan  cmpy wen
3% Cnue
1ta

N 1xiC cmit

Tatsigs
peomif amie

Soi Barrier witk Svntheuc Membrane Liner,
Lateral Draw anc Soil Cover

Figure 21 Infiration Barmers for Engineerecd Cap - Elliot Lake



-30-

A~ mogel that simuigtes unsaturatec concdiione caliec SOILMOIST nas been geveioped o7 the us
Uranium Mill Taiings Remedial Actior Program anc this may vield more realistic resulls uncer
ceriain circumsiances

A limitation that 2!l the moaeis sufier from 1s the inabiiloy 10 antiginate anc inciuge In the modeis the
efiects of layer disruptions such as:

- settiement causing orainage disrustion anc ponding

- cracking due o settiemen: or gessigation

- root holes

- burrowing channels formed by insests, animats anc man
- frost action effecting permeability and crainage

- €rosion

- vegetation disruption of drainage

- clogaing of arains due to fros: or root action

These disruptions may be more severe  with complex layerec covers than witn simple
homogeneous covers.



£.0 OXYGEN DIFFUSION

There are & numpder of polential MeScNanisms CONrDULINg 10 the mass transpan of oxygen through
an unsaturatec porous megium. These processes can generally be classified as either diffusive or
advective transier. Acvective anc difiusive transier occur botn i the gas phase ang as z dissoiveg
consiiiuen: in porewater, anc thus Tanspor can occur in Dotn phases,

Esi ADVECTIVE TRANSPORT WIT= PERCOLATING WATER

The soiubility of oxygen in water in eguilibnum with air is 0.45 mole 02/rr-.3 ar 0°C anzg 0.3%
moie/m® a: 10°C (Landoli-Bornstein, 1968). Assuming a percolation of 500 mm/year, iess than
C.225 moles Ozfrr.z,'year may De transporieC into the waste dump by this mechanism. This
amount of oxygen may oxidize & g pyrie /m*. year (Collin, 1987).

5.2 ADVECTIVE TRANSPORT IN AlR

Changes in the atmospheric pressure cause a considerabie transpon of oxygen into the upper
pars of the ground ang is an important mechanism in soil aeration. The effect on covered mine
iailings s investigated below. The diumal changes in the atmospheric pressure is less than 4% (4
kPa) (Glinski and Stepniewski, 1983). The oxygen transport rate is limited either by the
accumutation of air in the waste dump {rapic pressure equiiibration) or by the transporn capacity in
the soil cover. The maximum oxygen transpor rates tor these two limitation mechanisms are
calculated below.

Rapid Pressure Eguilibration

Assuming rapic pressure ecuilibration in the dump, the air fiow into the dump is given by the
pressure increase and the volume of gas in the dump.

For a waste sanc dump with porosity 0.5, degree of saturation 0.70 anc 1 m depth to the
groundwater tabie, a 4 kPa pressure increase in the atmosphere gives a transport of 5.4-1 0 motes
Oz/rﬁ2 intc the dump (Ccllin, 1987). The oxygen concentration in the air fiowing into the dump is
assumed 1o be equal to the concentration in the atmosphere. Assuming such an atmospheric
pressure increase every day and neglecting pressure decrease leads 1o a transport of 19.5 moies
Ozf'mz, year into the dump. This amount of oxygen may oxidize 670 g pyri'te,frnz, year. A lower
degree of saturation gives a higher oxidation rate, for example $=0.5 gives 1 100 g pyri‘te/mz.
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 overestirmation of the oxygen transport because:

1) The maximum pressure increase is used.
2) Pressure decrease is neglected.
3) The maximum oxygen concentration is used for the air flowing into the dump.



4) The resistance agains: air fow i neglecies

in addition 1o advective fiow due 1o pressure crnanges there 1s flow aque 1o temperature differences
between the dump matenais and the ambient air. Such temperature ditterences change diurnally
anc seasonally. Increased temperature Gifierences may resutt, particuiany along an air fiow path in
@ coarse hard rock waste gump, as & resuil of the rapid exothermic reagtions whizh may occur,
No estimation of the oxygen transier due tc such convection s known to the authors, It is
anticipated that advective flow of this type may resul: In considerably more oxygen entry to a
coarse rock waste dumg than is estimated 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 transpon through such a waste dump.  The
effectiveness is recuced for a taiings where the iower permeability of the tailings az: as a natura
inhibiter of suzh agvective fiow.

Holes. wnich may geveics through a cover over coarse waste, will provide passage ways for large
increases in such agvective fiows. Thus the continuity of a cover is very imponant to the long term
control of oxygen entry.

5.3 DIFFUSION IN WATER

The ciffusion rate for oxygen in water is extremely siow, 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 concern for acid generation. This aspect is considered further in
Section 8 of this repert.

54 DIFFUSION IN AIR
The foliowing general gescription has been summarized from Siwik et al, 1987.

In natural soils tha: are weli-crainec, it is expected that most of the gaseous exchange between soil
gas and the atmosphere is by gaseous diffusion (Svans, 1965, Kimbali and Lemon, 1971; Kirkham
and Powers, 1972). Under other conditions, where pore spaces are almost entirely filled with water
(i.e., almost saturated). the fiux of oxygen will be low and limited by the lower diffusivity in water.
Nicholson (1984) found that the infiltration of dissolved oxygen could become an important or
dominant component of the downward oxygen flux if diffusion through the pore network is
sufficiently restricted by high water content. In either case, calculation can be performed to
determine the approximate relative importance of each of these mechanisms 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 inciusion of a diffusion term 10 describe oxygen movement. Models
have been developed to describe oxvgen transpor: into reactive tailings (Nicholson, 1984: SENES.
BEAK, 1986) and into ore ieaching piles (Cathles and Apps, 1875). The emphasis on transporn
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mechanisms Ciers {or eazn ¢of these cases, but the funcamental principies are the same. The
toliowing discussion INtrocuces a reialively Comprenensive model for oxygen transpon thal couic
be appiiec 1 1aiiings covers anc /or iaboralory expenments Gesignes 1¢ geterming the behaviour
of the potential cover materials.

Oxygen transport is assumed to occur as & result of diffusion through the gas phase and as
dissolved water infiltrating (a: rate q). The differential equation describing oxygen movement can
be written as:

D, 2°C - @3%" = EQC - ¢,n 3C" - &
ax* ox at aH
where: O, s tne efiective diffiusion coetficient of oxyger,
S istne air-filied porosiy,
c s the infiltration rate of water.
C s the concentration of oxygen in the gas phase,
C* s the concentration of dissoived oxygen in the water,
X  isdepth
w  i5 the density of water,
G is the reaction term for oxvgen (possibty a function of Cj,
n isthe porosity, and
1 is time,

Assuming that oxygen dissoiution in water is an equilibrium process, then the expression can be
simpilified 1¢:

DE &C - gd8C - G = E-Tp nlaC
| —

ot K ax K, o

w

- -

in which Kw is the dissoiution constant for oxygen in water {Henry's Law Constant). This equation
is simplified at sieady-state when the right-hand side is equal 10 zero.

This equation describes the oxygen movement into tailings or other matenal which consumes
axygen. When oxygen migrates through a cover material that does not consume oxygen. G = 0
ang an appropriate solution can be found.

Oxygen movement within the porous medium is controlied by both the infiltration of water
containing dissolved oxygen and the diffusion of oxygen in the gas phase and water phase of the
pores. it is possibie to estimate both the maximum and minimum rates of oxygen movement
through a cover material on taitings. The flux of oxygen through such & cover can be estimated for
both diftusion and advection separately 1o show the relative influence of each process.
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Oxygen fiux by aovection (entering as dissoivec oxvger with the natural infiltration) in water is
calculated in the foliowing way.

o
A

m
oy
I
Q

where: Fa is the agvective flux of oxygen (in mass per uni area per unit time).
G is the rate of infiltration through the cover (length per time}, anc
C~ isthe concentration of dissoived oxygen in the infiltrating water (mass per
unit volume).

The average annual rate of infiitration is usually known within reasonable iimits. For instance, in
northemn Ontarie, infiltration in a vegetated area would likely be on the order of 0.04 10 0.25 m &°"
(e, m® m? &), Higher rates of infiltration are. of course, possible, but an absolute upper
maximum equa! to the amount of annual precipitation must holc. With a maximum precipitation of
about 10.0 m a™', it is not likely that anfual cumulative infiltration will be greater than aboul
0.5mea’. Forthe purposes of the following calculation. the range of infiltration vaives is assumsd
to be 0.C1to 0.10 m &, The vaiue of C* (dissolved oxygen concentration) is constan! for a
specified temperature. Therefore, the fiux of oxygen through cover, due 1o transport in water, can
be calculated within at ieast an order of magnitude range.

When oxygen is consumed rapidly in the underyving tailings, oxygen difiusion through a cover
material can be describec by steady-state difiusion (Nichoison et al., 1987). When the tailings
consume oxygen at a moderate to high rate such as that expected in reactive tailings, then the flux
relationship reduces tc:

F, = (/U C,

where: F . isthe fiux of oxygen,

D_ s the effective diffusion coefficient of oxygen in gas-filled pore spaces,
L isthe thickness of the cover, and

C_ isthe concentration of oxygen in the atmosphere.

This refationship represents Fick’s first law when the concentration of oxygen at the bottom of the
cover is zero. It is convenient 1o take the 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 diffusive fiux F and the mass transier value (Dg/L). 1t is known that the value of D, will vary
form about 1x10% to 1x102 m?2 a™ for diffusion through air to diffusion through water, respectively.
The effective diffusion coefficient in a water-saturated porous medium may be somewhat lower
than 1x10% m? 2™, The value of L will not likely be more than about 2 m, and will probably be
close tc 1 m for practical purposes. Therefore, the range of values for D_e /L are ciose to the range
of values for D alone.
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The reiationshic betweer the difiusive fitx anc the mass transter term is shown grasnically in
Figure 22 Im thes figure tne fiux ¢f oxygen has beer convenec te the eguivaien! fux of acid tha
WOUIC De SrOCUCe Dy reaction of the oxyaen win pvrie  Thius acic fiux represents 2 total availabie

iy (as !-.ZSC . IN&1 wouir be progucec, anc is baseC on the stoichiometric relationshis
petween OXyQer &nc pvriie it the proauction of acic. Tnis figure shows that the maximum fiux of
oXyger is equivaien: Ic adbout 10 kg of H_SO, per m, of tailings per year, wnen oxygen diftuses
througn & very ary cover materia. Wnen the material has & greater moisture content, ang difiusion
1S the controiling Drocess. vatues are considerabiy regucec. The resufting fiux can be aslow as 1 ¢
or iess of .-ZESOL per m* per vear. However, or the same diagram, tt can be seen tha! the
advective flux of oxvgen occurs within the range of about 1 to 10 g of H:SO.,_ per m? Der year,
Because the infittration rate 15 inaepanaen: of diffusion, the fiux of dissolved oxygen will represen:
the maximurr iimit for oxygen transpor: through the cover.

This tower imit to oxvaen fix is noi praztically affected by iow permeability cover materials. The
lower limi: considers ar inflizration rate of about 0.01 m 2", which is equivalent to the flow under
unfit gradien: througn 2 matenal naving & hvarauiic conauctiviry of about 3 x 109 m s This value
wouic be Typical of g clay till or manne clay {Freeze ang Cherry, 1679, and it would be difficutt 1¢
reproguce this properny unger fielg conditions, Therefore. the lower limit for the fiux of dissoived
oxvgen wili depena on the net infiltration rate and, therefore, will not likely be much lower than that
shown in Figure 22

As noted anove, sovers are effective but only efiminate acid generation when the water table rises
into the cover. Figure 23 deveioped from the RATAP mode! {SENES et al, 1988, Steffen, Robenson
anc Kirsten, 1887) iliustrates the effects of depth of earthen cover (glaciai till) on & typical Elfiot
Lake tailings area for various depths of unsaturated tailings. As shown on the Figure, tailing with &
500 mm unsaturated zone wouid initially produce about 50% as much acid as those with a 2.5
metre oxidizing zone. Two metres of the cover over these tailings would reduce the oxidation rates
by 680 ang 70 percent respectively. Greater reductions would occur if the water table was to rise as
a result of cover addition. It is worthy to note that the depth of the unsaturated zone is often not a
major tactor in determining the initial acic generation rate. This is because oxygen depietion
occurs in the near surface zohe thus peing the rate limiting factor. However, the deeper the
unsaturates zone, the longer acic generation will continue. Eventualty, virtually all pyrite would be
oxidized from the unsaturatec zone.

The efiec: on diffusion of a small air filled gap (crack) in a cover layer has been investigated by
Coliin, 1987. Her findings are summarized in Figure 24. This indicates the dramatic effect of small
imperfections in the cover on oxygen entry, and reinforces the conclusion that oxygen exciusion is
dependent on having a cover which is maintained at 2 high moisture content and is essentially
crack and hole free,



-36-

10C.0000C

102.00C0C

©
O
O
O
T

infitration

sy

FLLUX ( kg-acid/m7a)
5 |
g%
T

__ SATURATED MOIST DRY

0.00iC 0.0I0C C.100C LOOCC 10.0C0OC
DIFFUSIVITY (=22) (m/a)

FIGURE 22 OXYGEN FLUX EXPRESSED AS H»SO, ACID PRODUCED AS A
FUNCTION OF ANNUAL INFILTRATION AND THE EFFECTIVE
DIFFUSIVITY OF THE COVER



E .
.
/ = bam Taang
3 - ’
¥,
Y £
I = i
/
y
e o= - 023 m lover
£
B P
A ‘ »
-
= £ \
< - Lomes
« / vl Lowe
- sr - y
= /
B v
= . /——\
' w Lim Lowes
-

Deow of Lnsaturates Lone (s
Figure 2T Toe Eifacu of TUI Tove: o Aad Generatien Rater
1
1c7
D101 i
o} - : 0.0008 <
3 10
\ ' \
1 |
lAgap/aneg»0.0
1078
c.c c2 C.4 Q0.6 0.8 1.0
Moisture content (vol.water/volveid
Fipere 2< The wwflueser of 1 tus gas—filied gz wwoups e fasvie oz i

Dewswres effezzve difmwiry. App/Aees = (.01, 0.005, 00005, €.



th
trn

PARAMEITER INTERACTION

This section reviews some ¢f the functional reialionsnips between IMPonant parameters 1o enabie
the the efiectiveness of different cover matenals to be assessec. It draws mainiy from the writings
of Siwik et al. 1987,

The water content within the cover will be reiated ic the pressure heag distribution ang grain size
distribution. characteristics for & specifieC cover material. When the water table is relatively
shallow, the pressure head will represent the distance betwsen a specifiec elevation in the cover
anc the water table. The typical reiationship between water content and pressure head has been
snown in Figure €. This relationship can be determined in the laboratory tor a specified material.
The relationship is hysteretic such thai different values of moisture conten: are obtained at the
same pressure heac vaiue depending on whether the material 1s going through a wetting or a
drying cycle. Hysteresis does not aftect the upper end of the curve where the medium is saturated
under iow 10 moderate pressure heag values. in any cover layer design, therefore. it would be
desirabig 1o use as fine grainec & material as possibie 10 provide a iarge range of pressure heads
tor wnich the material remains saturate¢ or near saturatec.

The hydraulic conauctivity of a medium is also 2 fungtion 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 & cover layer can be shown t¢ be a function of the
water content. This relationship is shown graphically for a sampie of tailings from Elliot Lake in
Figure 26. It is evident that the value of Da is quite sensitive to the moisture content (and therefore
air-filled porosity), especially when the medium approaches saturation. The relationships between
o o 8Nnc the air-filled porosity is given by the following empirical equation (Troeh, et a!, 1982}:

D = (E-a)/(12))°

in which a2 and b are experimental coefficients. It is necessary to determine the value of the
coetficients for porous media with different textures.

Selection of Critical Parameters

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

The key parameters of interest for axygen transpor: through a cover are; the volumetric water
content (w} the soil water pressure head (p,). the effective gas diffusion coefficient (De). and the
saturated hyaraulic conductivity (kg). Of these. the volumetric water content is the least difficutt to
measure. The three other parameters are a function of water content,
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The interaepengence of the water content and pressure head is expresses by the soi waler
charactenstic curve. Eacn cover matenal will have & unigue soil waler charactenstic curve. The
waler conten: anc associzlel pressure heac can be measdred in the fiec anc monnorec ang
controliec 1n the laboratory. Selection ¢f an appropnate cover maternial will be based on the abilin
of the material 1o withstanc significant negative pressure head vaiues while remaining at or near
saturgtion {i.e., near or above the air entrv value} Because the ideal cover snould remain near
saturation tc recuce diffusion of oxvgen, the water content at 2 number of selected pressure head
values shouid be used as criteriz for ranking probosec cover materials,

Water conten: is also known to be the key parameter controliing the effective gas diffusion
coefficien:. Because the gas diffuses primariiy through continuous gas-filiec pores, higher wate:
content results in lower effective gas difiusion coefficients. The effective diffusrvity of the cover can
be predictec from known vaiues of water content after experimentally oditaining the twg
parameters that are related 10 grain size anc texture of the specific material.

The saturates hydrauiic congustivity is & critical parameter for the control of water movement twith
dissolved oxygen) through potentiai cover materiais. However, it is of lesser imporance thar the
three parameters listed above for twe important reasons, First, the mass of oxygen transporied in
dissolved form in water is usually small relative 1c that which would diffuse through the cover ¥ &t
were dry. Second. only soils with large percentages of clay can significantly impede natural
infiltration. If clay soils are disregaraed for practica reasons, such as lack of availabiiity, then it is
fair to assurme that most of the natural rainiali and snowmelt, less natural evapotranspiration, will
infittrate the cover material.
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6.0  PLACEMENT DIFFICULTIES

The establisnmen: of covers or mine waste an2 1zilings 1s comolizaied by the ditficulties of access
rafficabiiity anc stability ©f the suriaces one wnich the cover is tc be placec. These difficulties
often renger 2 particular cover type impraciical or prohibitiveiy expensive. Piacement of some
cover types reguires access of wheeleC venicies working on fainy fia: surfaces (asphalt covers),
others require careiul bec preparation anc moderate siopes (svnthetic membranes) anc others
fim surface against which to comoac: (ciay layers).

g.1 WASTE DUMP SURFACES
.
Rock waste surfaces are convenient!y subdividec into the gump suriace anc tne gump siopes; with
different conditions applying to each.

Dump Surface

The upper surface of a rock waste dumg is usually readily accessivle, trafficabie and nearly fiat.
The placemen: ot any type of surface cover, excep: a water cover, is usually not difficuit.

During dump development the matenal on the upper surface of dumps piaced by trucking is often
broken gown and compacted under the wneel trafiic of the dump trucks. This results in a fairy
compact lower permeability upper surface. This surface reduces infiltration and ponding i1s often
experiences on such surfaces. Despite the inftial coarse nature of the material in such dumps it
may be necessary 1o install a suction breaking layer to prevent downward suction on low
permeability cover layers,

The dumps are subject to long term consolidation and settiement under the salf weight of the
dump and as the dump rock weathers. These settiements are large (a few percent of the dump
height), anc unever, reflecting the naturai variation of the waste rock and dumping procedures.
Differential settlements result in disruption of the drainage pattern on the dump surface and
cracking of cover materials. Settlement and crack patierns are often such tha; drainage is towards
cracks resulting in consigerably increased infiltration.

Dump Slopes

Dump slopes are usually piaced at their angie of repose. At this angle slopes are inaccessible,
untrafficable anc 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 questionabie stability.

For dump slopes ic be accessible it is necessary to first resiope. At a slope of 3 horizontal to 1
vertical {3:1}, the slopes are trafficabie by tracked vehicles and it is possible to place soil type
cover materials. At this siope 1t is possible to also place synthetic membrane liners but the stability
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of cover layers over such membranes is quesiionasie. The cost of resisping iarge gumps 1o 2:1 is
very large. reguiring large expenditures of cozer ime, uniess the resioning nac been plannec for
anc the dumps construclec win 2 slaggered aump slope.

Al Its natural angie of repose a siope is jus: stadie. Weathanng of the dump materiais, or increases
in the water tadle winh time, may resul in slope faiiure (HMSC, 1967, Camobell and Shaw, 1980
Bishop. 16721, Such siope failure may no: be catasurophic but take the form of sicpe creep. Efther
will result in the disruption of any cover layers.

Dump siopes are subiec t¢ the same concems regarding ditferential settieren: as are the aump
surfaces.

Erosion on the steep dumg siopes is a major long term concern. This is considered in greater
detail in Section 7.

6.2 TAILINGS SURFACES

The access, trafficadiliry and-stability of & tailings surtace varies tremendously, depending or the
nature anc age of the tailings deposit ang iocation on the impoundment surface. The efiests of
placement conditions on the properties of tailings deposits has been reviewed by Roberson |
1887b. The difficulties of piacing covers on tailings and the deformations of tailings surfaces are
reviewed in Steffen, Aobertson and Kirsten, 1986a.

Wet unconsolidate< tailings always represent difficult access conditions. Access improves as the
tailings are drained and consolidate, Where tailings have been spigotted onto beaches, the sand
fraction is deposiied nearest the spigots and drain more freely than the slimes which accumutate
near and in the pond. Drained sandy beaches may be trafficable within days of deposition while
pond areas may never achieve this condition. Thus it is possible to place and compact covers on
the beach areas with Ifitle preparation. In the ponc areas it may be necessary to apply drainage
measures 1o remove free and near surface water, and use geofabrics onto the siimes foliowed by
thin iayers of the cover. Tne authors have successfully used this technique to place a cover over
slimes which coulc not be walked on at the star of cover placement. Covers may also be placed
dunng winter when freezing conditions aliow access, as was done for the cover placemen: over
we! tailings 2t the Beaverioage mine (Steffen Robertson and Kirsten, 1982, Eldorado Resources,
1985).

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

Prior to placing covers on taiiings t is necessary 1o first gevelop a tailings surface which has an
adequate siope and dranage pattem. Requirements are reviewed in Steffen. Robertson and
Kirsten, 1987. Much can be done to achieve such siopes by adopting an appropriate taiings
piacement anc management method (Robertson, 19870}, Reshaping of taiiings surfaces atter
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ciosure, with eanr moving equipmen:, may be difficuty and pronibitivelv costiy. Trafficabiimy of
gewatereC ailings are reviewed by Roberison et a., 1882,

After closure, taiiings continue 1o consoligate anc seftie as a result of dissipation of pore pressures
and thawing of InziuaeC ice. The effects have been reviewec for Canadian iailings impoundments
by Stefien, Robertson anc Kirsten, 1986z and 1987. These seftlements car be a substantial
portion of tne total taiings depth and result ts disruption of the drainage pattern, leading 1o
extensive ponding on the taiiings surface, anc cracking of covers.

6.2 ROCK SURFACES

The placemen: of covers on steep rock surfaces, such as pit walis, poses & particular problem,
Two approaches can be used.

The first requires the construction of thick self supporting covers (Robertson et ai. this conference;,

The seconc requires acherence of the cover 10 the rock face and relies on the rock face 1o suppor:
the cover. The use of gunite or shoterete methods is appropnate for the second. Soth asphal anc
concrete materiais can be consigered. Because of the corrosive nature of AMD to cement and
steel, the use of synthetic fibres and silica fume concrete is appropriate.



AL
7.0 LONG TERM STABIUTY

Waste faciiiies car usualiv De aesignec tc aoequately achieve the design and abangonment plan
objectives a: the time Of Close-Oul.  However. in the long term, the waste deposit anc its contro!
TUCIUres are sudles: 10 two ciasses of gdisruptive forces.

1 Shor quraiion exireme events such as fiooas. fires, earthquakes and tormadoes which
apply torces 16 the structures in excess of vaiues for which they were originally designed.

2 The siow but perpetual action of forces which bring about deterioration, such as water and
wing erosion, frost actior. the weathering and chemical change of wastes. covers liners or
structural matenals. and intrusion by roots, animals and man.

Under the action of these forces. failure is inevitable within geoiogic time. Periodic maintenance
can serve 10 repair the ravages of many of the perpetual forces. For a well designed faciiity the
requirec interval petween mamienance may be decades or genturies, imposing minimai cost on
future generations. Remedial measures may be required alier extreme events. The level of
periodic maintenance and tisk of remedial action which may be appropriate to pass on 1o future
generations mus: be balanced by the present value to society of the resource.

During their evaluation of the iong term stability of uranium tailings structures and surfaces, Stefien
Robertson ang Kirsten {1988z, 1985b), deveioped a summary of potential causes and associated
risk of long term instabillty of ‘generic’ Canadian tailings impoundments surfaces. The conclusions
from these evaluations are summarized in Tabie 3.

Extreme Events

Because of the iong perod of interest. the likelihood of extreme events is proportionately large.
This likelihood is determined from probability:frequency relationships based on the historical
record of events.

The period of recorc is for an interval in which a particular climate appiied. Evidence suggests
(Mcinnis, 1985}, that climatic cvcles ocour reguiarly, varying from reiatively minor 30 year cycles to
major glacial and imer glacial cycles cf tens to hundreds of thousands of years. The weather in
several years, or a few centuries from now is unknown (Hare and Thomas, 1974). While it is
questionabie whether man has altered wond climate to date, the potential for material alteration
increases and his influence may rival or overrule natural climatic changes in the early twenty-first
century or sooner. While the nature of the changes are unknown, It is certain that the extremes to
which the impoundments will be subjected will be greater than that predicted from existing
records.
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SUMARY OF EVALUATION OF POTENTIAL INSTABIUTY OF IMPOUNDMENT SURFAZES
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M = moderate
s = §evere
N = not applicable
2X = cost of producing pyrite free tailings
REMARKS
* Stability of vegetation questioned. Evaluation assumes success.
e Feasibiiity of producing pyrite free taifings unknown
EEE

Oirect vegetation presumed inappropriate, Evaiuation assumes failure.
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High Precidiigtion anc Floods

-arge precipiiation events represen: one of the mos: iikely causes of waste impounamen: taiiure
Failure ourtng such events are aiso likeiv to result in large iosses of tailings or waste fines 1o the
environmen:.

Methods for the estimation of high precipiation events. anc for the calzulation of the resulting fiood
fiows are well deveioped for dam cesign purposes. Current practice is usually to design operating
facilities t¢ withstand the one In two hunared year precipitation event. Design for the Probable
Maximum Precipitation (PMP) is pronably more appropriate for long term congitions.

Earthguakes

oynamic loaas, due 1o earthquakes, may resul: in the iquefaction of low density saturatec tailings
Or uncompactec. saturatec portions of granular embankments or embankment foungatior
materials. Failure of the Ei Cobre taiiings dam in Chile, {Dobry ano Alvarez, 1967) angd Mochi Kosh:
tailings dam in Japan. {Okusa and Anma. 1980). are ampie demonstration. New dams can be
designed to appropriate s:a}\cards. in populatec areas, it may be appropriate to design for the
long term to cope with the maximum credible earthquake. Methods of earthguake joading
probability estimation is well developed for dam design.

Numerous older tailings impoundments have beern constructed in a manner which make their
embankments susceptible to liquefaction during extreme earthquake events. Abandoned
impoundments of this type. f located in an earthquake potential area, may require remedial works
1o render them stable in the long term.

High Winds and Tomadoes

Tomadoes, tropical cyclones and iow pressure systems are sources of high winds. Risk of failure
from the iast two sources is associated more with the precipitation that accompanies them than
from the high wings themseives. Tomaaoes. though the most destructive of all wings, are of such
a short duration at an impounoment site that they do not have a significant potential of effecting
the stability {(Kolousek, 1984).

Forest Fires
Forest fires are expected 1o occur several times in the period of interest. Of themselves, they do

not pose a significant threat 1o waste impoundment stability. However, joss of vegetation cover
may iead to accelerated erosion by wing and water.
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Perpetua! Disruptive Forces
Erosion

Erosion may occur as a result of eitner wing or water action. Both are potentially severe causes of
instability of surtaces and covers.

- wing Erosion

Winc erosion has been obDservec 1o De 2 maior release mechanisms al some existing waste
impoungments  Control of this mechanism. for the long term, depengs on the successiu
establisnment anc maintenance of a wind erosion resistant cover. such as vegetation, waste rock
or surface crusting. Methods for tne determination of the wing erosion potential anc release rates
oif a particuiar cover Type are reviewed by Steffen Robertson and Kirsten (1988a). They conciuae

i) Unaccepiably high wing erosion rates occur on tailings surfaces anc soil covers (withou:
gravell uniess a well deveicped vegetation cover is eswblisned. Loss of vegetative cove’
(due 1o forest fires, fiooding, or sait migration) couid resutt in unacceptably high rates of
wingd erosion releases.

M

till, with a substantia’ 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 most severe cause of impoundment instability. Erosion can take the
torm of fiood erosion of the diversion works, or sheet and gully erosion of the impoundment
surface ang embankment siopes.

i) flood erosion

A subswantial portion of total erosion occurs during extreme precipitation and flood events. The
probability of failure will depend on the criteria used 10 design the structure. and the degree of
scour, sedimentation and /or blockage which has occurrecd. Sedimentation. ice, vegetation growth
and debris biockage are extremely difficult to avoid in the long term: though easily and
inexpensively cieared through maintenance.

Methods for the evaluation of erosion risk, and appropriate methods of design are reviewed in
Steften Robertson and Kirsten (19862, 1886b). Appropriate controi structure design would invoive:

1 Design and construction of diversion struciures to accommodate the Probable Maximum
Fiood (PMF} with ample width and size to allow for partial blockage or sedimentation,
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3

Use of heavy nprar (07 waste rock! armourning along fiow channeis ang or adjacen:
siopes. Methoas tor ercsion protection design are provioec in Walters anc Skaggs (1964

it sheel anc gully erosion

The mos! surable methods tor the prediction of sheet anc rill erosion are the Unifiec Soil Loss
Eguation (Wischmeier anc Smitn. 1§78, and Modifiec Universal Sofl Loss Equation (Williams
1673). After using these methocs for erosion rate estimation, Steflen Robertson dn Kirsten (1985a
conclugec that:

1) Tailings and bare soil wouid result in excessive shee! and rill erosion uniess the soi
contained & high percentage of coarse gravel.

2 Gooc grass cover does much to conirol this Type of erosion which becomes insignifican:
with continuous tares: cover

3j Rock waste ano coobie nprap are effective controls.
4 Discontinuous cover or periodic cover ioss will result in unacceptable erosion rates.
iif) gully erosion

Gully erosion has been observed to be 2 major cause of instabilty of tailings surfaces and
empankments. The only available methog of gully ercsion estimation is that proposed by Falk et al
(1985). This method is based on limited data tor American ciimatic conditions. does noi account
for vegetation cover and is considered invaiid for long period estimation. Nevertheiess, it has been
usec to demonstrate that the onty effective gully erosion contro! for grave! iree embankments and
tailings slopes is riprap. This conciusion is in agreement with fieid experience.

Biotic Activity

il root penetration
In general root action is considerec 1o have an overali beneficial effect on covers, embankments
anc other structures in providing a binding effect and resistance to soil erosion, as well as

minimizing infiltration. Two possible destabilizing effects have been observed:

1) Roots may penetrate low permeability layers and, on decompaosing, provide seepage
channels which increases infiltration through covers, or piping in embankments.

2) extensive root deveiopment in moist, permeable drains or drainage layers may ultimateiy
result in clogging of the drains, in a manner similar to that experienced with residential
drains,



Metnods to requce the potenual for oram dlockage inciuge ensuring tha: the drains operats 18 2
fioogec condition anc use of large crains with surplus drainage void space,

i) burrowing intrusion

Burrowing intrusion Dy Insects anc animals have the potential. in the long term, of significantly
aitenng the permeability of low permeability capping layers.

Intrusion by man, principally to obtain tailings for use in construction, has provec 1o be a matena!
transpon mechanism at some acic generating waste sites.  Vehicle anc large anima' traffic can
also be & major cause of ercsior. The prevention of intrusion by man, in the long term, can only
be achievec tnrough instiutional contro! and enforcement.

Frost action

Recen: studies and experience regarding frost action in tailings impoundments (Knignt and
Piesolc, 198¢; Geocon. 198; Steffen Robertson and Kirsten, 1987), have demonstratec that the
effects of frost on the engineenng properties of tailings ang their containment structures can be
targe. In those areas where continuous or discontinuous permatrost develops, and in areas of
severe winter cold, frost action may be e major cause of long term instability

The effects of freezing temperatures on tailings impoundment stability can be divided into two
broad groups.

i) annyal ice accumuiation

Water fiow in channels or drains may freeze in successive layers resutting in large accumulations
ol 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 eariy
spnng melt. Freezing of arains may result in a build up of pore pressures in embankments
resulting in siope failure.

ice accumulation can and does occur during tailings placement, where tailings are dischargec
onto beaches. Depending on the rate of rise and the seguencing of the beach development,
annual accumuiations may be many metres thick. Incumbent layers of tailings serve as a thermal
insulation layer resulting in successive annual accumuiations 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 accur after close-out. Such settiement will atfec:
the drainage pattern on the surface of the impoundment and may result in cracking of any cover
tayers placed on the tailing.
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Vveathenng

The chemica anc pnvsical change of cover materials gue 19 weathering mav result i long term
oegrasation of the protective iavers. Faciofs 1 consider inciuoe the effects of aliemnate weting
anc grving, allemate temperaiure changes, ultraviole: radiation, ang chemizal reaction with pore
fiuice  Methoos tor the selection anz evaiuation of nprap gurabilmy are reviewec in Stefien
Robernson anc Kirsten (19882, 19852;. Long term curabiiity of natural matenals for use as hners
nas been studiec by Clton Associaies Lic, (1985, Uziembic et a (1987), Nasiatke e: a' (1881} anc
Buell anc Bames (1881), these results SNoUIC De 2oDhizahie 1o the ouranilty ¢! s0il covers as wel
Goiger assoziates (1984) anc Bue! anc Bames {1981) nave evaiuales the gurabilty of svnthets
maienals



8.0 WATER COVERS

Techmiques 1 cONIrol acic generation include the exciusion of exygen from the sulbhidic wasie as
gescripec in Section 2.2, Underwaier disposa is currently the tecnmigue tha: is the mos:
successiul in achigving this objective ang is therefore the mos: sezure aziz generation contro
measure. There is steadiiy accumulating evidence that storage o acic generating wastes uncer
waler recuces acic generalion leveis 10 nagiigible amounts. (Nolan, Davis & Associates. 1987
Robernson, 1957; McCready, 1967, Senes Consultants Lic.. 1984). Although oxidation of suiphiges
anc resutiant acid generation may not be halted entirety by placing wastes underwater, the rate of
acid generation is generally reaucec sufficiently 1o make the impact negligibie.

Water cover may be achieved by the disposal of waste into natural waters or intc man-made
impounaments, anc the fiooding of unoerground mine workings anc open pis.

8.1 WASTE DISPOSAL INTO NATURAL WATERS

There are a number of sites in Canada where acid generating wastes have been and are being
piacec in lakes or coastal waters (Nolan, Davis & Associate, 1987 Steften Robertson & Kirsten.
1688). An exampie of copper tzilings depesited in & shallow lake about 40 years ago at Manay
vake, Manitoba, provides interesting information (Senes Consuliants Lid., 1984: Hamiton and
Frazer, 1878). A stugy carried out showed the pyritic taitings had a high sulphide content (15to 17
percent sulphur) and aporeciable amounts of zinc (1.7 percen:) and copper (0.9 percent).
Submerged tailings under a water cover of 0.2 to 1.7 m showed litlie evidence of oxidation or
acidification. Typically, submerged taflings porewater pH values were around 6.9 in comparison to
a surtace water pH of 7.7 above the tailings. Only in partially exposed tailings deposited along the
shoreline had the pH declined to 4.5. The authors reported vigorous revegetation and a heaithy
benthic community on the unaerwater taiiings deposit.

in contrast, nearby exposec dry tailings of simiiar composition were found by these same
investigators tc have undergone substantiai oxidation. A significant fraction of the sulphide
minerats in the top 15 cm has been oxidized to iron oxides, sulphate and dissolved heavy metas.
Soluble copper ang zin¢ concentration measured 787 rng.L"' and 218 mg.L“. respectively, and the
pr value was approximatety 2.5. The entire surface of the tailings remained devoid of vegetation
{Hamilton and Frazer, 1978).

There are other examples of tailings discharged into natural lakes that indicate a general lack of
oxidation under these conditions (Nolan, Davis & Associates, 1987). The concept of flooding
pyritic mine tailings has been evaluated by many researchers (8.C. Research 1970, 1974 and 1980,
Hawiey 1875, Nanisivik Mines 1981, Halbert et al, 1982). An extensive search of the literature on
this specific topic identified some twenty-five tailings disposal schemes involving discharge directly
under a water cover (SENES and Golder, 1981}. The name, location, mine and disposal type for
these schemes are shown in Tabie 4.



Tabie &

Comince
Benson lake, 5.C.
conoer

tlidoradc
Seaveriouage,
Sasxatizhewan
uranium

Grong Gruger
Norwey
iren

Iron Ore Company
Latragor City,
Newfouncgiancg

iron

Mandy Mine
Mangy Lake, Maritose
copper, siiver, gslc

Nanisivik
Baffin Islanc,
N.wW. T
lead, zinc

Newmont Mines
Stewars, E.C.
copper

APPLICATIONS OF WAST

DISPOSAL INTO NATURAL WATERS™

m

Cisposal Tailings
Lacaticn/Tvpe Tregtment/Discharae
Benson Lake in operation 1982 o
vertical discharge 1673
from reft 2t depit
of 30 m
Fookes Lake © 0% soiigs in osiurmy
snhore cischarge has 21} particies in tailings
{reatleC celita &:  ym cizmezer

de-aerziion tower
at shore

Huacingvann
herizontal submerged
outfall

wWabush Lake
shere cischarge

Mandy Lake
tzilings deposited
in shaillow water &t
shore

in operaticn 2917 to
1820 anc 1943 to 1944

west Twin Lake
horizontal submerged
outfall

headwaters of river

*After Senes Consultants Ltd. and Golder Associates, 19El1.



Table ¢ (cont'd)

Name/_ocation,/ Twoe
Polaris Mine
Littie Cornwallis
Islanc, N.W.7T

Reserve Mining lompany

Sitver Bay, Minnesote

iron

western Mines
Campoe River, .0
copper, leac, Iinc

Amax
Alice Arm, 3.C.
moiybdenum

A/S Sydvaranger
Kirkenes, Norway
iron ore processing

Atias Consciigetec
Pnilippines
copper

British Aluminum
Marseilie, France
iron

Cleveland Potash
Yorkshire, U.X,
poiassium
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Cispose]
Location/Tvpe

Garrow Lake (saline)
proposed, horizontal
suomerged outfail

toasial bay
snore gischarge

Suitie Lake
vertlical submergec
outiet

Riice Arm, fjord
suomerged pipeliine

fjord
pipeline with outlet
near shore

cocastel bay
vertical submerged
pipeline

coastal bay
submergec discharge

coastzi bay

premixecd wiin s&’ine waler

thickenec ¢ 50% soiijcs

(& ]

in operaiion 1847 ¢
1888

nixed with sez water
ge~aeratec

premixed with sea water



Tabie & (cont'd)

Cpe
Name/L_oz

ztion
=1

cn/Tvoe

-
i
2

Felidal Verk
NoTway
copper

fosdaiens Bergverks
Norway

irehn

Greenex
Greanlang
iead, zing, si

¢opper

fver,

istand Copper
Vancouver Isianc,
E.C.
copper, molybdenum

Marcopper
Philippines
copper

Norsk-Nefelin
Norway
iron

Rana Gruber
Ranafjord, Norway
iron ore processing
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Dispeosal
Location/Tvoe

fiarc

horizontal submergec
pipelines

Tjorc
coarse taiiings are
bargec, fine tailings
are discharged from &

taunaer at the snore

fijorc
horizenial submergec
pipeline

fjord
horizontal submerged
cuttali along sea
bed

coastal bay
submerged discharge

fiore
submerged pipeline

Tierg
vertical submerged
nipeline

iime anmc flocculant aacec
mixed with sez water

Time, coagulanis added
mixeC with sez water
40% solids
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Table & (cont'c)
Operatien Dispose
Name,/Locericn. vos Locztion/vDe
Sunre Mine coeastal bay
Jorden River, E.C. tailings ciscnargec
cooper from piziform  70C
cif-shere
Titanie iiBrs
Tellnes, Norwa: norizonidl supmerge
titanium tunnel for cischarg

c.frob Mines ocean iniet
Ta
jallo]

SuU,
pper, iron

TR
M n
-2
(]
b}
8]
m

Vel
o
2
t

-

D
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There appsears 1o be very limiieZ information avaiiable on the results of monitoring of the impaz: ¢f
wasie rock G!sposal in nature! waiers. A getahel MONNSnNG program 1 underway a: the Isianc
Copper Ming on Vancouver isiang, Briush Columbia. where wasie rock is being piaced In the sea

A~ sengus limitation of waste disposal in natural water bodies s that there may be othe:
environmenia!l impacts. Tres is refieciec in the general concern on the pant of the public and many
regulatory agengies over the use of naturz! water bodigs for any form of waste disposal. The
envirohmenial concems inciuae the foliowing:

- Toxicrty from reagents anc heavy metals in mill efiiuent:

- Excessive nuthent additions:

- increased turbidmy causing 2 reaustion in light penetration;

- Direct impact on the pnabiial. e.g., smothering of bottom organisms,

irn circumsiances where naiural water bodies do exist in reasonabie proximity to mining
operations, the relative merns of using them for reactive waste disposal should be weighed agamns:
the cos! and iong-term environmental implications. This evaluation should then be carriec ow for
lang-bases disposal alternatves

8.2 WASTE DISPOSAL INTO MAN-MADE IMPOUNDMENTS

Since availabie evidence indicates that water cover provides the mos! secure tmethod of acid
generation control, consideration should be given to the construction of a water retention {acility
shouid natural waters be unavailablie or unsuitable. The practicality anc cost of a man-made
reservoir reiative 1o atiernative measures is ciearly dependent on site specific criteria, for exampie
topography and volume of waste 10 be stored. The cost of flooding existing waste facilities is likely
to be very high. A proposal for the construction of a dam to flood the existing reactive tailings at
the Curragh Resources property in the Yukon, Canaca, was estimated would cost approximately
$50 million (Nolar, Davis & Associates, 1987).

The design of a2 facility tc provide water cover to combined tailings and waste rock may prove
beneficial and cos! effective tor proposed developments. A tailings ano waste rock impoundment
system for permanent underwater storage of waste has been designed for the proposed Cinola
project in Canada (Roberison e: al, 1988). Combined taiiings anc waste rock disposal may have
definite advantages in terms of acid generation control, particulardy if the tailings are not acic
generating anc are discharged at elevated pri (greater than 7). !f intimate mixing of tailings and
waste rock can be achieved, the permeability of the coarse waste rock would be significantly 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 a!, 1988; Norecol Environmental Consultants, 1988,

There are however, limitations and design considerations that may be z disadvantage tc man-
made waier cover facilities. These incluge:
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Tnere are noweve: limitauons anc design consigerations that may be 2 disagvamage 1c man-
maoe waler cover iacilies. These inciuce:

- Water retenticn Gams require oetailec cesign of embankment ang spillway tacilities, carefu!
construchion CORtrol ant mainienanss in the long-term. Depending on the sie-specific
congitions this mayv prove unezonomizal.

. Reiiable water sources mus: be availabie to provide 2 continuous water cover of sufficien:
depth to avoic generation of the waste and erosion due to wave agtion or water fiow

F

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

- Water reservorrs may inguce unacceplable seepage. lf there are other soluble deleterious
products in tne wasles this may resuli in increasec conmtaminant loading of the
environmen:. Whetner these are signiiican: for the specific project anc site conditions has
1o be geterminec,

€3 FLOODED MINE WORKINGS

Fiooding unaerground mine workings and open pits is a means of controliing acid generation from
the exposed rock faces in these facilities. This method also provides a potential disposal arez tor
acid generating waste.

Flooding of worket ouwt coal mines has been successiul in the control of acid mine drainage in
several instances with acidity reductions of 45 to 9% being reported (Gleason et al 1978). The
potential benefits to be derved from fiooding underground mine workings have been repornted for
several anthracite coal mines in eastern Pennsylvania (Ladwig et &l 1984). Field investigations at
the mines, which were allowed tc flood some 14 to 20 years ago, revealed that the mine waters
which were formerly highly acidic are now slightly atkaline, Sulphate reductions of approximately
54 and 74 percent in mine waters were seen in comparison 1o 1950's data. In addition, marked
decreases in the iron, aluminum, manganese, caicium and magnesium levels were observed. The
proposed Cincla gold mine in British Columbia is an example of a plan to backiil anc fiooc the
open pit on ciosure of the mine (Robertson et al, 1988).

The disadvantages associated with storage of waste in flooded mine workings are as foliows:
- At single pit operations it is necessary to store reactive waste rock for the life of the mine

and to then incur renangling costs in moving the materia! back to the pit at a time when the
operation is producing no revenue,
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It all waste removec from the of is reaciive, the bulking factor (usually abouwr 30% wil
resull in an excess volume of reactive waste 1o availabie unoerwater storage sarticuiamh
as the pit wiil likely fiood 1 & pomnt less than full,

Any suiphioes in the pit walls above tne final water elevation will oxicize causing &
deterioration in water qualiy uniess preveniative measures can be applied.

Backiiling anc fiooding precludes future unoergrouns Qeveigpmen: tha: mugh: be
associatec with the ore bodv.
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8.0 SYNTHETIC COVERS

The use of synthetic membranes for kiners tor tailings impoundments has been reviewes by Golder
Ass., 1884,

g3 GEOMEMBRANZES
Fiexidie membrane linars are commanly referrec to as geomembranes. Common types are:
i) polyetneiene (P.E.

i} high aensty polyetnyiene (HDPE)
il chiorinated poivetneiene (CPE)

) chigrosuiphonates poiyethyieng (CSPE)
{commonly known by the Dupomn: traae mark - HYPALDN)
v} ~ poiyvinyl chiarice (PVC
Vil einviene propviene Siene monamer (EPDM)
vii) butyl rudber

Occasionally necprene and polyurethane are also used.

Collectively, syntnetic membranes display 2 number of advantages and disadvantages which may
be summarized as follows:

Advantages:

i) can contain a wide variety of fiuids with minimum seepage due to low reporied

permeabiltties of typically 1 x 107'° em/sec or less.
if) have relatively high resistance to chemica! and bacterial deterioration.
fii) are readily installed for many appiications.
iv) are relatively economical to install and maintain,
Disagvantages:

) are reiatively vulneranle to attack from czone and utira-violet light,
i) have limitec ability to withstanc stress from heavy machinery.
i) have not been in service long enough to evaluate long term performance.

v) are comparatively susceptible 10 laceration, abrasion and puncture,

V) some materials are prone to cracking and creasing at low temperatures or stretching and
distorting at high temperatures.

vi) although readily instaliec there are often difficulties associated with seaming,

Polymeric membranes offer wide ranging chemical resisiance and are readity inspected. However,
they are susceptibie 10 damage during installation largely due to improper subgrade preparation
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anc venizuiar raffic. Thev require very careful insiallation ang thelr peformance 1s gependen: on
carefu anc successiul fielc seaming. Field seaming is, in general & oetailed anc sensitive
operation. Weatner inciuding temperaiure anc precipitation, is generally the governing factor. in
this regard, the elastomeric liners namely, Butyl, Polvchioroprene ang EPDM would apoear to
presen: the Mos: probiems In fieic seaming. Of the remaining liner types considered, successiu
fielc seaming has been aemonstratec with MDPZ PE, CSPE, CPE and PVC. 1t is notad, howeve!,
tha: there are serious concerns aboun the iong-term weatherability of PVC and PE,

Proper subgrace preparation ang construction is crucial for & successtul liner installation anc
woulc typicaliy consist of subexcavation of compressibie materials, steriization of the subgrade,
retnoval of all roots, siicks, stones and debris. grading anc proof-roling, and installation of the
sana cushion, liner 2ang soil cover. Instaliation of the liner and field seaming shouid be camied ouwn
by approvec installers menculously foliowing liner suppilier instructions.

Soil cover 1s gesirable oWt will require liner inclinations fiatter than about 3 horizontal to 1 vertizal.
Trnie 1s & sever limnation wnen applied to waste QUMpPS.

With the exception of polyurithane the base polymeric resins ang asphalt show promise for iong
term resistance to the major anticipated constituents of uranium tailings. Caution shouid be noted
with regard to the following:

. CPE mav be affeciec by weak sulphuric acid soiutions

- Kerosene s used for solvent extraction in some milling operations.
Most of the liners will offer satistactory resistance to the low
kerosene concentration anticipatec.

- most liners would be acversely affected by high kerosene concentrations associated with
accigental spillage

Compatibility testing carried out by Pacific Northwest Laboratories (PNL! on CSPE, PVC, HOPE
anc Catalylic Airblown Asphalt in the presence of simulated acidic uranum tailings leachate
indicates that, with the exception of PVC. these materials were relatively unaffected by the leachate
for the short test periogs.

Thin flexible membrane liners are susceptible to overstressing by strains associated with large
ditterential deformations in the subgrade. It may be necessary to subexcavate and replace
compressibie materials encountered over the subgrade prior 1o liner installation. Similar concerns
exist tor liners placed on slopes and where there is a2 potential for excess hydrostatic or gas
pressure builoup beneath the liner,

Seepage through liners is primarily through liner defects. A rational approach to evaluating
apparent or field liner permeabiiities is threugh detailed monitoring of existing installations,



Estimates of liner reiease rates were ungeriaken by Golder Associates. 1884, assuming permeabig
subsurface conditicns (permeabiiity greater than 1 X 16~ cm/sec! and tailings permeability of
1% 16 cm/sec. The analyses indicate tha: an asphaltic membrane woulC reduce seepagfe 1o
abow 50 percent of an uninec basin for & field liner permeability of 1 x 10% centimetres per
second. Polymeric liners with an effectve permeability of 1 x 107'C centimatres per secong wouls
reduce seepage 1o iess than 10 per cen: of an unlined basin.

In Wes! Virginia, a poiyviny! chionae liner was used to cover a 45 acre backfilied site to prevent
seepage into acic procucing matenais (Jaruccic anc Gaigel. 1883). Aesulls showed substantial
aecreases In flow anc acidity from associated seeps (Caruccio and Geide!, 1988).

Used as the bamier layer in combmation with soil matenal lavers in a2 compiex cover
geomemoranes should prove to pe very effectrve in limiting oxygen and water transpor:.

8.2 ASPHALTIC AND SPRAY ON SEALS

Asphattic ang spray on surface sealants ¢can pe applied to the surface of the waste to form a barrier
tc infiltration and oxygen diffusion. A number of products are availabie, including:

- Alkyd
. Asphalt
- Concrete
- Epoxy
Polyester
- Polysulfide
- Polyurethane
- Silicone
- Synthetic Rubber
- Thermoplastic Moiten Sulphur
. Viny!

These matenais have, in genera!, been developed for applications such as caulking sealants. soil
s:abilizers, waterproof barriers, and comosion protective coatings. Their application to date in
mine waste covers is limited.

Surtace seaiants can be formulated 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-Shy Chamiza Sure

Tre matenigis chemizally cure 07 nargen ane: being appiied 1¢ tne sUnace Tngse matenals usuati
imvelve morg than one spectic chemice!

I Heal Anslicaljon

Matenals which are soiif In the 0esireg operating temperaiure ranpe are applisc al elevalec
temperatures 1o Imprave ease of application

it yriage ing

The material is formulated in & water emulsion o dliutec In & soiven: carrler for application The
carrier evaporates leaving a soitd coating

Cambinations of the above 18zhnlques are also feaslble in many ceses The objec: Is 1o prepare
the material tor ease o @pplication usually with conventiona' spraying eauipment. The actual

1echnique for applization Is & function of the specific maierial

The primary advantages anc disadvantages of surtace sealanis afe.

a) either sufficient fiexibillty to contorm with or sufiicient strengtn to supdon the design loac
bearing (pedestrian or vehicle traffic for example),

b goot weatharabilly and ssrvice life,

c compalibility with the storec product,

d immunity to biologlcal atiack,

el sufficient puncture anc abrasion resistance,

f) capablity of being placec with minimat defects
a) easlly repairabie, and

hi ease of application and produces an Integral finer with no jolnts.
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oisaovantages

al Relatively difficult to reguiale the rate of application anc thus the thickness anc unfformity
of the sealant.

bl As a class these materiais are relatively expensive. The high initial cost versus relative
ease of application for the sprav-ons shoulg be considerec ior specific applications.

Pacific Northwes: _aboratones have investigated the effectiveness of vanous asphaltic seals for
use as ragon barriers on uranium tailings deposh (Baker, Hartley anc Freeman. 1984;. Types of
sea!s testeC incluoeC spraved-on asphali emulsion, in sty addition fo asphalt ernulsion, ho:
ruooerizec asphal: seal, anc asohalt emuision agmixes. They found tha:, though all applications
significantly requcec ragon flux. aomix seals such as those applied with a coic mix paver appeared
10 be significantly more stanie than the other seais. Asmix seals coulc not be appiied to surfaces
sloping more than 12%, however.

Tes! results on radan barrier systems using arn asphalt emulsion admix seal are described by
Hartley et a! (1982). The barrier system 1s shown in Figure 27.
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FIGURE 27 Aspheit Emulsion Raacn Barrier System

The asphalt emulsion system consists of an § c¢m thick aspha!t emulsion/aggregate admix seal
that his covered with ~0.6 m of overburden. The admix seal, which forms the radon-impermeable
difusion barrier, is a mixture of cationic asphalt emulsion and an aggregate such as concrete sand.
When cured, It contains ~ 22 wit% asphalt and less than 1 wt% water, The overburden stabilizes
the admix seal anc protects & from UV exposure, rain, extreme temperatures, and sudden



temperature changes. Filter crainage iayers weuld have tc De aogec above ang below the seal 12
preven: degradation oue tc frost action in Norwegian climates.

Teslts periormec a! Pacific Northwes: Laboratories showec tha: asphal: seals are very effective in
reaucing radon fiux. Aspnall seals were snown to have vernv low diffusion coefficients to racar
{see Table 5); anc, fieic tests showec tna: asohalt seals couid reduse ragon fiux by more than
29%. Asphall seals shoulg, therefore. be very efiective in reaucing oxygen difusion as well. They
also provide very good barriers 1o infiltration, their hydraulic conguctivities being aroung 10% m/s
(Bell 1887)

Tapie s

EHective Difusion Cosfficients for Radon Through Asohalt Seaic
(after Hartiey et al, 1982)

Seal Description De. cm/s x 10°¢
Asphiait Cement : g.4c101.5
Aubberized Asphalt 0.12tc 0.15
Laboratory Preparec Asphait 1.6t

Emulsion Admix Seals

Grand Junction Field Test 2.21010
Asphalt Emulsion Admix
Seal Core Samples

Typica! Earthen Cover 10,000 to 20,000

The concern with asphalt seal is their iong-term stability. Hartley et a! (1982} stated that aqueous
ieaching and oxidation should no! be expected to degrade the seal, and that the mechanical
properties of the asphalt seal are more important in assessing its long-term stability. Further
testing of the long-term mechanica! properties of asphal seals will be required.

8.3 GEOPOLYMERS

Geopolymer is the term given to a compound of minerals, principally containing silica, phosphate
and oxygen that bong 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. It is
anticipated that geopolymers may be mixed with tailings to form a solic 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 3nc azplv this as 2 cover 1o the waste. The behaviow: of geopoivmers wnen mixec
with differen. waste matenats is not fullv known a! thus stage, nor the resistance ¢ natural
processes such as freezing anc thawing. Geoboivmers are still in the deveiopmen: siage ang
require extensive research 1o estabiish therr sutability as a control measure

G4 SHOTCRZTE

Shotcrete is the name given 1o congrets pneumatically delivered througn a hose anc appliet onto
a surface at high velocity. Shotcrete may be eftective in the control of acid generation when
appiled as a cover 1o cenain wastes. The advaniage of shotcrete is tha: n can be apdiied to steep
rock slopes or other surfaces which may be difiicult 1o cover using other methods

The effective use of sholcrete as a cover is dependent on the stability of the ungenying materal,
This method has been used very successfully on rock faces and on compacted materials.

However, [ the materal to which the shotcrete is applied undergoes consolidation or settlement
causing relative displacement at the surface, cracking of unreinforcec shotcrete will occur, Onee
the shotcrete iiner has suffered cracking, the eftectiveness of the cover is losi. Experience has
shown that dispiacement ¢f uncompacted waste dumps often occurs and for this reasons
unreintorced shotcrete is not appropriate as a cover t¢ these matenals. High temperature inducec
siresses in a shotcrete cover on the suriace of a waste facility may aisc result in cracking.

The resistance of shotcrete to cracking may be increased by providing reinforcing. Conventional
steel mesh reipforcing is expensive, difficul: to handle and subject to corrosion in the long-term.
Steel fibre reinforcement is easier tc apply, however, is also vuinerable to corrosion. A method of
reinforcement using high voiume polypropylene fibre reinforcement, which is corrosive resistant
and relatively fiexibie, shows promise. A benefit of the fibre type reinforcement is that it reduces
crack widths in the shotcrete. This gives the shotcrete cover the faciiity 1o accommodate targer
movements than mesh reinforced shotcrete.
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10.0 SOIL COVERS
1c1 SIMP_E COVER

To minimize £ast, one wauls prefer to cover the ming waste with ¢ soil iaver A fine textured sou
such as ciay o tlav-till woulc be requires to iimiz infiltretior.. To limi oxygen transpor: it wouic be
necessany 1c maintan the layer a: & high moisture contenl A singie soil laver, however, would be
limited in s effectiveness tor the following reasons.

Without suction barners. 2 simole soil cover would be subiect to large seasonal varations in
moisture content.  This couwc result in dessication craciking, increasing permeabiliny. in addiion,
decreasing the moisture content of the soll increases the rate of oxygen diffusion, as discussed in
Section 8.0 These seascnal variaions are greatest near the suriace ang are tnheretore greatest for
thin cover layers. For singie cover layers 10 be effective they must be thick - generally greater than
2m.

The fine-grained soils reguirec to limk infiltration woulcd pe frost susceptible. Ice segregation woulc
result in gegradation of the cover and increasec permeability. Frost heave would also make the
surtace of the cover irreguiar, allowing ponding and increasing infiltration

A simple soil cover does not have the ability to preven: moisture being suckec up from underying
tailings by capillary action. Likewise, It could not limit the migration of salts from the tailings to the
surface due to suttace evaporation and transpiration.

A simpie fine-grained soil cover would not be able to agequately withstand winc and water erosion
or burrowing anc root action. Some form of erosion protection, such as vegetation or riprap would

normally be required.

These limitations on the effectiveness of a single soil layer can be overcome by using complex
covers, as described beiow.

10.2  COMPLEX COVERS
The eftectiveness of a soll cover wouid be greatly improved by adopting a complex cover design
consisting o! severa! layers, each performing specific functions to improve water and oxygen
exclusion effectiveness and long-term stability. These layers and their specific functions are
described below. A typical complex cover design is illustrated in Figure 19.

1) Erosion Contro! Layer

Erpsion protection can be provided by vegetation or by a layer of coarse gravel of riprap.
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The estadiishment of vegetation on the waste dumps is desradle for assthetic and land Lse
reasons  Thereiore revegetation is usually the mos: destrable methoc o providing erosior
control. Howsever, wnere revegetation is not pragtical or will ngt sufficiently control erosion coarse
gravei or nprap may be requirec.

Studies for uranium taiiings deposits in Canada (Steffen, Robentson ang Kirster, 1986a; indicatad
that forest cover would adequatety conirol sheet and rill erosion. ang wing erosion, but no analysis
methods are availabie 10 assess the effectiveness of vegetation on gully erosion. A vegetation
cover design guide has been preparec for U.S. uranium tailings deposits by Beediow, 1984, While
tnis design guide iltustrates and discusses many of the aspects relevan: to vegetation cover
gesign, & Is not directly appiicabie to Norwegian mine waste geposits,  Studies specific 1o
Norwegian conditions will be requirec. A simiiar guide for the aesign of riprap erosion protection
has been prepared by Walters {1882},

23 Moisture Retention Zone
The purpose of the molsiure retention zone is to provide a zone tor moisture retention 10 iimit the
effects of dessicaton. It also provides a2 growth medium 1o support vegetation. Maoisture retention

is desirabie for two reasons:

i} I helps t© Keep the infiltration/oxygen barrier moist. This helps preven:
oessication cracking and reduces oxygen diffusion.

ii) By retaining moisture after a precipitation event it allows lime for
evapotranspiration.

The soil usec to construct the moisture retention zone would general be & loam soil with a
substantial sand fragtion.

3) Upper Drainage /Suction Break Laver
The upper drainage/suction break iayer serves two primary purposes:
i) to arain water laterally from the surface of the infiltration barrier, preventing
ponding
i) 1c prevent moisiure ioss from the infiltralion bamer due to upward capillary

suction

Prevention of ponding reduces infiltration. Keeping the infiltration barrier moist helps to recuce
oxygen diffusion an¢ prevents dessication cracking.

This layer can also be designed to prevent intrusion by burrowing animals # #t incorporates large
gravel. For drainage to be effective it must be constructed with a cross fall of 1% or greater.



Thne efiecliveness 0 thus iaver woulc De exDeclec 10 aecrease with time as becomes cioggec with
rools @anc organic Jedns anc In-wasnher fines, anc as the aramnage siape Is modified by long-term
settiemen: of the unaerly taiiings or rock waste.

4) tnfiltration Barner

This is & low-permeanility laver consisting of fine-grained soil or synthetic materials (or 2
combination of both! s purpose is 1o preven: the downward infiltration of moisture and the
diffusion of oxygen into the &iiings.

L J
Rasmuson anc Eriksson (1867) have investigatec the use of capillary bamers, comaining fine anc
ccarse soil lavers, t¢ reaguce infiltration. They found that the capillary effect of & fine-graineg soil
overlying & coarse-grainec soil woulc no: be practical for preventing infiltration, A low-permeabiliry
Infiltration barner 1s reguirec. Thev did conciude, however, that “the low conductivity of the fine
layer. together witn higher conductivity layers above it, couid diminish infiltration to the waste rock
significantly”.

5) Lower Suction Break Layer

Finally, a suction preak layer is placec between the infiltration barrier anc the tailings surface to
prevent suction of moisture downwards into the tallings.

The long-term performance of a complex soil cover could be greatly recuced if fine-grained
materials are allowec 10 migrate intoc the coarse-grained layers. Filter layers could be added.

€) Basic Layer

A basic layer could be incorporated into the design to reduce the pH of infitrating water ang
theretore 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.

Limestone is commoniy mixec with waste rock gunng piacement at coal mines with great success
and research is being acne on the aadition of phosphate rock {Chiado et al, 1988}, However, the
potential tor acid generation control by surface applications of alkaline materials is less attractive
than mixing them with the waste. Limestone has a iow solubility in near neutral water, and the
resutting alkaline charge is therefore small and insufficient to control AMD. Surtace infiows tend to
be concentrated at isolated locations such as depressions, cracks, permeable zones. etc. At these
locations the available akaline materials 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
employed in tailings impoundmen: covers.
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10.3  THE =FFECTIVENESS OF SOIL COVERS

Information on the efieciiveness of soil covers in controlling acid mine drainage Is availabie as
results from mathematica! modei simuiations of covers anc from monitoning results from z limitec
rnumper of actual covers.

Acic flux reductions calculated in Steften, Robertson ang Kirsten (1987) using the RATAP model for
scme simpie cover types are tabulated in Tabie §, and iliusirate the theoratical effects o riprap, soil
and limestone covers.

Tabie &
Efiect of Closeoy Options on Acid Generation

Tailings /Cover Depth Sutphate Reduction
(mi Flux of Acig Fiux
(moles /m* /vear) (%)
None - 76.85 -
Wastie Rock 0.6 58.37 22.5
Depyritized Tailings (soil) 2.0 21.06 72.5
Depyritized Tailings (soil) 2.0 7.9 85.7

- Limestone
Tne efiect of cover thickness is clearly demonstraied 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 benefit of 2
complex cover design over simpie covers, and benefit of adding a synthetic liner.

The results of the infiltration modelling runs are discussed below,
i) Bare Tailings

Bare tailings can be expected to have high runoff rates, modest evapotranspiration losses angd
substantial net infiltration or seepage. With an unvegetated surface, the run-off can be expected 10
be quite high. For the example model runs, runofi, evaporation and seepage rates account for
18%, 63.5% and 17.5% of the annual precipitation respectively, When the tailings permeability was
increased by a facter of 3. runoff rates decline by 3% and seepage rates increase by 3%.



i} Vegetated Tailings

Vegetation has & markeC eftect on the water palance a! z tailings site. With the growth of
vegeiative cover, runofl rates decrease from 19% 1o 9% oOf the annual precipration while
evapotranspiraion :ncreases from 63.5% 10 78.6%. The major finding is that seecage rates are no:
changec. Win & gooc vegetative cover, runoff rates are again reduced further to 3.3% of the
annua' precipiiation.  Althougn evapotranspiration rates are increasec, this may not offset the
recucec runoff  This is not te conciude that this phenomenon is universally applicabie to all sites.

iii) Soil Cover

Direct application of soit to the tailings area surface may have mixed effects. If the soil retains its
low permeability, runof will increase substantiaily and seepage rates will be greatly reduced. £
compactec tili cover with & permeability of 2 x 10 m/s will reduce seepage rates 1o iess than 2%
of the annua! rainiall. |f this cover cracks and weathers (as is expected) infiltration rates increase
substantally. The exampie indicates tha! i the effective permeability of the cover increases 1o 1 x
10 mys. seepage rates exceed those for bare tailings. The increased permeability results in a
major reduction in the rate of surtace runof.

v) Rock/Gravel Cover

Rock or gravel is often applied to stabilize the surface of a tailings area. This pervious layer
effectively eliminates runof and therefore can substantially increase infiltration rates. For the
modelled case, the rock/gravel cover increases seepage rates from 17.5% to 37.8%. This is more
than a tactor of 2 anc further demonstrates how the permeability of the surface laver can affect the
overali amount of seepage produced.

V) Engineered Cap

A properiy constructed engineered cap can greatly reduce infiltration rates. The example modelled
includes a cap with one metre of soil for frost protection and vegetation, 0.3 metres of lateral
drainage layer. and one metre of a low permeability seepage barrier. This cap reguces surface
runoff to 3.1% of the annual rainfall. The lateral drain intercepts 19.4% while evapotranspiration
accounts tor 70.9% leaving 6.6% as seepage. This is a 62% reduction in the total seepage as
compared with bare or vegetated tailings. The major finding is that these layers are effective but
not 100% efficient in limiting seepage. At 6.6% infiitration this represents approximately 80 mm of
precipitation or 60,000 m* /yr from a 100 ha disposal site.

Rock/gravel surface layers have a major effect, increasing the infiltration. With 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-term
infiltration barrier. The seepage rates predicted for an engineered cap with a liner that was 98
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percent efficient are 0.1% of the annual rainfall. The life of the liner, however neets tc be
consigeres.

Although theoretical simulations are useful in comparing alternate cover types. the true
efiectvenass of covers in controiling acid mine drainage can only be deiarmineg from monitoring
the performance of actual covers in the fielg, Unfcriunately, monitoring results are limitec,

The best cocumented case of a soil cover in use on an actua! mine waste dump is tha of the Rum
Jungie uranjum and copper mine in Australia (NTDME, 1888). Composite covers were placed on
three acid-generating overburden heaps. The covers consisted of 2 225 mm compacted clay
tayer, ovenain by a 250 mm sandy clay loam retention zone layer, overiain by & 150 mm gravelly
sand erosion layer. Renabilitation of the heaps aisc included reshaping their surfaces and
providing surface drainage svstems. A typical cross section of the rehabilitated heaps is shown in
Figure 28. The largest of the three heaps. Whites Heap was covered in 1883/84. The other two
were covered in 1984 /85,

Measurements of oxygen concentrations in the pore gas in the heaps show a marked reguction in
oxygen concentrations after installation of the compacted clay cover (Senrett et al. 1988}
Although measurements indicate that the transition rate of gas through the seal has increased
since fts initial piacement, due tc dessication cracking in the dry season, the oxygen
concentrations in the heaps are still much less than they were before rehabilitation (NTDME. 1986).
The efiect of this recuction of oxygen concentration on oxidation rates has not been quantified,
{NTDME, 1988).

Pre an¢ post rehabilitation measurements on and near the heaps indicate that the cover has
provided some reduction in infiltration (NTDME, 19886). However, the amount of that reduction
remains in question. Estimates based on lysimiter measurements indicate reductions greater than
80%, while others based on groundwater estimates indicate only a 50% reduction (NTDME. 1986,

The final measure of the effectiveness on the covers, though, is reduction of metals loads in the
local river system. Precipitation and fiow data are summarized in Tables 7 and 8. The reductions
in post-reclamation meial lcads determined by NTDME. 1986 are indicate¢ in Tabie 8. Although
samples taken from the Eas! Finniss River show large reductions in metals loading it is unclear
whether these reductions are due to covering the heaps, or due to variations in precipitation raies,
lLe., 1t is not clear whether the reduction in the loads is due to reduced acid generation and
migration resuiting from cover placement or merely due to reduced migration resulting from low
precipitation in the years foliowing cover placement. To better evaluate this the Rum Jungle resuits
were reanalyzed as follows.

The results of the East Finniss River fiow rates and metals loading monitoring are shown in Figures
28, 30 and 31. Figure 29 shows the relationship of river flow to rainfall. Figures 30 and 31 show
plots measured metals loads as a function of annuz! rainfall. Both fiow and metal icad vaives have
been normaiized to the maximum measureg flow vear (73/74) to compensate for relative
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differences in concentrations of the differert metals measured Comparing the normalized metals
icads against the flow/rainfal curve permns evaiuation of the metais toad measured in a year
against the metais loacs 1o be expeciec given the amoun: of rainiall for that year. Although the
data from the 1983/1984 season {the year Whites Heap was covered) appear 1o show some
reduction In metais ioacs from these expectec, the gata from the 1984 /1985 seasons anc the
1985/8E seasons show nc improvement. More monitering results are required to concziusively
assess the effectiveness of the renabilitation measures Metais loads measured during a hign-
precipitation vear, such as the 1873 /1874 season, wouig be particuiary usefu!.

Table 7
Eagt Branch of the Finnigs River

Revised Poliption Loading Vatues
{ahier NTDME. 1988)

Season 1871/72 1872 /73 1873 /74
Ratntall (mm; 1542 1545 2000
Total Flow m* x 10° - 31 22 69
Metal Loag (t)
Copper 77 67 108
Manganese B4 77 87
Zinc 24 22 30

Teble 8
Summary of Monitoring Results for the East Branch of the Finniss River at GS 815097
(after NTOME, 1986)

Season 1882 /83 1983 /84 1984 /85 1985/86
Raintall 1121 1704 1112 810
Towal Flow m® x 10° o3 48 11.7 1.4
Metal Load (t)
Copper 23 28 g 4
Manganese 6 21 7 8

Zinc 5 g 4 K}
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Iable

ercentane Reauchion in Poligtior of the Eagt Brancn of tne Sinmige Riye-

Season

Meta!
Copper
Manganese
Zinc

{aher NTOME. 1988

19E3 /84
{Stage 1 &
pan Siage

2 complete!

70%
- 76%
E7%

1884 /B2
{Stage &
compiete

1985/8¢

91%
85%
79%

Jarge:

T0%
56%
70%
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is given hat ecuates Me eifective diliusion coellicient to gas Iilied porosity, A large

s meciz it testec, inCiuging S&NC. &7, siee! woeol, Cceramic Deacs, MicE
anc salt, t¢c name z few. An extensive tzble of empirica! parameters for Iitiing & curve
5 the effective ciffusion coefficient versus porosity caw is given for the Iull range cf

R

me erigls e,

The theorv concerning eoxvgen ciffusion into spherical soil aggregates In & soil is
discussec anc 2csompanving ecuations are given. The concezt of & criticai aggregale

racius under which there is nc anaerodic centre in the aggregate is introducec.

Currie. {198ih)

A non-steady smte technicue was used to investigate the relationsnip between gas
(hydrogen) diffusion coefficients and air-fillec porosity for a number of materiais
including giass beads, sintered glass, sand, carborundum, pumice and soil crumbs. The
effect of inter- and intra-aggregate porosity is discussed. Numerous graphs of reiative
diffusion coefficients versus air-iilled porosity are given. No singie expression firs all
data. ;



Mocificeticn i¢ the designcia '?_'k—t}fpe mem>orane-Coverss OXVYEen Irode Imorover the
orobe s ThEl only one calibration furve s neegec jor operziion of Me in &i

=ter, The doubie membrane mocification Cic increase the response time cf the probe 1o
five 1o eignt minutes.

Grahie anc Siemer. (1 96E)

The cdifiusicn of oxvgen in scil was founc to be determinec primarily by

porosity. B-Irc cgensity anc aggregate size per se hac littie eifect on e rate of difiusion
or or the concentration ol oxygen at rooting aepti.

Gracdwe!!, (1951}

A study of cliiusion of oxygen through both gackec and uncisturoec soil cores. The

transient method ¢f Tayier (154%) was usec as the dasis ¢f e anaiysis, The refationship
berween eiiective Ciffusivity anc air-fillec poresizy was not feunc to it the meces in
Te literatwre (e.g.. DeVries, 1950) for me u"uc'is:u. pec cores, This was atiributec 10 oIl

structure, l.e., macropores. An atteme? 1o experimentwlily guantiiy the gxvgen six lerm

is sreseniec.

Sick's lazw s compared witn the Stefan-iMaxwell ecuzticns for ges cilfusien. IT s
conciudes hat me Fickian cz::uswn coefficient is nect & comsian:., Rater, it Is

F omm g mane e

ceoenden:t on the ciffusiona! {luxes of other gases anc on the mole fraction el the zas in
guestion. 1:va'na:es cf the cases wnen the Fickian gas ciffusion coeliicient can be
consicerec cans:a T are given as; the diffusjon of @ trace concentration of 2 gas tirsugh
& gas mixture of anv camposition. eguimolar counter-current diffusion in & Dinary gas
mixture, anc diffusion in & tertiary mixture where one gas is sEgnant.

Jeilick and Schnanel. (193€)

n

in situ method, bases on spherica! diffusion of gas from an injection doint is evaluztec
for the aetermination of Giffusion coefficien:s of NoQ in fieid soils. A Iinite cifference
mode! was developed that incorporated initial conditions more consistent with the
experimentzl daw, than was possible using analytical solutions. The method invoives the
injection, through 2 needle, of & slug of gas at time zero, followed by periodic
microsampiing of the gas back through the nesdle. A linear reiationsnic berween relative

gas ciffusion coeffijcient anc air-{illec porosity is observec.



L davice *hzt measures e rate ol evadoraiion ef [jcuic hesiane IS & dorous stee;
~izte buriec in ™e soil is gescribez. i if TONTIUCEC INEl. &T very shallow QelIns teT lew
oy, ar °u":>ue-1c=- anc oressice fluctugtion fave & signilicant ellect, DUl Nat soil

Kowazalik. Zarnes anc Smijes, (1879

L
Scil cojumns were ecuicped witt sTmall acctess ports tarough which small gas sambles
were crawh. The oXxvgen Canian: ©n e 2T wag measuTes USIng an oXYgen e:ecirode.
jei ' fusi in soil in wnich me rzte cf oxygen

aescrine te cxication of & siurmy of dig

Lzi. Tiecie anc Erickson. [l578
1 metoc basec on racial ciffusion from & peini source injection was used. A neecle s
insered nto e soii. Sifzv ml ¢f gas it injeciec anc, et given time intervals. LIS mil
samoles are Srawn Sack through the neecie anc analvIed using & gas IArSmMETOLTEDN. The
curztion of eacn experimen: was coniv four minutes: Tierelore, sink anc SCUTTE TErMTS
were consicerec negligible. A ieast scuares It ol tne Lneor etical solution ied
oe cztz o solve for e ciffusion coefiicient, A pler ol ef of!

b

versus zir-flliec peresity is given waich Iits 1qe exgression D’:- = Z

The origine! saper an the use of @ zlatinum eleciroce o measure oxygen clilusion o)

e !
oxvgen cifiusion rates with larger soil aggregates anc
s e

. ing gen ¢
grezter soll pores zlong witn cacreasing oxvgen cifiusion rztes with InCrezsing ¢ T
in De soil zrefile,

e ‘- .
Marshzll, (1359)

Theory based on tnhe pundle of capillary tubes moce! of flow through porous media is used
to deveiop a non-linear expression for the reiationsnip between e effective gas
diffusion coefficient and alr-filled poresity.

Mcinrvre, (1964

tz orly over tne range of soli-

The platinum microeiecTode is siztec 0 give .-eiia:n g g
water contents thal mainmin & water film on te eleciroce surizce. This minimum

- wo
: . AR —
water content, for which accurate oxvgen flux rzies could De mezsurec with & ..o W



e~-roce, was achieves 2lter Two cays of crainage rom e |IUrBIsc swEte lor

z wellgrzines soil. In & pooriy crainec soil. e diatinum e:ecirode was still operziing
after six cavs. A w@oie of cxvgen Iux rate after one. Iwe anc inres Gavs oi crzinage.
gieng witn infilwrztion time lor live [nches cf warter. is given for & wide range ¢f sci]
textures,

The platinum microeiectrode is testes on glass beads. @ sndy leam anc a loam. The
dependence of cizrent on tie rate of oxygen liux to te elecirade was founc o be belter

- -

ive voltage reiative to a reference ejectroge, rather than censian:

i

fcr constant elflsc
appliec volitage

pliikineTon,

Thecryv is presentec 0 suDpart ine relationshic /D, = TV whers T/, s the relative
s . -— . - -r bt - P o ¥ 4 1
gas ciiiusion coelliclent, anc = Is e air-filles porosity. The gzt of Teyvlor (154%,,

alel
- » 1
Sanman (1%el) anc Vanbave [1952) are comparec ¢ e theoretical cuve.  The
agreement detwesn Mecry anc Gaté is marginal.

Theory and &~ equation that relates the efiective cillusion coellicient 10 the degree of
ssturation anc e inero ancd intra-aggregate water contsnts is given, A numper of
graphs of eiisctive diliusivity versus air-fillec porgsity are given thei compare ide

teory 1o excerimental resuits for @ number of aggregatec soils anc oumice. The
egreemen: detween the ti2ory anc experimental data is gooc.

Nieison, Rogers ang Gee. (198%)

.. S -

Theorv is presented for caicuiating the diliusion coellicient of racen gas from soli-wate:
content anc pore size distribution daw. Diffusion in bom me air-iilied anc warer-Iiijec
pores is considered. The model results compare wel. with measurec values,

Papendick and Runkles, (1966)

The necessity of using a transient analysis because of non.const@ant oxygen consump tion
rates {sink terms) is discussed. A laboratory apparatus incorporating piatinum oxygen
eiecirodes, and a hanging weter column (tension tabie! to maintain constant water
contents is described. Pleots of oxvgen consumption rate versus time fora silty clay loam
over the perioc of eight cays is shown. An exponentiai gecay in the oxygen consumption
rate s odservec,



A demilec discission of the theory anc method of construction ¢ piatinem elagtroges is
pressntec, along with e a:sxg'n soec 'cauons anc corsxce-a::or‘s ior & basic oxvger
diffusion rate measurement system. A Itlly automarted fieic instzllation :s ciscussed anz
& schematic diagra moer ovicec. In adcition. me theory anc agplicaetion of te memoranse
elecIroge MmeTiac is CisTussec with detmliies sThemartics ol probes ang elecIronic curcults,

Phene, Campaoell anc Doy, [157€]

A Zullv automated field system cf measurement of oxygen ciiffusion rares (ODR) in & scll
oroilie s gescribec. Platipum microeleciroaes are incorporatec (nic he sysiem aesigr..
The JDR at various dectis In & sncy lcam soil are monitorec, anc & <istinct response 10

rainiall anc irrigatien evenis is'shown.

-4

~J

Filo: anc Patrick. (19

The metoc of Tavior (1949) was usec ¢ measure oxvgen diffusion into soii with 200 pp:

nitrate. A polarograonic Clark tyde exvgen eleciroge was usec in conjunction witt

Secxman Moce! D oxvgen analvzer. The reoccx potential ¢f the soil was measureg LEin

18-zzuge platinum e:e::.-ocne. At low air-iilied porcsities, nc oxvgen ciffusec &all ™

v tirough e cores. At eir-filled porogities above 1%, .-°':> anc 15% ior leamy s&ng,
comD

very Iine sancy icam anc silty clay loam respectively. oxvgen diliusec completely
througn e soil cores

T u'q m 3

o~ 2 -1

Pritchard anc Currie, (1982

A Ste2acv-Siate metod in whic: the gas is x.le::e" 2l e sweacy oul low rate intc the enc

column is presentec, Small (C.I10 te Q.25 ) sampies are remevec wtirough sempie

ports in the wzll of the caiumn angd Den an:-.!yz“ Using = gzs chromatograsn. adies
I3 T

£
compar:ing measured difiusion coeliicients 10 those founc in 0 erzIure are given,
Raneyv, (194%)

A robust in situ diffusion chamber is described for sampling gas in the unszturated zone.
A Beckman oxygeﬁ analyzer is incorporated into the design to determine oxygen diffusion
coefficients. The effect of different tillage practices on diffusion rate is investigarec.



Rezrzon anc Moadi=, (984,

memoc for meauring CTO- diffusion in unsaturzted pyritic =ilings i

'iwr: nvZroxide solution is ‘Usec as a sink for CO:,. The mass flux ¢f CC.
= selutien causes & change in elecirical congucmnse. This change is useg té
e CO- discharge irem the core. COxvgen diffusjon *‘oe::’zcxnn:s are caiculated
using the CO- ceiz anc te fac: wmat the relative diffusion cosfiicien: (l.e., measyured
civicec by te iree space vajue, is incepencent of me gas usec.

The ellect c¢f saiis anc soil solution electrical concuctivity on piatinum zxvgen
eiecIiroces is cistussec., The concitions under wnich & platinum elecirode shouic work
o

mest setisfiactorily or have minimum interference from salts are gescibec.

Rogowsk|, Pionke ang Brovan. |l

The jack c:’ dterziure on sooil water Jow, oxvgen difiusion, suriace runcii, ercsion,

evapoiransgiration anc temperzture Cistributions within the spoil tanks is poinred ous.
Relstor. (158z,

?e"*“"ﬁeﬁce" lgdorztory anc fie:c methocs for te derermination cf gas dilfusion
coeliicients ol soils. The methoots are transient and assume @ nonN-reasiive svsiem, l.e,,
n¢ source of sink lerms.

Rolston. (1%865)

ree ! i Ficks Law, 2] clesez chamber metoc and (3)
flow-througn chamber methoc, are aescribec for te guantilication of me gas {lux &1 and

Rolston anc Brown. (1577)

A laboratory column fitted with gas sampling ports is used to cbserve the ciffusion of
nitrogen gas into an Argon gas flushed air-dry loam soil. A fleld experiment is aiso
described. A sezled chamber fitted to the soil surface is flushed with Argon. Nitrogen
was then pumped through the chamber. The rate of flow anc nitrogen concentration of
the gas fiowing ou: of the chamber through exit ports is used to calcuiate the fiux ¢l
nitrogen into the soil. A plot of gas diffusion coefficient versus air-filled porosity is

shown.



Rust, Kiute anc Gieseking. (i857)

- -

A transient sciution Ior ciliusion Fom & clesec reservoir Nt & ssil core is given:
hDowever, ne sinx or source terms are inciugec. The '*"-:ne'* of mass counter fiow causec
bv the giffering diliusicn coeiiicients of gases is discuss Tc overceme e Des_;:;-:,
o meas: comrer flow sell ciifusjor". using radioactive an:' non-racioactive carbo
cicxige is usec. A cewailec sthematic of ne apparatur is given which inzorporatec ’ﬁe
use o an air pychocmerter for ce:er"umng air-filiec PO’CSHV

A igDoratory stugy was CONncuCiec 10 measure gac dilfusion through soil 2t jow air-iillec
poresities, Using Te inert gas Freon.  Penman't ([8¢2) model greatly overestimatec,
wniie the Milingren-Quirk ({1%61) moage! siigntly uncerestimatec e dilfusion
coeiiicient. However. tie Millingon anc Quirk mode! couic be made te fit De catw bv

using & silgntly smaller exponent on the air-filled perosity term.

S

Shearer. Millington anc Quirk. (1966

is presentec< zlong witd & Sreposec jaberstory apparatus Jor
CuEn porcus mecdie. Design soecilicziicns are ciscussec
canillary tube buncies zre given., N¢ sanc ca:E are

An Improvec exvgen 2rone
measuring cxvgen ciffusion

ang expermental resulls Ior
presentec.

Memods ¢! measuring oxygen diflusion in saturatec porous mediz are examined rejaiive
to e piatinum microeleciroce technicue. Tne eliect of microbial respirstion is
ciscussec,

pY i)

Lo

o
[
N

Tavior,

One ol the earliest papers on cxygen ciffusion in soils. This paper is frequently
referenced as the scurce for ecuipment design wnen 2 closed chamber, transient gas
concentration methoc is usec. A Deckman oxvgen analyzer is used with continuous gas
sampiing of the diffusion source chamber. Theory is presented for cdiffusion through
porous media with ne sink or source terms.



The commeoniv uses egustions reialing e gas Ciifvsior coeifizient ¢ alr-Ililec sorosiny
are examinec. The commeniy uses linear D/T. = & (E-b) anc curvilinear D/T | = k7 ara
Ciscussec in terms cf thei acvaniages anc UMITAtions. A mMere accurate anc genere.

eguation is presented, Le. D/ = ((B-u)f{i=u)i’. An extensive t2bie ol vaiues ior the

cirve fitting parameters, cerivec om the Gate avaijable in the literature. s giver,

vanbavel, (165L)

A

A simpie strzight cviindricz! tuoe insertec into the soil is flushed with nitrogen anc
oxygen diffusion coefficient is caicuiatec from the rate 2t which oxygen Cilfuses Intc
cviinger, Charts for computing purposes are given. The physica anc metematica.
aspec:s of e methoc¢ are oresentec, along with experimenta! Gz .

Ure-comDensartec membrane-Coverec polarogradhic eiectrode. A rodustcesign
ng in 2 soil access tude. The time constant is on the order of 4,207 minutes,

Continuous in situ measurement of oxygen concentration of soli-alr is accomplisnec using

11
W
]
Q0
]
1
m

anc the reiztive error in the measurement (s approximately 2%, Geneal desigh features
ci tne prode 2nC example measirements are presentec, A piot ol Dercent oXygen versus
sime over z six-dav Derioc is presented, which shows response o soll suriace cracking
anc rzinfzll events for 2 prebe [Zinches deep in a silty clay lcam.
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