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Executive Summary

Acid Mine Drainage(AMD) research under th®line EnvironmentNeutral Drainage (MEND)
program has been ongoirsgnce 1988 at the Heath SteelMdines siteoutside Newcastle, New
Brunswick. This research consiststafo distinct projects. Thénitial study, noted as "Heath
Steele Waste Rock Study" (MEND Project 2.31hBs been ongoing sind®88 and has as its
objective the evaluation ofthe nature ofseveralwaste rockpiles and theexamination of the
performance of a composiswil cover ontop of pile 7/12 with respect to itgeffectiveness in
limiting the AMD. In 1990this study recommended that further investigatiak be carried

out atthe site todeterminethe air permeability othe Heath Steele waste rogkesand to assess
the gas transfamechanismgresent in the pileshis initiatedthe “Assessment of Gas Transfer -
ANSTO Model at Heath Steele” project. The objectives of the project were to develop an
understanding of the processes governing the pyrite oxidedtes inacid waste rockpiles at
Heath Steelaising both thefield dataand thenumerical modeFIDHELM developed by the
Australian Nuclear Science & Technology Organisa@NSTO), to quantify those processes
and to evaluate the effectiveness of the composite soil cover for acid waste rock management.

The project hadwo major componentdield measurements and modeling usin@HELM. The
field work thatincludedthe installation of monitoringprobes permitted in situ measurements of
various parameters required by FIDHELNhamely the oxygen diffusion coefficient, air
permeability and thermal conductivityThe nodeling consisted of runningIDHELM utilizing

the Heath Steele data collected in tietl program. The gas transpartechanisms dominating
the oxidation rates in the Heath Steele wasiek piles were identified using observed
temperature and oxygemofiles in conjunction with FIDHELM simulations. A usersganual for
FIDHELM was also presented with the report.

The air permeability, oxygen diffusion coefficierand thermal conductivitywere measured
successfully andhe valueswere found to bewvithin the range measured in foather piles of
waste rock at three different mine sites and in climates ranging from tropical to arctic.

FIDHELM was shown to be a useful tool to asgbssvarious gas transfarechanisms in pyritic
waste rock pilesNumerical simulations usingIDHELM with the average measuredlues of
oxygen diffusion coefficient, thermal conductiviaynd gagpermeability indicate thagas transport
was dominated bgliffusion. FIDHELM results also indicate that particular detailshia oxygen
profile measured at the Heath Steele wasté piles can be explained biye heterogeneity of the
pile with respect to both gaermeability and IOR.The maleling ofthe pile with thesoil cover
(pile 7/12) and thdield data indicate that the composs#eil cover is areffective way toreduce
the ingress of oxygen to acid generating wasté. The data collected to daft®m coveredpile
7/12 is consistent with the simulations.

While the piles atHeath Steele aremallcompared to waste rogkles at many minsites around
the world, and while the balance of gas transport mechanisms in these largeapitexlifferent
from those at work in th@iles atHeath Steele, it is also clear that the cosygstem has been
effective in reducing oxygen ingress and, with this, in reducing the oxidation rate.
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Since it is possible that advection driven by wind effectsngeehanism irsome of the piles, it is
recommended that a programwebrk be set up tquantify this effect and toompare measured
values withthe results of mmdeling with a version oFIDHELM modified to acceptspace/time
varying surfacepressure. Continuous monitoring of temperature @ode gasoxygen
concentration profileshroughout the dire year is also recommended amdy provide better
understanding of the chéral processes and gas trangfechanismpresent in waste roghiles.

This may allow any temperature dependence of the IOR to be estimated. Monitoring and
simulations usind-IDHELM should be used to assess the importance ofnpitmogeneity on
theoverall pollutant load from a pileFinally, the IOR and the sulphwontent of the waste rock
from Heath Steele should be estimated using laboratory testing.

Sommaire

L’étude du drainageminier acide (DMA) sous le Programme de neutralisation des eaux de
drainage dans I'environnement minier (NEDEM) se poursuit depuis 1988iaegHeath Steele,
pres de Newcastle au Nouveau-BrunswidBette étude comportdeux projets distincts. La
premiereétude,intitulée “Heath Steele Wasiock Study” (Projet NEDEM 2.31.1) se poursuit
depuis 1988 et aomme objectifs I'évaluation dgwopriétés de plusieunsaldes de stériles et
'examen de la performance de dauverture de sol composite au-dessus de la pile 7/12 par
rapport a son éfficacité a limiter le DMA. En 1990, cette étedemmenda que d’autres travaux
soient effectuésafin dedéterminer la perméabilité a I'adles haldes de stériles amnesHeath
Steele et d’évaludes mécanismes deansfert des gaz présents déshaldesd’ou la création

du projet“Assessment of Gas-Transfer - ANSTO Model ldeath Steele”. Les objectifs de ce
projet étaient denieuxcomprendrdesprocédés gouvernant le taux d’oxydation de la pyldtes

les haldes de stériles acides amixesHeath Steele en utilisant & la féés données in situ et le
modeéle numeérique FIDHELM développgar I'Australian Nuclear Science & Technology
Organisation (ANSTO)ainsi que de quantifier cesprocédés et d'évaluelefficacité de la
couverture de sol composite pour la gestion des stériles acides.

Le projet comporta deux composaniegjeures: soierles prises de donnésar le terrain et la
modélisation numérique utilisant FIDHELM. Les travasur le terrain,qui incluerent
I'installation des sondes d’échantillonnagmt permis la mesure in situ de divers parametres
requis par FIDHELM, c’est-a-dire leoefficient de diffusion de I'oxygene, la perméabilité a l'air
et la conductivité thermique. La modélisation consista a utiliser FIDHELM lagedonnées
récoltées lors du programme de collecte de données sur le terraimétassmes dgansport
des gaz dominant leaux d’oxydation desaldes de stériles auxines Heath Steele furent
identifiés en utilisant les profils deempérature et d’oxygene obsen&s le terrain, et les
simulations effectuées avecOHELM. Un manueld’'usagerpour FIDHELM estinclu avec le
rapport.

La perméabilité a I'air, le coefficient de diffusion de I'oxygéne etbladactivité thermique furent

mesurés avec succes et les valeurs obtenues se situent a I'intérieur de la plage de valeurs mesurées
a quatre autrealdes de stériles provenanttdeis sitesdifférents etsous deglimats variant de

tropical & arctique.
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FIDHELM s’est avéré un outil trés utifour évaluer les divers mécanismestamsfert des gaz a
l'intérieur des haldes de stériles pyritiques. Isa®ulations numériques de HELM, en
utilisant la moyennedes valeurs mesurées du coefficient difusion d’oxygéne et de la
conductivité thermique, indiquemfue le transport des gaz ekiminé par la diffusion. Les
résultats de FIDHELM indiquent aussi certaines particularités temsnesures de profils
d’'oxygéne dans les haldes demesHeath Steele qui peuvedtre attribuées Ehétérogéinité des
haldespar rapport deur perméabilité a I'air et de letaux d’oxydationintrinseque(TOl). Les
données in situ et la modélisation de la halde avemlserture de sol composifpile 7/12)
indiquent que la couverture de sol composist unmoyen efficacepour réduire I'entrée
d’'oxygene vers les stérilgwoducteurs d’'acide. Les données récoltéeata provenant de la
halde 7/12 qui est couverte, sont consistantes avec les simulations numériques.

Etantdonné quédes haldes de stérileesminesHeath Steele sont petites papport a lglupart

des haldes a travers le monde, et étant donné que I'’équilibre des mécanismes de transports des gaz
dans ces plus grossbesaldespeut étredifférent de celuiprésent auxhaldes desnines Heath

Steele, il estlair que la couverture de sol composite futmoyen efficacgour réduire I'entrée
d’oxygéne ainsi que le taux d’oxydation.

Etant donné que l'advection dud'éffet du ventsoit'un desmécanismes possible dans certaines
des haldes, I'étude recommende gu’un programmaerseienplaceafin dequantifiercet effet et

de compareies valeurs mesurées avec hésultats de modélisation en utilisant wersion
modifiée deFIDHELM afin d’accepter une variation spacio-temporelle de la pression a la surface
de la halde. Ursuivi continu de la température et de la teneur en oxygéne gateustitiel
durant toutel'année est aussi recommandé giermettra unemeilleure compréhension des
procédéschimiques edesmeécanismes deansfert des gaz présents dées haldes de stériles.
Cecipermettra peut-étriestimation detoutedépendance diiOl enfonction de la température.
Le suivi et les simulations numériques utilis&MDHELM devraientétre utilisés pour évaluer
l'importance de linhomogéinité d’'une haldgur la charge polluantglobale d'une halde.
Finalement, 1eTOI et la teneur en soufre detériles desmines Heath Steele devraierdtre
estimés en effectuant des essais en laboratoire.
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1. INTRODUCTION

Acid Rock Drainage (ARD) is the most importaahvironmental problem facintpe Canadian

mining industrytoday. ARD is caused by exposureasé and wasteock containing sulphide
minerals. When sulphide minerals, particular pyrite and pyrrhotite, are exposed to an
environment containing oxygen and teml sulphide isconverted to sulphate. The contact of
these oxidizing minerals with water generates acidic drainage with elevated levels of heavy metals
and dissolved salts. Abe oxidation reactions continue, temperature aoidity increase, iturn
accelerating the reactions. Aanfall and snowmelt infiltratewaste rock fpes, acidic drainage is
released to surface and groundwater, contaminating the environment.

The oxidation of pyritiovaste rockand the subsequent generation of ARD is controlled usually
by theavailability of oxygen. The movement of oxygeirough a reactive wasteck pile isvery
importantsince itcontrols the extent of the zone of active oxidation. If e of oxygen
transport israpid compared to the consumption aéygen by pyritic oxidationthe zone of
oxidation is extended. Thereforany understanding of the generation of ARD requires a
thoroughunderstanding of the gas transfeechanism withirthe waste rocland theeffect of
various other physical factors such as temperature and oxygen content.

A recent study on acitvaste rockmanagement at Canadian base-metales (Nolan Davis,
1987) identified the need forfield performancedata on waste rockilp covers andother

management systems. To address this need, resedreimgscarriedout atthe Heath Steele
Mines site, located 50 km north of Newcastle in New Brunswick (N.B.).

Presently, there atgvo distinct research projects ongoing at Heath Steele Mbwgh, of which

are being conducted under th®line EnvironmentNeutral Drainage (MEND) program. The
initial study, noted as "Heath Steele Waste Rock Study" (Waste Rock Study) (MEND Project
2.31.1) has been ongoing sindO88. Theoverall objective ofthe Waste Rock Study is to
evaluate the nature skveralwaste rockpiles and toexaminethe performance of a composite
soil cover with respect to iteffectiveness in limitinghe generation ohcid mne drainage. In
1990, this study recommended that further investigativerk be carried out at the site to
determinethe air permeability ofthe Heath Steele waste rock piles. Furthermore, it was
recommended that aattempt bemade to develop @omputer model of the gas transfer
mechanisms as a tofr understanding the factonsfluencing gas transfer and the interaction
between diffusion, convection and advection within the waste rock piles (Nolan Davis, 1990).

As a result of this recommendation, a proposal was submitted to MEND by Naleais, and
Associate{N.B.) Limited (Nolan, Davis) in association withe Australian Nuclear Science and
Technology Organisation (ANSTO) for an assessment, througdeling, ofthe gas transfer
relationships athe Heath Steele waste rock piles. Tineerall approachinvolved in situ
measurements of bulk physiga@rameters important in the gas transfer process anditiheang
the measured parameters in the FIDHEImWdel developed by ANSTO tgain a better
understanding of the gas transfieechanisms withimaste roclpiles atHeath Steele. ONlay 6,
1992, a contract wassued by Supply and Services Canadprtaxeedwith the "Assessment of

ADI Nolan Davis Inc. 28-1264-046.1
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Gas Transfer" (Gas Transfer) (MEND Project 1.22.1) at Heath S¥edés. Thefunding for

the project was provided by the Canada/New Brunsvittkeral Development Agreement
(MDA), ANSTO and Noranda Inc. under the auspices of the Department of EMéngyg, and
Resources. The Gas Transfer project is a separate pirecthe Waste Rock Study but is
being carried out concurrently using data from the ongoing monitoring for the Waste Rock Study.

The following reportsummarizeghe results of the Gas Transfer projedflore specifically, it
provides asummary ofthe bulk physicalparameter measurements carmed atthe Heath Steele
site aswell asthe results of FIDHELMapplications usinghe measuretulk physicalparameters.
Also provided are some recommendations for acid waste pile management alternatives.

1.1 Project Objectives and Scope of Work

The overall objective athe study is to develop an understanding quahtify the processvhich
governs the pyrite oxidatiorate inacid waste rockpiles and, based on this understanding,
evaluate the=ffectiveness othe compositesoil cover for acid waste rockmanagement. The
project was carried out in four phases, as described below:

Phase 1: Project Scoping

Theinitial phase of the project consistedcollecting available information on acidma drainage

and gas transfer topics, and carrying out preliminary modeling using FIDHELM to assess sensitive
parameters before tliield work was to be carried out. Tlield monitoring and testing program

was also prepared during this initial phase.

Phase 2: Field Investigations

The field work was carriedout during Phase 2. This includete installation of monitoring
probes and in situ testinghich permitted themeasurements of various parameters required by
FIDHELM. These measured in situ parameters also provided important inforniatiohne
assessment of gas transfer mechanisms present in waste rock piles at Heath Steele.

Phase 3: FIDHELM Model Application

This phase consisted of rerunning FIDHELR®lizing the Heath Steele data collectedPimases 1
and 2. The observed temperature and oxygefiles in conjunction with FIDHLEMsimulations
were used tadentify the gas transpornechanisms dominatirtipe oxidation rates in the Heath
Steele waste rock piles.

Phase 4: Waste Rock Pile 7/12

In thefinal phase, FIDHELM was used tyuantify the oxidationmechanisms ofhe waste rock
pile 7/12, both prior to and after ttaplication ofthe compositesoil cover placed in August-
September, 1991. Ananualfor the running of FIDHELM was also preped during thidinal
phase.

ADI Nolan Davis Inc. 28-1264-046.1
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2. HEATH STEELE MINES HISTORICAL SETTING

2.1 Background

The Heath Steeldlines site islocated 50 km north of Newcastle in N.B. (see locaptam in
Figure 2-1) and was initiated 1953 with thediscovery of a massive sulphideposits. Mine
development and plant constructistarted in 1955and ore benefication commenced B57.
The operation closed May 1958 as a result of lowetal prices and metallurgical problems with
oxidized portions othe ore zoas. Production was resumed in 1960 ancctpacity ofthe mil
wassteadily increasethrough the 1960s2aching3000 tonnes petay (tpd) in 1969. In 1977, it
was further increased to 4000 tpd.

In May 1983, the sulphide ore operation was aghirt down due to lownetal prices.However,

the mill was modified and operated ur@ittober 1984 to treat thgold-silver gossaore that had

been stockpiled on siter over 20 yearssincethe development of the B-Zone open pit. The
collection and treatment of both surfagaterand nine drainage werenaintained, and continue

to operate inessentiallythe same mannetoday. Thesystem involvesthe operation of a
comprehensive site drainage collection scheme that allows contaminated drainage to be pumped
to thetailingspond for treatment.Lime slurry is mixedwith the drainage to neutralizeid and
precipitateheavy metals fronsolution. In 1989, productionommenced athe new Stratmat

mine and was reinstated at tlegistingB-Zone undergroundine. The Stratmat site is located
approximately 4.5 km northwest of the mill complex.

In total, atleast 756,000 tonnes pfritic waste rockand rejecbre have been stockpiled in more
than 20 piles at the Heath Steele site. The widely dispersed nature of this acid-gemartatiad
poses a particular challenge to currently available reclamation technology. Unuiéiaihé/aste
Rock Study, three of the Heath Steele piesnbered Pild 7, 18A and 18B were selecteasing

a matrix evaluation, asiostamenable to monitoring and evaluation of remedial meagsees
Tables2-1and2-2). A fourthpile, noted as e 7/12, was constructed in 1989 impvingwaste
rock from Piles 7 and 2, which were to be moved gsart of theongoing reclamation plan, to a
prepared site. The waste rock wpkced on a prepared sand base with uaderlying
impermeable membrane made of fabrene fatirips gluedogether. Installation of the pad and
relocation of Pile 7/12 was completed in June 1989.

Instrumentation wamstalled in piles 18A18B and 17 in November and December 1988 and in
waste rock He 7/12 in June 1989. The instrumentatiamich consisted of clusters of
thermocouples and oxygen probes basn monitored on a regulbasis since installation and
provides an extensive data base.
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Figure 2-1:  Site Location, Heath Steele Mines

2.2 Waste Rock Pile Characteristics

The pile characteristics, size, shape and tonnage of the wadte areimportant to the
interpretation of the monitorindata. The pilesizes, inorder ofincreasing volumeare 18A,
7/12, 18B andl17, with volumes 0f1900, 6200, 8300, and 100,300, mespectively. The
mineralogy and acid producing / acid consuming potential of each wwakt@le aresummarized

in Tables2-1 and 2-2, respectively. The particle size distributiamhin the waste rockpiles
varies considerably from silt araday sizes to cobblesnd boulders. A void ratio of 31 percent
estimated for e 7/12 is considered to lvethin the lower rangéypical for piles of blastedock.
The bulk specific gravity ofthe broken waste rock isstimated to range from.8 - 2.3.
Additional details orwaste rock pilecharacteristics determined part of theWaste Rock Study
are contained in the Heath Steele Waste Rock Study - Phase Il Report (Nolan Davis, 1990).

2.3 Climatology

Theclimate atthe Heath Steele site can be described astile continental, with hotelatively
dry summers anaold, snowy winters. Meaannual precipitation athe Little River Mine
Atmospheric Environment Servi¢dES) Station is 1134nm, of which762 mm israinfall. The
station records an average of 8&ysper year with rain and 47 with snowfall. The coldest
months arelanuary and February with medaily temperatures of -12.5 °Cluly isthe warmest
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month with adaily mean ofL7.9 °C. Winds are predominantly fronthe Northwest. Historical
climatedata are presented Trable2-3. Additional detailsare contained in thpreviously moted
Phase Il Report (Nolan Davis, 1990).

Table 2-1:  Acid Consuming Potential

Acid Acid
Sample Sulphur Production Consumed AP-AC  Theoretical
(%) (kg/tonne) (kg/tonne) (kg/tonne) Acid
[a] [b] [b] [c] Producer
Pile 18A
BH 1 9'6"-10' Waste Rock 2.60 79.6 1.47 78.1 Yes
BH 1 10'-12' Bedrock 0.22 6.8 1.47 53 Yes
Pile 18B
BH 2 5'- 7' Waste Rock 3.94 120.7 <0.5 120.4 Yes
BH 2 15'-17' Waste Rock 6.40 196.0 0.74 195.3 Yes
Beside Pile 18B ("PAD")
BH 3 0-1' Outwash 0.15 4.6 0.5 4.1 Yes
Pile 7/12
BH 4 4'-5'Waste Rock 6.69 204.9 <0.3 204.6 Yes
BH 4 14'6"-15'9" Waste R&c 7.07 216.5 0.49 216.0 Yes
Beside Pile 7/12
Bedrock Sample 0-1' 4.98 152.5 1.72 150.8 Yes
Pile 17
BH 5 15'-17' Waste Rock 1.28 39.2 1.23 38.0 Yes
BH 6 5'- 7' Waste Rock 1.05 32.2 <0.3 31.9 Yes

[a] Sulphur (%) = total pyritic sulphur

[b] kg[H.SOy)/tonne

[c] AP = all sulphur oxidizable by iron oxidizing bacteria
AC = acid consumption as determined by titration with sulphuric acid
Analyses by Research and Productivity Council, Fredericton, N.B.
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Table 2-2:  Mineralogy and Acid Production

Miner alogy (b)

Surface Average Maximum Estimated Foundation AP AC Sulphides

Pile Area (m?) Depth (m) Depth (m) Volume (m®) Condition [a] (kg/tonne)  (kg/tonne) Present Percent

18A 1,210 1.6 3.4 1,900 Thin OB [c] 79.6 1.5 Pyrite 5-7
over rock Galens <1
Sphalerite <1
18B 3,570 2.3 6.7 8,300 Thin OB 158.4 0.5 Pyrite 7-10
over rock Fe-S 7-10
Sphalerite <1
Galena <1
Chalcopyrite <1

17 25,640 3.9 10.5 100,300 Thin OB 35.7 0.8 Sphalerite 7-10
over rock Pyrite <1
Arsenopyrite <1
Chalcopyrite <1
7112[c] 2,100 2.9 5 6,200 Impermeable 210.7 0.4 Pyrite 7-10

Membrane Fe-S 5-7
Base Galena <1
Chalcopyrite <1
Arsenopyrite <1
Sphalerite <1
Pyrrhotite <1

[a] Based on geophysical, borehole and field observations
[b] AP & AC: Theoretical Acid Production & Acid-Consumed (refer to Table 2-1)
[c] OB: Overburden
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Table 2-3:  Historical Climate Data
LITTLE RIVER MINE
47° 17'N _66° 4'W JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Daily Maximum Temperature (°C) 74 59 -0.1 5.6 135 207 233 222 168 10.2 2.8 -4.2
Daily Minimum Temperature (°C) -175 -17.0 -105 -43 2.0 9.0 125 109 6.0 0.7 5.1 -13.2
Mean Daily Temperature (°C) -125 -115 -53 0.7 7.8 149 179 166 114 55 -1.2 -8.7
Standard Deviation, Daily Temperature 2.2 1.8 2.0 1.1 1.8 1.2 1.6 1.2 1.4 1.4 1.9 2.6
Maximum Temperature (°C) 122 100 200 217 317 333 333 350 300 245 194 13.3
Years of Record 20 21 21 22 22 21 20 21 20 20 20 20
Minimum Temperature (°C) -37.2 -350 -294 -194 -150 -5.0 1.1 -1.1 -6.7 -10.6 -20.0 -29
Years of Record 21 21 22 22 23 21 20 21 20 21 21 21
Mean Rainfall (mm) 16.4 9.9 239 435 904 856 100.7 839 955 1047 740 3338
Mean Snowfall (mm) 76.0 58.1 723 435 5.7 0.0 0.0 0.0 0.0 4.2 35.6 81
Mean Total Precipitation (mm) 91.1 68.0 96.1 868 964 856 1007 839 955 108.8 105.8 115.6
Standard Deviation, Total Precipitation 459 267 363 51.0 493 474 485 417 43.0 473 459 42.7
Maximum Rainfall in 24 hours (mm) 493 429 445 762 686 505 554 996 99.3 86.6 52.8 58.4
Years of Record 19 22 20 23 21 22 22 22 21 22 18 22
Maximum Snowfall in 24 hours (mm) 432 348 356 508 203 T 0.0 0.0 T 178 35.6 48.3
Years of Record 22 20 21 21 23 22 23 22 22 22 22 22
Maximum Precipitation in 24 hours (mm) 493 429 445 762 686 505 554 996 99.3 86.6 52.8 58.4
Years of Record 22 21 21 22 21 22 22 22 21 22 21 23
Days with Rain 2 1 4 6 12 12 13 11 11 11 7 3
Days with Snow 9 8 9 5 1 0 0 0 0
Days with Precipitation 10 9 12 11 13 12 13 11 11 11 11 11

Note: Climatic data from 1968 to 1991.
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3. LITERATURE REVIEW

One of the tasks associated wiitis project is theassemblyand review ofavailable information
related to gas transfer and acidnendrainage. Alibrary search was carriedut utilizing
electronic linkages to access selected university and goverdatensources. Aartial listing of
bibliographical references is provided in Appendix | at the end of this report.

While there is extensive information in the literature related to Acid Rock Drainage, thergyare
limited references to gas transfemechanisms in pyritiovaste rock piles. Théollowing
summarizes the literature review on these two topics.

A number of mathematical models have been developed the last twentyears or so to
describethe leachingprocess, themphasis being on commergmbduction of copper frorheap
leach piles but with some work on the extractiomtbfermetals such as nickahd uranium. The
first of these models was from Hari($969) who developed model to describe leaching of
copper from the piles of sulphide and oxide ore at the Rum Jungle mine site in Australia.

In themid 1970s, anumber of models describirtge extraction ominerals byheap and in-situ
leachingwerepublished. Three naintypes of modelWere proposecgach describinghe leaching
behavior ofthe entireore mass by focusing othe leaching behavior of individugdarticleswithin
the ore. The three types, which can be characterized Ingatiels ofBarlett (1973), Braun et al.
(1974) andRoman et al(1974), differ primarily in the assumptionsnade about the rate of
chemicalreaction compared to the rate of reactant transport to the reatgomithin the
particles. All threemodels assume th#he particles arspherical and descrilihe kinetics in
terms of theinward radial diffusion ofreactantdriven by the chental reaction within the
particles.

Models describing heap leaching behavior have also beeonggdgeveralauthors (Roach et al.
1975, 1977, 1978Cathles et al1975, 1977;Cathles 1979Averill 1976). Cathles (1979)
extended thearlier model to includéhe effects of bacterial catalysand, after calibration of the
model ontest dunps, its predictions were compared with resditsm large scaldeaching
experiments. The large scaéstsconfirmedthe general validity othe model, howevedetailed
predictions were quite inaccurate in some circumstances. Subsequently, a two-dimeglehal
was proposed bgathles and SchliftL980) in an attempt to account flateraltransport of heat
and oxidant withileaching dumps. Durinthe sameperiod, theréhave been a number of studies
on oxidant transpoind oxidation of pyritic material withitne particlegBrierley 1978;Box and
Prosser 1986Lin et Sohn 1987; Whittemore 1981)Jaynes et al1984) put forward anodel
describing the long-term oxidation of pyrite and removal of reagiioductsfrom reclaimed coal
strip mines. The oxygersupply intothe reclaimed profilevas assumed to be by odienensional
diffusion. The oxidationrate of thepyrite was based on first-order, sdliguid kinetics and the
rate of simplediffusion of oxidant into reactive, coarse stone fragments. In more rgeans,
Guo and Parizek (1992) developednaodel thatincorporates coupled heat and dgésw,
dispersion-advection of oxygen the gas-phase, steady-statel waterflow and acid reactions
which produceacid mne drainage. Scharer et &1993) presented model which included one
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dimensional oxygen diffusion inthe heap coupled withshrinking radius (fingarticles) and the
shrinking reactive front (massive sulphides) concepts.

The models mentioned abolasrgely attempt to predict oxidation of entire heaps based on the
reaction kineticswithin individual particles with little or no consideration tfie macroscopic
transport mechanisms, withthe consequent assumption that the oxidant concentration
surrounding each particle of the dump is considered constant. In some dadk&sadvective
transport mechanism is included in the model.

The assumption of constant oxidant concentratioroughout theheap may be valid in
commercial leaching operations where liquor is circulated through the heaps bulikeliets be
true fornatural weathering processespyritic mine wastes. Amodel of natural oxidation in a
pyritic waste rock dump was first developed by Ritchie (197Which the dump wasssumed to
be a homogeneous slab, thadit the nutritional requirements fdyacterialgrowth werefreely
available, thathe oxidation reaction proceeded as fast as reactantdetlei@the oxidation ges
and thaall the reactants for the oxidation of pyrites were &isely availableexcept for oxygen.
The oxygersupplyrate wasassumed to be limited liie rate thabxygen coulddiffuse through
the pore space of thdump. Davis and Ritchi€l986) incorporated theffect of transport of
oxygen into the particles comprising the dump with transport through the pore space of the dump.
In a companiormpaper,Davis et al.(1986) presented the results ohamerical solution to the
modelfor the oxidation ofpyritic mine wastes with the oxidation proceeding ataving front
within the particlessomprisingthe wastesDavis and Ritchi€1987) extended theodel totake
proper account of the range pdrticle sizes irthe waste rockifes. Pantelis and Ritchi@d991)
based their study on tlsame model by couplindpe macroscopic transpahd themicroscopic
particle reaction kinetica/hich incorporate oxygen and heamtainsportbased on théwo major
mechanisms ofonvection and diffusion. This @posed model omittethe waterphase passing
through the dump and was faylindrical-shaped dumps. Amportant practical conclusion
drawn from thesesimulationswas that an increase ithe oxidationrate at theparticle
(microscopic)level by afactor of 6-7 translates tonly about a 1-5%ncrease inthe global
oxidation rate in thedump. Another was the importance of gasrmeability on dump
performance. Because convection is a meffective gas transport process thaliffusion,
convection has to be established if high oxidation rates are to be mairtkamegh thdife of the
dump. Pantelis and Ritchid992) continued their research bgdingthe waterphase and
truncated cone geometries to their model. Watevementtransports heat and an increased
water flow increaseghe water content of the pore spau® decreases thaer-filled porosity,
leading todecreases idiffusion coefficientand gagpermeability, which irturn lead to decreased
gas transport.Their results confirmed previous findings that convectiono animportant air
transportmechanism ithe heaps witlair permeability exceeding 1&n? or less bubecomes so
at permeabilities exceeding “on?, and that a substantial increasdtie oxidationrate at the
microscopiclevel translated to an increase arfly a fewpercent in the rate aixidation of the
entire heap. Also, a truncated cone showed less oxidation tbygimdrical shaped pile. This
model presented by Pantelis aRichie (1992) represents theasis ofFIDHELM that was used
for this study.
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In regards tdield work about gasransfer in wasteock piles, ANSTOpersonnel have published
several papers ahe subjectespeciallythe researclwork carried at thd&Rum Jungle in Australia.
The hydrology othe waste rocklumps at this site arttie temperature and gas compositions in
them have been studied to provide informatiorir@pyritic oxidationprocess and the release of
pollutants. These studies indicated thahahylocations in the dumps, tiseipply of oxygen was
therate-limiting mechanisrfor the oxidation of pyrite. Thdata was recovered frothis project
was used fonumerical model verificationésee above) and also, the temperapnailes were
used to estimate thgyritic oxidationrate in the waste rocdump. Wasteaock material was
covered withclay andclay with soil, all supporting a vegetation cover pootect theclay. Field
measurements showed that placemerthefcover reduced thafiltration of water toless than
5% of therainfall, reduced theoxygen levelsthe temperature and the oxidation rates. The
performance of the soil cover at the Rum Jungle projesitnigar to what is reported by Ydul et

al. (1991, 1993).
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4. FIELD MEASUREMENTS

The objective othe field investigations was to make in situ determinationshefbulk physical
parameters known to be important in descrilgag transponnechanisms thagovern oxidation
rates in waste rock piles. Specifically, measurements made in Pile 18B included:

* gas permeabilities;

» thermal conductivities; and

» gas diffusion coefficients.

Being of similar dimensionand containinghe same type ofock, 18B isconsidered to be a
control pile for Pile 7/12which is being intensivelstudied to assess tledfectiveness of its
engineered covesystem in reducing acitck drainage (Wast&ock Study). Be 18B wasalso
constructed using similar construction methods as for Pile 7/12. Pile 18B was chosebdds the
physical parameter measurements because it had no cover and therefore cdultedend
instrumented without the risk of altering the dynamic behavithedystem. Figured-1and 4-2
show the location of the monitorirmgprts atpiles 18B and 7/12, an&igures4-3 and4-4 show
cross-sections of the two piles.

The following sections provide brief description of the measurement techniqueswamndary of
the results ofield investigations. A summary éfie ongoing in situ monitoringyhich ispart of
the Waste Rock Study, is also present&etails onthe methodology and techniques used to
measure thebulk physical parameters are contained in the NoRavis "Field Techniques
Manual" (Nolan Davis, 1993), also developed under this project.

The data collectettom the ongoing monitoring program at Heath Steele that was usehigor
study is presented ippendix Il. The dataconsists of gaseous oxygen concentrations,
temperatures and carbon dioxide concentrations. The resukts of situ testing carriedut by
ANSTO for thebulk physicalparameters (thermal conductivity, germeability and oxygen
diffusion coefficient) are also included in Appendix II.

ADI Nolan Davis Inc. 28-1264-046.1
Australian Nuclear Science & Technology Organisation



Report List

Assessment of Gas Transfer - ANSTO Model at Heath Steele

Page 14

NOTES:

HUB #300 IS ASSUMED TO
BE AT ELEVATION 100m.

CONTOUR INTERVAL 0.2m.

CONTOUR ELEVATIONS IN METRES.

THIS DRAWING SHOULD BE READ
IN CONJUNCTION WITH THE
ACCOMPANYING REPORT.

LEGEND

STA- MONITORING PROBE
(INSTALLED 1988)

sTA  MONITORING PROBE
& (INSTALLED 1992)

METERS

Figure 4-1:  Site Plan, Waste Rock Pile 18B
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Figure 4-2:  Site Plan, Waste Rock Pile 7/12
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Figure 4-3:  Cross-Section, Waste Rock Pile 18B
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Figure 4-4:  Cross-Section, Waste Rock Pile 7/12
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4.1 Installation of Monitoring Probes

The installation of monitoring probes at pile 18B was camwigituring the period oMay 18-22,
1992, during which time, three pairs monitoring probes weinastalled to the technical
specifications o ANSTO. Two monitoring probes (A and B) were spacdubut 1.5 m apart at
each of the three locationsimbered ad41, 12and13. Thelocation of each monitoring probe
cluster was selected in tffield by Nolan Davis personnel to provide representativeerage of
the piles. The location of the monitoring probes at pile 18B is shown in Figures 4-1.

An air rotary percussion hammer was usedltity through thefull depth of the waste rock pile.
The diameter of thalrilled holeswas 150 mmwhich allowed a sufficient annulur the
installation of backfill materialvithout bridging. In each drilled hole, a pamed PVCliner was
installed, with a number of 3 mm inside diametgion tubes attached to the perimeter for gas
measurements. The PMer, which extendedor the entire depth of each hole, was then
backfilled withalternating layers of clesgBD0 mm thickgravelrock around the opeport of each
gas sampling tube. A sand pack and bentonite seal were provided between each port.

During backfiling operations, a detailececord wasmaintained ofthe levels of backfill placed
within the probe hole and the overall volumes of backfill material placed. dataswas then used
to determinethe effective radius ofthe outerboundary of thebackfiled chambers, which is
required for theanalysis ofair permeability measurement&ach probéiole was sealed with 300
to 400 mm of bentonite at the surface to prevent suvtaterinfiltration andreduce thenflow
of air.

A stainless steel plate was provided to mdhetsampling valve assembly #te top ofthe PVC
liner. Inorder to secure the Schraegalves,the valveswere tightened to the straight connector
through the plate. Each of thglon gassamplingtubes attached to the exterior of the PNf@r
was terminated with a Schraeder valve.

Additional details orthe field installationsand equipmenéare contained in thpreviously oted
"Field Techniques Manual".

4.2 Methodology

The FIDHELM modelcalls for a number of bulk physicaparameters that require in situ
measurements ithe completed probe holes. Theseasurementare then used to compute the
bulk physical parameters and subsequent gas transfer potential of theoekstaterial. Abrief
summary of each athe measurements is provided below. The detailgh@nprocedures and
equipment used to cariyut these measuremengse contained in thpreviously noted “Field
Procedures Manual.” While the Manual is sufficientlydetailed so that qualified technical
personnel can perform threeasurements ithe field, most of theequipment required for the
measurements has been specitlyricated by ANSTO personnel anthy not becommercially
available.
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4.2.1 Thermal Conductivity

The thermal conductivity X) of a solid is a function othe thermal diffusivity (K ), the bulk
density (ps) and the specific heaty):

A
K=—+—

pSCS
The heat conduction equation can be readily solved for a line source of heat to give the
temperature distribution as a function of time.

Thermal conductivity was measuredtire probeholes to determinéhe value andvariability of

this parametewithin the waste roclpile. The measuremeinvolves placing a linedreat source

at some depth inside one of the monitoring protles and recordinthe temperature in tHaer

over a period of about 10 hours with the heat source switched on, and then, for a further 10 hours
after it is switched off. The two data sets obtainetiiswaywere fitted with a theoretical curve

to obtain estimates of the thermal conductivity.

4.2.2 Air Permeability

The gagpermeability, K (M), of a porousnediumsuch as a wasteck fle is a coefficient which
relates the gas convective velocity to applied pressure gradient. For ther permeability
measurements, dry compressed air was injected at predetermined depiins wéste roclpile
through the pressure tubing on one side of the probe hole liner. The second pressurxaabing,
on the oppositside oftheliner, wasused to monitor the consequent pressis® inthe gravel-
filled chamber. The air flow was measured usingassrflowmeter and pressure transducers
monitored the pressure rise. The instruments were interthosrdtly with alaptop computer.
The airpermeabilitywas found byapplying atheoretical relationship between air flow, pressure
rise and chamber geometry.

4.2.3 Oxygen Diffusion Coefficient

The oxygendiffusion coefficient is aterm of proportionality relating oxygeflux to oxygen
concentration gradient. The oxygeiffusion coefficient ofthe waste rockmaterial was
determined with thenjection and subsequent monitoring tbk movement of aracer gas SF
(sulphur hexafluoride). Sks a heavy, inert, non-native gas, which is insolubleaterand is not
consumed withirthe environment ofthe waste roclpile. Sk was injected into a selected gas
samplingtube at a predetermindelvel withinthe waste rockife with detection equipmerstet up
at a second monitoring prolethin 3 to 5 m oftheinjectionpoint. Depending othe diffusion
coefficient ofthe waste roclpile, the detection of SFover this distance can require several
hours. At the Heath SteelMine site, thistest procedurevas carriedout for approximately 24
hours. Theseneasurementproduced avaluefor the diffusion coefficient of Skin the waste
rock pile, which canthen bereadily converted to provide a&alue for the oxygen diffusion
coefficient onthe basis thatboth gasesdiffuse through a background gashich can be
approximated as air.
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4.3 Bulk Parameters

4.3.1 Oxygen Diffusion Coefficient

Oxygen diffusion coefficientsneasured in ile 18B at the three new probi®les rangedrom
2.1 x 10° to 3.6 x 10 n'/s, with an average value ¢8.0+ 0.5) x 10° nf/s. Measuredalues of
diffusion coefficients invaste rockpiles are notavailable inthe publishedliterature but avalid
comparison can be made witte value of3.6 x 10° nf/s, whichwas estimated by Ritchi{@977)
as being the diffusion coefficient at the Rum Jungle mine site in Australia.

4.3.2 Air Permeability

The measured air permeability with Pile 18B ranged from a minimum of (L.B) x 10"° n? to a
maximum of (1.7 + 0.7) x 10° n?, with a mean value 02.9 x 10° n?, averaged over 24
measurements. These valaessimilar tothe ones measured imamber ofwaste rockpiles at
othersites (Ritchie, 1977; Pantelis and RitchHi®91). Theair permeabilities measured file
18B arehigh enough for advective processesptay a significantole in oxygentransport in the
system.

4.3.3 Thermal Conductivity

Thermal conductivities measured at three locations in waste rock pile 18B had an average value of
1.17 £+ 0.11 W/m-K, corresponding to an estimated average thewhfalsivity of (5.2+

0.5) x 10’ n¥/s. This latter valudalls within the rangerom 5 to 7 x 10 n¥/s used irearlier
FIDHELM modeling studies (Pantelis and Ritchie, 1991).

4.4 In Situ Monitoring

Monthly measurements eémperature and gaseous oxygemtent, availabléor piles 18B and
7112, were used to assess é#fiectiveness othe compositesoil cover of pile 7/12, and also, to
validate the modeling results generated by FIDHELM.

The performance of the composgeil coveritself was also monitored on a regulaasisafter
placement, including measurements of soittion,soil temperature, water conterstnd oxygen
concentration at a number of poittsoughout thepile. Heat-dissipation sensors and electrical-
resistance sensors were used to measiksuction, and time-domain reflectome{fyDR) was
used to measungater content. In additionwo large-size lysimetertocateddirectly below the
cover have been used to evaludle flux of water through the cover lyollectingwater that
percolated through the cover. Because the calerspanenclosed systenthe totalvolume of
leachate generated by the encapsulated waskewas capturedith thedrains installed beneath
the pile and along the perimeter of the pile.

The following sections summarizéhe data collected to dateom piles 18B and 7/12 for
temperature, gaseous oxygen content and leachate quantities.
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4.4.1 Gaseous Oxygen Content

As mentioned previouslythe measurement aixygen concentrationthroughoutpiles 18B and
7/12 has been ongoing sint®88. Typical curves of gaseous oxygeantent versuime for one
station atpiles18B and 7/12 are presented in Figu4es and4-6. Thesetwo figures show the
minimum and maximumvaluesover time that was collected iall the ports at &jiven station.
Average valuesver time were also calculated at eapbrt usingthe entireset of data that was
collected between the months of June and Septeimtiasive. These calculated averagalues
overtime for summer conditions Mbe used for comparison with FIDHELM results because the
form of FIDHELM used inthe simulationsdoes nofallow for seasonal climatic variation. The
calculated average summer valaes to obtain representativalueswithout the seasonalyclic
effects. The calculated averages for pile 7/12 vavigled in 2 groups:before and after the
placement othe cover. The average gaseowggencontentprofilesfor pile 18B and 7/12 are
presented in Figuret7 and4-8 respectively. Figured-9 and 4-10 show a cross sectionpdé
7/12 with iso-values of gaseongygencontent before and after the cover was plaEéglre 4-
11 shows a cross section of pile 18B with the same type of iso-values.

The results of oxygen measurement from pile 7/12 indicate the following:

* Prior to placement othe cover at pile 7/1Z)xygen concentrations at stationv@ich is a
typical station, ranged from 7.3 percent to 20.8 percent. The overall range of concentration in
the other monitoring stations was 3.2 percent to 20.8 percent.

* About a year after pile 7/12 was reconstructedpttygen levels, particularly netre surface
of the pile, are influenced bythe weather, with gaseowsxygen contentincreasing in the
winter. In summer, as temperatureshe pile increase, sontaermal convection of oxygen
into the pile causes oxygen levels to increase.

» After cover placement in Septembet991, there was a dramatic decreaseoxygen
concentrations throughout the pile.

» High temperature antelativelylow oxygen concentrations observedfat reconstruction of
the pile and during mid-1989 indicate that reconstruction had disturbed the stetedypf
oxygen / gasransport expected such piles. This makes generalizatiab®ut the trends in
temperature and oxygen concentrations in pilE2 prior to coveemplacement of doubtful
value for comparison with pile 18B and with FIDHELM results.

The gaseous oxygerontentprofiles at pilel8B (Figures4-7 and4-8) indicate that the gaseous
oxygencontentincreases with depth at sometb&é monitoring station, in particular Stations 3
and 4. This is an indication that some additiaged transpormechanismsire present with the
diffusion process.

The magnitude othe change iroxygen concentration inile 7/12 is moreclearly illustrated in
Figure 4-12, where theoxygen profilesare plotted forMay 1990 and 1991 (prior to cover
placement) and Ma$992 and 1993 (after cover placement). It is appdrent Figure4-9 that
the mostsignificant cecrease in oxygeaccurredwithin several monthsfter coverplacement.
However, monitoring results indicatexygen withinthe system is still beinglepleted. The
oxygen concentration inilp 7/12 droppedrom about 20 percent iMay 1991 to about one
percent in May 1992 and to 0.2 percent or less in May 1993.
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Figure 4-5:  Minimum and Maximum of Measured Gaseous Oxygen Content vs Time,
Station 3, Pile 18B.
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Figure 4-6: Minimum and Maximum of Measured Gaseous Oxygen Content vs Time,
Station 3, Pile 7/12
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Figure 4-7: Measured Gaseous Oxygen Content vs Depth, Average ®fimmer Values,
Pile 18B
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Figure 4-8: Measured Gaseous Oxygen Content vs Depth, Average ®fimmer Values,

Pile 7/12
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Figure 4-9: Iso-Values, Measured Gaseous Oxygen Content, Average of Summer Values,
Before Placement of Cover, Pile 7/12

Figure 4-10: Iso-Values, Measured Gaseous Oxygen Content, Average of Summer Values,
After Placement of Cover, Pile 7/12

Figure 4-11: Iso-Values, Measured Gaseous Oxygen Content, Average of Summer Values,
Pile 18B
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4.4.2 Temperature

Similar figures ashe ones presented in the previous section for the gasgpgsncontent were

also prepared for the in situ temperature data for piles 18B and 7/12. Figures 4-13 and 4-14 show
the minimum and maximumtemperature variation oveime, Figures4-15 and 4-16 show the
temperaturgrofiles using calculated average summer values. Fgaeand 4-18 show a cross
section of pile 7/12 with iso-values of temperature before and after the cover was pféeed w
Figure4-19 shows a cross section of pile 1&Bh the averagsummertemperature iso-values.

As indicated irthe previous section, the averagenmer valuesvere used to validate FIDHELM
results.

The presented temperature monitoring results for pile 7/12 indicate the following:

* In 1989 very hightemperatures (50°C) were noted at the centre ofptlee which are
indicative ofthe very rapid establishment ¢fie exothermic oxidation process, andicating
that the waste rock has been disturbed by the aeration from its manipulation.

» By 1990, temperatures decreased to under 4Dbfficating a stabilization othe reaction
process.

* There wamot adirect correlation between temperatures and weather conditidihsbout
January 1990.

» At station 3 for example, the temperatures immediately prior to placemtnd obver ranged
from 17.1°C to 24.0°C. One month aftaver placement, temperaturd®pped to a range
of 14.1°C to 18.3°C.

The magnitude othe temperature change prior to and after cglacement is morelearly
illustrated in Figuret-20,which shows temperatungrofiles measured at a typicstiation in May
1990 and 1991 before cover placement and in May 1992 and 1993 after cover placement.

As with oxygen concentratiothe mostsignificant gecrease occurredgithin several monthafter
cover placement. However, temperaturesstiledecreasinghroughout the pile but at rauch
reduced rate. Foall temperature probemstalled in pile7/12, therehas been a significant
temperature decrease on a year to year basis since placement of the cover.

The temperaturerofiles at pilel8B indicate that the temperatigenerally increases wiithepth.
This is an indication that some additiogals transponnechanismsre present with theiffusion
process.
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Figure 4-13: Minimum and Maximum of Measured Temperature vs Time, Station 3,Pile
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Figure 4-15: Measured Temperature vs Depth, Average of Summer Values, Pile 18B
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Figure 4-16: Measured Temperature vs Depth, Average of Summer Values, Pile 7/12
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Figure 4-17: Iso-Values, Measured Temperature, Average of Summer Values, Before
Placement of Cover, Pile 7/12

Figure 4-18: Iso-Values, Measured Temperature, Average of Summer Values, After
Placement of Cover, Pile 7/12

Figure 4-19: Iso-Values, Measured Temperature, Average of Summer Values, Pile 18B
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4.4.3 Seepage Through Cover

During the relocation of pile 7/12 and the construction ofsthiecover,drainswereinstalled to

collect the leachate at the base of the pile (Center Drain) and iatdtface betweethe waste

rock and thesoil cover (Perimeter Drain)Two lysimeterswereinstalled immediatelypelow the

soil cover but above the wagteck to collectwaterinfiltration through the cover. The results of
analytical testing of leachate monitoring to date for pile 7/12 are presented in Table 4-1. Since the
pile is a closed systente leachate collected aftptacement otthe cover represents the total
volume of leachate that has mouadough thepile. Inthe 2years since&over placement, a total

of about 1,000itres has beemecovered. Thdysimeter dischargelata shown inTable 4-2
indicate that only a small portion of the rainfall percolates through the cover (about 1 to 2%).

Table 4-1:  Water Quality Summary, Leachate, Pile 7/12

July 1989 - Oct 1990 1992 1993
pH 21-28 23-29 3.0-3.2
Acidity(CaCQ), mg/L 15,800 -73,250 15,800 - 54,450 NA
Sulphate, mg/L 12,700 - 43,440 5,140- 71,042 9,970 - 73,854
Dissolved iron, mg/L 3,510 - 13,767 15,800 - 54,000 5,000 - 30,844

NA: Not available.

Table 4-2:  Lysimeter Measurements

Rainfall Lysimeters
Depth,  Volume, Volume, Ratio,
Date mm litre litre %
June 24 - August 18, 1992 198 2455.2 50.3 2.0%
May 21 - July 13, 1993 188 2331.2 20.0 0.9%

Note : Total areal surface of lysimeters = 124 m

A simple seepage analysis using a transient saturated/unsatured finite element model ihdtcated
with a water cover up to the uppéoundary of the erosion protectidteyer, the steadystate
infiltration rate through the cover is about 1.5 mmgbey. The results also indicated near steady
stateconditions to be achieveabout 8 hours after thmodeled cover was subject to a constant
water cover. Th@umerical simulation haslaturated conditions fanitial conditions. Figure 4-

21 summarizegshe geometry, thesoil parameters and the boundary conditions used in the
numerical seepage model.
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Figure 4-21: Seepage Analysis Conditions Summary, Composite Cover, Pile 7/12

These simulationsorresponds to conditions where the upper boundary of the cover is covered
with water. Inreality, the upper zone of theoil cover wil become unsaturated between
precipitation events. If the upper zone of fod cover does namnaintainits complete saturation,

the seepage quantities awelocities wll be reduced because tlsystem wl have tosaturate
before steady flow conditions are achieved again.

Performance monitoring of instrumentation to measuressmition and moisture content in the
composite soil cover has shown that the cover is performing as designed, with nooistarg in
thetill showing little change from measuremetadsenimmediatelyafter covemplacement (Yanful
et al 1993).

ADI Nolan Davis Inc. 28-1264-046.1
Australian Nuclear Science & Technology Organisation



Assessment of Gas Transfer - ANSTO Model at Heath Steele Page 34

ADI Nolan Davis Inc. 28-1264-046.1
Australian Nuclear Science & Technology Organisation



Assessment of Gas Transfer - ANSTO Model at Heath Steele Page 35

5. FIDHELM MODELING

5.1 Model Description

The computemodel FIDHELM, developed bANSTO, was used tgain an understanding of
the gas transfemechanisms that dominatike oxidation of the Heath Steele wasbek piles.
FIDHELM modelswaste rockpiles as ahree phaseystem consisting of a rigid solgbrous
phase through which flows a gas and water phase. It models axgigeportand depletion, heat
transport, productiomnd reactant depletion in tle®lid phase. Included the transport of a
single conservative checal inthe aqueous phase. The clieahis aproduct of theoxidation of
the solid reactant. FIDHELM is dinite difference model which is solved using a Eulerian-
Lagrangian approach that can consider a-dwmeensional vertical slice or &uncated cone
(cylindrical coordinates) shaped waste rock pile.

Oxygen supply is seen the model as dwo stage processiamelytransport ofoxygen inthe air
through the pore space of the gidowed by itstransportfrom the pore space to reactioites
within the particles which comprise the pile.

Gas transport through the pore sp&genitially at least, bydiffusion and is driven by oxygen
concentration gradients caused by the consumptiarxygen inthe pyritic oxidation process.
Transportcan also be by advection driven psessure gradients. These can arise fdamsity
gradientswhich inturn are caused by temperature gradieessilting from heat released in the
oxidation of pyrite. This type of advection (convection) has been obsexgelimentally.
Pressure gradients can also arisetimerways such as from wind passinger the pile but the
version of FIDHELM used for thiproject does not incorporafgessurdields onthe outside
which deviate from static atmospheric equilibrium.

Davis and Ritchie1(986, 1987) considered the case where gas transport througbrédspace
was bydiffusion. Their model is applicable to columns, tailings dams and heap®witiatio of
height to width, and low heaps where convectionagligible. Cathleg1980) considered the
case where convection through the pile wasotilg macroscopic transport process. FIDHELM
attempts tocombine air convection andiffusion since it islikely that the initial period (i.e.
starting up period) preceding the onset of convecticufficiently long to warrant thénclusion
of thetwo macroscopic transpomechanisms.The mathematical anadumerical development is
fully described in the FIDHELM user’s guidehich is included in AppendiX of this report.
Additional mathematicdvackground to thenodel and some resulise also presented Bantelis
and Ritchie (1991, 1992).

A basicparameter required for theanual isthe rate ofoxygen consumption bghe material at
any point in the pile under the conditiomich apply at thapoint. This parameter igalled the
intrinsic oxidationrate (IOR),generallyexpressed in units of kgldm*/s. The IORmay depend
on many parameters, such as:

ADI Nolan Davis Inc. 28-1264-046.1
Australian Nuclear Science & Technology Organisation



Report Lit

Assessment of Gas Transfer - ANSTO Model at Heath Steele Page 36

» physical conditions: temperature
- particle size distribution
- form of pyrite

» chemical conditions: - OXygen concentration
- sulphur density
- pH
- F€"'/F€" ratio

* microbiology: - bacterial type

- bacterial density

In practice, limited data is available for only three of the above parameters:

* oxygen concentration: - falloff at low oxygen concentrations (linear or monod)
* sulphur density: - falloff at low sulphur concentrations (linear or monod)
* temperature: - falloff at high temperatures (monotonic decrease above

a defined limit). Based onlimited information from
elsewhere, the IOR isiot significantly dependent on
temperature down to freezing.

The parameters that are calculated by FIDHELM consist of the gasgggen content, the
reactant (sulphurjiensity,the temperature, gas pressure, the sulpkiglizing rate as dunction
of space and timehe agueous phaseass fractionthe air flow velocity, the sulphate load, the
global oxidation andhe global oxidationrate. Thesulphate load is theme dependenflux of
sulphate in drainageater at thébase of the pile integrated over the base optlee Theglobal
oxidation is the total amount of oxidisable material (sulphur) oxidised up to a given time.

Although FIDHELM is a very sophisticatedumerical model, some ahe basic proesses
simulated by FIDHELMwere approximated osimplified by makingsome assumptions in the
version of FIDHELM used ithe present study. Most of themgproximations osimplifications
are reasonable. The following presents some of these approximations:

* The gas phase equations in the present version of FIDHELM use an approximated relationship
instead of thadeal gas lawbut amodified version ofFIDHELM (not availableyet) which
incorporated thédeal gas law inthe model confirmedhe validity of the approximation used
in the current version of FIDHELM.

* Changes in temperaturetime near surface of a pile due to changesmbienttemperature at
the pile surface decrease amplitude with increasing distance frothe pile surface.
Typically, the decrease is by about a factor of¢eme 5 m fronthe surface for changes on
the timescale of a year and some 1 m frgme surface for changes on ttimescale of a
month. Hence, unleske pilesarevery small, oroxidation rates arhigh enough to generate
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high temperaturesvithin the pile, or oxidation is confined tthe top meter or so of the pile,
neglect of the temperature dependence of the IOR doesmpact greatly on simulated
physico-chemical conditions within a pileMoreover, there aréew dataavailable on the
temperature dependence of the IORbolk pile material and it is ANSTO’s experiené®m
measurements in a pile in @milar climatic regime tothose at Heath Steele, that the
temperature dependence of the IORsignificantly lessthan that expected on thmasis of
laboratory experiments quoted in the literature.

* The IOR of thematerial is assumed to lbenstant irtime eventhough oxidatiormaylead to
processes such as exfoliation. Hmplification iswarranted partly because of lack asdta
on very longterm (tens to hundreds of years) changes in the IOR and partly the desire to
assess th@npact of gagransport processes rather than predictpgbkution load from a
particular pile at a particular time.

» Thecapillary fringepresent in unsaturated conditions is considéypidally smallrelative to
the height ofthe pile and is approximatembnsideringthe watervolume fraction along the
entire pile vertical profile being uniform. Againesults fromthe “improved” version of
FIDHELM compare very well with the ones generated by the actual version.

* In calculating the sulphate loads, the following assumptions are made:
- the oxidisable sulphur is all in the form of pyrite;
- the sulphate is produced in proportion to the oxygen consumption in the pile, the
proportionality being given by the stoichiometric ratio of the governing chemical equation
(Section 6.1);
- the sulphate is in the mobile pore water as soon as it is produced;
- the transport of water is based on Darcy’s law;
- there is no loss of sulphate, as for example through precipitation;
- solute dispersion and diffusion are ignored.

As indicated abovehe updatedersion of FIDHELM wll contain feweisimplifying assumptions

than theversion used fothe simulationspresented in thiseport. It is not exgcted that the

removal of thesesimplifications will change the results of tregmulations in a significant way.

The new version will include:

» external wind pressure effects along the pile boundary;

* ambient temperature variability;

* complete transient unsaturated aqueous tratsipeluding the entire suction curves (full
capillary fringe);

» ideal gas law equation anthe removal ofthe Boussinesq approximation for the gaass
balance equation;

* heterogeneous material properties (without abrupt discontinuities).
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5.2 Applications: Heath Steele Piles

The piles 7/12, 18A, 18B and 17 wemnodeled adruncated cones witheight heighty, and
radiusx,. Table5-1 givesthevalues usedor these parameters for each of flilestogetherwith
values of a fewother parameterspecific to each pile. Tablg-2 definesthe symbolsfor the
parameters used in FIDHELM togethwith the values usedfor these parameters in the
simulations of pile behavior. The choicetloé valuesfor some of the more important parameters
is discussed below.

The valuedor bulk physicalparameters used in FIDHELM to mod&k fourpiles 7/12, 18A,

18B and 17 are based data obtained in the Waste Rock Stuhd on measurements of some
bulk physical properties in pile 18B carried out in June 1992. Theselysicalproperties were

the gas permeability, the gas diffusion coefficient and the thermal diffusivity (see Section 4). In all
of thesimulations the averagealue foundfor the thermaldiffusivity k=5 x 10" nf/s was used:;

in most of thesimulations,the average measuredlue ofthe gaspermeabilityk=2.9 x10° n?

was used.

In the present study, a constambienttemperatureT.m, IS assumed othe outerface of the
pile. Similarly,the infiltration rate used in thenodel,Q,, is assumed to be constant and taken as
the annual average of thetal Precipitationover the entire year.

Three measurements tbife oxygen diffusion coefficiend were carriecdut byANSTO in thepile
18B. The definition oD can be stated as:

D=A(g,)D,

whereA\ is the tortuosity, a function of the gas volume fractignwhich can be assumed as:

where A\ is the tortuosity factor of the porousedium. For a constaninfiltration rate Q,, the
water volume fractior , is given by:

3

i}
Ew = (1_8 s)?tggr&g%

The gas volume fraction is given by:
g,=1l-¢g,—¢,

Giventhese defiitions, with thevalues inthe Table5-1 and Tables-2, and the average measured
value ofD as (3.@0.5) x 10° m’/s, A can be calculated as:

A, =059+ Q10
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For simplicity, FIDHELM includes atemperatureceiling T > O at whichthe microorganisms
cease to be effective as catalyfts the oxidation of pyrite. Inreality, the temperature
dependence is more complicated and that there are a rangeraedrganisms whiclcome into
play at different temperatures (Lawrence et al. 1986; Norris 298¥). Anadditional parameter
Tsiek IS introduced todefine atemperature abovevhich the microorganism catalytic activity
diminishes.

The average IOR used for thesimulationswas taken as 10kg[O.)/m*/s which is considered
typical for the type of wasteock encountered at Heath Steeleralicated bythe workcarried
out by Harries et al. (1981) in Australia.

To further study the gas transf@echanisms atleath Steelepiles 7/12 and 18B werenodeled
usingtwo additionallIOR values (10 and 10 kg[O;]J/m¥s) and themaximumair permeability
value measured ithe field (10® n?). These additional valuasere used to assess tpessible
effects of the inhomogeneity of the piles in regards to gas transfer.

Table 5-1:  Physical Parameters, Piles 18A, 18B, 17 and 7/12

Parameter Unit 18A 18B 17 7/12

Radius of Pile, x, m 20 34 80 24

Height, yq m 3.4 6.7 10.5 5

0, (for IOR=10° kg[O;]/m¥s) n/kg/s 2.709x18  1.354x10 5.708x10 8.146x10°

Solid Volume Fraction,e 0.763 0.763 0.763 0.690

Density of Reactant,p, kg/m® 59 118 28 150

Side Slope, Angle of Pile@ radians 0.291 0.245 0.245 0.321
ADI Nolan Davis Inc. 28-1264-046.1
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Table 5-2:  FIDHELM Parameters
Quantity Definition Values Type[a]
Tamb ambient temperature (°C) 3 M
P2 intrinsic air density (kg//H 1.2 C
g acceleration due to gravity (mys 9.8 C
K Air permeability () 2.9x%09 M
10
M, viscosity of air (kg/(m-s)) 1.9xT0 C
B thermal coefficient of volume expansion{(K 3.47x10° C
D, oxygen diffusion coefficient of oxygen in air {s) 2.26x10 C
(oF] parameter in particle oxidation model’(fkg-s)) Table 5-1 E
Ps bulk density of solid (kg/f) 2200 M
C, specific heat of solid (A(s*K)) 866 E
C, specific heat of air (F{(s>K)) 1.06x163 C
K thermal diffusivity (n¥/s) 5.0x10 M
5 heat of oxidation reaction per mass of reactant 2.2x10 C
oxidized (J/kg)
W mass fraction of oxygen in air 0.22 C
€ mass of oxygerused per rass ofreactant in oxidation 1.746 C
reaction
S IOR (kg[Q.)/m?/s) 10° E
107
10°
Q, infiltration rate (m/y) 1.134 M
Hy viscosity of water (kg/m-s) 0.001 C
p" intrinsic water density (kg/fh 1000 C
Cy specific heat of water (#{s*K)) 4.184x10 C
T temperature aivhich microorganismsease to beffective 50 E
as catalysts (°C)
Taiek temperature abovewhich the microorganism catalytic 40 E
activity diminishes T, < T . < T, (°C)
N, a tortuosity factor 0.59+0.10 M
0 side slope angle of heap (radians) Table 5-1 M
[a]:  E: Estimated
C: Constant
M: Measured
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5.3 Modeling Results

The FIDHELM results arsummarized irthe following sections. The results fpiles 7/12 and
18B are also included in Appendix IV of this report.

5.3.1 Pile 7/12

The results of maelingfor pile 7/12 for 1, 10 and 10@earsare shown in Figures 1V-1 to 1V-12
of AppendixIV. Theresults indicate that th@ate ofoxidation occurring in the pile ignited by
the supply of oxygen to reaction sitesdifjusion fromthe pile/atmosphernaterface intahe pile.

As indicated in Figures-1, the pattern of thair flow velocities withinthe ple show some
characteristics of convection occurring but the magnitudes of the velocities, which arerohethe o
of 10° to 10° m/s, whichrepresents an oxygdhux comparable to diffusiofbut which applies
only to the edges of theile; the overall contribution tothe global oxidationrate issmall.
Maximumtemperatures of 8 °C (tr@mbienttemperature is 3 °C) are approached infitse ten
years. As indicated bthe low air flow velocities, theséemperatures areot high enough to
induce a significant convective flow of the gas.

Whenthe air permeability is increased to 4@ from 2.9 x 10° n?, the FIDHELM results show
that convection doasfluencethe oxygen concentrationsithin the pile, especially athe base, as
Figure5-2 shows. Unlessthe I0R ishigh (10" kg[O,)/m?s), however, theffect ofthe higher
permeability ornthe overall oxidationrate ismarginal, as can be seen from Figuse3 and 5-6.
Figures IV-13 to IV-21 of Appendix IV summarize the results for K&,

The fraction of the initial sulphur inventory remainwvgysus time is shown in Figuge3 for three
values oflOR andtwo values of gapermeability. FiguretvV-22 to 1V-24 of Appendix IV show
the total amount of pyritic sulphur oxidized (kg and normalized) and the load (sulphate).
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Figure 5-1: FIDHELM Results - Pile 7/12:  Air Flow Velocities, K=2.9x10m?

Time=10 years
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Figure 5-2: FIDHELM Results - Pile 7/12:  Air Flow Velocities, K=1x10m?,

Time=10 years.
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Figure 5-3: FIDHELM Results - Pile 7/12: Normalized Total Amount of Sulphur
Remaining from Solid Phase versus Time
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5.3.2 Pile 18B

The results of modeling for Pile 18B for 1, 10 and $6arsare shown in Figurely/-25 to 1V-36

of AppendixIV. As for pile 7/12, the rate abxidation occurring in the pile isainly by the
diffusion procesdrom the pile/atmosphenaterface whernthe average parameters were used. As
shown in Figurésb-4, theair flow velocitiesaresimilar to pile7/12. Maximumtemperatures of 6
°C (the ambient temperaturebeing 3 °C) are approached in thirst ten years. These
temperatures are not high enough to induce a significant gas convective flow.

As for pile 7/12, convectiobecomes an important contributor in the gas trangfem a higher
air permeability value of IOn? is used in thesimulation. Figures-5 shows aypical air flow

velocity vectors forthis simulationafter 10 years. Figurel/-37 to IV-45 of Appendix IV

summarize the FIDHELM results for K=Tar?.

The fraction of the initial sulphur inventory remainwvgyrsus time is shown in Figuge6 for three
values oflOR andtwo values of gapermeability. FiguretvV-46 to 1V-48 of Appendix IV show
the total amount of pyritic sulphur oxidized (kg and normalized) and the load (sulphate).
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Figure 5-4: FIDHELM Results - Pile 18B: Air Flow Velocities, K=2.9x10m?,

Time=10 years.
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Figure 5-6: FIDHELM Results - Pile 18B: Normalized Total Amount of Sulphur
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5.3.3 Pile 17

The results of theimulationsfor Fle 17 are shown in Figurel/-49 to IV-54 of Appendix IV.
As in the previousimulationsfor piles7/12 and 18B, oxidation of the pieaterial is confined to
the pile/atmospherénterface andmaximum air flow velocities are consideredoo small for
convection to be @aignificant process in the oxidation of thale (see Figure5-7 below).
Temperatures in thierst 10 yearsare similar tothose observed in tr@mulationsfor piles 7/12
and 18B with maximum temperatures close to 3 °C above ambient being reached.

For Pile 17, less than 1 percent of the t@alitic sulphur inthe pile has oxidized at 1 year,
climbing to about 6 percent after i@ars and reaching7% after 100years. Thenormalized
total amount of sulphur oxidized versus time is shown in Figure 5-8.
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Figure 5-7: FIDHELM Results - Pile 17: Air Flow Velocities, K=2.9x10°m?,
IOR=10%kg[O4]/m?/s.
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Figure 5-8: FIDHELM Results - Pile 18A and Pile 17: Normalized Total Amount of
Sulphur Remaining from Solid Phase versus Time
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5.3.4 Pile 18A

The simulationsfor pile 18A for 1, 10 and 10@earsare shown in FigurdV-55 to IV-60 of
Appendix IV. As in the other simulations, diffusion appears to be the dominant process of oxygen
into the pile. Convectionplays a negligiblerole in transporting oxygen intthe heapwith
maximumgas velocities inthe range of 18to 10° m/s. Maximumtemperatures arenly about
2°C above ambient. Figure 5-9 shows the gas velocities obtained from these simulations.

For pile 18A, less than 1 percent of the tgigtitic sulphur inthe pilehas oxidized at 1 year
climbing to about 4.5 percent at M@ars and to 37 percent Hi0 years. Thaormalized total
amount of sulphur oxidized versus time is shown in Figure 5-8.
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Figure 5-9: FIDHELM Results - Pile 18B: Air Flow Velocities, K=2.9x10m?
IOR=10"°kg[O,]/m?/s.
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5.4 Discussion

5.4.1 General

The FIDHELM simulations ofthe Heath Steelgiles 7/12, 18A, 18B and 17sing average
parameter values have been perforfogda period up to 100 years. Under the assumptions of
the model, the dominambechanism ofransport ofoxygen intothe piles is molecular diffusion.
There is no evidence of gas convectrdmch would significantly increasehe oxygen supply into

the heap, and iturn, increasethe oxidation rates of the heap. Temperatures in the interiors of
each pile danot exceed about 5 °C aboaenbienttemperature in thérst 10 years. The results

of the modeling studies froaverageparameters indicate that convection witt be anmportant
process in the oxidation of tHailes7/12, 18/A, 18/B and 17 on thaetrinsic properties of the
heap under the idealized environmental conditions just stated.

The additionakimulations carriedut for piles7/12 and 18B to study theffect ofthe variability
of the air permeability indicated thgtronounced convectioniWwlikely occur in thepiles in the
zones of higher apermeability. The interpretation of the FIDHELM results fpiles 7/12 and
18B is presented in the following section.

5.4.2 Pile 7/12 and 18B

Forpiles7/12 and 18B, a more rigoroasalysiswas carriecbut onthe results of the FIDHELM
modeling. Following is a summary of the results and conclusions.

The temperature distributiowithin the piles indicatessome internal heating. The size of the
waste rock pile isuch that th@nnualtemperature wave penetrates right into the base of the pile,
so making itharder to separate that portion of the temperature rise dagtoal heating from
that due to insulation.

The oxygen profileshow that oxygen ibeing absorbedwithin the waste roclpile. Thehigh
oxygen concentrations atepth in the northermoe of the pile are consistent withdvective
transport of gas. Theeasured air permeability die ple is large enough to make convective
transport a possibility.

A number of additional simulations have bean for ple 18B using a diffusion coefficierand a
gaspermeabilitytaken fromfield measurements judged appropriate for giis. Thesimulation
times range from one to 100 years.

The temperature and oxygen profiles in these simulations revealed the following:

« A hot spot 1-2 m in size, close to the base of the pile and 5-13 m from the toe of the pile.
+ A maximum temperature in this hot spot of°C5for a 3 year old pile and a 4@ for a 10
year pile.
« 5 m or so away from thispot, towards theentral regions of thpile, temperatures were
no more than 8C at 3 years and IC at 10 years.
« An oxygen gradient dominated by diffusive transport.
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« Very low oxygen concentrations at distances more #iaout 0.5 nfrom the surface in
the very bulk ofthe pile. The exception was a regionthé base of theilp near the toe
where convective transport increased the distance from 0.5 m to about 8 m.

«  Symmetry about the centre line of the pile.

The observed temperature and oxygeofiles are notconsistent with these characteristics. In
particular:

« The lack of a&hot spot but thexistence of an area of elevated temperaturdsediase of
the pile towards the north end of thiée. Thetemperatures in this 'hot' zoaee about 14
°C.

« The centre of the zone is 25 m from the edge rather than 5 - 13 m.

« There is no steep oxygen gradient within the first meter or so of the surface.

« The lack ofsymmetry indicates different mecehismsoccurring in the nortlirom those
occurring in the south end of the pile.

The conclusion is that gasansport forthis pile isnot adequately described by diffusion and
convection with the assumed oxygen-consumption properties of the waste rock material.

A preliminary conclusion is thathe temperature distribution and thelatively high aeration
throughout pile 18B(particularly inthe northerntoe) is consistent with advection driven by
pressure gradients over the paigsing from prevailinghorth-westerly winds. This conclusion
was reached previously by Nolabavis and Associates (Decemid90). FIDHLEM can be
modified to simulate such advectipeocesses provided the pressure distribution ovestttface
of the pile arising from wind-driven effects is known.

It is also possible that the IOR in this set of FIDHELM simulations is much higher thamhibht
applies tothe material in these piles. A lowd®OR would allow greater penetration aixygen
into the pile for thesame diffusion coefficientThe oxygen concentration profile the southern
part of the pile 18B is consistent with a low IOR. The effect of the lower IOR canwdxstigated
using FIDHELM providedthere is somendication as to itslikely value for the material
comprising pile 18B.

The seasonal variation in tloxygen concentrations indicates thia¢ IOR may betemperature
dependent. In its present form, FIDHELd#nulatesthe long-termphysicalproperties in waste
rock piles. There arplans to modifythe program to incorporate short-term (abmdnthly)
temperature dependencies.

Consideration should be given to extracting an IOR frond#ta. Sincethethermal conductivity

of the waste rocknaterial isnow known and dong-time series is availabfer the temperature
profiles, it should be possible extract an IORrom the temperature data (Harriasd Ritchie,

1981). For successful extraction of the I@Rpdquality temperature data is requiredratighly
monthly intervals throughout the year, particularly through the colder parts of the year. Such data
analysisshould includethe temperature-dependence of the IOR if temperature dependence is
going to be included in FIDHELM simulations. The amount of temperature data collected to date
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for pile 18B does nadllow for an accurate evaluation of SR usingthe method presented by
Harries et al. (1981).
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6. GAS TRANSPORT/ACID GENERATION REDUCTION

6.1 Background

Access of air and water to pyritic rock as a result of mining allows oxidation to occur and the
generation of acid mine drainage. The basic chemistry of the oxidation process is described by the
following equation:

FeS + H,O %02 . FeSQ +H,SQ +1440HKmol

At pH levelsabove about 4, the reactionpisrely chemicaand proceeds quitdowly. However,
overtime, the generation adicid causethe pH tofall and the concentration of ferroims also
buildsup. These conditions permit the oxidationgmceed as awo stage processyhich yields

the samenet chencal conversion as above but can proceed muehfaster rate. Thérst stage

is the oxidation of ferrous ions to ferric; this rate of chemical reaction falls quickly with decreasing
pH, butbacterial action athe lower pH can @unteractthis effect and causthe reaction to
proceed quickly, as follows:

|:e2++102 +H" - Fée* +1H20
4 2

At pH below about 2.5, ferric ions ram insolution, and W be available tooxidize pyrite in the
second stage. This chemical reaction proceeds rapidly.

FeS +14Fé +8H O. 15F¢ +2S0 +6H

It appears that the ferric oxidation mechanism is required to explamgheyriteoxidation rates
observed in laboratory experiments. itWrespect to oxidation ratesgithin a pile, a distinction
must be made betwedéme intrinsic rate (the rate afonsumption of oxygen Iiyre material of the
pile under conditionsvhich apply to that material) arttie pile oxidationrate, which is mostly
limited by oxygen supply.The present discussion refersiitrinsic rates. For reasons gst not
fully understood, théntrinsic rates observed in actual wastek piles are ingeneralabout 100
times lower than the laboratory rates. In fact, the ferric oxidatiechanisrmeednot beinvoked
to account for the pile rates. Itagear that a number déctors wil control theintrinsic rate of
oxidation of pyrite in a pile. Almost certainly, detailstb& physicalstate of thepyrite and its
rock matrix has an influence. An oxidatioate per tonne of rock of 6.7x1kg[O,]/tonne per
second igtypical for a ple (with typical bulk density ofl500 kg/m® and sulphurcontent of 2
percent), in comparison with laboratory measured oxidattes of 1.3x1® kg[O,]/tonne per
second (with bacteria) and 2.1XIGtonne persecond(chemical) have been measured (Ritchie
1992).

To examindurther the apparentlyery low pilelOR of 6.7x10° kg[O]/tonne per secontheans
in practice, consider a tonne of wasbek containing 2 percent sulphur (see Tablé& for the
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values measured &teath Steele). The stoichiometric ratiooosdygen to sulphur i.75, so the
pile rateexpressed in terms of sulphur oxidation is approximately 2xg{S]/tonne per second.
The time required for oxidation of the 20 kg sulphur indhkic metre of jte is 5x10° seconds or
160 years.Assume a 10 m high pilith an infiltrationrate of 500 mm peyear. The sulphate
concentration in the watégavingthe bottom of the pile ovehis period can be calculated to be
5700mg/l, more tharien timesgreater than thenaximumrecommended sulphate concentration
in drinking water of 400 mg/I.

For theabove reasoning to be valid, it must keown that the wholeile is reasonablywell
oxygenated. A simple 1-Bbrmula givesthe oxygen penetratiodepth,assuming diffusion is the

only transport mechanism, as follows:
[2DC
d= 0
S

Putting thediffusion coefficientD=3x10° n¥/s, the concentration afxygen inthe atmosphere
C,=0.265kg/m® and an IOR S=1x 1bkg[0,)J/m¥s (equivalent td5.6 x 10° kg[O,])/tonne of

waste rock per second atbalk density of1.8 tonne/nd) yieldsd=12.6 m. Thus, it isafe to

assume that the small Heath Steele piles are well oxygenated.

6.2 Oxidation Mechanisms

The oxidationrate ofpyrite in wasterock piles may becontrolled by thantrinsic rate or by the
supply ofthe necessaryeactantspxygen and wier. Therefore, in principle, there aweo broad
avenues for inhibiting oxidation. The possibilities for reducing the intrinsic rate are as follows:

1. Removal of catalyzing bacteria
Removal ofthe catalyst for the oxidation reaction is offaut forward as a contraitrategy.
However, there are two criticisms of this technique:
First, as already mentioneithe uncatalysed chemicataction rateean besufficiently high to
cause environmental problemsSecond, although surfactantsve been used tmhibit
bacterial activity with some success, tlag effectivefor only for alimited time. Onthese
grounds this technique isiot appropriate aslang term measure, in addition to its probable
rejection on the grounds of the first point.

2. Maintenance of high pH
Another technique that is discussed is the incorporation of quantitiasicdbfconsuming
material such abme during the construction of gile. The idea here is tmaintain a high
pH, supposedly inhibiting bacterial activity and reducing ferric ion concentratiomsggh the
precipitation of ferric salts. Again, this method is basedtlm assumption that the
uncatalysed oxidatiomate isslow enough to benvironmentally acceptable and that the
product reactions are permanently immobilized by the alkali.
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6.3 Techniques to Increase Oxidation Rate

The collection and treatment of leachate is feasible during the counsgind. Therefore, if the
oxidationrate could bancreased enough during this tif@ the waste rock pile to be in an
environmentally acceptablgate at rnme closure, or shortly after, giable managemeraption
would exist. There are two states that could be considered as acceptable:

1) Enough of the sulphide would be oxidized that the rock heap could be considered inactive

2) A layer of oxidized materialould be established, thick enough to redinediffusive oxygen
flux to a level that throttles acid production by the required amount.

In a welloxygenated pilethe pile oxidatiorrate is controlled by the IORNd thetime to oxidize
the whole pile is theame as thatken tocompletely oxidizehe sulphur in oneubic metre of
pile, and is given by:

(= EPs
S
where: t= time
€= Mass of @ consumed per unit mass
ps = Bulk density of pile material
S= I0OR

With € = 1.75, p,, varying between 30 and 15Rg/m’, and S=10 kg[O;J/m?/s, the above
equation gives an oxidation time ahout 160 to 83@ears. If a IOR/alue of 10 kg[O.)/m%s is

used instead, the calculated times range &bout 20 to 8%ears, which can beonsidered to be
limited to localizedareaswithin the pile. These periods would be consideredtéar long for
engineered water treatment. The option of increasing the pile oxidation is therefore not realistic.

6.4 Techniques for Inhibition of Waste Rock Oxidation Rates

Inhibition of the oxidatiorrate throughattempting to reduce thetrinsic rate toenvironmentally
acceptablédevels is impracticabecause there is no practieay toreduce thehemicaloxidation
rate, othethan to attack theatalyst to the reaction. Inliilon is therefore best addressed by the
options for restricting the reagents needed for oxidation, namely water and oxygen.

1. Restriction of water supply
The chemical reaction requiré2 times more oxygen than water. The reactae interms
of water usage is therefore <1Rg[H,O]/tonne per secondssuming anOR value of 10
kg[O2)/m%s. The water required per square metre of a 20gmpile, with bulk density 1.5
tonne/rd, would therefore be 20x1.5x10kg[H.O] per second, or one kg psear,
equivalent to an infiltratiomate of one mm peyear. No practical cover could reduce the
infiltration to this level, so limitation of water is not a feasible way to inhibit oxidation.
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2. Restriction of oxygen supply
In the previousexample, a cubic metre obck contains 30 kg sulphur and requires 53 kg
oxygen for its oxidation. The rock will contain about 0.3 kg oxyg&ssuming goorosity of
0.3, this is only0.5 percent of the required amour®xygen mustherefore be transported
into the heagrom the atmosphergenerally by diffusion. This is a practiegdportunity for
reducing the oxidatiomate. Convectionwhich requireshigh permeabilities to be significant,
is much easier taontrol and thaneanstaken tolimit diffusion will ensure that convection
will not play any significant part in supplying oxygen.

There isonly one practical method for reducingygen diffusion intavaste rock piles, that is to
cover the reactiveock with some material which v reduce the rate diffusion of oxygen.
Three techniques are commonly used to achieve this, namely:

» Isolation: placement otfhe pyritic material so that it isurrounded by non acid-producing
material.

» Compaction: construction of a low porosity layer on top of the pile by compaction

» Capping: covering the pile with one or mdagers of material, at leashe ofwhich has low
diffusivity.

To calculate theeffects of acover, it isnecessary t&now therainfall infiltration rate and the
values ofthe parameters: thicknedsydraulic conductivity porosity, permeabilityfor the cover
layers andhe pilematerial. The calculatiorere thesamefor the three techniquetefined above.
What sort of cover is in place is specified by the parametersfollbing commentsreoffered
on the sort of result thahight be achieved bthe three techniques, before proceeding to more
quantitative analysis.

1. Isolation:
The cover inthis option is formedrom material which is substantialthe same aghe pile
material in allrespects except that itm®t acid-producing.Piles alltend towardghis case as

oxidation depletes the sulphur from the outer layers of the pile material. The trouble with this

option is that the diffusion coefficient that applies to the pile material is genleigiignough
to permit an unacceptably highte ofoxidation to procee@venthough thelayer of inert
waste may be quite thick.

2. Compaction

The deficiency of isolationcan be overcome to \arying extent by compacting th&urface

material to form a denser layer, less permeable to oxygen, anddn Wdne porosity of the
layer can be greatlyeduced by compaction. This reduces thediffusion coefficient

immediately,but alsohas a very important rtiplier effect in thatthe compactioralso

reduces théydraulic conductivity which leads tibe layer having a highanoisture content
for the same infiltrationrate. As the gadiffusivity depends on the gdiled porosity, it is

reduced wherthe pores arélled with water. Theideal is to have a layer at legsirt of

which maintains astate of saturation adll times. The very lowdiffusion coefficient for

oxygen inwater then ensuresvery low diffusion rate into thepile. Layers of300 mm to

1000mm can be compacted at reasonable cost.
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3. Capping:
Clay or otherfine grained soil with a higlwater retentiorcan provide an effectiveover
material if available. Multi-layered covers can be designed to maximize the water retention of
the clay. For instance, covering thelay with soil or rock will reduce water loss through
evapo-transpiration. A coartgyer beneatlthe clay can also assist by reducing ttegpillary
suctionwhich tends to draw moisturgom the clay. In itslimit the coarseayer is called a
capillary breaklayer andwatercanonly leavethe clay whenits base isaturatedCollin and
Rasmuson 1988; Yanful and St-Arnaud 1991, Yanful et al. 1993).

6.5 Composite Soil Cover Effectiveness

In this section, a quantitative evaluation adver systems is made. A multi-layer system is
considered with thdéottom two layers containing oxidizable material atite top two layers

having properties designed to reduce the oxygen flux into the oxidizable material The calculations
assume that gasansport is on@imensional. Calculations using&o dimensional model have
shown that a ondimensional model iV describe gasransportadequately, except close to the
edges of thosgiles where theair permeability is highenough for advective gasansport to

occur.

Variouslayers can be specified with different sulpleontentsgdifferent hydraulicproperties and
densities. Theliffusive properties of eaclayer depends othe dry void porosity ofthe material
and the degree ofater saturation. Théliffusion coefficient D isexpressed as D = AgfDp,
where 0 is thecoefficient of diffusion of oxygen itheair and g is thevolume fraction of air in
the wettedsoil. It is assumed thahe function A(Eg) = AgEg where /Ay is known as the
tortuosity of thematerial. Thisapproachallows the oxygen diffusionrate to becalculated from
the degree of compaction of the layers and infiltration rate.

In the calculations, thanfiltration has beertaken asuniform in time. The validity of this will
depend on theniformity of the annual rainfall,and thetime constants of the drainage. In the
presentsimulations,the behavior ofthe waste roclpiles over tens to hundreds gkars is not
performed in detail for seasonal variation. Taédity of assuming &@onstant rate ahfiltration
would have to bexaminedor eachspecificcase, because it et justifiable insome cases. The
unsaturated hydraulic conductivity is specified by the capillary factorthe expression:

K=K
whereK; is the saturated hydraulic conductivity apds the matric potential in the soil.

The magnitude ofthe diffusive oxygenflux through the covelayer depends othe interaction
between a number d&ctors. Sincethe diffusion coefficient varies witlthe air filled porosity of
the covermaterial, anyfactor that reduces thair filled porosity wil reduce thediffusion
coefficient. SucHactors wll include an increase ithe waterinfiltration rate, a decrease in the
saturatechydraulic conductivity or change the hydraulic propertieswhich increaseéhe degree
of saturation for agiven infiltration rate. The factoramay be non-linear. For example,
compaction of a layer Wdecrease the porosity and tend to decreasdybeaulic conductivity;
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an increase in the thickness of a layer of low hydraulic conductivity will lead to a higher amount of
water in thatlayer, leading to ae&trease in oxygefiux both from the increasedhickness and
from the decreased diffusion coefficient.

The totaloxidationrate in the pilehas been calculated assuming varipraperties of the cover
and sulphur containing layers. The sulphate generated in the oxidation proceasgpatted to
the bottom of the pile by watenfiltrating the pile is also calculated. It @assumed in this
calculation that dissolved sulphate is conserved.

Table6-1 specifiesthe thicknesses athe coverayers andhe layers of pyritic material andther
relevant properties of tHayers. Tablé-2 specifiesthe parameterahich were varied in each of
the cases in order to evaluate the effect of various layer properties. Table 6-2 also cbntfins a
description of the differences between each case and the base case.

It is possible to specifyparameter value$or the “compacted’layer that lead tathe layer
becomingsaturated. As theoefficient of diffusion of oxygen imvater is about four orders of
magnitude lower irwater than in air, #ayer of saturated covematerial only a fewmillimeters
thick is equivalent to amnsaturatedayer manymeters thick. Reducinthe diffusive flux of
oxygen tothe oxidation region bgesigningfor near-saturation covers hbsen investigated by
Collin and Rasmuso(988) and by ¥nful andSt-Arnaud (1991). The approach in the present
work is different in thatthe effect of the cover iscombined with a calculation ahe time
dependence of the oxidation of thraterial within a pile. Alsathe water transport isalculated
on thebasis of Darcy flow. Hydraulic continuityetween thdayers is assumed, arnide cover
layerdoes nobecomesaturatedeven in cases whethke infiltration rate isequal to thesaturated
hydraulic conductivity othe material inthe coverdayer. Theconcept ofcapillary breaklayers is
not invoked in our calculations. Our treatment of the variatiaiffefsivity with water content is
also somewhat different than @@ and Rasmuson. Yanful arfsk-Arnaud used a measured
relationship between diffusivity and water content insteambioBssumed proportionality between
the diffusivity and the aifilled porosity of thematerial, as described above. The oxydi#fusion
coefficient ofthe Heath Steel&ll material used for the covenas been measured amgborted by
Yanful (1993). The measuredalues of diffusivity fall very rapidly asthe water content
approaches saturation.

The totaloxidation rates for the various cases are showfigore 6-1 and the sulphate load is
shown in Figure 6-2. The assumptions used in calculating these loageeafeed inSection 5.1.

In Figure6-2, thebehavior ofthe sulphate load at the base closé=tbneeds some explanation:
in all cases the load isitially zero,rises to a peak and thélls off. The different appearance of
the various cases depends on tthree-scalefor this process compared with the time-step of the
calculation,2.5 years. Likewise, in Figuré-1, thefirst pointsplotted are at the end of tlfiest
time step.

It has been shown that reduction of pollution loads freamste rockpiles byreduction of the IOR
or by restriction of the watanfiltration rate cannot be achieveuactically, takingcostand the
long timescale involved intaccount. On the othé&and, it is practical to reduce tbgygenflux
to oxidation sites withirthe waste rock by constructirgpitablecovers, and by so doing, to
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reduce theoverall oxidationrate in the waste rockiles to levelswhere acceptable rates of
pollution generation occur. Compaction ofager reduces itdiffusion coefficientboth by the
reduction in porosity and by the reductiorainfilled porosity due to the increaseater content
for a given infiltration rate. A reduction by about a factor of 50 in fbag term sulphate
concentration can be achieved with practical cover thickness. The reduction dufirg théo
10 years after pile construction is more than two orders of magnitude.

An analysis othe effectiveness ofhe cover at ife 7/12 was carriedut using a one-dimensional
numerical model with oxidation processes similar to FIDHELM. The geometry utiseimodel

is similar tothe one used for the seepag®lysis(see Section 4.4.3). The results shewn in
Figure6-3 fortime= 10 years. The Figure shows ttite coverhas a higldegree of saturation;
the overall oxidationrate can be estimated frotie Figure and corresponds to a reduction by
about 16 compared with the no cover case. Thus, the results indicate that the cffentige

in reducing the gas transport to the waste rock pile.

Table 6-1:  Specification of Layered System

Sat. hydr. Bulk Volume [Sulphur
Layer Material Depth of layer conductivity density |fraction of| density
Ks a Ps solid Prs
(m) (m/d) (m-1)| (kg/m?) & |(kg/md)
1 Soll 0.3 1.0 2.0 1500 0.7 0
2 Compacted materia] 0.0-0.3-1.0 | 0.001-0.1 1.0-2.0 2000 0.7-0.9 0
3 Low sulphur materia 5 1.0 2.0 1500 0.6 10
4 High sulphur material 15 1.0 2.0 1500-2000 0.6 70
Table 6-2:  Specification of Cases and Comments on Results
Case Description Layer 2 parameters | Infiltr.
Depth| Kg a & Comment
(m) | (m/day) (m-1 (m/day)
1 |Base Case 0.3 0.001 1/0 09 0.001
2 |No 0 - - - 0.001 | Theoxygen flux through thecover layer 4
compacted layer enhanced compared with Case 1. €Th
oxidation rateand SQ load areabout X
larger than in Case 1.
3 [Thick 1 0.001 1.0{ 0.9] 0.001 Considerable quantities of water are held i
compacted layer the compacted layer, thereby reducitige Q
flux. Oxidation rates argeduced by - 10
conpared with Case 1.
4 |Low 0.3 0.001 1.0/ 0.9 0.0005 The oxidation raed SQ load are almds
infiltration rate double that in Case 1, as the air-fillgorosiy
of the compacted layer is almost doubled.
5 |Lightly 0.3 0.01 1.0/ 0.9] 0.001 The 10x increase ycBmpared with Case 1
compacted layer leads to lower water contenfThe Oxidatim
rate is increased by about 2x.
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Figure 6-1:  Sulphur Oxidation Rate for 5 Cover Options
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Figure 6-2: Sulphate Load Leaving the Base of the Pile Carried by Water
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HEAPCOQV Results, Pile 7/12 with Cover, Time=10 years
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7. CONCLUSIONS & RECOMMENDATIONS

The objectives of the project were to develop an understanasimgy both thenumerical model
FIDHELM and field data, of the processes governing the pyrite oxidedtes inacidwaste rock
piles atHeath Steele and, tquantify those processes and evaluate ¢ffectiveness of the
compositesoil cover foracidwaste rockmanagement. FIDHELM was shown to be a uskefol
to assess the various gas transport mechanisms in pyritic waste rock piles.

The following conclusions can be reached from the project:

1. Measurements of théulk physical parameters for aimpermeability, oxygen diffusion
coefficient and thermal conductivitywere carriedout successfully in pilel8B. Measured
oxygen diffusion coefficientsanged from 2.1x1d to 3.6x10 nf/s with an average of
(3.0+0.5)x1¢ n¥/s; measured ggsermeabilityranged from 1.6x1¢ to 1.7x10° n? with a
mean value oR.9x10° n? and measured thermal conductivity ranged frbi® to 1.25
W/m/K with a average value of 1.2 W/m/K.

2. The measured values tife bulk physicalparameters were found to l@thin the range
measured in fountherpiles ofwaste rock at thredifferent mne sites and in climates ranging
from tropical to arctic.

3. Numerical simulations usif§DHELM and the average measunetues of oxygen diffusion
coefficient and gapermeability indicated thagas transport wasominated by diffusion.
While convectivetransport was apparergpecificgas dischargeates were low andid not
contribute significantly to the oxidation rate within the pile.

A feature of thessimulationswere oxygen concentration profileshich decreasedteadily
from the surface of the pile into th@le. This is consistent with profiles measured in the
southern part of pile 18B.

4. Using the highest value of the measured gas permeability and ami@Ry from 1G to 10’
kg[O2/m%s, FIDHELM results showed pronounced convection. In these cases, for both
piles 7/12 and 18Bpxygen profiles at points up to almdse complete width of theile
increased towards the bottom of thike. FIDHELM results indicate that detailstime oxygen
profile can be explained lire heterogeneity of thel@with respect to both ggsermeability
and IOR.
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5. The mdeling of pile7/12 with thesoil cover and thdield data indicate that the composite
soil cover placed on pile 7/12 is affective way toreduce thengress of oxygen to acid
generating wasteck. The temperatures measured in fiel and the results obtaindbm
the model show a decreadellowing cover installation, indicating a lowlevel of the
exothermic reaction of the oxidation process. dht collected to datieeom coveredpile
7/12 is consistent with the simulations.

6. Itis clear that oxidationccurred in bottpiles 7/12 (prior to coveemplacement othe pile)
and 18B, and that the oxidation rates weraintained byboth diffusion and advection of
oxygen intothe piles from their external surfaces.While piles 18B and 7/12 aresmall
compared to waste rogkles at many minsites around the world, arvhile the balance of
gas transponinechanisms ithese largepiles may balifferent fromthose at work in the two
piles atHeath Steele, it is also clear that the cosgstem has been effective in reducing
oxygen ingress and, with this, in reducing the oxidation rate.

The following recommendations are made as a results of the work:

1. Since it is possible that advection driven by wind effectangehanisnoccurring in 18B and
in other piles, a program of wohould beset up toquantify this effect and to compare
measured values with a FIDHELM modified to accept space/time varying surface pressure.

2. Monitoring of temperatures, oxygen concentrations, draiflagerates anddrainagewater
quality should be continuddr an extended period guantify the long termeffect of a cover
system on oxidatiotevelsand pore waterchemistry. It is important in thisespect that the
chemical analysis includes major ions as welirasemetals to ensure a sound understanding
of the chental processes. It is also important that monitoring of temperatures>xagen
concentration be done at leasonthly for an extended period (2-3&rs) to ensure enough
data for a quantitativanalysis ofthese variablesThis will provide better understanding of
mechanisms and may allow any temperature dependence of the IOR to be estimated.

3. Monitoring on 18B andimulations using-IDHELM should be used to assess the importance
of pile inhomogeneity on the overall pollutant load from a pile.

4. The IOR and the sulpheontent of the waste rodkom Heath Steele should be estimated
using laboratory testing.
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TABLE II-1

HEATH STEELE MINES

28
Station Port Depth 91/01/18 91/04/11 91/05/22 91/06/19 91/07/19 91/08/21 92/03/17 92/04/22 92/05/26 92/06/29 92/07/14 92/08/17
(m)

1 1 1.40 20.50 20.00 21.00 19.00 15.50 20.50 6.80 0.60 0.60 0.50 0.46 0.80
2 0.50 20.50 20.00 21.00 18.50 15.00 20.00 6.70 0.30 0.50 0.30 0.40 0.90
3 0.40 20.50 20.80 21.00 18.20 15.00 19.50 11.50 1.60 0.60 2.50 0.32 1.20

2 1 3.90 20.50 19.50 19.50 11.00 9.00 11.50 NA NA 1.90 0.50 0.29 0.22
2 2.40 NA 15.50 18.50 13.50 10.00 9.40 NA NA 1.60 1.10 0.39 0.60
3 1.90 NA 14.50 17.00 17.50 14.00 9.60 NA 0.80 1.40 0.80 0.31 0.60
4 1.40 17.50 15.50 18.50 20.30 12.00 13.50 NA 0.80 1.50 0.85 0.27 1.50
5 0.90 NA 16.50 20.50 20.80 18.50 13.50 NA 1.10 1.30 0.72 0.29 0.20
6 0.40 18.00 18.00 20.50 20.80 20.00 12.00 NA 0.80 1.20 0.50 0.21 0.45

3 1 4.10 NA 18.00 19.00 11.80 9.50 13.00 3.10 0.30 1.20 0.60 0.60 0.45
2 2.90 NA NA 19.00 10.00 13.20 NA NA NA NA NA NA NA
3 2.40 NA 18.00 19.00 8.10 6.70 11.50 7.00 0.60 1.10 0.80 0.47 NA
4 1.90 NA 15.50 18.50 11.00 5.00 8.20 4.20 0.60 1.00 0.85 0.42 0.32
5 1.40 NA 16.50 18.00 16.50 13.00 9.50 2.10 1.00 0.90 0.50 0.27 0.20
6 0.90 NA 18.00 19.00 19.20 15.00 12.50 1.90 1.70 0.80 0.40 0.25 0.14
7 0.40 NA 18.00 20.90 20.20 20.50 14.50 NA NA NA NA NA NA

4 1 4.30 NA NA 20.50 20.20 NA NA NA NA NA NA NA NA
2 2.80 NA 19.00 19.00 14.00 11.50 15.00 2.00 0.60 0.90 0.20 0.35 0.15
3 2.30 NA 19.00 17.50 13.00 10.50 14.50 NA 0.20 0.80 0.30 0.10 0.24
4 1.80 NA 19.00 19.00 13.50 10.50 14.50 1.90 4.40 0.70 0.05 0.09 0.15
5 1.30 NA 19.00 18.00 13.50 10.50 13.50 2.20 4.80 0.70 0.10 0.29 0.13
6 0.80 NA 18.50 18.00 13.00 10.00 12.50 NA 4.80 0.80 2.50 0.36 0.21
7 0.30 NA 19.00 20.00 15.50 NA 12.50 NA 3.30 0.80 2.35 0.21 0.13

5 1 3.70 NA 20.00 18.50 16.00 12.00 16.00 NA NA NA NA NA NA
2 2.30 NA 20.50 18.50 17.00 12.50 18.00 NA 1.00 0.90 0.50 0.29 0.07
3 1.70 NA 20.50 20.00 19.50 NA NA NA NA NA NA NA NA
4 1.20 NA 19.00 17.50 18.50 10.50 15.50 NA NA NA 6.80 5.21 0.58
5 0.70 NA 19.00 19.50 19.00 11.00 16.00 NA 9.00 0.80 4.10 1.20 2.94
6 0.20 NA 18.50 20.50 19.00 12.50 17.50 NA 8.10 1.40 13.00 1.61 13.25

6 1 2.10 20.80 NA 18.50 18.00 19.00 20.50 NA NA 0.70 0.05 0.12 0.15
2 0.60 20.80 NA 18.00 17.50 18.00 20.50 NA NA 0.70 0.05 0.41 0.21
3 0.10 20.80 NA 18.00 17.50 16.00 19.00 NA 5.40 0.50 0.05 0.13 0.18
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TABLE II-1

HEATH STEELE MINES

Station Port Depth 92/08/26 92/10/14 92/11/03 93/03/19 93/04/24 93/05/21 93/07/13 93/09/10 93/10/01 93/10/26 93/11/29 93/12/22
(m)

1 1 1.40 0.17 0.15 0.19 NA 0.35 0.41 0.13 0.10 0.10 0.40 0.20 0.10
2 0.50 0.07 0.15 0.11 NA 0.28 0.28 0.13 0.10 0.10 0.80 0.40 0.20
3 0.40 0.12 0.12 0.11 NA NA NA NA NA NA NA NA 0.30

2 1 3.90 0.28 0.35 0.33 0.40 0.23 0.13 0.11 0.00 0.20 0.40 1.00 0.20
2 2.40 0.26 0.30 0.26 0.20 0.25 0.08 0.08 0.00 0.10 0.40 0.60 0.20
3 1.90 0.20 0.27 0.21 0.10 0.14 0.07 0.11 0.00 0.80 0.60 0.20 0.20
4 1.40 0.16 0.23 0.18 0.15 0.18 0.06 0.10 0.00 0.10 0.30 0.20 0.30
5 0.90 0.13 0.20 0.18 0.10 0.17 0.06 0.10 0.00 0.10 0.30 0.30 0.20
6 0.40 0.11 0.16 0.14 0.07 0.14 0.07 0.09 0.00 0.00 0.30 0.20 0.20

3 1 4.10 0.20 0.18 0.11 0.20 0.14 0.02 0.10 0.50 0.20 0.50 0.20 0.20
2 2.90 NA NA NA NA NA NA NA NA NA NA NA NA
3 2.40 0.14 0.29 0.11 0.35 0.11 0.02 0.06 0.00 0.10 0.70 0.20 0.20
4 1.90 0.13 0.32 0.20 0.20 0.09 0.02 0.06 0.00 0.00 0.60 0.30 0.30
5 1.40 0.12 0.35 0.15 0.10 0.08 0.01 0.06 0.00 0.10 0.40 0.20 0.20
6 0.90 0.11 0.28 0.11 0.08 0.08 0.01 0.04 0.00 0.10 0.20 0.20 0.30
7 0.40 NA NA NA NA NA NA NA NA NA NA NA NA

4 1 4.30 NA NA NA NA NA NA NA NA NA NA NA NA
2 2.80 0.12 0.15 0.08 0.25 0.08 0.07 0.10 0.00 0.20 0.50 0.20 0.30
3 2.30 0.10 0.12 0.08 0.10 0.08 0.04 0.06 0.00 0.20 0.40 0.20 0.20
4 1.80 0.09 0.15 0.07 NA 0.07 0.02 0.06 0.00 0.20 0.50 0.20 0.20
5 1.30 0.09 0.14 0.06 NA 0.07 0.02 0.21 NA 0.20 0.60 0.20 0.30
6 0.80 1.70 0.09 0.06 NA 3.23 0.15 2.88 0.00 0.30 6.10 0.20 0.30
7 0.30 1.34 0.11 0.04 NA 3.22 0.09 1.43 0.00 0.40 6.30 0.20 0.30

5 1 3.70 NA NA NA NA NA NA NA NA NA NA NA NA
2 2.30 0.06 0.10 0.07 NA 0.09 0.03 0.06 0.00 0.10 0.50 0.20 0.20
3 1.70 NA NA NA NA NA NA NA NA NA NA NA NA
4 1.20 0.54 0.32 0.08 NA 0.19 0.18 2.34 0.00 0.70 1.60 7.20 2.30
5 0.70 3.19 0.10 0.22 NA 3.59 1.36 6.99 0.00 4.10 7.60 14.00 8.60
6 0.20 12.66 0.12 0.80 NA 8.65 4.81 17.76 0.00 11.70 12.90 19.70 18.20

6 1 2.10 0.12 0.10 0.06 NA 0.07 0.04 0.06 0.00 0.10 0.40 0.20 0.30
2 0.60 0.13 0.12 0.04 NA 0.05 0.01 0.04 0.00 0.10 0.30 0.20 0.40
3 0.10 0.19 0.12 0.04 NA 0.05 0.01 0.04 0.00 0.10 0.20 1.80 0.50
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TABLE II-1
Station Port Depth 93/02/18 94/03/30 94/05/03
(m)
1 1 1.40 0.20 0.50 0.60
2 0.50 0.20 0.30 0.20
3 0.40 NA NA NA
2 1 3.90 NA NA 0.50
2 2.40 0.20 NA 0.30
3 1.90 NA NA 0.40
4 1.40 0.20 0.20 0.30
5 0.90 0.20 NA 0.30
6 0.40 0.20 NA 0.40
3 1 4.10 0.50 NA 0.80
2 2.90 NA NA NA
3 2.40 0.30 NA 0.60
4 1.90 0.30 NA 0.80
5 1.40 NA NA NA
6 0.90 NA NA NA
7 0.40 NA NA NA
4 1 4.30 NA NA NA
2 2.80 0.30 NA 0.30
3 2.30 0.20 0.20 0.30
4 1.80 0.20 0.20 0.90
5 1.30 0.20 NA 0.60
6 0.80 0.20 0.20 0.50
7 0.30 0.10 0.20 0.50
5 1 3.70 0.50 NA NA
2 2.30 0.30 0.20 0.50
3 1.70 NA NA NA
4 1.20 0.20 0.10 0.60
5 0.70 1.20 0.10 0.40
6 0.20 5.10 0.20 0.40
6 1 2.10 0.20 0.20 1.10
2 0.60 0.20 0.30 0.80
3 0.10 0.20 NA 0.60
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TABLE II-2 S HEATH STEELE MINES
31.00
Station Port depth 91/04/11 91/05/22 91/06/19 91/07/19 91/08/21 91/10/22 92/03/17 92/04/22 92/05/26 92/06/29 92/07/15 92/08/17
(m)
1 1 3.20 NA 21.00 NA 20.80 NA NA 21.00 NA NA NA NA NA
2 2.60 20.00 19.50 20.00 NA 20.00 21.80 NA NA 20.00 20.20 19.59 20.50
3 2.00 20.00 19.50 20.20 20.00 20.00 21.80 17.50 NA 18.00 20.20 19.29 20.50
4 1.40 20.00 19.50 11.00 20.00 20.00 21.80 NA NA 19.20 20.30 19.22 20.20
5 0.80 NA 20.00 11.00 20.00 20.00 21.80 NA NA 19.00 20.50 19.28 20.20
6 0.20 20.50 20.00 NA 20.50 20.00 21.80 16.50 NA 19.00 20.80 20.50 20.80
2 1 4.60 19.50 18.50 19.50 16.00 17.50 20.00 NA NA 20.00 16.20 15.96 15.20
2 4.00 19.50 18.50 19.00 14.50 17.00 10.00 NA NA 20.00 16.00 15.26 16.10
3 3.40 19.00 19.00 19.50 11.50 16.50 20.00 NA NA 20.00 14.80 13.91 13.80
4 2.70 19.00 19.00 19.50 10.50 17.00 20.00 NA NA 20.00 14.00 15.54 14.40
5 2.10 19.00 19.00 17.00 7.00 17.00 20.00 NA NA 20.00 13.00 13.10 12.80
6 1.50 19.00 18.50 13.50 4.70 17.00 20.00 NA NA 20.00 12.00 12.48 11.40
7 0.90 15.00 17.50 13.00 11.50 16.50 19.50 NA NA 20.00 16.50 14.39 18.00
3 1 4.60 NA 17.50 20.20 17.50 18.00 20.00 NA NA NA 17.50 15.68 15.70
2 4.00 20.00 17.50 20.00 16.00 16.50 20.00 NA NA 20.50 17.10 14.14 14.70
3 3.40 19.50 17.50 20.00 14.00 15.50 20.00 NA NA 20.50 16.00 12.21 13.70
4 2.70 19.00 18.00 15.50 10.50 14.00 19.50 NA NA 20.50 15.50 11.34 12.90
5 2.10 18.00 17.50 8.40 3.80 13.00 19.00 NA NA 19.50 13.50 9.59 11.50
6 1.50 18.50 16.50 6.80 1.40 10.50 18.50 NA NA 18.50 8.60 6.96 6.80
7 0.90 17.50 14.00 10.00 3.30 8.60 17.00 NA NA 17.00 5.10 4.20 4.70
4 1 4.60 18.00 14.50 11.50 11.20 12.00 14.00 NA 20.00 18.50 11.60 9.09 9.90
2 4.00 18.00 14.00 11.20 8.80 10.50 14.00 NA 20.00 18.00 10.40 7.29 7.90
3 3.40 19.00 13.50 10.00 6.00 8.80 14.00 NA 19.50 17.50 8.10 5.91 9.60
4 2.70 19.00 11.00 8.60 4.30 7.10 14.50 NA 20.00 15.50 6.00 5.17 4.60
5 2.10 18.00 7.50 6.20 2.00 4.30 13.50 NA 19.50 14.50 3.90 2.78 4.50
6 1.50 13.50 5.00 3.00 0.70 0.15 8.80 NA 19.00 11.50 0.50 0.93 3.00
7 0.60 11.50 NA 3.00 1.40 0.10 6.50 17.50 18.00 8.10 0.08 0.20 5.20
5 1 3.70 15.00 8.50 2.80 3.80 NA 6.50 9.80 NA 6.00 2.90 1.24 1.50
2 3.10 7.20 7.50 4.40 4.00 5.20 4.90 6.00 19.50 8.80 5.00 3.68 3.80
3 2.50 7.80 9.00 5.50 4.50 5.80 6.10 8.20 19.50 10.50 4.60 4.12 7.20
4 1.90 8.00 11.50 9.20 21.50 8.10 9.70 12.50 19.50 12.50 6.00 6.64 6.10
5 1.20 11.50 14.00 14.50 7.00 9.80 12.50 8.50 19.50 14.50 6.90 6.59 7.20
6 0.60 11.50 16.00 17.50 6.80 8.20 12.50 7.40 19.50 13.50 5.80 5.38 6.00
7 0.10 20.00 NA 21.00 21.70 20.50 21.80 20.00 NA 20.80 20.80 NA NA
6 1 4.30 NA NA 18.00 20.00 9.60 NA 20.00 NA NA NA 3.51 4.70
2 3.70 6.00 NA 12.50 9.30 9.60 5.20 18.50 21.80 12.50 5.10 7.41 6.50
3 3.00 5.30 NA 13.50 7.10 4.70 1.50 NA 21.80 15.50 5.50 4.23 7.00
4 2.40 13.50 NA 13.00 7.20 8.60 NA 19.00 21.80 13.50 5.00 4.78 9.50
5 1.80 20.80 NA 14.00 7.00 NA 21.80 20.00 21.80 14.50 8.40 6.65 10.30
6 1.20 NA NA 16.00 10.50 11.50 21.80 19.00 21.80 16.00 13.70 11.64 11.30
7 0.60 14.50 NA 14.50 7.30 12.00 17.50 15.00 21.80 NA 11.90 12.24 11.00
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TABLE II-2 S HEATH STEELE MINES
Station Port depth 92/09/29 92/10/19 92/11/03 93/03/19 93/04/24 93/05/21 93/07/13 93/09/10 93/10/01 93/10/26 93/11/29 93/12/22
(m)
1 1 3.20 NA NA NA NA NA NA NA NA NA NA NA NA
2 2.60 20.48 20.35 20.33 17.50 20.50 19.20 19.49 19.50 20.80 20.50 21.40 20.30
3 2.00 20.63 20.46 20.35 17.80 20.50 19.70 19.54 19.70 20.80 20.30 21.40 20.30
4 1.40 20.75 20.46 20.45 17.80 20.55 19.60 19.54 19.70 20.80 20.60 21.30 20.40
5 0.80 20.81 20.28 20.51 NA 20.60 19.80 19.56 19.60 20.80 20.60 21.40 20.50
6 0.20 20.81 20.68 20.61 NA 20.80 20.60 20.80 20.80 21.50 20.70 21.60 NA
2 1 4.60 19.21 19.69 19.95 17.40 20.00 19.30 17.86 18.20 19.60 19.70 21.60 19.60
2 4.00 19.06 19.55 19.86 17.50 20.40 19.41 16.97 17.90 19.70 19.60 20.70 19.60
3 3.40 18.73 19.31 19.78 17.00 20.40 19.35 16.11 NA 20.10 19.90 20.90 19.70
4 2.70 18.66 19.92 19.93 17.00 20.50 19.31 16.93 19.80 20.30 18.50 20.80 19.90
5 2.10 18.39 20.09 19.91 15.90 20.65 19.12 15.58 17.70 20.10 18.60 20.60 19.90
6 1.50 17.68 19.91 19.78 13.70 20.80 18.93 13.21 17.00 20.00 19.40 20.40 19.70
7 0.90 18.88 19.27 19.61 10.00 20.80 18.12 10.45 15.90 19.30 19.60 20.10 19.00
3 1 4.60 19.91 19.88 20.29 16.90 20.40 19.87 16.65 18.00 16.80 18.00 18.30 19.10
2 4.00 19.61 19.86 20.16 17.20 20.40 19.77 17.05 17.20 15.70 17.20 18.70 19.10
3 3.40 19.53 19.79 20.18 17.20 20.40 19.65 16.75 15.40 16.00 15.40 18.90 19.30
4 2.70 19.28 19.58 19.95 15.60 20.25 19.28 15.66 14.00 15.80 14.00 18.00 19.50
5 2.10 19.23 19.23 19.55 10.60 19.95 18.09 12.32 13.30 15.20 13.30 18.40 19.20
6 1.50 18.46 18.98 19.01 5.20 19.25 16.09 6.98 10.30 15.80 10.30 17.90 NA
7 0.90 17.04 17.67 18.37 NA 19.00 14.65 3.58 7.70 16.30 7.70 15.80 18.80
4 1 4.60 17.97 16.07 16.33 11.40 18.70 16.86 10.16 9.80 12.90 9.80 17.40 18.30
2 4.00 17.85 15.44 17.08 12.60 19.15 17.42 9.38 8.50 12.70 8.50 17.50 18.50
3 3.40 17.71 14.74 17.68 13.60 19.70 16.76 7.63 6.90 12.40 6.90 17.40 18.90
4 2.70 17.55 12.26 16.89 14.80 19.75 14.74 5.79 5.30 11.50 5.30 17.10 18.90
5 2.10 16.75 10.21 15.22 NA 19.10 12.42 3.40 3.40 9.70 3.40 16.20 NA
6 1.50 15.62 6.35 12.32 9.70 16.60 8.58 0.46 0.70 4.80 0.70 14.80 19.10
7 0.60 15.28 3.74 11.18 5.40 15.35 5.22 0.04 0.50 1.20 0.50 13.40 NA
5 1 3.70 16.63 2.98 1.46 1.80 7.80 6.62 1.62 2.40 3.00 2.40 2.50 2.70
2 3.10 17.38 4.89 4.23 NA 9.90 7.87 4.01 4.60 6.30 4.60 5.30 5.00
3 2.50 17.51 7.92 6.62 6.70 10.30 8.77 4.80 5.30 7.90 5.30 9.00 7.80
4 1.90 17.94 12.42 10.79 8.20 11.45 10.35 6.55 7.30 11.30 7.30 12.40 10.70
5 1.20 18.29 14.59 13.61 7.60 12.70 11.30 7.16 8.10 14.20 8.10 13.80 11.50
6 0.60 18.02 14.31 13.82 NA 12.75 10.98 4.62 7.10 14.10 7.10 13.10 10.80
7 0.10 NA NA NA NA NA NA NA NA NA NA NA NA
6 1 4.30 18.43 5.16 3.91 NA 9.60 9.73 4.91 1.70 4.50 1.70 4.40 2.80
2 3.70 18.49 6.04 4.26 NA 9.75 9.85 5.35 1.80 5.00 1.80 8.00 3.10
3 3.00 18.43 6.51 8.11 18.10 10.90 10.82 5.32 3.00 8.90 3.00 14.90 5.90
4 2.40 19.13 10.78 16.03 16.90 11.50 11.77 5.07 6.30 12.80 6.30 17.50 15.10
5 1.80 19.39 13.60 15.85 NA 15.80 NA 5.81 6.20 12.70 6.20 17.50 14.90
6 1.20 19.66 15.75 16.67 NA 17.30 14.18 7.76 8.00 15.10 8.00 17.90 14.70
7 0.60 20.05 16.70 18.17 NA NA 14.23 7.08 9.10 17.80 9.10 18.20 14.60
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TABLE II-2 )
Station Port depth 93/10/01 93/11/29 93/12/22 94/02/18 94/03/30 94/05/03
(m)

1 1 3.20 NA NA NA NA NA NA
2 2.60 20.80 21.40 20.30 18.70 12.20 20.40
3 2.00 20.80 21.40 20.30 18.70 12.10 20.20
4 1.40 20.80 21.30 20.40 18.80 12.40 20.00
5 0.80 20.80 21.40 20.50 18.90 12.00 19.80
6 0.20 21.50 21.60 NA NA NA 19.70

2 1 4.60 19.60 20.60 19.60 18.10 NA 17.30
2 4.00 19.70 20.70 19.60 18.50 NA 19.30
3 3.40 20.10 20.90 19.70 19.00 NA 19.90
4 2.70 20.30 20.80 19.90 18.80 NA 20.20
5 2.10 20.10 20.60 19.90 NA NA 20.00
6 1.50 20.00 20.40 19.70 17.30 NA 19.70
7 0.90 19.30 20.10 19.00 NA NA NA

3 1 4.60 16.80 18.30 19.10 15.40 NA 16.80
2 4.00 15.70 18.70 19.10 15.70 NA 17.00
3 3.40 16.00 18.90 19.30 NA NA 17.30
4 2.70 15.80 18.00 19.50 NA NA 17.20
5 2.10 15.20 18.40 19.20 NA NA 16.90
6 1.50 15.80 17.90 NA NA NA 16.70
7 0.90 16.30 15.80 18.80 NA 2.30 17.30

4 1 4.60 12.90 17.40 18.30 15.30 11.30 16.70
2 4.00 12.70 17.50 18.50 15.10 11.60 16.50
3 3.40 12.40 17.40 18.90 14.80 12.10 16.40
4 2.70 11.50 17.10 18.90 NA NA 16.30
5 2.10 9.70 16.20 NA NA 11.00 15.90
6 1.50 4.80 14.80 19.10 14.00 6.80 13.90
7 0.60 1.20 13.40 NA 13.70 4.00 13.00

5 1 3.70 3.00 2.50 2.70 2.00 0.60 3.70
2 3.10 6.30 5.30 5.00 5.60 1.40 6.10
3 2.50 7.90 9.00 7.80 9.40 2.00 7.80
4 1.90 11.30 12.40 10.70 11.90 2.60 10.90
5 1.20 14.20 13.80 11.50 11.20 2.70 12.70
6 0.60 14.10 13.10 10.80 NA NA 14.10
7 0.10 NA NA NA NA NA NA

6 1 4.30 4.50 4.40 2.80 16.20 12.70 NA
2 3.70 5.00 8.00 3.10 17.40 12.20 9.00
3 3.00 8.90 14.90 5.90 18.80 13.30 9.60
4 2.40 12.80 17.50 15.10 18.90 15.20 10.10
5 1.80 12.70 17.50 14.90 18.90 15.20 13.10
6 1.20 15.10 17.90 14.70 18.40 9.40 17.10
7 0.60 17.80 18.20 14.60 17.40 5.30 19.20
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TABLE II-3 ——— HEATH STEELE MINES
21.0
Station Port DEPTH DEPTH 91/01/18 91/04/11 91/05/22 91/06/19 91/07/17 91/08/21 91/10/22 92/03/17 92/04/22 92/05/26 92/07/14
(m) (m)
1 Surface 0 0 NA NA 24.3 30.2 40.7 17.3 NA NA 5.0 12.2 NA
Black NA NA NA NA NA NA 19.3 23.2 14.6 3.3 4.3 2.1 7.5
Blue 0.1 0.1 -0.7 1.8 14.2 18.4 NA 17.7 11.9 -0.2 2.1 5.7 10.8
Red 14 14 6.3 4.8 8.6 13.5 NA NA NA NA NA NA NA
2 Surface 0 0 NA NA 33.1 32.0 39.4 15.7 NA NA 5.5 14.1 NA
Black 0.3 0.3 4.4 5.1 14.6 19.2 23.3 15.3 15.5 4.4 4.8 4.5 9.7
Blue 0.9 0.9 13.8 9.1 13.5 17.5 9.3 22.8 17.3 6.4 6.5 4.2 8.9
Red 3.9 3.9 22.9 16.9 12.9 13.7 16.2 21.3 19.0 11.9 11.5 6.8 NA
3 Surface 0 0 NA NA 23.2 32.0 37.1 17.1 NA NA 4.8 14.1 NA
Black 0.4 0.4 4.4 4.9 16.3 21.8 24.3 16.9 14.1 4.4 4.8 4.8 10.8
Blue 14 14 13.8 NA 13.5 17.1 12.5 24.0 17.4 8.0 7.5 4.4 NA
Red 4.1 4.1 22.9 17.6 12.3 12.6 15.2 18.6 18.3 13.1 12.0 7.7 7.5
4 Surface 0 0 NA NA 22.7 39.0 40.1 17.2 NA NA 4.7 17.2 NA
Black 0.3 0.3 3.0 4.9 17.5 244 26.7 17.5 14.2 3.5 3.6 6.5 NA
Blue 1.3 1.3 17.6 12.9 14.2 17.6 22.7 255 18.3 7.1 6.7 5.3 NA
Red 4.3 4.3 23.1 17.7 13.5 13.7 16.4 20.6 19.8 12.4 12.1 8.3 NA
5 Surface 0 0 6.5 NA 24.7 35.0 47.0 15.6 NA NA 3.8 16.8 NA
Black 0.2 0.2 3.3 5.0 16.6 23.8 27.7 17.7 14.1 4.5 NA 9.3 13.8
Blue 0.7 0.7 9.0 8.5 15.7 20.9 27.2 244 16.2 5.9 5.5 7.7 13.1
Red 3.7 3.7 23.5 17.6 15.6 16.8 20.7 26.1 21.2 12.3 10.0 7.6 8.6
6 Surface 0 0 NA NA 21.8 36.0 44.7 17.7 NA NA 3.5 14.4 NA
Black NA NA NA NA NA NA NA NA NA NA NA NA NA
Blue 0.4 0.4 6.3 5.9 15.2 20.8 26.1 21.7 16.5 NA 6.2 6.5 11.4
Red 2 2 11.1 10.3 13.5 17.6 22.1 24.8 18.1 NA 7.8 6.3 9.7
7 Surface 0 0 NA NA NA 42.0 45.5 17.2 NA 4.4 4.4 NA
Black 0.7 0.7 17.3 12.1 NA 18.0 23.1 25.6 16.7 6.5 6.5 6.5 8.4
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TABLE II-3 I
Station Port DEPTH 92/08/17 92/09/29 92/11/03 93/03/19 93/04/24 93/05/21 93/07/13 93/09/10 93/10/01
(m)
1 Surface 0 26.7 13.8 NA NA NA NA NA 15.3 10.1
Black NA 9.2 11.4 NA NA NA NA 7.8 12.3 9.4
Blue 0.1 13.6 13.4 5.8 NA NA NA 13.9 15.3 NA
Red 1.4 NA NA 10.9 NA NA NA NA NA NA
2 Surface 0 24.2 14.0 NA NA NA NA NA 15.3 10.1
Black 0.3 12.1 13.3 6.1 NA NA NA 10.1 13.7 10.7
Blue 0.9 11.1 12.8 8.9 NA NA NA 8.5 12.4 11.5
Red 3.9 8.1 9.8 16.0 NA NA NA 4.2 8.1 7.5
3 Surface 0 NA 14.0 NA NA NA NA NA 15.3 10.1
Black 0.4 12.7 12.8 12.3 NA NA NA 10.7 14.2 11.4
Blue 1.4 NA NA 16.8 NA NA NA NA NA NA
Red 4.1 8.0 8.6 16.0 NA NA NA 5.1 7.7 8.6
4 Surface 0 NA 14.0 NA NA NA NA NA NA NA
Black 0.3 NA NA 1.1 NA NA NA NA NA NA
Blue 1.3 NA NA 9.5 NA NA NA NA NA NA
Red 4.3 NA NA 14.9 NA NA NA NA NA NA
5 Surface 0 NA 13.9 NA NA NA NA NA 15.3 10.1
Black 0.2 15.5 14.9 5.1 NA NA NA 14.7 16.2 13.2
Blue 0.7 14.8 14.9 8.9 NA NA NA 12.8 15.9 13.3
Red 3.7 9.2 11.0 14.2 NA NA NA 6.5 9.9 9.8
6 Surface 0 NA 13.8 NA NA NA NA NA 15.3 10.1
Black NA NA NA 7.3 NA NA NA NA NA NA
Blue 0.4 12.8 13.4 10.9 NA NA NA 11.1 20.4 12.8
Red 2 10.7 11.8 12.4 NA NA NA 8.1 12.0 10.7
7 Surface 0 NA 13.6 NA NA NA NA NA 15.3 NA
Black 0.7 10.5 12.4 NA NA NA NA 7.5 11.9 10.2
APPENDIX I 20f2

HEATH STEELE MINES

28-1264-046.1



Report List

TABLE II-5 ol S
Station Port Depth 93/11/29 93/12/22 93/02/18 94/03/30 94/05/03
(m)
1 1 1.40 9.98 9.32 10.80 8.49 8.32
2 0.50 10.16 9.48 10.78 8.32 8.29
3 0.40 9.42 8.96 NA NA NA
2 1 3.90 11.00 10.50 NA NA 9.38
2 2.40 9.69 9.36 12.19 NA 9.27
3 1.90 8.49 8.18 NA NA 8.77
4 1.40 7.60 7.40 9.62 8.31 8.20
5 0.90 7.41 7.14 9.53 NA 8.08
6 0.40 6.86 6.76 9.05 NA 7.85
3 1 4.10 10.89 10.55 11.72 NA 9.45
2 2.90 NA NA NA NA NA
3 2.40 9.65 9.62 11.66 NA 9.33
4 1.90 8.08 7.98 10.65 NA 8.55
5 1.40 7.48 7.42 NA NA NA
6 0.90 7.12 7.12 0.57 NA 8.14
7 0.40 NA NA NA NA NA
4 1 4.30 NA NA NA NA NA
2 2.80 9.70 9.84 11.05 NA 9.29
3 2.30 9.12 9.34 10.93 9.00 9.27
4 1.80 8.56 8.53 10.18 8.90 8.80
5 1.30 8.28 8.13 9.85 NA 8.56
6 0.80 6.64 6.61 8.69 7.98 8.06
7 0.30 6.42 6.44 8.44 7.84 7.96
5 1 3.70 NA 10.38 10.81 NA NA
2 2.30 9.29 9.37 10.74 9.29 9.28
3 1.70 NA NA NA NA NA
4 1.20 6.33 7.91 9.78 8.97 8.91
5 0.70 4.41 6.56 8.77 8.32 8.42
6 0.20 0.92 3.41 7.72 8.09 8.04
6 1 2.10 10.40 10.05 10.45 9.26 9.24
2 0.60 10.09 9.94 10.61 9.23 9.26
3 0.10 8.79 9.14 10.24 NA 8.99
APPENDIX I 1of1
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TABLE II-6
Station Port depth 93/11/29 93/12/22 94/03/30 94/05/03
(m)
1 1 3.20 NA NA NA NA
2 2.60 0.33 0.30 0.94 0.17
3 2.00 0.27 0.19 0.86 0.14
4 1.40 0.27 0.14 0.85 0.13
5 0.80 0.29 0.13 0.86 0.13
6 0.20 0.18 NA NA -0.02
2 1 4.60 0.27 0.39 NA 0.68
2 4.00 0.25 0.35 NA 0.64
3 3.40 0.12 0.17 NA 0.16
4 2.70 0.11 0.13 NA 0.12
5 2.10 0.11 0.12 NA 0.14
6 1.50 0.11 0.13 NA 0.16
7 0.90 0.12 0.13 NA NA
3 1 4.60 0.52 0.31 NA 0.39
2 4.00 0.44 0.29 NA 0.37
3 3.40 0.43 0.25 NA 0.31
4 2.70 0.48 0.23 NA 0.30
5 2.10 0.44 0.23 NA 0.32
6 1.50 0.43 NA NA 0.26
7 0.90 0.43 0.22 0.71 0.19
4 1 4.60 0.64 0.43 0.62 0.37
2 4.00 0.58 0.37 0.59 0.39
3 3.40 0.57 0.33 0.56 0.42
4 2.70 0.57 0.32 NA 0.43
5 2.10 0.57 NA 0.84 0.44
6 1.50 0.47 0.28 0.71 0.45
7 0.60 0.44 NA 1.02 0.48
5 1 3.70 2.58 2.65 5.43 1.83
2 3.10 2.37 2.30 3.73 1.54
3 2.50 1.70 1.62 1.83 1.33
4 1.90 1.20 1.04 1.22 111
5 1.20 0.91 0.75 0.90 0.88
6 0.60 0.80 0.70 NA 0.76
7 0.10 NA NA NA NA
6 1 4.30 4.90 4.80 3.41 NA
2 3.70 4.22 4.67 3.14 2.85
3 3.00 1.80 3.04 2.68 2.60
4 2.40 1.32 1.23 1.39 2.39
5 1.80 131 1.32 1.35 1.95
6 1.20 1.01 1.30 1.17 0.89
7 0.60 0.59 0.71 0.82 0.32
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ABSTRACT

FIDHELM is a finite difference heap leaching model involving 2 space dimensions. It models
the air and water flow through a porous heap comprising of oxidizable material. It models
oxygen transport and depletion, heat transport, production and reactant depletion in the solid
phase. Included is the transport of a single conservative chemical in the aqueous phase. The
chemical is a product of the oxidation of the solid reactant.
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1. INTRODUCTION

The leaching of metals such as copper, nickel, zinc and uranium from some ores depends on the
conversion (oxidation) of largely insoluble metal sulphides to the much more soluble sulphates.
The process is usually carried out in large heaps of sulphidic material through which water is
passed. The water dissolves the metal sulphates and passes out through the base of the heap
where it is processed to remove the metal of economic interest. The process is one of
concentration and is generally applied to low grade ores where conventional hydrometallurgical
and pyrometallurgical techniques are uneconomic. Crucial to the solubilisation process is
bacterially catalyzed oxidation of iron pyrite or other iron containing pyrite [1,2].

There have been a number of studies on oxidant transport and oxidation of pyritic material within
particles [3-6] and a number of models flowing from these studies. These models largely attempt
to predict oxidation of entire heaps based on the reaction kinetics within individual particles with
little or no consideration of the macroscopic transport mechanisms. In an industrial heap, which
may measure tens to hundreds of meters in height, oxygen will initially enter the heap from the
atmosphere/heap interface by the process of molecular diffusion. At this time, the oxidation
reaction is confined to the surface layers of the heap. The heat released from the pyritic reaction
will cause small changes in the air density within the heap. This in turn will induce a convective air
current within the heap and in so doing increase the rate of atmospheric oxygen transport into the
heap and permit oxidation throughout the heap.

Davis and Ritchie [7-9] considered the case where transport was a two stage process, diffusion
through the pore space of the dump followed by diffusion into reaction sites within particles
comprising the dump. This model is applicable to columns and thin heaps where convection is
negligible. Cathles [10] considered a similar case but assumed convection through the dump to be
the only macroscopic transport process. FIDHELM attempts to combine air convection and
diffusion since it is likely that the initial period (or starting up period) preceding the onset of
convection is sufficiently long to warrant the inclusion of the two macroscopic transport
mechanisms.

FIDHELM models the heaps as a three phase system consisting of a rigid solid porous phase
through which flows a gas and water phase. The following 2 sections describe the problem to be
solved by FIDHELM and the numerical strategy used (see also references [15,16]).
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2. MATHEMATICAL FORMULATION

Consider a heap comprised of pyritic ore lying on a relatively impermeable and insulating ground
surface. This lower impermeable surface is denotdthgnd the sides and upper surface, which
represent the heap/atmosphere interface, is denotegl Mye assume symmetry about the

vertical boundary 3 (see Figure 1). The mathematical description that follows is based on the

macroscopic equations which describe multicomponent flows through porous media which are
derived in Nguyen et al. [11]. The heap system involves the 3 phases, gas, water and solid. The
mass balance of each of these phases is expressed as

aaLt“-yD.(pa\_/“):o-“ a=g,ws (2.1)

where the sub/superscriptg,w,s denote gas, water and solid phase, respectively. Fer@n N
gas phase with Odepletion and ignoring any other gas products resulting from reactions in other
phase®’=-€S. The intrinsic densitp® is related to the bulk density , by the relationship

a

P, =€, P 0=g,w,s (2.2)

We assume the solid phase to be rigid,vses 0, and the movement of the water and gas phases
through this rigid porous structure to be described by Darcy’s Law

€

<

a

- —%(Dp“ +p° g_ez) O=g,w (2.3)

a

The gas pressuré,ps taken relative to the atmospheric pressure at ground level (z=0). The
temperature on the entire atmosphere/heap interface is assumed to be constant at the ambient
atmospheric temperature. The gas density within the dump will remain close to its atmospheric
ground level value but will deviate from it due to heat released from reactions. We assume that
the temperature T is in local thermodynamic equilibrium with all phases and introduce the
relationship

p9=p[1-B(T-T)+v (@' -wf)]  v= (2.4)

W

We consider only the oxygen species in the gas phase and astthe mass fraction of the
oxygen in the gas phase. We have

%(pgwg)+mo(pg\_/gwg— pgDDwg):—eS(wg,wS, 1) (2.5)



Figure 1: Two-dimentsional vertical crossection of a heap in planar or cylindrical
coordinates as modeled by FIDHELM.
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Herew® is the mass fraction of the reactant (sulphur) in the solid phase. The diffusion coefficient
D can be expressed as

D=A(e,)D, (2.6)

whereD, is the diffusion coefficient of oxygen in air am(eg) is a tortuosity factor which is a
function of the gas porosity,. The simplest relationship that appears in the literature is given by
(see page 271 of 17)

N=Ngg, (2.7)
where/\ ; is some empirical constant.

The depletion of solid reactant is expressed as

%(psws): —S(oog,oos, T) (2.8)

Since we are assuming that the temperature T is in local thermodynamic equilibrium with all
phases the heat equation for all phases combined becomes

épuca%[+u2pucuy’ mMT-0+(00T)=5%w%w®, T (2.9)
In the above we must have

de, =1 (2.10)
The water and air intrinsic pressures within the porous medium are related by

p(en)=p* - p" (2.11)

where p°(sw) IS the capillary pressure which is a function of the water volume fraction
€

e

The following simplifications are made. It is assumed that the base of the heap is at water
saturation and the heap is under unsaturated water conditions. The variation in air pressure is

assumed negligible in equation (2.11), p€.= —p°(sw) and the following semi-empirical
formulae are used (14)
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-tp° U

0 2.12
Ok (2.12)

e, =(l-g )k, =(1-¢ )exp

Under steady water infiltration at the upper heap surfa€g, ofs* and immediate saturated
water drainage at the base z=0 the water pressure profile is given by

W 0 1-e™ L
P =1|n[QWpW(—W)+e'TZD (2.13)
p'g T " Kp“g O

The parameter has the units of lengthand its inverse gives a measure of the height of the

capillary fringe above the water saturation interface. It is observed in the field that the capillary
fringe is typically small relative to the height of the heapg.€.decays rapidly with height. It is

then reasonable to make the approximation that the water volume fraction along the entire vertical
heap profile is effectively uniform and given by

o= (1-¢ )Ekwﬂa (2.14)

(obtained by takingz large in (2.13)). Given now that the water and air volume fractions are
constant in the heap, equations (2.1)-(2.4) can now be combined to obtain the gas pressure
equation under the Boussinesq approximation

oT 0wl ey,
0%p? = pg gEF Y E KK S (2.15)

g

where due to scaling consideration it is convenient to solve for the gas pressure pertpfbation
instead ofp®. They are related by

p°(x t)= p*(x 9

Let n be the mass of a waterborne conservative chemical produced per mass of solid reactant
oxidized. Then under the above simplifications for the water transport the mass balance of the
chemical is given by

o~ Pg gz+ P x } (2.16)

aww+ Vwaww
o P 5y

P, =nS eV =-Q, (2.17)

where we have ignored diffusion and dispersion.

The boundary conditions are
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nG°=0 n Mw®=0 n MT=0 on r (i=1,3)

(2.18)
pF =0 w? = w, T=T.

amb

w" =0 on r,

wheren. is the unit normal vector of). The first boundary condition in (2.18) is expressed in
terms of pf by using (2.3).

There are three quantities that are of special interest to the monitoring of the progress of the
oxidation of the heap. The first quantity is the global oxidation (GO), i.e. the total amount of
solid reactant remaining at a given time. Formally the GO is defined as

YoYo
I pw°dxdy (kgm') planar
00
(2.19)

OOoOooodo

Yo Yo
rf[  pwidxdy (kgm') cylindrical
00

The global oxidation rate (GOR) is just the rate of global oxidation and is defined by

GOR:%GO (2.20)

The load is a measure of the amount of drainage of the aqueous phase chemical produced by the
oxidation of the solid reactant being flushed out of the base at any given time. The load is defined
here as

o

v¥p,w" dxdy ( kgm') planar

oY <

LOAD = (2.21)

=

v¥p,w" xdx (kgm') cylindrical

I
<

o
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3. PARTICLE OXIDATION MODEL

Earlier models employ the shrinking core model [7-10];

1
32[;285& (T) p%0®(pw®)?
S(w,w, T)= 0 0 (3.2)
P/ —(psws)sg
where
D‘ Tamb < T < Tsick
a (T) - % O(T) Tsick < T < TkiII (32)

Herea, (T) is some smooth function which decreases monotonically to zero for
T < T< T, and ensures that(T) has sufficient smoothness for all T. Aldo, is the diffusion

sick

coefficient of oxygen into particlesn(s™); y is a proportionality constant encompassing both
Henry's law and gas law (approx. 0.03) and a is the particle radius (approx. 0.001 - 0.05 m).

As has already been mentioned in the introduction, microorganisms play a crucial part in stepping
up the oxidation rate of pyrite present in the particles. For simplicity we have included a
temperature ceiling of,,, >0 at which the microorganisms cease to be effective as catalysts for

the oxidation of pyrite. We note that in reality the temperature dependence is more complicated
and that there are a range of microorganisms which come into play at different temperatures [1,2].
Detailed data on temperature dependence is not available but it seems important to include the
point that microbial activity will cease in heaps at temperatures approakhingn additional
parametefl,, is introduced to define a temperature above which the microorganism catalytic
activity diminishes.

It is important to note that the source term S describing the mass rate of depletion of solid
reactant makes sense only in some volume/mass average sense over a representative elementary
volume (REV) over which all the other model variables are defined. The shrinjing core model
(3.1), and other similar models, represent a description of the reaction kinetics at the pore particle
level. Unfortunately, expressions representing microscopic reaction kinetics such as the shrinking
core model do not translate linearly under the volume/mass average operation. Hence their
inclusion into the macroscopic balance equations suffers from an inconsistency since one
represents microscopic processes and the other macroscopic (REV) processes.

It appears more appropriate to seek a more empirically based formula for a description of the

intrinsic oxidation rate. To this end we may make a slight generalization over the shrinking core
model (3.1) by writing

S(w?,w*, )= ppa(T) Rw®,w>0) (3.3)
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wherea (T) is given by (3.2). Herg = (01,02,...,0n) are n parameters which may be determined

empirically or may involve the other physical parameters given above. The variable S is reffered to
as the intrinsic oxidation rate (IOR) of the material and in the form (3.3) defines the rate of solid
reactant depletion in some average sense over some representative elementary volume (REV).
Note that this REV should be the same as that over which all other variables are defined in the
same averaged sense.

In the current version of FIDHELM there are 6 possible intrinsic oxidation models to choose
from. The general form can be written:

R®?,w%0)=0,U"(w%0, V¥ (w3%0,)1=12 k=123 (3.4)
The functiondJ ™ andv™ are given by

[e0? 1=1
(1 =
Ut = w?® (35)

Eiosﬂ,og) 1=2
gos k=1

V“‘]—D w* k=2

_W (3.6)

%xdospsoos] -1 k=3
For 1=k=1 we have
Rw?,w%0)=0,0%° (3.7)

which involves only one user supplied parameterThe parametes; may be estimated
empirically.

One could use a value of such that (3.7) best fits the shrinking core (3.1). The solutiof
(2.6) witho and T held constant af=0.22 and T=T., using (3.1) and (3.3)-(3.4) are very
similar if we use the approximation formula

€
0, = 9.02183’# (3.8)
ga p,



To obtain a solution to (2.6) under the shrinking core model (3.1) weﬂ:;ig: 0.9999p, / p,)

to avoid the singularity at t=0. The reasoning behind the approximation (3.7) - (3.8) is omitted
here.
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4. NONDIMENSIONAL FORMULATION

In the oxygen equation (2.5) we ignore the terBllp, Mw?*. The equations (2.5), (2.8), (2.9),

(2.15) and (2.17) are first transformed into nondimensional form by introducing the
nondimensional variables (barred quantities)

— p— - —_ 9 —s s — W w
)(:i y:l '[:l wg :00—g w :(JL)—s ()] :w—w (4.1)
Xo Yo t Wy, W, Wy,
o Sgl.ngO v 89”‘9
V=90, vy=— 99y (4.2)
Kk, P0Y,d " Kkgpiga
Tel Tl o P =P 4.3)
T _Tamb Po 9Yo & Po
where
s _ Py w_ NS
S=pfpoUiVY @i er=0n (4.9
[do? 1=1
uld =5 4.5
o =4 1= o (4.5)
Ldo? k=1
V[k] = 0 4.

and the nondimensional constaptsagiven below. Equations (2.5), (2.8), (2.9),(2.15) and (2.17)
then become

2o a7 oy ®ay —,,5=0 (4.7)
0 w? _ 0w - dw? 0%0°  020°  ——g —s
31 +a,8; i 3 x +a,Vy aa, 6? -a, 6? :—aSS(oog,oo , 1 (4.8)
oT ~ 0T o oT 0°T  0°T —g——g—s
;’*’azae\/xa_;('*'(aap Vy_aio)a_y_aza7ﬁ_a7a?_asp Sw,w,T) (4.9
dE —g—=,—9g —s
qr - %P Sw ,w ) (4.10)

10
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00" 0w —g——g—
-~ = T 411
e X CRCR (4.11)

The nondimennsional intrinsic gas dengity and the nondimensional horizontal and vertical gas
specific discharges are given by

p'=1-a,T+a," -1 (4.12)
- __0p p .
Vy = 3% Vy = H— oy -T+ a13(oo 1)H (4.13)

The nondimensional source te@ris given by

S°0’ N=a(MU' ", 3,)V'©", 2. &) (4.14)
where

—— O 0<T<a,

G(T)_%TO(T_) \ <Tel (4.15)
4o? 1=1

(1 =9 _ —q

UM’ a,) = _ (4.16)
Ha14+w) 1=2

|:| Dgirj
~
I
=

I
N

w k
V@ a5, 8, = E(—j (4.17)
+w
Bsx;{aieoo ] -1
The nondimensional boundary conditions obtained from (2.16)-(2.17) are
dw? oT

—— =0 —=0 on r 4,18
0 X 0X s ( )

‘o.»
ol
I
o

(o3}
x|

11
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o

on M (4.19)

(S3)
< |

on P (4.20)

The nondimensional constantsag ...,a; are expressed in terms of the constant parameters

through

Cx, O
=B (Ta ~Tw) @ = B}TH

%" pgfztti)é’
"=

Qo

12

K g e A Dt
231 kg Po Ot a, = g o2 blo (4.21)
HgyO8 g yO
a, Kk, (pd)*ag t, Kt S
S e T R S )
PsCsH Yo Yo P<Co( T = Tamp)
Qw pWCWtO Tsick _Tamb pc?o
- — _Sick —amb =1-— 4,23
PsCsYo ' TkiII _Tamb %o p(? ( )
o 030 _
w—; a, = ;r a,, =0 4P, (4.24)
€
f"’“g % (4.25)
PoKk g
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5. OUTLINE OF NUMERICAL SCHEME

The system of equations (4.7) - (4.11) are highly coupled and of a mixed type. The gas pressure
equation (4.7) is of the elliptic type whereas the oxygen transport equation (4.8) and the heat
equation (4.9) are parabolic but take on hyperbolic properties as convection becomes dominant. A
decoupling finite difference scheme is used by first solving, at each time step, the oxygen transport
equation (4.8), the heat equation (4.9) and the solid reactant depletion equation (4.10). The
updated temperatures are then used in the finite difference approximation of (4.7) to obtain the
gas pressures.

For the sake of the outline presented here the numerical solution of (4.7)-(4.11) will be discussed
in the context of a planar geometry x = (x,y) (y being the vertical coordinate) with a uniform grid
system of intervaldx andAy (the bars indicating nondimensional quantities will be omitted in this
section). The modification to cylindrical coordinates should then be straightforward. The
incorporation of the boundary conditions into the finite difference systems presented will not be
explicitly described since the details are cumbersome to write down but straight forward to
implement.

Departing for the moment from the nomenclature of the previous sections the oxygen transport
equation (4.8) and the heat equation (4.9) take the form of the convection-diffusion equation

%'*‘\_/DDU— DOu='S (5.1)

where u stands fapn? or T. The convection coefficients v and the diffusion coefficient D are
different for the oxygen transport and heat equations and we have linearised the diffusion term,
although this is not an essential part of the scheme to be described.

The convection is decoupled from diffusion by rewriting (5.1) in its Lagrangian form [13]

%’:szuz S (5.2)

where the substantial derivative d/dt indicates the time rate of change along the characteristic
curves associated with pure advection. These advection flow paths are defined by

dx

—=V 5.3

(o] (5:3)
Let x; = ()g, xj) denote the position of the space grid point on a prescribed fixed grid system of
intervals\x andAy. The origin of a fluid particles = (x; '1,_y|';_1) at the previous timg"™
reaching the grid point; at timet" is obtained from discretization of (5.3) through

13
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Z(.'.H—x - YAt =2

]

V-V (5.4)

where\_EQ are the velocities at the grid points at timet" extrapolated from the velocities at the
grid pointsx; from the previous two timesteps (the formulapis modified in FIDHELM for

variable timestep sizes). It is noticed that the origins of fluid parli«gl'éat timet"™ are found
by tracking particles backward in time from each grid pgjnat time t . An implicit finite
difference scheme for (3.2) can now be written in the form

u =ai?_l+Al{[DD2L]:; + $} (5.5)

whereﬂi';_ls(gi?_l, "), § = E’(Q_;f, t, P) and[DDzu];.1 denotes some spatial discretion of the
diffusion term centered at the poit at timet". The finite difference equations resulting from
(5.5) are solved by iteration to a given convergence criteria.

Since the pointszg';'l will generally lie off the prescribed fixed grid points some interpolation

scheme must be employed to obtain the valuﬁ_(l)from the known grid point values of u at

the time . One of the reasons for choosing the single step method (5.5) over other multistep
schemes is that the computationally costly operation of interpolation is only performed once at
each timestep.

The progressive stages of the computations in FIDHELM can be summarized as follows. Given
the grid point values ab?,w®,v® and T at time"t" the discretized convection-diffusion equations
for o’ and T given in the form (5.4)-(5.5) described above are iterated to convergence to obtain
the grid point values aff and T at the new timestép The solid reactant mass fracti@his
obtained by using, in the same iteration procedure, a backward in time difference approximation
of equation (4.10) (here the integration occurs along the fixed paths in (x,y,t) space).
Within the same time step the new temperatures and oxygen mass fractions are then employed in
the finite difference approximation of the air pressure equation (4.7) given by
Pl t L —20) N Pliat A =20 _
AX? Ay? -
Tla-Tho B [wg]i,j—l —[wg]i’j_l
20y B 20y

+3,,S (5.6)

wherepj = p{'(x, t"), etc. Having obtained the air pressures at the new tiosing (5.6), the

new air velocities are obtained from a finite difference approximation of (4.13) and the entire
procedure repeated.

14
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7. DESCRIPTION OF COMPUTER PROGRAM

The program solves a 2 dimensional problem in either cylindrical or Cartesian coordinates. The
geometry of the case problem is chosen by the input parameter IOEO (=1 planar; =2 cylindrical).
In cylindrical coordinates the heap takes the shape of a truncated cone. In both cases the heap is
symmetric, bounded on the left hand side by an axis of symmetry (see Figure 1). The right hand
side of the heap is inclined at an angl® oddians to the base of the heap (user supplied
parameter).

7.1 Parameter Identification in Pogram

Upon output FIDHELM gives the numerical values of the constar{gaal) - (4.25). Also
shown in the output are the parameter constants stored in anqairdy.b ,39. These are
defined in the following table:

Table 1: Parameters stored in the array b
Index i Parameter Definition Typical
of by Values
1 o timescale (s) 2.629xf0 | user input
2 Xo radius or half width of heap (m) 20 - 100 user ingut
3 Yo height of heap (m) 1-25 user inpyt
4 Tamb average ambient temperatut€) 0- 30 user input
5 o’ intrinsic air density (kg i) 1.2 user input
6 g acceleration due to gravity (m)s 9.8 user input
7 K intrinsic permeability (rf) 10" - 10" | user input
8 Hg viscosity of gas phase (kg &) 1.9x10° user input
9 B thermal coefficient of volume expansion of gas phash (K 3.47xI0° user input
10 £ solid volume fraction 0.6-0.8 user inpyt
11 D, bulk oxygen diffusion coefficient in gas phase€§m) 2.26x10° | user input
12 o, intrinsic oxidation model parameter (see definition (3.4)) user input
13 (o] intrinsic oxidation model parameter (see definition (3.4)) user input
14 O3 intrinsic oxidation model parameter (see definition (3.4)) user input
15 Ps bulk density of solid phase (kg. /) 1500 user input
16 G specific heat of solid phase "' K™) 866 user input
17 G specific heat of gas phaseX(st K™ 1060 user input
18 K thermal diffusivity (nf s%) 5x10’ user input
19 > heat of oxidation per mass of reactant oxidised ¢ kg | 2.2x10 user input
20 wg mass fraction of oxygen in air 0.22 user inppt
21 € mass of oxygen used per mass of reactant used in oxygeh746 user input
reaction
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Table 1 Parameters stored in the array p(continued)
Index i Parameter Definition Typical
of b Values
22 pr bulk density of reactant (kg 15-100 user input|
23 Qu water infiltration rate (m$ 1.5x10° user input
24 Hy viscosity of water (kg ms™) 0.001 user input
25 p" intrinsic density of water (kg 1) 1000 user input
26 Gu specific heat of water (fs” K™ 4.184x16 | user input
27 No a tortuosity factor 1.67 user inpd
28 (!)JO intrinsic density of oxygen depleted air (kg’m 1.16 user input
29 n mass of aqueous phase chemical produced per mass of 3 (for SQ) | user input
solid reactant used in oxidation reaction
30 Tyin temperature at which microorganisms cease to be effeqti¢@- 100 user input
as catalysts (°C)
31 Tsick temperature at which catalytic activity of microorganisms30 - 60 user input
begins to diminish (°C)
32 Ew N evaluated
€ :(1_8 )[QWHWS in
w s %prg M program
33 & €,=1-¢e,-¢, evaluated
in
program
34 ke _ _ 3 evaluated
9 Ky —[sg/(l es)] -
program
35 wy w_ NSk evaluated
W, = c oV in
wP program
36 S S, = plp.o, U([)l] \é[k] ienvaluated
program
37 Vo evaluated
V.= (Kkrg p(? gal) in
yo program
€ 9 p’ 9
38 Vo Vio Yo evaluated
x0 = in
%o program
39 [ P, = PSAY,a evaluated
in
program
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7.2 Program Structure:

The computer program FIDHELM consists of a MAIN program and 14 subroutines.
SUBROUTINE TSTEP

This routine checks that the timestep size is such that any origin of a convective flow path

reaching a grid point in a timestep does not deviate spatially too far from that grid point. If this
occurs the timestep size is reduced.

SUBROUTINE SOLVE

This subroutine iterates till convergence the backward time difference equations for oxygen, heat
and reactant depletion equations.

SUBROUTINE CONC

Computes the transport and production of the aqueous phase conservative chemical produce from
the oxidation of the solid reactant.

SUBROUTINE SOURCE
Computes the intrinsic oxidation rate.
SUBROUTINE INTP

Interpolation routine to obtain temperatures and oxygen mass fractions at intersections of
convective flow paths and the previous time slice.

SUBROUTINE MTXB

Having computed the new oxygen mass fractions and temperatures at the currérthérae t
pressures are computed iteratively. The subroutine MTXB computes the right hand side B of the
linear system Ap=B, where p is the vector containing the nodal values of the air pressures.
SUBROUTINE MTXA

The subroutine MTXA computes the matrix A of the linear system Ap=B, where p is the vector

containing the nodal values of the air pressures. Under the Bousinesq approximation the elements
of A are independent of the air pressures and need only be computed once.
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SUBROUTINE ITRTE

Given the elements of A and B computed in MTXA and MTXB the linear system Ap=B is solved
using an SOR iterative procedure.

SUBROUTINE VEL

Given the updated air pressures the new air velocities are computed using a finite difference
approximation of the first order spatial derivatives of the air pressures.

SUBROUTINE GOX

At each nondimensional time incremenwﬁﬁlﬂt (parameter input) the amount of unoxidised solid
reactant remaining in the heap is evaluated.

SUBROUTINE GOR

At each nondimensional time incremenwﬁﬁlﬂt (parameter input) the reactant oxidation rate is
evaluated.

SUBROUTINE LOAD

At each nondimensional time incremenwﬁﬁlﬂt (parameter input) the load is evaluated.
SUBROUTINE ERROR

This subroutine prints out an error code number and halts the computations if certain conditions
are violated.

SUBROUTINE OUTP
This subroutine prints out the parameter data and the solution at the final timestep.
RELAX

This subroutine computes an optimum relaxation parameter for the SOR method used in
subroutine ITRTE.
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8. DATA INPUT GUIDE

A separate data file named “HEAPIN” must contain the following parameters in the given order
and free format (real numbers exceptiiMXP, INIT, IGEO, ITMX, and IATD which are
integers).

User supplied input data file “HEAPIN”

The input data file HEAPIN has the following form.

Table 2: Input data file HEAPIN in tabular form

to Xo Yo Tamb pg
g K Hg B &s
Dy O2 01 O3 Ps
Cs Cq K o) w3
€ Pr Qu Hw p"
Cw No Pao n T
Taick = = = =
tend 0 €o &p gt
i) i - - -
INIT IGEO n -- --
ITMX ITMXP IATD IOR1 IOR2

The following table defines the quantities appearing in HEAPIN that are not defined in Table 1.
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Table 3: Parameters appearing in HEAPIN

Input Definition Typical values
parametel
tend Nondimensional simulation time required {)s/t 0.1-20
0 side slope angle of heap (radians) 0<0<T2
€0 relative error teston backward time iteration °100*
& maximum allowable relative error in convergence test 4g° - 10*
gas pressures
Olgt see below 0.1-10
dit nondimensional time increment between evaluations pH.0- tng
GO, GOR and Load
dit nondimensional time increment between outputs of | 0.0- tng
variables (oxygen, temperature, etc.)
INIT restart parameter =first run
=2 restart
IGEO parameter defining geometry of heap pHnar
=2 cylindrical
Ny number of mesh points along radius must be greater tha
ITMX maximum iterations on backward time iteration 100 - 5000
ITMXP maximum number of iterations on gas pressures 100 - 5000
IATD screen message = 0 off
=1on
IOR1 Intrinsic oxidation model =1in (3.5a)
IOR2 Intrinsic oxidation model =k in (3.5b)
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8.1 Further Dtails of Iput Prameters:

The timescaleytis used by the program to find some suitable scaling factor with which to
nondimensionalise the equations (typically of the order of 3.15536 x40 year). The
parameterctqis the nondimensional time required by the simulation (i.e. the dimensional
simulation time isgteng. The user may set INIT=2 to restart where the previous run ended.
Otherwise INIT=1 (initial run).

For a restart (INIT=2) all other data may remain as for the initial run exceptqehich is
changed to the next time horizon. The irrigation ratesn important parameter in the model.
Step changes inat restarts may be accompanied by adjustmertig, @b, €, ITMX, ITMXP.
All other parameters must remain as for the initial run.

FIDHELM uses a backward time difference scheme to solve the reactant depletion equation
coupled with the ordinary differential equations that result from the spatial discretization of the
heat and oxygen convection-diffusion equations. To maintain second order accuracy in the finite

difference scheme the nondimensional timestep size is Attar max{Ai2 ,AS/Z} ,whereo;

is a user input parameter (usually=1). In the course of a simulation the timestep size may be
reduced if the convective flow paths traced back from each grid point deviates too far from that
grid point.

The parameter,ns the number of mesh points on the base radius of the heap. The program
constructs automatically the number of vertical mesh points such that the right hand side boundary
nodes lie on the sloping side boundary of the heap. The slope of the sides is fixed at anBangle of
radians to the base. In order to fix this geometry the program reevaluates the closest yaue of y
order that this geometry condition is satisfied. If the value of the a&wuypacceptably different

from that in the input data then the user needs to refine the mesh system by inserting a larger
value of n.

The integer parameter ITMXP is the maximum allowable iterations in each timestep executed on
the air pressure equation. The iterations are terminated when the maximum relatigie error
between the solutions from any two consecutive iterations is attained. The air pressures are
iterated separately from the other equations.

8.2 Error Messages

The program may halt at any time during the computations if certain conditions are violated.
When this happens the output data will contain the message

ERROR TYPE =n

where n is an integer 1-6.
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n=1: means that the height of the heap is too high for the given radius. Since a cone (or triangle in
the planar case) is the limiting geometry the requirementdgxs - Ax) tarf, for sides at a slope

of @ radians to the base. However, the program requires a horizontal upper boundary of at least 2
mesh points so that y< (X, - AX) tarB. The shape of a cone (triangle), if required, can be
approached by using a smalfex.

n=2: the infiltration rate Q exceeds the infiltration capacity of the porous matrix of the heap. The
general rule is Q< (Kp“g)/tw..

n=3: The iteration for the air pressure equation has failed to converge after ITMXP iterations.
n=4: less than 2 mesh points in the vertical. Incregse n
n=5: The iterations in SOLVE have failed to converge after ITMX iterations.

n=6: Q, < 0 (must have Q> 0)
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9. OUTPUT FILES

During the execution FIDHELM creates 2 ASCII data files:
HEAPOUT
Outputs;

(2) final spatial grid point values of oxygen density in the air density in the air phase; reactant
density; temperature; air pressure; horizontal and vertical air specific discharges

(2) time dependent GO; GOR; timestep size in computations; number of iterations used in
backward time difference scheme to satisfy convergence test

(3) parameters related to the physical problem and parameters associated with the computations.
HEARPRST

This file contains numerical data used when the restart option is activated (INIT=2) and for use by
graphics software. The details of the required read statements are:

OPEN(UNIT=12,FILE='HEARPRST’)

READ(12,100)n,,n), n,, n,
READ(12,100) ((1),1=1, R)
READ(12,200) (b, 1=1, )
READ(12,200) (a, 1=1, n)
READ(12,200) & , 1=1, R)
READ(12,200)(y,.1=1,n7)
55 READ(12,100)IREAD
if(IREAD.eq.1)then

READ(12,200)t,dt
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READ(12,200)(w’ (X1, Y, 1), k=1, )1=1,n,)
READ(12,200)(T(x1, ¥, t), k=1,1§)1=1,1n)
READ(12,200)(p” (%1, Y, Dk=1,1§)1=11n)
READ(12,200)(w” (X1, ¥, k=1,17)1=1n,)
READ(12,200)(w" (X1, ¥, Dk=1r)1=1n,)
READ(12,200)(Vx (X1, ¥, ) k=1,1§)1=11n)
READ(12,200)(Vx (X1, ¥, t— d k=1, 1§)1=1, 1)
READ(12,200)(vy (X1, ¥, ) k=1,§)1=11n)
READ(12,200)(vy (X1, ¥, t= d k=1, §)1=1, )
READ(12,200)(S(x, ¥, ) k=1, §)1=1 p)

go to 55
else

READ(12,100) n

READ(12,300) (t, GO (), GOR (1), Load (i), RIT (t), dt (t), 1=1, n)
end if

100 FORMAT(5I10)

200 FORMAT(5D16.8)

300 FORMAT(6D16.8)

These variables are defined by:
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ny = number of grids on the x-axes

nd=n,(1)

n. = number of timesteps at which 6O (t), GOR (1), Load (1), RIT (), dt (t1) are output
n. = dimensions of the array a

n,= dimensions of the array b
(X1,Y,) grid point values ofX, y)

ny(1)= number of vertical grid points at

RIT(t1)= number of iterations required to satisfy convergence test in the backward time difference
scheme at timg t

RITP(t)= number of iterations required to satisfy convergence test in the pressure difference
equations at timg t

dt = nondimensional timestep size at the nondimensionalttime

The output nondimensional timésare given in increments Qﬂigzu{) /t,
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Figure IV - 35: FIDHELM Results - Pile 18b: Temperature iso - values (A =1°C),
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Figure 1V - 36: FIDHELM Results - Pile 18b: Gaseous oxygen mass fraction
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Figure IV - 38: FIDHELM Results - Pile 18b: Temperature iso - values (A =1°C),
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Figure 1V - 39: FIDHELM Results - Pile 18b: Gaseous oxygen mass fraction iso -
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Figure 1V - 40: FIDHELM Results - Pile 18b: Air flow velocity, K=1.0x10® m?, Time
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Figure 1V - 42: FIDHELM Results - Pile 18b: Gaseous oxygen mass fraction
iso-values (A=0.02), K=1.0x10"°m?, Time = 1 year.
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Figure 1V - 44: FIDHELM Results - Pile 18b: Temperature iso - values (A =1°C),
K=1.0x10"° m?, Time = 10 years.
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Figure 1V - 47: FIDHELM Results - Pile 18B: Normalized total amount of sulphur
remaining from solid phase versus time.
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Figure 1V - 54: FIDHELM Results - Pile 18A and Pile 17: Sulphate load from
aqueous phase versus time.
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Figure 1V - 56: FIDHELM Results - Pile 18a: Temperature iso - values (A =1°C),
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Figure IV - 57: FIDHELM Results - Pile 18a: Gaseous oxygen mass fraction iso -

values (A=0.02), K=2.9x10"° m?, IOR =10"° kg[O,}/m°/s.

ADI Nolan Davis Inc. 28-1264-046.1
Australian Nuclear Science & Technology Organisation



Assessment of Gas Transfer - ANSTO Model at Heath Steele Page IV - 58

[Welcome Screen | Search | Report List

39UV
10R=1e-08 kg[O2})/m3/s

£ 3000}
o i
£
F 2500
S
()]
e
£ S 2000
£
Qwn
gg1500
£
st
€
3 1000
S
<
Q)
2 500 Plle18A\
0 I T T SR (N VNS WD U W Y Y YOS WS U [ T T Y U N Y T T T T T U S TN T YOO O W Y S W T T M M M e v

0 10 20 30 40 50 60 70 80 90 100
Time (years)

Figure IV - 58: FIDHELM Results - Pile 18A and Pile 17: Total amount of sulphur
remaining from solid phase versus time.
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Figure 1V - 59: FIDHELM Results - Pile 18B and Pile 17: Normalized total amount of
sulphur remaining from solid phase versus time.
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