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RESUME

L'ancienne mine Giant sifuée a environ cing kilomeétres au nord de Yellowkmife sur le Grand lac
des Esclaves dans les Territoires du Nord-Ouest (TNO), au Canada, a été exploitée de 1948 a 2004.
Au cours de son exploitation, la mine a traité du minerai d'or, une partie du nunerai étant envoyée
hors site pour traitement entre 1999 et 2004. Le processus d'extraction de l'or impliquait le grillage
de minéraux contenant de l'arsenic, qu produisait des poussiéres de gnllage contenant du trioxyde
d'arsenic (ATRW). Environ 237 000 tonnes de ces poussiéres ont été générées et stockées sous
terre dans quinze chambres spécialement construtes et des chantiers exploités. De plus, plus de 17
millions de tonnes de résidus ont été produtes et stockées dans des parcs a résidus miniers. La
poussiére d'ATRW, contenant environ 60 % d'arsenic, présente des risques importants pour la santé
et I'environnement en raison de sa forte toxicité et de ses propriétés cancénigénes. La gestion de la
quantité importante de poussiéres ATRW est un défi en raison de la nature de ses particules fines
et de ses conditions de stockage. Pour résoudre ce probléme, une approche intégrée a évalué plus
de 50 technologies ou méthodes, identifiant la méthode « de congélation en bloc » comme étant la
solution la plus viable. Cette méthode stabilise la poussiére en gelant le sol autour des chambres de
stockage et des chantfiers. Inihialement considérée comme une mesure temporaire avec une durée
de vie allant jusqu'a 100 ans, cette méthode n'élimine pas l'arsenic, le laissant chiniquement
mstable et soluble, ce qui pourrait entrainer une contamination potentielle si le bloc gelé dégéle en
raison d'un entretien négligé. Les changements climatiques et le réchauffement de la planéte ont
encore compliqué la sifuation, posant des défis importants sur le plan environnemental
écononuque et politique, en particulier pour les résidents des TNO. La présence d'exploitations
miméres a clel ouvert et de vastes chantiers souterramns a également perturbé le pergélisol
discontinu de la région. Par conséquent, les autorités mimeéres suggérent qu'une combinaison de
méthodes pourrait étre nécessaire pour la gestion permanente des poussiéres ATRW.

Diverses technologies ont été utilisées pour gérer les déchets contenant de l'arsenic et les sols et
sédiments contaminés par l'arsemic. Parnu celles-c1, la sohidification et la stabilisation sont des
techmiques prometteuses qui uvfilisent des agents hiants pour encapsuler les déchets dangereux,
rédumsant amnsi leur mobilité et leur lessivage. Une méthode notable de solidification et de
stabilisation est la technologie de remblai en pate cimenté (RPC). Cette méthode consiste a créer
une pate a haute densité a partir de résidus filtrés, de hants et d'eau, qui est épaissie pour empécher
la décantation et est ensuite transportée dans des cavités mimeéres. Le RPC offre des avantages
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environnementaux en déposant en toute sécurité les résidus d'usine dangereux, tels que les résidus
sulfurés, et d'autres déchets mimers contaminés, dans des ouvertures souterraines. Cette approche
atténue les mmpacts environnementaux et réduit les cotits d’élimination et de remise en état des
surfaces. Les hiants hydrauliques utilisés dans le RPC peuvent réagir lors de 'hydratation avec les
meétaux et métalloides, notamment I'arsenic, condusant a la formation de composés stables par
précipitation.

Les recherches antérieures sur la fixation de I'arsenic dans les RPC sont limitées et 1'utilisation de
I'ATRW dans les RPC n'a pas été explorée auparavant. L'objectif principal de cette étude est
d'évaluer la faisabilité de I'incorporation des poussiéres d'ATRW dans les RPC pour stabiliser
l'arsenic et réduire sa lixiviation. Pour atteindre cet objectif, 1a sélection du ou des hants appropriés
et des conditions de mélanges est cruciale pour produire des échantillons de RPC avec une
lixiviation mimimale et une résistance mécamique adéquate. Dans cette étude, divers maténiaux ont
été ufilisés, notamment des résidus et de la poussiére dATRW de la mune Giant, cing liants
différents (ciment a usage général (GU) et mélanges de GU avec des cendres volantes (FA), des
scories, de la chaux (LI) et des poussiéres de four a chaux (LKD) selon différents pourcentages),
de la silice pure imitant les résidus, du trioxyde d'arsenic pur et de 1'eau déiomsée (DI). Les résidus
et la poussiére ATRW de la mine Giant ont été transportés au laboratoire, préparés et homogénéisés
pour étre caractérisés et utilisés dans les tests. Avant de détermuner les hants et les mélanges
appropriés, les caracténistiques physiques, chimiques et nunéralogiques des poussiéres ATRW et
des résidus de la mine Giant, ainsi que les hiants potentiels et autres maténiaux, ont été évalués. Ces
caractéristiques ont un impact sigmificatf sur les propriétés mécamiques, les propriétés
géochimiques, la conductivité hydraulique et la microstructure des échantillons de RPC.

Dans le cadre de la phase imitiale de cette étude, des analyses préliminaires ont été menées pour
examiner les effets de I'incorporation de trioxyde d'arsenic pur sur les propriétés géomécamques et
géochimiques des RPC. Les échantillons préliminaires de RPC ont été préparés en deux lots. Dans
le premuier lot, trois liants (ciment GU, GU/FA et GU/scorie) ont été utilisés avec 10 % de hant et
15 % d'As20; pur de qualité réactif, ainsi que de la silice pure broyée (Sil-Co-Sil®), résidus de la
mine Giant et eau DI. Ces échantillons ont été préparés dans des conditions non drainées et durcis
Jusqu'a 96 jours. Sur la base des résultats de résistance a la compression uniaxiale non confinée
(UCS) du premier lot, le deuxiéme lot d'échantillons a été préparée en utilisant du Sil-Co-Sil®

comme résidus, du ciment GU a 5 % comme liant, de I'eau DI et des pourcentages variables d'As:O3



(0, 5, 10 et 15 %) dans des conditions drainées. Ces échantillons ont été durcis jusqu'a 28 jours, les
tests UCS étant effectués aprés 7 et 28 jours. Pour évaluer le comportement géochimique des pates,
des mélanges de ciment GU, d'As203 pur (0 a 15 %) et d'eau DI ont été préparés dans les mémes
proportions que les échantillons RPC et mélangés pendant 28 jours maximum. Le pH, la
conductivité électrique (EC) et la composition chimique des mélanges ont ensuite été évalués. De
plus, la mucrostructure des mélanges RPC et As:Os-ciment a été analysée par microscopie
électronique a balayage (MEB). Les résultats du premuer lot d’échantillons préliminaires ont révélé
que I'UCS des echantillons contenant de 1’ AsxOs pur était sigmificativement inférieure a celle des
échantillons sans As:0s, en particulier pour le hant GU/scone. Alors que les échantillons de
GU/scories sans As203 présentaient la résistance la plus élevée, ceux contenant de 1'As20s
présentalent des résistances nettement plus faibles, sans aucune prise observée méme apres 96
jours. Les échantillons avec un liant GU pur contenant 1’As>O3 présentaient 1'UCS le plus élevé,
suivis par les échantillons GU/FA. Dans la plupart des cas, 1’allongement du temps de durcissement
de 28 a 96 jours a entrainé une UCS plus élevée. Pour les échantillons sans As203, les échantillons
GU et GU/FA contenant de la silice pure présentaient un UCS plus élevé que ceux contenant des
résidus, tandis que les échantillons GU/sconie avec des résidus présentaient un UCS
significativement plus élevé. Les résultats du dewuéme lot ont indiqué que 1’ajout d’As>0s pur (en
remplacement partiel de la silice pure) diminuait considérablement la résistance mécamque des
échantillons de RPC, la réduction la plus significative étant observée a une teneur en arsenic de 5
%. La résistance des échantillons contenant de I'As»Os ne s'est pas ameéliorée de mameére
sigmificative aprés 7 jours de durcissement, principalement en raison d'une baisse du pH (inférieure
a 10,5) et probablement en raison de retards et d'une inhibition du durcissement au début de la
phase de durcissement. I'analyse MEB a confirmé la formation de certains gels de calcium-silicate-
hydrate (C-S-H) contenant de l'arsenic, ainsi que des mélanges complexes d'oxydes dans les
melanges AsyOs3-ciment.

Dans la deuxiéme phase de cette étude, des échantillons RPC avec des proportions de mélange
variables ont été préparés pour identifier les paramétres clés mfluencant la résistance, en utilisant
la méthodologie de surface de réponse (RSM). La stabilité physique du RPC a été évaluée a 'aide
du test UCS, tandis que les analyses de conductivité hydraulique saturée et de tomodensitométrie
(CT) ont fourm une évaluation de la microstructure du CPB. Dans un premuer temps, de petits
échantillons de RPC ont été préparés pour identifier les hiants les plus efficaces et le pourcentage
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optimal de poussiéres ATRW. Ces échantillons ufilisaient 5 % de quatre hants différents (GU,
GU/FA, GU/LI et GU/LKD) avec diverses teneurs en poussiéres ATRW (4 % a 14 %), des résidus
de la mine Giant et de I'eau DI. Aprés durcissement et test de compression de ces échantillons a 7
et 28 jours, deux hants (GU et GU/LKD) et 10 % de poussiére ATRW ont été identifiés comme les
meilleures conditions pour préparer les échantillons principaux de RPC. Ces échantillons
principaux ont été préparés avec différentes formulations de mélanges (pourcentage de solides,
pourcentage de lant, temps de durcissement) et leur résistance mécamique a été évaluée. Les
résultats ont indiqué que les échantillons RPC préparés avec du ciment GU avaient une résistance
significativement plus élevée que ceux avec le mélange GU/LKD. Pour les deux types de hants, la
résistance la plus élevée a été obtenue dans les échantillons contenant 6 % de hant et 76 % de
solides, avec des valeurs d'environ 491 kPa et 531 kPa pour GU, et 214 kPa et 213 kPa pour
GU/LKD, aprés 28 et 90 jours, respectivement. L'étude des interactions entre les variables
mdépendantes a pernus de nueux comprendre comment ces vanables affectent les varnables
dépendantes. Les pourcentages de liant et de solides se sont révélées étre les plus importantes,
tandis que le temps de durcissement a eu un effet négligeable. Des pourcentages plus éleves de
liant et des solides étaient associées a des valeurs UCS plus élevées dans les échantillons RPC.
L'ajout de 10 % d'ATRW aux résidus a réduit I'UCS des échantillons RPC de plus de 30 %, en
particulier dans les échantillons contenant moins de liant et de matiéres solides. Bien que les
différences de microstructure n'alent pas été détectables par les expénences de conductivité
hydraulique saturée, les observations par tomodensitométrie ont révélé que la formation de
maténiaux contenant de l'arsenic a haute densité était significativement plus importante dans les
échantillons présentant 1'UCS le plus élevé, en particulier ceux préparés avec le hant GU.

Dans la troisiéme phase de cette étude, six recettes d'échantillons RPC ont été sélectionnées pour
des tests de lixiviation monolithique (TLT) : deux recettes avec 1'UCS le plus élevé et quatre
receftes avec un UCS de milieu de gamme Des analyses microstructurales, notamment la
thermogravimétrie (TG), la spectroscopie d'absorption des rayons X (XAS), la spectroscopie
mfrarouge a fransformée de Fourier (FTIR) et la tomodensitométrie, ont été réalisées pour examiner
la microstructure de ces échantillons RPC. L'objectif était d'étudier la relation entre leur résistance,
leur comportement géochimique et les caracténistiques de leurs pores. Lors des tests TLT, seuls les
échantillons a haute résistance ont subi I'intégralité du processus de loaviation; les autres se sont
désintéprés. Le pH des lixiviats collectés pendant le TLT est resté inférieur a 10, ce qu indique
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que la dissolution de I'ATRW a abaissé le pH de la pate et a empéché la formation de produts
d'hydratation tels que la portlandite, 'ettringite et le gypse. La lxiviation de l'arsenic, du caleium
et du sulfate n'a pas atteint un plateau et pourrait se poursuivre au-dela de la période de lixiviation
de 64 jours. Le principal mécanisme de lixiviation de l'arsenic dans les échantillons de RPC étudiés
a été 1dentifié comme étant le lessivage de surface, avec un certain degré d'épuisement. Les résultats
des tests UCS et de louviation ont indiqué que I'imclusion ' ATRW pourrait apporter une certaine
résistance, en particulier dans les échantillons ayant des teneurs en liant et en solides plus élevées.
Cependant, la libération d'arsenic, principalement a partir de la surface des RPC, pourralent éfre
importants, méme dans les échantillons a haute résistance. Le principal produit d’hydratation
identifié était des gels de C-S-H a teneur réduite, attribués au pH plus faible de la pate. De plus,
aucune liaison chimique entre I’arsenic et le calcium n’a été observée dans les échantillons a haute
résistance, qui présentaient des volumes de pores plus élevés et des sphéncités plus faibles. Sur la
base de ces résultats, 1l a été conclu que l'incorporation dATRW dans le RPC nécessite des
modifications préliminaires pour réduire la solubilité de I'arsenic et mimimiser les surfaces exposées
du RPC sujettes au lessivage.



ABSTRACT

The former Giant Mine located approximately five kilometers north of Yellowknife on Great Slave
Lake mn the Northwest Territonies (NWT), Canada, operated from 1948 unfil 2004. Durning 1ts
operation, the nune processed gold ore, with some ore sent off-site for processing between 1999
and 2004. The gold extraction process involved roasting arsenic-bearing ninerals, which produced
arsenic trioxide roaster waste (ATRW) dust. Approximately 237,000 tonnes of this dust were
generated and stored underground in fifteen purpose-bumilt chambers and mined-out stopes.
Additionally, more than 17 mullion tonnes of tailings were produced and stored in tailings ponds.
The ATRW dust, contaimng around 60% arsenic, poses significant health and environmental
hazards due to its high toxicity and carcinogenic properties. Managing the substantial quantity of
ATRW dust 1s challenging due to 1ts fine particulate nature and storage conditions. To address this,
an integrated approach assessed over 50 technologies or methods, 1dentified the "Frozen Block"
method as the most viable solution. This method stabilizes the dust by freezing the ground around
the storage chambers and stopes. Imtially considered a temporary measure with a lifespan of up to
100 years, this method does not remove the arsenic, leaving 1t chemucally unstable and soluble,
which could lead to potential release if the frozen block thaws due to neglected maintenance.
Climate change and global warming further complicated the sifuation, presenting sigmificant
challenges to the environment, economy, and politics, particularly for residents of NWT. The
presence of open-pit mining and extensive underground workings in the area has also disrupted the
region's discontinuous permafrost. Consequently, mine authorities suggest that a combination of
methods may be necessary for the permanent management of the ATRW dust.

Various technologies have been employed to manage arsemic-bearing wastes and soils and
sediments contaminated with arsemic. Among these, solidification and stabilization are pronusing
techmques that use binding agents to encapsulate hazardous waste, reducing its mobility and
leaching. One notable solidification and stabilization method 1s the cemented paste backfill (CPB)
technology. This method involves creating a high-density paste from dewatered tailings, binding
agents, and water, which 1s thickened to prevent settling and 1s then transported into mined cavities.
CPB offers environmental benefits by safely depositing hazardous mull taihings, such as sulfide
tailings, and other contanmunated mine wastes into underground openings. This approach mutigates
environmental impacts and reduces surface disposal and reclamation costs. The hydraulic binders
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used in CPB can react during hydration with metals and metalloids, particularly arsemic, leading to
the formation of stable compounds through precipitation.

Previous research on arsenic fixation within CPBs 15 linuted, and the use of ATRW 1 CPBs had
not been explored before. The primary objective of this study was to assess the feasibility of
mcorporating ATRW dust into CPBs to stabilize arsenic and reduce its leachability. To achieve
this goal, selecting the appropriate binder(s) and mixing ratios was crucial to produce CPB samples
with mimimal leachability and adequate mechanical strength. In this study, various matenals were
used, including tailings and ATRW dust from Giant Mine, five different binders (general use (GU)
cement, and muxtures of GU with fly ash (FA), slag, lime (LI), and lime kiln dust (LKD) mn different
percentages), pure silica mimicking tailings, pure arsenic trioxide, and deiomzed (DI) water. The
tailings and ATRW dust from Giant Mine were transported to the laboratory, prepared, and
homogenized for characterization and use in the tests. Before determiming the smtable binders and
muxing ratios, the physical, chemical, and mineralogical characteristics of the ATRW dust and
tailings from Giant Mine, as well as the potential binders and other materials, were evaluated. These
characteristics significantly impact the mechamical properties, leachability, hydraulic conductivity,
and microstructure of the CPB samples.

As the mitial phase of this study, preliminary analyses were conducted to examine the effects of
mcorporating pure arsenic trioxide on the geomechamical and geochenucal properties of CPBs. The
preliminary CPB samples were prepared i two batches. In the first batch, three binding agents
(GU cement, GU/FA, and GU/slag) were used with 10% binder and 15% reagent-grade pure As:03,
along with pure ground silica (Sil-Co-Sil®), Giant Mine tailings, and DI water. These samples were
prepared under undramed conditions and cured for up to 96 days. Based on the unconfined
compressive strength (UCS) results from the first batch, the second batch of samples were prepared
using Sil-Co-Sil® as tailings, 5% GU cement as binder, DI water, and varying As>O3 percentages
(0, 5, 10, and 15%) under drained conditions. These samples were cured for up to 28 days, with
UCS tests performed after 7 and 28 days. To evaluate the geochemucal behavior of the pastes,
muxfures of GU cement, pure As:03 (0 to 15%), and DI water were prepared in the same
proportions as the CPB samples and mixed for up to 28 days. The pH, electrical conductivity (EC),
and chemical composition of the mixtures were then assessed. Additionally, the microstructure of
the CPBs and As203-cement nuxtures was analyzed using scanning electron microscopy (SEM).
Results of the first batch of the preliminary samples revealed that UCS of samples containing pure



As03 was significantly lower compared to samples without As»Os, especially for the GU/slag
binder. While GU/slag samples without AsyOs; exlubited the highest strength, those with As>O3
showed notably weaker strengths, with no setting observed even after 96 days. Samples with pure
GU binder contaming As>Os displayed the lighest UCS, followed by GU/FA samples. In most
cases, extending the cuning time from 28 to 96 days resulted in higher UCS for the samples. For
samples without As20s, GU and GU/FA samples with pure silica exhibited higher UCS than those
with tailings, whereas GU/Slag samples with tailings showed significantly higher UCS. Results
from the second batch indicated that adding pure As20s (as a partial substifution for pure silica)
substantially decreased the mechamical strength of the CPB samples, with the most significant
reduction observed at 5% arsemic content. The strength of As2Qs-contamning samples did not
improve significantly after 7 days of curing, primarily due to a drop in pH (below 10.5) and likely
due to delays and inhibition in hardeming during the early curing stage. SEM analysis confirmed
the formation of some calcium-silicate-hydrate (C-S-H) gels containing arsenic, as well as complex
muxtures of oxides in the As203-cement nuxtures.

In the second phase of this study, CPB samples with varying mixing proportions were prepared to
identify the key parameters influencing strength, utilizing response surface methodology (RSM).
The physical stability of the CPB was assessed using UCS test, while saturated hydraulic
conductivity and computed tomography (CT) analyses provided a detailed evaluation of the CPB
microstructure. Imtially, small CPB samples were prepared to identify the most effective binders
and the optimal percentage of ATRW dust. These samples used 5% of four different binding agents
(GU, GU/FA, GU/LI, and GU/LKD) with various ATRW dust contents (4% to 14%), Giant Mine
tailings, and DI water. After cuning and testing these samples at 7 and 28 days, two binding agents
(GU and GU/LKED) and 10% ATRW dust were identified as the best conditions for prepanng the
main CPB samples. These mam samples were cast with various mix designs (differing 1n sohd
content, binder content, and curing times) and their mechamical strength was evaluated. The results
mdicated that CPB samples prepared with GU cement had significantly greater strength compared
to those with the GU/LKD muxture. For both binder types, the highest strength was achieved in
samples containing 6% binder and 76% solids, with values of approximately 491 kPa and 531 kPa
for GU, and 214 kPa and 213 kPa for GU/LKD, after 28 and 90 days, respectively. Investigating
the interactions among the independent variables provided deeper insight into how these variables
affected the dependent ones. Binder content and solid content were found to be the most significant,
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while curing time had a neghgible effect. Higher binder and solid contents were associated with
higher UCS values in the CPB samples. Adding 10% ATRW to the tailings reduced the UCS of
CPB samples by more than 30%, particularly in samples with lower binder and solid contents.
While microstructure differences were not detectable through saturated hydraulic conductivity
experiments, CT scan observations revealed that the formation of high-density arsenic-contaming
matenials was significantly greater in samples with the hughest UCS, especially those prepared with
GU binder.

In the third phase of this study, six CPB recipes were selected for monolithic tank leaching (TLT)
tests: two recipes with the ighest UCS and four recipes with mid-range UCS. Microstructural
analyses, mcluding thermogravimetry (TG), X-ray absorption spectroscopy (XAS), Fourier-
transform infrared spectroscopy (FTIR), and computed tomography, were conducted to examine
the microstructure of these CPB samples. The goal was to mnvestigate the relationship between their
strength, leaching behavior, and pore characteristics. During the TLT tests, only the high-strength
samples endured the entire leaching process, while the others disintegrated. The pH of the leachates
collected during TLT remained below 10, indicating that ATRW dissolution lowered the paste's
pH and hindered the formation of hydration products such as portlandite, ettringite, and gypsum.
The leaching of arsenic, calcium, and sulfate did not reach a plateau and could continue beyond
the 64-day leaching period. The primary leaching mechamsm for arsenic in the CPB samples
studied was 1dentified as surface wash-off, with some extent of depletion. Results from UCS and
leaching tests indicated that including ATRW could provide some strength, particularly in samples
with ligher binder and solid contents. However, arsemic release, primarily from the surface of
CPBs, could be substantial, even i high-strength samples. The main hydration product identified
was C-S-H gels at a relatively low content, attributed to the low pH of the paste. Furthermore, no
chemical bonding between arsenic and calcium was observed in the high-strength samples, which
exhibited higher pore volumes and lower sphericities. Based on these findings, it was concluded
that incorporating ATRW into CPBs requures preliminary modifications to reduce arsenic solubility
and mimnuze exposed CPB surfaces prone to leaching
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CHAPTER 1 INTRODUCTION
1.1 Context

In numerous countries, the exploitation of mineral resources holds substantial significance for
economuc growth, employment, and infrastructure development. Following the extraction of
resources from the Earth, the material undergoes processing to extract its valuable components.
Mining operations generate a substantial volume of mune wastes, mcluding tailings and dust,
constituting the most substantial portion of waste produced by industrial activities. The term "mine
waste" suggests that the material lacks current economic value and 1s an undesired by-product of
muming. Nonetheless, 1t 1s acknowledged that certain mine wastes can be beneficial, a realization
dating back to the early stages of miming and smelting. The properties of wastes generated at
different mines vary significantly. Each mine produces its distinct waste, necessitating individual
characterization, prediction, monitoring, treatment, and secure disposal Mine wastes are
commonly classified based on their physical and chemical properties, as well as their source
(Lottermoser, 2010).

Mine wastes typically contain metals and metalloids, and their release can have impacts on soil,
sediment, water quality, as well as ecosystem and human health (Williams et al | 2006). Therefore,
the surface disposal of these wastes 1s not only a signmificant expense but can also lead to potential
long-term environmental 1ssues, such as acid mine drainage (AMD) (Ghinan & Fall, 2016; Tarq
& Yanful, 2013). Mining activities can also induce distinct alterations m the topography,
hydrology, and stability of a landscape. Upon the end of muming operations, both the nuned land
and 1ts waste deposits require rehabilitation. The rehabilitation of mine sites should be seamlessly
mtegrated throughout the entire numing process, encompassing planming, development, and final
closure stages.

Cementitious solidification and stabilization (S/S) 1s one of the employed methods for treating and
ultimately disposing of hazardous wastes from mimng Cementitious materials are favored due to
their cost-effectiveness, compatibility with various disposal scenarios, and capacity to meet
stringent processing and performance standards (USEPA, 1996). This treatment plays a crucial role
m safepuarding human health and the environment by immobilizing contaminants within the
treated material, thus preventing their nugration to human, amimal, and plant receptors (Wilk,
2004).
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The conventional storage of taillings in tailhngs impoundments has led to sigmficant issues,
mcluding dam breakage accidents and environmental contamination. In reaction to these
challenges, tailings and other mine wastes are commonly employed as backfill materials to fill
underground stopes (D. Wu, 2020). This disposal method has been a staple in the mining industry
for over a century (Lottermoser, 2010).

Cemented paste backfill (CPB) is a carefully engineered nuxture comprising dewatered taihngs
(typically consisting of fine silt-size particles) from the nulling or processing operation of the mine,
water, and hydraulic binders, contaiming between 70% and 85% solids by weight. Hydraulic
binders, such as Portland cements, lime, pulvenized fly ash, and blast furnace slag, act as binding
agents, creating cohesive strength within the CPB. Thus allows exposed fill faces to become self-
supporting when adjacent stopes are extracted (Belem & Benzaazoua, 2008). Over the past few
decades, CPB technology has gained increasing application in revitalizing nuned cavities in
underground mine operations due to its cost-effectiveness and superior mechanical performance
compared to other backfilling methods, such as rock fills and hydraulic fills (Fall et al_, 2010; Yue
Zhao, Soltam, et al, 2019). Some researchers have recogmized CPB as a method to manage or
restrict the development of acid rock dramage and the migration of metals, metalloids, and other
contaminants (Arcadis, 2017, Hamberg et al, 2015b; MEND, 2006). In this project, the
effectiveness of this method in managing arsemic trioxide roaster waste (ATRW) dust was
evaluated.

1.2 Research background

The Giant Mine, situated in Yellowkmfe, Northwest Territories, was a gold producer from 1948
until 1999. Following this period, the nune continued operating until 2004, during which the gold
ore was shipped offsite for processing. When operations ended, the Government of Canada took
over as the site custodian. The processing of Giant Mine ore resulted in a substantial production of
ATRW dust as a by-product. Roughly 237,000 tonnes of this dust were generated and stored
underground in fifteen purpose-built chambers and mined-out stopes. The dust contains
approximately 60% arsenic. To prevent the release of arsenic into the groundwater surrounding the
mine, the ATRW dust and the rock surrounding each chamber and stope are kept frozen (SREK,
2007). However, concerns about the long-term effectiveness of this method, the risks associated
with storing such toxic waste, and the significant impact of global warming on permafrost have
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compelled mine authorities (the Government of Canada, through Crown-Indigenous Relations and
Northern Affairs Canada, CIRNAC) to explore more permanent solutions. The Giant Mine
Oversight Board (GMOB) was established as an independent orgamsation that manages research
funds to provide insights on the remediation of the Giant Mine. Previous studies on the treatability
of arsenic compounds through cement stabilization have mdicated that 1t 1s possible to effectively
stabilize high arsemic-contaimng material using cement stabilization and solidification. The CPB
method combines the physical and chemical encapsulation of cement stabilization, while offering
a means for emplacement within the subsurface (Arcadis, 2017). Exusting studies on immobilizing
ATRW dust from the Giant Mine had not thoroughly explored the application of cemented paste
backfill. While this method has demonstrated good performance in stabilizing arsenic compounds,
its applicability for stabilizing ATRW dust specifically has not been thoroughly investigated.
Additionally, there 15 limited research on the imtial release or washout of arsenic from the cemented
paste backfills, and its long-term performance requires evaluation

1.3 Objectives of the study

The primary goal of this research project was to evaluate the efficacy of stabilizing arsemic by
mcorporating ATRW into cemented paste backfill, offering a potentially effective solution for
safely and permanently managing ATRW dust. The specific objectives of this project were as
follows: 1) identifying the most effective binders and optimizing their proportions for the long-term
stabilization of ATRW dust, 11) optimizing the content of dust and tailings within the CPB samples,
and 1) elucidating the arsemic speciation and stabilization mechamisms occurring during the
cement hardening and curing processes, along with their respective impacts on leaching properties.

1.4 Hypothesis of the study

The main hypothesis of this research suggested that adding ATRW dust to cemented paste backfill
could securely stabilize the dust permanently, ensuring mechanical stability for the stopes and
mimmizing arsenic leaching into nearby waters. While some studies have explored the stabilization
of arsemic compounds within cemented paste backfills, the specific stabilization mechamsms of
ATRW dust have not been previously investigated. Furthermore, given that the ATRW dusts from
the Giant Mine are not comprised solely of arsenic trioxide, the presence of other constituents and
impurities may influence the solubility and stabilization efficacy of the arsemic tnoxide.



1.5 Structure of the document

Thus thesis comprises six chapters. Chapter one provides introductory information, mcluding the
project's objectives, hypothesis, and overall structure. Chapter two delves mto the theoretical
framework and literature reviews, covering various aspects of mine waste production and
management, particularly in gold mines, the production process of ATRW dust at the Giant Mine
and previous management practices for this hazardous matenial It explores processes related to
arsenic management m nune wastes, mechamsms of sohdification and stabilization for
contaminants, and their applicability to arsenic-contamning materials. Additionally, this chapter
examines cemented paste backfill technology, the influence of different parameters on 1ts quality,
and previous studies on arsenic stabilization within CPB. Chapter three focuses on the processes
of preparing and characterizing Giant Mine wastes (ATRW dust and tailings) and other materials
for CPB sample preparation. It also details the procedures for preliminary and main prepared CPB
samples and outlines the required mechanical, leaching, hydraulic conductivity, microstructural,
and environmental charactenization tests on the CPB samples and other ATRW dust-contaming
muxtures. In chapter four, the results of imitial characterization, mechamcal, geochemical, hydraulic
conductivity, and mucrostructural analyses on the prepared CPB samples and ATRW dust-
contamning mixtures are presented and discussed. Complementary tests conducted to study the
behavior of ATRW dust and Giant Mine tailings in various environmental conditions are covered
at the end of chapter four. The findings of the thesis are then integrated and discussed in chapter
five to address all project objectives. Fially, chapter six provides concluding remarks and
recommendations for future projects. Appendices contain a summary of the literature review and
published and submuitted articles based on the project findings as well as a summary of the XAS
statistical analysis results.



CHAPTER 2 Theory of the project and literature review

2.1 Introduction

The miming mdustry plays a significant role in the global economy by offering a wide range of
muneral products to industrial consumers. This industry encompasses minming, nuneral processing,
and metallurgical extraction operations. Mining mvolves the commercial exploitation of minerals
or energy resources, characterized by extracting material from the ground to recover one or more
mined material components. Mineral processing aims to separate and concentrate the ore
muneral(s), while metallurgical extraction 1s employed to break the crystallographic bonds of ore
munerals to recover the desired element or compound. Various forms of mineral processing, such
as crushing, grinding, gravity, magnetic or electrostatic separation, and flotation, are typically
associated with mining operations at mine sites. These processes may also be accompamed by
metallurgical extraction techmques for matenals like gold, copper, mickel, uranium, or phosphate,
mcluding roasting, heap leaching, or in sifu leaching (Lottermoser, 2010).

The miming and nuneral processing industry generates a substantial volume of processed materials
and produces numerous wastes. Managing solid wastes and wastewaters produced and disposed of
at modern mune sites 1s challenging due to their hazardous nature, contaiming matenials such as
heavy metals, metalloids, radioactive substances, acids, and process chemicals. These maternals
necessitate monitoring, treatment, and secure disposal, as they accumulate in large volumes at mine
sites. The physical and chemucal charactenstics of miming wastes depend on factors such as
mineralogy, geochenustry, type of miming equipment, particle size of mined matenial, and water
content. Sinularly, the physical and chemical properties of processing wastes vary based on the
mineralogy and geochemistry of the treated matenal, type of processing technology, particle size
of crushed material, and process chemucals involved. However, not all mine wastes are problematic
or require monitoring or treatment. Many of them do not contain or release contanunants, are mert
or benign, and pose no environmental threat (Lottermoser, 2010). Figure 2.1 1illustrates a schematic
of the product and waste stream 1n a metal mine.

The miming and nulling of sulfide ores result in the generation of significant quantities of sulfide-
rich mine wastes and null tailings These wastes/tallings are typically abundant in pyrite and
pyrrhotite and contain toxic metals and metalloids such as arsenic (As), copper (Cu), and zinc (Zn)
(Ercikdi, Cihangir, et al |, 2009). When exposed to the atmosphere or oxygenated groundwater, the
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sulfides undergo oxidation, leading to the production of acidic water contaimng sulfate, heavy
metals, and metalloids. Pyrite (FeSz) 1s often the predominant sulfide muneral present, and 1ts
weathering at nune sites gives nise to the most substantial environmental challenge faced by the
mdustry today — acid mine drainage (Lottermoser, 2010). The production of AMD releases a
significant amount of acid and other hazardous constituents, such as sulfate and heavy metals,
which have severe impacts on the ecosystem (Genty et al, 2012; Yilmaz et al, 2020).
Consequently, finding effective and economically viable ways to mutigate the environmental
impacts of AMD has always been a pnmary concern for all miming operations (Abdul-Hussain &
Fall, 2011; Orejarena & Fall, 2008).
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Figure 2.1 Schematic products and waste streams at a metal nune_ Figure taken from
(Lottermoser, 2010)

2.2 Gold mining

Gold mining and extraction boast a history spanning over 3000 years. In centuries past, a significant
portion of gold was extracted through physical concentration of gold particles and mercury usage.
However, since the late 19 century, mercury has ceased industrial use due to the development of
cyanide leaching, which facilitated large-scale gold nining operations (Lottermoser, 2010). Gold
15 found in various geological environments, with estimates suggesting an average content in the
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Earth's crust rangmng from 0.003 to 0.004 parts per mullion (ppm). Economucally recoverable
deposits, determuned by factors such as total reserve, mining method, and the geological setting of
the deposit, may contain concentrations ranging from 0.69 to 1.37 ppm (equivalent to 0.02 to 0.04
troy ounces of gold per tonne of rock). Geological processes play a crucial role in concentrating
gold into minable ore deposits. With the exception of placer deposits, all other gold deposits are
formed through hydrothermal processes (USEPA, 1994). Combinations of different types of
hydrothermal systems within various host rocks lead to variations in deposit morphology, grade
ranges (vanations mn gold content), and alteration of wall rocks. The mineral composition of a
deposit 1s determuined by reactions between hydrothermal solutions and the surrounding wall rock.
The chenustry of the wall rock, solution, temperature, and pressure are the most sigmficant factors
mfluencing this process. Most gold ores contain some sulfur-bearing minerals, while carbonate
deposits may also contain carbonaceous matenial (USEPA, 1994).

2.3 Ore processing and dust production at the Giant Mine

2.3.1 Ore processing

The former Giant Mine 1s situated on Great Slave Lake, approximately five kilometers north of
Yellowkmfe, in the Northwest Territories, Canada (Figure 2.2). Gold in the ore was closely
associated with arsemic-bearing minerals, and the extraction process involved roasting, whach also
generated arsenic tnioxide dust (SRK, 2002). The Giant Mine 1s located within altered metavolcame
rocks of the Archean Yellowknife greenstone belt. Mineralization occurs as disseminated wall-
rock and subordmnate vein deposits, extending 6.5 km along strike. Unlike typical mesothermal
deposits, 1t has a linuted vertical extent of approximately 600 m and unusually high concentrations
of Sb and As (Van Hees et al , 1999). The ore had a complex mineral composition, with the majority
of gold contamned within arsenopynte (FeAsS) and arseman pyrite (FeS:2), necessitating an
oxidation process to expose the gold for cyamde leaching solutions. The primary method for
processing refractory arsenical gold ores, including those at Giant Mine, involved high-temperature
roasting followed by conventional cyamidation and Memnll Crowe precipitation (MNorthwest
Consulting Limited, 2003). Over the years, the processing plant at Giant Mine underwent various
modifications and upgrades, with treatment methods mcluding amalgamation, flotation,
cyamdation, fluo-solids roasting, and activated carbon. From 1962 until closure 1n 1999, the nulling
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process remained largely unchanged, with only munor adjustments made to accommodate ore
chemistry vanations (Silke, 2013).
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Figure 2.2 Giant nune location and layout. Figure taken from (SRK, 2002)

Following the crushing and grinding of the ore to around 80% -200 mesh, the ore sulfides were
concentrated through flotation to approximately 10% of the origimal ore weight. This concentration
ratio was regulated to achieve a sulfur concentration of approximately 17%, which was necessary
to sustain autogenous roasting conditions (Northwest Consulting Limited, 2003).
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Before cyamdation of the flotation concentrate, 1t was imperative to undergo physical and chemucal
breakdown of the sulfide minerals. This was achieved through a two-stage fluo-solids roasting
process conducted at high temperatures. The primary objective of the roasting process was to
generate porous particles by volatilizing arsemc, sulfur, and antimony, thereby exposing the fine
gold (Silke, 2013). The roasting of Fe-sulfide-rich flotation concentrate led to the oxidation of the
Fe-sulfides into nanocrystalline, micro-porous Fe-oxides, predominantly maghemite (yFe20s) and
hematite (Bromstad et al., 2017a).

Two-stage roasters are typically uvtilized for arsenopyrite ores, while one-stage roasters are
preferred for pyntic ores (Thomas & Cole, 2016). A cross-section of a flmdized-bed roaster, such
as the one at the Giant Mine, 15 depicted in Figure 2 3.
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Figure 2.3 A schematic diagram of a flmd-bed roaster. Figure taken from (Thomas & Cole, 2016)

The rationale for employing two-stage roasters can be elucidated by exammuming process chenustry.
Imtially, arsenic 1s volatilized, diffusing through the expanded, heated arsenopynte lattice.
Subsequently, a blend of hematite and magnetite 1s generated:

FeAsS — FeS + As (2.1)
3FeS + 502 — FesOs + 3502 (2.2)

4Fez04 + 02 — 6Fez03 (2.3)



10

In the presence of oxygen, the volatilized arsemic undergoes rapid oxidation, resulting in the

formation of arsenic trioxide:
4As + 30z > 2As20: (2.4)

It 1s imperative to prevent the formation of arsenic pentoxide (As20s). If the reaction between
hematite and arsenic pentoxide takes place, it results in the formation of a nonporous ferrc
arsenate. This compound tends to trap the gold in the calcine, hindering subsequent gold recovery
through cyamdation:

Fe:03 + As20s — 2FeAsO, (2.5)

The calcine, whach 1s the product of the roasting process, 1deally should exhibit a chocolate brown
color to facilitate cyamidation. This color can be attained by producing a calcine composed of
approximately 80% hematite (FexOs) and 20% magnetite (Fe3O4). This indicates that complete or
near-complete sulfide oxidation has been achieved (Thomas & Cole, 2016):

3FeSz + 802 — Fes04 + 6502 (2.6)
3FeS + 502 — Fe3z04 + 3502 (2.7)
4Fe304 + 02 — 6Fe203 (2.8)

As depicted 1 Figure 2 4, following the flotation process, the roasting of the bulk arsenopynte
concentrate occurred in two stages: the initial stage involved partial oxidizing conditions aimed at
volatilizing the arsemic at 500 °C, while the subsequent stage, also at 500 °C, constifuted an almost
complete oxidizing roast to oxidize sulfur and produce a porous calcine conducive to cyamdation
(Thomas & Cole, 2016). The first stage reactor, commonly referred to as the arsemic elinination
stage (Equations 2.1 to 2.4), facilitated the partial oxidation of arsenic in the arsenopymte at
elevated temperature (500 °C), leading to the release of sulfur as gaseous sulfur dioxide (Silke,
2013). The dust-laden gas from this stage exited through a fluo-seal and airhift arrangement into
the second stage roaster compartment, known as the oxidation stage. Both stages operated in an
autogenous manner, deniving fuel from the sulfur present in the concentrate. Air was injected into
the second stage roaster through tuyeres, creating a complete oxidizing atmosphere to promote the
formation of volatile arsenic oxide and convert magnetite to hematite. The dust-laden roaster gases
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were directed to cyclones, where underflows were water-quenched and merged with the bed
calcine. The remaiming calcine dust and gas exited the cyclones at 470 °C and underwent air
tempering to 370 °C before entering the Cottrell precipitator for dust collection (Silke, 2013).

The calcines were gathered from the discharge of the roaster bed and from cyclones designed for
dust collection situated along the roaster exhaust ducting. Following water quenching and
subsequent ball milling, the calcines underwent washing with fresh water before bemng routed to
the three-stage cyamdation circuit, which was succeeded by Mermll Crowe precipitation and
refimng processes (Northwest Consulting Limited, 2003).
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Figure 2 4 Roaster and gas cleaning circuits of Giant mine. Figure taken from (SRK, 2002)

An essential drawback of roasting 1s the elevated antimony content in the ore. Concentrates with
antimony levels exceeding 0.5% fed into the roaster at Giant Mine could result in clinkering,
necessitating a costly shutdown for roaster-bed cleaming. This 1ssue stems from the oxidation of
the muneral stibnite (Sb:S3), which readily transforms into antimony trioxide, leading to
concentrate clinkening due to 1ts low melting pomnt (Thomas, 1988; Thomas & Cole, 2016):

2Sh2S3 + 902 — 2Sh20s + 6502 (2.9)

Therefore, stringent control measures were necessary at the Giant Mine operation to monitor
sulfide and antimony levels closely. A standard flotation concentrate analysis typically consisted
of Au- 57 g/t; S - 20%; Sb - 0.3%; and As - 9%.
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2.3.2 ATRW dust production and management

To address the need for arsenic collection and gold recovery from the roaster gases, various
technologies were implemented at the Giant Mine over the years. Intially, the off-gases from the
roasting stages were released directly mto the atmosphere without arsenic recovery. However,
starting from October 1951, multiple iterations of gas cleaming methods were introduced, resulting
mn the generation and disposal of arsenic trioxide dust as a waste by-product (SRK, 2002). The oft-
gases underwent initial filtration through cyclones to remove coarse dust particles, followed by
passage through a cold electrostatic precipitator known as the Cottrell, where arsenic trioxide dust
was collected and subsequently pumped underground mto sealed chambers. However, the
efficiency of this system was deemed msufficient. To enhance dust collection, a parallel Hot
Cottrell plant was mstalled in 1955, and 1n 1958, a Dracco baghouse was added to meet standards
set by the Department of National Health and Welfare (Silke, 2013). The off-gases were cleaned
of gold-bearing dust by passing through the Cottrell electrostatic precipitator, and gold recovery
was aclieved using a carbon-in-pulp method (Thomas & Cole, 2016). Over time, experimentation
led to the adoption of hot precipitation (at 370 °C) as a more effective method for dust recovery.
Commercial freatment of the Hot Cottrell dust was mtiated through a carbon-leach circuit starting
m 1961 (Silke, 2013). The new Coftrell installation significantly improved the recovery of gold-
bearing dust that had previously been lost. Operating at 50,000 volts, the Cottrell employed
electrical energy to charge the fine particles of entrained dust in the roaster off-gases, subsequently
collecting them on oppositely charged rods. Time-controlled rapping hammers were employed to
dislodge dust from the collecting and discharged electrodes. The collected Cottrell calcine dust was
directed into V-shaped hoppers and conveyed to quench tanks. Meanwhile, the tail gas from the
Cottrell was cooled to 90 °C by blending the off-gas with large volumes of outside air, leading to
the formation of solid arsenic trioxide. This arsenic trioxide was then filtered from the gas stream
m the baghouse. The remaiming gas stream, consisting of a diluted mixture of sulfur dioxide and
air, passed through the baghouse fabric dust filter before being exhausted into the atmosphere
through a 150-foot lugh brick stack (Silke, 2013). It's noteworthy that none of the gas cleaning
circuits mstalled resulted in reduced sulfur dioxide emussions (as depicted m Figure 2 4). By 1962,
following further modifications, the arsemic trioxide dust collection efficiency reached 98%,
successfully preventing approximately 17 tons of arsenic per day from being released into the
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atmosphere from a roaster feed rate of 40 tons/day (Northwest Consulting Limited, 2003; Silke,
2013).

Between 1951 and 1999, mine operators at Giant Mine stored the arsemic trioxide dust underground
mn purpose-built chambers and mined-out ore stopes (SRK, 2002). The ore treatment plant operated
from 1948 to 1999, processing 18 mullion tons of ore with a grade of 0.49 ounces per ton and
recovering 7 million ounces of gold, aclueving an average recovery rate of 85.5%. Durmng this
period, more than 17 million tonnes of tailings were generated, along with over 237,000 metric
tonnes of arsenic trioxide as a by-product of roasting (Silke, 2009, 2013). Presently, this substantial
quantity of dust 1s stored underground in ten chambers and five mined-out stopes. The chambers
feature regular block-like shapes, while the stopes exhibit irregular shapes. Situated between depths
of 20 to 75 meters below the ground surface, all storage areas are segregated from the rest of the
mine by concrete bulkheads. Additionally, any escaped arsemic 1s captured by a water collection
system withun the mine, and the collected water undergoes treatment to remove arsemic before
being discharged into the environment (SRK, 2002).

Between 1981 and 1987, an opportunity emerged to sell a portion of the crude arsenic trioxide
product to the wood preservative industry. Durning this period, over 7400 tons of arsenic trioxide
were gathered and transported to southern markets for inclusion in wood preservative formulations.
To facilitate this endeavor, a dedicated transfer and loading facility was constructed. However,
shipments ceased when buyers opted for higher-quality alternatives, prompting the discontinuation
of this arrangement (Northwest Consulting Limited, 2003; Silke, 2013).

The ATRW dust contamns approximately 60% arsenic, posing significant hazards to both human
health and the environment. If this arsemic trioxide were to dissolve in water, 1t would pose a nsk
to both people and the environment if 1t were to reach Great Slave Lake and Baker Creek, which
flows through the nune site (SREK, 2002). Arsenic emissions from the Giant Mine during its early
operations posed a health hazard to the community until stricter environmental controls were
implemented. There 1s documented evidence of a two-year-old boy's death in April 1951, along
with several anecdotal reports of deaths in the Dene population around the same time (Silke, 2013).
A previous study of soil samples from the Yellowkmfe area beyond the mine property found
varying concentrations of arsemic (As) i mineral soils, humus, and leaf hitter, ranging from up to
30 mg/kg near unmineralized bedrock to 300 mg/kg over mineralized bedrock (Kerr, 2006). In
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confrast, the average arsenic content in soils for all of Canada 1s 6.6 mg/kg (Reimann et al , 2009).
Naturally occurnng arsenic m the Yellowkmfe Greenstone Belt 1s derived from arsenopyrite-
bearing bedrock and its weathering products (Kerr, 2006; Wrye, 2008). The presence of As20s3
denived from the roaster and roaster Fe-oxides in soils on the Giant Mine property has been
confirmed (Wrye, 2008).

The chemucal properties of the ATRW dust have undergone changes over time due to alterations
n the processing and dust collection systems. The most significant transformation occurred in 1964
with the implementation of the final dust collection system at the site. Chambers B230, B233,
B234, B235, B236, and B208 are classified as "old" deposits, as they were deposited before 1964.
In contrast, dusts in other stopes and chambers are categonized as "new" dusts, produced since 1964
(Figure 2.5). This age differentiation is reflected in the chemical analysis and solubility data.
Matenals produced before the modifications have a lower arsenic content and higher gold content,
while those produced after the changes exhibit higher arsenic content and lower gold content (SREK,
2007).
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Figure 2 5 Timeline depicting when chambers were filled with arsenic trioxide dust at the Giant
Mine. Green bars represent chambers sampled in 2004 SRK dnlling program and grey bars
represent chambers from which archive samples are not currently available. Figure taken from

(SRK, 2002)
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Table 2.1 summanzes the solubility of ATRW in water at two different temperatures. The ranges
m the table mdicate the varability in arsenic solubility, which appears to be at least partially
dependant on the antimony content of the samples. Samples with a higher antimony content, which
15 generally typical of the “old” matenal, tend to show a lower arsemic solubility (SRK, 2002).

Table 2.1 Solubility of arsenic trioxide dust (SRK, 2002)

Solution concentration 5°C 10 °C
g Asa0s/L 62-119|74-127
g As/L 47-90 56-96

2.4 Closure options for ATRW dust at the Giant Mine

The long-term management of the ATRW dust located at Giant Mine poses challenges due to its
substantial quantity (237,000 tonnes), fine particulate nature, and current storage conditions in
subsurface chambers and stopes. Given this complexity, an mtegrated approach involving multiple
technologies or methods will likely be necessary to ensure effective treatment (Arcadis, 2017). In
addition to the ATRW dust, approximately 17 mullion tonnes of tailings are stored i ponds
constructed on the site. The South, Central, North, and Northwest tailings impoundments cover a
total area of about 95 hectares. Moreover, water treatment sludges are stored m settling and
polishing ponds, adding an additional nine hectares to the storage area. Both the tailings and the
sludge contain moderate levels of arsenic and are susceptible to wind erosion when dry, posing
potential nsks of environmental contamination. Additionally, they could be ingested by animals
seeking salt (SRK, 2007).

After the closure of the mine 1 2000, the Giant Mine Remediation Project Team commenced the
evaluation of approaches for managing the arsenic tnioxide dust. Various potential treatment
solutions were scrutimized, with over 50 technologies assessed to identify the most pronusing
option. These methods underwent mmtial evaluation against threshold crniteria to assess their
technological advancements, techmcal matunity, and associated risks. In the subsequent stage of
assessment, methods that met the mifial screemng criteria were further evaluated against a
comprehensive set of critenia and assigned an overall ranking (Arcadis, 2017). These potential
methodologies were categorized into four groups: in-situ management, dust extraction, ex-situ
waste stabilization/processing, and physical 1solation, and disposal. Table 2.2 outlines the
alternatives within each category. Several factors, including effectiveness, compatibility with cold
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climates, short- and long-term health and safety nisks, operation and maintenance requirements,
technical maturity, and associated costs, were taken into consideration. Prionity was given to factors
such as long-term effectiveness, safety for people and the environment, and operation and
maintenance measures (Arcadis, 2017). Teams comprising experts from government agencies,
research organizations, umversities, and businesses evaluated different solutions, assigning scores
based on their expertise and insights.

Table 2.2 Different categories and their alternatives for long-term arsenic tnioxide dust
management (Arcadis, 2017)

# Category Alternatives

) Frozen block
1 In-s1tu management _
MNano-scale zero-valent wron

Remote mechanical mining methods

2 Dust extraction ) -
Hydraulic borehole mining
Cement stabilization
Cemented paste backfills
) o ) Vitrification
3 | Ex-situ waste stabilization/processing ) o
Mineral precipitation

Biologically-mediated reductive arsenic precipitation
Biologically-mediated oxidative arsenic precipitation

4 Physical 1solation and disposal Sand-shell purpose-built vault
The "Frozen Block" method emerged as the most suitable management approach available at that
time for addressing the arsenic trioxade dust 1ssue at the Giant Mine. This remedial method involves
stabilizing the dust by freezing the ground surrounding the dust chambers and stopes (Figure 2.6).
Water 1n contact with the frozen ground freezes, forming a capsule that restricts groundwater

exposure to the waste. This approach combines active and passive freezing methods. Active
freezing entails circulating a cold liquud through pipes mstalled in the ground. Once the dust and
surrounding rock are completely frozen, the system transitions to passive freezing using
thermosyphons. However, a small amount of ATRW remained dispersed throughout other
underground mine workings. Continuous water freatment and momitoring efforts was implemented

to prevent this arsenic from leaving the site.
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Given the perpetual mamtenance of the thermosyphons, there 1s a strong probability of achieving
long-term stability for the arsenic. However, as the arsenic remains chemically unstable and 1s not
removed from the wicimty, it retains its mherent solubility, which could lead to a release if
maintenance 1s neglected and the frozen block thaws (Arcadis, 2017). Climate change and global
warmung pose significant challenges to the environment, economy, and politics, making them
pressing concerns for residents of the Northwest Territories (NWT). With temperatures in the North
rising at a rate three times faster than the global average, NWT residents are concerned about the
repercussions of climate change (Government of Northwest Territories, 2019). Furthermore, the
presence of open-pit mining and extensive underground workings in the chamber areas has affected
the discontinuous permafrost in the region. Decreasing permafrost stability, coupled with changes
mn the permeability of the host rock, has prompted a re-evaluation of the mine reflood rate and a
reassessment of more permanent underground storage methods (N. Thompson et al | 2002).
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Figure 2 6 Illustration of Frozen Block method. Figure taken from (Keeling & Sandlos, 2017)

Mine authorities have proposed that a varety of methods may be necessary for the permanent
management of the ATRW dust. Efforts have been made to identify a more effective long-term
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management solution, mcluding regular evaluations of arsenic management technologies and the
allocation of funds to support arsenic management research. In 2015, the Giant Mine Oversight
Board (GMOB) was established as an independent entity to ensure the implementation of these
measures and to oversee the remediation efforts at the Giant Mine site in an environmentally sound,
socially responsible, and culturally appropriate manner (Arcadis, 2017). Additionally, other
research projects, such as the "Examination of arsemic trioxide dust composition and solubihity”,
"Sulfidation of As203 to low-solubility arsenic sulfide (As2S83)", and "Leaching behavior and
geochemical stability of vitrified arsenical glass," have been conducted to enhance understanding
of the physical and geochemucal properties of the roaster waste and to explore potentially wviable
remediation alternatives that may require further research ((GMOB), 2021).

2.5 Previous work on ATRW dust stabilization at the Giant Mine

Giant Mine authonties explored methods for stabilizing the ATRW dust while maintaiming 1ts
chemical form These methods aimed to incorporate the maternial into a stable matrix comprising
cement, bitumen, or glass. The goal was to control the interaction between arsemic trioxide and
water within a disposal facility and mitigate the release of arsenic from the facility (Arcadis, 2017).

Stabilization tests were carried out in 2002 on a sample of ATRW dust obtained from the Giant
Mine, which contained approximately 69% As>0s. The primary objective of these tests involving
cement/bifumen stabilization was to investigate the relationship between the proportion of ATRW
dust in the cement/bitumen mixture and its physical and chemmcal stability. Ultimately, the aim was
to develop a muxture capable of stabilizing ATRW dust, thereby enabling its safe disposal in a
secure surface waste containment facility. The application of cement/bitumen to the Giant Mine
ATRW dust was mitially assessed as part of the Giant Mine Arsemic Trioxide Management
Alternatives (SRK, 2002).

2.5.1 Cement-encapsulated samples

Nine cylinders were prepared with a cement content of 20.5%, each containing amounts of ATRW
dust from 0% (control sample) to 68% on a dry weight basis. Cement cylinders underwent UCS
testing at both 14 and 28 days. Cylinders contaming 0% to 45% dust exiubited sufficient strength
and were subjected to leaching tests using a standard tank leaching procedure, with each cylinder
submerged in deiomzed water. Additionally, freeze/thaw tests were conducted on three cement
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cylinders contaiming 0%, 17%, and 34% ATRW dust. The results of the 28-day UCS tests are
presented in Table 2 3, indicating that cylinders reached full strength within two weeks of curing.
However, strength decreased with increasing ATRW dust content, attributed to the nsing water-to-
cement ratio, which reduced the strength of cement mixtures (Arcadis, 2017). Despite mamtaming
the cement content at 20.5% of the dry weight of matenals, a higher amount of water was necessary
to aclueve a workable stabilized ATRW dust muxture. Leachate analysis revealed alkahine leachates
for all samples, with pH decreasing as the ATRW dust content increased. As expected, arsenic
concentrations in the leachate rose with higher dust percentages in the cylinders (Arcadis, 2017;
SRK._ 2002).

Table 2 3 Unconfined compressive strength and leachate analysis of cement-encapsulated arsenic

trioxide dust samples (SRE, 2002)
% As,0, dust Waterfc_emmt 28-day strength| 90-day leachate analysis
ratio (MPa) pH |Dissolved As (mg/L)

0% 0.48 2838 9. 86 =0.05

11% 1.1 118 11.00 256

17% 1.25 9 11.41 472

22% 1.41 4.8 10.92 182

28% 1.6 23 10.82 318

34% 1.7 13 10.12 491

45% 1.96 0.6 9. 86 893

57% 23 0.16 - -

68% 3.5 0.07 - -

The freeze/thaw test was conducted on the cement-encapsulated dust samples, with a maximum of
twelve cycles specified by the test procedure. The findings revealed that samples contaiming 17%
and 28% dust could endure only two and one freeze/thaw cycles, respectively, before
disintegrating. The results suggested that the presence of ATRW dust had an adverse impact on the
durability of the cement/dust mixtures. A likely contributing factor to these outcomes was the
higher water-to-cement ratios in the cylinders contaimng ATRW dust. A leachate collection and
treatment system would be necessary for landfills contaming cement-encapsulated ATRW
(Arcadis, 2017; SRK, 2002). Additionally, the results suggested that bitumen could be effective in
encapsulating ATRW dust. Therefore, it was recommended to use a bitumen mux containing a
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maximum of 40% ATRW dust for encapsulation by bitumen Samples contamning up to 60%
arsenic trioxide dust exhibited favorable leaching charactenistics (Arcadis, 2017).

2.5.2 Bitumen-encapsulated samples

Nimne bitumen-encapsulated (include bitumen ratio) ATRW dust samples underwent leaching tests
exclusively, as standard strength tests were deemed unswtable for the bitumen samples produced
m that study. Freeze/thaw testing was not conducted due to the madequacy of existing testing
protocols. Arsenic concentrations measured i the leach tests are detailed in Table 2 4. The results
mdicated that arsenic release from bitumen-encapsulated ATRW dust was mumimal, and arsemc
concentrations remained relatively constant over time and across varymg dust content levels
(Arcadis, 2017; SRK, 2002). However, bitumen samples contaiming 50% and 60% ATRW dust
were highly viscous and required manual manipulation.

Table 2 4 Leachate results from bitumen encapsulated arsenic trioxide dust samples (SREK, 2002)

90-day leachate analysis
%% As;03 dust
pH Dissolved As (mg/L)
0% 6.27 =0.05
10% 596 =0.05
15% 5.79 =0.05
20% 5.78 =0.05
25% 5.71 0.05
30% 5.73 0.14
40% 5.81 0.35
50% 5.79 0.13
60% 575 0.17

These methods were ultimately abandoned due to several reasons, including data gaps concerning
the long-term stability of the processed cement/bitumen monoliths, uncertainties surrounding
cement/bifumen and arsenic stabilization chenustry, and health and safety concerns associated with
ATRW dust extraction and processing (Arcadis, 2017; SRK, 2007). However, recent studies have
made significant progress in charactenizing the chemical behavior of arsenic stabilized by cement,
and the mechamism of arsenic stabilization 1s now better understood, which provided additional
msight nto the behavior of arsenic-contaimming dust within the cement matnix (Camacho et al ,
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2009b; Choi et al_, 2009; Clancey et al , 2015; B.-J. Kimet al , 2016; J. S. L1, Beryuan, etal , 2017;
J.S Li, Wang, etal , 2017, D. G. Liu et al_, 2018; Mohammad Eisa et al , 2020; Moon et al , 2010;
Randall, 2012; Tsang et al , 2014; Yoon et al , 2010; H. Zhao et al_, 2010).

2.6 Arsenic geochemistry related to roaster waste

Arsenic ranks as the 53 most abundant element and constitutes approximately 1.5 ppm of the
Earth’s crust. It naturally occurs mn the environment 1n vanious minerals, commonly in association
with sulfur, metals, and occasionally in pure elemental crystal form (Mohammad Eisa et al_, 2020).
The chemucal vanability of arsenic arnises from its electromic structure and bonding properties,
leading to a range of forms in solid, aqueous, and gaseous states. As a metalloid belonging to the
third row of group V elements, arsenic has just one stable isotope, "As (Davis et al_, 2003)_ It 1s
positioned beneath mitrogen and phosphorus in the periodic table and possesses an excess of
electrons and unfilled orbitals, allowing for stable formal oxidation states ranging from +5 to —3
(O’'Day, 2006). Inorganic arsemc typically occurs i valence states of -3, 0, +3 (as arsemte), and
+5 (as arsenate); however, valence states of -3 and 0 are rare in nafural environments (Choi et al |

2009).

Arsenic 15 an extremely toxic element and a known carcinogen to humans, even in frace quantities
(Moon et al , 2004). The toxicity, bioavailability, and mobility of arsenic compounds 1n soils and
sediments are mfluenced by factors such as the type and quantity of adsorbing constituents, pH
value, and redox potential (Cho1 et al | 2009). Among the various forms of arsenic, As (IIT) and As
(V) are the most prevalent mn nature, with As (IIT) being both more mobile and more toxic.

Arsenic fernhydnides and other arsenic compounds exhibit very low solubility in neutral to acidic
environments (pH between 4 and 8), a charactenistic highly dependent on formation conditions
(Joussemet et al , 2001). Calcium arsenates, particularly in the presence of excess lime and at pH
values above 10, tend to be more stable, forming alkaline arsenites such as Ca(AsOz).Ca(OH),
alkaline arsenates like Ca3(AsQ4)2.Ca(OH),, and gypsum (CaSO4 2H>0O). However, at lower pH
values or in the presence of carbonation (resulting in calcite formation, CaCOs3), highly soluble
mtermediate compounds (e.g., Ca3(AsO4)2 and Ca2(AsO4)2) may form The decalcification of
calcium arsenates leads to the release of soluble AsO4* anions (Benzaazoua, Marion, et al_, 2004).
Under acidic conditions (e.g., the release of H" 1ons following sulfide oxidation) and minimal
presence of neutralizing agents in infiltrating water (e_g., carbonates or cement hydrates), arsenic
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tends to be relatively mobile and can leach into solution. Conversely, under weakly acidic or
alkaline conditions, arsemic exhibits relative immobility due to hydrolysis and coprecipitation
phenomena, particularly with iron oxyhydroxides like goethite. The presence of certamn elements
such as Fe, Co, Ni, Pb, and Zn in the solution, and their interaction with soluble arsenate amons,
can lead to the formation of stable arsenates such as scorodite (FeAsO42H:0), erythrite
((Co,N1)3(AsO4)2.8H20), annabergite (Ni3(AsO4)2 8H20), beudantite (PbFes(AsO4)-(SO4)(OH)s)
and adamite (Zn2(AsO4)(OH)). These secondary compounds remain stable under near-neutral to
slightly basic pH conditions (Benzaazoua, Marion, et al , 2004; Joussemet et al_ | 2001).

The oxidation states of arsenic in various environments, mcluding ramwater, surface water,
groundwater, soils, and sediments, are subject to variation based on factors such as the source of
arsenic mput, oxygen availability (oxic or anoxic conditions), redox conditions, pH levels,
biological processes, the presence of ron, and other elemental constituents, as well as seasonal
fluctuations. The oxide phases of arsenic encompass arsenites, characterized by As (III), arsenio-
arsenates, a combination of As (IIT) and As (V), and arsenates, where arsemic typically exists as
As(V) (Cesbron, 2001). The oxidation states of arsemite and arsenate species fluctuate depending
on factors such as redox potential (Eh), pH levels, the chemical composition of the environment,
and the extent of biological transformations (Randall, 2012). Figure 2.7 illustrates the Eh-pH
diagram of arsenic for the As-O-H system Arsenite exists as a neutral hydroxide (H3AsO3) until
pH > 9, beyond which the 1omzed form H2AsOs™ becomes prevalent. In circum-neutral pH waters
with high salimty, arsenite solubility can exceed 10 g/l. Arsenate can be present mn two forms:
H>AsOy4 (below pH 6.8) or HAsOs> (pH 6.8 — 11.5) (Clark & Raven, 2004). Anionic arsenic
compounds have an affinity for binding to soils, clays, organic matter, and various metal
hydroxides/oxides, including those of iron, manganese, and aluninum (Randall, 2012).

H3AsO4 and AsOs*" may be present under extremely acidic and alkaline conditions, respectively.
Conversely, under reducing conditions where the pH 1s below 9.2, the uncharged arsenite species
(H3zAsOs) 1s predonmunant. In such environments, natrve arsenic remains stable under strongly
reducing conditions (Davis et al., 2003). Typically, As (V) species predominate in oxygenated
conditions, while As (II) typically dominates in strongly reducing environments where Fe (III)
and sulfate reduction processes occur. In oxic waters, As (III) may persist due to biological
reduction of As (V), especially during warmer months. Rivers near sources of industrial effluents
rich n As (IIT) often exhibit higher proportions of As (IIT) (Davis et al., 2003).
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Figure 2.7 Eh-pH digram for the system As-O-H at 25 °C, 1 bar, and Y'As = 10 M. Gray shaded
area shows the solid phase. Figure taken from (Craw & Bowell, 2014)
Anthropogenic emissions of As oxides include arsenic trioxide (As20s3), which 1s among the most
bioaccessible and toxic forms of arsenic. In nature, arsemic trioxide exists in two allotropic
modifications. The most common cubic form, arsenolite, 1s a secondary mineral formed from the
oxidation of native As, arsenopynte, 16llingite, and the weathering of scorodite. The monoclimie
dimorph of As trnoxide, claudetite, often accompanies arsenolite closely. The stabihities of
arsenolite and claudetite are quute similar, given their nearly identical free energies of formation
(1.e., arsenolite -576.34 kJ/mol and claudetite -576.53 kJ/mol). However, claudetite 1s slightly more
stable than arsenolite under ambient conditions (with a difference of -0.19 kJ/mol). Arsenolite and
claudetite dissolve at pH < 8 and temperatures up to 90 °C, as shown in Equation (2.11); they

remain stable when in equilibrium with high-pH waters (Drahota & Filipp1, 2009):

As303 (5) + 3H:20 (1) — 2H3As0: (aq) (2.11)

When water reaches equilibrium with arsenolite, 1t can contain up to 10 — 16 g/L. As. Arsenolite
denived from roasted sulfide ore remains stable m alkaline, reduced environments (Craw & Bowell,
2014).
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The valence state and morphology of arsenic in the environment are not static, and arsenic species
undergo changes over time (Blanchard et al., 2017). In more detail, the physicochemical conditions
that favor arsenic mobilization in aquifers are variable, complex, and poorly understood, although
some key factors leading to high proundwater arsenic concentrations have recently been identified.
Mobilization can occur under strongly reducing conditions, where arsenic, pnimarily as As (IIT), 1s
released through desorption from, and/or dissolution of 1ron oxides. Immobilization under reducing
conditions 1s also possible. Certain sulfate-reducing microorganisms can respire As (V), resulting
in the formation of an As:Ss; precipitate. Some immobilization of arsemic may also occur 1f ron
sulfides are formed (Davis et al , 2003). In the following section, some main methodologies for the
stabilization and immobilization of different arsenic species are briefly discussed. It 1s worth
mentioning that most previous studies m the field of arsemic stabilization have focused on
stabilizing arsenates and arsemtes, as these species, along with some secondary munerals, are
typically the final forms in most environments.

2.7 Solidification and stabilization process

Various technologies are utilized for cleamng up arsenic-bearing wastes or soils and sediments
contaminated with arsenic. Cleanup methods encompass site isolation, physical separation,
bioremediation, phytoremediation, washing, heating, electrokinetics, permeable reactive barners,
sohidification and stabilization, or in some cases, in-sifu vitrification. Often, the most cost-effective
solution for land remediation involves sohidification and stabilization (S/S) technologies, which
alter arsenic both physically and chenucally, encapsulating it into a less mobile and less toxic form
(Randall, 2012). Undoubtedly, the most sustainable approach for managmg As-contaming
matenials 1s to convert As into 1fs least mobile or stabilized form and then sequester the stabilized
matenial from the environment using a solhidification/encapsulation process (Sullivan et al., 2010).
S/S technologies have a well-documented history and have been the most widely used method for
reducing arsenic mobility and treating other heavy-metal-containing wastes in soils and other solhids
using matenials such as Portland cement, fly ashes (FA), slags, ime, himestone, cement kiln dust
(CKD), lime kiln dust (LKD), gypsum and phosphate mixtures, ferrous sulfates, pozzolanic
matenials, geopolymers, and certain specific reagents (Wilk, 2004). S/S techmques have been
extensively employed for managing and disposing of low-level radioactive and hazardous wastes,
as well as for remediating contaminated sites (Mohammad Eisa et al., 2020).
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Solidification entails processes that encase waste to produce a solid matenial and restrict the
mugration of contanminants by reducing the available surface area exposed to leaching and contact
with liquids. Solidification mnvolves altering the physical properties of the waste, typically resulting
m increased compressive strength, decreased permeability, and encapsulation of hazardous
constituents (Wilk, 2004).

Stabilization involves chemical reactions aimed at reducing the reactivity, solubihity, and
leachability of the material (stabilized waste) by converting its constifuents mnto a less soluble,
mobile, or toxic form. This can be achieved through appropriate chemical reactions and physical
entrapment (microencapsulation) (Ioanmdis & Zouboulis, 2005; Mohammad Eisa et al., 2020;
Wilk, 2004). Following treatment, the waste can be disposed of as non-hazardous waste since it no
longer exhibits hazardous leaching characteristics (Wilk, 2004).

In confrast to other treatment methods, cement-based sohdification and stabilization offer
numerous advantages. These include relatively low costs, adaptability to various disposal
scenarios, ability to meet stringent processing and performance critema, straightforward and
versatile processing, long-term stability, extensive documented usage, compatibility with diverse
waste types, well-established matenals and technology, ready availability of chenucal ingredients,
and the non-toxic nature of the chemical reagents (USEPA, 1996), (Malviya & Chaudhary, 2006;
Mohammad Eisa et al , 2020; Shi & Spence, 2004).

Given the diverse array of waste constituents and media, a customized mix design should be
devised for each specific waste. Most mix designs comprise a combination of the morganic binding
reagents mentioned earlier. Organic binding reagents like asphalt, bitumen, thermoplastic, and
urea-formaldehyde have been experimented with as well. However, they are seldom employed on
a commercial scale due to their elevated costs compared to inorgamic binders (Wilk, 2004).

2.7.1 Solidification and stabilization mechanisms

The selection of binding matenals for S/S of wastes must consider several aspects, taking into
account the characteristics of the waste: (1) compatibility between the cementitious material and
the waste, (2) physical encapsulation of contaninated waste, (3) chemical fixation of contaminants,
(4) durability and leachability of the stabilized waste, and (5) cost-effectiveness of the S/S process

(Spence & Shi, 2005).
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Contamunants are solidified/stabilized by cementitious materials through three primary
mechanisms:

Chemical fixation: This mvolves chemical interactions between the hydration products of the
cementitious matenals and the wastes, resulting 1n the immobilization of contaminants.

Physical adsorption: Contaminants adhere to the surface of the hydration products of the cement
through physical adsorption.

Physical encapsulation: The contaminated matenials are physically enclosed within the hardened
pastes, which have low permeability, preventing the release of contaninants.

The effectiveness of the first two mechanisms depends on the characteristics of the hydration
products and the contaminants involved. The third mechanism 1s influenced by both the nature of
the hydration products and the density and physical structure of the paste (Spence & Shi, 2005).

Due to 1ts widespread availabihty and cost-effectiveness, Portland cement stands out as the most
utilized binding material. Its selection 1s primanly based on its capacity to chenucally bind free
liquids, reduce the permeability of the waste matrix, encase waste particles with an impermeable
layer, and chemucally stabilize hazardous components, thus decreasing their solubility and
mutigating their toxicity. Mix designs typically incorporate supplementary materials or additives
alongside Portland cement (Conner, 1997, Wilk, 2004). These supplementary cementitious
matenials, including granulated or pelletized blast furnace slag, coal fly ash, volcanic ashes,
condensed silica fume, rice husk ash, and natural pozzolans, are frequently employed to either
reduce costs or enhance mixture performance (Spence & Shi, 2005). For mnstance, fly ash 1s
commonly added to enhance the pozzolanic effect when combined with hydrating Portland cement.
CKD and slag possess minor cementitious properties and are occasionally utihized to lower process
costs. Lime and LKD can be employed to regulate pH or reduce water content, utilizing their high
heat of hydration. Additionally, hmestone, as a source of calcium carbonate, helps mamtam an
alkaline pH and can be used for pH adjustment and volume increase purposes (Wilk, 2004).

Portland cement 1s a type of hydraulic cement produced by grinding clinker and calcium sulfate,
typically gypsum (CaSO4+.2H20), which 15 added during final grninding process. Cement clinker
primarily consists of tricalcium silicate (3Ca0.S102), dicalcium silicate (2Ca0.S102), tricalcium
aluminate (3Ca0.ALOs), and tetra calcium aluminoferrite (4Ca0.Al203 FexOs) (Spence & Shi,
2005). Generally, the chemical formulas of these components are denoted using the abbrewviated
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nomenclature based on the oxides of different elements, namely C for Ca0O, S for 5102, A for A1>Os,
and F for Fe20s3 (Taylor, 1997). The traditional abbreviations for each oxide are provided in Table
2.5,

Table 2.5 Chemical formulae and cement nomenclature for major constituents of Portland cement

(Taylor, 1997)

Mineral Chemical formula | Oxide composition | Abbreviation
Tncalcium silicate (alite) Ca;3510; 3Ca0 510, C3s
Dicalcium silicate (belite) Ca:5104 2Ca0.510: C25

Tricalcium aluminate CazAl,O4 3Ca0.AlO; C3A
Tetracalcium aluminofernite | CasAlFern0- 4Ca0.AlFera0; C4AF

Abbreviation notation: C =Ca0, § =510, A= ALO;. F=Fe,0;

Various types of Portland cement are manufactured to fulfill specific physical and chemucal
requirements for different applications, resulting in varying compositions. A typical cement
comprises 50-70% C3S, 15-30% C28, 5-10% C3A, 5-15% C4AF, and 3-8% other additives or
munerals (such as calcium and magnesium oxides). The hydration of calcium silicate, aluminate,
and aluminoferrite nunerals leads to cement hardening or setting. C3S 1s the crucial phase for
strength development in the initial month after nuxing, while C2S reacts more slowly, contributing
to long-term strength gain. The ratio of C3S to C2S determines the cement's setting rate, with
higher C3S content resulting in faster setting. Lower C3A content enhances sulfate resistance,
while increased ferrite amounts lead to slower hydration. C4AF forms a continuous phase around
other minerals.

In the presence of water, the constifuents C3S and C2S 1 cement undergo hydration to produce
calcrum-silicate-hydrate (C-S-H) gel and Ca(OH)2. When calcium sulfate 1s present, C3A hydrates
to yield calcium trisulfoaluminate hydrate (3Ca0 Al203.3CaS04.32H20 - AFt or ettningite) or
calcrum monosulfoaluminate hydrate (3Ca0_Alx03.CaS04.12H20 - AFm or monosulfate). In the
absence of calemum sulfate, C3A reacts with water and calcium hydroxide to form tetra calcium
aluminate hydrate (3Ca0.Al>O03;.Ca(OH):.12H20). C4AF reacts with water to generate calcium
aluminoferrite hydrates (6Ca0_AlOs Fe203.12H20). These hydration reactions are expressed as
follows (Spence & Shi, 2005):
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2(3Ca0.5i0z) + 6Hz0 — 3Ca0.25i02.3Hz0 + 3Ca(0H)2 (2.12)

2(2Ca0.5i0z) + 4H20 — 3Ca0.25i02.3H20 + Ca(OH)z (2.13)

3Ca0.Al20z + 3CaS04.2H20 + 26H20 — 3Ca0.Al202.3CaS0+.32H20 (2.14)

3Ca0.Al20:.3CaS04.32H:0 + 2(3Ca0.Al20z) + 4Hz0 — (2.15)
3(3Ca0.Al:05.CaS04.12H-0)

3Ca0.Al:0z + 12Hz0 + Ca(OH)z — 3Ca0.Al203.Ca(0H)2.12Hz0 (2.16)

4Ca0.Al:0s.Fe;03 + 10H20 + 2Ca(0H)z — 6Ca0.Alz03.Fe20.12H20 (2.17)

At room temperature, a fully hydrated Portland cement paste forms a heterogeneous multiphase

system, typically comprising 50 to 60% C-S-H gel, 20 to 25% Ca(OH)a, and 15 to 20% ettringite
(or AFt) and AFm by volume (Figure 2.8).

Ettringite’
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Figure 2.8 A SEM 1mage of hardened Portland cement paste. Figure taken from (Soler, 2007)
These minor hydration products, including Ca(OH)2, 3Ca0-Al>Os-6H:20, and AFt, develop n
small quantities depending on the composition of the cement and the hydration conditions (Spence
& Shi, 2005). Despite ongoing research, the detailed structure and mechanics of C-S-H are still
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poorly understood. However, 1t 1s generally accepted that C-S-H comprises condensed silicate
tetrahedra sharing oxygen atoms with a central, calcium hydroxide-like CaO» layer (Taylor, 1997).
Upon cement hydration, C-S-H progressively forms and precipitates in the capillary pore solution,
assembling mnto a heterogeneous complex gel structure that binds together the solid products. The
structure of C-S-H gel exiubits a disordered and heterogeneous mesoscale organization consisting
of a few nanometer-sized structural umits (Ioannidou et al | 2015).

2.7.2 Arsenic solidification and stabilization

The mobility of arsenic depends on factors such as its valence state, the oxidation-reduction
potential of the environment, and the specific arsenic compound in the waste (Tumer & Labiosa,
1992). Typically, arsenic mobility 1s assessed by testing its leachability under acidic conditions.
However, in some disposal facilities, arsemic leachability may differ from predictions made by an
acidic leach test, particularly when the specific form of arsenic in the waste exiubits increased

solubility at higher pH levels, and the waste disposal environment maintains a high pH (USEPA,
2002).

Factors mnfluencing the effectiveness of arsemic solidification and stabilization mclude (USEPA,
2002):

Valence state: The specific arsenic compound or valence state mfluences arsenic solubility, thereby
affecting the leachability of the treated material

PH and redox potential: The pH and redox potential of both the waste and the treatment
environment can impact arsenic solubility and the leachability of the treated material These factors
may also lead to the formation of more soluble arsenic compounds or encourage the transition to a

more soluble valence state.

Presence of organics: The presence of volatile or semu-volatile organic compounds, o1l and grease,
phenols, or other organic contamunants may dimimish the unconfined compressive strength or
durability of the sohdified/stabilized matenial Additionally, these organics can weaken the bonds
between the binder and waste particles.

Waste characteristics: The unconfined compressive strength or durability of the
solidified/stabilized material may be influenced by the presence of halides, cyamide, sulfate,
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calcrum, or soluble salts of manganese, tin, zinc, copper, or lead. These substances can also weaken
the bonds between the binder and waste particles.

Fine particulates: Fine particulates have the potential to coat the waste particles, weakening the
bond between the binder and the waste.

Mixing: Thorough mixing 1s essential to ensure proper coating of the waste materials with the

binder.

Cement-based S/S stands out as a highly effective approach for converting toxic arsemic
compounds into less hazardous forms (Vinter et al |, 2016). Duning this process, as cement hydration
progresses, an interlocking framework of munerals encapsulates the arsemic found in soils and
wastes, subsequently reducing the release of arsemic. This solidified medium exhibits low surface
area and permeability, further diminishing the mobility of arsenic within soils and wastes (B.-J.
Kim et al , 2016; Mohammad Eisa et al_, 2020). Additionally, the utilization of immobilizing agents
can enhance the reduction of arsemic mobility through adsorption and co-precipitation mechamsms
(Mohammad Eisa et al_, 2020).

Research on arsenic solidification and stabilization has been focused on assessing stabilization
admixtures and elucidating the chemical principles underlying the stabilization process. Appendix
A presents Table A 1, summanzing literature on arsenic management through solidification and
stabilization methods. The studies evaluated various S/S agents, including ordinary Portland
cement, sulfate-resistant Portland cement (SRPC), quicklime, blast furnace slag (BFS), fly ash,
hydrated lime, cement kiln dust, and other binding materials. In most cases, these additives and
binders facilitate the oxidation of As (IIT) to As (V), which can then form nsoluble complexes,
become immobilized through the formation of strongly adsorbed species, or create msoluble co-
precipitates with calcrum and/or wron (Randall, 2012). The research lighlights that arsemc
stabilization and solidification involve both chemucal and physical processes. The leaching
capacity 1s greatly influenced by the buffering capacity and pH of the stabilized matrix. Notably,
the formation of calcium and fernc arsemites/arsenates and C-S-H gels, along with their
precipitation and embedding in the cementitious matrices, emerges as crucial stabihizing
mechamsms. Additionally, increasing the Ca-As molar ratios in the cementitious matrices enhances
arsenic stabilization, with diffusion identified as the primary mechanism of arsenic leaching from
the stabilized samples (Clancey et al_, 2015; Dutré & Vandecasteele, 1998; D. G. Liu et al , 2018;
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Mohammad Eisa et al., 2020; Moon et al , 2004; Randall, 2012; Singh & Pant, 2006; Tsang et al |
2014; Yoon et al_, 2010; H. Zhao et al_, 2010).

Previous research (Coussy, Paktunc, et al , 2012; Phenrat et al , 2005; Stronach et al., 1997) has
mdicated that C-S-H exlibits strong adsorption capabilities for both As (III) and As (V).
Furthermore, it has been observed that the SOs>~ ions present in ettringite can undergo partial
substitution by AsOs’~ ions (Kumarathasan et al | 1989). Additionally, AsOs* ions can undergo
conversion info Cas(AsO4)nH20 and CaHAsO4nH20 through reactions (Equations (2.18) and
(2.19)) within the pH range of 11-14 (D. G. Liu et al , 2018; Vandecasteele et al , 2002). These
findings suggest that the reduction in arsemic concentration in the leachates may be attributed to

these processes.
Ca(0OH)z + AsO4* + nH20 — Cas(AsO4)2-nH20 (2.18)
Ca(OH):2 + HAsOs2 + nH20 — CaHAsOs-nH-0 (2.19)

Arsenic behaves differently from many heavy metal cations during S/S processes due to 1ts imability
to form msoluble hydroxides (Biichler et al., 1996a). In solution, arsenic exists predominantly as
AsOs* for As (TIT) and AsO4> for As (V), with protonated forms of these oxo-anions dependent on
pH. While these oxo-anions form various water-soluble salts, numerous insoluble metal arsenates
are known. As (III) can readily be oxidized to As (V), even with air alone. Precipitating As (V)
with lime yields Cas(AsOs)2, which exhibits very low water solubility. However, calcium arsenate
15 not stable when exposed to atmospheric COz, leading to the formation of CaCOs and the release
of soluble arsenate. Although there exists a highly insoluble ferric arsenate, FeAsQ4.2H20, 1its
crystalline form, scorodite, exhibits higher solubility under alkaline conditions than under acidic
ones. Under alkaline conditions, arsenate precipitation with Fe (IIT) occurs, yielding "alkaline fernic
arsenate," yet the identity and stability of this species remain controversial (Biichler et al., 1996a).
These complexities underscore the necessity of testing candidate treatment muxtures with the
matenals to be treated.

Apart from the conventional method of sohdification and stabilization employing cementitious
binders, alternative procedures exist to mitigate the mobility of arsenic species and stabilize arsenic
without the use of cementitious agents. These methods may involve the addition of fernc wron
compounds or the formation of secondary arsenate nunerals like scorodite.
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» Addition of Ferric iron compounds

There 1s a strong interaction between won and arsemic, leading to the formation of mnsoluble
precipitates, effectively stabihizing arsemic (Lin et al | 2017). Iron oxides, particularly goethite,
FeSO4, and Fez(S04)3, exlubit sigmificant capability m adsorbing arsenic species, particularly As
(V), thereby dimimishing the arsenic concentration in natural waters (Davis et al | 2003). Research
mdicates that ferric sulfate treatment 1s more efficient in stabilizing available arsemic in taihings
compared to ferrous sulfate treatment. Utilizing amorphous Fe precipitates on arsenic-contaming
mine taillings can effectively stabilize the arsemic content (J. Y. Kim et al, 2003). Various
parameters such as Fe/As molar ratio, arsenic contanunation level pH, reaction time, and the
presence of competitive 1ons like sulfate, phosphate, and zinc sigmificantly influence arsemc
stabilization. Studies have demonstrated that arsenic can form relatively insoluble ferric iron
compounds with solubility products ranging from 10-° to 10-**. The formation of amorphous iron
(IIT) arsenate (FeAsO4+H20) and/or imnsoluble secondary oxidation munerals like scorodite
(FeAsQs 2H20) can reduce the mobility of arsenic (H. Zhao et al_, 2010).

When the pH of nune wastes nses to approximately neutral levels, the precipitation of Fe
(oxyhydr)oxides occurs, leading to a decrease i As mobilization. Thus 1s attnbuted to the hugh As
removal capacity of these phases through adsorption or co-precipitation processes. However, 1f the
pH continues to increase, As can become mobilized due to desorption from Fe (oxyhydr)oxides
(ﬁlvarez—A}msn & Murciego, 2021).

It 1s understood that under neutral or alkaline conditions, the concentration of Fe (III) in solution
dimimishes significantly due to its precipitation as Fe (oxyhydr)oxides. In such circumstances, Fe
(IIT) 1s not present as a sulfide oxidation agent (Lottermoser, 2010). Studies on co-precipitation
have demonstrated that at elevated pH levels and relatively low concentrations of As (< 1 mM or
Fe/As molar ratios > 5), the removal of As (V) occurs through its strong adsorption onto the
surfaces of low-ordered hydrous Fe oxides, commonly known as ferrthydrnite. These Fe phases
precipitated m-situ exhibit a high capacity for As uptake, up to 0.7 mol of As (V) per mole of Fe
(ﬁlvarez—A}msn & Murciego, 2021).

Recogmizing the significant efficacy of ferric salts in eliminating arsemic and the pressing demand
for an effective and affordable stabilization method, both FeCl> and FeCls have been proposed as
stabilizers (Lm et al , 2017). Apart from Fe (oxyhydr)oxides, aluminum-based compounds are also
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noted for their significant capacity to trap arsemc. The removal of arsenic by these compounds
primarily occurs through adsorption (Alvarez-Ayuso & Murciego, 2021). Following treatment,
arsenic bonded to the Fe precipitate may even gain further stability over time (J. Y. Kim et al |
2003).

+» Formation of scorodite

Other measures can also reduce the solubility and mobility of arsenic by promoting the formation
of secondary arsenate nunerals (Sullivan et al |, 2010). The formation of secondary phases on the
surfaces of arsenic sulfides can inhibit oxidation reactions, thus hindering the release of As.
Furthermore, the stability of these arsenic-bearing secondary minerals in a changing environment
can regulate the concentration of As in nune drainage and surface waters (Drahota & Filippi, 2009).
Scorodite (FeAsOs2H20), or crystalline ferric arsenate, plays a crucial role as an arsemic
scavenger, commonly found in such mining environments (Alvarez-Ayuso & Murciego, 2021). It
serves as a relatively stable secondary mineral capable of limiting As concentration in pore water
within nune tailings. This phase has been previously identified in nune tailings under cold climate
conditions in Saskatchewan, Canada (Kocourkova-Viskova et al |, 2015). Recogmzing its pivotal
role, treatments for acid-generating mine wastes should aim to preserve the scorodite phase or
promote its formation (Alvarez-Ayuso & Murciego, 2021). Typically, it forms through the co-
precipitation of ferrous and arsenic 1ons during air oxidation processes. The primary reaction
mechamsm mvolves two steps: oxidation and crystallization precipitation. These reactions can be
represented by Equations (2.20) and (2.21) (X. M et al_, 2015):

Fe2* + H* + 0.2502 — Fe3* + 0.5H:0 (2.20)
Fe3* + AsOs> + 2H20 — FeAs04.2H:0 (2.21)

Ferric arsenate exists in either amorphous or crystalline forms. The rate of oxidation 1s crucial for
achieving crystalline scorodite. Additionally, pH sigmficantly influences scorodite formation in
arsenic leaching solutions. Scorodite can be generated at pH levels below 5.0, with high-crystalline
scorodite achievable within an imitial pH range of 2 to 4. The solubulity of crystalline scorodite may
be approximately two orders of magmitude lower than that of amorphous ferric arsenates.
Amorphous ferric arsenate compounds exhibit high mstability, leading to dissolved arsenic levels

potentially reaching 20 mg/L.



34

Various factors, such as pH, the molar ratio of iron to arsenic, and temperature, influence scorodite
precipitation. Precise control of pH duning scorodite precipitation 1s crucial Abrupt pH changes
can lead to the formation of poorly crystalline phases and amorphous precipitates. The initial molar
ratio of iron to arsenic can impact the rate of arsenic removal and the stability of the precipitate.
Studies have shown that achieving a well-crystallized precipitate with As leachability of 0.5 mg/L
was possible by mereasing the mitial molar ratio of Fe (III) to As (V) to 3:1 (X. Min et al |, 2015;
Singhama et al., 2006). In the upcomuing sections, methods for arsemic stabilization and
solidification, with a focus on stabilizing arsenic through cemented paste backfill, will be explored.

2.8 Cemented paste backfilling of arsenic-bearing materials

Mine backfilling entails utilizing waste matenials like waste rock, deslimed and whole mull taihings,
as well as quarried and crushed aggregates, to fill underground mined voids for disposal purposes
and/or to serve various engineering functions (Benzaazoua et al., 2002). This practice provides
support and a safe working area for mune structures, enabling optimal resource recovery and
mutigating surface subsidence risks i underground stopes. Additionally, it offers a disposal site for
waste rocks or mull tailings (Ercikdi, Kesimal, et al , 2009). The strength properties of backfill
matenials can be enhanced by incorporating a small amount of cement or other pozzolanic binders
mto the waste materials (Benzaazoua et al., 2002), relating the cemented backfill to S/S processes.
Generally, there are three types of backfilling methods: hydraulic fill, rock fill, and cemented paste
backfill. In recent years, cemented paste backfilling has gained global acceptance, especially in
Canada, as a vital component of underground miming operations. The primary advantages of
cemented paste backfill include safely depositing hazardous mull taihings (such as sulfide tailings)
and other contaminated mine wastes mto underground openings to mifipate their environmental
impacts and reduce surface disposal and reclamation costs (Ercikdi et al_, 2014; Ercikdi, Kesimal,
et al_, 2009).

Safely placing sulfide-rich wastes underground can substantially reduce sigmficant environmental
impacts associated with surface storage under atmospheric conditions, such as the formation of
AMD and the release of heavy and toxic metals, as well as soil and groundwater contamination
(Yilmaz et al , 2013). The practice of backfilling in underground stopes was initially employed in
South African gold munes to provide support and reinforce pillars agamnst geological hazards
(Hustrulid & Bullock, 2001). Figure 2.9 illustrates the evolution of mine backfilling technology.
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Falconbnidge Nickel Mines Ltd. implemented CPB technology at the Hardy Mine m Sudbury,
marking the first instance of its use in 1957 (Espley et al_, 1970). The Bad Grund Mine in Germany,
during the late 1970s, employed fine mll waste aggregate and silty filtered tailings as primary
components of CPB (Lerche & Renetzeder, 1984; Tariq & Yanful, 2013). In the mid-1970s,
Robinsky miroduced thickened tailings as a method for surface disposal of concentrated tailings
(Robinsky, 1975). The Hecla Mining Company utilized CPB at the Lucky Friday Mine in the USA_
By the 1990s, numerous Canadian and Australian nmines had adopted CPB as a viable alternative
to rock fill and hydraulic fill methods, positioning them as probable leaders in CPB technology
adoption (Q1, 2019; Rankine & Sivakugan, 2007; Tariq & Yanful 2013). In recent years, CPB has
gamered signmficant attention from academua and industry due to 1ts techmical, environmental, and
economuc advantages.

Unconsolsdatzd Thydraulic shurry Addibon of Rescarch and
rockfill backfill system (11SDS5) cement o rockfill development of CPR

—

@‘ﬁaﬁmiﬁﬁb 19305 19405 19505 19605 19705 19805
First consalidated Addition of Bulk stoping nod lplementation
ekl cement to TISBS thickensl tailings of CPB

Figure 2 9 History of mine backfilling technology. Figure taken from (Hustrulid & Bullock,
2001)

CPB technology, characterized by a high-density slury mixture of dewatered tailings, binding
agents, and water, 1s thickened to aclhueve a non-settling consistency for transportation into mined
cavities. CPB offers environmental benefits by dumnishing the reactivity potential of sulfides and
stabilizing pollutants. Hydraulic binders can undergo reactions during hydration with metals and
metalloids, particularly with arsenic, resulting in the formation of stable compounds through
precipitation and enhance mechanical strength (Coussy et al., 2011; 3 Deng et al , 2017). Figure
2.10 1illustrates the various components of cemented paste backfill.
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Figure 2.10 Schematic diagram 1illustrating the different components of paste backfill. Figure
taken with modifications from (Benzaazoua et al_, 2002)

The non-settling properties and desired rheological behavior of CPB (pumpable, non-Newtonian
flmd) can be aclieved with a solids content (by total mass) ranging from 70% to 85% and
contamning adequate fines (with at least 15% particles less than 20 microns) to prevent settlement
(Orejarena & Fall, 2010; Rankine & Sivakugan, 2007; Sivakugan et al | 2015). The curing time for
CPB 1s typically longer than that for conventional concrete and mortars. Ultimately, cemented paste
backfill will evolve mto a material with physical characteristics resembling those of hard soil and
soft rock (Belem et al_, 2000).

Cemented paste backfill is typically prepared in surface facilities and then transported underground
mto the stopes using reticulated pipelines. In most modern underground mines, it 1s customary to
transfer and place the CPB within the mined-out stopes in two stages to alleviate pressures on the
barricade. The mmtial stage, known as "plug fill" mnvolves using paste with the highest binder
content (7 wt.%). This material 15 allowed to cure under self-weight consolidation for a few days
(usually 2 to 7 days). This delay, considered a conservative approach, enables the CPB to gain
strength to protect the backfill barncade during the placement of the final fill (Cao et al., 2018;
Ghirian & Fall, 2016, Yilmaz, Belem K Bussiére, et al, 2015). The second stage, termed
"residual/mass fill" consists of a lower binder content (typically 3 to 4.5 wt.%) and 1s left to cure
under self-weight for a longer period. The plug fill (with higher cement content) i1s capable of
withstanding additional surcharge loading that could potentially damage the formed cement bonds
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(Yilmaz, Belem, Bussiére, et al | 2015). Figure 2.11 depicts a schematic of a typical underground
stope filling process.
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Figure 2.11 A schematic of a typical underground stope filling process. Figure taken from (N. J.
F. Koupouli et al, 2016)

One notable charactenistic of paste backfill matenals i1s their high water content, typically
exceeding the hydration requirements of cementitious materials. The primary reason for this
elevated water-to-cement (W/C) ratio, typically ranging between 2.5 and 7, 1s to ensure the desired
consistency and flowability needed for transferring the paste through pipelines wia grawvity or
pumpmg (Tariq & Yanful, 2013). In contrast, conventional cement concrete and mortars are
typically designed with a much lower W/C ratio, usually below 0.5 (Mehta, 1999). Consequently,
the matrix of paste backfill can exiubit sigmificant differences in properties compared to
conventional concretes and mortars. These disparities may mnclude compressive strength, density,
porosity, hydraulic conductivity, durability, and microstructure of hardened samples (Godbout et
al., 2007; Ouellet et al_, 2007; Tariq & Yanful, 2013).

2.8.1 The quality criteria of CPBs

The quality of CPB samples 1s influenced by both intrinsic and extrinsic factors (see Figure 2.12).
Intrinsic factors encompass all the characteristics of the tailings, cement, and water, as well as their
mteractions during curing. Extrinsic factors, on the other hand, are induced by vanables such as
stope dimension or structure, backfill-rock interaction, placement conditions, curing temperature
and time, self-weight or time-dependent consolidation, and drainage or bleeding of excess water
(S. Yin et al_, 2020).
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Figure 212 Intninsic and extrmmsic factors affect the quality of cement tailings backfill. Figure
taken from (S. Yin et al_, 2018)

The most crucial design cnteria for cemented paste backfill mclude mechamical strength,
workability, environmental performance, hydraulic conductivity, and durability. These parameters
are dependent on the physical, chemical, and mineralogical properties of mine tailings and other
wastes, mixmg waters, additives, binder types, and their proportions (Benzaazoua et al , 2002).
Fresh CPB must possess the necessary workability to facilitate efficient pumping/delivery (without
clogging or pipeline failure) from the surface paste-fill plant to the underground nuned-out stopes.
Additionally, the hardened CPB matrix must meet static and dynamic load resistance requirements
to ensure a safe underground working environment and serve as a pnmary construction material
(Fall et al, 2009; H. Jiang, Qu, et al | 2019; Simon & Grabinsky, 2013). Each component of
cemented paste backfills plays a role in transport, emplacement, and strength acquisition for both
short- and long-term durations (B. D. Thompson et al |, 2012).

2.8.1.1 The strength of CPBs

Mechamical properties, such as UCS, stress-strain behavior, and shear strength parameters, are
important considerations for the safe and efficient design of CPB. These properties must be
accurately evaluated to ensure the mechanical stability of CPB, especially when the backfill serves
as a support pillar, crucial for ensuring workers safety. UCS is often considered the most common
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parameter for determming the stability of CPB structures due to the simplicity and low cost of UCS
testing (Q. Chen, Zhang, Fourie, Chen, et al , 2017). Figure 2.13 illustrates the components of CPB
that influence its strength_
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Figure 2.13 Schematic diagram of components of CPB and their associated characteristics that
affect CPB strength. Figure taken from (Deb et al , 2017)

The strength of CPB should be adequate to sustain itself, especially in areas where exposed surfaces
could lead to ore dilution risks during subsequent mining activities (B. D. Thompson et al , 2012).
However, in the context of the Giant Mine, the focus 1s not on meetmg typical strength
requirements associated with active miming operations. Instead, the emphasis 1s on the CPB's ability
to maintain its structural integrity under low stress conditions. The acqusition of CPB strength
primarily hinges on the development of hydrated and chemically stabilized compounds.

The main distinction between cement stabilization and CPB lies in the strength of the resulting
monolith. In CPB, aclueving a very lugh strength monolith 1s not the primary design objective, and
the UCS for CPB 1s often less than 500 kPa after 28 days of cuning (Arcadis, 2017; Fall et al |
2005). Conversely, cement stabilized dust monoliths are engineered to withstand substantial
loading and typically have UCS ranging from 4 MPa to greater than 15 MPa (Arcadis, 2017).

Numerous studies have been conducted to investigate the effects of various parameters on the
mechamical strength of cemented paste backfill samples. A summary of these studies 1s provided
m Table A 2 These mvestigations have explored a range of influencing factors, including binder
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type and dosage (Benzaazoua et al , 2002; Du et al , 2021; Ercikdi et al , 2014; Ercikdi, Kesimal,
etal ,2009; H. iang, Qu, etal , 2019; A. Wuetal , 2015; S. Ym et al | 2018; Yue Zhao, Soltam, et
al, 2019; Yue Zhao, Tahen, et al , 2019), alternative binders (Cihangir et al, 2018; Ercikdi,
Cihangir, et al | 2009; Ercikdi, Kesimal, et al., 2009; Koohestan et al , 2016; Olivier Peyronnard
& Benzaazoua, 2011, 2012; Quu et al, 2019), curing conditions (Belem et al., 2000; Cihangir &
Akyol, 2016; Duet al , 2021; Fall & Pokharel, 2010; Hu et al , 2019; H. Jiang, Y1, et al, 2020a; H.
Jiang & Fall, 2017a; Kesimal et al | 2005; L. Lin, Yang, et al | 2019; Mbommpa et al., 2019
Yilmaz, Belem, & Benzaazoua, 2015; S. Yin et al | 2018), tailings properties (Benzaazoua et al ,
2002, 2008; Benzaazoua, Fall, et al | 2004; Cihangir et al | 2018; Cihangir & Akyol, 2016; Fall et
al., 2005; Kesimal et al , 2005; W. L1 & Fall, 2016; Quu et al., 2020; Su et al , 2019), specific
additives such as water reducing agents (Ercikdi et al | 2010; Koohestani et al , 2018; Y. Liu et al ,
2020; Mangane et al | 2018; Ouattara et al , 2018; Le1 Yang et al , 2018), chenustry of the mrxing
water (Benzaazoua et al , 2002; H. Jiang & Fall, 2017b, 2017a; A. Wu et al_, 2015), and nuxing
and preparation conditions (Cao et al , 2018; C. Min et al , 2019). In summary, 1t 1s evident that the
physical, chemical, and mineralogical charactenistics of the taillings, along with the chemucal
properties of the binders and mixing waters, nux design, in-situ stress, and curing conditions, are
among the most mfluential parameters affecting the mechanical strength of cemented paste
backfills (Benzaazoua et al_, 2002; Benzaazoua, Fall, et al , 2004; Fall et al_, 2005). The particle
size distribution of tailings and the proportion of fines (< 20 pm) can significantly influence the
strength of the paste, with coarse and medium tailings being preferable for CPB strength gain. The
solid content (the mass of solids to the total mass of the paste) 1s one of the most influential
properties, as igher solid content leads to greater strength gain dunng curing (X Deng et al., 2017,
Lei Yangetal | 2018). Various binders, meluding general use (GU) cement (also known as ordinary
Portland cement, OPC), ground granulated blast furnace slag (GGBFS), fly ash (types C and F),
sulfate-resistant Portland cement, bottom ash (BA), cement kiln dust, and silica fume (SF), as well
as different waste and by-product matenials serving as supplementary cemenftitious matenals for
creating low-cost alternative binders, have been utihized at different dosages. Research findings
have demonstrated that the type and dosage of binder significantly impact the strength evolution
of cemented paste backfill samples. The pozzolanic contents of the binders affect CPB strength,
with higher pozzolanic content contributing to greater long-term stability (Kesimal et al |, 2005).
Pozzolanic wastes can be employed as binders to replace typical binders and reduce costs (Ercikds,
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Cihangir, et al., 2009). The sulfate content of tailings and mupung waters strongly mfluence
hydration processes and strength gain, with effects dependent on binder type and dosage
(Benzaazoua et al | 2002). Increased sulfate concentration m the paste nuxture decreases CPB
strength and stability, which can be mitigated by higher binder content and longer curing periods.
Elevated curing temperatures also contribute to strength gai