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EXECUTIVE SUMMARY

Sulphide ore mining in Northeast New Brunswick has produced waste piles containing
acid generating pyritic rock. The generation of acidic drainage from these waste rock piles
create immediate environmental control problems in addition to long-term reclamation

challenges.

The Heath Steele property, located approximately 50 km northwest of Newcastle, New
Brunswick and about 60 km southwest of Bathurst, was developed in the late 1950's. The
highly pyritic waste rock at the site continues to pose a challenge to currently available

reclamation technology.

A proposal was submitted to various federal and provincia agencies to use severa of the
waste rock piles at Heath Steele to develop and test strategies for the long-term management of
acid generating waste rock. A four phase program was developed, and on December 16, 1988,
an agreement to fund the first three phases was signed.  This report describes the work
comprising the first three phases of the project. Phase IV is the installation of an engineered
cover, designed on the basis of the results of Phase |11 work, on one of the piles and the
evauation of the effect.

Phase | of the study involved the selection of four acid generating waste rock piles most
amenable to monitoring and evaluation of remedia measures. Selection criteria and weighting
factors were established and the piles were ranked. Pilesidentified as18A, 18B, 17 and 7/12
were selected.

Phase |l involved the installation of monitoring equipment to define the detailed
characteristics and background data for the four piles identified in Phase I.

Piles 18A, 18B and 17 were contoured to provide 3: 1 dopes and ditched to divert surface
water and runoff as well asisolating them from surrounding topographic influences. Waste
rockpile 7/12 was moved, as part of the ongoing Site reclamation program, onto an impermesble



membrane to permit the water balance to be evaluated before and after placement of the cover.
Leachate collection was not possible at the insitu piles due to the fractured nature of the
underlying bedrock.  Each pile was instrumented to permit measurement of oxygen and
temperature at various points throughout the pile.

In Phase 111, the performance characteristics of naturd soils in the vicinity of the Heath
Steele mine sSite as potential engineered covers for the waste rock piles were determined. The
study also developed the most appropriate cover design scenario for the waste rock piles.

The study involved site exploration for natural soil materials (such astills, clays, and
sand), laboratory geotechnica testing, column fabrication, testing of the soils for their hydraulic
characteristics, and measurements of oxygen diffusion coefficients. Laboratory geotechnical
testing consisted of measurements for grain size distribution, specific gravity, compaction and
consolidation characterigtics, and hydraulic conductivity. The hydraulic characteristics (moisture
drainage curves) of these natural soilswere also determined to assess the potential for their
incluson in composite or layered cover systems. The exploration for the soils was restricted
to a 15 km radius of the mine site, since soils located at greater distances would not be
economical.

A composite soil cover was designed using natural soil materials. The proposed cover
system of a 3-layer composite cover, consisting of afine-grained saturated till, sandwiched
between two coarse-grained layers, will be an effective oxygen barrier. If the till is compacted
and placed at a water content slightly wet of optimum, it can be expected to have a low
hydraulic conductivity and be an effective water barrier as well.  Computer modelling indicated
that much lower oxygen fluxes can be expected from this composite system than from a single
till layer.



SOMMAIRE

L’ extraction de mineraissulfurés dans le nord-est du Nouveau-Brunswick alaissé des
resdus contenant des roches pyritiques acidogenes. Le drainage acide produit par des tas de
stériles crée un probléme de pollution de I'environnement en plus de condtituer un obstacle ala
restauration along terme.

La propriété Heath Steele, située a environ 50 km au nord-ouest de Newcastle (Nouveau-
Brunswick) et aenviron 60 km au sud-ouest de Bathurst, a été mise en valeur ala fin des années
1950. Les stériles a forte teneur en roches pyritiques, accumules au site, continuent de
condtituer un obstacle pour la technologie de restauration actuelle.

Une proposition a été présenté a différents organismes fédéraux et provinciaux pour que
plusieurs tas de Sériles accumulés a Heath Steele soient utilisés pour éaborer et mettre al’essa
des dtrategies de gestion along terme des stériles acidogenes. Un programme de quatre phases
a ée mis sur pied, et le 16 decembre 1988, un accord de financement des trois premieres phases
a éé conclu. Le present rapport décrit les travaux des trois premieres phases du projet. La

phaselV consiste amettre en place une couverture sche congue en se basant sur lesrésultats
destravaux delaphaselll, sur 'undestaset évauer les effets.

Laphase | del’'éude consisteachoisir quatre tas de stériles acidogenes qui se prétent
bien ala surveillance et a I'évaluation de mesures correctives. Des critéres de selection et des
facteurs de pondération ont été établis et les tas ont été classes. Les quatre tas choisis sont 18A,
18B, 17 et 7/12.

A laphase |1, on a ingtadlé des instruments de surveillance &fin de determiner les
caractéristiques et lesdonnées de base des quatre tas choisisalaphasell.

Lestas 18A, 18B et 17 ont éé faconnés pour obtenir une pente de 3/1, et desfossés ont
été creuses pour faire dévier I'eau superficielle et I'eau de ruissellement et pour isoler les tas des

formes de relief environnantes. Le tas 7/12 a éé déplacé dans le cadre du programme de



restauration du site, sur une membrane impermeable pour évaluer 1'équilibre hydrique avant et
apres la mise en place de la couverture. 11 n'a pas éé possible de recueillir les lixiviats issus
destasin situ éant donné que le socle sous-jacent &it fracture. Chague tas a &€ instrument6
pour y mesurer lateneur en oxygene et la temperature en divers points.

A laphase Ill, les caractéristiques de rendement des sediments naturels reposant dans
le voisinage du site de la mine Heath Steele ont été déterminées en fonction de leur utilisation
possible comme couvertures seches des tas de stériles. L'éude a également permis de concevoir
la couverture la plus gppropriée aux tas de stériles.

L’etude a notamment comport6 une exploration du site pour determiner les sediments
naturels (till, argile et sable), des essais géotechniques en laboratoire, 1a fabrication de colonnes,
des essais pour determiner les caractéristiques hydrauliques des sediments et des mesures des
coefficients de diffusion de I'oxygéne. Les essais géotechniques en laboratoire ont conssté a
mesurer lagranulométrie, ladensité, les caractéristigues de compaction et de consolidation et
la conductivité hydraulique des sediments. Les caractéristiques hydrauliques (courbes
humidité¢/drainage) de ces maériaux naturels ont également éé deéterminées pour évaluer la
possibilité de lesinclure dans les couvertures asystéme composite ou stratifié. L’ exploration
des sols S'est limitée aun rayon de 15 km autour du site de la mine, &ant donné que I’ utilisation
de sediments stués a une plus grande distance ne serait pas économique.

Une couverture de sol composite comportant des sediments naturels aété congue. La
couverture proposée de trois couches, ¢'est-a-dire une couche de till sturé agrain fin intercalée
entre deux couches de sediments a grain grossier, servira de barriére efficace de I'oxygene. S
le till est compact6 et mis en place aune teneur en eau dépassant légerement la teneur optimale,
il pourrait presenter une conductivité hydraulique faible et servir de barriere d'eau efficace. La
modelisation informatique a révélé que I'on peut sattendre ades flux d oxygéne beaucoup plus
faibles dans ce systéme composite que dans un systéme a couche detill unique.
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PART ONE

INTRODUCTION



1.0 INTRODUCTION

The Heath Steele site provides a unique opportunity to evaluate
managenent techniques for acid generating waste rock under practical field
condi ti ons. The mine is located approximately 50 km northwest of Newcastle, New
Brunswi ck, and about 60 km southwest of Bathurst, within the drainage basin of
the Northwest Mrimchi River (see Figure [-1).

1.1 H storical Review

The massive eul phi de deposit8 at Heath Steele were discovered in
1953. M ne devel opnent and plant construction started in 1955, and ore
beneficiation comrenced in 1957. The operation closed in My 1958 as a result
of low metal prices and netallurgical problenms wth oxidized portions of the ore

Zones.

Production was resumed in 1960 and the capacity of the nill was
steadily increased through the 1960s reaching 3000 tpd in 1969. In 1977, it was
further increased to 4000 tpd.

In May 1983, the sulphide ore operation was again shut down due to
low metal prices. However, the mil was nodified and operated until October 1984
to treat the gold-silver gossan ore that had been stockpiled on site for over 20
years, since the devel opnent of the B-Zone open pit. The collection and
treatnment of both surface water and nmine drainage was maintained, and continue8
to operate in essentially the same manner today. The system involves the
operation of a conprehensive site drainage collection scheme which allows
contam nated drai nage to be punped to the tailings pond for treatnent. Li me
slurry is mxed with the drainage to neutralize acid and precipitate heavy metals
from solution.
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In 1989, production comrenced at the new Stratmat mne and was
reinstated at the existing B-Zone underground mine. The  Stratmat site is located
approximately 4.5 km nort hwest of the mill conpl ex.

In total, at least 756,000 tonnes of pyritic waste rock and reject
ore are stockpiled in more than 20 piles at the Heath Steele site. Pyritic waste
rock was also used in the devel opment of mne haulage roads, railbeds and other
site infrastructure. The widely dispersed nature of this acid-generating
material poses a particular challenge to currently available reclanation
t echnol ogy.

A recent study on acid waste rock management at Canadian base-netal
m nes (Nolan, Davis, 1987) identified the need for field perfornmance data on
waste rock pile covers and other managenent systens. The Heath Steele project
is designed to address this need, as well as to aid in the devel opment of
practical reclamation neasures for mne sites in Northeastern New Brunswi ck where
the conbination of massive sulphide ore bodies and the sensitive local salmonid
environnment pose an especially challenge to nine reclanmation.

1.2 Proiect Obijectives

During the spring of 1987, Brunswick Mning and Smelting Corporation
Linited developed a proposal to various federal and provincial agencies to use
several of the waste rock piles at the Heath Steele mine site to develop and test
strategies for the long-term management of acid-generating waste rock. After an
extended period of discussion, a four phase programwas devel oped and on Decenber
16, 1988, an agreement to fund the initial three phases was signed by the New
Brunswi ck Department of Natural Resources and Energy, the New Brunsw ck
Department of Cormmerce and Technol ogy, and Brunswick Mning and Snelting

Cor por ati on.



The four phases of the overall project are as follows:

Phase | Sel ection of four piles to be used for specific
field trials.

Phase I Installation of nonitoring equipment to define
the characteristics and background data for the
four piles identified in Phase I.

Phase 111 Column tests to evaluate the performance
characteristics of potential covers.

Phase |V Application of covers and performance nonitoring
under field conditions.

This report describes the work conprising Phase Il of the project
with a brief overview of Phase | included so as to reduce the need to refer to
the progress report for that phase.

1.3 Selection of Study Waste Rock Piles (Phase 1)
Phase | of the Study involved the selection of four acid-generating
waste rock piles nost anenable to monitoring and evaluation of remedial measures.

The Heath Steele site contains at least 20 identifiable waste rock
piles. Selection criteria (Table |-1) and weighting factors were established in

consultation with regulatory and mine personnel, and the fifteen nost pronising
waste rock piles were ranked (Table [-2). The nmost favourable piles from this
initial ranking were examined in greater detail, and were again ranked using a

revised weighting and scoring (Table 1-3). Waste rock Pile 17, which had been
initially screened out as being too large, was reconsidered as a possible
candi date for further investigation. The locations of the waste rock piles
selected for further characterization are shown in Figure I-I.



Criteria-used

Criteria

TABLE | -1

in Waste Rock Pile Assessnent
Heath Steele M nes

Conponent s

Mor phol ogy

Mat eri al Gradation
& Type

Segregation

Ease of Monitoring

Background Data

Size of Pile
Shape of Pile

Size Gadation

Mneral Conposition (including acid-base
characteristicsand. particlesurface chemi stry)

Mi sture  Content

Perneability
Surface Infiltration Rate
Void Ratio

Isolation of Piles
Boundary Effects and Interactions

Accessibility

Ability to Install Instrumentation

Anticipated Effectiveness of Instrunentation and
Moni toring

Available Data on History, Miterials, Mne Records
and Oher Studies.of Waste Rock Piles




TABLE |-2

Pile Ranking (20 My, 1987)
Initial Assessment of Waste Rock Piles
Heath Steele M nes

Pile Si ze & Mat eri al Ease of Background  Weighted Rank
No. Shape Segregation Grade & Type Monitoring Dat a Score Order
Veighting (25) (25) (25) (15) (10) (100)
5 & 6 6 0 7 0 0 32.5 11
4* 10 8 6 6 0 69 6
23 N/S
22 N/S
17 4 8 8 10 72 3
1&2 N/S
10* 8 9 7 0 70.5 4
15 N/S
14% 8 7 7 I 65.5 7
21 2 2 7 5 2 37.0 10
7 & 12% 9 6 10 7 2 75 2
20% 8 8 1 5 6 56 8
18+ 9 9 5 8 0 69.5 5
9 2 8 2 8 0 42 9
19%* 10 7 9 8 0 17 1
* = Sites selected for second review

N/s - Not suitable



TABLE |-3

Pile Ranking - Second Review of Sites
Heath Steele M nes

Si ze & Mat eri al Ease of
Pile No. Shape Segregation QG ade §& Type Moni tori ng Tot al
Wei ghting (10) (10) (10) (10) (40)
4 8 0 8 2 18
10 3 2 5 3 13
14 6 8 8 7 29
7 & 12° 8 8 9 7 32
20 N/S
18° 9 9 7 8 33
19 8 4 8 5 25
17° - 28
a - Piles selected for Field Reconnaissance

b - Pile can be segregated into two: A&B

NS = Not suitable

C «Pile 17, with weighted score of 28, was subsequently added to the |i st
selected for field reconnaissance.

A field reconnaissance program was defined to characterize the piles
selected as best candidates. The characteristics exanmned included the vertical
profile through the centre of each pile into bedrock; conposition/ nineralogy of
material; acid producing/ consum ng ratio; geophysical characteristics; and
t opogr aphy. A CME 55 auger and diamond drill rig was used to bore exploratory

holes through each of the piles and into the underlying bedrock.

Two additional holes were drilled beside Piles 18B and 17 to further
i nvesti gate overburden and bedrock characteristics. Waste rock and bedrock

samples were collected, perneability tests were conducted, and piezoneters were



installed to nonitor water levels. A seismic geophysical survey was undertaken
to define the base profile of each rock pile. The key characteristics of each
pile are sunmmarized in Table |-4.

Waste rock Piles 17, 7/12, 18a, and 18B were selected as being nost
suitable for the study. Pile 7/12 coul d be noved as part of the ongoing site
reclamation program and it was decided to take this opportunity to reconstruct
the pile on an inpernmeable synthetic nenbrane base. This would permt the water
balance to be evaluated before and after placement of the cover. Rel ocation of
the pile was planned for the fall of 1988, but early freezing conditions forced
a postponement until My 1989.

1.4 Laboratory Evaluation of Potential Cover Materials (Phase III)

An evaluation of potential cover materials was undertaken
concurrently with Phase Il of the study. The work was bei ng conducted by the
M ni ng and Environment Laboratory of the Noranda Technol ogy Centre at Pointe-
Claire, Quebec. A separate report has been issued to describe this phase of the
st udy.



Summary of

TABLE -4

Study Pile Characteristics

Heath Steele Waste Rock Study

Mineralogy
Surfacs Average Maximum Estimate Estimated Foundation AP AC Sulphides
Pile Area (m") Depth (m) Depth (m) Volume () Tonnes {a) Condition [b)] (kg/tonne) [cl Present Percent
18A 1,210 1.6 3.4 1,900 3,250 Thin OB 79.6 1.5 Pyrite 547
over rock Galena <}
Sphalerite <1
188 3,570 2.3 6.7 8,300 19,500 Thin 0B 158.4 0.5 Pyrite 7 - 10
over rock Fe-S 7+ 10
Sphalerite <1
Galena <1
Chalcopyrite <]
17 25,640 3.9 10.5 100,300 235,700 Thin 0B 35.7 0.8 Sphalerite 7 +ID
over rock Pyrite <1
Arsenopyrite <1
Chalcopyrite <1
Galena <
Silver <<1
7/12(d] 2,100 2.9 5.0 6,200 14,700 Impermeable 210.7 0.4 Pyrite 7-1
Membrane Fe-S 5 -7
Base Galena <1
Chalcopyrite <1
Arsenopyrite <1
Sphalerite <1
Pyrrhotite <l
(a) Based on assumed waste rock density of 2.35 tonnes/m °
()] Based on geophysical, borehole and field observations
()] AP/AC represents Theoretical Acid Production / Acid-Consumed
[d Pile as relocated (June 1989)
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2.0 METHODS OF INVESTIGATION

2.1 Local Met eor ol osy

Tenperature and precipitation data were neasured at an AES climte
station at Heath Steele from 1956 to 1983, with the exception of a two year gap
from 1958 to 1960. Wnd data was collected from 1974 to 1983. The station was
reactivated for this study and an evaporation pan was added to the nonitoring
equi prrent . The weather information gathered at the station, which is located at
the mine security gate, has been provided to Environnent Canada for addition to
their weather database. Available historical data is presented in Part 3 of the

report (Figure 3-1 and Table-3-1).

2.1.1 Precipitation

Precipitation was nmeasured in a standard AES rain gauge located at
the climte station. The gauge was checked twice daily, the rainfall recorded,
and the gauge enptied and reset. Snowfall was also neasured and recorded. The
instrunentation was established at the site in July 1989. For data prior to this

time, the AES stations in Bathurst and Chatham should be used.

2.1.2 Evaporation

A standard Cass A 1.2 netre diameter evaporation pan was set up at
the weather station. Daily records of water additions and renovals were made.
These data, with the tenperature and rainfall data, permt the evaporation

potential to be estimted.

2.1.3 Tenperature

M ni rum and neaxi mum tenperatures were recorded tw ce daily. The
thermonmeters were housed in a Stevenson Screen at the weather station and were
reset twce daily. The current tenperature was al so recorded at the tine of

readi ng.

10



2.2 Instrumentation and Monitorins of Wiaste Piles

2.2.1 Ceneral

It was decided that the waste rock piles should be nonitored over a
period of at |east one year to adequately characterize the background conditions,
and thereby enable the performance of the covers to be applied in Phase IV to be
fully evaluated relative to seasonal variations. The paraneters that best
reflect the dynamics of waste rock acid generation were considered to be pore gas
oxygen levels, the tenperature profile within the pile, and the characteristics
of any pore water and/or leachate associated with the pile. The instrumentation
and nmonitoring of the study piles was therefore designed to assess these

characteristics.

2.2.2 Site Preparation

Site preparation consisted of re-contouring each of the waste rock
pil es to maxi mum side slopes of approximately 3:1 (HV). Each pile was al so
isolated fromthe influence of any nei ghbouring topographical or other I|ocal
features. The objective was to provide side slopes that could easily accommodate
equi prent required for placenent of the covers in Phase |V of the study. The
nmore uni form shape resulting fromre-contouring of the waste rock piles woul d

also reduce any shape-induced effects on the nmonitoring results.

Investigations in-Phase | indicated that the bedrock near the surface
is highly fractured and therefore of relatively high perneability.

Mounding of pore water within the piles is, therefore, highly
unlikely. Monitoring of pore water quality and the determnation of water and
contaninant balances for the existing piles was therefore inpractical. Diversion
and collection ditches were constructed around the piles to nininize the inflow
of surface water and to collect any surface runoff once the piles have been

covered in Phase |V.

11



After re-contouring the piles, drilling was conpleted for the
installation of instrunentation in Piles 18A, 18% and 17. The Phase |
i nvestigations deternmined that auger drilling was very slow and unable to

penetrate boul ders or gravelly sections which occurred frequently and
unpredi ctably within the piles. Di anond drilling was inpractical because of

anticipated high water |osses, distances to water sources in the wnter

conditions, and rough terrain. It was therefore decided to use an air track
percussion drill to prepare the holes for instrument installation. There was
some concern that the gas balance in the piles mght be nodified. However, it

was felt that equilibrium conditions would be rapidly re-established due to the

high perneability of the piles.

Instrunentation was installed Piles 18A, 188 and 17 in Novenber and

Decenber 1988. \Vaste rock Pile 7/12 was instrumented in June 1989 as described

in the follow ng sub-section. Figures 2-1, 2-2 and 2-3 show the pile
configurations and instrunmentation |ocations. Phot ographs of the piles are
presented as Figures 2-4 to 2-8. The characteristics of the instrunments are

described in Section 2.2.3.

2.2.2.1 Relocation of Pile 7/12

Waste rock Pile 7/12 was to be nobved as part of an ongoing
reclamation program at Heath Steele Mnes. This provided a wunique opportunity
to place the pile on an inpermeable liner and thereby provide for the collection
f leachate bhefore and after placement of the cover in Phase IV. Reconstruction
would also provide for a mobre hombgeneous rock pile and nore favourable placenent
of the instrunentation. Installation of the pad and i nperneabl e nenbrane and

relocation of Pile 7/1i2 was conpleted in -June 1989.

The inperneable nenbrane was fabricated from Fabrene fabric strips
whi ch were glued together into three [arge panels in the mll shop. Wen the
weat her was favourable, the panels were assenbled at the site on a prepared pad
and glued together. The pad was a conpacted sand base, free of any protrusions
which could puncture or damage the menbrane. The nenbrane was folded over itself

for 2 foot strips in several places to allow for sone expansion or nmovenent so

12
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FIGURE 2-4
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May 1987
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FIGURE 2-5

PILE 18B PRIOR TO CONTOURI NG
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May 1987




FI GURE 2-6

RECONTQURI NG OF PILE 18B
HEATH STEELE M NES

Cct ober 1988
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FIGURE 2-7

PILE 17 AFTER CONTOURI NG
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as to relieve any tension which night develop due to settling or traffic during

pl acement of the waste rock.

A 150 mm thick layer of sand was placed on top of the nenbrane to act

as a protective filter for the underdrain system and to protect the liner itself

from penetration by the rock fill.

An underflow drainage collection system consisting of 50 nm dianeter
Schedul e 80 PVC drain pipe was installed within the upper sand filter. The
outlet of this systemwas installed with a 'Ubend water trap to prevent air

from being drawn into the base of the waste pile.

The rock was placed on the pad to a height of approximately 5 netres,
with the sides shaped to 3:1 slopes. During construction, vertical pipes of 150
mm di aneter were set into the rock fill. After shaping the pile, these pipes
were pulled out, thus creating a vertical hole into which the instrunentation was
pl aced using the general installation procedures described in the follow ng

sections.

2.2.3 Instrument Installation

The typical instrumentation cluster assenbled at each sanpling
| ocation consists of a piezonmeter installed to bedrock or a maximum 5 netres
dept h. It was constructed of 38 nmm internal diameter PVC tubing. A series of
pore gas nonitoring tubes were installed on the piezonmeter, and an adjacent
series of tenperature probes installed in a separate hole within one metre of the
pi ezonet er. Due to space limtations on Pile 7/12, both pore gas and tenperature
probes are nounted on the piezoneter. A typical sanpling station is shown in

Figure 2-9. The specific details of these installations are as follows:

2.2.3.1 Pore Gas Instrunmentation
The general instrument configuration for sanpling pore gases is shown
1n Figure 2-10. Sanpling ports were established at depths of approximately 1.0,

1.5, 2.0, 3.0, 40and 5.0 nmetres by taping non-collapsing tubes of norprene
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rubber, a flexible, acid resistant material, to the PVC piezometer tube prior to
installation in the drilled holes. A typical sanpling array prior to
installation is shown in Figure 2-11. Once in the hole, a layer of sand/gravel
was placed around each sanple point and the upper ends clanped at all times other

than during sanpling. The system was designed to use a |owvolune portable
oxygen analyzer (Teledyne 320A). \Wen the instrument is connected and the tube
clanp is released, the instrument draws air through the tubing to the sensors

located within the analyzer.

The sampling protocol required determination of the volume of pore
gas to be extracted to ensure that interstitial pore gas was sanpled and
analyzed, and to reject gas contained in the tubing. Because of the m ninmum
volume of air extracted from the area around the sanpling point and the high
porosity of the surrounding materials, |ess than 200 cc of interstitial gas
needed to be evacuated during sanpling. The nei ghbouring gas sanpling tubes
woul d be unaffected by this procedure. Bentonite seals were not used between the
vari ous sanpling levels due to a concern that the bentonite mght mgrate and
obstruct the gas sanpling ports. The exceptions to this rule were the placenent
of seals at the surface and above the piezoneter tip, but, in these cases, a sand
filter was placed between the backfill and the bentonite sealer to prevent any
pi pi ng. Reliable operation of the analyzer requires the unit to be warmer than

-5°%c. This was sometimes a probl em during the winter nonths.

2.2.3.2 Tenperature Measurenent

In order to nobnitor tenperature profiles within each of the piles,
type K thermocouples were installed at depths of approximately 0.3, 1.5 and 4.6

netres.

The configuration of a typical thernocouple station is shown in
Figure 2-13. The thernocouples were assenbled with the given separations; the
base of the 150 mm dianmeter hole was filled to approximately 4.6 netres;
approximately 0.1 m of sand or fine waste rock was set at the base to mninze
the potential for danage to the thernocoupl es. The deepest thernmocoupl e was

placed using a pole. Approximately 0.1 m of sand or fine waste rock was placed
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around the thernocouple and the pole was withdrawn. The thermocouple lead was
then backfilled with waste rock and sand to the next thernocouple |Ievel. Fi ne
materials were again backfilled around the thernocouple tip. Backfilling

continued to the surface with a protective zone around each tip.

The thernocouples were fabricated by the manufacturer to neet
specific requirenments for acid resistance and are specified as long-lasting for
burial in contact with water. The type K thermocouple is well-suited to operat
e within the tenperature conditions expected at the site. Readi ngs were nade by
attaching a hand-held thernocouple thernoneter (Digi Sense Mdel BA 8528-40) to
the surface contacts, wusing colour-coded thernocouple plugs as shown in Figure

2-14.

2.2.3.3 Seepage and Runoff

The Phase | evaluation of the waste rock piles indicated that the
base underlying all four sites is perneable fractured bedrock. Routine
collection and monitoring of water in the unsaturated pile would be inpractical
unl ess a bottom seal could be developed as in the case of Pile 7/12. Despite
this linmtation, piezoneters were installed into the bedrock in case saturation
and nounding of pore water might occur under extreme conditions. Provision was
al so nade to collect surface runoff fromthe piles by ditching the perinmeter
where feasible at Piles 18a and 18B. At Pile 17, due to its size and |ayout,
limted ditching was conpleted with a view to inproving drainage around the pile.
An existing toe ditch on the low side of the pile (ref. Figure 2-2) was expected

to reflect conbined seepage and surface runoff quality.

Due to the high pernmeabilities of the piles prior to placenent of the
covers, no surface runoff was anticipated for Piles 18a and 18B during Phase II,
but provision was nade to nmonitor the volune and quality of runoff subsequent to
the placenent of the covers by installing flow neasuring devices in the ditches.
On Pile 7/12, both seepage and surface runoff can be independently nonitored for
flow and quality. Aut omat ed wat er sanplers (ISCO Mddel 2900 with water |evel
sanmpler activator Mdell640) and automated water level recorders (Richards type)

were installed at the outlet weirs (see Figure 2-15). Collected water sanples
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have been analyzed for the following paraneters: pH, acidity, iron, copper, zinc
and sul phate. Suppl ementary analyses for lead and total solids have also been

conduct ed.

2.2.4 Water and Contam nant Bal ance

As previously described, the Phase | assessment indicated that the
hi gh permeability of the bedrock woul d preclude the devel opnent of neani ngful
water and contam nant balances as a neasure of cover performance except for Pile
7/12. Thus, for Piles 18Aa, 18B and 17, reliance on the evaluation of gas and
tenperature characteristics wll be necessary to determine the effectiveness of
the cover. Only on Pile 7/12 will the inpact of the cover on water and

contam nant bal ances be susceptible to quantitative analysis.

2.2.5 Waste Rock Pile Characteristics

The pile characteristics, size, shape and tonnage of the waste rock,
are inportant to the interpretation of the nonitoring data. All of the study
piles were surveyed once the nmonitoring wells were installed. The base of the
piles was characterized from the geophysical investigation, borehole contacts and

field observations.

A refraction seisnograph was enployed to determine the nature of the
pil e foundations. Using the seismic velocity contrast between the pile,
over burden and bedrock, the bottom profile could be devel oped, although the
coarseness of the pile, hillside effects, and the low contrast with the

underlying fractured bedrock linmted the sensitivity of this survey.

The pile sizes, in order of increasing volune, are 18a, 7/12, 18B and

17, with volumes of 1900, 6000, 8300, and 10,300 m3, respectively.

The tonnage of waste rock piles was estimated based on the volume of
the piles, and the typical bulk density of the naterial. The bulk density
for broken waste rock was assumed to be approximtely 2.35 tonnes/m3. The

tonnages of Piles 18a, 7/12, 18B and 17 were estimated to be 3000, 14,000, 19,000
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and 234,000 tonnes, respectively. These figures closely match estimates made by

mne engineering staff in 1970.

2.2.6 Mneralogy and Conposition

The mneralogy was determned from grab sanples obtained during Phase
I. Sanples were sent to the Research and Productivity Council in Fredericton,
New Brunswick, and the mneralogy and sul phide contents of each sanple was
evaluated. Visual observations confirmed similar conditi ons andmaterials during

pl acement of nonitoring instrumentation and pile preparation during Phase |I1I.

The acid produci ng and acid consuning potential was determ ned by
static testing of grab sanples from various depths in each rock pile. Anal yses
were conducted by the Research and Productivity Council and are sunmmarized in

Table 2-1.

The particle size distribution within the waste rock piles varies
considerably from silt and clay sizes to coarse stone and boul ders. The method
of pile construction affects the size distribution. End dunping tends to
segregate coarse material at the base of the dunp face, while |layered dunping
results in less segregation. In addition, shaping of the pile tends to segregate
surface materials, wth snmaller, nore easily packing particles remaining on the
surface, and large coarse stones and boulders tending to be noved to the edges.
As a result, a survey of the-surface or sides of the waste rock piles can be
m sl eadi ng. A fresh cut into Pile 7/12 during reclamation provided an
opportunity to examne the physical properties of the pile. The exposed face was
divided in three blocks, and the intermediate axis of exposed-particles and area
coverages were neasured. The resulting distribution is therefore based on area,
not weight (Table 2-2). A void ratio of 31 percent was estimated and is

considered to be typical for piles of blasted rock.
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TABLE 2-1

Analysis of Waste for Acid-Producing Potential

Theoreti cal
Sanpl e Sul phur Aci d Aci d Theoreti cal
(%) Production Consuned A-B Aci d

(kg/ tonne) (kg/tonne)  (kg/tonne)  Producer

Pile 18A

BH 1 96*-10° Waste Rock 2.60 79.6 1.47 78.1 Yes
BH 1 10’-12’ Bedrock 0.22 6.8 1.47 5.3 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 O1 oOutwash 0.15 4.6 0.5 4.1 Yes
Pile 7/12

BH 4 4'-5 Wste Rock 6. 69 204.9 <0.3 204. 6 Yes

BH 4 1476"-15'9"

Waste Rock 7.07 216.5 0. 49 216.0 Yes

Beside Pile 7/12

Bedrock Sample O1' 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

Anal yses by RPC
Refer to Table 1-4 for M neralogy

2.2.7 Hydraulic Conductivity
The hydraulic conductivity, or perneability, of the rock piles is

difficult to quantify. The conditions within the piles make slug testing
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i nappl i cabl e. Field infiltration measur enent s were conducted in the
reconnai ssance bor ehol es. From these tests, apparent conductivities of 10 - to
10 cm'second were neasured. In coarse soils, the approximate value of hydraulic

conductivity can be estimated by:

K o= 107 Dy’ (m/s)

where 10 percent by weight of the material is finer than Dy, in

millimeters.

Al though D,g is, by definition, based on weight not area, as
described in Table 2-2, a value of 1 nm was estimated and the conductivity
calculated at 1 cnf second. The spatial variation of grain sizes, and |oose
conpaction may result in variations in conductivity by 2 or 3 orders of

magni t ude.
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TABLE 2-2

Void Ratio Evaluation

Description Sze Block Area (cm2)  Average Distribution
(mm) 1 2 3 %

Fines < 006 450 2.50 0 2.33

Sand 0.062 800 700 0 500 7
Gravel 2-60 moo 1800 750 1517 22
Cobbles 60-200 2600 3400 900 2300 33
Boulders >200 2100 0 4900 2333 34
Totad Area (cm2) 7950 6150 6550 6883 100
Voids 2050 3850 3450 3117

Voids (%) 21 39 35 31

Note: Particles generally blocky to angular.
Wesathered date varied from reaively unstained to decomposing soft resdue



3.0 RESULTS AND DISCUSSION
Due to the volume of data presented in this section, it has been
organized so that the relevant tables and figures appear together at the end of

each sub-section, ie., 3.1 for climate data, after 3.2 for Pile 8Aa, after 3.3 for

Pile 8B and so forth.

3.1 Local Meteoroloqy.
The climate at the Heath Steele site can be described as Maritine

continental, wth hot, relatively dry sunmers, and cold, snowy winters. Mean

annual precipitation at the Little Rver Mne AES Station is 1134 nmm of which

762 mis rainfall. The station records an average of 93 days per year with rain
and 47 with snowfall. The col dest nonths are January and February with nean
daily tenperatures of -12.5% and -11.5°c, respectively. July is the warnest

month with a daily nean of 17.9%. Wnds are predom nantly from the northwest.

Historical climte data are presented in Table 3-1 and Figure 3-1.

3.1.1 Precipitation

Precipitation during the Phase Il period followed the general
seasonal trends for the early months as illustrated in Figure 3-2, although the
winter of 1988/89 recorded dry nmonths in Decenber, February and March relative
to long-term averages. During the latter part of the study, and particularly the

sumrer of 1990, several wetter than average nonths were recorded.

3.1.2 Evaporation
Evaporation was neasured at the site from July through Novenber 1989.

The data for these months is shown in Figure 3-3. Evaporation is a function of

the wind velocity, air and water surface tenperatures, and humdity;

3.1.3 Tenperature

The instrumentation to record ambient tenperatures at the site was
established only at the end of June 1989. Data to October 1990 is presented
in Figure 3-4 and conpared to the nonthly nean val ues. Air tenperatures during

the fall and winter of 1989/90 were significantly lower than normal.
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TABLE 3-1

Historical Climatological Data

LITTLE RIVER MINE
AT VT'N 66° 4'W 351 m

Oally Maximum Tempsrature (°C) “74 <59 04 56 135 207 23 222 168 102 28 -2 8.1 8 Tempéralure Maximale Quotidienne

Dally Minimum Temperature (°C) -17.8 -17.0 -105 -4.3 20 9.0 125 10.9 6.0 0.7 5,1 -13.2 -2 8 Tempdralure Miaimale Quotidienne

Dally Temperaturs (°C) -12.5  -11.5 -5.3 0.7 73 14,9 17.9 18.6 11.4 5.5 -1.2 3.7 3.0 8 Température Quotidienne

Standarg Deviation, Dally Tempersture 2.2 1.8 2.0 1 1.8 1.2 1.8 1.2 1.4 1.4 1.9 2.8 0.7 k] Ecan} Type de la Température Quoticlenne

Extreme Maximum Temperaiure (°C) 12.2 10.0 20.0 21.7 s 333 33.3 35.0 30.0 24.5 19.4 13.3 5.0 Tompérature Maximale Exiréme
Years of Record 20 21 21 22 22 21 20 2! 20 20 20 20 Annédes do Reldves

Extreme Minimum Temperature (°C) ~37.2 =350 -28.4 -194 150 -5.0 1 -1 67  -10.6 =200 -29.0 -37.2 Température Minimale Exiréme
Years of Record 21 2 22 22 3 2 20 2 20 2 2 2 Annéas de Reléves

Raintall (mm) 16.4 9.9 23.9 43.5 90.4 85.6  100.7 83.9 955 1047 74.0 3.8 7623 8  Chutes de Piuie

Snowtal (mm) 76.0 58.1 72.3 433 5.7 0.0 0.0 0.0 0.0 4.2 35.8 81.0 378.2 3 Chutes de Neige

Total Preciphtation (mm) 91, 68.0 96.1 86.8 06.4 85.86 1007 83.9 95.5 108.8 1058 1158 11343 3 Pricipiistions Tolles

Standard Deviation, Total Preciphtation 45.9 26.7 36.3 51.0 49.3 47.4 48.5 41.7 43.0 47.3 45.9 427 184.3 3 Ecart Type des Précipitations Totales

Groeatest Rainlall In 24 hours (mm) 49.3 42.9 44.5 78.2 68.8 50.5 55.4 99.6 99.3 86.6 52.8 $8.4 99.8 Chute 6o Plule Record en 24 beures
Yoars of Record 19 22 20 23 21 22 22 22 21 22 18 22 Années de Roldves

Qrealost Snowlall in 24 hoyry (mm) 43.2 34.8 35.6 50.8 20.3 T 0.0 0.0 T 17.8 35.8 48.3 0.8 Chute de Nelge Record on 24 heures
Years of Record 22 20 20 b3 29 22 23 22 22 22 22 22 Annbes de Reldves

Grealest Pracipitation in 24 hours (mm) 49.3 42.9 44.5 76.2 68.6 50.5 55.4 99.8 99.3 86.6 52.8 58.4 99.6 Précipitation Record en 24 heures
Years ol Recotd 22 21 21 22 21 22 2 22 2! 22 21 23 Années de Reléves

Days with Rain’ 2 1 4 6 12 12 12 " 1 " 7 3 93 8 Jours de Ple

Days with Snow 9 8 9 % ' 0 0 0 0 § 5 9 47 3 Jours de Nelge

Days with Precipitation 10 9 12 (B 13 12 13 t 1" iR ' 11 135 8 Jours de Précipilaton




N

LITTLE RIVER MINE® DATA (6yrs)
CONTOUR FREQUENCY =10 %

NWw. NE

w % N

sw SE
S
LITTLE RIVER MINE N.B. PERIOD 1974-80 PERIODE
Lat. 47°17'N  Long. 066°04'W Elevation 351 m Altitude

JAN  FEB- MWAR APR  MAY JUN  JWL AUG SEP  OCT NOY DEC YEAR
JANY  FEV  MARS AYR MAl JUIN QUL AOUT SEPT OCT NOY  DEC ANNUEL

PERCENTAGE FREQUENCY
FREQUENCE EN %

N 38 42 44 61 &7 37 22 31 31 331 33 32 37 N
NE 126 1S 153 192 72 161 66 71 63 63 19 M2 N5 KE
E 1812 15 19 24 22 15 12 11 11 23 13 a7 3
SE 49 47 B84 N2 w6 85 11 74 ST 58 60 S8 13 SE
s $2 47 36 34 40 46 42 40 34 33 52 44 42 S
swW 174 N3 182 121 225 318 343 278 312 269 25 155 226  SW
w 91 76 73 63 67 B3 100 134 81 90 N2 95 89 w

NW 450 546 406 397 368 248 334 360 410 431 415 430 <00 NW
Calm 02 02 01 0y 01 00 03 00 Ov 02 01 01 03 Calme

-MEAN WIND SPEED IN KILOMETRES PER HOUR
VITESSE MOYENNE DES VENTS EN KILOMETRES PAR HEURE

N 88 85 118 78 82 W2 73 69 83 79 81 88 B6 N
NE 137 125 148 122 117 19 N3 96 112 109 1 126 121 NE
[3 64 69 64 78 74 73 91 58 S3I 65 15 10 10 £
SE 102 85 12 101 97 113 99 89 98 103 B9 11 100 SE
S 68 67 71 61 64 B4 68 64 64 76 60 61 67 S
sw 154 158 162 143 150 164 W8 141 156 153 150 135 151 Sw
w 133 1S 120 130 s NS 120 M4 105 117 134 143 122 w
NW 198 197 204 166 167 153 148 148 152 169 185 207 174 NW
All Directions Toutes directions

159 157 163 134 133 137 133 127 17 M43 149 163 M4S

Maximum Hourly Speed Vitesse horaire maximale

50 St S0 42 3 3/ 3’ I 4 4 48 60 60
NW SVL NW NW SVL SVL SW SW NW NW NW w w

Height of anemomater 14Sm  hauteur de lanémométre

SOURCE : ENVIRONMENT CANADA *LITTLE RIVER MINE station is located at Heath Steele Mine, NB.

FIGURE 3-1

‘ NOLAN, DAVIS ROSE DIAGRAM OF WIND DIRECTION
8& ASSOCIATES PERCENTAGE FREQUENCY AND
| \ , MEAN WIND SPEED |
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3.2 Pile 18A

3.2.1 Description of Pile

Pile 18A is the smallest of the four piles instrunmented and has an
estimated volunme of 3,250 tonnes of highly acid-generating sulphidic waste rock
situated on fractured bedrock. The maxi mum depth of the pile is 3.4 m It was
initially joined to the adjacent pile (18B) but was isolated in the course of the

grading activities described in Section 1.3.

The pile was instrumented with six sets of thernocouples and gas

ports to provide two angled profiles through the pile as shown in Figure 2-I.

3.2.2 Data Presentation

Tenperature and oxygen data was collected nonthly from Novenber 1988
through to OCctober 1990 (23 data sets). During sonme winter sampling trips, it
was inpossible to record oxygen levels as the neter was inoperative at air
tenperatures below -5°c. Thus, not alldata sets include both tenmperature and
oxygen readings. The available raw data, along with mninmum naxinum and average

values is presented in Tables 3-2 and 3-3.

To aid in the interpretation of this data, a typical |ongitudinal
profile of tenperatures in the pile in Decenber 1989 is presented (Figure 3-5)
along with a bar chart showing the seasonal variation in tenperature for sanpling

locat ion No. 3, which is the deepest hole in the pile (Figure 3-6).

A simlar bar chart and profile is presented for.oxygen concentration
(Figures 3-6 and 3-7) together with a nmatched depth profile of tenperature and
oxygen (Figure 3-8).

Water quality and flow neasurenents could not be nade at this site

due to the high perneability of the waste rock pile and the underlying overburden

and bedrock.
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3.2.3 Interpretation

The longitudinal plot of tenperature data for Decenber (Figure 3-5)
clearly indicates a relatively uniform tenperature gradient with depth throughout
the pile, with bottom tenperatures of approximtely 12°% conpared to surface
tenper atures of -14%. Sinilar gradients were observed in the pile during the

other w nter nonths.

The seasonal variation in tenperature within the pile (Figure 3-6)
shows the tenperature at the bottom of the pile warnming in response to increased
summrer surface tenperatures to the point where the gradient is reversed from My
through Cctober. During the August 1989 sanpling period, the bottom of the pile
was recorded as having a tenperature of 17.3% compared to a surface tenperature

of 32%.

The longitudinal profile of oxygen levels for Novenber 1989 (Figure
3-7) indicates a far less uniform distribution than for the tenperature data, but
in general, oxygen levels are depleted towards the bottom of the pile. It is not
cl ear whether the |ow values shown at Station 2 reflect a local |ow due to a
zone of low perneability or a local region of particularly active pyrite
oxi dati on. Simlar irregularities have been observed at the Rum Jungle and Mount

Washington sites as described in Section 4.1.

Seasonal variations in oxygen levels (Figure 3-6) show that the
depletion of oxygen at depth is observed year-round, although concentrations
are considerably higher in late winter and spring than during the fall. At
Station 3, the variation at 3.7 m depth (i.e. the bottom of the pile) is from 13
percent in May to a low of 0.5 percent in Cctober. The change in oxygen
concentration at depth appears to follow a reasonably regular cycle evident in
Fi gure 3-6. There would appear to be a reversed correlation between the
tenperature and oxygen levels with the |owest oxygen levels associated with the

hi ghest t enper at ur es.

Corresponding depth profiles for tenperature and oxygen at Station
3 are shown in Figure 3-8 and confirm the general depletion of oxygen with depth,

as well as the stabilizing effect of depth on tenperature. The time record of
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oxygen concentrations and tenperatures at this station suggests that the rate of
oxygen consunption was reduced when the tenperature was below about 10°c. The
heat released in oxidation mght delay the reduction of tenperature at the onset
of winter, but by Decenber the winter tenperatures had significantly reduced the

tenperature at 3 m and appears to have stopped the consunption of oxygen.

The fact that there is a tenperature difference of 25° C between. the
surface and bottom of the pile over a depth of only 3.4 m despite its obviously
high perneability, provides strong evidence of the ongoing exothernic oxidation
process wthin the pile. The tenperature within the pile is still very rmuch
influenced by anbient air tenperatures, and it appears fromthe pore gas data
that the oxidation reaction is noderated as the pile tenmperature drops on a
seasonal basis to a low in April. At this tine, pore gas oxygen concentrations

are at their highest.

Near the edge of pile 18A (stations 2 and 4) | ow oxygen
concentrations (2.2% and 0.5% occurred only 0.1 and 0.2 m below the top surface.
Low oxygen concentrations so close to the surface inplies the existence of a

crust, although it is possible that an upward air flow could overwhelm the

downwards diffusion from the top surface.

Between August and November 1989 the oxygen concentration at station
2 was low at the surface and increased to close to atnospheric values at the
base. The high oxygen concentrations at depth indicate that convective or
advective transport was bringing oxygenated air into the lower parts of the pile.
Wnd could enhance the transport of air as this pile faces north. Tenper at ur es
in the pile were relatively low but thermal convection could occur in:the:.winter
when the tenperature difference between the surrounding air and the materi al

within the pile is highest.
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TABLE 3-2

Heath Steele Waste Rock Study
Pile 18A

Tempetature (C)

Depth 1988 Jee-s 1989 -] amae mmemmeese eeeececes 1990 ceecmmmmen ceemcemnes aen |
St _Port (m)  Min. Max. Avg. 10-Nov 10-Dec 14-Jan 04-Apr 30-Apr 15-May 04-Jul 03-Aug **°** 22.Sep 12-Oct 22-Nov 29-Dec 25-Ap 25-May 14-Jun 20-Jul 16-Aug 28-Sep 12-O¢
1 Red 3.6 25 205 114 13.0 12.6 8.8 5.0 2.5 39 9.2 118 205 20.1 18.3 157 121 65 9.0 8.6 14.8 18.0 186 172
Blue 24 08 219 106 10.5 9.5 4.6 1.4 0.8 5.5 14.9 173 20.1 219 16.9 12.1 82 52 83 11.8 19.7 22.1 186 16.1
Black 1.5 0.1 234 9.2 6.5 37 1.1 0.1 0.3 8.0 19.3 234 198 19.8 10.3 5.0 68 55 6.3 16.9 23.0 20.4 151 115
Surface 0.0 -142 325 92 32 25 129 1.1 15.0 117 293 S 203 218 10.7 45 -142 103 218 203 264 24.8 209 174
2 Red 2.4 39 204 107 12.7 13.6 9.0 4.7 4.0 39 8.7 120 204 138 14.1 14.1 124 64 7.4 1.7 11.4 12.2 142 144
Blue 1.2 16 204 105 10.6 10.7 5.8 1.6 2.5 5.4 13.7 176 204 17.2 14.8 12.5 9.7 5.0 8.1 10.4 15.9 19.0 16.5 152
Black 0.3 0.7 212 9.7 8.6 1.6 24 0.7 0.3 6.9 17.7 212 188 18.8 13.1 10.0 6.9 48 7.3 13.5 20.0 22.2 16.0 14.0
Surface 00 -142 320 88 32 13 -129 17 15.0 17.7 29.0 320 170 17.1 114 40 -142 109 19.0 22.6 24.8 25.0 21.8 170
3 Red 2.3 22 1713 9.6 9.8 9.9 57 31 2.2 5.6 13.0 173 148 135 124 11.8 9.8 5.1 1.5 8.4 11.2 14.6 129 128
Blue 1.1 03 227 9.2 7.3 73 2.3 0.3 0.7 6.7 184 22,7 16.1 158 113 9.1 6.1 4.2 7.3 12.1 16.9 19.5 128 122
Black 0.2 34 242 80 44 37 234 0.1 0.1 8.3 20.0 242 178 17.2 7.8 4.4 25 56 6.6 204 231 199 120 98
Surface 0.0 -142 320 89 32 7.2 -129 1.7 15.0 179 23.0 20 170 16.4 117 -S54 142 136 218 U 213 30.0 228 169
4 Red 2.4 46 181 108 12.8 11.5 7.4 49 5.8 46 10.1 136 181 15.7 148 13.9 121 6.1 1.7 9.2 12.3 14.0 157 157
Blue 1.2 09 200 9.6 4.6 7.3 1.8 0.9 2.8 6.2 17.2 200 188 18.6 13.6 10.2 7.8 43 1.2 13.2 18.8 20.1 16.1 14,6
Black 0.2 20 231 8.2 5.4 2.5 -2.0 0.9 1.9 7.8 19.0 231 185 183 8.3 4.1 33 4.8 5.6 19.1 22.7 19.6 137 107
Surface 0.0 -129 318 9.8 3.2 -1.2 -12.9 1.7 15.0 17.7 284 318 183 18,6 9.7 -3.8 - 101 14.8 24.8 21.6 24.6 213 171
5 Red 2.4 39 189 106 12.8 10.8 74 39 4.5 39 103 13.7 189 15.4 14.7 13.2 140 54 18 9.5 12,6 15.1 163 155
Biue 1.2 03 201 98 9.2 6.1 2.8 0.3 23 5.t 16.8 20.1 186 183 140 9.8 9.5 39 15 13.5 18.9 21.0 16.7 146
Black 0.3 34 231 1.9 5.0 0.3 3.4 0.3 1.4 7.8 20.1 231 180 174 9.0 32 4,1 43 6.9 20.2 23.1 19.0 147 114
Surface 0.0 -144 327 93 3.2 12 129 1.1 15.0 177 28.6 327 203 219 9.9 36 <144 110 17.5 26.1 24.1 29.6 215 171
6 Red 21 07 179 83 8.6 6.9 a3 0.7 2.0 2.6 116 147 119 14.4 12.0 9.6 9.0 28 6.7 9.5 13.3 16.9 142 13.0
Blue 0.9 02 195 179 6.6 2.2 18 0.2 1.5 49 16.2 195 180 159 9.5 6.4 47 26 6.3 14.3 19.2 204 136 114
Black 0.3 68 218 69 4.7 -2.1 6.8 0.8 2.1 6.8 18.1 218 187 16.8 1.7 33 1.1 32 6.2 18.8 21.7 19.9 137 103
Surface 0.0 -129 33.0 104 3.2 12 -129 1.7 15.0 17.7 29.0 33.0 203 25.1 10.3 -4.2 8.2 21.1 25.0 232 25.5 252 1711




TABLE 3.3

Heath Steele Waste Rock Study
Pile18 A

Oxygen Concentration (% of pore gas)

Depth 1988 T 1989 : | 1990 cememeee eaieleaeee e ]
Stn  Pont (m) Min, Max. Avg. 10-Dec 14-Jan 30-Apr 15-May 04-Jul 03-Aug 04-Sep 22-Sep 13:-Oct 22-Nov 25:Apr 25-May 14-Jun  20-Jul 16-Aup 28-Sep 12-Oct
1 1 2.4 36 19.5 11.1 19.5 15.6 13.0 3.6 108 6.0 5.2 9.0 11.7 9.5 168 16.5 14.0 9.5 44 10.0 13.0
2 13 1.5 20.6 16.0 20.6 17.7 16.0 7.5 18.6 13.0 14.8 14.0 15.1 19.5 18.5 18.8 16.7 13.7 15.0 17.0
3 0.8 88 19.2 14.6 19.2 17.2 15.0 18.0 16.5 103 12.0 9.0 14.0 14.0 18.6 17.5 177 14.7 8.8 120 15.5
4 0.2 2.2 18.7 115 187 15.6 18.7 18.5 83 22 5.7 5.8 10.0 19.5 15.0 12.5 8.0 35 7.6 12.0
2 1 2.6 18.8 20.8 6.7 208 20.6 - 18.8 - . - - - - . . - . 20.7 20.5 20.5
2 2.0 15.5 18.6 17.7 18.6 18.6 15.5 17.6 18.0 18,0 18.2 16.8 18.2 17.5 17.5 16.2 19.0 17.1 17.5 20,0 16.5
3 1.3 124 18.6 154 18.6 18.6 15.0 12.4 16.0 15.5 14.0 12.8 16.0 16.9 152 17.7 14.9 15.5 15.5 14,5
4 0.7 5.2 17.0 10.7 17.0 17.0 12.5 8.0 6.5 8.5 52 10.5 9.0 14.8 17.0 10.9 14.4 52 6.0 8.5
5 0.4 28 16.4 9.7 16.4 16.4 14.0 13.5 7.3 42 5.0 2.8 8.0 8.3 16.3 17.0 8.9 5.5 16.0 6.7 8.0
6 0.1 22 17.0 9.6 17.0 16.4 17.0 8.0 4.1 4.8 2.2 15 9.5 18.4 20.0 9.0 12.2 6.2 8.6 9.3
3 1 37 04 13.0 4.6 4,2 11.5 130 - 29 1.8 0.6 2.5 0.5 1.3 11.5 7.0 04 7.0 59 9.0 14.0
2 3.0 0.1 17.8 8.1 1.4 14.4 14.6 17.8 15.0 1.3 0.8 0.1 1.5 2.0 73 82 6.5 5.5 6.4 19.5 3.0
3 24 8.0 18.8 148 17.5 18.8 17.5 16.0 17.5 14.0 12.7 8.0 11.5 10.8 17.4 120 16.4 14.0 13.0 13.0 14.0
4 2.1 12.1 19.4 15.7 18.5 19.4 18.0 12.1 17.5 15.0 15.2 13.5 12,2 17.6 17.5 18.6 16.0 14.5 18.1 18.5
N 1.8 12.7 18.6 16.0 18.6 18.2 12.7 18.0 14.5 14.7 133 17.6 158 17.6 17.0 183 15.5 14.0 17.5 18.5
6 1.5 13.0 20.8 169 188 19.0 17.1 20.8 16.8 13.5 15.2 13.0 17.6 17.0 17.6 17.5 18.7 15.0 13.5 17.5 18.5
4 1 2.0 16.8 18.5 139 18.5 16.8 12.2 79 . . - . 20.0 19.0 19.0
2 1.4 0.2 16.2 89 150 16.2 12.0 12.0 7.7 0.7 7.8 0.8 75 8.0 10.6 4.5 43 1.2 0.3 0.2 0.2
3 0.8 0.1 15.0 6.8 12.8 15.0 10.5 9.5 43 0.5 38 0.4 4.2 7.0 8.5 3.0 4.5 1.1 0.7 0.5 0.1
4 0.5 0.1 14.4 6.2 124 14.4 120 8.5 2.5 0.5 1.7 0.8 28 7.8 2.5 35 0.7 0.2 0.1 0.7
s 0.2 03 14.6 7.0 11.0 13.6 10.0 9.5 14.6 0.5 0.6 09 2.4 35 6.8 2.5 4.0 0.4 0.7 03 0.5
5 1 1.9 4.8 19.0 16.1 172 18.4 16.5 19.0 117 15.7 13.5 14.5 12.2 15.5 17.2 13.5 18.0 16.8 48 7.0 8.9
2 1.3 4.2 19.2 116 16.8 18.0 14.6 19.2 10.1 4.6 8.1 4.2 9.0 15.6 19.5 11.5 6.5 6.8 4.6 6.7
3 0.7 33 19.5 117 16.6 18.0 14,6 19.5 10.6 4.6 8.1 33 10.0 12.5 15.1 19.5 11.8 6.0 7.1 4.6 6.4
4 04 32 19.3 109 16.6 150 19.3 107 4.5 8.1 32 9.5 15.1 19.5 11.0 6.3 13.0 14.0 1.5
5 0.1 16.5 17.6 171 16.5 176 172
6 1 2.5 15.5 19.5 168 17.1 182 19.5 158 15.5 164 16.0 16.0 17.0 19.4 18.5 17.5 18.2 17.3 16.2 17.0
2 19 16.6 20.0 184 18.0 19.2 20.0 18.4 17.0 184 . 175 18.5 19.8 18.5 19.0 16.6 172 18.5 18.5
3 1.3 17.0 20.8 19.6 19.0 20.0 20.8 20.5 20.0 17.0 19.9 18.5 20.5 20.8 203 19.0 19.8 19.5 185 195 19.5
4 1.0 16.2 20.8 19.1 19.2 20.0 20.8 20.5 19.1 17.5 184 17.0 19.5 19.8 19.0 19.3 18.1 16.2 18.3 19.0
5 0.7 10.5 20.5 18.2 19.0 20.5 19.5 16.0 17.6 15.5 19.2 20.6 19.0 18.2 16.5 16.0 17.5 10.5
6 0.4 16.9 20.8 19.6 19.5 20.8 20.5 20.2 19.5 18.6 18.0 20.0 20.5 20.8 19.4 19.2 16.9 17.5 20.5 20.0
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3.3 Pile 18B

3.3.1 Description of Pile

Pile 188 is immediately adjacent to 18A but is significantly Ilarger
at an estimated 19,500 tonnes of acid generating waste rock (ref. Table |-4)
containing pyrite, pyrrhotite, sphalerite, galena and chalcopyrite. Its maximm
depth is 6.7 m The pile is instrumented with six sets of thernocouples and gas

ports to provide a single longitudinal profile (ref. Figure 2-1).

3.3.2 Data Presentation

As described for Pile 18a, tenperature and oxygen data were collected
monthly for all site monitoring l|ocations, except in extrene winter conditions
when the oxygen neter was inoperative. The raw data for the pile is presented
in Tables 3-4 and 3-5. Sinmilar profile presentations, as described for Pile 18a,

are also presented to aid in the interpretation of the data.

Water quality and flow neasurenents could not be made at this site
due to the high permeability of the waste rock pile and the underlying overburden

and bedrock.

3.3.3 Interpretation
The data for this pile follows a single profile through the centre

of the pile and provides for a conparison of the effects of its greater depth

(6.7 m conpared to Pile 18A (3.4 nm.

The general seasonal trends for both tenperature and oxygen described
for the smaller Pile 18A are reflected in Pile 18B with a tenperature
difference of 30°% in Decenber 1989 and the |owest internal t enper at ures
occurring in May. Li ke Pile 18a, the highest oxygen |levels at depth occur in

April/May (Figure 3-10).
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The oxygen profile (Figure 3-11) for Novermber 1989 indicates a zone
of oxygen depletion around Station 5 but very little depletion around Station 4.
This pattern is also reflected in the data sets at other times and must represent
spatial variations in the air permeability and/or rate of oxidation of the waste
rock within the pile. ‘Similarly, the region of oxygen depletion at Station 3

appears to expand in size during the summer nonths.

The difference between the north and the south side of this pile
could be due to differences in naterial properties, or due to advection caused
by the w nd. The prevailing northwest wind would tend to generate air flow in
the pile fromthe north to the south and could explain the presence of high

oxygen levels near the base on the northern side but not on the south.

The observed tenperature and oxygen pattern in pile 18B can be
explained by a conbination of oxidation near the surface when tenperatures were
hi gh enough, continuous oxidation at depth, thermal convection in the winter,
prevailing wind from the north and, perhaps, wvariability in distribution of

oxidizable material.
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TABLE 34
Heath Stecle Waste Rock Study
Pile 188
Temperature Data (C)
Depth 1988 |eeeeee . 1989 , . pine doee |- 1990  -emmmemee commescer aren |
stn Port (m) Min. Max. Avg. 10-Nov 10-Dec 14-Jan 17-Feb 30-Apr 15-May 04-Jul 03-Aug 04:Sep . 22-Sep - 12-Oct 22.-Nov. 29-Dec 25-Apr 25-May 14-Jun  20-Jul: 16-Aug 28-Sep 12-Oct
1 Red 1.8 47 152 9.5 8.8 6.8 7.0 8.0 5.4 4.7 9.7 12.4 15.2 13.5 121 10.0 10.3 57 6.7 73 10.4 14.5 12.8 127
Blue 0.6 18 192 86 6.0 25 2.5 49 1.8 69 166 192 172 157 8.9 4.9 51 32 5.1 128 187 207 118 104
Surface 0.0 201 283 56 32 12 4129 201 13 177 267 283 199 181 9.5 40 145 105 196 223 W0 264 W6 166
2 Red 40 69 185 136 162 134 124 130 8.4 6.9 9.7 124 185 162 164 164 169 102 9.5 98 116 147 166 170
Blue 09 02 220 1041 9.1 39 0.7 2.7 0.2 62 192 220 199 193 128 8.1 7.0 5.9 70 153 211 225 162 138
Black 0.3 07 233 93 11 2.1 0.7 14 0.6 69 198 233 198 191 10.7 58 51 6.1 6.5 175 228 225 153 120
Surface 0.0 200 287 6.9 32 1.2 <129 2200 77 117 I 287 251 249 107 340 145 1330 199 273 263 310 229 165
3 Red 4.6 80 17.7 141 169 151 138 144 9.5 80 100 127 177 157 1571 166 170 104 9.0 96 114 142 155 162
Blue 2.8 66 201 136 16,1 12.8 10.0 11.5 6.6 6.9 130 16.8 20.1 19.5 18.6 16.6 8.2 84 87 10.2 14.3 17.8 189 18.6
Black 1.6 00 203 112 11.5 6.4 5.0 6.5 2.7 1.4 173 20.1 20.3 19.8 16.2 12.2 . 6.1 7.4 123 18.0 21.0 17.8 16.3
Surface 0.0 200 285 64 32 7.3 -129 2200 7.7 177 273 28.5 25.1 22.7 104 41  -145 11.5 19.6 25.3 21.9 26.5 244 16.6
4 Red 43 74 188 133 15.1 13.5 11.8 7.7 7.4 10.2 12.9 18.8 15.0 15.5 15.0 16.8 9.2 9.3 10.0 11.7 149 15.9 15.5
Blue 1.3 02 21.0 108 9.5 47 1.2 0.2 8¢ 183 210 199 179 128 8.3 8.1 5.7 76 144 196 219 157 134
Black 0.1 52 247 91 53 5.2 31 0.0 29 238 24.7 20.8 18.1 9.9 1.5 38 5.8 78 20.2 23.8 21.5 14.2 113
Surface 0.0 -148 282 86 32 12 -129 7717 203 282 209 219 107 .51 148 152 209 298 262 266 261 169
5 Red 4.4 72 179 123 14.6 12.5 10.9 8.0 72 9.6 11.8 17.9 id.1 14.2 14.1 13.1 8.4 88 10.0 10.7 133 14.7 14.3
Blue 1.3 05 204 108 9.9 4.5 1.9 0.5 78 177 204 18.7 180 129 8.4 8.4 5.1 73 140 188 213 158 129
Black 0.7 (1.5 22 95 83 1.1 -1.5 0.2 86 191 222 183 17.8 9.8 52 5.7 5.6 63 169 216 215 147 107
Surface 0.0 2129 293 100 32 1.2 -129 N 17.7 28.6 273 20.9 29.3 9.9 -5.0 - 11.6 28.8 3.2 26.7 K) I 238 16.7
6 Red 4.2 4.1 155 102 124 8.7 7.0 4.1 6.5 8.1 10.2 15.5 12.5 124 12.1 13.0 7.2 7.4 8.0 9.1 11.4 12.8 11.5
Blue 1.1 05 190 101 10.1 5.2 08 0.5 57 144 178 19.0 173 139 9.4 8.0 31 71 107 151 185 161 134
Black 0.2 33 206 92 9.4 1.5 33 -0.8 77 178 206 192 113 106 58 4.1 36 58 137 197 207 145 107
_Surface 0.0 129 286 9.6 32 12 -129 7.7 177 286 213 209 251 10.0 -5.0 - 124 251 276 249 300 245 165
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TABLE 3-5

Heath Steele Waste Rock Study
Pile 18B

Oxygen Concentration (% of pore gas)

Depth 1988 }eeee- YOBY ceucernccerer seessacescias semsscosnmens susescssamers nass ] [ 1990 ereneennnns coteieiess o]
Port (m) Min. Max, Avg 10-Dec 14-Jan 17-Feb  30-Apr.  15-May 04.Jul  03.Aug 04-Sep 22-Sep 13-Oct_ 22-Nov  25-Apr  25-May 14-Jun 20Jut  16Aug 28-Sep 12-Oct
1 32 0.0 20.5 19.5 19.8 20.5 19.2 188 19.0 19.5 . . . 19.8 20.5 20,7
3 26 186 20.5 19.8 19.8 19.8 19.9 19.6 19.6 20.0 19.5 20.0 19.2 19.8 20.5 20.5 19.8 19.0 186 19.5 20.0
3 20 185 20.8 19.8 19.4 19.6 19.6 19.5 19.6 20.4 19.0 20.0 19.5 20.0 20.5 20.5 20.5 19.8 19.4 185 19.3 20.0
4 1.4 186 20.6 19.8 19.4 19.6 19.2 19.7 19.6 20.5 19.5 20.2 19.5 20.2 20.6 20.5 19.8 19.4 186 19.5 20.0
S 0.8 185 20.7 199 196 196 19.6 20.0 19.8 204 19.5 20.1 19.5 20.4 20.7 0.8 198 19.2 183 183 20.0
6 0.2 185 20.8 20.1 19.6 20.2 19.4 20.0 20.3 19.5 20.5 200 20.6 20.8 20.7 208 20.0 19.0 185 19.3 20.2
1 4.6 1.5 20.0 16.5 186 186 19.6 188 11 120 13.5 1.7 15.5 16.0 20.0 20.5 19.6 17.2 LS 17.5 187
2 4.0 11.2 20.0 16.4 184 18.6 187 180 19.0 16.4 1.5 13.3 11.2 15.5 20.0 20.2 19.2 16.0 120 17,7 185
k] 3.4 9.5 20.0 167 18.4 19.2 187 180 188 16.6 9.5 13.5 10.8 187 180 20.0 0.0 19.0 14.1 10.3 1.7 185
4 L7 9.4 203 16.8 185 19.4 186 19.2 188 16.6 9.4 14,5 11.0 185 20.3 20.2 19.3 15.0 10.5 17.5 185
s 21 2.6 20.0 16.0 185 17.8 185 185 185 13.6 7.6 14.5 10.0 182 20.0 20.1 1.5 1.7 9.7 165 18.0
[ LS 4.2 19.9 14.3 184 16.5 17.8 17.0 17.6 1.1 42 125 10 17.4 15.8 19.9 19.9 14.0 1.9 85 15.5 17.0
7 0.9 28 19.6 114 5.9 28 15.9 1.0 17.4 19.6 19.0 9.8 4.0 67 14.0 16.0
1 4.6 1.0 20.0 17.4 188 196 190 19. 14.0 171 145 14,5 17.0 20.0 20.5 20.0 17.$ 1.0 13.0 16.2
2 4.0 10.9 20.1 16.2 185 19.6 19.3 187 1.5 120 127 13.5 20,1 20,8 19.8 17.4 10.9 13.0 180
3 3.4 9.0 20.0 16.1 183 19.0 19.4 19.2 19.0 182 9.0 120 15.0 127 1.8 20.0 20.8 19.8 162 10.0 17.0 180
4 27 80 19.9 15.4 17.8 17.6 183 18.8 185 16.0 80 1.0 10.7 12.7 19.9 20.0 19.0 15.5 9.0 11.0 17.0
5 11 49 19.7 128 1.6 165 17.6 1.t 10.2 49 9.0 66 1.2 10.5 19.7 19.5 1.7 16.0 1.0 10.5 165
6 L5 0.9 19.3 10.3 15.4 1.2 1.5 16.7 15.8 55 0.9 67 31 1.5 19.3 19.0 13.5 7.1 42 10.7 15.5
7 0.9 0.2 189 86 15.5 9.8 80 13.9 5.2 0.2 26 4.8 7.7 189 18.5 9.0 28 1.9 110 15,0
1 4.6 1.5 18.5 11.4 1.5 16.6 17.6 9.6 5.1 10.1 6.6 15.2 13.0 18.5 19.3 13.2 9.0 82 10,8 14.0
2 4.0 5. 19.0 13.2 14.4 18.0 180 12.8 5.1 10.4 63 15.2 19.0 19.1 13.3 9.0 173 9.8 135
3 3.4 48 19.6 13.3 16.5 186 183 80 48 9.9 6.3 15.0 1.5 19.6 19.0 10.8 60 62 9.4 125
4 27 3.6 19.7 128 175 16.6 185 182 6.8 36 88 438 138 19.7 1.0 9.5 65 IX; 84 120
s 21 0.0 19.2 1.7 16.5 16.4 17.5 1.5 5.1 0.0 6.0 30 13.5 14,5 19.2 15.0 9.3 2 1.8 64 10.5
[ 1.5 0.1 17,1 9.0 16.4 14.6 13.8 1.1 0.1 1.0 0.2 145 113 17.1 13.0 5.5 1.0 21 1.2 5.3
1 37 0.3 7.4 1.9 L1 0.9 39 17 0.8 13 0.3 L0 1.0 7.4 5.0 165 40 10.5 W] 29
2 3 1.9 9.7 4.5 1.9 7.8 87 41 20 28 23 3.0 L5 9.7 7.0 &S 4.0 4.3 3.8 4.5
k) 25 0.6 9.9 43 3.2 6.8 1.0 6.6 kN 1.2 13 0.6 25 9.9 10.0 10.1 17 4.2 4.2 4.5
4 1.9 0.1 122 5.5 3.4 115 86 a8 1.5 0.1 1.4 0 6.0 5.0 122 15.2 1.5 5.5 36 7.2 1
5 1.2 2 15.0 9.3 10.2 15.0 120 1.8 4.6 32 80 42 10.5 14.1 15.8 [§%) 6.3 8.5 10,8 9.2
6 0.6 4 15.7 9.9 1.5 15.0 14.0 15.7 27 24 83 38 10.2 115 14.0 180 10.0 6.0 5.4 9.6 89
7 0.1 LS 20.8 186 1.5 20.0 20.5 20.8 20.5 1.0 19.4 15.2 19.0 20.0 20.5 20.5 20.8 20.8 20.0 19.7 19.5
1 43 1.0 80 40 27 7.7 a1 80 32 1.0 27 K 4.2 5.0 5.0 9.8 5.2 1.5 13.7 4.4
2 )\l 1.9 9.9 5.5 LX) 88 5.0 9.9 5.5 30 5.0 1.9 4.5 1.5 6.0 10.§ 5.6 34 7.6 4.3
3 3.0 37 11.8 80 6.0 1.8 5.6 1.8 1.6 4.1 9.0 5.4 9.5 80 9.6 1.2 9.8 66 37 120 &1
4 .4 4.0 182 1.3 17.0 182 10.0 120 80 48 11.0 4.0 15.0 126 15.5 10.0 7.5 4.5 - 135 120
$ 1.8 4.5 18.6 129 16.0 186 13.0 15.5 120 4.5 1.0 1.6 14.5 15.5 13.5 16.5 10.5 74 87 14,0 118
6 1.2 5.0 186 14.0 16.8 186 14.0 15.8 15.0 71 13.0 9.5 15.5 15.0 1.5 17.8 10.0 5.0 14,7 13.5
7 0.6 0.9 188 15.2 16.8 18.8 15.0 15, 13.9 9.5 14.9 142 16,5 16.8 16.0 1.8 145 10.0 ) ) 14.0
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3.4 Pile 17

3.4.1 Description of Pile

Pile 17 is the largest of the four piles nonitored with approximately
236,000 tonnes of sphalerite bearing waste (Table 1-4). Its maxi mum depth is
10,5 m As outlined in Section 2.2.5 it was inpractical to segregate the pile
with perimeter ditching, but it is situated on a slope with an existing

collection ditch at the downstream toe.

The pile was instrumented with six sets of thernocouples and gas

ports arranged on two perpendicular axes as shown in Figure 2-2.

3.4.2 Data Presentation

Tenperature and oxygen neasurenments were nade at each of the six
sanpling locations on a nonthly basis as described for Pile 18a. The raw data
for tenperature and oxygen, along with calcul ated averages, are presented in
Tables 3-6 and 3-7, respectively. Profiles simlar to those for Piles 18A and

18B are also included to aid interpretation.

Water quality in the downslopetoe ditch was nonitored throughout the
project as part of the ongoing site nmonitoring program Available data for the
period from February 1987 to July 1989 is presented in Table 3-8, with pH and

zinc levels shown diagrammatically in Figure 3-17.

3.4.3 Interpretation

Pile 17 has a maximum depth of 10.5 netres in the area nonitored and

thus provides a further opportunity to assess the effects of pile depth and

size, although the instrumentation was installed to a maximm depth of only 4.8

netres.

The spatial and seasonal variations in both tenperature and oxygen

described for Piles 18A and 18B appear also to exist in Pile 17.
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Al t hough neasured data are not available, it would appear by
extrapol ation that the bottom tenperature of the pile in December would be in
excess of 20°, thus giving a 40° difference with the surface. As with the

piles described earlier, the lowest internal tenperatures occur in My.

The oxygen data for this pile show far less variation than for the
other piles described and in many instances greater concentrations were found at
depth than at the surface, with the greatest contrast in this regard being in the
central sanpling stations (Nos. 3, 2 and 4). An explanation for this phenonmenon
could be the fact that the surface of the pile consists of hard packed fine
material and the primary nechanism for the transport of air to the interior of
the pile is through diffusion from the sides. The surface condition may be the
result of end dumping on the slope coupled with weathering and conpaction of the

surface material.

Water quality data for the downgradient collection ditch provides
sonme indication of the conbined surface runoff and leachate from the pile,
al though it nust be kept in mind that drainage from nei ghbouring areas also
reports to the ditch. Since January 1988, the pH has been fairly constant at
about 2.1 and over the study period copper has averaged 120.5 mg/L, | ead 0. 36
mg/L and zinc 258.1 mg/L. The nmetal levels generally decrease during the wnter
mont hs, and denonstrate a sharp peak during April/My, and nore prolonged
elevated levels during late summer and fall. This pattern is typical of Ilocal

runoff characteristics from acid-generating areas.
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TABLE 3-6

Heath Steele Waste Rock Study
Pile 17

Temperature (C)

Depth 1988  |esee  mcsseeeen == meame awemeee oeeeenas 1989 cecrvceens i i e e | [oame ememeeinn secemeeinn 1990 cveems eeein e [
Port {m) Min.  Max. Avp. 10-Dec 14.Jan 04:Apr 30-Apr 15-May 04.Jul 03-Aug 04-Sep 22-Sep 12-Oct 22-Nov 29-Dec 25-Apr 25-May 14-Jun  20-Jul 16-Aug 28-Sep 12-Oct
Red 4.6 49 14.2 8.9 10.1 10.0 6.1 49 54 5.6 7.0 89 9.9 113 142 12.8 S 4.7 5.5 6.1 8.7 109 9.5
Blue 1.5 -1.0 163 84 5.1 1.4 1.0 49 0.0 12.9 16.3 15.2 15.5 12,6 9.8 57 0.4 33 8.7 13.8 18.0 14.7 109
Black 0.3 -1.7 1.7 6.2 <30 1.2 0.4 -10 6.2 18.1 217 182 171 8.3 37 <17 2.0 49 17.5 20.4 19.7 139 8.1
Surface 0.0 -20.5 22.2 6.5 -1.0 -5.5 1.7 1.5 177 20.5 222 20.2 17.3 10.0 6.2 -20.5 12.9 25.4 30.3 222 299 21.8 14.0
Red 4.6 4.2 150 87 9.9 1.5 53 4.2 43 6.1 8.0 8.2 11.0 11.6 13.5 15.0 5.8 5.6 6.5 7.2 10.0 1.2 103
Blue 1.5 09 16.4 19 5.2 -0.9 -0.6 0.7 2.5 139 16.4 143 16,2 12.4 94 6.8 08 6.5 10.2 14.3 18.0 14,5 114
Black 0.3 -10.0 21.9 6.2 4.5 -10.0 0.2 0.0 1.5 19.7 219 19.7 8.0 7.8 2.6 1.3 1.5 5.6 18.8 21.3 18.8 12.3 8.0
Surface 0.0 -8.2 220 1.8 8.2 -5.5 11 2.0 177 20.5 22.0 20.2 16.0 9.4 -19 . 12.8 211 29.9 19.4 29 219 141
Red 4.6 3.0 15.2 8.2 9.6 84 49 4.5 3.0 5.4 73 7.4 9.6 10.2 12.9 15.2 4.4 4.8 5.5 6.7 10.9 11.2 9.4
Blue 1.5 0.4 16.7 7.7 39 0.0 -0.4 0.4 1.7 14.0 16.7 15.5 15.1 11.3 8.2 5.8 0.6 5.3 10.4 14.6 18.3 14.5 10.0
Black 0.3 -1.4 21.3 6.3 3.7 -1.4 0.0 1.4 6.5 17.8 213 18.8 15.9 7.3 1.3 32 3.2 6.2 17.8 20.8 19.0 12.3 8.0
Surface 0.0 9.0 22.0 7.8 9.0 -5.5 N 1.5 17.0 214 22.0 20.2 144 9.4 -5.2 - 12.7 217 30.5 20.2 314 219 144
Red 4.0 2.7 16.8 9.1 9.8 8.3 3.7 38 2.7 6.4 9.3 8.8 12.4 12.8 13.9 16.8 4.0 5.0 6.5 8.2 7.8 13.5 11.8
Blue 0.9 -1.5 16.9 8.2 3.9 -1.5 0.5 0.5 kN 14.5 16.9 15.7 15.9 11.7 9.4 8.0 0.1 5.4 11.3 15.8 18.1 14.6 10.9
Black 0.3 9.0 213 7.1 -4.1 9.0 0.4 3.6 7.3 18.5 213 20.1 16.8 7.3 3.5 0.1 1.8 5.7 18.7 214 19.4 134 9.1
Surface 0.0 -10.5 218 7.8 -10.5 -5.5 7.7 1.5 17.0 214 218 20.4 16.4 9.1 6.0 . 11.7 16.5 28.1 21.0 334 20.8 14.5
Red 4.6 1.0 142 81 7.1 6.5 33 2.8 10 68 9.9 88 126 119 117 142 2.8 44 6.4 86 136 134 110
Blue 1.5 0.3 17.2 84 3.6 0.3 14 1.4 0.1 15.0 17.2 16.8 16.8 11.2 8.8 8.9 0.6 5.0 1.9 16.2 20.4 14.1 10.2
Black 0.3 8.6 20.8 6.9 6.9 8.6 1.6 2.0 7.3 19.1 20.8 19.6 15.7 1.7 1.7 33 2.3 7.4 19.7 21.3 20.0 134 83
Surface 0.0 -10.5 20.8 7.8 -10.5 -5.5 N 2.0 17.7 20.6 20.8 20.0 171 93 -52 - 14.8 19.8 338 19.6 31.7 216 14,6
Red 4.7 4.5 14.6 7.3 1.5 8.0 6.8 5.1 4.5 5.0 5.8 6.0 8.6 9.1 10.8 14,6 5.2 5.3 6.3 5.9 11.7 9.0 7.9
Blue 1.6 0.9 149 716 2.2 1.2 1.5 0.9 2.2 12.1 149 139 14.8 10.7 11 9.6 0.5 48 10.9 14.3 19.2 133 9.9
Black 0.7 0.4 195 80 0.4 0.1 1.3 33 4.8 15.5 17.8 19.5 15.4 83 4.5 56 0.8 48 15.0 19.0 19.4 12.7 8.0
Surface 0.0 -20.5 206 6.1 -10.7 -5.5 7.7 1.5 17.7 20.3 20.6 19.8 19.3 8.6 -5.2 -20.5 12.2 21.5 26.2 21.6 29.5 21.1 14.4




TABLE 3.7

Healh Steele Waste Rock Study

Pile 17
Oxygen Concentration (% 'of pore gas)

Depth 1988 |---- o 1989 eemmmem it s e | Jomme e e 1990 cecemmmens cammcecien acan |
Stn Port . (m) Min. Max. Avp Dec-88 Jan-89 Apr-89 May-89 Jul-89 Aug-89 Sep-89 Sep-89 Ocl-89 Nov-89 25-Apr 25-May 14-Jun  20-Jul 16-Aup 28-Sep 12-Oct
1 1 4.8 17.8 205 19.1 17.8 19.8 20.0 20.5 19.0 18.0 18.0 18.7 19.2 19.5 20.5 20.0 19.8 17.6 17.0 18.2 19.0
2 38 183 200 19.0 18.4 20.0 19.0 183 19.3 19.0 19.2 20.8 20.0 20.0 18.1 1.7 18.0 19.0
3 26 17.5 208 1941 178 19.8 20.0 208 17.5 177 194 18.7 19.5 19.8 20.5 20.5 18.0 16.0 18.0 18.5 19.0
4 1.5 175 205 19.2 17.5 20.0 20.5 18.3 20.0 19.5 18.3 19.5 20.5 20.8 18.5 18.4 17.7 18.7 19.2

5 02 NA NA NA . . - - . - . - - . - . - - . -
2 1 4.9 187 208 194 20.0 19.6 20.0 20.8 18.7 18,7 19.5 19.0 19.0 18.7 20.5 20.0 20.0 18.7 18.7 17.2 17.5
2 4.0 185 208 193 19.6 19.6 20.0 20.8 18.5 18.5 19.5 18.5 19.0 20.1 20,0 19.9 18.5 18.0 16.5 17.8
327 163 208 183 19.6 19.6 20.0 208 17.0 16.3 18.3 16.5 17.0 17.5 20.5 20.0 17.7 16.2 15.6 15.7 14.0
4 1.5 12.0 208 162 19.8 19.6 20.8 12.6 129 14.5 12.0 17.2 20.0 20.0 14.2 13.0 12.6 13.7 14,2
s 03 150 205 178 20.0 20.0 20.5 17.0 17.0 16.0 15.0 17.5 17.0 20.0 20,3 19.6 18.1 15.0 14.7 13.2
3 1 48 " 183 205 193 19.6 19.6 19.8 20.5 18.7 18.5 19.5 19.0 18.3 19.3 20.1 20.0 19.3 18.7 17.9 18.0 18.2
2 38 158 205 183 18.6 19.2 19.5 20.5 18.5 18.0 15.8 177 17.3 20.0 19.0 19.0 18.0 17.1 16.2 15.7
3 2.6 12,5 192 164 16.5 18.6 19.2 18.7 16.4 14.0 18.8 12.5 13.5 15.5 18.6 18.0 17.5 15.0 14.4 12.5 102
4 1.4 11.0 192 150 16.0 18.4 19.2 18.4 13.8 12.0 13.0 11.0 13.5 18.9 17.0 15.7 13.0 14.2 14.0 10.2
5 0.2 125 195 156 17.0 19.5 19.5 16.0 13.7 131 12.5 14.5 148 18.6 17.5 19.3 11.2 144 13.0 10.0
4 1 4.3 183 208 198 20.8 19.5 19.6 20.5 20.6 20.3 18.6 18.3 20.0 20.0 20.0 20.0 19.8 18.5 19.7 20.0
2 34 19.0 207 199 20.1 19.3 20.0 20.5 20,7 20.7 19.8 19.0 19.5 19.5 2.0 20.8 203 19.0 20.0 19.0
3 2 167 208 194 19.6 19.5 20.2 20.8 20.0 19.7 18.6 16.7 19.8 20.0 20.8 19.5 17.8 20.2 19.2
4 09 130 208 184 20.0 20.2 208 19.7 19.5 }3.0 138 20.0 18.7 20.4 20.0 19.5 172 16.7 15.7
5 1 4.6 19.6 208 20.5 20.2 19.6 20.5 208 20.8 20.7 20.5 20.2 20.8 20.5 20.8 20.8 20.5 20.5 19.1 20.8 20.5
2 37 19.5 208 204 20.2 19.5 20.8 20.7 20.8 20.5 20.2 20.8 20.8 20.8 20.6 20,5 19.0 20.5 20.8
3 24 196 208 20.5 20.2 19.6 20.5 20.8 20.7 20.8 20.8 20.2 20.8 20.5 20.6 20.8 207 20.0 19.0 20.5 20.5
4 18 196 208 204 20.2 196 20.8 20.6 208 206 20.0 208 20.8 20.8 20.8 19.8 18.3 20.0 20.5
5 1.2 19.5 208 203 20.2 198 20.5 20.8 20.6 20.5 20.0 19.5 20.8 20.0 20.8 20.8 20.5 19.5 . 20.5 20.5
6 06 195 208 203 20.2 20.5 20.8 20.5 20.2 20.1 19.5 20.8 20.5 20.8 20.8 20.8 19.8 18.0 20.5 20.5
6 1 4.0 18.0 207 195 20.2 20.3 18.8 19.0 18.0 18.7 20.0 19.0 20.7 20.5 19.8 19.0 19.2 20.0 16.0 19.5 19.0
2 3 178 207 192 19.8 203 18.8 178 18.2 18.0 200 17.8 20,7 205 19.6 19.3 19.0 20.0 15.0 19.5 18.5
3 1.9 175 205 19.6 19.8 203 20.0 20.0 19.2 18.5 20.0 17.5 20.5 20.0 20.2 20.5 19.0 19.8 18.4 197 195
4 1.2 180 205 196 19.8 20.3 20.0 20.2 19.0 18.5 201 18.0 20.5 20.4 20.5 19.2 19.7 18.7 200 150
S 0.6 185 208 199 19.6 203 20.0 20.5 19.3 19.5 20.2 18.5 20.8 20.0 20.5 20.8 20.5 20.0 19.0 20.2 20.5
6 01 206 208 208 20.8 20.8 20.8 20.8 20.8 20.8 20.8 20.6 20.8 20.8 20.8 - 20.8 20.3 20.0 20.7




TABLE 3-8

Water Quality at

Pile 17 Collection Ditch

Date pH Cu Po in Date pH Cu Pb Zn
04-Feb-87 28 81.0 0140 9.2 05-May-88 20 772 0.256 2036
12.Feb-87 27 844 0235 1612 13-May-88 20 9.8 0326 2182
20-Feb-87. 29 842 0.207 1576 21-May-88 21 1488 0.358 4100
28 Feb-8? 3.0 83.8 0206 155.8 29-May-88 L1 1282 ain 3688
08-Mar-§7 28 942 a0 1686 06-Jun-88 22 1412 03 3%.0
17-Mar-87 33 %1 0189 155.2 14-Jun-88 20 1720 ()] 4114
24-Mar:87 38 kY| 0095 Y] 2-Jun-88 21 1680 359 M1.2
02-Apr8? 29 34 an 69 30-Jun-88 22 39.6 0214 9.8
09-Apc-87 27 1166 [ §F3] 24 10-Jul-88 22 $7.4 0,005 109.0
17-Apc-87 29 .2 am 147.8 18- Jul-88 22 93.0 0.005 1872
25-Apc-87 28 1026 [$%: 305.6 21)ul-88 22 922 0.005 1888

3-May 87 29 91.4 209 190.0 B-Aug-88 21 1240 0.005 230.8
11-May-87 29 $5.6 160 1006 1-Aug-88 21 420 0.190 182
19-May-87 28 1077 [¥3;} nes 18 Aug-88 21 1016 Q156 116
21-May-87 29 1160 6209 96 25-Aug-88 20 w18 0339 4042
04-Jun-87 30 124.2 a27s 2568 02-Sep-88 20 133.0 337 3442
12-Jun-87 30 1282 241 Bs.0 10-Scp-88 20 1418 0.343 3436
20-Jun-87 28 1364 0.3% 812 18-Sep-88 22 1624 0,441 3800
28-Jun-§7 3.4 03 a.100 268.0 26-Sep-88 22 1482 6323 3938
06-Jul-87 11 35.8 0.005 208 030c1-88 22 1284 0,305 374.2
15-)ul-87- 32 a4 a.020 916 120a-88 22 1312 0.398 3440
2.Jul-87 10 5.6 0,005 166.6 20-0c1-88 22 104.0 01 315.0
30-Jul-87 10 59.8 a0 1280 28088 21 2182 0.936 4220
01-Avg-87 31 %6 182 143.2 05-Nov-88 22 1814 0.505 409.0
15-Aug-§7 3.0 780 0157 1376 10-Jan-89 20 1836 003 397.4
D-Auvg 87 32 $7.6 013 1384 18-Jan-89 21 175.2 0.360 372
31-Aug87 kS| 45.0 a1 830 26-Jan-89 13 1668 0.363 390.4
08-Scp-87 30 39.4 0148 8 03-Feb-89 21 1882 0.553 4134
16-5cp87 30 882 0383 1380 11-Feb-89 21 1558 0475 383.2
24-Sep-87 31 49.8 Q158 266 19-Feb-89 22 74 0.445 3197
02-0a-87 3 1006 0317 185.0 25-Feb-89 20 2002 0.581 3586
10087 31 109.2 @339 191.6 05-Mar-89 22 195.1 0510 344.7
180t 87 11 143.2 0.425 %9.0 13-Mar-89 22 ma 0.492 2008
26-0a-8? 33 816 0.236 163.6 -Mar-89 24 30.4 418 1434
@3-Nov-87 26 812 0262 169.4 29-Mar-89 21 482 0.262 512
11-Nov-87 25 123.0 0278 220 06-Ape-89 24 205 0.0 2120
1%-Nov-87 24 1204 a9 189.0 14-Apr-89 21 8838 a3 1848
22-Nov-87 24 139.4 0302 200 21-Ape-89 21 $6.0 0.286 0.8
05-Dec-87 24 1276 Q2as 2162 30-Apc-89 21 60.8 0.428 846
13-Dec-§7 25 180.0 0295 €40 08-May-89 22 627 0.400 915
22-Dex-87 24 110 6278 068 16-May-89 20 naz Q452 266.8
30-Dec-87 24 1708 0348 3264 24 May-89 n 128 0.365 2671
06-Jan-88 24 159.2 0227 320 30-May-89 20 131.6 0.437 2864
14)an-88 23 149.6 020 mo 05-Jun-89 21 124 0.473 62
22.Jan-88 25 86 154 7.2 15-Jun-89 20 1166 0.561 253.4
30-Jan-88 22 81.0 an 1824 19-Jun-89 21 884 0.451 2020
01-Fcb-88 25 384 0251 6 26-Jun-89 0 880 0.419 1M
15-Feb-88 23 632 0233 1328 03-Jui-89 0 9.4 0,040 196.0
-Feb-88 22 1082 0337 %16 10-Jul-89 21 9726 0.080 195.0
02-Mar-88 22 9.6 Q410 5.4 17-Jul-89 21 132 0.010 2128
10-Mar-88 23 105.0 0362 2%6.8 31-)u-89 21 1240 0.010 2616
18- Mar 88 21 1256 0.508 028
26-Mar 88 27 15.4 0,047 $5.2
@-Apr-88 26 48 0.108 &4
10-Apr-88 3 310 @105 @6
19-Apc-88 26 108 aomn 08
-Apr-88 21 316 242 $5.8
pH Cu Pb Zn
Average 2.5 103.1 0.272 223.7
Average since 2.1 120.5 0.363 258.1

Nov, 1988
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3.5 Pile 7/12

3.5.1 Description of Pile

Pile 7/12 was reconstructed on a prepared base with an inperneable
menbrane as described in Section 2.2.2.1. It contains approximtely 14,000
tonnes of pyritic waste and was instrumented with seven sets of thernocouples and
six sets of gas ports as shown in Figure 2-3. Its maximm depth is 5.0 m. The
perinmeter ditching and menbrane placenent is arranged to allow for separate
collection of surface runoff and underdrain flow, thus making it the only pile

for which a water and contam nant balance can be deternmined once the cover is in

pl ace (Phase V).

3.5.2 Data Presentation

A lesser nunber of data sets are available for this pile as conpared
to the other three due to the fact that construction of the pile and installation
of the instrunentation was not conpleted until July 1989. Seventeen  nonthly
temperature and oxygen data sets are presented in Tables 3-9 and 3-10,
respectively. Profile and bar charts simlar to those presented for the other

piles are also included.

Water quality and quantity nmeasurements were made at this site for
both the water collected in the underdrain system and the perineter ditch
collecting surface runoff. This data is presented in Table 3-11. No water |eft
the underdrain systemuntil late July 1989, presunably due to the unsaturated

nature of the newy placed material and the low rainfall experienced at that

tine.

3.5.3 Interpretation

From the nore limted data available for Pile 7/12 (July to October,
1990), the tenperature at depth appears to be nore constant relative to the other
piles nonitored. During the initial nmonths, tenperatures at the centre were
typically over 40°c, resulting in a tenperature difference over the 5 metres

depth of the pile in Decenber 1990 of al nost 60°C. However, in 1990 the average

69



tenperature at depth had dropped to 25°C resul ti ng in an average tenperature
difference relative to surface over the sanpling period of approxi mtely 2°.
This woul d appear to indicate the very rapid establishnment of the exothermc
oxi dation process after placement of the pile followed by a period of
stabilization. This conclusion is consistent with the observation of strong air
drafts in the instrumentation holes prior to packing. Snow cover appeared to

melt from the bottom up during the winter of 1989/90.

The oxygen profiles for this pile do not reflect the patterns
observed in the other three. Levels were initially very low at the bottom of the
centre sanpling station (No. 2) for the July and August 1989 sanpling tines but
then increased rapidly to nmuch higher values (14 to 17.6 percent) during the
fall. A possible explanation night be that very high levels of oxidation existed
imediately after placement and were quickly consuned due to the availability of
fresh reaction sites. As tenperatures in the pile increased, thermal convection
of air into the pile increased oxygen levels wth tine. Oxygen levels at the
surface would tend to decrease in winter due to the inhibiting effect of sub-zero
tenperatures on the oxidation reaction. During 1990, Ilower levels of oxygen were
observed in June, July and October with relatively high levels in April and

August .

An assessnent of the water quality data collected to date indicates

the followng:

New precipitation is initially stored within the pile and does not
necessarily result in water leaving the pile.

. Concentrations of contamnants can be very high in both.the surface
runoff and underdrai nage. Acidity concentrations of over 30,000
mg/l are characteristic of the collected water.

. Concentrations of contamnants in the waters leaving the pile often
increase with tinme following the precipitation event.

' Surface runoff from the pile may be as high as 30 percent during a
storm event.
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“TABLE 3.9
Heath Steele Waste Rock Study
Pile 7/12
Temperature (C)
Depth 1988 | -=-- 1989 -e-] R 1990 cemmemecns iiceememn <ei {

Stn Port (m) Min. Max, Avg.  04-Jul 03-Aug 04-Sep 22-Sep 13-Oct 22-Nov 29:Dec 25-Apr 25-May 14-Jun  20-Jul 16-Aup 28-Sep 12-Oct
1 Red 14 52 323 189 26.2 323 28.6 252 17.0 10.9 6.1 52 8.3 139 219 274 20.0 15.7
Blue 0.1 54 352 153 35.2 M6 20.3 218 10.0 0.9 5.4 6.4 8.9 22.6 26.9 26.6 16.9 11.8
Surface 0.0 -140 439 165 383 439 218 22.6 11.0 4.7 140 128  29.0 30.3 24.6 335 19.6 15.3
2 Red 39 232 456 .1 23.2 38.3 44.1 44,6 45.0 44.5 45.6 271 248 238 237 21.7 213 26.8
Blue 0.9 145 421 322 27.3 42.1 42.1 419 37.0 26.1 25.6 14.5 14.9 219 26.4 28.6 22.1 18.7
Black 0.3 103 375 4.7 289 375 30.9 33.2 26.9 14.5 15.5 103 109 22.1 25.7 4.3 18.1 14.2
Surface 0.0 -14.2 438 176 39.3 438 U2 25.5 13.5 4.7 .14.2 137 322 34.7 248 36.3 23.1 15.6
3 Red 4.1 21,1 465 370 21.1 34.0 39.2 41.5 42.6 43.5 46.5 27.5 25.6 24.0 23.1 24.7 27.0 26.6
Blue 14 18.1 48.4 374 329 46.7 48.1 48.4 44,2 356 ' 255 18.1 20.6 237 27.1 29.7 26.1 23.2
Black 0.4 101 401 216 314 40,1 138 324 23.8 10.1 10.5 10.4 139 24.1 259 239 18.0 14.0
Surface 0.0 -13.1 438 176 39.3 438 24.2 259 11.8 -5.1 -13.1 13.7 24.7 34.7 22.8 30.8 231 16.3
4 Red 43 258 431 368 25.8 35.1 36.9 42.2 43.1 42,7 428 258 24.0 25.2 4.1 213 29.2 29.3
Biue 1.3 19.5 454 380 35.2 429 394 45.4 43.0 40.5 38.2 19.5 21.0 25.2 28.6 319 30.0 28.3
Black 0.3 11,5 384 244 335 38.4 3.7 25.1 14.1 158 11.5 14.6 26.4 27.5 273 20.5 16.3
Surface 0.0 <123 430 176 37.8 43.0 24.1 25.4 14.1 -5.0 -12.3 137 25.4 36.0 2.1 338 22,0 16.3
5 Red 3.7 21.0 407 346 29.7 40.7 39.2 40.6 38.2 337 338 21.0 23.0 25.1 28.7 32.5 386 3.6
Blue 0.7 138 425 304 349 42.5 354 37.8 29.5 22.8 26.4 13.8 15.3 26.6 333 369 314 26.3
Black 0.2 100 40.2 234 33.6 40.2 279 31.9 22.0 10.5 11.2 10.0 13.0 26.3 30.4 314 25.0 18.8
Surface 0.0 -11.0 430 179 38.0 43.0 218 238 ]4.9 -0.1 -11.0 134 23.6 335 218 366 23.3 17.8
6 Red 2.0 93 274 194 21.1 274 24.8 26.3 20.0 13.9 12.5 9.3 14.0 20.3 27.1 2.8 26,3 233
Blue 04 74 359 203 274 359 27.2 28.1 17.6 9.0 9.7 74 11.0 238 314 334 24.8 20.2
Surface 0.0 -15.5 438 166 38.3 438 21.8 22.8 10.7 0.4 155 113 22.5 383 25.4 25.4 213 174

7 Black 0.7 308 492 416 30.8 44.5 48.0 49.2 46.2 393 331

Surface 0.0 <105 439 198 39.3 439 24.2 29.9 14.6 29 -10.8




Heath Steele Waste Rock Study
Pile 7/12

TABLE 3-10

Oxygen Concentration (% of pore gas)

Depth 1988 |eer ceoeeee- 1989 ~eceemeee o ! cree eemvacree ameemenes 1990  ceocmeces comemcmee aees ]
Stn Port  (m) Min, Max. Avp.  04-Jul 03-Aug 04-Sep 22-Sep 13-Oct 22-Nov 25-Apr 25-May 14-Jun 20-July 16-Aug 28-Sep 12-Oct
1.0 1.0 1.4 152 208 19.3 18.4 19.0 20.4 203 20.8 19.9 20.8 20.5 15.2 17.7 19.5 19.5 18.0
20 05 143 208 189 17.8 19.0 20.1 20.3 20.8 19.0 19.6 20.5 14.3 17.5 19.0 19.5 18.0
30 04 145 208 19.1 18.0 18.5 20.4 198 20.8 20.0 206 20.5 14.5 17.5 18.5 19.2 11.5
20 1.0 39 05 179 118 0.5 0.5 16.6 17.6 14.1 17.9 15.0 12.7 11.0 17.2 13.5 11.5
20 24 50 17.5 121 5.0 54 12.5 14.8 14.5 153 175 152 116 9.1 14.0 10.5 10.5
30 19 5.0 159 108 5.0 52 103 133 13.0 15.9 140 113 9.0 126 115 9.2
4.0 1.4 47 168 110 S.0 4.7 12.0 12.5 12.5 1.0 16.2 16.8 10.0 9.5 13.5 10.5 9.3
50 09 39 205 118 6.3 39 10.5 11.0 13.5 16.6 20.5 8.5 15.5 13.5 15.5 9.3
6.0 0.4 32 209 136 5.8 3.2 12.5 10.7 18.7 15.8 15.5 209 13.0 19.8 19.5 19.0 8.5
3.0 1.0 4.1 6.0 188 146 6.0 6.4 14.8 16.5 18.0 17.0 18.8 18.0 14.0 16.7 16.4 15.0 13.5
2.0 29 7.1 204 147 7.3 7.1 14.0 16.0 17.5 204 20.0 14.2 16.0 16.6 14.0 13.0
3.0 2.4 72 189 142 7.3 7.2 13.5 14.8 17.7 15.0 18.9 18.0 13.5 15.6 16.0 14.5 13.0
4.0 1.9 65 166 11.6 7.0 6.5 11.5 12.3 16.0 16.6 13.5 10.5 10.4 10.3 10.0 8.4 |
5.0 1.4 7.5 17.0 131 7.8 7.5 13.2 13.3 16.2 15.5 17.0 15.0 113 13.8 12.2 12.5 11.0
6.0 0.9 7.1 179 133 7.5 7.1 13.4 14.2 15.2 17.9 17.5 11.7 14.8 14.2 15.0 12.0
7.0 0.4 0.0 208 13.0 7.0 6.6 14.5 15.2 14.8 180 . 208 r 19.8 . . .
4.0 1.0 4.3 86 195 158 9.0 8.6 15.5 17.5 19.0 17.8 19.5 18.0 15.5 17.5 20.5 16.2 15.5
2.0 2.8 10.5 19.5 16.7 11.0 10.5 17.8 19.5 19.5 195  '180 16.1 184 16.2 18.5 16.5
30 23 10.5 199 169 11.0 10.5 17.6 19.3 19.8 19.0 19.9 12,8 16.0 18.5 16.4 18.2 16.2
4.0 1.8 102 196 165 11.2 10.2 17.6 19.3 19.6 19.4 17.1 15.6 18.5 16.0 18.0 16.5
5.0 1.3 10,0 19.5 16.6 10.5 10.0 17.5 18.9 19.5 19.5 19.4 17.2 154 18.2 15.5 17.5 16.0
60 08 10,0 194  16.0 10.5 10.0 17.0 17.6 19.4 19.1 17.2 15.0 18.2 15.5 17.5 15.2
70 03 98 195 164 10.0 9.8 17.0 17.5 19.5 19.0 19.1 18.0 16.0 18.2 15.7 17.5 15.5
5.0 1.0 3.7 166 208 195 19.5 19.5 20.8 20.5 20.0 20.0 20.5 17.7 16.6 19.5 13.6 19.5 18.5
20 23 125 208 19.1 20.0 20.0 20.8 20.5 20.7 20.5 12.5 17.0 20.2 16.6 20.0 20.0
30 17 170 208 198 205 200 208 204 20.0 19.5  20.5 190 170 200 16.7 18.0 17.5
4.0 1.2 168 207 195 200 ., 20,0 20.7 20.3 20.7 20.5 16.8 16.9 19.8 159 18.2 17.7
50 07 16.5 208 19.6 208 ' 28 i 20.5 20.2 20.5 20.5 20.5 16.5 16.8 19.8 159 18.5 17.8
60 02 162 208 19.1 20.8 19. 208 18.8 20.1 19.5 204 16.5 16.2 19.1 15.5 18.0 17.5
: . .
6.0 1.0 21 180 208 20.5 20.8 20.8 20.8 208 20.8 20.8 20.8 18.0 20.8 20.5 20.6 20.5 20.5
20 0.6 173 208 202 208 205 205 203 207 208 205 173 204 205 204 202 202
30 0.1 200 208 205 208 205 205 200 207 208 204 208 200 208 19.7 202 20.0




TABLE 3-11

Average Water Quality
Pile 7/12

Date pH Acidity  Sulfate Lead Iron  Copper Zinc Aluminum Total

Solids
Surface Runoff

July 1989 28 22000 22970 0.029 1700 320 8000

August 1989 20 45500 54285 0.002 9810 430 13350

September 1989 30 40100 47500 6590 420 11000 79300

April 1990 24 48500 70500 10600

May 1990 24 44700 40000 16900

August 1990 21 62000 18800 | 6930 2160 118000

September 1990 22 67850 55165 11924

October 1990 22 56500 3600 246 101000

Overall Average 2.4 48394 48403333 0.0155 9991 3% 9820 1203 99433.333

Underdrains

July 1989 2.4 44000 43440 0.186 5100 970 12700

August 1989 22 15800 21328 0.002 3550 615 7895

September 1989 28 30500 28000 2800 910 8000 53100

April 1990 25 16400 17600 3510

May 1990 24 16400 12700 5510

August 1990 21 44800 13767 81300

September 1990 22 73250 32970 7920 9730 3150

October 1990 2.1 64400 3700 8700 2820 11200

Overall Average 23 38194 25906 0.094 5732 832 9405 2985 48533

* Values in mg/L, except pH."
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4.0 COVPARATI VE REVI EW

The objective of this phase of the project was to define the
background conditions in each of the four test piles so as to provide a basis for
eval uating the perfornmance of the covers to be installed in Phase IV. It is
useful, however, to briefly review the findings to date and to conpare the
baseline conditions with those in other waste rock cover trials, such as those
at Rum Jungle in Northern Australia and the Munt VWashington Site in British
Col unbi a.

At Heath Steele, 23 data sets have been collected for Piles 18A, 18B
and 17. The data for these piles covers a full range of seasons but does not
provide for an evaluation of water or contam nant bal ances due the probl ens
associated with the location of the piles on fractured bedrock. For Pile 7/12,
a total of 17 data sets are currently available and it will be possible to

determine contaminant -loadings for this pile once the cover is in place.

The tenperature characteristics of the four piles are generally
simlar in that each pile displays relatively uniform tenperature gradients from
the surface to the bottom of the pile, wth the deeper piles generally show ng

hi gher tenperatures at depth.

The oxidation of pyrite to sul phuric acid and ferrous sul phate is
exothermc and rel eases 1440 kJ per mol Fes, (Bennett et al., 1988). Thi s
release of heat results in elevated tenperatures in pyritic waste rock dunps and
expl ains the high tenperatures nmeasured in each of the waste piles. Simlar
results were obtained at Rum Jungle, but at Munt Washington tenperatures were
found to be relatively constant throughout the dunp profile (Golder, 1989). In
order to fully evaluate the effectiveness of the cover, it wll be necessary to
calculate the distribution of heat production in the piles using a heat transfer
nodel sinilar to that applied at Rum Jungle, where this determination provided
a.very definitive denonstration of the effectiveness of the cover in curtailing
oxidation in the pile as shown in Figure 4-1. It is therefore recomended that
t he thermal conductivity of the waste rock be neasured in order to allow heat

values to be determ ned.
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The tenperature nonitoring shows that the effect of seasonal
tenperature changes at Heath Steele influences the tenperatures at depth within
the dumps, and it will be inportant to ensure that this effect is taken into
account when nmaking conparisons between pre- and post-cover conditions. At Rum
Jungl e, the anbi ent tenperature was of influence only to about 6 mdepth. At
Mount Washington, pre-cover conditions were not monitored for a seasonal cycle,
and this has caused problems in the early interpretation of the effectiveness of

the cover.

The profiles of oxygen concentrations determined to date at the Heath
Steele site vary dramatically. This may be due to local variations in the dunp
perneability, local differences in mineralogy, or a conbination of the two.
Similar i rregul arities were observed at Rum Jungle prior to placenment of the

cover as shown in Figure 4-2.

Seasonal variations in oxygen concentrations also occur near the
surface at many | ocations. Low oxygen concentrations in the top few netres
tended to occur in the sumver when the tenperature of the waste rock was above
about 10°c. This suggests that the oxidation process, which consumes oxygen, was

greatly reduced by low tenperatures during the winter.

A contributing process to the higher oxygen concentrations in winter
could be thermal convection which can transport oxygen into the piles. In winter
there is a larger difference between temperatures in the piles and those in the
surrounding air and this increases the driving pressure for thermal convection.
However the air flow due to thermal convection will depend on how much the air

flow is restricted by snow and frozen ground.

Wnds at the site are predomnately from the northwest which
increases pressures on the northwest side of piles and reduces pressures on the
southeast side. The wind effects could contribute to the asymmetry which occurs
in the oxygen concentrations in the section across pile 18. |s it possible that
sone of the spatial variability evident in the tenperature and oxygen
distributions could be due to differences in the levels of pyrite and other

properties in the waste rock.
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At Rum Jungle, there do not appear to be such marked seasonal changes
but the effect of diurnal atnospheric pressure changes on oxygen concentrations
in the dunp during the Australian wet season was quite marked and was well

docunented in that project (NTDVE, 1986).

Figure 4-3 shows a conparison of the oxygen/depth profiles in each
of the piles at Heath Steele. It is quite striking that, while there is a
reasonability consistent pattern within each pile, the depth profile differs
significantly between piles. In 18A for example there is a depletion of oxygen
at depth, whereas in 18B the maximum depletion tends to occur at about 1m bel ow
the surface, while in 17 the profile is generally linear yet noves laterally with

the seasons.

Harries and Ritchie, 1985, report that there are three mechanisnms by
whi ch oxygen can be transported to reaction sites within a waste dunp: diffusion,
thermal convection, and advection driven by wind or atnospheric pressure
vari ations. Thermal convection causes the oxygen concentration to be higher at
the base of the dunp due to the effect of the tenperature differences drawing in
air through high pernmeability layers caused by segregation during dunping.
Diffusion causes the oxygen concentration to decrease nonotonically wth depth,
while advection can cause nore uniform changes in concentration throughout the
dunp. Evidence of these three oxygen transfer nmechanisns can be drawn from the
data collected at Heath Steele. What is not well understood at this timeisthe
interaction of the three nechanisms and the reasons as to why the balance between
them appears to differ drammtically between piles with sinmlar general
characteristics other than size. Is it therefore recomrended that further
investigative work be carried out on the piles using tracer gas techni quesand
that an attenpt be nmade to develop a conputer model of the gas transfer
mechanisms as a tool to better understanding the factors influencing gas transfer

and their interaction.
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4.1 Conparison to Rum Jungle

As previously nentioned the work on nmonitoring cover performance on
pyritic waste rock dunps at the RumJungle mine site in Australia provides a
val uable basis of conparison for the Heath Steele results.

The two dunmps at Rum Jungl e for which tenperature and oxygen data
have been collected contain about two and seven million tonnes. The largest pile
at Heath Steele contains about a quarter of a nillion tonnes. This neans that
t he behaviour of the Heath Steele piles was nore strongly affected by surface
conditions and particularly the air tenperatures. The snal | er distance for
transferring heat out of the dunp neans that a higher oxidation rate is necessary

at Heath Steele than at Rum Jungle to achieve the same waste rock tenperatures.

The climates at the two sites are very different, Rum Jungle is in
the tropics at latitude 13°s and Heath Steele is subject to cold Canadian
maritime winters at 47°N. The nean daily air tenperature at Rum Jungle varied
froma mninum of 25.1°C in July to a nmaxi num of 29.6°C in Novenber. In
contrast, at Heath Steele the nean daily air tenperature varied from 17.9°c in
July to -12.5°c in January. The piles at Heath Steele were thus subject to a

mich greater seasonal variation and a nuch lower wnter tenperatures.

Despite the differences in climte and sizes of the piles and dunps,

there are many simlarities between conditions in the piles at Heath Steele and

in the dunps at Rum Jungl e before they were rehabilitated. The simlarities

i ncl ude:

pore gas through nost of the piles had high enough oxygen

concentrations to allow oxidation to occur,

decreased oxygen concentrations at many |ocations was indicative of

oxygen  consunption,

elevated waste rock tenperatures tended to occur at |ocations where

there were |ow oxygen concentrations,
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at some | ocations oxygen concentrations near the base were higher
than concentrations nearer the surface, which is characteristic of
thermal convection bringing oxygenated air fromthe side into the

pile, and

at other locations oxygen concentrations decreased with depth, which
is characteristic of diffusion of oxygen from the top surface into

the dunp.

It is reassuring that many of the processes occurring in the Heath

Steele piles were simlar to those that occurred in the Rum Jungle dunps.

There are some processes that occurred on one site but not appear to occur at the
ot her.
The oxidation rate decreased in winter at Heath Steele due to the
cold winter tenperatures and in the top few netres of the piles
oxidation was effectively stopped. In the small piles the reduction
in oxidation rate was significant at all depths.
The cold outside air tenperature at Heath Steele increased the
tenperature difference between the outside air and the pore gas in
the piles which nmeans that thermal convection could increase in
W nter. This tendency to increased thernmal convection in wnter
mght be offset to some extent by snow cover or frozen ground. It
is not clear from the data if the increase in thermal convection was
significant.
Advective diurnal transport of oxygen that was driven by atnospheric
tides occurred at Rum Jungle but would not be a factor at Heath

St eel e.

There are differences in the relative inportance of the various
processes in the piles and dunps at the tw sites but nost of the differences can
be explained by the relative sizes of the dunps and external effects such as
atmospheric pressure and air tenperatures. Internal factors such as mneral ogy

and construction techniques appear to be less inportant.
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5.0

CONCLUSIONS AND RECOMMENDATIONS

The project has achi eved the objective of defining pre-cover background

conditions in each of the four piles nonitored.

Since it is now expected that placenent of the covers wll not occur prior
to the 1991 construction season, it is reconmmended that monthly nonitoring

of all piles be continued through June 1991.

Al'l instrumentation is functioning according to expectations and reflects
the conditions in each pile with reasonabl e accuracy. The existing
instrunentation will continue to serve the needs of the project if

properly maintained and protected during the placement of the covers.

Al four piles appear to have tenperature, oxygen and, in the case of
Piles 17 and 7712, water quality characteristics representative of wastes
undergoing active sulphide oxidation reactions and are, therefore,

suitable candidates for the placement and evaluation of covers.

It is recommended that cover placement on Pile 7712 be given priority for
Phase IV due to the ability to determ ne contam nant |oadings for that

-pile.

It is recommended that the thermal conductivity of several waste rock

sanples be determined and that heat production profiles be determn ned.

It is recommended that further investigative work be carried out to
determine the air permeability of the piles using tracer gas techniques,

and that an attenpt be nade to develop a conputer nodel of the gas
transfer mechanisns as a tool to better understanding the factors
influencing gas transfer and the interaction between diffusion, convection

and advection in the waste piles.
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EXECUTIVESUMMARY

Soils located in the vicinity of Heath Steele Mines have been sampled and tested for their
potential use as engineered covers for the waste rock piles located at the site. The soils are
mostly sandy silt tills with only about 10 percent of clay-sized materials. When compacted
slightly wet of the optimum water content, the tills are found to be nearly fully saturated with a
low hydraulic conductivity.  This suggests that if properly designed, a cover system
incorporating any of the tills could be both an effective oxygen and water barrier. A 3-layer
composite soil cover system, consisting of an uppermost coarse-grained soil, a middle
saturated till layer and an underlying coarse layer is proposed for the decommissioning of the
waste rock piles.  Computer modelling indicates that much lower oxygen fluxes can be
expected from this composite system than from a single till layer.

It is recommended that other important factors such as frost heaving, selection and grading of
slopes, erosion, and availability of abundant tills in the vicinity of the mine be considered prior
to actual design and implementation.



I INTRODUCTION
1.1 Historical Background

The Heath Steele mine site is located approximately 50 km northwest of Newcastle, New
Brunswick, and about 60 km southwest of Bathurst. The massive ore deposits at the site were
discovered in 1953. Mine development commenced in 1955 and ore beneficiation in 1957.
Operations ceased in May 1968 as a result of low metal prices and difficulties encountered in
the processing of oxidlzed portions of the ore. Production was resumed in 1960 and the mill
capacity increased to 3000 tonnes/day in 1969 and then to 4000 tonnes/day in 1977.
Production was suspended in May 1983, again, as a result of low metal prices. Milling,
however, continued with modification of the concentrator to process silver-gold gossan ore
which had been stockpiled on site. Processing of the gossan ore continued until October 1984.
Since closure, surface water and mine drainage from the site have been collected by means of
a comprehensive site drainage collection system and either pumped to the mill or to the tailings
pond for treatment.

Production commenced at the new Stratmat mine and the existing B-Zone underground mine.

In total, some 750,000 tonnes of pyritic waste rock and reject ore are currently stockpiled in
more than 20 piles at the Heath Steele site. The total projected waste rock inventory at closure
(including waste rock from the Stratmat, E-Zone and B-Zone, operations) is 2.3 million tonnes.

1.2 Heath Steele Waste Rock Project

During the fall of 1986/spring 1987, Brunswick Mining and Smelting Corporation Limited
proposed to various federal and provincial agencies the possibility of using several of the waste
rock piles at the Heath Steele mine site to develop and test strategies for long-term
management of acid-generating waste rock.  Following favourable responses from these
agencies, Brunswick Mining developed and submitted a four-phase program for possible
funding. An agreement to fund the initial three phases was signed on December 16, 1988 by
the New Brunswick Department of Natural Resources and Energy, the New Brunswick
Department of Commerce and Technology, and Brunswick Mining and Smelting Corporation.

The four phases of the program are as follows:
Phase | Selection of four waste rock piles to be used for specific field trials.

Phasell Installation of monitoring equipment to define the characteristics and
background data for the four piles identified in Phase |

Phaselll Geotechnical and column testing to evaluate the performance characteristics of
potential soil covers, including oxygen diffusion.



Phase IV Application of covers (designed on the basis of the results of Phase Ill) and
performance monitoring under field conditions.

This report addresses Phase {ll.

2. OBJECTIVESANDSCOPE

The principal objective of the Heath Steele Waste Rock Phase Ill Study was to determine the

performance characteristics of natural soils in the vicinity of the Heath Steele mine site as
potential engineered covers for the waste rock piles. It was also the intent of the study to
develop the most appropriate cover design scenario for the waste rock piles.

The study involved site exploration for natural soil materials (such as tills, clays, and sand),
laboratory geotechnical testing, column fabrication, testing of the soils for their hydraulic
characteristics, and measurements of oxygen diffusion coefficients. Laboratory geotechnical

testing consisted of measurements for grain size distribution, specific gravity, compaction and

consolidation characteristics, and hydraulic conductivity. The hydraulic characteristics
(moisture drainage curves) of these natural soils were also determined in order to assess the

potential for their inclusion in composite or layered cover systems. The exploration for the soils

was restricted to a 15-km radius of the Heath Steele site, since soils located at greater
distances would not be useful in economical cover design considerations.

Although advection is a major component of gas transport in waste rock piles, this study was
restricted to diffusion for two main reasons.  Firstly, diffusion is the dominant transport
mechanism in a fine-grained, compacted soil cover, such as the one envisaged for the waste
rock. Secondly, advection and hence air permeability would be more reliably evaluated in the
field than in the laboratory because of scale and the complex distribution of pore spaces in real
waste rock piles.

3. SULPHIDE OXIDATION AND ACID GENERATION INWASTE ROCK
31 OxidationProcess

Acid generation in waste rock is caused by the exposure of rock containing sulphide minerals
(principally pyrite and pyrrhotite) to air and water during mining, resulting in the production of
acidity and high concentrations of dissolved sulphate (8042') and metals. These sulphide
minerals are generally found in ore or surrounding rock in most base metal, precious metal and
uranium mines.

The first important reaction in acid generation is the oxidation of pyrite into dissolved iron,
sulphate and hydrogen ion (H*):

FeS,(s) + 7/2 O,(q) + H,0() --> Fe?* (aq) + 280, (aq) + 2H™ (aq) [1]



The dissolved Fe2+, 8042', and H* represent an increase in total dissolved solids and acidity of
the water and, hence, a decrease in pH, unless the water is neutralized. For a low-pH
environment (that is, pH 1.5 to 3.5) in which oxygen is readlly available, subsequent oxidation of
ferrous iron, Fe2*, will occur, producing ferric iron, Fed+ , as follows:

Fe?* (ag) + 1/4 O,(g) + H* (aq) <~>Fe%* (aq) + 1 /2H,0() 2]

Ferrous oxidation to ferric iron in the pH range 1.5 to 3.5, Equation [2], is sometimes catalyzed
by the iron bacteria, Thiobacillus ferrooxidang.

The reactions in Equations [1] and [2] can be combined to yield:
FeS,(s) + 15/4 Oy(g) + 1/2 H,0() -- > Fe3* (aq) + 280,%(aqg) + H * (aq) 3]

The reaction in Equation [3] indicates that during pyrite OX|dat|0n both Fe2* and S, 2- of FeS,(s)
can oxidize, resulting in the formation of two moles of SO4 and one mole of H * for each mole

of FeS, oxidized. Ferric iron, Fed*, released as either in Equation [2] or Equation [3], will
further oxidize pyrite, thereby generating additional acidity and dissolved ferrous iron, according
to the following reaction:

14Fe3+ (aqg) + FeS,(s) + 8H,0() --> 15Fe2* (ag) + 250,2(aq) + 16H* (aq) (4]

A comparison of Equations [1] and [4] indicates that, at low pH, dissolved ferric iron will oxidize
pyrite and generate more acidity than that produced from pyrite oxidation by gaseous oxygen.

At slightly higher pH values (say 3.5 or greater), hydrolysis of Fe3* will occur, resulting in the
precipitation of ferric hydroxide and leaving little Fe3* in solution while lowering pH (through
release of additional H*) at the same time:

Fe3*(aq) + 3H,O() <~> Fe(OH)4(s) + 3H* (aq) [5]

Thus, the oxidation and the subsequent acidification processes, once started, are
self-perpetuating.

As shown in the preceding discussions, the primary ingredients for acid generation are:
1) sulphide minerals, 2) water or a humid atmosphere, and 3) oxidants, principally oxygen from
the atmosphere or from chemical sources and dissolved ferric iron.  Thus, the exclusion of
oxygen and moisture will stop sulphide oxidation and acid generation. Although ferric iron is an
important oxidant, examination of Equations [1] and [2] indicates that if oxygen is not available,
ferric iron will not form and.the oxidation process will not occur. Thus, the role of the ferric iron
is intermediate. Oxygen availability and transport therefore appears to be the most important
consideration in any reactive waste rock management strategy.



In addition to oxygen and water, other factors found to influence pyrite Oxidation are sulphide

content, pore characteristics (pore size distribution, porosity and grain size) of the waste rock,
bacterial population density, and ferric iron concentration. Carbon dioxide enhances bacterial

activity and therefore its concentration in the gas phase can have an effect on rate of oxidation.

Carbon dioxide, like oxygen and other gases, is initially derived from the atmosphere. The
gaseous CO, concentration in the pile could, however, be higher than atmospheric if the rate of
acid generation in the pile is high enough to result in the dissolution of available carbonate
minerals.

3.2 OxygenTransport

Oxygen is a key requirement for sulphide oxidation and acid generation. The principal modes
of gaseous oxygen transport within a waste rock pile are diffusion and advection.

3.2.1 Diffusion

Gas transport by diffusion occurs when gas molecules move in response to concentration
gradients. The movement of the molecules occurs in random patterns due to the kinetic energy
of the molecules and inter-molecular collisions. Gas movement by diffusion is generally slow
and tends to be unimportant when there is significant movement by wind currents.

Gas diffusion in a waste rock pile can be assumed to be Fickian in behaviour so that the
diffusive flux of oxygen into the pile can be described by Fick’s first law, as follows:

J = -DSG
§Z (6]
where J = flux of oxygen (moles/m?s)
D = diffusion coefficient (m2/s)
C = concentration (moles/m*)
Z = depth in the pile (m)

The rate at which the oxygen concentration changes is given by Fick’'s second law:

€ = D§
ét TS% (7]

where tis the time variable in seconds and C, D and Z have the same meanings as before.

The concentration gradient required for diffusion in waste rock piles results from differences
between gas concentrations in the pore spaces and the atmosphere. For example, gaseous
oxygen concentrations in the pores that are lower than atmospheric values result from
consumption in the pore spaces due to geochemical reactions which generally occur following
the construction of the pile. The resulting gradient drives gaseous oxygen into the pile at a rate
which is governed by the diffusion coefficient. For example, the diffusion coefficient of oxygen



in air is 0,178 cm?/s, compared to a value of 2 x 10 cm?/s in water. Oxygen diffusion from the
atmosphere into a waste rock pile can occur through air-filled cracks and pores in the rock

fragments as well as through water-filled pores.  The relative magnitudes of the diffusion
coefficients indicate that diffusion through the water-filled cracks and pores is less important.

Generally, when oxygen transport into a waste rock pile is controlled by diffusion through
air-filled pores in the pile, high (close to atmospheric values) gaseous oxygen concentrations

are observed at or near the surface of the pile. These values decrease rapidly with depth to the
zone where the oxygen is consumed by sulphide mineral oxidation.

The effective diffusion coefficient is highly dependent on the pore characteristics of the rocks in
the pile. For oxygen, the effective diffusion coefficient, D,, can be written as a function of the
rock porosity, n, and a tortuosity, r, as follows:

Dg, = Dyt (8]

where DC is the diffusion coefficient of oxygen in air. The tortuosity is introduced to account for
obstructions caused by the presence of solids and liquids in the pathway. It is generally
defined as the inverse of the normalized path length (Taylor, 1949; Nielsen et al. 1984;
Nicholson et al. 1989).

To illustrate the calculation of flux, a waste rock pile with a thickness of 1 m and a porosity of
5% is assumed. If the tortuosity, r, is taken to be 0.2, then the effective diffusion coefficient of
gaseous oxygen is calculated from Equation (8) to be 1.78 x 103 cm2/s. The flux of gaseous
oxygen across the 1 m thick pile is 4.3 x 10 grams per square centimeter per month. ~ On the
other hand, if the rock is fully saturated, the effective diffusion coefficient of oxygen in water is
calculated to be 2 x 1077 cmz/s, using the parameters in Table 3.1 and Equation (8). The flux of
oxygen through the water-saturated pores is 4.4 x 10’ grams per square centimeter per month.
Thus, the flux of oxygen as a result of aqueous diffusion is lower than by gaseous diffusion.

Gaseous diffusion is particularly important in the reclamation of waste rock dumps and piles
because it is the mechanism by which oxygen enters piles covered with engineered soils. If the
cover is designed to have a high water content, the flux of oxygen into the pile can be very
small. Figure 3.1 shows the relationship between the diffusion coefficient of a gas (radon) and
the water content of a soil expressed as the moisture saturation.  The data indicate that the
diffusion coefficient decreases as the water content increases.  The diffusion coefficient
decreases by about two orders of magnitude and as moisture saturation increases from 75 to
95 percent, the pores are effectively blocked by water molecules. Since the diffusion coefficient
of a gas (for example, oxygen, Table 3.1) is about 10,000 times higher in a gas phase than in
water and the solubility of gases in general is low in water, the soil voids are effectively blocked
by water molecules at these high moisture saturation states. This leads to the low, effective
diffusivities and therefore diffusive fluxes at the high water contents.

The foregoing discussions suggest that properly designed engineered soil covers may be an
attractive option for reclamation of waste rock piles or dumps.



TABLE 3.1

PARAMETERS USED IN FLUX CALCULATIONS

Diffusion coefficient of oxygen in air 0.178 cm2/s
Diffusion coefficient of oxygen in water 2x 10 cmz/s
Concentration of oxygen in air 2.8x10% g/cm3
Concentration. of oxygen in water 8.6 x 10 g/cm3
Porosity of rock, n 5%

Tortuosity, r 0.2

3.2.2. Advection

Advective transport of oxygen into a waste rock pile represents the bulk movement of the gas

through the existing pore spaces under a pressure gradient. Gas advection is controlled by the

gas permeability of the pile and the magnitude of the gradient. ~ Gaseous oxygen can be
transported deep into a waste rock pile as a result of advection.  Parizek (1985) noted that
advection was the major mechanism by which oxygen was transported in spoils and that it
could carry oxygen to depths greater than 20 meters in spoils.

Harries and Ritchie (1985) have noted that, for a given pressure gradient, the volume of gas
transported by advection through a particular pore is a function of the fourth power of the pore
diameter. They further noted that the advective velocity in the pore depends on the square of
the diameter. This implies that the presence of a few large pores in a waste rock pile could
facilitate advective transport.

Advective transport of gas in a porous medium can be represented by an expression similar to
Darcy’s law for water transport:

Q = 5P

-k P
b 62 o)

Where Q is the volumetric flow rate (LT“) k the gas permeability (L), u the dynamic viscosity
(ML' T ), and &P the pressure gradient (ML 212 ).
Y4

The viscosity is practically independent of pressure and depends upon temperature only. Gas
viscosity increases with temperature. The viscosity of air increases only shqhtly from about
1.2 x 103 at -10°C to 1.8 x 108 Pa.s at 60°C with a value of about 1.6 x 10 Pa.s at 20°C
(Streeter and Wylie, 1981). Gaseous oxygen will have viscosities similar to those of air.



The permeability is a function of the pore size distribution of the medium. It is usualy
expressed in units of darcies or m2 (ldarcy =9.87x 1 0‘13m2).

As already mentioned, advection also occurs in response to pressure gradients. There are
three principal processes which cause pressure gradients to form in and around waste rock
piles. These are barometric pumping, wind currents, and internal heat production. Gas
removal by plant roots could also lead to the ingress of atmospheric gas at the surface of waste
rock piles to replenish removed volumes.

3221 Barometric Pumping

Advective transfer of oxygen in the gas phase can occur in response to pressure adjustments
within pore spaces of waste rock piles resulting from changes in the external atmospheric
pressure. Increase in atmospheric pressure leads to the compression of internal gases. The
compression results in the movement of air from the atmosphere into the pile. Decrease in the
atmosphere pressure will conversely result in the expansion and migration of the internal gases
out of the pile. The contribution of barometric pumping to the overall process of gas advection
could be relatively minor, in comparison to wind currents and thermal effects. Two main
reasons account for this: 1) barometric pumping will affect gas concentrations in the peripheries
of waste rock piles where the gases are entering and exiting, and 2) normal changes in
atmospheric pressure, with the exception of occasional hurricanes and tornadoes, may not be
large enough to induce significant volume changes in gases entering or exiting waste rock
piles. Although the volume of air entering a pile by barometric pumping may be small, it could
lead to extensive sulphide mineral oxidation (Morin et al., 1990).

3.2.2.2 Wind Currents

Gaseous oxygen can enter waste rock piles as aresult of turbulent flow of air due to wind
action. Wind currents can result in the development of high pressures on the sides of waste
rock piles. In response, air moves into the pile to flush out resident gases from the pore
spaces. It is conceivable that wind advection could be an important transport mechanism in

waste rock piles located at high elevations above the surrounding land surface (Morin et al.,
1990).

3.2.2.3 Thermal Effects

Exothermic geochemical reactions, such as pyrite oxidation, generate heat in waste rock piles.

This heat could lower the density of the surrounding gases which causes them to move

upwards and out of the upper surfaces of the pile. In response, gases from more distant
locations in the pile, and ultimately from the atmosphere, move in to the heated area,

sometimes called a ‘hot spot’. The movement of oxygen into the ‘hot spot’ could accelerate

sulphide mineral oxidation and, therefore, heat production. Thermal advection is considered to

be the dominant form of gas advection (Morin et al., 1990). Parizek (1985) has noted that the
volume of acid products observed in acid-generating spoils could only be adequately explained
by gas advection.



3.2.2.4 Transport of Dissolved Oxygen

Oxygen and the other gases dissolved in precipitation will be transported through waste rock

piles by aqueous advection. This type of advection is the bulk movement of water through the
pore spaces in piles in response to a hydraulic gradient. The hydraulic conductivity of the pile
Is a very important factor in advection. The flux of gas through the pile due to advection can be
calculated as follows :

F = kiC [10]

where k is the hydraulic conductivity (LT, i the hydraulic gradient (dimensionless) ad C the
concentration (ML™3) of the gas in water.

The above equation indicates that the advective flux of oxygen through a pile is also a function
of the rate of dissolution in water. This rate will attain a maximum value at the solubility limit.
The solubility of oxygen in water decreases with increase in temperature but increases with
increase in pressure.  Figure 3.2a shows the relationship between the concentration of
dissolved oxygen in water in equilibrium with air at a total pressure of 1 atmosphere, plotted
from the data of Truesdale et al. (1955). The dissolved oxygen concentration at 10°C is about
11 mg/L or 0.34 mmoles/L. For a waste rock pile with a hydraulic conductivity of 10 cmys,
the advective flux of oxygen at a unit hydraulic gradient is calculated from Equation [10] to be
8.8 moles of 0, per square meter per month.

The partial pressure of oxygen in equilibrium with the 0.34 mmoles/L at 10°C can be estimated
from Henry's law :

kPgy = [Oy(aq)] (1]

where k is Henry’s law constant, P02 the partial pressure of oxygen and [O,(aq)] the
concentration of dissolved oxygen.  Values of Henry's law constant for oxygen in
(mmoles/L)/atm for various temperatures is presented in Figure 3.2b. At 10°C, Henry’s law
constant for oxygen is 1.70 (mmoles/L)/atm. Using this value in equation, the partial pressure
of gaseous oxygen in equilibrium with 0.34 mmoles/L of dissolved oxygen is estimated to be
0.20 atmosphere or 8.6 x 1074 mmoles/litre, assuming ideal gas behaviour.

The flux of oxygen that reaches the waste rock pile by advection is high, compared to the
diffusive flux calculated in Section 3.2.1. Consequently, agueous advection can be a major
means of transport of oxygen into waste rock piles, unlike tailings deposits.



3.3 Role of Temperature

The oxidation of pyrite to sulphuric acid and ferrous sulphate is an exothermic reaction which
products 1440 kd mole” (FeS,) of heat. This can be verified by performing enthalpy change
calculations for the reactions describing pyrite oxidation (Yanful et al., 1990a). Consequently,
temperature profiles in waste rock piles can give an indication of oxidation. Daniel et al. (1980)
and Harries and Ritchie (1981, 1985) used temperature profiles to identify oxidation sites in
waste rock dumps at the Rum Jungle mine in the Northern Territory of Australia.

Unlike acidity and drainage metal concentration, temperature provides a very good indication of
the location of oxidation sites and also of rates of oxidation in waste rock piles.

Temperatures in waste rocks tend to be elevated (50 to 60°C) in zones where sulphide mineral
oxidation is occurring. These high temperatures derive from the fact that sulphide oxidation is
exothermic. The quantity of heat released can be calculated from the temperature observed in
the waste rock pile, as was done for the Rum Jungle site in Australia( Harries and Ritchie,
1981). The elevated temperatures can increase the rate of oxidation by promoting bacterial
activity. Iron oxidizing bacteria Thiobacillus ferrooxidans catalyze the oxidation of ferrous to
ferric iron which is the rate-determining step in the sulphide oxidation process. These bacteria
have optimal activity in the temperature range of 30 to 35%.

4. ENGINEERED SOIL COVER APPLICATIONS ON WASTE ROCK PILES

4.1 State of the Art

Engineered soil covers have a potential for reducing acid generation in waste rock piles.
Abundant tills or clays located in the vicinity of piles offer the most attractive option for
reclamation. These soils are generally fine-grained and can yield low hydraulic conductivities
when compacted. If they are placed at near-saturated conditions, the reduced air-filled porosity
leads to low diffusive oxygen fluxes. Consequently, the rates of sulphide oxidation and acid

production are reduced. Thus the cost of treating acidic seepage is substantially reduced. The
greatest advantage offered by engineered soil covers is their low maintenance. It should,
however, be mentioned that soil cover applications may not be suitable for all situations.  For
example, their cost could be prohibitive if soil materials are not readily available and have to be
transported from distant places. Thus, each situation has to be assessed on the basis of
logistics and economics.

Canada’s MEND (Mine Environment for Neutral Drainage) program is currently sponsoring
projects on applications of engineered soil covers. These projects, which include the Heath
Steele Waste Rock Study, are described elsewhere (Filion and Ferguson, 1989).
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Soil covers have also been applied over waste rock piles at the Mount Washington site in British
Columbia, Canada, and the Rum Jungle site in the Northern Territories of Australia. At both
sites, the piles have been monitored for gaseous oxygen fluxes, temperatures, and seepage
water concentrations as a means of evaluating the effectiveness of the covers.

4.2  Case Studies
421 MountWashington Site, British Columbia

Mount Washington mine is an abandoned porphyry copper mine located in south-central
Vancouver Island, British Columbia, Canada. Open pit mining was in operation from 1964 to
late 1966. The remains of mining activity at the present site include two open pits containing
waste dumps called West and East Dumps. The East Dump gives rise to acid drainage causing
detrimental effects on salmon stocks in the nearby Tsolum River (Kwong and Nordstrom, 1989).
The West Dump does not generate acid and reports to Oyster River. A location map of the

Mt. Washington mine site is shown in Fig 4.1.

as part of the reclamation work undertaken by the British Columbia Department of Mines and
Energy, a compacted till cover was placed on the East Dump between 1988 and 1989. The
purpose of the till cover was to prevent the infiltration of water and ingress of oxygen into the
waste rock. Prior to the placement of the cover, all waste rock and overburden in the North Pit
area were scraped and placed in the East Dump. The total thickness of the completed cover
was 1 m. In the initial design requirements, the lower 50 cm (barrier layer) was to be
compacted at 93% modified Proctor and the upper at 99% modified Proctor.  The results of
post-compaction density and water content measurements showed that these requirements
were exceeded.

A soil compacted at a moisture content above its optimum moisture content is less permeable
and more resistant to cracking (less brittle) than a soil with the same density compacted at a
moisture content below optimum. Therefore, both the upper and lower layers were compacted
at the natural moisture content which was thought to be slightly higher than optimum.
However, personal communications with the staff of the Engineering Department of the B.C.
Dept. of Mines and Energy indicate that the upper layer of the till cover may have been placed

at a water content slightly less than optimum. Thus, the upper layer of the cover could dry and
crack during the hot summer months. tong-term monitoring of the integrity of the cover will
therefore be beneficial.

Figure 4.2 presents typical gaseous oxygen, carbon dioxide and temperature profiles in the
waste dumps before and after placement of the till cover. The results indicate slightly reduced
oxygen and elevated carbon dioxide concentrations after placement of the till cover.

The temperature profiles show more stable values at the base of the dump and vary near the

top of the dump according to atmospheric conditions. The placement of the till cover also
appears to have had an insulating effect on the dump temperatures.
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The data represent conditions only a few months after placement of the cover and might
therefore not be conclusive. Continuous monitoring for longer periods will provide the basis for
assessing the effectiveness of the cover.

4.2.2 Rum Jungle Mine, Australia

The Rum Jungle mine is an abandoned uranium and copper open cut mine in the Northern
Territory, Australia.  Mining was carried out between 1954 and 1964 and the site was
abandoned in 1971, leaving three large open cuts and their associated overburden dumps.
The physical, chemical and microbiological aspect of two of the dumps, White’'s and
Intermediate, have been studied in detail (Harries and Ritchie, 1981; 1985). The locations of the
two dumps is shown in Fig 4.3. Both waste rock dumps are about 20 m high, with White’s
dump, the larger of the two dumps, being about 500 m wide and containing 4 X 108 m3 of
material. Intermediate dump has a width of about 300 m and contains 6.5 x 10% m3 of material.
The average sulphur content of both dumps is about 3 percent. Both the ore and the
overburden contained significant amounts of pyrite (Daniel et al., 1980; Harries and Ritchie,
1985).

The major sources of pollution from the site were identified to be the waste rock dumps and an
abandoned experimental copper heap leach pile (Davy, 1975). The continued release of
pollutants from the site led to the establishment of a rehabilitation program to reduce the level
of pollutants in the local river system. The program also aimed at reducing the risk to public
health and improving the general appearance of the site.

The rehabilitation work was initially confined to White’s dump. Work on Intermediate dump
started later in 1985. The principal intent of rehabilitation was to reduce the infiltration of water
through the dumps. The work consisted of the application of a composite soil cover system on
the dumps. Prior to the application of the cover, the tops of the dumps were reshaped to give a
maximum slope of §° with a central drainage system.  The sides of the dumps were also
reworked to provide a maximum slope of 1 : 3 with a berm halfway down the slope. Engineered
drop structures were also provided to take water from the berms to the base of the dumps.

The cover system applied on top of the dumps comprised a compacted clay layer of at least
225 mm thickness overlain by a sandy clay loam (minimum thickness 250 mm) which was, in
turn, overlain by a layer of gravelly sand (minimum thickness 150 mm). The functions of these
layers were as follows: the compacted clay to minimize water infiltration, the sandy clay loam to
retain moisture for support of vegetation and to prevent the clay from drying out, and the
gravelly sand to provide erosion protection and to restrict moisture loss by evaporation in the
dry season. The sides of the dumps were also covered with a similar but thicker three-layer
cover system composed of minimum thicknesses of 300 mm compacted clay, 300 mm of
sandy clay loam and 150 mm crushed rock. The top surfaces of the covers were vegetated to
provide additional protection against erosion and to improve the appearance of the dump.
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The dumps were instrumented to measure temperature, gaseous oxygen and carbon dioxide
before and after the application of the covers. The infiltration of water through the cover layers
was monitored using lysimeters installed in the dumps before emplacement of the compacted
clay layer.

Figures 4.4 and 4.5 show temperature distributions in White’s and Intermediate dumps before
and after rehabilitation. Before rehabilitation, the temperatures at several locations within both
dumps exceeded 50°C. The temperatures decreased following rehabilitation with the highest in
either dump in June 1988 being 41°C. The elevated temperatures in the dumps have been

attributed to the heat released in the oxidation of sulphidic materials in the dump. The oxidation
of pyrite, for example, to sulphuric acid and ferrous sulphide is exothermic and can be shown to
release 1440 kJ per mole of FeS2 (Bennett et al., 1989).

The placement of the composite soil covers on the dumps was observed to have greatly
reduced the level of oxygen in most regions of the dumps (Figures 3.8 and 3.9). Bennett et al.,
(1989) have observed that, since rehabilitation, the oxygen concentrations at depth have been
low at all measuring points, with the exception of a few isolated portions of the dumps where
the pyritic content was low. These authors note that the clay cover was effective in stopping
oxygen transport into the dumps by thermal convection.  Further monitoring, however,
indicated that oxygen distribution in the top few meters of the dumps was diurnal. The oxygen
concentrations were observed to increase in the mornings and evenings in the wet season.
This behaviour was found to be similar to that observed even prior to rehabilitation.  Bennett et
al., (1989) attributed this diurnal behaviour to advectlon driven by changes in atmospheric
pressure. Since the elevated oxygen concentrations were observed only in the wet season, the
authors attributed the diurnal behaviour observed in the covered dumps to seasonable changes
in the hydraulic conductivity of the compacted clay layer. Presumably, the clay near the
monitoring hole was not as well compacted as the clay further away, resulting in greater air flow
following an increase in the atmospheric pressure. In the dry season, no diurnal variation was
observed and the oxygen concentrations were low. Bennett et al., (1989) infer that cracking of
the clay in the dry season provided additional flow paths for air.  This resulted in increased
advection of air by atmospheric pressure variations. They note further that, early in the wet
season, most of the cracks located further away from the monitoring holes closed as the
moisture content of the clay increased. The clay near the holes probably did not seal as well as
those further away, resulting in the re-appearance of the diurnal variations.

S. CANDIDATE SOIL COVER MATERIALSFROMHEATH STEELE MINE

51 Sampling of Soil Materials

During the summer of 1989, samples of soils were collected from trenches excavated in the
vicinity of Heath Steele mines. These trenches were excavated for the construction of pipelines
for the mine and were all covered up by late fall 1989. The soils were glacial tills with fair

amounts of stones. The locations of the samples are presented in Table 5.1. In one trench
near Austin Brook, the face of the trench revealed a layer of medium sand between two til
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layers. The two layers were examined in detail for grain size distribution and stone content and
found ta be similar. A sample of the sand was also obtained. One of the tills (soil HS-B) was

collected from an exploration pit on the property of CNE Stratabound belonging to one Mr. Ken
Whaley, located about 20 km from Heath Steele Mines.

TABLE 5.1

LOCATION OF HEATH STEELE SOILS

Soil Type Location Depth

HS-A Glacial Till Stratmat Area 0.61.1.83m

HS-B Glacial Till Captain North Extension (CNE) 1.22 m
Stratabound

Exploration Pit

HS-C Glacial Till Otterbrook Road 0.40m
HS-D Sand Otterbrook Road 1.52 m
HS-E Glacial Till Otterbrook Road 1.52 m

The samples were obtained by excavating fresh trench faces with a shovel and pick and then
put in large plastic bags. The bags were sealed immediately and transported to the laboratory

within two weeks for investigation.
5.2  Laboratory Investigation

5.2.1 Index Test8

The soil samples were tested for geotechnical index properties (grain size distribution, Atterberg
limits, and specific gravity). These tests were all performed in accordance with standard
geotechnical procedures (Sowies, 1986).
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The grain size distribution provides information for predicting the water retention and drainage
characteristics of a soil. These characteristics control the performance of a saturated soil cover.
The grain size also influences gas diffusion coefficients in soils. The Atterberg limits (liquid and
plastic) describe the plasticity characteristics of a soil and reflect on mineralogy and
water-holding capabilities.

5.2.2 Mineralogy

Mineralogical characterization of a fine-grain& soil provides useful information on its
geotechnical behaviour. For example, the swelling and shrinking potential of a soil can be
predicted from its mineralogy. This information is useful in considering soils for inclusion in
cover systems.

The soils obtained from the site were characterized for mineralogy using X-ray diffraction and
chemical techniques.  X-ray methods involved random powder diffraction and oriented
diffraction analysis of <2 um fraction. The oriented diffraction work included air-dry, wet and
potassium-saturated analyses of the <2 um fraction of the tills. This work was conducted in
order to define the clay mineral composition of the tills. Carbonate contents were obtained by
gasometric analysis using the Chittick apparatus (Dreimanis, 1962). In addition, glycol
retention and total potassium were measured to provide estimates of vermiculite and illite
contents.

5.2.3 Compaction

In geotechnical engineering, compaction is performed in order to densify soils through removal
of air from the pores. Laboratory compaction tests yield two important parameters: the
optimum moisture content (OMC) and maximum dry density (MDD). These parameters are
normally specified for placement of soils in field applications. Generally, the shear strength of
the soil increases as water is added to the soil and compacted until the OMC is reached. The
shear strength begins to decrease beyond the OMC The hydraulic conductivity (K) varies
differently. As the soil is compacted, K decreases through a decrease in the void ratio and
continues to decrease, although only slightly, beyond the OMC (Lambe, 1958; Mitchell, 1976;
Daniel et al., 1986). Therefore, the hydraulic conductivity of a compacted soil attains its
minimum value at a water content higher than the OMC.

Laboratory compaction tests were performed on the -No. 4 mesh fraction of the soils to provide
information on the OMC and MDD. This information is needed for specifying field compaction

densities if any of the soils are to be used as cover materials. The soils were all compacted

using the modified Proctor energy of 42.5 kJ/m3 with an automatic mechanical compactor.
The procedure used is described in (ASTM D 1557-78).
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5.2.4 Consolidation Tests

The compressibility of a soil can be determined from the results of a consolidation test.

Consolidation is a process by which a soil is densified through removal of water from the pores.
The densification occurs through a decease in void ratio which, in most cases, results from the

application of an external load. Consolidation can also occur through loss of water due to
osmosis (Barbour, 1987).

The most popular consolidation test used in geotechnical engineering is the oedometer test,

the principles of which are based on Terzaghi's one-dimensional theory of consolidation. A
consolidation test can also provide information on the rate at which water moves through a soil

and therefore provides an estimate of the hydraulic conductivity. Since the compressibility of

coarse-grained soils is low, oedometer tests are only carried out on fine-grained soils (clays and
silts).

The oedometer tests were performed on two till samples initially compacted at water contents
of about 2 percent higher than the OMC. After compacting in 100 mm diameter split moulds,
the soils were carefully removed and trimmed into 50 mm diameter and 20 mm thick oedometer
rings. The rings containing the soils were immediately weighed to provide the mass of the test
specimens and then loaded in a front-loading Control T302 consolidometer using a load
increment ratio (LIR) of unity from 0 to 1600 kPa. The standard procedure used is described in
standard texts on soil mechanics (for example, Taylor, 1948; Bowles, 1986).

5.2.5 Hydraulic Conductivity

The hydraulic conductivity, K, of a soil is a measure of the rate at which a liquid flows through it.

Unlike the intrinsic permeability, k, it takes into account the density and viscosity of the flowing
liquid. The two are related as follows:

K = pgk (12}
h

where p is the density, 4 the viscosity of the liquid and g the acceleration due to gravity.
Hydraulic conductivii, K, is usually reported in cm/s or m/s.  From Equation [12], using

appropriate dimensions for p, g, and g, the corresponding units for the permeability will be cm?
or m<,

Hydraulic conductivity can vary by several orders of magnitude, depending on how it is
measured. Several factors, such as gradient, confinement, type of permeating liquid, length of
testing time, size of sample and type of equipment influence the magnitude of K. The different
roles played by these factors have been discussed in detail by several authors ( Mitchell and
Younger,1967; Olson and Daniel,1981; Fernandez and Quigley, 1985; Yanful et al., 1990b).
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Laboratory measurements of hydraulic conductivity generally yield values which are 2 to
3 orders of magnitude lower than those measured in the field. This discrepancy has been
attributed to the presence of micro and macro fissures or cracks in field soils. These cracks are
normally absent in laboratory specimens. Consequently, researchers and practicing engineers
consider field measured values of K more reliable than laboratory values. However, field tests
tend to be more complicated and therefore costly. In fine-grained soils, in particular, field tests
can take a long time because of the slow rate at which liquids such as water move through
these soils. In addition, the use of certain liquids (for example, organics) in field tests may not
be desirable because of the serious environmental implications. Well-controlled laboratory
tests offer the best methods for obtaining K values associated with such liquids.

A laboratory K test was performed to measure the rate at which water will infiltrate a cover
constructed from any of the tills. Although the K obtained from the test is only a rough estimate
of what a cover constructed from the compacted till will attain in the field, it nevertheless
provides important data for calculating potential water flux through the cover. One till sample
was compacted at two percent wet of the optimum water content in a 102 mm diameter split
mould using the modified Proctor energy. The specimen was carefully trimmed on the top and
sealed with rubber membranes and then assembled in a triaxial cell for testing.

A photograph of the Geostore Brainard Kilman triaxial panel and cell used in the test is
presented in Figure 5.1. The sample was initially consolidated to a stress of 24 kPa and then
permeated with deionized distilled water at a gradient of 18.0 for 70 days which corresponded
to only 0.58 pore volume.. The gradient was then increased to 60 and the sample permeated to
1.25 pore volumes, or for 42 days. A pore volume is the total volume of pore spaces in the
sample and is calculated as a product of g/VT, the ratio of the flow rate (q) to the total sample
volume (VT), and the time of flow, t. Testing a sample to at least one pore volume ensures that
all the resident pore water has been displaced. by the permeating liquid. This makes it possible
to assess the effects, if any, of the permeating liquid on the hydraulic conductivity of the soil.

52.6 Freezethaw Tests

Several authors (Yong et al., 1984; Konrad; 1989) have shown that the physical and mechanical

properties of fine-grained soils can change when subjected to freezing and thawing cycles. Of
particular importance to engineered soil cover technology is the pore size distribution and the
swelling and shrinking potential of the soil. For instance, the development of fissures or cracks

in a soil cover after one or several freeze-thaw cycles will not be desirable since such a cover

will no longer be effective.

The results of the grain size tests indicated that the tills had large proportions of silt-sized
materials which are generally regarded as prime candidates for frost heaving. Normally, if other
soils with less silt-sized components were available, they would have been selected. The tills
constitute the only fine-grained soils located in the vicinity of Heath Steele Mines. Therefore,
the only altefnative was to assess the extent of any potential frost heaving and, if possible,
design against it.
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5.2.7 Hydraulic Characteristics of a Cover

The application of saturated soil covers on sulphide tailings appears to be one of the best ways
of reducing acid generation. A saturated soil cover is one whose pores are all nearly filled with
water so that the rate of movement of gaseous oxygen by diffusion through the few air-filled
pores is very low (see Section 3.2.1). Unfortunately, however, any saturated soil cover placed
on tailings will drain during dry climatic conditions unless it is specially designed. One way of
reducing drainage is to design the cover to incorporate an underlying coarser-grained soil
material. Figure 5.2 shows the moisture drainage curves for a fine-grained soil (silt) and a
coarse-grained soil (sand). None of these soils will drain until the pressure head becomes
more negative than the respective air-entry pressure, U, This air entry pressure is the pressure
head required to overcome the capillary forces that can be exerted by the largest pore in the
medium (Nicholson et al., 1989). Once the pressure head falls below Uy, the soil will drain until
residual saturation (g .oJ) is attained. It is clear from Figure 5.2 that the sand will reach ¢ .4 at
a much lower negative pressure head than the silt.

The principle of maintaining a saturated fine-grained soil layer above a coarse-grained layer
which has drained to residual saturation was investigated for a possible application to a cover
design for the waste rock piles at Heath Steele mines, The laboratory methodology and
equipment used were adapted from those developed under a separate project involving
Noranda Technology Centre (NTC) and the University of Waterloo.

A laboratory column evaluation was conducted at NTC to define the water content and pressure
head developed in a fine-grained soil and an underlying coarse-grained layer. The soils were
initially saturated and then allowed to drain, keeping the water table at a distance of about

50 cm below the the column. This was designed to simulate the commonest situations in waste
rock piles where the water table is at substantially great depths. This case represent
unsaturated conditions in the cover system; the suction developed was therefore measured
with a system of specially designed tensionmeters and pressure transducers. ~ Soil water
content was measured in place by time domain reflectometry using a Tektronix 15028 cable
tester and 3 mm diameter stainless steel rods inserted into the soil. Figure 5.3 is a schematic
representation of the column and the monitoring units.

5.2.8 Oxygen Diffusion Measurements

In fine-grained geologic materials such a clay or till cover, oxygen is transported by means of

gas diffusion. An accurate prediction of oxygen fluxes across such a cover system on a waste

rock pile requires a precise knowledge of the diffusion coefficient of oxygen in the soil. ~ The
diffusion coefficient can be measured in the laboratory.  There are several empirical
relationships which relate the diffusion coefficient to the gas-filled porosity. An example of such

a relationship is given by Troeh et al. (1982) is:

De/Dp = [(S-u)/(1-u)}" [13]
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in which Dy is the effective gas diffusion coefficient, D, the diffusion coefficient of gas in air, S

. the gas-filled porosity (V s/Viota) @nd U and v are dimensionless parameters that are
determined experimentally ?S a specific medium.

In the present investigation, a transient diffusion method was used for measuring the diffusion
coefficient of oxygen.  The technique essentially involved allowing a constant source of
gaseous oxygen to diffuse freely through a column packed with soil to a known density and
water content. The oxygen concentration in the soil is directly measured in ports located along
the column with a Teledyne 340 BS portable oxygen analyzer. The oxygen concentration at the
bottom of the column can be measured on a trace oxygen analyzer in a stream of nitrogen gas.
A schematic of the experimental set up is illustrated in Figure 5.4.

The effective diffusion coefficient, Dy, is obtained in two ways: (1) matching the experimental
concentration profile with a theoretical profile, and (2) equating the theoretical oxygen flux
through the column to the observed flux and back-calculating the diffusion coefficient. Both of

these methods are currently being used at NTC and results will be reported later when they
become available.

5.3  Results of Laboratory Investigation

5.3.1 Mineralogy

Mineralogical analyses of the Heath Steele tills indicated that they are composed of abundant

quartz, feldspar(both orthoclase and plagioclase), illite, chlorite, and probably a trace of
carbonate. A typical random X-ray powder diffractogram is presented in Figure 5.5 for soll

HS-C. Although a carbonate content of about 3 percent was obtained from gasometric
analysis, this amount was too small to yield an X-ray peak on the diffractogram.

The distribution of exchangeable cations in soil HS-C in milliequivalents per 100 gram of dry soil
was found to be Na*( 0.28), K* (2.37), Ca* * (1.44), and Mg* * (2.21). This distribution gives a
rather low cation exchange capacity of 8.36 meq/100 g, which probably suggests that the clay
minerals are either present only in a very small amount or are inactive.

Figure 5.6 shows the natural and K*-saturated oriented X-ray diffractograms obtained on the

< 2 um fraction of soil HS-C. The traces indicate the presence of abundant illite. the strong
peaks at 0.72 and 1.45 nm on Figure 5§.6a suggest chlorite; however, heat treatment did not

produce a strong 1.4 nm in confirmation. As shown, K*-saturation seemed to greatly modify
the traces without Increasing the size of the 1.0 nm illite peak. This suggests the 1.42 and 0.72
nm peaks are produced by a smectite that actually expanded on contact with KCI solutions to

produce the rather ragged traces on Figure 5.6b.
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5.3.2 Geotechnique
Index Properties

Figures 5.7 to 5.10 present the grain size distributions of the tills, indicating that they are mostly
sandy silts with varying clay size fractions (5 to 14 percent). Till samples HS-B and HS-E have
the highest amounts of clay-size fractions of 14 and 11 percent, respectively. Sample HS-B
also has the highest amount of -200 mesh (75 um) size fraction (approximately 52 percent). The
amounts of silt-size materials present in Samples HS-A, HS-B, HS-C and HS-E are 33, 36, 46,
and 37 percent respectively. These high contents have important implications for their potential
use as covers in a temperature. climate like New Brunswick which experiences long periods of
frost during the winter months. The grain size distribution of the sand, HS-D, is presented in
Figure 5.11. Based on the MIT soil classification system (Taylor, 1948), soil HS-D is a medium
to coarse sand with an appreciable fine gravel content. The potential benefits of including such
a sandy material in a composite cover design are fully discussed in Section 5.3.3. These nearly
linear grain size curves are similar to those obtained on a few samples from the general Heath
Steele mine area by Gemtec consultants of Fredricton, N.B. (G.R.E. Dickinson, 1989, personal
communication).

Atterberg limits (liquid and plastic) obtained for the tills are presented in Table 5.2, along with a
summary of the grain size data. The values of the limits confirm that soils HS-B and HS-E have

the highest clay content. The grain size data and the Atterberg limits indicate that the tills have
low activities. As shown in Table 5.2, the specific gravities of the tills range from 2.69 to 2.73.

TABLE 5.2

INDEX PROPERTIES OF CANDIDATE HEATH STEELE SOILS

Soil HS-A HS-B HS-C HS-D HS-E

<2 um (%) 6 14 8 0 11

<75 pm (%) 42 52 37 4 42

Liquid limit (%) 24.5 27.1 30.2 Nonplastic ~ 28.9

Plastic limit (%) 28.2 17.2 17.5 Nonplastic 18.6

Specific gravity 2.83 2.73 2.72 2.68 27.1

Location Stratmat CNE Otterbrook Otterbrook Otterbrook
Stratabound Stn 2 Stn 2 Stn 3
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CompactionParameters

Modified Proctor compaction curves for the tills are presented in Figs 5.12 and 5.13. Optimum
water contents range from 9 to 11 percent and maximum dry densities from 1.91 to 2.10
Mg/m3. Standard Proctor compaction dry densities and optimum water contents obtained by
Gemtec Consultants for similar tills from the area range from 1.80 t0 1.82 Mg/m3and 15 t0 17
percent, respectively. The higher densities and lower water contents obtained in the present
investigation are due the greater compaction effort used and are similar to those reported in
the literature for inorganic clayey sandy silts (Craig, 1974; Holtz and Kovacs, 1981). The
compaction parameters for soil HS-D (maximum dry density of 2200 kg/m3 and optimum water
content of 8 percent) as well as the shape of the curve (Fig 5.14) are characteristic of medium to
coarse sands. '

As an illustration of the utility of the compaction data, the curve for soil HS-B is replotted in
Figure 5.15. with lines for three different degrees of saturation. ~ The plot suggests that this
till could be compacted at 2 percent wet of the optimium water content to yield approximately
95 percent of the maximum modified Proctor density. The resulting degree of water saturation
will be close to 95 percent. The diffusion coefficient of gaseous oxygen at this degree of
saturation will be very low. The hydraulic conductivty of the till compacted wet of optimum will
also be very low. The low hydraulic conductivity will result in low amounts of water infiltration.
This suggests that if any of the tills could be properly and efficiently compacted and placed as a
cover in the field, it could function as an effective diffusional and water barrier. Several other
factors have to be considered in an actual design and field placement. For example, the effects
of freeze-thaw on the soil pore structure and hydraulic conductivity should be fully evaluated
and incorporated into any design and construction protocol. These effects were assessed for
soils HS-C and HS-E and the results are discussed below.

Freeze-thaw Behaviour

Freeze-thaw evaluation of the tills samples showed a frost heave of 15 to 20 mm on 100 mm
after only 2 cycles. Scanning electron photomicrographs of the samples taken at the end of the
freeze-thaw cycles revealed the formation of ice lenses in the samples. The hydraulic
conductivity, K, of the soils, however, did not change significantly after 8 freeze-thaw cycles.
The K for soil HS-C increased only slightly from 2.9 to 3.2 x 10°* cm/s, and that of soil HS-E
from 2.1 to 2.7 x 1077 cmis. It appears the soils heaved upon freezing and thawing without a
significant change in the volume of void spaces. Water intake into soil HS-C was about 5 mL at
the end of the first freezing cycle, compared to about 16 mL at the end of the second freezing
cycle. Soil HS-E, on the other hand, showed an increase of only about 2 mLs in water intake at
the end of the second cycle. The results of the freeze-thaw tests are presented in the Appendix.

The water intake characteristics of the soils noted above support the observation of Konrad
(1989) that soil samples compacted at a water content of about 2 percent higher than optimum,
unless saturated by a back pressure technique, will absorb water during the first freezing cycle
to attain full saturation. This may explain why, in the soils under investigation, the total frost
heave during the first freezing cycle was less than the total frost heave at the end of the second

21



second cycle. A similar behaviour can be expected in an actual field cover application since
these soils will not be fully saturated. It should also be mentioned that freeze-thaw effects vary
with soil type. Chamberlain and Gow (1979) found that soil with high plasticity may develop
shrinkage cracks during freezing. The development of these cracks will result in changes in
internal volume. The amount of shrinkage is a function of the water content and degree of
saturation (Penner, 1969). Less plastic soils, such as clayey silts, do not develop shrinkage
cracks upon freezing (Konrad, 1989). The soils investigated in the present study are all sandy
silts of low plasticty (with clay-sized fraction of only 5 to 14 percent) and are not likely to crack
upon freezing.

Consolidation ~ Characteristics

The results of oedometer consolidation tests are presented in Tables 5.3 and 5.4 for two
identical samples HS-CI and HS-C2. The coefficient of consolidation, ¢,, at low average
stresses (6 to 38 kPa) range from 3.5 x 103 cm?/s to 7.9 x 103 cm?/s, with the exception of the
value for HS-Cl at 6 kPa. The tests were performed using a load increment ratio equal to one.
Each applied load was maintained until most of the primary consolidation was deemed to have
occurred.

Figures 5.16 and 5.17 show plots of void ratio versus log pressure curves obtained from the
tests. The curves indicate essentially linear virgin behaviour between 100 and 1600 kPa. An
average compression index, Cg, of about 0.13 is estimated from the virgin compression. The

preconsolidation pressure, g, of this compacted till estimated from a Casagrande construction
technique is about 80 kPa.

The variations of the compression index and the coefficient of consolidation with applied stress
are shown in Figure 5.18. The compression index, C,, increases with stress until the
preconsolidation pressure is substantially exceeded and then begins to fall sligthly.  This
suggests that the soil may have undergone some structural or fabric changes at these high
stresses.  The wavy shape of the ¢, versus apllied stress curve may be attributed to
quasi-preconsolidation. Each applied load was maintained until there was no change in dial
gauge readings or sample compression. The elapsed time for this phenomenon to occur was
different for each applied load. Therefore, it was possible that some secondary compression
occurred, resutting in a quasi-preconsolidation pressure that is larger than the maximum
previous consolidation pressure (Leonards and Ramiah, 1959; Das, 1983).

Hydraulic Conductivity

The results of the hydraulic conductivity, K, tests obtained on soil HS-C are summarized in
Figures 5.19 and 5.20. and then also in Table 5.4. The K value decreased only slightly from 2.0
to 1.7 x 108 cm/s when the hydraulic gradient was increased from 18 to 60. This decrease is
due to a decrease in void ratio resulting from increased effective stress at the oufflow end of the

sample (Table 5.4). An average effective stress of 24 kPa was applied to the sample at the
lower hydraulic gradient of 18. This stress will correspond to that due to the weight of about
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80 cm thick capillary barrier and vegetated top soil placed above the compacted till.  Thus, a

hydraulic conductivity of 2.0 x 10® cm/s can be used for preliminary flux calculations for a
composite cover on the waste rock piles at the Heath Steele mines site.
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CONSOL IDATION SPREADSHEET
MEATH STEELE - COVERS #1

JABLE 5.3

CORR.  AVG. COEF. OF COEFFIC.
APPLIED FIMAL DIAL  SPEC. MACH. SPEC. SPEC. VOID  VOID FITTING TIME CONSOL. AVERAGE de (mm) PRIMARY  CHANGE COMPRES. COMPRES. AVG. PERMEABILITY
STRESS ODIAL CNANGE MEIGNT CORR. MEIGNT MEIGNT NEIGNT RATIO (sec) Cv  PRESSURE SORT (OG d90 o100  CONSOL. voID IMOEX [ voiD
(PA) (sm) (am) (mm) (om) (em) (sm) (aw) 90 150 (cw"2/8) (kPa)  VIME TIME ()  (em) RATI0 RATIO cc (kPa-1)  RATIO  (cw/s) (cw/s)
0.00 12.000 0.000 20.000 0.000 20.000 6.3127 0.461
12.50 11.836 O0.164 19.8356 0.010 19.846 19.923 4.1587 0.450 67.20 0.012522 6.25 11.89 11.87 0.135501 0.011251 0.037380 0.002602 0.455583 3.26-06
25.00 11.723 O0.113 19.723 0.009 19.732 19.789 6.0447 0.442 105.10 0.007899 18.75 11.78 11.76 0.127827 0.008329 0.027671 0.000642 0.445793 5.06-07
50.00 11.545 0.178 19.545 0.022 19.567 19.650 $.8797 0.430 193.10 0.004239  37.50 11.62 11.59 0.205993 0.012055 0.040050 0.000465 0.435601 1.9€-07
100.00 11.219 0.326 19.219 0.033 19.252 19.410 5.5647 0.407 90.49 0.008826  75.00 11.39 11.28 0.357873 0.023014 0.076459 0.000443 0.418066 3.86-07
200.00 10.707 0.512 18.707 0.041 18.748 19.000 5.0607 0.370 128.20 0.005970  150.00 10.90 10.78 0.271267 0.036822 0.12233 0.000355 0.388148 2.1E-07
400.00 10.082 0.625 18.082 0.048 18.130 18.439 4.4427 0.325 126.02 0.005720 300.00 10.29 10.16 0.231111  0.045151 0.150004 0.000218 0.347161  1.2€-07
800.00 9.537° 0.545 17.537 0.046 17.583 17.857 3.8957 0.285 276.95 0.002441  600.00 9.75 9.59 0.326198 0.039964 0.132771 0.000096 0.304604 2.36-08
1600.00 8.993 0.544 16.993 0.066 17.059 17.321 3.3717 0.246 196.00 0.003245 1200.00 9.26 9.06 0.413709  0.038284 0.127188 0.000046 0.265480 1.5E-08
800.00 9.035 -0.042 17.035 0.031 17.046 17.053 3.3587 0.24S
400.00 9.104 -0.069 17.104 0.025 17.129 17.088 3.4417 0.251
200.00 9.176 -0.072 17.176 0.04t 17.217 17.173 3.5297 0.258
50.00 9.326 -0.148 17.324 0.088 17.412 17.315 3.7247 0.272
12.50  9.461 -0.137 17.461 0.051 17.512 17.462 3.8247 0.279
c:\heathste\conscovl.wk3
BLE
CONSOLIDATION SPREADSHEET
MEATH SYEELE - COVERS #2
CORR. AVG, COEF. OF COEFFIC.
APPLIED FINAL DIAL  SPEC. MACH. SPEC.  SPEC. VOID VOID  FITTING TIME CONSOL.  AVERAGE ds (wm) PRIMARY  CHANGE COMPRES. COMPRES.  AVG. PERMEABILITY
STRESS DIAL CHANGE MEIGNT CORR. HEIGHT MEIGHT WEIGHT RATIO (sec) Cv  PRESSURE SORT LOG d90  d100  CONSOL. void INDEX Y voID
(kPa) (=)  (mm) () (w) (wm) (om)  (om) t90 50  (cm*2/s)  (kPa) TINE YINE () (o) RATIO RATIO cc (kPa-1)  RATIO  (cws) (cws)
0.00 11.000 0.000 20.000 0.000 20.000 6.370 0.467
12.50 10.943  0.057 19.943 0.011 19.954 19.977 6.326 0.464 256.800 0.003295 6.25 10.97% 10.956 0.292398 0.003375 0.011212 0.000780 0.485664 2.SE-07
25.00 10.895 0.048 19.895 O. 19.904 19.929 6.274 0.460 129.800 0.006487  18.75 10.927 10.920 0.162037 0.003658 0.012187 0.000283 0.462142 1.8€-07
50.00 10.826 0.069 19.826 0.016 19.842 19.873 6.212 0.456 240.000 0.003489  37.50 10.868 10.854 0.225443 0.004549 ©0.015112 0.000175 0.458034 6.0€-08
100.00 10.580 0.246 19.580 0.027 19.607 19.725 S5.977 0.439 178.400 0.004623  75.00 10.785 10.638 0.663957 0.017241 0.057280 0.000332 0.447139 1.56-07
200.00 10.000 0.580 19.000 0.041 19.041 19.326 S5.411 0.397 126.000 0.006283  150.00 10.200 10.084 0.222222 0.041526 0.137960 0.000400 0.417755 2.5€-07
400.00 9.339 0.861 18.339 0.057 18.396 18.719 4.766 0.350 233.100 0.003187 300.00 9.556 9.417 0.233653 0.047322 0.157216 0.000228 0.373331 7.1€-08
800.00 8.799 0.540 17.799 0.077 17.876 18.136 4.246 0.312 264.400 0.002637 600.00 9.100 8.870 _ 0.473251 0.038151 0.126748 0.000092 0.33059%¢ 2.4E-08
1600.00 8.240 0.559 17.240 0.086 17.326 17.601 3.69 0.271 290.100 0.002264 1200.00 8.8565 8.335 1.053468 0.040352 0.134060 0.000049 0.291343 1.1€-08
800.00 8.276 -0.036 17.276 0.020 17.296 17.311 3.666 0.269
400.00 8.327 -0.051 17.327 0.031 17.358 17.327 3.728 0.27
200.00 6.394 -0.067 17.39¢ 0.037 17.431 17.395 3.801 0.279
50.00 8.538 -0.146 17.538 0.058 17.596 17.513 3.966 0.291
12.56  8.676 -0.138 17.676 0.028 17.704 17.650 4.074 0.299

c:\heathste\conscov2.wk3



As shown in Fig 5.26, the outflow hydraulic conductivity at a gradient of 60 decreased initially
and then increased slowly until the inflow and outflow conductivities equalized at steady state.
Fluctuations in laboratory temperature recorded during the tests, presented in Fig 5.21, do not
show the same trends as the variations in K, Thus temperature changes cannot account for
the observed variations in K. The decrease in sample volume observed in the tests is plotted in
Figure 52.2. The plot shows a substantial decrease in sample volume after 1000 minutes
which appears to correspond to the decrease in oufflow K.

TABLE 5.5

RESULTS OF HYDRAULIC CONDUCTIVITY TESTS

FOR COMPACTED HEATH STEELE TILL. HS-C

Hvdraulic Gradient

B 60

Cell Pressure 275.6 275.6
Inflow Pressure 261.8 1261.8
Outflow Pressure 241.1 192.9
Effective Stress (Inflow) 13.8 13.8
Effective Stress (Outflow) 34.5 82.7
Pore Volumes 0.58 1.25
Final Hydraulic Conductivity, 2.0 x10'8 1.7 x108

K, (em/s)
Notes: (1) All pressures and stresses in kPa

@ Dimensions of compacted test specimen

102 mm diameter and
116 mm length
13.1%

1.96 Mg/m?

distilled water

) Initial water content
Initial bulk density
4) Permeant

25



5.3.3 Prediction of Cover Performance

The waste rock piles at the Heath Steele Mines site have already oxidized and presumably
contain large volumes of stored acidity.  There is still a substantial amount of unoxidized
sulphide minerals left in the pile, as shown in the mineralogical data (Nolan Davis, 1990).
Therefore, the two key aspects of an effective cover system is the control or mitigation of water
infiltration and oxygen ingress into the piles.  High infiltration rates would flush out large
volumes of stored acid, resulting in high treatment costs. Residual sulphide minerals left in the
pile will oxidize upon contact with oxygen and water.

The design of a saturated cover requires development of methodologies for predicting its
long-term hydraulic and diffusive behaviour.  Figure 5.23 presents pressure and moisture
profiles observed in the two-layer column described in Figure 52.7. The interface between the
fine and coarse layers is represented by | in the figures. The coarse layer drains within 7 days
to residual saturation at a suction of -50 cm. At residual saturation, the coarse layer has
minimum hydraulic conductivity and is not able to transmit any more suction.  The fine layer
does not drain and after 14 days, the pressure profile is observed to be nearly parallel to the
static equilibrium line. This means that the hydraulic gradient across the fine layer is essentially
zero so that there can be no flow of water from the fine layer to the underlying coarse layer. The
moisture content profile confirms these observations and show further that the fine layer
remains saturated at a moisture content of nearly 32 percent. The slight decrease in the
moisture content at the top of fine layer can be attributed to loss of moisture by evaporation.

The column observations described above confirm the results of transient state numerical
modelling conducted by Akindunni et al., (1990). These authors showed that a fine layer
overlying a coarse layer will remain saturated for 50 days without the need for infiltration. These
results are encouraging and suggest that an effective composite soil cover could be designed
for the Heath Steele waste rock piles. This system, however, needs further assessment prior to
field application. For example, the long-term drainage characteristics of a cover on a waste pile
with a deep water table should be assessed with full consideration given to climatic conditions
at the site. This assessment may be carried out by means of computer modelling using a
number of models, such as HELP (Schroeder et al., 1984), and a coupled diffusion-flow model
developed by Collin (1987) for the Swedish Environmental Protection Board. Another important
consideration would be the ability to predict the effect of heat generated in the pile on the
overlying cover.

A second aspect of accurate prediction of cover performance is estimating diffusive fluxes.
across soil covers. A special column was developed to demonstrate the effectiveness of the

two-layer system described above, in terms of potential reductions in oxygen fluxes. The
essential features of the column are presented in Figure 5.24, In a laboratory evaluation, a
composite system consisting of 10 cm of Heath Steele soil HS-C overlying 30 cm of medium

sand HS-D was initially saturated and allowed to drain. Moisture content profiles observed in
the column at different times are presented in Figure 5.25. These results show transient
moisture fluxes in the column as the sand layer drains towards residual saturation. Itis
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anticipated that the fine layer will remain saturated and therefore substantially reduce oxygen

flux in the column.  Flux measurements in progress at NTC will provide data for
back-calculating the diffusion coefficients of soil HS-C at full saturation.

6. COVERDESIGN SCENARIOSFORHEATHSTEELEWASTEROCK PILES

6.1 Theoretical Concepts

An initially saturated single soil layer placed as cover on waste rock pile will ultimately
desaturate by drainage and moisture losses due to evaporation. The diffusion coefficient of
oxygen for such a system, although initially low, will increase with time resulting in large
oxygen fluxes into the pile. The cover can be compacted during placement to have a low
hydraulic conductivity. However, as it desaturates, it could dry out and develop cracks,
especially if it has high clay content. Moisture fluxes resulting from infiltration across this cover
will be high. Another complication is the upward flow of heat generated in waste rock pile into
the overlying cover.

Table 6.1 presents the drainage characteristics of the Heath Steele soils under investigation.

The tests were conducted by the Department of Land Resource Science, University of Guelph.

The data suggest that residual saturation occurs at volumetric water contents of about 15 and 6
percent for till HS-E and sand HS-D, respectively. The gap in the results for till HS-B makes it
difficult to estimate its water content at residual saturation. The moisture drainage curve for
sand HS-D was also obtained by separate measurements at the Noranda Technology Centre.
Figure 6.1 presents the curve indicating that the volumetric water content at full saturation (Or
the porosity) is 0.33 while residual saturation occurs at about 0.11. These results are similar to

those reported in the literature for medium to coarse sands Gillham (1984). It appears that both
the residual and saturation water contents have been underestimated in the Guelph work.

TABLE

WATER CONTENT VS, PRESSURE HEAD,
Pressure Volumetric \Watef Content (%)
Head T HS-B Sand HS-D Till HS-E
(m)
0.00 29.72 26.02 29.11
-0.20 23.50 6.57 19.36
071 20.46 6.78 17.11
-1.02 6.68 16.65
-2.04 6.42 15.52
-3.06 5.92 15.02
-4.08 5.87 14.67
-5.10 5.71 14.43
-6.12 5.55 14.44
7.14 5.46 13.95
-8.1% 5.44 13.68
-9.17 5.38 13.54
-10.19 5.32 13.35
-15.29 5.19 12.88
-17.04 13.66 5.00 12.70
-20.39 13.64 4.82 12.60
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Table 6.2 shows capillary heads for the soils, calculated using the correlation between the
head, he and Dyor the particle sizes below which 10 percent of the material is finer:

hg = -0.01(-21.9-85.12 log (D4)) (14]
In Equation [14] hy is in meters and Dy in millimeters. The above correlation is based on data
from Lambe and Whitman (1969). The capillary head, hy is the height above the water table at
which air entry can occur by gravity drainage. The D, is the particle size corresponding to the
10 percentile point on a grain size distribution curve (see Figures 5.7 to 5.11).
The influence of the drainage characteristics, saturation and grain size in the selection of any of
the soils for various cover design scenarios is discussed.

TABLE 6.2

CALCULATED CAPILLARY HEADS FOR
HEATH STEELE SOILS

Soil Type & Gradation Dyq (MmM) Capillary head hg (m)
HS-A Sandy, sittfill 0.0035 -1.a7
HS-B Sandy, sittfill 0.0036 -1.86
HS-C Sandy, sittfill 0.0026 -1.98
HS-E Sandy, sittfill 0.001 -2.14
HS-D Medium to coarse sand 0.2 -0.38

Note: Capillary fringe, hg was estimated from:
hg =-0.01(-21.9 - 65.12 log (D4())

The above correlation is based on data from Lamb and Whitman (1969).
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6.2  SingleCover

In order to calculate oxygen flux across a single cover, the solution to the transient diffusion
equation or Fick's second. law (described by Equation {[7.1], section 3.2.1), given by Crank
(1975) is used. For a cover on a sulphide-rich waste rock pile, the following boundary
conditions are applicable:

a) Constant source oxygen concentration, Co.
b) Initial oxygen concentration is zero throughout the cover of thickness L.
c) Oxygen concentration at the base of the cover is assumed to be Zero at all time to

simulate rapid oxygen consumption by sulphide minerals in the waste rock. |n other
words, the oxygen is consumed as fast as it is transported through the cover.

The solution for the flux at time t, using these boundary conditions is given by Crank (1975) as

follows: " -
_ 6_0 _ bad 2 (2n+1)*L
ro = (057)  =200% (7)o | -2

(18]
The solution for the series is implemented in a computer program developed by the University
of Waterloo under a subcontract from Noranda (Gillham and Nicholson, 1990).

Figure 6.2 presents oxygen fluxes computed using the program. Two important conclusions
can be drawn from the plots: (i) the most beneficial cover will be the one with a very low
diffusion coefficient (< 1.0 x 1 08m?/s), (ii) for covers with low diffusion coefficients (< 2.5 x 10
7 a/s), only a thickness of Im is requwed to provide the maximum reductions in oxygen
fluxes, (iii) a thickness of about 2m is required for a single cover with a higher diffusion
coefficient (about 1 .0 xI 08m /s) to provide maximum benefits.

The time rate of diffusion in a single cover is illustrated in Figure 6.3.  For relatively effective
higher diffusion coefficients (between 2.5 x 107 and 1.0 x 10‘5m2/s) steady state is attalned
rather quickly within 10 to 25 days. When the diffusion coefficient is low (about 1 .0 x 1 08m?/s),
it is shown that the time required to attain steady state is much longer, reaching nearly 2 years.

The diffusion coefficient of 2.5 x107m?/s used in the above discussions was estimated for till
HS-C using the empirical equation proposed by Troeh et al (1982) (see Equation [13]). Values
of the empirical coefficients, u and v used were 0.05 and 1 .10, respectively.  This diffusion
coefficient corresponds to only 70 percent degree of saturation. For the till compacted at 2
percent wet of optimum, Figure 5.15 suggests that a much higher degree of saturation (about
95 percent) would be attained. In this case, the lower diffusion coefficient of 1 0x108m /s
would apply. However if this till is placed as a singer cover, drainage and subsequent drying
will occur resulting in lower degrees of saturation and hence higher diffusion coefﬁments
probably, of the order of 1.0 x 10'6m2/s An intermediate coefficient of 5 x 107m /s
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representing moderate degrees of saturation is therefore used for calculation of the depth of
oxygen penetration in a 1 m thick single cover. This depth is then compared to those attained in
two and three-layer composite covers.

6.3  Composite Cover
6.3.1 Diffusion model

The flux of oxygen through a multi-layered cover system was calculated using a steady state
diffusion model. The flux is a direct indication of the potential maximum rate of oxidation of
sulphide minerals that may occur below a cover, For practical purposes, it is assumed that the
time-dependent nature of diffusion in this composite cover system can be ignored. The mass
flux F for steady state diffusion is described mathematically by the equation:

F=-D4 [16]

Oz

For a multi-layered system, the flux can be equated at the interface for any two adjacent layers
with the resulting general equation:

D\ Diyv  DiN ., (D A~  _ [17]
(Li> Ciar + (Li+l L.‘) Cit (LH-I) Cinr =0

where i represents the i th layer. Evaluating the fluxes in this manner results in a system of
equations (equal to the number of layers minus one) which can then be solved simultaneously.

It is assumed that a constant source oxygen concentration exists at the surface of the cover,

equal to atmospheric value, and that the concentration at the base of the deepest layer is zero.
The solution of the resulting system of independent equations, using a decomposition matrix
routine, is implemented in the University of Waterloo model described in Section 6.1 This
model was adopted for the’conceptual design scenarios presented in the next sections.

6.3.2 Two-layer System

The P-layer composite cover under consideration consists of a 400mm thick compacted Heath
Steele till overlying a 600mm medium to coarse sand. It is envisaged that the till is compacted
wet of optimum so that it is nearly fully saturated (about 95 percent). In its natural state, the
sand would conceivable be at its residual saturation so that no further drainage will occur
immediately after placement. Under these conditions, effective diffusion coefficients of 1.0 x
10"and 1.0 x 10 m2/s are proposed for the till and sand, respectively. The resulting gaseous
oxygen distribution in this composite system, calculated from the steady state diffusion model,
Is presented in Fig.6.4. For comparison, the oxygen profile in a Im thick single till cover is also
presented. An intermediate diffusion coefficient of 5.0 x 10‘7m2/s is used for the single till cover
to reflect potential drainage and moisture loss by evaporation.

30



The results shown in Fig. 6.4 indicate that oxygen penetration is effectively contained in the till
cover overtying the sand so that the concentration at the interface is nearly zero. In
comparison, a much deeper profile is observed in the single cover. The composite system
incorporates an underlying coarse layer which would drain faster and reach residual saturation
long before the till cover. At residual saturation, the hydraulic conductivity of the coarse layer is
minimum so that it is no longer able to transmit the negative pressures required to drain the till
cover. The till cover is therefore expected to remain saturated even in summer dry conditions.
The work done by Akindunni et al (1990) suggests that, for a composite system consisting of
silt and a underlying medium to coarse sand, full saturation can be expected for at least 50
days. This length of time probably represents the longest period in the year during which there
will be no moisture flux into the cover by infiltration.  After §Q days, infiltration resulting from
precipitation and spring melt will occur so that the cover can be expected to remain saturated
most part of the year.

A major factor which should be considered is the loss of moisture from the surface of the cover
as a result of evaporation. It is conceivable that incorporating a top coarse layer (such as sand)
on the cover will reduce evaporative losses because of the poor capillarity of the coarse layer.
Steady state diffusion through such a 3-layer composite system is presented.

6.3.3 Three-Layer System

The 3-layer composite cover under consideration is a system consisting of 30 cm of a coarse
capillary barrier, a 40 cm thick saturated till layer and an underlying coarse layer of thickness 30
cm. The steady state gaseous oxygen profile calculated for such a system is shown in Fig.65
along with the profile for the single cover. Again, the depth of oxygen penetration terminates in
the fine-grained till layer because of its lower diffusion coefficient. The uppermost coarse layer
does very little to oxygen penetration, as shown in the figure.

Table 6.3 presents calculated oxygen fluxes for the three scenarios discussed. A flux of 0.21

kg/mz.a is calculated for both the two and three layer systems. The flux for the single cover
system is about 20 times higher than for the composites.
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TABLE 6.3

CALCULATED OXYGEN FLUXES FOR DIFFERENT COVER SCENARIOS

Cover Layer Thickness Diffusion Coefficient Flux
(m) (m?/s) (kg/m?.2)

Single till 1.0 5.0 x1077 4.32
Composite il 0.4 1.0x 108 0.21

sand 0.6 1.0x 108
Composite  sand 0.3 1.0x 10" 0.21

till 0.4 1.0x 10"

sand 0.3 1.0x 100

1. SUMMARY ANDCONCLUSIONS

Samples of glacial till and sand collected from the Heath Steele mine site have been evaluated
for their geotechnical properties and soil cover characteristics. The four tills investigated are
similar and consist of sandy silts of low activities. The laboratory hydraulic conductivity of the
compacted till permeated with distilled water is about 2.0 x 10’8cm/s.

The hydraulic behaviour of a P-layer cover system is evaluated. It is inferred that an initially
saturated till layer overlying a coarse-grained layer can be expected to remain saturated during
most parts of the year. Under dry conditions, the coarse layer will be the first to drain. When it
has drained to residual saturation, the resulting low hydraulic conductivity will prevent further
transmission of negative pressures required to drain the overlying till layer. The hydraulic
performance of this composite system can be improved by incorporating a coarse-grained
layer on top of the till. This upper capillary breaking layer prevents upward transport of
moisture and minimizes losses from the till.

Steady state diffusion modelling is conducted for single and composite cover systems. Results
indicate gaseous oxygen penetrates to a shallower depth in the composite system than in the
single cover. As expected, the gas flux in the composites is also lower.
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It is proposed that a 3-layer composite cover, consisting of a fine-grained saturated till,
sandwiched between two coarse-grained layers, will be an effective oxygen barrier. If the till is

compacted at a water content slightly wet of optimum, it can be expected to have a low
hydraulic conductivity and be an effective water barrier as well.

Several other factors have to be taken into account during design and application of the
composite system. For example, since the tills are observed to undergo appreciable frost

heaving, the depth of the fine layer should be carefully selected based on the frost penetration
index for the Heath Steele mine area. Proper grading of side slopes, surface water and erosion
control must also be taken into account.

A final important consideration is the availability of abundant till and sandy materials in the
vicinity of the mine. The exploration work conducted at the beginning of this study showed that
the most promising location is the property belonging to CNE Stratabound where till HS-B was
sampled. A detailed material inventory should be conducted prior to full-scale implementation.
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FIGURE 5.1 Triaxial panel and cell used in the hydrau.ic
conductivity tests.
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Figure 5.19  The hydraulic conductivity of compacted soil HS-C permeated with distilled water
at a hydraulic gradient of 18.
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