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RESUME

L’activité miniere génere d’importantes quantités de rejets durant le processus d’extraction et
de concentration des métaux. D’une part, les roches peu ou pas minéralisées qui doivent étre
déplacées pour atteindre le minerai sont appelées roches stériles, et sont généralement empi-
lées pour constituer des haldes a stériles pouvant mesurer plusieurs centaines de metres de
hauteur. D’autre part, les résidus miniers, issus du broyage du minerai et de ’ajout d’eau de
procédé pour concentrer les métaux, sont déposés dans des parcs a résidus pouvant mesurer
plusieurs dizaines de metres de hauteur, et s’étendre sur plusieurs kilometres carrés. La ges-
tion de ces aires d’entreposage de rejets miniers constitue I'un des enjeux environnementaux
les plus importants pour les compagnies minieres, notamment a cause des risques d’insta-
bilités géotechnique et géochimique. En effet, les faibles propriétés mécaniques des résidus
rendent ces matériaux fins sensibles a la liquéfaction, ce qui peut entrainer des ruptures de
digues aux conséquences humaines, environnementales et économiques catastrophiques. Par
ailleurs, les sulfures contenus dans les rejets miniers peuvent s’oxyder au contact de ’oxygene
atmosphérique et de I’eau, ce qui peut engendrer la génération de drainage minier contaminé,

caractérisé par des pH tres faibles et des concentrations élevées en métaux.

Plusieurs approches de gestion et de restauration ont été développées et mises en place sur
les sites miniers au cours des dernieres années pour réduire les risques de ruptures de digues
en limitant la quantité d’eau dans les résidus et pour limiter en amont I'oxydation des rejets
miniers par la mise en place de recouvrements contrélant les flux d’eau et ou d’oxygene vers
les rejets. Les couvertures a effet de barriere capillaire (CEBC) sont particulierement promet-
teuses dans ce contexte puisqu’elles permettent de réduire les flux d’oxygene de I'atmosphere
vers les rejets en maintenant une couche de rétention constituée de matériaux fins proche de
la saturation. Une autre approche consiste a réduire l'infiltration nette d’eau vers les rejets
grace a une couche de matériaux fins compactés de faible conductivité dans des recouvre-
ments appelés LSHCCs (pour low saturated hydraulic conductivity cover). La plupart de ces
approches de gestion et de restauration sont basées sur le contrdle des flux d’eau dans les
rejets ou dans les recouvrements et il est donc essentiel de déterminer la quantité d’eau et sa
dynamique d’écoulement dans ces recouvrements pour estimer et surveiller leur performance

en conditions réelles.

Néanmoins, les techniques de mesure conventionnellement utilisées pour mesurer la teneur en
eau volumique dans les rejets miniers et les recouvrements sont basées sur des instruments

ponctuels, dont le volume d’investigation est généralement limité a moins d’un litre (e.g.,



viii

sondes de teneur en eau volumique ou piézometres) ou des observations de surface, dont
la profondeur d’investigation est limitée a quelques centimetres (e.g., observations visuelles
ou télédétection). Par conséquent, les mesures de teneur en eau volumique dans les rejets
et les recouvrements sont tres limitées dans 'espace et ne permettent de surveiller qu’'une
infime fraction des recouvrements qui sont mis en place sur des parcs a résidus a 1’échelle
du terrain. Il existe donc un besoin de développer des techniques de suivi de la teneur en
eau volumique dans les rejets miniers et les recouvrements qui soient applicables a ’échelle
des aires d’entreposage des rejets miniers, et qui puissent étre utilisées en complément des

approches traditionnelles pour étendre spatialement les mesures ponctuelles.

Les mesures géophysiques peuvent sembler prometteuses dans ce contexte puisqu’elles per-
mettent d’estimer des parametres physiques dans le milieu a partir de mesures indirectes,
typiquement depuis la surface. Par ailleurs les mesures géophysiques sont non-invasives et
applicables a de plus grandes échelles, typiquement le long de profils pouvant mesurer plu-
sieurs kilometres de longueur avec des profondeurs d’investigation pouvant aller a plusieurs
centaines de metres sous la surface. En particulier, la méthode électrique permet d’imager
la distribution de la conductivité électrique dans le milieu, qui est directement affectée par
la teneur en eau ainsi que par d’autres parametres physiques tels que la température, la
conductivité électrique du fluide interstitiel ainsi que la granulométrie et la minéralogie du
milieu. Cette approche a un fort potentiel puisqu’il existe dans la littérature de nombreux
exemples d’application pour lesquels la méthode électrique a permis de suivre 1’écoulement
de traceurs et d’imager la distribution spatio-temporelle de la teneur en eau. Néanmoins, il
n’existe que peu d’applications de cette approche au suivi temporel de la teneur en eau dans
des rejets miniers. En particulier aucune étude a ce jour ne permet d’établir la faisabilité
et la pertinence de cette approche dans le contexte de la surveillance de la performance des
ouvrages de restauration miniere ni de quantifier la précision de la teneur en eau qui serait
estimée a partir des mesures électriques dans des recouvrements multicouches construits en

partie avec des rejets miniers.

Dans ce contexte, cette these vise a évaluer le potentiel de la méthode électrique comme
approche complémentaire aux techniques conventionnelles pour effectuer un suivi autonome
de la teneur en eau dans les ouvrages de restauration miniere a 1’échelle pilote sur le terrain.
En particulier, des recouvrements expérimentaux a l’échelle pilote ont été instrumentés et
suivi durant deux ans pour évaluer la précision de I’estimation de la teneur en eau a partir des

mesures électriques et servir de "preuve de concept" en conditions réelles sur un site minier.

Dans un premier temps, une revue bibliographique exhaustive a permis de constituer une base

de données comprenant 650 études permettant d’identifier les meilleures pratiques de suivi
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électrique disponibles dans la littérature pour de nombreux types d’application tel que le suivi
des glissements de terrain ou du pergélisol. La revue a notamment permis de mettre en évi-
dence les récents développements qui favoriseront ’application de la méthode électrique pour
le suivi des rejets miniers, comme le développement de résistivimetres autonomes permettant
d’acquérir les données électriques quotidiennement et de les transférer vers des serveurs a
distance. Une base de données de 150 études ayant appliqué la méthode électrique pour la
caractérisation des rejets miniers a également été constituée. Cette deuxieme base de données
a permis d’identifier les applications les plus prometteuses pour le suivi temporel des rejets.
La revue a aussi permis de mettre en évidence les défis posés par I'application de la méthode
électrique dans les rejets miniers, comme la complexité de prédire avec précision la teneur en
eau dans des matériaux ou la température et la conductivité électrique du fluide interstitiel
peuvent varier significativement dans le temps et dans ’espace. Ces observations ont permis
d’établir une méthodologie de recherche pour étudier ces enjeux a 1’échelle de I’échantillon,

du laboratoire et du terrain afin de maximiser la précision de I'approche électrique.

Plusieurs dispositifs expérimentaux de laboratoire ont été mis en place pour mesurer simul-
tanément la teneur en eau et la conductivité électrique du milieu dans les matériaux utilisés
pour la construction des recouvrements expérimentaux a 1’échelle pilote. Ainsi, un disposi-
tif basé sur les cellules Tempe a été proposé pour inclure des mesures électriques dans un
échantillon de petite taille soumis a une pression croissante conduisant a son drainage. Ces
"cellules Tempe électrique" ont ainsi permis d’établir la relation entre succion, teneur en eau
et conductivité électrique en conditions contrdlées (température et conductivité électrique du
fluide connues) pour calibrer des modeles pétrophysiques simples dans les résidus miniers.
Des dispositifs expérimentaux de plus grandes dimensions ont également été mis en place
pour mesurer 1’évolution spatio-temporelle de la teneur en eau a l'aide de sondes et de la
conductivité électrique a l'aide d’électrodes. Ces données ont également permis d’estimer la
relation pétrophysique in situ des matériaux. La comparaison entre les modeles pétrophy-
siques calibrés a petite, moyenne échelle en laboratoire et a 1’échelle pilote sur le terrain
a permis de démontrer que la relation pétrophysique déterminée a 1’échelle du laboratoire
restait applicable a 1’échelle pilote sur le terrain. Cette comparaison multi-échelle a aussi
permis de quantifier la précision des estimations de teneur en eau par la méthode électrique
qui était de +0.03 m?/m3, soit une précision similaire a celle des sondes hydrogéologiques
conventionnelles. Néanmoins, cette approche a mis en évidence I'importance de prendre en
compte 'effet de la température et de la conductivité électrique du fluide interstitiel dans les
rejets pour estimer la teneur en eau volumique a partir des données électriques avec précision.
En effet, la précision des estimations de teneur en eau volumique était diminuée d’un facteur

dix si ces parametres n’étaient pas pris en compte adéquatement sur le terrain.



La méthode électrique a également été testée en conditions réelles dans des recouvrements
expérimentaux mesurant 280 m de long et 18 m de large, construits a la Mine Canadian
Malartic entre 2019 et 2020. Des sections mesurant 23 m de long ont été instrumentées de
sondes de teneur en eau et d’électrodes pour imager distribution spatio-temporelle de la
teneur en eau en continu pendant plus d’un an. Les électrodes géophysiques ont été instal-
lées dans la couche de rétention d’eau constituée de résidus de deux sections de CEBC, et
dans la couche de faible conductivité hydraulique constituée de mort-terrain compactés pour
deux sections de LSHCC. Un résistivimetre autonome PRIME a été installé sur le site et les
données quotidiennes ont été inversées pour imager la teneur en eau dans les recouvrements
pour différentes conditions hydrogéologiques (avec ou sans pente, en haut ou en bas de pente,
avec ou sans végétation). Les données de terrain ont permis de caractériser le comportement
hydrogéologique des sections de CEBC et de LSHCC instrumentées, et ont été utilisées pour
quantifier la performance des sections de CEBCs en utilisant un degré de saturation de 85%
dans la couche de rétention d’eau comme critére de performance. La comparaison entre les
données ponctuelles et géophysiques a permis de quantifier la précision des teneurs en eau
prédites par la méthode électrique pour les différents recouvrements expérimentaux (entre
+0.02 m?/m? et +0.03 m*/m?), ce qui constitue une "preuve de concept' du potentiel que
représente I'approche électrique comme méthode complémentaire a la surveillance de perfor-

mance des ouvrages de restauration miniere a 1’échelle du terrain.

L’ensemble des travaux, des observations et des résultats présentés dans cette these ont
été combinés pour mettre en place un guide de conception pour de futurs dispositifs de
suivi de performance d’ouvrages de restauration a 1’échelle du terrain incluant des mesures
électriques. L’objectif de cette discussion est d’aider quiconque serait intéressé.e a ré-appliquer
la méthodologie présentée dans cette these a identifier les éléments les plus importants qui
seront nécessaires a la conception et la mise en place d’un dispositif de suivi adapté ainsi que
pour 'acquisition, le traitement et 'interprétation des données électriques dans le contexte

de la restauration miniere.
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ABSTRACT

Mining activity generates significant amounts of wastes during the metal extraction and
concentration process. On the one hand, the rocks with little or no mineralization that
must be moved to reach the ore are referred to as waste rocks, and are generally stored into
waste rock piles, which can be several hundred meters high. On the other hand, the tailings,
resulting from the crushing of the ore and the addition of process water to concentrate the
metals, are deposited in tailings storage facilities that can be several tens of meters high and
extend over several square kilometers. The management of these waste storage facilities is one
of the most important environmental challenges for mining companies, particularly because of
the risks of geotechnical and geochemical instabilities. Indeed, the poor mechanical properties
of tailings make these fine materials sensitive to liquefaction, which can lead to dam failures
with catastrophic human, environmental and economic consequences. In addition, the sulfides
contained in the mining wastes can oxidize upon contact with atmospheric oxygen and water,
which can result in the generation of contaminated mine drainage, characterized by very low

pH and high metal concentrations.

Several management and remediation approaches have been developed and implemented
at mine sites in recent years to reduce the risk of dam failures by limiting the amount of
water in the tailings and to limit oxidation of mine tailings by installing covers that control
water and/or oxygen flows to the tailings. Covers with capillary barrier effects (CCBEs)
are particularly promising in this context as they reduce oxygen fluxes from the atmosphere
to the tailings by maintaining a moisture retaining layer made of fine materials close to
saturation. Another approach consists in reducing the net infiltration of water towards the
mine wastes by installing low saturated hydraulic conductivity covers (LSHCCs) which limit
water percolation thanks to a layer made of a fine compacted materials. Overall, most of
these management and remediation approaches are based on controlling water flows into
mine wastes or in covers. Therefore, determining the amount and dynamics of water in these

overlays is essential to estimate and monitor their performance under real-world conditions.

However, the conventional measurement techniques used to measure water content in mine
wastes and in reclamation covers are based on point instruments, which generally have a
volume of investigation smaller than one liter (e.g., water content probes or piezometers) or
surface observations, which are limited to a few centimeters in depth of investigation (e.g.,
visual observations or remote sensing). As a result, measurements of water content in wastes

and covers are very spatially limited and can only monitor a tiny fraction of the covers that
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are placed on full-scale tailings facilities. There is therefore a need to develop techniques
for monitoring water content in mine wastes and covers that are applicable at the scale of
mine waste storage facilities, and that can be used to complement traditional approaches to

spatially expand point measurements.

Geophysical measurements may seem promising in this context since they allow the estima-
tion of physical parameters in the environment from indirect measurements, typically from
the surface. Moreover, geophysical measurements are non-invasive and applicable on larger
scales, typically along profiles that can measure up to several kilometers in length with depths
of investigation that can reach up to several hundred meters below the surface. In particular,
the electrical method allows imaging the distribution of electrical conductivity in the medium,
which is directly affected by the water content as well as by other physical parameters such as
temperature and electrical conductivity of the interstitial fluid. This approach has a strong
potential since there are many examples in the literature where the electrical method has
been used to track tracer flows and to image the spatio-temporal distribution of the water
content. However, there are only a few applications of this approach to the temporal moni-
toring of water content in mining wastes. In particular, no study to date allows to establish
the feasibility and relevance of this approach in the context of monitoring the performance
of mine reclamation covers, or to quantify the accuracy of the water content that would be

estimated from electrical measurements in covers constructed using mine wastes.

In this context, this thesis aims to evaluate the potential of the electrical method as a
complementary approach to conventional techniques for autonomous monitoring of water
content in mine reclamation covers at pilot scale on the field. In particular, pilot-scale
experimental multilayer covers were instrumented and monitored for two years to evaluate
the accuracy of water content estimation from electrical measurements and to serve as a

"proof of concept" under real conditions on an active mining site.

In a first step, an exhaustive bibliographical review allowed to build a database including
650 studies, which allowed to identify the best practices of electrical monitoring available in
the literature for many types of applications such as landslides or permafrost monitoring. In
particular, the review highlighted recent developments that will promote the application of
the electrical method for monitoring mining wastes, such as the development of autonomous
resistivity meters that can acquire electrical data on a daily basis and transfer them to remote
servers. A database of 150 studies that have applied the electrical method to characterize
mining wastes has also been compiled. This second database was used to identify the most
promising applications for temporal monitoring of mine wastes. The review also highlighted

the challenges posed by the application of the electrical method in mine tailings, such as
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the complexity of accurately predicting water content in materials where the temperature
and electrical conductivity of the pore fluid can vary significantly in time and space. These
observations have led to the development of a research methodology to address these issues

at the sample, laboratory and field scales.

In a second step, several laboratory experiments were carried out to simultaneously measure
water content and bulk electrical conductivity in the materials used for the construction of
the pilot-scale experimental covers. A device based on Tempe cells was proposed to include
electrical measurements in a small sample submitted to increasing pressures, which in turn
caused its drainage. These "electrical Tempe cells" have been used to establish the relation-
ship between suction, water content and electrical conductivity under controlled conditions
(known temperature and electrical conductivity of the fluid) to calibrate simple petrophys-
ical models in mine tailings. Larger experimental setups were also carried out to measure
the spatio-temporal evolution of water content using sensors and electrical conductivity us-
ing electrodes. These data were used to estimate the in-situ petrophysical relationships of
the materials. The comparison between the petrophysical models calibrated small, medium
scales in the laboratory and at pilot scale on the field demonstrated that the petrophysical
relationship determined at the laboratory scale remained applicable at field scale. This mul-
tiscale comparison also quantified the accuracy of water content estimates by the electrical
method to be 40.03 m3/m3, similar to the accuracy of conventional hydrogeological probes.
Nevertheless, this approach highlighted the importance of considering the effect of temper-
ature and electrical conductivity of the pore fluid in the discharges when estimating water
content from electrical data, since the accuracy was decreased by a factor of ten if these

parameters were not adequately accounted for in the field.

In a third phase, the electrical method was tested under field conditions in 280 m long and 18
m wide experimental multilayer covers, constructed at the Canadian Malartic Mine between
2019 and 2020. Sections measuring 23 m in length were instrumented with water content
probes and electrodes to image the spatio-temporal distribution of water content continu-
ously for over a year. The geophysical electrodes were installed in the moisture retaining
layer consisting of tailings from two sections of CCBE, and in the low hydraulic conductivity
layer consisting of compacted overburden for two sections of LSHCC. A PRIME stand-alone
resistivity meter was installed at the site and daily data were inverted to image the water
content distributions in the covers for different hydrogeological conditions (inclined or flat
sections, upslope and downslope, vegetated and unvegetated). The field data were used to
characterize the hydrogeological behavior of the instrumented CCBE and LSHCC sections,

and were used to quantify the performance of the CCBEs sections using a degree of satura-
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tion of 85% in the moisture retaining layer as a performance criterion. Comparison between
local and geophysical data allowed quantifying the accuracy of the water content predicted
by the electrical method for the different experimental covers (between +0.02 m?/m? and
+0.03 m?/m?), providing a "proof of concept' of the potential that the electrical approach
represents as a complementary method for performance monitoring of full-scale mine recla-

mation covers.

Finally, the experiments, observations, and results presented in this thesis have been com-
bined to suggest a guide for the design of future reclamation performance monitoring pro-
grams that include electrical measurements at field scale. The purpose of this discussion is
to help anyone interested in re-applying the methodology presented in this thesis to identify
the most important elements that will be required for the design and implementation of a
suitable monitoring system as well as for the acquisition, processing and interpretation of

electrical data in the context of mine reclamation.
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CHAPITRE 1 INTRODUCTION

1.1 Contexte de I’étude

1.1.1 Génération de rejets par les activités minieres

L’industrie miniere produit d’'importantes quantités de rejets durant les processus d’extrac-
tion et de concentration des métaux. D’une part, les roches stériles sont générées par le
sautage de la roche encaissante, peu ou pas minéralisée, qui entoure le minerai et qui doit
étre déplacée pour 'atteindre. Comme illustré par la Figure 1.1, les roches stériles sont sto-
ckées dans des haldes a stériles pouvant atteindre plusieurs centaines de metres de hauteur
(Aubertin et al., 2016). D’autre part, les résidus miniers sont générés lors du processus de
concentration du métal exploité. En effet, le minerai est broyé, concassé et mélangé a de ’'eau
de procédé pour faciliter la concentration du métal par flottation (Bussiere, 2007). Le mélange
de roches finement broyées et d’eau d’ou les métaux ont été extraits est ainsi déposé dans
des parcs a résidus, mesurant généralement plusieurs dizaines de metres de hauteur, dont les
digues sont construites a partir de matériaux plus grossiers, comme les roches stériles ou les

fractions les plus grossieres des résidus (Kossoff et al., 2014).

Les teneurs en métaux sont généralement faibles pour la plupart des mines a ciel ouvert, soit
de l'ordre de quelques pourcents pour les métaux communs comme le cuivre et de 'ordre de
quelques grammes par tonne de minerai pour les métaux précieux comme 'or (Nassar et al.,
2022). Par conséquent, plus de 99% de la roche extraite est considérée comme un rejet minier
apres séparation des métaux pour la plupart des opérations a ciel ouvert. Ceci explique les
dimensions considérables de ces aires de stockage, s’étendant souvent sur plusieurs kilometres
carrés, qui ont méme été décrites comme "les plus grandes structures construites par ’Homme
sur Terre" (Bowker and Chambers, 2015). Par ailleurs, la production de rejets miniers va
considérablement augmenter dans les prochaines années en raison de 'effet combiné de (i) la
hausse de la demande, a la fois pour les métaux de base, les métaux précieux et les minéraux
critiques et stratégiques (ex. terres rares, lithium, nickel et autres), (ii) la diminution des
teneurs des gisements facilement exploitables et (iii) les développements technologiques qui
rendent de plus en plus économique I'exploitation de gisements a faible teneur et haut tonnage
(Calvo et al., 2016; Chambers, 2016; Rotzer and Schmidt, 2018). A titre d’exemple, une étude
récente (WMTF, 2019) estimait a 50 milliards de tonnes la quantité de résidus qui seront
produits sur la période 2020-2025 a 1’échelle mondiale, soit une augmentation de pres de 25%

de la masse totale de résidus estimée sur la plancte.
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F1GURE 1.1 Schéma simplifié d'une mine a ciel ouvert représentatif d’une mine d’or de type
haut tonnage, faible teneur (teneur moyenne de 1 g d’or par tonne de minerai).

1.1.2 Stabilité géotechnique et géochimique des parcs a résidus

La gestion des rejets miniers est un des principaux enjeux environnementaux auxquels I'indus-
trie miniere doit faire face, notamment a cause des problématiques de stabilité géotechnique
et géochimique des aires de stockage de rejets (Bussiere, 2007). En effet, la granulométrie
fine des résidus miniers (sable fin a silt) ainsi que la teneur en eau généralement élevée dans
les parcs a résidus en font des structures a risque de rupture, et qui doivent étre adéquate-
ment congues et opérées pour résister a des éveénements extrémes comme des tremblements
de terre ou de fortes pluies (Azam and Li, 2010). Ces derniéres années, des ruptures de digues
catastrophiques se sont produites et ont causé des dégats humains et environnementaux consi-
dérables comme illustré sur la Figure 1.2, notamment au Canada (Mount Polley, 2016), en
Australie (Cadia, 2018), au Brésil (Fundao, 2015 et Brumadinho, 2019) et en Afrique du Sud



(Jagersfontein, 2022) (Rotta et al., 2020; Clarkson et al., 2021). Comme Lyu et al. (2019b)
I’ont noté, la majorité des 300 ruptures de digues rapportées de 1910 a 2018 ont été attribuées
a des problématiques dans la gestion de I'eau dans les parcs (soit par infiltration, soit par
débordement), et par des problemes liés a la stabilité des fondations et a la liquéfaction des

résidus, cette derniere étant aussi impactée par la quantité d’eau dans les résidus.

La stabilité géochimique des rejets miniers peut également constituer une problématique envi-
ronnementale majeure si les rejets contiennent des sulfures, comme la pyrite ou la pyrrhotite,
qui peuvent s’oxyder au contact de 'eau et de I'oxygene (Plante et al., 2021b). En I’absence
d’especes minérales neutralisantes comme la calcite, 'oxydation des sulfures peut générer du
drainage minier acide (DMA), qui est généralement caractérisé par un faible pH (< 6), des
concentrations en métaux dissous élevées et une couleur orange ou rouge due aux précipités
d’hydroxyde de fer, comme illustré sur la figure 1.2b (Blowes et al., 2003; Nordstrom, 2011).
Lorsqu’elle n’est pas controlée adéquatement, la génération de DMA peut avoir des consé-
quences sur I’environnement a court et long terme, par exemple si le DMA se décharge dans
des cours d’eau par exemple, entrainant des conséquences graves sur les organismes vivants
(Rezaei et al., 2019; Rotta et al., 2020). De nombreux sites miniers au Québec sont concernés
par des enjeux associés a la génération de DMA, ce qui est particulierement problématique
pour les anciennes aires de stockage de résidus et de roches stériles de sites miniers abandon-
nés (Dagenais et al., 2005; Ethier et al., 2018). De méme que pour la stabilité physique des
parcs a résidus, la teneur en eau joue un role crucial dans la génération de DMA, a la fois
puisqu’elle est un réactif nécessaire a ’oxydation des sulfures, mais aussi parce que la distri-
bution d’eau dans les résidus affecte significativement les flux d’oxygene de I’atmosphere vers
les résidus (Aachib et al., 2004; Mbonimpa et al., 2021). Ainsi, les objectifs en termes de sta-
bilité géotechnique et géochimique sont souvent opposés puisqu’une saturation complete des
résidus permettra de réduire les flux d’oxygene et limitera donc la réaction d’oxydation, mais
augmentera en revanche le risque de liquéfaction des résidus et de rupture du parc (Williams,
2021). L’étude sur la distribution de I’eau dans un ouvrage minier est donc importante dans

toutes les situations.

1.1.3 Meéthodes de gestion et de restauration des parcs a résidus

Plusieurs approches de gestion et de restauration des aires de stockage ont été proposées dans
les dernieres années pour mieux controler le risque d’instabilité géotechnique et géochimique
des rejets miniers (Bussiére and Guittonny, 2021a; Wilson, 2021). Du point de vue de la géo-
technique, il est recommandé de réduire autant que possible la quantité d’eau dans les parcs

a résidus sur le long terme en séchant les résidus avant leur déposition dans les parcs (résidus
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FIGURE 1.2 Images satellites Google Earth du parc a résidus de Brumadinho au Brésil
avant et apres rupture. Photographies montrant I'impact du drainage minier acide, adapté
de Chen et al. (2021). Photographies tirées initialement de A - Yan et al. (2020), Australie,
B - Gonzélez et al. (2020), Espagne, C - Bortnikova et al. (2020), Russie, D - Sandlin et al.
(2020), Etats-Unis, E - Lépez et al. (2021), Espagne et F - Markovic et al. (2020), Serbie.



séchés empilés), en évacuant les eaux de surface, en favorisant des conditions drainantes dans
les parcs (digues perméables ou co-disposition de roches stériles) et en élargissant les digues
a la base (Bussiere, 2007). Du point de vue géochimique, la construction de recouvrements
est une option qui a fait ses preuves sur le terrain pour contréler les flux d’eau et d’oxygene
de latmosphere vers les rejets potentiellement générateurs de DMA (Bussiére et al., 2003;
Bussiere et al., 2006; Dagenais et al., 2012). Parmi les différents types de recouvrements dé-
crits par Bussiere and Guittonny (2021a), les couvertures avec effets de barrieres capillaires
(CEBC) comme celle schématisée sur la Figure 1.3, sont particuliérement adaptées au climat
humide du Québec (Demers and Pabst, 2021b). En effet, ces recouvrements multi-couches
comprennent une couche de faible perméabilité constituée de matériaux fins qui est intercalée
entre deux couches de matériaux plus grossier (couche de support et couche drainante), ce
qui a pour fonction de préserver la quasi-saturation en tout temps afin de réduire les flux
d’oxygene vers les rejets (couche de rétention d’eau). La valeur du degré de saturation de
85% dans la couche de rétention d’eau est souvent considérée comme critére de performance
pour les CEBCs pour réduire les flux d’oxygeéne (Aubertin et al., 1998; Bussiere, 2007). Une
couche de protection et une couche superficielle jouent également un role dans la CEBC pour
réduire le risque d’intrusions humaines, animales ou végétales dans le recouvrement et pour

favoriser la colonisation végétale, composante principale de la restauration des parcs a résidus
(Demers and Pabst, 2021b).

Bien que les cotits de construction associés a la mise en place de CEBC soient souvent plus
élevés que pour d’autres recouvrements moins complexes (e.g., recouvrements monocouche
(Pabst, 2021), recouvrements de type stockage-relargage (Bussiere and Wilson, 2021) ou
recouvrements avec des couches de faible conductivité hydraulique saturée - notés LSHCC
(Magsoud et al., 2021)), les CEBCs ont I'avantage d’étre une technique robuste et mature,
dont efficacité a été démontrée sur plusieurs sites restaurés a ’échelle du terrain (e.g., Bus-
siere et al. (2006)). L'utilisation de matériaux peu sensibles aux cycles de gel-dégel constitue
également un atout, par opposition aux recouvrements de faible conductivité nécessitant des
matériaux plus fins. La durabilité des matériaux constituant la couche de rétention d’eau est
également plus élevée que celle de membranes géotextiles parfois utilisées dans les recouvre-
ments de faible conductivité (Magsoud et al., 2021). De plus, la possibilité de valoriser des
rejets miniers dans la construction des CEBCs, notamment en utilisant des roches stériles
pour les couches de support et de drainage et des résidus pour la couche de rétention d’eau,
permet de réduire les cotits de construction et 'empreinte de la restauration sur le milieu
(Larochelle et al., 2019; Kalonji-Kabambi et al., 2020). Enfin, ce type de recouvrement per-
met 'implantation de la végétation a long terme (Proteau et al., 2020b), ce qui n’est pas

possible avec certains recouvrements comme les recouvrements en eau (Awoh et al., 2021).
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FI1GURE 1.3 Recouvrement multi-couche de type CEBC et principales composantes du bilan
hydrique (inspiré de Demers and Pabst (2021b) et MEND (2004)).

1.1.4 Surveillance de la teneur en eau dans les résidus miniers

Une bonne conception des aires de stockage de rejets miniers, suivie par une opération adé-
quate et une surveillance adaptée pourra réduire les risques d’instabilité géotechnique et
géochimique (Hui et al., 2018). En particulier, Clarkson and Williams (2020) indiquent que
la surveillance des parameétres physiques (notamment la teneur en eau) dans les rejets, les
digues et les recouvrements devrait étre continue, peu cotiteuse et, dans la mesure du pos-
sible, effectuée en temps réel. Une telle surveillance permettrait ainsi aux opérateur.rice.s
de détecter rapidement des situations a risques pour pouvoir prendre les mesures adéquates
(e.g., accumulation anormale d’eau dans & la surface des résidus, infiltration a travers les
digues ou désaturation excessive des couches de rétention d’eau dans une CEBC). De plus,
les données de terrain permettent d’étudier le comportement hydrogéologique du systeme,
souvent davantage connu a plus petite échelle (laboratoire ou cellules de terrain) et de ca-
librer des modeles numériques permettant de prédire le comportement a plus long terme,
ou en réponse a des événements extrémes (e.g., tremblement de terre, pluie abondante ou

sécheresse prolongée) (Bussiere et al., 2021).



De maniere générale, les techniques de mesure dans les rejets et les recouvrements miniers
peuvent étre classées en deux catégories. D'une part, les mesures locales permettent d’es-
timer relativement précisément un parametre physique a un endroit donné dans le milieu
(Hui et al., 2018). Les sondes hydrogéologiques mesurant généralement la teneur en eau, la
température, la conductivité électrique ou la succion dans un volume limité (typiquement
<1 L) rentrent dans cette catégorie, ainsi que les piézometres mesurant localement le niveau
piézométrique et la pression interstitielle dans un parc (Clarkson et al., 2021) et le suivi de la
performance des recouvrements en restauration (MEND, 2004; Bussiére et al., 2021). D’autre
part, les observations de surface comme (i) les inspections visuelles, (ii) la photogrammétrie
aérienne par drone ou avion ou (iii) la télédétection permettent de couvrir des étendues plus
importantes mais ont des profondeurs d’investigation généralement limitées (en surface uni-
quement ou quelques centimetres dans le milieu) (Hui et al., 2018; Li et al., 2020; Rotta et al.,
2020; Grebby et al., 2021; Lumbroso et al., 2021).

Bien que complémentaires, ces deux approches ont des limites en ce qui concerne le suivi
des aires d’entreposage de rejets miniers, qui s’étendent parfois sur des centaines d’hectares
et pour lesquelles les parametres physiques d’'intérét doivent généralement étre déterminés
dans le milieu et non dans les premiers centimeétres sous la surface (MEND, 2004; Bussiere
et al., 2021). A titre d’exemple, les programmes de surveillance de performance des CEBCs
construites sur les sites miniers Lorraine et Les Terrains Auriferes (LTA) illustrent bien ces
enjeux puisque le degré de saturation dans les couches de rétention d’eau doit étre estimé pour
des profondeurs allant de 30 cm a 1 m sous la surface, ce qui reste relativement superficiel,
mais qui est au-dela de la zone investiguée par les techniques de surface (Bussiere et al., 2006,
2009; Dagenais et al., 2012). Par ailleurs, de nombreux instruments ponctuels ont été installés
pour ces deux sites de relativement petite taille (20 piézometres et 160 sondes (20 stations) a
Lorraine pour une surface de 11 ha et 120 sondes (40 stations) & LTA pour une surface 60 ha,
respectivement). Par conséquent, une telle approche de suivi pourrait difficilement étre mise
en place pour la restauration de parcs a résidus de plus grandes dimensions comme celui de
la Mine Canadian Malartic, qui s’étend sur plus de 600 ha. En effet, I'installation des milliers
de sondes ponctuelles qui seraient nécessaires pour investiguer un volume représentatif des
aires de stockage correspondrait a des coflits importants et a des défis en termes d’installation,
de calibration, de collecte, de stockage et d’interprétation de données (Rykaart et al., 2006;
Le Borgne et al., 2022). Finalement, 'unique recours a des outils de mesures ponctuels, aussi
nombreux soient-ils, pourrait étre inadapté a détecter des anomalies locales de baisse de
performance ou d’instabilité physique (accumulation d’eau, désaturation ou infiltration) si

aucun instrument ponctuel n’est positionné spécifiquement ot cette anomalie se produit.



1.1.5 Potentiel de I'imagerie électrique comme méthode de suivi

Dans ce contexte, les mesures géophysiques sont souvent décrites comme des outils adaptés
pour combler les lacunes des mesures ponctuelles et de surface en termes de résolution spa-
tiale et de volume d’investigation, notamment pour 'estimation de la teneur en eau dans le
sol (Robinson et al., 2008b). En effet, les mesures géophysiques permettent d’estimer de fagon
indirecte la distribution de parametres physiques d’intérét dans le sol a partir de mesures
de surface, de maniére non invasive et non destructrice (Parsekian et al., 2015). De plus, les
méthodes géophysiques peuvent étre appliquées a différentes échelles, du centimetre en labo-
ratoire a I’échelle du kilometre sur le terrain (Auken et al., 2014; Binley et al., 2015a; Ulusoy
et al., 2015). En particulier, la méthode de tomographie de résistivité électrique (ERT pour
electrical resistivity tomography en anglais) permet d’imager la distribution de la résistivité
électrique du milieu, qui peut étre corrélée avec la distribution de teneur en eau volumique
notammnent en utilisant des relations pétrophysiques (Chambers et al., 2014a; Uhlemann
et al., 2017a). Cette méthode géophysique est particulierement intéressante puisqu’elle est
relativement peu dispendieuse, robuste et directement utilisable sur le terrain pour effec-
tuer un suivi temporel (TL-ERT pour time-lapse ERT en anglais). En particulier, de récents
progres ont été réalisés en ce qui concerne le développement de résistivimetres autonomes,
capables d’effectuer plusieurs mesures ERT quotidiennement et de transférer les données au-
tomatiquement a des serveurs a distance (Holmes et al., 2020; Chambers et al., 2022). De
tels développements ont rendu possible I'application de la méthode électrique pour le suivi
temporel et a I’échelle du terrain pour de nombreuses applications comme les glissements de

terrain, le pergélisol ou 'intrusion saline (Whiteley et al., 2019; Slater and Binley, 2021).

Il est par conséquent surprenant de constater que relativement peu d’applications de la
méthode électrique ont été encore publiées dans le contexte de la surveillance temporelle
de la stabilité géotechnique des parcs a résidus et de la performance des recouvrements en
restauration. En effet, Martinez-Pagan et al. (2021) mentionnent que la plupart des usages de
la méthode ERT rapportés dans la littérature pour les rejets miniers sont ponctuels dans le
temps ou sur des périodes de temps courtes comme pour la caractérisation des rejets miniers
(Anterrieu et al., 2010; Power et al., 2018b), la détection de DMA (Tycholiz et al., 2016;
Bortnikova et al., 2018; Jodeiri Shokri et al., 2022) ou I'imagerie de la nappe phréatique dans
les parcs (Booterbaugh et al., 2015; Epov et al., 2017) par exemple. Néanmoins, de récentes
publications semblent indiquer un engouement dans les dernieres années pour ’application de
la méthode électrique comme technique de suivi de la teneur en eau dans les digues de parcs a
résidus (e.g., da Rocha et al. (2019); Tresoldi et al. (2020a,c,b, 2021); Oliveira et al. (2023)).

De méme, quelques publications ont démontré I'intérét de la méthode électrique pour étudier



le comportement hydrogéologique des recouvrements miniers pendant des courtes périodes
de temps (e.g., Magsoud et al. (2011); Dimech et al. (2018, 2019); Sylvain et al. (2019); Rey
et al. (2020b)). On peut donc penser que de telles applications de la méthode électrique en
suivi temporel dans les rejets miniers vont probablement devenir de plus en plus fréquentes

a l'avenir pour les raisons mentionnées précédemment.

1.2 Origine et objectifs du projet

Plusieurs sites miniers majeurs au Québec sont en train, a I’écriture de ces lignes, de planifier
la restauration de leurs aires de stockage de rejets miniers qui se déroulera au cours des dix
prochaines années. A titre d’exemple, la Mine Canadian Malartic prévoyait dans son plan de
restauration (2020) de cesser la déposition de matériel dans ses parcs a résidus en 2023 et de
passer a la phase de restauration & pleine échelle par la suite (parc a résidus de 620 hectares
environ) (Canadian Malartic, 2020). De méme, la mise en place de recouvrements sur les parcs
a résidus de la mine Eléonore (~ 40 ha), de la mine Raglan (~ 60 ha), du site Doyon-Westwood
(~ 280 ha) et de la mine LaRonde (~ 320 ha) a commencé ou est prévue de débuter dans les
prochaines années (SNC Lavalin, 2018, 2021a,b, 2020; Agnico Eagle Mine Laronde, 2021). I
existe donc un besoin de développement de techniques de suivi a ’échelle du terrain de la
performance in situ des recouvrements qui vont étre construits dans les prochaines années
au Québec, et ce afin de respecter les exigences en matieres de surveillance post-restauration

énoncées dans la Directive 019 sur I'industrie miniere (MDDEP, 2012).

Les travaux de l'Institut de Recherche en Mines et Environnement UQAT-Polytechnique
(IRME) ont permis de développer, tester et valider la plupart des méthodes de restaura-
tion appliquées par 'industrie miniere au Québec et ailleurs depuis une vingtaine d’années
(Aznar-Sanchez et al., 2018; Bussiere and Guittonny, 2021a). Depuis une dizaine d’années,
I'IRME effectue des travaux de recherche pour tester des méthodes de suivi de la teneur en
eau qui pourraient étre utilisées en complément des instruments traditionnels ponctuels dans
les recouvrements a plus grande échelle (e.g., mesure distribuée de la température (DTS pour
distributed temperature sensing en anglais par Martin et al. (2017); Wu et al. (2020, 2021)).
En particulier, la méthode électrique a été employée dans le contexte de la caractérisation
des rejets miniers des les années 2000-2010 (e.g., Campos et al. (2003); Poisson et al. (2009);
Anterrieu et al. (2010); Magsoud et al. (2011)). Plus récemment, une halde a stériles expé-
rimentale a 1’échelle pilote a été instrumentée avec des électrodes pour permettre un suivi
temporel de 1’écoulement de traceurs (Martin et al., 2017; Dimech et al., 2017). Ces don-

nées ont été utilisées pour caractériser le comportement hydrogéologique d’un recouvrement


https://irme.ca/
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visant a réduire l'infiltration d’eau (Dimech, 2018; Dimech et al., 2018, 2019; Martin et al.,
2019). Les résultats encourageants, la robustesse et le faible cofit des électrodes ainsi que
I’applicabilité de la méthode a grande échelle dans d’autres recouvrements miniers ont ainsi

motivé la mise en place du projet de recherche présenté dans le cadre de cette these.

Cette these de doctorat vise a développer et tester a 1’échelle pilote une approche de sur-
veillance de la teneur en eau dans des recouvrements miniers par tomographie de résistivité
électrique de maniere continue, autonome et a distance. Plus spécifiquement, le projet de

recherche s’articule autour de la réalisation des trois objectifs spécifiques (OS) suivants.

—  OS1 - Mettre en place une méthodologie pour caractériser la relation entre la conduc-

tivité électrique, la teneur en eau et la succion dans les matériaux miniers

— 082 - Evaluer la précision de Pestimation de teneur en eau par la méthode électrique

a diverses échelles et établir une méthodologie maximisant cette précision

— OS3 - Proposer une méthodologie pour réaliser la surveillance de la performance d’ou-

vrages de restauration miniere et appliquer cette approche sur un site pilote

1.3 Structure de la thése

La these est divisée est six chapitres distincts et structurée autour de trois articles publiés ou
soumis pour publication a des revues avec comité de lecture. Apres l'introduction (Chap. 1), le
chapitre 2 présente une revue de littérature servant a établir les bases techniques et pratiques
de cette these, qui a été publiée dans la revue Surveys in Geophysics. Les chapitres 3 et 4
constituent le corps de la these et présentent deux articles soumis respectivement a Scientific
Reports et & Canadian Geotechnical Journal. Les chapitres présentant les trois articles
de la these sont présentés en anglais et sont détaillés dans la section qui suit. La combinaison
des approches méthodologiques et des résultats exposés dans les articles permet de répondre
a l'objectif général qui consiste a développer et tester a 1’échelle pilote une approche de
surveillance de la teneur en eau basée sur des mesures électriques. Le chapitre 5 propose une
discussion générale des travaux réalisés dans la these focalisée sur les applications pratiques
futures de I'approche proposée. Finalement, le chapitre 6 résume les principales conclusions
de la these et propose plusieurs recommandations pour quiconque serait intéressé.e par la

poursuite de ces travaux ou leur application pratique sur une site minier.
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1.3.1 Présentation des articles
Article 1 - Revue de littérature - Surveys in Geophysics

Le premier article, présenté au chapitre 2, s’intitule A Review on applications of time-lapse
electrical resistivity tomography over the last 30 years : perspectives for mining waste mo-
nitoring de Dimech, Cheng, Chouteau, Chambers, Uhlemann, Wilkinson, Meldrum, Mary,
Fabien-Ouellet et Isabelle (2022) et a été publié dans la revue Surveys in Geophysics.

Cet article a pour objectif de placer les bases théoriques du projet de recherche, notamment
en ce qui concerne l'imagerie spatio-temporelle par tomographie de résistivité électrique, et
d’effectuer un survol des meilleures pratiques disponibles dans la littérature concernant sa
mise en application dans plusieurs domaines. Une revue des articles publiés dans des revues
avec comité de lecture et qui utilisent la méthode électrique en suivi temporel a permis de
mettre en place une base de données contenant environ 650 articles. Cette base de données a
été utilisée pour identifier les principaux types d’application pour lesquels ’approche était la
plus employée (e.g., suivi de contaminant, imagerie de la teneur en eau dans les glissements de
terrain ou le pergélisol) ainsi que d’identifier les meilleures approches de suivi spatio-temporel
développées au cours des dernieres années, notamment en ce qui concerne l'instrumentation,
I’'acquisition et le traitement de données ainsi que pour l'interprétation des résultats. En
particulier, la revue a permis d’identifier environ 150 articles qui ont utilisé la méthode
électrique avec des instruments et appareils de mesures installés sur les sites de maniere
permanente, et effectuant des mesures quotidiennes pour certains sites depuis un vingtaine
d’années (e.g., pour les glissements de terrain et le pergélisol). Cette revue a donc permis
d’orienter les choix et les approches suivies dans le cadre de cette these, puisque les récents
développements de la méthode sont susceptibles d’étre appliqués avec succes au domaine des

rejets miniers, représentant moins de 3% des articles de la base de données.

L’article propose également une revue des applications de la méthode électrique au contexte
de l'environnement et de la géotechnique des résidus miniers. Une base de données conte-
nant une centaine d’articles a été mise en place pour analyser les principales approches de
caractérisation et de suivi appliquées au cours des trente dernieres années. Cette revue bi-
bliographique a permis d’identifier les principaux défis existants dans le contexte des rejets
miniers et les approches les plus prometteuses pour résoudre ces problématiques. En particu-
lier, ’article propose une synthese des applications possibles de la méthode de suivi électrique
appliquée a la surveillance de la stabilité géotechnique et géochimique des rejets miniers (e.g.,
suivi de la teneur en eau, détection et cartographie du DMA, détection d’infiltrations dans

les digues). Enfin, une base de données Google Earth des sites miniers a été développée, ce


https://link.springer.com/article/10.1007/s10712-022-09731-2
https://link.springer.com/article/10.1007/s10712-022-09731-2
https://link.springer.com/article/10.1007/s10712-022-09731-2
https://link.springer.com/article/10.1007/s10712-022-09731-2
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qui a permis d’estimer la surface et la répartition des aires de stockage de rejets miniers
au Canada. La combinaison de tous ces éléments a permis (i) de justifier I'importance et la
pertinence de développer la méthode électrique pour le suivi des rejets miniers et (ii) d’iden-
tifier la meilleure méthodologie a mettre en place pour effectuer le suivi de la teneur en eau
a grande échelle et en continu par la méthode électrique a partir des meilleures pratiques

disponibles dans la littérature. Le premier article répond donc a 1’objectif général de la these.

Article 2 - Analyse de précision multi-échelle - Scientific Reports

Le second article, présenté au chapitre 3, intitulé A multiscale accuracy assessment of mois-
ture content predictions using time-lapse electrical resistivity tomography in mine tailings de
Dimech, Isabelle, Sylvain, Liu, Cheng, Bussiere, Chouteau, Fabien-Ouellet, Bérubé, Wilkin-

son, Meldrum et Chambers a été soumis a la revue Scientific Reports.

D’une part, cet article vise a proposer une méthodologie permettant de caractériser simulta-
nément les propriétés hydrogéologiques et électriques des matériaux utilisés pour la construc-
tion des recouvrements miniers expérimentaux, et ce, afin de répondre a I’OS1 décrit a la
section 1.2. Un dispositif de laboratoire innovant a ainsi été développé pour adapter des cel-
lules Tempe, couramment utilisées en hydrogéologie non-saturée pour déterminer la courbe
de rétention d’eau, qui permet d’établir une relation directe entre la succion et la teneur en
eau dans le matériau. Une légere modification des cellules Tempe utilisées a 'TRME a permis
de mesurer la conductivité électrique de I’échantillon au fur et a mesure qu’il se désature sous
I'effet d’une pression appliquée par le haut. Ce dispositif peu cotiteux, pratique et reproduc-
tible dans la plupart des laboratoires a ainsi permis de calibrer des modeles pétrophysiques
d’Archie reliant la conductivité électrique et la teneur en eau pour différents échantillons
de résidus miniers et de mort-terrain. Les mesures ont été effectuées en laboratoire sur des
échantillons de petite dimension, ce qui a permis de controler toutes les conditions de I'essai
(porosité, homogénéité des matériaux, conductivité électrique de I'eau interstitielle et tem-
pérature). Ces relations pétrophysiques ont ainsi pu étre appliquées pour la suite du projet

afin d’imager la teneur en eau dans les matériaux a partir des données électrique.

D’autre part, I’article propose une méthodologie permettant d’évaluer la précision de la teneur
en eau prédite dans les matériaux a partir des données électriques et des relations pétrophy-
siques établies en laboratoire, ce qui permet de répondre a ’OS2. En effet, le principal frein
a l'utilisation de la méthode électrique dans le contexte du suivi de la performance des re-
couvrements est la précision des mesures. La méthodologie de suivi proposée doit permettre

d’estimer la teneur en eau dans les couches d’intérét (e.g. la couche de rétention d’eau d’une
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CEBC) avec une précision permettant de détecter une baisse de performance (e.g. désatu-
ration en dessous de 85 % de saturation pendant une certaine période). Une stratégie a été
proposée a 'aide d’expériences a plusieurs échelles pour comparer la teneur en eau prédite
par la méthode électrique avec la teneur en eau mesurée par les sondes hydrogéologiques.
Différentes conditions hydrogéologiques ont été appliquées aux matériaux miniers (drainage,
infiltration, précipitations réelles) pour des expériences dont la taille varie a quelques di-
zaines de centimetres en laboratoire (chaudiere et colonne) a plusieurs dizaines de metres sur
le terrain dans des recouvrements expérimentaux a la Mine Canadian Malartic. Ces expé-
riences ont permis d’estimer et d’améliorer la précision de la conversion de la conductivité
électrique du milieu en teneur en eau, en particulier par la prise en compte de la variation
spatio-temporelle de la température et de la conductivité du fluide interstitiel. De plus, les
expériences a différentes échelles ont été utilisées pour valider que la relation pétrophysique
déterminée a 1’échelle de I’échantillon en laboratoire demeure valide & plus grande échelle, ce

qui constitue un élément crucial pour I'application de la méthode sur le terrain.

Article 3 - Cas d’application a I’échelle pilote - Canadian Geotechnical Journal

Le troisieme article (Chap. 4) qui s’'intitule Monitoring moisture dynamics in multi-layer co-
ver systems for mine tailings reclamation using autonomous and remote time-lapse electrical
resistivity tomography de Dimech, Bussiere, Cheng, Chouteau, Fabien-Ouellet, Chevé, Isa-

belle, Wilkinson, Meldrum et Chambers a été soumis a Canadian Geotechnical Journal.

Cet article vise a mettre en application et a tester la méthode électrique a 1’échelle pilote
dans des recouvrements expérimentaux de grande dimension et en conditions réelles, ce qui
permet de répondre a I’OS3. Les recouvrements expérimentaux ont été construits en 2019-
2020 par la Mine Canadian Malartic dans le cadre de la planification de la restauration
du parc a résidus a pleine échelle. Au total, quatre scénarios de recouvrements sont testés
et instrumentés, mesurant chacun 280 m de long et 18 m de large. Les travaux de cette
partie de la these ont porté sur le suivi hydrogéophysique de deux recouvrements parmi
ces quatre scénarios de restauration, soit une CEBC dont la couche de rétention d’eau est
constituée de résidus miniers de 1 m d’épaisseur, et une couverture avec couche de faible
conductivité hydraulique saturée (LSHCC pour low saturated hydraulic conductivity cover
en anglais), dont la couche de faible conductivité hydraulique est constituée de mort-terrain
compacté de 1 m d’épaisseur. Quatre sections de 23 m de long et 6 m de large sont équipées
de nombreuses électrodes enterrées et de sondes hydrogéologiques mesurant localement la
teneur en eau, la température et la conductivité électrique. La méthodologie développée dans

I’OS1 et I’OS2 pour convertir les imageries électriques en imageries de teneur en eau est mise
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en place pour effectuer un suivi de teneur en eau le long de quatre profils de 23 m de long,
et ce quotidiennement. Le résistivimetre autonome PRIME (pour PRoactive Infrastructure
Monitoring and Evaluation system) développé par le BGS (British Geological Survey) a été
installé dans un conteneur a proximité des recouvrements, ce qui a permis d’acquérir plusieurs
images électrique par jour dans chacune des quatre sections expérimentales et de transférer
les données a distance. Les mesures hydrogéophysiques, automatisées a partir de mai 2021 ont
été utilisées pour prédire la distribution de teneur en eau dans les recouvrements. Finalement,
une approche a été développée pour relier ces données au comportement hydrogéologique et
a la performance des recouvrements testés. Les résultats de ces travaux jouent le role de
"preuve de concept" a ’échelle pilote, a la fois pour démontrer la précision et la faisabilité de

I’approche géophysique proposée pour estimer la teneur en eau dans les recouvrements.

1.4 Contributions scientifiques

Cette theése permet d’apporter plusieurs contributions scientifiques au domaine de la géophy-
sique appliquée et de I'environnement miner. De maniere globale, il s’agit, a la connaissance
de l'auteur, de la premiere application du genre de la méthode de tomographie de résistivité
électrique pour le suivi en continu et a 1’échelle pilote de la teneur en eau dans des résidus
miniers et dans des recouvrements en restauration. Bien que la revue de littérature présentée
au chapitre 2 ait mis en évidence quelques applications de la méthode électrique au contexte
du suivi temporel des rejets miniers, il a aussi été démontré que ce type d’application est
sous-représenté par rapport a la démocratisation de cet outil pour 1’étude des glissements
de terrain, du pergélisol ou en géothermie par exemple. Cette thése peut donc contribuer a
favoriser ’application future de la géophysique dans ce domaine pour lequel 'apport de cette

approche non-invasive de suivi a grande échelle pourra étre prometteur.

De maniere plus spécifique, le développement de la méthode de caractérisation simultanée
des propriétés hydrogéologiques et électriques en conditions non-saturées présenté au cha-
pitre 3 est innovant puisque c’est, a la connaissance de l'auteur, la premiere fois ou un tel
dispositif de laboratoire a été proposé et testé pour des rejets miniers. Cette contribution
est d’autant plus pertinente qu’elle repose principalement sur des dispositifs de laboratoire
peu coliteux, disponibles dans la plupart des laboratoires d’hydrogéologie non-saturée et que
la démarche peut étre facilement reproduite avec d’autres résidus miniers et matériaux fins.
Par conséquent, cette contribution pourrait amener vers une standardisation de la calibra-
tion des relations pétrophysiques dans les matériaux miniers, ce qui pourrait amener a une
meilleure compréhension de la relation entre teneur en eau, succion et conductivité électrique

et améliorer la précision de I'estimation de la teneur en eau a partir des mesures électriques.
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Par ailleurs, la démarche présentée dans le chapitre 3 n’avait encore jamais été appliquée, a
la connaissance de 'auteur, pour vérifier que la relation pétrophysique établie en laboratoire
demeure valide a plus grande échelle en laboratoire et sur le terrain dans les résidus miniers,
ce qui constitue pourtant un important postulat pour I'application de la géophysique sur le
terrain. L’approche proposée reposant sur des mesures simultanées et co-localisées de teneur
en eau par la méthode électrique et des sondes hydrogéologiques pourra également étre appli-
quée dans d’autres études pour lesquelles 'hétérogénéité des matériaux et leur granulométrie
pourrait compliquer I'utilisation de relations déterminées a petite échelle en laboratoire. En-
fin, cette these a confirmé I'importance de la correction de température et de conductivité

électrique du fluide interstitiel pour I'estimation de la teneur en eau par la méthode ERT.

Finalement, 'application de la méthode a 1’échelle pilote présentée dans le chapitre 4 consti-
tue, a la connaissance de l'auteur, la premiere preuve de concept de la faisabilité de ’approche
électrique pour effectuer un suivi de la teneur en eau dans des recouvrements en restauration
miniere. Cette contribution pourrait jouer un role non négligeable dans la démocratisation
de la surveillance géophysique pour les rejets miniers. En effet, ces travaux pourraient en-
courager les acteur.rice.s du domaine a développer des approches similaires pour surveiller la
teneur en eau en temps réel et a grande échelle, parametre crucial a la fois pour la stabilité
géotechnique des aires de stockage et pour le suivi de performance des ouvrages en restaura-
tion miniere. Dans ce sens, I'approche de conception généralisée de dispositifs de surveillance
incluant la méthode électrique qui est proposée en discussion (Chap. 5) permettra de fournir

des outils méthodologiques utiles a la communauté scientifique et a l'industrie.

1.5 Description du site a ’étude

1.5.1 Présentation de la Mine Canadian Malartic

La Mine Canadian Malartic est une mine d’or a ciel ouvert située en Abitibi-Témiscamingue,
au Nord-Ouest du Québec comme le montre la Figure 1.4). Elle est exploitée par un partena-
riat entre Yamana Gold et Agnico Eagle depuis 2014. Le gisement d’or disséminé de Canadian
Malartic est associé a des altérations hydrothermales dues a des intrusions magmatiques dans
les roches sédimentaires et a une teneur moyenne en or d’environ 1.1 gramme par tonne de
minerai (Lafreniere-Bérubé, 2018). Il s’agit de I'une des plus grandes mines d’or a ciel ouvert
au Canada, avec des réserves estimées a 3.5 millions d’onces d’or, et une production moyenne
de 57 000 tonnes de minerai par jour a son usine de concentrateur, ce qui correspond a en-
viron 60 kg d’or extrait quotidiennement. Il est estimé dans le plan de restauration de la

mine (2020) qu’environ 620 millions de tonnes de roches stériles et 300 millions de tonnes
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de résidus auront été générées a la fin des opérations prévue en 2029 (Canadian Malartic,
2020), stockés respectivement dans des haldes & stériles (~ 370 ha) et des parcs a résidus

(>~ 620 ha) visibles sur la vue satellite de la Figure 1.4.
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FIGURE 1.4 Localisation de la Mine Canadian Malartic au Québec (carte modifiée de 'ins-
titut de la statistique du Québec) et imagerie satellite du site montrant la halde a stériles
(bleu et orange ) et le parc a résidus (jaune et mauve), tiré de Canadian Malartic (2020).
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1.5.2 Recouvrements expérimentaux de la Mine Canadian Malartic

Les résidus de la Mine Canadian Malartic sont considérés comme étant potentiellement aci-
dogenes selon la Directive 019 (MDDEP, 2012) et le nouveau guide de caractérisation des
rejets du MELCC (MELCC, 2020). En moyenne, les résidus du parc ont une teneur en soufre
proche de 1.2 % et une teneur en carbone d’environ 0.6 % (Canadian Malartic, 2020). Ce-
pendant, le comportement géochimique des résidus a long terme est encore incertain et reste
a 1’étude. En effet, si la réactivité des résidus a court et moyen terme est jugée faible suite
a des essais cinétiques, des essais en cellule humide ont toutefois relevé des taux d’oxydation
de sulfures élevés (Canadian Malartic, 2020). Par conséquent, "le moment du début de la
génération d’acide, dans le cas ou il y aura génération d’acide, la durée de la génération ainsi

que son intensité demeurent a ’étude” (Canadian Malartic, 2020).

Par conséquent, le plan de restauration des parcs a résidus de la mine, mis a jour en 2020,
inclut la mise en place d’un recouvrement avec un élément de faible perméabilité permettant
de limiter les infiltrations d’eau et la diffusion d’oxygene atteignant les résidus (Canadian Ma-
lartic, 2020). Suite a une analyse des modes de défaillance et de leurs effets, la Mine Canadian
Malartic a décidé de construire quatre recouvrements expérimentaux a I’échelle pilote de 2019
a 2020, et qui permettent de comparer la performance de quatre scénarios de recouvrements
en conditions réelles. Il est attendu que la construction et le suivi de ces recouvrements expéri-
mentaux apporteront des informations qui permettront d’orienter les décisions concernant la
restauration a plein échelle du parc (Canadian Malartic, 2020), notamment en ce qui concerne
la performance, la constructibilité et les cotits de construction et d’instrumentation. La mise
en place de ces recouvrements expérimentaux de grande dimension a constitué une opportu-
nité unique pour le projet de recherche présenté dans cette these puisque la Mine Canadian
Malartic a accepté de mettre a notre disposition certaines sections des recouvrements. Ainsi,
nous avons pu étre impliqués lors de la planification et la construction des recouvrements
afin d’installer les équipements hydrogéophysiques nécessaires a la mise en application des
OS2 et OS3. Les échantillons de matériaux utilisés pour ’OS1 ont également été prélevés

lors de la construction des recouvrements.

La Figure 1.5 présente une vue d’ensemble ainsi que les coupes transversales des quatre
recouvrements qui ont été construits par la Mine Canadian Malartic, tandis que la Figure 1.6
en présente les coupes longitudinales. Les recouvrements mesurent environ 280 m de long et
18 m de large et sont isolés les uns des autres par une séparation impermeéable. Une partie
des recouvrements présente une tres faible pente (section dite "plateau") tandis que l'autre
partie présente une pente de 10H : 1V (section dite "pente"). Deux recouvrements différents

ont été construits, soit (i) une LSHCC composée de mort-terrain jouant le role de couche de
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faible conductivité hydraulique de 1 & 2 m d’épaisseur et de terre végétale et (ii) une CEBC
composée de roches stériles, de résidus miniers constituant la couche de rétention d’eau de 1 m
d’épaisseur, de mort-terrain et de terre végétale. Les recouvrements et leurs fonctions sont
décrits dans le chapitre 4. Pour finir, environ 1000 instruments hydrogéologiques (e.g., sondes
de teneur en eau et de succion, capteurs d’oxygene) ont été installés dans les recouvrements

pour suivre leur performance en conditions réelles (Canadian Malartic, 2020).
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FIGURE 1.5 Schéma simplifié et coupes transversales des recouvrements a 1’échelle pilote
ayant été instrumentés dans le cadre de cette these, tiré de Canadian Malartic (2020).
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CHAPITRE 2 REVUE DE LITTERATURE :
ARTICLE 1 - A REVIEW ON APPLICATIONS OF TIME-LAPSE
ELECTRICAL RESISTIVITY TOMOGRAPHY OVER THE LAST 30
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Ce chapitre vise a effectuer une revue de littérature portant sur 'application de la méthode
de tomographie de résistivité électrique au contexte des rejets miniers. Deux bases de données
d’articles publiés entre 1990 et 2020 ont été constituées par cette étude, la premiere portant
sur 'application de la méthode électrique au suivi temporel pour différents types d’applica-
tion, la deuxiéme portant sur ’application de la méthode électrique (suivi temporel ou non)
exclusivement dans le contexte des rejets miniers. Cette revue est importante pour (i) poser
les bases théoriques nécessaires et identifier les meilleures approches méthodologiques, (ii)
dresser un historique de la méthode électrique et établir les plus récents développements qui
seront pertinents pour la réalisation des travaux et (iii) identifier les principaux avantages et

défis de I'approche électrique appliquée au contexte du suivi des rejets miniers.
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2.1 Abstract

Mining operations generate large amounts of wastes which are usually stored into large-scale
storage facilities which pose major environmental concerns and must be properly monitored
to manage the risk of catastrophic failures and also to control the generation of contaminated
mine drainage. In this context, non-invasive monitoring techniques such as time-lapse electri-
cal resistivity tomography (TL-ERT) are promising since they provide large-scale subsurface
information that complements surface observations (walkover, aerial photogrammetry or re-
mote sensing) and traditional monitoring tools, which often sample a tiny proportion of the
mining waste storage facilities. The purposes of this review are : (i) to understand the current
state of research on TL-ERT for various applications; (ii) to create a reference library for
future research on TL-ERT and geoelectrical monitoring mining waste ; and (iii) to identify
promising areas of development and future research needs on this issue according to our ex-
perience. This review describes the theoretical basis of geoelectrical monitoring and provides
an overview of TL-ERT applications and developments over the last 30 years from a database
of over 650 case studies, not limited to mining operations (e.g., landslide, permafrost). In par-
ticular, the review focuses on the applications of ERT for mining waste characterization and
monitoring and a database of 150 case studies is used to identify promising applications for
long-term autonomous geoelectrical monitoring of the geotechnical and geochemical stability
of mining wastes. Potential challenges that could emerge from a broader adoption of TL-
ERT monitoring for mining wastes are discussed. The review also considers recent advances
in instrumentation, data acquisition, processing and interpretation for long-term monitoring
and draws future research perspectives and promising avenues which could help improve the

design and accuracy of future geoelectric monitoring programs in mining wastes.

2.2 Introduction

Large volumes of wastes are produced as a result of mining and overburden removal, and
during the processing of ore (Nassar et al., 2022). Figure 2.1 presents a simplified mass
balance of mining wastes for a gold open-pit operation with an average grade of 1 g/ton. In
this example, two tons of waste rocks are extracted from the open pit and stored into waste
rock piles (WRP) in order to reach and extract one ton of ore. The ore is then crushed into
fine particles, mixed with one ton of water to concentrate and extract one gram of gold. The
remaining two tons of crushed rocks and water are called tailings and are generally pumped
into tailing storage facilities (TSF) (Bussiére and Guittonny, 2021a). Although other types

of mining operations generate less mining wastes (e.g., underground mining), this example
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illustrates that for most mineral deposits, more than 99 % of the rocks extracted from large-
scale and low-grade open-pit operations would be stored either in WRPs or TSFs (Vriens
et al., 2020a).

Waste Rock Pile
(WRP)
2T
Waste Rocks
Overburden
Open pit operation
Ore deposit 1T
Ore
Water 1T 6 &
I ) 5 o
* 2T 50
g 50 o
Gold Concentration Crushing

FiGUuRrE 2.1 Diagram of an open-pit mine operation and simplified mass balance of wastes
and minerals.

From a global point of view, it is estimated that between 29 000 and 35 000 active and
inactive TSFs contain over 200 billion tons of tailings worldwide (World Mine Tailings Fai-
lures database, WMTF). In Canada alone, the Global Tailings Portal (GTP) program
initiated in 2019 reports more than 200 TSFs which contain approximately 4.5 billion tons
of tailings (data accessed on October 2021). Although these programs provide for the first
time free access to searchable databases of mining wastes worldwide, they might not include
all mining sites (e.g., orphaned mines or unregistered active mines) and do not provide in-
formation concerning the surface area occupied by mining wastes, which is a key aspect for

the assessment of mining operations environmental legacy (Bussiere et al., 2021).

We have compiled a specific database to address these limitations and estimate the sur-
face of mining wastes in Canada with Google Earth satellite imagery. Figure 2.2 shows the
distribution of most Canadian mining operations (both active and inactive), and the estima-
ted surface of TSFs, WRPs and open-pits. The mining sites have been identified from the
GTP and several other sources including Canadian National Pollutant Release Inventory
(NPRI), United States Geological Survey (USGS) and International Commission on Large


https://worldminetailingsfailures.org/
https://tailing.grida.no/
https://tailing.grida.no/
https://www.canada.ca/en/services/environment/pollution-waste-management/national-pollutant-release-inventory.html
https://mrdata.usgs.gov/
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Dams (ICOLD) databases. In total, the 200 TSFs, 185 WRPs and 200 open-pits identified
across Canada cover approximately 1 500 km?, 600 km? and 500 km? respectively. These
mining waste storage facilities can reach large dimensions (70 TSFs exceed 100 m in height
worldwide) (Kossoff et al., 2014), cover large surfaces (20 TSFs and 15 WRPs exceed 10 km?
in Canada) (Bussiere and Guittonny, 2021a) and have even been described as "the largest

man-made structures on earth' by some authors (Bowker and Chambers, 2015; Lyu et al.,
2019b; Owen et al., 2020).

Surface of mining waste
storage facilities in Canada

F1GURE 2.2 Distribution and surface of mining waste storage facilities across Canada in 2020.
Each mining site in Canada (active, closed or abandoned) has been identified and the areas
occupied by TSFs, WRPs and open-pits have been calculated with Google Earth satellite
imagery. The database and interactive maps can be accessed and downloaded through the
supplementary material webpage.

Although increasing efforts are being made toward the recycling of non-renewable mineral
resources, the growing need for base and precious metals from both developed and developing
countries as well as the energy transition requires the development of existing mining ope-
rations and the exploitation of new deposits (Vriens et al., 2020a; Bussiére and Guittonny,

2021a). However, a global depletion of ore grades has been observed worldwide for various


https://www.icold-cigb.org/
https://adridim.github.io/review2022/
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metals over the last ten years since most high-grade deposits have already been mined out
(Mudd, 2007; Calvo et al., 2016). In the meantime, recent technological advances in milling
and concentration processes have decreased the cost of large-scale mining operations (Rotzer
and Schmidt, 2018; Bussiere and Guittonny, 2021a). As a result, the global trend is toward
larger-scale and lower-grade deposit exploitation, which increases the generation of mining
wastes (Kossoff et al., 2014; Chambers, 2016). In practice, 40 to 50 billion tons of tailings are
expected to be generated over the next five years, which would represent an increase of nearly
25 % of the current TSFs capacity worldwide by 2025 (WMTF') and a similar increase could
be expected for WRPs.

As reported by Bussiere (2007), "the safe disposal of [mining wastes] is certainly one of the
most important environmental challenges for the mining industry'. This can be explained
by two major aspects; the physical and the geochemical stability of both tailings and waste
rocks. From the geotechnical perspective, the poor mechanical properties of tailings (fine
particles initially saturated) increase the risk of TSF failures if the containment dams are
poorly designed and/or exposed to extreme conditions (earthquakes, landslides or heavy
rains) (Azam and Li, 2010; Bowker and Chambers, 2015). In recent years, several catastrophic
TSF failures have been reported worldwide, claiming hundreds of lives, displacing thousands
of families and releasing hundreds of million tons of tailings into the environment, with
an average estimated cost of over $500 million USD per failure (Rotta et al., 2020; Clarkson
et al., 2021). From the geochemical perspective, the generation of contaminated drainage from
mining wastes has been recognized as a potential threat to the environment since Georgius
Agricola’s book in 1556 entitled De re metallica (Agricola and Hoover, 1556/1912), and has
been intensively studied worldwide since the 1970s (e.g., Blowes et al. (2003); Nordstrom et al.
(2015)), especially in recent years (Aznar-Sénchez et al., 2018; Tomiyama and Igarashi, 2022).
Acid mine drainage (AMD) is generally caused by the oxidation of sulfides (e.g., pyrite or
pyrrhotite) present in the waste rocks or tailings when the mining wastes are exposed to water
and oxygen flows from the atmosphere (Plante et al., 2021b). Sulfide oxidation generates
acidity, and thus decreases pH below 7 to extremely low values (even negative), which in
turn increases the solubility of most metal species (e.g., Nordstrom et al. (2000)). When the
oxidation process is poorly controlled, AMD can have a significant impact on groundwater
quality in nearby ecosystems and may extend to distances if acidic waters discharge into
water streams (Blowes et al., 2003; Rezaie and Anderson, 2020). AMD can been responsible
for making both surface and groundwater unsuitable for the use of plants, animals and

humans, causing diseases and disorders (e.g., Rotta et al. (2020)).

As discussed by Wilson (2021), the recent TSF failures have generated an unprecedented


https://worldminetailingsfailures.org/
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response in the global mining community, from shareholders, stakeholders to governmental
legislation including public opinion. As a result, more efforts have been directed toward
innovative construction designs that would increase TSF geotechnical stability such as the
inclusion of waste rocks within TSFs (James et al., 2013) or the use of dry tailings to favor
unsaturated conditions and reduce the risk of liquefaction (Bussiere, 2007; Wilson, 2021). In
the meantime, different reclamation approaches have been proposed to reduce the economic
and environmental burden that AMD-generating TSFs and WRPs represent for communities,
governments and taxpayers (Bussiere and Guittonny, 2021a; Madejon et al., 2021). Among
other techniques, the construction of multi-layer covers on WRPs or TSFs to reduce water
and/or oxygen flows towards the reactive mining wastes is particularly promising. Indeed,
such reclamation approaches allow controlling at the source the long-term generation of

contaminated drainage and to reuse mining wastes (Park et al., 2019; Vriens et al., 2020a).

Although 'conservative design and diligent operation" of TSFs and WRPs are critical for
ensuring both geotechnical and geochemical long-term stability, Hui et al. (2018) stressed
the need for "continuous, efficient and cost-effective monitoring" of these large-scale struc-
tures, before and after mine closure. As discussed by Clarkson and Williams (2020), real-time
monitoring of TSF geotechnical stability allows for a better characterization of potential in-
ternal deformations, water table elevation in the tailings as well as abnormal seepage. Such
monitoring enables TSFs operators to take the possible measures to mitigate the consequence
or even interrupt the deterioration before failure occurs (Hui et al., 2018; Clarkson et al.,
2021). From the geochemical stability perspective, three types of processes can diminish the
long-term performance of multi-layer covers according to the MEND report 2.21.4d (2004).
The report identified physical processes (e.g., erosion, extreme precipitations or droughts or
freeze /thaw cycles), chemical processes (e.g., mineralogical dissolution or consolidation) and
biological processes (e.g., root penetration, root water uptake, burrowing animals or human
intervention) (MEND), 2004), all of which can occur both locally or globally, progressively or
suddenly (Rykaart et al., 2006). Here again, Bussiere et al. (2021) highlighted the need for
long-term monitoring of covers for TSFs and WRPs reclamation since a decrease in perfor-
mance could be detected by a drop or an increase in water content, suction or temperature
for instance, which would allow to take actions in the early stages of the tailings oxidation
process (Dagenais et al., 2001). As noted by the MEND report, there is no clear consensus
or legislation regarding the duration of such monitoring programs. However, some mining
companies have developed closure standards which specify that the geotechnical and geoche-
mical stability of mining waste storage must be ensured for a 200 to 500 year time frame
(MEND, 2004; Bussiere and Guittonny, 2021b).


http://mend-nedem.org/default/?lang=en
http://mend-nedem.org/default/?lang=en
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As reported by Hui et al. (2018), the conventional monitoring techniques used to assess the
stability of WRPs and TSFs can be classified into two categories; surface observations and
point sensing (Hui et al., 2018). Surface observations provide detailed information over large-
scales, but only skin deep (e.g., visual inspections, satellite imagery for moisture content
and aerial photogrammetry, interferometric synthetic aperture radar - InSAR or light de-
tection and ranging - LIDAR for surface deformations) (Smethurst et al., 2017; Clarkson
and Williams, 2020). On the contrary, point sensing instruments are generally installed wi-
thin TSFs and WRPs to monitor a physical property, but only with a limited volume of
investigation, typically of a few centimeters around each sensor (e.g., geodetic systems for
ground displacement, piezometers for pore-water pressure, hydrogeological sensors for mois-
ture content, suction or temperature) (Hui et al., 2018; Bussiére et al., 2021). Generally,
several monitoring stations (e.g., using vertical profiles of point sensors) are placed at critical
locations to monitor the stability of WRPs or TSFs under various conditions (MEND, 2004;
Bussiere et al., 2021). Although there is no single rule for the number of instruments needed,
it is generally established that a dense network of instruments is needed to cover a represen-
tative area of mining waste storage facilities (MEND, 2004). As discussed by Bussiere et al.
(2021) and Rykaart et al. (2006) such a monitoring approach can represent significant costs
given the spatial extent of TSFs and WRPs.

The recent reviews from Loke et al. (2013), Binley et al. (2015b) and Slater and Binley (2021)
have highlighted the emergence of time-lapse electrical resistivity tomography (TL-ERT) as
a promising technique for monitoring of various subsurface processes across multiple scales.
This non-destructive imaging approach has been combined with surface observations and
point sensors measurements for long-term monitoring of landslides (Whiteley et al., 2019),
permafrost (Mollaret et al., 2019), infrastructure (Chambers et al., 2014b) and many other
fields (Falzone et al., 2019). Although several other geophysical methods such as self-potential
(Jougnot et al., 2015; Soupios and Kokinou, 2016), induced polarization (Abdulsamad et al.,
2019; Saneiyan et al., 2019), active and passive seismic (Grandjean et al., 2009; Olivier et al.,
2017) or ground-penetrating radar (Steelman et al., 2017; Giertzuch et al., 2021) have been
applied in similar contexts, the focus of this review is on TL-ERT since this technique is cost-
efficient, robust and readily deployable for large-scale monitoring. Furthermore, TL-ERT is
one of the most well understood near surface geophysical techniques, and is particularly

sensitive to moisture driven processes, which play a key role in mining waste stability.

In the context of mining wastes monitoring, TL-ERT could be applied as a complementary
method to extend traditional measurements, thus reducing the number of conventional sen-

sors needed for large-scale TSfs and WRPs while increasing the volume of investigation for
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long-term stability monitoring programs (Bussiere et al., 2021). Although several examples
have been reported in the literature (e.g., Dimech et al. (2019); Tresoldi et al. (2020a)), the
relative scarcity of studies using TL-ERT for mining wastes monitoring is surprising given
(i) the critical need for efficient long-term and large-scale monitoring techniques in WRPs
and TSFs, (ii) the numerous applications of static ERT imaging in this domain reported by
the review from Martinez-Pagan et al. (2021), and (iii) the recent developments which have
improved TL-ERT for long-term remote monitoring of various subsurface processes (Binley
and Slater, 2020; Slater and Binley, 2021).

In this regard, the present review summarizes the state of the art and the development of
time-lapse ERT over the last 30 years. A database of TL-ERT studies since 1990 is used to
identify and describe the different types of application, and review the recent developments
that made TL-ERT a recognized and complementary tool for long-term remote monitoring.
In the meantime, a database of studies using ERT for mining waste characterization and
monitoring allows to identify promising avenues for long-term monitoring of TSFs and WRPs.
The article reviews some lessons learned from three decades of TL-ERT development in
other domains. Finally, suggestions are proposed to overcome the challenges that could arise
from a more widespread application of TL-ERT for long-term mining waste monitoring. In
particular, several research perspectives are suggested to improve the accuracy of future ERT

monitoring programs and upscale stability assessment in mining waste storage facilities.

2.3 Monitoring subsurface processes with TL-ERT

2.3.1 Objectives of TL-ERT

Electrical conductivity (EC in S/m) (or its inverse electrical resistivity ER in 2m) describes
the ability of a medium to conduct electrical current under a given electrical field (Samouélian
et al., 2005). Three electrical conduction modes can contribute to the porous medium EC
(Revil et al., 2012; Corwin and Scudiero, 2019) :

—  Electrolytic conduction is caused by the displacement of ions present in the intersti-
tial fluid (Revil et al., 2014) and is a major contribution for ionized fluids (e.g., saline
water). It can be negligible for low-porosity media, low ion content fluids (e.g., pure

water) or frozen fluids.

—  Surface conduction occurs at the surface of solid grains due to the accumulation of
ions in the electrical double layer surrounding each grain. Surface conduction can be
a major contribution to the total conduction when the medium contains clay particles
(Revil et al., 2012).
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— Solid matrix conduction is caused by the displacement of mobile electrons within
solid grains and is negligible for most rocks and soils which do not contain metallic
particles (Rhoades et al., 1989).

Since the electrical conductivity of a medium depends on many parameters (e.g., water
content, temperature and ionic content of the interstitial fluid), it can be used as a proxy
to image various subsurface processes (Falzone et al., 2019). Several reviews present the
physical parameters affecting porous medium EC such as Friedman (2005) and Samouélian
et al. (2005). Corwin and Scudiero (2019) also reviewed many published studies using EC to
image (a) water content, (b) pore fluid composition (salinity, ion content and pH), (c) solid
matrix properties (grain size, mineralogy and compaction), (d) temperature and (e) organic
materials. Moreover, they provided a review of the relationships found in the literature to

link EC with these key parameters (referred to as petrophysical relationships).

Arguably, the semi-empirical Archie’s law (Archie et al., 1942) is the most commonly used
petrophysical relationship to link electrolytic conduction o, pore fluid EC o, saturation Sy,

and porosity ¢ :

Oel = Oy - O™ - St (2.1)

where m and n are respectively the cementation and the saturation exponents, related to
the pore structure, tortuosity, connectivity and fluid properties (Glover, 2009). Other popular
models based on Archie’s law also incorporate surface conduction and solid matrix conduction
such as Waxman-Smits relationship (1968) (Waxman and Smits, 1968) or the Generalized
Archie’s Law (Glover, 2010). Notably, the latter has been applied to estimate moisture content
in mine tailings from bulk EC (Mollehuara-Canales et al., 2020).

ERT allows imaging of the ER distribution of the subsurface with electrodes inserted in the
ground. Two electrodes are used to transmit current and two potential electrodes measure
the resultant voltage, which depends on the subsurface resistivity distribution (Lesmes and
Friedman, 2005). Many measurements are made using different combinations of current and
potential bipoles. The resulting data set is then inverted to recover a distribution of electri-
cal resistivity (see Section 2.3.3 for details on ERT inversion). At the end of the inversion
procedure, the resistivity distribution obtained is consistent with the measured data. This
distribution is assumed to be representative of the true subsurface resistivity distribution,
subject to limitations of a priori assumptions, data and modeling errors, model resolution

and non-uniqueness (Whiteley et al., 2019).

As reported by Binley and Slater (2020), the first application of resistivity measurements for
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subsurface investigation dates back to Conrad Schlumberger’s work in the 1910s (Schlumber-
ger, 1920). Since then, resistivity measurements have been used to recover (i) one-dimensional
(1D) vertical electrical soundings with four electrodes using different spacing in the 1920s,
(ii) two-dimensional (2D) profiles of resistivity using linear arrays of electrodes installed at
the surface in the 1960s and (iii) three-dimensional (3D) images using several parallel linear
arrays of surface or borehole electrodes in the 1970s (Binley and Slater, 2020) and more
complex 3D arrays since the 2000s (e.g., Star array (Clément et al., 2010; Rucker, 2015)
and L-array (Tejero-Andrade et al., 2015)). Since the 1990s, subsurface monitoring has been
conducted by time-repetitive ERT imaging at the same location (Singha et al., 2015). This
approach, referred to as TL-ERT, is used to recover spatio-temporal changes in medium ER,
and to monitor various dynamic processes such as tracer migration (Perri et al., 2012), water
infiltration (Hiibner et al., 2017), root water uptake (Mary et al., 2020), permafrost dynamic
(Uhlemann et al., 2021) or geothermal operations (Robert et al., 2019).

Figure 2.3 illustrates a TL-ERT survey used to monitor tracer flow in a medium (based on
Singha et al. (2015)). The first panel represents the initial tracer distribution. Assuming that
the tracer resistivity is different from the initial pore fluid resistivity, the evolution of tracer
concentration causes changes in the medium resistivity as shown on the second panel. Several
ERT snapshots can then be obtained with surface and/or borehole electrodes remaining at
the same position during a period of time. The third panel illustrates the time-lapse inversion
results : the medium resistivity distribution is reconstructed for a discretized medium at the
measured time steps. Finally, the tracer concentration can be estimated from the inverted
resistivity distribution using a petrophysical relationship such as Archie’s law (Equation 2.1)
assuming that pore fluid resistivity is the only parameter changing over time and that there

is no matrix or mineral surface conductance (fourth panel).

2.3.2 Key parameters of TL-ERT surveys

Each TL-ERT monitoring survey can be described by several key parameters which are
divided into two categories : the spatial and the temporal parameters illustrated in Figure
2.4. As discussed by several authors (e.g., Rucker (2014); Tildy et al. (2017)), such parameters
should be appropriately determined for each specific field site objectives as well as for each
subsurface process that is to be monitored. The spatial parameters on the left part of Fig. 2.4
include (i) the spatial extent, (ii) the depth of investigation and (iii) the spatial resolution.
The temporal parameters on the right part of Fig. 2.4 are (i) the monitoring period and
(ii) the temporal resolution (Friedel, 2003). Following the example of Rucker (2014), a brief

description of each of these spatio-temporal parameters is proposed below.
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F1GURE 2.3 Example of TL-ERT monitoring of a tracer infiltration with surface and borehole
electrodes. (i) Top panel shows the true spatio-temporal distribution of tracer concentration
in the medium, (ii) medium panel presents the corresponding distribution of electrical re-
sistivity and (iii) the inverted distribution of resistivity obtained from TL-ERT monitoring.
Finally, (iv) bottom panel shows the ERT-predicted tracer concentration using petrophysical
relationship (based on Singha et al. (2015)).



31

x extent

v

4 resistance

y spacing A ': h ¥ monitoring period
Py 1
surface electrodes i c1 ) e g0
>

o000 000000000 ’

v

-~ - - =

N
1
! -
- -
90000000000 I e \ ,it(
o P1 P2 ! ! | ’
ol 1 j}f 1 P
1] 1 Vi 1 PR s
1 ’ | // 1 ’ v/
’: borehole electrodes'l : / : xo%
1
Ie 7 ! &* \ 1 —>
N L \ Vv
y : v \ / temporal
T~ o4 zspacing .~ ! ! resolution
L ~ 7 ,® P ! 1
spatial resolution ~~~~_] % ° -~ \
1
1
1

depth of investigation
W‘\ measurements

time

FIGURE 2.4 Spatio-temporal parameters of TL-ERT surveys (inspired from Rucker (2014))

Spatial extent describes the dimension of the investigated area (x and y extent) and
is determined by electrode positions (i.e. geometry of the electrode layout, number
of electrodes and z, y spacing). The spatial extent of a TL-survey can range from a
few centimeters for laboratory experiments (Corona-Lopez et al., 2019) to hundreds of

meters for large-scale surveys (Uhlemann et al., 2017b).

Spatial resolution refers to the dimension of the smallest resistivity anomaly that
can be imaged by ERT. Although explicitly calculated by some studies (e.g., Friedel
(2003)), spatial resolution is generally assessed with sensitivity distribution and depends
on electrode spacing, electrode positioning (e.g., surface or borehole electrodes (Singha

et al., 2015)) and measurement protocols (Stummer et al., 2004).

Depth of investigation (DOI) corresponds to the depth below which changes of
resistivity in the medium would not affect the measurements (Oldenburg and Li, 1999)
(i.e. z extent of the survey). DOI is determined by spatial extension and measurement
protocols (Samouélian et al., 2005) and can be either explicitly calculated (Oldenburg
and Li, 1999), assessed from sensitivity distribution (Carey et al., 2017) or from basic
rules of thumbs (Henderson et al., 2010; Greggio et al., 2018).

Monitoring period represents the duration of the time-lapse survey (i.e. time diffe-
rence between the first and the last ERT snapshot). Monitoring periods found in the
literature vary from a few hours for short surveys (Kuras et al., 2009), a few months for
seasonal dynamics (Mojica et al., 2013; Jodry et al., 2019) to several years for long-term

studies (Caterina et al., 2017; Palis et al., 2017) (e.g., more than 20 years for permafrost
monitoring (Mollaret et al., 2019)).
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Temporal resolution refers to the fastest dynamic event that can be reconstructed
by ERT (i.e. temporal counterpart of spatial resolution). Temporal resolution depends
on the ERT measurement rate (e.g., one snapshot per day (Palis et al., 2017)) and
the time needed to perform each ERT snapshot. Temporal resolution should be defined
appropriately for each TL-ERT survey to avoid motion blur if the process is occurring
at a significantly faster rate than the ERT measurement frequency (e.g., quick tracer
infiltration (Kuras et al., 2009)).

Measurement protocol corresponds to the ensemble of four electrode measurements
used to measure each ERT snapshot. Given the large number of possible configurations
(Loke et al., 2013), the measurement should be designed to provide the best trade-off
between how many measurements are made for an ERT snapshot (i.e. spatial resolution)

and how much time it takes (i.e. temporal resolution) (Wilkinson et al., 2012a).

As discussed by Whiteley et al. (2019), the monitoring strategy is another important para-

meter describing each TL-ERT survey. Three categories of strategies can be identified in the

literature depending on the duration of TL-ERT as well as the type of measurements carried

out :

Transient measurements typically involve static ERT measurements repeated after
a certain period of time (e.g., one month to one year) to characterize seasonal varia-
tions. The measuring devices (cables, electrodes, resistivity meters) are usually installed
during a few hours for each snapshot and removed from the field after each acquisition
(e.g., Beff et al. (2013); Binley et al. (2015b)).

Controlled tests are usually short monitoring campaigns with high temporal reso-
lution (e.g., one image every hour) which aim to image the medium in response to
artificial perturbations (e.g., irrigation (Hardie et al., 2018; Dimech et al., 2019), water
depletion due to pumping (Kuras et al., 2009), injection of tracer (Monego et al., 2010))

or natural perturbations (e.g., rain events (Scaini et al., 2017)) .

"Semi"-permanent installations typically use a dedicated measurement system per-
manently installed on the site during long periods of time (e.g., 1 year or more) with
high temporal resolution (e.g., one ERT snapshot per day) (see for instance Chambers
et al. (2014b); Mollaret et al. (2019)). This type of installation is usually preferred to

monitor long-term and/or slow-changing subsurface processes (Slater and Binley, 2021).
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2.3.3 TL-ERT data acquisition, processing and inversion

Figure 2.5 synthesizes graphically ERT field measurements, data filtering and inversion, which
are the three main steps used to reconstruct the subsurface distribution of ER at a specific

time (i.e. static imaging). Each of these steps is discussed below :

(i)  In the field, each measurement is made using a pair of electrodes transmitting current
in the medium and a pair of receiver electrodes measuring the resultant voltage. A
dataset dpeas Of M resistances is formed by repeating measurements according to

strategies outlined above.

(ii)  Once data acquisition is over, the data filtering step is critical to (i) remove measu-
rements from dysfunctional electrodes, (ii) identify and remove outliers in data and
(iii) properly assess the error of each measurement, which will be needed during the

inversion process.

(iii)  The objective of the inversion is to optimize the distribution of resistivity m of a
discretized medium with N cells by reducing the data misfit ®4(m) between the
measured dataset de..s and a calculated dataset di,, obtained by simulating mea-

surements for a ER model.

(iv)  Once the data misfit ®4(m) between measured and calculated voltages reaches the
level of noise of the measured data determined at the pre-processing step, the distri-
bution of resistivity of the model m can be considered as a representative image of

the true resistivity distribution.

As reported by Tso et al. (2017), the assessment of measurement errors is a critical step to
remove outliers, ensure good results for the inversion process and to carry out uncertainty es-
timation . Several strategies have been developed for error estimations. (i) Contact resistance
tests allow the identification of dysfunctional electrodes and the removal of corresponding
measurements (Deceuster et al., 2013). (ii) Stacking errors are obtained by calculating the
standard deviation of repeated measurements (within a few seconds), which can be done
with most commercial resistivity meters (Day-Lewis et al., 2008). (iii) Repeatability errors
can be assessed from several measurements typically separated by a few hours. However,
repeatability cannot always be assessed in TL-ERT measurements, especially in the case of
imaging rapid processes. Finally, (iv) reciprocal errors are calculated by comparing forward
measurements with their reciprocal measurements, which are done by exchanging current and
potential electrodes (Tso et al., 2017). Although more time is required for completing for-
ward and reciprocal measurements, this option is generally recommended to identify outliers

(i.e. configurations that exhibit more than 5 % of difference between forward and reciprocal
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measurements for instance (Chambers et al., 2014b; Tso et al., 2017)) and certain sources
of systematic errors. Moreover, this approach provides better estimations of measurement
errors, which can be used to define a linear data error model of the form € = a + b - dpeas,
where a and b are two constants (Lesparre et al., 2017; Wagner and Wiese, 2018) (see. Tso

et al. (2017) for a review of a and b values found in the literature for data error models).

From a theoretical point of view, dca. can be calculated by solving Poisson’s equation (Dey
and Morrison, 1979) in the medium of heterogeneous ER distribution p to compute the
voltage distribution V' caused by a transmitted current I at (zy,y;, z;) for each four-electrodes
configuration (Rucker, 2010) :

0 (10V 0 (10V 0 (10V
— | - — (= —|-—=|=16 d d 2.2
Ox (p 61’>+8y (p 3y>+8z <p (?z) (z1) olyr) 0(z1) (2:2)
In practice, the forward problem is usually solved with finite element or finite difference
methods (Riicker et al., 2006). The forward modeling operation can then be expressed as

dcae = G(m), given that m is the resistivity distribution of the discretized model and G is
the forward operator (Johnson et al., 2012b).
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The calculated dataset d... is then used to compute the data cost-function &4 which will be
minimized by the inversion procedure. ®4(m) represents the error between dpeas and deae

for the resistivity distribution m and is usually expressed by a L2 norm as :

(I)(m) = HWd ' (dcalc - dmeas)”2 (23)

where Wy is a data weighting matrix calculated from the measurement errors (Singha et al.,
2015; Lesparre et al., 2017). It is worth mentioning that other types of regularization terms
can be applied such as the L1 norm (also referred to as "robust" inversion), which makes the

inversion process less sensitive to data outliers (Auken et al., 2006; Day-Lewis et al., 2006).

Generally, the Gauss-Newton scheme is used to update iteratively the resistivity distribution
m to reduce ®4(m). The Gauss-Newton procedure can be divided into three steps as follows
(Glunther et al., 2006) :

(i)  The model resistivity distribution is initialized to mg, which could be a mean resis-
tivity value or a reference model based on a priori information about the medium

(e.g., geological model).

(i)  The resistivity distribution my is updated into m; according to m; = mg+Am where
the incremental change of resistivity Am verifies the normal equation (Gunther et al.,

2006) :

JETWaJ-Am =J" Wy - (deate — dimeas) (2.4)

where J is the Jacobian matrix of size M x N (also called sensitivity matrix) contai-
ning the first-order derivative of the calculated data with respect to model parame-

ters.

(iii)) The same procedure is repeated from the iteration k& to the next one by updating
resistivity distribution my according to my.; = my + Am until (a) the cost function
reduction stagnates (Rucker, 2010) or (b) the cost function ®(my ;) reaches a target
value, which typically corresponds to the level of noise of the measured data (Johnson
et al., 2012b). As a result, many studies use the target value of x? = 1 as a stopping
criterion for the inversion to prevent data overfitting and underfitting (given € the

error of the M measured data dpe.s) with x? expressed by : (Johnson et al., 2012b)

1 M<d1 —d ~>2
2 calc,i meas,i
X'==> (2.5)
M =

€
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At the end of the inversion procedure, the resistivity distribution obtained is assumed to be
the most representative. However, the inverse problem presented above is non-unique and
has an infinite number of solutions. Moreover, the resistivity distribution can be unrealistic,
especially when a priori information about the medium is known. This issue is solved by
adding to the data cost function ®4(m) a model constraint ®,,(m) which penalizes unsuitable
ER distributions (Giinther et al., 2006). The corresponding cost function can be expressed
by the following L2 norm (using Equation 2.3) :

®(m) = [[Wq - (dearc — dmeaS)H2 + A [[Wp, - (m — m0>H2 (2.6)

where my is the reference resistivity distribution, Wy, is the regularization matrix (eg.
W,, = I if the model m must be close to mg) and A is a regularization coefficient (Gunther
et al., 2006). Similarly to Eq. 2.3, while the L2 norm corresponds to a smoothness regulari-
zation, other norms could be applied such as the L1 norm which favors sharp boundaries to
mimic geometrical structures (Loke et al., 2003; Auken et al., 2006) (referred to as "blocky"
constraint). As detailed by Johnson et al. (2012), other formulations can be used to ensure
maximum, minimum or known resistivities at given locations for example (Johnson et al.,
2012b). Although these model constraints are necessary to regularize the inversion results
and respect a-priori information, several authors noted the risk of (i) overfitting (i.e. fitting
data too well subject to model simplifications (Johnson et al., 2012b; Wagner and Wiese,
2018)) and (i) underfitting (i.e. poor fit between measured and synthetic data due to model
constraints that prevent the inversion process from converging towards a suitable resistivity
distribution (Tso et al., 2017; Watlet et al., 2018)).

The diagram presented in Figure 2.5 can be extended to image subsurface evolution over time
if ERT measurements are repeated several times as shown in Figure 2.3. A set of T' datasets
o

b, d ) are obtained for measurement times (ti, ..., 1) and inverted to recover the

resistivity distributions (m®, ..., m'"). As discussed by Hayley et al. (2011), several inversion

strategies can be used to image resistivity distribution changes over time.

Independent inversions. Each dataset can be inverted separately using the methodology
presented above; the inverted resistivity distributions would then be compared in absolute
values, difference values or relative variations from the starting image. Alternatively, the
ratio (or the difference) between consecutive datasets can be considered as input data for the
inversion ; deviation from 1 (respectively 0) in the inverted images would then be interpreted
as an increase or decrease of resistivity (LaBrecque and Yang, 2001; Hayley et al., 2011). These

approaches are usually referred to as independent inversions (or single snapshot inversions
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(Karaoulis et al., 2014)) since the result of one time step is independent from the others.

Time-constrained inversions. More recent time-lapse inversion strategies impose a simi-
larity between consecutive distributions of resistivity to mimic smooth evolution in time of
the medium and discard non-realistic changes of resistivity (Hayley et al., 2011). By analogy
with the model constraint presented in Eq. 2.6, the time constraint ®;(m") can be added to
the cost function ®(m') to penalize resistivity distributions m’ that differ from the previous

one m'~!. The general expression of ®;(m’) is (Loke et al., 2014a; Singha et al., 2015) :

(2.7)

(I)t(l’nt) _ B Hwt . (mt _ mt_l)H2

where W is the temporal regularization matrix (Hayley et al., 2011). Such a time constraint
can be applied (i) to invert individual snapshots by using previous inversion results as re-
ference (referred to as "cascade inversion' (Hayley et al., 2011; Singha et al., 2015)) or (ii)
to invert simultaneously all datasets which is referred to as "simultaneous" or "4D" inver-
sion (Kim et al., 2009; Karaoulis et al., 2014) (see Kim et al. (2009), Hayley et al. (2011),
Karaoulis et al. (2014) and Loke et al. (2014a) for the explicit formulation of 4D inversion).

As discussed by several authors, the resistivity models obtained from time-lapse inversions
often need to be corrected to a standard temperature, typically laboratory temperature or
mean annual air temperature (e.g., Brunet et al. (2010); Uhlemann et al. (2016b)). This
temperature correction is generally expressed by (Hayley et al., 2010) :

P Taa P [1 tc- (T - TStd)] (28)

where p , and p . are respectively the electrical resistivities at temperature 7" and at Tsq
and c is the fractional change in p per degree Celsius. Typically, ¢ values range between
0.018 °C~! and 0.025 °C~! (Hayashi, 2004; Hayley et al., 2007), which means that electrical
resistivity decreases by a factor close to 2 % for a temperature increase of 1 °C in the medium
(Besson et al., 2008; Chambers et al., 2014b). As noted by Uhlemann et al. (2016b), the
temperature correction is critical for long-term TL-ERT surveys to correct inversion results
for seasonal and diurnal variations of temperature, and avoid misinterpretation of resistivity
data.
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2.4 Review of TL-ERT applications over the past 30 years

2.4.1 TL-ERT studies over the last 30 years

Several insightful reviews have been dedicated to TL-ERT monitoring over the past 30 years.
Samouélian et al. (2005) established the first review of TL-ERT applications for soil sciences,
stressing its strong potential as a non-destructive and large-scale monitoring technique. Slater
(2007) described the relationships between electrical and hydrogeological properties of the
medium and presented a review of TL-ERT studies to characterize aquifers. Kneisel et al.
(2008) reviewed different geophysical methods for permafrost investigations and highlighted
the emergence of autonomous TL-ERT as a promising tool for long-term monitoring. Finally,
Robinson et al. (2008b) also described the development of TL-ERT applications to bridge the
gap between point measurements and large-scale moisture content monitoring from surface

techniques (walkover, aerial photogrammetry or remote sensing).

From 2012 to 2015, five well-known reviews have been published to present the develop-
ments and perspectives of TL-ERT for subsurface monitoring. Loke et al. (2013) presented
a comprehensive overview of measurement system developments, optimized field acquisition
methods (2D, 3D and 4D) and data processing techniques. The emergence of hydrogeophysics
as a powerful monitoring tool across multiple scales was also discussed by Revil et al. (2012),
Binley et al. (2015b) and Parsekian et al. (2015). Finally, Singha et al. (2015) published
a review describing the geoelectrical monitoring method, from field measurements to data

interpretation with various examples of applications .

Since 2014, more than 20 reviews have been published for TL-ERT applications to spe-
cific fields such as landslides monitoring (Whiteley et al., 2019; Perrone, 2020), ecological
applications (e.g., root propagation or water uptake) (Zhao et al., 2019; Cimpoiasu et al.,
2020), geothermal applications (Hermans et al., 2014), salinity issues (e.g., saline intrusion)
(Costall et al., 2018; Corwin and Scudiero, 2019), infrastructure, buildings or landfill monito-
ring (Romero-Ruiz et al., 2018; Dezert et al., 2019), groundwater-surface water interactions
(McLachlan et al., 2017; Fan et al., 2020) or bioremediation monitoring (Johnson et al.,
2015). Falzone et al. (2019) provided a comprehensive review of TL-ERT studies for multiple
domains of geosciences involving fluid dynamics monitoring (e.g., hydrogeology, gas flows
and contaminant migrations). Wagner and Uhlemann (2021) recently published a review on
multi-method geophysical imaging, highlighting promising approaches for the combination of
multiple geophysical datasets (including TL-ERT) and numerical models to obtain quantita-
tive estimates of hydrological parameters. Finally, Slater and Binley (2021) recently published

a review focusing specifically on advances and perspectives for long-term monitoring of hy-
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drological processes at different scales using TL-ERT.

The present study aims to widen the sphere of these reviews by discussing the strong potential
of TL-ERT for mining waste monitoring in the future. A systematic review of TL-ERT
applications across various domains from 1991 to 2020 is proposed following the methodology
of Aznar-Sanchez et al. (2018) and Zhao et al. (2019). Published studies using TL-ERT (i.e.
with at least two ERT snapshots at the same position) have been identified with article
searching platforms (Google Scholar, Scopus, Web of Science and Compendex) and the full-
texts have been examined to select only the relevant articles. Each relevant article has been
classified into the database and its characteristics have been recorded (i.e. year of publication,
number of citations, journal, type of application, country, type of TL-ERT measurements,
number of electrodes). Finally, the database has been used to classify the different studies
and describe the TL-ERT evolution over the past 30 years. A large number of examples of
TL-ERT applications in various contexts are used to identify the criteria for success of such
TL-ERT surveys. The database is also used to identify the recent developments that could
be transferred to future applications of TL-ERT for long-term monitoring of mining wastes.
Finally, the present review can serve as a database of TL-ERT studies for various types of
application, which can be accessed on the supplementary material webpage following the
example of the catalog of agrogeophysical studies (Blanchy et al., 2020b; Garré et al.,
2021; Mary and Blanchy, 2021).

The diagrams presented in Figure 2.6 and 2.7 review the various fields of applications of
the TL-ERT studies identified in the database and present the development of TL-ERT for
each of these fields. Each article is classified into four types of monitoring (hydro-geothermal,
environmental, geotechnical and ecological) which are themselves divided into three types of
applications. Two observations can be made from Figure 2.7. On the one hand, the num-
ber of publications involving TL-ERT has significantly increased over the past 30 years as
reported by the review of Binley et al. (2015b) for hydrogeophysics-related applications. No-
tably, almost 75 % of TL-ERT studies have been published during the last decade, which
denotes TL-ERT development over the past years. On the other hand, TL-ERT has been
used for an increasing number of fields of applications. While TL-ERT was mostly applied to
hydrogeological studies and contaminant monitoring from 1990 to 2010, new types of applica-
tions such as ecological applications, permafrost and landslide monitoring have emerged since
then. Finally, the pie chart of Figure 2.7 presents the distribution of the published studies
of the database according to the classification of Figure 2.6, highlighting the prominence of

hydrogeological and contaminant monitoring applications.
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Description of the different fields of applications for TL-ERT

Hydrogeological monitoring corresponds to all applications of TL-ERT used to
characterize and monitor the hydrogeological behavior of the subsurface. This field
of application accounts for one quarter of the total number of TL-ERT studies in the
database and has been a primary application of geoelectrical monitoring from 1990
to 2002 (cf. Figure 2.7). Since 1990, TL-ERT has been used to image water flow in
saturated media (e.g., Miller et al. (2008); Busato et al. (2019)), in the vadose zone
(e.g., Parsekian et al. (2015); Uhlemann et al. (2016a); Petit et al. (2021)) or in frac-
tured media (e.g., Carriere et al. (2015); Watlet et al. (2018)). While most studies use
the relationship between saturation and electrical resistivity to describe qualitatively
the medium behavior (see Eq. 2.1) (Hiibner et al., 2015; Scaini et al., 2017), TL-ERT
is sometimes used to characterize quantitatively the medium parameter distribution
over large scales such as hydraulic conductivity for instance (Slater, 2007; Singha
et al., 2015).

Geothermal monitoring is a relatively recent application of TL-ERT, the first
occurrence in the literature being studies from Hermans et al. (2012, 2014) on the
monitoring of shallow geothermal experiments with TL-ERT . Geothermal monito-
ring studies aim to recover the spatio-temporal evolution of the subsurface tempera-
ture based on its influence on electrical resistivity (see Eq 4.2.) (Hayley et al., 2007;
Ma et al., 2011). This application of TL-ERT is experiencing strong growth since
2015 to describe qualitatively the geothermal behavior of a medium (e.g., Giordano
et al. (2016); Robert et al. (2019)) as well as to recover quantitative distribution of
temperature in various contexts (e.g., Lesparre et al. (2019); Comina et al. (2019)).
Recently, Robert et al. (2019) described the potential of temperature monitoring with

TL-ERT as a proxy to study other processes (i.e. use of temperature as a tracer).

Only a few volcanology studies using TL-ERT for volcanoes monitoring have been
reported in the literature since 2007. As described by these studies, volcanic activity
affects electrical conductivity of the subsurface because of temperature changes, wa-
ter and gas flows (Turner et al., 2011; Di Giuseppe and Troiano, 2019). Although
quantitative integration of geophysical, geochemical and geological monitoring da-
tasets is still a challenge, TL-ERT is considered by these authors as a promising
monitoring tool to characterize these complex media and processes (Di Giuseppe
and Troiano, 2019).

Contaminant monitoring refers to all studies using TL-ERT to image the flow of

contaminants or tracers which exhibit contrasts of electrical resistivity in comparison



43

with the in-situ pore fluids (see Eq. 2.1). This type of application accounts for one
quarter of the number of TL-ERT studies identified in the database and has been
intensively used since the beginning of the 1990s (Beve and Morrison, 1991; Ramirez
et al., 1993). While in most studies, the fluids monitored are more conductive than
the surrounding pore fluid (e.g., saline fluids (Singha and Gorelick, 2005; Cassiani
et al., 2006), nitrate plumes (Johnson et al., 2012b; Wallin et al., 2013) and leachates
from (i) landfills (Audebert et al., 2016; Inauen et al., 2019; Morita et al., 2020),
(ii) waste storage ponds (Binley and Daily, 2003; Revil et al., 2013) or (iii) olive-
oil industry (Simyrdanis et al., 2018)), some contaminants are known to be more
resistive (e.g., fresh hydrocarbon plumes (Deng et al., 2017; Trento et al., 2021)).
From 1990 to 2010, a vast majority of studies used TL-ERT monitoring either to
detect environmental contaminants plumes (Power et al., 2015; Kuras et al., 2016;
Almpanis et al., 2021) or to track tracers injected in the subsurface to study its
behavior (Koestel et al., 2009). Moreover, TL-ERT has become increasingly popular
since the beginning of the 2010s to (i) assess the efficiency of in-situ remediation in
contaminated media (Tildy et al., 2017; Nivorlis et al., 2019) or (ii) track leachate
recirculation to enhance waste degradation in landfills (Grellier et al., 2008; Clément

et al., 2010).

Saline intrusion monitoring with TL-ERT aims to characterize and monitor the
migration of saline seawater to fresh groundwater or vice versa (Costall et al., 2018).
This type of application has been reported since the beginning of the 2010s in Spain
(Nguyen et al., 2009; Ogilvy et al., 2009), Italy (De Franco et al., 2009) and USA
(Henderson et al., 2010). Most of the studies report electrical resistivity contrasts
between groundwater and seawater ranging from one to two orders of magnitude
(Costall et al., 2018, 2020). Such high contrasts make TL-ERT a suitable tool (i)
to monitor seawater intrusion which could lead to groundwater salinization (Chen
et al., 2018a; Palacios et al., 2020) and (ii) to characterize submarine groundwater
discharge when contaminants flow from land to sea (Henderson et al., 2010; Paepen
et al., 2020).

Mining waste monitoring is a relatively uncommon application for TL-ERT since
only 20 studies have been identified in the database (less than 3 %). Use of TL-ERT
in this context started to be reported in the literature since the beginning of the 2010s
(Anterrieu et al., 2010; Magsoud et al., 2011). Since then, TL-ERT has been used
(i) to monitor leachate flows into heap leaching pads in order to maximize mineral
recovery (mostly through the work of Rucker (2015) and Rucker et al. (2014)) and
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(ii) to monitor the geotechnical stability of mining waste storage facilities or mining
operations (Mainali et al., 2015; Tresoldi et al., 2020c). Although less common, a few
studies have used TL-ERT as a tool (i) to characterize the hydrogeological behavior
of mining wastes or storage facilities (Greer et al., 2017; Hester et al., 2019) and (ii)
to assess the efficiency of reclamation covers designed to reduce the environmental
footprint of mining wastes (Magsoud et al., 2011; Dimech et al., 2019). As discussed
in Section 2.5.1, the scarcity of studies using TL-ERT for mining waste monitoring
contrasts with the numerous examples of applications of static ERT imaging in this

domain (Martinez-Pagan et al., 2021).

The potential of TL-ERT for infrastructure stability assessment is known since
the end of the 1990s with the early study of Johansson et al. (1996) using repeated
ERT measurements to monitor the internal erosion and abnormal seepage in dams.
Since then, other studies have monitored the increase of electrical resistivity over
time in dams or levees as a proxy for voids development due to internal erosion, both
at laboratory scale (Shin et al., 2019; Masi et al., 2020) or at field scale (Sjodahl
et al., 2008, 2009). Tang et al. (2018) and others applied TL-ERT to evaluate the
development of cracks and sinkholes by monitoring the temporal variations of resis-
tivity (Samouélian et al., 2004; Fabregat et al., 2017). As discussed in the review of
Smethurst et al. (2017), TL-ERT is also becoming increasingly popular to monitor
abnormal water accumulation, infiltration or seepage in structures since these pro-
cesses usually correspond to a decrease in ER. Such resistivity anomalies can then be
used as a proxy for deterioration of geotechnical stability (i) in earth embankments
and levees (Arosio et al., 2017; Tresoldi et al., 2019) (ii) in railway embankments
and road structures (Chambers et al., 2014b; Rasul et al., 2018) or (iii) in buildings
(De Donno et al., 2017; Voss et al., 2019).

Landslide monitoring programs have recognized TL-ERT as an efficient, economi-
cal and complementary tool since the beginning of the 2000s (Lebourg et al., 2005;
Supper et al., 2008). Recently, this type of application has experienced strong growth.
Indeed, more than half of the studies identified in the database have been published
during the past five years. Nowadays, TL-ERT is considered as one of the most po-
pular geophysical techniques for long-term landslide monitoring and several recent
reviews are available in the literature (Whiteley et al., 2019; Perrone, 2020). From
a qualitative point of view, TL-ERT has been used as early as 2006 to characterize
the internal structure of landslides (e.g., Crawford and Bryson (2018); Huntley et al.
(2019)) and to assess their hydrogeological behavior (e.g., Chen et al. (2018a); Peng
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et al. (2019)). In addition, many studies have used TL-ERT in a quantitative way
since 2015 to recover (i) landslide displacements (Uhlemann et al., 2015; Wilkinson
et al., 2016; Boyle et al., 2018), (ii) moisture content distribution (Gunn et al., 2015;
Gance et al., 2016; Uhlemann et al., 2017b) and (iii) suction stress distribution (Hen-
Jones et al., 2017b; Crawford et al., 2019). As discussed by Whiteley et al. (2019),
such applications have a great potential in the future for the understanding of pro-
cesses that trigger landslide activation (e.g., Uhlemann et al. (2017b); Merritt et al.
(2018)), making TL-ERT a promising tool for landslide long-term monitoring and
early warning (e.g., Supper et al. (2014); Holmes et al. (2020)).

Permafrost monitoring with TL-ERT has been reported in the literature since the
early 2000s, mostly with the studies of Hauck (2001) and Hauck et al. (2003). The
authors identified TL-ERT as a promising and robust method to monitor permafrost
dynamics since unfrozen water, ice and air have strong electrical resistivity contrasts
that can be well resolved by ERT (Hauck, 2001). Since then, TL-ERT has been
used (i) to image the internal structure of permafrost (Fortier et al., 2008; Dafflon
et al., 2017), (ii) to track snowmelt infiltration (French and Binley, 2004; Thayer
et al., 2018), (iii) to monitor unstable permafrost rock walls (Krautblatter et al.,
2010; Keuschnig et al., 2017), (iv) to study the dynamics of freeze-thaw processes
in the active layer (Murton et al., 2016; Farzamian et al., 2019) and (v) to monitor
long-term permafrost degradation (Mewes et al., 2017; Mollaret et al., 2019). Today,
TL-ERT is recognized as a mature, efficient and robust tool for long-term permafrost
studies. For instance, some sites in the Alps have been monitored with autonomous
remote TL-ERT for more than 20 years (Mollaret et al., 2019; Etzelmiiller et al.,
2020). Notably, recent developments have focused on quantitative monitoring of ice,
water, air and rock content from TL-ERT and seismic monitoring (Wagner et al.,
2019; Mollaret et al., 2020) as well as improvement of semi-empirical relationships
(Toran et al., 2013; Herring et al., 2019).

Vegetation studies use TL-ERT to monitor the soil-plant-atmosphere interactions
from repeated resistivity measurements (Garré et al., 2021). This type of application
is known since the beginning of the 2000s with the studies of Michot et al. (2003) and
al Hagrey et al. (2004); Al Hagrey (2006). Since then, TL-ERT has become a popular
tool in this context. More than 60 % of the 80 studies referenced in the database have
been published during the past five years. As described by Garré et al. (2021), many
studies have used TL-ERT to monitor the water dynamics around and in the plants

at different scales using petrophysical relationships described above (Eq. 2.1) (Mi-
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chot et al., 2003). Such applications range from (i) the characterization of root-water
uptake (Garré et al., 2013; Dick et al., 2018; Mary et al., 2020), (ii) the circulation
of water within trunks and stems (Al Hagrey, 2006; Luo et al., 2019) to (iii) the
assessment of water budget for the soil/plant/atmosphere system (Brillante et al.,
2015; Cassiani et al., 2016; Vanella et al., 2019). Moreover, TL-ERT has been used
for agriculture purposes (i) to monitor water availability for crops (Beff et al., 2013;
Brillante et al., 2016a), (ii) to assess the plant response to drought or unconventional
irrigation (De Carlo et al., 2019; Carriere et al., 2020) or (iii) to monitor the perfor-
mance of crop irrigation (Hardie et al., 2018; Vanella et al., 2021). Finally, several
studies have used TL-ERT to monitor root propagation, both at the laboratory scale
(e.g., Corona-Lopez et al. (2019); Weigand and Kemna (2019)) and in the field (e.g.,
Mary et al. (2016); Whalley et al. (2017)).

(xi) Gas dynamics monitoring with TL-ERT has been reported since the early 2000s
with the study of Ramirez et al. (1993) where the infinite electrical resistivity of
gas was used to track carbon dioxide flow inside experimental tanks. Since then,
this approach has been popular for various applications as 50 TL-ERT studies have
been published since 2010. TL-ERT has been used (i) to monitor induced carbon
dioxide flooding during oil extraction (Ramirez et al., 1993; White et al., 2011),
(ii) to track gas flows in landfills (Rosqvist et al., 2011), and (iii) to study carbon
dioxide or methane migration in the subsurface (e.g., Kremer et al. (2018); Klazinga
et al. (2019)). As reported by the review of Bergmann et al. (2016), TL-ERT has
also been used as a long-term surveillance tool for carbon dioxide sequestration,
for example at the Ketzin CO, storage pilot site in Germany (Bergmann et al.,
2012; Schmidt-Hattenberger et al., 2016). TL-ERT is promising in this regard since
abnormal resistivity increases can be interpreted as COs leaks (Dafflon et al., 2013;
Yang et al., 2019).

2.5 Emergence, challenges and perspectives of TL-ERT for mining wastes

2.5.1 Review of promising applications of TL-ERT for mining wastes

Although TL-ERT has been recognized as a valuable tool to provide additional information
about subsurface processes in many domains, there are few examples of applications for
mining wastes monitoring, either for short or long periods of time. This observation is all the
more striking considering (i) the need for efficient mining waste monitoring techniques and

(ii) the numerous applications of single-time ERT in mining wastes, as reported by Martinez-
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Pagan et al. (2021), the first review of ERT applications in this context. Therefore, the review

below aims to identify promising avenues for TL-ERT monitoring of mining wastes.

The methodology presented in Section 2.4.1 has been followed to build a database of published
studies using ERT for mining wastes since 1990, with most studies published over the last
decade. Figure 2.8 presents the different types of applications of ERT in mining wastes
identified from the database. Each study has been classified into six types of applications,
themselves classified into three broader domains : waste valorization, waste characterization
and waste monitoring. A brief overview of each type of application is proposed below (i)
to present the objective of ERT measurements in mining wastes, (ii) to discuss about the
advantages and limitations of ERT in each context, and finally (iii) to identify promising

applications for TL-ERT monitoring on mining wastes.
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(i) ERT has been used as a support tool for mineral extraction in heap leaching
pads (HLP) since the beginning of the 2010s, mostly through the work of Rucker et
al. (Rucker et al., 2009a, 2017) (c.f. Table 2.1). As described by Maghsoudy et al.
(2019), heap leaching is a common mineral extraction process. Leaching solutions
are injected into ore piles to mobilize metals which are then collected through drai-
nage pipe networks (Rucker, 2010). ERT has been applied to track leaching solutions
flowpath since these solutions are usually highly conductive (Rucker et al., 2009a;

Maghsoudy et al., 2019). As a result, ERT has been used to improve heap leaching
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efficiency by (i) imaging heterogeneous water distribution in HLPs (Rucker, 2010),
(ii) estimating remaining fractions of metals (Rucker et al., 2009¢, 2017) and (iii)
evidencing HLP heterogeneity effects on macropore flows, leachate solution accumu-
lation or dry areas (Maghsoudy et al., 2019). These studies provide valuable insights
for (i) advanced ERT instrumentation strategies in mining wastes (large-scale ima-
ging (Cubbage et al., 2016; Rucker et al., 2017), borehole-surface layouts (Rucker,
2014)) as well as for (ii) data-processing and interpretation developments for mining
waste monitoring (real-time monitoring (Rucker et al., 2014), quantitative interpre-
tation (Rucker, 2010), and complex 3D visualization (Rucker et al., 2017)). Such
strategies can be transferable to future studies on WRPs to provide large-scale and
non-destructive information that could help (i) to assess their hydrogeological beha-
vior (e.g., Dimech et al. (2019)), (ii) to track meteoritic water flows or tracers within
WRP (e.g., Hester et al. (2019)) or (iii) to delineate and monitor acidic water flows
within mining wastes (e.g., Bortnikova et al. (2018)).

Applications of ERT for revalorization of mining wastes have been reported
since 2016 with the study from Giinther and Martin (2016). The authors used ERT
and spectral induced polarization to map mineralized areas in a mining slag heap
for potential future mineral reuse (Giinther and Martin, 2016). Since then, ERT has
been applied to reconstruct the spatial distribution of mining wastes over large scales
and estimate the remaining mineralization, both for WRPs (Qi et al., 2018; Martin
et al., 2020) and TSFs (Saladich et al., 2016; Martinez-Segura et al., 2020) (c.f. Table
2.2). In most cases, a threshold in electrical resistivity has been defined to delineate
the mineralized wastes, which are generally more conductive (Saladich et al., 2016;
Martin et al., 2020). Moreover, ERT has been combined with aerial photogrammetry
or LIDAR surface topography to recover the volume of mineralized mining wastes
(Markovaara-Koivisto et al., 2018; Martin-Crespo et al., 2018). These results are of
great interest for the development of circular economy in mining. Indeed, the know-
ledge about spatial distribution and mineralization is identified as a limiting factor
for mining waste reuse as discussed by Kinnunen and Kaksonen (2019). It is worth
noting that the methodology followed by these studies could be applied in the future
(i) to provide complementary data for systematic geochemical sampling of mining
wastes (e.g., Elghali et al. (2019); Gabarrén et al. (2020)) or (ii) to identify areas
that could be prone to contaminated drainage generation due to high mineralization
(e.g., Epov et al. (2017); Power et al. (2018b)).

TSF and WRP characterization using ERT has been increasingly popular since
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the early studies of (i) Martinez-Pagén et al. (2009) for TSF characterization and (ii)
Poisson et al. (2009) and Anterrieu et al. (2010) for WRP internal structure investi-
gations (c.f. Table 2.3). Since then, ERT has been used (i) to determine the spatial
extension of old/abandoned WRPs (Martin et al., 2020) and TSFs (Martin-Crespo
et al., 2018, 2020) and (ii) to image the internal structure and heterogeneity of WRPs
and TSFs (Martinez-Pagan et al., 2021; Mollehuara-Canales et al., 2021a). In parti-
cular for WRPs, the coarse waste rocks have been reported to be more resistive than
the compacted layers of fine particles (Poisson et al., 2009; Anterrieu et al., 2010),
which has led to a better understanding of WRP hydrogeochemical behavior (e.g.,
Martin et al. (2017); Raymond et al. (2021)). Similarly, the tailings are usually more
conductive than the surrounding media, which allows mapping properly the bedrock
interface and the dams used to contain tailings (e.g., Booterbaugh et al. (2015);
Gabarrén et al. (2020)). Notably, Gabarrén et al. (2020) used ERT to differentiate
coarse and fine tailings in a TSF from their contrast of resistivity. Many authors have
also used ERT along with geochemical analysis to map potentially reactive wastes
(e.g., Dimech et al. (2017); Power et al. (2018b) in WRPs and (Martinez et al., 2012,
2016) in TSFs) and even quantitatively predict (i) total dissolved solids (TDS) (Ru-
cker et al., 2009a; Epov et al., 2017), (ii) pH (Yurkevich et al., 2017), or (iii) the
concentration of various contaminants in tailings (e.g., Vasconez-Maza et al. (2019);
Mollehuara-Canales et al. (2020)). Finally, a few studies have used ERT to charac-
terize the hydrogeological behavior of mining wastes (i) by assessing relationships
between electrical resistivity and the hydrogeological properties of tailings (Baner-
jee et al., 2011; Mollehuara-Canales et al., 2020) and (ii) by tracking water flows in
WRPs under natural or artificial precipitation events (Greer et al., 2017; Dimech
et al., 2019). Although less common, these types of applications have great potential
for mining waste characterization since TL-ERT provides large-scale data that allows
taking into account WRP and TSF heterogeneous composition in a non-destructive
manner (Poisson et al., 2009; Hester et al., 2019) and recover information where no
other hydrogeological data is available, such as in the core of WRPs (Greer et al.,
2017; Dimech et al., 2019).

Studies of acid mine drainage (AMD) with ERT have been reported in the li-
terature since the 1990s, both for AMD detection (Ebraheem et al., 1990; Benson
and Addams, 1998) and AMD monitoring (King and McNeill, 1994; Buselli and Lu,
2001) (c.f. Table 2.4). AMD is generally associated with high concentrations of me-
tallic ions in the pore water (Cravotta III, 2008; Blowes et al., 2014), which increases

the electrical conductivity of pore water (up to several orders of magnitude (Mon-
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terroso and Macias, 1998)). As a result, AMD is a suitable target for ERT imaging
and TL-ERT monitoring (Buselli and Lu, 2001; Johnston et al., 2017), which enables
the detection and delineation of areas within TSFs or WRPs where contaminated
drainage is generated (e.g., Bortnikova et al. (2013); Tycholiz et al. (2016); Shokri
et al. (2022)). Such information have been used (i) to extend spatially geochemi-
cal sampling (Martinez-Pagan et al., 2009; Pierwota et al., 2020) and (ii) to help
design future reclamation covers which would reduce the environmental impacts of
mining wastes (Martinez-Pagén et al., 2009; Hudson et al., 2018). Similarly, ERT has
been used (i) to track AMD migration within TSFs (Bortnikova et al., 2018; Hudson
et al., 2018) and WRPs (Shokri et al., 2016a; Casagrande et al., 2020) and (ii) to
identify the mechanisms of contaminants transport from the storage facilities to the
surrounding medium (e.g., preferential flow of contaminated water (Bethune et al.,
2015; Casagrande et al., 2018; do Nascimento et al., 2022), fractures flow inside the
bedrock (Olenchenko et al., 2016; Benyassine et al., 2017), eolian transport (Lachhab
et al., 2020) or leaks from sealing layers (Cortada et al., 2017; Rey et al., 2020a)).
As illustrated by the recent study from Puttiwongrak et al. (2019), semi-permanent
TL-ERT installations have a strong potential for the long-term monitoring of AMD.
Permanent electrode arrays could be installed near or within the mining wastes to
track electrical resistivity changes over large scales, hence increasing the capacity of
traditional monitoring techniques. Electrical resistivity could then be used as a proxy
indicating possible AMD generation or migration from the wastes, as it has already
been done in the past for other types of contaminants (e.g., Heenan et al. (2015);
Denham et al. (2020)).

Application of ERT for geotechnical stability assessment of TSFs has been repor-
ted since 2005 with the early study from Sjodahl et al. (2005) in T'SF dams (c.f. Table
2.5). Since then, ERT has been used in TSFs (i) to detect anomalous seepage and
internal erosion within the dams (Sjodahl et al., 2005; Li et al., 2015; Mainali et al.,
2015; Coulibaly et al., 2017; Paria et al., 2020) and (ii) to image water table eleva-
tion in the TSFs, which can help to manage the risk of water overtopping (Mainali,
2006; Booterbaugh et al., 2015; Mainali et al., 2015). Such applications have a great
potential for geotechnical stability monitoring of TSFs since seepage, dam erosion
and overtopping have been the cause of almost 60 % of TSF failures worldwide since
1910, as detailed by the comprehensive review of Lyu et al. (2019b). Moreover, seve-
ral studies have combined ERT and geotechnical modeling to study the stability of
WRPs (Li et al., 2015) and TSFs (Coulibaly et al., 2017; Paria et al., 2020) as it has
already been done for landslide monitoring (Lehmann et al., 2013; Zieher et al., 2017)
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or levee monitoring (Weller et al., 2014; Dezert et al., 2019). As discussed by Sjodahl
et al. (2005), TL-ERT monitoring has great potential in this context since repeated
ERT images allow tracking changes in resistivity across large scales, which can re-
duce ambiguities in ERT data interpretation. Following the recent developments of
TL-ERT for real-time monitoring of landslides, permanent arrays could be installed
within TSFs to monitor remotely their geotechnical stability as part of early warning
systems (Klosowski et al., 2018; Whiteley et al., 2019). As discussed by Tresoldi et al.
(2020a), such applications of TL-ERT are expected to become increasingly popular
given raising awareness toward the environmental and human risks that TSFs and

WRPs can represent.

ERT has been used for geochemical stability assessment of mining wastes since
the beginning of the 2000s (Bergstrom, 1998; Binley and Daily, 2003) (c.f. Table
2.6). As discussed by Bussiere and Guittonny (2021a), most reclamation approaches
aim to control oxygen or water flows toward the mining wastes with engineered co-
vers installed on TSFs or WRPs since AMD generation is mostly controlled by the
oxidation of the sulfide contained in wastes (Mbonimpa et al., 2021; Plante et al.,
2021b). ERT has been mostly used in this context (i) to assess the efficiency of mi-
ning reclamation by detecting AMD generation on reclaimed TSFs (Rucker et al.,
2009a; Power et al., 2018b), (ii) to detect leaks from sealing layers (such as geotex-
tiles) used to encapsulate reactive tailings (Binley and Daily, 2003; Villain et al.,
2015), and lastly (iii) to provide insights about how reclamation designs could be
improved (Acosta et al., 2014; Sylvain et al., 2019; Rey et al., 2020a). Although less
common, several studies also used TL-ERT to monitor the efficiency of multilayer
covers made of granular materials which offer better durability than geotextiles (e.g.,
store and release covers (Bussiere and Wilson, 2021), covers with capillary barrier
effects (Demers and Pabst, 2021b) or flow control layers (Demers and Pabst, 2021a)).
For instance, Magsoud et al. (2011) used TL-ERT to ensure that a retention layer
made of fine materials remained near saturation over time, which would allow re-
ducing oxygen migration from the atmosphere toward the tailing storage facility,
hence decreasing the risk of AMD generation. More recently, TL-ERT has been used
to track water flows in an experimental WRP to assess the performance of a flow
control layer designed to divert water from the reactive core of the WRP (Dimech
et al., 2019; Martin et al., 2019). Semi-permanent TL-ERT monitoring systems could
be used along with traditional monitoring techniques to provide early warnings if re-
clamation does not meet the initial design objectives or if its performance decreases
over time (e.g., Bussiére et al. (2021); Dimech et al. (2021)).
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In summary, Figure 2.9 and 2.10 review graphically the different parameters that have been
imaged with ERT in WRPs and TSFs respectively. These figures highlight the types of
application for which TL-ERT is the most promising for both short-term and long-term
monitoring of mining wastes as discussed above. The diagrams of the internal structures of
WRPs and TSFs on Figure 2.9 and Figure 2.10 are inspired by the work of Aubertin et al.
(2005) and Aubertin et al. (2016).

2.5.2 Challenges that need to be addressed to improve TL-ERT monitoring in

mining wastes

Although TL-ERT has been identified as a promising non-destructive imaging approach for
monitoring of various dynamic processes in WRPs and TSFs, several challenges are likely to
emerge from a wider adoption in mining wastes. The following section discusses three cate-
gories of challenges that have been identified for future TL-ERT applications on WRPs and
TSFs. (i) Mining sites are generally complex and often remote sites, in constant evolution
with harsh field conditions. (ii) Both high spatial and temporal resolutions are needed while
maintaining reliable and consistent monitoring over large scales for long periods of time.
(iii) Many physical parameters can change simultaneously in mining wastes, although high
accuracy of measurements is generally needed for mining waste monitoring. For a broader
discussion on advantages and limitations of TL-ERT, the reader is referred to the compre-
hensive studies of Samouélian et al. (2005), Binley et al. (2015b), Parsekian et al. (2015),
Soupios and Kokinou (2016), McLachlan et al. (2017) and Whiteley et al. (2019).

(i) Complex sites and harsh field conditions

Firstly, mining sites present generally harsh field conditions for long-term monitoring pro-
grams since some mines are in remote locations, with few road access and limited power
supply, especially after the end of mining operations. In addition, when mining operations
are over, monitoring instruments could be damaged by wildlife, vandalized, or stolen, which
would undermine the success of long-term monitoring and could represent high maintenance
costs. Even active mines can represent challenging conditions because of security limitations,
circulation of heavy machinery and rapid evolution of the site that may affect measurements
(e.g., change of electrodes, cables and resistivity meters location or update of topography
models). In addition, the instrumentation of WRPs and TSFs is highly challenging in itself.
Indeed, WRPs are built by high benches (typically between 10 m and 30 m in height) with
strong slopes, contain large blocks (typically over one meter in size), are highly heteroge-

neous and can exhibit electrical resistivity over 10 kQm (Dimech et al., 2017; Vriens et al.,
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2020a). As reported by several authors, such internal structure makes it extremely challen-
ging to install any sensor or electrode within the core of WRPs, and may cause long-term

data quality issues due to poor electrode grounding or cable deterioration (Deceuster et al.,
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2013; Greer et al., 2017). Although TSFs are generally more homogeneous structures with
better electrode contact conditions (fine and conductive material, typically less than 100 Qm
(Martinez-Pagan et al., 2021)), the installation of ERT monitoring systems might be chal-
lenging as well if the tailings are too wet to allow operators to walk on them (e.g., MEND
(2000)). Finally, the long-term durability of electrodes and cables in mining wastes has still
not been studied, but it is likely that such pieces of equipment could suffer from corrosion
issues in media with low pH and high EC (Peter-Borie et al., 2011; Palacios et al., 2020).

(i) High spatio-temporal resolution for long time periods at large scales

Secondly, the spatio-temporal characteristics needed for monitoring programs on mining
wastes are also especially challenging since high spatial and temporal resolution are generally
required over large distances and during long periods of times (MEND, 2004; Bussiere et al.,
2021). From the temporal perspective, suitable resolution (i.e. sampling rate) depends on
the process studied as discussed in Section 2.3.2. For instance, high resolution is needed to
properly recover water infiltration into mining wastes (e.g., one snapshot every 30 minutes,
typically during a few days (Dimech et al., 2019; Hester et al., 2019)), while a lower re-
solution might be sufficient to recover long-term desaturation of a moisture-retaining layer
or an abnormal accumulation of water within a TSF (e.g., one snapshot every day, typi-
cally during several years (Tresoldi et al., 2020a; Dimech et al., 2021)). Although there is no
consensus about how long TSFs and WRPs monitoring programs should last, the geotech-
nical and geochemical stability of these mining waste storage facilities must be ensured for
hundreds of years (MEND, 2004). Since TL-ERT is a relatively new monitoring technique,
the longest monitoring period recorded in the literature is approximately 20 years (Mollaret
et al., 2019; Etzelmiiller et al., 2020). As a result, it is challenging to predict the lifetime of
a monitoring system (electrode, cables, battery, resistivity meter), and future work might be
necessary to improve the robustness of TL-ERT systems in the context of mining wastes to
prevent electrode loss, long-term drifts and noise issues (Peter-Borie et al., 2011; Watlet et al.,
2018). From the spatial perspective, monitoring large areas such as TSFs and WRPs gene-
rally requires to find a compromise between spatial extension, electrode number and spatial
resolution (see Section 2.3.2). Moreover, since most processes summarized in Figures 2.9 and
2.10 occur in the shallow subsurface (typically in the first ten meters), small electrode spacing
(such as 1 m or 2 m) might be needed to monitor them accurately. As a result, for a single
TL-ERT profile of 1 km across a TSF or a WRP, between 500 and 1000 electrodes might be
needed, which is challenging both in terms of data acquisition system capacity, monitoring
costs, time needed for each snapshot, power supply needed for measurements and volume of
data (Parsekian et al., 2015; Falzone et al., 2019). Given that in Canada alone, almost 200
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mining operations have TSFs or WRPs that exceed 1 km?, upscaling TL-ERT monitoring
systems while ensuring a decent spatial resolution at shallow depths is expected to be one
of the main challenges for a broader application of this technique to mining wastes. In the
meantime, new strategies must be developed to define optimized location for the TL-ERT
monitoring systems, which would allow monitoring the stability of TSFs and WRPs where it

is crucial.

(iii) Simultaneous evolution of many physical parameters affecting electrical resistivity

Lastly, as reported by the review of Vriens et al. (2020a), many physical processes can occur
simultaneously at different scales in mining waste storage facilities (e.g., various geochemical
reactions, water and air advection, dispersion and diffusion). As a result, several physical
parameters that affect electrical resistivity can vary simultaneously and have confounding
effects (e.g., temperature, moisture content, ice content, pore water EC, pH, porosity), which
could make the conversion of electrical resistivity imaged by TL-ERT into a physical parame-
ter useful for geotechnical or geochemical stability monitoring challenging (Parsekian et al.,
2015; Dimech et al., 2019). On the opposite, some hydrogeological or geotechnical properties
of the mining wastes might not have a direct influence on electrical resistivity (such as the in-
terstitial pressure or the hydraulic conductivity, for instance). Moreover, the relative scarcity
of petrophysical models developed for mining wastes reported by Mollehuara-Canales et al.
(2020) increases the uncertainty and variability of petrophysical approaches discussed by Tso
et al. (2019) and others. Such limitations could have consequences on the accuracy of quan-
titative interpretations derived from TL-ERT, especially since they are combined with the
well-known limitations of ERT data inversion (e.g., non-uniqueness of inversion (Samouélian
et al., 2005), inversion artifacts (Carey et al., 2017; Greer et al., 2017), non-uniform sensi-
tivity distribution and spatial resolution (Clément et al., 2010; Rucker, 2014)). This issue
is all the more challenging given the need for high accuracy for monitoring techniques in
mining wastes, since slight changes of moisture content (for instance) could correspond to
significant deterioration of WRPs and TSFs geotechnical and geochemical stability (MEND,
2004; Bussiere et al., 2021; Demers and Pabst, 2021b).

2.5.3 Perspectives for future applications of TL-ERT on mining waste monito-

ring

The lessons learned from the numerous TL-ERT studies can provide valuable insights to
address, at least in part, the challenges mentioned above for long-term monitoring of mining

waste stability. For instance, several studies using TL-ERT for long-term monitoring of per-
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mafrost noted the complexity of ensuring good data quality in frozen soils and in remote areas
(e.g., Tomaskovicova et al. (2016)). The strategies that have been developed to address such
issues in permafrost might be suitable as well for waste rocks, for instance. More generally,
the "tremendous progress made by the geoelectrical method over the past 25 years" described
by Loke et al. (2013) and by other reviews since then (e.g., Binley et al. (2015b); Singha
et al. (2015)) can help to identify promising avenues for the application of TL-ERT in WRPs
and TSFs. The following section summarizes these technological advances in regard to the
TL-ERT studies that carried out long-term monitoring with semi-permanent installations. In
particular, several perspectives are proposed for instrumentation, data acquisition and data

interpretation as illustrated by Figure 2.11.

Early Warning System (EWS) Electrode design

Hydrogeological observatories Electrode layout

(iii)
Data

interpretation

Integrated interpretation Electrode number

Data processing Survey design

(ii)
Data
acquisition

Remote operation Temporal resolution

Optimization of protocols Automatic acquisition

F1GURE 2.11 Recent developments and perspectives for geoelectrical monitoring of mining
wastes.

—  Electrode design (i.e. shape, size and material) is recognized by many authors as a
possible source of erroneous measurements if the contact resistance between the elec-
trodes and the medium is too high (e.g., in the presence of rocks, dry medium, macro-
pores or ice) (Dick et al., 2018; Oldenborger and LeBlanc, 2018). This issue could be
particularly challenging for long-term ERT monitoring in mining wastes because the
deterioration of the electrode-ground contact over time can lead to misinterpretation
of the data and increase the cumulative error of the measurement (Deceuster et al.,
2013). Recently, Tomaskovicova et al. (2016) carried out a long-term TL-ERT study
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in arctic conditions to compare several designs of electrodes. Their results evidenced
(i) that plate electrodes ensure better grounding than vertical rods and (ii) that mesh
electrodes further improve coupling with the medium thanks to a larger effective surface
area. As a result, buried plate electrodes (or disks) are becoming increasingly common
for long-term studies to increase electrical grounding and protect electrodes from ani-
mals, human or vegetation disturbance (Arosio et al., 2017; Tresoldi et al., 2019). Large
mesh plates and robust cables should be favored for future long-term monitoring of
WRPs since the contact resistance in waste rocks is expected to be high and to mini-
mize the risk of cable damage due to large rocks (e.g., Tresoldi et al. (2020a)). Moreover,
the electrodes should be buried during the construction of TSFs and WRPs or inside
small trenches to further improve the grounding following the example of Tresoldi et al.
for long-term mining wastes monitoring (Tresoldi et al., 2020c,a). Notably, the vast ma-
jority of TL-ERT studies referenced in the database have used stainless-steel electrodes
to reduce long-term corrosion (LaBrecque and Daily, 2008). However, few studies have
focused on the long-term corrosion effects on electrodes in acidic conditions that could
be found in some TSFs or WRPs. We suggest that future studies could focus on iden-
tifying strategies to improve the durability of electrodes and cables in mining wastes,

following the methodology developed by Tomaskovic¢ova et al. (2016).

Electrode layout in the field is also an important aspect of TL-ERT, since it de-
termines the spatial extension, the depth of investigation and the spatial resolution
(Loke et al., 2013). While most semi-permanent TL-ERT studies have used standard
2D lines of electrodes (buried or not) (De Franco et al., 2009; Brunet et al., 2010),
it is worth noting that about a third of the semi-permanent monitoring studies have
used more complex electrode layouts to improve spatial resolution where needed (Loke
et al., 2013). On the one hand, several TL-ERT surveys have used (i) 3D grids of elec-
trodes (Chambers et al., 2011; Uhlemann et al., 2016a), (ii) borehole electrodes in 2D
or 3D (Kiessling et al., 2010; Carrigan et al., 2013) or (iii) combination of surface and
borehole electrodes (Clément et al., 2010; Kiflu, 2016). Future studies could take ad-
vantage of the high modularity of TL-ERT layouts in order to maximize the sensitivity
of geoelectrical monitoring where needed within WRPs and TSFs (Rucker et al., 2009¢;
Rucker, 2014). On the other hand, half of long-term TL-ERT surveys of the database
have favored permanent electrodes buried in the medium rather than standard surface
arrays to (i) improve electrode grounding (Busato et al., 2019; Tresoldi et al., 2019), (ii)
reduce errors associated with electrode mislocation (Peter-Borie et al., 2011; Wilkinson
et al., 2015a), (iii) protect electrodes and cables from animal or human deterioration

(Auken et al., 2014; Perrone et al., 2014), (iv) minimize disturbance of the medium
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during measurements (Jayawickreme et al., 2010) and (v) reduce time and labor costs
needed to install electrodes for each snapshot (French et al., 2002; Peter-Borie et al.,
2011). The latter could be done for long-term monitoring of mining wastes given the
risk of human and animal deterioration in remote locations, especially after the end of
mining operations. Finally, most authors agree on the importance of electrode surveying
to accurately include electrode positions and topography within inversion models (e.g.,
Wilkinson et al. (2015a); Uhlemann et al. (2016a)).

The number of electrodes used for ERT surveys has increased significantly over the
last 30 years, which in turn has improved spatial resolution and/or spatial extension
(Loke et al., 2013). Following the example of Whiteley et al. (2019), Figure 2.12 pre-
sents for each semi-permanent TL-ERT study (i) the year of publication (x-axis), (ii)
the number of electrodes used (y-axis), (iii) the duration of the monitoring period (size
of the circle) and (iv) the temporal resolution (color of the circle). This plot illustrates
that long-term monitoring studies using more than 100 electrodes for daily measure-
ments have become common practice since the end of the 2000s (e.g., Nguyen et al.
(2009); Ogilvy et al. (2009)). Since 2010, several TL-ERT studies with more than 250
electrodes are reported in the literature. Such studies benefit from increased electrode
capacity to carry out (i) high spatial resolution monitoring surveys (with electrode
spacing as low as 50 cm (Dahlin et al., 2014; Palacios et al., 2020)) or (ii) large scale
monitoring surveys covering up to 1.5 km in length (Auken et al., 2014; Ulusoy et al.,
2015). Such improvements are of great interest for future applications on large-scale
monitoring of mining waste storage facilities since they allow to increase the monito-
red area while maintaining a decent spatial resolution. In particular, TL-ERT surveys
with improved spatial resolution and spatial extension represent a strong potential for
a better characterization of material heterogeneity within mining wastes (Dick et al.,
2018; Slater and Binley, 2021). For instance, the spatio-temporal dynamics of electrical
resistivity across WRPs and T'SFs could be used to identify distinct regions that exhibit
different behaviors, following the unsupervised classification approach of Whiteley et al.
(2021), Watlet et al. (2018), McLachlan et al. (2020) and Delforge et al. (2021).

Survey design has been recognized by some authors as a critical step for the successful
application of long-term TL-ERT (Robinson et al., 2019; Slater and Binley, 2021). For
instance, Slater and Binley (2021) stressed the need to know 'what to measure and
when" for long-term resistivity monitoring systems to ensure that the spatio-temporal
resolution is suitable for the dynamic process monitored. In practice, the latter can be

done with feasibility studies that evaluate the potential effectiveness of TL-ERT surveys
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FIGURE 2.12 (a) Evolution of the number of electrodes, the monitoring period and the
temporal resolution for the 173 semi-permanent TL-ERT studies identified in the database.
For each study, the size of the circle is proportional to the monitoring period while the color
of the circle corresponds to the temporal resolution. (b) Histogram of semi-permanent TL-
ERT studies according to the temporal resolution.

prior to actual field measurements. Following the example of Robinson et al. (2019),

modeling tools could be used to simulate the spatio-temporal dynamics of a specific
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subsurface process (e.g., migration of contaminants). Synthetic TL-ERT datasets can
then be compared to identify the electrode spacing, electrode location, electrode layout,
measurement protocol or temporal sampling that are the most appropriate to image
properly the dynamic process of interest (cf Section 2.3.2). Such feasibility studies have
been carried out either (i) numerically (e.g., Mewes et al. (2017); Klazinga et al. (2019)),
(ii) with laboratory experiments in columns or in tanks (e.g., Kremer et al. (2018); Ho-
jat et al. (2020)) or even (iii) with simplified field surveys (e.g., Tresoldi et al. (2020a)).
We suggest that similar approaches should be developed to improve the design of fu-
ture TL-ERT surveys in mining wastes, given the complexity of these sites, both in
terms of geometry and material properties. Moreover, prior hydro-geothermal modeling
and reactive transport modeling in mining wastes could (i) help to identify the physi-
cal parameters that are likely to change in the wastes over time and (ii) estimate the
corresponding spatio-temporal changes in electrical resistivity. These modeling results
could allow identifying TL-ERT survey designs that are the most likely to provide sa-
tisfying monitoring results in TSFs or WRPs. As discussed by Henderson et al. (2010),
such preliminary studies could help reduce the risk of installing poorly designed ERT
monitoring systems on the field, which would represent missed opportunities and si-
gnificant costs. Last but not least, the location of TL-ERT surveys within TSFs and
WRPs must be determined appropriately, since these structures usually cover several
hundreds of hectares and could not be entirely monitored. It might be relevant to de-
velop methodologies to identify critical areas of TSFs and WRPs where long-term ERT
monitoring would be most needed depending on the slope, vegetation cover, material

property, heterogeneity and water table elevation for instance (Bussiere et al., 2021).

In recent years, the temporal resolution of semi-permanent TL-ERT monitoring has
improved, both for (i) the duration of TL-ERT monitoring studies (denoted as "moni-
toring period" on Fig. 2.12) as well as (ii) for the interval between each ERT snapshot
(i.e. temporal resolution). As illustrated in Figure 2.12, the monitoring period of semi-
permanent TL-ERT studies has significantly increased since the first applications in the
1990s (size of the circles). Indeed, 20 studies with continuous TL-ERT data covering 5
years or more have been published since 2010 (e.g., Uhlemann et al. (2016a); Schmidt-
Hattenberger et al. (2017)). For instance, Mollaret et al. (2019) and Etzelmiiller et al.
(2020) reported the longest acquisition period (20 years) for permafrost monitoring.
In the meantime, the temporal resolution has also increased (color of the circles in
Fig. 2.12), which has been allowed by low-power resistivity meter developments that
allow carrying out several measurements per day while being powered by off-grip po-

wer systems (Holmes et al., 2020). As shown by Figure 2.12, more than half of the
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semi-permanent studies published in the last decade have acquired at least one ERT
snapshot per day (e.g., Chambers et al. (2008); Nguyen et al. (2009)). While in most
cases, a trade-off needs to be found between the spatial extension/resolution (i.e. elec-
trode number), the temporal resolution and the monitoring period, some studies have
demonstrated that TL-ERT monitoring systems can handle hundreds of electrodes while
acquiring ERT snapshots daily during several years (e.g., Johnson et al. (2015); Kuras
et al. (2016)). Such improvements are particularly promising for long-term monitoring
of large-scale TSFs and WRPs, given the need for both high spatio-temporal resolution
and large monitored areas discussed above. For instance, horizontal profiles containing
several hundred of electrodes could be used to monitor WRPs an TSFs for decades with

a temporal resolution greater than one image per day.

Automatic resistivity meters have been greatly improved since the start of their
commercialization in the 1990s (Loke et al., 2013; Binley and Slater, 2020). As discussed
by many authors, resistivity meter recent developments include an increased number of
electrodes and data-storage capacity, the development of multi-channel measurement,
an improved data quality with reduced power consumption and a better robustness for
harsh field conditions (McLachlan et al., 2017; Binley and Slater, 2020). The resistivity
meters used in the 173 semi-permanent surveys presented in Fig. 2.12 can be classified
into two categories. On the one hand, several resistivity meters, well-known for single-
time acquisition, have been adapted to carry out long-term monitoring (e.g., Syscal
(Arosio et al., 2017; Palis et al., 2017) or ABEM instruments (Caterina et al., 2017;
Bievre et al., 2018)). On the other hand, several resistivity meters have been designed
for long-term, autonomous and remote monitoring since the end of the 2000s (e.g.,
ALERT (Ogilvy et al., 2009; Kuras et al., 2009)), GEOMON-4D (Supper et al., 2008,
2014)), PRIME (Holmes et al., 2020; McLachlan et al., 2020) and GRETA systems
(Arosio et al., 2017; Tresoldi et al., 2019)). Such resistivity meters are particularly well
suited for long-term monitoring in remote areas such as mining sites since they are self-
powered (with solar panels or wind turbines), they need less power for measurements
and they can transfer data remotely (Slater and Binley, 2021). Finally, Binley and
Slater (2020) noted the growing interest in low-cost and open-source resistivity meters
(Sherrod et al., 2012), such as the OhmPi instrument (Clement et al., 2020).

Optimized data acquisition protocols for ERT surveys have been studied since the
beginning of the 2000s with the work of Stummer et al. (2004), Furman et al. (2007) and
Wilkinson et al. (2006). By definition, optimized protocols are measurement protocols

which maximize the spatial resolution of each ERT survey with the minimal number



62

of four-electrode measurements, thus reducing the time needed to perform each ERT
snapshot (e.g., Wilkinson et al. (2006); Palacios et al. (2020); Qiang et al. (2022)). Since
then, several studies have been published to improve optimized protocols design by (i)
taking into account multi-channel capacity (Wilkinson et al., 2012a), (ii) minimizing
electrode polarization effects (Wilkinson et al., 2012a) and (iii) managing complex elec-
trode layouts such as borehole electrodes (Loke et al., 2014b), 3D ERT surveys (Loke
et al., 2014c), combined surface and buried arrays (Loke et al., 2015a) and large num-
bers of electrodes (Loke et al., 2015b). Optimized protocols are particularly promising
for TL-ERT monitoring of dynamic processes (such as in mining wastes) since they
allow to increase both spatial and temporal resolution, especially for surveys with large
numbers of electrodes and/or unconventional layouts (Wilkinson et al., 2015b; Binley
and Slater, 2020). Finally, recent studies have demonstrated the potential of simul-
taneous optimization of measurement protocols and electrode location, which ensures
maximal TL-ERT spatio-temporal resolution while reducing the number of electrodes
needed, and the instrumentation costs (Wagner et al., 2015b; Uhlemann et al., 2018b).
Moreover, Wilkinson et al. (2015b) have developed a methodology to further improve
spatio-temporal resolution by updating the measurement protocols over time in order
to maximize ERT resolution where temporal changes are observed . Such approaches
could be useful in the context of TSFs and WRPs monitoring to design optimized elec-
trode layouts and help improve temporal and spatial resolution where and when it is

the most needed (e.g., after heavy rains or in unstable areas).

Remote operation of resistivity meters has become increasingly popular since the
beginning of the 2010s (Versteeg and Johnson, 2013; Binley and Slater, 2020). Auto-
nomous resistivity meters can be connected to electrode arrays and left on-site during
several years (Holmes et al., 2020). They are usually installed in protective housing and
powered by solar panels or wind turbines, which allows carrying out autonomous mea-
surements throughout the year in remote areas (e.g., Merritt et al. (2018); Holmes et al.
(2020)). A wireless internet connection can be used to remotely upload command files,
schedule measurements and download data files from the resistivity meters to remote
servers (Holmes et al., 2020). It is worth noting that external sensors such as rain gauge
or moisture sensors can be connected to resistivity meters to detect specific meteoro-
logical conditions and trigger higher temporal resolution TL-ERT acquisition (Binley
and Slater, 2020). Figure 2.13 presents one of these autonomous resistivity meters; the
PRIME system (see Holmes et al. (2020) for details). These developments have a great
potential for long-term monitoring of mining wastes since they reduce the frequency

of installation, maintenance and data acquisition field campaigns, which can be ex-
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pensive, time-consuming or even not possible at all for extreme conditions or remote
mining sites (French et al., 2002; Uhlemann et al., 2021). Moreover, this type of auto-
nomous monitoring system allows for near real-time data transfer, processing and can
send alerts (Web, email or SMS) if predefined thresholds of moisture content (or other
parameters) are exceeded, which could be highly valuable to detect any deterioration
of the geochemical or geotechnical stability of mining wastes.
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F1GURE 2.13 Flowchart of permanent TL-ERT monitoring system describing autonomous
data acquisition, remote data transfer, automated processing and interpretation for long-term
monitoring. Figure inspired from Holmes et al. (2020) presenting the workflow of the PRIME
system applied to landslide monitoring in British Columbia (Canada).

— Data processing tools and frameworks for TL-ERT have experienced strong growth
over the last years, which in turn increased the reliability of geoelectrical monitoring
(Binley and Slater, 2020). On the one hand, several modeling and inversion algorithms
have been developed to allow TL-ERT data processing with large 2D or 3D models,
using complex boundaries and advanced spatio-temporal constraints (e.g., R2/R3t (Bin-
ley and Slater, 2020), pyGIMLI (Giinther et al., 2006; Riicker et al., 2017), ResIPy (Boyd
et al., 2019; Blanchy et al., 2020a) and E4D (Johnson et al., 2010, 2012b)). These fea-
tures are necessary to increase the accuracy of inversion results, especially in complex
media such as in TSFs or WRPs. It is worth mentioning that most of these recent
software are open-source, free for academic use, and are usually based on well-known
numerical computing platforms such as MATLAB® or python (e.g., Eidors (Adler
and Lionheart, 2006; De Donno and Cardarelli, 2017), pyGIMLi or SimPEG (Cockett
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et al., 2015; Heagy et al., 2017)). Moreover, some of these recent modeling and inversion
tools have been adapted to link TL-ERT to (i) hydrogeological, thermal and reactive
transport modeling (e.g., PFLOTRAN-E4D (Johnson et al., 2017; Tso et al., 2020)),
or (ii) other geophysical methods (e.g., pyGIMLi and SimPEG). In particular, TL-
ERT datasets could be combined to modeling tools widely used for mining wastes such
as MIN3P-HCP (e.g., (Raymond et al., 2020; Vriens et al., 2020b)), which would al-
low comparing the spatio-temporal dynamics of electrical resistivity with the predicted
thermal, hydrogeological and chemical behavior of TSFs and WRPs. Such approaches
have a strong potential for mining waste monitoring since TL-ERT datasets would
extend spatially the area covered by conventional sensors and help to validate the pre-
dicted behavior of TSFs and WRPs across larger scales. On the other hand, automated
processing workflows have been developed, which help to reduce the time needed for
traditional data filtering, data processing and inversion (Versteeg and Johnson, 2013;
Watlet et al., 2018). These autonomous data processing techniques are all the more
promising given the increasing size of long-term LT-ERT datasets. Finally, the review
from Khan and Ling (2019) noted that alternative approaches such as machine learning
techniques are emerging for TL-ERT data processing (e.g., artificial neural networks
(Klosowski et al., 2018; Rymarczyk et al., 2019) or random forest algorithms (Brillante
et al., 2016b)). Moreover, data assimilation techniques such as ensemble Kalman filters
are especially promising for the integration of TL-ERT into conventional monitoring
programs for various applications (including mining waste monitoring) and to estimate
model uncertainties (e.g., Vereecken et al. (2008); Camporese et al. (2015); Bouzaglou
et al. (2018); Kang et al. (2018); Tso et al. (2020)). In the context of mining wastes, data
assimilation techniques would then allow combining TL-ERT datasets and conventional
hydrogeological sensors with multi-physical modeling tools to predict more accurately

the behavior of these complex media.

Integrated interpretations of TL-ERT datasets are increasingly popular for the mo-
nitoring of key physical parameters such as water, gas or ice content (Michot et al.,
2003; Rucker, 2010), temperature (Hermans et al., 2018; Herring et al., 2019), suction
(Lehmann et al., 2013; Crawford et al., 2019) or contaminant concentration (Doetsch
et al., 2012; Deng et al., 2017) in the subsurface. As discussed in Section 2.3.1, the em-
pirical petrophysical approach introduced by Archie in the 1940s (Archie et al., 1942)
for oil reservoirs remains widely used by TL-ERT studies and recent work has been
done to refine and improve our physical comprehension of these relationships (e.g., Glo-
ver (2015); Cai et al. (2017)). Quantitative approaches are of great interest for mining

waste monitoring in particular given that all the physical parameters mentioned above
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could play a role in mining waste geotechnical and geochemical stability (MEND, 2004;
Bussiere et al., 2021). As discussed in the review of Friedman (2005), it is generally
recommended to determine site-specific petrophysical relationships for each TL-ERT
survey to improve the precision of key physical parameter estimation. These calibra-
tions are usually done with simultaneous and co-located measurements of the physical
property to be recovered and electrical resistivity in the laboratory (i) in core samples
(< 10 L) (Hen-Jones et al., 2017b; Corona-Lopez et al., 2019), (ii) in columns (< 100
L) (Priegnitz et al., 2013; Dimech et al., 2018) and (iii) with tank experiments (> 100
L) (Bechtold et al., 2012a; Lyu et al., 2019a; Roodposhti et al., 2019). We suggest that
future studies could focus on improving petrophysical models for mining wastes, follo-
wing the recent examples of Mollehuara-Canales et al. (2020), Wayal et al. (2021) and
others. In particular, the development of predictive petrophysical relationships from
basic geotechnical properties (e.g., grain size distribution, porosity) and geochemical
properties (e.g., mineralogy) seems promising given that such information is widely
available in the literature and for most mining sites (Aubertin et al., 2003; Mbonimpa
et al., 2003). Moreover, the development of standardized and replicable procedures to
calibrate petrophysical relationships in the laboratory seems highly promising since it
would allow comparing different datasets and different mining wastes from various sites
(e.g., Ling and Zhang (2017); Chen et al. (2018a)). Finally, direct in-situ characteriza-
tion with hydrogeological sensors and TL-ERT has also been increasingly popular and
we suggest that similar approaches could be used more frequently under field conditions
in mining wastes (e.g., Crawford and Bryson (2018); Watlet et al. (2018)).

Although the calibration of site-specific relationships improves the accuracy of moisture
content estimations from TL-ERT, most authors warn against solely relying on TL-ERT
to predict moisture content (Dimech et al., 2019; Tso et al., 2019). A recent study from
Tso et al. (2019) highlighted the importance of validating TL-ERT results with other
monitoring techniques (such as moisture content sensors) or with hydrogeological mo-
deling. In this regard, coupling between hydrogeological, thermal and geophysical mo-
deling has been used to (i) explicitly integrate the dependency of electrical resistivity on
temperature and moisture content and (ii) take into account the hydrogeo-thermal be-
havior of the materials (e.g., Kuhl et al. (2018); Wagner and Wiese (2018)). In practice,
this type of approach is promising in mining wastes since it would allow the quantifi-
cation of the uncertainty of petrophysical relationships on moisture content values for
instance (e.g., Tso et al. (2019)), and would help to carry out sensitivity analysis on
TL-ERT results (Brunet et al., 2010). Finally, the recent review from Wagner and Uh-

lemann (2021) discussed the development of multi-method geophysical imaging which
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allows the uncertainty of inversion to be reduced. For instance, TL-ERT could be combi-
ned with seismic imaging in TSFs or WRPs to improve the estimation of water content,
ice and porosity, following the recent examples of Wagner et al. (2019) and Mollaret
et al. (2020) for permafrost monitoring. Among other geophysical methods that could
be combined with TL-ERT monitoring of mining wastes, passive seismic methods are
particularly promising since they provide complementary information with a low power
consumption for long-term monitoring (e.g., Planes et al. (2016); Olivier et al. (2017);
Whiteley et al. (2019)). Distributed acoustic sensing cables could be installed along
with TL-ERT electrode cables across large-scale profiles in TSFs and WRPs, which
would allow the simultaneous monitoring of electrical resistivity and seismic velocities
in mining wastes (e.g., Bakulin et al. (2020); Verdon et al. (2020); Mollehuara-Canales
et al. (2021a)). Finally, it is worth mentioning that other electrical methods such as
self-polarization, induced polarization or spectral-induced polarization are promising
for mining wastes monitoring since they are affected by different physical parameters
of interest (e.g., Mainali et al. (2015); Saneiyan et al. (2019)).

The integration of TL-ERT into hydrogeological observatories has been identified
by Slater and Binley (2021) and other authors as a key to success for the future deve-
lopment of long-term electrical monitoring studies (Parsekian et al., 2015). Indeed, hy-
drogeological observatories are well-known sites that are generally heavily instrumented
using multiple monitoring techniques across different spatio-temporal scales (Robinson
et al., 2008b; Jensen and Refsgaard, 2018). For instance, such observatories have played
a critical role in the recent development of long-term TL-ERT monitoring of land-
slides processes (e.g., Hollin Hill site in the UK (Uhlemann et al., 2017b; Boyd et al.,
2021)), for CO4 storage monitoring (e.g., Ketzin site in Germany (Bergmann et al.,
2016; Schmidt-Hattenberger et al., 2017)), contaminant monitoring (e.g., Hanford site
in the USA (Johnson et al., 2015; Robinson et al., 2019)) and for permafrost studies
(e.g., Murtel site in the Alps (Supper et al., 2014; Mollaret et al., 2019)). We suggest
that a similar approach could be followed for the monitoring of geotechnical and geoche-
mical stability of mining wastes with experimental WRPs and TSFs observatories in the
future. For instance, critical sections of TSFs and WRPs could be instrumented with
a dense network of conventional monitoring instruments, TL-ERT profiles and other
geophysical methods (e.g., Dimech et al. (2019); Martin et al. (2019)). These multi-
physical datasets could be used to (i) validate and improve TL-ERT monitoring results
under field conditions, (ii) to test new integrated data processing approaches, (iii) to
assess the advantages of TL-ERT as a complementary monitoring technique over large

scales and lastly (iv) to support long-term research programs and train future hydro-
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geophysicists in the context of mining waste geochemical and geotechnical monitoring.
Moreover, such large-scale field tests would be "proofs of concept" to demonstrate the
feasibility and the value of TL-ERT for mining waste monitoring. As discussed by Par-
sekian et al. (2015), such effort could be helpful to address what can be identified as
a primary challenge; "the resistance to adoption of geophysical measurements" from
operators that "have relied on traditional measurements of the subsurface', who can be

"hesitant to adopt new technologies that may be viewed as untested".

Early Warning Systems (EWS) are "monitoring devices designed to avoid or to mi-
tigate the impact posed by a threat" (Medina-Cetina and Nadim, 2008). The potential
of semi-permanent TL-ERT monitoring to provide additional information for existing
EWS has been identified since the end of the 2000s with the studies from Kuras et al.
(2006) and Ogilvy et al. (2009) in the context of saline intrusion monitoring. Since then
TL-ERT has been part of EWS for many geo-hazards surveillance programs, although
none has been reported for mining wastes. The main examples of applications are (i)
landslide prediction and surveillance (Supper et al., 2014; Budler; Smethurst et al.,
2017), (ii) dam and levee geotechnical stability monitoring (Arosio et al., 2017; Tresoldi
et al., 2020c), (iii) railway embankment stability monitoring (Chambers et al., 2014b;
Gunn et al., 2018), (iv) unstable permafrost rock wall surveillance (Keuschnig et al.,
2017; Weber et al., 2019), (v) monitoring of saline water intrusion into groundwater
aquifers (Ogilvy et al., 2009; Chen et al., 2018a), (vi) surveillance of flash flooding from
both natural causes or human activities (Liu et al., 2017; El-Saadawy et al., 2020) and
(vii) monitoring of contaminant leaks from industrial and mining sites (Puttiwongrak
et al., 2019; Denham et al., 2020). Such an approach is promising for mining wastes
since TL-ERT monitoring could be used for the early detection of any condition associa-
ted with the deterioration of geotechnical or geochemical stability of WRPs and TSFs
(e.g., sudden change of water table elevation, abnormal seepage in TSF dams, abnor-
mal increase or decrease in moisture content or sudden increase of pore water electrical
conductivity). In this regard, some on-going projects are currently testing long-term
TL-ERT monitoring for the assessment of mining waste geotechnical and geochemical
stability at pilot scale (e.g., Ktosowski et al. (2018); Tresoldi et al. (2020a)). We suggest
that future monitoring studies could define critical threshold values (either for mois-
ture content or electrical resistivity). Alerts could then be transferred to the operators
if these values are exceeded, which would help to prevent catastrophic failures or en-
vironmental contamination (e.g., Arosio et al. (2017); Gunn et al. (2018)). Following
the example of Gunn et al. (2015), detailed daily reports assessing the level of risk for
specific areas of TSFs and WRPs could be generated from TL-ERT measurements to
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support the operators in charge of stability monitoring. As discussed by Robinson et al.
(2008b), TL-ERT could be used to "fill the gap" between point sensor measurements
and remote sensing imagery, that are currently the two main strategies developed in
EWS monitoring programs for mining wastes (e.g., Li et al. (2020); Lumbroso et al.

(2021)).

2.6 Conclusion

Tailing storage facilities (T'SF) and waste rock piles (WRP) represent one of the main en-
vironmental concerns related to the mining activities. These large scale structures must be
properly monitored in order to manage the risk of geotechnical and geochemical instabi-
lities, which can have dramatic consequences. This review discusses the strong potential
of long-term time-lapse electrical resistivity tomography (TL-ERT) for the monitoring of
key physical properties within mining wastes. Indeed, TL-ERT could fill the gap between
conventional point sensors and surface observations, both in terms of spatial and temporal
resolution. A systematic review of TL-ERT studies over the last 30 years has been carried
out to appraise a state of the art of geoelectrical monitoring and review recent developments,
both in terms of types of application and technical advances. The present systematic review
of ERT studies applied to mining wastes helps to identify future promising applications of
TL-ERT for (i) mining waste valorization, (ii) mining waste characterization, (iii) early de-
tection of contaminated drainage generation, and lastly for (iv) long-term geotechnical and
geochemical stability monitoring of TSFs and WRPs. Finally, the most promising perspec-
tives for the future development of TL-ERT monitoring in mining wastes are discussed. In
particular, several recommendations concerning field instrumentation, data acquisition and
data interpretation are proposed to overcome the challenges that are likely to emerge from a

broader use of TL-ERT monitoring in mining wastes.



TABLEAU 2.1 Review of studies using ERT to monitor metal extraction in heap leaching pads (HLP)

TSF /
Reference Country WRP ERT setup Remarks
Rucker et al. | United States | WRP pseudo-3D ERT 3D imaging of HLP
(2009c) Nevada HLP 160m x 420m Conversion of p into gold with drill-core sampling
' 2D ERT lines (x2) o : .
Rucker et al. United States | WRP Monitoring of moisture content changes over time
(2009b) Nevada HLP 150m to 240m Leachate solution pathways
STAR array (x2)
Rucker (2010) United States WRP pseudo-3D ERT 3D estimation of moisture content in HLP from
Nevada HLP 160m x 420m ERT data with cokriging
Rucker et al. | United States | WRP 3D STAR array . . .
(2014) Colorado HLP Boreholes (x6) Real-time monitoring of reagent pathways in HLP
Cubbage et al. | United States WRP 2D ERT lines (x50) Operational use of TL-ERT to optimize metal
(2016) Arizona HLP Boreholes (x20) extraction
2D ERT Lines (x4 o
Rucker et al. United States | WRP 00m ¢ 12)50 (x4) 3D TL-monitoring of reagent
2017 Arizona HLP m o m i i i
( ) Boreholes (x24) Estimation of total and extracted copper in HLP
Maghsoudy Iran WRP 2D ERT Lines (x5) Identification of macropore flow, dry areas and
et al. (2019) Kerman HLP 200m to 400m water accumulation in the HLP
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TABLEAU 2.2 Review of studies using ERT to estimate the volume of mining wastes for valorization

Country / | TSF /
Reference State WRP ERT setup Remarks
WRP . . .
Florsch et al. France Sy pseudo-3D ERT 3D imaging of a slag heap for estimation of
(2012) Occitanie hea;i 25m x 18m archaeological metal production (130 tons)
Germa
Giinther and er Y VL\S{ZP; P 2D ERT line Use of ERT and SIP to map mineralized areas for
Martin (2016) ower- J 42m reuse
Saxony heap
Saladich et al. Spain TSF 2D ERT lines (x10) Threshold in p to discriminate bedrock,
(2016) Catalonia 50m to 100m cover and tailings
Mtar'kovaara— Finland pseudo-3D ERT Threshold in p to identify high-grade copper
Koivisto et al. Western TSF wastes
(2018) Finland 200m x 300m LIDAR data for volume
Nikonow et al. Chile TSF 2D ERT lines (x13) 3D distribution of fine/coarse grained tailings
(2019) Santiago 120m to 1300m Correlation with copper
G .
Martin et al. ermaty WRP 2D ERT lines (x27) Sampling data to estimate threshold in p for
(2020) Lower- 25m to 99m wastes with economic potential
Saxony
Martinez-Segura Spain TSF 2D ERT lines (x16) | Thresholds in p to estimate depth of wastes and
et al. (2020) Murcia 85m to 215m volume estimation with LIDAR data
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TABLEAU 2.3 Review of some studies using ERT to characterize mining wastes and storage facilities

TSF /
Reference Country WRP ERT setup Remarks
Poisson ot al. Conada WP pseudo-3D ERT Identification of ﬁne—?;jéﬁgd and coarse-grained
2009 b
( ) Quebec F0m x 30m Validation with two trenches
Anterrien of al. Canada 2D ERT lines (x12) Large-scale mternal'struct.ure of WRP from ERT
(2010) Quebec WRP 96m 1o 160 inversions
mto m History of WRP construction
Martinez et al. Spain TSF 2D ERT lines (x2) Large-scale internal structure of TSF and
(2014) Andalucia 400m to 480m assessment of environmental risk
Booterbaigh Canada 2D ERT lines (x3) Comparison of TL-ERT with direct
ot al. (2015) Alberta TSF 600m 10 800 measurements of water content and EC
' m o m Identification of water table
Martinez et al. Spain TSF 2D ERT line Combined ERT and hydrogeochemical internal
(2016) Andalucia 290m characterization of TSF
Epov et al. Russia 2D ERT lines (x3) Mapp‘mg of' reactive tailings
(2017) Kemerovo TSF 995 Relationship between p - 0,
m sulfide content and TDS
) WRP ) TL-monitoring of water infiltration (artificial
Greer et al. United States Valle 2D TL-ERT lines event)
(2017) Virginia Y 90m to 315m . _
Jill Hydrogeological behavior
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TABLEAU 2.3 (SUITE) Review of some studies using ERT to characterize mining wastes and storage facilities

TSF /

Reference Country WRP ERT setup Remarks
Yurkevich et al. Russia TSF 2D ERT lines (x6) Delineation of oxidized tailings with ERT
(2017) Kemerovo 14m to 38m p - pH relationship
Martin-Crespo Spain TSF 2D ERT lines (x6) TSF history and tailing volumes estimated from
et al. (2018) Murcia 165m to 260m ERT and aerial photogrammetry
p ¢ al Conad 2D ERT lines (x7) Internal composition of WRP
ower et al. anada 140m to 365m Sy . .
, WRP Validation with logging
2018b Nowva-Scot .
( ) oarocona pseudo-3D ERT Delineation of AMD and future sources of AMD
140m x 80m
. WRP . TL-monitoring of water infiltration (artificial
Hester et al. United States 2D TL-ERT lines
o Valley event)
(2019) Virginia 45m to 422m _ ‘
Jill Hydrogeological behavior
Martin-Crespo . Multiple 2D ERT Review of ERT imaging for 7 abandoned TSF in
Spain TSF )
et al. (2019) 45m to 500m Spain
Visconez-Maza Spain WRP/ 2D ERT lines (x4) Prediction of Chromlum content from p values
et al. (2019) Murci TSF 90m to 215 with
' urera mto m p - Cr in-situ relationship
Gabarrén et al. Spain TSF 2D ERT lines (x7) Systematic sampling and high-resolution ERT to
(2020) Murcia 10m to 180m assess various relationships
Mollehuara- Australia 2D ERT line Sampling of tailings to assess petrophysical
Canales et al. South TSF 410m relationship with fluid EC and saturation
(2020) Australia p
, . . Classification of wastes with
Vasconez-Maza Spain WRP/ 2D ERT lines (x8) PCA (Principal Component Analysis) of ERT
et al. (2020) Murcia TSF 90m to 215m P b Y

results
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TABLEAU 2.4 Review of the most recent studies using ERT to characterize AMD flows from mining wastes

TSF /
Reference Country WRP ERT setup Remarks
Pierwola (2015) Poland TSF 2D ERT lines (x2) Delimitation of .Zn-l'Db tailings prone to AMD
Malopolska 27m to 90m Gradation in sulfide content
Shafaei et al. Iran 2D ERT lines (x4) TL-ERT to track AMD plume
WRP . .
(2016) Semnan 90m to 170m Identification of AMD source
Shokri et al. [ran WRP pseudo-3D ERT Modeling of O, diffusion to validate correlation
(2016b) Semnan 65m x 75m between low p and FeSy oxidation
) VES / electromagnetic used to map pH and Cu?*
Tycholiz et al. Canada TSF VES (x2) . ] i . N
(2016) Manitoba Comparison with systematic sampling of tailings
(2D)
Benyassine et al, Mor(zcco 2D ERT lines (x5) Imaging of potential AMD flowpaths in
(2017) Draa- TSF 200m to 1200 abandoned TSF
Tafilalet m o m Identification of fractures
Johnston et al. | United States TSF 2D ERT line ERT mapping of potential diffuse sources of AMD
(2017) Colorado 500m Comparison with local geochemical and water EC
Casagrande Brazil pseudo-3D ERT Large-scale 3D mapping of AMD affected water
. . WRP . :
et al. (2018) Minas Gerais 600m x 900m Design of future reclamation
Bortnikova Russia, TSF pseudo-3D ERT AMD flowpaths imaged with large-scale 3D-ERT
et al. (2018) Kemerovo 350m x 500m Tailing volume calculation
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TABLEAU 2.4 (SUITE) Review of the most recent studies using ERT to characterize AMD flows from mining wastes

TSF /
Reference Country WRP ERT setup Remarks
Hudson o al. United 2D ERT lines (x8) Mapping of Contamiﬁated. stregms, calculat.ioril of
(2018) Kingdom TSF heavy metal eflux, identification of remediation
Wales 100m to 120m strategies
Targa et al. Brazil 2D ERT lines (x4) Identification of flowpaths for AMD through
(2019) Minas Gerais WRP 00 fractures
400m Mapping of sulfides in WRP
Casagrande Brazil pseudo-3D ERT Large-scale 3D mapping of AMD affected water
. . WRP _ .
et al. (2020) Minas Gerais 600m x 900m Design of future reclamation
Lachhab et al. Mor?cco 2D ERT lines (x3) ERT combined with seismic to identify AMD
(2020) Drda- TSF 630m to 790m pathways from TSF through fractures
Tafilalet
Martin-Crespo Spain WRP/ 2D ERT lines (x2) Combination of aerial photogrammetry and ERT
et al. (2020) Murcia TSF 120m to map AMD occurrence
Moreira et al. Brazil WRP pseudo-3D ERT Mapping of AMD affected water and preferential
(2020) Minas Gerais 300m x 350m flow through fractured bedrock
Pierwota et al. Poland TSF 2D ERT lines (x2) Delineation of contaminated areas from AMD
(2020) Matopolska 50m to 500m products and eolian transport
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TABLEAU 2.5 Review of studies using ERT to evaluate the geotechnical stability of WRP and TSF

Country / | TSF /
Reference State WRP ERT setup Remarks
Imaging of TSF internal structure (tailings, dam
Sjodahl et al. Sweden TSF 2D ERT lines (x4) core)
(2005) Narke 150m to 825m Low p values for the area with known stability
issues
Li et al. (2015) China TSE/ 2D ERT lines (x4) Identification of loose waste rocks and saturated
' Jilin WRP 50m to 240m tailings from p for stability analysis
Coulibaly et al. Canada TSF 2D ERT lines (x2) Heterogeneity observed in the dam, relationship
(2017) Quebec 260m to 340m with geotechnical stability
Paria et al. 2D ERT lines (x4) Mapping of TSF geometry and underlying
Peru TSF .
(2020) 330m to 560m material
Tresoldi et al. Chile 2D ERT lines (x3) ) T,L wutonomous momto‘rlng
(2020a) Santiago TSF 150m Field trial to test a system prior to TSF

installation
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TABLEAU 2.6 Review of studies using ERT to evaluate mining wastes reclamation efficiency

Country / | TSF /
Reference State WRP ERT setup Remarks
Rucker et al. | United States | WRP/ pseudo-3D ERT 3D dehneat} on of AMD
(2009a) Montana TSF 600m x 500m in a reclaimed TSF
validation with sampling
Martin-Crespo Spain . 2D ERT lines (x6) Identification of ag;d;c fgﬁ; flows in the TSF
et al. (2010) Andalucia 50m to 190m :
Good performance of sealing
Magsoud et al. Canada TSF 2D ERT line Accumulation of water in the retention layer of a
(2011) Quebec 30m cover with capillary barrier effects
Acosta et al. Spain . 2D ERT lines (x9) Evidence of erosion (zi attheer)cover layers (wind or
2014 ;
( ) Murcia 175m o 355m Good quality of bedrock
Villain et al. Sweden WRP 2D ERT lines (x4) Existence of seepage within a dry cover, risk of
(2015) Norrbotten Pit 200m to 280m erosion
Cortada et al. Spain 2D ERT lines (x4) High-moisture zones interpreted as faults in the
. TSF . ) .
(2017) Andalucia 190m to 315m insulation of the tailings
Dimech of al. Canada 3D TL-ERT Moisture content monitoring in a reclamation
(2018) Quebec WRE 60m x 10m x Tm cover
Laboratory calibration
, Monitoring of water flows
Dimech et al. Canada WRP 3D TL-ERT _ ) 1 p
(2019) Quebec 60m x 10m x Tm h an'expel'"lment'a WR
Validation with point sensors
Spain 2D ERT lines (x2
Rey et al. b ] TSF (x2) Detection of acidic leaks from the reclaimed TSF
(2020a) Andalucia 180m to 390m
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Ce chapitre présente le développement d’une méthodologie de laboratoire qui permet de ca-
ractériser simultanément les propriétés hydrogéologiques et électriques dans des matériaux
miniers pour répondre a ’OS1. Ce chapitre présente également ’approche suivie pour effec-
tuer I'estimation de la précision de la teneur en eau volumique estimée a ’aide de la méthode
électrique, et ce a différentes échelles pour répondre a ’'OS2. Ces deux aspects sont cruciaux
pour la réalisation du projet de doctorat puisque la revue de littérature présentée au chapitre
2 a permis de mettre en évidence certaines lacunes concernant la détermination des relations
pétrophysiques sur les matériaux miniers. Par ailleurs, la précision de ’estimation de la te-
neur en eau volumique par la méthode électrique a aussi été identifiée comme un élément
crucial dans le contexte du suivi de performance en restauration miniére, notamment en rai-
son des variations simultanées de teneur en eau volumique, de température et de conductivité
électrique du fluide interstitiel, qui peuvent avoir un effet confondant sur la conductivité élec-
trique du milieu. Cet article vise donc a répondre a ces problématiques a ’aide de plusieurs
expériences réalisées avec les matériaux miniers utilisés dans les recouvrements a 1’échelle du

terrain, et pour des conditions hydrogéologiques diverses.
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3.1 Abstract

Accurate and large-scale assessment of volumetric water content (VWC) plays a critical role in
mining waste monitoring to mitigate potential geotechnical and environmental risks. In recent
years, time-lapse electrical resistivity tomography (TL-ERT) has emerged as a promising
monitoring approach that can be used in combination with invasive and point-measurements
techniques to predict VWC in mine tailings. Generally, the bulk electrical conductivity (EC)
imaged using TL-ERT is converted into VWC in the field using petrophysical relationships
calibrated in the laboratory. This study is the first to assess the scale effect on the accuracy
of ERT-predicted VWC in tailings. Simultaneous and co-located monitoring of bulk EC and
VWC are carried out in tailings at five different scales, in the laboratory and in the field. The
hydrogeophysical datasets are used to calibrate a petrophysical model used to predict VWC
from TL-ERT data. Overall, the accuracy of ERT-predicted VWC is £0.03 m®/m3, and the
petrophysical models determined at sample-scale in the laboratory remain valid at larger
scales. Notably, the impact of temperature and pore water EC evolution plays a major role
in VWC predictions at the field scale (tenfold reduction of accuracy) and, therefore, must
be properly taken into account during the TL-ERT data processing using complementary
hydrogeological sensors. Based on these results, we suggest that future studies using TL-
ERT to predict VWC in mine tailings could use sample-scale laboratory apparatus similar
to the electrical resistivity Tempe cell presented here to calibrate petrophysical models and

carefully upscale them to field applications.

3.2 Introduction

Accurate estimation of the spatial distribution of volumetric water content (VWC) is impor-
tant for understanding most hydrogeological processes in the vadose zone (Robinson et al.,
2008a; Beff et al., 2013). Among others fields of application, the spatio-temporal dynamics
of VWC are key parameters for (i) weather and climate predictions (Vereecken et al., 2008;
Brocca et al., 2011; Dorigo et al., 2017), (ii) moisture-induced landslides, floods and droughts
prevention (Macleod et al., 2013; Massari et al., 2014; Thober et al., 2015; Uhlemann et al.,
2017b; Belabid et al., 2019; Whiteley et al., 2019), (iii) agricultural and irrigation scheduling
(Beff et al., 2013; Acharya et al., 2017; Mary et al., 2019; Blanchy et al., 2020b; Garré et al.,
2021), (iv) infrastructure stability assessment (Chambers et al., 2014b; Romero-Ruiz et al.,
2018) and (v) water resource management (Binley et al., 2015b; McLachlan et al., 2017;
Costall et al., 2020). As discussed by Bussiere et al. (2021) and Dimech et al. (2022), VWC

monitoring is also a key component for monitoring programs of tailings storage facilities
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(TSF) and waste rock piles (WRP), which typically extend across several km?® and can be
highly heterogeneous (Bowker and Chambers, 2015; Lyu et al., 2019b). Indeed, most of the
geotechnical and geochemical stability issues in WRP and TSF are closely connected to (i)
moisture content distribution (e.g., Power et al. (2018a); Mbonimpa et al. (2021); Magsoud
et al. (2021)) and/or (ii) water infiltration, seepage and evapo-transpiration (e.g., Mainali
et al. (2015); Martin et al. (2017); Dimech et al. (2019); Demers and Pabst (2021a)). Several
mining waste reclamation approaches such as covers with capillary barrier effects (CCBE)
rely on VWC in moisture-retaining layers to control the oxygen migration from the atmos-
phere, which limits the risk of acid mine drainage (AMD) generation (Kalonji-Kabambi et al.,
2017; Demers and Pabst, 2021b).

Classical methods for measuring VWC in the field are divided into two categories with dif-
ferent spatial extent (i.e., overall coverage of measurements) and spatial support (i.e., in-
tegration volume or area of measurements) (Western et al., 1999; Robinson et al., 2008b;
Vereecken et al., 2008). On the one hand, point sensing instrument networks such as time-
domain reflectometry or capacitance sensors are known to measure VWC accurately but
locally (typically a few centimeters around the sensors) with limited perturbation of the
subsurface, as opposed to destructive sampling (Beff et al., 2013). On the other hand, re-
mote sensing approaches (passive and active, using aerial measurements or satellite) allow
estimating VWC across large-scale areas without subsurface perturbation. Reported spatio-
temporal resolutions range from 10 to 500 m (Robinson et al., 2008b; Amazirh et al., 2018)
with a revisit time as low as a few days (Gascoin et al., 2019). However, these methods have
a shallow penetration depth (generally less than ten centimeters) (Robinson et al., 2008b;
Vereecken et al., 2008). Geophysical approaches have been identified as promising monitoring
tools to fill the gap between local and surface VWC observations since they aim to recover
the distribution of physical properties in the subsurface, from centimetric to kilometric scales
(Martinez-Pagan et al., 2009; Binley et al., 2015b; Parsekian et al., 2015; Thompson et al.,
2017; Cultrera et al., 2019; Troiano et al., 2019; Hasan et al., 2021).

Time-lapse electrical resistivity tomography (TL-ERT) is one of the most effective geophysi-
cal methods for the characterization of VWC dynamics (Falzone et al., 2019; Martinez-Pagan
et al., 2021; Slater and Binley, 2021). TL-ERT can be used to image the distribution of sub-
surface bulk electrical conductivity (referred to as EC), whose spatio-temporal changes have
been extensively used as a proxy for VWC changes in various contexts over the past 30 years
(e.g., hydrogeothermal, environmental, geotechnical and ecological monitoring, following the
classification of TL-ERT studies proposed by Dimech et al. (2022)). Recently, particular at-

tention has been given to the quantitative interpretation of TL-ERT results (i.e., conversion
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of bulk EC into VWC). The latter can be challenging due to the many physical parameters
also affecting subsurface bulk EC (such as temperature, pore water EC, porosity, grain size
distribution and mineralogy (Friedman, 2005; Revil et al., 2018)). In this context, some stu-
dies have assessed the accuracy of the ERT-predicted VWC, for example, by comparing them
with conventional gravimetric methods (Laloy et al., 2011; Hen-Jones et al., 2017b; Acosta
et al., 2022) or hydrogeological sensors data (Brunet et al., 2010; Jayawickreme et al., 2010;
Beff et al., 2013; Fan et al., 2015; Steiner et al., 2022).

Most studies aiming to predict VWC using TL-ERT at the field scale rely on petrophysical
relationships connecting bulk EC and VWC, which are generally determined from small-scale
disturbed samples in the laboratory (e.g., Calamita et al. (2012); Mollehuara-Canales et al.
(2020)). However, several studies mention that a sample-size laboratory characterization may
not be representative of field conditions (Merritt et al., 2016). For example, (i) the presence of
macropores, desiccation cracks or bedding planes in the sample, (ii) small-scale heterogeneity
or (iii) multiphasic composition of the material could have greater influence at sample scale,
as opposed to field scale measurements, which capture the bulk electrical properties averaged
across larger volumes (Karkkainen et al., 2000; Brovelli and Cassiani, 2010; Glover, 2010;
Wehrer et al., 2014; Merritt et al., 2016).

Few studies have focused on the accuracy of VWC estimation in mine tailings using TL-ERT.
Moreover, few studies have investigated the validity of laboratory-determined petrophysical
relationships up-scaling from sample-scale to laboratory and/or field scale applications, es-
pecially in mining wastes. However, these two aspects are crucial to successful applications
of TL-ERT for VWC monitoring in mining wastes. Indeed, high accuracy of predicted VWC
and better understanding of uncertainties are usually needed for geotechnical and geoche-
mical stability monitoring of mining wastes at field scale (Hui et al., 2018; Clarkson and
Williams, 2020; Bussiere et al., 2021; Dimech et al., 2022). This study aims to (i) develop a
methodology for calibrating petrophysical relationships between bulk EC and VWC in mine
tailings, both at sample-scale and at larger scales and (ii) assess the accuracy of the VWC
predicted by ERT using the petrophysical relationships specific to each experiment, and using
the relationships determined at different scales to study the scaling impact on petrophysical
models. Quantifying the accuracy of ERT-predicted VWC in mine tailings will aid in sup-
porting future monitoring studies using TL-ERT as a complementary tool to measure VWC,
along with conventional hydrogeological methods. Moreover, developing strategies to up-scale
petrophysical relationships accurately will allow the recovery of complex spatio-temporal dy-
namics of VWC in mine tailings across large scales, which may not be possible when solely

relying on point data.
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3.3 Materials and methods

3.3.1 Site description and materials

The study site is located at Canadian Malartic mine, a world-class, large tonnage and low-
grade intrusion-related gold deposit located in Québec, Canada (Bérubé et al., 2018). Gold
mineralization is hosted mainly in meta sedimentary rocks (metaturbidite) and porphyritic
intrusions (quartz-monzodiorite) (Bérubé et al., 2019), with a mean grade of 1.07 g/t Au
(Darijani and Farquharson, 2021) and an estimated total gold resource exceeding 10 million
ounces (Gervais et al., 2014). Four large-scale experimental multi-layer covers were built in
2019 and 2020 to identify the future reclamation of the TSF covering nearly 6 km?* The
300 m-long, 10 m-large and 2.3 m-high covers are expected to provide valuable information
at the pilot scale and under real meteorological conditions to guide the design of TSF recla-
mation (Dimech et al., 2021). This study focuses on the experimental CCBE made of waste
rocks, tailings and overburden, whose role is to reduce the downward oxygen flux from the
atmosphere to the tailings, thanks to the high VWC of a 1 m-thick moisture-retaining layer
made of compacted tailings (Magsoud et al., 2011; Demers and Pabst, 2021b).

The materials used for this study were sampled from 2017 to 2020 at Canadian Malartic
mine. As shown in Figure 3.1, the tailings consist of finely milled rocks with nearly 80 %
of particles ranging from 2pum to 80pum (i.e., mostly silt), 1.22 £+ 0.08 % sulfide content,
0.55 + 0.03 % carbon content (n = 44 samples), and some trace metals (see Guittonny-
Larchevéque et al. (2016a,b); Lavoie-Deraspe (2019) for more details). The 44 tailings samples
collected for grain-size, sulfide and carbon content analysis have similar properties, which
suggests a overall homogeneity of tailings. The grain size distribution of overburden (47
samples) and waste rocks (8 samples) are also presented in Fig. 3.1 in brown and grey,
respectively. The overburden material is finer than the tailings (mostly clay and silt) and a
greater variability is observed between each sample (e.g., Dgg = 20.9+ 7.8 pm for overburden
and Dgy = 40.6 £+ 3.2 pm for tailings). Finally, the waste rocks used in this study mostly

consist of gravel and sand, with nearly 5 % of particles smaller than 100 pm.

3.3.2 Experimental setups

The relationship between VWC measured by hydrogeological sensors and the bulk EC imaged
using TL-ERT measurements is investigated at five different scales, summarized in Figure 3.2
(detailed diagrams "Supplementary Materials"). The size of these setups ranges from a few
centimeters in the laboratory (S1, S2 and S3) to several meters in the field (S4 and S5).

The same procedure was followed for the preparation and installation of the tailings for each
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F1GURE 3.1 Grain size distribution of the materials used in the experiment. In total, 44
different samples of tailings (black)), 8 samples of waste rocks (grey) and 47 samples of
overburden (brown) have been analyzed. Each individual grain size distribution is shown
using shaded lines. The mean, minimum and maximum grain size distributions are shown in
solid line and dashed lines.

experimental setup to ensure maximum comparability between the different scales. In the
laboratory, the tailings material is dried using an oven at 60 °C. The dry material is then
deagglomerated into a fine powder (without changing the grain size distribution) and ho-
mogenized. A predetermined volume of deionized water is then added to the dry samples to
reach an initial VWC of 0.40 m®/m?, which corresponds to the full saturation of the sample,
knowing the dry density of the tailings (2.68 4 0.01 g/cm?, n = 44 samples) and a target
porosity of ¢ = 0.4. Successive 5 cm-high layers of wet tailings samples are compacted inside
the laboratory cells at the needed porosity to ensure homogeneity of the material compaction.
In the field, the wet tailings were compacted using a power shovel and the porosity of suc-
cessive 25 cm-high layers was measured in-situ using a nucleodensimeter (¢ = 0.40 + 0.02,
n = 73 measurements), which is consistent with previous experimental cells built at Canadian

Malartic mine (e.g., Lavoie-Deraspe (2019)).

Scale 1 - Electrical Resistivity Tempe Cell

Figure 3.2.S1 presents a new laboratory apparatus inspired from Tempe cells (ASTM, 2016)
designed to simultaneously recover VWC and bulk EC within a soil sample under different
pressure conditions, hence referred to as electrical resistivity Tempe cell (ER-TC). A Tempe
cell (model 1405 - SoilMoisture Equipment) is modified by including six stainless steel elec-

trodes to carry out ERT measurements during drying of the tailings sample. The dimension
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Ficure 3.2 Illustration of the five scales investigated in this study to assess petrophysical
relationships in mine tailings in the laboratory (S1 - cell scale, S2 - bucket scale and S3 -
column scale), and in the field (S4 - local scale and S5 - pilot scale). Detailed schematics
and photographs are available in "Supplementary Materials" for each experimental setup.

of the electrodes (width and length) and their location in the cylindrical cell are determined
following the practical guidelines discussed by Lee and Santamarina (2010) and Clement and
Moreau (2016). The conventional brass cylinder is replaced by a PVC pipe that can withs-
tand pressures of up to 350 kPa. 15 different steps of pressure are then applied to the top
of the cell using air pressure controllers and nitrogen high-pressure bottles to drive changes
in VWC (ASTM, 2016, 2000). The positive pressure applied on the top of the cell allows

mimicking a corresponding suction which would be applied at the bottom of the cell in the
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vadose zone (Sakaki and Illangasekare, 2007). The ER-TCs are weighed after two days at
each pressure increment to calculate VWC in the sample. Pore water EC is also monitored
by sampling the water coming out of the cell. In the meantime, ERT monitoring is carried
out to recover bulk EC variations in the ER-TC using a Terrameter LS (ABEM).

Scale 2 - Laboratory bucket

Figure 3.2.S2 presents the laboratory bucket used to monitor the temporal variations of VWC
and bulk EC in tailings under controlled cycles of wetting and drainage (Sylvain et al., 2019).
A 30 cm-high, 25 cm-diameter bucket is filled with compacted tailings and instrumented with
a 5TE sensor (measuring VWC, bulk EC and temperature every 15 minutes) and two vertical
profiles of 12 stainless-steel electrodes each. Each electrode is made of a 1 cm-diameter flat
washer fixed by a 5 mm-diameter rivet, with a vertical spacing of 2 cm. As presented by
Sylvain et al. (2019), several simulated precipitation events were carried out using deionized
water to mimic precipitations (50 mm per simulated precipitation event) and three fans were
installed to accelerate evaporation in the tailings. Each wetting and drainage cycle lasted
approximately one week and the hydrogeophysical monitoring was performed during two
weeks in November 2018. TL-ERT monitoring was carried out using a Terrameter LS and
approximately 150 ERT datasets were recorded, with a greater temporal resolution during

simulated precipitation events (highest measurement rate of 12 images per hour).

Scale 3 - Laboratory column

Figure 3.2.S3 presents the laboratory column used to reproduce the field-scale experimen-
tal CCBE under controlled conditions in the laboratory, as discussed by Isabelle (2022). A
120 c¢m-high, 15 cm-diameter Plexiglas column is assembled and instrumented to simulta-
neously monitor VWC and bulk EC. Two layers of waste rocks (20 cm-high each) are installed
at the bottom and the top of the column and a 80 cm-high compacted tailings layer, which
mimic the geometry of the CCBE built on the field. Initially, the column was fully saturated
with deionized water. After a few days, the bottom tap was opened and the materials drained
during five months, with an additional evaporation fan installed after 40 days to accelerate
the decrease of moisture content in the column (Isabelle, 2022). Six Teros 12 hydrogeological
sensors are installed along the flanks of the columns to measure VWC, bulk EC and tempe-
rature every 5 min. In addition, two vertical profiles of 16 stainless-steel circular electrodes
are installed in the column and connected to a Terrameter LS to carry out ERT monitoring
during the free drainage (50 datasets). Each electrode is made of a 1 cm-diameter flat washer

fixed by a 5 mm-diameter rivet and the vertical electrode spacing is 6 cm.
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Scales 4 and 5 - Field experimental cover

Figures 3.2.84 and 3.2.S5 present the internal composition of the 2.3 m-high experimental
CCBE. The 1 m-thick layer of compacted tailings is expected to behave as a moisture-
retaining layer since capillary barrier effects are likely to develop at the boundary between the
tailings and the waste rock layers, at the bottom (30 cm-thick) and at the top (50 cm-thick).
The capillary barrier effects would then reduce both the downward water percolation and the
upward water evaporation from the tailings, hence maintaining a high degree of saturation
within the tailings layer. Finally, a 50 cm-thick layer made of overburden and topsoil is placed
on the top of the waste rocks to promote vegetation development. Six Teros 12 sensors are
installed along a vertical profile at the center of the CCBE and a ZL6 datalogger allows
to remotely transfer VWC, bulk EC and temperature measurements for each layer (regular
measurement rate of 30 min). At local scale (S4), two vertical profiles of 16 electrodes each,
separated by 1.8 m, are installed around the profile of Teros 12. Each electrode is made of a
4 cm-diameter and 2.5 cm-long stainless steel cylinder fixed on a PVC pipe using a stainless-
steel rivet. The centers of the electrodes are separated by a distance of 10 cm in the tailings
and 20 cm elsewhere. In addition, at the pilot scale (S5), two 23 m-long horizontal profiles
are installed inside the tailings layer 15 cm away from the interfaces with waste rocks. Each
parallel profile contains 24 rectangular stainless steel electrodes measuring 6 cm x 2.5 cm and
separated by 1 m, which allows monitoring bulk EC in the tailings layer along the 23 m-long
profiles. All the electrodes are connected to a PRIME system instrument (Holmes et al., 2020,
2022b), which carries out ERT images four times a day (since the beginning of May 2021,
still ongoing in 2022). The PRIME system itself is installed in a cabin powered by an electric
line and equipped with an antenna and a router to allow autonomous transfer of TL-ERT
data to remote servers. A meteorological station is installed at the surface of the cover to

monitor air temperature and precipitations.

3.3.3 Measurements and data processing
Meteorological and hydrogeological data

Figure 3.3 summarizes graphically the main steps proposed in this study to determine pe-
trophysical relationships from the simultaneous and co-located monitoring of VWC and bulk
EC at different scales. For all experiments, air temperature and precipitation are monitored
using a meteorological station in the field or temperature probes for laboratory experiments
(identified as step (i) in Fig. 3.3). 5TE or Teros 12 hydrogeological sensors are connected to
dataloggers to monitor VWC, bulk EC and temperature (step (ii) in Fig. 3.3), which allows
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estimating interstitial pore water EC (see Hilhorst (2000); Dimech et al. (2019)). These ca-
pacitance sensors measure the dielectric permittivity of the medium using a high-frequency
oscillating electrical voltage (i.e., 70 MHz), which is then converted into VWC using Topp’s
equation and material-specific calibrations (Topp et al., 1980; Noborio, 2001). For these sen-
sors, typical resolution and accuracy of VWC measurements are respectively 0.001 m?®/m3
and 4+ 0.02 m®/m?® when the proper calibrations are applied. As mentioned by Hen-Jones
et al. (2017b), the hydrogeological sensors use a two-points measurement to monitor bulk
EC, which makes them more sensitive to changes in contact resistance than the four-points

measurements done by ERT (especially at low moisture content).

Geophysical data acquisition

The electrodes installed along vertical or horizontal profiles are connected to two different
resistivity meters (step (iii) in Fig. 3.3). The Terrameter LS commercialized by ABEM
is used for laboratory-scale experiments. The PRIME instrument (PRoactive Infrastructure
Monitoring and Fvaluation system) designed by the British Geological Survey (Holmes et al.,
2020, 2022b) is used for continuous monitoring of the field-scale experiment. Both resistivity
meters allow to carry out several potential measurements simultaneously according to specific
four-electrodes measurement sequences, referred to as protocols (see Figure in "Supplemen-
tary Material" for an example of some protocols used). All quadrupoles are used for the
ER-TC (scale S1), which corresponds to 45 direct measurements and 45 reciprocal measu-
rements (i.e., configurations where current and potential electrodes are exchanged). For the
experimental setups which contained more electrodes (scales S2 to S5), dipole-dipole and
Wenner-alpha configurations are used with a and n values between 1 and 3 (see Lesmes and
Friedman (2005); Samouélian et al. (2005); Binley and Slater (2020) for details). Reciprocal
measurements are integrated into all TL-ERT data acquisition protocols following the guide-
lines of Tso et al. (2017), since the combination of direct and reciprocal measurements allows
data error to be better estimated. Finally, special attention is given to the electrode pola-
risation issues by ensuring that the same electrode is not used for potential measurements
just after being used to inject current (Wilkinson et al., 2012a). The temporal resolution of
TL-ERT data acquisition is adapted for each experimental setup. For example, more ERT
datasets were recorded for laboratory experiments when the fastest changes of VWC were
expected. For the field experiments, ERT datasets are collected with a regular sampling of

four images per day.
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Geophysical data processing

For each experimental setup, the apparent resistivity time-series are analyzed in order to
identify and remove erroneous measurements, outliers, or unstable noisy data following the
methodology described by Tso et al. (2017) and others (Deceuster et al., 2013; Chambers
et al., 2014b) (step (iv) in Fig. 3.3). Reciprocal errors are estimated for each four-electrodes
measurement by calculating the difference between direct and reciprocal configurations and
data with a reciprocal error greater than 10 % are removed (Tso et al., 2019). Moreo-
ver, filtering is applied on the stacking error (¢ < 10 %), the injected current intensity
(0.001l mA < I < 600 mA) and the contact resistance between current electrodes
(R < 10000 Q). A similar data processing approach is applied to the field data collected
with the PRIME instrument, which yields to 400 000 valid measurements in total from May
to November 2021. Nearly 85 % of the resulting filtered field dataset exhibits a reciprocal
error lower than 1 %, which denotes satisfying data quality for the geoelectrical monitoring of
tailings. Following the methodology proposed by Koestel et al. (2008), Lesparre et al. (2017)
and Tso et al. (2017), an envelope fit error model of the form eg = a- R+ b is determined for
each experiment, where ey is the difference between direct and reciprocal resistance measu-
rements, a ranges from 0.01 to 0.05 depending on the ERT data quality of each experiment
and b equals to 0.001 2.

Geophysical data inversion

For each experimental setup, the filtered resistance data (d) is inverted using pyGIMLi
(Ginther et al., 2006; Ricker et al., 2006; Riicker et al., 2017) to recover the distribution
of bulk EC (m) (step (v) in Fig. 3.3). 3D models are used for laboratory setups given the
cylindrical shape of the ER-TC, column or bucket whereas 2D vertical planes are defined
for field experiments, given the lateral extension of the experimental cover. The inverted
bulk EC distribution m is assumed to be the best trade-off between two cost functions; the
data misfit constraint and the model regularization constraint. The resulting cost-function
(denoted as ®(m)) is then expressed by (Johnson et al., 2012b) :

(m) = [[Wq - (d = F(m))[| + A [[Wy, - (m — my)| (3.1)

In this equation, F(m) corresponds to the forward modeling operator, which outputs a set
of synthetic resistance data for a given distribution of bulk EC (Riicker et al., 2006). W4
and W, are respectively the data weighting and the model constraint matrices and A is a
regularization coefficient (Johnson et al., 2012b). Finally, my is a prior model that can be

used to constraint the inversion.
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For all experimental setups, an anisotropic spatial smoothing is applied to the distribution
of bulk EC to reproduce the horizontal layering in VWC observed for unsaturated conditions
(sharper changes of VWC in z than in x and y). Moreover, the geometry of the experimental
cover is taken into account for the inversion of field data and horizontal layers are included in
the 2D model, hence allowing sharp variations at the boundaries between different materials
(e.g., Johnson et al. (2012b); Dimech et al. (2017, 2019)). The resulting meshes contain
between 4000 and 17000 tetrahedron elements for 3D meshes and between 4000 and 12000
triangular cells for 2D meshes, which allows to perform each inversion in less than one minute.
A temporal regularization is also applied for all experiments by using the previous inverted
distribution of bulk EC as a starting model for each time step. This approach, referred to
as the "cascade inversion", helps limiting the unrealistic and erratic evolution of inverted
bulk EC, which could be observed in some areas poorly constrained by the inversion process
(Hayley et al., 2011; Singha et al., 2015).

Temperature and pore water EC corrections

After the inversion process, the inverted bulk EC values are extracted from the 3D or 2D
models at the location of the hydrogeological sensors, knowing their volume of investigation
(approximately 5 cm around each sensor). As illustrated by step (vi) in Fig. 3.3, a tempe-
rature correction is applied to the extracted inverted bulk EC. This allows to compare the
laboratory experiments (~ 23 °C) and the field experiment (between 0 °C in Winter and
25 °C in Summer), and to account for temperature variations. For all experiments, a stan-
dard temperature of Tyq = 25 °C is used, and the temperature-corrected bulk EC o, is
calculated by (Ma et al., 2011) :

1
1+t (T = Tyq)

(3.2)

Ocorr = O

where o is the bulk EC at the temperature T', measured by the hydrogeological sensors and
tc is the temperature correction factor, which corresponds to the fractional change in o per
degree Celsius. A value of tc = 0.02 °C™! is used in this study, which means that bulk EC
increases by 2% for a temperature increase of 1 °C (Hayashi, 2004; Hayley et al., 2007, 2010).

Similarly, a pore water EC correction is applied (step (vii) on Fig. 3.3) to allow the compa-
rison of the laboratory experiments (where water EC ranged between 3 and 6 mS/cm) with
the experimental field cover (where water EC ranged between 2 and 3 mS/cm for the time
period studied). The corrected bulk EC o, is obtained using (e.g., Waxman and Thomas
(1972); Mollehuara-Canales et al. (2020)) :
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Ow Std] (3.3)

Ocorr = 0 |:
Ow
where oy, is the pore water EC normalized at 25 °C estimated from the hydrogeological sensor

measurements. For all experiments, a reference value of oy, s = 4 mS/cm is chosen.

Petrophysical relationships

The corrected bulk EC values obtained from the inversion are then compared with VWC
measurements at the same location. Arguably, the Archie petrophysical model is the most
common model connecting bulk EC ¢ and saturation S, in unsaturated porous media, ne-
glecting the surface conduction additional term, which is assumed to be small compared to
electrolytic conduction (Archie et al., 1942; Cai et al., 2017) :

o=a-¢" Sy 0y (3.4)

In this model, o, is the pore fluid EC expressed in mS/cm, ¢ is the porosity (-) such as
VWC = ¢ - Sy, and a, m and n are three unitless parameters, commonly referred to as the
"a parameter' (Glover, 2016), the cementation exponent (Glover, 2009) and the saturation

exponent, respectively.

An optimized petrophysical model is obtained for each experiment by fitting the Archie
parameters m and n (-) to minimize the root mean square error (RMSE) between the inverted
bulk EC and the bulk EC predicted by the petrophysical model for a given measurement
of VWC (Holmes et al., 2022b), assuming a = 1. Moreover, the RMSE, the bias and the
precision of ERT-predicted VWC are calculated to assess the accuracy of VWC estimations
at the different scales studied (Ritter and Munoz-Carpena, 2013).

3.4 Results

3.4.1 Scale 1 - Electrical Resistivity Tempe Cell

Figure 3.4 presents the results obtained from the hydrogeophysical measurements in two
identical ER-TCs during the drainage of the tailings. The temperature in the cells remained
nearly constant at the laboratory temperature (~ 25 °C) and water outlet sampling allowed
to monitor pore water EC over time (between 3.5 mS/cm and 4.5 mS/cm). 14 different
pressure steps were applied to the top of the cells, ranging from 1 kPa to 250 kPa. The
increase in pressure caused a decrease in VWC from 0.4 m?/m? to 0.15 m?®/m?. The increase

in pressure is also associated with a decrease in inverted bulk EC, from 1.3 mS/cm at full
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saturation to a minimum of 0.1 mS/cm at maximum pressure. Although bulk EC is slightly
noisier than VWC, especially at higher pressures, the two parameters seem to be strongly
correlated. The evolution of VWC and bulk EC seems consistent with the air entry value of
these tailings around 30 kPa (Bussiere, 2007; Lavoie-Deraspe, 2019). As expected, bulk EC in
the tailings was maximal at high VWC and decreased progressively for lower VWC. The m
and n parameters of an Archie model were optimized to fit the distribution of inverted bulk
EC and measured VWC for a = 1, ¢ = 0.4 and using a reference temperature 7' = 25 °C
and a reference pore water EC o, = 4 mS/cm. The values m = 1.22 and n = 3.45 performed
the best with a RMSE value of 0.12 mS/cm.
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FIGURE 3.4 Results from the monitoring of the Electrical Resistivity Tempe Cells (scale 1).
Evolution of (a) measured VWC and (b) inverted bulk EC in the tailings for several pressure
steps. (c) Relationship between VWC and bulk EC in the ER-TC.

3.4.2 Scale 2 - Laboratory bucket

The top panel of Figure 3.5 presents the inverted bulk EC distribution in the laboratory bu-
cket at selected time steps, before, during and after an artificial precipitation event of 50 mm.
As expected, water infiltration increased bulk EC in the tailings from below 0.1 mS/cm to
above 0.6 mS/cm soon after the infiltration event. Bulk EC increased in the bottom of the
bucket a few minutes after the start of the experiment, which suggests that preferential flow
occurred from the sides of the bucket. Bulk EC slowly decreased after a few days to come

back to initial values after 3 days. Finally, the sensitivity distribution indicates that sensiti-
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vity is maximal near electrodes on the sides of the bucket as expected, and decreases toward
the center of the bucket, where the 5TE sensor is installed. As shown on the bottom panel
of Figure 3.5 for one precipitation event, VWC and inverted bulk EC show similar patterns
in the tailings, apart from the sensor at 50 cm (orange). A sharp increase in VWC and bulk
EC was observed following each 50 mm simulated precipitation event and a slower decrease
was reported then, which lasted approximately one week after the precipitation event. The
temperature in the tailings ranged from 19 to 24 °C throughout the experiment, whereas the
pore water EC remained constant at 3.5 mS/cm. The petrophysical model obtained for this
experiment (black dashed line on Fig. 3.5d)) with the parameters m = 0.73 and n = 4.96
fits the hydrogeophysical datasets with a RMSE value of 0.15 mS/cm, and is similar to the
ER-TC Archie model (blue dashed line), especially for VWC values lower than 0.35 m?®/m?.

3.4.3 Scale 3 - Laboratory column

The top panel of Figure 3.6 presents 2D slices of the inverted bulk EC in the laboratory
column at different time steps. Bulk EC was high in the saturated tailings at the beginning
of the experiment (> 0.6 mS/cm) and dropped to below 0.1 mS/cm after 50 days of drainage
and evaporation, especially at the top of the tailings layer where the lowest values of bulk
EC were observed. Globally, the waste rocks layers at the bottom and the top of the column
remained highly resistive throughout the experiment (< 0.02 mS/cm). The sensitivity was
maximal in the tailings layer and around electrodes, while lower sensitivities were observed
in the waste rocks. As shown by the bottom panel of Figure 3.6, VWC ranged between
0.38 and 0.40 m?/m?® when the materials were initially saturated. Two sensors on the top
of the tailings (in red and green on Fig. 3.6a) evidenced a sharp drop in VWC down to
0.33 m?/m3, approximately five days after the beginning of the experiment, whereas the two
sensors in the bottom of the tailings layer (in orange and blue) remained near saturation
during approximately 40 days. These sensors evidenced a strong decrease in VWC after
40 days, which corresponds to the installation of an evaporation fan. The same trends were
observed from inverted bulk EC variations, especially at the bottom of the tailings, where
inverted bulk EC remained near its initial value (0.8 mS/cm) until day 40 and then dropped
to 0.1 mS/cm. The temporal variations of VWC and inverted bulk EC values are mostly
consistent, except at z = 50 cm (orange sensor), where the bulk EC seems to decrease more
rapidly than the measured VWC. Finally, the temperature and the pore water EC within
the tailings ranged between 21 and 27 °C and between 3.5 and 5.5 mS/cm, respectively. The
optimized Archie model (black dashed line on Fig. 3.6¢)) with the parameters m = 1.27 and
n = 4.20 fits the data with a RMSE of 0.24 mS/cm.
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FiGure 3.5 Top panel : 2D slices of the 3D inverted bulk EC distribution and sensitivity
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indicated by a white dot and the white rectangle corresponds to its volume of investigation,
where inverted bulk EC is extracted to be compared with VWC measurements. Bottom
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tailings during the artificial precipitation event and (d) petrophysical relationship between
VWC and bulk EC in the bucket.
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FI1GURE 3.6 Top panel : 2D slices of the 3D inverted bulk EC distribution and sensitivity for
the laboratory column (scale S3) at selected time steps. The VWC sensor location is indicated
by white dots and the white rectangles correspond to their volumes of investigation. Bottom
panel : evolution of (a) VWC and (b) inverted bulk EC in the tailings during the artificial
precipitation event and (c) petrophysical relationship between VWC and bulk EC in the

bucket.
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3.4.4 Scale 4 - Field cover at local scale

The top panel of Figure 3.7 presents the 2D inversion mesh defined with pyGIMLi/BERT
and the distribution of inverted bulk EC and sensitivity in the CCBE at local scale. The
addition of refinement nodes, sensors and horizontal layers allowed to refine the mesh where
needed. The inversion of field ERT data shows that the waste rocks are highly resistive
(0 < 0.02 mS/cm), whereas the tailings and the overburden materials are more conductive,
with bulk EC ranging from 0.3 to 0.6 mS/cm (before temperature and pore water EC cor-
rections). A slight increase in bulk EC with depth is also observed in the tailings layer. As
expected, the sensitivity is highest near the electrodes and decreases sharply in the rest of
the imaging domain. Higher sensitivities are observed in the tailings layer, which is consistent

with the smaller electrode spacing and the higher bulk EC reported in the tailings.

The bottom panel of Figure 3.7 shows the evolution of VWC and bulk EC in the CCBE
at local scale from May to November 2021 at local and pilot scale. VWC remained above
0.3 m3/m? in the tailings (blue, orange and green lines), which suggests that the capillary
barrier effects at the bottom and at the top of the moisture-retaining layer are effective. Every
significant precipitation event (> 20 mm/day) is followed by an increase in VWC, particularly
marked at the top of the tailings layer (green line), where the VWC is always lower than
in the rest of the moisture-retaining layer, and in the overburden layer at z = 200 cm (red
line). Similar trends can be observed from the variations of inverted bulk EC at both scales,
which is generally lower at the top of the tailings layer. A slow but steady decrease of both
VWC and inverted bulk EC is observed at the bottom of the tailings layer, as well as a lower
response to precipitations event. Similarly, both water content and bulk EC are lower at
the top of the cover (green and red sensors) than in the rest of the moisture-retaining layer
and exhibit greater temporal variations. Teros 12 sensors also monitored the temperature
and pore water EC in the CCBE over time. In contrast to laboratory experiments, strong
variations of temperature from 5 °C to ~ 24 °C were observed from May to November 2021.
The pore water EC remained fairly constant in the tailings layer, with values ranging from 2
to 3 mS/cm throughout the monitoring period. The lower pore water EC values observed in
the field (when compared to the laboratory experiments) are likely due to the mixing of initial
interstitial pore water (o ~ 5.0 mS/cm) and precipitations (o, < 0.1 mS/cm), which has
been occurring since the construction of the covers in Fall 2019. Figure 3.7d) demonstrates
that the evolution of VWC and bulk EC are consistent in the CCBE at local scale, since
the optimized Archie model (m = 1.22 and n = 3.02) fits the hydrogeophysical data with a
RMSE of 0.08 mS/cm.
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F1GURE 3.7 Top panel : inversion mesh, 2D inverted bulk EC distribution and sensitivity in
the experimental field cover at local scale (scale S4) for a representative time step. The VWC
sensors are indicated by white dots and electrodes correspond to red dots. Bottom panel :
evolution of (a) precipitations, (b) VWC and (c) inverted bulk EC in the tailings from May
to November 2021 and (d) relationship between VWC and bulk EC in the experimental
CCBE cover at local scale.

3.4.5 Scale 5 - Field cover at pilot scale

The top panel of Figure 3.8 shows the inversion mesh used for TL-ERT inversion of field data
and the distribution of inverted bulk EC and sensitivity for the 23 m-long CCBE (scale S5).
The inverted bulk EC values obtained at pilot scale are consistent with the results presented

above at local scale. While inversion sensitivity is high near the electrodes in the tailings
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the bottom panel of Figure 3.8, the temporal evolution of VWC and inverted bulk EC are
consistent, and bulk EC is particularly well reconstructed by inversion in the tailings layer at
the green and blue sensor locations (top and bottom of the tailings). On the contrary, bulk
EC does not match well VWC measurements in the middle of the tailings layer (orange sensor
on Fig. 3.8b)) and in the overburden (red sensor), which is likely to be due to the lack of
sensitivity at these locations. Globally, the optimized petrophysical Archie model (m = 1.29
and n = 3.64) fits the hydrogeophysical dataset with a RMSE value of 0.13 mS/cm at pilot
scale as shown in Fig. 3.8d).

3.4.6 Relative importance of temperature and pore water EC corrections at

different scales

Figure 3.9 compares the influence of the temperature correction (left panel) and the pore
water EC correction (right panel) applied to the inverted bulk EC to predict VWC. Measured
and ERT-predicted VWC are compared (i) when no corrections are applied, (ii) when the
temperature correction is not applied, (iii) when the temperature correction is applied using
noisy temperature datasets (random noise of £5 °C) and (iv) when the temperature correction
is applied using exact temperature. The same approach is followed for the pore water EC

correction using a random noise of 20 % of the measured pore water EC.

For all experiments, most of the ERT-predicted VWC values lie between the two black dashed
lines when the two corrections are properly applied, which indicates that the overall accuracy
of ERT-predicted VWC is near 0.03 m?/m?. The accuracy of VWC predictions decreases when
the temperature or/and the pore water EC corrections are not applied, particularly for the
field experiment (Scale S4). At this scale in particular, the RMSE between ERT-predicted and
measured VWC is 0.077 m®/m?® when no corrections are applied, (i) 0.038 m?®/m?® when the
temperature correction is not applied, (iii) 0.053 m3/m? when the pore water EC correction is
not applied, and (iv) 0.013 m?/m? when the two corrections are properly applied. Similarly,
the precision of ERT-predicted VWC decreases when noisy temperature and pore water
EC are used, particularly for the field experiment (Scale S4). Indeed, the precision of ERT-
predicted VWC in the field CCBE is two times lower when a 4+5 °C noise is randomly applied
to the temperature dataset (as opposed to an exact temperature). The same observation is
made when a £20 % noise is randomly applied to the pore water EC dataset. The accuracy
of ERT-predicted VWC is less affected by the temperature and pore-water EC corrections
for laboratory experiments, which can be explained by smaller variations of temperature and

pore water EC.
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FIGURE 3.9 Influence of temperature and pore water EC corrections on the accuracy of
ERT-predicted VWC for (a) Scale S1 - ER Tempe Cell, (b) Scale S2 - laboratory bucket,
(c) Scale S3 - Laboratory column and (d) Scale S4 - Field cover at local scale.
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3.4.7 Multi-scale comparison of petrophysical models and ERT-predicted VWC

accuracy

The top left panel of Figure 3.10 compares the petrophysical models calibrated using hy-
drogeophysical datasets at various scales. All petrophysical models are similar to each other
since the models from scales S2 to S5 are encompassed within the area defined around the
ER-TC model in shaded blue (scale S1), considering an uncertainty of 40.03 m?/m3. The
histograms of errors between measured and ERT-predicted VWC shown in the top right pa-
nel of Fig. 3.10 assess the accuracy of ERT-predicted VWC. As expected, the lowest RMSE
and bias values are observed for the diagonal elements, i.e., when the same hydrogeophysical
datasets are used for the calibration of petrophysical models and the prediction of VWC
using ERT for each scale. However, it can be observed that RMSE and bias values remain
below 0.03 m3/m3 and £0.01 m3/m?, respectively, when a petrophysical model defined at a
specific scale is used to predict VWC at a different scale (i.e., non-diagonal elements). For
instance, the left column of the matrix indicates that RMSE and bias of ERT-predicted VWC
using the ER-TC petrophysical model are below 0.04 m*/m?® and £0.02 m3/m3, respectively,

for the different scales.

3.5 Discussion

3.5.1 Overall accuracy of ERT-predicted VWC

This study compares VWC measured using hydrogeological sensors and ERT-predicted VWC
using Archie petrophysical models at different scales and for different hydrogeological condi-
tions (drainage, wetting and natural precipitations). Overall, the reliability of ERT-predicted
VWC is similar to the accuracy of moisture content sensors at the different scales studied.
Indeed, both low bias and high precision are achieved (below 0.01 m3/m? in absolute value
and below 0.03 m®/m3, respectively). In addition, RMSE values do not exceed 0.035 m?®/m3
at the different scales investigated in this study. As a result, VWC dynamics are well imaged
using TL-ERT at the different scales, both during mine tailings drying, wetting and drying
cycles and for field meteorological conditions. The latter highlights the strong potential that
TL-ERT could represent as a monitoring approach used in combination with point moisture
sensors to increase the investigation volume of future monitoring programs in reclamation
covers (e.g., Dimech et al. (2021); Martinez-Pagan et al. (2021)), as this is the case for moni-
toring landslide, permafrost, geotechnics or CO4 storage, for example (Whiteley et al., 2019;
Falcon-Suarez et al., 2020; Dimech et al., 2022).
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Bottom panel - RMSE, bias and standard deviation of VWC prediction errors using ERT
data and petrophysical models from different scales.

The accuracy of ERT-derived VWC reported in this study is consistent with previous studies
for other fields of applications, including hydrogeological studies (Laloy et al., 2011; Dietrich
et al., 2014), waste landfills imaging (Neyamadpour, 2019), root zone dynamics monitoring
(Garré et al., 2011; Fan et al., 2015) and irrigation studies (Jayawickreme et al., 2010; Beff
et al., 2013). Indeed, most of these studies reported RMSE values ranging between 0.01
and 0.04 m®/m3 (e.g., Michot et al. (2003); Calamita et al. (2012); Brillante et al. (2014)).
Generally, local moisture sensors (e.g., TDR sensors or capacitance probes), neutron probes,
numerical modelling or direct oven-weighting methods are used to measure VWC and evaluate
the accuracy of ERT-predicted VWC (e.g., Jayawickreme et al. (2010); Laloy et al. (2011);
Dietrich et al. (2014); Fan et al. (2015); Hen-Jones et al. (2017b); Sun et al. (2020)). Bias

and precision of ERT-predicted VWC reported in some studies are also consistent with the
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results of this study (e.g., Zhou et al. (2001); Schwartz et al. (2008); Rucker (2010)).

Some authors report higher accuracy for ERT-predicted VWC in wet conditions (in compa-
rison with dryer conditions) (Laloy et al., 2011; Fan et al., 2015; Merritt et al., 2016). This
observation is consistent with the results obtained at the sample scale (scale S1 - electrical
resistivity Tempe cell, see Section 3.4.1). The latter could be explained in part by a better
electrical contact between the electrodes and the surrounding medium at higher saturation,
which in turn improves the signal-to-noise and reduces measurement errors although in ge-
neral, more conductive conditions reduce the transfer resistance and reduce signal-to-noise
(Merritt et al., 2016).

3.5.2 Importance of temperature and pore water EC corrections for field appli-

cations

This study highlights the importance of temperature and pore water EC corrections for
accurate predictions of VWC in tailings using ERT, particularly for field applications. Indeed,
the ERT-predicted VWC is systematically underestimated when no corrections are applied
for field experiments (scales S4 and S5), with a corresponding tenfold reduction in accuracy.
Such underestimation is consistent with the lower temperature and the lower pore water
EC reported in the field in comparison with laboratory experiments. A decrease of 10 °C in
temperature causes a 20% decrease in bulk EC (e.g., Ma et al. (2011); Luo et al. (2019)).
As noted by Uhlemann et al. (2016a), the temperature correction is all the more important
for geoelectrical monitoring surveys with large temporal changes in temperature (e.g., for
field experiments with daily or seasonal variations of subsurface temperature) (Hayley et al.,
2010; Jayawickreme et al., 2010). The latter is especially true at Canadian Malartic mine,
since extreme air temperature changes are frequently observed between Winter (—30 °C)
and Summer (30 °C) (Labonté-Raymond et al., 2020) or in similar contexts (e.g., permafrost
monitoring surveys (Herring et al., 2021)). Similarly, this study highlights that pore water
EC must be taken into account to accurately predict VWC from ERT datasets since bulk
EC and pore water EC are proportional in the Archie petrophysical model. For instance,
the lower pore water EC reported for the field cover must be considered in order to avoid
underestimation of VWC in the field. Here again, the pore water EC correction is particularly
important in the context of mining wastes, given (i) the strong pore water EC contrasts that
are generally observed between clean water and water in contact with tailings and waste rocks,
whether or not affected by contaminated drainage and (ii) the strong temporal variations of
pore water EC in mining wastes (e.g., Nai et al. (2019); Vriens et al. (2020a); Martinez-Pagan
et al. (2021)).
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For the laboratory experiments, the temperature and pore water EC corrections have a
smaller influence on the RMSE between the measured and ERT-predicted VWC. The latter
can be explained by smaller temporal variations of temperature throughout the experiment
under controlled conditions and by a smaller difference between the actual temperature and
the reference value used for the temperature correction (the same observation can be done
for the influence of pore water EC correction in the laboratory) (Brunet et al., 2010). As a
result, this study shows that considering the temperature and the pore water EC is necessary
to up-scale laboratory petrophysical relationships at the field scale in order to accurately
predict VWC from TL-ERT monitoring. This further highlights the importance of using
complementary hydrogeological sensors for field surveys to locally monitor temperature, pore
water EC and VWC, which would be used both as input and validation data for processing
TL-ERT datasets (Robinson et al., 2008a; Binley et al., 2015b). As noted by Wagner and
Uhlemann (2021), the key question for future hydrogeophysical monitoring programs would
then be how to select the critical number of sensors and how to optimally deploy them in the
field (Uhlemann et al., 2018b). In particular, strategies should be investigated to tackle the
impact of pore water EC at large scales, especially in media where strong spatial variability

of pore water EC is expected.

3.5.3 Validity of Archie model for mine tailings

In this study, the Archie petrophysical model seems appropriate given the small RMSE
obtained between the inverted and predicted bulk EC (¢, < 0.25 mS/cm) and between
measured and ERT-predicted VWC (e < 0.04 m®/m?). The cementation exponent m and
the saturation exponent n obtained for this study range from 0.7 to 1.3 and from 3.0 to 5.0
respectively. It is interesting to note that different couples of m and n parameters yield similar
petrophysical models, which highlights the non-uniqueness of such optimization approaches,
as discussed recently by Holmes et al. (2022b). As reported by Martinez-Pagan et al. (2021)
and Dimech et al. (2022), few studies have investigated the applicability of petrophysical
relationships between bulk EC and VWC for mine tailings specifically, although this has
been done for other fields of applications (e.g., Revil et al. (2012); Binley and Slater (2020);
Slater and Binley (2021)). Nonetheless, the Archie parameters obtained in this study are
consistent with the values reported in the literature for tailings. For example, Booterbaugh
et al. (2015) obtain a 7?2 value of 0.90 between saturation and bulk EC in tailings with a
cementation exponent m = 1.3 and a saturation exponent n = 3.8. Similarly, Mollehuara-

Canales et al. (2020) obtain (m = 2.7,n = 3.0) in mine tailings.
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The values of the cementation exponent m correspond well to the typical values reported
in the literature for unconsolidated media, generally between 1.1 and 1.3, whereas m values
between 1.7 and 2.1 are generally used for consolidated media (Friedman, 2005; Booterbaugh
et al., 2015; Revil et al., 2018). Interestingly, the values of saturation exponent n obtained in
this study (between 3.0 and 5.0), and in other ERT studies for tailings do not correspond to
the generally assumed value of n ~ 2 for media where the interstitial fluid is water (Glover,
2015, 2017). As discussed by Booterbaugh et al. (2015) and Rucker (2010), such discrepancies
are also pointed out by several other studies which consider a larger range for the saturation
exponent n (between 1.5 and > 10) (Sen, 1997; Grellier et al., 2008).

Petrophysical models other than the Archie relationship could have been considered in this
study to connect bulk EC and VWC in mine tailings. For example, Mollehuara-Canales
et al. (2020) successfully applied Waxman-Smits (Waxman and Smits, 1968) and generalized
mixing Archie models (Glover, 2010) to predict VWC in mine tailings from geoelectrical
monitoring. An advantage of these models is that they allow to include the contribution of
surface conduction, which could play a role in the bulk EC of tailings (e.g., Acosta et al.
(2014); Pierwota (2015)). In this study, however, the high pore water EC observed in the
tailings is assumed to make the pore fluid conductivity the predominant contribution of bulk
EC, thus rendering both solid matrix conduction and surface conduction negligible (Revil
et al., 2012; Fu et al., 2021). Nonetheless, further work could be done at the laboratory scale
under controlled conditions using tailings with a lower pore water EC to increase the relative

contribution of solid matrix and surface conduction (e.g., Dimech et al. (2018)).

Selecting an optimal petrophysical model for tailings is still open to future investigation.
Some aspects of the relationship between various physical properties in mine wastes, bulk
EC and VWC are still poorly understood, despite recent developments (e.g., Vasconez-Maza
et al. (2019); Gabarrén et al. (2020); Mollehuara-Canales et al. (2020, 2021b)). Future ef-
forts could be devoted to the development of predictive models to assess the relationships
between bulk EC and VWC for specific tailings, given their grain size distributions, clay
content, mineralogy, ionic content and pH of the interstitial fluid, for example, following the
work of recent studies (e.g., Shokri et al. (2016b); Tycholiz et al. (2016); Yurkevich et al.
(2017); Zhang et al. (2018); Gabarrén et al. (2020); Vasconez-Maza et al. (2020). The latter
is already commonly done for the prediction of hydrogeological properties from basic geo-
technical properties of mining wastes (e.g., prediction of water retention curves Mbonimpa
et al. (2002); Aubertin et al. (2003)).
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3.5.4 Scale influence on petrophysical models

This study also demonstrates that the Archie petrophysical model calibrated at sample scale
using the electrical resistivity Tempe cell (ER-TC - scale S1) turns out to be valid at larger
scales as shown by the maximal RMSE obtained using the ER-TC Archie model remaining
below 0.040 m?3/m? for scales S2 to S5. As a result, it seems appropriate for mine tailings
to carry out experiments in the laboratory on small samples to calibrate a petrophysical
model and to apply this model on a larger scale, given that the suitable corrections are
properly applied. This observation is all the more relevant as most studies using TL-ERT to
predict VWC rely on laboratory-based petrophysical relationships to quantify VWC at the
field scale, assuming that the petrophysical model obtained at sample scale can be scaled
up (e.g., Chambers et al. (2014b); Merritt et al. (2016); Hen-Jones et al. (2017b); Uhlemann
et al. (2017Dh)).

For example, Calamita et al. (2012) and Derfouf et al. (2019) review different laboratory
apparatus that have been used to characterize the relationship between bulk EC and VWC
at sample scale (e.g., Long et al. (2012); De Vita et al. (2012); Lopez-Sénchez et al. (2017);
Chen et al. (2018b)). Among the different types of laboratory apparatus developed recently,
the most promising are modified from well-documented geotechnical or hydrogeological labo-
ratory apparatus (e.g., permeameter, oedometer, Tempe Cell, pressure plate or triaxial cell)
to allow a simultaneous determination of VWC (or other relevant physical parameter) and
bulk EC of the sample under controlled conditions (e.g., McCarter et al. (2005); Comina
et al. (2008); Cosentini et al. (2012); Kibria et al. (2018); Wayal et al. (2021); Holmes et al.
(2022b)). Another popular approach consists in determining the petrophysical relationships
from co-located and simultaneous measurements of bulk EC and VWC directly sampled in
the field, under natural conditions (Garré et al., 2011; Tso et al., 2019). To our knowledge,
this study constitutes the first attempt to compare the petrophysical relationships derived
from sample, laboratory and field scale experiments to assess accuracy of moisture content

predictions.

In particular, the electrical resistivity Tempe cell (ER-TC) proposed and tested in this study
has considerable potential for ensuring rapid, flexible, reproducible and accurate determina-
tion of petrophysical relationships for fine-grained materials, such as mine tailings. Indeed,
Tempe Cells or equivalent pressure extractor cells (ASTM, 2016, 2000) are widespread and
commonly used in most hydrogeological laboratories for the assessment of water retention
curves (WRC) (e.g., Aubertin et al. (1998); Magsoud et al. (2012)). The slight modification
of the Tempe Cell needed to add several lateral electrodes allows determining simultaneously
the WRC and the relationship between bulk EC and VWC under controlled conditions. For
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instance, the experiments can be conducted for controlled temperature, known pore water
EC, known porosity and homogeneous compaction, as well as with a lower risk of lateral
and preferential flow. Moreover, the number of different pressure steps allows controlling the
number of points used to define the petrophysical relationship, and allows defining the range
of pressure studied (i.e., the range of VWC of interest), which might not be the case in the
field when only small variations of moisture content could be observed. For example, the
small variations of VWC in the tailings layer of the field experimental cover only allows to
constraint the in-situ petrophysical relationship for the 0.27 — 0.38 m?/m?® VWC interval. In
such cases, it might be difficult to extrapolate the petrophysical relationships outside of the
range of in-situ observed VWC, as discussed by Tso et al. (2019).

Another advantage of the small-scale ER-TC apparatus is the high certainty of bulk EC
values reconstructed by the inversion process, as opposed to the inversion results obtained
from experiments at larger scales, in the field or at the laboratory. The inversion results
from small-scale laboratory apparatus are less subject to resolution issues (i.e., area of the
medium poorly constrained inversion (Luo et al., 2020)), non-uniqueness and artifacts of
the inversion (Singha et al., 2015; McLachlan et al., 2017; Whiteley et al., 2019), unsuitable
inversion regularization (Johnson et al., 2012b) or uncertainty in electrode location (Clement
and Moreau, 2016; Wilkinson et al., 2016; Boyd et al., 2021). Also, data quality issues are
more likely to occur for field applications since lower signal over noise ratios or high contact
resistance between the medium and the electrode may be encountered (Samouélian et al.,
2005; Deceuster et al., 2013; Tomaskovicova et al., 2016; Greer et al., 2017). Finally, some
differences in the investigation volume between ERT and point moisture sensors installed on
the field could make it difficult to compare hydrogeological and geophysical results (Robinson
et al., 2008a; Jayawickreme et al., 2010; Dimech et al., 2019). Future studies using similar
small-scale laboratory apparatus could focus on determining the optimal electrode shape,
material and spacing to maximize electrical coupling with the tailings, even for dry conditions,
while ensuring the electrodes remain small enough to ensure they can be considered as points
in the numerical models (see Riicker and Gunther (2011); Clement and Moreau (2016)).

Finally, the use of small-scale, well-constrained and reproducible laboratory apparatus such
as the ER-TC presented in this study should be preferred for the assessment of petrophy-
sical relationships and the future investigation of the following challenging issues for VWC

prediction in mine tailings using TL-ERT :

— the influence of porosity spatio-temporal evolution on ERT-predicted VWC (e.g., Bru-
net et al. (2010); Roodposhti et al. (2019); de Melo et al. (2021)),
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— the prediction of petrophysical relationships from basic material properties and mine-
ralogy (e.g., Vasconez-Maza et al. (2019); Gabarrén et al. (2020)),

— the hysteresis and other non-stationary aspects of petrophysical relationships (e.g.,

Michot et al. (2016); Hen-Jones et al. (2017b); Chung et al. (2019)),

— the contribution of the surface conductivity and anisotropy in mining tailings with
various mineralogical contents (e.g., Merritt et al. (2016); Mollehuara-Canales et al.

(2020)).

— the impact of corrosion or soil clogging around electrodes over the long term (e.g.,
Peter-Borie et al. (2011)).

3.6 Conclusion

In this study, we assess the scale effect on the accuracy of ERT-predicted VWC in mine
tailings. In total, five different experimental setups are used to carry out simultaneous and
co-located monitoring of bulk EC using TL-ERT and VWC using hydrogeological sensors.
These datasets allow to calibrate Archie petrophysical models at various scales, and assess
the accuracy of VWC predictions in mine tailings. The accuracy of ERT-predicted VWC is
+0.03 m3/m?, and the petrophysical models determined at sample-scale in the laboratory
remain valid at larger scales. Indeed, a similar accuracy is achieved when the petrophysical
model determined from the sample-scale electrical resistivity Tempe cell (ER-TC) is applied
to field data.

This study also highlights the strong impact that temperature and pore water EC variations
can represent for the accuracy of VWC predictions using TL-ERT, especially for field appli-
cations. Indeed, a tenfold reduction of VWC accuracy is observed in the absence of suitable
corrections in the experimental field cover. Based on these results, we recommend that fu-
ture TL-ERT monitoring campaigns should be combined with networks of hydrogeological
sensors, providing local validation and calibration measurements of VWC, temperature, bulk

and pore water EC in tailings.

Finally, this study discusses the advantages of using small-scale, well-controlled and reprodu-
cible laboratory apparatus such as the ER-TC for the determination of petrophysical models
in mine tailings, given that the samples used are representative of field conditions. In parti-
cular, a widespread use of similar sample-scale apparatus is likely to help refine petrophysical
models applied to mine tailings, hence improving the accuracy and applicability of TL-ERT

for mining waste monitoring across large scales.
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MULTI-LAYER COVER SYSTEMS FOR MINE TAILINGS RECLAMATION
USING AUTONOMOUS AND REMOTE TIME-LAPSE ELECTRICAL
RESISTIVITY TOMOGRAPHY

Adrien Dimech '%*, Bruno Bussi¢re 3, LiZhen Cheng ', Michel Chouteau 3,
Gabriel Fabien-Ouellet 2, Nathalie Chevé 4, Anne Isabelle 23, Paul Wilkinson ,
Philip Meldrum * and Jonathan Chambers *

Submitted to Canadian Geotechnical Journal (March 09, 2023).

! Université du Québec en Abitibi-Témiscamingue (UQAT), Rouyn-Noranda, QC, Canada
2 Polytechnique Montréal, Montréal, Québec, H3T 1J4, Canada

3 Research Institute of Mines and Environment (RIME), Québec, Canada

4 Canadian Malartic Mine (CMM), Malartic, Québec, Canada

5 British Geological Survey (BGS), Nottingham, NG12 5GG, United Kingdom

Ce chapitre vise a répondre a ’OS3 qui porte sur I'application de la méthodologie développée
pour les OS1 et OS2 a ’échelle de terrain sur un site pilote. Plusieurs sections de recou-
vrements expérimentaux a grande échelle construits par la mine Canadian Malartic ont été
instrumentées avec des électrodes géophysiques et des sondes de teneur en eau pour effectuer
un suivi temporel de la teneur en eau en continu depuis mai 2021. Les données électriques
sont utilisées pour prédire la distribution quotidienne de la teneur en eau le long de profils
2D mesurant 23 m x 2.3 m a l'aide des relations pétrophysiques calibrées en laboratoire pour
chaque matériau (OS1) et en prenant en compte les variations spatio-temporelles de tempé-
rature et de conductivité électrique de 'eau interstitielle dans le milieu (0OS2). Ces données
sont ensuite combinées aux mesures conventionnelles pour décrire le comportement hydro-
géologique d’une CEBC composée de roches stériles et de résidus miniers et d’'une LSHCC
composée de mort-terrain. La performance des sections instrumentée des CEBCs est éga-
lement quantifiée en considérant une valeur cible de saturation de 85%, et en prenant en
compte l'incertitude de 'estimation de teneur en eau déterminée a ’OS2. Dans ’ensemble,
I’article permet de valider la pertinence et la faisabilité de la méthode de suivi proposée par
mesures électriques a 'aide d’un site en conditions réelles, ce qui constitue une "preuve de

concept" permettant de répondre a l'objectif global de la these.
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4.1 Abstract

The dynamics of moisture content in engineered multi-layer covers constructed on mining
wastes were monitored at the pilot scale using 2D autonomous, remote, and non-invasive
time-lapse electrical resistivity tomography. This innovative monitoring approach was com-
bined with conventional point sensors to assess the hydrogeological behavior of 280 m-long
experimental covers under real meteorological conditions at an active mining site. The co-
vers with capillary barrier effects (CCBEs) were designed to act as oxygen barriers whereas
the covers with low saturated hydraulic conductivity layers (LSHCCs) aimed at limiting
the water infiltration rate through the covers. A methodology was proposed to process the
daily hydrogeophysical datasets from four 23 m-long instrumented sections and estimate the
2D distribution of moisture content. Hydrogeophysical monitoring suggested that the CCBE
was able to maintain high degrees of saturation (above 85%) in the moisture-retaining layer
throughout the one-year monitoring period and was not significantly affected by the slopes of
the inclined sections, which would make it an efficient oxygen barrier. Larger spatio-temporal
changes in moisture content were identified from hydrogeophysical data in the LSHCC. Most
of the low hydraulic conductivity layers remained below 85% saturation and the estimated
moisture content was at the lowest level in August 2022, which was attributed to the combi-
ned effect of low precipitation, evapotranspiration caused by rapid vegetation development,
and potential water percolation through the cover. Overall, the methodology proposed in this
study allowed the hydrogeological behavior of the covers to be monitored, which was helpful
to investigate the performance of the covers. This study provided the first "proof-of-concept"
at the pilot scale and under real conditions that the geoelectrical method can be used as a
complementary monitoring technique to spatially extend the monitoring of moisture dyna-
mics in mining wastes, which might be useful for geochemical and geotechnical monitoring

programs in large-scale mining waste storage facilities.

4.2 Introduction

Mining operations generate two types of wastes during the extraction and processing of the
ore : waste rocks and tailings (Bussiére and Guittonny, 2021a). Waste rocks are generally
coarse material with non-economical mineralization that have been blasted and extracted
from the ground to reach the ore deposit. Tailings refer to the rocks extracted from the
ore deposit that have been crushed into fine particles and mixed with water and chemicals
to extract the metals (Dimech et al., 2022). Large volumes of mining wastes are generated

worldwide since the proportion of metals in the ore is generally well below 10% for most
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metals (down to a few grams per tons for silver, platinum or gold), and these ore grades are
expected to drop in the future due to global ore depletion and increasing demand (Mudd,
2007; Rotzer and Schmidt, 2018). In 2019, it was estimated that over 220 billion tons of
tailings have been generated worldwide, and 50 billion tons were expected to be generated
over the following five years (World Mine Tailings Failures). Tailings and waste rocks are
generally stored in large-scale waste facilities that can extend across tens of square kilometers
and measure hundreds of meters in height (Kossoff et al., 2014; Vriens et al., 2020a; Dimech
et al., 2022), and have been described as "the largest man-made structures on earth" (Bowker
and Chambers, 2015).

Mining wastes can represent major environmental concerns for two main reasons : the geo-
technical and geochemical instabilities of tailings storage facilities (T'SFs) and waste rock piles
(WRPs) (Bussiere, 2007; Aznar-Sanchez et al., 2018). On the one hand, the poor geotechnical
properties of tailings make TSFs vulnerable to failure if the dams are poorly designed and/or
exposed to extreme precipitation, earthquakes, or landslides (Azam and Li, 2010); several
catastrophic failures have been reported in recent years (Rotta et al., 2020). On the other
hand, the sulfides generally present in mining wastes can oxidize when exposed to water and
oxygen, which is commonly referred to as acid mine drainage (AMD) generation (Blowes
et al., 2003; Plante et al., 2021b). If poorly controlled, AMD can have significant impacts on
both surface water and groundwater, decreasing the pH below 7 and increasing the solubility

of most metal species (Nordstrom et al., 2015; Rezaie and Anderson, 2020).

In recent years, several reclamation techniques have been developed to manage the risk of
AMD, both at the source and over the long term, by controlling water and/or oxygen fluxes
from the atmosphere toward the tailings, which significantly reduces the oxidation reaction
(Bussiere and Guittonny, 2021a). Among other approaches, the construction of covers with
capillary barrier effects (CCBEs) at the surface of potentially AMD-generating tailings is
particularly promising to control the availability of oxygen to tailings in humid climates
(Bussiere et al., 2003; Aubertin et al., 1995). CCBEs are based on the capillary barrier effects
that develop at the interface between fine and coarse materials under unsaturated conditions,
which tend to reduce vertical water flow across this interface (Morel-Seytoux, 1992). In most
CCBEs, a layer made of fine materials, referred to as the moisture-retaining layer (MRL),
is installed between two layers of coarser materials, referred to as the capillary break layers
(Aubertin et al., 1995). The capillary break layers tend to drain rapidly because of their
poor water retention capacity, whereas the MRL tends to remain nearly saturated, which
in turn greatly reduces oxygen migration (Bussiére et al., 2003; Aachib et al., 2004; Demers

and Pabst, 2021b). Low saturated hydraulic conductivity covers (LSHCCs) are an alternative
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reclamation approach, also referred to as water infiltration barriers or impermeable barriers,
which aim to limit water infiltration into the wastes (Magsoud et al., 2021). The low saturated
hydraulic conductivity layer of the LSHCC is generally made of fine-grained soils (clay or fine
silt) and/or man-made materials (e.g., geotextile, geomembrane or geosynthetic clay liner),
with a suggested saturated hydraulic conductivity less than or equal to 1077 ¢cm/s (Aubertin
et al., 2016; Magsoud et al., 2021).

The performance of CCBEs and LSHCCs has been documented in the literature in recent
years across different scales (e.g., numerical studies (Bussiere et al., 2003; Fala et al., 2005;
Aubertin et al., 2009), laboratory columns (Kalonji-Kabambi et al., 2017; Larochelle et al.,
2019), field pilot-scale cells (Bussiere et al., 2007), and field large-scale covers (Bussiére et al.,
2003; Dagenais, 2005)). However, the performance of CCBEs and LSHCCs is dependent on
the water budget at a specific mining site and on the cover design (e.g., hydrogeological pro-
perties of the material used, thickness of the layers, topography of the cover) (Demers and
Pabst, 2021b; Magsoud et al., 2021). Moreover, the performance can be locally or globally
affected by physical processes (e.g., extreme precipitation and droughts, freeze-thaw cycles,
or preferential pathways) or biological processes (e.g., evapotranspiration from vegetation,
root-water uptake, and root or burrowing animal intrusions), both in the short or long-term
(MEND, 2004; Rykaart et al., 2006). As a result, it is generally recommended to construct
one or more test covers at the pilot scale to assess the hydrogeological behavior under real
meteorological conditions and monitor the performance in the short term (Bussiere et al.,
2021). More generally, reclamation covers installed on TSFs and WRPs should also be pro-
perly monitored over the long term to provide early detection of local or global decreases in
cover performance (MEND, 2004).

From a broader perspective, the conventional tools deployed to monitor the geotechnical and
geochemical stability of mining wastes are based on local measurements within the material
(e.g., moisture sensors, suction sensors, or piezometers) or skin-deep surface observations
(e.g., visual inspections, photogrammetry, or remote sensing) (Hui et al., 2018; Clarkson and
Williams, 2020). While surface observation generally cover large scales with relatively low
spatial resolution, local measurements allow physical parameters to be precisely monitored
within a few centimeters around the sensors (Vereecken et al., 2008). As a result, many
monitoring stations using dense networks of sensors might be needed to cover TSFs and
WRPs, which could represent significant costs for the monitoring programs and produce large
amounts of data that could be difficult to handle (Rykaart et al., 2006; Le Borgne et al., 2022).
As noted by Robinson et al. (2008b), geophysical techniques provide a promising approach

to bridge the gap between local measurements and surface observations since they allow 2D
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or 3D imaging of key physical parameter distribution in the subsurface across intermediate
scales, which can range from centimetric to kilometric surveys (Auken et al., 2014; Binley
et al., 2015b; Parsekian et al., 2015; Ulusoy et al., 2015; Palacios et al., 2020).

Time-lapse electrical resistivity tomography (TL-ERT) has emerged in recent years as one of
the most promising geophysical techniques for subsurface monitoring (Binley et al., 2015b;
Dimech et al., 2022). Indeed, TL-ERT is quite robust, cost-effective, and readily deployable
for permanent, continuous and remote monitoring for various types of applications such as
landslide, permafrost or infrastructure monitoring (Uhlemann et al., 2017b; Falzone et al.,
2019; Mollaret et al., 2019; Slater and Binley, 2021; Chambers et al., 2022; Holmes et al.,
2022b). As highlighted by the reviews from Dimech et al. (2022) and Martinez-Pagan et al.
(2021), ERT has been used in the context of mining wastes to (i) characterize the internal
structure of TSFs and WRPs (Anterrieu et al., 2010; Power et al., 2018b; Vasconez-Maza
et al., 2019; Gabarrén et al., 2020), (ii) delineate AMD-affected areas (Bortnikova et al., 2013;
Tycholiz et al., 2016; Power et al., 2018b; Jodeiri Shokri et al., 2022), (iii) identify AMD
pathways (Bortnikova et al., 2018; Hudson et al., 2018; Casagrande et al., 2020; Camarero
et al., 2022), and (iv) image moisture content distribution or water table elevation in T'SFs
and WRPs (Rucker, 2010; Booterbaugh et al., 2015; Epov et al., 2017; Mollehuara-Canales
et al., 2020). Moreover, TL-ERT has also been successfully used to track the flow of tracers
within mining wastes to help assess their hydrogeological behavior (Greer et al., 2017; Dimech
et al., 2019; Hester et al., 2019; Targa et al., 2021) and to monitor potential contaminants
or leakage from sealing layers (Binley and Daily, 2003; Martin-Crespo et al., 2010; Cortada
et al., 2017; Puttiwongrak et al., 2019; Rey et al., 2020a). Finally, a few studies have reported
applications of TL-ERT to monitor (i) the geotechnical stability of TSF dams (Sjodahl et al.,
2005, 2008; Coulibaly, 2016; Tresoldi et al., 2020a) and (ii) the performance of reclamation
covers installed on TSFs and WRPs (Magsoud et al., 2011; Villain et al., 2015; Dimech
et al., 2019). However, the potential that TL-ERT represents as a large-scale complementary
monitoring technique remains largely untapped for mining wastes (Dimech et al., 2022),
despite recent developments of remote, permanent and automated geoelectrical monitoring

systems in many other fields of geosciences (Slater and Binley, 2021; Chambers et al., 2022).

This study presents the results from a pilot-scale experimental investigation at an active
mining site where permanent ERT arrays were deployed to continuously monitor moisture
content in several multi-layer covers. This paper aims to (i) present and test the methodology
followed to predict moisture content distribution using daily ERT measurements, (ii) assess

the accuracy of ERT-predicted moisture content distribution using co-located hydrogeolo-
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gical sensors, and (iii) test how continuous remote geoelectrical monitoring can be used in
conjunction with conventional techniques to assess the performance of mine tailings recla-
mation covers across large scales. To our knowledge, this survey is one of the first attempts
to use permanent, automated, and remote TL-ERT for monitoring mining wastes at the pi-
lot scale. As a result, this study provides a "proof-of-concept" that geoelectrical monitoring
is a robust technique that could be successfully combined with conventional techniques to
spatially extend the monitoring of moisture dynamics in mining wastes for geochemical or

geotechnical monitoring.

4.3 Site description

Canadian Malartic Mine (CMM) is a world-class large-tonnage and low-grade gold deposit
located in the Abitibi region, Quebec, Canada (48.11°N, 78.12°W). It is expected that over
620 Mt of waste rocks and nearly 300 Mt of tailings will have been produced by the end
of the operations in 2029 (Canadian Malartic, 2020). These wastes will be stored in WRPs
(3.7 km?) and in TSFs (6.2 km?), as shown in Figure 4.1a with a satellite view of the mine
(Canadian Malartic, 2020). The tailings have average sulfur and carbon contents of 1.2% and
0.6%, respectively. This corresponds to a neutralizing potential ratio below 2 (Plante et al.,
2021b), which places the tailings in an uncertainty zone for their AMD generating poten-
tial (Plante et al., 2021a). The region is characterized by a cold and temperate continental
climate with a typical annual precipitation of 900 mm (Larchevéque et al., 2014; Canadian
Malartic Mine, 2015). The mean annual temperature is around 1 °C, with cold winters (mean
of -17 °C in January) and hot summers (mean of 17 °C in July) (Canadian Malartic Mine,
2015).

As part of its mine reclamation decision-making process, Canadian Malartic Mine conducted
a failure mode and effects analysis exercise. As a result, it was decided that four large-
scale field experimental covers would be built in order to address various identified risks,
notably in terms of constructability and performance of the covers. Two CCBE-type and two
LHSCC-type covers were constructed in 2019 and 2020 in the southwestern portion of the
TSF (Figure 4.1a). Each cover was about 18 m-wide and 280 m-long, with an 80 m-long
flat section (referred to as "plateau") and a 200 m-long inclined section with a 10% slope.
The CCBEs were constructed to evaluate, among other things, the possibility of using mine
tailings as a material for the MRL (Design A on Figure 4.1b). The CCBEs were made from
two layers of crushed waste rocks (mostly composed of gravels), a MRL made of tailings (a

fine-grained material categorized as non-plastic silt, USCS classification, McCarthy (1977)),
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FIGURE 4.1 (a) Satellite view of Canadian Malartic gold mine located in Quebec, Canada
(48.11°N, 78.12°W). Identification of the open-pit, WRP and TSF that are planned to be
reclaimed. (b) Aerial photography of the four pilot-scale experimental multi-layer covers and
simplified composition of the CCBE and LSHCC multi-layer covers investigated in this study.

a layer of uncompacted overburden (clay and silt) and a topsoil layer. The LSHCCs were
designed to reduce the net percolation of water toward the tailings (Design B on Figure
4.1b). The LSHCCs were made of a bottom support layer of waste rocks, overlain by a layer
of compacted overburden (acting as the low saturated hydraulic conductivity layer), a layer of

uncompacted overburden and a final layer of topsoil. It was expected that the lower portion
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of the layer of compacted overburden would remain saturated most of the year. Therefore,
although the main function of the LSHCC was to reduce the annual net percolation in the
tailings, this type of cover could also act as a partial oxygen barrier. The topsoil layer was
placed at the top of all covers to promote vegetation development in combination with the
uncompacted overburden layer. The hydrogeophysical survey was carried out in four 23 m-

long sections of the covers illustrated by rectangles Al, A2, B1, and B2 in Fig. 4.1b.

4.4 Materials and methods

4.4.1 Physico-chemical, hydrogeological, and electrical characterizations

Detailed physico-chemical, hydrogeological, and electrical characterizations were performed
on 44, 47, and 8 samples of tailings, overburden, and waste rock materials, respectively.
The samples were mostly collected from the 23 m-long hydrogeophysical sections during the
construction of the covers, according to a regular sampling grid. The grain size distribution
(GSD) presented in Figure 4.2 was determined using laser diffraction for the tailings and
overburden samples, and a combination of sieve analysis and laser diffraction for the waste
rocks (ASTM D-422). The specific gravity (Gs) was determined for all materials using a
helium pycnometer (ASTM D-5550). The sulfur and carbon contents of the samples were
determined using a LECO CS-2000 induction furnace (ASTM UOP-703), and were used to
compute the acidity and neutralization potentials of the tailings and waste rocks materials
(Plante et al., 2021a).
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FIGURE 4.2 Grain size distribution (GSD) for the materials used in the experimental covers.
Each sample is shown in light brown, black and grey for the overburden, tailings and waste
rocks, respectively.
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A systematic measurement strategy was carried out during the hydrogeophysical cover sec-
tion construction in the field to assess material compaction, porosity, and gravimetric and
volumetric moisture content (GMC and VWC) using a nucleodensimeter (86 measurements
for the tailings and 33 for the overburden). The GMC of the material used for the construc-
tion (referred to as 'at installation') was also estimated by weighing the wet samples of
tailings and overburden collected from the covers during construction, and by weighing the
same samples dried in an oven at 60 °C for 48 h (ASTM D-2216). The saturated hydrau-
lic conductivities (kga) for the tailings and overburden materials were predicted using the
modified Kozeny-Carman model (KCM) (Mbonimpa et al., 2002; Chapuis and Aubertin,
2003). Moreover, kg, was also determined in the laboratory using flexible wall permeame-
ters by Dubois-Roy (2021) for overburden samples taken from the experimental covers and
by Lavoie-Deraspe (2019) for tailings with a similar grain size distribution as the one used
in the experimental covers. Lavoie-Deraspe (2019) also determined kg, of waste rocks with
a similar grain size distribution using a rigid wall permeameter (ASTM D-5084). Standard
Tempe cells were used to assess the water retention curves for the tailings and overburden
(ASTM D-6836). For the Tempe cell tests, the saturated tailings and overburden samples
were compacted to a respective porosity of n = 0.40 and n = 0.45 (estimated porosity based
on the nucleodensimeter results of the field covers) in cylindrical molds with a diameter of
8.5 cm and a height of 2.5 cm. Incremental steps of pressure were applied to the top of the
Tempe cells using air pressure controllers and high-pressure nitrogen bottles to drive changes
in the VWC of the samples. The Tempe cells were weighed after two days at each pressure in-

crement and the pressure-VWC data were used to assess the air-entry value and the residual
VWC (6,).

The electrical properties of the tailings and overburden samples were characterized using a
laboratory apparatus described in Dimech et al. (2023b). As shown in Figure 4.3, a standard
Tempe cell was slightly modified to carry out time-lapse ERT in the samples to simulta-
neously determine moisture content and bulk electrical conductivity (EC) for each pressure
increment. The conventional brass cylinder was replaced by a non-conductive polyvinyl chlo-
ride (PVC) cylinder that could withstand pressures up to 350 kPa. A PVC cylinder of 6 cm
in height and 7.5 cm in internal diameter was used. Six stainless-steel electrodes of 1 cm
in diameter were inserted in the PVC cylinder to be in contact with the material sample
with a penetration of 5 mm to ensure good electrical contact. The electrodes were connected
to a Terrameter LS resistivity meter (ABEM, Sweden) and measurements were carried out
during sample drainage. The datasets were used to fit Archie petrophysical models following
the methodology presented in Dimech et al. (2023b).
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FIGURE 4.3 (a) Schematic view of the modified Tempe Cell used to characterize electrical
properties of samples. (b) Photographs showing the modified Tempe Cell, the porous ceramic
plate, the six stainless steel electrodes and the ABEM Terrameter LS resistivity meter.

4.4.2 Design, instrumentation, and monitoring of experimental covers

The four 23 m-long sections of the field experimental multi-layer covers were instrumented
with a dense network of hydrogeological sensors and geophysical electrodes. As illustrated in
Figure 4.1, two hydrogeophysical sections were located in one CCBE : in the plateau section
(A1) and at the top of the slope (A2). Similarly, two other sections were located in one
LSHCC : at the top of the slope (B1) and at the bottom of the slope (B2). The locations of
the four sections were selected in order to assess the potential of geoelectrical measurements
to monitor moisture content dynamics in covers for a broad range of field conditions at
the pilot scale. Both the multi-layer cover design and the slope were expected to affect the
hydrogeological behavior of the field covers (Bussiére et al., 2007). Moreover, the bottom part
of the slope was re-vegetated in October 2020 and June 2021 using oat seeds as indicated in

Fig. 4.1b, which was also expected to play a role in the moisture content distribution.

Figure 4.4 presents the geometry of the multi-layer covers and the location of hydrogeological
sensors and electrodes. From bottom to top, the CCBE cover (Design A) consisted of a 0.3 m-
thick bottom capillary break layer made of waste rocks (0-100 mm), a 1.0 m-thick MRL of
tailings, a 0.5 m-thick upper capillary break layer made of waste rocks (0-50 mm), and a
layer of material that supported the growth of vegetation, made of 0.4 m of overburden
overlain by 0.1 m of topsoil (Fig. 4.4a). The hydrogeophysical CCBE sections were equipped
with hydrogeological monitoring stations located at the center of the sections, connected

to vertical profiles of six Teros 12 sensors, which continuously monitor unfrozen volumetric
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FIGURE 4.4 Geometry of the experimental CCBE (a) and the LSHCC (b) built on the TSF
of MCM. The location of hydrogeophysical instruments is presented on the vertical sections
(longitudinal profiles of electrodes in red and Teros 12 sensors along a vertical profile in the
center of the 23 m-long cover sections).

water content, temperature, bulk EC (two-points method), and pore water EC (MeterGroup
(2019)). Two longitudinal profiles of electrodes were also buried within the tailings to protect
the electrodes from coarse waste rocks, ensure good electrical grounding, and maximize the
resolution within the MRL. The longitudinal profiles were placed, respectively, 0.15 m above
the bottom tailings-waste rocks interface and 0.15 m below the top tailings-waste rocks
interface. Each longitudinal profile contained 24 flat rectangular stainless-steel electrodes
measuring 6 cm x 2.5 cm and separated from each other by 1 m. Two additional vertical
arrays of electrodes were also installed around the Teros 12 sensors, represented as vertical
profiles shaded in Fig. 4.4a. These arrays were not used in this study and more details are
provided in Dimech et al. (2023b).
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Similarly, from bottom to top, the LSHCC (Design B) consisted of a 0.3 m-thick support
layer made of waste rocks (0-100 mm), a 1.0 m-thick low saturated hydraulic conductivity
layer made of compacted overburden, a 1.0 m-thick protective layer made of uncompac-
ted overburden, and a 0.1 m-thick surface layer made of topsoil (Fig. 4.4b). Each LSHCC
hydrogeophysical cover section was also equipped with a vertical profile of five Teros 12 hy-
drogeological sensors and two longitudinal profiles of 24 electrodes with an electrode spacing
of 1 m. The electrodes had the same geometry as for the CCBE cover and the location of the
two longitudinal profiles was, respectively, 0.15 m above the overburden-waste rocks interface
and at the interface between compacted and loose overburden. The Teros 12 specific mate-
rial calibration curves were obtained in the laboratory for tailings and overburden and the
accuracy for moisture content calibrated measurements was + 0.03 m?/m? (Isabelle, 2022).
The Teros 12 sensors were connected to ZL6 autonomous and remote dataloggers powered by
solar panels (MeterGroup). Hydrogeological measurements were recorded every 30 minutes

and transferred automatically to remote servers once a day.

All electrodes of the four instrumented sections were connected to a PRIME system autono-
mous resistivity meter developed by the British Geological Survey (PRoactive Infrastructure
Monitoring and Evaluation) (Holmes et al., 2020, 2022b; Chambers et al., 2022). Robust
12 AWG solid copper cables were used to connect the electrodes to the PRIME system.
The PRIME system was installed in a cabin equipped with a router and an antenna to
transfer ERT data to remote servers three times per day, which significantly reduced the
need for costly field campaigns while allowing high temporal resolution monitoring. Four sets
of ERT data were measured every day for each one of the four hydrogeophysical sections.
Meteorological data such as air temperature, precipitation, and relative humidity were also
monitored using a meteorological station. The hydrogeophysical datasets presented in this

study extended over a one-year period from July 2021 to August 2022.

4.4.3 Construction of pilot-scale field experimental covers

The 280 m-long large-scale experimental covers were constructed from 2019 to 2020 in an
inactive area at the southwestern part of the Canadian Malartic Mine TSF. At this location,
the maximum TSF elevation was approximately 30 m above the natural ground with a slope
of 10% in the inclined areas. The first step was to prepare a 1-3 m-thick base layer made
of coarse waste rocks (0-1000 mm) to support the covers. This was done using a mechanical
shovel or a bulldozer to flatten the benches in the inclined area and by adding waste rocks
directly on the tailings in the plateau area. A 0.3 m-thick layer of finer waste rocks (0-100 mm)

was placed on top of the supporting layer to act as a transition layer between the coarse waste
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rocks and the overlying fine material.

Figure 4.5 presents the main construction steps. Construction of the tailings layers in the
hydrogeophysical cover sections was done in four lifts using a mechanical shovel. The first
0.15 m-thick lift was constructed and proper compaction and flattening was achieved using
the mechanical shovel. The prepared electrode profiles were then installed on this flat surface
and all electrodes were surveyed. A second 0.35 m-thick lift was then constructed and the
material was carefully deposited on the electrode profiles to ensure the electrodes did not
move. A third 0.35 m-thick lift was installed for the CCBE to prepare the top electrode
level and a final 0.15 m-thick lift completed the 1.0 m-thick MRL. The remaining layers
were installed in one lift each by the mechanical shovel. A similar procedure was followed for
the LSHCC, with three lifts with respective thicknesses of 0.15 m, 0.35 m and 0.5 m. The

1.0 m-thick uncompacted overburden layer was installed in one lift.

Nucleodensimeter measurements were carried out after the construction of each lift to en-
sure that proper compaction was achieved. Seven material samples were also collected for
each cover section after each lift construction to assess GMC at installation and the spatial
variability of the material properties. VWC sensors were installed at the specified depths
by excavating a small hole after each lift installation; the needles of the sensors were then
inserted into the compacted material and surveyed. They were held in place by backfilling the
holes with the material that was previously excavated to ensure representative compaction.
The cables were inserted into acrylonitrile-butadiene-styrene (ABS) pipes to protect them

from the waste rocks, following the methodology of Boulanger-Martel et al. (2021b).

Electrode cables were also inserted into vertical ABS pipes as shown in Fig. 4.5a. The cables
were then connected to the PRIME system using waterproof connection boxes located at the
surface of the covers. The connection boxes were also covered by rugged plastic boxes to fur-
ther protect the electrical connections from potential damage by animals, water infiltration,
and snow (Fig. 4.5a). The PRIME system was installed in a monitoring station, powered by
two 105 Ah 12 V batteries which were charged by an electrical line and heated during the
winter season. The batteries were sufficient to maintain system operation for a few weeks in
case the power line failed. In total, approximately 800 electrodes were installed in the four
hydrogeophysical cover sections following a 3D grid similar to that described in Martin et al.
(2017) and Dimech et al. (2019). For each section, five 23 m-long profiles separated by 1.5 m
were installed at two different elevations to define two 23 m x 6 m longitudinal planes of
electrodes separated by a vertical distance of 0.7 m. Only the 256 electrodes from the central
profiles (Fig. 4.4 and top left photograph of Fig. 4.5a) were connected to the PRIME system
for this pilot study.
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4.4.4 Time-lapse ERT data acquisition and processing
ERT measurement protocols

A Wenner-type measurement configuration was used in this study to provide a strong si-
gnal /noise ratio. The spacing between electrodes ranged from 1 m to 5 m and both bottom
and top electrodes were used separately to carry out measurements, as shown by the top
panel in Figure 4.6. ERT datasets contained 150 measurements for each experimental co-
ver section, and took less than 10 minutes to be collected. Sensitivity analysis showed high
sensitivity was achieved in the tailings layer for the CCBE, and both in the compacted over-
burden and loose overburden for the LSHCC. Lower sensitivity was observed in the waste
rocks layers and little to no sensitivity was achieved in the overburden layer at the top of
the CCBE. Figure 4.6 also presents the temporal evolution of raw conductance measured
using the top electrode profiles and Wenner configurations with electrode spacings of 2 m
and 5 m from June 2021 to July 2022. Each strong precipitation event (i.e., precipitation
greater than 20 mm/day) was followed by an increase in conductance. On the contrary, long
periods without precipitation corresponded to a decrease in conductance, especially during
the summer and winter periods. Four ERT datasets were recorded autonomously each day
for each cover section with a time interval of 6 hours (data acquisition from 0 to 2 AM, from
6 to 8 AM, from 0 to 2 PM, and from 6 to 8 PM). An additional set of reciprocal ERT
measurements was recorded during the night (from 2 to 4 AM) for data quality assessment.
For this pilot study, one dataset per day was used to reduce the total number of inversions.

As a result, only the direct and reciprocal datasets recorded during the night were processed.

ERT data error assessment and filtering

ERT datasets were recorded along with a daily set of reciprocal measurements, for which
the current and potential electrodes were interchanged (Tso et al., 2017). As reported in
Uhlemann et al. (2016a), any difference between direct and reciprocal measurements can
be used to assess ERT data quality. ERT data with reciprocal error greater than 10% were
removed from the datasets (Tso et al., 2019). Moreover, Hampel filtering was applied to each
time-series to identify and remove any temporal outliers (Hampel, 1974). The filtered mea-
surements were then replaced in their respective time-series using spatio-temporal inverse
distance weighting interpolation to obtain ERT datasets with the same number of measure-
ments for each snapshot (Uhlemann et al., 2016a). This procedure yielded 397 full datasets,
each containing 150 measurements, for each of the four multi-layer hydrogeophysical cover

sections, which corresponded to a total of ~ 240,000 data points to be inverted.
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FIGURE 4.6 (a) Wenner measurement protocol used in the experimental covers with electrode
spacing ranging from 1 m to 5 m. (b) Raw conductance time-series measured with the PRIME
system for an electrode spacing of 2 m and 5 m with the top electrodes of each cover (mean
of all measurements).

Time-lapse ERT data inversions

ERT datasets were inverted using pyGIMLi/BERT, a smoothness-constrained least-squares
inversion open-access software (Riicker et al., 2017). 2D unstructured meshes were defined

according to the known geometry of the covers (see Dimech et al. (2023b)). The meshes
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contained 10,600 and 11,400 triangular cells for the CCBE and the LSHCC, respectively.
Anisotropic spatial smoothing was applied within each layer to allow greater variations of
inverted bulk EC along the vertical direction (as opposed to smooth variations in the hori-
zontal direction). No spatial smoothing constraint was applied at the interface between two
successive layers to enable sharp contrasts between two different materials. The normalized
x? defined in Johnson et al. (2012b) was used to assess the misfit error between modeled
and measured data weighted by their respective measurement errors. Most of the x? values
obtained by the inversions ranged between 0.6 and 1.4, which denoted that ERT datasets
were appropriately fitted.

Temperature and pore water corrections

Both temperature and pore water EC can have significant effects on the subsurface bulk
EC (Hayley et al., 2010; Dimech et al., 2023b). As reported in Dimech et al. (2022), this is
especially true for long-term monitoring surveys in areas where significant seasonal changes
in air temperature can be observed. A similar observation can be made if significant changes
in interstitial pore fluid geochemistry are typically monitored, such as in mining wastes.
In such cases, the inverted bulk EC models need to be corrected to standard temperature
and standard pore water EC to properly convert bulk EC into moisture content and avoid

misinterpretation of geoelectrical monitoring results.

The inverted bulk EC distribution o was corrected to a standard temperature Tyq of 25 °C

using :

1
14 0T - (T — Tya)

(4.1)

0O Tstd—=0

where o 1 4q is the corrected bulk EC and 67T is the fractional change in ¢ per degree
Celsius. A value of 7 = 0.02 °C~! was used in this study, which means that bulk EC
increases by a factor of 2% for a temperature increase of 1 °C (Hayley et al., 2010; Uhlemann
et al., 2017b). The temperature measured by the Teros 12 sensors was used to determine the
vertical profiles of temperature for the monitoring period for each multi-layer cover section.
Figure 4.7 presents the spatio-temporal variations of temperature measured by the Teros 12
sensors in the CCBE experimental cover section on the plateau. This temperature model was
assumed to be representative of the 23 m-long instrumented cell and was used to correct the
inverted bulk EC values using Equation 4.2. Since the maximum amplitude of variation of
temperature was close to 10 °C in the tailings layer, such a seasonal temperature variation

would have affected bulk EC in the tailings up to a factor of 20% if not properly accounted
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for (e.g., Dimech et al. (2023Db)).
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FIGURE 4.7 Precipitation data, spatio-temporal variation of temperature measured by the
Teros 12 sensors, and spatio-temporal variation of pore water electrical conductivity derived
from the Teros 12 measurements at the center of the CCBE experimental cover section on
the plateau.

The inverted bulk EC was also corrected to a standard pore water EC oy g q of 4.0 mS/cm

using :

O Std} (4.2)

anstd:U'[ o
where o ., sq is the corrected bulk EC and oy, is the pore fluid EC normalized at 25 °C. The
pore water EC values were calculated from the moisture content, bulk EC, and temperature
data recorded by the Teros 12 sensors using a semi-empirical relationship developed in Hil-
horst (2000) (see Dimech et al. (2019) for details). The accuracy of pore water EC determined
from this relationship was expected to be around + 20% in media with a moisture content
greater than 0.10 m®/m3. The Teros 12 measurements were used to assess the spatio-temporal
variations of pore water EC along a vertical profile at the center of each hydrogeophysical
cover section as shown in Figure 4.7. The pore water EC was fixed at 0.5 mS/cm in the waste
rocks since the relationship could not be applied (moisture content less than 0.10 m?®/m?
most of the time). The pore water EC model estimated at the center of the hydrogeophysical
cover sections was assumed to be representative of the 23 m-long cover section to be used to

correct the inverted bulk EC.
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Conversion into moisture content

The Archie model was used to convert the inverted bulk EC to VWC expressed in m?®/m?
(Archie et al., 1942). The Archie relationship is generally expressed as :

0 =0y -n"r . S0A (4.3)

where oy, is the pore fluid EC, n is the porosity (-), and Sy, is the saturation (VWC = n-Sy).
The parameters ma and nya are unitless, commonly referred to as the cementation exponent
and the saturation exponent, respectively (Glover, 2016). Equation 4.3 can be rearranged to
convert the corrected bulk EC (0c) at standard temperature and standard pore fluid EC
(0w sta) into VWC using :

1

VIVC = { Teorr ]"A - plmma/na (4.4)

Ow std

4.5 Results

4.5.1 Physico-chemical, hydrogeological, and electrical properties

Table 4.1 summarizes the results from the multi-component characterization approach carried
out on material samples. The dry density and GSD obtained for the tailings and waste rocks
materials were typical of these materials (e.g., Bussiere (2007); Sylvain et al. (2019); Lavoie-
Deraspe (2019)). Notably, the 44 tailings samples shared similar properties with low standard
deviations, which denoted the homogeneity of the MRL in the CCBE. By comparison, a
greater variability was reported among the samples of overburden for the LSHCC. However,
systematic sampling showed that the properties were randomly distributed in the LSHCC and
no spatial correlation was evidenced. Systematic sampling and systematic nucleodensimeter
measurements provided similar results in terms of GMC. GMC at installation was 0.21 £ 0.01
for the tailings layer and 0.27 + 0.07 for the overburden layer. The in situ porosity calculated
from nucleodensimeter data was n = 0.39 4+ 0.02 and n = 0.46 £ 0.06 for the tailings and
overburden layers, respectively. Notably, a slight difference in porosity was observed between
the plateau and the inclined sections of the CCBE (n = 0.38 and n = 0.41, respectively).

The saturated hydraulic conductivity predicted from basic geotechnical properties were in
good agreement with permeameter experiments (see Table 4.1). Similarly, the water reten-
tion curves (WRC) obtained from the conventional Tempe cells were consistent with those

determined from the modified electrical resistivity Tempe cells (see Fig. 4.3) and allowed
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the determination of the unsaturated hydraulic properties in terms of saturated and residual
volumetric water content (6s,¢ and 6,), air-entry value (AEV), noted 1,, and suction at re-
sidual moisture content v, (Boulanger-Martel et al., 2021a). As expected, the waste rocks
(0-100 mm) had a high saturated hydraulic conductivity (ks around 107! cm/s) and low
water retention capacity (e.g., Kalonji-Kabambi et al. (2017)). In this study, the waste rocks
with grades 0-100 mm and 0-50 mm were supposed to exhibit similar hydrogeological beha-
viors. On the contrary, the fine materials exhibited lower saturated hydraulic conductivities
(kgar around 107° and 1075 c¢m/s for tailings and overburden, respectively) and higher water
retention capacities (¢, around 20-30 kPa for tailings and around 60-100 kPa for overbur-
den). Such strong contrasts between coarse and fine materials suggested that capillary barrier
effects would be likely to develop at the interface between the waste rocks and tailings for the
CCBE and between the waste rocks and the compacted overburden materials for the LSHCC
(Aubertin et al., 1995; Bussiere et al., 2003).

The electrical resistivity Tempe cells allowed the electrical properties of the tailings and
overburden materials to be determined. The parameters of the Archie petrophysical model
were optimized to fit the experimental measurements of bulk EC and moisture content in
the modified Tempe cells following the methodology presented in Dimech et al. (2023b).
The tailings were compacted to a porosity of n = 0.40 in the Tempe cell to reproduce
similar conditions as in the field CCBE (n = 0.45 for the overburden). The values ma = 1.2
and ny = 3.5 provided the best fit to the experimental data for the tailings at a reference
temperature of 25 °C and a reference pore water EC of 4 mS/cm (ma = 0.5 and ny = 3.4 for
the overburden). The petrophysical relationship could not be determined for the waste rock
samples given that the Tempe cell was too small to fit the coarse particles while respecting
a ratio of 6 :1 between the diameter of the cell and the larger particle size (Peregoedova,
2012). As a result, an a-priori Archie model was defined for the waste rocks with a porosity
of n = 0.35 (Lavoie-Deraspe, 2019) and Archie parameters of my = na = 2. This assumption
was not expected to impact the hydrogeological interpretations since the waste rocks layers
were generally less than 0.15 m®/m?, and an accurate determination of moisture content was

not necessary in these layers (as opposed to moisture content measurements in the MRL of
the CCBE).
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TABLEAU 4.1 Summary of the physico-chemical, hydrogeological, and electrical properties

of materials :

‘ Tl Compacted Waste rocks
Property (unit) (n = 44) overburden (0-100 mm)
(n = 47) (n=28)
Physical
Cy (-) 12 +1 35 49 16 +3
Dy (nm) 3.3 £0.2 0.6 £0.2 1,488 +447
Dso (pm) 11.1 +0.6 77 41.2 9,631 42,137
Dgo (pm) 40.6 +2.7 18.0 £10.7 | 22,948 +3, 747
Gy (g/cm?) 2.76 @ 2.70 () 2.77
Chemical
Sulfur content (%) 1.22 £0.08 - 0.51 £0.12
Carbon content (%) 0.55 £0.03 - 0.23 £0.05
Acidity potential (kg CaCOs3/t) 38 +3 - 16 +4
Neutralization potential (kg CaCOs/t) 45 £2 - 19 +4
Neutralizing potential ratio (-) 1.2 £0.1 - 1.2 £0.1
Hydrogeological
GMC at installation ©) (kg/kg) 0.21 £0.02 0.24 £0.06 -
VWC at installation (®) (m?/m?) 0.36 £0.03 0.34 40.05 -
Porosity n at installation () (-) 0.39 £0.02 0.46 +0.06 -
GMC at installation (@ (kg/kg) 0.21 40.01 0.27 40.07 -
MKC predicted kg ) (cm/s) 3x107° 4x 107 8x 107!
kgar (cm/s) 7x107° @ | 5x1077 (® 5x 1071 @
Osar (m?/m?) 0.40 0.45 0.35 @
0, (m?3/m3) 0.05 0.05 0.01 @
Air-entry value 1, (kPa) 20-30 60-100 <0.1®
Residual suction 1, (kPa) 600-1,000 1,500-2,000 <1®
Electrical ®
Porosity n (-) 0.40 0.45 0.35 (8
Cementation exponent ma (-) 1.2 0.5 2 (&)
Saturation exponent ny (-) 3.5 3.4 2 (©

() Analysis carried out in Lavoie-Deraspe (2019) for similar tailings and waste rocks from Canadian Malartic

Mine. (®) Laboratory analysis carried out in Dubois-Roy (2021) for overburden material of the LSHCC. (¢)
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Porosity calculated from nucleodensimeter field measurements during the cover construction. (4) Laboratory
determination of GMC in wet samples dried in the oven. (®) Hydraulic conductivity predicted for fine materials
using the modified Kozeny-Carman model (Mbonimpa et al., 2002). ® Archie petrophysical models with a
reference pore water EC of 4 mS/cm, a reference temperature of 25 °C. (8 A-priori Archie petrophysical

model for the waste rocks samples (not calibrated in the laboratory).

4.5.2 Moisture content dynamics from the hydrogeological sensors

The daily precipitation and moisture content dynamics measured by the hydrogeological
sensors in the four experimental cover sections are shown in Figure 4.8. As expected, VWC
was much lower (typically less than 0.15 m3/m?) in the waste rocks layers (blue and purple
sensors for CCBE and blue sensor for LSHCC) when compared to the fine materials. In
particular, almost no temporal variations in VWC were observed in the bottom waste rocks
layers, which suggested limited percolation rates from the overlying layers in the CCBE
sections. VWC remained between 0.30 and 0.40 m®/m? in the tailings layer of the CCBE
section on the plateau and greater than 0.35 m?/m? in the inclined area during the one-year
monitoring period. Each significant precipitation event (i.e., greater than 20 mm/day) was
followed by a sharp increase in VWC at the top of the tailings layer in the plateau section,
whereas VWC was mostly stable in the rest of the MRL and in the inclined area. Finally,
VWC in the overburden layer of the CCBE remained near 0.30 m®/m? throughout the year
and VWC slightly increased after each precipitation event. A sharp decrease in VWC was
observed during winter in the overburden layer of the plateau section. This was interpreted
as a partial freezing of the pore water in this superficial layer, given that the Teros 12 sensors
measured unfrozen water content, which was consistent with the measured temperature near
0 °C at the same location during winter. The moisture content dynamics of the CCBE located
in the inclined area was similar to the CCBE in the plateau section, which suggested that the
slope did not significantly affect the hydrogeological behavior of these covers. Nonetheless,
the MRL in the inclined section seemed to be slightly less affected by precipitation than the
MRL in the plateau section, which suggested that a fraction of the precipitation was laterally
diverted within the top waste rocks layer toward the bottom of the slope (e.g., Bussiére et al.
(2003)). Overall, moisture content dynamics monitored in the CCBEs were consistent with
the expected behavior for that type of multi-layer cover, and suggested that capillary barrier
effects were present at the top and at the bottom of the tailings layers (e.g., Nicholson et al.
(1989); Aubertin et al. (1995)).
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VWC remained between 0.30 and 0.45 m®/m?® in the compacted overburden material at the
top of the slope of the LSHCC. In comparison, the compacted overburden material at the
bottom of the slope was slightly less wet in the hydrogeophysical section, with VWC ranging
from 0.25 to 0.38 m®/m?. The high and steady VWC values observed at the bottom of
the compacted overburden layers suggested that a capillary barrier effect developed at the
interface between the waste rocks and the compacted overburden. On the contrary, significant
changes in VWC were observed in the uncompacted overburden material and at the top of
the compacted overburden layers in the LSHCC, with variations of up to 0.15 m?®/m3 between
the wettest and driest periods. These variations suggested that the top part of the LSHCC
was more affected by vertical drainage, evaporation, or evapotranspiration (or a combination
of these three components) than the compacted overburden material at greater depths in the
covers. VWC in the transition layer of waste rocks was higher near the bottom of the slope
than near the top part of the slope. Strong increases in VWC were recorded in the waste
rock layers of the LSHCC following each significant precipitation event, and the temporal
variations of VWC in the bottom waste rocks layers were stronger at the bottom of the slope

of the LSHCC, both in terms of absolute values and amplitude of variation.

4.5.3 Time-lapse electrical resistivity tomography results
Spatial distribution of moisture content from inverted conductivity

Electrical resistivity tomography in the field multi-layer covers allowed the monitoring of
moisture content dynamics to extend spatially across the 23 m-long cover sections. Figure 4.9
presents the distribution of VWC predicted by inversion for the four cover sections on July
15¢, 2021 (left panel) and on August 28", 2021 (right panel). As indicated by the dashed lines
on Fig. 4.8, July 1%, 2021 corresponded to a wet period, with cumulative rain of ~ 55 mm
during the previous week (blue dashed line) whereas August 28", 2021 corresponded to a
dry period with cumulative rain of < 1 mm during the previous two weeks and ~ 40 mm

during the previous month (red dashed line).

The VWC distribution predicted from geoelectrical monitoring was consistent with hydrogeo-
logical measurements for both dates shown on Fig. 4.9. VWC was high in the MRL composed
of tailings for the CCBE (between 0.30 and 0.40 m*/m?) and of overburden for the LSHCC
(between 0.25 and 0.45 m®/m?). In the meantime, VWC was less than 0.10 m®/m? in the
waste rocks, which suggested that the capillary barrier effects at the interface between fine
and coarse materials were effective. Higher VWC values were predicted from ERT inversions

in July after the strong precipitation events, as opposed to August, which seemed to be more
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FiGURE 4.8 Daily precipitation and unfrozen volumetric water content measured by the
Teros 12 sensors for the four cover sections. The vertical dashed lines correspond to the wet
and dry dates referred to in Fig. 4.9

affected by the drought, particularly in the overburden material of the LSHCC. ERT inver-
sions produced VWC distributions that were globally smooth in the longitudinal direction
and showed stronger changes in the vertical direction (Fig. 4.9). This was consistent with
the inversion anisotropic smoothing and with the increase of suction with elevation expected
in such multi-layer covers (Bussiére et al., 2007). Nonetheless, some horizontal variations in
VWC were noted for the LSHCC, which might have been caused by the higher variability in
hydrogeological properties for the overburden material evidenced by the systematic charac-
terization. For instance, higher VWC values were predicted from ERT inversions at the left
upslope part of the profile for the top slope LSHCC (as opposed to the right bottom slope
part of the profile).
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wet and dry conditions (the 0.1 m-thick layer of topsoil at the top of the covers is not shown
in these plots).

Spatio-temporal dynamics of moisture content

The complex spatio-temporal dynamics of VWC in the four experimental covers during Sum-
mer 2021 was further investigated using the relative variation of VWC. Figure 4.10 presents
the VWC distribution on July 25" 2021 before significant precipitation events (55 mm in
one week) on the top panel. This date was considered as a baseline for the calculation of
relative variations of VWC during the precipitation event (following week) and during the

following months (drier conditions).
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Different hydrogeological behaviors were identified for each cover section. For the CCBEs,
only the top layers were affected by the precipitation with a VWC increase greater than
0.05 m®/m? in the overburden and top waste rocks layers. The top of the tailings was also
slightly affected by the precipitation with an increase in VWC around 0.05 m?/m? in the
plateau section (Design A1) while almost no variations were recorded in the tailings layer in
the inclined area (Design A2). Such different behaviors were interpreted to be caused by the
slope, which could have increased the lateral deviation of precipitation toward the bottom of
the slope at the interface between the top waste rocks layer and the tailings, thus reducing the
amount of water percolating into the tailings. However, the decrease in VWC associated with
drier conditions (August 28", 2021) was similar for the two CCBE sections, with a decrease
less than 0.05 m®/m?, which was consistent with the hydrogeological sensor measurements

located at the center of the covers (colored dots on Fig. 4.10).

Greater spatio-temporal changes were observed in the LSHCCs; the largest variations in
VWC were in the upper part of the uncompacted overburden layer, with a relative increase
in VWC around 0.03 m?/m? following precipitation events and a relative decrease in VWC
greater than 0.05 m®/m3 during the dry period. By contrast, the 1 m-thick layer of compacted
overburden did not show significant variations after precipitation, particularly for the cell
located at the top of the slope (Design B1). Nonetheless, the decrease in VWC that was
recorded at the end of August 2021 affected both the uncompacted and the compacted
overburden layers. Overall, no lateral trends in the VWC temporal variations were obvious
for any of the experimental hydrogeophysical covers sections (e.g., preferential flow in a

specific area, lateral deviation of water, or heterogeneity in the material).

Accuracy of ERT-predicted moisture content

The accuracy of the geoelectrical results was investigated in the four cover sections by compa-
ring the VWC measured by the Teros 12 sensors and the VWC predicted by ERT at the same
locations. Following the methodology described in Dimech et al. (2023b), the ERT-predicted
VWC values were extracted from the 2D inverted conductivity models at the sensor loca-
tion, knowing their volume of investigation (approximately 1 L). The left panel of Figure
4.11 compares the temporal evolution of the measured VWC (dashed lines) and the ERT-
predicted VWC (solid lines) at the location of sensors in the tailings layers for the CCBEs and
in the overburden material for the LSHCCs. The right panel shows the comparison between
measured VWC (horizontal axis) and ERT-predicted VWC (vertical axis). Overall, the ERT-
predicted VWC matched the hydrogeological measurements well, both in absolute value and

relative temporal variations. Indeed, most of the ERT-predicted VWC values were close to
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the black solid line that represents a perfect fit between predicted and measured VWC (right
panel of Fig. 4.11). The difference between the two datasets was less than & 0.05 m3/m? and
the root mean square errors ranged from 0.01 to 0.03 m?/m3. These results were consistent
with previous results from a multiscale accuracy assessment study in the CCBE located in

the plateau section, which reported similar accuracy (Dimech et al., 2023b).
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F1GURE 4.11 Accuracy of ERT-predicted VWC using the VWC measured by the hydrogeo-
logical sensors at the center of the covers as a reference for the four experimental multi-layer
covers. (a) Temporal evolution and (b) comparison of measured (dashed lines) and ERT-
predicted (solid line) VWC.
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Spatio-temporal dynamics of the degree of saturation during one year

The hydrogeophysical monitoring data allowed 2D imaging of VWC dynamics for each ex-
perimental hydrogeophysical cover section over a period of 400 days, which revealed the
hydrogeological behavior of the multi-layer covers. The VWC distribution predicted from
geoelectrical data was converted into saturation degree, given that this property is generally
determinant for the performance assessment of the covers. In the CCBESs, the degree of sa-
turation was calculated using an estimated porosity of 0.38 and 0.41 for the tailings layer
in the plateau section and in the inclined section, respectively (cf. Table 4.1). Similarly, an
estimated porosity of 0.46 was used to calculate the degree of saturation in the overburden
layers (compacted and uncompacted) of the LSHCCs for both sections (top and bottom parts
of the slope).

The left panel of Figure 4.12 presents the 2D imaging of the calculated degree of saturation
for the hydrogeophysical cover sections in July 2022 using a simplified color code. The degree
of saturation was mostly greater than 85% in the MRL of the CCBE sections, whereas the
degree of saturation was more heterogeneously distributed in the LSHCC sections. For the
LSHCCs, the highest values (greater than 90%) were observed at the bottom of the compacted
overburden layer at the top of the slope (section B1) and the lowest values (less than 75%)
were reported in the uncompacted overburden layer at the surface of the LSHCCs, particularly
at the bottom of the slope (section B2). The right panel of Fig. 4.12 assesses which surface of
the fine-grained material (tailings or overburden) remained at a specific interval of degree of
saturation for a given period of time (in% of the total surface considered). Finally, the pie-
charts summarize the cumulative portions of the fine-grained material layers for each interval
of degree of saturation during the one-year period (e.g., 34% and 53% of the MRL with
a saturation degree greater than 90% for the CCBEs in the plateau and inclined sections,

respectively).
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FIGURE 4.12 (a) Distribution of the degree of saturation predicted from ERT measurements
for the four experimental cover sections. (b) Surface percentage of the fine-grained layers at
different intervals of degrees of saturation for a given period of time and summary for the
one-year monitoring period.

4.6 Discussion

4.6.1 Performance assessment of the multi-layer covers from hydrogeophysical

monitoring data
Performance of the covers with capillary barrier effects (CCBEs)

The CCBEs were designed to act as oxygen barriers thanks to the high water retention capa-
city of a MRL (Nicholson et al., 1989; Demers and Pabst, 2021b). Therefore, the performance
of the CCBE can be assessed from the degree of saturation of the MRL using a threshold
value of 85%, which is generally considered to define an efficient CCBE (Aubertin et al.,
1998; Aachib et al., 2004; Bussiere et al., 2007; Demers and Pabst, 2021b). Moreover, the

performance of the CCBE was considered uncertain for degrees of saturation between 80%
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to 90% (yellow and light green colors on Fig. 4.12). This allowed to take into account the
uncertainties associated with the calculated degree of saturation, given that an accuracy of
+ 0.02 m*®/m? in terms of VWC corresponds to an accuracy of + 5% in terms of degree of

saturation (considering a porosity of n = 0.40).

Good performance was achieved throughout the monitoring period in the CCBE hydrogeo-
physical sections since the MRL maintained an estimated degree of saturation greater than
85% most of the time. The two sections of CCBEs investigated in this study showed similar
behavior, which suggested that the slope did not greatly affect the performance of the CCBE.
Fig. 4.12 shows that the CCBE section located at the top of the slope (Design A2) presented
the best performance. The ERT-predicted degree of saturation in the MRL of the CCBE
located on the plateau section was occasionally in the uncertainty zone, between 80% and
85% for short periods of time during the driest periods of the year in the top part of the
MRL. The slight difference in performance between the two sections of the CCBE could be

explained, at least in part, by variations inherent to such large-scale construction.

From a broader perspective, the hydrogeological behavior of the CCBE sections was consistent
with previous field CCBEs (e.g., Dagenais et al. (2005); Bussiere et al. (2009); Magsoud et al.
(2011); Kalonji-Kabambi et al. (2017)), which suggested that capillary barrier effects were
likely to occur at the interface between tailings and waste rocks (Nicholson et al., 1989). This
type of reclamation covers using tailings and waste rocks is promising since no natural mate-
rials are needed for the construction (e.g., natural sand, silt, or clay from nearby borrow pits),
which reduces the environmental impact of reclamation and provides logistical and economic
benefits (Aubertin et al., 1995; Bussiere et al., 2007; Larochelle et al., 2019). Bussiere et al.
(2003) and Bussiere et al. (2006) also demonstrated that the performance of CCBEs installed
along inclined slopes would be lower in the upper part of the slope, which suggests that the
lower part of the field experimental CCBE (not instrumented with geophysical instruments)
would achieve an even better performance. Nonetheless, more investigation might be neces-
sary to assess the impact of vegetation and climate change on long-term CCBE performance
since these two elements have been reported to potentially play a role for such covers (e.g.,
Hotton et al. (2019); Proteau et al. (2020b,a); Bussiere and Guittonny (2021b)).

Hydrogeological behavior of the low saturated hydraulic conductivity covers
(LSHCCs)

For the LSHCCs, both hydrogeological and geophysical monitoring results suggested greater

spatio-temporal variations in moisture content and a lower degree of saturation within the
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overburden material (compacted and uncompacted). The greater variations were located
at the bottom of the slope (Design B2). At this location, nearly 90% of the compacted
overburden layer remained below 80% throughout the year (50% of the layer at the top of the
slope). The lowest degrees of saturation within the compacted and uncompacted overburden
material were recorded in August and September 2021, during a dry period (< 1 mm of
rain during the last two weeks of August 2021). These observations would be helpful in the
future to assess the performance of the LSHCC sections, which is generally defined as their
ability to reduce the net percolation of water toward the mining wastes (Maqgsoud et al.,
2021). Indeed, the degree of saturation in the LSHCC would likely affect the storage capacity
and the evapotranspiration of the overburden layers following each precipitation and drought
event, which both play a role in the assessment of the reduction of water infiltration through
the cover (Magsoud et al., 2021). In particular, these datasets could be used in the future
to calibrate hydrogeological numerical models, which would allow the ability of the LSHCCs
to control water infiltration to be assessed (e.g., Bussiere et al. (2003); Pabst et al. (2017);
Power et al. (2017)).

Higher water accumulation could have been expected at the bottom of the slope, following
the results from Bussieére et al. (2003), which was not the case in this study for the LSHCC.
This observation could be explained, at least in part, by the presence of vegetation in the
lowest part of the slope (see Fig. 4.1), which might have modified the water budget by
adding evapotranspiration for this area, as it has been documented for CCBEs (e.g., Bussiere
and Guittonny (2021b)). These field results also highlighted the impact of the top waste
rocks layer placed above the fine-material layer in a CCBE that acts as an evaporation
barrier (not present in the LSHCCs), which explains the lower saturation. Lastly, the larger
variability in overburden physical properties evidenced by systematic sampling and multi-
physical characterization did not seem to play a major role in the LSHCC hydrogeological
behavior. Although the imaged distribution of VWC was slightly less homogeneous than in the
tailings, no clear spatial trends were evidenced in the overburden material, such as potential
preferential flow or strong anomalies of VWC in the material, as has been documented in
previous work using ERT for heterogeneous materials (e.g., Beauvais et al. (2004); Bechtold
et al. (2012Dh)).

As mentioned above, the main function of the LSHCC is to reduce the infiltration rate toward
the tailings. Unfortunately, the resolution of geoelectrical imaging was too low in the waste
rocks to properly assess the amount of water percolating through the interface between the
compacted overburden material and the waste rocks. Nonetheless, the strong variations in

moisture content monitored by the sensors in the waste rocks layer at the bottom of the cover
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suggested that a non negligible portion of the precipitation infiltrated toward the tailings,
which could be explained in part by the saturated hydraulic conductivity estimated for the
overburden material (around 107% cm/s) and the higher variability in material properties.
Finally, hydrogeophysical monitoring of the flow of tracers (e.g., conductive water or using
heat as a proxy with hot water Hibner et al. (2017); Dimech et al. (2019); Robert et al. (2019))
in the LSHCCs could be a promising avenue to extract more information from TL-ERT and

further investigate the hydrogeological behavior and water movement in these covers.

4.6.2 Advantages of TL-ERT for multi-layer cover performance monitoring

Pilot-scale proof-of-concept of performance assessment using geoelectrical moni-

toring

This study addresses the reliability of geoelectrical monitoring for the performance assessment
of multi-layer covers at the pilot scale under field conditions. The proposed methodology allo-
wed the prediction of VWC from ERT, given that the temperature, pore water conductivity,
and petrophysical relationships were properly accounted for. In particular, the ERT-predicted
VWC was similar to the measured VWC, both in terms of absolute value and temporal va-
riations, with root mean square errors between measured and predicted VWC ranging from
0.01 to 0.03 m®/m?, which corresponds to an accuracy in terms of degrees of saturation ran-
ging from + 2.5% to + 7.5% (assuming a porosity of 0.40). Such accuracy is similar to the
accuracy of the hydrogeological sensors used in this study. Although to our knowledge this
study was the first of its kind for mining waste monitoring, similar accuracy values for ERT-
predicted VWC have been reported for other types of applications (e.g., Garré et al. (2011);
Beff et al. (2013); Dietrich et al. (2014); Fan et al. (2015)). As noted previously, the ability to
accurately assess moisture content would likely play a major role for a broader application of
geoelectrical monitoring for mining reclamation given that only small changes in the degree
of saturation of an oxygen barrier can strongly affect its performance (Demers and Pabst,
2021b; Dimech et al., 2022). The methodology presented in this study could be applied to
active, closed, or abandoned mining sites to provide continuous and remote monitoring of
the moisture content in mine tailings, which could help operators to assess the geotechnical

and/or geochemical stability of the mine wastes over the long term.

Spatial resolution, lateral extension and monitoring costs of time-lapse ERT

The spatial imaging capacity of ERT is a strong advantage of this monitoring technique since

it allows the mapping of key physical parameters of the subsurface in 2D or 3D across large
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scales (Chambers et al., 2014b; Uhlemann et al., 2017b; Dimech et al., 2019). Although the
surface of the experimental cover sections monitored using TL-ERT was relatively small for
this pilot study (23 m-long profiles), several recent studies presented field cases where wider
areas have been monitored using non-invasive, continuous, and remote monitoring (up to
several hundreds of meters) for other types of applications (Auken et al., 2014; Chambers
et al., 2022; Holmes et al., 2022a). As discussed in Dimech et al. (2022), this perspective is
promising for monitoring large structures such as mining waste storage facilities to spatially
extend the performance assessment and provide complementary data to traditional local hy-
drogeological sensors. As a result, the integration of geoelectrical imaging techniques within
traditional surveillance programs could allow large-scale monitoring at reduced costs (Bus-
siere et al., 2021; Tresoldi et al., 2021). ERT arrays could be deployed permanently in the
storage facilities across profiles that could measure up to several hundreds of meters to yield
autonomous and continuous monitoring of the moisture content in mine wastes (in combina-
tion with hydrogeological sensors for moisture content, suction, temperature, and pore water
EC). This would allow, for instance, the quantification and monitoring of the performance of
the cover to act as an oxygen barrier, and provide early warning for areas where the perfor-
mance does not meet the design criteria or where too much water is detected for geotechnical
stability assessment (e.g., Tresoldi et al. (2020c); Dimech et al. (2021)). In particular, the
recent development of autonomous, off-grid, remote resistivity meters such as the PRIME
system used in this study (Chambers et al., 2022; Holmes et al., 2022b) is likely to play a
role in the development of geoelectrical monitoring applications since hundreds of electrodes
can be used with a single resistivity meter, which in turn improves the spatial resolution
and increases the area covered while ensuring high temporal resolution (e.g., one or more
images per day) (Slater and Binley, 2021; Chambers et al., 2022). As discussed by Dimech
et al. (2022), permanent geoelectrical monitoring could also play a major role in the near
future for the autonomous surveillance of the geotechnical stability of tailings dams across
large scales. Following the example of Tresoldi et al. (2021) and Gunn et al. (2015), perma-
nent ERT arrays could be installed within the dams to track potential seepage, and provide
early warnings to the operators if anomalous water accumulation, which could threaten the
stability of the dams, is detected.
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4.6.3 Limitations and challenges of TL-ERT for monitoring of multi-layer cover

performance

Strong influence of temperature, pore water conductivity, and porosity on ERT

results

Since ERT is based on low-frequency electrical measurements, several components contribute
simultaneously to the electrical conductivity in the subsurface (Dimech et al., 2022). As a
result, the relationship between bulk electrical conductivity and volumetric water content is
dependent on temperature and water electrical conductivity, which can vary simultaneously
in the material and must be properly taken into account (Hayley et al., 2007; Ma et al., 2011;
Dimech et al., 2019). Although the temperature and pore water EC correction presented in
this study was used to correct these effects, Dimech et al. (2023b) demonstrated that not
taking into account these variations reduces the accuracy of moisture content predictions by
a factor of 10. Such conclusions highlight the importance of using complementary hydrogeo-
logical sensors to monitor temperature and pore water conductivity at different locations,
which will be needed to correct the ERT datasets (Dimech et al., 2022). However, high un-
certainties could be associated with the extrapolation of local temperature and pore water
EC data in the imaging domain, especially for pore water EC, which can vary sharply in
mining wastes, both in space and time (e.g., Dimech et al. (2019)). In addition, the Teros 12
sensors measure bulk EC using a two-points method, which is less reliable than four-points
measurements, especially at lower moisture content as discussed by Hen-Jones et al. (2017a).
Moreover, the calculation of pore water EC based on Teros 12 data has a rather low accu-
racy (+20%) when moisture content is lower than 0.10 m®/m?, and even lower accuracy for
drier media (Hilhorst, 2000; MeterGroup, 2019). Local variations of porosity in the material
are also likely to occur in such covers (cf. Table 4.1), which can be explained by changes in
the material properties, water content of the initial material, precipitation events occurring
during construction, additional compaction by heavy machinery, or variations in the compac-
tion from the mechanical shovel. As a result, the degree of saturation could be locally under
or over-estimated, which could impact the performance assessment. As discussed in Wagner
and Uhlemann (2021), the integration of other geophysical methods could help reduce this
ambiguity, as it has successfully been done for permafrost imaging using electrical and seismic
co-located characterization (Hauck et al., 2011; Wagner et al., 2019; Mollaret et al., 2020).
For instance, active seismic, ground penetrating radar or electromagnetic surveys could be
carried out frequently where ERT arrays are installed (Wagner and Uhlemann, 2021). Per-
manent passive seismic or fiber-optic arrays could also be installed alongside ERT arrays to

carry out monitoring, although only a few examples are reported in the literature (Daley
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et al., 2013; Olivier et al., 2017; Pevzner et al., 2021; Wu et al., 2021).

Uncertainties associated with ERT inversions and petrophysical models

In this study, most of the geoelectrical data processing (i.e., pre-processing, inversion, and
conversion of bulk EC to VWC using petrophysical relationship) was done independently from
the hydrogeological measurements. As a result, the hydrogeological and physical constraints
associated with this kind of multi-layered unsaturated media might not be fully represented
by the numerical solution from the inversion, which is neither perfect nor unique (Samouélian
et al., 2005; Loke, 2018) and depends on the spatio-temporal regularization constraints ap-
plied (Johnson et al., 2012a; Loke et al., 2022). For instance, some artifacts could be present
in the inverted distribution of bulk EC, especially in areas of low sensitivity such as at the
boundaries of the imaged volume, or due to the complex geometries of these media (Nimmer
et al., 2008; Dimech et al., 2017; Hojat et al., 2020). Moreover, the inverted results might
differ locally from the hydrogeological measurements because of the difference in volume
of investigation. Indeed, the sensors only sample a small volume (typically less than 1 L),
whereas ERT measurements provide information averaged across larger volumes (typically
several m?) (Robinson et al., 2008b). The latter could explain some differences between the
measured and ERT-predicted VWC temporal evolution reported at some locations in this
study (Fig. 4.11), especially close to the surface (purple sensor in the LSHCC), where rapid
variations of VWC were captured by the sensors but were not well resolved by geoelectrical
monitoring (spatio-temporal smoothing). In this regard, Dimech et al. (2022) identified se-
veral alternative data processing (e.g., coupled hydrogeo-physical inversion) and assimilation
techniques (e.g., Ensemble Kalman Filters) that are promising to combine hydrogeological
data alongside numerical modeling tools (e.g., hydrogeo-thermal, transport flow, and geo-
physical modeling) and geoelectrical datasets to provide more realistic distributions of VWC
in the subsurface (Camporese et al., 2015; Kang et al., 2018, 2019; Tso et al., 2020; Isabelle,
2022). Finally, some uncertainties remain associated with the petrophysical models in tai-
lings, mainly because of the potential effects of mineralogy on solid matrix conduction and
the importance of the electrical double layer on surface conduction for clay-like materials
(Revil et al., 2012; Booterbaugh et al., 2015; Mollehuara-Canales et al., 2020).

4.7 Conclusion

This study presented the first pilot-scale application of autonomous and remote time-lapse

geoelectrical monitoring of moisture dynamics within experimental engineered multi-layer
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covers on mine tailings. We presented the methodology followed to install the hydrogeophy-
sical instruments, record daily ERT measurements, and obtain 2D distributions of bulk EC
for which temperature and pore EC variations were taken into account. The petrophysical
models calibrated in the laboratory were used to convert bulk EC into 2D distributions of vo-
lumetric water content. This approach provided data that were combined with conventional
moisture sensors to assess the hydrogeological behavior of the covers. In particular, the 2D
distributions of moisture content were used to assess the ability of the covers to act as oxygen
barriers to control the risk of acid mine drainage generation. This study provided a "proof-of-
concept" demonstration of how continuous geophysical monitoring can be used to help assess
the performance of mine tailings reclamation covers across larger scales. Both hydrogeological
and geophysical datasets were consistent, with a root mean square error between 0.01 and
0.03 m?/m3. Despite some limitations specifically identified for the application of TL-ERT in
mining wastes, the high accuracy, high temporal resolution, and large-scale monitoring capa-
city of TL-ERT make it promising for monitoring the geochemical and geotechnical stability
of mining waste storage facilities in the near future. Geoelectrical monitoring could be com-
bined with conventional sensors to spatially extend the monitoring of these large structures
to help control the risk of environmental contamination and provide early warning to prevent

catastrophic failures.
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CHAPITRE 5 DISCUSSION GENERALE

Les chapitres précédents ont permis de répondre a 'objectif général du projet qui consistait
a développer et tester a 1’échelle pilote une approche de surveillance de la teneur en eau
volumique dans des recouvrements miniers par tomographie de résistivité électrique (c.f.,
Section 1.2). Cette theése a permis de poser les bases théoriques de la méthode électrique ap-
pliquée au suivi des recouvrements tout en démontrant sa faisabilité par la mise en application

d’une preuve de concept a 1’échelle pilote par les actions suivantes :

— (i) en identifiant dans la littérature les meilleures pratiques développées en termes d’ins-
trumentation, de collecte de données automatisée a distance et pour le traitement et

I'interprétation des données hydrogéophysiques (Chap. 2);

—  (ii) en proposant un dispositif de laboratoire permettant de calibrer la relation entre la

conductivité électrique, la teneur en eau et la succion dans des résidus (Chap. 3);

—  (iii) en estimant la précision de la teneur en eau calculée a partir des données de

résistivité électrique a différentes échelles en laboratoire et sur le terrain (Chap. 3);

—  (iv) en illustrant la faisabilité de la méthode électrique pour imager la teneur en eau

volumique a I’échelle pilote dans des recouvrements en continu (Chap. 4).

L’objectif de la discussion est d’élargir le cadre des travaux réalisés dans cette these pour
proposer un guide de conception de dispositifs de surveillance impliquant la tomographie de
résistivité électrique dans les systemes de recouvrements. Ce guide méthodologique s’appuie
sur les observations issues de la revue bibliographique présentée au chapitre 2 mais aussi sur
les résultats et conclusions des essais réalisés en laboratoire et sur le terrain présentés aux
chapitres 3 et 4. Ainsi, les aspects méthodologiques et les résultats présentés aux chapitres 2
a 4 ou dans le cadre de conférences, qui sont jugés pertinents pour illustrer les éléments du

guide de conception, sont abordés et complétés par des éléments issus de la littérature.

Ce guide a pour vocation d’étre utilisé comme base de travail pour orienter le choix de qui-
conque serait intéressé.e a effectuer le suivi d’un recouvrement mis en place sur site minier
actif, en fermeture ou abandonné. Il a été inspiré par les travaux de 'TRME et du MEND qui
traitent des approches de suivi de la performance in situ des recouvrements en restauration
miniére, notamment par MEND (2004) et par Bussiere et al. (2021), qui aborde succinc-
tement la question de la conception d'un systeme de suivi temporel de la performance de

recouvrements en utilisant I’approche électrique.
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5.1 Guide méthodologique proposé pour appliquer la surveillance électrique sur

des aires de stockage de rejets miniers a pleine échelle

La Figure 5.1 résume les six principales étapes du guide de conception proposé pour orienter
la mise en place d'un dispositif de suivi temporel par la méthode électrique dans les systemes
de recouvrement. De maniere globale, le choix du dispositif de suivi électrique devrait étre
spécifique pour chaque site minier et chaque mode de restauration des rejets miniers. Dans ce
sens, le choix d’un dispositif de suivi électrique s’approche de la conception d’un programme
de suivi de performance utilisant des instruments de mesures conventionnels (e.g., sondes
hydrogéologiques, piézometres, voir MEND (2004) et Bussiére et al. (2021)) et requiert "de
I’expérience, du bon sens, et une bonne compréhension du site et de ses particularités' et
de notions de physique, de programmation et de sciences de données (Bussiére et al., 2021).

Chacune des six étapes de la Figure 5.1 est détaillée ci-apres.

Etude de faisabilité Approche non

5 ’ L i ?

@ — parametre(s) a mesurer ? — déja fait dans le passé ? pertinente !
— critere de performance ? — précision nécessaire ? o Jiflan @ haiias P

* Site non adapté ?

*  Faible résolution ?

Rétroaction

A nz . jire ?
— quelles zones ? — profondeur / couches d’intérét ? Performance siire ?

@ Planification de l'instrumentation * Pas assez précis ?

*» Trop cher ?

— résolution spatio-temporelle ? — durée ? — cott ? )

Instrumentation sur le terrain
@ — stratégie d’instrumentation / d’échantillonnage ?

— mesures in-situ de controle ? (nucléodensimetre, sondes...)

— caractérisation des matériaux ? (laboratoire et/ou in-situ)

@ Collecte et traitement de données

— stratégie acquisition / transfert / traitement de données ?

Rétroaction

— estimation parametre(s) intérét — précision réelle ?

@ Surveillance de performance autonome

— stratégie surveillance ? temps réel ? niveaux d’alerte ?

Retour d’expérience
@ — précision / cotts réels vs planifiés ? — robustesse ?

— avantages approche ? — risques détectés /évités ?

F1GURE 5.1 Guide de conception de dispositif de suivi électrique dans les recouvrements.
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5.1.1 Etape 1 : Etude de faisabilité

La premiere étape qui devrait étre suivie dans la conception d’un systeme de suivi des sys-
temes de recouvrements miniers impliquant la méthode électrique consiste a identifier claire-

ment le cahier des charges du suivi, c’est a dire, de répondre aux questions :

—  Question 1.1 : Quels sont le ou les parameétres physiques qui devraient étre estimés

dans le systeme de recouvrement a partir de 'imagerie électrique ?

—  Question 1.2 : Existe-t-il une relation directe et/ou des relations empiriques entre

chacun de ces parametres physiques et la conductivité électrique du milieu ?

—  Question 1.3 : Est-ce que d’autres parametres physiques qui affectent également la

conductivité électrique risquent de varier fortement dans le temps et/ou 'espace ?

—  Question 1.4 : Si oui, est-il possible de mesurer ces parameétres et/ou de prédire leur

évolution spatio-temporelle au sein du recouvrement pour corriger leur effet ?

— Question 1.5 : Est-ce que ce type de suivi a déja été réalisé par le passé, sur un site

minier ou dans un autre contexte 7 de maniere continue ou discontinue dans le temps ?

— Question 1.6 : Est-il possible de quantifier la performance du recouvrement a partir

du ou des parametres imagés ? Si oui, comment les relier a la performance ?

— Question 1.7 : Si oui, quel est le niveau de précision nécessaire pour étre capable de

détecter une baisse de performance du recouvrement a partir des données électriques ?

A titre d’exemple, la Figure 5.2 résume la démarche identifiée des le début du projet de
these pour effectuer le suivi de performance des CEBCs expérimentales construites a la
mine Canadian Malartic. Ce schéma est largement inspiré par les travaux du BGS (Bristish
Geological Survey en Angleterre) qui a développé une approche similaire pour la surveillance
de la teneur en eau dans les glissements de terrain et les infrastructures routieres et ferroviaires
(e.g., Chambers et al. (2014a); Gunn et al. (2015); Uhlemann et al. (2017a); Whiteley et al.
(2019); Holmes et al. (2020, 2022b); Chambers et al. (2022)).

Comme discuté dans les chapitres 3 et 4, le principal parametre physique qui permet de quan-
tifier la performance de la CEBC est le degré de saturation dans la couche de rétention d’eau
constituée de résidus miniers (réponse a la Question 1.1) (Demers and Pabst, 2021b). Il
existe plusieurs relations semi-empiriques reliant le degré de saturation a la conductivité élec-
trique dans le milieu, telles que les relations d’Archie (Archie et al., 1942), de Waxman-Smits

(Waxman and Smits, 1968) ou d’Archie généralisé (Glover, 2010) qui peuvent étre calibrées
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en laboratoire (Question 1.2). Ceci fait de la conductivité un bon marqueur pour imager
le degré de saturation dans la couche de rétention d’eau comme illustré par la figure 5.2.
Comme décrit dans le chapitre 3, les variations spatio-temporelle de température, de conduc-
tivité du fluide interstitiel et de porosité dans les résidus ont été identifiées comme potentiels
défis pour estimer précisément le degré de saturation et des sondes hydrogéologiques ont été

installées pour prendre en compte ces variations (Questions 1.3 et 1.4).

Parc a résidus

Sondes
hydrogéologiques
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Electrodes
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FI1GURE 5.2 Approche méthodologique proposée dans cette these pour effectuer la sur-
veillance de la performance de CEBC a ’échelle pilote par la méthode électrique.
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Comme mentionné plus haut, la méthode électrique est fréquemment employée pour estimer
la teneur en eau dans le milieu, notamment dans le contexte du suivi des glissements de
terrain (Uhlemann et al., 2017a), de la stabilité des infrastructures (Chambers et al., 2014a)
ou de l'agriculture par exemple (Michot et al., 2003) (Question 1.5). Les Figures 2.6 a 2.10
ainsi que les Tableaux 2.1 a 2.6 pourront étre utiles a celles et ceux qui voudront identifier les
parametres physiques qui ont déja été imagés et/ou surveillés dans le temps avec la méthode
électrique, dans les recouvrements miniers et d’autres domaines (Chap. 2). Les bases de

données sont également disponibles en acces libre sur un site web interactif.

Pour finir, une valeur limite cible de 85% de saturation est généralement considérée comme
critere de performance pour que la couche de rétention joue son réle de barriere a I'oxygene
(Demers and Pabst, 2021b) et une précision de £ 5% sur 'estimation du degré de satura-
tion a été considérée comme suffisante dans un premier temps pour identifier une perte de
performance anormale de la CEBC (Questions 1.6 et 1.7). Il est intéressant de noter qu’il
existe des approches plus avancées pour effectuer des études de faisabilité numériques, comme
I'approche proposée par Robinson et al. (2019) présentée sur la Figure 5.3. Des modélisations
hydrogéologiques sont utilisées pour générer des données ERT synthétiques qui sont bruitées
et inversées pour évaluer la capacité de 'ERT a imager les phénomenes modélisés.

Ot
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Flow and R (] ERI Mesh
transport > i <
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modeling [4] Comparison and
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FIGURE 5.3 Méthodologie proposée par Robinson et al. (2019) pour effectuer une étude de
faisabilité pour le suivi temporel par la méthode électrique a partir de modélisations.
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5.1.2 Etape 2 : Planification de I’instrumentation

La deuxiéme étape proposée par le guide de conception (Fig. 5.1) consiste & planifier 1'ins-
trumentation de terrain, qui dépend directement de I'objectif du suivi identifié a I’étape 1 et
dépend de chaque site minier. Cette étape permet de déterminer toutes les caractéristiques
de l'instrumentation géophysique qui sera mise en place pour un systeéme de recouvrement

spécifique, notamment en répondant aux questions suivantes :

—  Question 2.1 : Quelles sont la ou les zones du parc/halde qui devraient étre surveillées

avec la méthode électrique ? Quelle devrait étre ’étendue de la zone surveillée ?

—  Question 2.2 : Quelles sont les options envisageables pour la mise en place des élec-

trodes ? (en surface, en forage, dans des tranchées ou pendant la construction ?)

—  Question 2.3 : Quelle est la profondeur d’investigation nécessaire pour le suivi élec-

trique ? Quelles sont les couches d’intérét jouant un role dans le recouvrement ?

— Question 2.4 : Quelle serait la résolution spatio-temporelle idéale pour le suivi élec-

trique ? Pendant combien de temps la surveillance devra-t-elle étre effectuée ?

— Question 2.5 : Les colits d’'instrumentation, d’installation et du résistivimetre sont-ils

satisfaisants ? (connaissant le nombre d’électrodes et la longueur de cibles nécessaires)

Bien que les méthodes géophysiques puissent étre employées pour investiguer des volumes
considérablement plus grands que les mesures ponctuelles (e.g., profils d’électrodes de plu-
sieurs centaines de metres de longueur; Auken et al. (2014); Binley et al. (2015b); Ulusoy
et al. (2015)), ces approches n’en restent pas moins limitées en termes de surface d’investi-
gation et seront généralement incapables de couvrir la totalité d’un parc a résidus mesurant
plusieurs kilometres carrés par exemple. Il est donc nécessaire de faire des choix concernant

les zones du parc ou de la halde qui seront instrumentées et surveillées dans le temps.

De méme que pour un programme de surveillance de performance utilisant des instruments de
mesure conventionnels, un programme de suivi impliquant la méthode électrique devrait étre
focalisé sur les zones les plus a risques (MEND, 2004; Bussiere et al., 2021). On peut penser
par exemple (i) aux zones localisées en haut de pente ot la performance d’un recouvrement
de type CEBC peut étre moins bonne (Bussiere et al., 2003, 2006), (ii) dans les zones ou
la nappe sera la plus profonde pour une CEBC (Ethier, 2018; Demers and Pabst, 2021b),
(iii) dans des zones ot la végétation et/ou les intrusions animales seront les plus importantes

(Proteau et al., 2020a; Bussiere and Guittonny, 2021b), (iv) dans une zone ou la variabilité des
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matériaux utilisés pour la construction ne permet pas de se fier uniquement a des instruments
ponctuels (Fala et al., 2013; Lahmira et al., 2017) ou encore (v) dans une zone du parc ot I'on
s’attend a ce que la nappe soit particulierement haute et doive étre surveillée du point de vue
géotechnique (Booterbaugh et al., 2015). C’est cette approche qui a été suivie pour identifier
les zones a instrumenter sur les recouvrements construits a la mine Canadian Malartic pour
cette these (voir Chap. 4) afin de comparer la performance des recouvrements dans la zone

du plateau, en haut et en bas de pente, avec ou sans végétation (Question 2.1).

La Figure 5.4 illustre les choix et les solutions qui peuvent étre prises pendant la planification
de l'instrumentation électrique pour répondre aux Questions 2.2 et 2.3 pour différentes
fonctions de suivi. Dans ’exemple A, le suivi de la hauteur de la nappe peut étre effectué
dans la totalité du parc a résidus, et plus particulierement pres des digues. Pour cet exemple,
la profondeur d’investigation devrait étre assez grande, et des électrodes de surface pourraient
étre combinées avec des électrodes en forage et installées directement dans les résidus miniers
(e.g. Clément et al. (2010); al Hagrey and Petersen (2011); Rucker (2014)).

Exemple A : Suivi de la hauteur de la Exemple B : Suivi de la teneur en eau dans un
nappe dans un parc a résidus recouvrement de faible conductivité hydraulique

Electrodes
enterrées
superficiellement

Exemple C : Surveillance de la saturation dans Exemple D : Détection et surveillance des fuites a
la couche de rétention d'une CEBC travers une géomembrane / GCL

Electrodes en surface
et/ou en forage

Géomembrane
Electrodes sous

la géomembrane

Couche de
rétention

FI1GURE 5.4 Exemples de quatre systemes de suivi électrique a grande échelle ayant différentes
fonctions, résolutions spatio-temporelle et profondeurs d’investigation, avec des électrodes
installées en surface, en forage ou enterrées dans le recouvrement lors de sa construction.

Pour les exemples B et C, qui représentent les recouvrements expérimentaux instrumentés a

la mine Canadian Malartic présentés dans le chapitre 4, la profondeur d’investigation n’est pas
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un enjeu significatif puisque les mesures électriques ne sont importantes que dans les couches
du recouvrement ayant un role, comme la couche de rétention d’eau d’'une CEBC mesurant
typiquement 1 m de haut par exemple (Demers and Pabst, 2021b). Pour ces scénarios, les
électrodes pourraient étre enterrées dans les couches d’intérét lors de la construction des
recouvrements (approche suivie dans le cadre des travaux de terrain de cette theése), ou a
partir de la surface dans des tranchées creusées pour enterrer superficiellement les électrodes

si I'instrumentation géophysique est réalisée apres la construction des recouvrements.

Enfin, 'exemple D illustre une application de la méthode électrique servant a détecter et
cartographier d’éventuels défauts dans une géomembrane installée sur un parc a résidus pour
empécher 1'eau et 'oxygene d’atteindre les résidus (Magsoud et al., 2021; Rarison et al.,
2023). Dans ce cas, les électrodes pourraient étre installées sous la membrane et quelques
électrodes de surface pourraient étre utilisées pour détecter des liens électriques a travers la
membrane, qui permettraient de cartographier les défauts d’installation et les perforations
éventuelles de la membrane. Cette derniere méthode a déja été appliquée avec succes pour
détecter des fuites de contaminants provenant de sites d’enfouissement (Ling et al., 2019;
Mary et al., 2022) et de fuites dans des barrages (Zhao et al., 2021, 2023).

La résolution spatio-temporelle d’un suivi électrique est un élément crucial qui devrait étre
étudié et défini de fagon appropriée (voir Figure 2.4, Rucker (2014)), et ce pour chaque
dispositif de suivi électrique et pour chaque site minier et recouvrement particulier. Selon
les définitions proposées dans le chapitre 2, la résolution spatiale correspond a la dimension
de la plus petite anomalie qui peut étre imagée par la méthode électrique (Friedel, 2003), et
dépendra notamment de la position et de 'espacement des électrodes, de la distance entre
I’anomalie a détecter et les électrodes, du protocole de mesure employé et de la nature du
milieu. A titre d’exemple, il sera impossible de détecter une anomalie de faibles dimensions et
présentant un faible contraste de conductivité électrique si I’espacement entre les électrodes

est grand et/ou que les électrodes sont situées loin de cette anomalie (e.g., Friedel (2003)).

Cependant, il n’existe pas de regle précise et il est généralement recommandé de recourir
a des études numériques de sensibilité pour caractériser la résolution spatiale d’un dispo-
sitif de mesures électriques spécifique, et pour une anomalie donnée (e.g., Wilkinson et al.
(2012b); Uhlemann et al. (2018b)). C’est la démarche qui a été suivie au début de ce pro-
jet de doctorat pour identifier la disposition d’électrodes qui permettrait de maximiser la
résolution dans la couche de résidus constituant la couche de rétention d’eau de la CEBC,
et qui est présentée dans la Figure 5.5 (Question 2.4). Des modeles représentant la CEBC
et les propriétés hydrogéologiques et électriques des matériaux ont été utilisés pour simuler

des mesures électriques synthétiques en utilisant différentes configurations d’électrodes (e.g.,
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plusieurs profils longitudinaux d’électrodes, différentes localisation des profils d’électrodes,
différents espacements d’électrodes). Les données ERT synthétiques ont ensuite été pertur-
bées puis inversées et converties en distributions de teneur en eau, qui ont été comparées aux
distributions de teneur en eau initiales. Un espacement de 1 m entre chaque électrode a ainsi
été choisi pour maximiser la résolution dans les sections expérimentales de recouvrements de
23 m de long (échelle pilote). Néanmoins, les résultats montrés dans le chapitre 4 suggerent
que cet espacement aurait pu étre plus grand (jusqu’a 5 m) tout en conservant une résolution
satisfaisante, ce qui serait une avenue intéressante pour augmenter 1’étendue des mesures
électriques dans les recouvrements. De méme, il serait intéressant de comparer le scénario
mis en place dans les CEBCs expérimentales et décrit au chapitre 4 (deux profils en haut et
en bas de la couche de rétention) avec un scénario impliquant un unique profil d’électrodes
au centre de la couche de rétention. En combinant ces deux modifications (séparation de 5 m
et unique profil d’électrodes), la zone couverte par 48 électrodes passerait de 23 m a 235 m
de long. Finalement, une résolution temporelle de quatre images par jour a été choisie dans
le cadre du projet pilote de la these (c.f. Chap. 4) mais cette fréquence d’imagerie aurait pu

étre réduite & une image par jour ou moins (Question 2.4).

Petro. relations ~ Conceptual geom.  1p hydro. model

0y w z Exemples de scénarios testés
(

<] P [+]
— 5 s S
Hydro. precision

N~ [ R rovooosooest fl mansanannn
( Matlab )

protocols 1D elec. model

2 oo RIS

i Lo T/

iy (o

! + L Résidus

P S C_ O, Roches stériles
) =
i

Yy | — 1

1D elec. imaged 1D hydro. imaged ®0cccscccce e o o o o o

(\ { cooooolomoooo e o o o o o
1 —

L | G L

F1GURE 5.5 Approche méthodologique suivie au début de la theése pour identifier la configu-
ration d’électrodes maximisant la résolution spatiale de I'imagerie de teneur en eau dans la
couche de rétention de la CEBC construite a la mine Canadian Malartic.
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Wagner et al. (2015a), Uhlemann et al. (2018a) et Jiang et al. (2021a,b) ont proposé des
approches prometteuses permettant de déterminer le nombre et la position optimales d’élec-
trodes nécessaires pour maximiser la résolution de I'imagerie électrique dans une zone donnée.
Cette approche, présentée par la Figure 5.6, est tres intéressante dans le contexte de la sur-
veillance électrique des recouvrements miniers a grande échelle puisqu’elle permettrait de
réduire le nombre d’électrodes au minimum nécessaire, tout en assurant une bonne résolu-
tion spatiale, ce qui permettrait d’augmenter les surfaces couvertes par I'imagerie électrique

pour le méme nombre d’électrodes et/ou de réduire les coiits d’instrumentation électrique.
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FIGURE 5.6 Optimisation simultanée de protocoles de mesures et de la localisation / du
nombre d’électrodes tel que proposé par Uhlemann et al. (2018b).

Le cotit d'un dispositif de suivi électrique est un parametre a prendre en compte tres tot dans
le processus de conception d’un programme de surveillance de stabilité et /ou de performance
de restauration. A cette étape de conception, les questions précédentes devraient permettre
d’avoir une idée du nombre d’électrodes nécessaires, de la distance entre les électrodes, des
modes de mise en place des électrodes ainsi que de la distance entre les électrodes et le résis-
tivimétre autonome. A titre d’exemple, le Tableau 5.1 résume les ordres de grandeur de cofits
d’instrumentation pour les 256 électrodes installées dans les quatre cellules expérimentales
tel que présenté dans le chapitre 4 (Question 2.5). Au total, 'instrumentation géophysique
a cotité environ 10 000 $ (en excluant l'appareil de mesures), dont la majorité a été utilisée
pour connecter les électrodes de la LSHCC et de la CEBC au container instrumenté (ex-
tensions représentées sur la figure 5.7). Notons que le résistivimetre autonome (40 000 §)
représente les 4/5 du cofit total, ce qui devrait étre ramené a la durée totale d’utilisation
pour un suivi sur le long terme. Méme si ces coflits peuvent sembler importants, ils restent
raisonnables sachant que les cofits de construction de recouvrements sont de ’ordre de 150 a

400 k$ par hectare. Par ailleurs, ces colits sont aussi considérablement plus faible que pour un
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programme d’instrumentation a grande échelle en considérant que chaque sonde hydrogéolo-
gique (ponctuelle) cotite entre 250 $ et > 1 000 $ (sans compter les dispositifs d’acquisition
pouvant étre tres dispendieux). Il est cependant important de mentionner que le dispositif
d’instrumentation électrique a été congu spécifiquement pour ce projet de recherche a partir
de matériaux de base (cables monobrins et rondelles d’acier inoxydable) et que la concep-
tion d’un nouveau dispositif ou I'achat d’un dispositif existant dans le commerce pourraient
étre plus dispendieux. Par ailleurs, des cotlits supplémentaires pourraient étre nécessaires
pour l'installation des électrodes dans des tranchées ou des forages (non considérés ici). Par
ailleurs, la récente démocratisation de la méthode électrique va probablement faire diminuer
les cotits des résistivimetres autonomes qui vont probablement étre capables d’utiliser de
plus en plus d’électrodes (Binley and Slater, 2020; Clement et al., 2020; Slater and Binley,
2021). La revue des résistivimetres autonomes et de leurs récents développements, effectuée
au chapitre 2, pourrait étre utile pour quiconque serait intéressé.e a choisir un dispositif d’ac-
quisition électrique. Les dispositifs instrumentaux (cables et électrodes) sont relativement
robustes puisqu’il existe dans la littérature des exemples de sites instrumentés et suivis par

imagerie électrique depuis plus de vingt ans (e.g., Mollaret et al. (2019)).

5 g <
g Extensions

@ .1/

F1GURE 5.7 Vue par drone des recouvrements expérimentaux a grande échelle construits a
la mine Canadian Malartic. Les principales composantes du dispositif de suivi électrique a
I’échelle pilote dont les cotits sont résumés au Tableau 5.1 sont identifiées.
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TABLEAU 5.1 Synthese des coflits d’instrumentation électrique sur les recouvrements

Matériel Cotit unitaire Quantité Total
Electrode en acier inoxydable ~39% 300 unités ~ 1000 $
Cable cuivre 18 AWG (solid) ~ 0.2 §/m ~ 5 000 m ~ 1000 $
Boitiers de connexion étanches ~ 250 $ 4 unités ~ 1000 $
Extensions 22 AWG - 25 paires ~ 10 $/m ~ 700 m ~ 7000 $

5.1.3 Etape 3 : Instrumentation sur le terrain

La troisieme étape, qui consiste a mettre en place l'instrumentation sur le terrain, peut
commencer des lors qu’'une solution de dispositif de suivi électrique satisfaisante a été trouvée
a la suite des étapes 1 et 2 (processus itératif pour trouver un compromis entre cotit, étendue
spatiale, nombre d’électrodes et résolution spatio-temporelle). Les aspects importants qui

doivent étre abordés a cette étape sont présentés sous la forme des questions suivantes :

—  Question 3.1 : Quelles seront les propriétés des matériaux dans lesquels les électrodes

seront installées ? (granulométrie grossiere ? roches anguleuses ? conditions acides ?)

—  Question 3.2 : Quelle est la meilleure méthodologie pour installer les électrodes, sans

nuire a la construction des recouvrements ni a la gestion des parcs/haldes?

— Question 3.3 : Quels sont le ou les parametres qui doivent étre mesurés localement

pour étre pris en compte dans I'imagerie électrique ? (c.f., Questions 1.3 et 1.4)

—  Question 3.4 : Quels instruments devraient étre installés pour mesurer ces parametres

et ot les installer dans les recouvrements ? (c.f., Questions 1.3 et 1.4)

—  Question 3.5 : Quelle est la stratégie d’échantillonnage a mettre en place lors de

I'instrumentation pour assurer un controle adéquat de la variabilité des matériaux ?

—  Question 3.6 : Quelle sont les mesures de controle in situ a effectuer lors de l'instru-

mentation ? (nucléodensimetre, porosité en place, arpentage, teneur en eau?)

La premiere question a laquelle il faudrait répondre a I’étape d’instrumentation sur le terrain

consiste a savoir si les électrodes, cables, boitiers de connexions et connexions électriques
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seront adaptés aux conditions de terrain. En effet, la nature des matériaux dans lesquels
vont étre installées les électrodes peut grandement influencer la durabilité du systéme de
suivi électrique. Il serait par exemple risqué d’installer des électrodes ou des cables dans
des matériaux coupants et/ou anguleux et/ou de grandes dimensions (e.g. blocs métriques
dans les haldes a stériles (Bussiere, 2007; Aubertin et al., 2016)) et on préférera dans ces
cas favoriser les couches de matériaux plus fins et plus humides permettant de minimiser
la résistance de contact entre les électrodes et le milieu (Peter-Borie et al., 2011; Gance
et al., 2016; Watlet et al., 2018). A titre d’exemple, les profils d’électrodes ont été installés
a l'intérieur de couches de matériaux fins (résidus et mort-terrain) dans les recouvrements
expérimentaux de la mine Canadian Malartic, et un "coussin protecteur" de 15 cm d’épaisseur
de matériaux fins a méme été mis en place pour offrir une protection aux cables et électrodes,

qui auraient été en contact avec les roches stériles (voir Chap. 4) (Question 3.1).

Certains parametres de conception des électrodes peuvent améliorer la résistance de contact
avec le milieu pour des matériaux grossier, avec des teneurs en eau faibles ou susceptibles
de geler. L’étude de Tomaskovicova et al. (2016) a par exemple permis de comparer les trois
modeles d’électrodes présentés dans la Figure 5.8 (en haut) dans un contexte arctique, soit
une électrode standard (simple tige de métal), une électrode plate (plate electrode en anglais)
et une électrode en cotes de maille (mesh electrode). Comme attendu, cette derniere offrait
la plus grande aspérité et la plus grande surface de contact avec le milieu, ce qui avait pour
conséquence de réduire la résistance de contact, et donc d’améliorer le rapport signal sur
bruit des mesures. Par ailleurs, plus la surface de contact des électrodes utilisées augmente,
meilleur sera le contact avec le milieu comme illustré par la figure 5.8 avec des électrodes
plates mesurant 20 cm de cdté (Arosio et al., 2017) (en bas a gauche) et avec des électrodes
installées le long d’un tube de forage (Ogilvy et al., 2009) (en bas a droite). Finalement, le fait
d’enterrer les électrodes dans le milieu augmente encore davantage le contact électrique, tout
en protégeant les électrodes et les cables des animaux, en maintenant en place les électrodes en
tout temps et en réduisant I'impact du gel en surface en hiver. C’est la stratégie d’installation

qui a été favorisée pour ce projet pilote pour les raisons évoquées (Questions 3.2).

Il est recommandé de mettre en place des instruments de mesures complémentaires dans
les recouvrements qui permettront de mesurer localement certains parametres comme la
température, la teneur en eau et la conductivité électrique de I'eau interstitielle, qui peuvent
affecter simultanément la conductivité électrique (Archie et al., 1942; Waxman and Smits,
1968). Une étude de sensibilité présentée dans le chapitre 3 a démontré notamment que la
précision de I'estimation de la teneur en eau volumique était diminuée d’un ordre de grandeur

sur le terrain si la fluctuation temporelle de la température et de la conductivité électrique du
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F1GURE 5.8 Influence de la forme, de la taille de 1’électrode et de sa mise en place dans le
milieu sur la résistance de contact. Photographies tirées de Tomaskovicova et al. (2016) (en
haut), (Arosio et al., 2017) (en bas & gauche) et Ogilvy et al. (2009) (en bas a droite).

fluide n’étaient pas prise en compte. Ainsi, il est important de répondre aux Questions 3.3
et 3.4 afin de caractériser les variations spatio-temporelles de ces parametres pour pouvoir
les prendre en compte et corriger leur effet sur I'imagerie électrique. A titre d’exemple, il a
été décidé d’installer un profil vertical comportant 5 a 6 sondes Teros 12 pour chacune des

quatre sections de recouvrement mesurant 23 m de long (voir chapitres 3 et 4).

Il est important de mentionner ici que cette approche présente une limitation importante
dans la mesure ou l'avantage de l'instrumentation électrique est de réduire le nombre de
capteurs ponctuels nécessaires. Or, on pourrait imaginer un milieu dans lequel la conductivité
électrique du fluide interstitiel est tres variable dans 'espace, par exemple a cause de la
minéralogie des rejets qui pourrait varier fortement d’un endroit a un autre de maniere
aléatoire (e.g., suivant la déposition aléatoire de matériel par les camions). Pour ce cas précis,
il faudrait donc installer un grand nombre de sondes mesurant la conductivité électrique du
fluide interstitiel localement si on voulait estimer la teneur en eau avec précision par la
méthode électrique, ce qui ne serait pas réaliste. Dans un cas comme celui-ci, I'interprétation
des mesures géophysiques ne pourrait pas étre quantitative, et on devrait se limiter a une

description qualitative des tendances générales de conductivité électrique du milieu. Par
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conséquent, on est obligé de poser I’hypothese que les mesures hydrogéologiques "de controle'
réalisées au centre des sections des recouvrements par les sondes hydrogéologiques doivent
étre représentatives de l’ensemble de la section instrumentée, ce qui est plausible pour la

température, mais moins certain pour la conductivité électrique du fluide interstitiel.

Finalement, il est crucial de réaliser un échantillonnage des matériaux adapté (Question 3.5)
ainsi que d’effectuer des mesures de controle in situ (Question 3.6) pendant l'instrumen-
tation géophysique des recouvrements (Bussiere et al., 2021). D’une part, des campagnes
d’échantillonnage et de mesures de controle systématiques permettront d’estimer les para-
metres d’intérét du milieu lors de l'installation (e.g., porosité, compaction, teneur en eau
massique) et d’estimer la variabilité spatiale de ces propriétés. D’autre part, les échantillons
de matériel pourront étre utilisés pour calibrer les relations pétrophysiques reliant la conduc-
tivité électrique avec le parameétre d’intérét a surveiller (voir Chap. 3). Ainsi, une campagne
d’échantillonnage systématique a été mise en place pour chacune des quatre sections ins-
trumentées : un échantillon était prélevé tous les 4 m le long du profil instrumenté a trois
hauteurs différentes dans la couche de rétention d’eau de la CEBC et dans la couche de faible
conductivité hydraulique de la LSHCC (7 échantillons par niveau, soit environ une centaine
d’échantillons au total). De méme, des mesures au nucléodensimetre ont été effectuées tous les
4 m et a trois niveaux différents dans chaque section. Ces mesures ont joué un réle important
pour la caractérisation du comportement hydrogéologique des recouvrements (i) puisqu’elles
ont permis de démontrer qu’il n’existait aucune corrélation spatiale dans la variabilité des
matériaux et (ii) puisque la porosité in situ a pu étre prise en compte section par section

pour calculer le degré de saturation a partir des données électriques.

5.1.4 Etape 4 : Collecte et traitement de données

La quatrieme étape de mise en oeuvre d’instrumentation géophysique consiste a acquérir les
données de laboratoire et de terrain permettant d’effectuer le suivi électrique des zones instru-
mentées. Les recherches bibliographiques ainsi que ’expérience acquise pendant la réalisation
des essais de laboratoire et de terrain présentés dans cette these ont permis d’identifier les
aspects les plus importants de cette phase cruciale d'un projet de suivi électrique, qui sont

regroupés dans les questions suivantes :

—  Question 4.1 : Quel dispositif expérimental de laboratoire permettrait de relier le

parametre d'intérét et la conductivité électrique ? (c.f., Question 1.1)

—  Question 4.2 : Existe-t-il dans la littérature un modeéle semi-empirique reliant ce

parameétre et la conductivité qui soit applicable aux matériaux ? (c.f., Question 1.2)
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— Question 4.3 : Est-il possible de vérifier que la relation calibrée a petite échelle demeure

valide a 1’échelle du terrain avec des mesures de controle in situ ?

—  Question 4.4 : Quelle est la meilleure approche d’acquisition, de transfert et de gestion

des données électriques ? (protocole de mesure ? fréquence de mesure et de transfert ?)

—  Question 4.5 : Quelle est la stratégie de traitement de données qui minimise le temps

de calcul tout en maximisant I'information obtenue a partir des données électriques ?

Il existe dans la littérature un grand nombre d’articles présentant différents dispositifs ex-
périmentaux qui permettent notamment d’établir des relations entre conductivité électrique,
teneur en eau, succion, conductivité du fluide interstitiel, température, indice des vides et
autres parametres physiques (e.g., Comina et al. (2008); Calamita et al. (2012); Kibria et al.
(2018); Derfouf et al. (2019); Holmes et al. (2022b). Le dispositif de laboratoire inspiré par
les cellules Tempe qui a été proposé au chapitre 3 pourrait étre appliqué de maniére stan-
dardisée dans les matériaux des recouvrements pour calibrer la relation entre conductivité
électrique, teneur en eau et succion (ainsi que la température si on le place dans une chambre
a température controlée) (Question 4.1). Il existe par ailleurs d’autres dispositifs du méme
genre, dont deux exemplaires sont présentés par la Figure 5.9, servant a calibrer la relation
entre l'indice des vides, la pression et la conductivité électrique (appelés "oedometres élec-
triques"). Les données expérimentales peuvent ainsi étre utilisées pour calibrer les parametres
d’un modele semi-empirique identifié dans la littérature, en suivant la méthodologie présentée
dans le chapitre 3 avec le modele d’Archie, ou utilisées pour identifier une relation purement
empirique (e.g., Bryson (2005); Crawford and Bryson (2018)) (Question 4.2).

Il existe plusieurs approches possibles pour valider que les relations déterminées a 1’échelle
du laboratoire demeurent applicables sur le terrain afin de répondre a la Question 4.3.
L’approche décrite dans le chapitre 3 est basée sur la comparaison entre la conductivité élec-
trique inversée et la teneur en eau volumique mesurée au méme endroit et au méme instant
par une sonde hydrogéologique. Cette approche a été également appliquée par plusieurs au-
teurs (e.g., Garré et al. (2012); Fan et al. (2015); Wicki and Hauck (2022)) et a notamment
comme avantage de reposer sur une estimation précise de la teneur en eau volumique et sur
une estimation volumique de la conductivité électrique représentative des mesures a grande
échelle, par opposition a la mesure de la conductivité électrique qui pourrait étre obtenue a
partir de sondes hydrogéologiques (Hen-Jones et al., 2017b). L’utilisation de pénétrometres
coniques (CPT pour cone penetration testing) équipés d’électrodes en acier inoxydable, tels
que présenté sur la Figure 5.10, pourrait étre une approche tres intéressante pour mesurer

simultanément la conductivité électrique in situ et plusieurs autres parametres d’intérét géo-
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F1GURrE 5.9 Dispositifs de laboratoire normés pour caractériser la relation entre 'indice des
vides et la conductivité électrique (tiré de Bryson and Bathe (2009) et Comina et al. (2008)).

techniques dans les matériaux des recouvrements, et ainsi établir des relations empiriques in
situ entre les différents parametres (e.g., Morey et al. (1999); Friedel et al. (2006); Robertson
and Cabal (2008); Booterbaugh et al. (2015)).

La revue de littérature proposée au chapitre 2 a permis d’identifier les parametres d’acquisi-
tion et du traitement de données qui ont le plus d’impact sur la qualité des résultats obtenus
par un suivi temporel électrique. La revue a également permis d’identifier les meilleures pra-
tiques disponibles dans la littérature. Cette méthodologie a été appliquée pour 'acquisition
et le traitement des données de laboratoire et de terrain tel que présenté dans les chapitres
3 et 4 et devrait étre reproduite pour appliquer cette méthode a un cas d’application réel a
grande échelle. Il convient par exemple d’identifier un protocole de mesure adapté au site, a
la disposition d’électrodes et aux objectifs du suivi électrique en termes de résolution spatio-
temporelle (Question 4.4). Comme décrit a la section 2.3.2, le protocole de mesure devrait
permettre un bon compromis entre résolution spatiale et durée d’acquisition dans un contexte
de suivi temporel. Comme illustré a la Figure 5.11, le choix du protocole de type Wenner a
été effectué pour le suivi des recouvrements expérimentaux a la mine Canadian Malartic pour

maximiser la sensibilité dans la couche de résidus (couche d’intérét de la CEBC) et assurer le
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FIGURE 5.10 Schéma simplifié d’un pénétrometre conique (CPT) équipé d’électrodes, tiré
de Morey et al. (1999). Résultats typiques d’une investigation a 50 m de profondeur avec un
CPT équipé d’électrodes, soit la résistance a la pénétration, la pression interstitielle, I'indice
de la qualité des sols Ic et la résistivité électrique, tiré du site web de ConeTec, acces le
26/02/2023.

meilleur rapport signal sur bruit. Cette démarche a permis d’assurer une bonne qualité des
données, avec 90 % des données dont la différence entre mesures directes et réciproques était
plus faible que 1 % (e.g., Tso et al. (2017); Uhlemann et al. (2016a, 2017b)).

La durée d’acquisition n’était pas un enjeu majeur dans le cas du suivi des recouvrements
expérimentaux a 1’échelle pilote. Par conséquent, quatre mesures directes étaient effectuées
par jour pour chacune des quatre sections, et un jeu de données réciproque était enregistré par
jour. Les données étaient par ailleurs transférées par courrier électronique trois fois par jour
par le PRIME (Chambers et al., 2022), tel que décrit dans le chapitre 4. Il existe néanmoins
plusieurs approches pour réduire la durée des protocoles de mesure si la durée d’acquisition
est un enjeu. On peut par exemple favoriser les protocoles qui utilisent la capacité multi-
canaux de la plupart des résistivimetres (comme le protocole dipdle-dipdle). 11 est également
possible d’utiliser des protocoles optimisés qui maximisent la résolution tout en minimisant
le nombre de configurations nécessaires, ce qui pourrait par exemple étre attrayant pour des

dispositifs utilisant un grand nombre d’électrodes (Loke et al., 2014b).

En revanche, la durée nécessaire pour effectuer le traitement des données électriques peut

devenir un enjeu dans le cadre d’un suivi temporel autonome avec une haute résolution
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F1GURE 5.11 Choix du protocole de type Wenner dans les recouvrements expérimentaux de
la mine Canadian Malartic pour maximiser la sensibilité et le rapport signal sur bruit.

spatio-temporelle. A titre d’exemple, différents scénarios ont été testés dans le cadre de
I'inversion des données de terrain obtenues a la mine Canadian Malartic pour identifier le
meilleur compromis entre complexité du modele utilisé pour 'inversion, et le temps néces-
saire pour effectuer chaque inversion (Question 4.5). La Figure 5.12 présente trois modeéles
de complexité croissante utilisés avec le logiciel E4D comme modele pour l'inversion de la
premiere campagne de données non automatisées en juillet 2020 (Johnson et al., 2017). On
remarque que la précision de la teneur en eau volumique prédite par la méthode électrique est
meilleure quand I'inversion est régularisée, c’est a dire quand on permet au modele inversé des
contrastes forts de conductivité électrique entre les couches qui composent la CEBC. L’ utili-
sation de modeles plus précis représente cependant un cofit en terme de nombre d’éléments,

ce qui correspond a des durées de temps de calcul pour I'inversion plus importantes.

C’est dans cette optique que le choix du logiciel d’inversion a été orienté vers pygimli en 2D
(Riicker et al., 2017) plutdt que 'approche initiale utilisant E4D en 3D (Johnson et al., 2017).
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Comme le montre la Figure 5.13, le modele 2D utilisé pour inverser les données électriques
dans la CEBC présente a la fois une bonne résolution spatiale (cellules triangulaires de
petites tailles aux interfaces entre les couches et proche des électrodes), et un faible nombre
de cellules (augmentation de la taille des cellules loin des électrodes). Comme rapporté dans
le chapitre 4, le maillage 2D de la CEBC comprend environ 10 000 cellules triangulaires et
chaque inversion dure moins de 20 secondes, ce qui marque une amélioration considérable

par rapport au modele de 500 000 éléments tétraédriques de E4D présenté a la figure 5.12.

Pour finir, le chapitre 4 présente la démarche qui a été développée pour estimer la distribution
spatio-temporelle de la température et de la conductivité du fluide interstitiel dans les recou-
vrements expérimentaux a ’aide des profils verticaux de sondes de teneur en eau volumique.
Les relations semi-empiriques de Hayley et al. (2007, 2010) et Archie et al. (1942) ont ensuite
été utilisées pour corriger leur effet sur la conductivité électrique du milieu. Cette démarche
devrait étre reproduite pour n’importe quelle application de la méthode électrique sur le
long terme quand le milieu investigué est affecté par les précipitations et par les variations
annuelles de température (Uhlemann et al., 2016a). A titre d’exemple, une augmentation
de 10 °C dans le milieu (courant dans les recouvrements au Québec) correspondrait a une

augmentation de 20 % de la conductivité électrique (Ma et al., 2011).

5.1.5 Etape 5 : Surveillance de performance autonome

La derniere étape de traitement de données consiste a convertir les résultats du suivi électrique
obtenus a l'issue de I'étape 4 en parametres d’'intérét pour effectuer une surveillance de

performance. Les questions qui devraient étre abordées a cette étape sont les suivantes ;

—  Question 5.1 : Quelle est la précision réelle du ou des parametres d’intérét prédits a

I’aide de la méthode électrique et des modeles pétrophysiques calibrés précédemment ?

—  Question 5.2 : Est-il pertinent de définir des valeurs seuils définissant des niveaux

d’alerte 7 Si oui, comment les définir 7 Est-il souhaitable d’intégrer la notion de durée ?

—  Question 5.3 : A quelle fréquence est-il souhaitable d’effectuer un suivi et pour quelle

durée ? Sous quelle forme et a qui devraient étre présentés les résultats ?

—  Question 5.4 : Pour un suivi en temps réel, que faire en cas de dépassement de seuil

critique 7 Qui prévenir et comment ? Quelles actions devraient étre prises et par qui?

Dans un premier temps, les données électriques temporelles peuvent étre converties en uti-

lisant les relations pétrophysiques calibrées en laboratoire et validées a 'échelle de terrain
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FIGURE 5.12 Effet de la régularisation sur la précision des résultats d’inversion (CEBC).

pour estimer la distribution spatio-temporelle du parametre d’intérét. Il est alors possible
de comparer les valeurs prédites par la méthode électrique avec les valeurs mesurées par les
instruments de mesures conventionnels s’ils ont été installés dans le milieu. C’est la démarche
qui a été suivie dans les recouvrements expérimentaux de la mine Canadian Malartic puisque
les mesures de teneur en eau volumique effectuées par les sondes hydrogéologiques installées
au centre des cellules ont été comparées a la teneur en eau volumique estimée par la méthode
électrique. Cette approche a permis de quantifier I’écart-type entre les deux jeux de données
qui était proche de 0.02 m?®/m3, ce qui correspondait & une précision de + 5 % en termes

de degré de saturation, en considérant une porosité de 0.40 (voir chapitre 4) (réponse a la
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Question 5.1).

Dans les cas de figure pour lesquels le parametre d’intérét estimé par la méthode électrique
peut directement étre utilisé pour quantifier la performance d’un recouvrement, il est alors
possible de suivre I’évolution spatio-temporelle de la performance de la section du recouvre-
ment instrumentée. A titre d’exemple, la valeur de 85 % de saturation a été utilisée comme
valeur cible pour la performance de la CEBC expérimentale (Chap. 4). Les zones de la couche
de rétention dont le degré de saturation était supérieur a 90 % ont été identifiées comme per-
formantes, et celles dont le degré de saturation était inférieur a 80 % ont été identifiées
comme moins performantes afin de prendre en compte 'incertitude de & 5 %. Aucun seuil
critique n’a été défini pour le cas d’application a I’échelle pilote, mais une valeur de 80 % de
saturation dans la couche de rétention d’'une CEBC pourrait par exemple étre utilisée pour
identifier une baisse de performance, et une valeur de 70 % de saturation, maintenue pendant
une certaine période de temps, pourrait étre considérée comme seuil d’alerte pour avertir les

utilisateur.rice.s d’une baisse critique de la performance de la CEBC (Question 5.2).

La Figure 5.14 résume les résultats du suivi de performance de la CEBC instrumentée a la
mine Canadian Malartic pendant une période d’un an. Ce type de résultats pourraient étre
intégrés a des rapports périodiques rendant compte des différentes données mesurées dans
le cadre d'un programme de suivi de la performance des recouvrements. On pourrait par
exemple envisager que la distribution de degré de saturation puisse étre calculée chaque se-
maine et un rapport hebdomadaire pourrait ainsi étre envoyé aux personnes responsables du
suivi. Des rapports plus complets pourraient aussi étre préparés tous les quatre mois. Fina-
lement, un rapport annuel synthétisant ’ensemble des données de suivi pourrait étre généré

et utilisé pour quantifier la performance globale de la CEBC. De tels rapports quantifiant
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la performance de recouvrements seraient notamment utiles pour comparer la performance
d’une année sur 'autre, pour plusieurs scénarios de restauration et plusieurs sites. Une telle
approche s’intégrerait bien aux recommandations en termes de rapports de suivi de perfor-
mance proposées par Bussiere et al. (2021) et par le rapport du MEND Field performance
monitoring and sustainable performance of cover systems (MEND, 2004) (Question 5.3).

CEBC - section instrumentée du plateau
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FIGURE 5.14 Evaluation de la performance de la CEBC 4 'échelle pilote dans la section dite
"plateau" & partir des mesures électriques (adapté de Dimech et al. (2023a), chapitre 4).

La revue de littérature présentée dans le chapitre 2 a mis en évidence l'utilisation de plus
en plus fréquente des mesures électriques continues dans le cadre de systemes d’alerte pré-
coce (EWS pour early warning system), notamment pour les glissements de terrain (Budler;
Whiteley et al., 2019) les infrastructures routiéres et ferroviaires (Chambers et al., 2014a;
Gunn et al., 2015) ou la migration de contaminants ou d’eau salée dans les aquiferes (Chen
et al., 2018a; Puttiwongrak et al., 2019; Denham et al., 2020). Il est intéressant de noter que
plusieurs des principales composantes d'un EWS décrites dans la Figure 5.15 sont cohérentes
avec ce guide, et cette approche pourrait étre appliquée pour la surveillance en temps réel de
la performance des recouvrements en restauration miniere (e.g., Tresoldi et al. (2020b, 2021))
(Question 5.4).
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FIGURE 5.15 Principales composantes d’'un systéme d’alerte précoce (EWS pour Farly War-
ning System en anglais) tiré de Budler (2017), adapté de Intrieri et al. (2013).

A titre d’exemple, il serait possible de traiter quotidiennement les nouvelles données élec-
trique effectuées et transférées de facon autonome par le résistivimetre PRIME installé sur
le parc a résidus de la mine Canadian Malartic. Ces données pourraient étre utilisées pour
estimer en temps réel le niveau de performance des sections instrumentées de la CEBC et
envoyer un message d’alerte par courrier électronique aux opérateur.rice.s concerné.e.s si les
seuils critiques précédemment définis sont dépassés (e.g., Versteeg and Johnson (2013); Slater
and Binley (2021); Chambers (2021); Chambers et al. (2022)). Ce type d’approche, déja en-
visagés dans plusieurs domaines liés aux infrastructures permettrait notamment de détecter
en amont des enjeux de perte de performance de recouvrements, et pourraient étre utilisés
pour guider des campagnes de caractérisation ou de contréle plus précises sur le terrain a
I’emplacement des anomalies détectées. La Figure 5.16 présente un exemple de ce type d’ap-
proche innovante basée sur I'imagerie de la teneur en eau dans un talus de voie ferrée a partir
de la méthode électrique pour identifier les zones a risques d’instabilités physiques et alerter

les opérateur.rice.s compétent.e.s (Chambers et al., 2014a; Gunn et al., 2015, 2018).

5.1.6 Etape 6 : Retour d’expérience

Pour finir, il serait pertinent d’effectuer un retour d’expérience sur 'utilisation de la méthode
électrique pour effectuer le suivi d'un recouvrement installé sur un parc a résidus ou d’une
halde a stériles actifs, abandonnés ou restaurés. En effet, il n’existe, a la connaissance de
I’auteur et lors de I'écriture de ces lignes, aucun document dans la littérature scientifique ou
technique permettant d’établir la pertinence et la faisabilité de I'application de la méthode
électrique sur un site a pleine échelle comme méthode de suivi sur le long terme dans le
contexte des rejets miniers. Dans ce sens, les futures applications réelles sur des sites mi-

niers apporteront de nombreuses informations qui permettront d’identifier les enjeux et les
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E6: Moisture Content > PL: Inspect
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(b) Moisture level section monitor indicating Action State on Down Line — Mid-Interval.

FiGURE 5.16 Exemple de surveillance automatisée d'un talus de voie ferrée a l'aide de la
méthode électrique autonome (tiré de Chambers et al. (2014a) et Gunn et al. (2015)). Les
imageries de teneur en eau réalisées a l'aide de la méthode électrique sont comparées a des
valeurs seuils pour alerter les opérateur.rice.s en cas de dépassement et localiser les anomalies.
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avantages de la méthode et pour améliorer les pratiques. Cette étape pourrait permettre de

répondre aux questions suivantes ;

—  Question 6.1 : La mise en application de la méthode électrique a-t-elle permis d’estimer

les parametres d’intérét ciblés au début du projet ? Si oui, avec quelle précision ?

—  Question 6.2 : A-t-il été possible de relier ces parametres a la performance des recou-

vrements en restauration miniére ?

—  Question 6.3 : Les choix d’instrumentation pris a 1’étape 2 ont-ils été justifiés? (ro-

bustesse des équipements, profondeur d’investigation, résolution spatio-temporelle ?7)

—  Question 6.4 : Les cofits d’instrumentation et d’opération ont-ils été correctement

estimés a 'étape de planification du projet ? Si non, pour quelle(s) raison(s) ?

—  Question 6.5 : La méthodologie de surveillance intégrant ’approche électrique a-t-elle

permis d’identifier des problemes de perte de performance dans les ouvrages ?

—  Question 6.6 : Si oui, est-ce que 'instrumentation conventionnelle aurait pti permettre

de détecter ces problématiques ? Quelles ont été les actions prises ? Par qui?

—  Question 6.7 : Quels ont été les avantages / limitations de 'approche électrique pour

le suivi ? Quel aspect devrait étre amélioré pour de futures applications ?

Il n’existe que peu d’applications de la méthode de suivi électrique proposée au contexte des
rejets miniers comme discuté dans le chapitre 2. La mise en application de cette derniere
étape permettra donc d’apporter de nouveaux éléments qui seront pertinents pour améliorer
les pratiques, notamment pour répondre aux défis spécifiques posés par le contexte minier,
qui ont été synthétisé A la section 2.5.2. A titre d’exemple, il n’existe que peu d’informations
dans la littérature concernant la durabilité des électrodes et cables utilisés en géophysique

dans des résidus miniers et des conditions potentiellement acides.
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CHAPITRE 6 CONCLUSION ET RECOMMANDATIONS

La surface considérable occupée par les aires de stockage de rejets miniers qui doivent étre
restaurées pour controler les risques de génération de contaminants rend nécessaire le déve-
loppement de techniques de suivi applicables a grande échelle, et qui pourront étre combinées
aux outils de mesure conventionnels ponctuels. Cette these a permis de développer et tes-
ter a 1’échelle de terrain une approche géophysique innovante de suivi de la teneur en eau

volumique dans les systémes de recouvrements en restauration miniere.

Dans un premier temps, une revue de littérature exhaustive a permis de poser les bases théo-
riques de la méthode électrique appliquée pour le suivi temporel et d’identifier les meilleures
pratiques concernant la planification, I'instrumentation ainsi que l'acquisition, le traitement
et I'interprétation des données électriques. La base de données comprenant pres de 650 articles
présentant des applications de la méthode électrique en suivi temporel a mis en évidence la
récente popularisation de cette technique depuis 2010, et en particulier la diversification des
champs d’application (e.g., suivi du pergélisol, des glissements de terrain, de la végétation
ou des gaz). Néanmoins, il a été surprenant de constater le faible nombre d’études utilisant
cette technique de suivi dans le contexte des rejets miniers (moins de 3% des études de la
base de données). Ce constat est d’autant plus frappant que de nombreuses études ont appli-
qué avec succes la tomographie de résistivité électrique comme technique d’imagerie pour la
caractérisation des rejets miniers et la détection de contaminants. Par conséquent, la revue
de littérature a montré que la méthode électrique est prometteuse en tant que méthode de

suivi temporel des rejets miniers de maniere non-invasive et applicable a grande échelle.

Par ailleurs, la revue de littérature a également permis d’identifier les principaux développe-
ments de la méthode électrique au cours des derniéres années, notamment en ce qui concerne
le perfectionnement des résistivimetres autonomes capables d’effectuer des mesures électrique
quotidiennement en utilisant plusieurs centaines d’électrodes et de transférer les données a
distance de maniere autonome. Ces récents progres techniques, mais aussi numériques et lo-
giciels, sont tres utiles pour ’application de la méthode au contexte des rejets miniers et pour
répondre a plusieurs défis potentiels, soit (i) la complexité que représente son application sur
des sites miniers, souvent en conditions éloignées, (ii) la nécessité d’effectuer un suivi de haute
résolution spatio-temporelle, couvrant de grandes étendues et pendant de longues périodes et
(iii) 'importance de quantifier les parameétres physiques suivis avec précision dans des milieux
ou d’autres parametres influencant la conductivité électrique sont également susceptibles de

varier. Par conséquent, les travaux de doctorat présentés dans cette these se sont concentrés
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sur la mise en place d'une méthodologie permettant d’évaluer et de maximiser la précision
de la teneur en eau volumique estimée a partir de la méthode électrique au laboratoire et sur
le terrain ainsi que sur la mise en place d'une "preuve de concept" a I’échelle pilote dans des

systemes de recouvrement expérimentaux en conditions réelles a la Mine Canadian Malartic.

Dans un deuxieme temps, un dispositif de laboratoire adapté a partir de cellules Tempe a
été proposé et testé pour établir la relation pétrophysique reliant teneur en eau volumique
et conductivité électrique dans des matériaux fins. La mesure simultanée de ces deux para-
metres dans les résidus miniers au fur et a mesure que la pression dans la cellule augmentait a
permis de calibrer un modele semi-empirique d’Archie utilisé afin de convertir la conductivité
électrique mesurée en teneur en eau volumique avec une précision de £0.02 m?/m?. Ce dis-
positif est prometteur pour la détermination des relations pétrophysiques dans les matériaux
fins puisqu’il est peu cotliteux, facilement reproductible et réalisable en conditions controlées
(porosité, température et conductivité du fluide interstitiel). Dans un troisiéme temps, deux
autres montages de laboratoire et deux dispositifs de mesure sur le terrain ont ensuite été
instrumentés afin de suivre simultanément la teneur en eau volumique et la conductivité élec-
trique pour différentes conditions hydrogéologiques. Au laboratoire d’abord, une chaudiere
remplie des résidus de la mine Canadian Malartic et une colonne représentant une couverture
avec effet de barriere capillaire (CEBC) miniature ont été instrumentées avec des sondes de
teneur en eau et des électrodes géophysiques et ont été respectivement soumises a des cycles
de mouillage et séchage par la surface ainsi qu’a un drainage effectué par la base. Sur le
terrain ensuite, une section de 23 m de long d’'une CEBC expérimentale a été instrumentée a
'aide de sondes de teneur en eau, de profils verticaux d’électrodes éloignées de 10 cm (haute
résolution) et de profils horizontaux d’électrodes séparées par 1 m (plus basse résolution).
Ces expériences ont permis d’établir des relations pétrophysiques in situ a quatre échelles
différentes qui ont été utilisées pour estimer la teneur en eau volumique dans les résidus
miniers & partir des mesures électriques avec une précision variant de £0.02 & £0.04 m?®/m3
dépendamment des expériences. Cette méthodologie a permis de valider que la relation déter-
minée a petite échelle dans les cellules Tempe modifiées restait valide a plus grande échelle,
ce qui était un élément important pour pouvoir appliquer la méthode électrique pour le suivi

de la teneur en eau volumique dans les systémes de recouvrements sur le terrain.

Ces expériences réalisées dans différentes conditions hydrogéologiques et a différentes échelles
ont permis de développer et de tester une méthodologie de traitement de données permettant
de maximiser la précision des estimations de teneur en eau volumique prédites a partir de
I'imagerie électrique dans les systemes de recouvrements. Les sondes hydrogéologiques ins-

tallées a proximité des électrodes géophysiques ont été utilisées pour estimer la distribution
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spatio-temporelle de la température et de la conductivité électrique du fluide interstitiel dans
les systemes de recouvrement. L’effet de ces parametres physiques sur la conductivité élec-
trique du milieu a ainsi pu étre pris en compte a 1’aide de relations semi-empiriques pour
corriger les valeurs de conductivité électrique in-situ a une température de référence de 25°C
et & une conductivité électrique du fluide interstitiel de référence de 4 mS/cm, valeurs ob-
tenues pour les expériences de laboratoire. Ces corrections ont joué un réle majeur pour le
suivi hydrogéophysique réalisé en conditions réelles; a titre d’exemple, les variations de tem-
pérature mesurées dans les systemes de recouvrements expérimentaux de la Mine Canadian
Malartic de £10°C entre I’été et 'hiver ont causé une variation de conductivité électrique du
milieu de £20%. Ainsi, il a été démontré que ne pas prendre en compte les variations de ces
deux parametres physiques dans les résidus de la CEBC instrumentée sur le terrain aurait

diminué la précision de ’estimation de teneur en eau volumique d’un ordre de grandeur.

La méthode de suivi électrique a ensuite été appliquée dans des systémes de recouvrements
expérimentaux construits a la Mine Canadian Malartic en conditions réelles et a 1’échelle
pilote ; soit une CEBC congue pour jouer un role de barriere a oxygene et un recouvrement
comprenant une couche de faible perméabilité (nommé LSHCC) congu pour réduire Uinfiltra-
tion d’eau vers les résidus. Quatre sections de 23 m de long ont été instrumentées et suivies en
continu avec des sondes hydrogéologiques et des électrodes connectées a un résistivimetre au-
tonome effectuant quatre images par jour et transférant les données a distance. Les données
électriques ont été inversées et converties en distributions spatio-temporelles de teneur en
eau volumique a l'aide des modeles pétrophysiques calibrés en laboratoire. La précision de la
teneur en eau volumique prédite par la méthode électrique variait de £0.01 & £0.03 m?/m?,
(i.e., précision entre +2.5% et £7.5% en termes de degré de saturation), dépendamment des

sections instrumentées pour la période de suivi (juin 2021 a juillet 2022).

Le suivi hydrogéophysique dans les quatre sections instrumentées a mis en évidence des com-
portements hydrogéologiques différents entre les deux types de systemes de recouvrements.
Dans les sections de CEBC, la teneur en eau volumique est restée élevée tout au long de
I’année dans les couches de rétention d’eau constituées de résidus miniers tandis que des va-
riations temporelles plus importantes ont été observées dans les autres couches de la CEBC.
En particulier, la détermination de la porosité in situ lors de la construction des recouvre-
ments a permis de convertir la distribution de teneur en eau volumique en degré de saturation
dans la couche de rétention d’eau. Ceci a permis de quantifier la performance des sections de
CEBC, en utilisant un critere de performance de 85% de saturation, couramment utilisé en
restauration miniére. Cette approche a montré qu’au moins 90% de la couche de rétention

d’eau de la CEBC en haut de pente est restée a un degré de saturation supérieur a 85% tout
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au long de la période de suivi (respectivement 70% pour la section de CEBC sur le plateau).
Ces résultats de terrain a 1’échelle pilote ont donc démontré 'efficacité d’'un recouvrement
de type CEBC a maintenir un haut degré de saturation pour bloquer les flux d’oxygene

provenant de I’atmosphere pour le parc a résidus de la Mine Canadian Malartic.

Des variations spatio-temporelles de teneur en eau volumique plus importantes ont été obser-
vées dans les sections instrumentées des recouvrements de type LSHCC, pour lesquelles de
plus faibles valeurs de teneur en eau volumique ont été mesurées tout au long de la période de
suivi. Plus précisément, les couches constituées de mort-terrain ont été fortement affectées par
les précipitations et les périodes de sécheresse, avec des valeurs de teneur en eau volumique
minimales aussi basses que 0.25 m3/m3, ce qui correspond & un degré de saturation d’environ
60% pour une porosité in situ de 0.45. Ces valeurs ont été mesurées pendant 1’été 2021 en bas
de pente, pendant une période particulierement seche, alors que I'on pouvait observer a cet
endroit une croissance rapide de végétation qui a certainement affecté le bilan hydrique en
augmentant 1’évapo-transpiration. Par ailleurs, les sondes hydrogéologiques localisées dans
les couches de roches stériles sous-jacentes ont mesuré d’importantes variations de teneur en
eau volumique, ce qui semble indiquer qu’au moins une partie de I’eau s’est infiltré a travers

la couche de mort-terrain et a percolé vers les résidus du parc.

La mise en place d'un suivi combinant des instruments ponctuels et la méthode de tomogra-
phie de résistivité électrique dans des systemes de recouvrements expérimentaux a la Mine
Canadian Malartic a donc permis de démontrer la faisabilité, la précision et la pertinence
de cette approche innovante. Les données hydrogéophysiques ont permis d’imager en continu
dans l'espace et le temps la teneur en eau volumique dans les couches d’intérét des recou-
vrements, ce qui a permis de quantifier la performance des sections de CEBC, et de fournir
des données qui pourront étre utilisées pour raffiner I'estimation du bilan hydrique pour les
LSHCCs a l'aide de modeles numériques. L’ensemble des observations et des résultats obte-
nus par ce projet de doctorat ont ensuite été combinés pour élaborer un guide de conception
en six étapes qui pourra orienter quiconque serait intéressé.e a inclure la méthode de suivi
électrique a un programme de surveillance de performance d’un systéme de recouvrement a
pleine échelle. En particulier, ce guide devrait étre suivi pour identifier en amont les objec-
tifs du suivi électrique dans les systemes de recouvrement ainsi que la précision, I'étendue
spatiale et la résolution spatio-temporelle minimales qui seraient nécessaires. Il permet éga-
lement d’identifier les meilleures stratégies a mettre en place pour I'acquisition, le traitement
et l'interprétation des données, et pose les bases de l'intégration de l'approche électrique
dans les systemes d’alerte précoce qui pourront étre mis en place a ’avenir pour détecter

efficacement une perte de performance dans les systéemes de recouvrement.
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Pour conclure, plusieurs recommandations peuvent étre proposées pour poursuivre les tra-
vaux de doctorat présentés dans cette these, et ainsi améliorer et permettre une éventuelle
démocratisation de 'application de la méthode électrique au suivi temporel de la performance

des systémes de recouvrements en restauration miniere.

Recommandation 1 : Test de la méthode a pleine échelle en conditions réelles.

Dans le cadre de ce projet de doctorat, la méthode électrique a été appliquée a 1’échelle pilote
(~ 30 m) et dans des conditions idéales qui ne pourront probablement pas étre reproduites
a pleine échelle (i.e., électrodes espacées de 1 m, deux niveaux d’électrodes dans chaque
couche d’intérét, installation au fur et a mesure de la construction et mise en place minu-
tieuse du matériel des recouvrements sur les instruments). Il serait donc pertinent d’identifier
des stratégies d’instrumentation applicables a pleine échelle qui permettraient d’obtenir une
résolution spatio-temporelle ainsi qu'une précision équivalentes a ce qui a été présenté dans

les recouvrements pilotes.

Recommandation 2 : Amélioration des modeles pétrophysiques pour les résidus.

Le modele semi-empirique d’Archie a été employé dans cette these pour décrire la relation
entre conductivité électrique du milieu et teneur en eau volumique. Bien que les résultats
soient satisfaisants, ce modele demeure assez simplifié et nécessite une calibration de labora-
toire spécifique pour chaque type de résidus miniers. Il serait intéressant de raffiner ce type
de modele en caractérisant différents échantillons de résidus afin de développer des méthodes
de prédiction des propriétés pétrophysiques a partir des données physiques, granulométriques

et minéralogiques des résidus, comme c’est le cas en hydrogéologie par exemple.

Recommandation 3 : Assimilation des données hydrogéophysiques et modeles numériques.

La méthodologie suivie pour cette étude se base sur I'inversion des données électriques puis
leur conversion en teneur en eau volumique en corrigeant 'effet de la température et de la
conductivité électrique du fluide interstitiel. Il serait pertinent de développer des approches
de traitement de données comme les filtres de Kalman d’ensemble (EnKFs) qui permettraient
de prendre en compte simultanément les données hydrogéologiques ponctuelles, les données
électriques volumiques ainsi que des modélisations numériques afin d’améliorer la prédiction
de la teneur en eau volumique dans les recouvrements. Cette approche a été développée par
Isabelle (2022) et testée en 1D avec une CEBC a petite échelle en laboratoire. Une approche
similaire devrait ainsi étre développée et testée en 2D avec les données de terrain obtenues
dans les recouvrements expérimentaux de la Mine Canadian Malartic pour estimer en temps
réel la teneur en eau volumique dans les recouvrements et calibrer des modéles numériques

reproduisant leur comportement hydrogéologique a partir de données réelles.
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ANNEXE A DETAILS DES DISPOSITIFS DE LABORATOIRE
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FIGURE A.1 Detailed schematics for the experimental laboratory setups. (a) S1 - electrical
resistivity Tempe cell scale (ER-TC), (b) S2 - bucket scale and (c¢) S3 - column scale.
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ANNEXE B DETAILS DE I INSTRUMENTATION DE TERRAIN
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FiGURE B.1 Detailed schematics and photographs for the experimental field cover with
capillary barrier effect. (a) S4 - field CCBE at local scale, (b) S5 - field CCBE at pilot scale.
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ANNEXE C PROTOCOLE DE MESURES ELECTRIQUES
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Ficure C.1 Illustration of the configurations used to carry out TL-ERT monitoring in
the tailings at different scales. Red and blue electrodes represent respectively current and
potential electrodes.
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