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Les éléments de terres rare&Ef, appelés aussi lanthanides, désignent un groupe de 17 éléments
FKLPLTXHVY ODQWKDQH /D MXVTXIDX OXWpWLXP /X SOXV
associés essentiellement a des phases minérales de types carbonates, silicates, et/@sphosphat
Les REE sont devenus de nos jours des matieres premieres hautement stratégiques et
indispensables a certaines industries (i.e., véhicules électriques et hybrides, systémes de radar,
batteries rechargeables, téléphones cellulaires, écrans LCD, pedaiteniques, etc.)ls sont
contrairement & ce que suggere leur appellation, ils ne sont patedes» mais plutdét des métaux

etils ne sont pasrares» car ils sont assez répandus dans |'écorce terrédstsant présentsdans

OD QDWXUH VRXV IRUPH GH PLQpUDX|[ GIDVSHFWYV WHUUHX|
gue le plomb, et que l'argent mds sontrarement trouvés dans des concentrations rentables a
exploiter {Is demeurent dilués dans la croteerestre)Le qualificatif « rare » signifie la rareté des
technologies pour les extraire et les sépdParmi leurs particularités, on peut mentionner leur
DVVRFLDWLRQ IUpTXHQWH DYHF GYDXWUHV pOpPHG@MNV L H
VpSDUHU OHV XQV GHV DXWUHV 3RXU OYLQVWDQW OD &KLC
(environ 97% de la production mondiale). Face a ce constat, plusieurs compagnies minieres a
WUDYHUV OH PRQGH RQW UHQIRU Frpéhtelavx BeBdivid Mandiqux G TH[
TXL QH FHVVHQW GIDXJPHQWHU HW SDU FRQVpTXHQW DWWg¢

Les gisements des REE font partie des gisements dits a faible teneur et fort tonnage, ce qui génere
beaucoup de rejets solides et ldps (roches stériles, rejets de concentrateur, autres effluents
miniers). Les rejets solides, sans valeur commerciale, sont souvent entreposés en surface dans les
sites miniers. L'eau de pluie et de fonte des neiges percolant a travers ces rejetsestiniers
susceptible d'étre contaminée via les réactions géochimiques ayant lieu naturellement au contact
GH O HDX HW GH O R[\JgQH - OfpFKHOOH GX 4XpEHF OD O
entreprises a engager des garanties financieres pour ca@frtif QVHPEOH GHV FR€WYV Ol
GIDSUqWH DILQ GH UpKDELOLWHU OHV VLWHV H[SORLWpPV HQ
WRXWHYV FHV FRQWUDLQWHY OH GpYHORSSHPHQW GTXQ ¢
comportement géochimique des rejataiers qui seront produits durant les exploitationsieres,

entreposés en surfacet exposés aux conditions atmosphériquEs plus de favoriser
OYDFFHSWDELOLWp VRFLDOH GHV SURMHWY PLQLHUV OD SUp
de JpQpUDWLRQ GH FRQWDPLQDQWYV j SDUWLU GHV IXWXUV HP
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GIpODERUHU GHV VWUDWpPJLHYVY VDLQHV GH JHVWLRQ HW GYH(
TXH VILQVFULW OH SUpVHQW SURMHW

Présentement, des lacunesportantes sur les impacts environnementaux des rejets miniers
porteurs des REE ont été notées dans la littérature, en particulier en ce qui cofiiderreactiviteé

des phases porteuses des REE, (ii) les processus géochimiques contrdlant la rdbilité e
fractionnement des REE lors des interactions edlRFKHY OfDGVRUSWLRQ OD S
coprécipitation, etc.), (iii) la spéciation des REE dans les gisement naturels les plus communs, (iv)

la séparation minéralurgique et métallurgiqgue des RERy) la toxicité des REE. L'objectif de
FHWWH WKgVH HVW GfpWXGLHU OH FRPSRUWHPHQW JpRFKLP
gisements porteurs de terres rares (carbonates et silicates) afin de mieux comprendre les processus
géochimiques QUWHURQW UHVSRQVDEOHV GYfXQH FRQWDPLQDWLRQ
/I NDWWHLQWH GH FHW REMHFWLI SDVVH SDU OD SUpGLFWLRQ ¢
GIpFKDQWLOORQV GYH[SORUDWLRQ SRXU Qs GORdgd;isVV ORQ

Kipawa, de la compagnie Matamec explorations.

Le projet Montviel(LebetsurQuévillon, Canadayise une mine a ciel ouvert pour exploiter un
gisement de terres rargeresestimé a 250 millions de tonnes (Mt) de carbonatites de IRIEE

avec une teneur en terresraresd¥1l. GYR[\GHVY GH WHUUHYVY UDUHV 275 [HYV
sont associés a une intrusion alcaline protérozoique daté894Ma. Quant au projet Kipawa
7pPLVFDPLQJXH &DQDGD LO YLVH Ofsrpe®RIcIOIMMIRV@CcG 1XQ JL
une teneur moyenne de 0.41GH 275 VXU XQH SpULRGH GH DQV VRXV ||

ouvert

Le travail concernant ces deux gisements de terres rares a été fait sur des échantillons issus des
FDURWWHY GYH[SORUDWLRQ HQ JXLVH GH VWpULOHYV j ORQWY
différentes lithologies de la fraction stérile du gisatmKipawa. Pour mieux caractériser les
minéraux porteurs de terres rares et augmenter les réponses géochimiques durant les essais
cinétiques sur les échantillons des deux gisements, les phases porteuses de terres rares ont éte
concentrées via une combinasde techniques gravimétriques, séparation magnétique, flottation,

et par liqueur dense. Céshantillons préoncentrés ont été soumis a des essainieicellules
GIDOWpUDWLRQ DILQ G pYDOXHU OD PRELOLWpPp GEY WHUUFL

échantillons post démantélements issus des différents essais cinétiques ont été caractérisés pour
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L pWDEOLU OHV ELODQV JpRFKLPLTXHYV LL pOXFLGHU OHYV
de REE, et (iii) déterminer les minéraux secondamecipités et la spéciation des REE une fois
lixivies.
L'atteinte de ces objectifs s'effectue via une approche méthodologique en plusieurs phases,
FRQVLVWDQW GTDERUG HQ XQH Fdbibigue\&tpminénalbgitjueRietaibée \\V L T X t
d'échantilbns représentatifs des futurs stériles miniers. Ces échantillons ont été soumis a des essais
cinétiques de percolation et de lixiviatien batch (SPLP, TCLP, et CTEQ). La détermination
de la teneur solide en REE a été effectuée via une digestion suiMieO 1D Q D O-M&Ho&D U , &3
XQH YLQIJWDLQH GIpOpPHQWY FKLPLTXH$6DLYDQADOAMHOBH BR
totale (éléments majeurs et mineurs) a été effectuée par XRF. La teneur en soufre total et en carbone
total a été déterminéeaufouj] LOQGXFWLRQ GDQV OTREMHFWLI GH GpWHUP
et le bilan acidédase. La composition minéralogique des échantillons a été évaluée par une
FRPELQDLVRQ GTREVHUYDWLRQV GH VHFWLRQV SROLHV DX
électronique a balayage (MEB), par QEMSCAN, ainsi que par analyse par diffraction des rayons
X (réconciliée aux analyses chimiques). Afin de préciser la composition de certains minéraux
(éléments en trace), des échantillons ont été analysés par microsectdenigue en WDS

ZDYHOHQJWK GLVSHUVLYH VSHFWURVFRS\ SHUPHWWDQW G
OLPLWH GH GpWHFWLRQ@SPH ONRBEGHBGHGXjJUDLQ
/IH WUDLWHPHQW HW OfYLQWHUSU plee Ofitreris@s<aill dindfigues<eddd D WV F
lixiviation de laboratoire indiquent que les eaux percolant a travers les lithologies du projet
Montviel sont alcalines, avec des pH respectant en général les limites exigées par les législations
en vigueur. Les élémentseE Ba peuvent présenter des préoccupations environnementales dans le
FDV GTDEVHQFH GfXQH DWWpQXDWLRQ QDWXUHOOH VRUS!
vraisemblablemenih situsous forme des sehsolubles (i.e. bawytine) et le pH demeure infé&tir
DX[ OLPLWHY UpJOHPHQWDLUHYV JUKFH | OfH Ist-Quégilldly SO XLH
(teneur en sulfates inférieure arb@/l) et la dissolution du C£&dans les eaux de drainage minier.

La comparaison des résultats géochimiques issus des différents essais (cellules humides,
cellules essais de lixiviation TCLP, SPLP, et CTEBUmontre des différences significatives entre
OHV HVVDLV FLQpWLTXHV HW O H3gaikaWuN ilhpact @reict Gur [dsYduode L R Q
lixiviation des terres rares et les métaux associés. La différence entre les différents essais est due

principalement aux parametres suivanks granulométrie, le ratio solidejuide, la durée des
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essais, et le pe de solution de lixiviation. Les essais CTFEUWemeurent les seuls essais qui
générent des résultats plus proches de ceux des essais en cellules humides. Par ailleurs, la
comparaison des résultats du laboratoire avec ceux des essais de terrain iriegentzeG T X Q

HITHW G §pF K HOW les &sxatspsidl. HoHW HITHW GITpFKHOOH HVW FDXVp

effets de température, la dissolution dexd@® granulométrie, le ratisolide/liquide.

Les résultats des essais cinétiques de labogatmntrent une faible lixiviation des REE avec une
mobilité élevée des terres rares lourdes versus les terres rares légeres. Les calculs
thermodynamiques effectués par Vminteq et Phreeqgc, ainsi que les caractérisations post
démantélement, indiquent que flble taux de relargage des REE est di essentiellement aux
phénomenes de sorption, de précipitation sous forme de minéraux secondaires (i.es) RERHPO
decoprécipétationSDU GIDXWUHV PLQpUD X}, GaHFF, Bt@®& DAel ptacets )H 62
géochimiques réduiraient significativement la mobilité des REE en favorisant leur fractionnement

] OfLQWpULHXU GHYV phbsphateWeVterrels @Qardd (REERID$ANt les principaux
minéraux secondaires impliqués dans le fractionnement des REE.

La comparaison entre les essais de laboratoitesebarilsdu terrain indigue une augmentation
significative de la dissolution des carbonates dans les éssais. Malgré I'augmentation de la
dissolution des carbonat@s situ, les concentrations élémentaires associées aux carbonates (Ca,
Ba, Sr, REE, Th, U) restent sous les limites permises au Québec. Cette réactivité importante des
carbonate# situ pourrait assurer un important potentiel de neutralisation a long termetdes f
stériles de MontvielLa compaaison dda réactivité des carbonates et celle des silicates des terres
raresmontreune différenceG 1 X Q | R U G U H Supérieurik pauQIesHathdnates de REE
Comme les deu¥chantillonsont les mémes caractditgies (i.e. la granulométrie, le rapport
liquide/solide, le degré de libération, etc.), les différences pourraientugsgpdncipalement a la
différence de réactivité entre les deuatériaux

Pour assurer une gestion intégrée des stériles pourtlessumines en gquestion dans cette these,

un modéle conceptuel de la future halde a stpdle Montvielest proposé. La base de la halde a
stérile devrait étre compactée et inclinée pour favoriser les écoulements latéraux des eaux, et sera
composéale maeériaux de la lithologie la moins problématig@ppeléessilicocarbonatitesUne

fois cette base construite, le reste des stériles pourrait étre déepdssgss. Les effluents liquides
récoltés autour de la halde devraient passer a travers un drairecadeestitué par les matériaux

les plus carbonatgsppeléscalciocarbonatitespour assurer un traitement passif efficace. Cette
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PpWKRGH GfTHQWUHSRVDJH SHUPHWWUDLW GYDVVXUHU XQH P
porteurs des REE.

Les résltats de ce présent projet, parmi les premiers a combler la lacune de données scientifiques

au sujet du comportement géochimique de minéraux porteurs des terres rares, permettra de
contribuer a I'essor de l'industrie des terres rares du Canada en fotiahessa&ponses nécessaires

a une gestion saine des rejets miniers de ces types d'exploitations. Les connaissances développées
dans cette theése sur la prédiction du comportement géochimique de rejets miniers de terres rares
pourraient contribuer a faciitd OfH[SORLWDWLRQ GHV JLVHPHQWV GHYV

actuellement face a une réticence sociale et environnementale.

Mots-clés: gisements de terres rares; stériles miniers porteurs des terres rares; fractionnement et
mobilité des terres rares; ndiraux secondaires de REE; carbonates et silicates de REE; prédiction

de la qualité des eaux de drainage; essais cinétiques de laboratoire; essais de lixiviation; essais de
WHUUDLQ HIIHW GIfpFKHOOH DSSURFKH GTfHQWUHSRVDJH GH
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The rare earth elements (REE) consist of seventeen chemical elements (fifteen lanthanides, La to
Lu, as well as Y and Sc). In ore deposits, REE are primarily associated with carbonate, silicate, and
phosphate minerals. REE are currently consideas strategic metals for modern industrial
requirements largely due to their wide range of applications, which include uses in: hybrid vehicles,
radar systems, rechargeable batteries, mobile phones, flat screen display panels, compact
fluorescent light blbs, and other electronic products. Contrary to what their name suggests, the
5(( DUH QR SDUWLFXODUO\ UDUH ,Q IDFW WKH\ DUKN?PRUH DE
are several orders of magnitude more abundant than silver (Ag); their abundance is also similar to
chromium (Cr) and nickel (Ni). However, the term "rare" is apt for describing the scarcity of
economically viable deposits of REE, and the difficulty inhete physically separating the REE

from one another because of their similar chemical properties. AdditionallypR&fhg minerals

are often contaminated with actinides such as thorium and uranium, and other elements (e.g., F, Zr,
Ba). At present (2017)China controls 9% of the global REE market, and, as a circumvention
strategy, other countries try to find and mine their own REE reserves with high economic

potentials.

Rare earth element deposits are characteristically-targeage, lowgrade operabins which could
generate significant quantities of liquid and solid wastes (e.g., waste rocks, tailings, and effluents)
as a result of both mining and refining activities. Solid wastes, which have no commercial value,
are often stored at the surface arugréfore, exposed to ambient environmental conditions.
Meteoric and ground waters can be contaminated via the geochemical reactions that occur naturally
during mine wastavater interactions. Since legislation in Québec (Canada; where this study takes
placé requires mining companies to provide financial guarantees to cover all costs associated with
the site reclamation prior to the start of operations, the development of a project requires the ability
to predict the geochemical behavior of mine wastestaiddssociated effluents in advance. These
predictions also promote the social acceptability of mining projects by allowing for the
identification of potential contaminants of concern and the development of suitable and specific

environmental managementcawaste disposal strategies.

Presently, several REE mining projects are in development in Canada, particularly in Québec (e.g.,

Montviel, Matamec, Strange Lake). Most publications found in the current literature focus on the
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geology of REE deposits, mddefor their formation, and the concentrations of REE found in
surface waters and sediments downstream of-Bégfing geological formations. However, the
geochemical behavior of RHE&earing mine wastes has not been studied to date. This has led to
significant knowledge gaps, particularly with respect to: (i) the reactivity of-Bée&gting minerals;
(if) the geochemical processes, such as adsorption, precipitation, -pnelcqutation, which can
control the mobility and fractionation of REE during wateck interactions; (iii) the speciation of
REE within ores; (iv) the mineralurgical and metallurgical separation of REE; and (v) REE toxicity.
The purpose of this thesis was to study the geochemical behavior of mine wastes from two types
of REE bearing ore degits (i.e., carbonatites and silicates) in order to understand the geochemical
processes which control the contamination of mine drainage waters. This was carried out using
predictive tests to assess the kagn drainage quality coming from REiearingmine wastes at

Montviel mine (Ressources GéoMégA) and Kipawa mine (Matamec explorations, Inc.).

The Montviel project (LebeturQuévillon, Ginada) will be involve the opapit extraction of 250
million tonnes (Mt) of REEND carbonatites with a REE contergtimated at 1.4% of rare earth
oxides (REO). Rare earth element mineralization in this deposit is hosted primarily in the
carbonatites of the Montviel alkaline proterozoic intrusion, which consists of a series of
mafic/ultramafic rocks that are young@894 = 3.5 million years) than the surrounding rocks,
weakly metamorphosed, and undeformed. The Kipawa project (Témiscamingue, Québec) will
extract 19 Mt of material with an average grade of @4REO overa 15year period using an

openpit method.

The dudy of these two REMBearing ores was performed using samples from drill cores for the
Montviel deposit and bulk samples representing different lithologies for the Kipawa deposit. In
order to better characterize RIbEaring minerals and to enhance thechemical responses, a

REE concentrate sample was prepared using gravity and magnetic separation. This work aims to
understand the geochemical behavior of the Montviel (carbonatite orebody) and the Kipawa mine
wastes including waste rocks and REE concemti@aipredict the quality of the drainage waters.
Weathering cells were used to evaluate the leachability and mobility of REE and other associated
contaminants (e.g., F, Sr, Ba). At the end of these tests, the solids were characterized in order to:
(i) estdlish the geochemical mass balances, (ii) determine the alteration mechanisms-of REE

bearing minerals, and (iii) identify secondary minerals and the leached speciation of the REE.
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These objectives were accomplished using a rstép approach. First, phgai, chemical, and
mineralogical characterizations of representative samples were performed for the future mine
wastes from Montviel (carbonatites) and Kipawa (silicates). These samples were submitted to
percolation kinetic and leaching tests (TCLP, SPaRd CTEU9). Chemical analyses were
performed using ICFRAES and-MS after a multiacid digestion (HCI, HN@ and HF). Wholeock
analyses were performed usingay fluorescence on a powdered aliquot of each sample. The total
sulfur (S) and carbon (C) carits were measured using an induction furnace analyzer. The
mineralogical composition of the studied materials was determined using optical microscopy,
quantitative scanning electron microscopy, anBa§ diffraction reconciled with chemical data.

In orderto accurately determine the mineralogical composition of R&&ing minerals, electron
microprobe analyses (EMPA)/wavelength dispersive spectroscopy were used. EPMA was
performed on selected minerals in order to define their REE contents with highercgatue to

the low detection limits of the technique (0-Q85%).

The treatment and the interpretation of the data obtained from the kinetic and leaching tests,
indicated that the water percolating through the lithologies of the Montviel deposita@meeatind

pH values were generally within regulatory limits. Fluorine and barium could present
environmental concerns without natural attenuation by sorption or precipitation. However, Ba
could precipitatein situ as an insoluble salt (i.e., barite) an@ thH could remain below the
regulatory limits because of acidic rain waters in the L.ebeQuévillon region (sulphate content

< 10mg/l) and the dissolution of GOn mine drainage waters.

Comparison of the geochemical data from the different {estsidity cells, TCLP, SPLP, and
CTEU-9 tests) showed significant differences between the kinetic and leaching tests. The type of
test had a direct impact on the leaching rates of the REE and associated metals. The differences
between the tests were mairdye to variations in: grain size distribution, solid/liquid ratio,
duration of the test, and the type of the leaching solution. The €9Tiebk presented similar results

with those of humidity cells. Comparison of the laboratory results with those dettidests
indicates the presence of a significant scale effect. This is likely due to the effects of temperature,

COe dissolution, grain size distribution, and solid/liquid ratio.

The results of the kinetic tests show a low leachability of REE with larhigpility of the heavy
rare earth elements (HREE) compared to the light rare earth elements (LREE). Thermodynamic
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equilibrium calculations performed using Visual MINTEQ indicate the possibility of secondary
mineral precipitation of Fe, SQCa, F, and P (i.e., REEPQ, iron oxides, and clays), which
could sorb and/or eprecipitated the leached REE. This geochemical behavior could significantly
reduce the mobility of REE by promoting their partitioning within mine wastes. Rare earth

phosphates (REERD are the main secondary minerals which are involved into the REE
partitioning.

The comparison between laboratory and field tests indicates a significant increase in carbonate
dissolution during the field tests. Despite this increase, the concentratidesnehes associated

with carbonate dissolution (Ca, Ba, Sr, REE, Th, U) remained below the regulatory limits. The
high reactivity of carbonates situcould ensure a significant loigrm neutralization potential in

the future Montviel waste rocks. In orde implement an integrated management strategy for the
waste rocks that will be produced by sites discussed in this thesis, a conceptual model of the future
waste rocks pile is proposed. The base of the waste rocks pile should be compacted and tilted to
promote lateral water flow, and it should be composed of materials from the least problematic
lithology (silicocarbonatites). The remaining portion of the waste rocks could be placed on the top
of the silicocarbonatites. The liquid effluents, collectediadbothe pile, should be passed through

a limestone drain (calciocarbonatites) for passive treatment. This method of storage could ensure
a better geochemical stability of REfearing mine wastes.

The results of this project have contributed to filling impont knowledge gaps related to the
reactivity of REEbearing phases, as well as REE leaching behavior and toxicity. This study also
contributes to the development of Canada's rare earth mining industry by providing information
necessary to design suitabh@anagement strategies for the two types of studiedBE&Eing mine
wastes. The knowledge developed in this thesis relating to the prediction of the geochemical
behavior of wastes from REE deposits can also help to facilitate the social acceptabiktly of R

mining projects.

Keywords : rare earth elements ores; RBEaring mine wastes; carbonates and silicates of REE;
QEMSCAN analysis, degree of liberation, REE leachability, REE speciation, fractionation and
mobility of rare earth elements; REE secondargerals; water quality prediction; kinetic tests;

leaching tests; field tests; scale effect; approach to the storage diddERg mine waste.
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CHAPITRE 1 ,1752'8&7,2¥ele5%/(

1.1 &RQWH[WH GH OfpWXGH

/ITLQGXVWULH PLQLgUH FRQWULEXH GH PDQLgqUH VLJQLILFDW
pays miniers. Les compagnies miniéres sont de réelles partenaires des milieux ou elles
VILPSODQWHQW 3DU H[HPSOH DX &DQDGD codtfliu®a&h¥uwemULH PL
de 2,7% a 4,5% du PIB du Canada (Association miniere du Canada, 2015). Cependant, avec
OfpSXLVHPHQW GHV JLVHPHQWYV j IRUWH WHQHXU OD WHQGD
teneur et fort tonnage, ce qui génére lbeap de rejets solides et liquides (roches stérile, rejets de
concentrateur, effluents miniers). Ces rejets, le plus souvent sans valeur commerciale, sont
entreposés en surface ou retournés sous terre sous forme de remblai pour le souténement. L'eau de
pluie et de fonte des neiges percolant sur et au travers des rejets miniers, appelée eau de drainage
minier, est susceptible d'étre contaminée via les réactions géochimigues ayant cours naturellement
GDQV OHV UHMHWYV DX FR QW D EaMuidblige leld goXveriements a0égrdred q Q H
contre le potentiel de pollution miniére. la sur les minewblige les entreprises a engager des
JDUDQWLHYV ILQDQFLqQUHYVY SRXU FRXYULU OfHQVHPEOH GHV F
al., 2002 Vérificateur général du Québe2019. La législation miniére devient de plus en plus

sévere et contraignante pour obliger les entreprises exercant des activités miniéres a respecter
OfHQYLURQQHPHQW

6DFKDQW WRXWHY FHV FRQWUD L @ ikiev néCebbit& lp YtddcRod SitH P H Q W
comportement géochimique des rejets miniers en eyedtlire la qualité des eaux de drainage.

Ceci permet aux entreprises miniéres non seulement de statuer sur le potentiel de génération des
contaminants dans leseauldGUDLQDJH GHV IXWXUV HPSLOHPHQWY GH U
VWUDWpJIJLHY GH JHVWLRQ HW GTHQ FRQQDVWUH OHV FREWV

projet.

Présentement, plusieurs projets de mines de terres rares sont en pivelipau Canada
(Montviel, Matamec, Strange Lake gtcCependantle comportement géochimique des rejets
PLQLHUV GH 5(( QYD IDLW O REMHW .®ixonhseqaeht, pnirdu@dtes! X V T X
lacunes dans la littérature sui) la réactivitédes phases porteuses des REE, (ii) la spéciation des

REE, (iii) les processus géochimiques contr6lant la mobilité et le fractionnement des REE lors des
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interactonseaw RFKHVY OYDGVRUSWLRQ OD SUpFLSLWDWLRQ HW R
projet proposé est de prédire le comportement géochimique de rejets miniers porteurs de terres
rares, a partir de I'étude des matériaux du projet Montviel, de la compagnie Ressources Géoméga,

et du projet Kipawa, de la compagnie Matamec Explorations.

Le sie Montviel est une future mine a ciel ouvert visant a exploiter un gisement de terres rares
estimé a 250 millions de tonnes (Mt) de carbonatites de-IREH es dépbts du gisement sont
associés une intrusion alcaline protérozoique datée de Md4 e gsement Montviel est situé

a 97km au nord de la villele LebelsurQuevillon (Québec, Canada). Il est étalé sur une surface
de 32km? (Desharnais anduplessis 2011) La zone minéralisée en REE comprend cing
lithologies: des silicocarbonatites, desalciocarbonatites,des magnesiocarbonatitesdes
ferrocarbonatite®t des breches polygéniques de carbonatites. Ces lithologies sont composées
essentiellemende carbonates (calcite, ankérite, sidérite, barytocalcite, strontianite, et carbonates
de REE tels que burbankite et kukharenkoite), des silicates (albite, diopside, biotite, chlorite), des
phosphates (apatite et monazite), et des sulfures sous formeacde (fryrite, pyrrhotite,
chalcopyrite, sphalérite, et galene) (Edahbi eRall5; Goutier2006; Nadeau et aR015).

Le projet Kipawa est un projet de mine a ciel ouvert visant a exploiter un gisement de terres rares
de 19Mt sur une période de 15 aris minéralisation est située a 140 au sud de la ville Rouyn
Noranda (Québec, Canada). Le gisement est composé essentiellement de trois types de minéraux
eudyalite, mosandrite et britholite. Les phosphates (apatite) sont aussi présents soustfaome de
Trois zones portant les noms des trois minéraux porteurs de terres rares sont a digtorguer
eudyalite, zone mosandrite et zone britholite. lls contiennent essentiellelraee, Pr, Nét Sm

comme terres rares légeéres et Eu, Gd, Th, Dy,BioTm, Yb and Lu, et Y comme terres rares
lourdes (tiré du rapport technique préparé par Roche en collaboration avec SGS, Golder et Genivar;
Roche et a).2012). Le Complexe Kipawa est un complexe alcatittusif de syénite et de granite
GIXQH p IOV métrxd)

1.2 Problématique générale

JTH[SORLWDWLRQ PLQLQUH JpQqUH GH JUDQGHYV TXDQWLWpV C
HQ VXUIDFH OHV PLQPUDX[ SHXYHQW GHYHQLU LQVWDEOHYV \

(exemple des sfures: pyrite, pyrrhotite). La réactivité de ces rejets dépendndmbreux
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parameétres tels qudeur nature (carbonates, silicates, sulfures), les conditions géochimiques (pH,

(K OD FLQPWLTXH GYDOWpPUDWLRQ SUp Vet a2l s@fac®@ GTLPS
VSPpFLILTXH $LQVL O RXpGGEs\AX RAQdiGHS\WuMetr@iauxralteloviduie a la
générationdu drainage minier acide (DMA). Ce type de drainage minier est caractérisé par des
eaux acides avec des concentrationsétaux dépassant, parfois de plusieurs ordres de grandeur,
OHV QRUPHY HQYLURQQHPHQWDOHY $X FRXUV GH FHV SURFH
les minéraux neutralisants sont présents en quantité suffisantes, ils neutralisent avedgiesscinét
GLIIpUHQWHY OYDFLGH VXOIXULTXH JpQpUp SDU OTR[\GDWLRC
SHXYHQW SUpFLSLWHU FRPPH OH J\SVH OD EDULWH OHV F
manganese, pouvant piéger certains contamiii@ntzgoren et al.2009; Fernande€alianiet al.,

2009; Medas et al., 2019/anget al, 2016) 'H SOXV FHUWDLQV PpWDX[ FRPPH ¢
SHXYHQW VTK\GUR QQAMLU SHOW \J f=3J[dPUFHL G WWp

'‘DQV OH FDV Re OH S+ GHV OL[LYLDWYV HVW FRPSULV HQWUF
contaminé (DNC). Dans ces conditions, teétaux a forte mobilité telsegle zinc, le nickel, et
OYDUVHQLF SHXYHQW \de dwithgeelieuts deriaeptvations pelddhidepasser les
normes mentionnées par la DirectBA9 (Bussiere etla 2005 Pepin, 2009Plante et al.2014).

/HV JLVHPHQWY GH WHUUHY UDUHV VH UHWURXYHQW W\SLTX
pas potentiellement génératrices de DMA, de par leur faible teneur en minéraux sulfurés et leur
faible réactivité. Cependant, trés peu de littérature est disponible sur la lixiviation de terres rares et
GHV FRQWDPLQDQWYV TXL O H XiuméReGhritbn Sk etHéniiytH20M8 ;T XH O
Hierro et al., 2012; Sapsford et al., 2012; Wang et al., 2012; Arnold et al., 2011). On note aussi un
manque de documentation traitant des rejets miniers et leur comportement environnemental issus
GH O YH|[B @Rrinasi¥e RRE. En outre, le développement de projets de lithium et de terres
rares au Canada, pour lesquels peu de connaissances sont disponibles quant a leur comportement
JpRFKLPLTXH VRXOqYH GH QRXYHDX[ GplLV sS&ktdentaffesQ G XV W
15&DQ vDQV FRPSWHU OYDFFHSWDELOLWp VRFLDOH

La présence de REE en solutiest généralement attribuable a la dissolution naturelle des phases
SRUWHXVHV HW RX VRXV OTDFWLRQ GH OYDFLGLDams lépQpUPpH
stériles du projet Montviel, par exemple, on trouve au moins deux types de minéraux porteurs des
5(( VRLW OHV FDUERQDWHYV HW O Y Ri&dihdndted e -REEXDEVL OLpH
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plus, les minéraux porteurs des terres raresssavent contaminés par quelques actinides comme
OH WKRULXP HW OYXUDQLXP /D GLVVROXWLRQ GH FHV SKDVH
par les équationt.let1.2:

(REE,Ba,Ca,Sr,FLOs+ H:O+ CO; T REE"+ Ba'+ C&™+ SP*+ F + Th*+ U% + 2HCOs[1.1]
(REE,Ba,Ca,Sr,FLOs+H.SQr T REE*+SQ +Ba'+Ca*+SrH+F+Th*+U*+H,CO;s [1.2]

Les équations.1 et 1.2 montrent que la dissolution des carbonates de terres rares génére des ions
calcium, baryum, strontium et des REE en solutiienméme que les éléments radioactifs tels que

OH WKRULXP HW OTXUDQLXP (Q SUpVHQFH GH FDUERQDWHYV ¢
sulfures (présents en faible quantité) ou celle des eaux météoriques (pluies acides), est consommé
par les REEcarbonates neutralisants présents dans les rejets. A des pH alcalins, les terres rares
pourraient précipiter sous forme de fluorures (REJEFe chlorures (REEE), et/ou de sels comme

les phosphates (REER)Cet les sulfates (REESPDde terres raresa figuret PRQWUH OfHIIHW
la variation dupH G XQH VROXWLRQ FHRrRadkewWda Qd3 Qonte@rdtins typiques de

celles rencontrées dans les essais cinétiques du présensprigdractionnement des terres rares.

1E08 |
1E09

1E-10
1E-11 A
1E-12 A
1E-13
1E-14

Concentration (mg/L)

1E-15

1E-16

1E-17

e |51 £3 —a—Ce+3 gy PT43 i N +3 e 51T +3 il E -3
i (5003 i T+ 3 Dny+3 e Hi +3 i E 143 e b3

Figurel-1: Effet du pH sur la distribution des terres rasssies des cellules humides des
matériaux de Géomed@gdahbi et al., 2015)
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La figure 21 PRQWUH TXH OHV 5(( GHPHXUHQW VROXEOHV- MXVTXY
dda de ce pH, les concentrations chutent pour atteindre des niveaux minimums a pH 10. Pour cette
raison, il est fort possible de retrouver une quantité non négligeable de ces métaux en solution dans
des conditions de drainage neutre contaminé. En outpgoesssus de sorption peuvent engendrer

un délai avant le relargage des REE a des concentrations problématiques.

Les essais cinétiques sont des outils qui ont été développés surtout pour prédire la génération de
DMA. Leur utilisation pour prédire le cormpement géochimique de rejets potentiellement
JpQpUDWHXUV GH '0$ HVW GYDLOOHXUV ODUJHPHQW. GRFXPF
(Anawar, 2015Aubertin et al., 2002; Benzaazoua et @004; Bouzahzah et al., 21204,

Demers et al., 2015; ErgulandKalyoncu,2015 Tang et al., 201,6Villeneuve et al., 2004, 2009
&HSHQGDQW OfXWLOLVDWLRQ GHV RXWLOV FLQpPWLTXHV GH
réactifset/ouDLEOHPHQW VXOIXUHX[ SHXW VDY p0¥H Malg® eedD SWpH
OHXU XWLOLVDWLRQ GHPHXUH LQpYLWDEOH HQ UDLVRQ GH O
Plus de détails sur les essais cinétiques graudtre trouvés damouzahzah2013et Villeneuve,

2004 2009.

1.3 Objectifs de la these

1.3.1 Obijectif général

/I TREMHFWLI SULQFLSDO GX SURMHW HVW GH GpYHORSSHLU

caractérisation et la prédiction du comportement géochimique de rejets miniers pateires

UDUHV j SDUWLU GH OfpWXGH GH OLWKRORJLHYV LVVXHV GHX
SHVVRXUFHYV *pRPpJD HW OYLQWUXVLRQ SHUDOFDOLQH VLOL

nous permettra de mieux approfondir les cosseices sur la géochimie des terres rares dans des

conditions de DNC.

1.3.2 Obijectifs spécifiques

3RXU DWWHLQGUH OYfREMHFWLI SULQFLSDO GLIIpUHQWYV REM

1. Caractériser les stériles porteurs de terres rares dans les lithologies des deux gisements
ORQWYLHO HW .LSDzZD j OfDLGH GH WHFKQLTXHYV GH FDU
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SHUPHWWHQW GYLQYHVWLJXHU OD VSpFLUEBIER®etPLQpUD
WDS; QEMSCAN, XANES);

2. Evaluer le comportement géochimique des différentes lithologies composant les stériles des
JLVHPHQWY j OfpFKHOOH G Kk (@D BRN W RR W VHWH GDQ WM UG
GYpFKHOOH

3. eOXFLGHU OHV Rg&ibQdey Prithgrau@ fporteurs des REE dans chaque
gisement;

4. Evaluer les effets des carbonates, des oxyhydroxydes de fer et des phosphates sur la
mobilité des REE;

5. Développer un outil de prédiction du comportement géochimique des terres rares;
6. Evaluer lepotentiel de sorption des REE de ces matériaux;

7. Proposer des avenues préliminaires de gestion intégrée des futurs stériles des deux projets
SHUPHWWDQW GI{DWWpPQXHU XQ pYHQWXHO GUDLQDJH FR

1.4 Hypotheses de recherche

/RUV GH O 1HQ WjetsirSiievsted Hurtad¢e Mes eaux de drainage minier sont susceptibles
d'étre contaminée via plusieurs processus géochimiques ayant cours naturellement dans les rejets
en interaction avec de l'eau et de 'oxygédependant, lorsque les rejets minienst$aiblement
réactifs et/ou contiennent tres peu de sulfamame dange casdesdeuxgisements Montviel et
Kipawa, les réponses géochimiques sont moins pronoreggmr conséquent Ipotentiel
contaminantde ces rejets minierdemeureencore méconnuPar ailleurs, le comportement
géochimique des contaminants potentiels associées a ces minerais, tels que les REE résiduels, est
wuqV SHX pWXGLp $LQVL OHV K\SRWKqVHV GH UHFKHUFKH
comme suit

1. Le processus de dislution des phases porteuses des RitErait DYRULVHU OfpWDEOI

GHVY FRQGLWLRQV GT1XQ GUDLQDJH PLQLHU FRQWDPLQPp

2. /ITRI\GDWLRQ GHV VXOIXUHV PrPH j IDLEOHV WHQHXUV S

3. 'DQV GHV FRQGLWLRQV G 19pQéerdmeqesl deWwddptiogluBenBd3OLQ OH
GpODLY DYDQW OYDSSDULWLRQ GX GUDLQDJH FRQWDPLQ
guantifier;
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4. La mobilité des REpeu, dans certaines conditions, étre contrdlée par les minéraux

secondaires quarécipitent;

5. La stabilité et la réactivité des minéraux porteurs de terres rares pourraient étre liées a
SOXVLHXUV IDFWHXUV GTRUGUH PLQpUDORJLTXH HW WH])\

1.5 Originalité du projet

Cette these de doctorat est originale et novatrice en raisdéactess importantes observées dans

la littérature au niveau de(i) la caractérisation environnementale de rejets miniers porteurs de

REE, (ii) les taux de réaction de certaines phases de terre rare, et (iii) la gestion qui pourrait étre
suggérée pour $erejets miniers issus des exploitations des gisements des REE. Les données
trouvées dans la littérature sont souvent associées a la détermination des concentrations des REE
dans les eaux de mer, et & des eaux interstitielles des sédiments dans deséuisensaires
WHUUHVWUHY HQ PLOLHX[ R[LTXH RX DQR[LTXH 'fDXWUHV \
DWWDUGpV j OD VLIQDWXUH JpRFKLPLTXH GHV 5(( GDQV OHV
formation géologique contenant des REEanchi et al., 2015; Lisboa et al., 2015; Liu et al., 2016;

Mackay & al., 2016; Zhangnd Gao, 2015) Malgré que ces données ne soient pas directement
appliguées des rejets miniers, elles pourraient aider a interpréter et a comprendre le comportement
géochimique des matériaux géologiques issus des deux projets miniers de REE étudiés dans cette
these. Des étles de cas ont mis en éviden@ela genese et la typalie des gisements des REE,

(ii) les conditions contrdlant la distribution des REE dans ces gisements, et (iii) les risques ainsi

qgue la toxicité associéeaux REE dissouts (voir chapitre Environmental challenges and
identification of the knowledge gapssaciated to ree mine wastes managembet plus, aucune

étude D fRUMEPM XVTXTj SUPVHQW VXU OH FRPSRUWHPHQW JpRFKI
VWpULOHY HW GH PLQHUDLY GH JLVHPHQWY GH 5(( GYRe OD ¢

1.6 Structure dela these

L'atteinte desobjectifs de la thése'effectue via une approche en plusieurs phasasi, apres le
FKDSLWUH GILQWURGXFWLRQ R* RQ SUpVHQWH OH FRQWH[WF
la these présente unevue critique de lattérature, notamment celle qui porte sur les REE le long

du cycle minier. Dans ce chapitié,sera hotamment question de récolter des données sur le

comportement géochimique de lithologies porteuses de REE, particulierement en ce qui a trait aux



8

intrusions de types alcalines et aux carbonatites (telles que celles correspondant aux contextes
géologiques des projekspawa et Montviel &HWWH UHYXH GH OLWWpUDWXUH
article de revue soumis a la reddmurnal ofCleaner productioravec comité de lecturéen cours

de Bvision.

Le chapitre Il présente une étude fondamentale ayant permis de mieux comprendre le
comportement géochimique des REE en solution en interaction avec des phases minérales
synthétisées. Ce chapitre a été rédig8&tpVHQWp VRXV IRUPH Gfcepeans WL FOH

la revue scientifiqu€hemosphere

Les chapitres IV et V du manuscrit traitent quant a eux des principaux résultats de caractérisations
PLQpUDORJLTXHV JpRFKLPLTXHV HW OHV FDOFXOV GYpTXL(
échantillons de roches stériles et un concentré de REE de Elosdvimis respectivement a des

essais en cellule humide et mni-cellulesGIDOWpUDWLRQ &HV GHX[ FKDSLWU
deux articles scientifiqueacceptégespectivementians és revues scientifiques Environmental

Science and Pollution ResearetMinerals

Le chapitre VI de la thése présente les résultats de minéralogie en spectrométrie en dispersion des
PQHUJLHV ('6 DXWRPDWLVpH 4(06&%$1S G pFKDQWLOORQV G
REE de Kipawa soumis a des essais en-getlules d'altération. Ces résultats ont été rédiges sous
IRUPH GTXQ DUWLFO HoGrl of B&oxhHemiz&l ExpBiatipn D X

Le chapitre VII présente une discussion générale revenant sur certains aspects traités partiellement
dans les chapitres précédemtsV TXL IHURQW OYREMHW GH

- la comparaison entre les résultats géochimiques issus des essais cinétiques percolés (les
cellules humides ées mMint FHOOXOHYV GYDOWpPpUDWLRQ HW FHX[ LVV.
batch (TCLP, SPLP, et CTU$),

- l'effet déchelle entre les essais de laboratoirdest barils du terrainune approche
GfHQWUHSRVDJH GHV UHMHWY PLQLHUV SRUWHXUV (
environnementale basé essentiellement sur les résultats de cett&thé@e/y OH EXW GITRE
des résutits fiablespermettant de mieux prédire le comportement géochimique des
matériaux porteurs de REE.

Enfin, le chapitre VIII présente les principales conclusions tirées de ce travail de thése ainsi que
OHV UHFRPPDQGDWLRQV | VXLY U HraeRriner @& REH EHRO,RSSHPHQ
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différentes annexes apportent des informations et des résultats complémentaires a ceux présentés

dans les différents chapitres de la these.

1.7 Retombées

Peu de travaux de recherche ont été consacrés a la problématigpediéctaon de la qualité des

eaux de drainage des rejets miniers contenant des teneurs résiduelles en REE, sachant que celles

ci peuvent avoir des impacts considérables aux niveaux environnemental et financier. Ce projet
permettra de développer une exertnovatrice au sujet de la prédiction du comportement
JpRFKLPLTXH GH UHMHWY PLQLHUV GH WHUUHV UDUHV &H
pOpPHQWY GH UpSRQVHV HW GHV GRQQpHV GILQWpPUrw SRXY
géochimique GHV 5(( ,0 SHUPHWWUD GYDSSRUWHU SOXVLHXUV
comportement géochimique de rejets de mines de terres rares nécessaires aux projets présentement
en développement dans le pays (par exemple, Montviel, Kipawa, Lac Strange et eag Mis
4XpEHF &HOD SHUPHWWUDLW DXVVL GH FRPEOHU GHV ODFX
GLUHFWLYHY TXL HQFDGUHQW OfLQGXVWULH PLQLgUH DX
comportement géochimique des REE permettra de contribuer a ileeiragestion des rejets de

miniers de REE, ce qui peut conférer au Canada des avantages économiques certains afin de
développer des projets de REE a moindre codt, tout en minimisant les impacts environnementaux

et sociaux.

1.8 Contribution scientifique de la these

Cette théese est composéehde FKDSLWUHY GRQW FLQT VRQW VRXV IRUPH G
RX SXEOLpV GDQV GHV UHYXHV VFLHQWLILTXHV LQWHUQDWLIF
de revue, trois articles de conféren(@sexe A, B et Cet quatre posters. Un autre article de revue

D pWp SXEOLp GDQV OH FDGUH GTXQ VWDJH 0,7$&6 SDUDOOQO
avec la compagnie miniere Agniétagle nnexeD). Je suis Kwuteurprincipal des différents

articles publiés dans le cadde ce projet de mémoiree travail réalisédepuis la collecte des

données jusqu'a la rédactianété éffectué par monéme sous la supervision de mon directeur

Benoit Plante enon codirecteurMostafa Benzaazoua
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1.8.1 Les articlesde revues

1-

Environmental challenges and identification of the knowledge gaps associated to REE
mine wastes managemedb(rnal of Cleaner Productiounder reviewy.
Edahbi.M.; Plante. B, Benzaazoua. M

Mobility of rare earth elements in mine drainage: influence of iron oxides, carbonates, and
phosphateéChemospherenline https://doi.org/10.1016/j.chemosphere.2018.02.054
Edahbi.M.; Plante. B, BenzaazouaV.; Ward M.; Pelletier.M.

Geochemistryf rare earth elements within waste rocks from the montviel carbonatite
deposit, Québec, Canafanvironmental science and pollution resegrémline
https://doi.org/10.1007/s113588.8 13097).

Edahbi. M; Plante. B Benzaazoua. NIKormos. L; Pelletier M.

Rare earth elements (La, Ce, Pr, Nd, and Sm) from a carbonatite deposit: Enrichment
process, mineralogical characterization and geochemical behsmaréls On-line
https://doi:10.3390/min80200%5

Edahbi.M.; Plante. B, BenzaazouaV.; Kormos. L; Pelletier. M

Mineralogical characterization using QEMSCAN® and leaching potential study of REE
within silicate ores: A case study of the Matamec project, Québec, Calwadas] of
Geochemical ExploratigrOntline https://doi: 10.1016/j.gexplo.2017.007)

Edahbi.M.; Benzaazoua. MPlante. BKormos. L; Doire. S

CIL gold losses characterization in a double refractory ore: Creating a synergistic
approach between mineralogical characterization, diagnostic leach tests ambpieg
tests. Proceddlineralogyof critical metals KHydrometallurgy journal accepedwith
minor corrections.

Edahbi. M; Mermillod-Blondin. R; Plante.B; Benzaazouau.



11

1.8.2 Articles de conférences avec comité de lecture

1- Mineralogical and geochemical study of rare earth elenfiemtscarbonatites deposit. 13th
SGA Biennial meeting at Nancy, France.

Edahbi.M.; Plante. B Benzaazoua. NlKormos. L; Pelletier. M

2- Mineralogical and geochemical study of rare earth element from a silicate deposit. Process
Mineralogy '17. Cape Towrgouth Africa.
Edahbi.M.; Plante. B, BenzaazouaV.; Kormos.L; Doire.S.

3- Mineralogical characterization and geochemical behavior of rare earth elements (REE)
from a carbonatite deposit: Montviel deposit. Process Mineralogy '17. Cape Town, South
Africa.

Edahbi.M.; Plante. B, BenzaazouaVl.; Kormos.L; Pelletier M.

1.8.3 Posters
1

Mineralogical and geochemical study of rare earth elements from carbonatites deposit.
13th SGA Biennial meeting at Nancy, France.
Edahbi.M.; Plante. B, BenzaazouaVl.; Kormos.L; Pelletier. M.

2- Mineralogical and geochemical study of rare earth element from a silicate deposit.
Process Mineralogy '17. Cape Town, South Africa.

Edaltbi. M.; Plante. B Benzaazoua. N1Kormos.L; Doire.S.

3- Recovery and characterization of REEearing plosphates. International Symposium on
Innovation and Technology in the Ppbsate Industry (SYMPHOS 2017).
Edahbi.M.; Plante. B, Benzaazoua. MTaha. Y; Hakkou. R.

4- Mineralogical Characterization, Geochemical Behavior and XFAS Study of Rare Earth
Elements in Carbonatites. Driving discovery 2017 APS/CNM users meetirtgy A
Edahbi. M; Plante. B Bouzahzah. H Benzaazoua. NFinfrock. Z; 2017.
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CHAPITRE 2 5(98(&5,7,48(( /$ /1, 77e5%$785(
$57,&/( (19,5210(17%/ &+3$//1L*(6%1"
V' (17,),&%87,21 2) 7T+12:/('*( *$36 $662&,$7 ("
., 7+ 5((0,1( :$67(6 0%$1%$*(0(17
Cet article est soumis a la revue Journal of Cleaner prodwetidécembre017
Edahbi, M .2, Plante, B.2; BenzaazouaM .2

aUniversité du Québec en Abitifiémiscamingue 8 4 $ 7 ERXO GH Of8QLYHUVL
Noranda J9X 5E4, QC, Canada.

2.1 Abstract

In the last decade, the rare earth elements (REE) industry (from exploration, treatment to
environmental impacts) has attracted tremendous attention from the scientific astdiahdu
communities. In fact, in the framework of sustainable development, social acceptability, and
environmental regulations, it is now necessary to integrate environmental studies as early as
possible in the design and development of mining projects.eMery the scarcityn REE

releasdrom mine wastes publications led to significant knowledge gaps in understanding the
environmental impact of REE mine wastes. This critical review addresses the environmental
challenges and identify the knowledge gaps @ased to REE mining. It discusses: (i) the
typology of REE deposits, (ii) the REiearing minerals reactivity, (iii) the ore processing and
characterization of the associated REE wgstg the industrial leaching of REE, and (v) the

REE behavior in natal environmentsan URSRVHYV DQ LQYH\WRBHIgE2MNGRQ DSS
studies WR SUHGLFW WKH 5(( LPSDFWV RQ WKH H[SRVHG HQYL
Keywords: REE geochemistry; REE deposits; REE bearing minerals reactivity; REE ore

processing; factors controlling the REeachability; REE environmental impacts.

2.2 Introduction

The rare earth elements (REE) are composed of seventeen chemical elements with atomic
numbers from 57 to 71 (La to Lu), along with scandium (Sc), and yttrium (Y) (atomic numbers
21 and 39 respectiwgl. Promethium (Pm) is not included because of its little abundance in
natural deposits (unstable isotopes, the only natural isétéa having a halfife of less than

three years). The REE are neither rare nor earth; they are, contrary to whatntleesuggests,
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IDLUO\ FRPPRQ LQ WKH (DUWKTV FUXVW 7KH\ DUH PRUH DE
of magnitude more abundant than sily&ibert, 2012) Their abundance is similar to that of
chromium and nickglCalas, 2012)Therefore, the term "rare” would rather apply to the scarcity

of economically exploitable deposits of REE, and the difficulty to separate them from one
another because of their similar proper(iésnget al, 2014; Jairettet al, 2014; Jianget al,

2004; Knutsoret al, 2014; Liet al, 2009)

Geochemists generally distinguish two groups of REE: light rare earth elements (LREE) (La to
Sm)and heavy rare earth elements (HREE) (Eu to Lu). All REE possess similar chemical and
physical properties, e.g., the same external electronic configuration: [X&64f, «x »

varying from 0 to14. REE are present as trivalent catiori$ ¢Narge) exget Eu and Ce which

can have charges of +2 and +4 depending on the redox conditions. The main difference between
each REE is in their ionic size, which decrease with increasing atomic number (from 1.2 to
0.7A as the atomic number increases from 57 to 7BE Rwre endowed with unique
spectroscopic and magnetic properties. Furthermore, the REE size distribution allows their
substitution with other metallic elements (e.g., Ca, Na, and U) which present similar ionic
radius. REE can combine with anions (e.g. batoions and oxyanions) to give soluble (e.g.,
chlorides, nitrates) and insoluble (e.g., sulfides, fluorides, carbonates, oxalates, phosphates)
salts, in addition to their abilities to form stable complexes with organic molecules (e.qg., fulvic
acid and orgnic matter). REE find their applications in hybrid vehicles, rechargeable batteries,
wind turbines (renewable energy), mobile phones, flat screen display panels, compact

fluorescent light bulbs, laptop computers, disk drives, catalytic converters, etc.

In the framework of sustainable development, social acceptability, and environmental
regulations, nowadays the integration of environmental studies in the design and development

of REEmining projed¢s, which has not been done until ndvgcomes an urgenecessity.

At present, China holds %4 of the global REE marké&chlinkertandBoogaart, 2015)As a
circumvention strategy, other countries try to find and mine their own REE reserves that
constitute a high economic potential. REE are currently considered straiefgis according

to the mining industryChen, 2011; Jaireth et al., 2014; le¢a@l., 2012; McLellaret al, 2014;

Nieto et al, 2013; Wibbeke, 2013Moreover, as shown in Figu&l the REE demand is
always greater than the REE supply. This will lead to a competition for REE resources between
the world's leading industrial powers, especially the United States of America, the European
Union, and China.
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Figure2-1: Supply and Demand of REE (2010 to 2015) (Standing Committee of Natural
Resourcefanada, 2014)

Based on the geological context (magmatic and metamorphic processes) the REE mineral
deposits can be divided mainly into siategories (Goutier, 2006; Nadeau et al., 2015; Orris
and Grauch, 2002): (i) alkaline (ii) hyperalkaline magmatism, (iii) carbonatites, (iv) placer
depositsand(v) clay minerals ("ion adsorption" in laterites) (Orris and Grauch, 2008).
recycling of REE from endproducts could be another important source of REE such as
magnetscompact fluorescent light bulbs, and other electronic producisitt et al., 2018;
Schulze et al., 2037During watefrock interactions, REfbearing phases exhibit significant
reactivity under leaching conditiof8li, 2014; Edahbi et al., 2017, 2018a, 2018b, 2018c)

During mining and refining, REE industry generates significant quantities of solid and liquid
wastedike any kind of minge.g., 9600 to 1200 tons of mining wagter ton of REE; Hurst,
2010). The main waste generated by REE mining industry are waste rocks-(reared)

with no commercial value, and tailings (finely ground ore from which the economic minerals
were removed), derived from mineralurgical and hyaetallurgical treatments (Filho et al.,
2016). The interaction of these wastes with water and oxygen upon exposure to environmental
conditions induce the oxidation of sulfide minerals, a process that is generalbeaeidhting

that will promote the dissation of the other minerals (Nordstrom et al. 20BRywes et al.,

2003, Plante et al., 2011a) and could significantly affects the surrounding environment.

In natural environments, weathering/leaching of REE deposits and industrial wastes (such as
mine wastes rocks and tailings, municipal wastes, etc.) are the main source of REE. Depending
on the nature of REE bearing minerals, their degree of dissolution order is as follows: REE
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carbonates > REE iron oxides/hydroxides > REE silicates (Linnen et al., 210d44dg et al.,

2015). REEbearing minerals release their REE content in leachates when they are dissolved,
and that is why REE have been used as tracers in natural environments (e.g. REE signature of
ground waters; Delgado et al., 2012). Upon chemicaltveeiaig, the most mobile elements are
found in natural waters, while the less soluble elements might precipitatepoeapitate in
secondary minerals (e.g., iron, manganese and aluminushyakgxides). The aqueous REE
solubility depends mainly on pH,rtgerature, ionic strength, organic matter content, redox
potential, and solution chemistry (Ding et al., 2002; Inguaggiato et al., 2015; Linnen et al.,
2014).

An intensive exploitation of REE resources and uncontrolled leakage frombBdihg
tailings canpose a serious environmental threat, increasing REE concentrations in soil, water,
and air, especially in the perimeter of the mining area (e.g., around the Bayan Obo and Mountain
Pass mines in China and USA, respectivéBoussy 2004;Huang et al.2016; Schreiber et

al., 2016 Wang et al.2014. Regarding the hydrometallurgical treatment process, HCI, $INO
and BSQ; acids are widely used to leach REE. Leaching the ore with sulfuric acid could lead
to REE fractionation by gypsum formation (Peelman et al., 20A#jhe time of REE apatite
dissolution using sulfuric acid, 8 of the REE in solution is fractionated eddo the
precipitation of CaS® Moreover organic acids (e.g., humic and fulvic) could increase the
REE-bearing minerals dissolution by the acidity effects (Goyne et al., 2010; Barman et al.,
1992).

This paper presents a critical review on the environat@tallenges related to REE mining,
with an emphasis on: (i) the typology of REE deposits, (ii) the-B&&ting minerals reactivity,
(i) the ore processing and characterization of their associated REE (isgstke industrial

leaching of REE, and (\the REE behavior in natural environments.

2.3 Typology of REE deposits

Numerous studies have been conducted worldwide on REE mineralization indices covering
several types of REE depos{tShen, 2011; Jaireth et al., 2014; Jiang et al., 2004; Kanazawa
andKamitani, 2006; OrriendGrauch, 2002; Pingitoret al, 2014; Yanget al.,2011; Zaitsev

et al., 2014) The main REEbearing mineral phases are: (i) carbonates, (ii) silicat@sir¢m
oxyhydroxides, and (iv) phosphat@sable2-1). Depending on their origins, REE deposits are

associated with delamination of the lithosphere, mantle Uipgeland metasomatism
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(ChakhmouradiamndWall, 2012) The purpose of this chapter isdescribe the main REE
deposits and their characteristics.

2.3.1 Deposits associated with pegmatites

The pegmatites complexes may contain REE as economic substances, often in combination
with other elements such as niobium, tantalum, zinc, yttrium and bery{kugn Chaffee
County, Colorada, Strange Lake alkali complex, Quéfldahson et al., 199\iller et al,

1997) The Motzfeldt Centre deposit (Greenland) of tantalum, niobium, and REE is a typical
case of hyperalkaline magmatism. The Nb ¥6Rand Ta (67 %) aremostly concentrated in

the pyrochlore (Na,Ca,C£&Nb, Ti,Tap(O,0H,F) compared to other REE minerals (Table
1)(Rocha et al., 2001). REE (from 3000 to 5@@®n) are present mainly ibastnaesite
(Ce,La)(CQ)F, zircon (Zr,REE)Si@ and monazite (Ce,La,Nd,JPQs (Table 2-1).
Furthermore, according to the USGS, more than 350 deposits of this type are identified
worldwide (Orris and Grauch, 2002).

2.3.2 Deposits associated with carbonatites

Carbonatites are igneous rocks containing more th&a plmary carbonateslowever, most
carbonatites are polygenic and show hydrothermal and metasomatic signatures. The most
abundant carbonates in these rocks are calcite and dolomite, whereas ankerite, siderite,
rhodochrosite, and magnesite are relatively rare (Chakhmouradian2012). Carbonates, as

well as their alterative products, are the main sources of REE in the (Marplanckand

Gosen, 2011)Carbonatites are known to have an enrichment of LREE in comparison to HREE
due to fractionatrystallization of the carbonates and remobilization by hydrothermal fluids
(Nadeau et al.,, 2015). The REE mineralization may be at the heart and/or outside of the

carbonatite (e.g., in veins).

The main REEbearing minerals associated with carbonateslaoedcarbonates (bastnaesite,
parasite, and synchysite), hydrated carbonates (ancylite), and phosphates (apatite and
monazite). Other REBearing phases are less common, such as britholite or burbankite, which
are considered products of metasomatic pre@sepsocesssinvolving chemical composition
changesof a rock during ock-fluids interactions and/or substitution of minerals without
melting(Zaitsev et al., 1998). In the literature, several REE deposits are known to be associated
to carbonatites (e.gMit Weld carbonatite, Australia; $tonoré, Dolodeau, Creveir township,

Short Lake, Grevet, Oka, and Montviel in Canada). The Mt Weld deposit, called Central
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Lanthanide Deposit (LCD), is considered a rare earth elements ri¢aroeeraggrade of

7.5% rare earth oxidgsREE mineralization of this deposit is hosted mainly in a volcanic plug,

which consists of a series of volcanic rocks. REE bearing minerals are mainly phosphate

minerals which contain 7% of rare earth oxides and disseminated withirtlgteeand limonite

(Humphries, 2012; Lottermosel 990). Mt Weld concentrator, based on flotation, is a process

designed to produce 26, 500 tons of rare earth oxides (Walker, 2@h3)dered one the Other

REE deposits hosted in carbonatite exist in tleldy e.g., Mountain Pass and Bear Lodge

(United States), Bayan Obo (China), Palabora (South Africa), Barra do Itapirapua (Brazil), and
Khibina (Kola Peninsula, Russia) (Orris et Grauch, 2002).

Tableau2-1 : Classification of REEbearing minerals (data obtained from webmineral).

Mineral REE bearing minerals®) LREE203 HREE:0: REE Associated
class (%) (%) contaminants
Bastnaesite (La,Ce)(GIF- 74.90 - Ce, La -
Parasite Ca(Ce,LACOs)3F2 41.96 - - -
Synchysite Ca(La,Ce)(GRF 51.41 - Ce, La -
Carbonates i
Burbankite 6.97 i Ce, La i
(Na,Ca)(Sr,Ba,La,CeyCOs)s
Kukharenkoite
18.36 : e e :
Bax(La,Ce)(CQ)sF Pr, N
Apatite
(Ca,La,Cey(PQy)sF 12 - Ce, La U, Th
Monazite
Phosphates Ce,
(Ce,Sm,Gd,Nd)PO 50.87 - Sm, Th
Gd, Nd
Xenotime YbPQ
- 73.52 Yb -
Mosandrite
Na(Na,Ca)(Ca,Ce,Y)(Ti,Nb,zr) 26.95 6.18 Ce, Y Nb, Zr
(Si207)2(0O,F)Fs
Britholite
(Ce,Ca, Th,La,NQ[SiO:PQy)s 32.32 i N Th
Silicates (OH,F) ’
Eudialyte
Na4(Ca,CexFe,Mn,Y)zZr 8.27 1.14 Ce, Y zr
SigO22(OH,Cl),
Zircon ZrSiQ 441 - La, Ce, Zr

Pr, Nd
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Samarskite

(La.Ce,Fe,U)(Nb, TaDs 24.34 - La, Ce U, Nb
) Pyrochlore i
Oxides (Na,CajNb,05(OH, F) 115 La, Ce Nb
Cerianite (Ce,Th)® 63.09 - Ce Th
Fergusonite YNb® - 45.93 Y Nb

(DNoted that REE contents could vary widely from deposit to deposit.

2.3.3 REE Deposits associated with paleoplacers

Placers are detrital deposits derived from the degradation of a wide range of rocks (granitic,
metamorphic, and/or sedimentary). The older placers, called also paleoplacers, are often
enriched by high value minerals after their initial deposition (e.lipt Ebke deposits, Canada).

In this case, the Elliot Lake deposits contained mostly brannerite, monazite, uraninite,
uranothorite, and uranothorianite (Robertson and Gould, 1983).These types of deposits can
reach economically exploitable concentrationsL®EE (Orris and Grauch, 2002)due to
metasomatism and alteration phenomena. However, the placers may also contain high levels of
7K DQG 8wt.% 7K ?2 D Q ®Gvt."% UO2) (Chakhmouradiaet al., 2012). Moreover,

the feasillity of utilizing these deposits depends mainly on the ability to manage the radioactive
wastes resulting from the ore processing. For example, the mairb&tlg minerals found

in placers and paleoplacers are xenotime, monazite, and zircon. Thesésdapadistributed

all over the world, such as in Oak Grove (Idaho, USA), Hilton Head Island (South Carolina,
USA), Elliot Lake (Ontario, Canada), Bald Mountain (Ontario, Canada), Kerala (India),
Queesland State (Australia), and Richards Bay (South Afti@mazawaandKamitani, 2006;

Orris and Grauch, 2002)The current trend is to explore these rich REE placers taking the
advantage of their proximity to waterways (coastal placer) and low production and treatment
costs (reduced grinding).

234 OLQHUDO FOD\V LRQ DGVRUSWLRQ"’

Laterites (red, yellow, or brown rockare formed by physical expansion and geochemical

weathering of geological substrate in tropical and subtropical climates. Lateritic soils are mainly
composed of clay minerals. In general, they are loose and indurated materials rich in iron (e.g.,
goethit, lepidocrocite, and hematite) and aluminum hydroxides, which are especially prone to
adsorption phenomena at their surface. The alteration products, including REE, are

concentrated in the laterites by adsorption. These lateritic clays are importaat sypéace
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GHSRVLWYV IRXQG LQ VRXWKHUQ &KLQD VLQFH WKH Vv I
WURSLFDO FRXQWULHV $QLRQLF FQabyWarkldapthidibe® REX DY H 5 (
weight (Sappin and Beadoin, 2015). However, their etitna@nd treatment are relatively easy.

This type of deposit alone ensures?of Chinese REE production (Chakhmouradian et al.,

2012). Nevertheless, the exploitation of REE laterites caused serious environmental damage in
China such as deforestation aatdhospheric pollution (Yang et al., 2013). In fact, in order to

access to the REE laterites deposits, removal of the overburden (soil and trees located above)
results in large scale deforestation, in addition to the mine tailings ponds and waste rock piles
Today, the HREE demand is increasing (Chen, 2011; Zhang et al., 2017) faster than what the
cationic clays are capable of providing to satisfy the needs of the industrial development. Many
scientists and researchers are looking into other potential saffe&E, such as desga mud

which could be a significant REE resource (up to 500ppm REE), because of their strong
adsorption on iron oxpydroxides and PhillipsitéKato et al., 2011)Other sources of REE are

exist, such as iretitanium oxides (ilmenite) and phosphates (apatite, monazite, and xenotime).

In most cases, these deposits are not econosniegfiloitable for REEin most cases, these

deposits are not economicafiyyr REE, but they may bexploitable for ilmenite, phosphates,

and zircon(ChakhmouradiaandZaitsev, 2012)

2.3.5 Other sources of REE: Recycling

Given the fact that the REE demand exceeds its supply from the geological resources, recycling
techniques for REE are an alternative solution to reduce supply risks and to mitigate the
environmental problems associated with mining and refining of REEeXample, in China,

each ton of REE produced generates approximateliggBds fluorite, 13kg of dust, 9600 to
1200tons of mining waste, 75 cubic meters of acidic water, and one ton of radioactive waste
(Hurst, 2010). However, the supply of REE from @®tary sources will always be small
relative to ore production because of the great difficulties in collecting the REE present in small

amounts in a multitude of products.

The need for REE recycling technology is justified by: (i) the global demand sxesphighly
polluting economy with an environmentally friendly green economy, (ii) the scarcity of
economically exploitable REE mines, (iii) the fact that recycling can be a promising REE
resource especially for countries with insufficient natural ressuwdathin their borders, (iv)

the fact that recycling can contribute to keep the REE prices relatively stable, and (v) Reducing

the cost of the REE production. However, REE recovery technologies from electrical waste and
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electronic equipment (WEEE) requiaglvanced processes which have not reached industrial
levels yet (Tsamis and Coyne 2015). Extractive metallurgical techniques are well known but
the main challenge lies in the treatment of impurities associated with certain typical recyclats
(Liu et al., D14; Quinn et al., 2017). TabB2 covers the materials to be recycled as well as

the techniques used to recover the REE contents.

Recycled materials mainly include compact fluorescent lamps, permanent magnets,
rechargeable batteries, electric vehickeswell as enaf-life electronic products (computers,
television screens, printers, photocopiers, television screens, etc.; Alonso et al.,, 2012,
Binnemans et al., 2013). However, despite the research done on REE recycling, le$% than 5

of REE have beerecycled (Free, 2014). To extract the REE from the variousoéhfe

products, several processes have been developed and applied. All these processes are
hydrometallurgicabased such as the sequential leaching, total dissolution, and selective
dissolution. The recovery efficiency depends essentially on the nature of object containing the
REE, the REE to be extracted, the extraction technology used, and the extraction conditions
(Table 22).

Tableau2-2 : Summary of some technologies used in recycling of the rare earths.

. . Extraction
Substance REE  Extraction Extraction . Remarks References
recycled (%)  technology Conditions effl(c(:)}e)ncy
0
Sequential HCI Greater_ Tunsu et al,
Fluorescent 10 leaching 30-150°C i consumption 2014
lamps 20 of Chemical Vang etal. 2013
Autoclave products angetal.,
3M HCl, Decreased
SmCo 23 Total HNOs or yield with  Tanaka et al,
, . H,SOu 100 . 2013
magnet 33 dissolution 2 increased
temperature
dis-ggﬂion HCI 100 D_ecrea_sed Lee et al., 2012
FeNdB 26.7 . H,SO yleld with
magnet Selective 96.99 increased  Tanaka et al,
dissolution Low temp. temperature 2013

2.4 REE-bearing mineralsreactivity

REE deposits are classified as lgvwade deposits (in the order of ppm; Chakhmouradian et al.,
2012; Nadeau et al., 2015). The acidity produced by the oxidation of sulfides within the REE

mine tailings could lead to dissolution of various mineralogicakebsaincluding the REE
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bearing minerals (Lim et al., 2016). In fact, the dissolution of these minerals can generate mine
drainage water contaminated with heavy metals, REE, and other toxic elements (e.g., Cd, Ni,
As, etc.). The concentrations of the remhglements may exceed the environmental norms.
Unfortunately, knowledge on REE release from mine wastes is very limited. In order to predict
the quality of future mining drainage waters, a better understanding of the reactivity of REE

bearing minerals isequired.

REE are integrated into the crystalline structure of silicates, carbonates, and phosphates by
substitution of other elements, depending on the ionic radius and charge of the ions. For
example, C&, Na', Th?*, and U* cations will be replaced e REE* cations (Figure 2).

The most studied cases in the literature are the exchange between Ca and REE in apatite and
calcite (see the review by Lipin and Mackay, 1989).
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8 3 A Aa ' A HH
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Figure2-2 : Relationshipgbetween ionic radius and valence of REE and other metallic

elements (inspired from Lipin and McKay, 1989).

The REE geochemistry is determined by their host minerals. The REE leached into solution are
found in three forms: (i) associated with suspendedcpest (i) associated with colloiddike
micro-particles, and (iii) free and/or dissolved ions (Sholkovitz, 1995). Therefore, the fine
particulates will play a key role in the REE transport. Before getting to this point, a better

understanding of REE geleemistry requires (1) an understanding of the geochemistry of their
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bearing minerals, (2) identification of the factors controlling their reactivity, and (3)
identification of the main processes governing the mobility of REE.

2.4.1 REE Carbonate reactivity

During their formation process, carbonates can be associated with different REE. These
carbonates are characterized by a high porosity and high sorption capacities (Einsele, 2013). It
has been recognized that the carbonate minerals are more reactivadhaas sphosphates, or
oxy-hydroxides. Blowes and Ptacek (1994) proposed the following hierarchy for carbonates
reactivity: calcite > dolomite > M@nkerite > ankerite > siderite. Moreover, there are many
types of carbonate systems: (i) homogeneous clegst@m, (ii) open homogeneous system,

(iif) heterogeneous closed system, and (iv) open heterogeneous system (Appelo and Postma,
2004). The partial pressure of g@bove a carbonate solution, its pH, temperature, and the
presence of organic matter are thamifactors controlling the dissolution of carbonates in the
field conditions (e.gRrigiobbe and Mazzotti, 2013). The acidity generated during the oxidation

of sulfide mineralscan increaseéhe REE release from carbonate minerals. For example,
carbonatié deposits contain at least three types of RE&ing minerals, namely carbonates,
apatite, and a B&~REE mixture (Edahbi et al., 2015). In addition, these REE minerals are
often contaminated with a few actinides such as thorium and uranium. Thetthssofuhese

phases could be carried out according to the reactions given by equations 1 and 2:

(REE,Ba,Ca,Sr, Th,U,F)CO H:0 + CQ T REE* + Ba' + C&* + SP*+ F + Th** + U%* + 2
HCOs [2.1]

(REE,Ba,Ca,Sr, Th,U,F)CG H:SQi T REE* + SO + Ba' + C&* + SPY+ F + Th* + U*
+2HCOs [2.2]

Both equation2.1 and2.2 show that the dissolution of REE carbonates can generate calcium,
barium, strontium, and REE ions in solution, as well as their thorium and uranium trace
contaminants. The acid produced by the oxidation of sulfides will lkebt be consumed by
the carbonates, including the R#BEaring ones, maintaining neagutral to slightly alkaline
pH levels. Under these conditions, REE can precipitate as fluorides ¢{REMHforides
(REECE), and oxysalts such as phosphates (REEP@d sulfates (REESA which are

cheracterized by low solubility under such alakaline conditfphls a8) (Table2-3).
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Tableau2-3 : Solubility product constants of REE compounds.

Compound Formula Ksp (25°C) References

REE carbonate REE(COs)3 102825t0 10%77  Firsching et al., 198€
Yttrium fluoride YF3 8.62 X 10* David et al., 2000
Yttrium hydroxide Y(OH)3 10% David et al., 2000
REE phosphate REEPQ 102 Firsching et al., 1993

The main factors controlling REE carbonates reactivity are summarized inZFéble

Tableau 2-4 : Main factors controlling carbonates reactivity.

Parameter Impact on carbonates References
CO2partial Pressuren  increasing Poz promotes dissolutior prigiobbe et Mazzotti, 2013
the case otlosed of carbonates and therefore a
system significant generation of alkalinity ~1avares etal.,2015
H therate of carbonates dissolution is Arvidson et al., 2003
P inversely proportional to pH Alkattan et al., 1998
Coto et al., 2012.i and
Carbonates solubilitdecreases as Duan, 2011 Morseand
Temperature

the temperature increases Arvidson, 2002Peng et al.,
2015 Zendah et al., 2013

Bennet et al., 1988Buckau
et al., 2000Kodamaand
Schnitzer, 1973Koriko et
al., 2007 Tamir et al., 2013

The CQ presence, fulvic and humic
Organic matter acids can significantly increase the
carbonates dissolution

2.4.2 Reactivity of silicates

In comparison with the carbonates, the dissolution of silicates is negligible at near neutral pH
but becomes significant when the pH decreases (e.g., Gruber et al., 2016; Lammers et al., 2017;
Moncur et al., 2005). The dissolution of silicate mineraldtsnoincongruent and depends on

pH, mineral structure, mineralogical composition, external environmental factors, and
temperature. For example, the dissolution of the plagioclase feldspar anorthite can be congruent
(Equation2.3) or incongruent (Equatiah4) (Sherlock et al., 1995):

(Ca, REE) A1SixOs+ 2 H + 6 O T Ca&* + 2A13* + 2 HiSiOs +REE* + 60H  [2.3]
(Ca, REE) Al-SixOs + 2 H' + H,O 1 C&* + REE* + Al2Siz0s(OH)s [2.4]

In addition, White and Brantley. (2008pserved that the silicate weathering rates R (m&&.m

1y can be measured as follows: R = 3.1x10 %! with t being the weathering time. It is
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important to note that weathering processes can lead to concentrate and/or fractionate the REE.
The main fators affecting the dissolution of REE silicates are summarized in 2hle

Tableau2-5 : Main factors controlling silicate reactivity.

Impact on silicates References

Any change in pHEh conditions

Redox causes a change in precipitation, - o,y o 51| 2013Edanbi et al., 2017
conditions co-precipitation and adsorption of
REE.
H the rate of silicates dissolution is Benzaazoua et al., 2004; Megan et
P inversely proportional to pH Susan, 2016; Plante &it, 2010

Temperature Silicates solubility increases as thi Lammers et al., 201;7Megan et
P temperature increases Susan, 2016;3 W i [etaN, 2015

Many silicates contain impurities

T their crystal lattices are

Le Bouffantet al., 1982
weakened

Impurities

T dissolution is relatively easy

2.4.3 Reactivity of phosphates

Apatite, monazite, and xenotime are examples of phosphate minerals thatontain

significant levels of REE, especially La, Ce, Pr, and Nd. Additionally, apatite is also considered

DV D PDMRU VRXUFH RI SKRVSKRUXV DQG IOXRULQH LQ WK
systems release fluorine, REE, calcium, and phosish{&ilal et al., 1998; Cherifa et al., 2000).
Phosphates are characterized by low solubility in dilute acids in comparison with strong acids
(Cherifa et al., 2000)'’he chemical process of apatite dissolution is shown in reac@d)s (

and @.6):

(Ca,REBs(PQy)sF +5H,SOy T 5(CaREE)SQ + 3H3PQy + HF [25]
2(Ca,REE}(PQy)sF + 15H0 1 10C&* + 10REE* + 6POs> + 2F + 300H [2.6]

In favourablepH-Eh conditions, the REE precipitate and/orprecipitate as REEPCand

REER. The main parameters that govéine dissolution process are acid concentration and
nature (either organic acids like humic and fulvic acids, or inorganic acids), temperature,
chemical composition of the solution, and the presence of bacteria. Furthermore, the dissolution
of apatite maye inhibited by the presence of lead because of the rapid precipitation of a lead
phosphate phase at the apatite surface (passivation mechanism) (Dorozhkin, 2002; Miretzky et
al., 2008). Adsorbed cations such as zinc may also block the dissolution byesadyapatite
(Cas(PQw)30H) (Lingawi et al., 2011).


http://www.sciencedirect.com/science/article/pii/S0272884214015090
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2.5 Ore processing and the associated REE waste

The first step in REE production is to prepare a concentrate using different methods based on
physical, mineralogical, chemical, and magnetic propertieseoREE bearing minerals. The

most common methods for the concentrate preparation are gravimetric methods, magnetic
separation, and flotation (Dehaine et al., 2015; Jordens et al., 2016). Before leaching step, the
REE concentrate is submitted to the sulphaicid baking that is widely used in the REE
industry. The baked product is dissolved in water or dilute acid, and often gives better
extractions than those obtained by direct leaching. The structural and chemical properties of
REE bearing minerals do néacilitate their separation from gangue minerals (e.g., in solid
solution with other minerals, in inclusions) (Zheng et al., 2017). The processes for obtaining
REE in the form of pure products are long, delicate, and expensive (Biglire

The REE procssing operations begin with a mechanicalgoacentration taking the advantage
of their magnetic properties (Jordens et al., 2016; Dehaine et al., ZBE5nechanical pre

concentration is carried out by:

¥ Magnetic separation using high magnetic sepasator
¥ Gravimetric techniques (Mozley Table, Falcon concentrators, Knelson, etc.).
x Acid or alkaline leaching

x Hydrometallurgical treatment

The second step aims to decrease the proportions of the gangue minerals by trying to float the
REE-bearing minerals. This step is decisive for removing harmful elements before the
extraction stage (hydrometallurgy / pyrometallurgy). The third step con$iatsd or alkaline
leaching to dissolve and leach the REE out of the solids. Acid leaching is generally carried out
using a strong acid (e.g., sulfuric, hydrochloric, or nitric acid), whereas a basic solution (e.g.
soda or carbonate) is used in the afl@lleaching(Xie et al.,2014) The fourth step is the
hydrometallurgical treatment to separate the dissolved REE through selective precipitation, ion

exchange on resins, solvent extraction, etc (Zhang et al., 2015).
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Figure2-3 : Conventional REE ore processing flowsheet

At the end of each step of the treatment process, a REE concentrate and the associated tailings
are generated. These tailings are often in pulp and characterized by a vergifirsézg; whose
chemical and mineralogical composition varies greatly from one tailings to another depending

on the ore and the processes applied.

For gravimetric separation, the wastes are mostly composed of gangue minerals such as quartz,
micas (muscove, biotite, phlogopite), carbonates (calcite, dolomite), and clays, with low
concentrations of the denser minerals such as sulfides, iron oxides, magnetite, hematite, and
ilmenite, which are concentrated with the REE during the process. For magnetatieapar
wastes, the dense fraction from the gravity separation feeds the magnetic separation process to
recover REE bearing minerals. The diamagnetic minerals (such as pyrite, barytocalcite, and
gangue minerals), are concentrated in the magnetic separatsoeswror flotation wastes, the
mineralogical composition will be essentially composed of the gangue minerals left out of the

flotation concentrate. Their chemical composition will vary depending on the flotation reagents
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used, which are selected basedmuphe REEbearing minerals. The flotation reagents in the

tailings may have harmful effects to the environment.

2.5.1 Industrial leaching of REE

In order to improve REE leaching efficiency, the RE#aring minerals are concentrated using
different processes lefly described in the previous section, then thermally treated and leached

in the presence of acidic or caustic reagents. Various parameters of the REE leaching can be
adjusted depending on the materials (e.g., leaching agent, solvent concentratiorattee)per

time of leaching, particle size, stirring speed, €B3gral et al., 2014 ; Bian et al., 2011, Das et

al., 2013) (Table-6).

2.5.1.1 REE leaching by mineral acids (HCI, HSOs, or HNO3)

The choice of leaching agent (nitric acid, sulfuric acid, or hydrochloric acid) depends on the
desired selectivity of the REE separation process, types of gangue minerals as well as the types
of reactants used in other extraction procedures (Tab)e(Deayian et al., 2017). The use of
sulfuric acid (HSQw) promotes both leaching of the REE contents from phosphates (e.g.,
apatite), and precipitation of gypsum (CaSbi>0O) which has adverse effects on the process
efficiency. Gypsum precipitation can be mimoed by using nitric acid (HN§) instead of

sulfuric acid, as illustrated by the following reactions (Peelman et al., 2014):

(Ca,REE)o(PQu)sF2 + 10 SOy 1 6 HsPQy + 10 CaSQ@x H20 + 2 HF + 10 REEX  [2.7]
2 REEPQ+ 3 HSQ: | REER(SQy)s;+6H +2PQ | [2.8]
(Ca,REE)o(PQu)sF2 + 20 HNQ T 6 HsPQy + 10 Ca(NQ), + 2 HF + 10 REE [2.9]

The leaching time, acid concentration, solid/liquid ratio, stirring speed, and temperature are the
main factors that control the apatite leaching efficieg et al., 2014)orjani et al., 2008)

have noticed that the REE recovery increases with increasing acid concentration arseslecrea
when the solid/liquid ratio increased (TaB). HCI usually leaches faster than sulphuric acid

at any temperature, but its industrial applications are limited by its higher cost and its

accelerated corrosion of metallic structures (Baral et al4)201

2.5.1.2 Leaching by organic acids

In this section, the proposed lixiviants have been tested only in the laboratory. These laboratory
studies are important to find alternative means to reduce the environmental impacts associated

to the REE mine wastes (Talite5). The organic acids which are used in REE leaching from
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phosphate minerals are citric, oxalic, phthalic, and salicylic acids. The amount of REE released
increases linearly with increasing concentration of oxalic, citric, and phthalic acids (Goyne et
al.,2010). While, REE leaching is minimal in the presence of salicylic acid, because of the low
acidity of aromatic acid@Goyneet al.,2010) The importance of the organic acids in the REE
leaching proces from monazite follows the order: citric acid > oxalic acid > salicylic acid
(Goyne et al., 2010)

2.5.1.3 Other REE enrichment methods

Other REE leaching methods (e.g., chlorination, carbothermal reduction, digestion with
hydrofluoric acid) are cited in the literature (Gupta and Krishnamurthy, 1992). In industry,
alkaline leaching is preferred to extract REE from the minerals with a high REE content (e.g.,
xenotime, monazite). At a temperature of 140°C and NaOH concentrb668ov/v, the REE
extraction yield can reach 998 (Alex et al.,1998) The resulting leachates are treated with
ammonia or sodium pyrophosphates in order to remove thorium. The precipitation by ammonia
is the most appropriate method because it facilitates the preferential precipitation of LREE and
thorium, which leads to a HREE enrichment in the filtrate (Vijaysiaki et al., 2001). The
microwaveassisted leaching (MAL) is also used in industry to increase the extraction
efficiency of metals. This technique allows the reduction of leaching time, increases the metal
recovery, and is environmentally benign (no enoissf hazardous gases) (Harahsheh and
Kingman, 2004). However, the microwaassisted leaching suffers from many drawbacks
such as low recovery of extracted metal, difficulties in solid/liquid separation, and a deleterious

effect of impurities on the sa of purification (AMHarahsheh and Kingman 2003).
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Tableau2-6 : Summary of the leaching conditions of RB&aring minerals.

_ Leaching Concentration Leqching Stirring Temperature
Mineral agent (mol/l, unless time speed °C) References
9 otherwise noted) (min) (rpm)
Bastnaesite HCI 2.5 30 t0240 200 to 300 55 (Baralet al, 2014)
H2SQy 15 30 to 240 200 to 300 25
HNOs3 8 30 to 240 200 to 300 70
HCl 6 90 - 90 (Bianet al, 2011)
H2SQutthiourea lto3 360 - 25 <| U« N RtaD2003)
(Jorjaniet al.,2008)
Apatite HNOsz 20 to 60 vol% 10to 140 100 to 200 60 (Goyne et al., 2010)
Oxalate 6.72x10° 1680 8 25
Phtalate 5.12x16° 1680 8 25
Citrate 5.46x10° 1680 8 25
Salicylate 6.63x10° 1680 8 25 (Goyne et al., 2010)
Monazite Oxalate 6.48x10° 1680 8 25
Phtalate 5.14x10° 1680 8 25
Citrate 5.16 to 5.44x18 1680 8 25
Salicylate 6.02x10° 1680 8 25 (OelkersandPoitrasson, 2002)
No ligand . - - 50 to 230
(Panda et al., 2014)
HCI 6 120 - 90
(Alex et al., 1998)
NaOH 50 % wiv 240 - 170
(Vijayalakshmiet al, 2001)
Xenotime NaOH 50 % wiv 240 - 100to 140  (MoldoveanuandPapangelakis,
H2SQy concentrated 360 - 250 2013)
Clay minerals (NH4)2SQu 0.051t0 2.5 60 - <50
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2.6 REE behavior in natural environments

2.6.1 Environmental impacts of REE exploitation

In the past, the exploitation of REE deposits have produced harmful environmental impacts.
The year 1998 was the worst in the history of RiEterms of pollution(Ali, 2014). In that year
theUSA closed the last American REE mine (Moutain Pass in California) because of a spill of
a hundred thousand liters of radioactive watss. will be describedbelow, devastating
environmental impacts were reded in China, especially near its main REE mining areas (e.g.

the Bayan Obo mine region).

2.6.1.1 Effect of REE on air quality

The REE emissions to the atmosphere in the gaseous form or as atmospheric aerosols (particles
in suspension) causes disturbances @ain qualiy (Stille et al., 2009; Wang et al., 2004

These disturbances lead to changes in the chemical composition of the air from the local to the
global scale. Of course, the risks associated with these disturbances are not of the same
magnitude and nature according to the spatial and temporal scatesrsah (areas near the
mining zones are more problematic). The atmospheric aerosols include any particles or
suspended matter having an aerodynamic diameter ranging from some nanometgis.to 10
The most studied cases in the literature are for fine (PM2ad coarse (PM10) particles, which

have an aerodynamic diameter of 2.5 anquiQ respectively. The study of these particles
essentially allows analyzing atmospheric aerosols and the levels and distributions of REE as
suspended particlé8VangandLiang, 2014a; Wanegt al, 2014) In the vicinity of the Bayan

Obo mine in China, REE suspended in particulate matter (PM10) range from 149.8 to
239.6ng/n? in total particulates (particles + material), and 42.8 to 68/87 in August 202

and March 2013, respectively. Moreover, a strong concentration gradient is observed in the
main wind direction(Wang et al., 2014)These fine particulates can cause respiratory and
cardiovascular diseases, severe intektirsorders, keratosis, and skin can@@henget al,

2013)

2.6.1.2 Effect REE on soil and plant growth

Currently, therareno data showing that plants need REE to grow. However, the use of REE
as fertilizer can cause adverse effects on the quality of tsoil and growth of plants by indirect
meangSnelleret al,2000) such as (i) Fe sghtution by Sc, (ii) Ca/Mg replacement, and (iii)
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phosphate deficiency due to its precipitation as REE phosphates. Furthermore, the presence of
high concentrations of REE in soils affects the bioavailability of some elements which are
necessary for the aht growth. The REE effect on adsorption of phosphorus in five different
types of Chinese agricultural soils was studied through batch adsorption and desorption
experiments in the presence and absence of REE. The study indicated that the amount of P
adsorted tends to decrease when the soil contains lower concentrations a\WRiEE and

Liang, 2014b) Thomas et al. (2014) tested the effects of lanthanum (A cerium
(3.85mg/l), and yttrium (10.29ng/l) on the growth of the following plants: Asclepias syriaca

L., Desmodium canadense, Panicum virgatum L., Raphanus sativus, and Solanum
lycopersicum. Their study showed that the La, Ce, and Y have harmful impacts on the plants
growth. A. syriaca and D. canadense lost 10 t8626f their biomass. Moreover, the slow
accumulation of these elements in the environment could become problErhaticaset al,

2014)

2.7 Closing remarks

The results of this study demonstrate that REE mining and refining are known to generate high
amounts of liquid and solid wastes, with potential deleterious effects on the environment. In the
near future, the REE consumption is expected to continue increasing because they are
irreplaceable in many technological sectors. As a result, many REE projects will be developed
around the world in the next decadésr examplejn Canada more than 200 progeate being
developedIn the framework of sustainable development, social acceptability obligations, and
environmental regulations, it is nowadays necessity for mining projects to evaluate all
environmental impacts that may occur from REE deposit exptmital he feasibility of a REE
project depends intimately on the ability to face the environmental challenges and issues (e.g.
waste management, site rehabilitation, water treatment). Despite this, few studies aimed at the
REE mining operations impacts air, water, soil, plants, and health. Finally, further research

is necessary in order to fill important knowledge gaps on REE, especially regarding their
environmental impacts, the reactivity of RIBEaring phases, as well as REE leaching and

toxicity.

Finally, REE leaching studies are one of the most important keys which can be used in order to
understand and predict the geochemical behavior of-BE&Eng minerals upon exposure to
environmental conditions. The mineralogy and leachability of REE frdfareint deposits

(HREE and/or LREE mine projects) must be investigated to predict their geochemical behavior
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and to evaluate the factors controlling REE mobility in ambient conditions. All deposit
lithologies including ore and waste rocks must be sampedracterized using a multi
technique mineralogical approach (e.g., automated-&B, EPMAWDS, XRD, EXAFS),

and then submitted to laboratory and field kinetic testing to investigate their REE release
potential. When possible and relevant, each lithologgt be managed separately in order to
ensure an integrated risk management framework policy and encourage the valorization and

reuse of these waste into eftendly products
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3.1 Abstract

The geochemical behavior of rare earth elements (REE) was investigated using weathering
cells. The influence of sorption and precipitation on dissolved REHEility and fractionation

is evaluated using synthetic iraxides, carbonates, and phosphates. Sorption cell tests are
conducted on the main lithologies of the expected waste rocks from the Montviel deposit. The
sorbed materials are characterized usisgamning electron microscope (SEM) equipped with

a microanalysis system (energy dispersive spectroscopy EDS)-ERE, X-ray diffraction

(XRD), and Xxray absorption near edge structure (XANES) in order to understand the effect of
the synthetic mineralsnroREE mobility. The results confirm that sorption and precipitation
control the mobility and fractionation of REE. The main sorbent phases are the carbonates,
phosphates (present as accessory minerals in the Montviel waste rocks), and iron oxides (main
seondary minerals generated upon weathering of the Montviel lithologies). The XANES
results show that REE are present as trivalent species after weathering. Thermodynamic
equilibrium calculations results using Visual Minteq suggest that REE could precagstate

secondary phosphates (REEPO
Keywords: weathering cell tests, contaminated mine drainage, waste rocks, REES, sorption

cells, thermodynamic equilibrium calculations, XANES
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3.2 Introduction

Mine waste rocks and tailings may generatiel anine drainage and/or contaminated neutral
drainage(e.g., Benzaazoua et al., 2Q0®lante et al., 2014) containing contaminants such as
REE and transition metals (e.§e, Pb, Cu, and Zn). The oxidation of sulfides within mining
materials can accelerate the dissolution of RERring minerals (e.g. carbonates, silicates, and
phosphates) and favor the leaching of REE and other associated contaminants such as uranium,
thorium, and niobiun{Ayora et al, 2016; Balboni et al2017; Carron et al., 1955; Liu et al.,
2016; Rim et al., 2013; Roth et al. 2017, Zhu et al., 2088&)ption phenomena, precipitation,

and coprecipitation can play a significant role in reducing tresport of REE and other metals

into the environmen(Blowes et al., 2003, Plante, Benzaazoua and Bussiere, 2010b, Bouzahzah
etal., 2013, Prudéncio et al., 201d@pending on the redox potential, the pH, and the elemental
concentrationgBurrows et al. 2017, Cravotta and Watzlaf, 2003Jhe secondary minerals
formed during leaching can-tissolve and release their constituents in the leachate, especially
when the pH becomes more aciffg/ora et al., 2016)

Presently, several REE mining projects aréewelopment in Canada, particularly in Québec
(e.g., Montviel, MatamecStrangelLake). For the Montviel carbonatite deposit, Nadeau et al.
(2016) showed that the main lithological units of the complex were calciocarbonatites,

ferrocarbonatites, silicocarbatites, and polygenic breccia, with REE concentrations ranging
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from 100ppm to 3.54wnt.% mainly associated to carbonates and fluorocarbonates. The REE in
the Montviel deposit were concentrated by coupled fractional crystallization, fluid mixing, and

metagmatism (Nadeau et aR016).

Unfortunately, knowledge on REE release from mine wastes is very sparse, despite the
development of several REE mine projects around the world. The geochemical behavior of REE
depends mainly on the type and the amount ofenais (i.e., carbonates, phosphates,
oxyhydroxides, clays minerals, etc.) in contact with mine drainage. The sorption capacity for
each mineral is a function of its zeta potential, its cation exchange capacity, the pH of the
solution, and its specific sate aregMiddlesworth and Wood, 1998, Liu et al., 201The
geological materials found in mine wastes (i.e., iron oxides, carbonates, etc.) can contribute to
contaminant removal from drainage wat@Benzaazoua et al., 2004, Bouzahzah et al., 2013,
Blowes et al., 2003)r o the best of our knowledge, no previous study has explored the influence
of iron oxides, calcite, and apatite on controlling the leaching of REE using kinetic tests. Thus,
the purpose of this work is: (1) to study the potential effeciraf oxides, calcite, and
hydroxyapatite on the fractionation and mobility of REE, and (2) to evaluate the sorption
potential of REE onto waste rocks from a potential REE carbonatite deposit (Montviel
carbonatite, Québec, Canada). The achievement of tigeetives can address knowledge
gaps associated to REE mining to better manage the REE residue and to contribute to

minimizing their potential environmental impacts.

3.3 Materials and methods

In this study, the geochemical behavior of REE were assessedtwsirdifferent tests: (1)
evaluation of the effect of synthetic minerals (e.g. iron oxides, calcite, and hydroxyapatite) on
REE mobility upon leaching in weathering cells, and (2) evaluation of sorption capacity using
sorption cells for five waste rock sptas coming from the Montviel carbonatite deposit.

3.3.1 Chemical, and mineralogical characterizations

The chemical composition of the Montviel samples was determined using Inductively Coupled
Plasma (ICPAES/MS) (Perkin Elmer Optima 31€RL ICP-AES and Agilenf7700 ICRMS)
analysis after a mukacid digestion (HCI, HN@ Br;, and HF). The leachates issued from
weathering cells were analyzed with IQIES/ MS. The ICPAES is used to analyze trace and

major elements, while IGRIS is used to analyze REE. Also, tpeél, Eh, and electrical
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conductivity of leachates were determined immediately after sampling with a pH/mV meter and

an electrical conductivity meter.

The mineralogical composition of the sampleas determined by the Bruker A.X.S. D8
Advance XRay diffracton (XRD) instrument with a copper anode (&u radiation). The
DiffracPlus EVA software was used to identify the detected minerals and the TOPAS software
was used to quantify their abundance using Rietveld refinement, allowing a detection limit and

precison of up to 0.51 wt.% (Young, 1993).

A Hitachi S3500N scanning electron microscope (SEM), equipped with a microanalysis
system (energy dispersive spectroscopy, or EDS) was used to: (1) detect and analyze minerals
in low concentrations (less than theafion limit of the XRD), (2) confirm the presence of the
minerals detected by XRD, and (3) analyze the elemental composition of thé&dRERg

minerals present in samples

3.3.2 Preparation of synthetic minerals

The methodology used for mineral synthesisuismarized in Figur&-1. All minerals were
synthesized using the chemical route (precipitation/coprecipitation) (Bhioumoe et al.,
2012, Jaiswal et al., 2013, Britel, 2007). HematitexQge magnetite (F€s), and calcite
(CaCQ) were prepared in single step, while hydroxyapatite required two steps (synthesized
and calcined at 900°C for two hours; (Britel, 2007). The purity of the synthetic minerals was
confirmed by XRD.



49

Synthesis of Mineral

Chemical route (coprecipitation)

! ! I | 1
Reagents: Reagents: s Reagents:
Na,CO.: 0.1 mo/I 2FeCl,,6H,0: 0.15 mol/l Reagents: 10Ca(NO.), : 1 mo/l

Eocs) 2 Fe(NO:);,9H,0: 0.24 mo/I
NaNO;: 0.18 mo/| FeCl,,4H,0 : 1.45 mol/I NaOH: 2.5 mo/I 6(NH,),HPO, : 1.5 mo/I
NaOH: 0.2 mo/I NH,OH: 8.6 mol/I Resuh's,' 8NH,OH (pH>9)
Ca(NO;),: 0.1 mo/I Results: FeO(OH.) Results:
Results: Fe,0; (NO;-, Na*) Cayo(PO,)s(OH),
CaCo, (CF, NH,?*) 20NH,NO,
S ~

oo
c —_—
> %9
i £8
50 g &
o O o —
“-— O L
T O = =
P T g
o S E
[- 8 [ R
©
£ E o
a a+

Calcite Magnetite Goethite Hydroxyapatite

Figure3-1: Mineral syntheis methods.

3.3.3 Design of mineralmixtures

The carbonatites of Montviel are composed mainly of carbonates (e.g., calcite), iron
oxyhydroxides (e.g., goethite and magnetite), phosphates (apatite), traces of sulfides (mainly
pyrite), and REEbearing minerals siicas REEcarbonates (Nadeau et al., 2015). During REE
leaching in kinetic tests, the mineral phases can retain leachet! RREfigh surface reaction
mechanisms. To gain an understanding of the effects of each mineral on REE mobility, different
mineralogical possibilities were simulated using pure mineral mixtures. A total of five mixtures
composed of goethite, magnetite, cachydroxyapatite, and pyrite, were used in this study.
These mixtures were subjected to weathering cell tests to study the extent of REE carbonate
weathering in response to pyrite oxidation, and the effect of calcite, magnetite, goethite, and
hydroxyapate on the mobility of Ce and La coming from £@0s)3 and/or Lax(CQOzs)3
dissolution. In order to accelerate the weathering of th@@ Lacarbonates, %o of pyrite is

added to each of the mixtures (Figur)3
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Figure3-2 : Composition of the weathering cell mixtures.
3.3.4 Montviel lithologies study

3.3.4.1 Sampling of lithologies

The waste rocks were sampled from drill cores of the Montviel deposit located 8a@rth of
LebelsurQuévillon, Quebec province, Canadapproximately 5kg of three waste rock
lithologies Brec, CaC, and Gi(described as breccia, calcasbonatite, and silicoarbonatite)
and two orgrades Fed G and FeGHG (ferrccarbonatites lowgrade LG, and higigrade HG)
were pulverized to less than BAm, homogenized, and prepared separately for physical,

chemical, and mineralogical characterizations and sorption cell tests
3.3.5 Testing methods

3.3.5.1 Weathering cells and sorption cells

The geochemical behavior of the five synthetic mixtures was evaluatedwesatigering cells
(smaltscaleof humidity cells), while the sorption potential of waste rock lithologies was
evaluated using sorption cells (modified weathering cells) (Plante et al., 2010a). The seven
weathering cells (described in Figuse2) and the fie sorption cells (Montviel lithologies;
Figure 3-3) consisted of 1@8mwide Buchner funnels filled with 6§ of each sample placed
over a 0.45um filter. The cells were rinsed Hweekly for 175 days with 5l of deionized
water for the weathering celesnd 50ml of 1 mg/l Ce adjusted to pH & simulate thdield
conditions(in deionized water) for the sorption cells, and left to dry under ambient air between
flushes. The choice of Ce is mainly related to its high abundance within the Montviel litsologie
(up to approximately 1400@g/kg) and the fact that it is the REE leached in the highest
concentrations in humidity cells (Edahbi et 2018). The sorbed quantities were calculated by
the comparison between the Ce concentrations in the leachatelsoselof the leaching water.
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Figure3-3 : Schematics of the sorption cells used in this present.study

3.3.5.2 Cation exchange capacity (CEC) and zeta potential measurements

The CEC enables to estimate the capacity of materials to retain cations during leaching
conditions. The CEC was determined according to the method suggest by Pelloux et al., (1971)

using the following formula:

f s srr
HRH_ SAMsrrCKBQUO=ILHA

%' % —
Sr "

a = concentration of sodium (mg/l);
b = mass of the dry residue (g).

The zeta potential was determined based on the electrophoretic mobility of particles in a
suspension measured using a ZetaCompact Zeta Meter, where the displacemeutt theeed
particles in suspension recorded in real time with a high resolution digital camera (Dibbs, 1972;
Gence and Ozbay, 2006). For all measurements but for calcite, the pH was varied from 1 to 8
at a fixed ionic strength (NaN®.1M). This enables to dermine the point of zero charge
(PHpzo) which describes the condition when the electrical charge density on a surface is zero,

which in turn enables to deduce how the surface charge of minerals affects Ce sorption.
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3.3.6 Crystal-chemical analyses

3.3.6.1 XANES analysis

X-ray absorption near edge structure (XANES) spectroscopy provides elementally specific
information about the local chemical environment around an absorbing atom (e.g. Ce in
Ce(C0a)3), such as the oxidation state of the absorber and coordination symieegtry
tetrahedral vs. octahedral). The XANES spectrum representsélyeabsorption of the sample

as a function of energy (Ward, 20L8ANES is highly sensitive to the oxidation state and/or
local symmetry of the absorbing atom. XANES measurements pegfermed at beamline
20BM of the Advanced Photon Source (APS), Argonne National Laboratory, USA. XANES
measurements were performed at the ceriured@e 5723eV) in fluorescence yield (FY)
detection mode using a ‘E2ement Canberra solstate Galetector A mixture of 70/30sccm
(standard cubic centimeters per minute) of Hefdses were used in (incident beam
intensity), and 1006 N in I (transmitted beam intensity) aneks (postreference beam
intensity) ion chambers. These gasses werectl to improve the signal/noise ratio. The
XANES spectra were collected on aliquots of the dismdntieathering cells samples of the
pure mineral mixtures. Pure mineral grains were manually picked in order to avoid having Ce
and Lacarbonates in the alyzed samples: apatite grains from M1, calcite grains from M2,
magnetite grains from M3, goethite grains from M4, and a mixture of apatite, calcite, magnetite

and goethite grains from M5.

3.4 Results and discussion

3.4.1 Synthetic mineral characterization

Zeta potential

The zeta potential values of synthetic minerals enabled to determine their $tption of

cationic (i.e., REE*, metals) species over a given mineral surface will take place mainly at pH
values higher than its pHpzc. The pit of goethite is 6.1, while that of magnetite and
hydroxyapatite are 3.18 and 4.9, respectively. For calcite, only the zeta potential at its natural

pH is measured because of its dissolution under acidic pH; the calgitgqtties between 8

and 9.5 (Al Mé&rouqi et al., 201Quast, 2016Somasundaran, 196 UGHPR+0X DQG 6DUO

2006). At its natural pH (6.2), its zeta potential is negative and, consequently, the sorption of
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cations is probable in the weathering cell conditions, as is the case fotgaatgnetite, and

hydroxyapatite.
3.4.2 Waste rock characterization

3.4.2.1 Mineralogical characterization

The mineralogical characterization of the waste rock samples determined by XRD shows that
all samples except CaC, are composed of the same chemical phasésrémtdiroportions
(Table 31). Carbonates make up 498 % of the composition, and the remaining phases are
mainly phosphates {22.6%), REEbearing minerals (8 %), and silicate minerals {30 %).

These carbonatéominated materials may enablsignificant sorption potential for REE. The
optical microscopy observations enabled the identification of sulfide minerals such as pyrite
(FeS) (most abundant), sphalerite (ZnS), galena (PbS), pyrrhotitex(B§ chalcopyrite
(CuFe9), and pentlandit@~e,NixSg at trace level¢<l %).

The scanning electron microscope (SEM) investigations demonstrate that the samples are
mainly composed of two types of REfearing minerals: (i) REE carbonates and phosphates
(i.e., burbankite, carbocernaite, apatite,d aREECaMg carbonates), (i) REBaSr
carbonate. (iii) REE are presentlidgratedminerals and/or as inclusions within carbonate and
phosphate minerals, (iv) all analyzed minerals mainly contain LREE (La, Ce, Pr, Nd, and Sm)
compared to HREE (Dy, Tb,d{ Lu), (v) three groups of REE minerals were detected with
variable concentrations of REE, (vi) some sulfides (pyrite, pyrrhotite, galena, and sphalerite)

and iron oxides were also identified.

3.4.2.2 Chemical characterisation

The chemical results show that ahsples are richer in LREE (482117mg/kg compared to
HREE (1065595mg/kg), which is consistent with previous findings (Nadeau et al., 2015). The
lithologies FeCHG and FeGLG have the highest concentrations of LREE, while SiC exhibits
the lowestconcentration. Cerium is the most abundant REE element in all samples, with a
maximum concentration observed in FEIG (14000mg/kg) and a minimum concentration in

SiC (2200mg/kg). Ba (224610000mg/kg), Sr (6790610000mg/kg), F (156673 mg/kg, and

Ca (000150000mg/kg show a good correlation with REE in samples. Barytocalcite;a Ba
REE-Sr mixture, apatite, carbonates (calcite, ankerite, REE carbonates), and strontianite
minerals are the main sources of these elements in the Montviel lithologies@ssttated by

the mineralogical characterizatighable 31).
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3.4.2.3 Cation Exchange Capacity (CEC)
The CEC for all waste rock samples ranged froto 62.36meq/100g. The Fe€GIG sample
exhibits the highest value (12.86q/100g), SiC and BreC samples have simadues of CEC
(10.8310.95meq/100g), while CaC and Fd@ exhibit the lowest values of CEC-(6
9.83meqg/100g)Table 31). These results are consistent with the mineralogical compositions,
as the highest values are associated to samples with the logtestate content. Samples with
greater CEC, such as F&{5, SiC, and BreC, can retain more positively charged ions (i.e.,

Na', Mg?*, Ca&*, and REEY).

Tableau3-1. Chemical and mineralogical characterization of the waste rocks

Parameters Units BreC CaC FeGLG FeGHG SiC
pH 10.2 10 9.6 10 10.4
CEC meq/100 g 10.82+0.07 9.87+0.05 6.06+0.04 12.36+0.0€ 10.95+0.0Z
Elemental concentration

REE % 0.64 0.12 0.84 3 0.47
Mn % 0.55 1.3 2.1 1.7 1.3
Ca % 19 19 11 9.2 11
Na % 0.32 0.45 0.12 0.9 0.46
Mg % 2.6 2.3 4.2 3.3 3.8
K % 15 0.9 0.75 0.96 1.6
Fe % 6.8 12 20 16 12
Pb % 0.03 0.012 0.008 0.008 0.008
F % 0.07 0.015 0.03 0.032 0.033
Ba % 0.51 1.8 1.4 1.9 2.6
Sr % 1.3 1.4 0.95 2.8 0.6
Mineralogical composition

Sulfides % 1.7 0.8 0.4 1.6 0.7
Carbonates % 48.1 82.1 92.5 74.8 67.5
Phosphates % 22.6 2.7 - 2.0 2.0
RI_EE bearing % i i i 13.8 i
minerals

Silicates % 27.5 14.5 5.1 7.9 29.9
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3.5 Geochemical behavior

3.5.1 Synthetic mineral mixes

The pH, acidity, electrical conductivity, and alkalinity values of the weathering cell leachates
on the synthetic minerals mixes are shown in Figude Bhe magnetite mix (M4) leachates
shows the most acidic pH (average of 5.32) and thedoelectrical conductivity (average of
325.83uS.cnt?). The calcite mix (M2) exhibits the highest pH (average of 8.34) compared to
the others, which is due to its calcite background. The goethite mix (M4) leachates show a mean
pH of 6.07, whereas the apatmix (M1) and all minerals mix (M5) leachates have mean pH
values of 5.81 and 7.81, respectively. The redox potentials varied from 194rt0/500d they

are of the same order of magnitude for all mixtures. The alkalinity values stabilized below
120mg CaCQy/l for all leachates; the calcite mix (M2) and the all minerals mix (M5) exhibited
the highest values (average of B84y CaCQ/l) due to the dissolution of calcite. The electrical

conductivity values of all samples stabilized below g6&m after 175lays of testing.
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Figure3-4 : pH (A), acidity (B), electrical conductivity values (uS &(C), and alkalinity
(D) of the weathering cell leachates of the apatite mix (M1), calcite mix (M2), magnetite
(M3), goethite mix (M4), all minerals mix (M5), control sample Ce{s, and control

sample La (CS.a) samples.
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The Ca concentration in leachates of the calcite (M2;M@# and all minerals mix (M5;
149mg/l) is higher compared to those from thmaate mix (M1; 129ng/l) due to their higher
calcite contents (Figure-2A). The sulfur concentrations in the leachates tend to be higher for
lower pH values, as sulfide oxidation accelerates at lower pH values (FighBg 2l
leachates have low iroocentration (under 01ag/l, therefore is not shown), probably due to

its precipitation under leaching conditions as suggested by thermodynamical equilibrium

calculations.

The cumulative Ca vs S curves (or oxidatiwutralization curves) of the apatitdX), calcite

mix, and all mix show a linear relationship (determination coefficiémifR.99), reflecting the
reaction of calcite (neutralization) in response to pyrite oxidation during the tests (Figure 3
5C). Moreover, Figures-8D, E, and F show thtihe REE release is related to that ok SThe

REE release seems to be closely related to the pH; the lower pH values within the M3 and M4
leachates enable greater REE releases, while the higher pH values of the M2 and M5 generate
the lower REE releases.dvkover, the REE release in some materials significantly increases
when the pH values decrease below a threshold, most probably because of a significant
reduction of sorption phenomena. These results suggest that REE are released fremritie Ce
La-carborates in response to sulfide oxidation, and that the release is controlled by sorption

phenomena when the conditions are favourable.

The Ce+La concentrations (FiguréBare low for the all minerals mix (M5; <0.0dg/l) and

the calcite mix (M2; <0.3éng/l), although they contain similar proportions of cerium and
lanthanum carbonates as the other mixtures (the only exception being M5 with T&5
carbonate instead of 28). These results are due to the presence of calcite that competes with
the Ce ard La-carbonates to neutralize the acid generated by pyrite oxidation. The apatite (M1)
mix leachates exhibit an average Ce+La concentration ofgiR which is lower than for the

magnetite (M3) and goethite (M4) mixes.

The Ce+La concentrations from theathering cells of the mineral mixes and the purea@éd
La-carbonates are shown in Figur®.3During 175 days of testing, the La concentrations from

the CSLa cell remained below &g/l with a slight increasing trend, while the Ce
concentrations from hCSCe cell decreased rapidly from 8@/l at the beginning to less than

10 mg/l after 5 weeks (Figure-8). For the mineral mixes, the Ce+La concentrations are lower

in leachates of the apatite (M1) and calcite (M2) mixtures than in those of magné&jtar(i
goethite (M4) mixes. Thermodynamical equilibrium calculations (not shown) suggest that Ce
and La in all leachates are far from equilibrium and should not precipitate. These results suggest
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that the presence of calcite and apatite seem to exerai@igeentrol on the release of Ce+La

than magnetite and goethite.
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3.5.2 Sorption cells

3.2.1. Sorption cells

The Ce sorption in Montviel waste rocks was evaluated using modified weathering cells
(sorption cells) rinsedith 1 mg/l Ce solutions adjusted to pHBhepH values of the leachates
issued from sorption cells remain neeautral throughout the tests, with the HeG sample

pH values (average of 7.80) being slightly lower than the othe&2§8 The electrical
conductivity values show the same trend in all samples and vary between 350 qu®4ic470

after 175 days of testing. The Ca, Mg, Mn, and Si concentrations are higher in the leachates
issued from the FeCG waste rocks (Ca: around ©g/l; Mg: up to 11mg/l; Mn: up to
0.1mg/l; and Si: around 7éhg/l) than those of the other samples (Ca: 1Pmg/l; Mg: 4

7 mg/l; Mn: 0.30.4mg/l; and Si: 4261 mg/l). The Al, Ba, and S concentrations generated by
the FeCHG waste rocks are greater (Al: 0rig)/l; Ba: 0.51.8mg/l; and S: 15 mg/l) than

those of other samples (Al: On2g/l; Ba: 0.51.8mg/l; and S: 1e25mg/l). The higher Sr

concentrations are found in leachates of CaC waste rock samples (arogfig 7

All sorption cells leachethetween 0.11 and 164.9®/l Ce (not shown). Note that the Ce
concentrations leached from these samples in humidity cell tests were lesggiafEdahbi
et al., 2018), which suggests a high sorption of Ce within samples under humidity cell

conditions. The quantity of Ce retad (g, irmg/kg is calculated using the following equation:

k gF o
Ci: Initial metal concentration of Cen@/l)

Cs: Final metal concentration of Ceng/l)

V: Volume of solution )

m: Mass of sample (kg)

The profiles of the cumulative g values are shown in Figure 7. All materials show similar
profiles due to the similar residual Ce concentrations measured in the leachates. The fact that
the cumulative Ce retention profiles do not show a plateau (anchthlgached Ce remained

low throughout the sorption cell tests) suggests that the sorption potential was not fully saturated
during the tests.
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Figure3-7 : Sorbed metal quantities (q) in sorption cells.

3.5.2.1 Posttesting analyses

Thermodynamic equilibrium calculations of the leachate compositions of weathering cells
using Visual Minteq suggest that various secondary oxyhydroxides (i.e., ferrihydrite,
lepidocrocite, goethite, and hematite) are oversaturatedhéother hand, these calculations
suggest that Ce and La secondary minerals remain far from equilibrium. Therefore, the Ce and
La concentrations in the leachates are not controlled by secondary precipitations, but most

probably by sorption phenomena.

Hand sorted grains were chosen for XANES analyses on thalgosantlement samples of the
weathering cells on pure mineral mixes in order to avoida@d Lacarbonates: apatite grains

from M1, calcite grains from M2, magnetite grains from M3, goethitengriiom M4, and a
mixture of apatite, calcite, magnetite, and goethite grains from M5. The @dds3XANES
spectra of these hand sorted grains are shown in Figure 8. Presenétinfaltéhe samples

was determined by comparing the spectra in the XANdgn with a reference Gmarbonate,
because of its similarity to the Ce carbonates found in the samples. The XANES spectra from
all samples exhibit a strong white line peak at 5823 which confirms the Cé& retention

(Figure 38) most probably by sorigih phenomena.
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Figure3-8 : Cerium L3edge XANES spectra of the hydroxyapatite mixture (M1), the calcite
mixture (M2), the goethite mixture (M3), the magnetite mixture (M4), the calcite

hydroxyapatite miture (M5), and a G€C0z)3-xH20 reference standard.

After 175 days, the weathering cells were dismantled. Weathered waste rocks from the
weathering cells were collected, prepared in polished sections, and investigated using secondary
electron imagery witha SEM. SEM observations show the formation of secondary iron
oxyhydroxides such as Fe(QHand mixtures of REfEe-Al. These minerals also have a
significant Ce content, which suggest thepcecipitation of Ce by Fe and Al secondary

precipitates.
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3.6 Implications for the environmental geochemistry of REE

bearing waste rock

The graphical abstract summarizes a conceptual approach for understanding the geochemical
behavior of REEbearing waste rocks, which can then be used to predict the water quality issued

from mining drainage. This conceptual approach is described below.

Carbonates (REHBearing or not) are the most abundant minerals in REE carbonatites and can
be naturally dissolved under the effects of-@f3solution(generating carbonic acid) and/or by

the aidity produced by sulfide oxidation. These reactions generate metals (Ba, Sr, Fe etc.),
REE, and other associated contaminants which are released in leachates and pore waters. Upon
percolation of the leachate through the waste rocks, the different coatgnsoncentrations

can be controlled by precipitation, coprecipitation, and sorption phenomena. Environmental
factors such as pH, ionic strength, redox potential, temperature could have a significant impact
on REE mobility. Mihajlovic et a).(2017 showed that REE fractionation is promoted by a
decrease of Eh and an increase of Al, Mn, and Fe concentrations. Moreover, a decrease of pH
(from 6.6 to 4.6), increases the release of REE in the leachates. This finding is coherent with
the work of Edahbiteal.,, (2018), in which an inverse relationship between REE and Fe, Al,
and Mn was observed. However, it is challenging to discern which of these processes exert the
most significant control of the REE concentrations released byl®&aEng mine wastes. To

better understand which geochemical mechanisms govern the environmental behavior of REE,
further research is needed. Other techniques, sugt @stope analysis, may allow for a more

definitive understanding of the trends observed during REE fractionati

3.7 Conclusions and recommendations

The major findings through this study are summarized in the following ideas:

x The study based on synthetic minerals shows that calcite, apatite, and iron
oxyhydroxides (goethite and magnetite) could significantly retheenobility of REE.
These minerals possess different sorption capacities, with the calcite and apatite
minerals being the major sorbing phases;

x The XANES study suggests that Ce is within the materials ¥s Ce
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X The SEM observations demonstrate that owyhydroxides can coprecipitate Ce under
leaching conditions;

X A strong relationship was observed between the total S and REE (Ce+La) leached in
weathering cells, which suggest that sulfide oxidation increase the leaching of REE;

x The minerals composing th®ontviel waste rocks possess significant sorption

capacitiedor Ce.
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4.1 Abstract

Several rare earth elements (REE) mine projects around the woclaragetly at the feasibility

stage. Unfortunately, few studies have evaluated the contamination potential of REE and their
effects on the environment. In this project, the waste rocks from the carbonatites within the
Montviel proterozoic alkaline intrusiorinear LebekurQuévillon, Quebec, Canada) are
assessed in this research. The mineralization is mainly constituted by light REE (LREE)
fluorocarbonates (qagarssukiie, kukharenkoit€e), LREE carbonates (burbankite; B¢
CaREE, barytocalcite, strontitte, BaREE-carbonates), and phosphates (apatite, monazite).
The gangue minerals are biotites, chlorite, albite, ankerite, siderite, and calcite. THeXEM
analyses show that: (i) the majority of REE are associated with the fine fractionu@).0@i)

REE are mainly associated with carbonates, (iii) all analyzed minerals preferably contain LREE
(La, Ce, Pr, Nd, Sm, Eu), (iv) the sum of LREE in each analyzed mineral varies between ~ 3
and 10wt.%, (v) the heavy REE (HREE) identified are Gd and Yb a#<n@.%, and (vi) three
groups of carbonate minerals were observed containing variable concentrations of Ca, Na, and
F. Furthermore, the mineralogical composition of Rigaring minerals, REE mobility, and

REE speciation were investigated. The leachabdlitg geochemical behavior of these REE
bearing mine wastes were tested using normalized kinetic testing (humidity cells). Leachates
results displayed higher LREE concentratitimsn HREE with decreasing shaleormalized
patterns. Thermodynamical equilibm calculations suggest that the precipitation of secondary

REE minerals may control the REE mobility.

Keywords: Montviel carbonatites (Quebec, Canada), rare earth elements (REE), Mineralogical

characterisation, geochemical behavior, speciation, Humidity cells, modelling.
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4.2 Introduction

Rare earth elements (RE&)ecomposed of seventeen chemical elements groupeth&rgn

the periodic table, specifically the fifteen (La to Lu), as well as scandium (Sgjtanc (Y).
Scandium and yttrium are considered REE because their occurrences in the dagieafjeo
formations as the lanthanides and exhibit similar chemical properties. REE are often classified
into light REE (LREE, La to Gd) and heavy REE (HREE, Tb to Lu, and Y). The main reported
differences between the geochemical behaviors of LREE and H&EEon the electron
configuration of each element. Indeed, the size of the REE ions decreases with increasing
atomic number (due to the increased nuclear charge that is shielded by the 4f electrons), and
many geochemical processes (cationic exchanger@usg precipitation, cgrecipitation) are
influenced by the ionic size and chargépin 1989) REE resources are now considered as
strategic metals because of their use in modern technologies and induatreth et a).2014;
McLellan et al, 2014). Currently, Chinasupplies94 % of the global REE market. However,

REE mining and refining are known to genenaggativeimpactson the environmentas seen

in China,USA, Malaysia(Gonzalez et al2014; Sneller et gl2000; Wang and Liang 2014;

Yang et al.2013) REE are often found as substitutions within the crystal lattice of carbonates,
sulfides, fluorides, chlorides, phosphatasd oxyhydroxidegKato et al.,2011; Lipin 1989;
Miekeley et al., 1992; Steinmann and Stille 2008)Release rates could be controlled by
secondary mineral precipitation and/or poecipitation (iron oxide and clays).

In the framework ofsustainable development, social acceptability, and environmental
regulations, it is nowadays necessary to integrate the environmental aspects as early as possible
in the development of mining projects. Unfortunately, knowledge on REE release from mine
wades is very sparse, despite several REE mine projects in development. The objective of the
geochemical prediction is to anticipate the mine drainage quality and to optimize the mine waste

management strategies.

The purpose of this paper is to improve knedge on REE leaching from mine wastes in order

to predict their geochemical behavior.

4.3 Materials and methods

Mineralogical techniques, namely-rdy diffraction (XRD), scanning electron microscopy
(SEM-EDS) as well as humidity cell tests were used to cheriaetand study the REE leaching
potential of five lithologiesrom the Montviel deposit.


https://en.wikipedia.org/wiki/Yttrium
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4.3.1 Montviel site

Montviel deposit is located in the heart of the Canadian shield, approximatiety 8a@rth of

the LebelsurQuevillon city, Quebec province, Canada (Desharnais and Duplessis 2011)
(Figure 41). REE mineralization of this deposit is hosted mainly in carbonatites within the
Montviel alkaline proterozoic intrusion (Daved al.,2006; Nadauet al.,2014), which consists

of a series of mafic/ultramafic rocks that are younger than the old (1894 + 3.5 million years)
surrounding rocks, weakly metamorphosed and undeformed (Goutier 2006). GéoMéga
estimates the indicated resources to be appraglyna83.9Mt at 1.45% total rare earth oxide
(TREO) and 6&. Mt at 1.46% TREO in the inferred resources category. TREO refers to the
sum total of rare earth elements present in a deposit. The sill is composed of ferrocarbonatites,
apatiteferrocarbonate, silicocarbonatite, breccia, and calciocarbonatite containing mostly
LREE. This site has been the subject of several geological and metallogenic order studies
(Goutier 2006; Nadeaet al.,2014, 20152016).
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Figure4-1 : Geographic location and core zone geology of the Montviel site (adopted from

Ressources GéoMéga and modified from Edahbi et al., 2015)

4.3.2 Sampling

Different lithologies were sampled (approximatelkd) from drill cores: three waste rock
samples, namely Breccia (Brecglciocarbonatite (CaCG), andsilicocarbonatite (Si€LG),
as well as two ore samples, lagwade ferrocarbonatite (FeCG) and highgrade
ferrocarbonatite (Fe€IG) (Figure 41). The saples were crushed, sieved t&69mm, and

homogenized before mineralogical and geochemical characterizations.
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4.3.3 Characterization methods

The particle size distribution was determined by sieving. The specific gravity (SG) of the waste
rocks was determinedn powdered samples (pulverization at less thanpB®0 with a
Micromeritics Helium Pycnometer (Micromeritics Accupyc 1330) (Merkus 2009). The
chemical compositions were determined by a combination of methods on a pulverized aliquot
of the samples. The wle rock analysis was conducted byra§ fluorescence (XRF, Bruker
Tiger series) in order to determine magbementsespecially silicon oxides which the content

is not accurate using Inductively Coupled Plasma (ICP). Total sulfur and carbon contents were
determined using an induction furnace (ELTRA-ZB®O0). Sulfide sulfur was calculated by
subtracting the acidoluble sulfate sulfur determined by KM¥ES (Perkin ElImer Optima 3100

RL) following a 40% HCI extraction (Sobek 1978) from the total sulfur. Magnd minor
elements were analyzed by Inductively Coupled Plasma (Perkin Elmer Optim&RBUQEF-

AES and Agilent 7700 ICIMS) analysis after a muacid digestion (HCI, HNg Br2, HF) of

a 500mg aliquot.

The mineralogy was determined on poliskedtions made of the five samples using an optical
microscope (Zeiss Axio imager.M2m) and a scanning electron microscope#8takhi S
3500N) equipped with an EDS INCA XMass 20 mBDD). The polished sections were
prepared using a method developed for @asicontaining heavy minerals in order to avoid
their preferential sedimentation (Kwitkibeiro 2012). The optical microscope (OM)
observations mainly focused on sulfide minerals, while the stoichiometry of théo&&tlag
minerals was measured with aysds of the grains using the SHADS system. The
mineralogical modal composition was also performed with a Bruker A.X.S. D8 Advance X
Ray diffraction (XRD) instrument equipped with a copper anticathode (detection limit of 0.5 to
1 wt. %). The mineralogicatjuantification was performed with a Rietveld (1993) fitting of the
XRD data with the TOPAS software. In order to reconcile the final mineralogical results,
chemical and mineralogical results are collected, compared, and adjusted to determine with

high presision the percentages of mineral phases present within samples.

All leachates obtained from for humidity cells were analyzed with theAE8 and ICPMS

after acidification of a filtered (0.4sm) aliquot to about 2 HNOQOs. Pore water pH and Eh
measuremes were done using a pH/mV meter (Orion triode electrode/ Orion 920A controller)
immediately after leaching. Acidity and alkalinity were determined by titration with sodium

hydroxide and sulfuric acid, respectively (MA. 31Alc-Aci 1.0).
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The modified Sobk procedure of Lawrence afdang (1996) is used to determine the acid
base accounting (ABA). The aegkneration potential (AP) was calculated by multiplying the
sulfide sulfur (total sulfur content obtained from an induction furnaéfate sulfur corgnt)

by a factor of 31.25; while the neutralization potential (NP) was determined by HCI additions
followed by backtitration of the excess acid to an endpoint pH of 8.3. The Carbonate NP (CNP)
was calculated by multiplying the carbon content (inductionéce) by a factor of 83.3. The

net neutralization potential (NNP) is obtained by the difference between the AP and NP
(NNP=NRAP), and the NP/AP ratio was calculated. Interpretations of the results are based on
the Price (2009) criteria.

Humidity cell te$s were performed in a Plexiglass chamber that provided air input and output.

Five cells were filled with kg of each sample (grain size less thannén3) placed on a
geotextile lying on a perforated grid. The experiments lasted 234 weekly cycles. Bsair

passed through the sample container for the first three days, followed by humidified air for the
next three days, and leaching on the 7th day with B@ RI GHLRQL]HG ZDWHU
(Benzaazouat al.,2004). Dry and humid air flows as well as the tenapure were maintained

stable for the length of the test. The leached solutions were analyzed for pH and REE contents.

A more detailed description of the humidity cells is found in (Benzaagbak,2004; Plante

et al.,2012; Villeneuveet al.,2003, 209).

4.3.4 Thermodynamic equilibrium calculations

Geochemical speciation models are widely used to describe the chemistry of mining drainage
water(Bussiere 200Mlordstrom, 201; Planteet al.,2010) Such models allow calating ion
activities and metal speciation in a wide rangeaiditions andccan be used to calculate the
saturation indices of a wide variety of minerals. Geochemical equilibrium calculation code;
PHREEQC Interactive3.1-2538using adatabas@rovided byBRGM (Parkhurst and Appelo

2013) was used to assess these aspects.

4.4 Results and discussion

4.4.1 Physical and chemical characterization

Physical and chemicatharacterization results of the Montviel waste rock samples are
summarizedn Table 41. The specific gravity (6 is similar for all sample§he samples show
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comparable particle size distributigegcept Cac.G which is slightly finer (@o=95 pm) than
the other materials @@=175um).

The whole rock analyses of the wasteksosamples are shown in Tabld 4 The Brec shows

the highest contents of.®s in comparison to the other samples, because of its higher
phosphates content. The G&G, FeGLG, and FeGHG samples show similar contents of
CaO, MgO, and E©zs. The higher F€s content in these materials are mainly attributed to the
presence of FgndMg carbonatesdolomite,ankerite, siderite), as well as chlorite and biotite.
The CaO is higher in the Cads sample because of its higher carbonates co(detamite,
calcite). The remaining composition is represented by silicates and aluminosilicates, as shown
by the SiQ, Al>Osz, K20, and NaO contents (Table-4). The SiQis most abundant in the SIiC

LG as expected based on its higher silicate minerals content (i.e., biotite, chiopde.

The TiQ, CrO3, and \LOs contentsare only preseras traces in all samples (less than%)7

The REE concentrations are lower SiC-LG and higher in the Fe€G. Moreover, the
guantities of total LREE are higher relative to total HREEh all materials, as could be seen

in Table 41 and Figure 4.
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Tableawd-1 : Physical and chemical characterization of the Montviel samples; breccia (Brec),
calciocarbonatite (CaCG), silicocarbonatite (Si.G), low-grade ferrocarbonatite (FeC
LG) and highgrade ferrocarbonatite (FedG).

Brec CaC-LG FeC- LG FeCHG SiC-LG

Specific density (Gs) 3 3,1 3,36 3,3 3,26
Paste pH 10.16 10.05 9.58 10.07 10.35
D10 (um) 175 95 175 175 175
Dso (um) 2250 2075 2775 2250 2250
Doo (um) 5000 5000 5500 5000 5000
Major oxides (%)
Total sulfur 0.89 0.41 0.22 0.84 0.35
Total carbon 5.69 9.31 9.77 8.73 6.79
SiOz 114 5.9 4.3 5.8 16.9
Al203 2.3 0.9 0.7 1.1 35
FeOs 115 17.7 235 22.1 194
MgO 4.9 3.8 8.5 6.3 7.4
CaO 30.2 27.6 19.2 15.7 17
NaO 0.9 1 0.4 15 1.8
K20 1.7 0.6 0.5 0.7 25
TiO2 0.5 0.1 0.1 0.4 0.7
P20s 6.7 0.3 0.3 0.07 0.3
MnO 0.8 1.6 2.6 2.1 1.5
Cr203 <0.01 <0.01 <0.01 <0.01 <0.01
V205 0.02 0.01 <0.01 <0.01 0.03
LOI 20.9 32.7 34.3 29.6 21.5
Elemental concentrations(mg/l)
Zn 807 1230 834 548 528
Pb 232 147 120 94.9 89.1
Cu 58.8 22.8 25 27.6 65.7
Ni 124 46 70.3 44 136
La 500 2500 2100 8900 1100
Ce 3200 5400 4200 14 000 2 200
Pr 400 680 450 1400 250
Nd 1500 2 200 1300 4100 850
Sm 270 330 150 390 110
Eu 75 77 31 78 28
Gd 200 270 99 290 66
Th 24 20 6.2 15 55
Dy 110 74 16 31 18
Ho 18 11 2 3.3 2.5
Er 42 18 3.7 55 51
Tm 4,3 1.5 0.39 0.49 0.56
Yb 21 6.9 2.3 2.9 3.1
Lu 2.3 0.75 0.29 0.35 0.38
15(( 6145 11457 8330 29158 4604
+5(( 221.6 132.15 30.88 58.54 35.14
LREE/HREE 28 82 270 498 131
5 (( 6367 11589 8361 29216 4639
EF 36 65 47 163 26
[La/Gd]n 0.42 1.57 3.60 5.22 2.83
[Gd/Yb]n 5.35 22 24.22 56.27 11.98
[La/Yb]n 2.279 34.686 87.408 293.799 33.970
[CelCe*n 1.76 1.02 1.06 0.97 1.03
[EU/Eu*]n 1.41 1.13 1.11 1.01 1.44

/I5(( WRWDO /5(( /D W »tal @EREE ™ (t6 Lu); b, Dso, and Do are the intercepts for 1%, 50% and 90% of the cumulative mass respectively;
/2, LV WKH ORVV RQ LIJQLWLRQ () H Q& KR BWLa/OHWIRNYDbR &n8 (Gd/Yhy abe(rformalized conegration ratios in the
samples; Ce/Ce* is the value of the Ce anomaly calculated by Ce/Ced¥[(&kan*Prv))], EWEU*=[(Ew)/( #Sm*Gdn))]; Cen, Ew, Lan, P, Sy, and Ga
are shalenormalized values against NASC.
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$ KLIJK YDULDWLRQ LREEMREE i8'd&tcenedifs the studied samples. The
enrichment factor (EF), which is superior to 1, indicate that the REE were enriched in these
samples relative to the NASC (North American Shale Composite). All samples, except FeC
HG, are characterized byjight positive Ce and Eu anomalies. The positive anomalies of Ce
((CelCe*)N >1) and Eu ((Eu/Eu*)N >1) mean that both of them are presented entirely as Ce3+
and Eu3+ (Leybourne et al., 2000; Purdy 2014).The NAS@nalized REE patterns of the
Montviel sampés are shown in Figure2l The patterns have an asymmetrical decreasing shape
indicating an enrichment of LREE compared to HREE (Figu2¢. 4
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100 -
)
wn
-«
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=
=
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La Ce Pr Nd Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu
Figure4-2 : NASC-normalized REE patterns of the studiidologies.

4.4.2 Mineralogical composition of the Montviel lithogies

Optical microscopy observations show that pyrite is the most abundant sulfide mineral in the
five samples, whereas sphalerite, galena, pyrrhotite, chalcopyrite, and pentlandite occur as
traces (Table 4). The weight proportion of the various sulfides observed were estimated using
chemical analyses, assuming all Zn within sphalerite, all Pb within galena, all Cu within
chalcopyrite, and all Ni within pentlandite (Tabld X XRD results showlso that the Montviel
samples are mainly composed of carbonates (ankerite, calcite, barytocalcite, strontianite, and
siderite). Ankerite is the main mineral detected, particularly ircdfrbonatites and Si

carbonatites while cristobalite occurs in traosoants. Sulfides were not detected by XRD in
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the studied samples. The main RE&aring minerals detected were monazite, except in FeC
LG. Burbankite and kukharenkoite only occur in @G sample, while apatite was only
detected in the breccia sample. Otimgportant gangue minerals, like biotite, were detected in
all the studied samples. Chlorite occur in breccia ar@ Gahile albite and diopside only occur
in SIG-LG. Celestine was only found in the F&G sample (Table £2). These results are
consistentwith those found by other studies (Nadestual.,2015). All XRD quantification

results are shown in Table

Tableau4-2 : Mineralogical characterization of the kinetic cells materials by XRD and

Rietveld aquantification (all results imvt. %)

Mineral Formulae Brec CaC FeCLG FeCHG SiC
Pyrite~ FeS 15 0.6 0.3 15 0.6
Pyrrhotite FeuxS 0.04 0.02 0.01 0.04 0.02
Chalcopyriter CuFeS 0.02 0.01 0.01 0.01 0.02
Sphalerite: Zns 0.1 0.13 0.1 0.09 0.08
Galena PbS 0.03 0.02 0.01 0.01 0.01
Celestine SrSQ - - 2.0 - -
Calcite CaCQ 275 36.7 4.7 5.9 14.4
Ankerite Ca(Fe*, Mg, Mn)(CQy): 206 27.8 60.7 49.2 44.7
Siderite Fe™"COs - 17.6 21.9 16.7 8.4
Barytocalcite BaCa(CQ): - - 2.5 - -
Strontianite SrCGs - - 2.7 3 -
Apatite (Cas(PQu)sF 20.6 - - - -
Monazite (Ce, La, Nd, Th)P® 2 2.7 - 2 2
Burbankite (Na, Ca)(Sr, Ba, Ce)COs)s - - - 8.9 -
Kukharenkoite (Ce) (BaCe(CQ)sF - - - 4.9

Cristobalite SiOz 1 - - - -
Chlorite (Fe, Mg, A)(Si, Al OERH)“ 11.8 3 - - -
Biotite K(Mg, FE™)3AISis01o(OH, F 147 115 5.1 7.9 16.9
Diopside CaMgSiOs - - - - 7
Albite NaAlSizOs - - - - 6

**Proportions of sulfide minerals (wt %) are obtained by mineralogical calculations

As shown in Table 8, theMontviel waste rocks have low total sulfur and sulfate contents.
The neutralization potential of studied samples (NP) vary between 442 akd €CQ/t,
while the acidity potential (AP) vary from 4 to R§ CaCQ/t. Consequently, the net
neutralization ptentials (NNP, NFAP) and CNP are all higher than R§ CaCQ/t, and the
NP/AP ratios are all above 24. These results suggest that the Montviel materials-acednon
generatingAdamet al.,1997)



Tableau4-3 : Results of the ABA testing and carbon sulnalysis

77

Static Parameters Unit Brec CaCGLG FeGLG FeGHG SIC-LG
tests
C total wt. % 5.69 9.31 9.77 8.73 6.79
Sootal wt. % 0.89 0.41 0.22 0.84 0.35
S in SQ wt. % 0.4 0.2 0.1 0.2 0.2
state
AP kg CaCQ/t 16.2 7.8 4.1 20.3 4.4
NP kg CaCQ/t 472 602 542 493 442
NNP kg CaCQ/t 455.8 594.2 537.9 472.7 437.6
NP/AP 29.1 77.1 133.5 24.3 100.9
2 .3 C total wt. % 7.5 9.8 12.9 11.8 10.5
g§ g CNP kg CaCQ/t 622 819.2 1073.8 982.4 873.5
E S § NNP kg CaCQ/t 605.9 811.4 1069.66 962 869.1
NP/AP 38.4 105 261.9 48.4 198.5

In Figure4 WKH FRUUHODWLRQ EHWZHHQ ADositine@Gretatdn6U ) LV
between these elemerstsems texist in FeCLG and FeCGHG samples (Figure-8 b),as well

asin the Brec (Figure 8 c). This correlatiosuggestshat the REE are contained essentially

in BaSr-F-carbonates. The minerals in the FHeG and FeGHG samples can be classified into

three groups (Figure-3 b): (i) group 1 is rich in LREE and poor iraBSr+F; (ii) group 2 is

rich in Ba+Sr+F and poor in LREE; and (iii) group 3 does not contain LRERI@8b).

However, this trend is not found for the GAG and SiGLG samples. Similar tendencies were

found in the work of Nadeaet al.,(2015)
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Ba+Sr+F (wt.%)

rrelation of total REE content with Ba, Sr, and F; a) LREE
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variation within Brec

For further nmeralogy investigation, Oxford Cameo® application has been used in order to

locate regions of similar composition over large area of polished sections made off REE

concentrate. This type of image

is obtained by offsetting tinayXspectrum into the vidi

range. The fine details of the BSE image are shown together with a full color overlay showing

variations in elemental composition,

indicating compositional changes. Individualy X

photons are assigned a color, which depends on their energy. Whilentonal mapping

applications may entail simultaneously viewing a number of elemental maps making it difficult

to identify areas of similar composition, the cameo scatter plot shows the differences in spectral
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FRQWHQW RYHU DOO UHétlaRZD1B)RA tyidalrtahiebl sha of the MQnpviep
REE magnetic concentrate is shown in Figufe @hich shows the relationship between LREE

and Ba+Sr+F in each analyzed mineral in all samples
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Figure4-4 : Backscattered electron images showing the different mineral phases associated
to REE for Montviel samples; a) magnetic fine fraction (<0; b) magnetic coarse
fraction (>2mm); c) inclusion and/or association of RBEaring minerals with ankeritand
siderite (106um £2 mm); d) low magnetic coarse fraction (FfIn); €) noA magnetic
fraction (106um =2 mm).

In summary, the Montviel mineralogical waste rock characterizations show that:

x REEbearing minerals are found in two forms: free or included in carbonates (ankerite,

siderite, barytocalcite, and slightly with calcite) (Figuré)4

x all analyzed mineraléREE carbonates, B&rF-REE mixture)contain mostly LREE
(La, Ce, Pr, Nd, Smmal Eu);

x the sum of LREE in each analyzed mineral varies between ~ 0 and%9 wt

x the HREE identified are Gd and Yb with less than%.# all REEbearing minerals;
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x three groups of RElBearing carbonate minerals were observed with variable

concentrations of Ba, Sr, and F (Figure3b);

X REE are more concentrated in the fine fraction (< 19¢ (Figure 44a).

4.4.3 Leachate quality from Humidity cell tests

The leachate quality of the humidity cell tests is shown in Figtseadd 46. The pH of all
leachates maained neaneutral to slightly alkaline €20) over 819 testing days, without
significant differences between materials. The alkalinity (Figte)4/alues decreased during

the first 150 days of the testing duration, and remained stable afterwardsrbeaiess of 20

to 50 mg CaCO3/I. The acidity remained <2 mg CaCOg3/I for all materials throughout the tests.
The electrical conductivities of the leachates stabilized between 30 and 430 pS/cm, and
remained so until the last leaching cycle, the €&Cwasterocks generally showed lower
conductivity values (29:146.8 uS/cm) than other materials. The F concentrations (3.0.85

mg/l) from all cells gradually decreased and stabilized close to 0.015 mg/I. Barium and Sr shows
a similar trend and increased fron@852 to 2.71 mg/l. FeCG released lower concentrations

of Sr (0.2031.72 mg/l) while Brec, Fe®lG, CaCGLG, and SiGLG released higher ones (up

to 2.71, 2.37, 1.92 and 2.52 mg/l respectively). Barium concentrations in all samples increased
continuously dting the tests. The FeBG waste rock cells generated higher Ba concentrations
(0.0730.861 mg/l), while the Brec generated lower ones (0.@5%29 mg/l). The Brec sample
generated higher Ca and Na levels than other cells (Ca: up to 10.1 mg/l; N&9up hog/l).

For FeGLG, Ca is up to 4.88 mg/l, while Si0G and CaGLG the Ca is up to 8.59 and 5.05

mg/I respectively. Sodium values ranged from 808L mg/l, and Fed.G lithology generated

the lowest concentrations (up to 24.8 mg/l). As shown in TaBlea part of the analyzed sulfur

is in the sulfates form (i.e. celestine). The sulfur (considered as sulfates) concentrations showed
significant differences between the five samples. The highest valued3&/l) were
observed in Brec, while the lowtesere observed in CalG (0.510 mg/l) (Figure 46). Rare

earth elements released concentrations corresponding to the five samples stabilized between
0.15 and 9 pg/l after the first 63 days except-B(&; for which REE concentrations stabilized

after first 147 days. The gradual increase in concentration of Ca, Ba, and Sr in all samples could
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explained by : (i) high reactivity of B&-F-CO3 in comparison to other minerals (i.e. silicates),

and/or (ii) the gradual dissolution is relied to the gradual &iorarates (0.1240.951 mg/l/d).
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Figure4-5 : Water quality evolution during humidity cell tests: a) pH, b) conductivity and c)
alkalinity.
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Figure4-6 : Water quality evolution during humidity cell tests of Montviel waste rocks: a) F,
b) Sr, ¢) Ba, d) Na, e) Ca, and f) REE.

4.4.4 Mineralogical evolution during Montviel waste rock weathering

The evolution of the main elements (Ca, Mg, Mn, Ba, Sr, F, and REEgiats] to the
neutralizatioroxidation processes are represented in Figtfe #he neutralization processes
are mainly associated to carbonate dissolution (REE an&kEBé&ncarbonates) as proven by the
high Ca, Mg, Mn, Ba, Sr, F, and REE concentratiorthiwithe leachates. Figure7a and 7b

represent the evolution of the cumulative Ca+Mg+Mn+Ba+Sr+F v&8usAfter 35 days of
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testing, correlation indices vary between 0.81 to 0.99 and indicate linear tendencies in all
samples. This geochemical behavieggests that REE and Ca, Mg, Mn, Ba, Sr, and F have the
same sources as demonstrated by the -HEM8. The results are expressed as cumulative
masses of S{{Figure 47c) and REE leached out of the kinetic tests (Figtifd)representing
respectively the oxidation of sulfide minerals, and Rigfaring minerals (mostly carbonates)
dissolution. Results are cumulated after normalization by the dry weight f(kggste rocks

tested in each humidity cell. For all the humidity cell tests, 8@ REE release rates (inflexion

point in the cumulative curves) are observed after approximately 35 to 150 days, depending on
the materials, and remain increase graduallgugh the remaining test duration. Figuré&el

shows that REE leaching is proportional to the sulfide content of the waste rocks, as REE
bearing carbonates dissolve in response to the acid generated from sulfide oxidation. For
example, after 535 days, appmmately 0.10mg/l of REE were produced by Brec (the most
sulphiderich material), compared to less than 0ndg/l for the FeCLG (the less sulphidic).
Furthermore, because of REE precipitation as suggested by thermodynamical calculations, it is

clear thatSQs vs REE does not give a correlation coefficient equal to (FRfure 47e)



84

200 7 g -
_ ) 800 b)
[=Ti] —
< 160 - Z
= ;’E”' G600
2 120 - ;é
Gt S 400 -

H 80 4 C:"r
= v
40 200
O T T T T 1 0 T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Ba+Sr+F+P+Mg+Mn (mg/kg) Ba+Sr+F+P+Mg+Mn (mg/ks)
800 - 200 7 @
{‘ —
_ ) E,
< E,
=) ]
E 600 - = 150
E g
g o
= w
§ 400 - g 100
200 4 50
by
D T T T 1 D r 1
0 150 300 450 600 750 900 o 150 300 450 600 750 900
Time (days) Time (days)
200 4
2 0
? —s+—Brec
; 150 - —a—CaC-lG
E ——FeC-LG
:rj 100 4 —&—FeC-HG
. ——S5iC-LG
50
D T T T 1
0 200 400 600 800

50, cunul (mg'kg)
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cumulative REE loads and e) REE vssSO

The depletion curves of Ca, REE, Ba, Sr, and F (carbonates dissolution) and S (sulfide
oxidation) are shown in Figure®& The depletion curves show two types of depletion: (i) a first
one for Na and F, characterized by a rapid elemental decrease, folgwéabilization after

105245 days depending on the sample, and (ii) a second one for Ba, Sr, and Ca, characterized
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by a very low depletion all through the tests (the rate depletion does not exyzeéat 819
days). REE depletions are negligible (lelsant 0.003%). The Ba, Sr, and Ca release rates,
related to barytocalcite, calcite, ankerite, strontianite, Celestine dissolution, while the F and Na,

related mainly to burbankite and apatite dissolution respectively.

As for SO and the elements relateal tarbonate dissolution, the rapid Na and F depletions
observed in the first depletion stage and their subsequent decreases may be explained by three
mechanisms: (i) dissolution of readily soluble phases, (ii) dissolution of fine particles, and (iii)
surface passivation due to secondary minerals precipitation (Villenaiveal., 2003;
Benzaazouat al.,2004; Planteet al.,2010). Furthermore, the Na and F depletion slopes of
samples are steeper than those of the other elements (REE, Ca, Sr, Ba) whdepletiéh

slopes of the all samples are low and similar. The low slopes of depletion may be explained as
following: (i) elements are leached and precipitated as suggested by Vminteq and PHREEQC,
and/or (i) REECaSr-Ba bearing minerals are less reactiMee S reaction rates for all samples
studied vary between 0.124 and 0.95d/I/d. The reaction rates obtained from the waste rocks

are the same order. Moreover, the S reaction rates are significantly higher in the Brec samples
(0.951mg/l/d) and lowest irBiC-LG samples (0.124 and 0.981g/l/d). These results explain

that the carbonate minerals seem to dissolve faster in Brec in comparison with other samples.
In the basic conditions encountered in this study, REE could precipitate mainly as R&EPO
suggst by thermodynamic simulations and/ofmr@cipitate with other iron oxidebydroxides

(i.e. hematite, goethite, ferrinydrite, magnetite, etc.) (Valehtd.,2012).
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Figure4-8 : Depletion curves of CREE, Ba, Sr, and F within Brec (a), CaC (b), Ae&
(c), FeCGHG (d), and SI€LG (e).

4.4.5 Effect of pH, secondary minerals and colloid®n REE distribution

The humidity cell leachates data were submitted to thermodynamical equilibrium calculations
using the IREEQC softwareising adatabasgrovided bythe BRGM. The precipitation of
secondary minerals and REE speciation calculations are discussed in the present section. The
pH effect (pH between 2 and 11) on REE speciation is calculated using the mean aldter qu

data from the Fe®IG humidity cell (richest lithology in REE); the results obtained are shown

in Figure 49. The concentratioof freeREE** ion increase significantly at acidic pH values.

The content of all REE in the leachates is betweent@nd 10° mg/l for pH values of 2.6

6.0. When pH increases from 6 to 10, the concentrations of ‘Riighificantly decrease to
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10'%mg/l. This depletion on REE concentration decreases can be explained by the REE
precipitation as secondary mineralfeTPHREEQC calculation suggests the precipitation of a
variety of secondary oxkiydroxides of Fe, Mn and Al (e.g. diaspore, gibbsite, greenalite,
imogolite, bixbyite, ferrihydrite) as well as REE phosphates. This finding is coherent with the
work of Sunetal., (2011),in which dissolved REE decreased from 520 to 0}8y5 as the pH
increased from acidic to neutral pH. Moreover, other authors demonstrated that REE and pH
have a negative correlation (as pH increases a total dissolved REE decreases &rda)ice
(Janssen and Verweij 2003; Leybouraeal.,2000; Suret al.,2011; Verplanclet al.,2004)
Thereforein the range of pH values obtainedhe humidity cell tests, Fe, Al, and Mn probably
form secondary minerals and colloids, which may control the REE concentrations in the
leachates (Figre 10). Other studies (Bau 1999; Prudéneiaal.,2015, 2017) showed that Fe

and Mn secondary mineralsainly sequester LREE from the solution, while the Al
oxyhydroxides mainly sorb HREE. On the other hand, REE fractionation may also be controlled
by weathering reactions, surface adsorption, and solution chemistry (étsbf2013; Stille

et al.,2006)
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Figure4-9 : Effect of pH on REEoncentration
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4.4.6 REE speciation in the leachates

The REE speciation could influence the mobility of REE, which, in some cases, could explain
their distribution patterns in the leachates. REE arelgnassociated with carbonatkgands

in neutral or alkaline waters, and the greater stability of HREE* complexes hinders the
adsorptive removal of the HREE in comparison with the LREE (Gineéab,2000). Because

of the abundance of carbonates anions in the Montviel humidity cell leachates, sulfate and
fluoride will not be the main ligands that may form aqueous complexes with the REE3REEF
and REES® were always undersaturated as suggebly PHREE)C). The phosphorous
concentrations (0.0045 to 0.06&y/l) are low relative to sulfate (0.4 to 4%y/l), and fluoride

(0.01 to 3.18ng/l). Despite lower phosphorus levels, they may exert a significant influence on
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REE fractionation between aqueous aotid phases (Figure-#1). Moreover, the speciation
calculations show that the HREE carbonate and hydroxides complexes @h(Q@CGs)*,
Ln(OH)*") were more abundant (26) than those of LREE (4%). Sulfate, phosphate,
carbonates, and fluoride compés Ln(SQ)*, (LnHPQ"), Ln(HCOs)?*, and (LnE)*, constitute

less than 4% of the REEcomplexes. The CeR@y, GdPQaq, YbPQyag)proportions are 480,

58 %, and 73%, respectively. With respect to the free ion metal, HREE3+ proportions (14%)
are lowerin comparison with LREE proportions (326). Furthermore, the REE selective
precipitation may occur with a fixed phosphorus concentration and variable pH (Figjlye 4
which suggest that LREE phosphates precipitate at pH-4=8,6while HREE phosphates
precipitate at pH =®. In other worksfluoride is strongly associated with3lin acid waters
(Gimeno et al., 2000), and phosphate forms preferentially ion pairs with calcium and
magnesium (Johannessehal.,1996). As a result, it is clear that all these parameters (i.e. pH,
complexation, adsorption, precipitation or@cipitation) could cause the REE fractionation
and therefore influence their mobility. The quantification of this mobility may give importa
ideas on the degree of REE fractionation in humidity cells. HREE(S)/LREE(s) and
LREE(aq)/HREE(aq) using the cumulative/ normalized were compared and defined as

mobility.
Mobility = ((HREE(s)/LREE(s)) )/( (HREE(aq)/LREE(aq)))

with s: solid and aqg: aquesu

9 4 ——CePO4(s) —=—LaP0O4(s) —=—NdPO4(s) —— PrPO4(s)
—+—EuPO4(s) —e— SmPQO4(s) GdPO4(s) —o— DyPO4s)
7 A —&—ErP Q4s) HoP Q4(s) LuPO4(s) —+— ThPO4(s)

—o—YbPO4(s) —8— YPOA4(s)

Saturatinindex

Figure4-11: Effect of pH on selective precipitation of REE phosphates.
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When the mobility is equal to 1, The (HREE/LREE) ratios are equal in both solids and
leachates. This suggest that there idifference between LREE and HREE mobility. However,
when mobility is lower than 1, the (HREE/LREE) ratio is higher in the leachates than in the
solids. This also suggests that HREE are leached preferentially and/or that they are more mobile
than LREE. Morever, with the exception of SiCG, humidity cell results show that HREE
mobility is higher compared to LREE (Table4) This can be explained by: (i) LREE
precipitation as suggested by PHREEQC, (ii) proprtion of LREE higher compared to
HREE* (adsoption, precepitation and/or co precepitation are favorable), and (iii) high HREE
complexation with carbonates and hydroxides accelerate their mobility. Morover, REE mobility
may be influenced by several factors: (i) pH, (ii) ionic strength, (iii) presenedsence of
organic matter, (iv) and temperature (Purdy 2014; Sapstaat,2012; Stilleet al.,2006).

Tableau4-4 : REE mobility in studied samples from Montvieaste rocks

Unit Brec CaC FeGLG FeGHG SiC

id LREE mg/I| 0.69 1.10 0.81 2.85 0.45
Soli
HREE;) mg/I 0.07 0.08 0.03 0.08 0.06
LREEqg) mg/I| 0.14 0.09 0.07 0.15 0.12
Leachate
HREEaq mg/I 0.02 0.01 0.01 0.01 0.01
HREE(s)/ LREE(s) - 0.10 0.07 0.04 0.03 0.12
Mobility
parameters| TREE(ad) LREE(aq) 0.10 0.15 0.11 0.07  0.08
Mobility - 0.97 0.50 0.34 0.40 1.48

4.5 Conclusions

SEM-EDS results show that: (i) the REE are associated with carbonates; (ii) all analysed
minerals contain mostly LREE (La, Ce, Pr, Nd, Sm, Eu and Gd)th@isum of LREE in each
analysed mineral varies between ~ 3 and 10 wt %; (iv) the HREE identified are Gd and Yb with
less than 0.4%6 in all REEbearing minerals; (v) three groups of carbonate minerals were
observed with variable concentrations of Ca, && F; and (vi) the majority of RERearing
minerals are contained in finer fraction (06 um). Humidity cell results indicate that the
leachability of REE from the studied samples is low in humidity cell conditions and HREE are
leached preferentially afat that they are more mobile than LREE.The pH, the precipitation of
secondary minerals, and colloids of Fe, Al, Mn, and phosphorous could affect the fractionation
of dissolved REE at different levels. The increase ofppetlucesa REE fractionation by

precipitating them as insoluble salts (i.e. REEBR@he Mn and Fe in the solids have a negative
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correlation with LREE (RMn 0.95, R Fe 0.90), while it exhibits a positive correlation with
Al (R? Al 0.98). This suggest that Fe and Mn oxides produce a LREE fractioation, while Al

oxides increase REE mobility.
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5.1 Abstract

Geochemical characterization including mineralogical measurements and kinetic testing was
completed on samples from the Montviel carbonatite deposit, located in Quebec (Canada). Three
main lithological units representing both waste and ore grades weréedaingm drill core. A

rare earth elementfREE) concentrate was produced through a combination of gravity and
magnetic separation. All samples were characterized aswgramineralogical techniqugse.,
guantitative evaluation of minerals by scanneglgctron microscopyr QEMSCAN, Xray
diffraction (XRD), and scanning electron microscopy witla¥ microanalysie®r SEM-EDS) in

order to quantify modal mineralogy, liberation, REE deportment and composition elb&ifiag
phases. The REE concentrate ween submitted for kinetic testing (weathering cell) in order to
investigate the REE leaching potential. The mineralogical results indicate that: (i) the main REE
bearing minerals in all samples are burbankitécharenkoiteCe, monazite, and apatite;)(ihe
samples are dominated by RiiEe carbonates (i.e. calcite, ankerite, and siderite), and (iii) LREE

is more abundant than HREE. Grades of REE minerals, sulfides and oxides are richer in the
concentrate than in the host lithologies. The geochemitaigsults show that low concentrations

of light REE are leached under kinetic testing conditions1886ug/l total light REE). These
results are explained by a low reactivity of tREE-bearingcarbonates in the kinetic testing
conditions, low amountsf REE in solids, and by precipitation of secondary REE minerals.

Keywords: Carbonatite; rare earth elements; Gravity Concentration; QEMSCAN® mineralogy;
geochemical behavior; kinetic tests
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5.2 Introduction

5.2.1 REE background

In recent decades, rare eaglements (REE), also called lanthanides (La to Lu, Sc, and Y), have
been considered strategic metals, as they are a key component in the manufacturing of modern
technologies. Their economic importance has grown as a result of their use in a wide range of
industries including the manufacturing of products aimed at environmental conservation and
sustainability. Applications include use in hybrid vehicles, radar systems, rechargeable batteries,

mobile phones, flat screen display panels, compact fluoresceniblitips, electronic products, etc.

These elements are often classified into two main categories: light (LREE, La to Gd) and heavy
(HREE, Tb to Lu) rare earth elements. Currently, China producés 8®OHREE and 8%6 of

LREE (Catinat, 2010and has a significant influence on RIgrices. The global demand for REE

was expected to reach 160 000 tons in 2016 with the annual demand in China predicted to rise from
70 000 tons to 105,000 tons between 2011 and ZBiénphries, 2013) Because of their
dominance in both production and research and development, China igosigined in the
industry compared to other countries. However, the global demand combined with REE importance
to clean technology development has led countries, including USA, Japan, and the European Union
to voice concerns regarding supply chain risk. aAesult, more REE exploration projects are
being funded around the world, particularly in the Americas (e.g., Canada, Brazil(M&#gno

and Mariano, 2012)Unfortunately, investment into REE exploration is still underfunded due to
risks associated with relative scarcity and complexity of the deposits. Additional risk comes from
price fluctuations created lmhanges in exports coming out of China. For example, in 2011 China
reduced their REE exports which resulieda significant increase of REE pricéSox and
Kynicky, 2017; Massari and Ruberti, 2013; Schlinkert and Boogaart, ZDA&REE industry (the
exploration companies and the companies that have operations in production ) is present worldwide
through close to 36ompaniegCox and Kynicky, 2017)several of which are in serious financial
difficulty (Chakhmouradian et al., 2015)

REE extraction from ores is challenging because of its complex mineralogy and complicated and
costly processing. REBearing minera have structural and chemical properties that do not

facilitate their separation from gangue minerals (e.g., carbonates, phosphates, silicates, etc.). Each
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mineralogical suite requires a unique processing flowsheet thus a successful process for tne depos
may not work for a different deposit. REE are typically processed using flotation, magnetic and
electrostatic separation, gravity upgrading (Mozley Table, Falcon and Knelson concentrators, etc.)
as well as hydrometallurgical treatment, followed by awmidhlkaline leachingDehaineet al,

2015; Flippov et al., 2016; Jordens et al., 20M)st operations have complex flowsheesing
combinations of the above techniques.

REE ores are often contaminated with actinides such as thorium, niobium and uranium, and other
conaminants (e.g., Ba, Sr, Mn, JT&Chakhmouradian et al., 2017; Nadeau et al., 2036¢ial
responsibility of REE producers is an important issue for investors. Several publications found in
the literature have reported significant environmental issues caused by REE mining and
refining(Hurst, 2010; Weber and Reisman, 2018)China, the use of acids to reeo REE leads

to the deterioration in water quality in the surrounding environment. In Malaysia, radioactive
wastes were stored in ambient surface conditions and consequently generated deleterious impacts
on the environmer{Pecht et al., 2011)

The distribution and concentrations of REE vary depending on the geological conteatialige

and hyperalkaline igneous rocks carbonatites, cationic clays, sedimentary rocks)
(Chakhmouradian and Zaitsev, 2012; Kynicky et al., 2004}hin magmatic deposits, REE are
mainly concentrated by fractional crystallizatig@hakhmouradian et al., 2017; Chakhmouradian
and Wall, 2012; Orris and Grauch, 2002; Williadenes et al., 201dhe main REEbearing
phases are silicates, carbonates, fluocarbonates, oxides, phosphates, an{Ghaktiesouradian

and Zaitsev, 2012; Edahbi et al., 2017; Kanazawa and Kamitani, 2006; Verplanck and Gosen, 2011;
Zaitsev et al.,1998. Because REE deposits are characteristically {ngeag, lowgrade
operations, recycling of many electronic products could be presentaiteamative REE source

(e.g., phosphor lamps, batteries, permanent mag(®Ritsyemans et al., 201L3Worries over
supply disruptions have fueled exploration for REE deposits in other parts of the world such as
Australia (e.g., Mount Weld), USA (e.g., Mountain Pass), and Canagla Nentviel, Kipawa).

REE deposits can be found in different geological settings, especially associated with
magmatisniChakhmouradian and Wall, 2012; Schmid, 19&1arbonatites are known for their
LREE potential due to the favorable geological context REE-bearingminerals crystallization

and formatiorfAndrade et al., 1999; Nadu et al., 2015; Zaitsev et al., 2014b)



100

Cabonatites are igneous rocks containing more thafbo5fimary carbonates and classified
according to their content of CaO, MgO, (FeO ¥@e MnO), and Si@ The most common pes

of carbonatites are: caldarbonatié, magnesiocarbonatites, farasbondéte, and silice
carbonatite§Schmid, 1981)Carbonatites are characterized by: (i) abundant carbonates minerals
(i.e. calcite, ankerite, dolomite, and siderite), (ii) vasicaccessory minerals as phosphates,
fluocarbonates, iron oxides, amEE-bearingminerals (e.g., burbankite, xenotime, bastnasite,
carbocernaite, kukharenkoite, monazite gi€chakhmouradian et al., 201 Qarbonatite deposits

are known to bassociated with alkaline intrusions. They are more enriched in LREE compared to
HREE. One way this enrichment can be explained is by fractional crystalliZhzalieau et al.,
2016)and chemical substitution between REE and otléprs of carbonate minerals. During
magma cooling, the LREE elements remain in the liquid phase while higher temperature minerals
crystallize. REE crystallization with carbonate minerals occurs at the end of the fractionation
proces§Chakhmouradian and Wall, 2012)

Several carbonatite deposits in Canada have emerged as a possible res®iég $orch as the
Montviel deposit ebelsurQuévillon, Québec, Canada). ThHREE-bearingminerals within the

Montviel deposit are contained méj in ferracarbonatites, breccia, and calcio/siticarbonatites.

5.2.2 Geochemical behavior of REE

REE can bdound in three forms: (i) associated with suspended particles, (ii) associated with
colloidal microparticles, and (iii) free and/or dissolved ions. With the exception of Ce (IV) and Eu
(1), REE are in trivalent state (Bf) (Bau, 1999; Censi et al., 2014)hey tend to be fractionated

by the other metallic elements¥ They can also be complexed with inorganic and/or organic

ligands such as carbonates, halidedases, phosphates, and organic matter.

REE mining operations, as in any mining operation, generate a lot of solid and |agtil (ive.

waste rocks, tailings, and mining effluents). In addition, due teg@asles, only near surface, high
tonnage REE deposits can be econaithyaexploited, usually by opepit mining. These wastes,

with no commercial value, are often stored orfiegrg. This disposal of REE mine wastes represent
serious environmental concefidurst, 2010) Indeed, several exates of environmental damage
caused by REE extraction were reported in the literature such as in Malaysia, USA, and China
(Weber and Reisman, 201REE mine wastes contain various contaminants such as metals, REE,

and radioactive elements (e.thorium and niobiumjEdahbi et al., 201 ™Massariand Ruberti,
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2013) For example, the Mountain Pass mine produced appraetyr2@001/min of wastewater

containing thorium and uranium.

There are significant knowledge gaps about RiEBring mine wastes, particularly in terms of their
reactivity, speciation, mobility, and toxicitsapsford et al., 2012Patial or total dissolution of

the REEbearingminerals may release REE into surface and underground agiferset al.,

2016) Waterrock interactions with mine waste infloces the water quality associated with mine
drainage. The release of REE and other associated elements is controlled by the mineralogical
composition of the rocks and by pH, temperature, degree of saturation, secondary precipitation,

and the presence ahpurities within the reactive minerals.

In order to anticipate potential environmental impacts of REE mining, the prediction of REE
leaching from mine wastes is required, even if these elements occur at low grades. Investigation of

the geochemical behavief REE mine waste requires extensive mineralogical characterization

and kinetic testing on different lithologies of a given deposit. In order to better charaRieBze
bearingminerals and to enhance the geochemical responses, a REE concentrate ssmmple w
prepared using gravity and magnetic separatidehaineet al., 2015; Jordens et al., 2014)he

basic premise is that the weathering pattern obsdoveatle concentrate is an amplified version of

WKH RULJLQDO ZDVWHYV EHKDYLRU 7KLV ZRUN DLPV WR XC(C
Montviel (carbonatite orebody) mine wastes including waste rocks and REE concentrate in order

to predict the qualitpf the drainage water.

5.3 Materials and methods

The first part of this section presents a summary description of the Montviel mine site and the
different procedures used to prepare and characterize the studied materials. The second part
describes the main physical, chemical and mineralogical charéiceens samples (waste rocks

and concentrate). Finally, the main geochemical results obtained from kinetic testing on the

concentrate are presented.

5.3.1 Location and geological setting of Montviel deposit

The Montviel site is a futurepenpit mine of rare edh elements. The Montviel deposit is located
in the heart of the Canadian Shield, approxima®&lim north of LebekurQuévillon, Quebec,

Canada. The REE mineralization within the deposit is hosted mainly in carbonatites, within the
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Montviel alkaline poterozoic intrusion. The mining company GéoMéga Resources estimates the
indicated resources to be approximately 188t&t 1.45% total rare earth oxides (TREO) and an
additional 667 Mt at 1.46% TREO in the inferred resources category. The mineralined s

mainly composed of five lithologies: silicocarbonatites, calciocarbonatites, magnesiocarbonatites,
ferrocarbonatites and polygenic breccia. The mineralogical composition of these lithologies is
mainly represented by carbonates (i.e. calcite, amkesitierite, barytocalcite, and strontianite),
REE carbonates and REEa-Sr mixtureg¢Goutier, 2006; Nadeau et al., 2015)

5.3.2 Sampling and preparation

The materials used in this work were supplied by Geomega Resources Inc. Approxirkgtefy 5
each lithology were sampled fronexploration drill core: low-grade and higlgrade
ferrocarbonatites (FeCG and FE-HG, respectively), and calaarbonatite (CaC). Cores were
crushed, then pulveed to mimic particle size distribution typical to the one targeted by ore

processing.

In order to satisfy the charactestion requirements (i.e. detection limit) and to more easily
investigate the REE mineralogy and geochemical behavior during kinetic RESEs, were

concentrated to increase the geochemical respdRggpse5-1).

1 Field phase 2 Laboratory phase
| Sample collection I | Chemical characterization |‘| Physical characterization | #| Mineralogical characterization
} | |
Specific density, specific XRD, SEM-EDS, QEMSCAN,
Homogenization ICP-MS, ICP-AES, XRF surfae area, particle size EPMA
and quartering distribution
+ ¥ i
‘ | Collected information | | Collected information | | Collected information
Representative 'l' 'l' ‘l’
sample Identification
Use of the physical Quantification
l Elemental concentration properties values to REE Distribution
of REE and other major understand the geochemical REE Deportment
Physical and trace elements behavior of materials Quantitative evaluation mineral
preparation liberation

Figure5-1 : REE-bearingminerals characterization methodology

Due to their high density and magnetic properties, RE&ring minerals were enriched using
gravity and magnetic separation. Feraobonatite higlgrade (Fe€HG) was used as feed for the

enrichment process. The material was dried and sieved into four different fractiOfgrq, -
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315/+106um, -630/+315um, and -2 mm/+630um) to determine the REE distribution. The
fractions were selected on the basighe grain size distribution curve of the whole material to
provide equivalent weight fractions. The heavier minerals appeared to be concentrated within the
finest fraction, i.e. belowl06 um with 46275ppm LREE (La, 1676ppm; Ce, 27504pm; Pr,
2009ppm). Slurry composed of water and solids (aroun&e€blids) corresponding to each size
fraction was prepared in the mixing tank before feeding the concentration process steps. Several
stages of concentration using a Knelson concentrator and Mozleyiai@@ecessary to improve

the grade of the concentrate (Figure 2). The final concentrate was created by mixing concentrates
with the same initial proportions (raw sample ReG). The separation efficiency was first verified
through binocular loupe and thesubmitted to physical, chemical, and mineralogical

characterization.

Selected lithology

Grain size
distribution

Mixer

A Concentrate Separation efficiency
)

Pump

Knelson
concentrator

Drying filtrates Filtration
\I; l system J

REE concentrate

|

Magnetic separation

Figure5-2 : Experimental setip for the Mozley table and Knelson concentrator tests.
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5.3.3 Physical and chemical analysis

The specifigravity (SG) was determined with a Micromeritics Helium Pycnometer. The patrticle
size distributions were analyzed using a laser analyzer (Malvern Mastersizer S). The specific
surface area (S.S.A.) was determined by using a Micromeritics Surface Areaeknayg) the

B.E.T. metho@Brunauer et al., 1938)

The wholerock analyses were performed using ama} Fluorescence (Bruker, Tiger Mdge
analyzer on a powdered aliquot of each sample to determine the major and minor elements.
Chemical analyses were carried out by Inductively Coupled PlasmaAEBSAMS, Perkin Elmer
Optima 3100RL). Over 20 elements, to a001wt. % precision were anabgd after a multacid
digestion (HCI, HNO3, and HF) Total sulfur and carbon grades were measured using an induction
furnace analyzer (ELTRA G3000) with the detection limits are 0.9&of carbon and 0.00% of

sulfur, respectively

The physicochemical pameters of the weathering cell leachates (pH, conductivity, Eh) were
determined using a pH/Eh/electrical conductivity meter. TheM3Rvas used to analyze the REE
concentrations in the weathering cell leachates, while the other elements were measgrbe usi
ICP-AES on an acidified (2 HNQOs) and filtered (<0.4%m) aliquot. The acikbase accounting
(AP: acidgenerating potential; NP: neutralization potential; NNP=NP net neutralization
potential)was determined using tipercentage of sulfur (AP=345 x %S) and carbon (NP=83.3

X % C).

5.3.4 Mineralogical characterization

The mineralogical composition was identified byra§ diffraction (XRD; Brucker D8 Advance,

with a detection limit and precision of approximately 1 @ 50perating with a coppeathode,

K Dradiation) using the DIFFRACT.EVA program, and quantified with rietveld refinement using
WKH %UXNHU(YV 723$wmung, 1997 INNd&ier toHeconcile the final mineralogical

results, chemical and mineralogical results are collected, compared, and adjusted to determine the

percentages of mineral phases present within samples.

Mineralogical investigation and localRay microanalysis were compéel on a Hitachi S500N
scanning electron microscope (SEM), equipped with an Ef@igpersive Xray Spectroscopy
(EDS) probe (Oxford Instrumentabingdon, Oxfordshir@0 mn? X-Max Silicon Drift Detector
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(SDD). All analyses where carried out using aneéaating voltage o20kV, current of15QUA,
pressure in the chamber fixed2i Pa and a working distance of iin. The polished section
observations were determined usbagkscattereélectrons imaging mode (BSE). Electron probe
microanalysis (EPMA), Wich has lower detection limits than the EBEM system, were also

used to analyze the trace metal composition of certain accessory minerals known for their affinity
to REE, such as apatite. Electron microprobe mineralogical analyses (Cameca SXefd€0) w

performed using an accelerating voltag0kV and a beam current of 2.

In order to further understand the effect of mineralogy, mineral size distributions, and effect of
liberation on the geochemical behavior REEbearingminerals, a QEMSCAN (Qualtdtive
Evaluation of Materials by Scanning Electron Microscopy) analysis was perf¢Ededbi et al.,
2017a; Smythe et al., 28). QEMSCAN is an automated system that produces particle maps (color
coded by mineral) through the collection of rapidly acquiredRays. The distribution and
corresponding data files quantify the modal mineralogy, texture (mineral association), grain size,
elemental deportment and liberation of samples aadlyThe polished sections were analyzed by
PMA (particle mineralogy analysis) and TMS (trace mineralrcd§amodes. Measurement
resolution was set to Ol8n or 1um to capture the fine particle sizgerdens et al., 2016; Smythe

et al.,, 2013) The mineralogical observations were performed on polished sections prepared
carefully to avoid density segregatiamd ensure a homogenous dispersion of particles. The

mineralogical observations were mainly focused on REE carbonates.

5.3.5 Weathering cells

A weathering cell test was used to evaluate the geochemistry of the REE concentrate following the
procedures of BouzahzgBouzahzah et al., 2015The weathering cells consist of-Wweekly

flushes by 50ml of deionized water on a sample weighing.6Vhe sample @oticle size
distribution <40Qum) is left to dry under ambient air between flushes. Thedakly (Mondays

and Thursdays) leachates are combined and analyzed for their pH, Eh, electrical conductivity, and
dissolved constituents. A more detailed descnmptitbthe weathering caliis found in Plante (2010)
andVilleneuve et al. (2003).
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5.4 Results

5.4.1 Physical and chemical characteristics of the three Montviel lithologies

and the REE concentrate

The physicabnd chemicapropertief the samples studied are summarized in TaldleThe SG

of the samples rangérom 3 to 3.60. The SG of the REE concentrate (3.60) is greater than that of
all the lithological units (3.0@3.36) due to the increased content of sulfide RitE-bearing
minerals. Fine grinding of the FeEG was required to ensure a high recovery of RERring
minerals to the REE concentrate.

The Dso and Dy values (the particle size passing 50 andZ®@n the cumulative grain size
distribution curve, respectively) also higyht the particle size differences between the waste rocks
samples and REE concentragample.The Dsp and Dy values of the REE concentrate are
significantly lower (124209 um) than for the waste rock samples¢X®20752775um and DRo:
50005500um).

The chemical characteristiagsults show that the REE concentrate sample contains higher
concentrations of REE, Fe, Ca, Mg, Mn, Zn, Na, K, Ba, and Pb compared to the other samples.
Indeed, the highest sum of LREE is recorded in the REE concentrate (8§AR6vhile the lowest

sum is found in the BreC (LGX#400mg/l). The samples are rich in LREE compared to HREE.
Lanthanum (La), cerium (Ce), and neodymium (Nd) are the most abundant elements in all samples,

with a maximum content in the REE concentiatd a minimum content in the breccia sample.

The acidbase accounting results show that the AP values are all lower (4.1<ARg&EaR Q/t)
than the NP values (44<NP<6Rkg CaCQ/t), leading to NNP values undoubtedly within the non
acid generating zone20kg CaCQy/t).

Tableau5-1: Chemical and ABA characterization of the samples studied (elementglirAP,
NP and NNP in kgCaCQy/t).

Parameter REE-ConC CaC FeC-LG FeC-HG
Physical properties
Dso 124 2075 2775 2250
Dgo 209 5000 5500 5200
Specific gravity 3.60 3.10 3.36 3.30
Chemical composition
Fe 155,700 12,000 20,000 16,000

Ca 70,130 19,000 11,000 9200
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Mg 26,990 2300 4200 3300
Mn 11,570 1300 2100 1700
zn 1186 62 81 29
Na 11,900 450 120 900
K 3240 910 750 960
Ba 35,000 1800 1400 1900
Pb 6363 12 8 8
Rare earth elements
La 10,881 2500 2100 8900
Ce 19,302 5400 4200 14,000
Pr 1414 680 450 1400
Nd 4629 2200 1300 4100
Sm 420 330 150 390
Eu 80 77 31 78
Gd 156 270 99 290
Th 0.9 20 6.2 15
Dy 28 74 16 31
Ho 2.9 11 2.0 3.3
Er 6.4 18 3.7 55
Tm 0.3 1.5 0.39 0.49
Yb 2.7 6.9 2.3 2.9
Lu 0.3 0.75 0.29 0.35
15 (( 36,226 10,780 8050 28,400
+5(( 698 800 298 804
Carbon 6.98 9.31 9.77 8.73
Sulfur 2.77 0.41 0.22 0.84
AP 86.5 7.8 4.1 20.3
NP 581.3 602 542 493
NNP 494 .9 594.2 537.9 4727

The relationship between LREE, Ba, and Sr shows a strong correlation with LREED(80),

LREE vs Ba (R = 0.99) and LREE vs Sr fR= 0.98) (Figure 5-3). This is confirmed by the
experimental constanglative proportions of (Ce/Nd) = 2.5, (Ce/Pr) = 12.75, and (Ce/La) = 1.6 in

all samples. These relationships between LREE, Sr, and Ba, verified for all samples, suggest that
these elements are associated in the same mineral phases. These geochemidak aaremal

confirmed in the QEMSCAN analyses section.
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Figure5-3 : Correlation between LREE (Ce vs L& #0.99; Ce vs Nd, R=0.93; Ce vs Pr, R
=0.91), LREE vs Ba (R=0.99) and LREE vs Sr R 0.98)

5.4.2 Mineralogical characterization

The mineralogy of REE concentrate, determined by XRD analysis, is dominated by carbonates (i.e.
ankerite, 3443 wt. %; siderite, 1216 wt. %; calcite, 811 wt. %), bassanite (5 wt. %), ilmenite

(1 wt. %), biotite (#16 wt. %), sulfides, and hematite D wt.%). Two types of REEbearing
minerals are detected: burbankite, kukharenkoite, synchysite (carbonates) and monazite as main
phosphate. However, the concentration of the possible Ni¢&hing minerals is too low to be

detected by XRD. The mineralogical composition of the REE concengrateownin Table5-2.
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Tableau5-2 : XRD mineralogical composition of REE concentrates.

Mineral Chemical formula Phase (wt. %)
Ankerite Ca(Fe,Mg,Mn)(CQ) 34.47
Siderite FeCQ 16
Monazite (La,Ce,Nd)PQ 3.4
Biotite K(Fe, Mg)(AlSiz)O1o(F,OH), 6.65
Burbankite (Na,Ca)(Sr,Ba,Ce)COs)s 1.3
Strontianite  SrCQGs 0.23
Kukharenkoite Ba,Ce(CQ)sF 1.56
Calcite CaCQ 11.44
Pyrrhotite FeuxS 3.21
Pyrite FeS 21
Quartz SiO; 3.25
SynchysiteCe CaCe(CQ).F 0.26
lImenite FeTiOs 5.23
Bassanite 2CasSQt 0) 9.62
Hematite FeOs 112

These XRD results are confirmed by the other mineralogical techniques-EBEMand
QEMSCAN investigationshow that: (i) REE are partially or totally liberated as free particles
(kukharenkoite, burbankite, qaqgarssukite, monazite) and/or associated with pyrochlore,
baytocalcite, apatite, and Mge carbonates (Figured; (ii) all analyzed REEbearing minerals

contan LREE (La, Ce, Pr, Nd, Sm); (iii) two groups of RibEaring minerals (carbonates and
phosphates) were detected with variable REE grades, and (iv) pyrite and pyrrhotite were the most

abundant sfiilde minerals identified in the sample.
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Figure5-4 : QEMSCAN schematics of mineralogical associations in the REE concentrate

In order to better investigate the REE mineralogy, all samples were submitted to mineralogical
assessment using QEMSCAN. The mabfective of the QEMSCAN work was to define the modal
abundances, grain size, REE deportments and mineral liberation. The results of modal mineralogy
show that REE minerals include: kukharenkoite 2(Ba,Ce)(CQ)sF, burbankite
(Na,Ca}(Sr,Ba,Ce)(CQOs)a, ancylite Sr(La,Ce)(Ce)2(OH)x(H20), carbocernaite
(Ca,Na)(Sr,Ce,Ba)(C£y, gagarssukite Ba(Ce,REE)(@&F, and apatite GEPQs)3F (Figure 55).

The QEMSCAN mineralogical data shows that carbonernaite, ancylite, barytocalcite, and apatite

minerals were undettable by XRD.

Gangue minerals are dominated by carborthtsnclude calcite (most common in CAC), as well

as ankerite, siderite, Mn siderite, and a Ca Mg Fe carbonates. Composites with higher levels of Fe
have more ankerite, siderite, Ca Mg Fe carb®rampared to CAC. Silicates are dominated by
biotite, chlorite with trace levels of amphiboles, pyroxene, feldspar, quartz, titanite and zircon. The
QEMSCAN findings show that sulfides (mainly pyrite) anddxées are more abundant in the

REE concentratin comparison with the studied lithologi@sgure 55).
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Figure5-5 : QEMSCAN assessment of Montviel lithologies and REE concentrate

The difference between XRD and QEMSCAN analyses is perhaps due teasams: (i) XRD is
a semiquantative method that has a detection limit in th&% range, and/or (i) a

representativeness problem of the tested sample. Given the sample preparation procedure, the latter
is unlikely.

The QEMSCAN results shown in Figure6 demonstrate that the concentration process
successfully increased the grades of all RieBring phases, and decreased those of the non REE
bearing gangue minerals (carbonates and silicates). The degree of liberaR&E-bEaring
minerals is very impdant because it allows evaluation of mineral absolute reactivity. Liberation
(based on are¥®) data is shown for combined REE minerals. At leasgo5df the REEbearing
minerals are liberated (more than%b5as free particles) within the samples, while the remaining

particles are either included or locked within gangue minerals (e.g. silicates and carbonates) (Figure
5-6).
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Figure5-6 : The degree of liberath of REEbearing minerals in Montviel lithologies and REE

concentrate.

REE deportments for Ce, La, Nd, Pr and Sm have been calculated using the EPMA and QEMSCAN
data. Itis important to note that no deportment data is available for the REE that vieckidet]

in the EPMA analysis. Ce, La, Nd, Pr and Sm deportments are summarized in Hgdrecylite,
burbankite, carbonernaite, kukharenkoite, gagarssukite, monazite, strontianite and apatite mainly
contain Ce and Nd, whereas Sm and La deport mamlynonazite, ancylite, burbankite,
carbonernaite, kukharenkoite, gaqarssukite. The gangue minerals are mainly represented by

carbonates and silicates
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Figure5-7: Ce(a), La (b), Pr(c), Nd (d), and Sm @Bportment in REfbearing minerals

As shown in Tables-2, carbonate minerals are the most abundant mineral group in the REE
concentrate. As a result, the materials were proven as beingcibrgenerating based on
quantitative evaluation of mineralogy ngiQEMSCAN results and the calculation of degree of

liberation.

5.4.3 Geochemical behavior

The weathering cell test results are shown in Fige8eand5-9. The pH of all the cell leachates

remains alkaline (7.28.95) during the test. The electric conductestiof the leachates stabilize
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rapidly between 117 ant69uS/cm.The redox potential (Eh) varied from 228 to 589. The
alkalinity values stabilize between 37 ahtlOmg CaCQ/l, while the acidity is alwgs below
5mgCaCQy/l. All these parametestabilize after the approximately the first 60 days. The leaching
concentrations of Th, Nb, NPb and Cu are not presented due to their low concentrations in the
leachates from the REE concentrateslivorth mentioning that these elemental concentrsition
were below the values fixed by Directive 019 (provincial legislations in Quebec). Leachate Ca
concentrations vary between 0.003 and620g/l after approximately 287 days. The Ba
concentrations increase from the beginning of the test until approxinZa&elgays, after which

they decrease until the end of the test and remain below the analytical detection limit(@p01

The Sr (1.718.24mg/l) and Mn (0.0099.076mg/l) concentrations generated from the concentrate
sample show similar trends. The REBncentrate cell also generates detectable Mg and Si
concentrations in the leachates (Mg: 083 mg/land Na: 0.00449.1mg/l). The As, Cd, Bi, Co,

Cr, Fe, Th, Ti and Zn values are typically under their respective detection limits and are therefore

notshown.

The evolution of the elemental concentration of S (presumably as sulfate) Ca, Na, Ba, Mg, Fe, Sr,
and REE suggests the dissolution of carbonates is a result ofraekeinteraction and/or acid
generated by sulfide oxidation. The LREE concentrateme higher in the leachates from the REE
concentrat€1-133ug/l) compared to those of HREE (0-63 ug/l). These results are consistent

with those found by Edahbi et al. (2017) on the Kipawa alkaline intrusion REE deposit. In this
geological context thieached REE is below 1&g/l (Edahbi et al., 2017Moreover, Purdy (2014)
demonstrated that the REE concentrations in the leachate using shake flask tests on REE tailings
of the Nechalacho Deposit, Northwest Territories, vary between 1 ang/l1®vith a maximum
coneentration in the tests using distilled deionized water and the minimum concentration in the
tests using pilot plant water. The authors also demonstrated that more aof38e leached

REE were presented in the colloidal pi&sedy, 2014) In addition, other authors showed that
REE fractionation is promoted by an increase in(gdahbi et al., 2017; Janssen and Verweij,
2003; Leybourne et al., 20Q0kdahbi et al. (2017) showed, using thermodynamic equilibrium
calculations on the humidity cell leachate ddtet REE concentrations decreased significantly
(from 108 to 10'® mg/l) when pH values increase from 2.6 to(E@dahbi et al., 2017

The HREE (1387ng/l) are in lower concentrations in the solid samples relative to the LREE
(51220mg/l). Howeve, the ratio of LREE to HREE (8) leached during the weathering celit$es
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are lower than their corresponding relative ratio in the solids (37). This suggests that the LREE
have a lower mobility than HREE. This could be explained by the fact that the LREE have larger
ionic radii than the HREE, which favors their precipitatassecondary minerals in weathering
cell conditions.
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Figure5-8 : Evolution of Ca, Ba, Sr, Mg, Mn and Na concentrations from weathering cell test.
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Figure5-9 : Weathering cell results corresponding to REE concentrate
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5.5 Discussion

The mineralogy of REE and the geochemical behavior of the-lbaEng phases within the
Montviel carbonatites were evaluated using QEMSCAN analyses and kinetic tests (weathering
cells), and observations are discussed below.

5.5.1 Separation efficiency and environmental challenges

The chemical composition of the concentrate areal\oy XRF are shown in Talde3. In general,

LREE concentrations increase with decreasing particle size. Sulfide minerals and iron oxides are
also concentrated in the finest size fraction of the concentrate sample. The Nb, and Th display a
similar trend (Figuré-10). The majority of thse elements are present in th@6um fraction

(41% of LREE, 36% of Nb, and 196 of Th). The concentration of LREE in the finer fractions

is explained by preferential grinding of REEaring minerals compared to the gangue minerals
(i.e. silicates, iro oxides, etc.).

Tableau5-3 : Chemical analyses of the REE concentrate from the ten tests of gravity
FRQFHQWUDWLRQ 1 LV WKH HUURU RI WKH ;5) I

LREE Ba Sr

(ppm) v (ppm) \ ppm \
-106 um 26612 1030 39487 732 18158 267
106315um 22091 873 31438 542 14606 200
315630pm 19411 782 26239 441 13140 173

630pum-2mm 20748 845 28999 506 13474 184
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Figure5-10: LREE enrichment asfanction of the particle size

In the light of these findings, the finer fraction will be the most problematic fraction and will
potentially require a focused strategy to mitigate the risk. Fine particles are the most reactive to
waterrock interactionglue to its higher specific surface area and degree of liberation. Therefore,
they may release metals, REE, and other contaminants in the drainage waters, which might exceed
regulatory limits. As a circumvention strategy, and in the context of sound REEcpm, this

fraction could be separated by a screening operation and reprocessed with the or&{Eljure

The least problematic coarse fraction could be sent to waste rock piles with suitable and specific

environmental management and waste dispossksgiies.

REE ores are often contaminated with actinides such as thorium, niobium and uranium, and other
contaminants (e.g., Ba, Sr, Mn, T@hakhmouradian et al., 2017; Nadeau et al., 2036¢ial
responsibility of REE producers is an important issue for REE inveS@weral publications found

in the literature have reported significant environmental issues caused by REE mining and refining
(Hurst, 2010; Weber and Reisman, 2018)China, the use of acids to recover REE leads to the
deterioration of the water quality in the surrounding environment. In Malaysia, radioactive wastes
were stored in ambient surface conditions and consequently generated deleterious impacts on the
envirormen{Pecht et al., 2011)REE ores are generally the deposits characterized by- large
tonnage, lowgrade operations which could generate significant quantities of liquid and solid

wastes (e.g., wésrocks, tailings, and effluents). For example, the production of one tonne of REE
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could be generated approxirdgt2000 tonnes of tailingéHurst, 2010) In the case of Montviel
project (LebelsurQuévillon, Canada) 250 million tonnes (Mt) of REB carbonatites with a REE
content estimated at 1.4% of rare earth oxides (RE©)uldbe extracted. The costs of prosiag),

tailings, and environment of one metric tonne of is estimated to Canadian dollanBél&
Solutions Inc., 2015)n order to implement an integrated management strategy for the REE waste
rocks, the base of the wasrocks pile should be compacted and tilted to promote lateral water
flow, and it should be composed of materials from the least problematic lithology. The liquid
effluents, collected around the pile, should be passed through a limestone drain for passive

treatment.

Drilling

"| Waste Rocks

Coarse Fraction
(Poor in REE )
@ B D

Screening

Fine Fraction
(Rich in REE))

8 8 &

Figure5-11: Example of integrated management of REE mine wastes

5.5.2 Geochemical behavior of REE

The weathering of the different lithologies within the Montviel deposit was studied in a previous
study(Edahbiet al., 2017h)where it was demonstrated that the Rigaring carbonates from the
Montviel deposit generates various elements (e.g., Ba, Sr, F, Th, and REE) in mine drainage waters.
It is known that the carbonates dissolution is incomplete in near neutral con@@ioms et al.,

1989; Morse and Arvidson, 2002; Morse et al., 20@aAy that the carbonate dissolution rates are

lowest in alkaline and neutral conditions and increase in acid condiBenzaazoua et al., 2004;
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Sherlock et al., 1995)The presence of impurities within REfearing minerals weaken their
crystal lattice and consequently increase their dissolution rate. In the case of the Montviel materials,
REE-carbonates and non REfarbonates neutralize the acidity produced by thigdeubxidation

or carried within acid rain, releasing REE and other associated elements in the leachates. However,
it was demonstrated that the REE concentrations (and other associated elements) in the Montviel
leachates are controlled by secondary precipiteand sorption phenomena. The behavior of the
concentrate sample studied here is similar to that of the-ll®faEng lithologies, although the
residual REE concentrations in the leachates are highermu@Bé the concentrate leachates
compared to the lithologies, @/l). The use of a concentrate to mimic the behavior of REE in
waste material is done in order to amplify the geochemical responses that could be obtained from
mine wastes, and make measurermamd interpretation more robust. This methodology was
successfully applied in another contéRlante et al.,@L1) Consequently, the interpretation of the
weathering cell data will not be pushed further; the interested readers are invited to consult Edahbi
et al. (2018).

5.5.3 Implications to the prediction of the geochemical behavior and water

quality of REE mine wastes

Predicting the geochemical behavior of RB€aring mine wastes and, ultimately, the mine
drainage quality of those wastes, is not significantly different than for other metals. However,
prediction of contaminated neutral drainage issued from REEe miastes is particularly
challenging because of the low reactivity and complex compositions ofteBfing minerals.
Therefore, in order to better understand the geochemical behavior of REE waste rocks and tailings
and predict the quality of the drainageaters, the use of detailed chemical/mineralogical
characterizations such as QEMSCAN, MLA, SEM and EPMAvalaable Figureb-13 illustrates

a mine water quality prediction strategy that could be applied to-lB&aEng mine wastes. The
purpose of this appach is to meet the following challenges (FighHE3): (i) identify and quantify

the different REEbearing minerals (and associated potential contaminants) on representative
samples of the different lithologies, (ii) evaluate the reactivity of the-B&g#ting lithologies, (iii)
propose an integrated managasrapproach of the future RERearing waste rocks. In such an
approach, representative samples of the different lithologies are submitted to percolation and

leaching tests along with physical, chemical and mineralogical testing. The combination of these
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results helps to identify risks associated with weathering of mine waste and to move towards
prediction of mine water quality.

REE Mine Wastes

Waste Characterizations Percolation and Leaching
Tests
1
Mineralogical I I
Chemical and Physical Characterization
Characterization (QEMSCAN, SEM-EDS, Percolation Tests Leaching Tests
XRD, and EPMA)
! ¥ !
Elemental Concentrations by * e I 1
Surface Specific Area s
Specific Gravity =
Particle size distribution e Solid Analyses Liquid Analyses
! I !
Degree of Liberation Leachability and Mobility of REE
REE Deportment REE Speciation
Particle Size Distribution REE Secondary Minerals
I REE Partioning _

Geochemical Characterization and Drainage Quality Prediction of REE Mine Wastes

Figure5-12: Approach to predict geochemical behavior of REE mine wastes.

5.6 Condusion

The main objectives of this study were: (1xtmracterizdREE-bearingminerals and to improve

the counting statistics, analytical precision, and the geochemical interpretations using a REE
concentrate sample prepared by gravity and magnetic processes, and (2) to evaluate the
geochemical behavior of tHREE-bearingmaterialsusing kinetic tests. Three lithological units
chosen from exploration dill core to represent the heterogeneity of the GéoMéga waste rocks and
a REE concentrate were testdthe lithologies were chosen to represent typical residue of REE
mining and refinig.

The main mineralogical conclusions drawn from this study indicate tti@tmainREE-bearing
minerals in Montviel deposit asncylite,burbankite, carbonernaite, kukharenkoite, gagarssukite,
monazite, strontianite and apatite.addition, several aessory minerals contain REE, such as
apatite and pyrochlorét least 50% of the REEbearing minerals are liberatadthin the samples,

while the remaining portion is either included or locked in gangue minerals (i.e. silicates and

carbonates).
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Geochemial results from both kinetic tests show a stable pH around 8 and alkalinity values
between 37 and 11gCaCQ/l. The main geochemical results from the kinetic tests are: (i) REE

are good geochemical tracers of carbonate dissolution, and (ii) the leachability of REE from the
studied carbonatite deposit is low and controlled by sorption processes in weathering cell

conditions.
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6.1 Abstract

The mineralogy and leachability of the rare earth elements (REE) from the Kipawa deposit, a
Heavy REE (HREE) mine project of Matamec Resources (Quebec, Canada), was investigated in
order to predict their geochemical behavior and to evaluate the facttnalamgnthe REE mobility

in ambient conditions. All deposit lithologies defined, including ore and waste rocks, were
sampled, characterized using a mineralogical rtetthnique approach (automated SERS,
EPMA-WDS, XRD), and then submitted to kineticstieg using weathering cells to investigate
REE release potential. The mineralogical characterization showREabearingminerals are
mainly represented by mosandrite, fluorbritholite, apatite, monazite and Zr silicates (i.e., aqualite,
reidite). Minealogical analysis indicates that REE particles are at lea% WBerated ad the
remaining portion (around 3%) is locked within gangue mineratontaining 1006 REE by area.

The remaining fraction is either partially or totally locked in gangue raisdr.e. carbonates,
amphibole/pyroxene, and micas). The degree of liberation of these minerals is directly linked to
their weathering. All kinetic test leachates showed a neutral to alkaline pH (7.0 to 9.5) and alkalinity
values between 10 and 173mgCaflCREE release from the materials are all below.d5.
Thermodynamic equilibrium calculations usingihteQ showsthe possibility ofsecondary
mineral precipitatior{i.g. iron oxide and clays which could be sorbed and/or-peecipitated the
leachedREE.

Keywords: Rare earth elements, mineralogy, QEMSCAN®, WDS, geochemical behavior

weathering cells, modelling.
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6.2 Introduction

7KH UDUH HDUWKY LQGXVWU\ LV L Pd examplb, ghe/NovtiR AvekidanZ R U O G
REE industry directly contributesotthe economy witt$795 million in shipments, employing

nearly 1,050 workers with a payroll of $116 million (Rare Earth technology Alliance, ZR4r.

earth elements are used in hybrid vehicles, rechargeable batteries, clean energy (renewable energy),
mobile (cell) phones, flat screen display panels, compact fluorescent light bulbs, laptop computers,

disk drives, catalytic converters, etc. (Humphries, 2003). Currently, China fitfs &4the global

REE market (Chen, 2011; Hong, 20@@&ma et al., 2016 However, the supply is seen as a risk

due to uncertainty related to political polices within China. The exploitation of REE deposits in
Canada will reduce this dependence on the Chinese REE industry, and mitigate the risk associated
with supply disruptias. Biennemas et al., 2013; Edahbi et al., 2015

The group of rare earth elements (REE), calledlatshanidesis composed of seventeen chemical
elements (fifteen lanthanides, La to Lu, as well as Y and Sc). These REE are found in various
geological sttings such as igneous, sedimentary and metamorphic environments, and are
associated with several mineral phases such as apasitas( 201 The lanthanidegxhibit

similar chemical anghysicalproperties and diffeonly in the number of electrons ihe 4f shell

(Lipin and Mckay., 1989)Iin addition, the difference in the size of REE ions increases their cationic
exchange with other elements in different minerals (i.e. calcite and apaigte))991; Lipin and
Mckay, 1989.

In Canada, the legislatidiorces mining companies to manage their waste products in order to
minimize environmental impacts, the mining industry is properly regulatexdpt for REEnines

But nevertheless, the mine waste rocks and tailings are generally stored at the sudapesedl

to ambient conditions. The reaction between water, oxygen, and some reactive minerals such as
sulfides (i.e. pyrite, pyrrhotite, chalcopyrite, sphalerite, etc.) can generate contaminated mine
drainage. Like any kind of min&EE mining and refinig are known to generatertain amounts

of liquid and solid residyebut there is no evidence of their negative effects on the environment
(Cheng et al., 2013). However, REE deposits are known to be associated to several radioactive
elements such asorium (Th), niobium (Nb), and uranium (LD4i et al., 2013; Hao et al., 2015
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The release of REE and associated elements should be tested in order to define appropriate

management scenarios and thus avoid possible adverse environmental effects.

In theframework of sustainable development, social acceptability, and environmental regulations,
it is now necessary to integrate environmental studies as early as possible in the design and
development of mining projecteinfortunately, knowledge on REE reledsam mine wastes is

very limited, despite existence of several REE mine projects around thewincld are currently

at the feasibility stage. A lack of knowledge related to mobility and toxicity of REE has led to

either an absence or insufficient intational environmental mining regulations.

The purpose of this paper is {0 study themineralogy of REE Kipawa deposit, (ii) evaluate the
distribution of REE within the ore and waste rock lithologies, and (iii) evaluate the leaching
potential of REEbeaing minerals from the Kipawa deposit (Canada). This knowledge will enable
the mining company taunderstand the geochemical behavior of REE during -water
interactions, which could be helpful poedict the water quality of the future REtne wastesd

contribute to minimizing their potential environmental impacts

6.3 Materials and methods

Mineralogical techniques, namely automated mineralogy (QEMSCAN®)ay diffraction
(XRD), scanning electron microscopy (SEHBDS), and electron micsprobe (EPMA), as ell as
weathering cell tests were used to characterize and study the REE leaching potential of six
lithologies from the Kipawa deposit (five waste rock lithologies and an ore concentrate sample).

The following describes the case study, sampling and mdtigydosed in this workFigure 61).
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Different
Lithologies
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homogenisation

Chemical . Physical characterization Mineralogical

characterization(ICP- | (Density,grainsize = characterization (XRD,
AES/MS, XRF) . distribution, surfacearea) .= SEM-EDS, QEMSCAN)

Figure6-1 : Methodology used for preparing samples

6.3.1 Location and geological setting of Kipawa deposit

The Kipawa REE Project is located approximately 50km east of the town of
TémiscamingueQuebec province, Canada. The Kipawa deposit contains both light (LREE) and
heavy (HREE) rare eartblements buts especially enriched with HREE. The Kipawa HREE
minerdisation is contained within syenite lithologies associated to the Kipawa alkaline complex.
Matamec Explorations Inc., majority owner of the property, estimatesdioated resources be
approximately 10.2Mt at 0.4% total rare earth oxide§ REO) with an additional inferred resource

of 9.6Mt at 0.38%6 TREO.(Roche et al., 2012).he HREE mineralization is also associated with
yttrium (Y) and zirconium (Zr). REE -Zr elements in Kipawa orebodye associated with silicate
minerals within the Kipawa degit: mainly eudialyte (a sodic silicate), yttitanite/mosandrite
(titanite silicate) and britholite (calcic siligghosphate) (Roche et al., 2012).

6.3.2 Sampling and preparation

Approximately 1Gkg of five waste rock lithologies, described as syenite W&, calcitepoor
waste (WCCP), calciteéch waste (WCCR), pergline gneiss (PG), and monzonitic basement
gneiss (MBG), were sampled from exploration drill cores, while a magnetic concentrate (MC) was

provided by Matamec Explorations Inc.. The MC sampiepared by Matamec Explorations Inc.
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using magnetic separation on the ore, was used in order to increase the geochemical response of
the materials during weathering cells. The samples were selected with great care in order to ensure
good representivitpf the waste rocks. Theyere crushed to <% inglpulverizedto <300um,
homogenized separately, and submitiedhemical and physicalharacterizationgFigure 6-1).

For the mineralogical investigations, all samples were crushed top8300mogenizedand then

fixed in polished sections.

6.3.3 Weathering cell tests

Weathering cell tests are used to predict the geochemical behavior of mine wastes under leaching
conditions A Buchnertype funnel containing 6@ of samples arranged uniformly on a filter paper

was used, and then the sample was subjectedwedily 50ml leaching cycles for a duration of

19 weeks(Benzaazouat al, 2004) The leachates were analyzed for pH, conductiviggox

potential, and elemental concentrations (&.BEE, orLa to Gd, and HREFor Tb to Lu as well

asy)).

6.3.4 Physical, chemical, and mineralogical characterizations

The grain size distribution was measured using a laser analyzer (Malvern Mastérsespecific
gravity (SG) was analyzed with a helium gas pycnometer (Micromeritics Accupyc 1380).
specific surface area was determined by helium adsorption using anBfprétation (Brunauer
et al. 1938).

The major and trace elements of the solidemals were determined both by XRF and Inductively
Coupled Plasma (ICRES/MS) analysis after a muléicid digestion (HCI, HNg) Br,, and HF).

The sulfide sulfur in the solids was determined by subtraction of the sulfate sulfur (determined by
a 40% HCI exraction; method adapted from Sobek et al., 1978) from the total sulftAESP
analysis). The S and C content were determined using an ELTR2@®induction furnace.

The REE in the leachates were analyzed with-M3, while ICR AES was used to anakyother
elements such as S, Ca, Mg, Mn, Fe, Sr, F, P, K, Zn, Pb, Si, and Na. The leachates were filtered
(0.45um) and acidified (26 HNGs) for ICP analyses. Pore water, pH, Eh, and electrical
conductivity measurements were determined immediately witd/enyy meter and an electrical

conductivity meter (EC meter).
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The mineralogy of all samples (waste rocks and magnetic concentrate) were determined-by the X
ray diffraction (Bruker AXS Advance D8), using a copper cathodgdHiation). The DiffracPlus

EVA software was used to identify the detected minerals and the TOPAS software was used to
quantify their abundance using Rietveld refinement (Raudsepp and Pani, 2003; Ruffell and
Wiltshire, 2004).

A scanning electron microscope (SEM) HitackH85O0N, equippedvith a microanalysis system
(energy dispersive spectroscopy, or EDS) was used in order to confirm the presence of the phases
detected by XRD, to analyze the elemental composition of theliRaEng minerals present in
samples, and to detect minerals in@amtrations lower than the XRD detection limit. All analyses
where carried out using an accelerating voltage0kV, current of150uA, low pressure in the
chamber fixed a25 Pa and working distance approximat&smm. The analyses were performed

on pdished sections of the six samples, prepared using a method allowing to avoid density

segregation and enhance particle dispersion (Bouzahzah2&tld).

The QEMSCAN® (quantitative evaluation of minerals by scanning electron microscopy)
automatedmineralogical analysis tool enables quantitative chemical analysis of materials and
generation of higltesolution mineral maps and images. Measurement resolution was sqino 0.8

or 1um to capture the fine particle sizes. It was used to evaluate théutisn, modal
abundances, and deportment of REE in all samples. Each sample was measured using PMA
(particle mineral analysis) and TMS (trace mineral seat€lectron microprobe mineralogical
analyses (Cameca SX 100) using an accelerating voltagekdf &0d beam current of 207, were

also performed on selected minerals in order to define REE contents of minerals with more
accuracy (low detection limits (0.43135%)). The deportment data is calculated based on the mass

of a mineral in the sample anttetamount of the element in the composition of that mineral (from
mineral composition data produced by EPMA). Note that only the elements quantified by EPMA
are included in the deportment calculations. This mineralogical information with assay
reconciliattiRQ LV OLQNHG WR WKH PDWHULDOTVY UHDFWLYLWLHYV
geochemical behavior of tHREE-bearingminerals (Peelman et al., 2016).
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6.4 Results and discussion

6.4.1 Sample physical and chemical characteristics

The particle size distribidn has a great importance in the interpretation of kinetic test results
(Erguler et al., 2015), since fine particles are more reactive than coarse particles. The particle size
distributions of the materials are shown in Ta@®l&. The lithologies were preped in order to

show a particle size distribution similar to that of the magnetic concentrate (MC)sdhallles

vary between 18 and 30n (Table6-1) for all samples.

The other physical properties are summarized in TéddleThe specific gravity wasmsilar in all
samples (2.8.16g.cn®). The specific surface area of MC (5107.g%) was higher than for the
waste rocks (1.73.14m2.g%).

The chemical compositions of the samples are shown in Babl€he wholerock analyses of the
waste rocksamples (WS, WCCP) and the ore (MC) show similar concentrations of('2@
54%), Al,O3 (6 & %), FeOs (89 %), NaO (46 wt.%), and KO (1.788 %), and higher
variation in MgO (614 %) and CaO (6.64.1.99%) (Table6-1).

The wholerock analyses of the P@d MBG samples show similar concentrations of,$6D +
70%), Al203 (1143 %), FeOs (6 8 %), and NaO (4.654.8%) (Table6-1). In comparison with
these samples, WCCR has a higher concentration of CaO%J)%H8d a lower concentration of
Si0Oz (19.02%). The WCCR material is the only one with significant carbonate content; therefore,
it shows the highest carbon concentration (8838n comparison to the other samples (less than
0.14%). The sulfur content is less than 0%7in all samples. The chemailccomposition of all

samples is highlighted in Tabel.

The results in Tablé-1 show that all samples are richer in LREE (6147mg/l) than in HREE
(103.25547.46mg/l). The concentrate MC has the highest concentration of LREE, while the MBG
contairs the lowest concentration. Yttrium is the most abundant element in all samples, with a
maximum in the MC (1Z12mg/l) and a minimum in the MBG sample (524¢/1).
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Tableau6-1 : Physical and chemicabmpositions of WS, WCCP, WCCR, MC, PG and MBG

samples.

Unit WS WCCP WCCR MC PG MBG
Physical properties
Specific gravity g.cm?® 3.01 3.12 2.96 3.16 2.91 2.8
Specific surface area  m2.g? 2.28 2.25 3.14 5.17 2.49 1.75
Doo pHm 110 115 60 60 110 60
Dso pm 70 80 50 50 70 42
Dso pm 25 30 20 20 25 18
Chemical composition
C total % 0.07 0.06 6.36 0.14 0.06 0.03
S total % 0.02 0.02 0.02 0.04 0.07 0.01
SiOz % 55.98 52.92 19.02 54.3 60.42 70.18
Al203 % 6.89 5.93 0.66 7.06 13.76 11.18
FeOs % 6.29 4.26 0.5 7.95 8.99 6.09
MgO % 105 14.2 24.78 6.88 0.84 0.15
CaO % 6.64 11.19 29.5 9.38 231 0.61
NaO % 6.1 4.43 0.18 6.19 7.85 4.64
K20 % 2.99 1.78 0.36 2.15 3.05 5.03
TiO2 % 0.33 0.26 0.02 0.84 0.96 0.39
P20s % 0.21 0.42 0.01 0.45 0.28 0.05
MnO % 0.31 0.27 0.03 0.51 0.19 0.13
Cr203 % 0.04 0.04 0.05 0.08 0.04 0.1
V205 % <0.01 <0.01 <0.01 0.01 <0.01 <0.01
LOI % 0.92 0.94 23.28 1.39 0.52 0.19
Rare earth elements
Sc mg/l 37.25 21.64 1.09 37.91 9.09 2.65
Y mg/| 450.35 413.99 218.17 4497.99 409.94 83.06
La mg/| 201.39 166.24 116.5 1208.74 146.17 103.76
Ce mg/l 393.09 360.13 188.15 2687.22 300.66 190.72
Pr mg/| 44.07 42.6 18.66 320.19 36.53 21.82
Nd mg/| 163.5 163.96 64.62 1287.3 144.84 80.03
Sm mg/| 31.2 33.81 12.06 297.47 29.95 12.34
Eu mg/| 3.73 4.08 1.42 3751 3.83 0.98
Gd mg/| 27.83 29.27 10.51 278.41 27.75 8.35
Th mg/| 5.14 5.18 1.88 51.56 5.01 1.13
Dy mg/l 35.01 36.2 13.21 368.84 35.94 6.7
Ho mg/| 7.81 7.79 2.95 78.03 7.6 1.28
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Er mg/l 29.27 28.87 10.62 267.38 25.87 4.06
Tm mg/l 4.91 4.93 1.52 38.73 3.63 0.65
Yb mg/| 43.09 43.97 10.3 254.93 24.34 6.32

6.4.2 Mineralogical characterization

The mineralogical composition of the materials determined by XRD is summarized in &Bure

All samples that werstudied, except WCCR, are generally composed of same mineralogical
phases but with different proportions: quartz (§iCoiotite (K(Mg,Fe}(AlSizO10(OH,F)),
diopside (CaMgS0e), aegirineaugite
((Ca,Na)(Mg,Fe)(Six0e)), actinolite(Cax(Mg,FekSigO22(OH).), calcite (CaCg), and microcline
(KAISi30g). Other accessory minerals identified include zircon (ZfBiOnagnesio/ferri
katophorite NaCa(Fe,Mg)Fe(StAl)O22(OH)., dolomite CaMg(C®)2, and titanite (CaTiSi§).
Calcite represents more than %0of the WCCCR sample and the remaining phases are mainly
silicates minerals (i.e., biotite, diopside, quartz, aegirine/glagitkalbite).

Other
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Figure6-2 : Quantification of crystalline phase minerals in WS, WC@RE,CR, MC, PG and
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SEM-EDS investigation shows that: (i) the REE are liberated and/or associated with
magnesiokatophorite/katophorite, apatite, zircon, albite (the partially liberated phases are called
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middiling category; Figur&-3); (ii) all analysed minerals contain mostly LREE (La, Ce, Pr, Nd,
Sm, and Y); (iii) three groups of silicate minerals were detected with variable concentrations of Y.

Sulfide particles (pyrite, pyrrhotite, galena, and sphalerite) were also identified in all samples.

f 100pm !

Ms: Muscovite; Bri: Britholite; Zr:Zircon; Mfk: Magnesioferrikatophorite; Ap: Apatite; Alb: Albite
(C) 100 -

% i % % % % % % % Liberated (80-100%)

N B EEER]

E‘!: - % % % % % % i Locked (0-30%)
N EEERNS

Figure6-3 : Scanning Electron Microscope (SEM) electron micrograph showing gangue
minerals, REE-bearingminerals (A), and their mineralogical associations (B) and liberation of

the REE-bearingminerals (C).

The mineralogical modal composition of the studied samples obtained using QEMSCAN® is
shown in Figures-4. The definition of each mineral category is summarized in Té2leThe
results show that all samples are dominated by feldspar, amphibole, ated biotvever, MC is
dominated by two other phases, namely calcite and chondrodid@Nailicate). The XRD results

are consistent with those of the quantitative mineralogy obtained by QEMSCAN® analyses.
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Sulphides minerals occur at trace levels mainlyyagg(FeS), sphalerite (ZnS), galena (PbS),
pyrrhotite (Fe.x)S), and chalcopyrite (CuFgSThe gangue minerals of the studied samples are
mainly composed of iron oxides, carbonates (ankerite, dolomite, and calcite), plagioclase (albite),
barite, quam, and micas (biotite). The REE minerals are mosandrite
(Na(Na,Cay(Ca,Ce,YX(Ti,Nb,Zr)(SkO7)2(O,FrFs), monazite (La,Ce,Nd,Sm)RPfluorbritholite
(Ca,Ce,La,Na)SiOs,PQy)3(OH,F), apatite (CAPQy)3F), aqualite
((H30)s(Na,K,SrCasZrsSi»0ss(OH)9Cl), and thorosteepstrupine, whereas the Zr silicates include
reidite (ZrSiQ) and catapleiite ((Na,C&rSizOs = 20)) (Table6-2).

Other
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M Reidite (Zr Silicate)

100 - -
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% - T3EEeE siiises = Aqualie
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= 40 ] ; i IO 3 # Amphiboles/Pyroxenes
g i : ety T Other Plagioclase
£ 39 | S T TErro = Albite
= T R Sommmm S % Orthaclase
20 - g = — = Quartz
= # Carbonates
10 ———] M Fe Oxide/Metallic Fe
M Barite
o A Sulphides

WS WCCP WCCR Mmc PG MEG

Figure6-4 : Mineralogical characterization ®&EE-bearingminerals using QEMCAN®.

Tableau6-2 : Description of mineral category obtained by QEMSCAN®.

Mineral category Grouping Includes
Sulphides Chalcopyrite, Sphalerite, Galena, Pyrite, Pyrrhc
Barite Barite

Fe Oxide/Metallid-e Magnetite/Hematite, Fe Metal Shards

Carbonates Calcite, Siderite, Ca Mg Fe Carbonate
Quartz Quartz

Orthoclase Orthoclase

Ankerite/Dolomite Ankerite, Dolomite

Albite Albite, Albite Boundaries with Other Silicates
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Other Plagioclase PlagioclaseAn20-80

Orthoclase Orthoclase

Amphiboles Actinolite/Tremolite, Aegirine, Arfveedsonite

Biotite Biotite, Biotite Boundaries with Silicates

Chondrodite Chondrodite, Boundaries with Silicates

Titanite Titanite

Other Silicates Chlorite, MuscoviteEpidote, Catapleiite

Pyrochlore Pyrochlore

Apatite Apatite, Apatite Boundaries

Mosandrite Mosandrite

Fluorobritholite- Ce Fluorbritholite - Ce, Fluorbritholite - Ce
Boundaries

Monazite Titanite

Aqualite Pyroxenes, Amphiboles, Epidote, Zircon

Thorosteepstrupine Titanite

Reidite Zr Silicate, Zircon

An example of typical association BREE-bearingminerals with silicate minerals is provided in
Figure6-5 (a, b, d, e, f, and g). The QEMSCAN® mineralogical investigation provide with the
main following observations: (i) the REE are associated or included with amphibole/pyroxenes, Zr
silicates (i.e. aqualite), and pyrochlore. In addition, monazite oftenroe@suinclusions within
fluorbritholite-Ce (Figures-5c).

[:IAm phiboles/Pyroxenes
- Biotite
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=5 [ other silicates
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Bl Mosandrite
Il Fluorbritholite - (Ce)
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[ Aqualite
[CJThorosteenstrupine
Il Reidite (Zr Silicate)

(d)

1 10pm
— 20.0pym
————1000um

Figure6-5 : REE typical associations in Kipawa lithologies by QEMSCAN® analysis: (a and b)
REE inclusion in amphibole/pyroxenes, (c) REE inclusionaqualite, (d) Monazite inclusions
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in fluorbritholite, (e) liberated REE particle, (f) REE associated with Zr silicates and (g) REE

inclusions within pyrochlore.

Figure6-6 illustrates the degree of liberation of RB&aring minerals and Zr silicatEsind in the
samples once finely ground (extreme reactivity condition mimicking REE ore processing):
particles are free, weliberated (more than 7), associated with other minerals (i.e. silicate
minerals, mainly amphibole/pyroxene), and included withiher gangue minerals (Tal8e?).
Therefore, the absolute reactivity of the majority REE-bearingminerals is expected to be
significant due to their high degree of liberation of the materials once milled. FTheaZing
silicates show similar liberain as the REfbearing mineralsThe QEMSCAN® results alsshow

that the REE distribution is more concentrated in the finer fractions (Fégtixe
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Figure6-6 : The degree of liberation ®#EE-bearingminerals and Zr silicates within Kipawa

lithologies.
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Figure6-7 : The degree of liberation of mosandrite and fluobritholite within Kipawa lithologies.

QA/QC protocols for QEMSCAN measurements include comparison of chemical assays to assays
calculated from the mineralogical measurements. The objective of the reconciliation is to ensure
that the sample measurements are representative. The differencerbetemental assays
provided by QEMSCAN® and those obtained by chemical analyses using ICP is shown in Table
6-3. The assays obtained by both methods are generally of the same order. The discrepancies
observed are acceptable and might be potentially dudi)tthe dissemination of the REE
mineralization at fine sizes (4im) in the gangue minerals, which is challenging to quantify by
QEMSCAN®, (ii) the Kipawa mineralogy is complex. Each mineral phase which was grouped into
PLQHUDO 3ELQV ™ \fiddl GEMISOAN® lidd, hdd & Bu@e of compositions. Average
chemistry was applied to each bin for processing and reporting. (iii) the difficulties to dissolve
some refractory minerals such Zr silicates for the chemical analyses, which leads to an
underestimtion of the associated elements, (vi) the effect of particle size, since the particles used
in polished sections are coarser compared to those used for chemical affatgszsen et al.,

2009 Goodall et al.,, 2005; Rollinson et al., 2011; Mackay et 2016). These cause

homogenization problems and, consequently, theepseicies between two techniques



Tableau 6-3 : Comparison of La, Ce, Nd, Pr, and Y determined by QEMSCAN® and

lithologies; QA and CA values img/I.
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chemical assaygJ)GHthin Kipawa

Ce La Nd Pr Y

oA? caP i © oa? caP  giff© oA? caP  git®  a? caP qif® oA? caP  gi©
ws 373 390 -455 178 200 -11 112 160  -30 37 44 -15.90 163 450 -63.77
WCCP 608 360 4078 309 166 86.14 205 160 28.12 63 43 46.51 84 400 -79
WCCR 145 188 -29.65 81 120 -325 30 18 66.66 13 19 -31.57 14 200 -93
MC 2851 2680 5.99 1186 1210 -1.98 1019 1280 -20.39 310 300 3.33 2272 4500 -49.51
PG 296 300 -1.35 119 150 -20.66 77 100 -23 25 30 -16.66 93 410 -77.31
MBG 217 190 1244 110 104 576 72 80 -10 21 22 -454 6 83 -9277

a

b. Element value from chemical analyses.

©: Difference between QA and CA, in %.

™ &H /D 1G 3U 6P DQG < IURP TXDQWLWDWLYH YDOXHV RI PLQHUDOV GHWHFWHG E\
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6.4.3 REE deportment

Figure 6-8 shows the distribution of Nd, Pr, Ce, and La between the minerals identified in the
samples. The results are shown as % wt. of the element in the sample. Nd, Pr, Ce, and La
deportments indicate that the majority of REE are lockednwittosandrite, fluorbritholite, apatite,
monazite, aqualite, titanite, and thorosteestrupine. Figt8eshows that Ce and La deport in
similar contents within fluobritholite, apatite, and mosandrite. However, Nd depagteater
levelsinto apatite andhosandrite compared to La and Ce. However, all HREE but Y-@&12%)

are under the EPMA detection limit. The Y is mainly associated with mosandrite, monazite,
fluoroapatite, fluobritholite, aqualite, thorosteenstrupine, and titanite, with the higinésihisoin
mosandrite (4.8%) and the lowest in titanite (0.24).

Figure6-8: Nd (A), Pr (B), Ce (C) and La (D) deportment in R&E&aring minerals.

6.4.4 Geochemical behavior

The geochemical behavior of the materials was evaluated using weathering cells during 40 cycles

(20 weeks). The pH, electrical conductivity, Eh, and alkalinity values of the weathering cell
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leachates are shown in Figuf8a,6-9b,6-9c ands-9d, respectiely. The leachates of all samples

had a relatively stable pH, varying between 7.0 and 9.8. The leachates of the WCCR and WCCP
showed a higher pH, varying between 8.5 and 9.78 while the MC, PG, and MBG samples showed
a pH varying between 7.0 and 9.5. Thectical conductivity of the samples varied between 30
and 168.S/cm The redox potential varied from 428 to 8h%, while the alkalinity values
stabilized below 10@ng/l. These results confirmed the weak reactivity of silicates in weathering

cell conditons.

Figure6-9 : pH (a), electrical conductivityuS/cm) (b), Eh (mV) (c), and alkalinity values (d) of
the weathering cell leachates.

The concentrations of dissolved elements (sulfates, metals, and REE) are displayed ir6Figures
10a to6-10f. The concentrations of S, most probably occurs as sulfatesigl)7Ca (22.5ng/l),

Zn (0.084mg/l), and Mn (0.3Ing/l ), in the MC were highethan in other samples (SW, WCCP,
WCCR, PG, and MBG). The concentration of Th was analyzed in all leachates and was under the
detection limit (0.1ppb) of the ICPMS method used. The elements Nb and U were less abundant

than Th and were not analyzed in thachates. The concentrations were often higher in the first
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flushes due to a combination of the leaching of already oxidized products formed prior to the kinetic
test, the rapid reaction of the finer particles and their depletion, and the surfacetipassiihe
minerals (Benzaazoua et,&004). The highest sum of released LREE (Figtt6f) was recorded

in concentrate sample MC (3y/l), while the lowest sum was found in the WCCRugl). The

leached concentrations of HREE are between 3.5 apd/f,Qvith the maximum observed for MC

and the minimum for WCCR. The low leaching of REE is mainly due to: (i) the low reactivity of
REE silicates under these leaching conditions, (ii) the sorption phenomena of the leached REE on
secondary minerals surfaceavithin weathering cells (i.e., iron oxyhydroxides), and (iii) the
precipitation of secondary RE&earing minerals. Indeed, the RBEaring minerals leach low
concentrations of REE, that get to be sorbed or precipitated as secondary minerals, whith explai
the low REE concentrations measured in the leachates. Despite the abundance of LREE compared
to HREE in all solid samples, the HREE concentrations in the leachates are higher compared to the
LREE. In fact, the LREE/HREE ratio is lower in the leachédtas in the solidsThis also suggests

that HREE are leached preferentially and/or that they are more mobile than LREE.
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Figure6-10: Leachates punctual concentrations of studied samples: total sulfdiriARB), Y
(C), Nd (D), HREE (E) and LREE (F).

The weathering cells leachates of the magnetic concentrate MC (where concentrations are
significantly higher) were submitted to thermodynamical equilibrium calculations using the

VMinteq code|{Jon Petter Gustafssp2000). In the weathering cell conditions of the present study

(neutral to alkaline conditions), REEg, Al, Mg, and Mn are, according to the modelling, predicted

to precipitate as various secongiminerals such as REE(Ofihematite F€03, goethite FeO(OH),
kaolinite ALSizOs(OH)s, magnesioferrite Mg(Fé)20a, lepidocrocite FEO(OH), andrFerrihydrite
(FE)203x 0.5H0 (Figure6-11). In the case of all the other samples, the modelling showed similar
results. These secondary minerals could precipitat@redpitate, and/or adsorb REE, which
could explain the low REE concentrations in the leachates. This geochemical behavidrecould
explained through the following assumptions: (i) ionic radius; LREE have a higher ionic radius
relative to HREE, which makes them less stable in the crystal matrix, and (ii) geochemical affinity

(sorption) of the LREE to carbonates, iron/manganeseyakgkides, clays, and phosphates.
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Figure6-11: Saturation indexes of secondary minerals throughout MC weathering cell flushes.

6.5 Conclusion

The mineralogical characterization and the geochemical behavREBbearingminerals from
different lithologies and a REE concentrate were investigated in this study. A detailed
characterization of these samples showed that the majofRi£Bfbearingminerals are liberated
when finely ground, and the remaining fraction (less thafoB@s associated or locked within
gangue minerals (amphibole/pyroxene, feldspar and micas). TheRE&iearingminerals are
fluobritholite, mosandrite, apatite, and-Eeaing silicates. The QEMSCAN® analyses coupled
with EPMA and chemical assays confirm that REE are more concentrated in the finer fractions
with a high degree of liberation (>0) which favours their dissolution in contact with water and

oxygen during kinét tests.

Geochemical results from kinetic tests show that:
0 The leachability of REE from the studied silicates deposit is low in weathering cell
conditions.
o TheLREE/HREE ratio idowerin the leachates than in the solidfis also suggests that
HREE ardeached preferentially and/or that they are more mobile tR&E.

o Degree of liberation of minerals linked to reactivity
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o0 Several secondary minerals could contribute to control the solubility of REE upon their
leaching, such as iron, manganbgdro/oxides.
In order to better understand the geochemical behavior of REE, further research is required: (i)
advanced chemical and physical characterizations using EXAFS and XPS techniques, (ii)
comparison of field tests results with those of laboratesys, and (iii) determination and testing
the various REBbearing secondary minerals that can form during kinetic tests in order to deduce

the factors affecting the REE leach rates.
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CHAPITRE 7 ',6&866,21

Les caractérisations minéralogiques, chimiques, physiques et les résultatyvatiegiofs
environnementales traités dans les Chapitres 3, 4, 5 et 6 ont permis de bien comprendre a la fois la
minéralogie et le degré de libération des minéraux porteurs de REE, ainsi que les différents
processus réactionnels impliqués dans le comporteg@nchimique des roches stériles et des
PLQHUDLY GH 5(( GHV GHX[ VLWHV GYfpWXGH ORQWYLHO HW
roches stériles et de minerai de Montviel ont été soumis a des cellules humides tandis que ceux de
Kipawa ont été soumid des mMinifFHOOXOHV GYDOWpUDWLRQ O0ODOJUp OfDJL
UDSSRUW DX[ FRQGLWLRQV GH WHUUDLQ O REMHFWLI pWDL
géochimique de divers matériaux porteurs de terres rares et en particulier laénuabites
GHUQLqUHV DILQ GIDQWLFLSHU HW GH SUpGLUH OHXU UHODL
interactions eawoche. Plus spécifiquement, il a été démontré aux Chapitre 3, 4, 5 et 6 que la
lixiviation des terres rares est faible dansdesditions de laboratoire, méme si les minéraux de

terres rares dans les carbonatites de Montviel ou dans les silicates de Kipawa sont sous forme de
particules libres a plus @ (au moins 706 de surface est disponible a la réaction). Cet aspect,

qui estexpliqué dans les Chapitres 4, 5 et 6, serait d0 essentiellement aux processus géochimiques
suivants. (i) les REE sont lixiviées dans un premier temps et elles précipitent ensuite sous forme

des minéraux secondaires de terres rares, et/ou (i) les REEesonus dans la gangue des
matériaux des essais cinétiques via des mécanismes de s@@biiqitre 3) En outre, les stériles

de Montviel possédent une importante capacité de sorption vis a vis des terres rares ainsi que
GIDXWUHV PpWDX[ &KDSLWUH

Bien que les travaux nous aient permis de mieux comprendre leur comportement environnemental,
une discussion de certains aspects qui ne sont pas discutéssdarapitres précederssnt utiles

j OD SULVH GHV GpFLVLRQV DX V KtMetes ndrdras QiRED. QiKD) WMahsR Q HQ
cette discussion, les points suivants seront abor@és comparaison des résultats géochimiques

des essais cinétiques (les cellules humides et les MO O XOHV GIDOWpPUDWLRQ D
lixiviation TCLP, SPLP et CTEUW9, renforcée par une analyse des donrg&resomposante
SULQFLSDOH $&3 LL O HIITHW G pFKHOOH HQWUH OHV UpVX
et sur le terrain, et (iilne SURSRVLWLRQ GYXQH DSSURF kiers@drid@swW UH SR\

des REE basée sur leur comportement géochimique. Enfin, une approche d'évaluation
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environnementale, qui découle essentiellement des résultats de cette thése, sera proposée dans le
but de mieux prédire le comportement géochimique des matégé&ologiques porteurs de REE.

Tableaur-1 : Méthodologies suivies pour la réalisation des essais de lixiviation.

Essai Agent lixiviant 3DUDPqQWUHV G

Granulomeétrie: 9,5m

TCLP Solution d'acide acétiqu

Ratio liquide/solide: 20
(U.S. EPA Method 1311) (PH4,93) q

Durée de l'essai: 18 heure

SPLP Mélange d'acide nitriqu: Granulometrie: 9,3nm
et d'acide sulfurique Ratio liquide/solide: 20

(U.S. EPA Method 1312) (pH 4,2) . _
: Durée de l'essai: 18 heure

Granulométrie: 15Qm

CTEU-9 o o _
Eau déionisée (pH) Ratio liquide/solide: 4
(Stegemann and Cote199 i .
Durée de l'essai: 7 jours

7.1 Comparaison des résultats géochimiques des essais cinétiques et les essais de lixiviation
TCLP, SPLP et CTEU-9

/ITLQWHUSUpPpWDWLRQ GHV U préati<asy BuVIes Sérles dasihoaitesHly KXP LC
Montviel ayant été présentés dans le Chapitre 4, une comparaison entre les résultats des cellules
humides et des essais de lixiviati@stque TCLP (Toxicity Charaterisitic Leachning Procedure),
SPLP (Synthetic Precipitation Leaching Procedure) et GBEGentre technologique des eaux
uséestméthode 9) sera présentée ici. Ces derniers font partie des essais en batch qui sont largement
utilisés au Québec pour prédire le comportement environnemental des différentsauratéri
(Benzaazoua et al., 2006; CEAEQ 2012; Lim et al., 2009). Les conditions opératoires pour la
conception et la réalisation de ces essais, ainsi que les différents paienslide en considération

au moment de la comparaison, sont résumées dans le Talleddaut noter que la comparaison

est parfois ardue en raison des différermuatables en termede conditions de réalisation de ces

essais (AlAbed et al., 2006; Bask, 2016).
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7.1.1 Cellules humides

Les lixiviats des cellules humides sont récupérés apres quelques heures de contact des eaux de
rincage et les rejets. La durée des essais réalisés est de plus de 800 jours. Les paramétres physico
chimiques et géochimiques des lixiviats sont mesurés imieéudat apres leur récupération. Les

valeurs de pH sont basiques pour tous les échantillons et dépassent la valeur supérieure de la
Directive 019 (pH 9.5) durant les sept premiers rincages, aprés quoi ils montrent une tendance a la
baisse au fil du le temps/D EDLVVH GX S+ SHXW rWUH DWWULEXDEOH |
HW RX j O T&idcgdnsds R@fures. Les détails des paramétres physicoiques sont

discutés dans le Chapitre 3. Les métaux et les métalloides analysés dans lesbxiv@mparées

aux normes de la Directive 019 des effluents minierdu Québec, le reglement sur les effluents

des mines de métaux du Canada (REMM) et les criteres de la politique de protection des sols et de
réhabilitation des terrains contamirsdgsQuéec /HV FRQFHQWUDWLRQV PHVXUpHV
Fe, Ni, Pb et Zn sont en dessous des limites exigées par la Directive 019 et les criteres du REMM

du Canada (FiguresT). Pource qui est deeriteres applicables en cas de contamination des eaux
soute DLQHYVY FULWqUH DX[ ILQV GH FRQVRPPDWLRQ WRXV OF
du fluorure (concentration > 1rBg/l limite exigée pour les eaux souterraines destinées aux fins de
consommation). Le barium respecte les régles mais sa conicenteatd a augmenter au fil du

temps, ce qui peut engendrer un drainage neutre contaminé en Ba quelques années suite a
OfHQWUHSRVDJH GHV VWpULOHY HQ VXUIDFH VYLO QT\ D SDV

Figure7-1: *ULOOH GIpYDOXDWLRQ HQYLURQQHPHQWDOH SRX!I
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Les REE sont faiblement lixiviées (entre 0.15 ¢tg8l; concentrations REE totales issues des
cellules humides) en conditions de laboratoire. La teneur de LREE étant plus ddexgées
différenteslithologies et par conséquent leurs concentrations dans les lixiviats sont plus élevées
par rapport aux HREE (FigureZj. Par ailleurs, dans le cagcbncentré de terres rares, le rapport
LREE / HREE étant faible dans les lixiviaigpport 2.5) par rapport aux échantillons solides
(rapport J), cela suggere que les HREE seralibi@rées préférentiellement et / ou pkeyaient

mobiles comparativement aux LREE.

Figure7-2 : Mobilité des LREE vs HREE issus des cellules humides pour les carbonatites de

Montviel.

Tel que démontré dans les Chapitre$ £t 6, les REE sont associés aux éléments radioactifs
comme Th, Ra, Nb et U. (Hierro et al., 2012). Dans le cas des carbonalkitestdel, les isotopes
radioactifs détectés dans les lixiviats des cellules humides sont le radit22GRet Ra228) et

O XUDQPR3P U285, et U238) (Figure 73). Les résultats montrent queutes les
concentrations en ces éléments radioactifs soas la limite prescrite par la Directive 01%at

respect aveles lignes directrices canadiennes pour la gestion des matieres radioactives naturelles
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(MRN) : la limite de rejet dérivée pour la famille uraniur@33 (et tous ses descendargs) est 1
B/l et la limite pratique dérivée pour le radium qui®sg/l.

Figure7-3: La radioactivité des éléments radioactifs détectés dans les lixiviats des cellules
humides des carbonatites de Montviel.

7.1.2 Comparaison des résultats issus des essais TCLP, SPLP et CFEU

Au Québec, les essais de lixiviation en batch sont utilisés pour les évaluations environnementales
des rejets miniers (roches stériles et résidus). Cependant, leurs conditions opératoires sont
GLIIpPUHQWHYV HQ WHUPHV GH S+ GH OYDJHQW OL[LYLDQW GH
HQWUH DXWUHV J/YHVVDL 7&/3 HVW FRQoX SRXU VLPXOHU OF
métalloides dans des conditions acides, alors que lesSek et CTELR sont congcus pour

simuler l'effetde 140mg/IHW OfHIIHW GHV HDX[ QDWXUHOOHYVY VXU OD GL
et inorganiques (CEAEQ 2012; US EPA, 1995).

La comparaison entre les essais TCLP et SPLP (Figdpg montre que lesi@ments Zn, Ba, Mn,

Fe, Pb et les REE sont plus lixiviés par les essais TCLP que par les SPLP, qui extraient plus de Cu,

% $V ) 7K HW 8 &HV UpVXOWDWY VRQW HQ DFFRUG DYHF O
(Lackovic et al., 1997; Lewis et Hag2000; OzverdandErdem 2010; Shieh, 2001) elplus les
WUDYDX[ GH %DVVROp RQW GpPRQWUp TXYLO Q \ D SD\
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guantités d'arsenic extraites par les deux tests. Les différences entre les tests TCLP et SPLP sont
GXHV HVVHQWLHOOHPHQW DX W\SHIG kK SdIRtOnXaat lagide, u$ [ WU D F
dissolution est importante (Abed et al., 2008, Hoopel998).

La comparaison du test TCLP au test CT&(Figure 74B) montre que le test TCLP est plus
DJUHVVLI SDU UDS S® C&dernerfeAdtkal iius BB GH ) GTI$V GT8 HW G
WDQGLV TXH OfHVVDL 7&/3 H[WiéallowesS CeKediferencezat @xpligliée P p W D
par les conditions différentes de réalisatida test TCLP est réalisé dans des conditions acides

comparativement au test CTEqui est effectué dans des conditions neutres (Tabl@au 7

7.1.3 Comparaison des résuhts des cellules humides avec les résultats des
essais TCLP, SPLP et CTELD

Les résultats géochimiques issus des essais de lixiviation en batch (TCLP, SPLP e9)CTEU
compareés avec ceux issus des cellules humides sont présentés dans le but de nadfifdreniess

en termes deoncentrations des contaminants dans les lixiviats. Les concentrations des cellules
humides utilisées dans cette comparaison sont les concentrations moyennes de la portion stabilisée

allant de 63 a 819 jours.

7.1.3.1 TCLP vs cellules humices

Pour TCLP, le Fe, le Ba et le Pb sont libérés dans les lixiviats tandis que dans les essais en cellules
humide, le Fe est sous la limite recommandée par la Directive 01g/(3Figure 74D). Les
FRQFHQWUDWLRQV GH %D GH 2pasdam |€idriter@s appylidabled friteswib L 7 &,
contamination des eaux souterraines seulement dahsdesas, ferrocarbonatites LG et BIG
silicocarbonatitesDans lesalciocarbonatitede Zn est le seul élément qui est libéré en raison de

sa mobilité das les conditions neutres et alcalines. Les concentrations de REE varient entre 6, et
28mg/l, tandis que celles des éléments U et Th sont inférieures ang/02t 0.0004mg/!

respectivement.

7.1.3.2 SPLP vs cellules humides

Pour la comparaison des essais SRERles cellules humides, les concentrations des métaux
analysés sont inférieures aux critéres de la Directive 019. Dans les essais SPLP, seul le pH qui

dépasse la limite supérieure recommandée par la Directive 019 (pH 9,5; Fdkle [es
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concentrationsles métaux issus des essais SPLP sont supérieures a celles des cellules humides
(Figure 74E). Ceci pourrait étre attribuable au pH des solutions utilisées dans les deux tests. Les
essais SPLP utilisent des acides, ce qui conduit & une exagération skolation des métaux
FRPSDUDWLYHPHQW DX[ FHOOXOHYVY KXPLGHV TXL XWLOLVHQW

7.1.3.3 CTEU-9 vs cellules humides

Pour les extractions CTEU OHV HVVDLV VRQW UpDOLVpPpV j OfHDX GpPLC
S+ | SHQGDQW M R X&$V jauffsPld pAVse BtueReQire 8 8t 9 et le F dépasse les
criteres applicables en cas de contamination des eaux souterraimegl) (dlans tous les
échantillons (Figurg-4F). Le Ba (> 5,3ng/l), le Mo (1.13mg/l) et le F (30mg/l) dépassent les

limtes UHFRPPDQGpHY SDU OHV FULWqQUHYV UHODWLIV j OTHDX SF
et de réhabilitation des terrains contaminés:(Beg/l; Mo : 0,07mg/l; F: 1,5mg/l) et les criteres
applicables en cas de contamination des eaux souesrériteres aux fins de consommation;

(Ba: 5,3mg/l; Mo : 2mg/l; F: 4mg/l) pour lesferrocarbonatites LG et HGes brecciaet les

calciocarbonatites.

En conclusion, on peut dire que les essais de lixiviation en batch, en particulier les essass TCLP
SPLP, conduisent a la dissolution des éléments en plus grande concentration par rapport aux essais
en cellules humides. Ceci est attribuablealL. O fpQHUJLH GH OYDJLWDWLRQ SDL
IHUPDPp LLL OD GXUpH GT~AWIYD FINW]RIA G H K BFOWILHOL VBV SR XU
essais de TCLP et SPLP contrairement aux essais en cellules humides. De tous les éléments
OHVVLYpV OH ) HVW OH VHXO pOpPHQW j rMeldHe @libpesUp GDQ
permise pards criteres applicables en cas de contamination des eaux souterraines (critéres aux fins

de consommation).
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Figure7-4 : Comparaison des résultats des essais de lixiviation (TCLP, SPLP et@TdEles

cellules humides.

Les essais TCLP et SPLP lixivient plus de REE que les essais-SHEEN cellules humides. Les

essais CTEL9 et SPLP sont les essais les plus seméaslix cellules humides (Figure), ce

qui peut étre attribuable aux pH phimilaires (Tableau-7 'DQV ODYHQLU HW SRXU G
environnementales des roches stériles et de minerai de REE, on recommande beaucoup plus les
essaisde CTEU TXL SRVVgGHQW GHV FRQGLWLRQV WUqV VLPLODLU
VXUWRXW HQ WHUPH GH S+ ELHQ TXH OF soit¥ewhgPH GIYH[WUDF
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Figure7-5 &RPSDUDLVRQ GHV UpVXOWDWY GYHVVDLV GH OL]JL
lixiviation (TCLP, SPLP, eCTEU-9) et les cellules humides.

/IfTDQDO\WH GHV GRQQpHYVY GHV UpVXOWDWY LVVXV GHV HVVDLIL
essais TCLP, SPLPetCTEUDX PR\HQ GH OYDQDO\VH SDU FRPSRVDQWH
montrer les relations entre les 8 QWV PDMHXUV HW HQ WUDFHV 6HXOV
calciocarbonatites seroprésentés car toutes les autres lithologies montrent des comparaisons
similaires. Les deux premieres composantes (PCl et PC2) représentent plugodege 98

variabilité cumulée des données (FiguresX). La représentation des éléments dans le plan
déterminé par PGP C2 montre cing groupes distincts (FiguréB)).

La projection degchantillongTCLP, SPLP, CTELD et CH) sur le plan factoriel PEAC2 (Figure

7-6C) indique que PC1 et PC2 sont liées aux types des essais (essais de lixiviation ou cinétiques).
Les groupes 1 et 4 sont fortement corrélés avec CIEldndis que les groupes 2 et 3 sont
positivement corrélés avec les essais TCLP, et négativement avec lesSessaist CH. Ceci
VXJIJqUH TXH OHV 5(( /5(( HW +5(( HW OHV DXWUHV PpWDX]
caractérisé par un pH acide contrairement aux essais SPLP,-€EEEn CH. Cependant, les

éléments des groupes 1 et 4 ont tendance a se lixn@érentiellement par le CTED. Les
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groupes 2 et 3 sont négativement corrélés avec le pH, ce qui indique que la mise en solution des
5(( HW GIDXWUHY pOpPHQWY PpWDOOLTXHV VH IDLW SULQFLS

La Figure 76D (cercle de cortétion) montre les résultats géochimiques des cellules humides
forment quatre cing groupegroupe 1, composé de §Oh, As et F; groupe 2, contenant B;
groupe 3, composé de REE, LREE, HREE, Cu, Zn, Pb, Fe, Ba et Mn; groupe 4, constitué de U; et
groupe 5représenté par pH. Le groupe 3 peut se diviser en dewgsmyses caractérisés par des
fortes corrélations (i) REE, LREE, HREE, et (ii) Cu, Zn, Pb, Fe, Ba et Mn (Figu&B]J. Noter

gue le REE représente le total des éléments des terres rares.

"9 X @int de vue géochimique, la relation suggérée par ACP, en particulier entre les RBE et SO
VLIQLILH TXH OTR[\GDWLRQ GHpeuvax@riexigrtaMixiviation \dés REHerG HV 62
UpSRQVH j OTDFLGLWpP JpQpUpH & HIBdiQeGId fQriéy coBéipidD eGtRRL QW G|
les REE et le Ba indique que ces derniers sont portés par les mémes phases minérales (i.e. mélange
REEBa tel que démontré par les analyses minéralogiques; Chapitres 2 et 3). De méme, le
regroupement de Th et F suggéar PCP peut étre attribué a une association minéralogique

portant les deux éléments (i.e. fluoroapatite).
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Figure7-6 : Analyse par composante principale (ACP) des données géochimiques des
calciocarbonatiteconcentrations moyennes desules humides sur 819 jouds Montviel

issues des essais de lixiviation et des cellules humides.

7.2 Comparaisons des comportements géochimiques a différentes

échelles

Cette section a pour objectif de comparer les résultatshgéiques des matériaux de Montviel
HQWUH OHV HVVDLVY GX ODERUDWRLUH HW OHV EDULOV GX Wt
TXL pWXGLH OYfHIIHW GYfpFKHOOH VXU OD OL[LYLDWLRQ GHV !
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géochimiquesssus des barils de terrain ainsi que les principales différences observées entre les

essaisn situet au laboratoire sont présentées.

La prédiction du comportement environnemental des rejets miniers (roches stériles et résidus) dans

la plupart des casedait par des essais statiques et/ou cinétiques de laboratoire. Cependant, des
différences significatives sont observés entre les conditions de laboratoire et du terrain (pH,
JUDQXORPpPpWULH FRQVRPPDWLRQ GYR[\JqQH UBWLR VRC
géochimiques de surface comme la sorption, etc.). En conséquence, les résultats des essais de
laboratoire ne refletent pas nécessairement les résultats des essais de terrain en termes de
FRQFHQWUDWLRQV GHV SROOXDQW &ht, lRpydehimistesVdémidntvedtO O R w C
TXLO HVW WUqV GLIILFLOH GH VLPXOHU OHV UpVXOWDWYV GH
al., 2016; Levesque et al., 2016; Plante et al., 2010a et b). La prise de décision sur le comportement
environnemenDO GHV UHMHWY PLQLHUV QpFHVVLWH OD FRPSUpKHC
influencant les mécanismes de dissolution de ces rejets (Lin et al., 1981; Lapakko, 1994; Bennet et

al., 2000; Malmstrom et al., 2000; Hellmann et al., 2002; Millet.e2@03; Frostad et al., 2005;

Gu et Evans, 2007; Ganor et al., 2007; Pepin, 2009; Sapsford et al., 2009).

/ITLQWHUSUpWDWLRQ GHV UpVXOWDWY FLQpWLTXHV GH ODER
GIpFKHOOH SRXU UHQGUH @IBd&UgessInfiniérs BlIGE réalsieL LLh ReQofvide® H Q W
des minéraux porteurs de contaminants (i.e., métaux et REE) dépend des parametres
hydrogéologiques, géochimiques et minéralogiques (Guy et al., 1999; Zendah et al., 2013). La
mobilité des contaminants sl& terrain, entre autres les REE, peut étre réduite par rapport aux
essais de laboratoire via plusieurs processus géochimiques comme la précipitation des minéraux
secondaires résultant des équilibres thermodynamiques et géochimiques des solutione@ernand
Caliani et al., 2009; Gschneidner et al., 2006; Yusoff et al., 2013). En outre, les mécanismes de
dissolution sont contrdlés essentiellement par la réactivité des minéraux (carbonates ou silicates),

les pourcentages des fractions fines, et les surfagasfiques élevées (Erguler et al., 2015). Ces
conditions ne sont pas trouvées dans les matériaux de carbonatites de Montviel qui sont caractérisés
comme des matériaux faiblement réactifs (Edahbi et al., 2015; Chapitres 4 et 5). La qualité des
eaux de draage minier de Montviel dépend principalement de la concentration des REE et
contaminants associés résultants de la dissolution des carbonates (porteurs ou non de REE) et de
OYR[\GDWLRQ GHV VXOIXUHV HQ SDUWLFXOLHte® DesS\UUKR"
carbonatites de Montviel sont composés a plus d# @@ carbonates, incluant les carbonates
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SRUWHXUV GH WHUUHYVY UDUHV &HWWH UpDFWLYLWpPp SHXW rV
solution de lixiviation (Alkattan et al., 1998; €@oet al., 2012). Les températures moyennes sur le

site varient entrel8 °C en janvier et 17°C en juillet. Ce type de climat peut diminuer la réactivité

des sulfures, et favorise la solubilité du dioxyde de carbone)(@QQi peut diminuer le pH des

eauxde drainage.

7.2.1 Matériaux et méthodes

Seuls les matériaux et les essais en barils seront décrits dans cette partie. Les détails des essais

cinétiques et les matériaux utilisés au laboratoire sont trouves aux Chapitres 3, 4 et 5 de cette these.

7.2.1.1 Matériaux util isésen essais de terrain

Les matériaux choisis pour ce test ont été sélectionnés pour représenter les différentes lithologies

et le minerai des carbonatites de Montviealiocarbonatitesbreccia ferrocarbonatites et
silicocarbonatites La masse nécessaire pour la réalisation des essais en barils (environ 200
240kg) est issue de plusieurs carottes de forage pour chaque échantillon. Apres la sélection des
carottes de la cartothéeque, les échantillonssobtun concassage pour réduiesir dimension et

assurer une homogénéisation avant de les mettre en barils. Au total, sept barils sorihreibmtés

SRXU pYDOXHU OfHIIHW GYpFKHOOH VXU OH FRPSRUWHPHQW
porteurs de REE des carbonatites de Mieh(Figure #7). Ces essais ont été mis en place et suivis

par le personnel de la compagnie Géoméga. Les barils utilisés sont en plastique avec une capacité
G THQY L itRNA la base de chaque baril, une sortie est percée avec un embout eilgéotext
SRXU FROOHFWHU OHV OL[LYLDWY /HV SDUWLFXOHV ILQHV VR
couche de sable a la base des barils, qui permet également de filtrer les lixiviats et éviter le
bouchage de la sortie. Le sommet des barils détdeH WRXMRXUV RXYHUW SRXU SH
HDX[ GH SOXLH /HV OL[LYLDWYV VRQW FROOHFWpPV GDQV GHV

pour éviter la contamination et/ou la dilution des lixiviats par la pluie.
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Figure7-7 : Essais en barils des matériaux des carbonatites de Montviel

La comparaison des essais de laboratoire et les essais emlsitilaécessite le rappel de certains
SDUDPgQWUHYV GH FKDTXH W\SH GTE8UVVHRPFSUYKNR YW Q C3H. OF H (
sur le comportement géochimique des REE. Ces derniers sont résumés dans le Tableau 7

Tablau7-2 3DUDPgWUHYV GHV HVVDLV FLQpWLEKHHPKH@QBLVpPpV

Essai Masse  Distribution Ratio Rincage
(kg) granulométrique liquide/solide
(I’kg/semaine)

Cellules humides 1 <6,3mm 1 Une fois par semaines
Essais en barils 200 <120mm (0.023) 75,7mm/mois
240

Les compositions chimiques des eaux de lixiviats ont été déterminées pour les comparer aux
criteres de la Directive 019. Seuls les parametres supérieurs a la limite de détection et qui ont un
LQWpUrwW SRXU OD FRPSUpKHQVLR @s@Eé¢ls Qug ke ldhy W& c@fycimd OO H \

électrique, quelques métaux (Pb, Zn, Ba, Ca, Cd, etc.), les REE et un métalloide (As). Tous les
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parameétres mesurés dans les lixiviatssitu respectent les limites de Rirective 019 sans
exception (Figure-B, 7-10 & 7-11).

Le Tableau 72 compare les résultats géochimiques des lithologies pour quelques éléments d'intérét
issus des essais terrain (barils) et de laboratoire (cellules humides). La libération des éléments
géochimiques dans les lixiviats esintroléepar plusieurs facteurs, dont le rapport liquide/solide.

Le rapport liquide/solide sur le terrain est estimé a OlB@Bsemaine et a llkg/semaine en
cellules humides (TableauZj. Ce rapport au laboratoire est environ 44 fois supérieur a celui du

terrain.

Le pH demeure toujours entre 8 et 8JUKFH | OYDERQGDQFH GHV PLQpPUD X
particulier les carbonates. Les valeurs dermpsitu(8,138,64) sont Iégérement supérieures a celles

mesurés au laboratoire (7;986). Ceci peut étre expliqué Pa OTDXJPHQWDWLRQ GH O]
GHV QHXWUDOLVDQWYVY FDXVpH SDU OHV WHPSipEtDWXUHYV SOX)\

Les mesures de la conductivité électrique traduisent la quantité des anions et cations en solution.
Les conductivités éledues mesurédn situsont plus élevées que celles mesurées au laboratoire.
&HWWH GLIIpUHQFH SHXW rWUH DWWULEXDEOH j OfHDX GH .
DXJPHQWH GTXQH IDoRQ VLIJQLILFDWLYH OD GLVVROXWLRQ G

/IHV YDOHXUYV G 1D O Hibsiuo€cll&vtenBdby eO26hhy TadDB/|Blus élevées que
celles mesurées au laboratoire (variant entre 10 etgB0aCO3). Cette différence entre le terrain
et le laboratoire est un autre indice qui sugdenglus grande dissolution des carbonates sur le
terrain comparativement au laboratoire. Les alcalinités sont plus éldagsdes lixiviats des

silicocarbonatitem situet au laboratoire.

Le calcium est un des éléments les plus abondants dans lemuxatie Montviel, leur teneur en

oxyde CaO dans les tous échantillons varie de 15,7 a¥@0l2blealB-1). Les minéraux porteurs

de Ca sont essentiellement les carbonates (calcite, ankérite) tel que démontré par les analyses
minéralogiques par DRX, etEMSCAN; les détails se trouvent dans les Chapitres 3 et 4. Les
concentrations dans les lixivias situ (2.1935mg/l) sont un ordre de grandeur supérieur aux
essais de laboratoire (0-48.1mg/l). Cette différence peut étre due adidferenceentre le

laboratoire et le terrain en termes de température et le ratio solide/liquide.

Les sulfates dans lixiviaisstu HW DX ODERUDWRLUH HVW XQ SURGXLW GH ¢

dans les échantillons solides, en particulier la pyrite, la galendygbiye et/ou de la dissolution
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des sulfates comme la célestine (SeSQrableau 33). De plus, les eaux de pluie contiennent une
FHUWDLQH FRQFHQWUDWLRQ GH VXOIDWH /HV LRQV + 2 VRQ
TXL FRQVRPPHQAW laOsHIiondd vhtfbuaht a la diminution du pH des lixiviats. Le
VXLYL GH OTpYROXWLRQ GH FHV GHX[ pOpPHQW-dé @dRIUV GHYV
OTLOWHUSUpWDWLRQ GHV UpVXOWDWY JpRFKLPLT3HYV /HV |
environ deux ordres de grandeur supérieures pour les gss#is Pour les essais de laboratoire,

les valeurs sont stabilisées autour demigfdl, tandis que celles mesuréesituse stabilisent autour

de 143mg/l.

Le barium est porté principateent par la barytocalcite, et un mélange de f&ESr. Les données
ponctuelles mesuré@ssitu VRQW GTXQ RUGUH GH JUDQGHXU LQpULHXUF
0.86mg/l). Les conditions de terrain en termes de température, la dissolutiondet@OIHIITHW GHYV
pluies acides (présence de sulfates dans la pluie) favorisent la dissolution des minéraux porteurs du
barium, mais les concentrations élevées de BGsitu par rapport au laboratoire permettent
probablement de contrdler les concentrations deeB solution en le précipitant sous forme de

barite (BaS®@) : indice de saturation de la barite terral358.2 (sursaturation); labo < 0 (sous

saturation).

Les terres rares proviennent essentiellement des carbonates de REE (i.e. burbankite, kigkhrenkoi
bastnaésite, etc.) tel que démontré dans les Chapitres @altudles humides; 0,19 pg/l). Les

valeurs mesurées sur les lixiviatssitu varient entre 0.0006 et 0.08%8y/l avec un maximum dans
lessilicocarbonatitegt un minimum dans l€errocarbonatitesLes concentrations au laboratoire

sont inférieures aux essaissitupar plusieurs ordres de grandeurs. Cet écart entre lesiasshis

et au laboratoire peut étre expliqué parL OfHIIHW GH OD WHPSpUDB®RIXUH OD
situ augmente la dissolution des carbonates), (ii) la surface spécifique (plus élevée au laboratoire
par rapport au terrain) et la précipitation des REE sous forme des minéraux secondaires ou leur
sorption sur les surfaces des minéraux primaire§ BQWpULHXU GHV HVVDLV GX O

meécanismes de sorption, tel que démontré dans le Chapitre 3.
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Essais terrain

Cellules humides

Unité BreC CaC FeC SiC BreC CaC FeC SiC
pH 8,158,64 8,138,45 8,288,44 8,248,64 7,47:9,94 7,41:9,56 7,449,31 7,089,69
Conductivité uS/cm 246736 150972 377-1010 8521140 45,4334 36-96,2 38,9126,5 51-207
OH cr:?c/:lo3 2 2 2 2 1 1 1 15
COs* é:%los 3,521,5 2-7 2-6 2 1-27 1-1,42 1-4 1-16
HCOs ma/l 74,5173,5 54-183 135186 143260 16-66 1662 16-35 1663

CaCo3

F mg/| 0,732,14 0,37-2,26 2,07-3,05 0,67-1,24 0,01-1,95 0,01-0,64 0,01:0,31 0,01-1,89
SO mg/l 38-165 15230 27-130 85-330 0,810 0,52,1 0,51,43 0,044,4
Al mg/| 0,0740,29 0,0460,39 0,0240,273 0,0692,11 0,1-0,74 0,0040,13 0,07:0,28 0,040,29
As mg/l 0,0040,006 0,00160,006 0,0020,005 0,040,06 0,00010,0031 0-0,0006 0-0,0004 0-0,0007
Ba mg/I 0,07-0,22 0,030,07 0,090,207 0,050,2 0,0510,52 0,120,6 0,140,86 0,050,846
Ca mg/l 9,2429,9 2,1935 5,77:21,5 2,5621,1 0,5310,1 0,565,24 0,654,88 0,538,59
P mg/l 0,030,05 0,030,06 0,03 0,030,11 0,00450,552 0-0,025 0-0,022 0-0,026
Zn mg/l 0,0020,078 0,0020,079 0,0030,061 0,0060,1 0,0010,074 0-0,014 0-0,011 0-0,018
REE mg/I 0,00080,008 0,00080,011 0,00060,004 0,00060,039  0,00020,00891¢*  0,00030,0033 1¢*  0-0,009 1  0,00030,0057 163
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Figure7-8 : Comparaison des parameétres (pH, Fe, F, Ba, As et Cd) mesurés dans lesilixiviats
situavec les criteres de réglementation tels que Directive 019, RESIE, critéres de consommation,

et limite de détection.
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Figure7-9 : Comparaison des parametres (Cu, Ni, Pb, Zn, Co et Cr) mesurés daxsisil
situavec les criteres de réglementation tels que Directive 019, RESIE, criteres de consommation,
et limite de détection.
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Figure7-10 : Comparaison des parametres (Al, Mn, Mg, REE, P et SO4)rgwedans les
lixiviats in situavec les critéeres de réglementation tels que Directive 019, RESIE, critéres de

consommation, et limite de détection.

Les taux de relargages instantanés des élémmgt$j¢ur) sont calculés en divisant les charges

cumuléesnormalisées, extraites des cellules humides, par rapport au temgfgo(r). Les
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résultats obtenus montrent que toutes les lithologies de Montviel ont des tendances similaires en
termes des taux de relargage instantanés. En effet, seules les done&edefestocarbonatites

VRQW SUpVHQWpPHV SRXU TXHOTXHV pOpPHQWY GILQWpPUrw 1
OfHIITHW GIpFKHOOH HQWUH OHV HVV-DIL \és\Watklde Bela@adésvV. G X C
instantanés des éléments sont calculés a partootkegntrations moyenned.es taux instantanés

de quelques éléments issus des essais du laboratoire et terrain en fonction du temps sont présentés
a la Figure 712. D'importants différences dans les taux de relargages instantanés sont observées
pour la plupart des éléments: Ca terra®13x10* mg/l/jour +labo: 0,41mg/l/jour; Ba terrain

4,56x10° mg/ljour Habo: 0,71mg/l/jour; Mg terrain: 5,22x10° mg/l/jour Habo: 0,70mg/l/jour;

S terrain: 0,47x10* mg/ljour *labo: 0,10mg/l/jour; P terrain 9,21 x10° mg/ljour *labo:
0,0012mg/l/jour; REE terrain 8,11 x10® mg/l/jour tlabo: 1,5x10* mg/l/jour. Pour le soufre, les

taux de relargage instantanéesRR UUHVSRQGHQW SDV DX[ WDX[ GIfR[\GDWL
en particulier la pyrite (sulfure majoritaire), car les sulfates pourraient précipiter sous forme des
minéraux secondaires tel que suggéreé par les calculs thermodynamiques Higure 7

Figure7-11: Comparaison des taux de relargage instantanés obtenus en cellule humide et en baril

de terrain (terrain) pour ldsrrocarbonatitede Montviel.

Les taux de relargages instantanés issus des cellules humides sont supérieurs a ceux issus des essais
terrain pour toutes les lithologies. Ces différences entre les différentes échelles pourraient étre dues

a la précipitation de minéraux secondaires estaxphénomeénes de sorption, aux granulométries
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différentes et au rapport solide/liquigeoir Chapitres 3, 4, 5 et 6De plus, les conditions
hydrogéologiques du terrain (teneurs en éléments dissous élevées, temps de contact éleve, rapport
solide/liquidefaible) sont favorables a la précipitation des REE (i.e. REERID Ba (i.e. barite),

du Fe (i.e. goethite, hématite) et du P (i.e. hydroxyapatite) que dans les conditions d'essais de
laboratoire (Figure -13). Certains de ces minéraux secondaires ptésigparticulierement
goethite et hématite) pourraient également réduire la mobilité des REE via des phénoménes de

sorption.

Figure7-12: Taux de relargages instantanés des éléments assocfésracarbonatitegntre les essais

terrain et du laboratoire.
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Figure7-13: Indices de saturation des minéraux secondaires dans les des essais terrain.

Enfin, les taux de relargages des éléments SORRQWU{OpV SDU GHV IDFWHXUV C
hydrogéologiques et minéralogiques. La différence de granulométrie entre les carbonates (porteurs

ou non des REE) présents aux différentes échelles est significative. Les minéraux soumis aux
cellules humidesant plus fins par rapport & ceux présents dans les essais terrain (TaB)eau 7
Comme la fraction fine est plus réactive que la fraction grossiere, les cellules humides présentent
des taux de relargages instantanés plus élevés par rapport aux essai®teptas, la différence

entre les essais de laboratoire et du terrain en terme du rapport liquide/solide, allant de 0,023 a
1I/kg/semaine, pourrait aussi avoir un impact significatif sur la lixiviation des éléments. Les
conditions hydrologiques du tein (le temps de rétention hydraulique, perméabilité et diffusion

GH OfHDX HW GHV JD] HWF SRXUUDLHQW DXVVL DYRLU XQ

essais de terrain.

7.2.2 Effet de la température sur le taux de relargage instantané des éléments

La loi d'Arrhenius (équation 7. SHUPHW GH PHWWUH HQ pYLGHQFH OfHII
YDULDWLRQ GH OD YLWHVVH G XQH UpDFWLRQ FKLPLTXH L |

générale qui décrit la loi d'Arrhenius est la suivante
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L i?%\F/’v (7.1)
k : taux d'oxydation (mg/s)
A : constante appelé aussi facteur de fréequence (méme unité que k)
Ea: énergie d'activation (J/mol)
R : constante universelle des gaz pasfé8,314472 kJ.mdl K1)
T : température (Kelvin, K)

Pour deux températures (€t T) avec T2 >T1, avec T et T représentant respectivement la
WHPSpUDWXUH GX WHUUDLQ HW GX ODERUDWRLUH OfYpTXDWI

|_ .5 _ 5
— F—;
X5 X6

t>
—

z : (7.2)

ol
<||

/ID S\ULWH HVW OH PLQpUDO VXOIXUHX[ OH SOXV DERQGDQW
G 1D FW L YDlgveeRgnérdl varie en fonction du pH. Rxemple, les valeurs de, Bont

comprises entre 4 et %d/mol pour des pH entre 6 et 8 (Nicholson et al., 1988, 1994; Blowes et

DO 3RXU DYRLU XQH LGpH GH OfHIIHW GH OD WHPSpUDV
les matériaux de Montei, différents scénarios sont simulés. Les scénarios pour des températures
variant entre 1 et 24°C et pour des énergies d'activation de 5, 10, 20, 40, 8QJ