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RESUME

L’industrie miniere, lorsqu’elle méne des exploitations de gisements pour produire des minerais
devant subir un traitement, est confrontée a différents défis et enjeux liés a la gestion des rejets
miniers. Le drainage minier acide et la mise en solution des contaminants constituent les principaux
problémes environnementaux dus a I’exposition des rejets miniers sulfureux a 1’eau et a ’oxygéne
atmosphérique. Les réglementations environnementales obligent les compagnies minieres a
réhabiliter les sites et en particulier les aires d’entreposage des rejets avant la fermeture de la mine.
La gestion des rejets miniers différe selon le type de I’exploitation et la géologie du gisement
exploité. En effet, lors d’une exploitation a ciel ouvert, les stériles miniers sont produits en quantité
considérables et sont ensuite déposés dans des haldes a stériles non-saturés en eau et caractérises
par une hétérogénéité de la distribution granulométrique. En revanche, lors des exploitations
souterraines, moins de stériles sont générés et se sont les résidus finement broyés qui représentent
le plus gros des rejets, qui sont déposés dans des parcs a résidus. Dans un climat humide comme
celui du Canada, ces derniers sont le plus souvent saturés en eau avec juste une partie au-dessus de
nappe phréatique en perpétuel changement de la saturation vers la désaturation. Dans les deux cas
(stériles et résidus), la prédiction du comportement géochimique des rejets miniers est un parametre
important qui influence grandement la faisabilité d’un projet minier. Durant ce doctorat, les deux
types de rejets miniers ont été étudiés au vu de deux objectifs différents sachant la différence de
leurs propriétés mais cependant pour la méme finalité qui est de mieux prédire et gérer le rejet
minier en question. Pour ce qui est des stériles, une nouvelle méthode de gestion est proposée en
amont lors de leur extraction et avant leur entreposage. Quant aux résidus étudiés, des formulations
d’amendements alcalins et cimentaires ont été testées en cellules de terrain comme technique de
stabilisation/solidification des résidus miniers oxydés générateurs d’acide apres avoir démontré

I’effet des oxy-hydroxydes de fer sur le comportement géochimique des résidus miniers.

Trois lithologies de stériles ont été echantillonnées a la mine Canadian Malartic juste apres
dynamitage pour respecter la représentativité du parametre ‘distribution granulométrique’; souvent
mal considéré par les études de nos jours. Les trois lithologies CPO (lithologie A), AGR (lithologie
B) et CGR (lithologie C) ont éte séparées en sept fractions granulométriques (-53um, +53um/-
300um, +300um/-850um, +850um/-2.4mm, +2.4mm/-5mm, +5mm/-1.5cm, +1.5cm/-5cm). La

caractérisation chimique et minéralogique a montré que les trois lithologies et leurs fractions
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contiennent plus de carbonates (>2.5%) par rapport aux sulfures (<1.5%). Les carbonates sont
majoritairement représentés par la calcite et les sulfures sont principalement constitués de pyrite.
Le contenu en sulfures varie en fonction de la fraction granulométrique. En effet, les fractions fines
sont plus enrichies en sulfures par rapport aux fractions grossi¢res. En terme textural, I’analyse
minéralogique a montré que les sulfures sont libres au niveau des fractions fines (95%) et inclus
au niveau des fractions grossiéres et idem pour les carbonates. Par ailleurs, le degré de libération
de sulfures devient presque négligeable (5%) a partir de 2.4 mm comme diamétre des grains pour
les trois lithologies par comparaison au degré de libération des carbonates qui reste non-négligeable
(10%) a 2.4mm offrant une sécurité. En conséquence, 2.4mm a été défini comme le diamétre limite
d’encapsulation physique de sulfures (DPLS) pour ces trois échantillons. Le DPLS est défini
comme un seuil qui sépare un stérile minier en deux fractions granulométriques dépendamment de
leurs réactivités : i) la fraction fine (-DPLS) qui constitue étre la fraction réactive et probablement
problématique et ii) la fraction grossiére (+DPLS) qui constitue étre la fraction non réactive et ne
présenterait pas un risque lié a I’oxydation des sulfures. La fraction -DPLS représente une
proportion faible de 1’échantillon total (moins de 23% considérant Im comme Dmax pour la
lithologie A) par rapport a la fraction +DPLS qui représente la majorité de I’échantillon total. En
plus de la caractérisation chimico-minéralogique et les tests statiques, des essais cinétiques en
colonnes ont été monitorés sur une période 543 jours pour confirmer cette conclusion. Les trois
lithologies ont été séparées en deux fractions granulométriques a savoir -2.4mm et +2.4mm tout en
testant I’échantillon total aussi. Les résultats du suivi géochimique ont montré qu’effectivement la
fraction -2.4mm est beaucoup plus réactive que la fraction +2.4mm et I’échantillon total. La
lithologie B était la lithologie la plus réactive; le taux d’oxydation de la pyrite au niveau de sa
fraction -2.4mm était de 12.5 pmol/kg/jour, au niveau de sa fraction +2.4mm était de I’ordre de
0.27 pmol/kg/jour et le taux d’oxydation au niveau de 1’échantillon total était de 1’ordre 2.45
pmol/kg/jour. La méme tendance a été remarquée pour les deux autres lithologies. L’intérét du
calcul du DPLS se situe au niveau des éventuels gains économiques qui peuvent avoir lieu s’il est
intégré en amont de la gestion des stériles miniers. En effet, au lieu de gérer les stériles comme une
seule entité, il est maintenant suggéré de les séparer en deux fractions; une fraction réactive (-
DPLS) et une fraction non réactive (+DPLS) sachant que la fraction réactive présente une faible
proportion de I’échantillon total et qu’elle puisse étre soit déposé avec les résidus minier soit encore

traités métallurgiqguement et économiquement elle devenait intéressante.
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Par ailleurs, la problématique de prédiction du comportement géochimique des résidus miniers est
différente de celle liée aux stériles miniers. Les résidus miniers, par comparaison aux stériles
miniers, sont caractérisés par une granulométrie fine; ce qui favorise et accélere méme les taux de
réactions dans des conditions non saturées (oxydation des sulfures, dissolution des carbonates). Le
comportement géochimique des résidus miniers est généralement évalué en utilisant des essais
cinétiques au laboratoire. Ces essais sont congus pour simuler 1’oxydation naturelle des résidus
miniers et ont démontreé leurs capacités a prédire adéquatement le comportement géochimique des
rejets miniers. Cependant, le cas des résidus miniers de Joutel témoigne de 1’importance de
considérer la composante du terrain pour bien comprendre le comportement géochimique des
résidus miniers. Le parc a résidus de Joutel qui s’étend sur une superficie de 120 ha est fermé
depuis environ 25 ans. L’exposition des résidus aux agents atmosphériques a causé 1’apparition
d’un horizon oxyd¢ a la surface du parc a résidus avec une formation localisée du hardpan tendant
a se géneraliser sur tout le site. Ce dernier est défini comme une couche cimentaire qui se forme a
I’interface entre 1’horizon oxydé et 1’horizon des résidus frais par précipitation des oxy-hydroxydes
de fer. La caractérisation minéralogique et chimique a montré un épuisement des sulfures et des
carbonates en allant du résidu frais vers le résidu oxydé avec un changement de texture assez
remarquable au niveau du hardpan. Les essais cinétiques réalisés sur les résidus frais ont montré
qu’il s’agit d’un comportement non-générateur d’acide a long terme. Cependant, sur le parc a
résidus de Joutel, une acidité a été générée a travers de la couche oxydée. Ce constat a été confirmé
moyennant des essais cinétiques sur des résidus oxydés. Etant donné que le résidu oxydé est le
résultat de I’oxydation du résidu frais sur environ 25 ans et que la prédiction du comportement
géochimique du résidu frais était non-générateur d’acide mais le résidu oxydé a montré un
comportement acidogene, ceci prouve I’incapacité des essais cinétiques a prédire correctement le
comportement géochimique des résidus miniers de Joutel. Apres une investigation sur le terrain et
au laboratoire, le role essentiel du hardpan sur le comportement géochimique global des résidus
miniers de Joutel est démontré. En effet, I’occurrence du hardpan constitue un écran aux les
écoulements verticaux des eaux. La formation du hardpan, caractérisé par sa faible permeabilité
estimée par analyse tomographique, favorise les écoulements latéraux (ruissellement de surface)
au dépend des écoulements verticaux des eaux de surface. C’est pour cette raison que la géochimie
globale du parc a résidus de Joutel est influencée grandement par la réactivité des résidus oxydeés

en surface. Ces derniers sont caractérisés par un épuisement plus ou moins important des sulfures,



constat confirmé par les essais de consommation d’oxygene. Dans les zones oxydées, les flux
d’oxygeéne ne dépassent pas 30 mole/m?/année. En plus de leurs réactivités faibles, les résidus
oxydés sont caractérisés par 1’abondance des minéraux secondaires a I’exemple du gypse et des
oxy-hydroxydes de fer. Ces oxy-hydroxydes de fer, qui étaient responsables de 1’atténuation des
réponses géochimiques de 1’oxydation des résidus frais, peuvent réagir différemment en générant
de I’acidité. La répartition spatiale de I’acidité au niveau du parc a résidus de Joutel n’était pas
systématique. En effet, 1’échantillonnage systématique réalisé a Joutel a permis de cartographier la
variabilité spatiale des propriétés géochimiques des résidus oxydés. L’utilisation des SIG a permis
de délimiter les zones les plus problématiques et qui étaient localisées a 1’ouest du parc Sud et au
nord du parc Nord, ce qui a permis de proposer un schéma conceptuel illustrant le comportement
des résidus a Joutel. Par la suite, les amendements alcalins et cimentaires ont été proposés et testés
comme technique de stabilisation/solidification sur le site Joutel. L utilisation du calcaire a 5 et 10
wt.% a permis une neutralisation immédiate du pH des lixiviats et la plupart des éléments
chimiques ont été immobilisés grace a la précipitation des phases secondaires dans des conditions
proches de la neutralité. Cependant, les concentrations en Zn et en As étaient parfois plus grandes
dans les lixiviats provenant des résidus amendés par rapport a la cellule témoin. Les amendements
cimentaires ont été testés en utilisant le ciment portland et les cendres volantes de la combustion
de la biomasse produites en région a un dosage total de 5%. La premiere formulation qui contenait
50% ciment et 50% cendres volantes a montré des résultats prometteurs concernant la stabilisation
des contaminants. L’efficacité de ces amendements a court terme a été démontré, mais il reste a

étudier leurs efficacités a long terme ainsi que les colts économiques liés a cette alternative.

Mots clés : rejets miniers, le degré de libération minérale, séparation des stériles, hardpan,

minéraux secondaires, amendements miniers.



ABSTRACT

During ore extraction and processing, mining industries generate high quantities of solid mine
wastes. Their management during all mine life cycle is a serious challenge facing these industries.
Acid mine drainage and contaminants mobilization constitute the most known problems related to
exposition of sulphidic mine wastes to atmospheric oxygen and water. Conformity to current
environmental regulations and standards requires mine sites reclamation and especially waste
storage facilities before the final closure of mine sites. Mine waste management depends on the
extraction method and the geological properties of the deposit. Hereafter, mine waste will refer to
waste produced mostly during open pits extraction (compared to underground exploitation) and
which didn’t go through ore processing steps, mine tailings refer to finely grinded tailings and
produced during ore processing. Waste rocks are mostly deposited in large surface unsaturated
waste rock piles, and mine tailings are deposited in slurry state in tailings storage facilities. In
Canada, the environmental behavior of waste rocks and tailings is one of the parameter which is
considered during mine project feasibility studies. This is why, prediction of environmental
behavior of waste rocks and mine tailings becomes a serious concern of mining industries all
around the world. During this study, waste rocks and tailings were studied in order to improve
understanding of geochemical reactions within waste rocks and mine tailings which will be used
for a better prediction of their environmental behavior. Concerning waste rocks, a novel
methodology was suggested to consider mineral textures (mineral liberation and mineralogical
associations) during characterization steps. As demonstrated in this study, a new method of waste
management is suggested, and it consisted on waste rock sorting considering the diameter of
physical locking of sulphides. Concerning mine tailings, it is demonstrated in this study that iron-
oxyhydroxides is very common phenomenon occurring during sulfides oxidation and carbonates
dissolution and it could influence the prediction of the geochemical behavior of mine tailings which
may require in some cases to consider the field conditions. Finally, four amendment formulations
(cementitious and alkaline) were tested in the field conditions and showed promising results to

stabilize/solidify oxidized acid generating tailings.

Three waste rock (WR) lithologies was collected from Canadian Malartic mine immediately after
in-situ WR blasting to consider the actual particle distribution which is rarely considered during
nowadays studies. The three lithologies CPO (lithology A), AGR (lithology B) and CGR (lithology
C) were divided into seven fractions (-53um, +53um/-300um, +300um/-850um, +850um/-2.4mm,
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+2.4mm/-5mm, +5mm/-1.5cm, +1.5cm/-5cm). the chemical and mineralogical characterization
showed that the three total samples and their fractions contained more carbonates mainly as calcite
(>2.5%) than sulphides mostly as pyrite (<1.5%). Sulphides content depended on the particle size,
fine particle sizes were more enriched in sulphides compared to coarse fractions. Moreover,
automated mineralogy characterization performed on the concerned fractions showed that
sulphides are mostly liberated (95%) within fine fractions compared to coarser fractions where
sulphides are mostly encapsulated within non-sulphide gangue (NSG) and their liberation is almost
negligible (5%). Based on mineral textures analysis within the studied lithologies, 2.4mm was
defined as the diameter of physical locking of sulphides (DPLS). The DPLS defines a critical
particle size that could be used to divide a waste rock into two fractions with extremely different
reactivities: the fraction -DPLS is the most reactive one and it consists on only a low proportion of
total samples (<23 %) and the fraction +DPLS which is characterized by a low sulphide oxidation.
This diameter was also confirmed using kinetic tests monitored for 543 days. The three lithologies
were divided into two fractions which are the sample -2.4mm and +2.4mm and the total sample
was tested separately. Results of geochemical monitoring showed that the fraction -2.4mm of the
three lithologies was the most reactive fraction compared to total sample and the fraction +2.4mm.
The lithology B was the most reactive one, pyrite oxidation rates of fraction -2.4mm, total sample
and fraction +2.4mm were about 12.5 umol/kg/day, 2.45 umol/kg/day and 0.27 pumol/kg/day
respectively. Tendency of pyrite oxidation rates between the different fractions of the lithology B
was the same for the two other lithologies A and C. Calculation and determination of DPLS will
allow to challenge waste management. Indeed, the use of this parameter will allow depositing waste
rocks into two waste rock piles instead of one. A pile which will contain only particles -DPLS and
another one containing particles +DPLS. Consequently, the volume of the reactive part of the waste

rocks will be minimized considerably and so economic cost related to waste rocks management.

Otherwise, the challenge related to prediction of the geochemical behavior of mine tailings is
different to that related to waste rocks. Mine tailings, compared to waste rocks, are characterized
by fine and homogeneous particle size distribution; which accelerates reactions rates in unsaturated
conditions (sulphides oxidation and carbonates dissolution). The geochemical behavior of mine
tailings is usually studied using laboratory kinetic testing. This kinetic testing is deigned to simulate
the natural oxidation of tailings. However, Joutel’s tailings are an example of the importance of

considering the field conditions to understand correctly the actual geochemical behavior of mine
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tailings. Joutel is a closed tailing storage facility (TSF) of about 120 ha for 25 years. Tailings
exposition to water and oxygen lead to apparition of an oxidized horizon and local formation of
hardpans which may be a generalized phenomenon in the TSF. The hardpan is defined as
cementitious layers that occur at the interface between the oxidized horizon and the unweathered
tailings due to iron oxy-hydroxides precipitation. The chemical and mineralogical characterization
showed that carbonates and sulphides depletion increases from the unweathered tailings to the
oxidized horizon with a spectacular change regarding the minerals texture. Knowing that the
oxidized horizon is the result of oxidation of the unweathered tailings for 25 years and the
geochemical behavior of the unweathered tailings was predicted as non-acid generating, however
the oxidized tailings were acidic in some location in the TSF; this shows the incapacity of kinetic
testing in this case to predict correctly the geochemical behavior of Joutel’s unweathered tailings.
Laboratory and field investigations showed the effect of hardpans on the geochemical behavior of
Joutel’s TSF. Indeed, hardpan constitutes a screen against vertical water flows due its low porosity
as analyzed using computed tomography. Consequently, hardpans occurrence deflects water
vertical infiltration and enhances surface and sub-surface runoff. This why the reactivity of the TSF
is almost controlled by the reactivity of upper oxidized tailings. These oxidized tailings are
characterized by high sulphides depletion as demonstrated using oxygen consumption tests.
Oxygen consumption within oxidized tailings didn’t exceed 30 mole/m?/year. Furthermore,
oxidized tailings are mainly formed by secondary minerals such as gypsum and iron oxy-
hydroxides. These iron oxy-hydroxides which were responsible for metals/metalloids attenuation
may react again and release the sorbed elements and generate acidity. The spatial mapping of the
acidity and the geochemical properties of Joutel’s TSF showed that they were spatially dependent.
The use of GIS allowed delimiting the zones of acidity which were spatially located at the west of
the south zone and at the north of the north zone. Consequently, a conceptual model was proposed
to explain the geochemistry of Joutel’s tailings. Then, alkaline and cementitious amendments were
tested as mitigation scenario to stabilize oxidized tailings. Thus, the use of 5% and 10% limestone
allowed an immediate pH buffering and immobilization of the most chemical species. The chemical
species were stabilized within limestone dissolution by iron-oxyhydroxides precipitation at neutral
conditions. However, zinc and arsenic were sometimes more released within the amended tailings.
The cementitious amendments were tested using ordinary cement and fly ash with 5% dosage. The

first formulation consisted on 50:50 cement and fly ash showed promising results concerning the
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chemical species stabilization. The efficiency and the cost of these amendments must be studied at

the long-term scale.

Key words: Tailings, waste rocks, mineral liberation degree, waste rock sorting, hardpan,

secondary minerals, mining amendments.
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CHAPITRE1l INTRODUCTION

L’industrie miniére est un secteur qui constitue un pilier important pour de nombreux pays a travers
le monde, le Canada en faisant partie. La premicre opération du cycle de vie d’une mine consiste
en I’étape de prospection géologique et d’exploration pour la localisation et la définition plus ou
moins précises des zones minéralisées et des réserves en valeur. Le projet minier fait ensuite 1’objet
d’une étude de faisabilité technico-économique, sociale et environnementale pour déterminer la
viabilité du projet. La construction des infrastructures minieres et ensuite le démarrage de
I’exploitation miniére permettent 1’entrée en production. Au Canada, I’opération miniére intégre,
de nos jours, la composante environnementale incluant un plan de gestion des différents rejets
générés et un plan de fermeture (réhabilitation) bien définis a I’avance avec une garantie financiere
assurée des les premicres années d’exploitation. Dépendamment du type et de la cadence
d’exploitation ainsi que les réserves minieres, la durée de vie d’un gisement peut varier de quelques
années a des dizaines d’années. L’exploitation génére une quantité plus ou moins importante de
stériles miniers qui ne présentent pas une valeur économique obéissant a ce qu’on nomme la teneur
de coupure. Cette derniére est définie selon des facteurs d’ordre techniques, économique et
d’autres intrinséques aux minerais (exemple des minerais d’or réfractaires). Le minerai extrait est
ensuite concassé, broyé et traité dans les usines de traitements pour fins de concentration et de
valorisation. Les éléments de valeur sont généralement présents dans le minerai a une faible a tres
faible concentration disséminée dans une gangue stérile (comme le cas de 1’or et de I’argent). De
ce fait, le processus de traitement de minerais généere des quantités importantes de résidus de
concentration. La derniére étape du cycle de vie d’une mine est ’étape de la fermeture; cette
derniere comprend le démantélement des infrastructures et la restauration miniére qui consiste a la

réhabilitation en particulier des sites d’entreposage, et parfois, le reprofilage des paysages.

Les stériles miniers et les résidus sont donc les principaux rejets solides produits lors d’une
opération miniere. Les deux types de rejets contiennent des éléments de valeur résiduelles, mais
surtout peuvent contenir des contaminants instables géo-chimiquement lorsque soumis a une
altération atmosphérique. Les résidus miniers sont caractérisés par une granulométrie fine a cause
du broyage et sont considéres un matériau homogene. Cependant, les steriles miniers sont des
matériaux a granulométrie hétérogéne, souvent tres étalée et présentent des caractéristiques

différentes des résidus miniers de point de vue hydrogéologique et géochimique. Leurs modes de



gestion respectifs sont en conséquence différentes. Ils peuvent étre réutilisés pour le remblayage
de la mine souterraine et méme en surface avec ou sans ciment. Le remblayage souterrain permet,
en plus de débarrasser la surface du site d’une quantité importante de rejets potentiellement
nuisibles, de contribuer au support des terrains et faciliter I’exploitation du gisement. En surface,
les résidus miniers sont généralement entreposés dans des aires de stockage ce qu’on appelle parc
a résidu. Quant aux stériles miniers, ils sont entreposes sous forme de haldes a stériles. Les deux
catégories de rejets miniers sont généralement caractérisées par la présence d’une large gamme de
minéraux de différentes reactivites vis-a-vis les conditions météorologiques. Les sulfures de fer
(pyrite et pyrrhotite) sont la famille minérale qui présente un impact négatif potentiel pour
I’environnement avoisinant (eaux souterraines, faune, flore...). En effet, ’exposition des sulfures
aI’eau et a ’oxygeéne atmosphérique peut générer le phénomene de drainage minier acide (DMA)
ou de drainage rocheux acide (DRA). La génération d’acide est I’'un des principaux défis de
I’industrie miniere a I’échelle de la planéte, a cause de ses impact nuisible sur I’environnement. Le
DMA/DRA est un phénomeéne qui résulte de I’oxydation des sulfures en absence d’une quantité
suffisante de minéraux neutralisants capables de neutraliser I’acidité produite. Les eaux du drainage
minier acide sont caractérisées par des pH faibles, des concentrations élevées en sulfates et fer, et
des concentrations plus ou moins importantes en contaminants (As, Sb, Co, Ni, Hg, Se, etc.). Dans
le cas ou le rejet minier contient une quantité suffisante de minéraux neutralisants, les eaux de
drainage minier sont caractérisées par des pH proches de la neutralité, et ne pouvant induire qu’une
contamination plus ou moins prononcée appelée drainage neutre contaminé (DNC). Les codts
associés a la restauration des sites miniers sont proportionnels a la qualité des eaux du drainage
minier. De ce fait, les compagnies miniéres s’investissent a bien prédire le comportement
géochimique des rejets miniers des les premiéres étapes du cycle de vie de 1’opération miniére et,

de plus en plus deés I’étape d’exploration.

La prédiction du comportement géochimique des rejets miniers peut étre effectuée avec 1’aide des
essais statiques et/ou des essais cinétiques. Dans tous les cas, une caractérisation physique,
chimique et minéralogique approfondie des rejets en question est capitale. Les essais statiques
nommés ABA (Acid Base Accounting) consistent a faire le bilan instantané entre le pouvoir
d’acidification (PA) et celui de neutralisation (PN) du rejet sans considérer la cinétique des
réactions et en se basant sur des hypotheses discutables; considérer tout le soufre d’un échantillon

comme réactif et comme étant de la pyrite constitue I’'une des faiblesses de ce genre de tests



(Bouzahzah et al., 2015a; Sobek et al., 1978b). En revanche, les essais cinétiques sont désignés
pour simuler 1’oxydation des rejets en fonction du temps. Ils permettent de quantifier la cinétique
et les taux des reactions des phases en présence. Ces essais cinétiques peuvent se réaliser a
différentes échelles; les minicellules d’altération , les cellules humides (Bouzahzah et al., 2015b;
Lapakko, 2003; Sapsford et al., 2009), les colonnes (Benzaazoua et al., 2004c; Morin & Hutt,
1998) et les cellules de terrain (Bussiere et al., 2007). Les difficultés liées a la prédiction du
comportement géochimique des stériles miniers different de celles des résidus miniers. En effet,
les caractéristiques physiques, géotechniques et minéralogiques (compositionnelles et texturales)
des résidus miniers sont différentes de celles des stériles miniers. En effet, les résidus saturés en
eau sont peu ou pas réactifs, I’oxygene diffusant trés peu dans 1’eau faisant que 1’oxydation des
sulfures demeure inhibée (Ouangrawa et al., 2009). Les stériles sont, quant a eux, caractérises par
une granulométrie étalée faisant qu’en général seulement une proportion faible du stérile est

réactive et donc responsable du comportement global du stérile.

Les stériles miniers, caractérisés par une taille de particule qui peut aller de quelques microns a des
blocs métriques, sont souvent entierement gérés dans des haldes a stériles sans se soucier des
aspects hydro-géotechniques. Or, la réactivité des rejets miniers dépend de plusieurs propriétés
dont la granulométrie. La taille des particules est un parametre qui peut définir partiellement le
degré d’exposition des minéraux ou autrement le degré de libération minérale. Le degré de
libération d’un minéral est défini comme la proportion du minéral disponible aux réactions. Ce
parameétre peut étre quantifié a ’aide de diverses techniques minéralogiques, et de plus en plus par
des systemes de minéralogie automatisés. L’objectif ultime est de définir une granulométrie du
stérile issu de d’exploitation en roche dure au-dessus de laquelle les sulfures sont presque
entierement encapsulés dans une matrice rocheuse imperméable. Basé sur ce parametre, la quantité
de stériles réactifs a gérer sera réduite considérablement pour minimiser les colts associés a la
gestion des haldes a stériles. Un principe similaire utilisé in situ en mines a ciel ouvert a été
développé pour la récupération du minerai par 1’australien CRCore et appelé grade engineering
(Carrasco et al., 2016).

Aprés dép6t des résidus miniers dans des parcs a résidus de surface et dépendamment des
conditions du site, le niveau de la nappe peut baisser induisant, ainsi, une désaturation des résidus.
Par conséquent, l’oxydation aérobique des sulfures commence et peut étre accélérée

considérablement par 1’activité bactérienne (Nordstrom et al., 2015). Ensuite, le profil d’oxydation



peut atteindre une dizaine de centimétres dépendamment de la réactivité des ces résidus. Ceci a été
remarqué dans plusieurs sites miniers inactifs fermés ou abandonnés non restaurés. L’état
d’oxydation avancé des parcs a résidus fermés rend la tache de restauration et de compréhension
des phénomenes géochimiques spécifiques et différentes de celles d’un parc a résidus actif. De ce

fait, les eaux interstitielles sont préalablement acides et chargées en espéces chimiques.

Dans des conditions spécifiques, les résidus miniers incertains en termes de potentiel de génération
d’acidité et contenant des carbonates de Fe-Mn présentent des difficultés pour bien prédire leur
comportement géochimique a long terme sur la base des essais de laboratoire avec des modeles
physiques simulant des phénomenes unidimensionnels (1D) (Bouzahzah et al., 2015a; Plante et al.,
2012). En effet, durant les processus d’oxydation/neutralisation et d’hydrolyse, une large gamme
de minéraux secondaires précipitent et peuvent s’accumulent en formant méme dans certaines
conditions un horizon induré appelé hardpan (Blowes et al., 1991; DeSisto et al., 2011; McGregor
& Blowes, 2002). L’occurrence du hardpan et des minéraux secondaires modifie considérablement
la réactivité des minéraux et, encore plus, le bilan hydrique sur les parcs a résidus. En outre, la
formation des minéraux secondaires comme les oxy-hydroxydes de fer permet de diminuer la
mobilité des métaux par le biais de différents mécanismes regroupés dans les phénomeénes de
sorption sauf que ce phénomeéne est réversible sous certaines conditions physico-chimiques (Eh,
pH). lls peuvent aussi affecter la réactivité des sulfures par le phénomene de passivation par
enrobage appelé coating. L’interface entre la zone oxydée et la zone non-oxydée des résidus
miniers dans des sites fermés surtout constitue une zone d’interface et de contraste géochimique.
Ce contraste géochimique favorise la précipitation et I’accumulation des minéraux secondaires ce
qui forme un horizon a permeabilité et porosité faible, d’ou la formation d’une barriére contre les
écoulements verticaux d’eau et la diffusion de 1’oxygeéne (Graupner et al., 2007; Holmstrom &
Ohlander, 2001; Meima et al., 2007; Rammlmair, 2002). Pour cette catégorie de résidus, une
technique de stabilisation/solidification est testée en conditions de terrain pour diminuer la mobilité
des contaminants et neutraliser I’acidité produite. Les amendements alcalins et cimentaires sont
une technique qui a été utilisé avec succés pour la stabilisation des sols contaminés. Les
amendements alcalins ont pour objectif, simplement, un ajout de la neutralisation aux résidus
miniers ce qui réduit les concentrations en métaux et métalloides suite de 1’augmentation du pH
des eaux (Doye & Duchesne, 2003; Hakkou et al., 2009; Yi et al., 2017). Par ailleurs, les

amendements cimentaires ne visent pas simplement un ajout de la neutralisation mais aussi une



fixation physique des contaminants en réduisant la surface disponible aux réactions (Benzaazoua
et al., 2004b; Falciglia et al., 2017; Fatahi & Khabbaz, 2015; Kim & Jung, 2011; Moon et al., 2016;
Pesonen et al., 2016; Wang et al., 2015b).

Le sujet de ce doctorat vise I’amélioration des connaissances en lien avec la prédiction du potentiel
de drainage minier des deux types de rejets miniers; des résidus de concentrateur et des stériles
d’exploitation en visant une gestion intégrée. Le travail de these peut étre divisé en deux principale
parties. La premiere partie traitera 1’effet de la libération minérale sur le comportement
géochimique des stériles miniers. La deuxiéme partie focalisera sur les résidus du site fermé de
Joutel. La thése contient huit chapitres dont la présente introduction, un chapitre de revue de
littérature pertinente au sujet et débouchant sur les défis scientifiques. Cing chapitres suivent
présentés sous forme de papiers de revues; un chapitre discussion et une conclusion permettent de

boucler la thése.

Le chapitre revue de littérature soulignera dans un premier temps les principales réactions et
phénomeénes étudiés lors des processus du drainage minier, ensuite mettra en évidence les
principales caractéristiques des résidus miniers et des stériles miniers pour ressortir les défis liés a
la prédiction du comportement géochimique de ces deux types de rejets miniers. La deuxieme
partie de la revue de littérature portera sur I’effet de la granulométrie et de la libération minérale
sur la réactivité des stériles miniers et, ensuite, le mode de formation du hardpan, son réle ainsi que
les mécanismes réactionnels liés aux oxy-hydroxydes de fer seront soulignés. Ce chapitre décrira
aussi brieévement les outils particuliers utilisés pour I’analyse minéralogique et texturale des stériles
miniers et les techniques dédiées pour la caractérisation des oxy-hydroxydes de fer comme phases
miniéres dans les rejets miniers. A la fin de cette section, les hypothéses de recherche ainsi que les

objectifs du doctorat seront définis.

Il est judicieux de mentionner ici le choix qui a été fait par rapport a la non nécessité de présenter
un chapitre Matériels et méthodes en sachant que tout ce qu’impliquerait ce chapitre se retrouve en

détails dans les cing chapitres (articles de revue) et les annexes afférents.

Les cing autres chapitres, le corps de cette these, vont contenir les principaux résultats de ce
doctorat. Le premier papier présentera la méthodologie proposée pour la caractérisation des stériles
miniers de la mine d’or a ciel ouvert Canadian Malartic afin de mieux calculer leurs PA et PN.

C’est une méthodologie basée sur une caractérisation pluridisciplinaire combinant des outils



conventionnels et d’autres techniques pour la premiére fois utilisées pour un objectif d’évaluation
environnementale. Le principal résultat de ce papier réside dans la suggestion d’un parameétre
appelé diamétre d’encapsulation physique des sulfures (DPLS) qui sépare le stérile minier en deux
fractions avec une réactivité différente. Le deuxiéme papier présente les résultats de 1’approche
cinétique qui a été utilisée pour la validation du DPLS. A la lumiére des résultats de ces deux
papiers, une nouvelle méthodologie de la gestion de stérile est proposée. Les deux papiers suivants
s’articulent autour de la géochimie des résidus miniers du site minier Joutel. Ainsi, le 3°™ papier
traitera 1’effet du hardpan sur la géochimie des résidus miniers de Joutel. L’effet du hardpan est
mis en évidence via une caractérisation pluridisciplinaire des résidus oxydés, frais et du hardpan
des points de vues chimique, minéralogique et hydrogéologique et des essais cinétiques en
colonnes. Le 4°™ papier propose une nouvelle méthodologie pour 1’étude des parcs & résidus
fermés ou abandonnés ayant fait 1’objet d’une altération météorique. Cette méthodologie propose
I’utilisation d’une approche sous les systémes d’information géographique (SIG). Cette approche
combine différentes composantes de point de vue spatiale pour mieux comprendre les processus
géochimiques d’une fagon intégrale d’une part et, d’autre part, orienter le scénario de restauration
des sites inactifs en considérant la variabilité spatiale des propriétés géochimiques des résidus
oxydés et un papier issu d’une conférence internationale, présenté en annexe, détaillera les
caractéristiques des hardpans a Joutel. Le dernier papier présentera les principaux résultats du suivi
des cellules de terrain qui ont été mises en place pour tester 1’efficacité des amendements miniers
a stabiliser les résidus miniers oxydés de Joutel. Les deux derniers chapitres (discussion et
conclusions) vont ressortir les principales retombées scientifiques et économiques de ces travaux

de recherche.



CHAPITRE2 REVUE DE LITTERATURE

2.1 Genéralites sur la géochimie du drainage minier

La revue de littérature développée dans ce chapitre porte sur les plus importants aspects
scientifiques développés dans ce doctorat. Il s’agit essentiellement de la géochimie du drainage
minier, ’effet de la libération des sulfures sur la réactivité minérale et de la présence des oxy-
hydroxydes de fer sur le comportement géochimique des rejets miniers sulfureux. En premier lieu,
I’oxydation des sulfures et la dissolution des minéraux neutralisants seront discutées. Ensuite,
l'effet de la libération minérale ou encore le taux d’exposition des minéraux sulfures sur la réactivité
des rejets miniers. Finalement, 1’effet de la précipitation des minéraux secondaires sur le
comportement géochimique des résidus miniers incertains par rapport a leur potentiel de génération
d’acidité; il sera question d’abord d’évoquer la formation du hardpan basé sur des études
bibliographiques antérieures et ensuite quelques mécanismes réactionnels liés aux oxy-hydroxydes
de fer seront présentés car pouvant remettre en jeu la qualité de la prédiction environnementale

basée sur des essais au laboratoire.

2.1.1 Le drainage minier, I’oxydation des sulfures et la dissolution des

minéraux neutralisants

2.1.1.1 Ledrainage minier et le role de I’oxydation des sulfures

L’oxydation des sulfures par I’eau et I’oxygene est une réaction naturelle. L exposition des rejets
miniers aux conditions atmosphériques accélére cette oxydation. La pyrite et la pyrrhotite sont les
principaux sulfures de fer rencontrés dans les rejets miniers. L’oxydation des sulfures de fer génére
de I’acidité et augmente la solubilité des métaux (Benzaazoua et al., 2004c; Bussiere et al., 2005).
L’oxydation typique de la pyrite dans un milieu aqueux peut se faire directement par I’oxygene ou
encore par le fer ferrique. L’oxydation de la pyrite par I’oxygene atmosphérique peut s’exprimer

par la réaction suivante (Eq 1) :

FeS,+ 7/2 Op + Ho0 > Fe?* + 2S04% + 2H* (Eq1)



Durant cette réaction d’oxydation, le fer est libéré sous sa forme ferreuse (Fe?* ou Fell) et le soufre
sulfure est oxydé en sulfates (Lowson, 1982). Le fer ferreux libéré s’oxyde a son tour en fer ferrique
(Fe** ou Felll), ce dernier prends le relais de I’oxygéne et oxyde la pyrite dans des conditions
acides. Cette réaction d’oxydation de la pyrite par le fer ferrique génére plus d’acidité que
I’oxydation par I’eau et I’oxygéne (Nordstrom, 1982). La cinétique d’oxydation de la pyrite par le
fer ferrique en absence de I’oxygeéne est rapide. Ce processus d’oxydation se fait selon la
steechiométrie suivante (Evangelou & Zhang, 1995a; Nordstrom, 2009; Rimstidt & Vaughan,
2003) (Eq 2) :

FeS, + 14Fe3" + 8H,0> 15Fe?* + 2S04% + 16H* (Eq2)

L’oxydation du fer ferreux en fer ferrique conduit par la suite a la précipitation du fer ferrique sous
forme d’oxy-hydroxyde de fer. Cette oxydation se fait sous I’action de 1’oxygeéne mais fortement
accélérée par ’activité bactérienne, en particulier les bactéries ferro-oxydantes et thiooxydantes.
Des auteurs ont statué que la présence bactérienne est obligatoire pour atteindre des valeurs de pH
tres basses (1-2) parce qu’en absence des bactéries ferro-oxydantes, la cinétique de précipitation
du fer ferrique est beaucoup plus rapide que la cinétique d’oxydation du fer ferreux en fer ferrique
(Rohwerder et al., 2003). Ces auteurs pensent que 1’acidité ne sera pas maintenue en absence des
bactéries. D’autres auteurs pensent que l’intervention bactérienne est indispensable pour la
génération d’acidité lors du processus d’oxydation des sulfures (Ledin & Pedersen, 1996). Ce
mécanisme d’oxydation de la pyrite avec I’intervention bactérienne est connu sous le nom

d’oxydation biologique de la pyrite par métabolisme indirect (Tributsch, 2001).

L’intervention de 1’activité bactérienne est aussi supposée oxyder directement les sulfures. Les
microorganismes peuvent oxyder directement les sulfures; ce mécanisme est décrit comme
1I’oxydation des sulfures par métabolisme direct. Cette voie d’oxydation implique un contact direct
entre les bactéries et la pyrite, il s’agit d’une dissolution oxydative de la pyrite en présence de

I’oxygene selon la réaction suivante (Eq 3) (Edwards et al., 1998; Evangelou et al., 1995a) :

FeSz + O2 (bactéries) — Fe?* + 2S04% + H* (Eq3)



La réaction globale d’oxydation biologique directe de la pyrite consiste au début en une dissolution
de la pyrite ce qui relargue des ions Fe?* et S;*. Par la suite, les ions S2?” sont immédiatement
oxydés par I’action enzymatique des bactéries pour donner naissance aux ions sulfates. Cette
réaction continue jusqu’a épuisement des sulfures. Le taux d’oxydation de la pyrite dans ce cas,
dépend de plusieurs parameétres, tels que les caractéristiques cristallographiques et morphologiques
du minéral comme 1’abondance de fractures et la dislocation. Konishi et al., 1990 ont démontré
que le taux d’oxydation de la pyrite est positivement corrélé a la multiplication des bactéries. Les
bactéries peuvent se développer au niveau du solide comme elles peuvent se multiplier au niveau
de la phase liquide. L’oxydation de la pyrite n’est pas instantanée dans ce cas et un lag time est
remarqué. Par la suite, le processus d’oxydation est accéléré. Lors de I’oxydation bactérienne de la
pyrite, il est trés difficile de quantifier la participation des trois voies discutés (métabolisme direct

et indirect, de I’action chimique).

En plus de I’oxydation chimique et biologique des sulfures, 1’oxydation galvanique est un
processus non-négligeable (Chopard et al., 2017b). Elle consiste en un contact physique entre deux
sulfures dans un milieu qui facilite le transfert des charges électriques (Holmes & Crundwell,
1995). L’effet galvanique a lieu entre deux minéraux, un minéral conducteur et un autre semi-
conducteur. Les effets galvaniques changent les taux des demi-réactions anodiques et cathodiques
sur la surface des deux minéraux en contact. Les effets galvaniques ont été observés durant les
processus de flottation et la biolixiviation (Majima & Peter, 1968; Mehta & Murr, 1983; Tributsch,
2001).

Le couple galene-pyrite a été étudié pour mettre en évidence 1’oxydation galvanique dans un milieu
qui contient des nitrates de fer (Holmes et al., 1995). Le contact galéne-pyrite a permis d’accélérer
le taux de dissolution de la galéne. La raison pour laquelle la dissolution de la galéne augmente est
la suivante : lorsque la galene est en contact avec la pyrite, sa dissolution est couplée a la réduction
du fer ferrique sur la surface de la pyrite. Lorsqu’elle n’est pas en contact avec la pyrite, sa
dissolution est liée la réduction du fer ferrique qui se produit sur la surface de la galéne. Il est
conclu par Holmes et al., 1995 que la réduction du fer ferrique sur la surface de la pyrite est
beaucoup plus rapide que sur la surface de la galéne, le taux de dissolution de la galéne est
important lorsqu’elle est en contact avec la pyrite. Mais dans le cas de rejets uniquement pyriteux,

ce phénomene est moins propice (Holmes et al., 1995).
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En résumé, la pyrite est de loin le minéral le plus étudié dans la littérature vu son abondance dans

les rejets miniers (Blowes et al., 2014; Blowes et al., 1994; Blowes et al., 2013; Chopard et al.,
2015; Elberling et al., 1994; Elberling & Nicholson, 1996; Evangelou et al., 1995a; Lapakko, 2002;
Nicholson et al., 1988; Nordstrom, 1982; Nordstrom, 2000; Nordstrom et al., 2015; Nordstrom &
Southam, 1997; Paktunc & Davé, 2000a; Rimstidt et al., 2003; Silverman, 1967). Le Tableau 2.1

présente un résumé des réactions d’oxydation des sulfures les plus communs (Dold, 2017). Ces

résultats montrent clairement que I’apport en H* de 1’oxydation des sulfures par le fer ferrique est

beaucoup plus important par comparaison a 1’oxydation des mémes sulfures par 1’0xygéne.

Tableau 2.1: Réactions d'oxydations des sulfures communs (tiré de (Dold, 2017))

Minéral Reéaction Moles de H*/mole
de sulfates
Oxydation par oxygéne et hydrolyse de Fe®*

Pyrite FeS; + 3,750, + 3,5H;0— Fe(OH)s + 2 SO + 4
4H*

Arsénopyrite FeAsS + 20, + 3H,0— Fe(OH); + SO + 3
HAsO4% + 3H*

Chalcopyrite CuFeS; + 40, + 3H,0 — Cu?* + Fe(OH); + 2S04 2
Z+2HY

Pyrrhotite FeooS +2,1570;, + 2,35H,0 — 0,9Fe(OH)3 + SO,* 2
+ 2H*

Enargite CuzAsS, + 8,750; + 2.5H,0 — 3Cu?* + HAsO* 4
+4S04% + 4H*
Oxydation par le fer ferrique

Pyrite FeS; + 14Fe®* + 8H,0 — 15Fe?* +250,% + 16H* 16

Arsénopyrite FeAsS + 13Fe®* + 8H,O — 14Fe? +S04% + 15
HAsO, % + 15H*

Chalcopyrite CuFeS; + 16Fe* + 8H,0 — Cu®* + 17Fe?* + 16
2S04% + 16H*

Pyrrhotite FeooS + 7.8Fe3* + 4H,0 — 8.7Fe?* +S04% + 8H* 8

Enargite CuzAsS, + 35Fe®" + 20H,0 — 3Cu?* + HAsO.> + 39

35 Fe?" +4S0,% + 39H*
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Quant a la réactivité des sulfures, elle différe selon le minéral, sa stoeechiométrie, et sa cristallinité.
Chopard et al. (2015) ont évalué les taux d’oxydation d’une large gamme de sulfures de fer,
sulfosels et les sulfures des métaux de base en utilisant des essais en minicellules d’altération. Le
calcul des taux d’oxydations expérimentaux des différents minéraux testés sont présentés dans le

Tableau 2.2.

Tableau 2.2: Taux d'oxydation expérimentaux des sulfures (tiré de Chopard et al. (2014))

Taux d'oxydation (mg de S/kg/jour)

Sulfures de métaux de Sulfures (contenant
Sulfures de fer base As/Sb)
Pyrrhotite 1 8.2 Bornite 0.23 Arsénopyrite 6.9
Pyrrhotite 2 2.6 Chalcocite 0.28 Gersdorffite 93.6
Pyrite 1 2.4 Chalcopyrite 1 2 Fehlore 3.2
Pyrite 2 4.8 Chalcopyrite 2 1 Stibnite 0.49
Pyrite 3 4.6 Covellite 2.7

Galéne 0.53

Sphalérite 2.3

Sphalérite-Fe 3.2

2.1.1.2 Dissolution des minéraux neutralisants

L’oxydation des sulfures libére des protons H" en augmentant ainsi 1’acidit¢ du milieu. En
conséquence, des minéraux neutralisants, quand ils sont présents, se dissolvent pour neutraliser
totalement ou partiellement 1’acidité produite ; ce sont les réactions de neutralisation (Benzaazoua
et al., 2004c; Blowes et al., 2003; Blowes et al., 2014; Blowes et al., 2013; Brown & Glynn, 2003;
Dold, 2017; Kwong, 1993; Lawrence & Wang, 1997b; Nordstrom, 2000; Nordstrom, 2009;
Nordstrom et al., 2015; Paktunc, 1999a; Plante et al., 2012). Les carbonates de calcium (calcite) et
de calcium-magnesium (dolomite) sont connus comme les principaux neutralisants du drainage
minier acide. Dans une moindre mesure, les minéeraux silicatés peuvent contribuer plus ou moins

timidement aux réactions de neutralisation.

Les carbonates les plus rencontrés dans les rejets miniers sont : la calcite (CaCOs3), la dolomite
(CaMg(CO3)2, la magnésite (MgCO:s), la sidérite (FeCO3) et I’ankérite (Ca(Fe, Mg, Mn)(CO3)z2).
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La dissolution de la calcite et/ou la dolomite permet de maintenir le pH a des valeurs proches de la
neutralité gréace a leurs cinétiques de dissolution rapides et augmentent ainsi 1’alcalinité des eaux
de drainage. Dans le cas d’un systéme fermé et dans des conditions proches de la neutralité, la

dissolution de la calcite neutralise un proton H* selon la réaction suivante (Eq 4) :
CaCOs + H* — HCO3 + Ca?* (Eq4)

Par ailleurs, dans le cas d’un systéme ouvert, la dissolution de la calcite est réalisée en présence du

dioxyde de carbone selon la réaction suivante (Eq 5) :
CaCOs+ CO; + H,0 — Ca?" + 2HCO3" (Eq 5)

Lorsque le pH du milieu est inférieur a 6.3, la dissolution de la calcite neutralise deux protons H*

selon la réaction suivante (Eq 6):
CaCOs; + 2H+ — Ca?" + H,CO3" (Eq 6)

Les silicates, a ’exemple de la biotite, de la chlorite, du plagioclase, de la muscovite et des
amphiboles, possédent une capacité non négligeable a neutraliser 1’acidité (Blowes et al., 2003;
Blowes et al., 2014; Miller et al., 2010; Sherlock et al., 1995). La dissolution des silicates, a
’exception du quartz qui est considéré comme inerte, consomme les protons H* du systéme et
libere H4SiOa. La dissolution des silicates peut étre congruente ou incongruente (Sherlock et al.,
1995). Plusieurs auteurs considérent que les silicates fournissent un potentiel de neutralisation
important pour les résidus miniers (Paktunc, 1999a). Cependant, d’autres auteurs suggéerent de ne
pas prendre en considération les silicates lors du calcul et mesure du NP des rejets miniers pour la
raison de la faible cinétique de réaction de ces minéraux (Jambor et al., 2002a). Jambor et al. (2002)
ont mesuré le NP de plusieurs minéraux silicatés et argileux. Leurs résultats ont montré que le NP
de la plupart des silicates est faible par rapport a celui de la calcite. Leurs PN était inférieur a 20
kg CaCOs/t a I’exception de I’olivine et la wollastonite qui ont présenté un PN supérieur a 20 kg
CaCOs/t. Les minéraux silicatés qui ont démontré un PN important, selon Jambor et al. (2002),

contenaient des impuretés de carbonates.

Tout comme les sulfures, les minéraux neutralisants ont des réactivités différentes. Le taux de

dissolution d’un minéral neutralisant dépend de plusieurs parameétres comme le pH, la température,
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et la pression du COx. La réactivité relative des différents carbonates et minéraux silicatés a pH 5

est présentée dans le Tableau 2.3.

Tableau 2.3: réactivité relative de quelques minéraux communs (Kwong, 1993; Sverdrup, 1990)

Groupe Minéraux Réactivité
relative (& pH=5)

Soluble Calcite, dolomite, magnésite, aragonite, 1
brucite,
Dissolution rapide Anorthite, olivine, diopside, 0.6

wollastonite, nepheline, jadeite, leucite,

Dissolution intermédiaire Augite, hornblende, actinolite, biotite, 0.4
chlorite, serpentine, épidote

Dissolution lente Plagioclase sodique, kaolinite, 0.02
vermiculite

Dissolution trés lente Muscovite, feldspaths potassiques 0.01

Inerte Quartz, zircon, rutile 0.004

Les oxyhydroxydes de Fe et Al sont aussi considérés comme des minéraux neutralisants parce que
leurs dissolutions impliquent la consommation des protons H* (Blowes et al., 2014), sauf que la

dissolution de ces oxyhydroxydes tamponne le pH a des valeurs de 4-4.5 (Moncur et al., 2005).

2.2 Tests de prédiction du comportement environnemental des rejets
miniers

Auparavant, I’étude de faisabilité des projets miniers contenait majoritairement 1’aspect
économique et technique pour trancher de I’exploitabilit¢ ou non d’un gisement minier.
Récemment, 1’aspect environnemental est devenu un facteur clé pour déterminer la faisabilité d’un
gisement minier avec la nécessité de mener des études d’impact sur 1’environnement, d’ou la
nécessité de prédire le comportement environnemental des rejets avant méme le début des
opérations miniéres sur les bases des échantillons qui servent a la définition des réserves du
gisement. Plusieurs méthodes ont été développées pour prédire le comportement géochimique des

rejets miniers. Les techniques les plus utilisés sont les tests statiques et les essais cinétiques
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(Aubertin et al., 2002; Benzaazoua et al., 2004c; Bouzahzah, 2013; Bouzahzah et al., 2010; Dold,
2017; Maest & Nordstrom, 2017; Morin & Hutt, 1994, 2001; Price, 2009; Price et al., 1997b). La
principale différence entre les deux tests est la composante temporelle. En effet, les tests statiques
sont congus pour évaluer le bilan entre le pouvoir de neutralisation et celui d’acidification d’un
rejet minier donné, alors que les essais cinétiques permettent d’incorporer le facteur temps pendant
I’altération des rejets, permettant d’avoir une idée sur les taux de relargage des éléments chimiques,

les cinétiques des réactions et le temps nécessaire pour 1’épuisement des minéraux concernes.

2.2.1 Tests statiques

Les tests statiques largement utilisés dans I’industrie miniére sont les tests statiques chimiques, les
tests statiques minéralogiques et les tests NAG (Net acidity generation). Les tests statiques sont
désignés pour évaluer le pouvoir de neutralisation (PN) et le pouvoir d’acidit¢ (PA) d’un
échantillon solide a un instant donné. Plusieurs tests ont été développés a cet effet comme les tests
ABA (acid base accounting) qui renferment eux-mémes plusieurs tests. Le test de Sobek et al
(1978) est I’un des tests les plus connus qui a ensuite été amélioré pour différentes raisons comme
la prise en considération des carbonates de Fe-Mn et I’hydrolyse de fer ferreux (Bouzahzah et al.,
2015a; Chopard et al., 2017a; Frostad et al., 2002; Kwong & Ferguson, 1997; Lawrence &
Scheske, 1997a; Lawrence et al., 1997b; Paktunc, 1999a). Les tests ABA se basent sur une analyse
chimique et/ou une digestion acide du rejet. Les détails sur le mode opératoire des différents tests
statiques sont disponibles dans différents documents (Bouzahzah, 2013; Bouzahzah et al., 2014b;
Price, 2009). L’objectif ultime des tests ABA est d’évaluer tout d’abord le PN de 1’échantillon et
ensuite déterminer son PA pour pouvoir évaluer le bilan entre les deux et statuer sur son potentiel
de génération d’acide. L’interprétation des essais ABA se fait a 1’aide des critéres PNN (PN-PA)
et RPN (PN/PA). Les critéres de classification sont illustrés a la Figure 2.1. Cette interprétation se
base sur 'utilisation du soufre et carbone. Ceci posera un probleme lorsqu’il s’agira des rejets
miniers ayant une granulométrie étalée comme le cas des stériles. Durant ces tests, les analyses du
carbones et soufres se font a ’aide des échantillons pulvérisés. De ce fait, le PA et le PN d’un
échantillon sont considérés totaux (absolus) indépendamment de sa granulométrie et texture
initiale. Par contre, dépendamment de la libération des sulfures et des carbonates le PN et le PN
peuvent étre partiellement disponibles.
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Figure 2.1 : Criteres de classification pour les tests ABA. La zone rouge correspond a la zone de génération

d’acidité, la zone verte correspond & la zone de non-génération d’acidité et la zone blanche correspond a la

zone d’incertitude

Par ailleurs, les tests NAG permettent seulement de quantifier le bilan entre le PN et le PA d’un
échantillon solide sans pouvoir quantifier son PA et son PN. Il existe trois variantes des tests NAG
a savoir : le NAG simple, le NAG cinétique et le NAG séquentiel (Price, 2009; Smart et al., 2002;
Stewart et al., 2006). L’utilisation de 1’un ou I’autre des tests NAG dépend du contenu en sulfures
de I’échantillon et I’objectif du test; le NAG cinétique est utilisé lorsque 1’objectif du test est
d’estimer le lag time et connaitre la vitesse relative des neutralisants grace a I’utilisation d’une
sonde de température. L’interprétation des tests statiques dépend du type de I’essai. L’interprétation
des tests NAG se fait a I’aide du NAGpH qui est le pH final du lixiviat du test. L’échantillon est
considéré générateur d’acide si son NAGpH est inférieur a 4.5, sinon il est considéré non générateur
d’acide (Parbhakar-Fox et al., 2017b; Smart et al., 2002). Dans des cas, les tests NAG peuvent étre
combinés a I’analyse du pH de la pate pour avoir une idée sur le comportement environnemental a
long terme d’un échantillon mais cette approche n’est pas encore validée par des essais cinétiques
pour confirmer ce critére (Parbhakar-Fox et al., 2017b; Weber et al., 2006). Ce critere est illustré
a la Figure 2.2.
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Figure 2.2 : Critére de classification des échantillons selon le NAG pH vs pH de pate. Immediate AMD :
génération instantanée du drainage minier acide, Rapid AMD : génération rapide du drainage minier
acide, PAF : génération potentielle du drainage minier acide, NAF : non générateur d’acide, Uncertain :

incertain

2.2.2 Essais cinétiques

Les essais cinétiques sont des tests qui simulent au laboratoire et au terrain I’oxydation naturelle
d’un rejet minier. Ils permettent de calculer le taux de lixiviation des espéces chimiques,
I’épuisement des minéraux neutralisants et acidifiants, ce qu’on appelle le lag time s’il existe. Ce
dernier est défini comme le temps nécessaire avant la génération d’acidité. Au laboratoire, un rejet
minier peut étre testé en utilisant des minicellules d’altération, des cellules d’humidité ou encore
des colonnes. En général, les essais cinétiques sont recommandés aprés avoir réalisé les tests
statiques (Bouzahzah, 2013; Chopard, 2017; Lapakko, 2002; Price & Kwong, 1997a; Price et al.,
1997h). Les trois tests différent selon la quantité d’échantillon testée, la durée du test, la fréquence

des ringages, le ratio liquide/solide (L/S) et les dimensions de ’essai.

Les tests en minicellules d’altération sont les plus rapides et nécessitent seulement 67 g.
L’échantillon est rincé deux fois par semaine en utilisant 50 ml d’eau déionisée (Cruz et al., 2001).
C’est un test qui permet d’avoir des résultats assez rapidement et sa mise en place est facile et
moins couteuse par rapport aux autres tests. Cependant, ce test présente 1’inconvénient du séchage
de I’échantillon qui peut mener a des fausses conclusions et remédié par Bouzahzah et al (2014).

Les essais en cellules humide est le seul essai cinétique norme par la norme ASTM D-5744-96
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(ASTM-D5744-96, 2007). Ce test consiste a mettre 1 kg d’échantillon sec dans une cellule en
plexiglas et le rincer une fois par semaine avec 500 ml ou 1 L d’eau déionisée. Ce test nécessite
plus d’interventions de I’opérateur. La durée d’essai est de 20 a 40 semaines. Les essais en
colonnes sont des essais qui nécessitent une quantité d’échantillon plus élevée par rapport aux
minicellules et aux cellules humides. La mise en place des essais en colonnes est colteuse par
rapport aux autres tests (Bouzahzah, 2013; Villeneuve, 2006). L’échantillon est rincé une fois par
mois en utilisant une quantité d’eau déionisée définie par I’opérateur. Les essais en colonnes offrent
la possibilité d’installer des instruments de mesure (e.g. sondes de teneur en eau) (Bussiere et al.,
2004). Les colonnes présentent I’avantage de simuler mieux les conditions hydrogéologiques du
terrain (positionnement de la nappe) et permettent de tester des scénarios de restauration. Les
lixiviats des trois essais cinétiques sont généralement analysés pour les mémes parameétres :

concentrations chimiques élémentaires, pH, Eh, conductivité électrique et acidité/alcalinité.

2.2.3 Limites et enjeux des essais de prédiction environnementale

Les essais statiques sont généralement realises sur des échantillons pulvérisés ou au moins
concassés pour répondre aux exigences expérimentales (Bouzahzah et al., 2015b; Bouzahzah et
al., 2015a; Chotpantarat, 2011; Jambor et al., 2002a; Lapakko, 2003; Lapakko & Lawrence, 2009;
Miller et al., 1997; NEDEM, 1995, 2008; Plante et al., 2012). La pulvérisation des échantillons se
fait indépendamment de sa granulométrie initiale. Méme, le calcul du PN a la base des carbonates
et le PA a la base des sulfures se fait automatiquement pour des échantillons pulvérisés. De ce fait,
deux échantillons ayant initialement deux granulométries totalement différentes vont se retrouver
aux mémes conditions de granulométrie pour pouvoir passer les tests statiques. Par ailleurs, la
granulométrie est corrélée a la surface spécifique et, par consequent, a la réactivité de 1’échantillon
(Blowes et al., 2014). En effet, la pulvérisation de I’échantillon augmente sa surface spécifique et,
plus précisément, libere les minéraux qui constitue 1’échantillon et finalement détruit les textures
originales de 1’échantillon. De ce fait, le PN et le PA de 1’échantillon seront surestimés a cause de
la libération non réaliste des sulfures et des carbonates qui constituent 1’échantillon. En effet, un
sulfure inclut dans du quartz ne réagira jamais a moins qu’on le libére. Par conséquent, le bilan
entre le PA et le PN de I’échantillon peut étre biaisé parce que la pulvérisation peut liberer

differemment les sulfures et les carbonates, d’ou la nécessité d’introduire un facteur correctif qui
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va prendre en considération la texture initiale de I’échantillon ou encore le degré de libération des

minéraux réactifs.

Les essais cinétiques présentent 1’avantage de quantifier des paramétres importants pour la
prédiction du comportant environnemental des rejets miniers comme le lag time et le taux de
lixiviation des especes chimiques (Benzaazoua et al., 2004c; Plante et al., 2014; Price, 2009; Price
et al., 1997b). Cependant, les ratios L/S qui sont utilisés restent différents des ratios L/S du terrain.
Par ailleurs, les essais cinétiques du laboratoire sont désignés pour simuler seulement un
écoulement d’eau vertical (1D). En revanche, sur le terrain, et dépendamment la topographie des
sites, la composante des ruissellements de surface et subsurface est, de loin, la composante
dominante du bilan hydrique. Par conséquent, les conditions climatiques et biologiques du terrain
ne peuvent pas étre reproduites au laboratoire. Pour ces raisons, plusieurs auteurs ont remarqué des
différences de réponses géochimiques pour le méme échantillon testé au laboratoire et sur le terrain
(Banwart et al., 2002; Malmstrom et al., 2000; Miller et al., 2003; Plante et al., 2014; Stromberg
& Banwart, 1999).

2.3 Effet de la libération minérale sur la réactivité des rejets miniers

2.3.1 Particularités des stériles miniers

Le terme stérile minier signifie, dans cette these, la roche fragmentée et extraite pour atteindre le
gisement et dont la teneur en élément de valeur est inférieure a la teneur de coupure. Les stériles
miniers sont souvent produits en grandes quantités lors des exploitations minieres a ciel ouvert.
Les stériles miniers sont caractérisés par une granulométrie étalée par comparaison avec les résidus
miniers classifiés comme relativement homogéne d’un point de vue granulométrique (Amos et al.,
2015; Bussiére et al., 2007; Bussiere et al., 2004). Les stériles sont aussi produits lors des travaux
d’acces pour le cas des mines souterraines. La production journaliére des stériles au Canada est
estimée a plus de 1 000 000 tonnes (Blowes et al., 2014). Quand ils ne sont pas réutilisés en
remblais sous terre (remblais rocheux), ils sont géneralement déposés en surface sous forme de
grandes haldes a stériles. L hétérogénéité des propriétés physiques de ces matériaux génere
d’autres anisotropies des propriétés hydrogéologiques, minéralogiques et thermiques (Amos et al.,
2015).
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2.3.2 Effet de la granulométrie sur le comportement géochimique des rejets
miniers

La taille des stériles miniers varie de quelques microns a des blocs de taille métrique
dépendamment du schéma du tir utilise (Amos et al., 2015). La granulométrie d’un matériel
influence grandement sa surface spécifiqgue (MbonimpaA et al., 2009). En effet, la surface
spécifique est parmi les paramétres qui influencent la réactivité d’un matériel (Blowes et al., 2003;
Blowes et al., 2014; Blowes et al., 2013; Chopard et al., 2015; Langmuir, 1971; Lapakko et al.,
2006). Par ailleurs, la surface spécifique décrit la finesse du matériel ou encore le degré
d’exposition des particules qu’il renferme; plus une fraction granulométrique est fine, plus sa
réactivité est importante, ayant une surface spécifique importante. Mais dans le cas des rejets
miniers (oxydation de leurs sulfures), la surface spécifique seule ne peut pas décrire la réactivité
du rejet. Etant donné que la réactivité du rejet minier est aussi liée & la réactivité des minéraux qui
le constituent, la granulo-minéralogie pourrait mieux décrire la réactivité de ce dernier. En général,
dans le contexte minier, les minéraux acidifiants (sulfures) et les minéraux neutralisants
(carbonates) sont les minéraux qui contrdlent cette réactivité et ont des cinétiques de réaction
rapides par rapport a la réactivité des autres minéraux comme les silicates, par exemple (Bouzahzah
et al., 2014a; Bouzahzah et al., 2015a; Chopard et al., 2015; Jambor, 1994; Jambor et al., 2002b;
Kwong et al., 1997; Sverdrup, 1990). Récemment, avec le développement des systemes de
minéralogie automatisés, des parametres texturaux ont été développés pour décrire I’exposition des
minéraux (Ayling et al., 2012; Butcher et al., 2000; Goodall et al., 2005; Gu, 2003; Lastra &
Paktunc, 2016; Lastra et al., 1998; Petruk, 2000; Petruk & Lastra, 1993; Pirrie et al., 2004). 11 s’ agit
du degré de libération minérale, qui a été développé initialement pour quantifier la proportion du
minerai qui va étre récupérée durant les processus minéralurgique comme la flottation et la
gravimétrie (Sutherland & Gottlieb, 1991). Récemment, ce paramétre textural, en plus d’autres
comme la distribution élémentaire des contaminants, est utilisé pour des objectifs
environnementaux (Benzaazoua et al., 2017a). En effet, le degré de libération minérale décrit la
proportion surfacique du minéral qui n’est pas partagé avec aucun autre minéral. Les proportions
surfaciques sont converties en volume. Un minéral est libre si son contour n’est pas partagé avec
aucun autre minéral et il est inclus si la totalité de son contour est partagé avec un ou plusieurs
minéraux. Le degré de libération minérale ou encore le degré d’exposition du minéral est un

parameétre textural intrinseque qui depend de la taille du minéral et la taille des particules. Par
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consequent, ce parametre va inclure 1’effet de la granulométrie de 1’échantillon (surface spécifique)

et la granulométrie du minéral lui-méme dans le matériau en question.

Plusieurs études antérieures ont étudié 1’effet de la granulométrie de 1’échantillon sur sa réactivité
(Erguler & Kalyoncu Erguler, 2015; Lapakko et al., 2006; Paktunc et al., 2000a). En effet, Erguler
et Kalyoncu (2015) ont étudi¢ le comportement géochimique d’un rejet minier a différentes
granulométries. Les résultats de ces travaux ont montré que la géochimie des lixiviats était
différente dépendamment de la granulométric de 1’échantillon. Par ailleurs, le lag time, défini
comme le temps nécessaire avant le début de la génération d’acidité apres 1’épuisement du PN,
était positivement corrélé a la granulométrie de 1’échantillon. La Figure 2.3 présente les résultats
du calcul du lag time des échantillons testés. En effet, la réactivité de 1’échantillon est liée a sa
granulométrie. Plus la taille des particules est fine pus la réactivité est importante. Ceci peut étre
expliqué par la grande proportion des sulfures exposés aux réactions d’oxydation dans I’échantillon
fin par rapport a un échantillon grossier. Par conséquence, les concentrations en especes chimiques
vont étre inversement proportionnelles a la granulométrie de 1’échantillon. Les lixiviats d’un
échantillon fin vont étre plus chargés en éléments chimiques par rapport aux lixiviats du méme

échantillon mais grossier.

1 Lag time Lag time |
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Figure 2.3: Résultats de suivi du pH d’un échantillon & différentes granulométries (tiré de Erguler &

Kalyoncu Erguler, 2015)

Le degré de libération désigne la partie libérée du minéral par rapport a sa totalité. Le sujet de

I’analyse du degré de libération est beaucoup discuté au niveau de la minéralogie appliquée et les
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processus métallurgiques du minerai (Gu, 2003). Dans un échantillon un minéral cible peut étre

complétement libéré, inclus ou encore partiellement libre (Figure 2.4).
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Figure 2.4: Extraits de cartographie minérales illustrant différents états de libération de la pyrite

Il existe plusieurs techniques pour quantifier et estimer le degré de libération des minéraux. Les
systemes de minéralogie automatisé basés sur la spectrométrie EDS sont les plus utilisés
actuellement a I’exemple du QEMSCAN (Quantitative Evaluation of Minerals by SCANning
electron microscopy), MLA (Mineral Liberation Analyser), Mineralogic Mining de Zeiss et TIMA
de TESCAN. Ces techniques nécessitent un microscope électronique a balayage et une composante

logicielle de traitement des données et d’analyse d’image.

2.4 Effet des oxy-hydroxydes de fer sur le comportement

géochimique des rejets miniers

2.4.1 Généralités sur les oxy-hydroxydes de fer

Lors des réactions d’oxydation/neutralisation et d’hydrolyse d’un rejet minier, différentes phase
secondaires sont précipitées groupées sous le nom de phases secondaires. Le terme phases ou
minéraux secondaire, ici, signifie les minéraux qui sont formeés apres le traitement du minerai ou
la déposition des résidus. Par conséquence, I’assemblage minéralogique d’un rejet minier va

contenir ses minéraux primaires et les minéraux secondaires qui sont formés apres les différents



22

processus impliqués lors de I’oxydation des sulfures (Bligh & Waite, 2010; Blowes et al., 2003;
Blowes et al., 1991; Nordstrom et al., 2015). Différentes phases secondaires ont été identifiées
dans le contexte du drainage minier a savoir les sulfates de fer, sulfates de calcium, les oxy-
hydroxydes de fer, hydroxydes d’aluminium et de manganeése (Acero et al., 2006; Appelo et al.,
2002; Bigham et al., 1978; Blesa & Matijevi¢, 1989; Blowes et al., 2003; Blowes et al., 2014;
Brown, 1971; Burke & Banwart, 2002; Cornell & Schwertmann, 2004a; Cravotta 111, 1994,
Cravotta Il1, 2008a; Davranche & Bollinger, 2000; Egal et al., 2008; Jones et al., 2014; Manceau,
1995; McGregor et al., 2002; McGregor et al., 1998a, 1998b; Moncur et al., 2009; Moncur et al.,
2005; Murad et al., 1994; Schwertmann & Cornell, 2007; Sheoran & Sheoran, 2006; Sherman &
Randall, 2003; Waychunas et al., 1993; Webster et al., 1998). Les minéraux secondaires qui
¢éraient identifiés dans un contexte d’oxydation des rejets miniers sont : la goethite, ’hématite, la
Iépidocrocite, les oxy-hydroxydes de fer amorphes, la schwertmannite, la jarosite, la mélantérite et
le gypse. Dans les deux sections qui suivent, les oxy-hydroxydes de fer seront discutés lorsqu’ils
forment le hardpan en premier lieu et ensuite seront discutés de point de vue mécanismes

réactionnels qui peuvent affecter la géochimie du drainage minier.

2.4.2 Mode et effet de formation du hardpan sur le comportement des rejets

miniers

2.4.2.1 Formation et minéralogie du hardpan

L’oxydation des sulfures en présence de 1’eau et ’oxygene génere de 1’acidité qui catalyse la
dissolution des carbonates (Blowes et al., 2003). Durant ce processus, d’autres réactions peuvent
avoir lieu comme I’hydrolyse et la précipitation dépendamment des conditions géochimiques du
milieu (pH, Eh, concentrations en especes chimiques, etc.). De ce fait, différents minéraux
secondaires précipitent et les plus communs sont les oxy-hydroxydes de fer, les sulfates de fer et
calcium (Evangelou et al., 1995a; Lapakko, 2002; Maest et al., 2017; Nordstrom et al., 2015). Dans
des conditions spécifiques, la précipitation et I’accumulation des minéraux secondaires menent a
un changement de la texture des résidus. En effet, la précipitation des minéraux secondaires
diminue la porosité des résidus et change complétement I’assemblage minéralogique. Ce
phénomeéne a été observé au niveau des parcs a résidus inactifs qui renferment des résidus reactifs

exposes aux agents météorologiques (McGregor et al., 2002; Meima et al., 2007; Pérez-Lépez et
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al., 2007; Rammlmair, 2002). La couche formée est appelée hardpan ou horizon induré. La
composition minéralogique du hardpan est formée essentiellement de minéraux primaires (sulfures,
carbonates) et de minéraux secondaires qui jouent le réle du ciment pour agglomérer les grains
entre eux (Graupner et al., 2007; Holmstrom et al., 2001; McGregor et al., 2002; Meima et al.,
2007; Quispe et al., 2013). Le Tableau 2.4 illustre la composition minéralogique des hardpans
étudiés dans la littérature.

Tableau 2.4: Composition minéralogique des hardpans étudiés dans la littérature

Minéralogie du hardpan Référence
Gypse, jarosite, oxy-hydroxysulfates de fer Quispe et al., 2013
Jarosite, gypse, oxy-hydroxydes de fer Graupner et al., 2007

Thermonatrite, calcite,sulfates de sodium, aragonite, gel Si- Meima et al., 2007

O, phases amorphes  Si-O, burkeite, glasérite, hydroxydes

d'aluminium, hématite, magnétite

Gypse, goethite, Jarosite, sulfures McGregor et al., 2002

Oxy-hydroxydes de Fe-Mn Holmstrom et al., 2001

Ferrihydrite, goethite, lépidocrocite, jarosite, mélantérie, Blowes et al., 1991
gypse, anglésite

2.4.2.2 Effet de la formation du hardpan sur Pinfiltration d’eau et la migration d’oxygéne

L’occurrence du hardpan au niveau des parcs a résidus peut affecter le comportement géochimique
globale des résidus. L’effet du hardpan peut se présenter de différentes maniéres : i) changer le

bilan hydrique, ii) limiter la migration de I’oxygéne et diminuer la mobilité des contaminants.

La précipitation et I’accumulation des minéraux secondaires lors de la formation du hardpan réduit
la porosité des résidus. De ce fait, la conductivité hydraulique du hardpan est considérée trés faible
malgré 1’absence de mesures quantitatives de sa porosité et/ou de la sa conductivité hydraulique
(Blowes et al., 1991; Graupner et al., 2007; McGregor et al., 2002). L’hypothése de
I’imperméabilité du hardpan est basée sur sa micro-texture. En effet, son occurrence comme une

couche dure et compacte par comparaison aux résidus miniers, le hardpan semble étre trés
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faiblement perméable. Le hardpan se forme a ’interface de neutralisation ou autrement a la zone
de mixage des eaux provenant des résidus oxydés et les eaux interstitielles des résidus frais (saturés
en eau). Par conséquence, les lixiviats provenant de la couche de surface ne subissent pas de
mélange avec 1’eau interstitielle des résidus frais. En général, I’infiltration verticale d’eau est
limitée au dépend des ruissellements de surface et de subsurface. Dans le cas ou les résidus oxydés
présentent un comportement acide, le hardpan empéche la neutralisation de ces lixiviats en
profondeur. D’autre part, le hardpan participe a la conservation du potentiel de neutralisation des
résidus en profondeur. Alors, la réactivité des parcs a résidus contenant un hardpan est strictement

influencée et déterminée par la réactivité des résidus oxydés de surface.

La précipitation des minéraux secondaires (oxy-hydroxydes de fer) a la surface des sulfures menent
a leur passivation (Figure 2.5). La passivation protege les sulfures de ’action de 1’oxygene et I’eau
(Belzile et al., 1997; Cai et al., 2005; Kang et al., 2016). Ce mécanisme empéche la diffusion de
I’oxygene au noyau réactif des sulfures d’une part et d’autre part, la formation du hardpan constitue
un écran physique contre la migration de 1’oxygeéne vers les résidus frais en profondeur (Blowes et
al., 1991). En effet, Blowes et al. (1991) ont simulé ’effet de la présence du hardpan sur la
diffusion de I’oxygeéne en profondeur a travers des résidus oxydés. Ils ont démontré que la présence
du hardpan n’affecte pas seulement les cinétiques de réactions mais aussi le développement du
profil d’oxydation. La Figure 2.6 montre que la présence du hardpan empéche la diffusion de
I’oxygeéne en profondeur ce qui limite le profil d’oxydation. Le coefficient de diffusion de
I’oxygene a travers le hardpan est estimé étre 100 fois plus petit que celui des résidus (Blowes et
al., 1991).
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Figure 2.5: Précipitation des oxy-hydroxydes de fer sur les grains de sulfures observés a Joutel
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Figure 2.6 : Concentrations d'oxygéne vs profondeur prédites utilisant le coefficient d'oxygeéne (trait
continu) et incorporant la présence du hardpan (trait discontinu) (tiré de Blowes et al.,1991)

En plus de I’effet des mécanismes de limiter la migration de I’eau et I’oxygene, le hardpan peut

influencer la mobilité des contaminants grace a aux différents mecanismes liés aux phases
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secondaires qui le constituent surtout les oxy-hydroxydes de fer. Les mécanismes réactionnels
liés aux oxy-hydroxydes de fer seront discutés a la section suivante.

2.4.3 Mécanismes réactionnels des oxy-hydroxydes de fer

Les oxy-hydroxydes de fer sont les phases secondaires les plus étudiées a cause de leur implication
dans la géochimie des eaux du drainage minier. En effet, les oxy-hydroxydes de fer permettent
d’atténuer et diminuer la mobilité des métaux lourds lors du processus d’oxydation des rejets
miniers. Ces phases secondaires, qui se présentent généralement sous forme d’une matrice ou d’un
assemblage de minéraux mal cristallisés, ont une capacité a adsorber, substituer, précipiter et co-
précipiter des métaux lors ou apres leurs formations. Les différents mécanismes d’atténuation de
la mobilité des contaminants sont regroupés sous le nom de la ‘sorption’ (Plante et al., 2011a).
Cependant, les mécanismes réactionnels liés aux oxydes et hydroxydes de fer sont généralement
étudiés sur des phases primaires ou synthétiques. Or, dans le contexte du drainage minier les phases
secondaires formées sont géneralement mal cristallisées, amorphes ou parfois finement
cristallisées. Mais, d’une maniére générale, ces phases secondaires seront régies par les mémes lois
que les phases primaires ou synthétiques avec des variations au niveau des taux de réactions par
exemple. Les mécanismes réactionnels qui seront discutés sont la dissolution et 1’adsorption
(anionique, cationique et mixte) sachant que plusieurs réactions ont été étudiés mais elles ne feront

pas I’objet de cette revue de littérature.

2.4.3.1 Geénéralités sur les oxydes et hydroxydes de fer

Tout minéral qui consiste en un atome central de Fe entouré d’atomes de O et/ou OH désigne un
oxy-hydroxydes de fer. Il existe 15 oxy-hydroxydes connus et décrits dans la en addition des oxy-
hydroxydes comme Fe(OH)2, FeO (wustite), f—Fe203, e-Fe.0z et FeOOH de haute pression. Selon

leurs abondances, les oxy-hydroxydes majeurs sont présentés dans le

Tableau 2.5. La structure cristalline des oxy-hydroxydes et de toutes les espéces minérales
influencent grandement leurs mécanismes réactionnels. Les oxy-hydroxydes de fer différent selon
la valence de I’atome de Fe ainsi que la structure cristalline. Tous les oxy-hydroxydes de fer
communs contiennent un atome de fer avec une valence +3 a I’exception de la magnétite qui

contient les deux valences de fer +2 et +3.
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Tableau 2.5: Les oxy-hydroxydes de fer majeurs (tiré de Schwertmann et al., 2007b)

Minéral Formule chimique Minéral Formule chimique
Goethite o—FeOOH Ferrihydrite FesHOg.4H20
Akaganeite B-FeOOH Hématite o—Fe203
Lepidocrocite v—FeOOH Maghemite y—Fe203
Feroxyhyte c’-FeOOH Magnétite Fes0q
Schwertmannite Fe16016(OH)12(S04)2

Dans le cas d’une substitution isomére, 1’ion central Fe3* peut étre substitué par un autre métal sans
changement et modification de la structure cristalline de la phase minérale. Le métal substituent
doit avoir un rayon atomique proche de celui de 1’élément substitué (Fe®**) (Cornell &
Schwertmann, 2004b). Dans ce cas de substitution, les solutions solides sont formées entre le p6le
du minéral pure et le minéral formé par 1’élément substituant. Dans le Tableau 2.6 sont résumés les
métaux qui ont été incorporés par succes dans différents oxy-hydroxydes de fer avec leurs rayons
ioniques (Cornell et al., 2004b).

Tableau 2.6: Métaux substituants le Fe®* et leurs rayons ioniques (tiré de Cornell et al., 2004b)

lon Fezt  AIRY Cr3* Mn3* V3 Co® Cu? 2Zn* Pb* Cd?*

Rayon 0.077 0.053 0.061 0.065 0.064 0.053 0.073 0.075 0.078 0.095
ionique

(nm)

Dans le contexte de I’oxydation des rejets miniers, les oxy-hydroxydes de fer peuvent se précipiter

sous forme de goethite ou schwertmannite selon les réactions suivantes (Eq 7, (Eq 8) :
8FeS; + 300 + 18H20 — FegOs(OH)sSO4 + 155042+ + 30 H* (schwertmannite) (Eq7)

FeS; + 3.750; + 2.5H,0 —FeOOH + 28042+ + 4H" (goethite) (Eq 8)
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2.4.3.2 Dissolution

Les oxy-hydroxydes de fer sont généralement formeés par du fer ferrique, cette forme de fer est
stable et immobile (Cornell & Schwertmann, 2004c). De ce fait, les oxy-hydroxydes de fer dans
les systémes naturels sont caractérisé€s par une faible solubilité. Dans 1’industrie miniére, les oxy-
hydroxydes de fer sont dissouts par une lixiviation a voie acide. (Bloom & Nater, 1991; Casey,
1995) ont etudié la cinétique de dissolution des oxydes et des silicates primaires. La force motrice
de la dissolution est I’indice de saturation du milieu vis-a-vis 1’oxy-hydroxyde. Les parametres qui
influencent la dissolution des oxy-hydroxydes de fer sont: i) les caractéristiques du milieu
(température, pH), ii) les propriétés du solide (surface spécifique, chimie, degré d’altération,
cristallinité...) et iii) les propriétés de la phase liquide (pH, Eh, acidité, présence/absence d’agents
réducteurs et complexants, etc.). Il n’existe pas de modeéle de dissolution des oxy-hydroxydes de
fer qui combine tous ces parameétres vu la complexité du systeme (Blesa & Maroto, 1986; Cornell
et al., 2004c). Dans la plupart des cas, seulement 1’effet de la surface spécifique du solide et de la
composition de la solution sont considérés lors de la dissolution. La réaction de dissolution est
difficile a modéliser; lors de ce mécanisme autres réactions peuvent avoir lieu comme 1’adsorption.
Blesa et al (1986) ont conclu que méme pour le méme oxy-hydroxyde, il n’y a pas de réactivité
unique. En effet, la réactivité d’un oxy-hydroxyde de fer peut changer selon les faces du cristal. Ce
probléme structural est lié a la différence du taux de croissement du cristal selon la face du minéral.
En résumé, le pH a une grande influence sur la dissolution des oxy-hydroxydes de fer (Evangelou
& Zhang, 1995b). Pour un oxy-hydroxyde de fer bien cristallisé, sa dissolution nécessite une
solution avec un pH inférieur a 1 et a une température de 70°C (Cornell et al., 2004c). La solubilité
des oxy-hydroxydes de fer est largement influencée par le pH; le minimum de solubilité est observé
dans une gamme de pH variant de 7 a 8 (Cornell & Schwertmann, 2004e; Cravotta 111, 2008b;
Regenspurg et al., 2004). Cette gamme de pH se situe autour du pH de zéro charge (pHpzc), alors
la solubilité des oxy-hydroxydes de fer va augmenter si le pH s’éloigne du pHpzc. Cependant, la
solubilité des oxy-hydroxydes de fer dans des pH entre 6 et 9 est incertaine (Cornell et al., 2004e,
2004c). Comme les oxy-hydroxydes sont considérés comme des amphoteres, les produits de
solubilité changent s’il s’agit d’un milieu acide ou alcalin. Dans des milieux acides, la solubilité
des oxy-hydroxydes de fer produit des formes cationiques et des especes hydroxo. Lors d’une
dissolution dans des milieux alcalins, il y a formation des formes anioniques et des especes

hydroxo. La solubilité des oxydes de fer et des hydroxydes métalliques en général est semblable.
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la tendance de la solubilité est typique, elle est maximale a des pH acides et basiques et faible a des
pH proche de la neutralité (Cravotta I11, 2008b). La zone de solubilité minimale peut étre déplacée

en fonction du métal (Figure 2.7).
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Figure 2.7: Solubilité des hydroxydes métalliques (a gauche) et des oxydes de fer (a droite) (tiré de
Cravotta 111, 2008 et Regenspurg et al., 2004)

La dissolution des oxy-hydroxydes de fer est une réaction qui produit de I’alcalinité en consommant
des protons H*. Elle peut étre assurée par le biais de trois mécanismes a savoir : la protonation, la
complexation et la réduction. La protonation consiste a la dissolution du minéral sous action des
protons H* (Cornell & Schindler, 1987; Cornell et al., 2004c), la complexation consiste a la
dissolution du minéral suite & la présence d’un ligand de charge négative qui se complexe avec
I’ion Fe pour libérer des ions OH™ dans le systeme (Cornell et al., 2004e; Gledhill & van den Berg,
1994; Rue & Bruland, 1995) et la réduction consiste en la réduction du fer ferrique en fer ferreux.

2.4.3.3 Adsorption des anions et cations

L’adsorption des molécules et des ions par les oxy-hydroxydes de fer influence la mobilité des
especes adsorbées. Le processus d’adsorption implique I’interaction de I’espeéce adsorbée
(molécules, ions) avec le groupe hydroxyle des oxy-hydroxydes de fer. L’atome donneur
d’électrons du groupe hydroxyle peut réagir avec les protons (Cornell & Schwertmann, 2004f),
tandis que 1’ion métallique sous-jacent agit comme 1’acide de Lewis et échange le groupe OH avec

d’autres ligands pour former des complexes de surface.

Adsorption des anions

L’adsorption des anions inorganiques, organiques et oxy-anions par les oxy-hydroxydes de fer a
été extensivement étudiée. Les anions possédent un ou plusieurs atomes avec au moins une paire

d’¢électrons libres et peuvent fonctionner comme le donneur dans une liaison de coordination.
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L’adsorption des anions sur les oxy-hydroxydes de fer peut étre spécifique ou non spécifique.
L’adsorption spécifique implique le remplacement du groupe hydroxyle par le ligand adsorbé (Eq
9, (Eq 10) :

=FeOH + L «> =FeL + OH" (Eq 9)
=(FeOH); + L~ <> =Fe,L" + 20H- (Eq 10)

L’adsorption spécifique implique une coordination directe de 1’anion adsorbé sur la surface de
I’oxy-hydroxyde de fer. Il n’existe pas de molécule intermédiaire entre 1’anion et la surface
d’adsorption; cette relation a un caractére covalent. L’adsorption des anions est majoritairement
influencée par le pH et la concentration de I’anion dans le milieu. Pour un pH donné, 1’adsorption
augmente avec I’augmentation de la concentration des anions dans le milieu. L’adsorption est faible
a nulle pour un pH supérieur au pHpzc des oxy-hydroxydes de fer qui varie entre 8 et 9 selon la

phase minérale.

Adsorption des cations

L’adsorption des cations peut étre aussi spécifique ou non spécifique. Les deux types d’adsorption
des cations se different selon le mode de coordination entre I’espece adsorbée et la surface des oxy-
hydroxyde fer. L’adsorption non spécifique implique la présence d’une molécule d’eau entre
I’espéce adsorbée et la surface fonctionnelle de la phase minérale (Schwertmann et al., 2007b). En
revanche, I’adsorption spécifique implique une coordination directe entre I’espeéce adsorbée et la
surface fonctionnelle de 1’oxy-hydroxyde de fer. L’adsorption spécifique consiste en une
déprotonation du groupe hydroxyle. Le mécanisme d’adsorption spécifique est expliqué par les

réactions suivantes (Eq 11, (Eq 12) :
=FeOH + Me** <> =FeOM®D* + H* (Eq 11)
=(FeOH), + Me?* <> =(Fe-0),M®2"* + 2H* (Eq12)

Plusieurs études expérimentales ont porté sur 1’adsorption de différents cations sur différents oxy-
hydroxydes de fer (Asta et al., 2009; Cornell et al., 2004f; Espafia et al., 2006; Fukushi et al., 2003;
McKenzie, 1980; Schroth & Parnell Jr, 2005). Il est démontré que la goethite est le minéral dans
cette catégorie qui est capable d’adsorber la plus large gamme de cations (Ag, Al, Au, Cd, Co, Cr,
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Cu, Hg, Mg, Mn, Ni, Np, Pb, Sr, U, Zn). En comparaison, la schwertmannite n’est capable
d’adsorber que 3 éléments chimiques (Cd, Cu, Pb). La capacité des oxy-hydroxydes de fer a
adsorber les cations est influencée par le domaine de stabilité de chaque minéral ainsi que par leur

réseau cristallin. Par exemple, la schwertmannite est métastable vis-a-vis la goethite.

L’adsorption cationique, contrairement a [’adsorption anionique, est accompagnée par une
déprotonation du groupe hydroxyle ce qui implique un relargage des protons H*. Ce mécanisme
réactionnel est acidogéne. L’adsorption cationique est aussi influencée par la force ionique du
milicu et le pH. Une forte activité anionique peut supprimer ’adsorption des cations. La courbe
qui décrit I’adsorption d’un métal en fonction du pH est une fonction sigmoidale. On définit pHso
comme la valeur de pH qui correspond a I’adsorption de 50% d’un cation donné. L’adsorption des
cations différe selon I’espeéce et 1’oxy-hydroxyde adsorbant. Il n’existe pas d’ordre unique de

I’adsorption des cations (Cornell et al., 2004f; Kooner, 1993).

Adsorption dans un systeme mixte

L’adsorption anionique ou cationique a été testée par différents auteurs pour des systémes simples
qui contiennent un seul anion/cation. Dans un systéme qui contient plus d’un cation, il existe une
adsorption compétitive entre les cations dépendamment du cation et de son affinité au minéral.
Cette compétition est observée lorsque la concentration totale des cations est plus élevée que le
nombre de sites vacants sur la surface de 1’oxy-hydroxyde de fer. Le Zn supprime I’adsorption du
Cd sur la ferrihydrite (Benjamin & Leckie, 1981b). Pour des concentrations égales de Ni et Zn, les
deux s’adsorbent indépendamment 1’un de I’autre sur la ferrihydrite, mais la présence de Cr3*
augmente 1’adsorption des deux (Cornell et al., 2004f). Il a été démontré que, dans ce cas, le Cr*

altere les propriétés de surface de 1’oxy-hydroxyde de fer.

L’adsorption des anions est aussi compétitive lors de la présence de plusieurs anions dans le
systéme. Les phosphates empéchent 1’adsorption des arséniates et des sélénites sur la goethite
(Cornell et al., 2004f; Hingston et al., 1971). Ceci est significatif lorsque les phosphates sont
présents en grandes concentrations dans le systeme. Les phosphates favorisent aussi la désorption
des sulfates adsorbés (Liu & Millero, 1999). Les anions de phosphates sont aussi désorbés en
présence d’acide citrique. Les ions OH™ sont connus comme des anions qui participent a
I’adsorption compétitive a cause de leurs positions dans la couche intérieure de Helmholtz. Par

ailleurs, dans un systéme qui contient des anions et des cations, I’adsorption est compétitive entre
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les deux espéces. La présence des ions OH" en concentrations ¢élevées empéche 1’adsorption d’Al.
Dans ce cas, I’Al se trouve sous forme d’un complexe dans le systéme. De méme, I’adsorption de
I’arsenic sur la ferrihydrite est réduite par la présence des carbonates et des silicates dans le systeme
(Appelo et al., 2002). Par contre, la présence des anions augmente parfois 1’adsorption des cations
suite & la formation complexes de surface selon les réactions suivantes (Eq 13(Eq 14) (Cornell et
al., 2004f) :

=FeOH + L + M*" <> =FeOML®“?"* + H* (Eq 13)
=FeOH + M* + L" <> =FeLM*" + OH" (Eq 14)

Lors d’une adsorption simultanée d’un cation et d’un anion, il existe deux modes de coordination :
i) coordination du métal sur la surface de 1I’oxy-hydroxyde de fer et ii) coordination indirecte du
cation sur la surface d’un pont polydenté formé par 1’adsorption de I’anion sur la surface de I’oxy-
hydroxyde de fer. Davis & Leckie (1978) ont étudi¢ I’effet de différentes concentrations des
thiosulfates sur 1’adsorption de 1’Ag en fonction du pH. Pour des pH inférieurs a 6, 1’adsorption de
I’Ag sur la ferrihydrite est augmentée avec I’augmentation de la concentration des thiosulfates.
Cependant pour des pH plus basiques (supérieur a 7), I’augmentation des concentrations des
thiosulfates empéchent I’adsorption de I’Ag (Davis & Leckie, 1978). En conclusion, la présence
des anions change le comportement et les conditions d’adsorption des cations. L’adsorption dans
un systéme mixte est le cas le plus proche du contexte minier. En effet lors de 1I’oxydation des rejets

miniers, plusieurs anions (sulfates) et cations (calcium) sont libérés dans le systeme.

2.5 Stabilisation des résidus miniers générateurs d’acide par

amendements alcalins et cimentaires

2.5.1 Introduction

L’oxydation des sulfures contenus dans les rejets miniers peut générer du drainage minier acide et
des concentrations non-négligeables en contaminants. La prévention de la génération d’acide peut
se faire en agissant au niveau de 1’une des composantes de 1’oxydation des sulfures (sulfures, eau,
oxygene). Les techniques de stabilisation/solidification (S/S) sont souvent utilisées avec succes

pour la décontamination et la stabilisation des sols pollués ainsi que les déchets industriels
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(Kogbara & Al-Tabbaa, 2011a; Kogbara et al., 2011b; Wang et al., 2018; Wang et al., 2015b).
Dans le domaine minier, cette technique est souvent restée au stade expérimental malgré
I’engouement grandissant envers cette pratique. L’objectif principal des techniques de S/S est de
fixer les contaminants dans une matrice monolithique ce qui entraine la réduction de la lixiviation
des contaminants et la neutralisation de 1I’éventuelle acidité produite. Les mécanismes impliqués
durant les techniques de stabilisation et solidification différent selon la technique utilisée ce qui en

engendre plusieurs variantes au niveau pratique. Ci-dessous, on en citera deux catégories.

2.5.2 Amendements alcalins

Les amendements alcalins consistent en 1’ajout d’un ou plusieurs additifs neutralisants a des résidus
miniers générateurs d’acide pour augmenter leur pouvoir de neutralisation ce qui permet de contrer
I’acidité produite par I’oxydation des sulfures. Ce procédé est tres souvent appliqué pour des sites
miniers avant de procéder a une réhabilitation. Différents matériaux et sous-produits industriels ont
été utilisés avec succes pour stabiliser des sols contaminés et aussi des résidus miniers générateurs
d’acide (Alkattan et al., 1998; Doye et al., 2003; Duchesne & Reardon, 1998; Holmstrém et al.,
1999; Komnitsas et al., 2004; Mylona et al., 2000; Rodriguez et al., 2018). La chaux et les calcaires
sont parmi les additifs les plus utilisés dans la catégorie des amendements alcalins. Un amendement
alcalin peut étre appliqué de deux manieres : i) par mélange qui consiste a mélanger les ajouts
alcalins avec les résidus problématiques a des dosages prédéfinis, ii) ou par épandage, qui consiste
a I’ajout des amendements comme une couche au-dessus des résidus miniers. La formule proposée
pour le calcul de I’ajout d’un amendement alcalin est présentée dans le chapitre 8 et dépend du PN
et du PA du résidu et de ’amendement. Dans le cas des résidus miniers générateurs d’acide, 1’ajout
d’un agent neutralisant permit de tamponner I’acidité produite et diminuer la mobilité des
contaminants suite a des mécanismes chimiques (Alkattan et al., 1998; Deschamps et al., 2009;
Doye et al., 2003; Fatahi et al., 2015; Forjan et al., 2014; Holmstrém et al., 1999). En effet, la
dissolution des neutralisants dans des conditions acides permet d’augmenter 1’alcalinité du milieu
et tamponne le pH. En général, dans des conditions proches de la neutralité, la mobilité de
nombreux éléments chimiques (incluant la plupart des métaux) devient faible et leur solubilité est
minimale (Cravotta 111, 2008a, 2008b; Doye et al., 2003; Fleri & Whetstone, 2007). De plus, dans
ces conditions, plusieurs phases secondaires sont précipitees, ce qui permet de réduire la mobilité

des espéces chimiques. Les processus chimiques impliqués aprées ajout d’amendements alcalins
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sont :i) la précipitation (co-précipitation, adsorption, etc.) des oxy-hydroxydes de fer qui permet
d’atténuer les concentrations des métaux et métalloides comme le plomb et I’arsenic (Cornell et
al., 2004a; Coston et al., 1995; Espafia et al., 2006; Fendorf & Fendorf, 1996; Fukushi et al., 2003;
Giménez et al., 2007; Jonsson et al., 2005) et ii) la passivation des sulfures : la précipitation des
phases secondaires a leur surface réduit leurs disponibilités a réagir avec 1’eau et I’oxygéene, ce qui
entraine une diminution des taux d’oxydation des sulfures, et enfin iii) diminuer 1’activité
bactérienne (bactéries acidophiles) dans des conditions proches de la neutralité (Evangelou et al.,
1995a; NEDEM, 1997; Nordstrom et al., 1997).

2.5.3 Amendements cimentaires

Par comparaison aux amendements alcalins, les amendements cimentaires consistent en 1’ajout
d’additifs cimentaires (ciments conventionnels ou alternatifs a base de sous-produits industriels).
IIs permettent de modifier la texture du résidu minier en question en une matrice monolithique. IIs
permettent aussi d’augmenter le pouvoir de neutralisation des résidus comme les amendements
alcalins en plus de modifier la cohésion et la perméabilité du composite final. Ils sont généralement
utilisés comme méthode efficace pour la solidification et la stabilisation in-situ des sols et déchets
industriels contaminés (Duchesne & Laforest, 2006; Ichrak et al., 2016; Nehdi & Tariq, 2007;
Wang et al., 2015b). Le ciment Portland est I’additif le plus utilisé a cet effet mais, parfois, il a été
substitué par des sous-produits industriels a caractére hydraulique et/ou pozzolanique comme les
cendres volantes de la combustion du charbon et de la biomasse dans les centrales thermiques
(Benzaazoua et al., 2008; Benzaazoua et al., 1999; Criado et al., 2007; Kogbara et al., 2011a;
Kogbara et al., 2011b; Nehdi et al., 2007; Rodriguez et al., 2018; Tariq & Yanful, 2013; Wang et
al., 2018; Wang et al., 2015b). Ceci permet de réduire le colt 1ié a 1’utilisation du ciment et
valoriser les déchets d’autres industries. Les contaminants sont stabilisés lors de ce processus grace
a différents mécanismes : i) le piégeage physique des contaminants lors de 1’hydratation du liant,
i) la réduction de la surface réactive du résidu, iii) 1’augmentation de la cohésion et de la résistance
du résidu ce qui permet de développer une imperméabilité a long terme et enfin iv) la sorption des
contaminants lors de la précipitation des minéraux secondaires (Benzaazoua et al., 2004b;
Deschamps et al., 2009; Nehdi et al., 2007; Tariq et al., 2013; Wang et al., 2018; Wang et al.,
2015b).
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2.6 Besoins en recherche, hypotheses et objectifs de recherche

Ce doctorat a pour objectif de pousser la recherche en ce qui concerne 1’effet de la libération
minérale sur la réactivité des rejets miniers. Au lieu de tester ’effet de la granulométrie (Erguler et
al., 2015), ce doctorat vise a quantifier 1’effet de la libération minérale. Par ailleurs, la prédiction
du comportement environnemental des résidus miniers incertains est basée sur des essais cinétiques
au laboratoire qui peuvent parfaitement prédire le type du comportement environnemental des
résidus miniers in-situ. Cependant, dans des conditions spécifiques, les essais de laboratoire
peuvent complétement rater la prédiction environnementale; il s’agit de la précipitation et
I’accumulation des oxy-hydroxydes comme phases minérales ou encore comme hardpan. Par
conséquent, I’effet de libération minérale est testé au niveau des stériles miniers et I’effet des oxy-

hydroxydes de fer est étudié au niveau des résidus miniers.

Actuellement, la gestion des stériles miniers produit en grandes quantités lors des exploitations a
ciel ouvert est assez complexe a cause du co(t lié a la gestion des haldes a stériles. Dans ces haldes,
les stériles, dont la taille varie de quelques microns a des blocs métriques, sont entreposés
ensemble. En général, dans tels matériaux, la fraction fine est celle responsable de la réactivite
globale de la halde a stériles. La premiere réflexion de ce travail était de se poser de question sur
la possibilité de séparer les stériles en deux fractions distinctes en termes de leurs réactivités pour
diminuer les codts liés a la gestion de la fraction problématique. Par conséquent, I’objectif principal
de cette premiere partie de thése est de définir une taille des particules pour laquelle la réactivité
des sulfures devienne négligeable. En effet, un nouveau parametre sera défini et appelé diameétre
d’encapsulation physique des sulfures (DPLS). Ce diametre correspond a une granulométrie des
stériles au-dessus de laquelle les sulfures sont presque entiérement encapsulés dans une matrice de
gangue silicatée. Alors, comme hypothése, on admit que le degré de libération des sulfures et des
carbonates sera inversement corrélé a la taille des particules. De plus, si les sulfures sont encapsulés
dans une matrice silicatée, ils vont étre protégés contre 1’action de 1’eau et de 1’oxygene
(oxydation). Ces hypotheses seront vérifiées moyennant une étude minéralogique et géochimique
détaillée réalisée au niveau de trois lithologies de stériles miniers. A la lumiére de résultats de cette
partie, un protocole de caractérisation des stériles sera proposé. Il s’agit d’une méthodologie de

caractérisation valable pour tout type de stériles et lithologies. Ce guide de caractérisation va
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essentiellement différencier entre le PN et le PA totaux d’un échantillon et le PA et PN disponibles

du méme échantillon.

Les résidus miniers qui contiennent des sulfures et des carbonates disponibles vont réagir sous
I’action de 1’eau et de 1’oxygéne atmosphérique. Ces réactions d’oxydation/neutralisation menent
a d’autres réactions de précipitation de minéraux secondaires. Le taux de précipitation de ces
minéraux secondaires dépend essentiellement de la quantité initiale des sulfures et des carbonates,
de leurs réactivités et des mouvements d’eau. Les essais cinétiques sont utilises pour prédire le
comportement des rejets miniers pour bien se préparer lors de la planification et du design du
scenario de restauration. Sous certaines conditions, les essais cinétiques ne réussissent pas la
prédiction du comportement environnemental des rejets miniers. La formation du hardpan et des
oxy-hydroxydes de fer est 'un des phénomenes qui peut influencer complétement la prédiction
environnementale basée sur des essais cinétiques de laboratoire. L hypothese a ce niveau se base
sur I’'imperméabilité¢ du hardpan, donc son occurrence dans les parcs a résidus change le bilan d’eau
et, ensuite, le comportement géochimique global des résidus miniers in-situ. De plus, a I’état oxydé
des résidus miniers, une acidité résiduelle et une acidité liée a la dissolution des oxy-hydroxydes
de fer pourra étre générée, méme apres épuisement des sulfures. Ces hypothéses seront vérifiées a
I’aide d’essais cinétiques et des caractérisations pluridisciplinaires sur des résidus miniers oxydés,
frais et des échantillons de hardpan. Finalement, les amendements alcalins par ajout de calcaire (5
et 10 wt.%) et les amendements cimentaires (5 wt.% liant) seront testés comme techniques de
stabilisation des résidus oxydés générateurs d’acide. L’efficacité de ces amendements sera testée
moyennant des cellules de terrain qui permettent de tester un scénario en conditions réelles

(température, ratio L/S, humidité, gel-dégel, conditions biologiques, etc.).
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CHAPITRE 3  ARTICLE 1: DETERMINATION OF THE AVAILABLE
ACID GENERATING POTENTIAL OF WASTE ROCKS, PART I:
MINERALOGICAL APPROACH

Cet article est accepté et publié dans la revue Applied geochemistry
(nttps://doi.org/10.1016/j.apgeochem.2018.10.021)

A. Elghali', M. Benzaazoua®, H. Bouzahzah?, B. Bussiére!, H. Villarraga-Goémez®

L Université du Québec en Abitibi Témiscamingue, 445 Boul. Université, Rouyn-Noranda, Qc, J9X
5E4, Canada

2 Université de Liége, Génie minéral, matériaux et environnement. Allée de la découverte, 13/A.
Bat. B52/3 Sart-Tilman, 4000 Liege, Belgique

$Nikon Metrology, 12701 Grand River Ave., Brighton, M1 48116, USA

3.1 Abstract

Significant volumes of waste rock are produced in mining operations, particularly in open pit
operations. Waste rock is characterized by a high heterogeneity in their mineralogical,
hydrogeological, and physical properties, especially in comparison to tailings. The purpose of this
study was to develop an improved method to quantify the net acid-generating potential of waste
rock by incorporating the degree of liberation of acid-generating and neutralizing minerals. Three
lithologies were sampled immediately after waste rock blasting. Each lithology was separated into
seven fractions: D < 0.053 mm, 0.053 mm <D < 0.3 mm, 0.3 mm < D < 0.85 mm, 0.85 mm < D
<24mm,24mm<D<5mm,5mm<D <15mm, 15 mm <D <50 mm; particles > 5 cm were
not considered. Mineralogical and chemical characterizations showed that sulphides, mainly pyrite,
were enriched in the fine to mid-sized fractions (between 0.053 mm and 0.85 mm), and carbonates,
mainly calcite, decreased as the particle size increased. Sulphides were more liberated within the
fine fractions and their liberation was considered negligible at sizes > 2.4 mm. For coarser fractions
(> 5 mm), sulphides were associated with non-sulphide gangue minerals which was confirmed by
micro-computed tomography. The waste rock samples were submitted to both acid base accounting
(ABA) and net acid generation (NAG) tests to evaluate their acid-generating potentials. Sixteen
size fractions were non-acid generating and five were classified as uncertain. However, standard

ABA and NAG tests are based on pulverized samples that don’t consider the initial textures of
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samples. Therefore, ABA results (acid-generating potentials and neutralization potentials) were
corrected using the degrees of sulphide and carbonate liberation. The corrected classifications
reduced the acid-generating potential of most of the uncertain samples due to the high carbonates
content in relation to sulphides. This study also defines a parameter, the diameter of physical
locking of sulphides, that can be used to separate waste rock into a reactive and non-reactive
fraction based on the relationship between sulphide liberation and particle-size fraction. The
reactive fraction refers to waste rock likely to require active acid rock drainage (ARD)
management, whereas non-reactive fraction refers to waste rock likely not require active

management.

Keywords: waste rocks, acid mine drainage, mineral liberation, diameter of physical locking of
sulphides, computed tomography, QEMSCAN®.

3.2 Introduction

Mining operations around the world generate significant volumes of waste rock and tailings.
Tailings, which are the solid waste product of ore processing, are characterized by relatively
homogeneous particle-size distributions (Bussiére, 2007). However, waste rock, which is the non-
economic rocks that are extracted to access to an ore body, are more physically, chemically, and
hydrogeologically heterogeneous (Amos et al., 2015; Aubertin et al., 2002; Blowes et al., 2003;
Erguler & Kalyoncu Erguler, 2015; Lahmira et al., 2015). Waste rock often contain sulphide
minerals that, when exposed to water and atmospheric oxygen, can oxidize and release acid, metals,
and sulphate. This process can lead to the formation of acid mine drainage (AMD) if the material
does not contain enough neutralizing minerals to buffer acidic drainages (Benzaazoua et al., 2004).

The generation of AMD depends on the types of sulphide and carbonate minerals present, as well
as the dissolution rates of these minerals, which can be highly variable (Blowes et al., 2003; Blowes
et al., 2014; Blowes et al., 1994; Blowes et al., 2013; Paktunc, 1999a; Paktunc & Davé, 2000a;
Paktunc, 1999b; Paktunc & Dave, 2000b). The rate of acid generation in waste rock is controlled
by their intrinsic physical and mineralogical properties, as well as by other external factors (Blowes
et al., 2003; Parbhakar-Fox & Lottermoser, 2015). Sulphide oxidation rates are influenced by
factors including: i) mineralogy, ii) temperature, iii) dissolved oxygen concentrations, iv) pH, v)
chemical activity of ferrous iron, and vi) bacterial activity (Blowes et al., 2003; Bouzahzah et al.,
2013; Evangelou & Zhang, 1995; Nordstrom, 2000; Nordstrom et al., 2015; Nordstrom &
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Southam, 1997; Olson, 1991; Rimstidt & Vaughan, 2003). Carbonate dissolution rates are
primarily influenced by the mineral reactivity and pH. Several studies also suggest that specific
surface area and the degree of liberation are highly important factors controlling the rates of
sulphide oxidation and carbonate dissolution (Barazzoul et al., 2012; Benzaazoua et al., 2017,
Blowes et al., 2003; Brough et al., 2017; Buckwalter-Davis et al.; Erguler et al., 2015; Lapakko et
al., 2006; Parbhakar-Fox et al., 2011). The degree of mineral liberation is commonly used in ore
grinding and processing (especially in flotation) to quantify the proportion of a mineral that could
be recovered (Benzaazoua et al., 2017; Petruk, 2000; Petruk & Lastra, 1993), however, it is

currently not as commonly used in assessments of the environmental behavior of mine wastes.

The environmental behavior of waste rock is usually assessed before and/or during mining
operations through static and Kkinetic tests (Plante et al., 2011; Price et al., 1997; Sapsford et al.,
2009; Villeneuve, 2006; White 111 et al., 1999). The primary objective of these tests is to predict
the onset of AMD and determine the contaminant leaching potential of a material so that
appropriate waste management plans can be developed. Static tests, or acid-base accounting, are
designed to determine the acid-generating potential (AP) and neutralization potential (NP) of finely
pulverized samples (Bouzahzah et al., 2014; Bouzahzah et al., 2015; Chotpantarat, 2011; Kwong
& Ferguson, 1997; Lapakko & Lawrence, 2009; Miller et al., 1997). In contrast, Kinetic tests are
used to assess metal leaching potential and estimate the time before AMD generation (Benzaazoua
et al., 2004; Maest & Nordstrom, 2017).

Sampling is the first step in static and Kinetic testing, but it can be challenging due to the large
particle-size distributions of waste rock. In fact, waste rock particles often vary from a few
millimeters to several meters in the case of hard rock mines. Different particle sizes are
recommended depending on the test being performed. For static tests, Smart et al. (2002) suggest
that the particle size of the sample must be less than 4 mm, while Lapakko (2003) suggests that the
sample must be less than 6.3 mm, and Smith et al. (2000) recommends considering only particles
less than 2 mm because these grains are more available for reactions. This may make it necessary
to pulverize samples or to choose a specific particle-size fraction in order to achieve a
representative sample and satisfy the requirements of static (Bouzahzah et al., 2015; Lawrence &
Wang, 1997; Paktunc, 1999a; Sobek et al., 1978) and kinetics tests (Lapakko, 2003). However,
reducing a sample’s particle-size distribution by pulverization increases its specific surface area

and increases the degree of liberation of the sulphides and carbonates. Therefore, the NP of
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pulverized samples will be overestimated due to sample fragmentation if sulphides are not subject
to the same degree of fragmentation, as would the case if carbonates or sulphides were

preferentially distributed in the size fractions represented by the pulps.

This study investigates the influence of particle size of waste rock and degree of sulphide and
carbonate liberation on the geochemistry of mine drainages. Three lithologies were sampled from
an open pit mine in Abitibi, Western Québec, Canada, and separated into seven particle-size
fractions to carefully identify variations in the chemical, mineralogical, and textural properties of
each fraction. Based on these data, a new parameter is suggested to describe sulphide reactivity in
freshly blasted waste rock: the diameter of physical locking of sulphides (DPLS). Initially
introduced by Smith et al. (2000) for use in a waste rock sampling strategy, the DPLS refers to a
particle size above which sulphides are locked by non-sulphide gangue (NSG) minerals and are
unreactive for AMD assessment purposes. The DPLS is site- and lithology-specific, and its
determination must be confirmed using kinetic tests (e.g. column tests); this will be discussed in a

companion paper.

3.3 Materials and methods

This section describes the methods used during field sampling, material preparation, material
characterization, and static testing in order to determine the AP and NP of the three studied waste

rock lithologies. The methods used in this study are summarized in Figure 3.1.



41

Waste rock
balasting

- Total C/S analysis

- Chemical assay (ICP-AES
and XRF)

- Mineralogical
characterization (OM, XRD)
- Automated mineralogy

l

Mineralogical composition
using chemical and
mienralogical characterization

'
Sample washing and ABA and NAG tests on
sieving to 7 fractions pulverized samples

-0.033 mm B B
+0.053 mm /-0.3 mm AP and NP correction using
+0.3 mm /-0.85 mm H
085 e 2.4 s_ulphl(.ie and carbonate

liberation

Determination of the Calculation of the
diameter of physical - available AGP of
locking of sulfides waste rocks

T

Sulphide and

Three small scale carbonate liberation

piles

Pile sampling

Sample sieving
under Scm

Reclassification of
samples

Kinteic tests on the
fractionned lithologies

Figure 3.1: Waste rock characterization for better AP determination.

3.3.1 Field site, sampling, and material preparation

The deposit from which the three lithologies used in this study were sampled is an Archean gold
porphyry system consisting of an extended area of disseminated gold and pyrite mineralization
within a dioritic porphyry and altered metasediments. The geology of the deposit is largely defined
by the metasedimentary units. These units are intersected by several epizonal to mesozonal felsic
porphyry intrusions defined as syenites, quartzic syenites, quartzic monzonites, and granodiorites.
The geometry of the felsic intrusions is highly variable. The mineralization forms a continuous
envelope of 1 to 5% pyrite, disseminated with fine native gold (less than 20 microns) and traces of
chalcopyrite and sphalerite (Helt et al., 2014). The mineralization is mainly hosted by altered
clastic sediments (greywacke, mudstone, and some siltstone) found over an epizonal porphyry
diorite intrusion. The waste rocks lithologies within the mineralization are represented as
greywackes and porphyry. For this study, the three most common lithologies, which comprise more
than 50% of the ore body, were sampled. These were: carbonated porphyry, altered greywackes,
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and carbonated greywackes. These lithologies have undergone potassic, silicic, and carbonate
alteration (Helt et al., 2014).

Small-scale piles of each lithology (> 100 tonnes) were built immediately after blasting. This
allowed for obtaining realistic particle sizes during sampling, whereas other widely used
approaches, such as core sampling or local sampling in the waste rocks dump, can alter particle-
size distributions. Samples collected from the small-scale piles in October 2015 were sieved onsite
(D <5 cm) and shipped to the lab for further preparation and characterization. In this study 50 mm

was the maximum particle size considered.

In the laboratory, the three waste rocks lithologies samples were homogenized separately using a
quartage method. The manual quarting was repeated several times to ensure homogenity and

representativeness of samples. Each lithology was then divided into seven particle-size fractions:
e Fraction 1 (F1): D <0.053 mm
e Fraction 2 (F2): 0.053 mm <D < 0.3 mm
e Fraction 3 (F3): 0.3 mm <D <0.85mm
e Fraction 4 (F4): 0.85 mm <D < 2.4 mm
e Fraction 5 (F5): 24 mm <D <5 mm
e Fraction 6 (F6): 5mm <D <15mm

e Fraction 7 (F7): 15 mm < D <50 mm

The coarse fractions were washed to remove fine particles that were attached to the particles’

surfaces.
3.3.2 Material characterization

3.3.2.1 Physical and chemical analyses

The particle-size distribution of each lithology was determined by sieving at the following sizes:
0.053 mm, 0.3 mm, 0.85 mm, 2.4 mm, 5 mm, 15 mm and 50 mm (ASTM, 2014). Field particle
size determinations were performed using a mechanical screener equipped with a conveyor and a

screen (Figure 2S).
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Samples were homogenized and pulverized prior to performing all chemical analyses. The bulk
chemical composition of samples was determined by ICP-AES (Perkin Elmer Optima 3100 RL)
following a complete digestion with HNO3/Bro/HF/HCI. Detection limits for each analyte by ICP-
AES are presented in Table 1S. Total sulfur and inorganic carbon content were analyzed by
induction furnace (ELTRA CS-2000; detection limit = 0.09%).

3.3.2.2 Mineralogical analyses

The mineralogical composition of the waste rocks was studied by XRD using a Bruker AXS D8
Advance X-ray diffractometer equipped with a copper anticathode, scanning over a diffraction
angle (26) ranging from 5° to 70°. Scan settings were 0.005° 20 step size and 4-s counting time per
step. The DiffracPlus EVA software (v.9.0 rel. 2003) was used to identify mineral species and the
TOPAS software (v 2.2) implementing Rietveld refinement was used to quantify the abundance of
all identified mineral species. The detection limit of this quantification method depends on samples
properties; it generally ranges from 1-5%. Approximately 2 g of pulverized solid sample were
micronized with isopropanol for 10 to 15 min to achieve a particle size < 10 um. The samples were

dried under ambient temperature; then the samples were carefully packed in sample holders.

Each sample (size fraction < 5 mm) corresponding to the three sample lithologies was sized by wet
screening to produce particle-size F1-F5. The number of polished sections prepared for each
particle size fraction was determined such that there would be good statistical representation; more
than 10000 grains were analyzed in fine fractions. The number of polished sections analyzed were
4,3, 2,2,and 1 for fractions F5, F4, F3, F2, and F1, respectively. Polished sections for each waste
rock lithology were prepared and observed using optical microscopy in reflected light mode.
Mineralogy was investigated using QEMSCAN (Mackay et al., 2016). A total of twelve polished
sections for each waste rock sample were analyzed using QEMSCAN, which is an automated,
quantitative SEM-based tool specifically designed to rapidly analyze the mineralogical
composition of samples based on their chemical composition at the micrometer-scale. The
corresponding data enabled quantification of the modal mineralogy, mineral textures, grain size,
elemental deportment, and mineral liberation of the analyzed samples (Benzaazoua et al., 2017b;

Butcher et al., 2000; Pirrie et al., 2004). The polished sections were also analyzed by PMA mode
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(particle mineralogy analysis). The measurement resolution varied from 2.5 um to 6 um depending

on the sample’s particle size fraction.

Mineralogical reconciliation consisted of changing mineralogical compositions in order to overlay
the results of the chemical assays with the theoretical chemical compositions of the identified
minerals. The identification of major and minor phases was achieved using the results of XRD,
QEMSCAN, and optical microscope analyses. The average chemical composition was calculated
based on data from ICP-AES and XRF analyses. Then, the theoretical chemical composition was
calculated based on the stoichiometries of the identified minerals. The theoretical chemical
composition was compared to the analyzed chemical composition (ICP-AES for metals, XRF for
minor and major elements and induction furnace for total S/C). If the relative difference between
the theoretical and observed chemical compositions was greater than 5%, iterations were performed
using an excel solver that essentially changed the percentages of the minerals (using a nonlinear
generalized reduced gradient; GRG) until the relative difference between the theoretical and
observed chemical compositions was less than 5% (Lasdon et al., 1974; Yeniay, 2005). The

nonlinear GRG method consisted of solving the matrix presented in supplementary materials.

3.3.2.3 Micro computed tomography

For the composite fraction F6 and F7 for each lithology type, samples were scanned by X-ray
computed tomography (X-ray CT) using an XTH 225 ST system (Nikon Metrology). X-ray CT is
a non-destructive technique with wide applications in geological disciplines and materials science
(Cnudde et al., 2006; Maire & Withers, 2014; Mees et al., 2003a; Stock, 2008a). Figure 3S shows
the full X-ray CT process, which consists of scanning a specimen using X-rays, then using the
contrast in the projected images, which is generated by differences in X-ray attenuation that arise
principally from differences in density within the sample, to produce a 3D reconstruction. After
generating a reconstruction, the data can be used to produce qualitative or quantitative analyses of
both the interior and exterior of the specimen. Quantitative analysis can be obtained as well as
localization of structural material inclusions and identification of pores that are not usually visible
through traditional non-destructive methods. The > 5 mm fraction was selected for each lithology
using rotary rifle divider. Each sample was filled in a cylindrical polystyrene mold

(100 mm x 200 mm). The number of projections taken per CT scan was 2880 radiographs over a
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full 360° rotation, which means that each radiograph was taken at step of 0.125°. All 2880
radiographs were used for the 3D reconstruction. The exposure time for each radiograph was about
0.708 seconds and the voxel size resolution was 70 um. The number of analyzed particles was
34764, 37764, and 71752 for the carbonated porphyry, altered greywacke and carbonated

greywacke lithologies, respectively.

3.3.2.4 Acid generation potential assessment

The acid generation potential (AGP) was determined for each sample using the Sobek et al (1978a)
ABA test modified by Bouzahzah et al (2015), and the single-addition NAG test (Stewart et al.,
2006). The net neutralization potential (NNP) was calculated by subtracting the AP from the NP
(with values expressed in kilograms of CaCOs equivalent per tonne of sample) (Miller et al., 1991a;
Weber et al., 2004). When the NNP value was higher than 20 kg CaCOas/t, the sample was
considered non-acid-generating; when the NNP was lower than -20 kg CaCOsl/t, the sample was
considered acid-generating; and when the NNP was between -20 kg and 20 kg CaCOal/t, the AGP
was considered to be uncertain (Bouzahzah et al., 2015a; Miller et al., 1991b; Morin et al., 1994).
The AGP of each sample was also classified using the neutralization potential ratio (NPR), in which
the NP of a sample is divided by the AP. Samples were considered acid-generating when the NPR
was less than 1, non-acid-generating when the NPR was greater than 2, and uncertain when the
NPR was between 1 and 2. The three lithologies were analyzed in duplicate with the NAG tests.
The relative percent difference between the two pH values obtained by these tests was 1.04%,
1.60%, and 3.24% for the three lithologies carbonated porphyry, altered greywacke and carbonated

greywacke, respectively.

Only the results of the ABA tests were corrected using the degree of carbonate and sulphide
liberation, which considered the initial texture of the studied materials. To perform these
corrections, the NP values were multiplied by the degree of carbonate liberation, and the AP values

were multiplied by the degree of sulphide liberation, as shown in the following equations:
NP =83.3 x C (wt.%) x L¢ (kg CaCO3/t)

AP = 3125 X Ssulphides (Wt%) X Ls (kg CaCOB/t)
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where: Lc and Ls are the degree of liberation for carbonates and sulphides, respectively; and C and
Ssulphides are the wt. % of carbonates and sulphides, respectively. Values of L and Ls were obtained
using QEMSCAN.

3.4 Results and discussion

3.4.1 Physical and chemical characteristics

The specific surface area is related to the particle-size distribution and determines the reactivity of
a sample (Erguler et al., 2015; Kalyoncu Erguler et al., 2014). Erguler et al. (2015) evaluated the
time until acid generation (i.e., the lag time) for samples with different particle-size distributions.
Their results showed that, for potentially acid-generating samples, the coarser the sample, the
longer the lag time. This means that, considering chemicaly identical samples, the environmental
behavior will depend on the particle-size distribution. As shown in Table 3.1, the particle-size
distributions of the three lithologies used in this study are relatively similar. The fine particles
represent a low proportion of the total sample mass. Considering 1 m as the maximum grain size,
particle sizes less than 10 cm comprised 23, 42, and 50 wt.% of the carbonated porphyry,
carbonated greywacke, and altered greywacke samples, respectively. Considering 5cm as the
maximum particle size, the Dgo was 42 mm, 40 mm, and 40 mm for the carbonated porphyry,

altered greywacke, and carbonated greywacke lithologies, respectively (Table 3.1).

Table 3.1: Particle-size distribution of the three lithologies.

Grain size distribution

Laboratory grain size distribution to 5cm Field grain size distribution up to 1m
% mass
Sample Dio(mm)  Dg (mm) Dso (mm) Dgo (mm) -10cm +10cm
Carbonated porphyry 0.07 6 18 42 23.04 76.96
Altered greywacke 0.05 4 16 40 42.19 57.81
Carbonated greywacke 0.03 3 15 40 49.91 50.09

Chemical assays of the total samples and their corresponding fractions showed compositions
dominated primarily by Al, Ca, Fe, K, Mg, and Na (Table 1S), which are related to NSG minerals.
Titanium and manganese contents in all samples did not exceed 0.3 and 0.01 wt.%, respectively.
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The total S and C contents did not exceed 1.1 and 1 wt.%, respectively. Average Cu concentrations
were approximately <10 ppm, 32 ppm, and 38 ppm for the carbonated porphyry, altered
greywacke, and carbonated greywacke lithologies, respectively. Average Zn concentrations were
approximately 60 ppm, 84 ppm, and 78 ppm for the carbonated porphyry, altered greywacke, and
carbonated greywacke, respectively. Iron-, zinc-, and copper-bearing minerals were primarily
sulfides but occurred in small quantities. Concentrations of Pb, Ni, Co, Cd, and As were below the
detection limits of the ICP-AES for all samples. Sulphide phases were enriched in the F2 and F3
particle-size fractions of all samples. Carbon distribution, which occurred mainly as carbonates,
showed a different trend as compared to S; it decreased when particle sizes increases. The average
concentrations of C were 0.51%, 0.26%, and 0.29% for the carbonated porphyry, altered
greywacke, and carbonated greywacke, respectively. The carbonated porphyry was the most
carbonate-rich lithology and the carbonated greywacke lithology was the most enriched in

sulphides.
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3.4.2 Mineralogical characteristics

All particle-size fractions were analyzed using XRD and optical microscopy. Samples < 5 mm were
also analyzed using QEMSCAN and samples > 5 mm were characterized using computed

tomography to estimate the degree of sulphide liberation.

3.4.2.1 Bulk mineralogy

Optical microscopy observations showed that the main sulphide in all three lithologies was pyrite,
with trace amounts of pyrrhotite and chalcopyrite also present (Figure 3.2). Sulphides displayed
different textures that could be classified as three exposure states: i) free sulphides not in contact
with other NSG minerals (Figure 3.2A-B), ii) moderately liberated sulphides with boundaries
partially shared with NSG minerals (Figure 3.2C), and iii) locked sulphides that are entirely
enclosed within NSG minerals. Optical microscopy observations qualitatively showed that the
degree of sulphide liberation depended on the size fraction of the sample. Sulphides within fine
fractions (< 0.85 mm) were more liberated than those in coarser fractions (> 0.85 mm) (Figure
3.2A-B). Liberated pyrites have no edges shared with other minerals. However, for coarse fractions
(> 2.4 mm) sulphides became more locked and their boundaries were completely or partially shared
with NSG minerals (Figure 3.2C, D).
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Pyrrhotite

Chalcopyrite :

Figure 3.2: Optical microscope images showing sulphides and their liberation states (A, B:

liberated pyrite, C and D: pyrite encapsulated within NSG minerals).

The mineralogical reconciliation consisted of calculating a mineralogical composition, which is in
respect with the chemical assay (ICP-AES, XRF and induction furnace S/C). This was achieved by
setting minerals wt.% until achieving the minimal difference between the solid chemical assay and
the chemical composition calculated by the minerals stoichiometry. The chemical assay and the
calculated chemical composition are plotted for total waste rocks samples and the 21 corresponding
fractions. The coefficient of correlation between the two chemical compositions was around 1 for
the studied waste rocks samples (Figure 3.3). The three lithologies contain mainly NSG minerals;
aluminosilicates (Figure 3.4) and small occurrences of sulphides and carbonates. Fractions between
0.053 mm and 0.850 mm are the most sulphidic.

The results of QEMSCAN modal analyses agreed with the XRD results except for trace minerals
that were not detected by XRD. The reconciled mineralogical composition showed that silicates
constituted approximately 89 to 94 wt.% of the carbonated porphyry lithology, and 90 to 96 wt.%
of the altered greywacke and carbonated greywacke lithologies (Figure 3.4). The abundance of

aluminosilicate minerals explains the high Al, Si, Ca, Fe, K, Mg, and Na contents of the samples
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(Table 2S). The silicates detected within the studied samples were quartz, albite, bytownite,
orthoclase, muscovite, phlogopite, and chamosite. More than 90% of carbonates occurred as calcite
with the remainder occurring as rhodochrosite and dolomite. The carbonated porphyry lithology
was the richest in carbonates, with proportions varying from 4 to 8 wt.%. Carbonates ranged from
1 to 4.8 wt.% in the altered greywacke and carbonate greywacke samples. Pyrite contents ranged
from 0.3 to 0.5 wt.% within the carbonated porphyry and from 0.5 to 2 wt.% within the greywacke
lithologies. Chalcopyrite occurred as a trace mineral (< 0.1 wt.%), while sphalerite, which was
identified only by QEMSCAN, did not exceed 0.04 wt.% (values were calculated based on the Zn
content analyzed by ICP-AES in each sample and considering that sphalerite contains 64.06% Zn).

All fractions and total samples contained more carbonates than sulphides.
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Figure 3.4: Reconciled mineralogical compositions of the carbonated porphyry, altered
greywacke, and carbonated greywacke lithologies. A: total mineralogical composition, B: minor

phases.

3.4.2.2 Textural and mineral liberation analyses

The degree of liberation of sulphides and carbonates, which are the main acid-generating and
neutralizing minerals, respectively, describes the level to which these minerals are exposed in a
sample (Blowes et al., 2003; Paktunc & Dave, 2000b; Petruk, 2000). QEMSCAN analyses were
used to quantify this parameter as function of particle size. Once determined, the degree of
liberation was used to suggest corrections to apply to the results of static tests for samples under
5 mm. For coarser fractions, the degree of sulphide liberation was considered to be negligible based
on the results of CT analyses. The number of particles measured for the all lithologies was
approximately 18000, 21000, 9000, 1000, and 400 for fractions F1, F2, F3, F4 and F5, respectively.
The degrees of sulphide and carbonate liberation degree (% L) were recalculated to account for all

the liberation classes using the formula presented below:

100
%L = z Ci* Ai/100
c=0

where C;i is the average liberation class as provided by QEMSCAN, and A; is the average
frequency of class Ci.

The overall calculated liberation of minerals considered all classes of liberation depending on their
proportion within the whole particle distribution. Results for the calculated sulphide and carbonate
liberations are presented in Figure 3.5. The degree of sulphide liberation decreases as grain size
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increases (Figure 3.5A). The maximum sulphide liberation was approximately 96.5% for
carbonated greywacke lithology within the finest fraction (F1). The highest liberation was recorded
for carbonated greywacke lithology. At 2.4 mm, sulphide liberation was negligible (<5%). The
degree of carbonate liberation also decreased with increasing grain size. Overall, carbonates within
the carbonated porphyry lithology were more liberated than in the other lithologies. In contrast to
the sulphides, at 2.4 mm carbonate liberation was still significant; i.e., 30%, 8.5%, and 13.5% for
the carbonated porphyry, altered greywacke, and carbonated greywacke lithologies, respectively
(Figure 3.5B).

The mineralogical associations of sulphides and carbonates are illustrated in Figure 3.5C-D.
Sulphides were mostly linked with silicates (71%, 55%, and 39% for the carbonated porphyry,
altered greywacke and carbonated greywacke lithologies, respectively), and less frequently present
as free pyrite particles (Figure 3.5C). Carbonates were associated mostly with NSG minerals (82%,
73%, and 73% for the carbonated porphyry, altered greywacke and carbonated greywacke

lithologies, respectively).
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Figure 3.5: Degree of liberation and mineralogical associations for carbonates and sulphides

within the three waste rock samples. A: degree of sulphide liberation, B: degree of carbonate

liberation, C: sulphide mineralogical associations, D: carbonate mineralogical associations.

The reactivity of waste rocks is influenced by the degree of liberation of the acid-generating and

neutralizing minerals (Erguler et al., 2015; Smith & Huyck, 1999) and also by the particle sizes

(specific surface area) of these minerals (Cornell et al., 2004e; Lapakko et al., 2006). Particle-size

distributions for carbonate and pyrite particles within the three lithologies, determined using

QEMSCAN, are illustrated in Figure 3.6. Carbonates were present as finer grains than pyrite. The

Dso of pyrite was 105 um, 165 pum, and 125 pum for the carbonated porphyry, altered greywacke,

and carbonated greywacke lithologies, respectively. The Dso of carbonates was 55 pum, 50 um, and

57 um for the carbonated porphyry, altered greywacke, and carbonated greywacke lithologies,

respectively.
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Figure 3.6: Pyrite and carbonate particle-size distributions within the three lithologies (A:

carbonated porphyry, B: altered greywacke, and C: carbonated greywacke).

Because of the limitations of sample preparation, fractions coarser than 5 mm could not be mounted
into polished sections for automated mineralogy analyses. The diameter of the polished sections
mold was ~ 3 cm, which would require a significant number of polished sections to be analyzed to
have statistically acceptable results for coarser fractions. Consequently, the coarse fractions were
analyzed using CT to estimate the degree of sulphide liberation, sulphide volume distribution, and
sulphide contents within the three lithologies. Micro-CT allowed for mapping of sulphides based
on their density contrast with NSG minerals. Figure 3.7 illustrates the spatial distribution of
sulphides within the three lithologies (> 5 mm). Micro-CT data showed that the percentages of
sulphides appearing at the surfaces of grains were negligible compared to that of sulphides
encapsulated within grains. The degree of sulphide in this case was defined as the ratio between
the pyrite mass appearing at the grain surface and the total pyrite mass within the whole grain.
Consequently, sulphide liberation could be considered negligible for the coarse fraction of these
studied samples. These results were expected considering that QEMSCAN results showed that the
degree of sulphide liberation decreased with increasing grain size (Figure 3.5A). Within coarse
fractions, sulphides were more encapsulated within NSG minerals. This technique allowed for the
calculation of sulphide volume in every lithology (fractions F6 and F7) (Figure 3.8). The volumes
analyzed were 360005 mm?, 357559 mm?3, and 347318 mm? for the carbonated porphyry, altered
greywacke, and carbonated greywacke lithologies, respectively. The volume distribution of
sulphides was 1.60%, 0.79%, and 0.57% for the carbonated porphyry, altered greywacke, and
carbonated greywacke lithologies, respectively. The sulphide volume distribution (Figure 3.8)

showed that more than 99% of sulphides had a volume less than 1 mm?. A small amount of sulphide
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had larger volumes. Sulphide liberation within fractions F6 and F7 was estimated using CT to be
approximately 5% for the three lithologies.
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Figure 3.7: Sulphide mapping within the three lithologies using computed tomography. The
yellow pixels represent sulphides and the grey pixels are NSG minerals.
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Figure 3.8: Sulphide volume distribution within the three lithologies.

3.4.3 Acid base accounting and NAG tests

Prediction of the AGP for the 21 fractions and the total samples was performed using the Sobek,
as modified by (Bouzahzah et al., 2015a), and the NAG test (Stewart et al., 2006). NPs were also
calculated based on the total carbon of the samples without accounting for the potential for
hydrolysis of iron and manganese from carbonates such as siderite and rhodochrosite. NAG and
modified Sobek test results are presented in Figure 3.9. The pH values for all samples were greater
than 4.5, varying between 5.8 and 6.8 for the carbonated porphyry lithology, between 5.1 and 6.15
for the altered greywacke lithology, and between 5.19 and 6.07 for carbonated greywacke

lithology. Therefore, based on the NAG test, all samples could be considered non-acid-generating
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(Miller et al., 1997). The electrical conductivity (EC) measured on post-NAG solutions did not
exceed 1 mS/cm, and the maximum EC was recorded in fractions F2 and F3. Moreover, the acidity
of NAG solutions was also analyzed using titration and results agreed with EC values. The, acidity
of all samples did not exceed 5 mg CaCOs/L. The low acidity (produced by oxidation of pyrite
under H20> action) of post-NAG solution is explained by neutralization by calcite dissolution.

The results of ABA tests showed that most samples were non-acid-generating, except for a few
samples that were uncertain: fractions F2, F3, F6, and F7 of the altered greywacke porphyry, and
fractions F2, F3, F4, F6, and F7 of the carbonated greywacke. The NNP values of most waste rock
samples corresponding to the three lithologies were greater than 20 kg CaCOa/t and considered to
be non-acid-generating (Figure 3.9B). Only three fractions of the altered greywacke and one
fraction of the carbonated greywacke were considered uncertain according to the NNP
classification (Bouzahzah et al., 2015a). The NPR of most particle-size fractions was > 2 and, thus,
non-acid-generating. However, four fractions of the altered greywacke were uncertain according
to their NPR (Figure 3.9). The fine fractions had the highest NP values. The carbonated porphyry
had the highest NP values and the lowest AP values, and all samples of the carbonated were non-

acid-generating.
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Figure 3.9: Results of the (A) NAG tests and (B) ABA tests. Red zone is potentially acid-
generating, green zone is non-acid-generating, and white is uncertain. Numbers refer to the
particle-size fractions (1=F1, 2=F2, 3=F3, 4=F4, 5=F5, 6=F6 and 7=F7).

3.5 Discussion

NAG and ABA tests were performed on pulverized samples as recommended by Bouzahzah et al
(2015), Lapakko (1994), Miller et al (1997), Smart et al (2002) and Sobek et al (1978). Results of
the NAG and ABA tests showed that all fractions were non-acid-generating, and some are in the
uncertainty zone. Carbonate contents were higher than sulphide contents in all samples, which
explains the results obtained with the NAG and ABA tests. During the NAG test, the liquor acidity
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of all fractions did not exceed 9 mg CaCO3/L due to acidity buffering by carbonate dissolution.
Sample pulverization required for these tests significantly modified the initial texture of each
sample. Sulphides and carbonates were more liberated and thus their mineralogical associations
were greatly modified during the pulverization process. As stated in Blowes et al. (2003), the
determination of NP and AP based on pulverized samples assumes that the sulphides and
carbonates are completely liberated, which is not the case for waste rock (large particle size
distribution), especially in comparison with tailings. Consequently, the degrees of liberation
sulphides and carbonates are important features to consider during the assessment of the
environmental behavior of waste rock. This was highlighted also using kinetic leaching tests on
locked and liberated calcite and pyrite by Paktunc and Davé (2000).

Fractions with a particle size > 5 mm were not considered during this correction due to their low
sulphide liberation as shown by QEMSCAN and CT results (Figure 5, Figure 7). The calculation
of the new AP and NP based on sulfide and carbonate liberation degrees showed a new
classification of the three studied lithologies with respect to their potential for acid generation
(Figure 3.10). Depending on the difference between carbonate and sulphide liberation, the samples
were placed in different spots in the static tests diagram. For example, the fraction F4 of the altered
greywacke and carbonated greywacke were initially categorized as non-acid-generating, but
became uncertain after corrections. NP and AP values determined on pulverized samples should
represent the maximum potentials that can be achieved by samples when all sulphides and

carbonates have reacted completely.

QEMSCAN analyses showed that the degree of liberation of carbonates and sulphides decreased
as the particle size increased. Corrections applied to the NP and AP using the degrees of liberation
allowed for a determination of the effective NP and AP, meaning that only the exposed part of
sulphides and carbonates are taken into account (Blowes et al., 2003; Erguler et al., 2015; Paktunc
etal., 2000a). The difference between the available and absolute NP and AP depends on the particle
sizes and mineralogical textures. For fine fractions, the difference between the available and
absolute NP and AP was not very significant; for example, F1 of the carbonated porphyry compared
to F4 of the carbonated greywacke (Figure 3.10). For the coarse fractions, sulphide liberation is

only determined by the sulphide outcrop on the grain surface.
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Figure 3.10: Results of ABA tests with (A) the overall NP and AP, and (B) the effective NP and
AP corrected with sulphide and carbonate liberation. Red line (NP = 9.4 kg CaCOasl/t) corresponds
to 0.3% S, which is considered as a non-acid-generating sample in Directive 019. Numbers refer
to the particle-size fractions (1=F1, 2=F2, 3=F3, 4=F4, 5=F5, 6=F6 and 7=F7).

The diameter of physical locking of sulphides is a particle size at which liberation degree of
sulphides is almost zero. The DPLS separates waste rocks into two fractions: a finer, reactive

fraction and a coarser, nearly non-reactive fraction. This diameter is defined in this article using a
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mineralogical approach, but it must be confirmed using continued geochemical and physical
weathering of the rock must be further examined, for example, through Kkinetic tests. Considering
the results of mineralogical analyses on the samples in this study and data on the degree of sulphide
liberation, the three lithologies can be separated into two fractions at a DPLS of 2.4 mm (Figure
3.5A). Three column leaching tests for each lithology are ongoing and will be the topic of a follow-
up paper. These columns are comprised of the total sample, a < 2.4 mm fraction, and a > 2.4 mm
fraction for each lithology. Considering the particle-size distribution (Table 3.1), the < 2.4 mm
fraction represents a low percentage of each sample; i.e., 7 wt.%, 10 wt.%, and 12 wt.% of the
carbonated porphyry, altered greywacke, and carbonated greywacke lithologies, respectively
(considering 1 m as the maximum particle size). Although the < 2.4 mm fraction represents a low
proportion of the total waste rock, it is the most reactive fraction and can control the overall
drainage chemistry at the dump scale. The use of the DPLS of waste rocks should consider its

persistence with continued geochemical and physical weathering of the rock.

3.6 Conclusion

The main conclusions of this work are:

e Waste rock size fractions should be better characterized for a more accurate determination
of the AGP. It is more appropriate to collect samples after waste rock blasting to consider
the actual particle distribution.

e Carbonate contents are higher than sulphide contents in the three waste rocks lithologies
used in this study. AGP were determined by both ABA and NAG tests and showed that
most samples were non-acid-generating.

e Fractions between 0.053 mm and 0.85 mm were the most problematic because of their
sulphide contents were high (relative to the other fractions).

e During NAG and ABA tests samples are pulverized. This destroys the initial texture of
samples, which is an essential quality for waste rocks which are characterized by wide and

heterogeneous particle-size distributions. The authors suggest that ABA and NAG tests
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results on waste rocks must be corrected using the degrees of carbonate and sulphide
liberation.

e For the samples in this study, sulphide and carbonate liberation decreased with increasing
particle sizes.

e Based on QEMSCAN results, at 2.4 mm, sulphide liberation was less than 10% and

fractions coarser than 2.4 mm could be considered insignificant with respect to their AGP.

e The diameter of physical locking of sulphides (DPLS) for the samples in this study is
suggested to be 2.4 mm.
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4.1 Abstract

Open pit mining operations often produce large amounts of waste rock that are characterized by
large particle size distributions (PSD). Waste rock are normally deposited in surface piles that
contain grains varying from a few microns to meters in size. Furthermore, the mineralogical and
textural properties of the waste rock are influenced by their PSD. The diameter of physical locking
of sulfides (DPLS) is a newly suggested parameter that was defined using an automated mineralogy
system to separate waste rock according to their geochemical reactivity. Three lithologies (A, B,
and C) were extracted from an open-pit gold mine and their geochemical behaviors, with respect
to degree of sulfide liberation, were evaluated using column Kinetic tests. The main results of this
study showed that fine fractions of the studied waste rock were more sulfidic compared to coarse
fractions. Moreover, sulfide liberation was negligible for fractions > 2.4 mm. Consequently, 2.4
mm was defined as the critical diameter of sulfide reactivity for the three studied waste rock.
Column kinetic tests were used to confirm this hypothesis and to assess the geochemical behavior
of the three lithologies. Geochemical analyses of leachates from the column tests showed that pH
values remained between 7 and 8 and the instantaneous concentrations of metals such as iron (Fe)
and zinc (Zn) were below environmental limits over the entire test duration (543 days). Considering
sample reactivity, the data showed that the fine fractions primarily control the geochemical
behavior of total samples. Sulfide oxidation rates were high for fractions < 2.4 mm, whereas they
were negligible for fractions > 2.4 mm; total samples showed intermediate rates. For example, in

lithology B, pyrite oxidation rates were 12.46 umol/kg/day, 2.43 pmol/kg/day, and 0.27
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pmol/kg/day for the fine fraction (< 2.4 mm), total sample (<5 cm), and coarse fraction (> 2.4 mm)
respectively. Sulfide and carbonate contents and their liberation were defined as key factors
controlling the geochemical behavior of the studied waste rock, which was confirmed by the
correlation factor between calcium leaching vs. carbonate liberation and between sulfur leaching
vs. sulfide liberation. The coarse, unreactive fraction (> 2.4 mm) comprised a high proportion of
the total sample weight (up to 90 wt. %). Screening waste rock, after blasting, according to the
critical diameter of sulfide reactivity could be an efficient technique for global waste rock

management that will reduce the economic costs related to waste rock pile reclamation.

Key words: Waste rock, Waste rock sorting, Mineral liberation, Kinetic tests, oxidation rate,

Diameter of physical locking of sulfides.

4.2 Introduction

Over the last few decades, ore exploitation methods have evolved. Increasing metal prices and the
availability of new equipment and technologies have allowed for the exploitation, usually by open-
pit methods, of high-tonnage/low-grade ores. This type of exploitation generates large volumes of
blasted and non-economic material called waste rock. Waste rock is part of the ore body that must
be mined but is not treated because its metal content is lower than the operation-cutting grade. In
general, waste rocks are deposited in unsaturated piles that can be hundreds of meters in height and
cover thousands of hectares (Aubertin et al., 2008; Bailey et al., 2016; Blowes et al., 2003) .
Interactions between atmospheric oxygen, water, and sulfide minerals (mainly pyrite and
pyrrhotite) in the waste rock could lead to the release of metals/metalloids, sulfates, and acidity in
drainage waters (Blowes et al., 1994; Bussiere et al., 2005; Caldeira et al., 2003; Egiebor & Oni,
2007). In some cases, the neutralization potential of a waste rock is sufficient to neutralize the
acidity produced by sulfide oxidation, but if the chemical quality of drainage waters is still above
regulatory criteria it could cause environmental issues (Amos et al., 2015; Plante et al., 2011).
Because of the way the material is deposited, waste rock piles are characterized by high chemical,
physical, mineralogical, and hydrogeological anisotropies (Aubertin et al., 2008; Bussiére et al.,
2011; Jamieson et al., 2015; Lefebvre et al., 2001; Smith et al., 2013). In general, waste rock piles
are characterized by high heterogeneity of their internal structure, particularly regarding PSD
(Poisson et al., 2009). These heterogeneities result from the methods used to construct the piles as

well as particle segregation that could occur inside the piles due to water infiltration (McLemore
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et al., 2006). Generally, end- and push-dumping are the most used techniques for waste rock pile
construction, both of which cause high internal structural heterogeneity in piles (Amos et al., 2015).

The environmental behavior of waste rocks is controlled by their chemical, biological,
mineralogical, and physical parameters (Aubertin et al., 2008; Blowes et al., 2003; Jambor, 1994;
Jamieson et al., 2015; Lindsay et al., 2009; Lindsay et al., 2015; Nordstrom, 2000; Nordstrom,
2009; Nordstrom et al., 2015; Nordstrom & Southam, 1997; Paktunc, 1999a; Paktunc & Davé,
2000; Paktunc, 1999b). Particle size is recognized as one of the most important factors controlling
the reactivity of waste rocks (Erguler & Kalyoncu Erguler, 2015; Lefebvre et al., 2006). Indeed,
PSD determines waste rock reactivity by influencing the degree of liberation of acid-generating
and neutralizing minerals (Elghali et al., 2018). The PSD of waste rocks ranges from a few microns
to meters in size (Bailey et al., 2016; Blowes et al., 2006; Blowes et al., 2003; Elghali et al., 2018)
and will depend on the blasting technique and the type of lithology. The mineral exposure rate is
correlated to the PSD and is defined as the degree of mineral liberation (Petruk & Lastra, 1993).
This parameter is commonly used for mineral recovery during the flotation process and has been
recently used as a key factor for environmental issues (Blowes et al., 2014; Brough et al., 2017;
Erguler et al., 2015; Lapakko et al., 2006; Paktunc et al., 2000; Paktunc, 1999b; Parbhakar-Fox et
al., 2011; Petruk et al., 1993). According to Elghali et al., (2018), waste rocks could be separated
into two fractions with highly different reactivities using automated mineralogical characterization.
A new parameter, the diameter of physical locking of sulfides (DPLS), was defined that
corresponds to the critical particle size where the degree of sulfide liberation becomes negligible
(Elghali et al., 2018). This parameter should be integrated during waste rock management in order

to reduce the costs associated with waste rock pile construction and reclamation.

Three lithologies from an existing mine were sampled and characterized using a multi-disciplinary
approach (Elghali et al., 2018). The main results of these characterizations showed that not all
fractions are acid-generating, and at 2.4 mm, the degree of sulfide liberation becomes negligible
except for sulfides appearing at the surfaces of grains. This means that for coarse fractions (> 2.4
mm), negligible sulfide reactivity, and thus low acid production and metal release, could be
expected. The main objectives of this companion paper are: i) to confirm that 2.4 mm is the DPLS,
as is stated in Elghali et al., (2018), using column Kkinetic tests, and ii) to predict the

oxidation/neutralization rates of waste rocks considering sulfide and carbonate mineral liberation.
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4.3 Materials and methods

4.3.1 Field site and material preparation

The three studied lithologies were sampled in an open pit mine in Québec (Canada). The deposit
constitutes a part of the Cadillac-Larder Lake tectonic zone (Helt et al., 2014). The deposit is an
Archean gold porphyry consisting of <20 pum of disseminated gold (Helt et al., 2014). The
mineralization is mainly related to altered clastic sediments such as greywacke, mudstone and some
siltstone. The metasediments have undergone carbonate, silicic and potassic alteration. The three
lithologies samples in this study were: carbonated porphyry (lithology A), altered greywacke
(lithology B) and carbonated greywacke (lithology C).

The three lithologies were sampled from three sub-piles constructed in the field immediately after
waste rock blasting. The three lithologies (A, B, and C) were homogenized using a quartering
technique and a part of each lithology was sampled. The remaining samples were sieved with an
aperture of 2.4 mm following the conclusions of the study by Elghali et al. (2018). Additional
details about sampling, sample preparation, and characterizations can be found in Elghali et al.
(2018). The particle diameter of 2.4 mm was defined as the DPLS for the three lithologies. Humid
sieving was used to avoid fine particles attached at the surface of coarse particles (> 2.4 mm). At
the end of this step, for each lithology, three samples were ready to be used in column leaching
tests: 1) samples with all grains < 5 cm, hereafter called total sample; ii) fractions between 5 cm
and 2.4 mm, called coarse fraction sample; and iii) fractions < 2.4 mm, hereafter called fine fraction

sample.

4.3.2 Methods

A total of nine columns was set up and run for 543 days: three columns for lithology A (total, fine,
and coarse samples), three for lithology B (total, fine, and coarse samples), and three for lithology
C (total, fine, and coarse samples). Columns were constructed from Plexiglas with a 28-cm inner
diameter and 1-m height for the total samples and coarse fraction samples. For the fine fraction
samples, a 14-cm inner diameter was used. Due to the PSD and column size, the masses of samples
used in column tests were 64 kg for total samples and coarse fraction samples, and 10.25 kg for
fine fraction samples. The columns with coarse and total samples were flushed monthly with 18 L
of deionized water and columns with fine samples were flushed monthly with 2.7 L of deionized
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water. The water volume was chosen so as to keep the same liquid/solid ratio (L/S) for all columns.
Samples were allowed to dry in ambient air between flushes. The leachates were collected and

analyzed after four hours of contact with samples (Plante et al., 2011).

At the end of the test, only columns with fine fractions were dismantled by collecting samples at
depths of 1, 3, 5, 10, 15, 20, 25, and 38 cm. The solid samples were homogenized and analyzed for
total sulfur and carbon content (wt.%) using an induction furnace (ELTRA CS-2000) with a
detection limit of 0.009% and a precision of £5%. Soluble sulfates were analyzed using acid
extraction with 40% HCI. Chemical composition for the first depth (1 cm) was analyzed using
inductively coupled plasma atomic emission spectroscopy (ICP-AES). Samples collected at 1 cm
depth were also analyzed using QEMSCAN® automated mineralogy to evaluate the degree of
sulfide and carbonate liberation as well as probable sulfide coating. Solid chemical composition
was analyzed by ICP-AES after the total digestion of samples using HNO3/Br2/HF/HCI. Some
samples were analyzed using an aqua regia digestion, which yields a partial digestion of soluble

minerals.

Leachate waters from the columns were analyzed for pH, Eh, electrical conductivity (EC), acidity,
alkalinity, and chemical composition. The pH, Eh, and EC were analyzed using pH-Eh-
conductivity meters. The acidity and alkalinity were analyzed using automated titration. The
chemical composition of the leachates was analyzed using ICP-AES after sample acidification and
filtration to 0.45um with 2% HNOS3. The soluble sulfates within the different leachates were
analyzed using ionic chromatography with a precision of +5%. For each analysis, a blank is
analyzed, and randomly selected samples were analyzed as duplicates. Results of duplicate analysis
showed a reproducibility of more than 95%.

The mineralogy of initial samples and the 1 cm depth dismantled fine fractions was studied using
Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN®).
QEMSCAN is an automated mineralogy system allowing detailed investigation of the
mineralogical composition of samples mounted in polished sections. This system allows for the
quantification of mineralogical parameters such as modal mineralogy, mineral liberation, and
mineralogical association. Initial samples (<5 mm) were sized by wet screening to produce five
particle size fractions as described in Elghali et al., (2018). Several polished sections were analyzed

by particle size fraction to produce enough data for good statistical representation. A total of more
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than 10000 grains were analyzed in fine fractions. The particle size fractions >5 mm were analyzed
only using XRD. Furthermore, the computed tomography was used to determine the sulfide
liberation for fractions >5 mm (Elghali et al., 2018).

Samples post kinetic tests were sized by wet screening and Ro-Tap sieve shaking to produce two
fractions: < 300 um and > 300 pum to evaluate sulfide coating in these two fractions. This was used
to identify if there was any preferential oxidation of sulfides dependent on the PSD. The polished
sections for each fraction were analyzed by particle mineralogy analysis (PMA) mode.

Measurement resolution varied from 2.5 um to 6 um depending on the particle size.

4.4 Results and discussion

4.4.1 Results

4.4.1.1 Chemical and mineralogical characteristics of total, fine, and coarse fractions

Chemical characterization

Results of the chemical analyses of samples are summarized in Table 4.1. The chemical composition
of studied samples is mainly composed by Si, Al, Fe, Na, Ca and K. Other elements such and C, S
and Zn are marginally present. Silicon concentrations were > 28 wt. % for all nine samples (Table
1). Sulfur (totally as sulfide-sulfur) and carbon (totally as carbonate -carbon) concentrations were
low compared to other elements. This is explained by the mineralogical composition of the tested
lithologies which were mostly comprised of silicate minerals as is shown later. The only metals
occurring in non-negligible concentrations within the samples were Fe, Al and Zn with
concentrations around 2.5%, 8%, and 60 ppm, respectively. Additional details about the chemistry

and distribution of elements can be found in Elghali et al. (2018).



Table 4.1 : ICP-AES and induction furnace chemical analyses of total, fine, and coarse fractions

Concentrations (%)

C Al Ba |Ca |Fe |K Mg (Mn |Na |S Si* Ti |Zn (ppm)
Detection limit (ppm) 90 60 5 60 | 10 1 15 5 1 90 - 25 55
Total sample (< 5¢cm) 051 | 813 |0.11|2.05|256| 2.3 | 0.82|0.03|3.33|0.24| 30.4 |0.17 60.18
) Coarse fraction
Lithology A 05 | 823 [0.13|1.86|258|234|0.73|0.03|3.62|0.22 |30.15|0.17 63.54
(> 2.4mm)
Fine fraction (< 2.4mm) 0.68 | 7.95 | 0.15|2.82|3.04|254|0.93|0.04|292|0.29|29.31| 0.2 78.04
Total sample (< 5¢cm) 026 | 83 |0.06|227|441|217|1.81|0.05|2.78|0.48| 29.4 |0.32 84.06
] Coarse fraction
Lithology B 0.35 | 842 |0.07|1.99|4.32|218|1.69|0.05|2.86|0.47|29.17 | 0.3 84.09
(> 2.4mm)
Fine fraction (< 2.4mm) 0.43 | 7.84 | 0.08|257|4.63| 2.3 |1.96|0.06|2.44|0.59 | 28.74 | 0.32 98.02
Total sample (< 5¢cm) 0.29 | 8.32 | 0.06 |2.04|4.12|2.33|1.63|0.05| 2.6 |0.49|2898| 0.3 78.01
) Coarse fraction
Lithology C 0.28 | 8.26 |0.05]1.91|4.08|2.13|1.42|0.06|2.86|0.46|29.64 |0.27 76.74
(> 2.4mm)
Fine fraction (< 2.4mm) 0.49 | 8.17 | 0.07|247| 45 | 25 |1.57|0.07 | 2.47 | 0.56 | 28.37 | 0.29 86.04

Si*: was analyzed using XRF whole rock analysis

76
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Mineralogical characteristics

The mineralogical composition of the studied samples was determined using QEMSCAN (Elghali
etal., 2018). Figure 4.1 shows a summary of the mineralogical composition of the three lithologies.
Sulfides consisted primarily of pyrite, as well as chalcopyrite, pyrrhotite, and sphalerite in trace
amounts. Carbonate content was more significant within fine fractions (< 2.4 mm) for the three
lithologies. Carbonates mainly occurred as calcite, but small concentrations of ankerite, dolomite,
and rhodochrosite were found. The bulk mineralogical composition was dominated by non-sulfide

gangue minerals, particularly quartz, albite, and muscovite.

Quantitatively, the 3 lithologies contained low sulfide contents (< 1 wt. %) and higher carbonate
contents (>2.2 wt. %). The sulfide minerals are enriched in fine to mid-size fraction (+53 pum/-300
um) (Figure 1). Carbonate contents decreased with the increase of the PSD. Sulfide contents were
~ 0.60 wt. %, 0.99 wt. %, and 1.04 wt. % for the lithologies A, B and C, respectively. Carbonate
contents ranged from 3.2 wt. % to 5 wt. % for lithology A (Figure 4.1), from 2.2 wt. % to 4.30 wit.
% for lithology B (Figure 4.1), and from 1.4 wt. % to 4.4 wt. % for lithology C (Figure 1).
Furthermore, quartz and albite contents were > 20 wt. % and > 10 wt. %, respectively, for all
studied samples. Micas contents varied between 11 wt.% and 28 wt. % for lithology A, 15 wt. %
and 32 wt. % for lithology B, and 23 wt. % and 35 wt. % for lithology C. Other identified minerals,
with content lower than 5 wt. %, included: orthoclase, rutile, barite, apatite, Fe-oxide/Goethite and

ankerite/dolomite.
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Figure 4.1: Mineralogical composition of the three lithologies

Calcium deportment

The mineralogical composition of the studied samples shows Ca occurring in four minerals: calcite
(CaCO03), albite ((Na,Ca)AlSi308), and apatite (Ca5(P0O4)3F). Figure 1S illustrates Ca deportment
within the three waste rock lithologies. In lithology A (Figure 1S-A), Ca mainly occurs within
carbonates (calcite); about 64% for the total sample, 78% for the finer sample, and 71% for the
coarse sample. In lithology B (Figure 1S-B), only 36% of Ca comes from carbonates within the
total sample, 51% for the finer sample, and 40% for the coarse sample. For lithology C (Figure 1S-
C), 44% of Ca is associated with carbonates in the total sample, 71% in the fine sample, and 45%

in the coarse sample.

Sulfur deportment




79

Sulfur within the studied waste rock was associated with pyrite and barite. The two minerals differ
in their involvement in mine drainage processes. Figure 2S shows S deportment within the studied
samples. For lithology A (Figure 2S-A), 88% of S mainly occurs within pyrite in the total sample,
81% within the fine sample, and 80% within the coarse sample. For lithology B (Figure 2S-B),
approximately 97%, 93%, and 95% of S is associated with pyrite for the total, fine, and coarse
samples, respectively. In lithology C (Figure 2S-C), 97.5%, 98%, and 97.8% of S is associated with

pyrite for the total, fine, and coarse samples, respectively.

Mineral liberation degree

In terms of mineral distributions/associations and textures, carbonates and sulfides within the
studied lithologies displayed different degrees of liberation with respect to the particle size
fractions (Figure 4.2). The main conclusions drawn in the companion paper (Elghali et al., 2018)
were that the sulfide liberation degree became negligible for particle sizes above 2.4 mm; however,
carbonate liberation was higher than that of sulfides for the same particle size. Furthermore, static
tests (acid base accounting and net acid generation tests) performed on the three lithologies showed
that they could mostly be classified as non-acid-generating, although some fractions were classified
as uncertain with respect to their acid generation potential (Elghali et al., 2018a). To confirm these

static test predictions, column kinetic tests were performed.
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Figure 4.2 : Pyrite liberation degree within the three studied lithologies (adapted from Elghali et al., 2018)

4.4.1.2 Kinetic leaching tests

Chemical results from the column kinetic tests (543 days) in terms of leachate quality are illustrated
in Figure 4.3, Figure 4.4 and Figure 4.5. Concentrations are presented as cumulative, mass-
normalized releases (mg/kg) to allow for comparison of chemical release rates in the different
samples (due to different sample weights in the column tests). Evolution of pH values (A) showed
the same behavior for all nine samples, with circumneutral values (between 7.5 and 8.5). Lithology
A samples showed higher pH values than lithologies B and C. For each lithology, fine fraction
samples showed lower pH values than total samples and coarse samples. Electric conductivity
(Figure 4.3B) varied considerably depending on sample particle size and lithology. The coarse
samples showed the lowest EC values, while total samples showed medium values and fine samples
showed the highest values. Average EC values were around 1000 uS/cm for fine samples, 60
pS/cm for coarse samples, and 220 uS/cm for total samples. Redox potential (Figure 4.3C) was
higher than 200 mV for all samples, suggesting oxidizing conditions. Alkalinity results (Figure
4.3D) showed the same tendancy as EC; alkalinity was the highest for leachates from fine samples.

The average alkalinity was smiliar for coarse and total samples at around 19 mg CaCOs/L.
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However, for fine samples, the average alkalinity was variable depending on the lithology and
equal to 49 mg CaCOz/L for lithology A, 57 mg CaCOs/L for lithology B, and 83 mg CaCOs/L for

lithology C.
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Figure 4.3: Evolution of pH, EC, Eh and alkalinity within the different columns

Calcium, magnesium, and manganese were chosen to indicate carbonate dissolution (Benzaazoua
et al., 2004c), while silicon was assumed to be indicative of alumino-silicate mineral dissolution.
Calcium, which occurs mainly as calcite, is the most leachable element as compared to Mg, Mn,
and Si within the different samples, and Mn concentrations (occurring within ankerite) were the
lowest. After 543 days of leaching tests, cumulative Ca concentrations were (Figure 4.4A): 120
mg/kg for the total sample of lithology A, 66 mg/kg for the coarse fraction of lithology A, 238
mg/kg for the fine fraction of lithology A, 122 mg/kg for the total sample of lithology B, 33 mg/kg
for the coarse fraction of lithology B, 529 mg/kg for the fine fraction of lithology B, 123 mg/kg for
the total sample of lithology C, 37 mg/kg for the coarse fraction of lithology C and 461 mg/kg for
the fine fraction of lithology C. Magnesium and manganese showed the same behavior as Ca, but

at lower concentrations according to their initial concentrations in the solid samples. Silicon
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leaching was low compared to Ca leaching (Figure 4.4D) in agreement with findings in the
literature; Si leaching was less than 8.5 mg/kg for total samples and coarse fraction samples, and

less than 23 mg/kg for fine fraction samples.
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Figure 4.4: Calcium, magnesium, manganese and silicon load in the studied samples

Sulfate, iron, and zinc leaching from the column tests is illustrated in Figure 4.5. Sulfates, iron, and
zinc (from sulfide oxidation) were leached in high concentrations from the fine samples relative to
the coarse samples and total samples. After 543 days of leaching tests, total sulfates released
(Figure 4.5A) were about 262 mg/kg for the total sample of lithology A, 28 mg/kg for the coarse
sample of lithology A, 493 mg/kg for the fine sample of lithology A, 2 mg/kg for the total sample
of lithology B, 29 mg/kg for the coarse sample of lithology B, 1277 mg/kg for the fine sample of
lithology B, 257 mg/kg for the total sample of lithology C, 32 mg/kg for the coarse sample of
lithology C and 959 mg/kg for the fine sample of lithology C. Iron was leached in small

concentrations (Figure 4.5B). Iron was leached more in the fine samples (maximum of 0.16 mg/kg
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cumulative concentration). As expected, Zn was leached more in the fine samples (Figure 4.5C);
the maximum cumulative concentration was 0.5 mg/kg for the fine sample of lithology C.
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Figure 4.5: Sulfates, iron, and zinc load within the studied samples

4.4.1.3 Columns dismantlement results

Characterization of post-testing samples allowed for interpretation of the geochemical behavior
and confirmation of assumptions. Only columns containing the fine samples for each lithology
were dismantled and analyzed for total S, inorganic C, and sulfates. Results of the dismantlement
are illustrated in Figure 3S. The vertical profile of inorganic C concentrations showed a small
variation between the top and bottom of the columns. Carbon concentrations ranged between
0.69% and 0.75% for lithology A, 0.40% and 0.44% for lithology B, and 0.46% and 0.50% for
lithology C (Figure 3S-A). The total S profiles (Figure 3S-B) showed small variations. Total S
concentrations ranged from 0.18 wt. % to 0.23 wt. % for lithology A, from 0.53 wt. % to 0.64 wit.
% for lithology B, and from 0.49 wt. % to 0.56 wt. % for lithology C. Since initial sulfate

concentrations within solid samples were below the limit of detection, sulfate analyses indicated
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sulfide oxidation and, more specifically, secondary mineral precipitation. The results of sulfate
analyses for the three columns showed low concentrations, which indicate a low sulfide oxidation
rate at the short time scale (cf Section 2). Sulfate concentrations were less than 0.023 wt. % for the
three lithologies (Figure 3S-C).

Automated mineralogical characterization was performed on dismantled samples to evaluate
sulfide coating. Automated mineralogical characterization (QEMSCAN) of fine samples
confirmed that carbonate and pyrite liberation degree depended on particle size (Figure 4.6). In
general, pyrite liberation was low within fractions > 300 um, but carbonate liberation was higher
for the same particle size. This means that there is more available neutralization potential than
available acid generation potential within the three lithologies, which leads to the characterization
of the long-term geochemical behavior of these lithologies as non-acid-generating. Furthermore,
the alkalinity generated by fine fractions was greater than that generated by the total or coarse
fraction samples during kinetic testing. Carbonates were less encapsulated (more reactive) when
compared to sulfides for the coarse fractions (> 300 pum). Their encapsulation degrees (0—10%
liberated) were about 52%, 26%, and 41% for lithologies A, B, and C, respectively. For fractions
< 300 um, carbonate encapsulation was about 2.50%, 4.40%, and 4.10% for lithologies A, B, and
C, respectively. Sulfides were more encapsulated for fractions > 300 um, and more liberated for
fractions < 300 um. For fractions > 300 um, pyrite encapsulation was about 81%, 94%, and 77%
for samples A, B, and C, respectively. However, for fractions < 300 um, pyrite encapsulation was
about 2.3%, 3.2%, and 0.8% for samples A, B, and C, respectively. Particle maps produced by
QEMSCAN and backscattered-electron images showed that pyrite was encapsulated within non-
sulfide gangue minerals for particle sizes > 300 um. However, in fine fractions (< 300 um), some
pyrite grains were coated with a fine layer of iron oxides. The coating width was about 2—10 pum
(Figure 4.7) and pyrite had a particle size of about 20—60um. The proportion of coated pyrite was
estimated to be between 5% and 22% depending on the lithology (using QEMSCAN data). This

coating was not observed within the initial unweathered samples.
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4.4.2 Discussion

Waste rock samples B and C could be considered to have similar lithologies, as they presented
comparable mineralogical and chemical properties. Lithology A was slightly different in terms of
sulfide and carbonate contents. In fact, lithology A was characterized by the highest carbonate
content and the lowest sulfide content. These mineralogical and chemical differences influenced
the geochemical responses in the kinetic tests performed on the three samples of each lithology. In
general, these three lithologies are considered as non-acid-generating in the short-term since the

leachate pH values were between 7 and 8 for the duration of the column tests. Additionally,
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concentrations of Fe and Zn (Figure 4.8) collected immediately after each leaching cycle never
exceeded environmental criteria (Directive 019 in Québec). With respect to the reactivity of these
samples, the kinetic tests showed that the fine fractions of each lithology were the most reactive
and mainly responsible for the overall geochemical behavior of the total sample. Table 4.2
summarizes the oxidation rates calculated for each sample over a period of 543 days. These results
clearly show that the reactivity of the fine fractions is greater than that of the total samples and
coarse fractions, regardless of the type of lithology. Based on the pyrite oxidation rates presented
in table 2, the fine fraction was two times more reactive than the total sample for lithology A, five
times more reactive for lithology B, and four times more reactive for lithology C. This explains the
high EC and alkalinity values observed within fine fractions as compared to total samples and

coarse fractions for all of the lithologies.

Moreover, calculated pyrite oxidation rates for the nine studied samples were: 4.8 umol/kg/day,
2.5 umol/kg/day, and 0.3 umol/kg/day for the fine, total, and coarse samples, respectively of
lithology A; 12.5 umol/kg/day, 2.4 umol/kg/day, and 0.27 umol/kg/day for the fine, total, and
coarse samples, respectively of lithology B; and 9.4 umol/kg/day, 2.5 umol/kg/day, and 0.3
umol/kg/day for the fine, total, and coarse samples, respectively of lithology C. These results
confirmed the conclusions drawn from the study by Erguler et al., (2015), who tested the overall

effect of PSD on waste rock reactivity. Furthermore, calculated depletion times (
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Table 4.2) were approximately three times longer for carbonates than for sulfides.

Long-term predictions of geochemical behavior for the nine samples were performed using the
oxidation/neutralization curves proposed by Benzaazoua et al., (2004), which use Ca+Mg+Mn
releases as a tracer of neutralizing minerals dissolution, and sulphate releases as a tracer of sulfide
oxidation. In this method, the initial concentrations in the solid samples are projected onto the
graph Ca+Mg+Mn vs SO42- and the sample is classified as acid-generating if it is located on the
side of sulphates and non-acid-generating if it is located on the side of Ca+Mg+Mn (Villeneuve et
al., 2009). However, manganese was not used in this study as a neutralizing element because of its
capacity to be hydrolyzed (Bouzahzah et al., 2015; Jambor et al., 2002; Lapakko, 1994). Therefore,
only calcium and magnesium were used for the long-term prediction. Another issue related to the
initial composition of solid samples consists of the use of total digestion analysis for projection.
This assumes that the reactive minerals (sulfides and carbonates) will react completely on a long-
term scale. However, only soluble minerals and exposed parts of the sulfides and carbonates will
be able to react. In this study, two ways are suggested to solve this issue: i) use results of an aqua
regia digestion, which gives a partial digestion of solid samples, and/or ii) correction of the total
digestion results with mineral liberation data. Oxidation/neutralization curves for the nine samples
are shown in Figure 4S. The three types of projections (total digestion, aqua regia digestion, and
chemistry corrected by mineral liberation) showed that the different studied samples are classified
as non-acid-generating regardless of the type of projection used. This is explained by the high NP

of the studied samples compared to their AP.

Since the three fine fraction samples of each lithology are characterized by a different liberation
degree of sulfides and carbonates, Ca and S leaching rates were different for each sample. Calcium
and sulfur concentrations were normalized to the initial mass of Ca and S for each sample to avoid
the effect of initial chemical/mineralogical differences. Calcium and sulfur concentrations were
recorded over the kinetic test period and plotted against the liberation degree of carbonates and
sulfides, respectively. The linear regressions for both elements are displayed in Figure 4.9 and
show a high correlation coefficient between S leaching and pyrite liberation degree on one side and
between Ca leaching and carbonate liberation degree on the other side. Indeed, the correlation
coefficient between S leaching and sulfide liberation was 0.95; the correlation coefficient between
Ca leaching and carbonate liberation was 0.93. These results confirm and complement previous
conclusions of other studies which demonstrated that sample particle size greatly influences
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reactivity (Amos et al., 2015; Brough et al., 2017; Erguler et al., 2015; Lapakko et al., 2006; Smith
et al., 2000), but in this study, the quantitative aspect of the effect of mineral liberation on the

geochemical behavior of mine waste rock is highlighted as an important factor controlling mineral

reactivity.
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Figure 4.8: Instantaneous Zn and Fe concentrations within the studied samples



Table 4.2 : Results of sulfide oxidation rate, oxidation/neutralization curves and S/Ca depletion
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Sulfide oxidation

Oxidation/neutralization

Sulfur depletion curves

Calcium depletion curves

curves
rate
Lithology | Sample (hmol/kg/day) R? Slope R? Slope Depletion R? Slope Depletion
(year) (year)
<2.4mm 4.84 0.998 0.55 0.88 -1E-04 2739 0.89 -2E-05 13698
A <5cm 2.50 0.999 0.56 0.96 <5E-05 5479 0.97 -9E-06 30441
>2.4mm 0.26 0.913 3.26 0.97 -3E-06 91324 0.87 -7E-06 39139
<2.4mm 12.46 0.996 0.445 0.92 -1E-04 2740 0.93 -4E-05 6849
B <5cm 243 0.977 0.539 0.96 -3E-05 9132 0.98 -1E-05 27397
>2.4mm 0.27 0.995 1.298 0.96 -3E-06 91324 0.99 -3E-06 91324
<2.4mm 9.41 0.993 0.585 0.85 -9E-05 3044 0.81 -3E-05 9132
C <5cm 2.45 0.999 0.530 0.96 -3E-05 9132 0.97 -1E-05 27397
>2.4mm 0.30 0.988 1.120 0.96 -4E-07 684932 0.99 -3E-07 913242
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4.4.3 Methodological guide for waste rock characterization and management

Considering these results, which confirm the conclusions of Elghali et al., (2018), a new method
for waste rock management is suggested in which waste rock could be separated into two fractions
with extremely different reactivities. This could be accomplished by defining the DPLS of a waste
rock, which is a critical particle size that delimits the reactive fraction of a given sulfide-bearing
waste rock (Elghali et al., 2018). For this parameter, fractions smaller than the DPLS are largely
responsible for the reactivity of the total sample, while the larger fraction has a minimal effect.
Therefore, this parameter could be used to separate waste rock prior to the construction of
conventional waste rock piles. This technique could considerably reduce the costs associated with
waste rock pile reclamation and management in cases where the waste rock contains a higher sulfur

content.

The proposed methodology for waste rock management is illustrated in Figure 4.10. This proposed
methodology consists of sampling materials in the field (< 5 cm) after blasting operations to
consider the particle size distribution. The collected samples should be separated into several
fractions; then submitted to chemical assays and static tests to evaluate the acid-generating
potential of these fractions. Acid base accounting and net acid generation tests are two of the most
used tests for these purposes. Next, the fine fractions (< 5 mm) should be characterized using an
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automated mineralogy system, while the coarse fractions (> 5 mm) should be characterized using
computed tomography to evaluate sulfide liberation. Subsequently, the DPLS can be defined
(Elghali et al., 2018). Using this diameter and based on the results of static tests, kinetic tests could
be performed to evaluate the reactivity of samples under the defined DPLS, above the defined
DPLS, and for the total sample. Thus, the results from automated mineralogical analyses and

computed tomography could be confirmed.
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Figure 4.10: Proposed methodology for waste rock characterization for environmental purposes
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4.5 Conclusion

The main objectives of this study were to confirm that 2.4 mm is the diameter of physical locking
of sulfides within the three studied lithologies and to evaluate the geochemical behavior of these
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lithologies through kinetic testing. The results showed that fine fractions are the most sulfidic and
where mineral liberation is higher relative to coarser fractions. The three studied lithologies showed
similar geochemical behaviors. Within the three studied samples, carbonate contents were higher
than sulfide contents, which explains the neutral behavior observed during the 534-day Kinetic test.
However, sulfide oxidation rates and species release rates were completely different depending on
the sample (< 2.4 mm, > 2.4 mm, <5 cm). The sulfide oxidation rate was higher for lithologies B
and C than for lithology A due to their initial sulfide contents. Sulfide content was significant

within lithologies B and C, which are considered to have the same petrogenesis (greywackes).

With respect to the effect of particle size distribution, fine fractions (< 2.4 mm) showed high
oxidation rates compared to coarse fractions (> 2.4 mm) and to total samples (<5 cm) due to
different degrees of sulfide mineral liberation. Fine fractions were characterized by high sulfide
mineral liberation compared to total samples. The samples containing only fractions > 2.4 mm
showed very low oxidation rates and low species release rates due to their low sulfide mineral
liberation. Linear regressions of sulfate releases vs sulfide mineral liberation and Ca release vs
carbonate mineral liberation showed correlation coefficients; about 0.95 for sulfates and 0.93 for
calcium. The two equations established for mineral liberation (sulfides and carbonates) and species
release (Ca and S) could be used as a tool for predicting species leaching for samples with known

carbonate and sulfide mineral liberation.
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5.1 Abstract

The former Eagle and Telbel mine site (hereafter referred to as Joutel mine), located near the town
of Joutel in the Nord-du-Québec (Canada) houses a tailings storage facility (TSF) that has been
inactive since 1996. Fresh, unweathered tailings (beneath 10-30 cm of oxidized horizon) are
characterized by an average sulfide content of 6 - 7 wt.% and an average Fe-Mn-carbonate content
of 20—40 wt.%. The oxidation of Joutel’s tailings under atmospheric conditions resulted in the
precipitation of secondary phases such as ferric oxyhydroxides and gypsum. Accumulation of these
secondary phases throughout the TSF caused cementation and agglomeration of grains, which
decreased the porosity of the material in a horizon below the surface. This horizon, which is
referred to as hardpan, is frequently encountered within fine, reactive tailings. Characterizations
showed that hardpans have a highly compact texture. The formation of hardpans limits vertical
water infiltration and oxygen diffusion and these layers greatly affect the global geochemical
behavior of underlying tailings in the Joutel TSF by protecting the unweathered material from
oxidation. As a result, the water quality of the TSF is largely controlled by the reactivity of the

upper oxidized tailings horizon.
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Joutel’s oxidized tailings showed an acidic behavior early during laboratory kinetic leaching tests
despite the near absence of sulfides and neutralizing minerals. However, when unweathered tailings
were added under oxidized tailings, the water became neutral and metal leaching rates were
reduced. After over a year of laboratory leaching tests, hardpans formed within the columns and

the natural phenomenon was reproduced under laboratory conditions.

Key words: Hardpan, oxidized tailings, kinetic tests, secondary phases, acid mine drainage, Joutel

mine site.

5.2 Introduction

Mining operations generate large volumes of finely crushed rock, commonly referred to as tailings.
The reactivity of tailings can result in acidic, highly charged drainage waters (Blowes et al., 2014;
Paktunc, 1999). Acid mine drainage (AMD) is essentially caused by the oxidation of sulfide
minerals (in the presence of oxygen and water) when there is an insufficient neutralization potential
to buffer acid produced. The neutralization potential of tailings is mainly determined by their

carbonate content (e.g., calcite, dolomite) (Blowes et al., 2003).

During oxidation, neutralization, and hydrolysis reactions, various secondary minerals may
precipitate (Evangelou & Zhang, 1995; Lapakko, 2002; Maest & Nordstrom, 2017; Nordstrom et
al., 2015), with the most common being ferric oxyhydroxides, gypsum, and iron sulfates (e.g.,
jarosite) (Holmstrom & Ohlander, 2001; Quispe et al., 2013). The mineralogical composition of
the secondary minerals in oxidized tailings depends on the pH, dissolved metal concentrations, and
complexing ligands (Jénsson et al., 2006; Nordstrom, 1982). Numerous studies focused on the role
of secondary phases in the natural attenuation of contaminants in mine drainages (e.g., Bowell,
1994; Coston et al., 1995; Gilbert et al., 2003b; McGregor et al., 1998; Schroth & Parnell Jr, 2005;
Webster et al., 1998). These attenuation phenomenon are largely attributable to mechanisms

including: sorption, co-precipitation, substitution, and other processes (DeSisto et al., 2011).

Under certain specific conditions, the accumulation of secondary precipitates can lead to the
formation of cemented layers, or hardpans. Hardpans are formed naturally within exposed, reactive

sulfidic tailings and to a lesser extent within waste rocks that contain fine particles (Hakkou et al.,
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2008; Meima et al., 2007). Currently, hardpan formation in reactive tailings is thought to occur due
to the oxidation of sulfides, which encourages carbonate dissolution and, in turn, favors the
precipitation of ferric oxyhydroxides, gypsum, and sulfate phases (Benzaazoua et al., 2004; Blowes
etal., 1991; Carbone et al., 2013; DeSisto et al., 2011; Graupner et al., 2007; Sracek et al., 2010).
The accumulation of secondary phases is enhanced by evaporation cycles and by seasonal
fluctuations in the water table. These reactions play an important role in mineral agglomeration
and cementation (Meima et al., 2007). The mineralogical composition of hardpans varies from one
site to another and depends on the initial physical, chemical, and mineralogical properties of the
reactive tailings. The different mineralogical compositions of hardpans studied in the literature are
presented in Table 5.1. Normally, hardpans are naturally formed beneath the surface of reactive
tailings and their depths depend on the water table level (Blowes et al., 1991). In tailings storage
facilities (TSFs), hardpans may occur as continuous or discontinuous layers depending on the
topography of the site (Blowes et al., 1991). Hardpan thickness varies from a few millimetres to
several centimetres, and varies by location (Alakangas & Ohlander, 2006; DeSisto et al., 2011;
Graupner et al., 2007).
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Mineralogical composition Site Country Reference

Gypsum, ferric oxyhydroxides, primary Joutel Canada Elghali et al. (2017)

minerals (sulphides, quartz, carbonates)

Gypsum, jarosite, ferric oxyhydroxy- Monto Romero Spain Quispe etal. (2013)

sulphates

Hematite, gypsum Chambishi and Zambia Sracek et al. (2010)
Mindolo

Jarosite, gypsum, ferric oxyhydroxides Muenzbachtal Germany Graupner et al. (2007)

Thermonatrite, calcite, Na-sulphates, Notindicated Not indicated Meima et al. (2007)

aragonite, Si-O gels, amorphous phases,

burkeite, glaserite, Al-hydroxydes,

hematite, magnetite

Gypsum, goethite, jarosite, sulphides Nickel rim, Fault Canada McGregor and Blowes
lake, East mine (2002)

Fe-Mn-oxyhydroxides Stekenjokk Sweden Holmstrém and

Ohlander (2001)
Ferrihydrite, goethite, lepidocrocite, Waite Amulet, Canada Blowes et al. (1991)

jarosite, melanterite, gypsum, anglesite

Heath Steele

The mobility of contaminants can be reduced considerably as a result of hardpan formation. Ferric
oxyhydroxides are known for their capacity to adsorb and co-precipitate a large amount of heavy
metals such as Al, Cu, Zn, and As (Acero et al., 2006; Appleton Jr et al., 1989; Benjamin & Leckie,
1981a, 1981b; Zhang et al., 1992). Therefore, hardpans generally have higher heavy metal
concentrations than fresh tailings (Elghali et al., 2017; Lottermoser & Ashley, 2006; McGregor &
Blowes, 2002).
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Due to the precipitation of novel secondary phases, the physical characteristics of hardpans differ
from those of their parent material, particularly in terms of porosity, hydraulic conductivity, and
specific gravity (McGregor et al., 2002). Hardpans are characterized by low porosities and
hydraulic conductivities compared to the initial tailings due to the cementation of grains (Ahn et
al., 2011). Consequently, hardpan formation in TSFs may influence the geochemical behavior of

wastes in several ways:

i.  Reducing oxygen fluxes: hardpans can act as a barrier to oxygen ingress due to their low
porosity and higher saturations (Blowes et al., 1991; DeSisto et al., 2011; Gilbert et al.,
2003a).

ii.  Inhibiting or minimizing water infiltration: due to the low hydraulic conductivity of
hardpans, they can minimize infiltration of water into underlying unweathered tailings
(Blowes et al., 1991; McGregor et al., 2002). When hardpans form, the hydrological
balance is modified. In general, vertical infiltration is reduced and (sub-)surface runoff is

enhanced.

iii.  Reducing the reactivity of sulfides within hardpans: during hardpan formation, novel
secondary phases precipitate and cover the surfaces of sulfide minerals (Kang et al., 2016;
V. Nicholson et al., 1990). These secondary phases decrease the rate of oxygen diffusion

to the mineral’s reactive core.

The main objective of this study was to highlight the effect of hardpan formation on the reactivity
of tailings, considering the mineralogical, hydrogeological, and chemical variability between
oxidized and unweathered tailings. Understanding hardpan formation may help to explain why, in
some cases, laboratory kinetic tests do not accurately predict geochemical behaviors observed

under field conditions.

5.3 Site description and conceptual model

5.3.1 Joutel mine

Joutel mine is a closed gold mine located approximately 195 km north of Val d’Or in the Nord-du-
Québec (Québec, Canada, Figure 1S). The mine was in operation from 1974 to 1994 and the gold
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was contained in a sulfide deposit of mainly pyrite and pyrrhotite (Barnett et al., 1982; Blowes et
al., 1998). The ore was provided from the Eagle and Telbel mines and gold was extracted by bulk
sulfide flotation followed by concentrate regrinding-cyanidization (Blowes et al., 1998). The
tailings were deposited in a 120-ha TSF that was divided into two zones. The northern zone (Zone
2) was used from 1974 to 1986 and the southern zone (Zone 1) was used from 1986 to 1993. The
northern zone has a relative elevated topography compared to the southern zone (Agnico-Eagle
Mines Ltd).

The geochemistry of the Joutel tailings was first studied by Blowes et al. (1998) and Benzaazoua
et al. (2004). Initial tests in these studies suggested that the net acid-generating potential of the
tailings was uncertain. Kinetic tests (humidity cells) on unweathered and oxidized tailings
confirmed that, in the long-term, most of the tailings samples would be non-acid-generating, with
acid-generating occurring only in localized areas (Benzaazoua et al., 2004). The results also
identified a high spatial variability in the tailings’ chemical and mineralogical characteristics.
Recently, paste pH was measured in the field using the supernatant waters in several important

areas of the impoundment (Elghali et al., 2017).

5.3.2 Hypothesis and conceptual model

The main hypothesis of this study is that hardpans may act as a barrier against vertical water
infiltration and oxygen diffusion. Therefore, leachates form oxidized tailings are not mixed with
the neutral pore water of the unweathered tailings below. Acidity is produced at the upper tailings
layer due to iron secondary phases, some residual sulphides and potentially with bacterial activity.
Blowes et al (1998) demonstrated the presence of T. thiooxidans and T. ferrooxidans and

neutrophilic sulphur-oxidizing bacteria at Joutel mine site.

The conceptual model that could explain hardpan formation and acidity generation in some
localized zone in the TSF of Joutel mine is presented in the Figure 5.1. The global geochemistry

of Joutel tailings can be explained by four stages:

e Stage 1 consists of tailings freshly deposited at the TSF where the water table was elevated,

and fresh tailings were immersed or protected from oxygen by their elevated water
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saturation. At this stage, sulphides oxidation was very low or absent due to the elevated
water table.

During stage 2, the water table dropped, and the previously saturated tailings became
partially desaturated and consequently exposed to atmospheric conditions (water and
oxygen). Sulphide oxidation started, with subsequent carbonate dissolution. During these
reactions of oxidation/neutralization, secondary minerals were precipitated, like gypsum
and ferric oxyhydroxides (Cravotta Ill, 2008b). At the beginning of this process of
sulphides oxidation/carbonate neutralization, only the upper surface of TSF was oxidized.
Then, the chemical oxidation of sulphides was considerably accelerated by bacterial
activity (Baker & Banfield, 2003; Blowes et al., 2003; Dold, 2017; Nordstrom et al., 1997,
Silverman, 1967). At this stage, water table fluctuation delimited the vadose zone and
vertical water infiltration took place. During the first years of sulphides oxidation, the
global geochemical behavior of tailings was neutral due to presence of sufficient carbonate
content compared to sulphide content.

During stage 3, oxygen migrated to deeper tailings and thus the oxidized horizon became
thicker. More sulphide oxidation favors more secondary phase precipitation which
accumulate locally over time. Water cycles led to hardpan formation, in some specific
conditions regarding water table position and geochemical profile. Within hardpan samples,
secondary phases were cementing grains. This cementation reduces the available porosity
and protect residual sulphide minerals from oxygen diffusion (McGregor et al., 2002). The
textural and mineralogical properties of mature hardpan considerably influence its
hydrogeological properties and could be considered as low hydraulic conductivity layer as
assumed in previous studies (Blowes et al., 1991; DeSisto et al., 2011; McGregor et al.,
2002). Therefore, hardpan occurrence influences the water balance on Joutel TSF. Indeed,
the vertical infiltration of water is inhibited or at least limited by hardpan presence, and so
deviated to surface and sub-surface runoff. Furthermore, hardpan could limit the oxygen
diffusion to the unweathered tailings (Kohfahl et al., 2011). This stage corresponds to the
present geochemical situation of Joutel mine site.

During stage 4, hardpan formation will be almost formed at the entire TSF. At this stage,

sulphides and carbonates will be completely depleted and the acidity could be generated for
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years due to residual acidity from secondary phases like the ferric oxyhydroxides and Fe-
sulphates (Cravotta I11, 1994) and the high hydraulic residence time of water.
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Figure 5.1 : Conceptual model illustrating the reactivity of Joutel's tailings
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5.4 Materials and methods

5.4.1 Tailings sampling and preparation

The tailings samples used in this study were collected in acidic zones of the TSF (based on the
paste pH of the upper layer tailings). Using trenches (figure 2S), samples from oxidized, hardpan,
and unweathered layers were collected at different depths and locations. Distinctions between the
different tailings horizons were made using visual indicators (such as color). The vertical profile
of the tailings was heterogeneous, and hardpans occurred as discontinuous layers throughout the
TSF, except a few locations. In certain locations, hardpan thickness exceeded 80 cm and it occurred
as stratified layers. All samples were homogenized in the laboratory and composite samples were
prepared for each tailings horizon.

The unweathered (non-oxidized) samples from the south zone are named J1-NO and those from
the north zone are named J2-NO. While the oxidized samples from the south zone are named J1-
Oxy and those from the north zone are named J2-Oxy, and the hardpan sample from the south and
north zone hardpans are named respectively Hardpan 1 and Hardpan 2.

5.4.2 Physical, chemical, mineralogical and hydrogeological characterization

Tailings particle size was analyzed using a Malvern Mastersizer S laser analyzer. The specific
gravity (Gs) was evaluated using micromeritics Helium Pycnometer (Astm, 2000), and the specific
surface area (SSA) was analyzed with a micromeritics analyzer using the B.E.T. method (Nelsen
& Eggertsen, 1958).

Solid chemical composition was analyzed by inductively coupled plasma (ICP-AES) after a total
digestion of samples using HNO3/Bro/HF/HCI. Total sulphur and inorganic carbon were analyzed
using induction furnace (ELTRA CS-2000) (CEAEQ, 2006). Chemical composition of columns
leachates was analyzed using ICP-AES on acidified samples with 2% HNO3z. Acidity and alkalinity
were evaluated using automatic titrator. pH, Eh and electrical conductivity of leachates from
columns and tank leaching tests (TLT) were analyzed using pH/Eh/conductivity meters.

Mineralogical composition of studied samples was studied by X-ray diffraction using a Bruker
AXS D8 Advance X-ray diffractometer equipped with a Cu anticathode, scanning over a diffraction

angle (20) range from 5° to 70°. Scan settings were a 0.005° 26 step size and a four-second counting
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time per step. The DiffracPlus EVA software (v.9.0 rel. 2003) was used to identify mineral species
and the TOPAS software (v 2.2) implementing was used to quantify the abundance of all identified
mineral species (Rietveld, 1969). The absolute precision of this quantification method is £0.5-1%

per cent.

Saturated hydraulic conductivity (ksat) of the oxidized and unweathered tailings was evaluated
using a rigid-wall compaction-mold permeameter (ASTM-D5856-95, 2002). It was predicted as
well using the particle size properties of samples and their specific gravity (Gs) (Mbonimpa et al.,
2002). The water retention curves of the oxidized and unweathered tailings were also evaluated
using a pressure extractor (ASTM-D-6836-02, 2008) and the experimental curves were fitted using
van Genuchten model (Van Genuchten, 1980). The air entry value (AEV) was estimated using the
graphical method (Fredlund & Xing, 1994).

5.4.3 Porosity analysis

There are several methods that allow measuring or evaluating the porosity (qualitatively and
quantitatively) of porous media. In this study, an innovative technique based on X-ray tomography
was preferred due to the compact texture of the hardpan samples. The hardpan samples were
imaged non-destructively using the ZEISS Xradia 520 Versa X-ray Microscope at Carl Zeiss X-
Ray Microscopy in Pleasanton, CA. The resulting 2D projections were back-projected into a 3D
volume using the manufacturer’s software with a Gaussian filter (0.7 strength). A cropped volume
of the resulting 3D dataset was segmented to estimate connected and internal porosity using
grayscale intensity-based segmentation implemented in DragonFly Pro V3.1 software (ORS,
Montreal, Canada).

5.4.4 Static Tests

Acid potential (AP) of oxidized and unweathered samples were calculated using sulphur sulphides
which is the difference between total sulphur and sulphates. Neutralization potential (NP) was
analyzed using the titration method as described in Bouzahzah et al. (2015) and calculated based
on carbonates content (Lawrence & Wang, 1996; Sobek et al., 1978a). The net neutralization
potential (NNP) is defined as the difference between the NP and AP of the sample; the
neutralization potential ratio (NPR) is defined as the ratio between the NP and the AP of the sample.

The sample is considered as acid-generating if its NNP is lower than -20 Kg CaCOas/t, non-acid-
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generating if its NNP is higher than 20 Kg CaCOa/t, and uncertain if its NNP is between -20 and
20 Kg CaCOs/t (Bouzahzah et al., 2015a). Using NPR criteria, the sample is considered as acid-
generating if its NPR is under 1, non-acid-generating if its NPR is higher than 2 and uncertain if
its NPR is between 1 and 2 (Bouzahzah et al., 2015a).

5.4.4.1 Column and tank leaching tests

Two kinetic column tests were performed for each TSF zone. The first scenario consisted of using
only oxidized tailings to simulate surface and sub-surface water runoff due to the presence of
hardpan (C1 for the southern zone and C3 for the northern zone). The second scenario consisted of
using oxidized tailings above unweathered tailings to simulate vertical infiltration in the absence
of hardpans (C2 for the southern zone and C4 for the northern zone). The samples were placed into
Plexiglas columns with a 14 cm inner diameter and 1 m height (Benzaazoua et al., 2004; Bussiére,
2007), and compacted to reach a porosity of 0.4. The base of the columns was equipped with a
ceramic plate to control the water table level and inhibit air entry (Bussiére et al., 2004). The
columns were equipped with rubber joints, and column walls were covered with silicone grease to
avoid preferential flow paths. Column C1 was filled with 16 cm of oxidized tailings from the
southern zone and C3 contained 30 cm of oxidized tailings from the northern zone. C2 contained
16 cm of oxidized tailings over 35 cm of unweathered tailings from the southern zone, and C4
contained 30 cm of oxidized tailings over 40 cm of unweathered tailings from the northern zone.
The column design was based on visual observations of vertical tailings profiles made during the
sampling step. Each column was flushed monthly with 2 L of deionized water, which was left in
contact with the tailings for four hours before the columns were allowed to drain. Leachates were
collected and analyzed for their chemical composition. The columns were leached over 13 wetting-
drainage cycles, lasting a total of 386 days. At the end, the four columns were dismantled using
color and texture contrasts to separate layers. These solids were analyzed for inorganic C, total S,

and paste pH.

Tank leaching tests (TLT) were designed to evaluate the contaminant diffusion potential through a
solid matrix. The release of various chemical species from hardpan samples was assessed using
tank leaching tests (Coussy et al., 2012; Nen, 2004; Taha et al., 2017). The TLT protocol consisted

of leaching a monolithic block of hardpan with deionized water in a closed reactor with a total
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renewal of leachates at predefined time intervals. Hardpan samples were carved into specimens
with known external surface areas. The liquid/solid ratio was 10 cm3 for each exposed 1 cm? of
sample. Leachates were collected and renewed after 6 hours, 1 day, 2.25 days, 4 days, 9 days, 16
days, 36 days, and 64 days. The leachates were analyzed for pH, EC, acidity/alkalinity, and

chemical composition using ICP-AES..

5.5 Results

5.5.1 Physical properties

The physical properties of the samples were highly variable (Table 5.2). The northern zone showed
a finer particle-size distribution compared to the southern zone. The D60, which corresponds to
60% passing on the cumulative particle-size distribution curve, was 16 um for J2 NO and 88 um
and for J1-NO. The D60 was 11.71 um for J2-Oxy and 13.2 um for J1-Oxy. The D90, which
corresponds to 90% passing on the cumulative particle-size distribution curve, was 32.54 um for
J2-NO and 163.57 um for J1-NO. The D90 was 38.69 um for J2-Oxy and 37.15 pum for J1-Oxy.
Physical differences between the oxidized and unweathered samples were significant, but the most
notable difference was in the SSA (Table 5.2). The SSA was 14.41 m2/g for J2-NO and 0.7 m2/g
for J1-NO, while the SSA was 49.3 m2/g for J2-Oxy and 38.07 m2/g for J1-Oxy. The Gs values of
oxidized samples were lower than those of the unweathered samples; 3.04 g/cm3 and 3.35 g/cm3
for J2-NO and J1-NO, respectively, and 2.97 g/cm3 and 2.83 g/cm3 for J2-Oxy and J1-Oxy,

respectively.
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Table 5.2 : Physical, chemical, mineralogical properties and static tests results of the studied samples
Physical characteristics
D60 (um) D90 (um) SSA (m?%/g) Gs
J1-Oxy 13.2 37.15 38.07 2.83
J1-NO 87.6 163.57 0.7 3.35
J2-Oxy 11.71 38.69 49.3 2.97
J2-NO 15.57 32.54 14.41 3.04
Chemical composition (%)
Al Ca Mn Mg Fe S Zn Cu
J1-Oxy 3.62 3.82 0.12 0.05 20.17 3.90 0.01 LD
Hardpan 1 2.61 3.26 0.39 0.47 25.39 5.42 0.011 0.003
J1-NO 1.50 3.53 0.74 1.75 25.78 6.39 0.011 LD
J2-Oxy 4.00 2.00 0.39 0.10 25.26 2.64 0.0096 LD
Hardpan 2 2.29 3.41 0.72 0.10 26.73 6.37 LD LD
J2-NO 4.02 4.35 0.42 1.36 20.00 7.26 0.0161 LD
Mineralogical composition (%)
Sulphides Carbonates Fe-Oxides Gypsum Others
J1-Oxy ND 1.76 23.74 19.30 55.20
Hardpan 1 3 19.60 9.70 14.90 52.80
J1-NO 7.4 42.15 ND ND 50.45
J2-Oxy 0.33 1.07 24.80 20.50 53.30
Hardpan 2 55 24.2 18.20 10.40 41.70
J2-NO 7.26 19.8 ND 11.44 61.50
Static tests
NP (titration) (Kg CaCOs/t) NP (carbonates) (Kg CaCOs/t) AP (Kg CaCOs/t) NNP (Kg CaCOs/t) NPR
J1-Oxy 3 20 5.5 -2.5 0.5
J1-NO 228 538 193.2 35.1 1.2
J2-Oxy 9 25 0.73 8.8 13.0
J2-NO 96 193 169 -73 0.6




111

5.5.2 Chemical and mineralogical properties

The chemical and mineralogical properties of oxidized, unweathered, and hardpan samples are
summarized in Table 5.2. Chemical results revealed differences depending on sample location and
depth within the TSFs. The Fe content in all samples exceeded 20 wt.%; it was approximately 25
wt.%, 27 wt.%, and 20 wt.% for the J2-Oxy, Hardpan 2, and J2-NO samples, respectively. In the
southern zone samples, Fe concentrations were 20.17 wt.%, 25.50 wt.%, and 26 wt.% for the J1-
Oxy, Hardpan 1, and J1-NO samples, respectively. Total sulfur was around 2.50 wt.%, 6.5 wt.%,
and 7.50 wt.% for the J2-Oxy, Hardpan 2, and J2-NO samples, respectively. Similarly, total sulfur
was around 4 wt.%, 5.50 wt.%, and 6.50 wt.% for the J1-Oxy, Hardpan 1, and J1-NO samples,

respectively. The Ca content was between 2 wt.% and 4.50 wt.% for all samples.

The oxidized samples J1-oxy and J2-Oxy were, respectively, comprised of approximately 42 wt.%
and 45 wt.% of secondary minerals (primarily, ferric oxyhydroxides and gypsum). Sulfides were
below 0.5 wt.% in J2-Oxy and not detected in J1-Oxy. Carbonates (mainly siderite and ankerite)
were detected in more significant concentrations than sulfides. Carbonate contents were around
1.7 wt.% and 1 wt.% for J1-Oxy and J2-Oxy, respectively.

Unweathered tailings had completely different mineralogical compositions. Sulfide contents
(mainly pyrite) were 7.40 wt.% and 7.30 wt.% for J1-NO and J2-NO, respectively. Carbonate
contents were 42 wt.% and 20 wt.% for J1-NO and J2-NO, respectively. Gypsum was detected in
J2-NO at a concentration of about 11 wt.%.

The hardpan samples had mineralogical compositions between those observed in the oxidized and
unweathered samples with respect to carbonates and sulfides. Sulfide contents (mainly pyrite) were
about 3 wt.% and 5.50 wt.% for Hardpans 1 and 2, respectively. Carbonate contents were about
19.60 wt.% and 24.25 wt.% for Hardpans 1 and 2, respectively. Gypsum contents were 15 wt.%
and 10.50 wt.% for Hardpans 1 and 2, respectively.

5.5.3 Porosity and hydrogeological properties

The two hardpan samples were analyzed using 3D X-ray imaging to estimate the samples’
porosities. The results of these analyses are presented in Figure 2. The sample volumes for Hardpan
1 and Hardpan 2 were 829.7 mm?3 and 631.5 mm3, respectively. Total porosity was similar for the

two samples: ~ 9.1% for Hardpan 1 and 7.5% for Hardpan 2. Total porosity was similar to
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connected porosity (7.3% for Hardpan 1 and 6.8% for Hardpan 2;Figure 5.2). The porosity of both
hardpan samples was present as pores and linear cracks. Pore diameter sometimes exceed 200 um
(Figure 3S). The thickness of linear cracks varied between 80 and 220 um. These linear cracks
were generally discontinuous, and their lengths were variable.

Connected porosity

Non-connected porosity

Figure 5.2 : Images showing segmentation of 3D connected and non-connected porosity for
Hardpan 1 (B) and Hardpan 2 (A).

Predicted and measured ksat values and AEVs are presented in Table 3. These properties largely
determine the hydrogeological behavior of the studied samples. The measured ksat values for J1-
Oxy and J1-NO were 2.42E-05 cm/s and 3.06E-04 cm/s, respectively. The ksat values for J2-Oxy
and J2-NO were 1E-04 cm/s and 5.65E-06 cm/s, respectively. The predicted ksat values were close
to the measured values. Unweathered samples had smaller AEVs than the oxidized samples (Table
3). The AEVs estimated using the graphical method (Fredlund et al., 1994) were 75 KPa, 3.5 KPa,
80 KPa, and 25 KPa for J1-Oxy, J1-NO, J2-Oxy, and J2-NO, respectively.
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Table 5.3: Measured and predicted saturated hydraulic conductivities

Porosity Predicted ksat Measured Ksat
(cm/s) (cm/s)
J1-Oxy 0.49 3.06E-04 2.16E-04
J1-NO 0.42 2.52E-05 2.42E-05
J2-Oxy 0.42 5.65E-06 3.68E-05
J2-NO 0.39 1.00E-04 6.04E-05

5.5.4 Determination of acid-generating potential

Static tests

The results of the static tests performed on the tailings from the two zones (Table 5.2) showed that
the NP of the studied samples calculated based on the carbon content was higher than that analyzed
using Sobek et al. (1978) method modified by Bouzahzah et al. (2015). The NNP was -2.5 kg
CaCOalt, 35 kg CaCOalt respectively for J1-Oxy and J1-NO, while for J2-Oxy and J2-NO, the
NNP was respectively 9 kg CaCOa/t and -73 kg CaCOs/t. Using NNP classification (Bouzahzah
et al., 2015a; Miller et al., 1991b), J1-Oxy and J2-Oxy are classified as uncertain, J2-NO is
classified as acid-generating and J1-NO is classified as non-acid-generating. The NPR were 0.5,
1.2, 13 and 0.6 respectively for J1-Oxy, J1-NO, J2-Oxy, and J2-NO. Consequently, the J1-Oxy,
J1-NO, and J2-Oxy are classified as uncertain samples and J2-NO is classified as non-acid-
generating.

Kinetic leaching tests

Results in terms of leachate chemical quality evolution (i.e. pH, EC and acidity/alkalinity) within
the four columns are presented in Figure 5.3. Leachate pH corresponding to oxidized samples from
the two zones (C1 and C3) remained acidic (pH =~ 3) during the duration of the test, while pHs
corresponding to the other scenarios (C2 and C4) start at neutral values (pH = 7.5) and remain as
until the end of testing.

Electrical conductivity (EC) of the leachates from the four columns was below 6 mS/cm. EC

average values were 4.12 mS/cm, 5.10 mS/cm, 3.15 mS/cm and 3.56 mS/cm for the leachates from
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C1, C2, C3, and C4 respectively. The electrical conductivity was higher when the unweathered
samples are added to oxidized sample. The alkalinity of the leachates from columns C1 and C3
was equal to zero, while the alkalinity of the leachates from C2 was lower than 182 mg CaCOs/L
and lower than 324 mg CaCOs/l for the leachates from the C4. Acidity of the leachates from
columns C2 and C4 were below 100 mg CaCOa/l during all the leaching test duration. However,
the acidity of the leachates from the C1 was greater than 250 mg CaCOs/l and greater than 346 mg
CaCOsl/L for the leachates from the C3.

Results of leachate’s chemical quality are presented in Figure 5.4 and Figure 5.5. The
concentrations are normalized regarding the volume of the leachates and the weight of samples
(mg/kg), which were different for the four columns. Calcium, magnesium, manganese, aluminum,
and potassium are presented because they can indicate the reactivity of neutralizing minerals such
as carbonates and silicates; iron and sulphur indicate in some case the reactivity of acidifying
minerals, in particular for unweathered tailings and secondary minerals dissolution for oxidized
samples (Benzaazoua et al., 2004c). Zinc is associated to sulphides or to secondary minerals as
adsorbed or co-precipitated element. Other heavy metals such as cobalt and arsenic were below
the detection limit of the ICP-AES, so they are not presented.

Sulphur and calcium are the most leachable element from the four columns. Maximum
concentrations were leached during the beginning of the tests, which probably correspond to pre-
oxidized and exchangeable species. The average concentrations of sulphur (most likely as
sulphates) were 232 mg/kg, 138 mg/kg, 121 mg/kg and 53 mg/kg for the columns C1, C2, C3, and
C4, respectively. The average concentrations of calcium leached from C1, C2, C3, and C4 were
169 mg/kg, 45 mg/kg, 82 mg/kg and 35 mg/kg, respectively. The average concentrations of
magnesium leached form C1, C2, C3, and C4 were respectively 8 mg/kg, 69 mg/kg, 8 mg/kg, and
21 mg/kg. The manganese was leached at different concentrations from the four columns; it was
about 3 mg/kg, 8 mg/kg, 24 mg/kg, and 2 mg/kg for the columns C1, C2, C3, and C4 respectively.
Potassium leaching was very low from the four columns; its concentrations were below 1 mg/kg.
Iron concentrations analyzed within the leachates from the four columns were important only for
the column C1. Iron average concentrations were respectively 26 mg/kg, 6 mg/kg for C1 and C3
and below 0.5 mg/kg for columns C2, and C4 which probably due to iron precipitation within
columns C2 and C4. The same tendency as iron was observed for aluminum, which was leached

only from columns C1 and C3; aluminum average concentrations were respectively 7 mg/kg and
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8 mg/kg for these two columns. Zinc average concentrations were respectively 3 mg/kg and 2

mg/kg for the leachates form C1 and C3.
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Figure 5.3: Graphs showing pH (A), EC (B), acidity (C) and alkalinity (D) evolution within the leachates
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Figure 5.4: Chemical quality of leachates of the four column tests. A: Ca, B: Mg, C: Mn and D: K
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Figure 5.5: Graphs showing the chemical quality of leachates form the four columns. A: S, B: Fe, C: Zn

and D: Al

Post column-tests characterization

The four columns were dismantled and sub-samples were collected based on color and texture
contrasts. Consequently, C1, C2, C3, and C4 were subdivided into 3, 7, 4, and 9 sections,
respectively. Visual observations showed that a hardened and compacted layer appeared in C2 and
C4 at the interface between the oxidized and unweathered tailings, as was seen during field
observations. The thicknesses of the hardpans that formed in C2 and C4 were different; i.e., 3.5

cmin C2 (19 - 22.5 cm depth) and 6.5 cm in C4 (26 - 32.5 cm depth).

The results of paste pH, inorganic C, and total S analyses are presented as depth profiles in Figure
5.5. These parameters followed the same tendency regarding the depth. The paste pH of oxidized

samples was < 3.5 for all columns. For unweathered tailings and hardpans, the paste pH was
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circumneutral (> 5.2). Furthermore, S and C depth profiles (Figure 5A, B) showed depletions over

the first 20 cm (oxidized tailings).
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Figure 5.6: Graphs showing vertical profiles of inorganic carbon (A), total sulphur (B), paste pH (C) of

samples post kinetic tests
Tank leaching tests (hardpan durability)

Results of tank leaching tests performed on the two hardpan samples are presented in Figure 5.7,
Figure 5.8, and Figure 5.9. The two samples showed a similar tendency regarding the parameters
analyzed at different levels. pH of the leachates from Hardpan 1 varied between 4.3 and 3.5 (Figure
5.7A), while pH of the leachates from Hardpan 2 was between 4.5 and 6 (Figure 5.7A). The
average of Eh showed oxic conditions (Eh higher than 640 mV) (Figure 5.7B). Average EC of
leachates of Hardpan 1 and Hardpan 2 was, respectively, 1.2 mS/cm and 1.3 mS/cm (Figure 5.7C).
Acidity generated from the two samples was low and varied between 28 mg CaCOa/l and 66 mg
CaCO3/I for Hardpan 1 and between 8 mg CaCOs/l and 19 mg CaCOa/l for Hardpan 2 (Figure
5.7C).

Element diffusion from hardpan solids was evaluated for Al, Ca, Mg, Mn, Fe, K, Na, S, Si and Zn

and the concentrations were normalized regarding the external surface of the samples. Calcium
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concentrations varied between 3 g/m? and 17 g/m? for Hardpan 1 and between 16 g/m? and 103
g/m? for Hardpan 2. Sulphur is the most leachable element from the two samples (Figure 5.8A).
The concentrations of sulphur leached from Hardpan 1 varied between 4 g/m? and 19 g/m? and
between 20 g/m? and 99 g/m? for Hardpan 2. Ca and S showed similar behavior confirming gypsum

dissolution and based on saturation index calculation for gypsum as calculated using Vminteq 3.1.

Magnesium concentrations varied between 0.5 g/m? and 1.8 g/m? for Hardpan 1 and between 1.4
g/m? and 5.1 g/m? for Hardpan 2. Manganese concentrations were between 0.1 g/m? and 0.45 g/m?
for Hardpan 1 and between 0.30 g/m? and 1.50 g/m? for Hardpan 2. Iron concentrations were low,
varying between 0.003 g/m2 and 0.04 g/m2 for Hardpan 1 and between 0.004 g/m2 and 0.20 g/m?
for Hardpan 2. Zinc concentrations and iron were low, demonstrating its stable state within the
hardpan samples (Figure 5.9E). The maximum of iron leaching was analyzed at the beginning of
the tests for the two samples, which correspond to surface reactivity. Then, iron concentrations
decreased considerably to reach the steady state at nine days for the two samples. The evolution
of K, Na, Al, and Si didn’t reach the steady state after 64 days of the TLT, attesting to a weak
silicates dissolution (Figure 5.9).
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Figure 5.7: Graphs of pH (A), Eh (B), electrical conductivity (C) and acidity (D) results of TLT
on the two-hardpan samples
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during TLT on the two hardpan samples

5.6 Discussion

Hereafter some important aspects will be discussed more thoroughly concerning the suggested
hypothesis and conceptual model:

Hardpan is considered as low hydraulic conductivity layer (very low porosity). Precipitation of
secondary minerals in general and especially ferric oxyhydroxides and gypsum, allow grains and
minerals cementation, which reduces the porosity of the tailings on one hand and on the other hand
may protect sulphides and carbonates against further oxidation/dissolution by limiting water
infiltration and oxygen diffusion (DeSisto et al., 2011). As observed in the field, hardpan

occurrence is not a systematic phenomenon on the TSF; its formation depends on several
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parameters such as the initial tailings chemistry and mineralogy, topography of the TSF, water
table depth, and climatic conditions. Its formation requires water table fluctuation and an interface
between two tailing horizons with significant geochemical contrast, as already stated in many
previous works and as proposed in the conceptual model (Figure 5.1, stage 3) (Alakangas &
Ohlander, 2006; Blowes et al., 1991; Holmstrém et al., 2001; Meima et al., 2007). This has been
demonstrated during column tests dismantling; mimicking what happened in Joutel TSF within
columns C2 and C4, hardpans were formed at the neutralization interface between the oxidized
tailings (acidic conditions) and unweathered tailings (neutral conditions as confirmed by paste pH)
(Figure 5.1, stages 3 and 4). The geochemical contrast between the two tailings horizons favors
secondary minerals precipitation. The porosity of hardpans is extremely low compared to that of

tailings (0.3—0.45) and this was confirmed using 3D X-ray imaging results.

Moreover, considering mineralogical textures of the hardpan samples, it is considered as a durable
and stable layer (for more information, see Elghali et al. 2017). In fact, TLT results showed a low
leaching rate from the two hardpan samples. Hardpan reactivity is limited to surface reactivity, and
diffusion phenomenon was limited; thus, sulphides and carbonates within hardpans are protected
due to passivation/coating (Belzile et al., 1997; Cai et al., 2005; Harrison et al., 2015; Kang et al.,
2016; Soler et al., 2008). Sulphides coating within hardpan sample is illustrated in Fgure 5S. These
tests correspond to the stage 3 of the proposed conceptual model (Figure 5.1). Moreover,
contaminants could be immobilized due to iron oxides precipitation as it was confirmed using X-
mapping for a coated pyrite. Consequently, hardpan formation reproduced first time in laboratory
conditions suggests that there is an ongoing hardpan formation within Joutel TSF as suggested in
stage 4 of the conceptual model (Figure 5.1).

5.7 Conclusion

The main conclusions drawn from this study are:

» The oxidized tailing showed an acidic behavior with charged leachates. However, when the
fresh tailings are added below oxidized tailings, the acidity is buffered and consequently
the hardpan is formed due to geochemical contrast between oxidized and unweathered
horizons. Moreover, hardpan formation in laboratory conditions explain its formation in

field conditions,
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= The hardpan is characterized by low porosity compared to tailings and subsequent low
hydraulic conductivity. Therefore, in Joutel TSF, surface and sub surface runoff are
enhanced, and water vertical infiltration is limited which may enhance chemical species
leaching and acidity generation within surface pore waters,

= Hardpan layer could be considered as low reactivity material due its compact and

cementitious texture, which reduces oxygen diffusion to sulfide reactive core.
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6.1 Abstract

Acid rock drainage (ARD) is often one of the most significant environmental challenges in mining
operations. At some orphaned and abandoned mine sites, ARD can represent a complex challenge
due to the advanced tailings oxidation state as well as a combination of other factors. At the field
scale, a number of parameters control sulfides oxidation rates and, therefore, the generation of
acidity. These factors include: 1) the morphology (slope, flow direction and, water table level) of
the tailings storage facility (TSF); ii) the chemical and mineralogical composition of the tailings
and; iii) microbiological activity. Geographical information systems (GIS) were used as a decision-
supporting tool in the design of reclamation scenarios considering the spatial distribution of the
geochemical properties of the weathered tailings. Based on systematic sampling, various
geochemical parameters were measured within the oxidized Joutel tailings, including the:
neutralization potential, acid-generating potential, net neutralization potential, neutralization
potential ratio, paste pH, thickness of oxidized, hardpan, and transition zones. GIS analyses allowed
for quantification of the spatial variability of these parameters, and was used to establish

correlations between the various parameters. The data showed high spatial variability in the
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geochemical properties of oxidized tailings. Acidic zones, identified based on paste pH, were

located in the eastern portion of the southern zone and at the northern tip of the northern zone.

Keywords: Acid rock drainage, geographical information systems, paste pH, siderite, multivariate

analysis, spatial mapping.

6.2 Introduction

Mining operations generate large volumes of finely ground rock that is non-economic referred to
as ‘mine tailings’. They are characterized by fine particle size distribution compared to waste rocks
(Bussiére, 2007). Mine tailings often contain iron sulphide minerals (Blowes et al., 2014). The
most common sulphides are pyrite (FeS2) and pyrrhotite (Fe1—xS, x = 0 to 0.2). While some of the
tailings at underground mine operations are used as backfill to support underground excavations
(25% of total tailings produced) (Belem et al., 2000; Benzaazoua et al., 2002; Benzaazoua et al.,

2008), often they are stored on the surface in tailings storage facilities (TSFs).

In humid climates (such as Canada), TSFs usually have a water cover or the tailings are deposited
in way to maintain tailings in high degree of saturation, which controls diffusion of oxygen into
the tailings and reduces sulphide oxidation. However, if the water table drops and tailings
desaturate, any iron-sulphides present in the tailings are exposed to atmospheric oxygen and can
react and potentially produce acidity and leach metals (Nicholson et al., 1988). When the tailings
acidification potential is higher than their neutralization potential (Blowes et al., 2003; Blowes et
al., 1998; Jambor, 1994; Jamieson et al., 2015), the leachates resulting from sulphides oxidation
become acidic. Therefore, high concentrations of sulphates, iron, and more or less significant
concentrations of heavy metals (e.g. As, Co, Ni) are released (Benzaazoua et al., 2004c; McGregor
et al., 1998a; Moncur et al., 2005). This phenomenon is known as acid mine drainage (AMD) also
called acid rock drainage (ARD). However, in some cases, the leachates can be near-neutral and
still contain regulated elements of environmental concern that surpassing the environmental
standards. This phenomenon is known as contaminated neutral drainage (CND) (Plante et al.,
2011b) or metal leaching (ML). Costs of mine site reclamation is influenced by the type of mine

water drainage quality (Bussiere et al., 1999).

During sulphide oxidation, H* protons are produced to increase the acidity of pore water, which

lead to subsequent carbonates dissolution for acidity buffering. Depending on the geochemical



130

conditions of the pore water, different reactions may occur such as hydrolysis, precipitation, co-
precipitation, etc (Cornell et al., 2004a; Cravotta Ill, 2008a, 2008b; Dold, 2017). During these
reactions, the tailings mineralogical composition changes considerably depending on reaction rates
(sulphides oxidation, carbonates and in lesser extent silicates dissolutions). During
oxidation/neutralization and hydrolysis reactions, various newly formed phases are precipitated.
The most common secondary phases are ferric oxyhydroxides (e.g. goethite, ferrihydrite,
lepidocrocite), gypsum, and iron sulphates. These secondary phases affect the geochemical
behavior of mine tailings considerably (Bowell, 1994; Bruemmer et al., 1988; Burton et al., 2009;
Cornell et al., 2004f, 2004a; Cornell & Schwertmann, 2004d; Cornell et al., 2004b; Coston et al.,
1995; Esparia et al., 2006; Manceau et al., 1992; Manceau & Combes, 1988; McKenzie, 1980).

Ferric oxyhydroxides are known for their high affinity to limit contaminant mobility due to various
mechanisms (e.g. co-precipitation, adsorption, substitution). In some specific conditions,
occurrence of secondary phases may also affect the hydrogeochemical behavior of the TSF by
modifying the tailings hydrogeological properties (such as porosity). For example, hardpan
formation within the TSF affects the water balance and flows (Blowes et al., 1991; DeSisto et al.,
2011; Elghali et al., 2017; Gilbert et al., 2003; Graupner et al., 2007; Lottermoser & Ashley, 2006;
McGregor et al., 2002). Hardpan formation is more likely in inactive mine sites, namely closed or
abandoned sites.

Predicting and assessing the geochemical behavior of oxidized tailings involve challenges
comparatively to unweathered, fresh tailings. Geochemical behavior of oxidized tailings is
determined by the reactivity and nature of newly-formed secondary species and the residual phases.
Moreover, in the case of an already closed mine site, the tailings top layer is generally oxidized,
and the acidity is mainly already produced in some localized areas. Consequently, the acidic
leachates, when they occur, result from two sources: the current sulphide oxidation and the latent
acidity present in tailings pores. Within mine tailings, due to their low permeability and the area of
the TSF, the hydraulic residence time of water is high. So, it may take some decades for the
produced acidity to be flushed. This phenomenon of water transport can be more complex due to
the presence of hardpan close to the surface that has different hydrogeological properties (Chermak
& Runnells, 1996; Holmstrom et al., 2001; Kohfahl et al., 2011; McGregor et al., 2002).
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The Eagle and Telbel are closed mine sites located north of Abitibi-Témiscamingue (Québec). The
mine was operated from 1974 to 1994. The gold was extracted from sulphide phases mostly as
pyrite and pyrrhotite. The gold was extracted by bulk flotation and cyanidization (Blowes et al.,
1998). Tailings produced during ore processing were deposited in 120-ha tailings storage facility
(TSF). The TSF was divided in two zones; the north zone, which was the first TSF from 1974 to
1986 and the south zone from 1986 to 1994. Since TSF closure, tailings were oxidized by oxygen,
water, and bacterial activity (Barnett et al., 1982; Benzaazoua et al., 2004c; Blowes et al., 1998;
Elghali et al., 2017).

In this study, a novel approach using geographical information systems (GIS) was suggested for
environmental issues in the case of inactive mine sites based on a systematic sampling that covers
the total area of Eagle/Telbel’s TSF. The approach integrates different geochemical properties that
could offer a decision-supporting tool for the design of the TSF reclamation scenario and a tool for
an integral understanding of the geochemical processes within Eagle/Telbel’s tailings. The main
objective of this study is to map the spatial variability of the geochemical properties of the oxidized
tailings that could be useful for the reclamation scenario. Consequently, a systematic sampling
using a predefined grid. Then, the samples were analyzed for their geochemical properties.
Analysis results were plotted using a geographical information system which allows to produce 2D
maps of spatial distribution of each analyzed parameter.

6.3 Materials and methods

The methodology used in this study consisted of the combination of the geochemical, spatial, and
statistical components for a better understanding of the geochemical processes within Joutel’s TSF.

The entire methodology used in this study is illustrated in Figure 6.1.
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6.3.1 Materials sampling and methodology

Sampling is a sensitive step during prediction and assessment of acid potential (AP) of mine wastes.
In general, the choice of sampling strategy and plan depend on the objectives of the study. This
may justify the several sampling strategies used in different studies regarding AGP evaluation of
mine wastes (Benzaazoua et al., 2004c; Blowes et al., 1998; Bussiere et al., 2004; Chopard et al.,
2015; Plante et al., 2011b). Different strategies were also developed for soil and water pollution
evaluation (Allen, 2003; Atkinson & Lloyd, 1998; Carter, 1993; Poduri & Rao, 2000; Popek, 2003)
and could be used for AGP assessment of oxidized tailings considering that particle size of mine
tailings is comparable to fine soil materials. The sampling strategy used for this study was
systematic sampling (Carter, 1993; Poduri et al., 2000; Sampath, 2001). The sampling grid was a
square. Sampling lines were oriented east-west, sampling step and sampling lines spacing was
about 100 m which worked well for both work/analysis expenses and sampling resolution (Figure
6.2). Depending on the field constraints (e.g. presence of vegetation, water streams), the predefined
sampling point could be slightly moved. In each sampling point, oxidized tailings were sampled
using a manual auger. Trenches were dug down to the unweathered tailings to allow measuring
thickness of oxidation zone, hardpan, and transition zone. Each sample point was separately
homogenized and submitted to different analysis. About 1 kg was collected from each point and

each point was spatially referenced.
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Figure 6.2: Map showing sampling grid at Joutel's mine site (stars correspond to oxygen

consumption tests localization; black circles correspond to tailings sampling)

6.3.2 Methods

6.3.2.1 Geochemical and mineralogical characterization

Total sulfur and inorganic carbon were analyzed using induction furnace (ELTRA CS-2000) with
a detection limit of 0.09%. Sulphates were analyzed after solid digestion using 40% HCI.
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Mineralogical composition of studied samples was studied by X-ray diffraction (XRD) using a
Bruker AXS D8 Advance X-ray diffractometer equipped with a copper anticathode, scanning over
a diffraction angle (26) range from 5° to 70°. Scan settings were 0.005° 26 step size and 4s counting
time per step. The DiffracPlus EVA software (v.9.0 rel. 2003) was used to identify mineral species
and the TOPAS software (v 2.2) implementing Rietveld refinement was used to quantify the
abundance of all identified mineral species. The absolute precision of this quantification method is
of the order of £0.5—1%.

Paste pH of solid samples was analyzed using a pH meter after adding 5 ml of deionized water to
2.5 g of solid sample with a precision of + 0.02. Acidification potential (AP) was calculated using
sulphide content (Bouzahzah et al., 2015a; Sobek et al., 1978b); the neutralization potential (NP)
was calculated using carbon content and titrated using the Sobek method (Adam et al., 1997,
Chotpantarat, 2011; Jambor et al., 2002b; Plante et al., 2012; Sobek et al., 1978b) and a correcting
factor of 50% was applied due to presence of Fe-Mn carbonates that overestimate the NP calculated
based on carbonates (Figure 6.5); this will be explained more in details in Section 3. The relative
error related to NP titration is about + 12 Kg CaCOs/t (Paktunc et al., 2001) and that related to AP
calculation is about + 3 Kg CaCOa/t. The net neutralization potential (NNP) is defined as the
difference between the NP and the AP. The neutralization potential ratio (NPR) is defined as the
ratio between the NP and the AP. Net acid generation (NAG) tests were performed on 2.5 g of
pulverized sample in 250 ml of 15% H.O». The sample is allowed to react until effervescence
ceases (Miller et al., 1997; Price, 2009; Sapsford et al., 2008). The pH of the liquor is the analyzed
using a pH meter. The sample is considered acid-generating if the NAG pH is under 4.5 and non
acid-generating if the NAG pH is higher than 4.5 (Smart et al., 2002).

6.3.2.2 Field oxygen consumption tests

Oxygen consumption rates indicate tailings sulphides oxidation within mine tailings (Bussiére et
al., 2004; Elberling et al., 1996; Mbonimpa et al., 2003; Mbonimpa et al., 2011). In this study, six
locations were chosen to evaluate oxygen consumption rates: four locations within oxidized
tailings (two locations at the north zone and two locations at the south zone) and two locations
within hardpan layers (Figure 6.2). The tests consisted of aluminum cylinders with known
dimensions, which are manually embedded in the tailings to form a closed system (about 10 cm

deep)
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A). However, for hardpans (hard layers), the cylinder is embedded using a drill (Figure 6.3C). Then
the cylinders are covered with a plastic cap which is equipped with an oxygen sensor (Elberling et
al., 1996) (Figure 6.3B). Oxygen concentrations were logged for five days using a data logger and
the data was interpreted only for short duration (3h). Oxygen fluxes were calculated for a short
time using the graphical method described in Mbonimpa et al. (2011).

Data logger

(A) Ty

/ CYlinder \

Figure 6.3: Images showing design of oxygen consumption tests.

6.3.3 Spatial mapping and statistical analysis

Due to the differences in terms of the tailings deposition age in the north and the south zone of
Eagle/Telbel’s TSF, each zone was interpolated separately based on the systematic sampling (cf
2.1). During this study, various data were analyzed and measured within oxidized tailings. A total
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of 11 geodatabases were established using ArcGis 10.3.1. The geodatabases produced for each
zone were: C wt.%, total S wt.%, S (sulphides) wt.%, paste pH, NP, AP, NNP, NPR, oxidized
horizon thickness, transition zone thickness, and hardpan thickness. Other geodatabases such as
the slope map and the flow accumulation map were produced for both zones using a digital

elevation model of 21-cm pixel resolution produced using photogrammetry.

The analyzed and measured parameters were interpolated using kriging (Atkinson et al., 1998;
Cressie, 1988; Gratton, 2002; Oliver & Webster, 1990) with geostatistical wizard of ArcGis 10.3.1.
Kriging, or interpolation method accuracy, was done using the validation technique. Random
sampling was done after data interpolation. Data were plotted on the interpolated map, and then
the estimated values by kriging were compared to those measured. Validation was done only for
paste pH, being one of the most important parameters and the best reflection of the acidity of
oxidized tailings. A total of 25 points were used to validate the interpolation method. Descriptive
statistics and principal components analysis (PCA) were done using XL-stat extension of Microsoft
Excel (Singh et al., 2017). Results of kriging validation are presented in Figure 6.4, which
confirmed reliable data interpolation. In fact, among 25 points, only one sample was considered an

outlier and it is located outside of the confidence intervals (a=0.05).
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Figure 6.4: Results of kriging validation; measured paste pH vs predicted paste pH by kriging
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6.4 Results and discussion

This section presents the main characterization results of Eagle/Telbel’s tailings. First, the
mineralogical composition will be discussed based on XRD analysis and effect of siderite on the
available NP of the oxidized tailings. Then, the morphological component of the TSF (slope, digital
elevation models (DEM)) and the geochemical characteristics of the oxidized tailings will be
presented and discussed. The interrelationships of the geochemical characteristics of the field
samples will be highlighted using statistical analysis (PCA). Then, the reactivity of some samples
will be evaluated using field oxygen test consumption. At the end of this section, the results of
NAG tests on some selected samples will be plotted versus paste pH to estimate the long-term

behavior of the analyzed tailings samples according to previous studies (Weber et al., 2006).

6.4.1 Mineralogical composition and effect of siderite on the tailings

neutralization potential

Results of XRD characterization are shown in Table 6.1. The mineralogical composition of the
studied samples showed a high spatial variability. Sulphide species detected within the different
samples were pyrite, pyrrhotite, and chalcopyrite. Carbonates were represented mainly as siderite
(FeCOg) and ankerite (Ca(Fe,Mg,Mn)(CO3)>). Total carbonate contents were between 1 wt.% and
36 wt.% for south zone and between 0.5 wt.% and 36 wt.% for north zone. Total sulphides contents
varied between 0.20 wt.% and 5 wt.% for south zone and between 1.30 wt.% and 4.80 wt.% for
north zone. Secondary phases occurred as gypsum and ferric oxyhydroxides (hematite and
goethite). Gypsum content ranged between 5 wt.% and 13 wt.% for south zone and up to 16.50
wt.% for north zone. Major mineralogical composition was represented as silicates (quartz, albite,
biotite, chlorite, and muscovite). High variability of sulphide and carbonate contents within the

analyzed samples is due to the variable oxidation and initial heterogeneities within the ore.

The presence of siderite leads to overestimation of the tailings NP when it is calculated based on
carbonates content. This was confirmed comparing the calculated NP based on carbonate contents
and analyzed using Sobek method (1978) modified by (Lawrence et al., 1997b) (see Figure 6.5).
The overestimation of NP based on carbonate content ranged between 10 and 54%. This difference
is due to the presence of siderite and ankerite as major carbonates. Indeed, dissolution of Fe-Mn-
bearing carbonates (siderite and ankerite) produces acidity due to oxidation of Fe?* to Fe* and
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subsequent precipitation of Fe®* as ferric oxyhydroxide phases (Bouzahzah et al., 2015a; Jambor
et al., 2003; Paktunc, 1999b; Weber et al., 2004). Therefore, Fe-rich carbonates don’t provide any
additional buffering capacity (Bouzahzah et al., 2015a; Jambor et al., 2003). For this reason, the
NP of Joutel’s tailings was conservatively corrected by a factor of 50% for all samples used in this
study (NP = 0.5 *NP(carbonates)).



Table 6.1: Mineralogical composition by XRD of selected samples from south and north zone
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Zone Sampl Quart Albite Orthoclas Biotite Chlorite Muscovite Hematit Goethit Gypsum Ankerite Siderit Pyrit Chalcopyri Pyrrhotit
e z e e e e e te e
Si0, NaAlSi3 KAISi;Os K(Mg,Fe)3[AlSiz010(OH (Mg, Fe)sAl(SizAl)010(O KAI(SisAl)O10(OH, Fes0s FeO(OH) CaS04-2H; Ca(Fe,Mg,Mn)(CO FeCOs FeS, CuFes, FewS
Os JF2 H)s F)2 o 3)2
S1 ;1’3 24.82 3.8 4.03 1.21 29.99 12.63 1.89 0.23
19.6
Sout S2 7 30.06 3.83 5.58 6.56 291 12.04 8.39 6.04 4.03 0.89
ou
h 17.9
S3 a 18.73 3.26 3.78 3.06 10.61 5.12 15.24 5.58 12.07 2.63 1.97
17.1
sS4 6 18.88 2.67 3.16 2.35 7.18 0.99 0.94 9.59 13.17 22.69 0.62 0.6
26.1
N1 7 31.08 2.95 37.52 0.01 0.92 131
26.1
N2 30.07 4.19 4.49 2.86 12.53 14.94 4.77
Nort 4
h 26.1
N3 9 29.2 3.18 20.76 16.21 2.29 1.09 1.06
24.9
N4 20.4 3.47 6.14 0.53 2.73 16.74 19.22 3.61
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Figure 6.5: Graph showing comparison of NP calculated based on carbonates and NP analyzed using Sobek (1978) modified by (Lawrence et al.,
1997b)
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6.4.2 Site topography and slopes

Results of DEM, slope map, and E-W/N-S elevation profiles are presented in Figure 6.6. The north
zone is characterized by high elevation compared to the south zone (Figure 6.6A); the maximum
elevation at the north zone and south zone is respectively about 306 m and 280 m. The elevation
decreases from the north to the south and from the east to the west (Figure 6.6: Profile 1 and Profile
2). The slope within Joutel’s TSF (Figure 6.6B) is weak and mostly lower than 8° except for some
few areas where the slope values are higher than 80°. Therefore, water surface runoff is greatly
influenced by the slope. These higher slope values correspond to water streams. Combining DEM
and slope map, surface runoff flow directions are oriented NE-SW. Moreover, surface runoff is

enhanced by the presence of some water streams.
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Figure 6.6: A: Digital elevation model (DEM) and B: slope map within Joutel TSF

6.4.3 Paste pH, oxidized horizon, hardpan and transition horizon thickness

The paste pH mapping, illustrated in Figure 6.7A, showed high spatial variability within oxidized
tailings. For the north zone, only some localized areas are characterized by acidic paste pH values
(<3.2). The majority of the north zone is characterized by neutral paste pH values (>6), while the
south zone is characterized by acidic paste pH values located almost at the eastern part. In general,

the extent of the acidity is much higher in the south zone than the north one.
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Hardpan is formed at the interface between oxidized tailings and unweathered tailings. It is formed
in the all of north zone and part of the south zone (Figure 6.7B). In the south zone, the hardpan
appeared in the eastern part. The hardpan thickness was spatially variable and ranged between 1
and 15 cm. Hardpan occurrence seems to be associated to the elevation and especially to the water
table level. Indeed, high topography elevation leads to deep water table level and unsaturated
conditions, where sulphide oxidation is more active and consequently secondary phase
precipitation (Elghali et al., 2017). Consequently, the western part of the south zone is
characterized by low elevation, and so near surface water table (being saturated) which delayed the

process of hardpan formation.

The oxidized layer thickness ranged between some few centimeters to more than 25 cm (Figure
6.7C). The maximum of oxidized layer thickness was observed within the north zone in some
locations at its western part. As a general observation, the north zone is characterized by high
oxidation thickness compared to the south zone. This could be explained by two parameters, which
are: i) tailings age deposit and ii) the thickness of the unsaturated zone which is influend by the
topography elevation. The north zone is the older TSF and characterized by high elevation (Figure
6.6A) which favored unsaturated conditions and sulphide oxidation. The transition which
corresponds to the unsaturated zone, the layer between oxidized and unweathered tailings, is also
characterized by high variability (Figure 6.7D). The transition zone thickness ranged between 2
and more than 26 cm. The north zone is characterized by high thickness of this layer compared to

south zone.
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Figure 6.7: Results of mapping of paste pH (A), hardpan thickness (B), oxidized zone (C) and transition
zone (D)

6.4.4 S(sulphides), %C, NNP, NPR

Results of total inorganic carbon and sulphur (sulphide) are illustrated in Figure 6.8A-B. Their
distributions confirm the pattern of the oxidized layer. Indeed, carbon occurs as carbonates, which
were locally almost depleted in the case of the eastern part of the south zone and the western part
of north zone where the carbon content was less than 1 wt.%. Carbon content in the north zone

decreases from the north to the south. This spatial distribution was not the same in the south zone;
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carbon content decreases from the east to the west. Carbon (carbonates) depletion seems to be
associated also the topography of the TSF (see profiles, Figure 6.6A). Carbon content ranged

between 0.09 wt.% (detection limit of analysis method) and more than 4 wt.%.

Sulphide content distribution, which corresponds to residual acid potential of oxidized tailings, is
illustrated in Figure 6.8B. This distribution could be compared to that of total inorganic carbon.
Some locations are characterized by high sulphides depletion (<1 wt.%) such as that eastern part
of south zone and the western part of north zone. In other locations, sulphur (sulphides, mainly
pyrite) content was higher than 2 wt.%. In the south zone, sulphur (sulphides) content increases
from east to west, while in the north zone it increases form north to south. As a general observation,
sulphide oxidation seems to be faster and more effective within the eastern part of the south zone
and extreme west of the north zone, which could be attributed to the tailings saturation degree due
to the irregular topography of the TSF (Figure 6.6). High tailings saturation degree (> 85%) inhibits
sulphide oxidation (Bussiere et al., 2004; Ouangrawa et al., 2010).

The NNP and NPR criteria are used to classify Joutel’s oxidized tailings regarding their acid
generation potential. Mapping of NNP is illustrated in Figure 6.8C. In the south zone, almost all
samples displayed NNP values ranging between -20 and 0 kg CaCOa/t except some other few
locations showing positive NNP. Using this criterion, samples from south zone could be classified
as uncertain samples; only few locations could be classified as acid generating (NNP lower than -
25 KgCaCOa/t). The north zone showed higher NNP values; this zone could be divided into three
parts from east to the west. The first part is located at the eastern part and characterized by positive
NNP values ranging between 20 and 60 kg CaCOs/t, the second one is localized at the central part
and characterized by NNP values ranging between 0 and 20 kg CaCOs/t, and the third is
characterized by NNP values ranging between -20 and 0 kg CaCOs/t. The criterion NPR mapping
is illustrated in Figure 6.8D. The south zone showed NPR lower than 1 except for some few
locations with NPR higher than 1. In general, tailings of the south zone could be classified as acid
generating. The north zone is characterized by higher extent of zones with NPR values ranging
between 1 and 2. The acid generating tailings are localized at the eastern part.
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Figure 6.8: Results of mapping of carbon (A), sulphur (sulphides) (B), NNP (C) and NPR (D)

6.4.5 Oxygen consumption tests

Oxygen consumption is a parameter allowing the evaluation of the tailings reactivity (Bussiére et

al., 2004). Calculation of oxygen fluxes consisted of oxygen consumption tests (Elberling et al.,

1994). The decrease of oxygen concentration could be converted to oxygen fluxes using the

fundamental gas diffusion law (Fick law) (Bussiere et al., 2004; Elberling et al., 1994; Elberling et
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al., 1996; Mbonimpa et al., 2003). The relationship between decrease of oxygen concentration and

oxygen flux is expressed as described in Elberling et al. (1994):
Fl = CO0 x (Kr * De)%®

Where K; is the first order reaction rate coefficient, D¢ is the effective diffusion and Cq is the initial

concentration of oxygen for t=0. Solving the equation is expressed as followed:

C A
Ln (E) = —t(Kr * De)?> % v

Where A and V are respectively the area and volume of cylinder.

The slope of the plot Ln (C/CO0) versus time is (Kr * De)%> . The interpretation of the test
results is done for relatively short duration (about 180 min) as it is described in Mbonimpa et al.
(2003). Results of oxygen flux calculation are shown in Table 6.2. Oxidized tailings from the south
zone showed oxygen fluxes ranging between 83 and 162 mole/m?/year; while oxidized tailings
from north zone showed oxygen fluxes varying between 13 and 71 mole/m?/year. Hardpan
measurements showed oxygen fluxes of 63 and 42 mole/m?/year for the south and north zone,
respectively. The oxygen fluxes calculated for the six locations showed low values compared to
other sulphidic tailings, which confirm the low reactivity of sulphide within the oxidized tailings
of Joutel’s TSF (Coulombe, 2012; Pabst et al., 2010; Tibble & Nicholson, 1997). These oxygen
consumption rates are in accordance with the low sulphide content within the oxidized tailings
(sulphide depletion). The hardpan presented low oxygen fluxes despite their high sulphides content
(Elghali TMW and 2018) due to their microstructure (low porosity) and texture. Indeed, sulphides
within hardpans are almost coated by ferric oxyhydroxides (Elghali et al., 2018b), which protect
them from oxygen diffusion to the reactive core. The low reactivity of hardpans due its
microstructure. Indeed, the hardpan is characterized by low porosity and a cementitious texture
(Elghali et al., 2018b; Elghali et al., 2017).



149

Table 6.2: Results of field consumption tests on oxidized and hardpan samples

Slope R? A (m?) V(m3) (Kr.De)%s  Fs (mole/m?/an)
S1 -8.00E-05 0.99 2.19E-02 4.89E-02  3.58E-05 162
S2 -7.00E-05 0.95 2.19E-02  8.28E-02 1.85E-05 83
N1 -1.00E-05 0.96 2.19E-02 7.64E-02  2.87E-06 13
N2 -5.00E-05 1.00 2.19E-02  6.99E-02 1.57E-05 71
Hardpan (south) -6.00E-05 0.99 2.19E-02  9.37E-02 1.40E-05 63
Hardpan (north) -4.00E-05 0.95 2.19E-02 9.37E-02  9.35E-06 42

6.4.6 Multivariate analysis

The paste pH in this study is used as a criterion indicating the instantaneous acidity within the
upper oxidized tailings. To detect the key parameters that affect the paste pH and the
interrelationships among the different geochemical parameters, PCA was conducted using four
other parameters AP, NP, NNP, and NPR. Results of correlations within both zones of the TSF are
shown in Table 6.3. Paste pH is positively correlated with AP and NP; the highest correlation was
between NP and paste pH. Linear correlation values between NP and paste pH were 0.86 and 0.62
for the south and the north zone respectively. Despite the calculation of NNP and NPR based on
NP and AP, their correlation values with paste pH are low (a maximum of 0.45). PCA was
significant; using only the two first factors (F1 and F2), the cumulative variability was about
94.50% and 83.70% for south and north zone respectively. The factor F1 in the PCA explains
64.60% and 47.40% of total variance of data within south and north zone respectively, while factor
F2 explains 29.90% and 36.30% of total variance of data within south and north zone respectively.
Results of correlation values were more significant within PCA (Figure 6.9A-B). Paste pH, NP,
and AP are in the same quadrant of the circle. There are high values of paste pH and NP in F1 and
significant loading of AP, NNP, and NPR in F1 within data of the two zones, which is confirmed
by the correlation matrix between factors and variables (Table 6.4). Concerning F2, there is a high
value of AP in this component within the two zones and negative values of NNP and NPR in this
component (Table 6.4). The high value of paste pH and NP in the F1 indicates as excepted that they
are interdependent. High values of paste pH involve high values of NP and vice versa; acidic paste
pH values are due to sulphide oxidation and subsequent carbonate dissolution. Consequently, the
principal component F1 could be interpreted as the NP. The high loading of AP in the F2 and the

negative loading of the NNP and NPR indicates that these parameters are negatively correlated.
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This is explained by the initial calculation of NNP (NP-AP) and NPR (NP/AP). Consequently, the

second principal component F2 could be interpreted as the AP.

Using the biplot showed in Figure 6.9C-D, which combines the graphical representation of
variables versus observations, samples could be grouped into three groups for each zone. The
differences between samples is due to their different compositions of F1 (NP) and F2 (AP). Some
samples within north and south zone do not fit into the chosen groups and they could be considered
outliers. The group 1 (Grl) contains samples with AP more than 80 kg CaCOa/t, NPR lower than
0.5, NNP lower than -65 kg CaCOz/t and acidic paste pH. The group 2 (Gr2) is contains samples
with AP lower than 30 kg CaCOzs/t, NPR lower than 0.45, NNP lower than -30 kg CaCOs/t and
paste pH lower than 3.30. The group 3 contains samples with paste pH greater than 6, AP greater
than 90 kg CaCOa/t, NNP ranging between -40 and 3 kg CaCOa/t and average NPR of 1.

Table 6.3: Correlation matrix between paste pH and AP, NPR, NNP, and NP for south and north zone

South zone (n=64)

Paste pH (-) AP (kgCaCOs/t) NPR(-) 2:(:':)3/” (e NP (kg CaCOs/t)
Paste pH (-) 1
AP (kg CaCOs/t) 0.777 1
NPR (-) 0.457 0.025 1
NNP (kg
CaCO3/t) 0.408 -0.056 0.868 1
NP (kg CaCOs/t) 0.861 0.681 0.655 0.693 1

North zone (n=54)
NNP (kg

Paste pH (-) AP (kgCaCOs3/t) NPR(-) CaCOs/t) NP (kg CaCOs/t)
Paste pH (-) 1
AP (kg CaCOs/t) 0.517 1
NPR (-) 0.200 -0.495 1
NNP (kg
CaCOs/t) 0.297 -0.200 0.531 1

NP (kg CaCOs/t) 0.623 0.539 0.105 0.717 1
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Table 6.4: Correlation between variables and factors for the south and the north zone

South zone (n=64)

F1 F2 F3 F4
Paste pH (-) 0.879 0.379 0.128 0.259
AP (kg CaCOs/t) 0.595 0.787  -0.011 -0.163
NPR (-) 0.765 -0.571 0.268 -0.131
NNP (kg CaCOs/t) 0.748 -0.628 -0.207 0.058
NP (kg CaCOs/t) 0.978 0.107 -0.160 -0.075

North zone (n=54)

F1 F2 F3 F4

Paste pH (-) 0.805 0.211  0.499 -0.242
AP (kg CaCOs/t) 0.463 0.854 0.042 0.233
NPR (-) 0.302 -0.832  0.389 0.256
NNP (kg CaCOs/t) 0.720 -0.580 -0.369 -0.096
NP (kg CaCOs/t) 0.948 0.109 -0.288 0.083

6.4.7 Results interpretation regarding acid generation and mine site
reclamation

pH paste is considered a static test for instantaneous acid-base reactivity and does not provide any
indications about reaction kinetics for unweathered tailings (Weber et al., 2006). To have an idea
about the long-term behavior of oxidized samples, NAG pH was analyzed for some randomly
selected samples (different paste pH values). Combination of paste pH and NAG pH could indicate
the long-term behavior of these samples (Parbhakar-Fox et al., 2017a; Weber et al., 2006). Samples
with extremely acidic paste pH (lower than 4) are classified as immediate acid generating.
However, for some samples with neutral paste pH but acidic NAG pH are classified as potentially
acid forming, which means that they will generate acidity after the lag time (Figure 6.10). The lag
time within corresponds to the time where the Fe-Mn released by carbonate dissolutions are
oxidized. As a conclusion, Joutel’s tailings could be considered as potentially acid generating at

the long-term.
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Figure 6.10: paste pH vs NAG pH for some selected samples for south and north zone

The use of the different georeferenced databases produced for the TSF could be helpful at two
levels: i) the integral understanding of the different geochemical processes within the TSF and ii)
the design for the site reclamation scenario. Based on the paste pH map, the TSF could be divided
into two zones; zone of immediate acidity with paste pH lower than 6.5 and neutral zone with paste
pH with paste pH values higher than 6.5. The acidic zones correspond to zones with almost
completely depleted carbonates and which is confirmed by the high coefficient of correlation
between the two parameters and similarly for sulphides. The neutral zones are characterized by
non-negligible carbonate and sulphide contents. This means that not all the tailings are acid
generating but only few locations are acidic. Consequently, before reclaiming the TSF, the acidic
zones must be addressed separately. Knowing that the paste pH is correlated to %C, the option of
alkaline amendment could be envisaged. This technique consists of adding alkaline materials for

acidity buffering.

This methodology could be useful for other sites using amendments as mitigation scenario. The
cost related to amendments is controlled by two parameters, which are the percentage of
amendments and the thickness of tailings that must be amended. In this case, to reduce the cost of
amendments, the oxidized layer thickness map could be helpful to optimize the amendment

thickness regarding the spatial location as shown in Figure 6.7C. The amendment dosage must be
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calculated depending on the residual sulphides based on the sulphur (sulphides) distribution (Figure
6.8B).

6.5 Conclusion

This study highlighted an approach for inactive TSF characterization for environmental issues
using geographical information systems. The multi-technique characterization was exported to GIS
based on a systematic sampling. This approach allowed producing a decision-supporting tool which
was used for two main objectives: i) an integral understanding of the interrelationships between
geochemical properties of the oxidized tailings and ii) helping to identify the most appropriate
reclamation scenario of the TSF taking into account the spatial variabilities of these geochemical
properties. It is a tool reducing cost related to TSF reclamation knowing the budget availability
within inactive tailings. The GIS approach presents the advantage of adding a spatial component
to the geochemical component, which is not possible within lab conditions (based on punctual
sampling). Hardpan formation is a good example; it is formed partially within the south zone and
covered the entire north zone. Moreover, its thickness may vary from a few millimetres to more
than 20 cm. This means that its effect on the water balance changes depending on its properties. In
addition, the acidified areas are located at the eastern part of the south zone and at the western part
of the north zone. They seem to be within few locations where the carbonates are almost depleted

as confirmed by the coefficient of correlation between paste pH and carbonates content.
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7.1 Abstract

This paper presents a short-term investigation of the effectiveness of limestone and cementitious
additives in the in-situ stabilization of localized acid generating tailings from a closed gold mine
in Abitibi-Quebec (Eagle-Telbel mine site ‘Joutel’). Five field cells (including control cell) were
constructed and equipped with two different configurations of water collection; water vertical
infiltration and surface runoff. The five filed cells consisted on: control cell, two cells with 5 wt.%
(C2) and 10 wt.% (C3) limestone and two cemented cells with 5 wt.% % ordinary Portland cement
- % fly ash (C4) and 5 wt.% ordinary Portland cement (C5). The control cell showed an acidic
behavior with pH values less than 4.5 with variables chemical species such as Fe, Al, Zn and Cu.
The amendments were used to neutralize the acidic leachates and decrease chemical species release
from unamended mine tailings. Leachates from surface runoff were less loaded with chemical
species compared to those from vertical infiltration. All amendment formulations increased pH of
the leachates from approximately 4 to around neutrality interval. Furthermore, metal and metalloid
release was greatly limited with amended tailings except for Zn and As for the carbonate-based
amendments. The effectiveness order of the used amendments calculated based unamended cell,
on metals/metalloids stabilization was: C2 = C3 = C4 = C5 for Fe, C4 > C5 > C2 > C3 for Al, C5
> C3 > C4 for Zn, C5=C4 > C2 for As, C5=C4 > C2 > C3 for Pb, C4 > C3 > C2 > C5 for Ni,
C5>C3>C4>C2forLiand C4>C5>C2>C3forCr.

Key words: Acid mine drainage, Joutel mine site, alkaline amendments, cementitious

amendments, impermeabilization.
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7.2 Introduction

Eagle-Telbel gold mine site (hereafter referred to as Joutel) is located at approximately 195 Km
north of Val-d’Or (Quebec, Canada). The mine was in operation between 1974 and 1994. The ore
belong to sulphide deposit type with pyrite and pyrrhotite as main sulphides (Barnett et al., 1982;
Benzaazoua et al., 2004c; Blowes et al., 1998). Gold extraction generated large amounts of finely
grinded tailings deposited in surface TSF of about 120-ha. The not reclaimed yet TSF is divided
into two zones; the north zone which is the first TSF (1974 to 1986) and the south zone which is
the recent one (1986-1994). The tailings exposition to atmospheric agents (water and oxygen) leads

to sulphide oxidation above water table and subsequent acid generation in some located areas.

In Canada, environmental regulations require restoration and stabilization of tailings and effluent
control before the final closing of mine sites. Stabilization of acidic tailings and contaminants
released from oxidized tailings could be achieved using stabilization/solidification (S/S) technique.
It consists on adding alkaline and/or cementitious materials or industrial sub-products, and it is
referenced as mining amendments (Ahmaruzzaman, 2010; Alkattan et al., 1998; Chen et al., 2009;
Doye et al., 2003; Falciglia et al., 2017; Fatahi et al., 2015; Fleri et al., 2007; Mitchell et al., 2018;
Paradis et al., 2006; Pesonen et al., 2016; Rodriguez et al., 2018; Wang et al., 2018; Wang et al.,
2015b; Yi et al., 2017). Mining amendments could be divided to two categories depending on the

applications:

) alkaline amendments which are used for providing a supplementary neutralization
potential to acidic tailings (Cravotta 11l & Trahan, 1999; de Andrade et al., 2008;
Hakkou et al., 2009),

i) cementitious amendments which are used for either their neutralizing potential and
impermeabilization/solidification against acidic tailings (Du et al., 2013; Gilles et al.,
2014; Kogbara et al., 2011b; Li et al., 2001; Nehdi et al., 2007; Yilmaz et al., 2014).

Alkaline amendments were successfully used to control and neutralized acid mine drainage in
laboratory conditions using kinetic tests (Alkattan et al., 1998; Doye et al., 2003; Duchesne et al.,
1998; Holmstrom et al., 1999; Komnitsas et al., 2004; Mylona et al., 2000; Rodriguez et al., 2018).
Limestone is one of the most used external materials as alkaline amendments. They aim to simply

enhance the neutralization potential of tailings. Dissolution of alkaline amendments, in acidic
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conditions, increases leachates pHs (alkalinity) and reduces contaminant mobility. Different

mechanisms could be involved as:

i)

i)

precipitation of low soluble iron oxy-hydroxides which co-precipitate and/or adsorb
contaminants (Acero et al., 2006; Asta et al., 2010; Benjamin et al., 1981b; Blowes et
al., 2014; Doye et al., 2003),

i) sulfide surface passivation which inhibits oxygen diffusion to and from sulfide
reactive core (Belzile et al., 1997; Cai et al., 2005; Harrison et al., 2015; Kang et al.,
2016),

Iii) reduction of bacterial activity in neutral conditions (Evangelou et al., 1995a;
NEDEM, 1997; Nordstrom et al., 1997). Other materials were successfully used as
alkaline amendments such as red mud bauxite and cement kiln dust (Doye et al., 2003;
Lamontagne, 2001; Mackie & Walsh, 2015; Paradis et al., 2006).

Cementitious amendments are commonly used for solidification of hazardous wastes and
contaminated soils (Duchesne et al., 2006; Ichrak et al., 2016; Nehdi et al., 2007; Wang et al.,

2015b). Compared to alkaline amendments, cementitious amendments reduce the contaminant

mobility by the same mechanisms as the alkaline amendments. However, the application of this

technique allows the solidification of the porous media, encapsulation of the reactive grains and

physical trapping of contaminants (fixation). In fact, tailings cementation leads to:

i)

i)

physical encapsulation of eventual mobile contaminants by increasing the cohesive
properties of the mixture, and

) improves the cohesion and the long-term impermeability of the tailings which reduce
the available surface area of reactive particles (Benzaazoua et al., 2004b; Deschamps
etal., 2009; Gilles et al., 2014; Ichrak et al., 2016; Nehdi et al., 2007; Tariq et al., 2013;
Wang et al., 2018; Wang et al., 2015b; Yilmaz et al., 2014).

Various materials were successfully used as cementitious additives for these purposes and

ordinary cement Portland (OPC) also called general use (GU) is the most used additive. In

cemented paste backfills industrial by-products, (such as fly ash, slags, lime and cement kiln
dusts) were used to substitute partially the OPC (Benzaazoua et al., 2004b; Chen et al., 2009;
Ciccu et al., 2003; Coussy et al., 2011; Criado et al., 2007; Falciglia et al., 2017; Kim et al.,
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2011; Kumpiene et al., 2008; Park, 2000; Peyronnard & Benzaazoua, 2012; Rodriguez et al.,
2018).

In this study, limestone, fly ash and ordinary cement Portland (OPC) were tested at Joutel mine
site. The main objective of the work consisted in testing in-situ effectiveness of these materials to
stabilize acidic tailings in real field conditions allowing cost-effective site mitigation. Each cell
was equipped with two types of water collectors; water vertical infiltration and surface-runoff. This
scheme allows to follow the chemical composition of the two main component of water balance

which are the surface runoff and the vertical infiltration.

7.3 Materials and Methods

7.3.1 Materials

7.3.1.1 Joutel mine site

Eagle-Telbel mine site (hereafter referenced as Joutel) is a closed gold mine site located at the north
of Abitibi-Témiscamingue (Canada). It was operated between 1974 and 1994. The gold was
associated to a sulphidic deposit mainly as pyrite and traces of pyrrhotite, chalcopyrite, sphalerite
and galena. The gold was extracted using sulphide bulk flotation followed by cyanidization. Ore
treatment produced finely grinded tailings deposited in 120 ha of tailings storage facility (TSF).
The TSF is divided into two zones; the north zone which the old and relatively elevated TSF and
the south zone which is the recent one.

7.3.1.2 Amendments formulation
The two categories of mining amendments were tested within Joutel’s oxidized tailings:

Alkaline amendments were applied using limestone. Two formulations were tested based on
preliminary laboratory tests. 5 wt.% and 10 wt.% limestone was in-situ mixed with oxidized
tailings and then filled in the field cells. The limestone used in this study had particle size under
6.25mm to ensure a mixture of fine and coarse particle size to ensure a mixture of fine reactive
particles and long-term reactive coarse particles. Calculation of limestone needed to neutralize
oxidized tailings was calculated based on NP and AP of limestone and the reactive tailings as

expressed in equation 1 (Eq 15) :
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(NP tailings — (f AP tailings)) (Eq 15)

%R = 100
& " (f * X", Xi = APi) — (3™, Xi = NPiQ)

Where

NP tailings : is the neutralization potential of the mine tailings,
AP tailings : is the acidification potential of the mine tailings,
f:is the ratio (NP/AP) target,

Xi : is proportion of each amendment material used (it equals 1 if only one

amendment material is used),
APi : is the acidification potential of the amendment material,
NPi : is the neutralization potential of the amendment material.

For the studied mine tailings, the ratio calculated was about 5% for a ration (NP/AP)
of 3.

The second type of the amendments used was cementitious additives which consisted on the
integration of OPC and fly ashes. The two formulations used were OPC and % OPC- Y2 FA at 5 %
dosage regarding the total dry weight of the tailings.

7.3.1.3 Field cells construction

Field cells were constructed in an acidic area previously localized at Joutel TSF (Elghali et al.,
2018Db). The cells were 4m in width, 4m in length and 30cm in depth. The cells were shaped as an
inverted truncated pyramid. Only oxidized tailings were amended using the different formulations.
Amendments mixing were achieved using the bucket of mechanical loader (Figure 7.1E, F, G, H).
Then, the cells were excavated in the TSF and the linear low-density polyethylene geomembrane
was installed in the bottom and the sides of each cell to control the exfiltration (Bussiere et al.,
2007) (Figure 7.1B, F, D). Two systems of water collection were installed at each cell; collection
of water vertical infiltration using 5cm PVC pipes and collection of surface and subsurface runoff
was achieved using a combination of 5cm PVC pipes and a gutter (Figure 7.1C). Each collection
system was connected to a separate external reservoir. Finally, only cemented cells (with binders)

were covered with 20cm sand as a protection layer (Figure 7.11). the drain for collection of water
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vertical infiltration and the surface of each cell were installed with a slope of 2%. A schematic
representation of the cells constructed is illustrated in the Figure 7.2.
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Figure 7.1 : Images showing field cells construction and amendments mixing with oxidized tailings (A, B, C and D : cells excavation,

geomembrane and drains installation, E, F, G, H, I: amendments mixing with oxidized tailings)
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Figure 7.2: Schematic representation of the cells constructed in the TSF (image not to scale) illustrating the two water collectors
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7.3.2 Methods

The grain size distribution of the studied samples was evaluated using a laser analyzer (Malvern
Masetrsizer). The bulk chemical composition of the samples was analyzed using Perkin Elmer
Optima 3100 RL ICP-AES following a total HNO3/Br2/HF/HCI digestion. Major minerals within
oxidized and unweathered tailings were analyzed by X-ray diffraction (XRD; Brucker D8
Advance, with a detection limit and precision of approximately 1-5 %, operating with a copper
cathode, Ko radiation) using DIFFRACT.EVA software and quantified using TOPAS v4.2.

The collected leachates were analyzed for pH, Eh and electrical conductivity using a
pH/Eh/conductivity meters and their chemical composition was analyzed using ICP-AES on
acidified samples using 2% HNOa. Iron pH-Eh diagrams were drawn for the control cell and the
four cells with alkaline and cementitious amendments at 21 °C using Geochemist’s workbench
(GWB) database (student edition, version 12.0.1). Iron activities were calculated using Visual
Minteq 3.1 based on average iron concentrations. Iron activities calculated were about 2.09E % and
1.8206E% for the control cell and the amended cells respectively. Then, results of pH and Eh were

projected on the iron pH-Eh diagrams to visualize iron speciation.
7.4 Results

7.4.1 Chemical, mineralogical, AGP static tests and physical characterization

of solid samples

Results of the chemical, mineralogical, static tests and physical characterizations of solid samples
used in this study are summarized in Table 7.1. Particle size distribution of mine tailings (MT) were
very fine compared to limestone. Ordinary Portland cement (OPC) and fly ash (FA) are also fine
which may enhance their cementing potential. Indeed, Dgo which corresponds to 90 wt.% passing
on the cumulative grain size distribution curve, was about 30.5 um for mine tailings sample, 4500
pm for limestone sample, 46.7 um for OPC and 1500 for FA. The initial water content of studied
samples was about 15 wt.% for mine tailings sample, 6.1 wt.% for limestone sample, Completely
dry in the case of OPC sample and 3.5 wt.% for FA sample. Chemical characterization of studied
samples showed that the mine tailings sample is iron-rich (19.30 %), its contains also sulfur (4.40

%) and calcium (3%) confirming the mineralogical composition. Limestone sample contained
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mainly calcium (34%) and magnesium (2.50 %). OPC sample contained mostly calcium (49%),
aluminum (2.75%) and iron (2.25%). The FA sample contained mainly calcium (7.50%), aluminum
(4.75%) and iron (2.25%). Other elements were analyzed in trace concentrations within the four
samples and the complete chemical composition of these sample is presented in Table 7.1.
Mineralogical composition confirmed that mine tailings are highly oxidized; their composition
contains many secondary minerals such as gypsum (14 wt.%) and goethite (36 wt.%). Carbonates
and sulphides within mine tailings were below detection limit of XRD. Limestone sample was
mostly based in calcite (76 wt.%) and dolomite (22 wt.%). Fly ash sample contained about 15 wt.%
of calcite (carbonatation most probably), 28 wt.% of quartz and about 57 wt.% of various reactive
silicate minerals. Neutralization potential as analyzed using sobek modified by Bouzahzah et al.
(2015) was about 3 kg CaCOs/t and 880 kg CaCOs/t for mine tailings sample and limestone sample

respectively. The low NP of the oxidized tailings is due to carbonate depletion.
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Table 7.1: Physical, chemical, static tests and mineralogical characterization of studied samples

Units Mine tailings Limestone | Ordinary cement | Fly ash
Portland
,g D10 gm 1.8 50 4.2 82
S | p3o 4.7 250 11.3 180
2% [Doo 30.4 4500 46.7 1500
= _&3 Initial water content wt.% 15 6.1 dry 3.52
Al 1.73 0.295 2.75 4.69
Ca 3.00 33.82 49.07 7.58
Mg 0.27 2.350 1.18 1.05
Mn 0.23 0.031 0.06 0.42
Na 0.97 0.125 0.16 1.96
8 K 0.27 0.245 0.43 1.85
§ Fe 19.30 0.483 2.23 2.24
g Li % 0.42 <0.0005 <0.0005 0.002
T: Pb 0.042 <0.0005 <0.0005 <0.0005
é As <0.0005 <0.0005 0.005 <0.0005
g Cr 0.009 0.004 0.007 0.006
Cu 0.001 <0.0001 0.007 <0.0001
Zn 0.007 <0.0055 0.05 0.07
S (total) 4.36 0.93 1.74 0.43
S (sulphates) 3.86 - - -
C 0.23 - - -
2@ | NP Kg CaCOs/t | 3 880 - -
g § AP Kg CaCOs/t 15.60 - - -
Quartz 23.09 2.07 27.85
Calcite - 75.76 14.66
.§ Dolomite - 22.17 <DL
§ Muscovite 5.56 - @ 7.83
g Labradorite - - @ 43.39
= Orthoclase wt.% 1.54 - s 6.28
B Biotite 1.91 - 2 <DL
g Albite 17.84 - z <DL
£ Gypsum 13.81 - <DL
= Goethite 36.25 - <DL
Pyrite - - <DL

DL = detection limit
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7.4.2 Field cells monitoring

The contact time between water and tailings is greater for vertical infiltration than the time required
for surface and subsurface runoff. The leachates were collected periodically after each rainy event.
The pH/Eh and electrical conductivity were in-situ analyzed.

7.4.2.1 \Water vertical infiltration

Leachates from the different cells showed a different behavior regarding pH and electrical
conductivity (Figure 7.3A, B). The control cell showed an acidic behavior with pH ranging between
1.7 and 4.3. However, the amended tailings showed a neutral pH values ranging between 6.65 and
7.9 for C2, between 7.15 and 8.15 for C3, between 6.6 and 8.56 for C4 and between 8.75 and 10.35
for C5 (Figure 7.3A). All amendment formulations allowed to buffer the acidity produced by the
oxidized tailings. Indeed, acidic leachates reacts with limestone or binding phases, which neutralize
leachates acidity through their partial dissolution (Blowes et al., 2003; Blowes et al., 2014; Blowes
et al., 1994; Blowes et al., 2013; Doye et al., 2003; Hakkou et al., 2009; Holmstrom et al., 1999;
Wang et al., 2015b). Eh values showed oxic conditions (Eh higher than 100 mV) within the five
cells (Figure 7.3C). Electrical conductivity (EC) measures illustrates the chemical quality of
leachates (Figure 7.3B); EC values showed that leachates from control cell are more loaded in term
of chemical than leachates from amended cells. EC values corresponding to the control cell ranged
between 8.8 and 13.40 mS/cm. Contrariwise, EC values from C2, C3, C4 and C5 were too much
low; between 5 and 9 mS/cm, 6 and 12 mS/cm, 2 and 5 mS/cm and 2 and 5 mS/cm respectively.
The cementitious amendments displayed the lowest EC values compared to control cell and
limestone amendment. Hardening of tailings due to cementation processes reduces the available
surface area, which reduces the chemical species leaching rates (Benzaazoua et al., 2002;
Benzaazoua et al., 1999; Nehdi et al., 2007; Pesonen et al., 2016; Peyronnard et al., 2012; Tariq et
al., 2013; Wang et al., 2018; Wang et al., 2015b).
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Figure 7.3 : Graphs showing pH (A), electrical conductivity (B) and Eh(C) evolution of vertical

infiltrated water

Chemical quality of the leachates collected from the five cells were analyzed for Ca, Mg, Fe, S,
Al, Zn, As, Pb, Ni, Li and Cr to evaluate eventual carbonate dissolution, sulphide oxidation and
metals/metalloids release (Figure 7.4 and Figure 7.5). Calcium and magnesium concentrations
were slightly different depending on the cell. Average Ca concentrations were about 406 mg/l, 478
mg/l, 443 mg/l, 470 mg/l, 543 mg/l for C1, C2, C3, C4 and C5 respectively. Average magnesium
concentrations were about 2900 mg/l, 1660 mg/l, 2550 mg/l, 26 mg/l and 2.50 mg/I for control cell,
C2, C3, C4 and C5 respectively (Figure 7.4A). Average iron concentrations were about 161.5 mg/l,
0.12 mg/l, 0.12 mg/l, 0.08 mg/l and 0.10 mg/l for control cell, C2, C3, C4 and C5 respectively
(Figure 7.4C). The control cell displayed the highest iron concentrations compared to amended
cells (Figure 7.4C). Average sulphur concentrations were about 4822 mg/I, 2510 mg/I, 3590 mg/l,
742 mg/l and 978 mg/1 for control cell, C2, C3, C4 and C5 respectively (Figure 7.4D).

Regarding aluminum leaching, the control cell and the amended cells released showed the smallest
Al concentration. Indeed, average Al concentrations were about 3 mg/l, 0.08 mg/l, 0.09 mg/I, 0.03
mg/l and 0.30 mg/l for control cell, C2, C3, C4 and C5 respectively (Figure 7.4E). Zinc
concentrations (Figure 7.5A) were around 0.62 mg/l, 0.90 mg/l, 0.20 mg/l, 0.26 mg/l and 0.12 mg/I
for control cell, C2, C3, C4 and C5 respectively. Arsenic was more released within control cell and

cells within carbonates amendments (C2 and C3) compared to cells with cementitious amendments



174

(C4 and C5). Average As concentrations were about 0.18 mg/I, 0.15 mg/l and 0.20 mg/I for control
cell, C2 and C3; however, for C4 and C5, no As was detected (Figure 7.5B). Lead average
concentrations (mg/l) were about 0.12, 0.012, 0.024 for control cell, C2 and C3 respectively and
under detection limit of ICP-AES for C4 and C5 respectively (Figure 7.5C). Nickel average
concentrations (mg/l) were about 0.46, 0.026, 0.018, 0.01 and 0.175 for control cell, C2, C3, C4
and C5 respectively (Figure 7.5D). Lithium average concentrations (mg/l) were about 0.08, 0.024,
0.015, 0.02 and 0.007 for control cell, C2, C3, C4 and C5 respectively (Figure 7.5E). Finally,
chromium average concentrations (mg/l) were about 0.42, 0.028, 0.029, 0.001 and 0.015 for control
cell, C2, C3, C4 and C5 respectively (Figure 7.5F). Comparison of average chemical concentrations
of Fe, As, Zn, Ni and Pb with those allowed by the D019 of Quebec province (Ministere du
développement durable, 2012), Fe is the only element that exceed the threshold limited by the
directive 019 (D019) being around 3 mg/I.
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Figure 7.4: Graphs showing punctual concentrations of Ca (A), Mg (B), Fe (C), S (D) and Al (E) of water

vertical infiltration
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(E) and Cr (F) of water vertical infiltration

7.4.2.2 Surface and subsurface runoff

Leachates collected from surface and subsurface runoff within the five cells were analyzed for the
same parameters as the leachates from water vertical infiltration. During the monitoring, no
leachates were collected from cemented cell C4 (OPC/FA) suggesting that all water serves to
saturate the material. Surface runoff from control cell displayed an acidic behavior with pH values
less than 4 (Figure 7.6A) compared to the amended cells which presented pH values higher than 6.
Consequently, the different amendment formulations neutralized successfully the acidity produced
by the oxidized tailings. EC values for all cells were between 1 and 3 mS/cm (Figure 7.6B) and Eh

values were higher than 300 mV indicating oxic conditions (Figure 7.6C).
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Average calcium concentrations were about 381 mg/l, 419 mg/l, 451 mg/l and 452 mg/| for control
cell, C2, C3 and C5 respectively (Figure 7.7A). Average magnesium concentrations were about 88
mg/l, 172.5 mg/l, 86.4 mg/l and 34.4 mg/l for control cell, C2, C3 and C5 respectively (Figure
7.7B). Average iron concentrations were about 1.50 mg/l, 0.04 mg/l, 0.03 mg/l and 0.04 mg/l for
control cell, C2, C3 and C5 respectively (Figure 7.7C). Sulphur leaching were about 514 mg/l, 579
mg/l, 545 mg/l and 510 mg/l for control cell, C2, C3 and C5 respectively (Figure 7.7D). Metals
detected within leachates from the five cells were only Al and Zn. Average aluminium
concentrations were about 0.26 mg/l and 0.03 mg/I for the control cell and C5 respectively, and for
cells C2 and C3 aluminium was only released during 6th sampling period (0.065 mg/l for C2 and
0.06 mg/I for C3) (Figure 7.7E). Average zinc concentrations were 0.20 mg/l, 0.06 mg/Il, 0.04 mg/I
and 0.26 mg/I for control cell, C2, C3 and C5 respectively (Figure 7.7F). During surface runoff, all
chemical species analyzed within the different cells didn’t exceed the threshold allowed by the
D019. So, reducing contact and time contact between water and the oxidized tailings is an
interesting option to reduce chemical species release.
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Figure 7.6: Graphs showing the evolution of pH (A), electrical conductivity (B) and Eh(C) within surface

and subsurface runoff
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7.5 Discussion

Oxidized tailings showed acidic behavior with pH values less than 4. It seems that the type of water
pathways influences considerably the water quality. Indeed, during water vertical infiltration the
leachates are more acidic and more loaded in chemical species because they remain for a long time
in contact with the reactive minerals. Water vertical infiltration rate depends on the physical, and
hydrogeological properties of the tailings (Bear, 2012; Beven & Germann, 1982; Bussiére et al.,
2001; Childs & Bybordi, 1969; Whitaker, 1986). However, surface runoff rate is greatly controlled
by the morphological properties of the tailings storage facility (slope gradient, slope length), the
hydrogeological properties (hydraulic conductivity), and the precipitation intensity (Dunne et al.,
1991, Getter et al., 2007; Vermang et al., 2015).
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During the monitoring period, the behavior of amended tailings showed that alkaline and
cementitious amendments are a promising technique that could be used for at least local
stabilization and neutralization of acid-generating tailings. The leachates from the different
amended cells (C2, C3, C4, C5) were characterized by neutral pH values and were less loaded in
terms of chemical species compared to control cell except for calcium which more released within
C5 (5 wt.% OPC). In fact, dissolution of carbonates and cement binders produce alkalinity and
buffer leachates pH. pH buffering by carbonate dissolution is a well described mechanism
(Benzaazoua et al., 2004c; Benzaazoua et al., 2001; Blowes et al., 2003; Blowes et al., 2014;
Blowes et al., 1994; Blowes et al., 1998; Blowes et al., 2013; Bussiére et al., 2004; Caldeira et al.,
2010; Cravotta Il et al., 1999; Doye et al., 2003; Jambor, 1994; Jambor et al., 2002b; Jamieson et
al., 2015; Lapakko, 1994; Nicholson et al., 1988; Nordstrom et al., 1997). The levels of pH were
established early due to high dissolution rates of limestone and cement in acidic medias.
Dissolution of carbonates (calcite) could be expressed by the reactions (eq 2 and eq 3) depending
on the pH value:

CaCOs(s) + 2H" (aq) — H2COs(aq) + Ca?* (Eq 2)
CaCOs(s) + H* (ag — HCO3 + Ca?* (Eq 3)

Ca leaching was higher within C5 which contains OPC as binder. In fact, dissolution of tricalcium
silicate (C3S) contained in OPC according to the following reaction (Eq 4):

2Ca3SiOs + 6H20 — 6Ca2* + 80H" + 2H,Si04 (Eq 4)

Otherwise, Ca is released by gypsum and in less extent by carbonate dissolution for the control
cell. Furthermore, other chemical species (As, Fe, Al, Li, Pb, Cr, Li and Zn) seems to be
immobilized within the amended cells. The mechanism responsible for the attenuation is the
precipitation, co-precipitation and sorption mechanisms related to secondary iron oxy-hydroxides
at neutral pH values (Doye et al., 2003; Komnitsas et al., 2004; Manceau et al., 1992; Yi et al.,
2017). In deed, iron Eh-pH diagram presented in Figure 7.8 showed that in iron will precipitate as
iron oxides. However, for cementitious amendments (C4 and C5), in addition to iron secondary
phases precipitation, two other mechanisms are responsible for chemical species attenuation: i)

physical trapping and ii) diminution of water/tailings contact surface and time. Application of
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cementitious additives enhances the mechanical resistance of tailings and consequently increases
their long-term impermeability (Benzaazoua et al., 2002; Benzaazoua et al., 2004b; Benzaazoua et
al., 1999; Nehdi et al., 2007; Wang et al., 2015a). As it can be seen in Figure 7.9, all amendments
used in this study were greatly capable to decrease the mobility of the analyzed element compared
the control cell except for zinc and arsenic for the C2 and the C3 respectively which referred to 5

wt.% and 10 wt.% limestone. The reduction factor is calculated as illustrated in eq 5:
RF =100 + (1 - 50) (Eq 5)

Where:

RF is reduction factor,

Ca is the concentration of element in the amended cell,
Co is the concentration of element in the control cell.

Iron was almost completely immobilized within the different amendment formulations; its
reduction factor was about 100%. Aluminium concentrations were reduced of more than 90% with
a maximum of reduction factor of 99% calculated for C3. Zinc mobility is greatly reduced within
C4 with a reduction factor of 81% and a minimum of 58% for the C4, however for the C2 (5%
limestone), Zn zinc concentrations were enhanced with a factor of 45%. Arsenic release was
completely inhibited for cementitious formulations (C4 and C5) with a reduction factor of 100%
and weakly reduced for C2 with only 17% reduction factor and more released from the C3
displaying a negative rate (-13%). Lead was successfully immobilized within the different
amendment formulations but different reduction factor; lead reduction factor was 100% for
cementitious amendments and more than 80% for alkaline amendments. Nickel concentrations
were greatly reduced within C2, C3 and C4 with a reduction factor about 96% and 62% for C4.
Lithium concentrations were reduced within all amendment formulations of a maximum of
reduction within C4. Finally, chromium was successfully stabilized within the four amended cells
(more than 93%). The order of effectiveness of the different amendment was: C2=C3=C4 =C5
for Fe, C4>C5>C2>C3for Al, C5>C3> C4 for Zn,C5=C4 > C2 for As,C5=C4>C2>C3
forPb,C4>C3>C2>C5forNi,C5>C3>C4>C2forLiand C4>C5>C2>C3forCr. As it

could be seen when comparing the efficiency order, cementitious amendments showed high
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capacity to immobilization of chemical species and relatively less efficiency of limestone because
it fails to stabilize zinc (C2, Figure 7.9) and arsenic (C3, Figure 7.9).
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7.6 Conclusion

Reducing risks such as acidity generation and contaminant release from mine tailings is a serious
challenge facing mining industries that requires cost-effective techniques and practices. Limestone
as alkaline amendment and ordinary cement and fly ash as cementitious amendment was tested for
the control of local acid generating oxidized tailings in Joutel closed mine TSF. The field tests
provided promising results in terms of acidity neutralization and contaminant release capacities
from amended tailings based on the early stages of the testing. Furthermore, ordinary Portland
cement was successfully substituted by fly ash which may reduce costs of this category of
amendment. The cementitious amendment showed a high efficiency compared to limestone. In
fact, within cementitious amendment, all the metal and metalloid concentrations were reduced
compared to limestone formulation which failed regarding zinc and arsenic stabilization for 5%
and 10% limestone respectively. However, the applicability of mining amendments as reclamation
technique is decided considering two major points which are i) the long-term behavior of amended
tailings and how much time the contaminant will be immobilized and ii) the cost related to this
technique. The economical factor will be greatly affected by the availability or not of the materials
(amendment) at the proximity of the mine site. The ongoing works consisted of measuring the
water flows within surface runoff and water vertical infiltration collectors. Also, the effectiveness

of these amendment formulations will be monitored for additional years.
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CHAPITRE 8 DISCUSSION GENERALE

Les différentes caractérisations et essais de prédiction environnementaux réalisés sur des stériles
et résidus miniers, dans le cadre de ce doctorat, ont permis d’obtenir des données qualitatives et
quantitatives sur : i) ’effet de la libération des sulfures et des carbonates sur le comportement
géochimique des stériles miniers, ii) ’effet des oxy-hydroxydes de fer et du hardpan sur le
comportement géochimique des résidus miniers oxydés et enfin iii) I’efficacité de divers
amendements pour le contr6le du DMA dans des parcs a résidus. Parmi les contributions de cette
these, on souligne la proposition d’une nouvelle méthodologie pour la caractérisation des stériles
miniers pour une gestion optimale des rejets: une approche de caractérisation basée sur
I’intégration de la minéralogie automatisée en considérant des échantillons qui assurent une
représentativité de la distribution granulométrique des stériles tels qu’ils sont produits lors de
I’opération miniere. La finalité est de gérer séparément les stériles dépendamment de la distribution
granulométrique et texturale des sulfures et des carbonates. Ensuite, cette these a permis de montrer
que, dans certains cas, les essais cinétiques au laboratoire ne sont pas capables de reproduire le
comportement géochimique du terrain. C’est le cas des résidus miniers riches en carbonates de fer
et manganése. Classés comme incertains, ils ont montré un comportement acidogéne plus ou moins
localisé sur le terrain, d’ou la nécessité, dans ces cas, d’interpréter les essais cinétiques de
laboratoire avec une grande précaution. Finalement, pour ces résidus acidogenes des techniques de
mitigation ont été testées sur le terrain, consistant a évaluer ’efficacité de divers amendements. Ce

chapitre traitera des principaux résultats de cette ¢tude et tentera d’en discuter certains aspects.

8.1 Importance de la procédure d’échantillonnage pour I’étude du

comportement géochimique des rejets miniers

L’objectif principal de I’échantillonnage est de sélectionner des échantillons ayant les mémes
caractéristiques que les lithologies échantillonnées (EPA, 1994). Différents plans
d’échantillonnage ont été développés pour différentes thématiques (Carter, 1993). L’étape de
I’échantillonnage est reconnue une étape clé pour bien mener des études dans différents domaines
(Esbensen & Heydorn, 2004; Mgller, 2004). L’échantillonnage des rejets est encore plus complexe

a cause de I’hétérogénéité de leurs propriétés physiques suite a leur déposition ; (surtout dans le
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cas des stériles) et minéralogiques (particuliérement le cas des résidus miniers oxydés). La
difficulté d’échantillonnage différe selon le type de rejets (stériles ou résidus).

En effet, les stériles miniers étant caractérisés par un étalement de la distribution granulométrique,
présentent la complexité de la taille maximale a considérer lors de 1’échantillonnage et le protocole
d’échantillonnage (Lapakko et al., 2006; Smith et al., 2000). Différents auteurs ont suggére la taille
maximale des particules a considérer ; Smith et al., (2000) ont suggéré 2 mm comme taille des
particules pour avoir le maximum de minéraux disponibles alors que Lapakko et al., (2006)
suggerent 6.3 mm. Notons la diffulté d’obtenir un échantillon représentatitf a partir d’une halde a
stériles qui présente des hétérogénéites lithologiques et granulométriques bien établies. Durant ce
site. L’étude sur les stériles présentée dans cette thése a montré qu’a partir de 2.4 mm, les sulfures,
pour ces matériaux, sont trés faiblement disponibles aux réactions d’oxydation, sachant que 2.4
mm est un parameétre spécicifique aux échantillons et au site étudiés, ce qui est en concordance
avec les travaux de Smith et al., (2000). Etant donné la grande variabilité des propriétés
métalogéniques des gisements au travers le monde, la taille maximale a considérer lors de
I’échantillonnage doit étre choisie en fonction du degré de libération des sulfures suite a un
dynamitage donné. Le choix de ce paramétre est fait en considérant que I’oxydation des sulfures
est la premicre réaction du drainage minier et peut étre responsable de 1’acidité. De plus,
I’échantillonnage doit étre réailisé aprés dynamitage des stériles pour I’unique raison de considérer
la méme distribution granulométrique des stériles tels que produits lors de des opérations
d’extraction. En conséquence, le choix des carottes, qui s’imposent dans le cas d’un projet minier
dans ses phases de faisabilités, doit se faire avec une grande précaution. Lors du concassage de ces
carottes, il faut générer suffisamment de fines pour simuler un stérile issu du dynamitage. Par
ailleurs, dans le cas de stériles préalablement altérés, la notion de passivation (coating) des sulfures

est un aspect a considérer en sachant qu’il peut étre quantifié a 1’aide de la minéralogie appliquée.

Pour le cas des parcs a résidus fermés ou abondonnés, 1’oxydation des résidus est tres variable
dépendamment de la localisation sur le parc a résidus et surtout de la topgraphie du site (profondeur
de la nappe, proximité des digues, etc.). En considérant que les résidus suite a leur déposition sont
hétérogénes des points de vue de la composition minéralogique et de la distribution
granulométrique, la procédure d’échantillonnage proposée pour des fins de restauration est basée

sur une cartographie spatiale des propriétés géochimiques des résidus oxydés en utilisant un
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¢chantillonnage systématique. C’est une technique largement développée et recommandée pour la
caractérisation des sols et pour les besoins de 1’exploration géochimique (Bellhouse, 2005;
Buckland et al., 2005; Carter, 1993; Cruz-Orive, 1989; Gilbert, 1987). Cette procédure est
généralement plus fastidieuse et couteuse qu’un échantillonnage ponctuel aléatoire, mais elle
représente beaucoup d’avantages : elle permet de quantifier la variablité spatiale des propriétés
environnementales des résidus oxydeés, de quantifier les correlations spatiales entre les différents
parametres analyses et de fournir la possibilité de dévisier le parc a résidus en différentes zones
homogenes de point du vu degré de contamination. En effet, c’est une méthodologie qui rajoute la
composante spatiale aux autres composantes relatives aux résidus (minéralogie, morphologie, etc.).
L’intégration des SIG a ce niveau permet de produire un outil d’aide a la décision pour orienter les
travaux de mitigation/restauration des parcs a résidus inactifs. Les zones a neutraliser avant le
scénario de restauration global seront délimitées basé sur le SIG produit. La difficulté de cette
technique se situe au niveau du choix du pas d’échantillonnage. En effet, il n’existe pas de moyen
statistique qui permet de définir le pas d’échantillonnage, mais il peut étre estimé par 1’opérateur
en fonction de différentes contraintes a savoir : i) les objectifs de 1’étude, ii) le niveau de

connaissance du site d’étude et de la problématique et enfin, iii) le budget alloué pour I’étude.

8.2 Importance de la caractérisation minéralogique et effet de la
libération minérale sur le comportement géochimique des rejets
miniers

La caractérisation minéralogique est considérée parmi les étapes clés d’une bonne prédiction et
compréhension du comportement géochimique des rejets miniers. Certains auteurs ont suggéré
I'utilisation de la minéralogie des 1’étape de 1’exploration pour bien planifier le mode de traitement
du minerai et aussi prédire les problémes environnementaux liés a I’exploitation du minerai en
question (Bouzahzah et al., 2014a; Chopard, 2017; Chopard et al., 2015; Jamieson et al., 2015).
La minéralogie multi-technique a été utilisée comme moyen d’explication et de prédiction des
phénomenes géochimiques qui peuvent avoir lieu lors du processus d’oxydation des rejets miniers
(Blowes et al., 2003; Dong, 2015; Goodall, 2008; Gottlieb et al., 2000; Jambor, 1994; Mukherjee,
2012; Paktunc et al., 2000a; Petruk, 2000). La caractérisation minéralogique peut varier selon

I’objectif de 1’étude ; elle peut commencer par des observations sous microscopie optique et se
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terminer par des méthodes plus poussées comme les systémes de minéralogie automatisés
permettant de quantifier divers paramétres minéralogiques (e.g. QEMSCAN, MLA, Mineralogic
Mining, TIMA). Cette thése a mis en évidence I’importance de la minéralogie automatisée comme
technique d’identification et de quantification des parameétres texturaux d’un rejet minier qui
peuvent étre d’une grande importance lors de la gestion des rejets ou encore lors du traitement

minerai.

En effet malgré son co(t, la minéralogie automatisée permet de quantifier le degré de libération
minérale, les associations minéralogiques, la composition minéralogique modale, la granulo-
minéralogie, la distribution élémentaire, etc. Le degré de libération minérale décrit le taux
d’exposition d’un minéral. En effet, un minéral est qualifié¢ par un degré de libération de 100% s’il
n’a aucun contour partagé avec un autre minéral. Un minéral est dit encapsulé a 100% si ses
contours sont complétement partagés avec d’autres minéraux. Il est admis que les surfaces
minérales relevées sur les analyses microscopiques (sections polies) sont représentatives des
textures volumiques et que la réactivité d’un minéral dépend de son taux d’exposition. Le chapitre
3 et 4 de cette these ont montré un exemple concret de 1’utilisation de la minéralogie automatisée
pour la prédiction environnementale et du potentiel polluant des stériles miniers tenant en compte
de leur granulo-minéralogie. C’est une approche qui propose la séparation d’un stérile minier selon
un paramétre appelé ici diamétre d’encapsulation physique des sulfures (DPLS, diameter of
physical locking of sulphides); il définit la taille minimale des particules au-dessus de laquelle les
sulfures sont presque completement encapsulés dans une matrice de gangue silicatée. De ce fait, la
fraction +DPLS est caractérisée par une réactivité négligeable en comparaison a la réactivité de la
fraction -DPLS. Généralement la réactivité de 1I’échantillon total est déterminée par la réactivité de
la fraction -DPLS. Malgré que ce DPLS ne peut pas étre généralisé pour tous les types de stériles
et pour tous les sites miniers, la méthodologie proposée est valable indépendamment de la géologie
des lithologies en question moyennant des modifications qui peuvent avoir lieu sur le nombre de
fractions a analyser. Le nombre de fractions granulométriques a analyser dépend de la taille
maximale des particules (Dmax) de I’échantillon étudié. En regle genérale, plus Dmax est grand

plus qu’il faut augmenter le nombre de fractions a analyser.

L’objectif ultime de définir ce DPLS est de suggérer une nouvelle fagon pour la gestion des stériles.
Cette méthodologie présente théoriquement un grand intérét économique pour I’industrie minicre

qui produit des stériles ayant une granulometrie étalée. Sachant que la fraction grossiére présente
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une proportion importante de I’échantillon total, le DPLS va réduire la quantité de stériles a gérer

et les haldes a restaurer.

L’influence du degré de libération a été étudiée indirectement en étudiant I’effet de la granulométrie
sur le comportement géochimique des rejets miniers (Erguler et al., 2015; Kalyoncu Erguler et al.,
2014; Lapakko et al., 2006; Paktunc et al., 2000a). Dans cette these, 1’effet du degré de libération
des sulfures sur le comportement géochimique des stériles a été intégrée a une prédiction du PGA
de type statique et cinétique en colonnes monitorées sur 543 jours. Le taux d’oxydation de la pyrite
pour les trois lithologies en question a montré que la fraction -DPLS présente un taux d’oxydation
six fois plus important que celui de 1’oxydation de la pyrite pour I’échantillon total et encore dix
fois plus important que celui de I’oxydation de la pyrite pour la fraction +DPLS. De plus, la
réalisation des essais statiques sur un stériles miniers nécessite sa pulvérisation pour qu’il soit
conforme aux protocoles et méthodes développées dans la littérature (Bouzahzah et al., 2015a;
Jambor et al., 2002a; Lawrence et al., 1997b; NEDEM, 2008; Plante et al., 2012). La pulvérisation
de I’échantillon est une étape qui détruit la texture initiale de 1’échantillon indépendamment de sa
granulométrie initiale. L’analyse ou le calcul du NP a partir d’un échantillon pulvérisé suppose que
tous les minéraux présents dans 1’échantillon vont réagir ce qui n’est pas vrai et démontré par des
essais cinétiques dont les résultats sont illustrés au chapitre 4 de ce mémoire (Blowes et al., 2003;
Blowes et al., 1994; Blowes et al., 2013). De ce fait, introduire un facteur de correction de la valeur
du soufre et le carbone inorganique utilisés dans les tests de prédiction du PGA, qui prend en
considération la texture initiale de 1’échantillon, est nécessaire. Cette correction consiste a
multiplier le PA par le degré de libération des minéraux acidifiants et le PN par le degré de
libération des minéraux neutralisants comme analysés par le systeme de minéralogie automatise.
Mais dans les cas ou les minéraux neutralisants (ou minéraux acidifiants) sont multiples, il faut
corriger le PN (ou PA) par rapport au degré de libération de chaque minéral en considérant sa
participation & la neutralisation globale (ou acidification) de 1I’échantillon. Le PN des stériles
étudiés ici a été corrigé seulement par rapport au degré de libération des carbonates parce qu’ils
sont les principaux minéraux qui participent a la neutralisation. Cette conclusion a été justifiee en
comparant le PN calculé par les carbonates et le PN analysé selon la méthode de Sobek modifiée
par Bouzahzah et al. (2015). Par ailleurs, plusieurs auteurs ont étudié I’apport des silicates au PN
des rejets miniers et ont démontré qu’ils ne participent pas d’une maniére significative en plus de

leurs cinétiques de dissolution lentes (Jambor et al., 2002a). Par conséquent, le DPLS est un
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parametre intrinséque a chaque type de lithologie et spécifique a chaque site. 1l peut étre intégré
lors de la gestion des stériles pour réduire les colts liés aux éventuelles opérations de réhabilitation.
Cette approche suggeére la séparation des stériles miniers en fonction du DPLS spécifique avant la
mise en place de la halde a stérile. L’objectif ultime de 1’utilisation du DPLS est d’isoler la fraction
-DPLS qui présente une réactivité importante et un volume faible pour ne pas contaminer le
comportement géochimique global de la halde a stériles. C’est une approche qui nécessite une étude
de faisabilité technique et économique. Un principe similaire est utilisé en Australie par le CRC
ore appelé ‘grade engineering’ qui vise a maximiser la récupération du minerai des la premiére
étape du sautage en se basant sur une separation granulométrique in-situ. Ce principe est illustré

dans la Figure 8.1.
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Figure 8.1: Principe du ‘grade engineerin ‘g développé par le CRC ore (tiré de https://www.crcore.org.au/grade-

engineering consulté le 2018-03-15)

Par analogie a ce principe, le schéma proposé pour la gestion des stériles en intégrant la notion du

DPLS est illustré a la Figure 8.2. Cette approche suggérée peut étre appliquée, si elle est faisable
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techniquement et économiquement, avant la mise en place de la halde a stérile. Elle consiste a un
criblage des stériles selon le DPLS qui doit étre défini par une caractérisation minéralogique
automatisée. L’ouverture du crible doit étre égale au DPLS. Le passant du crible devrait étre la
fraction réactive et le refus du crible est la fraction non-réactive. De plus, la définition du DPLS
pour un gisement doit étre fait sur un grand nombre d’échantillons pour étre representatif par
rapport a la totalité des lithologies présentes en utilisant la caractérisation minéralogique et, pour

plus de sécurité, il doit étre confirmé par le biais des essais cinétiques.

Sautage des stériles
Transport

+DPLS

-DPLS
Criblage ¢ ~ DPLS

Figure 8.2: Schéma simplifié de la gestion des stériles proposée

Pour le cas des résidus miniers, ’effet de la libération minérale n’est pas aussi remarquable que
pour les stériles a cause de la différence de granulométrie entre les deux matériaux (Bussiére,
2007). Ceci n’empéche pas que la notion de libération des minéraux peut aussi influencer le
comportement géochimique des résidus miniers. Un exemple concret est celui de la passivation des
sulfures et/ou des carbonates au niveau des résidus miniers par précipitation des minéraux
secondaires comme les oxy-hydroxydes de fer (Belzile et al., 1997; Cai et al., 2005; Cravotta I,
2008a; Kang et al., 2016; Soler et al., 2008). D une fagon générale, la caractérisation minéralogique
des rejets miniers est la premicre étape d’une bonne prédiction de leur comportement
environnemental. Elle permet de : i) identifier la composition minéralogique de 1’échantillon pour
anticiper les minéraux problématiques et les éventuels métaux qui peuvent étre lixiviés suite a une
oxydation, ii) quantifier les minéraux présents pour un bilan entre les minéraux acidifiants et ceux
neutralisants et iii) surtout quantifier la texture de 1’échantillon qui est un paramétre reconnu

déterminant de la réactivité globale de I’échantillon (libération et passivation). La caractérisation
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minéralogique seule combinée aux tests statiques ne peut en pasquantifier les cinétiques de
réaction, les taux de relargage des éléments et la prédiction du comportement a long terme des
rejets, d’ou la nécessité de réaliser des essais cinétiques sur les rejets pour évaluer leur
comportement environnemental. La section suivante décrit les limites et les enjeux des essais de

prédiction du comportement géochimique des rejets miniers.

8.3 Limites et enjeux des essais de prédiction du comportement

geochimique des rejets miniers incertains

Les essais cinétiques ont été désignés dans 1I’objectif de simuler 1’oxydation naturelle des rejets
miniers. C’est un outil qui permet de quantifier les cinétiques de réaction, les taux de réactions, le
lag time s’il existe et prédire le comportement environnemental a long terme de 1’échantillon testé
(Benzaazoua et al., 2017b; Benzaazoua et al., 2004c; Bouzahzah et al., 2014a; Brough et al., 2017;
Chopard et al., 2015; Erguler et al., 2015; Maest et al., 2017; Morin et al., 1994, 2001; Price, 2009).
Les essais cinétiques au laboratoire les plus utilisés sont les mini-cellules d’altération, les cellules
humides et les colonnes. Le choix de I’'un ou ’autre des essais cinétiques dépend de plusieurs
paramétres comme la masse d’échantillon disponible, 1’objectif du test et la durée prévue pour le
test (Bouzahzah et al., 2014b). La durée du test est variable; généralement un essai cinétique est
arrété lorsqu’un état stationnaire est atteint. Plusieurs auteurs ont noté que les résultats des essais
cinétiques au laboratoire sont différents de ceux observés in-situ ; il s’agit de 1’effet d’échelle et
des conditions du milieu (Banwart et al., 2002; Malmstrom et al., 2000; Miller et al., 2003; Plante
et al., 2014; Stromberg et al., 1999). Plante et al. (2014) ont suggéré que la différence des taux de
réactions entre le laboratoire et le terrain est due au changement des conditions des tetst entre le
laboratoire et le terrain. En effet, le ratio liquide/solide, les conditions climatiques, la surface de
contact, la masse d’échantillon en plus des facteurs biologiques sont différents entre le terrain et le
laboratoire. En plus de ces aspects, la formation des oxy-hydroxydes de fer, du hardpan et la
présnece de carbonates de Fe-Mn sont des facteurs qui peuvent mener a ces différences de resultats
entre les travaux de laboratoire et ceux du terrain. C’est le cas du parc a résidus de Joutel qui

consititue un bel exemple.

Les résidus de Joutel ont été étudies initialement par Blowes et al. (1998) et Benzaazoua et al.

(2004). Les résultats de ces travaux ont montré que les résidus de Joutel peuvent étre classés
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grossi¢rement comme incertains par rapport a leur potentiel de génération d’acidité et quelques
échantillons sont non générateurs d’acidité a long terme. La cartographie spatiale du parc a résidus
réalisés plus récemment a montré que ces derniers ont une tendance a générer de 1’acidité. Ceci
peut étre explique partiellement par la formation du hardpan (ce qui n’était pas le cas lors des études
antérieures) et son effet sur le bilan hydrique sur le site. En effet, les résultats de la micro-
tomographie ont montré que la porosité des hardpan est trés faible (0.07%) comparé aux résidus
miniers (0.3-0.45). Ceci induit une faible perméabilité de cette couche (Blowes et al., 1991; Gilbert
et al., 2003; McGregor et al., 2002). De ce fait, le bilan d’eau sur le parc a résidus de Joutel est
différent de celui d’un parc a résidus ou il n’y pas de hardpan. La présence du hardpan diminue les
infiltrations verticales d’eau, au dépend des ruissellements de surface et de subsurface. Par
conséquence, les lixiviats réagissent avec la couche oxydée de surface, s’acidifient et ruissellent en
surface a cause de la présence du hardpan qui constitue une barriere a cet écoulement d’eau.
Cependant, dans des conditions de laboratoire et méme si les conditions géochimiques sont
favorables pour la formation du hardpan, son effet sur les écoulements d’eau est minime. En effet,
les essais en colonnes par principe simulent un écoulement vertical en 1D ce qui peut se traduire
par deux aspects : i) altération des propriétés du hardpan par solubilisation des phases secondaires
et/ou ii) percolation de I’cau a travers les parois de la colonne. Par conséquent, les eaux acidifiées
et chargées en éléments chimiques, aprés contact avec les résidus oxydeés, entrent en réaction avec
les résidus frais en profondeur et se neutralisent par dissolution des carbonates de ces résidus. En
conclusion, 'utilisation des colonnes (écoulement vertical 1D) ne peut pas produire le méme
comportement géochimique observé sur le terrain indépendamment de 1’effet d’échelle. De plus,
le réle des oxy-hydroxydes de fer dans un rejet minier complique la tdche de la prédiction
environnementale. Dans la littérature, ces phases secondaires sont généralement étudiées pour leurs
roles a sorber une large gamme de contaminants (Acero et al., 2006; Asta et al., 2010; Asta et al.,
2009; Benjamin & Leckie, 1981a; Benjamin et al., 1981b; Coston et al., 1995; Espafia et al., 2006;
Lin & Herbert Jr., 1997; McGregor et al., 1998a). Il a été démontré que grace aux différents
mécanismes de sorption, les oxy-hydroxydes de fer sont capables d’immobiliser une large gamme
de métaux dépendamment de leurs affinités avec ces phases selon un mécanisme compétitif.
D’autres auteurs ont signalé que ces mécanismes de sorption sont réversibles sous certaines
conditions (changement de pH/Eh) (Davranche et al., 2000). Le relargage des métaux des oxy-

hydroxydes de fer dépend de plusieurs parametres comme : les conditions géochimiques du milieu
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(dissolution réductive), le mécanisme de sorption et la cristallinité du minéral. En effet, d’une part
le métal lourd est facilement relargué s’il est adsorbé par une phase amorphe par comparaison au
méme élément en substitution dans une phase minérale cristallisée et, d’autre part, certains auteurs
ont discuté quelques réactions des oxy-hydroxydes de fer qui peuvent générer de 1’acidité (Cornell
et al., 2004a, 2004b). L’adsorption cationique est un mécanisme qui génére de I’acidité selon la

réaction suivante (Eq 16):
=FeOH + Me?" <> =FeOM@D* + H* (Eq 16)

Les deux mécanismes de la réversibilité des réactions de sorption et de la génération d’acidité par
adsorption cationique sont difficiles a quantifier a cause de la complexité des réactions qui peuvent
avoir lieu lors de I’oxydation d’un rejet minier. Cependant, dans le cas des résidus complétement
oxydés, les oxy-hydroxydes de fer sont les phases minérales prépondérantes, en plus des silicates,

et qui contrélent la géochimie globale du parc a résidus.

8.4 Efficacité des amendements miniers comme technique de
stabilisation/solidification des résidus miniers générateurs
d’acide

Les résidus oxydés de Joutel ont présenté un comportement générateur d’acide par endroit sur le
parc a résidus. Les zones acides ont été cartographiées a I’aide d’un échantillonnage systématique
en utilisant le pH de pate comme indicateur de D’acidité instantanée. L’approche d’ajout
d’amendements miniers a été testée comme approche pour stabiliser ces résidus problématiques. 1l
s’agit de 5 cellules de terrain avec une largeur et une longueur de 4m et une profondeur de 30 cm.
Les amendements miniers peuvent étre classes en deux catégories dépendamment de 1’objectif de
la technique. Il s’agit d’amendement alcalin lorsque 1’objectif est 1’ajout simple de 1’alcalinité pour
augmenter le pouvoir de neutralisation des résidus en question. Avec les amendements alcalins, les
processus de stabilisation des contaminants sont liés a la dissolution des phases carbonatées
(alcalins). En effet, la dissolution des carbonates tamponne le pH et neutralise ’acidité du milieu,
ce qui favorise la précipitation des phases secondaires comme le gypse et les oxy-hydroxydes de
fer dans des conditions proches de la neutralité (Blowes et al., 2003; Blowes et al., 2014; Cravotta
[11, 2008b; Cravotta Il et al., 1999). La précipitation des oxy-hydroxydes de fer diminue la
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mobilité des métaux et métalloides par différents mécanismes comme la précipitation, co-
précipitation et la sorption (Bowell, 1994; Coston et al., 1995; Fukushi et al., 2003; Giménez et
al., 2007; Gledhill et al., 1994). L’utilisation du calcaire comme amendement alcalin dans des
conditions de terrain a montre des résultats prometteurs pour la stabilisation de lixiviats des résidus
oxydés de Joutel. En effet, ’utilisation de 5% et 10% du calcaire a permis la neutralisation des
lixiviats dés les premiers jours de lixiviation. De plus, les concentrations en éléments chimiques
ont été réduites a la suite de la précipitation des oxy-hydroxydes de fer. Ce mécanisme n’a pas pu
étre prouvé par observation minéralogique vu que le suivi des cellules de terrain est actuellement
prolongé. Cependant, les diagrammes Eh-pH construits pour le fer ont montré que dans les
conditions analysées des lixiviats, le fer précipitera sous forme d’oxyde de fer, ce qui favorisera
I’atténuation de ces éléments chimiques (e.g. Fe, Al, Pb, As). En effet, la comparaison de la cellule
témoin (résidus Joutel non amendés) avec les deux cellules amendées avec du calcaire a montré
son efficacité a stabiliser la plupart des éléments chimiques a I’exception de 1’As dans le cas de
10% calcaire et le Zn dans le cas de 5% calcaire. Généralement, 1’As et le Zn sont des éléments

trés mobiles dans des conditions proches de la neutraliteé.

L’autre catégorie des amendements miniers est 1’utilisation des liants appelée amendement
cimentaire. Les cendres volantes (FA) et le ciment d’usage général (OPC) ont été testés comme
matériaux a Joutel pour Vérifier leurs efficacités a stabiliser les résidus miniers oxydés
problématiques. Les deux formulations testées sont 5% ciment et 5% (1/20PC-1/2FA). Les
résultats du suivi des lixiviats ont montré que ces deux formulations permettent de neutraliser le
pH dés les premiers jours de lixiviation. Par comparaison aux amendements alcalins, les
amendements cimentaires ont permis 1’atténuation totale ou partielle des éléments chimiques
analysés sans exception. Le minimum de réduction des concentrations des éléments chimiques a
été calculé pour le zinc pour la formulation qui contient des FA et était de 1’ordre 58%.
Généralement, basé sur les résultats de la premiére saison de suivi des cellules de terrain, les
amendements cimentaires peuvent étre considérés comme les meilleurs. De plus, I’incorporation
des FA (sous-produit sans valeur) au niveau de la formulation cimentaire permettra de réduire les
codts liés au ciment en plus de présenter un avantage concernant 1’atténuation des contaminants.
En effet, la dissolution du ciment permet une neutralisation et, par conséquent, une stabilisation a
la suite de la précipitation des oxy-hydroxydes de fer en plus du phénomeéne du piégeage physique

des ¢léments chimiques. L’ajout des liants aux résidus miniers permet 1’augmentation de leur
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résistance mécanique et ainsi le développement d’une imperméabilité a long-terme. De ce fait, la
surface de contact eau/résidus est réduite considérablement ce qui peut expliquer majoritairement
I’atténuation des concentrations des métaux et métalloides (Benzaazoua et al., 2004b; Falciglia et
al., 2017; Nehdi et al., 2007; Rodriguez et al., 2018; Tariq et al., 2013).
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CHAPITREY9 CONCLUSION ET RECOMMANDATIONS

L’industrie miniére, tout en étant primordiale pour beaucoup de pays a travers le monde dont le
Canada, génere d’importantes quantités de rejets miniers qu’il convient de gérer adéquatement
encadrée d’un important et croissant arsenal réglementaire. Cette gestion ne peut étre efficace et
optimale que si la prédiction du potentiel contaminant, et en particulier du potentiel de génération
d’acidité (PGA), est précise. Les méthodes de prédiction existantes, quoiqu’elles aient connu
beaucoup de développement ces deux derniéres décennies, continuent de souffrir de certaines
limites les rendant imprécises et inadaptées dans certains cas. C’est dans ce cadre que cette thése
de doctorat se donnait comme objectif général I’amélioration des outils de prédiction du potentiel
de génération d’acidité de rejets miniers. La premiére partic de cette étude consistait en
I’introduction de la notion du degré de libération des minéraux acidifiants et neutralisants (sulfures
et carbonates principalement) pour mieux prédire le potentiel de génération d’acidité et définir une
taille des particules au-dessus de laquelle la réactivité des stériles miniers est négligeable. Par
consequent, ce parameétre, appelé DPLS, peut étre utilisé pour une gestion intégrée des rejets
miniers et la réduction des codts liés a la gestion et a la restauration des haldes a stériles. La
deuxiéme partie du doctorat était de démystifier ’effet des oxy-hydroxydes de fer sur le
comportement géochimique des résidus miniers classifiés comme incertains en termes de PGA et
de tester I’efficacité des amendements alcalins et cimentaires a stabiliser certaines parties localisées
acidifiées du parc au laboratoire et dans des conditions de terrain. Les objectifs doctorat ont été
atteints et la méthodologie qui y a été développée en se basant sur une revue de littérature ainsi que

les conclusions sont résumées ci-apres.

9.1 Effet de la libération minérale sur le comportement géochimique

des stériles miniers

Les steriles miniers sont principalement caractérisés par un étalement de leur distribution
granulométrique. Une granulométrie qui peut varier de quelques microns a une échelle métrique;
en faisant un mélange d’argile, sable et graviers d’un point de vue géotechnique. En conséquence,
le taux d’exposition minérale ou encore la surface spécifique est trés étalée en allant des fractions
fines vers les fractions plus grossiéres. De ce fait, la réactivité des stériles va étre hétérogéne et

étalée dépendamment de la distribution granulométrique et de la texture minérale ne mettant en jeu
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qu’une fraction des stériles. Les trois lithologies échantillonnées ont subi un protocole de
caractérisation rigoureux et original; les trois lithologies ont été séparées en sept fraction
granulométriques Chaque fraction a été caractérisée des points de vue chimique, statique et
minéralogique avec I’apport, notamment, de la minéralogie automatisée. Les principaux résultats
de ces caractérisations ont montré un enrichissement en sulfures (principalement sous forme de
pyrite) des fractions fines par rapport aux fractions grossiéres. Les carbonates ont été présentes a
des teneurs plus importantes que les sulfures et ne semblaient pas montrer un enrichissement selon
la granulométrie. Par la suite, la technique QEMSCAN™ a été utilisée pour quantifier les
paramétres minéralogiques et texturaux d’un échantillon, & savoir le degré de libération des
minéraux, les associations minéralogiques, la granulo-minéralogie et la distribution élémentaire.
La réinterprétation des données brutes de la quantification du degré de libération des carbonates et
des sulfures des trois échantillons a permis de conclure que le degré de libération des sulfures
devient négligeable a partir d’une taille de particule de 2,4mm. De ce fait, 2,4mm a été défini
comme le DPLS de ces échantillons. Par ailleurs, la quantification du degré de libération des
sulfures et des carbonates a été utilisé pour corriger les résultats des tests statiques (tests ABA)
pour considérer la texture initiale (telle qu’imposée par le dynamitage) de 1’échantillon. Ces
corrections permettent d’éliminer toute la fraction grossiere (>DPLS) lors de I’interprétation des
tests vu que le degré de libération des sulfures pour ces fractions était négligeable et ainsi leurs PA
est considéré nul aussi. Une classification basée sur le seul test statique, méme incluant la
minéralogie, a besoin d’étre justifiée en vue de consolider la conclusion concernant une DPLS de
2,A4mm . Pour cette raison, des essais cinétiques en colonnes ont été montés et monitorés pour une
durée de 543 jours pour confirmer la taille de particules de stériles de 2,4mm comme DPLS. Les
colonnes qui contenaient 1’échantillon +DPLS ont montré des réactivités négligeables en
comparaison a I’échantillon total et I’échantillon -DPLS. Le calcul du taux d’oxydation des sulfures
pour les trois échantillons montre clairement la forte réactivité de la fraction -DPLS et la réactivité
négligeable de la fraction +DPLS. En effet, le taux d’oxydation de la pyrite au niveau de
I’échantillon +DPLS était de 1’ordre de 0,26 pmol/Kg/jour, 0,27 pmol/Kg/jour et 0,30
pmol/Kg/jour pour les lithologies A, B et C, respectivement. La réactivité de 1’échantillon -DPLS
¢tait de ’ordre de 4,84 pmol/Kg/jour, 12,46 pmol/Kg/jour et 9,41 pumol/Kg/jour pour les
lithologies A, B et C, respectivement. La réactivité¢ de 1’échantillon total était de I’ordre de 2,50

pumol/Kg/jour, 2,43 pmol/Kg/jour et 2,45 pmol/Kg/jour pour les lithologies A, B et C,



202

respectivement. La faible réactivité de I’échantillon grossier est due seulement a la faible quantité
de sulfures qui affleurent au niveau des grains; ¢’est une réactivité de surface qui tend en général a
s’estomper naturellement. Finalement, il est important de signaler que cette étude a été faite sur
des échantillons sélectionnés sur la base de la connaissance géologique du gisement et, donc, les
données recueillies auront une portée géométallurgique importante. Pour genéraliser ces résultats,
il faudrait les valider en appliquant la méme méthodologie sur d’autres échantillons basé sur la
géologie actualisée du gisement. La définition du DPLS pour un stérile minier permettra de
suggerer une nouvelle méthode de gestion des stériles. En effet, au lieu de gérer tout les stériles
comme une seule entité et le déposer dans une seule halde a stérile, on propose leur fractionnement
selon le DPLS a I’aide d’un simple procédé de criblage. De ce fait, les stériles peuvent étre sépares
en deux fractions & gérer séparément. La fraction réactive (-DPLS), puisqu’elle constitue une faible
proportion de 1’échantillon total, peut étre gérée differemment. Concernant la fraction +DPLS, les
matériaux sont non-réactifs et peuvent étre entreposés dans une halde non-problématique ou bien
valorisés. L’applicabilité de cette approche doit faire 1’objet d’une étude de faisabilité technico-

économique.

9.2 Comportement géochimique des résidus et efficacité des
amendements miniers pour le controle du DMA dans le parc a

résidus de Joutel

9.2.1 Effet des oxy-hydroxydes de fer sur le comportement hydrogéochimique

des résidus miniers incertains du site Joutel

Les oxy-hydroxydes de fer sont des phases néoformées lors des réactions d’oxydation des sulfures
et la dissolution des carbonates. Ces phases minérales souvent mal ou finement cristallisées jouent
un réle important dans la géochimie globale des résidus miniers. Les oxy-hydroxydes de fer sont
reconnus pour leur réle a atténuer et diminuer la mobilité des contaminants. En effet, lors de la
précipitation de ces phases secondaires, plusieurs contaminants peuvent étre fixés grace a une
multitude de mécanismes groupés sous le nom de sorption. Il peut s’agir de I’adsorption,
complexation et/ou encore la substitution. En revanche, les oxy-hydroxydes pourraient participer

a la génération d’acide par le biais de deux mécanismes qui sont la formation du hardpan (couche
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indurée) et I’échange cationique. Le hardpan est défini comme une couche indurée qui se frome
suite a la précipitation et I’accumulation massive des oxy-hydroxydes de fer au niveau de la zone
de transition entre les résidus oxydés et les résidus non-oxydés. Cette zone correspond a une zone
de contraste géochimique important (pH, Eh, concentrations en éléments dissous) ce qui favorise
la précipitation des phases secondaires. Quant a I’échange cationique, il s’agit d’un mécanisme
difficile a quantifier a cause de la complexité de la composition chimique et minéralogique des
résidus miniers oxydés. De plus, 1’activité biologique (non investiguée dans cette étude) joue

certainement un réle trés important a ce registre.

Les résidus miniers oxydés de Joutel sont un exemple concret illustrant I’influence de 1’occurrence
des oxy-hydroxydes de fer sur la géochimie des résidus miniers et la prédiction environnementale.
En effet, des essais cinétiques en colonnes et en cellules humides réalisés sur des résidus frais de
Joutel par Benzaazoua et al., (2004) ont montré un comportement environnemental incertain et des
essais en minicellules d’altération ont montré un comportement non-générateur d’acide.
Cependant, apres 25 ans d’exposition, les résidus oxydés de Joutel ont montré un comportement
générateur d’acide par endroits dans le parc a résidus. Des investigations sur le terrain ainsi que
I’échantillonnage systématique du parc a résidus de Joutel ont permis de cartographier I’extension
spatiale de 1’acidité et du hardpan. L hypothése de base, qui a été formulée pour expliquer ce
changement de comportement environnemental des résidus oxydés de Joutel, était basée sur la
présence du hardpan et certains carbonates de fer et de manganese; deux éléments hydrolysables.
En effet, les résultats de la micro-tomographie de deux échantillons du hardpan ont montré une
faible porosité de cette couche qui induit sa faible perméabilité comme il a été reporté dans
plusieurs papiers dans la littérature. Le hardpan a Joutel joue le role d’un écran contre les
écoulements d’eau verticaux et aussi empéche la diffusion de I’oxygéne. En conséquence,
I’occurrence du hardpan modifie considérablement le bilan d’eau dans le parc a résidus; la
composante du ruissellement de surface est favorisée aux dépends de I’infiltration verticale. C’est
pour cette raison que les lixiviats acides provenant de la couche oxydée n’ont pas la chance de
s’infiltrer pour se neutraliser en profondeur. Ceci a été démontré par des essais cinétiques en
colonnes qui contenaient un échantillon oxydé au-dessus d’un échantillon frais; les lixiviats étaient
caractérisés par un pH neutre comparé a des lixiviats provenant d’un échantillon oxydé qui ont
montré un pH acide. Ce constat complique la tache de prédiction du comportement géochimique
des résidus de Joutel au laboratoire. En effet, le role du hardpan sera difficilement simulé lors des
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essais conventionnels en colonnes. Lors des essais en colonnes, 1’écoulement est supposé €tre en
1D. Donc, méme si le hardpan se forme, il ne jouera pas le role d’un écran contre les écoulements
d’eau a cause des chemins préférentiels. L’acidité générée par les résidus de Joutel n’est pas
généralisée sur la totalité du parc a résidus, mais elle est limitée dans quelques zones, comme il a
¢té démontré par 1’échantillonnage systématique réalisé. La cartographie spatiale démontre
I’hétérogénéité de 1I’oxydation au niveau du parc a résidus. Ceci est dii probablement a I’irrégularité
de niveau de la nappe ce qui cause une saturation des résidus dans certaines zones et la non-
saturation dans d’autres zones, ce qui influence la réactivité des résidus miniers. Finalement,
considérer le terrain est primordiale pour bien comprendre le comportement géochimique des
résidus miniers car les essais de laboratoire pourraient ne pas prédire adéquatement ce qui est le

vrai devenir des résidus miniers in-situ.

9.2.2 Efficacité des amendements alcalins et cimentaires a stabiliser les résidus

miniers oxydés acidogénes du site Joutel

Les amendements testés dans cette étude ont montré des résultats prometteurs a stabiliser les
résidus miniers oxydés générateurs d’acide. L’avantage de cette étude est la réalisation des essais
expérimentaux (cellules de terrain) dans des conditions réalistes au point de vue climat
(température, précipitation, effet du gel dégel), des conditions bactériologiques, etc. Les
formulations testées étaient 5% et 10% calcaire pour la catégorie des amendements alcalins et 5%
ciment et 5% 50:50 ciment - cendres volantes pour la catégorie des amendements cimentaires. La
premiére année de suivi a montré que les quatre formulations ont été capables de neutraliser
’acidité produite et tamponner le pH a des valeurs proches de la neutralité dés le début de
lixiviation des résidus. L’efficacité de ces amendements a réduire le relargage des contaminants
était différente dépendamment du type d’amendement. Les facteurs de réduction calculés a partir

des concentrations moyennes sur la premiére année de suivi ont montré que :

= Les deux formulations alcalines ont stabilisé la plupart des éléments chimiques a
I’exception du zinc pour la formulation 5% calcaire (C2) et I’arsenic pour la formulation
10% calcaire (C3) a cause de la mobilité importante de ces éléments dans les conditions de

neutralité.
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= Les deux formulations cimentaires ont réussi a stabiliser tous les éléments chimiques
analysés avec un léger avantage pour la formulation qui contient des cendres volantes (C4)

par comparaison a la formulation qui contient uniquement du ciment ordinaire (C5).

En effet, les facteurs de réduction sont présentés au chapitre 11X. De maniére générale, la
formulation C4 présente la meilleure efficacité car elle a permis la stabilisation de tous les éléments
chimiques et a permis la substitution de 50 % du ciment, d’une part, et, d’autre part, la valorisation
d’un déchet d’une centrale de combustion de la biomasse. Cependant, I’efficacité de ces
amendements a long terme est primordiale, d’ou la nécessité de continuer le suivi de ces cellules
de terrain a plus long terme. Finalement, une évaluation technico-économique constitue une étape

importante a prendre en considération lors de la comparaison de 1’efficacité de ces formulations.

9.3 Perspectives du travail

En premier lieu, la quantification du degré de libération est un parameétre tres important pour
caractériser la réactivité d un stérile minier. Ce parametre est généralement estimé pour un minéral
cible et est calculé indépendamment des minéraux voisins. Le calcul du degré de libération minéral
devrait étre interprété dépendamment des associations minéralogiques. En effet, la méthode
actuelle de calcul de libération minérale pour des objectifs environnementaux doit tenir compte des
assemblages minéralogiques dans le cas d’un rejet minier qui contient plusieurs minéraux

sulfureux. Le cas suivant est a considérer :

-Sulfure #1 vs sulfures #2 : dans ce cas, deux sulfures a différent potentiel électrochimique vont
s’oxyder par voie galvanique, d’ou la nécessité de corriger la libération d’un sulfure par rapport a

ces contours partagés avec d’autres sulfures voisins.

En deuxieme lieu, I’intégration du degré de libération minérale dans les codes numériques lors des
modélisations géochimiques est un outil qui pourra améliorer les prédictions a long terme. Par
ailleurs, il est suggéré dans ce doctorat, de corriger le PA et le PN d’un rejet minier par rapport au
degré de libération minéral. Ensuite, pour pouvoir généraliser I’approche de caractérisation des
stériles miniers en intégrant la notion de libération minérale, il sera intéressant de tester cette
approche sur d’autres types de stériles et minéralisations. Finalement, la séparation des stériles

dépendamment du diamétre d’encapsulation physique des sulfures est une option qui nécessite une
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étude de faisabilité technique et économique, actuellement en cours dans le cadre d’un projet de

maitrise (H. Amar).

Concernant I’effet des oxy-hydroxydes, il a ét¢ démontré, durant ce doctorat, I’importance de
considérer le terrain lors des essais de prédiction du comportement géochimique des résidus
miniers. En effet, les colonnes en 1D sont parfois incapables de simuler les mémes phénomeénes
observés sur le terrain. Les réactions de précipitations des minéraux secondaires changent
considérablement les propriétés hydrogéochimiques des résidus miniers (a 1’échelle du grain et a
I’échelle du parc), ce qui peut influencer la réactivité et les mouvements d’eau dans les parcs a
résidus. Les essais cinétiques au laboratoire ont mis en évidence des caractéristiques cimentaires
et imperméables du hardpan. Par ailleurs, la perméabilité du hardpan a été évaluée qualitativement
en prenant en référence sa faible porosité, mais il sera intéressant d’évaluer quantitativement sa
perméabilité in-situ. De plus, 1’évaluation spatiale de sa perméabilité sur le parc a résidus de Joutel
est un aspect qui va permettre de mieux comprendre les écoulements d’eau sur I’ensemble du parc
a résidus. Considérant le hardpan et les propriétés minéralogiques des résidus de Joutel, leur
géochimie a été évaluée indépendamment du facteur bactériologique. Cet aspect peut jouer un role
important dans cette génération localisée d’acidité, d’ou I’importance d’effectuer une
caractérisation bactériologique dans les différentes zones de Joutel, a savoir les zones acides et

neutres.

Concernant I’efficacité des amendements alcalins et cimentaires a stabiliser les résidus oxydés
générateurs d’acide, il est important de poursuivre les cellules de terrain afin permettre d’évaluer
leurs efficacités a long terme. De plus, la quantification de la passivation des carbonates par la
précipitation des oxy-hydroxydes de fer est un aspect qui va permettre de quantifier la réactivité
du calcaire a long terme. Par ailleurs, quantifier les débits d’eau des ruissellements de surface et de
I’infiltration verticale au niveau des cellules de terrain est une donnée qui permettra de mieux

interpréter les résultats du suivi géochimique de ces cellules
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ANNEXE A - COMPUTED TOMOGRAPHY PROCESS

Samples of waste rocks collected at Canadian Malartic mine were scanned by the X-ray computed
tomography (CT) technique using an XTH 225 ST system, produced by Nikon Metrology. X-ray
CT is a non-destructive technique with wide applications in geological disciplines and materials
science(Cnudde et al., 2006; Maire et al., 2014; Mees et al., 2003b; Stock, 2008b) given its ability
to provide the internal view of objects based on variations of density, and therefore dependent of
their material composition. X-ray CT can be used for qualitative and quantitative analysis of
internal structures of geological materials as long as those structures are sufficiently marked by
differences in atomic composition and/or material density. The schematic workflow chart for the
full CT process is shown in Figure A.1. The basics X-ray CT setup consists of an X-ray source
tube, a detector, and a rotary table. The object or sample to be studied is positioned on the rotary
table in between an X-ray source and an X-ray detector, and then it rotates 360 degrees while the
detector acquires two-dimensional radiographs for different positions during step-wise rotation
around a central axis. The radiographs are produced when the X-rays pass through the object along
several different paths and several different directions. The contrast in the projected X-ray images
is generated by differences in X-ray attenuation that arise principally from differences in density
within the sample’s material. As a rule of thumb, more energetic X-rays would be able to penetrate
denser materials and larger (or thicker) samples, so the contrast in the images is material and
energy-dependent. Thanks to the continuous improvements of scanning resolutions, CT systems
for material research include the possibility of using higher X-ray intensities and the possibility of
using microfocus X-ray sources to obtain higher resolutions in the order of a few micrometers. The
generation of three-dimensional (3D) data from the two-dimensional X-ray CT images, is achieved
using reconstruction software. The most important algorithms for reconstruction are Fourier-based
methods, and algebraic and statistical approaches(Buzug, 2010; Herman, 2009; Hsieh, 2015; Kak
& Slaney, 1988; Natterer & Ritman, 2002; Natterer & Wubbeling, 2001). However, two-
dimensional Fourier-based reconstruction methods are the most computationally efficient, and
therefore more widely used. They are based on the Radon Transform and Fourier Slice
Theorem(Bracewell, 2003; Buzug, 2010; Deans, 2007; Herman, 2009; Kak et al., 1988). In most
cone-beam setups, as shown in Figure A.2, the CT reconstruction is generally based on the FDK

(Feldkamp-Davis-Kress) algorithm(Feldkamp et al., 1984; Grangeat, 1991). However, more
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recently, Katsevich’s algorithms(Katsevich, 2002, 2003) ,which require a helical path for the CT
scan acquisition, have been used. After the 3D reconstruction, the 3D data offers the possibility of
qualitative inspection and quantitative measurements in both the interior and exterior of the
specimen under investigation. The 3D image in gray values represents a 3D volumetric density
map of the X-ray absorptions’ coefficients for the specimen along the crossing paths of the X-rays.
Each gray level offers information about what the X-rays have encountered in their paths and their
spatial location, thus revealing external and internal structures of the specimen that has been
scanned. Quantitative analysis can be obtained as well as localization of structural material
inclusion and identification of pores not usually visible through traditional methods of
nondestructive testing. CT analysis can thus provide size and morphology determination,

voids/porosity distribution, and location of the waste rocks inclusions.

The scan protocol included securing the sample with synthetic foam transparent to the X-rays, X-
ray setting standardized to a cone-beam generated by a tube voltage of 170 kV and tube current of
192 pA, and collecting up to 2880 radiographs over 360 degrees’ rotation with an integration time
of 708 ms per image. After scanning, the reconstruction was performed with a FDK (Feldkamp-
Davis-Kress) type commercial algorithm to produce a 3D image as well as serial cross-sectional
images of the rock sample. These consisted of matrices of 2000 x 2000 pixels which collective
composed a volume of isotropic 70 um? voxel size for each of the waste rocks samples (UQAT
Stones AGR, UQAT Stones CPO, and UQAT Stones EGR). Once the 3D reconstruction was
complete a local adaptive or dynamic gradient threshold was applied for surface determination and
material segmentation. This was performed with the software package VGStudio Max 2.2 from
Volume Graphics, GmbH. The insight gained from imaging the specimen’s internal structure is

quite valuable.
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ABSTRACT

This paper focuses on the mineralogical and geochemical characterization of oxidized,
unweathered tailings and hardpans formed in the Joutel Eagle-Telbel mine tailings impoundment
(Québec). To highlight geochemical behavior of oxidized and unweathered tailings, oxidized and
non-oxidized tailings were sampled, analyzed and subjected to Kinetic testing. Two scenarios were
tested: oxidized tailings alone to simulate surface runoff due to presence of hardpans, and oxidized
tailings above unweathered tailings to simulate vertical infiltration. The mineralogical
characterization of hardpan samples revealed a composition of 46% iron oxy-hydroxides, 19%
siderite, 4% pyrite and non-sulphide gangue minerals. The 11-months column test results showed
that the leachate from the oxidized sample were consistently acidic (pH 2.44); the average
concentrations were 781 mg/l S, 550 mg/l Ca, 31 mg/l Mg, 106 mg/l Fe and 11 mg/l Zn. However,
the leachates provided by vertical infiltration scenario were consistently neutral (pH = 7.3), with
average species concentrations of 1653 mg/l S, 523 mg/l Ca, 817 mg/l Mg, 0.88 mg/l Fe and 0.67
mg/l Zn.
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Introduction

Sulphides within mine tailings can oxidize and generate acidity, sulphates and metals leaching.
When carbonates are also present in the tailings, they neutralize, through dissolution reactions, the
acidic tailings pore water. These oxidation/neutralization and hydrolysis mechanisms cause the
precipitation of various secondary phases. In some specific cases, massive precipitation of
secondary phases leads to the formation of “cemented” layers of precipitated minerals called
hardpans (Blowes et al., 1998; Blowes et al., 1991; McGregor et al., 2002; Pérez-Lopez et al.,
2007).

Hardpans are naturally formed beneath tailings surface and their mineralogy is variable depending
on the initial chemical and mineralogical composition of tailings. Hardpans may occur as
continuous or discontinued layers in tailings storage areas, typically contained primary minerals,
poorly crystalized phases, amorphous ferric oxides, metal sulphates, etc. (Lottermoser et al., 2006).
Hardpans are usually formed in the vadose zone where there is a geochemical contrast of pH, Eh
and chemical concentrations between oxidized and unweathered tailings. Hardpans formation may
be accelerated using alkaline amendments to reactive tailings (Pérez-Lopez et al., 2007).
Precipitation of secondary minerals reduces the porosity of the initial tailings. These cemented
layers are compact and impermeable compared to the initial tailings materials, which influences
water and oxygen fluxes (Blowes et al., 1991). The geochemical behavior of tailings
impoundments is then influenced by various mechanisms related to the hardpans: i) precipitation
of secondary phases decrease contaminant concentrations by co-precipitation and adsorption
mechanisms, ii) protection of the underlying tailings by inhibiting oxygen diffusion, and iii)
deviation of water fluxes. Deflecting the vertical infiltration water flow to surface runoff isolates

the unweathered tailings.

Joutel Eagle-Telbel is a closed mine site located north of Abitibi-Témiscamingue (Québec).
Joutel’s tailings were characterized as “uncertain” regarding potential for acid generation. Results
of kinetic tests on unweathered and oxidized tailings confirmed that their long-term environmental
behavior is uncertain for most samples, and acid generating for some others (Benzaazoua et al.,
2004a). The results confirm a high spatial variability of chemical and mineralogical tailings

characteristics. Recently and in some specific zones of the impoundment, acidity has been observed
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in the supernatant waters. However, the final effluent shows a neutral behavior. To explain this
phenomenon, various materials consisting of oxidized and unweathered were sampled,
characterized and submitted to laboratory kinetic leaching tests. Leaching tests consisted on two
scenarios: i) a column with only the oxidized tailings to simulate surface and sub-surface runoff
due to presence of hardpan and ii) a column with oxidized tailings above unweathered tailings to
simulate vertical infiltration. The project hypothesis is that the hardpan when it exists deflects the

water vertical infiltration to surface runoff.
Materials and methods
Materials sampling

Samples used in this project were collected in acidic zones based on previously determined paste
pH. Samples were collected from different vertical horizons (i.e. oxidized, hardpan and
unweathered tailings) in a trench dug out in the selected zones (Figure B.4 ). A composite sample
was made for each horizon based on samples collected on different locations. The samples were
homogenized in the laboratory using quartering.

Oxidized tailings

Hardpan

Transition zone

Unweathered
tailings

Figure B.5 : Tailings sampling and horizons

Physical, chemical and mineralogical analysis

The tailings grain size distribution was evaluated using a laser analyzer (Malvern Masetrsizer S).
Specific gravity (Gs) was determined using micromeritics Helium Pycnometer, and the specific

surface area (SSA) was evaluated with a micromeritics analyzer using B.E.T method.
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The bulk chemical composition of the samples was analyzed using Perkin EImer Optima 3100 RL
ICP-AES following a total HNO3/Br2/HF/HCI digestion. The total sulfur and inorganic carbon
contents were determined by using induction furnace (ELTRA CS-2000). The chemical analysis
of the leachates samples from column leaching tests were done using pH, Eh and conductivity
meter. The elemental composition was determined using ICP-AES on acidified samples (2%
HNO3). The acidity and alkalinity were evaluated using automatic titror.

Major minerals within oxidized and unweathered tailings were analyzed by X-ray diffraction
(XRD; Brucker D8 Advance, with a detection limit and precision of approximately 0.5 %,
operating with a copper cathode, Ka radiation) using DIFFRACT.EVA software and quantified
using TOPAS v4.2.

Hardpan samples were analyzed using automated mineralogy system and light microscopy. The
objectives of this characterization were to determine the mineralogical composition, mineralogical

association and stoichiometry of minerals forming hardpan sample.

A large-area light-microscopy image mosaic of one hardpan sample was acquired with coaxial
reflected light using a Zeiss AXIO Zoom.V16. Large-area SEM image mosaics of a polished 30
mm diameter epoxy mount of a hardpan sample was acquired with the ZEISS Atlas 5 software by
using a ZEISS EVO MA 15 tungsten filament SEM at Fibics Incorporated (Ottawa, Canada). The
light-microscopy image mosaic was imported in the Atlas 5 correlative workspace and aligned with
the sample in the SEM chamber. The data set was exported to an autonomous series of files called
the Browser-Based Viewer. The Browser-Based Viewer dataset of the hardpan sample can be
viewed at the following link:
http://www.petapixelproject.com/mosaics/UQAT/Hardpan-03-BBV-Export-L M-BSD/Hardpan-
03-BBV-Export-LM-BSD/index.html.

Element distribution maps and point analyses of several regions of interest were acquired with the
Bruker Esprit 1.9 software on the Zeiss EVO MA 15 SEM at 8.5 mm working distance and an

acceleration voltage of 20 kV. The acquired element maps and point analyses were exported from

the Bruker Esprit software.

The automated mineralogy analysis was carried out at Fibics Incorporated (Ottawa, Canada) using
Zeiss Mineralogic Mining on a ZEISS EVO MA 15 tungsten filament SEM equipped with two
Bruker 6 | 30 Xflash energy dispersive x-ray spectrometers (EDS). Mineralogic Mining version


http://www.petapixelproject.com/mosaics/UQAT/Hardpan-03-BBV-Export-LM-BSD/Hardpan-03-BBV-Export-LM-BSD/index.html
http://www.petapixelproject.com/mosaics/UQAT/Hardpan-03-BBV-Export-LM-BSD/Hardpan-03-BBV-Export-LM-BSD/index.html
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1.02 was used for this analysis with its fully quantitative EDS mineral classification protocol, where
minerals are classified based on the weight percent contribution of elements present, and thus the
mineral’s stoichiometry. The full mapping analysis mode was used with an EDS analysis carried
out every 4 um of the sample surface with approximately 4000 counts per EDS spectrum for
quantification with an electron beam dwell time of 0.07 seconds. The automated mineralogy
analysis was acquired at 8.5 mm working distance, an acceleration voltage of 20 kV, and a probe

current of 2.0 nA.
Static and kinetic leaching tests

Acid potential (AP) of oxidized and unweathered samples was calculated using sulfur sulphides
which is the difference between total sulfur and sulphates. Neutralization potential (NP) was
analyzed using titration method as described in (Bouzahzah et al., 2015a). The net neutralization
potential (NNP) was defined as the difference between NP and AP; the neutralization potential
ratio (NPR) as the ratio between NP and AP (Miller et al., 1991b).

Kinetic tests were done using Plexiglas columns of 14-cm diameter and 1-m height. Two scenarios
were tested: the first consisted only of the oxidized sample, and the second consisted of an oxidized
sample above unweathered sample. The column with only oxidized tailings was mounted to
simulate surface runoff due to the presence of hardpans. The column with oxidized sample above
unweathered sample was used to simulate vertical water infiltration in the absence of hardpans.
These scenarios were chosen due to the difficulty to generate a hardpan artificially at the laboratory
scale. The columns were monthly flushed with 2 L of deionized water and columns were allowed
to dry under ambient air between two flushes. The leachate waters were collected and analyzed

after 4 hours of contact with the samples.
Results and discussion

RESULTS

Physical characterization

The physical characteristics of the samples studied were very variable (Table B.1). The D60 and
D90 represent the grain size for 60 and 90%, respectively, passing on the cumulative grain size

distribution curve. The oxidized sample had a finer particle size compared to unweathered sample.
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The D60 and D90 for the oxidized and unweathered samples are respectively 13 um, 88um, 37 pum
and 163 pum.

The specific surface area of oxidized sample was of about 38 g/m2 while of only 0.7 g/m? for
unweathered sample. High specific surface area lead to high exposure rate of minerals. The specific
gravity (Gs) of unweathered sample (Gs=3.35) was greater than that of oxidized sample (Gs=2.83).
The variation of physical parameters between oxidized and unweathered samples is mainly due to
oxidation. In fact, oxidation when occurring reduces de particle size of minerals (sulphides,

carbonates) and decreases the specific gravity of sample by depleting sulphides.
Chemical and mineralogical characterization

Chemical and mineralogical compositions are summarized in Table 1. The chemical composition
of the solids was different for the three samples due to their different mineralogical composition.
The concentration of sulfur increases from oxidized tailings (%S=3.9) to unweathered tailings
(%S=6.39). The hardpan sample presents an intermediary concentration of sulfur (%S=5.42). This
is explained by sulphides oxidation process. Sulfur from oxidized sample is oxidized and leached,
and then precipitated as iron oxy-hydroxide and gypsum in the hardpan’s zone. Hardpan’s
sulphides are coated and passivated by precipitation of these secondary minerals. Generally,

coating of sulphides (Figure B.6 ) reduces significantly oxygen diffusion (Blowes et al., 1991).

Concentrations of magnesium in oxidized sample, hardpan and unweathered sample are
respectively 0.045, 0.47 and 1.75%. This element is mostly linked to carbonates (dolomite,
ankerite). Iron is slightly enriched in unweathered sample (25.78%) and hardpan (25.39%)
comparatively to oxidized sample (20.17%). The oxidized sample is more enriched in Al (3.62%)
followed by hardpan sample (2.61%) and then unweathered sample (1.5%). Calcium

concentrations are similar in three horizons.

Mineralogical characterization of oxidized and unweathered samples was performed using X-ray
diffraction and hardpan was characterized using Mineralogical Mining. Sulphides distribution
presents an increasing of concentrations as a function of depth. The sulphides are mostly a
reflection of pyrite content. Sulphides in the oxidized horizon are almost depleted due to 25 years
of oxidation and the sulphides in the unweathered horizon are protected against oxidation by the

water table.
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Oxidation of sulphides within upper surface tailings favors carbonates dissolution. Therefore,
carbonates distribution follows the same trend than sulphides distribution. Carbonates are thus
almost depleted in the oxidized horizon while they are preserved in the unweathered horizon. In
general, carbonates and sulphides in the hardpan are protected due to massive precipitation of

secondary iron oxy-hydroxides (Figure B.7).

Table B.2: Physical, chemical and mineralogical compositions of studied samples

Physical characteristics

D60 (pm) D90 (um) SSA (m?/g) Gs
Oxidized 13.2 37.15 0.7 2.83
Unweathered 87.6 163.57 38.07 3.35
Chemical composition (%)
Al Ca Mn Mg Fe S Zn Cu
Oxidized 3.62 3.82 0.12 0.045 20.17 3.90 0.010 <ND
Hardpan 2.61 3.26 0.39 0.47 25.39 5.42 0.011 0.003
Unweathered 15 3.53 0.74 1.75 25.78 6.39 0.011 <ND
Mineralogical composition (%)
Sulphides Carbonates Fe-oxi- Gypsum Others
hydroxides
Oxidized ND 1.76 23.74 19.3 55.2
Hardpan 451 19.65 45.78 0.26 29.8
Unweathered 7.40 42.15 <ND <ND 50.45
Static tests
NP (titration) NP (carbonates) AP NNP NPR
Oxidized 3 20 5.5 -2.5 0.5
Unweatherd 228 538 193 35 1.2

ND: detection limit
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Figure B.8 : BSE images showing textures of secondary iron oxy-hydroxides within the hardpan
sample (Fe-oxyhydr = iron oxy-hydroxide, pyr = pyrite)

Hardpans are formed in the tailings impoundment due to oxidation/neutralization and hydrolysis
reactions. This layer is characterized by its low saturated hydraulic conductivity (McGregor et al.,
2002) due to the cementation of particles through the precipitation of secondary minerals reduces
tailings porosity and the permeability. Therefore, the mineralogic characterization is crucial to
understand hardpan formation and its effect on the geochemical and hydrogeological behaviour of
tailings impoundments. The detailed mineralogical characterization of hardpan is presented in

Table B.3 based on the analysis of more than 70,000 particles.



Table B.4: Mineralogical characterization of hardpan using Mineralogic Mining
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Mineral Formula Weight  W1t% Average Composition
%

Hematite Fe203 32.23  Fe 68.54; O 31.46;

Goethite FeOOH 297 Fe 60.17; O 39.83;

Goethite-Silicate - 2.22 O 36.64; Fe 28.85; Si 21.23; Al 7.74; Na 4.96; K
0.31; Mg 0.26;

Other iron oxide - 8.36 Fe 79.9; 0 20.1;

Pyrite FeS» 3.97 Fe 51.02; S 48.98;

Pyrrhotite FeS 0.54 Fe 77.82; S 22.18;

Dolomite CaMg(CO0s3)2 0.09 0 50.8; Ca 29.82; Mg 11.69; Fe 7.67; Al 0.02;

Calcite CaCOs3 0.01 Ca50.81; O 47.59; Fe 1.6;

Ankerite Ca(Fe,Mg,Mn)(CO3), 0.52 0 44.36; Ca 26.52; Fe 20.05; Mg 6.19; Mn 2.88;

Siderite FeCOs 19.03  Fe 56.35; 0 36.19; Mg 3.96; Mn 3.22; Al 0.28;

Gypsum CaS04.2(H20) 0.26 03941, Ca 37.87; S 22.72;

Quartz SiO2 12.45 Si 51.75; O 45.76; Fe 1.69; Al 0.75; K 0.05;

Albite NaAlSiOs 11.75 0 42.67; Si 33.37; Al 12.6; Na 9.55; Fe 1.75; K
0.04; Ca 0.02

Ilite (K,H:O)(AlLMg,Fe)2(Si,Al)s010  1.62 O 44.69; Si 34.39; Al 14.09; Fe 3.82; K 2.96; Mg

[(OH)2,(H20)] 0.03;

Orthoclase KAISi30g 1.57 0 42.81; Si 29.35; Al 17.87; K 4.86; Na 2.95; Fe
2.17;

Biotite K(Mg,Fe)3[AlSizO10(OH,F)2 1.49 ((J) 233?.38; Si 18.76; Al 18.24; Fe 17.62; K 5.77; Mg

Muscovite KAI2(SizAl)O10(OH,F)2 051  042.97; Al 24.24; Si 23.53; K 7.27; Fe 1.68; Mg
0.31;

Chamosite (Fe?*,Mg,Fe*)sAl(SisAl)O10(O 0.31 0 39.1; Fe 32.85; Si 14.28; Al 10.23; Mg 3.24; K

H,0)s 0.3;
Rutile TiO2 0.10 0 51.72; Ti 48.28;

Iron oxy-hydroxides (Figure B.9) are precipitated and form the cement matrix surrounding the
grains. Most of the secondary iron phases present is hematite (Table 2). The mineralogical

associations of iron oxy-hydroxides are presented in Figure B.10. Hardpan iron oxy-hydroxides
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are present as liberated and mostly as binary association to other iron oxy-hydroxides. They are
more associated to carbonates (8%) than sulphides (2%). This leads to passivation of sulphides and
carbonates. Sulphides within hardpan sample are almost all associated with iron oxy-hydroxides
(47%pyrite and 33% pyrrhotite). Generally, association of iron oxy-hydroxides with sulphides is

known as sulphide’s coating.

The results of the static tests on oxidized and unweathered samples are presented in Table 1.
Neutralization potential (NP), AP and NNP are presented in kg of CaCOs/t. Neutralization potential
analyzed by titration is smaller than the value calculated by total inorganic carbon concentration.
This is due to the presence of iron carbonates which reduces the real NP of tailings (Bouzahzah et
al., 2015a). Neutralization potential of oxidized sample is lower than its AP which may lead to an
acidic behavior of this sample. The unweathered tailings have 35 kg CaCOas/t of difference between

its NP and AP. This sample is uncertain regarding acid generation (Miller et al., 1991b) .
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Figure B.11 : Mineralogical associations of secondary iron phases and sulfides

Leaching tests

Results of the geochemical quality of column tests leachates are shown in Figure B.12. The
columns leaching tests were run for 11 months. The preliminary results showed an acidic behavior
for the oxidized tailings: pH of oxidized tailings leachates was between 2.15 and 2.77 with a
tendency of slight increase. However, when leachate water from oxidized sample is allowed to
infiltrate vertically into unweathered sample, the acidic leachates are neutralized by carbonates
dissolution within unweathered tailings. pH of column leachates stayed neutral between 6 and 8.
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The electrical conductivity of the leachates from the oxidized tailings is slightly lower than that
from oxidized tailings above the unweathered tailings. It varies between 2.89 mS/cm and 5.79
mS/cm while that from vertical infiltration varies between 2.65 mS/cm and 6.4 mS/cm. This may
be explained by more extensive dissolution and oxidation reactions due to presence of unweathered

tailings.

Acidity and alkalinity are two parameters that describe the capacity of a solution to acidify and
neutralize a solution. The acidity measurement obtained from the surface runoff leachates is higher
than that measured for leachates from vertical infiltration. Acidity of surface runoff leachates
varies between 250 mg CaCOs/l and 1550 mg CaCOs/l. The acidity of vertical infiltration leachates
is low and varies between 15 mg CaCOs and 168 mg CaCOs. During the vertical infiltration, the
acidity produced in the oxidized tailing is neutralized by carbonates within the unweathered
tailings. The alkalinity of surface runoff was zero during the entire column test duration. The

alkalinity of vertical infiltrated water was between 40 mg CaCOz and 179 mg CaCOsa.

The leachates chemical compositions for the two scenarios were different. Leachates from surface
runoff scenario are characterized by high concentrations of Ca, Al, Fe and Zn while the leachates
from vertical infiltration contain more S and Mg. The concentration of S leached from the oxidized
sample ranged between 735 mg/l and 1112 mg/l and that from the scenario of vertical infiltration
was between 926 mg/l and 2200 mg/Il. The calcium concentrations from the surface runoff scenario
varied between 619 mg/l and 894 mg/l and those from vertical infiltration scenario ranged between
423 mg/l and 638 mg/l. The average concentration of Fe leached from the oxidized sample was
about 106 mg/l and that leached from vertical infiltration scenario was about 0.88 mg/l. The
average concentration of Mg leached from the oxidized sample was low and equalled to 31.4 mg/I,
while the leachates form vertical infiltration through the unweathered sample contained high
concentrations of Mg and varied between 372 mg/l and 1110 mg/Il. A higher concentration of Zn
was leached during the surface runoff scenario than during the vertical infiltration scenario with
average concentration of 11.13 mg/l and 0.67 mg/I, respectively. Similar results were obtained for
Al. The concentration of Al was higher in the leachate from surface runoff scenario (10 mg/l and
50 mg/l) than that measured in the leachate from the vertical infiltration scenario (0.014 mg/l and
0.072 mg/l).
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DISCUSSION AND ON-GOING WORKS

The oxidized tailings contain mainly secondary phases while most of sulphides and carbonates
were dissolved. The unweathered sample showed high concentrations of carbonates (mainly
siderite) and sulphides (pyrite). The hardpan sample showed a mineralogical composition formed
by a mixture of oxidized and unweathered tailings minerals. It is formed through the precipitation
of secondary phases forming crusts around grains and ultimately forming a cement matrix around
them which reduces the porosity of these horizons. The formation of hardpan and the reduction of
the porosity influence considerably the hydrogeological properties of these tailings’ horizons. As
a result, the hydraulic conductivity of this tailings horizons decreases leading to a change of the
local water flow at the Joutel tailing impoundments which in turn influences the geochemical

behavior of tailings (McGregor et al., 2002).

The oxidized sample which was run to simulate surface runoff due to presence of hardpans
generated leachates with high concentrations of Ca, Fe, Al and Zn. These elements are associated
with secondary minerals. In general, Ca and S originate from the dissolution of gypsum. The
mineralogical characterization of oxidized sample showed 19.3% gypsum. Fe and Zn are related
to secondary iron oxy-hydroxides. Precipitation of secondary iron phases leads to trapping of wide
range of contaminants (Fukushi et al., 2003; McGregor et al., 1998a; McKenzie, 1980). These
elements are released during iron oxy-hydroxides dissolution (Sheoran et al., 2006).

The acid generation in the oxidized sample is mainly related to secondary iron phases (EI Adnani
etal., 2016). The acidity is maintained during all kinetic tests because of the absence of neutralizing
minerals which is confirmed by absence of alkalinity in the leachates from oxidized sample. The
neutralization potential of oxidized tailings is depleted after more than 25 years of field exposure

and the same tendency for sulphides.

The oxidized sample above unweathered sample was run to simulate vertical infiltration of water
flows due to absence of hardpans. The geochemical monitoring of this column test showed a non-
acid generating behavior. The acidity generated by the oxidized tailings is neutralized by
unweathered tailings carbonates. Carbonates dissolution is the main pH buffering within the
unweathered tailings. This is confirmed by Ca and Mg leaching during this scenario. During surface
runoff scenario, there are some contaminants leached such as Al and Zn. These contaminants are

present in very small concentrations during vertical infiltration scenario. It may be that, during pH
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buffering by carbonates dissolution, these elements are co-precipitated or adsorbed by the new
formed iron secondary phases.

Evaluation of hydrogeological properties of oxidized, unweathered and hardpan samples is
ongoing to demonstrate the variation of permeability and water retention curves. Hydrogeological
modelling using Hydrus 1D is ongoing to evaluate the water content and water flow in the tailings
impoundment in presence and absence of hardpans.
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Figure B.13: Geochemical monitoring of column tests
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