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Abstract

Metal stable isotope analshave proven to make valuable contributsio the study
of the biogeochemical cycling of metals and metalloids in the environPreesses that
control the release, mobility and fate of metalsatural systemsften lead @ stable isotope
fractionation.Before the isotopic signatures of nattsamples can be applied as environmental
tracers, laboratorgcale studiedpcused on the measuremeithe magnitudef theisotope
fractionation associated with specific processes, are neledsgite recent studieNj stable
isotope systematics isilkin its infancy, thus further research is required to decipher Ni isotope
signatures in complex, natural systems.

Nickel, similar toother metals, is a nutritionally essential trace element for several
organisms and phts, however the exposurehighly Ni-padluted environments can resultan
variety of pathological effects in living organisms. Some of the Ni compounds are also
classfied as carcinogenic, thuthe investigation of Ni attenuation procesisesf great

importance to protect living beings and the environment.

Laboratory batch experiments were conducted to characterize the isotope fractionation
duringthe precipitation of Ni secondary mineral phasdishydroxide, Nihydroxycarbonate

and Ni sifide. Data werdest represented IRayleightype curve, showingractionation
factors l-?lli—hydroxide:T 0.4 , l-\‘lli—hydroxycarbonate_'T 0.5 and,U\li—sulfide: 10.73 . These values

indicate a preferential retention of lighter Ni isaésfby the solighhase in althree systems.
Synchrotrorbased Powder Xay diffraction (PXRD) and Xxray absorptiorspectroscopy
(XAS) analyses were performed to characterize the precipitates. The interpretédimtiope
resultssuggestshat equilibrium effects are thmainmechanisraresponsible for the measured

Ni isotopic signatures
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As bacterial reduction of sulfate under anaerobic conditi@sbeen successfully
applied tothe treatment of waste streams contaminated by heavy niabadsatorybatch
experimeng were performedo evalwate isotopic fractionation of Niuringmicrobially-
mediated Ni sulfide precipitatioithe final solid product was characterizedSmanning
electron micoscopy (SEM)Transmission electron microscopy (TENbynchrotrorbased
PowderX-ray diffraction (PXRD) and Xay absorption spectroscopy (XAShemeasured
isotopedatarelative to the fraction of Ni in solution and the fraction of Ni associated with the
solid phase followed a linear trend which vyieldegf%gigsoion=71 . 998, wi th 1i gh
isotopes partitioned into the precipitatBsth the results of the solghase and isotope
analysesuggest a combination of kemovalmechanismsancluding complexation,
precipitation co-precipitationand sorption, thus complieag) the interpretation of the isotope

data.

Previous studiemvolving calcite interaction witiNi have showrhe potentialof
calcium carbonatin the sequestration ofi from impacted aquatic and groundwater
environmentsA flow-through cell experimentas conducted to assess Ni isotopic
fractionation during Ni treatment by calci®ynthetic Nicontaminated groundwater was
pumped through a custemade flowthrough cell containg crushed natural calcite.
Measurementsh pHwere conducted on the efflueand aqueous samples were collected for
determination of the concentrationsamfionsand cations and Ni isotope analys€say
absorption spectroscopy (XA®as performed via a Kapton windowthe cellto gather
information on the speciation bfi in the system. Gnfocal Xray microfluorescence imaging
(CMXEFI) analysis was also conducted Ni-bearing calcitgoarticles from the cell to further
characterize the mechaniswfsNi removal Resultsindicate that there are multipigoceses

controlling Ni removal by calcite inside the flethrough cell, and that greater enrichment of
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®Ni over*®Ni in the dfluent compared to the input solution, is associated with higher rates of

Ni removal.

Nickel isotope analysis wanducted on pore water samples extracted from the Moose
Laketailings impoundmeras a supportive tool in the charactation of the processe
controllingNi mobility in thetailingswithin the ML 25storage facilitywhich aresubjec to
sulfide minerabxidation Samples of the tailingsaterialwereanalyzed usingnultiple
analytical techniques including transmitted and reflected microscepgy Xuorescence, and
synchrotron based-¥ay absorption spectroscopy (XAShehighestNi concentration
(578.9mgL %) in pore water was fourtd coincidewith the depth of the front of active sulfide
mineral oxidationwhereasighestNi concentration# the tailings solid material (1473 and
5000 mg kd) corresponded to the highgstaksin sulfur contentResults show a good
correlation between Ni isotopic signatures of the pore water and the weathering zones
characteristic of different depths of the tailings impoundment, thus suggesting the potential of

Ni stable isotopes as tracers in environmental lyeodstry.
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CHAPTER 1

Introduction

1.1. INTRODUCTION TO NICKEL

Although unintentional use ®i has been observed since ancient tiggegel et al. 2007) Ni

was discovered and first described in the Acts of the Royal Academy of Sciences at Stockholm
in the 1750&onstedtl7@Wy omMbéedame Anickel 6, whi cl
evil spirit called Old Nick, probably origin
workers gave to niccolite (Ni As), because t
any copper from ifHausinger1993; Sigel et al2007) Subsequently, Ni was first isolated by

the French geol ogi st (HBusimgeriOb3gr i n t he early
Nickel has many industrial and commercial applmadi It is used in electroplating,

electroforming and it is also a constituent of niegatimium batteries andeetronic

equipment. Nickehlsocanbe found in coins, jewellery and medical prosthéBemkhaus &

Salnikow 2002) However, the largest use of Ni istphroduction of stainless steel and other
Ni-based alloys characterized by a high corrosion and temperature resistance p{Qigeties

et al, 2007; Coman et gl2013) Due to the vast utilization of Miontaining products, nickel

ores are extensively mined in several countries.
1.1.1. Nickel ores

Nickel is the 24th mosibundant element in the Earth crust (Allowd995) and, although
constituting about 0.0086% of the crust itself, it is mainly located in the core (at a concentration
of 5.8%) and in the mantle (at a concentration of 0.22%) regions of the Earth (Hgusinger

1993).



Nickel is an element with chalcophilic affinities, therefore it is often found associated with
sulfur, arsenic and antimony in nature (e.g., NiS, NiAs, NANIASS, NiSb, NiSbSBigel et

al,, 2007)

Nickel ores consist of two different types of economically important deposits: sulfide ores and

laterites(Betteridge 1984; Sigel etla 2007)

i Sulfide ores

Major Ni sulfide deposits are related by key aspects involving their genesis: (i) a source of
sulfur that saturates the magma, (ii) gravitational segregation of the imimisgibde liquid

and (iii) concentration of the sulfides in restricted areas (e.g. physical traps or conduits)
(Naldrett 1999; Lightfoot 2007; Naldrett2004)

The Nibearing sulfide minerals characteristic of sulfide ores are principally pentlandite
[(Ni,FelxSg] and nickeliferous pyrrhotite [roughly (Ni,F&g]. Occasionally, millerite (NiS),
hazlewoodite (N§S;) and violarite [(Ni,Fe}Ss] can also be foun(Burkin, 1987) Copper and
iron sulfides such as chalcopgifCuFe$ and pyrite (Feg are always present in association
with the Nisulfide mineral§Burkin, 1987)

i Laterites

Nickel laterites originate from an intense weathering of oliviok ultramafic rocks and their
serpentinized equivalents (containing up to 0.4 % on Ni), during wiNidk,taken into

solution and then redeposited as complex oxides, hydroxides oresi(iBatteridge 1984;

Butt & Cluzel 2013)

Most of Ntlaterite deposits consist of two principal units: a lower silicade unit, named
saprolite), rich in Mg andlli-bearing phyllosilicatesand & upper oxideich unit,

characterized by Nbearing iron (oxyhydr)oxides (essentially goethite) and Ni/Co manganese

oxides(Dublet et al.2015)



AlthoughNil at eri tes represent 60 to 70% of the w
accounted for less than 40% of global nickel production, due to lower ore grades, complex
treatment process pricy energy requiremesitand distance from industrial centers and proper
infrastructurgButt & Cluzel 2013) Recently, though, as a result of increasing demand, the
discovery of new technologies and the decreasing availability of sulfide ores, the production

from nickel laterites has increased, exceeding 50% in gD & Cluzel 2013)
1.1.1.1. Sudbury

Sudbury (Ontario, Canada) isthelargdsi e posi t and, al ong with Nc
the mainNi producer of the worldLightfoot, 2007) The discovery of Sudbury Mu ores

dates backo the construction of the Canadian Pacific transcontinental railway that reached
Sudbury in 1883Naldrett 2004; Rousell & Brown2009) and some of the Sudbury mines

have been in continuous operations for 100 y@aghtfoot, 2007)

The Sudbury igneous complex (SIC), dated 1.85 Ga, is an elliptical rock body produbed by
impact of a meteoritéLightfoot, 2007) Impact melting of one of the mafic/ultramafic

intrusions dated 2.45 Ga, and the incorporation of the melt in the overall impact melt, could be
the cause of the high Ni, Cu and S contents of theg(ISéRirett 2004; Rousell & Brown

2009) Therefore Sudbury Nleposits are characterized by a unique interconnection of several
factors: meteoritémpact,crustal melting, differentiation of a sulfidaturated magma,

segregation of the sulfides and remobilization into the footwall of thelS¢@tfoot, 2007)

The NiCu ore deposits of the Sudbury area are associated toC{fp&iwall contact deposits,

(1) footwall vein deposits, (iii) offset dike depositnd(iv) sheared deposi{®aldrett 2004;

Rousell & Brown 2009)

The Strathcona deposit is a typical contact deposit situated in the North Range marginal
(contact) deposits. The main zone ore occurs within the footwall breccias and in the footwall

fractureg(Naldrett 2004) The Creighton mine is an example of a South Range contact deposit



and it is one of the longekved of the Sudbury mes (production started at thegiming of

the 20" century). The Creighton mine is also the deepest Ni mine in the world (2500 m)
(Naldrett 2004)

The major sulfide minerals characterizing the Sudbury sulfideaatees are pyrrhotite,
pentlandite, chalcopyrite and lesser pyrite, while magnetite is an important accessory mineral

(Abel et al, 1979; Duke & Naldretl976; Perederyl990)

1.1.2. Nickel in the environment

Nickel belongs to the transition metabup 10 of the periodic table and its electronic
configuration is (Ar) 384<". Nickel is typically bund in the Il+ oxidation stateven though

the O, I+ and IlI+ oxidation states occur undertain circumstances. As Hasily loses two
electrons, Ni* is the most dominant species in thei#Hh range of natural waters, even though

in the presence of DOM (dissolved organic matter), Ni is known to form strong complexes with
organic ligand¢Sigel et al.2007; Doig& Liber, 2007)

Dissolved Nf* at neutral pH shows an octahedral structure with six water ligartts ffirst
coordination shellNi(H,0)s]* (Liu et al, 2012) Along with the octahedrand tetragonally
distorted octahedratructures, which are the most common geometries in the aqueous
environment, square planar and tetrahedral arrangements may alsq¢®igeliet al, 2007)
Despite natural geological processes, such as weathering and volcanic activity, whid¥i cause
to be modestly accumulated in natural environments, the sourbiesohtamination are
principally related to anthropogenic caysash asthe prauction and processing of ldnd its
by-products, the combustion of fossil fuels, the recycling eb&aringproducts and disposal

of Ni-containing wast¢Denkhaus & Salnikow2002; Schauml|offe012)

1.1.2.1. Acid mine drainage

Sulfide minerals are one of the major sources of metals that are commercially extracted

(Mason 2013) The most significant impact of sulfide orénng operations is the generation
4



of acid mine drainage which is commonly associated with waste rock and tailings deposition in
subaerial storage facilitie§Gunsinger et al2006;Lindsay et al.2009 Blowes et al.2014).

Acid mine drainage (AMD) is a consequence of the oxidation of sulfide minerals present in
mine waste, mill tailings and overburd@lowes et al., 1991Evangeloy 1995 Blowes et al.,

2014. The dominant sulfide minerals related to mine waste and tailings are pyrite and
pyrrhotite, although others can be affected by oxidation too, generatifqgHomater, rich in
dissolved elements such as Ni, Al, As, Co, Cu, Zn, and Pb that can migrafelmimine

waste and tailings impoundment into nearby water bodies, contaminatingBlwemes et al.

2014; Gunsinger et aR006; Moncur et al2009)

The oxidation of pyr# and pyrrhotite by atmospheri¢ €an be written respectively as:
oQY )c—(ij V0O 0Q (¢'Y O
0oQ Y ¢ Ml O0° p w0OQ ™Y ¢wO

Fe?* can further oxidize to Béresulting in the precipitation of Fe(lll) minerals such as

g o e t hFe®@H] gndJjarosite [KRESO,),(OH)s] leading to the production of H
(Gunsinger et al2006) Pyrite and pyrrhotite oxidation by ¥és also possible, but the
presence of @is fundamental in sustaining the oxidation tG'EBlowes et al.2014)
Additionally, in acidic solution, nonoxidative dissolution of pyrrhetitay also occur
(Gunsinger et al2006)

The role played by microorganisms colonizmge-impact waters into the sulfide oxidation

processes, is summarized in Table 1



Tablel.1: Commoniron- and sulfuroxidizing prokaryotes that found in minémpacted waters Reproduced with

permissionfrom Blowes et al., 2014

Oxidation of Carbon pH range
F& L T-response Other traits
s assimilatiofi (approx.)
Acidiferrobacter + A 1.2t0>3 T Reduction of F&
thiooxydans +
Acidimicrobium + A/H 13to>3 T Reduction of F&
ferrooxidans -
Acidiphilium - AH 1510 6.5 M Reduction of F&
acidophilum +
Acidithiobacillus - A lto 4 T Reduction of F&
caldus +
Acidithiobacillus + A 19to >3 P Reduction of F&
ferrivorans +
Acidithiobacillus + A 1.3t0 >3 M Reduction of F&
ferrooxidans +
Acidithiobacillus - A 0.5t05.5 M Some strains are
thiooxidans + halotolerant
Ferrimicrobium  + H 1.4t0 >3 M Reduction of F&
acidiphilum -
Ferroplasma  + H 0.81t0>2 T Reduction of F&
spp. -
Ferrovum + A 2to>4 P Copious production of
myxofaciens - exopolymeric substances
L. ferrooxidans + A 1.3to0>2 M
L.ferriphilum + A 0.8to >2 T
Sulfobacillus + A/H 1to >3 T Reduction of F&
Spp. +
Thiobacillus + A 1to 45 M Halophilic
prosperus +
Thiomonas spp. - AH 3to8 M Some species oxidize As(ll
+ (T, one
species)

dCarbon assimilation: A=autotroph, H=heterotroph:r€sponse: P=psychrotolerant, M=mesophilic, and T=thermotolerant or moderately thermophilic.

A series of pH buffering reactions, involving dissolution of 1soifide gangue minerals, can
consume the acidity produced by sulfide oxidation, slowing dowtrahsport olow-pH
water flowing through the mine wastes. According to different studies involving acid
neutralization mechanisms in mine tailif@brovsky et al.1985; Blowes et 311991,
Johnson et gl2000; Jurjovec et al2002; Blowes et a8l2014) a sequence of pHuffering
plateaus (pld 6.5, 5.54, and 2.8) has been identified and interpretedrasudt of the
successive dissolution of calcite, siderite, aluminum hydroxide and ferrihgdivhason et al.

2000)



1.1.2.2. Permeable reactive barriers (PRBSs)

Permeable reactive barriers anecently developed technology used as an alternative to the
traditional remediatiompproaches that usually involtbke removal of the contaminant source,
the O0Pump and Treat systemd (P&T) or the co
permeability barriers or cove(Blowes et al.2000; Blowes et al2014) PRBs technologies

require the emplacement of a permeable barrier made of reactive material across the migrating
plume path in order to intercept and treat the contaminants affecting the grour(@hates

at al., 20000biri-Nyarko et al.2014)

The treatment of the contaminants is based on two main categories: (i) destructive biotic or
abiotic processes (biodegradation or reductive dechlorination); (i#plestmuctive processes
(adsorption, cation exchange, surface complexation, and precipjt@biri-Nyarko et al,

2014)

Depending on the target contaminant, the effectiveness of vaeacitive matrials has been

the focusof many studiesAmong these materials, the most frequently utilized are: Zero valent
iron (ZVI), organic carbon, apatite, zeolites, clays, and calcite/limegBloees et al.200Q

Striegel et a].2001; ObirtNyarko et al.2014)

Although permeable reactive barriers have been demonstrated to be an eftestausable
groundwater treatment, further research, concerning-dapth understanding of the

mechanisms involved using different reactive materials, is needed in order to improve the

PRBs performance and duration over time.

1.1.3. Nickel toxicity

Nickel, in low concentration, is considered an essential micronutrient for gktmisad &
Ashraf 2011; Sreekanth et al. 2013; Fabiano et al. 2&id)microorganism@ausinger1987;
Mulrooney & Hausinger2003) in contrast, the nutritional requirement for Ni in higher
organisms is debatab{Penkhaus & Salnikon2002; Merril et al.2007) Nonetheless, results
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from rat experiments haveported that Ni deficiency could cause perinatal mortality,

alterations of grooming behavior, liver development, and decreased growth, showing that Ni
has an important role in the activity of many enzymes involved in carbohydrate and amino acid
metabolisn, in the adsorption of Fe from the intestine and in the synthesis of phospholipids
(Denkhaus & Salnikow2002)

As with other heavy metals, high Ni concentrations can have harmful effects on plants and
higher organism€£xcess of Ni has been documented to causépteutieleterious effects to

aqguatic life. Blewett and Leonard (2017) reported the impairment of gas exchange, inhibition of
ion regulation, and the promotion of oxidative stress as the main consequences of Ni toxicity to
aguatic biotaHuman exposure toiNccurs principally via inhalation, ingestion and skin
contact(Denkhaus & Salnikon2002; Schaumloffe012) Contact dermatitis, due to Ni

allergy, is the mast common adverse effect on humébenkhaus & Salnikon2002; Kasprzak

et al, 2003; Schauml6ffeR012) howevey cases of respiratory tract and nasal cancers have
been observed in miners and workers in Ni refindilEnkhaus & Salnikon2002)

Furthermore, laNi compounds included in the oxidic group (nickel oxides, nidagper

oxide, nickel silicate oxides, and complexides), sulfidic group [nickel sulfide (NiS) and

nickel subsulfide (NfS;)] and soluble group (nickel sale and nickel chloride), with the

exception of the metallic form, are considered carcinogenic (Canadian Environmental
Protection act, 2013Researk aimed toshed insights into the Ni cycind to determinéhe
bioavailability of Ni in natural systenis thereforeneeded t@nhance control measures for Ni

to prevent or moderate possible harmful effects on humans and the environment.

1.1.4. Nickel isotopes

Nickel has five stable isotopes: 58, the most abundant (68.077%), 60 (26.223%), 61 (1.1399%),
62 (3.6346%) and 64 (0.9255%)ickel isotope analysis started getting attention during the

first decade of the 200@uitté & Oberli 2006; Tanimizu & Hirata2006) and he first studis



focused almost exclusively on extraterrestrial mate(@sk et al.2006; Cook et al2007;
Chen et a].2009) Since2009research oMi stable isotopebasinvolved a variety of
applications: Ni stable isotope investigations have been carried out on differesftype
terrestrial rockgGall et al., 20122013, and 2017; Gueguen et al., 2013, and P&i6é
vegetationEstrade et al., 201Ratié et al., 209; Zelano et al., 2030on the influence of
microbial activity(Cameron and Vance, 2009; Yang et al., 30@0 adsorption ando-
precipitation process€gVasylenkiet al., 2015; Wang and/asylenkj 2017; Gueguen et al.,
2018;Castillo Alvarezet al., 2020; Sorensen et al., 2D2fhd on environmental samples
(Hofmann et al., 201&Ratiéet al., 2015, 2016, 2018, and 20$pivakBirndorf et al., 2018
Massd ependent Ni®"Niy associgted witth differ@nt gedichemical reservoirs,
andfractionation factoretween ceexisting phase@d”*Niphasa-phase) Werecompiledand
reportedby Elliott and Steele (2017).

Despitethe recent advansén the characterization ®fi isotope fractionation applied to many
scientific fields,Ni stable isotope systematics is still at an early stdgikevelopmentFurther
researchwhich aimsto progresshe application oNi isotopes aviogeochemicalracersis

thereforeneeded.



1.2. THESIS STRUCTURE

This thesis is presentesls a series of four research paper®se purpose is tshed insights
into the useof Ni stable isotopes as environmental tracéi stable isotopeanalysiswas
appliedto discernthe mechanismand the geochemical procesgaglvedin Ni attenuatiorat
mine sitesWithin this framework the present thesis is organized arotwo main objectives:
1) measurement of Ni isotope fractionation during different removal scenarios and 2) the

application of Ni stable isotope analysis to environmental samples.

The first reseah paper which is presented as Chapter @nsistsof a seris of batch
experimentsconducted to evaluat®&li isotope fractionation during the precipitation of
secondary mineral phases (i.e., Ni hydroxide, Ni hydroxycarbonate and Ni sulfide) which
contribute to the attenuation of Ni in the environmé&sults from multiple techniques, such
asNi stable isotope determinations, synchrotb@sedX-ray powder diffractiofPXRD) and

X-ray absorption spectroscopy (XASyvere integratedio better characterize the three

investigated systems.

Chapter 3 includes batch experiments performed to determine Ni isotope fractionation
associated with microbialgnediated Ni removal from solution. Synchrotioased PXRD,
SEM-EDS, and TEM analyses were conducted to characterize the solid phase. Ni stable isotope
signaturesvere measured on both the solution and the solid sanf#eause sulfate reducing
bacteria $RB) provide a costeffective alternative to traditionakmediation methods, SRB
cultureareimplemented in passive treatment techniques to promoteréuogpitation of heavy

metals as sulfides

Chapter4 describs a flow-through cell(FTC) experimentconducted to evaluatdi isotope
fractionation during treatment by calcti@der saturated flow condition€alcite is known to
be involved in the scavengirg divalent metals, such as Nipm the environmeniNi isotope

measurements were conducted on effluent samples collected at differenthtioughout the

10



FTC experiment. KAFS data collectionwas performedon different spas across the FTC
Kapton window to detect the changes in Ni speciation during the experi@arfbcal micre
X-ray fluorescence imagingnalysis was alsoonducedto acquire Ni spectra from different

depthsof single calcite particles collected from tR€C.

Chapter 5presents the application of Ni stable isotope analysis to environmental samples.
Evaluation ofNi isotope fractionation and investigation Ilf mineralogical and geochemical
characteristicsvere conducted on mirtailings sampledat theStrahconamine site Ni isotope
analysis was performed on pore water extraftech the tailings, wherea¥RF, andcarbon

and sulfur analyse were conducted on tailingslid samplescollected at different depths
within the tailings impoundmentailings solid samplewerealsoanalyzed folNi K-edgeand

S K-edge XANESo determinghe sulfide weathering profile chatadzing the impoundment

Chapter 6 provides a summary of experimental reswdtientific contributions, and

descriptions of therevironmental implications.
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CHAPTER 2

Nickel isotope fractionation during precipitation of Ni secondary
minerals and synchrotron-based analysis of the precipitates

Roberta Parigi, Ning Chen, Joel W. Rezhrol JPtacek and David W. Blowes

Summary

Thedetermination of fractionation factors associated with important biogeochemical processes
controlling Ni availability in the environment is necessary to understand Ni isotope
fractionation in natural systems and to use Ni isotope signatures as envirdriraeata. In

this study we present experimental results on Ni isotope fractionation during the precipitation
of Ni hydroxide, Ni hydroxycarbonate and Ni sulfide minerals. In all three systems, Ni isotope
determinations show a preferential partition ohtey isotopes into the solid phase with
associated frac@. 400 t50aF0 affadBcat ared ad iovfe t o t h
carbonate and sulfide systems, respectively. Despite uncertainties, we suggest that equilibrium
effects are the principal mieanism responsible for the measured Ni isotsoatures. These
findingscontribute to the characterization of Ni isotope systematics which is still in the early

stages of development.
2.1. INTRODUCTION

Recent improvements in isotopatio mass spectromethave allowed the application of metal
stable isotopes to advance (Romanek et al., 2010; Kyser, 2012; Wiederhold, 2015). Many of
the processes controlling contaminant mobility in the environment, including oxidation
reduction, precipitatiowlissolution, sqgstion, complexation, evaporation, diffusion, and

biological cycling, result in a characteristic change in isotope fractionation; metal stable isotope
signatures have been successfully applied as environmental tracers to identify the source and

the fate ofcontaminants (Romanek al., 2010; Wiederhold, 2015). However, laboratory

12



studies determining the extent of fractionation for specific processes are paramount before the
isotopic signatures of environmental samples can be expl@Viederhold, 2015).

Nickel stable isotope systematics has developed relatively recently in comparison to other
element¢Cameron and Vance, 2014). Much of the work on Ni stable isotopes has focussed on
cosmochemical applications, investigating the nucleosynthetic origins efeiffmeteorites

(Elliott and Steele, 2017F i r st data for terrest r°NaofO01mat er i
+ 0.12a , were reported by Cameron et al. (2Q0R)ese authonsere also the first to

highlight the potential of Ni stable isotopes ds@eochemical tracer, measuring Ni isotope
fractionation associat ed®\viTtlhda )t,h et haactt ipvrietfye r
assimilate light Ni isotopg€ameron et al., 2009).

Published Ni isotope studies propose magmatic sulfides astheligs t s i *Nk=s of Ni

T 0. 20141 .t 0o@&aepuen et al., 2013; Hofmann et al., 2014, Estrade et al., 2015),

whereas organidch marine sediments and ferromanganese crusts are characterized by the
heavfNi60. 204 to 2.504, apedivel) (Gabetal.t2013;Portdr0 &, |
et al., 2014; Estrade et Wi .in20d6&6an Namglé:
0.15 a) (Cameron and Vance, 2014) that is h
and of the bulk silicate Edct ( 0. 804 and 0.11N 0.01&, respec
2014; Elliott and Steele, 2017), thus generating mass balance considerations. Either an input

that is heavier than riverine isotope values or an isotopically light oceanic sink are required to
solve the budget problem of the Ni isotope cycle (Cameron and Vance, 2014). Preliminary
isotope results on organiand sulfiderich black shales (Pasava et al., 2019) highlight the

crucial role played by these sediments, which preferentially incorporateNliggotopes, in

solving the imbalance. Furthermore, research conducted on laterites, important ultramafic Ni
deposits, shows that heavy Ni isotopes are preferentially released into solution during

weathering (Gall et al., 2013; Ratié et al., 2015; Rettel., 2018; SpivaBirndorf et al.,

2018), therefore contributing to the Oheavy
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Despite recent studies involving Ni isotopic fractionation during interaction with vegetation
(Estrade et al., 2015; Zelano et al., 2018; Ratié €2@1.9),0rganic acids (Zelano et al., 2018),
iron oxy-hydroxides (Wasylenki et al., 2015; Wang and Wasylenki, 2017; Gueguen et al.,
2018), calcite (Castillo Alvarez et al., 2020), and birnessite (Sorensen et al., 2020), further
research, that aims to idéy the Ni isotope signatures of biogeochemical processes, is heeded
to confidently apply nickel isotopes as environmental tracers.

Nickel is one of the most widely used metals in the world (Denkhaus and Salnikow, 2002;
Kasprzak et al., 2003; Nieminemadt, 2007), consequently high Ni concentrations can be
found close to industrial areas and mine sites. Chemical precipitation is one of the most
common approaches used to recover metals from wastewaters (Costodes and Lewis, 2006; Reis
et al., 2013; Salcedet al., 2016). Nevertheless, chemical precipitation may also occur naturally
if the conditions (i.e., pH, Eh, and supersaturation of the solution) are favourable.

The objective of this study is to provide new insight into Ni isotope fractionation during
precipitation of secondary mineral phases (i.e., Ni hydroxide, Ni hydroxycarbonate and Ni
sulfide) involved in Ni attenuation from the environment, further contributing to the

characterization of Ni stable isotope systematics.

2.2. MATERIALS AND METHODS
2.2.1. Precipitation experiments.

Preliminary timedependent batch experiments were conducted to determine the chemical and
isotopic time to equilibrium for the following systems: INidroxide, Ni hydroxycarbonate and

Ni sulfide. Details can be found in the Sopjing Information (Tables Z1-S2.3). A second set

of batch experiments were performed by mixingoaring and counteranidoearing stock
solutions in various proportions, to alter the fraction of Ni precipitating from solution (Table
S2.4). Nickel hydrxide and Ni hydroxycarbonate were synthesized by mixing 0.05 MpNICl
with 0.05 M KOH and 0.05M KCO;stock solutions, respectively. Alternatively, Ni sulfide

was precipitated by using 0.05 M Nigénd 0.05 M NgS stock solutions.
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Sacrificial sampling was adopted for both series of batch experiments. Determination of pH

was performed on unfiltered subsamples immediately after collection. Filtered samples were
collected using 0.2m filters (Acrodisc, Pall, UK) and polyethylene syges (BD, Franklin

Lakes, NJ) and used for cations, anions, and Ni isotope analysis. Samples for cation
concentration and Ni isotopes determination were also acidified with concentrated HNO
(Omnitrace ultra, EMD Millipore).

The batch experiments were ¢ad out in an anaerobic chamber (Coy Laboratory Products

Inc., Grass Lake, MI) to avoid oxidation of sulfide and,@@eraction with the samples. The
reagents used were of analytical grade and
pure waterThe input solutions were bubbled with ulpare argon gas and left to equilibrate

for 24 h inside the anoxic glovebox before performing the experiments.

2.2.2. Sample purification.

The chemical purification of nickel followed a tvabep chromatography sepaceatiprocedure.
During the first step, a 3 méolid-phase extractiorSPE column was loaded with 2.2 mL pre
cleaned, Bio Rad AG MRM (100" 200 mesh, chloride form), anion exchange resin. This resin
retains Cu, Fe and Zn, whereas Ni is readily eluted athelctedl. Samples were subsequently
dried and dissolved in 1 mL of 7M HCI, then evaporated again and dissolvedLiob1lM

HCI. 1 mL of 1M ammonium citrate was added and the pH adjusteedtwigh concentrated,
ultrapure NHOH.

The second step adn-exchange chromatography colunwes modified from Cameron et al.
(2009) and involved the use of a-dfpecific resin (Eichrom Technologies). Ni is retained by
this resin forming NiDimethylglyoxime(DMG) complexes which are eluted, collected and
oxidized for Ni separation.

The purified fractions were evaporated to dryness and finally dissolved in 3% fldNO

isotope analysis.
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2.2.3. Isotope analysis.

Before preconcentration for Ni isotope analysis, acidified samples were amended with aliquots
of ®™N'i ®2Ni doublespike solution made by mixirfgNi and®*Ni spikes obtained from Isoflex
USA. The optimaf*™N i °®2Ni and spikesample ratios were derived from the algorithm of

Rudge et al. (2009).

Nickel isotope analysis was performed on a-MIP-MS (Thermo Santific Neptune) coupled

with an APEXQ desolvation introduction system (EX8Ni, °°Ni, ®*Ni and®’Ni isotopes were
measured simultaneously atféfe was monitored to correct for potential interference ffa

on *®Ni. Off-center peak measurements weseducted in high resolution mode to minimize
argide and oxide polyatomic interferences. Data reduction was performed using a double

nested iterative procedure (Siebert et al., 2001).

Ni isotopic compos’iNii oms pare mbNBTIRHPIEd ed st i
E k. E @ 1)
. = = MMT
1 . E . E PP

Results were normalized to the average value of NIST SRM 986 measured before and after

each sample and having the same concentration andtsgskandard ratio as the samples.
Thelong-term analytical reproducibility of the standard NIST SRM986 was determined to be

NO. 0548 (2SD, n = 105). The external reprodu.
materials, USGS Nod Al and Nod P133tDh®4r@esu
(n=10), respectively, are in agreement with published data (Gueguen etal., 2013; Ratié et al.,
2015; Wang and Wasylenki, 2017; Ciscato et al., 2018; Wang et al., 2019).

Isotope results, which are reported in the tables, represent the aVisitarge oeplicate

measurements. Wheie 2SD value of these measurements was lower than thedomg

analytical reproducibility, the value of thelehge r m anal yti cal reproduc
adopted.

~

The me @%Bliwaluesbr the input solutions NiGland NiSQwer e T 0.17& N 0.
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10. 52@&. 05a, respectivel y. For the purposes o
between the three systems, all samples were normalized to the input solution vdlliag, yie
1*Niniciz =0.00£0 . 06 & “Mipsgh=00. 00 NO. 054 .
The isotope results for each investigated system were fit using the Rayleigh equation (2):

v )
v Q 2

where Ris the®Ni/*®Ni isotope ratio of the residual reactanko® the®™Ni/>®Ni isotope ratio

of the initial reactant (st odisthefadtianbfiNo n) |, U

remaining in solution (Hayes, 2004). For co

of fractionation was expressed withthed ct i onati on factor epsil on
- | popmmm 3)

2.2.4. Solid-Phase Characterization.

Ni precipitates were centrifuged and washed with ultrapure water before collection and
subsequently frozen, freedeied and stored in the anaerobic chamber analysis.

Subsamples of the freereied solid material were mounted in 0.5 mm ID Kapton capillaries
(Cole-Parmer: 9582@4), which were sealed at both ends with glue (Loctite 454).
Synchrotrorbased Powder Xay diffraction (PXRD) was performed at the @dran Light

Source (CLS), Canadian Macromolecular Crystallography Facility (CMCH)ilgmagnet

beamline (08B41; Fodje et al., 2014Y.wo-dimensional (2D) diffraction data were collected

on a Rayonix MX30O0OHE det ect or hotoruemdargy g18keV)wa v e
The PXRD patterns were calibrated and integ
package (Toby and Von Dreele, 2013). Calibration was performed using a lanthanum

hexaboride (LaB6) standard reference material (NIST SRM b6&B8&). Search/match phase
identification was carried out with the Powder Diffraction File, RBFsoftware (ICDD,

2019).
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The remaining solid material was mounted on aluminum sample holdenrsaspdadrtedo the

hard Xray microanalysis (HXMA) beamline #te CLS synchrotron facility, for Xay

absorption near edge structure (XANES) and extendealy)absorption fine structure

(EXAFS) characterization. During Ni spectra collection, the CLS storage ring was operated
under 250mA operation mode with three egtions per day. The HXMA beamline operated in
focus mode, and Rhmirror was used to collimate and focus theay beam. The
monochromatic Xay beam was produced by using a double crystal Si (220) monochromator.
The second crystal was detuned by 50%hatend of the scan to depress high harmonic
contamination in the bearfihe scan step sizes for the gege, XANES, and EXAFS regions
were 10 eV/step, 0.25 eV/step, and 0.048ep, respectively. Multiple scans were collected for
each sampl® improve he signal to noise ratio and provide more reliable EXAFS data
analysisThe spectra were collected in transmission mode. The initial monochromator energy
was calibrated at 8333 eV (Ni&dge) by using Ni metallic foil from EXAFS Materials

(http://exafsmaterials.com/The same Ni metallic foil was set between two ion chamber

detectors 11 and 12 downstream of the sample throughout the entire experiment. -Bheys, in
energy calibration was achievable for eachwviadial scan. Through the experiment the ion
chamber detectors were filled with pure He gas to maintain the linearity of the detecting
system. The EXAF8ata reduction, including the standard procedures of energy calibration,
multiple scan averaging, badkgind subtraction, normalization, etc. was performed ugieg
Athena software package (Ravel and Newville, 2005). Theoretical phase and backscattering
amplitude were calculated with FEFB2.(Rehr and Albers, 2000). Ni EXAFS data R space

curve fittingwas carried out using WinXAS version 2.3 (Ressler, 1997).

2.3. RESULTS

2.3.1. Niremoval

The precipitation of Ni hydroxide, Ni hydroxycarbonate and Ni sulfide occurred

instantaneously upon mixing of the stock solutions containing Ni and the selected
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counteranions (Fig2.1A). Decreasing Ni/OH, Ni/C¢) and Ni/S molar ratios resulted in a
greater degree of removal of Ni from solution. Tidependent experiments show that
chemical and isotopic equilibrium was attained within 24 hours in all three system2.1RAig.
and2.1B). Based on these results, ganpling time for the hydroxidend the carbonasystem
experiments involving the precipitation of different fractions of Ni was set to 24 ours.
sampling time o¥2 hours was chosen for the sulfide system due to greater pH fluctuations
during the firstwo days of the experiment (Tabl@.3).

Despite uncertainties regarditige reliability of the thermodynamic data associated with
agueous speciation and solubility of Ni at ambient conditiblosnimel and Curti, 2003
agueous species distribution in Hitee systems &scalculatedusing PHREEQGParkhurst
and Appelo, 1990together with thevateqg4fdatabasederived from WATEQA4F (Ball and
Nordstrom, 1991)The stability constants reported by Baeyens et al. (2003) were used for
NiCO; and NiIHCQ" aqueous species. Results indicaté’ Becounted for more than 99% of

the aqueous Ni speciasall three systemat our experimental conditions.

2.3.2. Ni(OH), precipitate characterization

Ni(OH),e xi sts as t wo pamrdN{®H),Halleyamd 0 P 4NQH)H)

occurs naturally as the mineral theophrastite and it is characterized by stacking Ni(@dite
(Mg(OH),)-like sheets which are parallel to the crystallograpihiplane (Coudun et al., 2006;

Hal |l et al-Ni(OH)2plgmbiphs Tchoen stk i t u t Ni§OH) igterdalatgde r s 0o
by water molecules. This structure can incorporate foreign ions (Hall et al., 20da4). X

diffraction patterns of the nickel hydroxide precipitated during the@# and 146Mhour (2

months) experimentg@ashown in Fig2.2A. X-ray diffraction results confirmed the

preci pi t-gpeiNi¢OmH) BXAFSHittifg results for the 2hour and 2nonth Ni(OH)

samples are shown in Tald. The 2month data display an increase in coordination number

(CN) together with a decrease in the Delwaller parameter’f) compared to the 24our

sample.
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2.3.3. NiCO; precipitate characterization

Fig. 2.2B shows the Xay diffraction patterns of the nickel hydroxycarbonate samples

collected at 72 hours and 1460 hours (2 then Although the Xay diffraction patterns of the

Ni hydroxycarbonate precipitates formed during this study were compared to a
Ni»(COs)(OH),A 4,6 data set, similar diffraction patterns have been assigned to other
nickelcarbonate phases, such as nuildgi[Ni,(COs)(OH),] (Karadas et al., 2011; Ballesteros

et al., 2016; Salcedo et al., 2016) and otwayite(fbds)(OH),A kD] (Bhojane et al., 2019).
Despite some studies involving the Ni hydroxycarbonate minerals, nullaginite and otwayite
(Nickel et al.,1979; Nickel and Berry, 1981), the structural arrangement of these minerals
remains unknown. In contrast to the hydroxide and sulfide systems, EXAFS modeling was not
attempted for the carbonate system due to the previously mentioned lack of crystakkographi

data relative to Ni hydroxycarbonate minerals.
2.3.4. NiS precipitate characterization

PXRD results from the NiS precipitation experiment, specifically theol# and the 2nonth

samples, are presented in RRC. The Xray diffraction patterns of these saegpshow broad
amorphous peaks at ~14 degrees (d = ~ 2.8 A) and ~22 degrees (d = ~1.8 A). These features are
consistent with PXRD results obtained by Jeong and Manthiram (2001) and &tahr{8009)

for Ni sulfides synthesized under similar conditions.

EXAFS fitting results for the 7hour and 2month NiS samples are shown in TabI2.

Because the R space curve fitting based on the sole structure of millerite was not able to fully
address the experimental data, the data were fit considering a hybiidi(®i8), structural

model.
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Figure 2.1A) Timedependent precipitation of Ni hydroxide, Ni hydroxycarbonate and Ni sulfide. The used molar ratios
were [Ni:OH] = 1.5:1, [Ni:C{= 2:1 and [Ni:S] = 2:1, respectively. B) Isotope results of selected samples showing that Ni
isotope equilibrium was obtained immediately during the precipitation of Ni hydroxide, Ni hydroxycarbonate and Ni
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2.3.5. Niisotope ratios

Isotope measurements from experiments with varying Ni/counteranion ratios followed

Rayleigh curves as is commonly found in precipitation experiments under certain conditions
(Wiesli et al., 2004; Wiederhold, 2019).h e i sot ope fractionation f
Ni-hydroxide, carbonate and=8u955)Ye *H.986)5@ms( R
and T 0.22D.958), réspectively. Nickel isotope fractionation followed similardsein

alt hree systems, di s PNiafthé solgtionawith decreasing ase i n t
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Ni/counteranion ratios (Fi@.3A, 2.3B, and2.3C). The enrichment 6fNi with respect ta®Ni,
relative to the fraction of Ni remaining in solution during precipitatiodicated that light Ni
isotopes were preferentially retained by the solid phases. Recent studies also highlighted the
preferential incorporation of light Ni isotopes during coprecipitation with Fe oxyhydroxides
(Wasylenki et al., 2015; Wang and Wasyler@i17; Gueguen et al., 2018)d calcite (Castillo

Alvarez, 2019).

2.4. DISCUSSION

2.4.1. Ni(OH); solid phase

The structural order and crystallinity of the Ni(QHrecipitates increased with increasing

sampling time. Broadening of the peaks involving ttaxis is common for Ni(OH)XRD

patterns (Delmas and Tessier, 1997; Hall et al., 2012) and is linked to crysia#iteffects

(thin platelet morphology; Cas&abanas et al., 2005) and crystal defects (stacking faults,
vacancies, incorporation of water and foreign ions and interstratified phases) (Song et al.,

2002). The early precipitate (24 hours) showed a high degree of broadening of the peaks
associated wit the (001), (101) and (102) crystallographic planes due to lower crystallinity,

higher structural defects and higher water content compared tentib@th precipitate sample.

The 24hour sample also displayed a splitting of the first peak (001) which Searel

Kamath, (2006) attri butitpeN(©OHpmohe fisnti ear $ theaim
type Ni(OH). |t i s -Ki@dwn atnhsaftorUns t o t he -M@H)e st al
with chemical ageing (Faure et al., 1991; Ramesh and Ka2@06; Hall et al., 2014).

EXAFS fitting results also confirmed the increase in structural order and crystallinity with
increasing ageing time (Tak?el).

In the hydroxide system the enrichment of lighter Ni isotopes associated with the solid phases

is expected to be related to longer and weake®Nond lengths in the precipitates compared

to the solution, as Ni occurs in an octahedral configuration both in solution and in the minerals.

Ni-O bond lengths, relative to aqueous Ni(ll), were estimated fo the range of 2.62.05A
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(Xu et al., 2007; Yuan Tian et al., 2012; Qiang et al., 2017). EXAFS modeling performed on
Ni(OH), samples resulted in a{@ bond length of 2.0 for the 72hour sample and 2.06 A

for the 2month sample (Tabl2.1). The estnated values are in agreement with previously
published data (Defontaine et al., 2003; Wilkin and Rogers, 2010; Bin Han et al., 2019). The
observed NO bond lengths of the hydroxide samples are the same as or slightly greater than
the NiO lengths assoated with Ni in solution, thus it is problematic to confidently attribute

the measured Ni isotopic fractionation during Ni hydroxide precipitation to-lswmgth

di fferences. Another expl an=atlifond Ofao)r ctohuel do bb:
to the distortion of the NO octahedra in the Ni(Ohlprecipitates, which favours the

incorporation of the lighter isotopes in the solid phase (Mavromatis et al., 2012). Distortions of
the octahedral geometry are known to affect Ni(&dghecies (Hall etla 2014), and the

turbostratic nature of an eatlgrmed Ni(OH) precipitate (Hall et al., 2014), could support this
hypothesis. Furthermore, the coordination number obtained from EXAFS fitting and the PXRD
pattern relative to the 2dour Ni(OH) sample mdicates a defective, less crystalline, and less

stable structure compared to then®nth sample.

Table 2.1 Ni kedge EXAFS fit parameter results for-@dur and 2month Ni hydroxide samples.

Sample Path CN R(A) & (A?) pBev)
Ni-O 6.0 2.05 0.0092
Ni(OH), 24 hours -1.8
Ni-Ni 5.2 3.12 0.0098
Ni-O 6.0 2.06 0.0067
Ni(OH), 2 months -0.9
Ni-Ni 6.0 3.13 0.0073

CN, coordination number; R, interatomic distanifeDebyé Waller parameterp B, energy offset parameter

2.4.2. NiCOs; solid phase

Although it carbe hydrothermally synthesized, pure gaspeite (N)@0Oes not occur naturally
(Isaacs, 1963). Natural gaspeite occurs asBdNcarbonate solid solution (Villegaéménez
et al., 2010). At room temperature the formation of hydrated dli€@vored (Pa#rson et al.,
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1977) and precipitation in the nickehrbonate system is strictly related to the nickel hydroxide
solubility domain (Guillard and Lewis, 2001). Consequently, the solid phase formed in the
Ni-OH-CO;system is usually a mixed complex of nickgbroxy-carbonates, with

characteristics dependent upon the parameters of the synthesis process {Vitégez et al.,
2010).

The diffraction patterns of all the Ni carbonate hydroxide phases previously mentioned
[Ni2(COs)(OH)A 4,8 , nullaginite, and otwayite] are characterized by broad peaks which have
been attributed to nanocrystallinity, low crystal structure symmetry, and structural defects of
the solid phase (Karadas et al., 2011; Jia et al., 2013; Ballesteros et al., 20ddy Saal.,

2016; Bhojane et al., 2019).

Nullaginite, similar to otheMe,**(COs)(OH),, can be included in the malachitesasite group

and, although the mineral crystal structure has not yet been resolved, it can be assumed
nullaginite exhibits the sicturetype of the mineral rosasite (Perchiazzi and Merlino, 2006).

As a result of the paucity of studies on Ni hydroxycarbonates, thermodynamic data relative to
these minerals have not been determined (Gamsjager et al., 2005).

Ni isotope fractionationih he car bonate system (U = 7T0.504)
that is similar to the Ni(OH) Although the structural arrangement of Ni hydroxycarbonate
minerals remains unknown, it is possible to make a reasonable assumption based on studies
involving hydroxycarbonate minerals of elements with characteristics similar to Ni, such as Co,
Cu, Zn and Mg. Secondary minerals with general formul&¥@0;)(OH), can be grouped in

the malachiteosasite structural group (Perchiazzi, 2006; Perchiazzi and e2id06;

Perchiazzi et al., 2017). Both malachié®d rosasitéype crystal structures are characterized

by the occurrence of the metal in an octahedral environment, with Mel connected to two
hydroxyl and four oxygen atoms, whereas Niefthked to four lydroxyl and two oxygen

atoms (Perchiazzi et al., 2017). Both the Mel and Me2 polyhedra may display different degrees

of distortion (Perchiazzi and Merlino, 2006; Perchiazzi et al., 2017). Mavromatis et al. (2012)
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attributed the enrichment of lighter Mg tepes into Mg hydroxycarbonate precipitates to the
distortion of MgQ octahedra in the structure of hydrous Mg carbonate minerals.
The U value of 170.50a associated with the p

to the equilibrium isotope fraci on at i 8Micacferaact 00 . 2 N 0. 16 a r e

adsorption of Ni onto calcite, as reported by Castillo Alvarez et al. (2020).
2.4.3. NiS solid phase

Nickel sulfides are characterized by complex structural, compositional and magnetic properties
which make them valuable for a variety of technological applications (Jeong and Manthiram,
2001; Balayevaa et al., 2016). The initial conditions of the synthetic process (i.e., sulfide
source, reaction time, temperature, and pH) play a considerabla tb&eproduction of

different Ni sulfide phases, such as38i NisSs, NizSs, NigSg, NiS,, and NiS (Olivas et al.,

1998; Balayevaa et al., 2016; Gervas et al., 2017).

Huang et al. (2009) defined the solid phase characterized by the two broad amorpkeas pea
~14 degrees (d = ~ 2.8 A) and ~22 degrees (d = ~1.8 A) as a hydrated nanoparticulate material
characterized by a crystalline millerite (NiS) core surrounded by a hydrate shell. The material,
with an appr oxi m®Oiwas shown tontrahstn topolydyinite (1434 at

pH < 7 (Huang et al., 2009). The diffraction patterns of precipitate sample2 @&&).indicate

that polydymite may be present, in small amounts, after 72 hours. The presence of polydymite
increased over time, leading to pdyynite-related peaks becoming sharper. Theéh@@r

sample is also characterized by peaks corresponding to nickelhexahydrite JNRIO)],

the salt used to prepare the Nibock solution.

The inclusion of Ni(OH) together with NiS species considesalvthproved the quality of the

EXAFS fit. Huang (2008) hypothesized the potential precipitation of either a Ni{l}d)

phase or a lyrid material composed of both millerite ath@ophrastite structural components

in similar studies due to a slight excess of Ni over S in the Ni:S ratio of the hydrated NiS solid

phase.
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Table 2.2 Ni kedge EXAFS fit parameter results for-fi@ur and 2month Ni sulfide samples.

NiS 72 haurs NiS 2 months
Ni species
Path CN R(A) & (A? CN R(A) & (A?)
Ni-S 4.9 2.22 0.0095 5.2 2.22 0.0095
NiS Ni-Ni 1.7 2.78 0.0098 1.2 2.77 0.0098
Ni-Ni 2.2 3.03 0.0096 2.0 3.02 0.0096
Ni-O 5.6 2.18 0.0095 6.0 2.19 0.0085
Ni(OH),
Ni-Ni 0.8 3.12 0.0096 1.1 3.14 0.0096
pBEeVv)=4.9 pBeVv)=3.2

CN, coordination number; R, interatomic distanie Debyé Waller parameterp B, energy offset parameter

N i i sotope
could be associated with a change in coordination environment, fr@dnt®&NS.

Fujii et al. (20112014)estimated the equilibrium fractionation factorveén the dissolved

fract.

species Ni" and Ni(HSJ t o

onat.

on

dur i

ng

N i

s ul

fi

%MNi2+mHS)+: +0. 68 é.GONiauzm- Q(Hs)q;: +0. 66 a

de

at

25°C, respectively. Considering the analytical uncertainties, the measured fractionation factor

is in good agreement with the calculated valkesthermore, the measured Ni isotope

fractionation did not significantly change over the course of thmath timedependant batch

experiments. These observations suggest that the fractionation associated with the sulfide

system occurred between ligandssblution prior to mineral nucleation, as also previously

been observely other researchedsiring FeS and HgS precipitation experiments (Wiesli et

al., 2004; Smith et al., 2015).

| t i s

worth

not i ng -NiSheaNkS, dasmteadsaciated svith@hamgastini o n

the structure and coordination environment, did not seem to affect the measured Ni isotope

fractionation. It is possible that the magnitude of the transformation in the smaller reservoir

(i.e., solid phase) was not sufficientsioift the fractionation of Ni isotopes in solution (i.e.,

larger reservaoir).
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Figure 2.2 X-ray diffraction patterns of Ni precipitates: A) Ni hydroxide sampled after 24 hours and 1460 hours (2 months).
B) Ni hydroxycarbonate sampled after 72 hours and 1460 hours (2 months). C) Ni sulfide sampled after 72 hours and 1460

hours (2 months). Power Diffraction data files shown for -Ni(OH}(01-073-1520), Nj(CQ)(OH)}-4H,0 (006038-0714),
millerite i -NiS (04014-3037), polydymite NjS, (04-004-5623) and Ni(Sg(H,O)s (04-0156154).
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2.4.4. Kinetic versus equilibrium Ni isotope fractionation.

Isotope results from the tirgeependant experiments suggest that Ni isotopic equilibrium was
rapidly attained during the precipitation of Ni hydroxide, Ni hydroxycarbonate and Ni sulfide
(Fig. 2.1B). The increase in crystallinity with longer ageing time: bt seem to affect Ni
isotope fractionation in either the hydroxide or carbonate systems.

A rapid isotopic equilibrium was also observed for Zn precipitates during similar batch
experiments (Veeramani et al., 2015).

When mineral precipitation occurfiet associated isotope fractionation can be controlled by
either kinetic or equilibrium effects which are often difficult to discern (Wiederhold, 2015).
The timedependant experiments showed analogous trends in Ni isotope fractionation to the
experiments imolving varying Ni/counteranion ratios. Furthermore, comparable results
involving Znrisotope fractionation associated equilibrium effects with similar precipitation
experiments (Veeramani et al., 2015). Nickel isotope fractionation was generally comstant o
the 2month period in all three systems analyzed, without detectable changes over time; in
contrast to, the variation encountered by Butler et al. (2005) during the course of FeS
precipitation experiments. Therefore, we are inclined to attribute thaitade of Ni isotope
fractionation measured in the present studies to equilibrium effects. If the results represent
kinetic isotope fractionation effects, the constancy of the fractionation with time would indicate

that reaching equilibrium is a very slgwocess.
2.4.5. Relationship between Ni isotopic fractionation and chemical bonds

At equilibrium, isotope fractionation between two phases is influenced by changes in redox
conditions, coordination and bonding environment (Wasylenki et al., 2015; Wiederhdijl, 201
Heavier isotopes tend to partition into species with higher oxidation state and form the stiffest
bonds (i.e., the shortest and strongest chemical bonds) (Schauble, 2004; Wasylenki et al., 2015;

Wiederhold, 2015; Gueguen et al., 2018). As previousigudsed for the Ni hydroxide and Ni

28



hydroxycarbonate systems, changes in bond lengths and/otidist@f structural sites can

induce isotope fractionation between dissolved Ni artddvind to the solid phase, especially

when coordination and bondingwonment do not vary during the reactio@sieguen et al.

(2018) suggested the formation of weak surface complexes could be responsible for the
enrichment of light Ni isotopes during Ni sorption to ferrihydrite and goethite experiments,

which resultedii r act i on aPNigmo ff aic@.o3% Kp 0. 084, and T (
respectively. Variati on®Nipdr @armgi Mg ffrramtiid.n7
13.354) observed in experiments involving N
reported to be affected by differences in@®ibond lengths (Sorensen et al., 2020).

Furthermore, Wang and Wasylenki (2017) indicated the incorporation of lighter Ni isotopes

during hematite formation being related to the distortion eDNictahedra in thedmatite

structure. The extent of the isotope fractionation calculated for thgdioxide and carbonate
systems (U of 10. 40 &Fi@M34 ant D.3R5s@ihin the rargeoéthet i v e
values of Ni isotope fractionation associated with cleang Ni structural configuration

reported by other researchers (Wasylenki et al., 2015; Wang and WasylenkiGRe#jdgn et

al., 2018; Castillo Alvarez et al., 2020; Sorensen et al., 2020). As the structural arrangements of
Ni hydroxide and Ni hydroxycarbonate minerals are strictly connected, it is reasonable to find

the magnitude of Ni isotope fractionation in thetsystems is similar.

The extent of fractionation assoc¢Fga2t3,d wi t h
which was found to be comparable to the fractionation estoriay Fujii et al. (20112014) for

Ni?* and Ni(HS]J dissolved species, wasked to the change in coordination environment

(from Ni-O to NiS) developing in solution. A similar explanation was also adopted by Vance

et al. (2017) who related the fractionation

from the Black Sea at depthl 300 m, to isotope exchanges taking place between a dissolved

Ni pool and Ni sulfidized species subsequently removed from solution.
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analytical events. The dashed lines show the béisRayleigh models with R=0.955, R=0.986, and R=0.%6 for Ni
hydroxide (blue), Ni hydroxycarbonate (green), and Ni sulfide (red) systems, respectively.

2.4.6. Implications for field studies

Secondary minerals play a decisive role in the natural attenuation of heavy metals, thus the

assessment of the contributiohNi isotopic signature during mineral precipitation is crucial to

the application of Ni stable isotopes as environmental tracers. Although the determination of

fractionation factors in laboratory studies is fundamental to the comprehensive understanding

of Ni isotope systematics (Wiederhold, 2015), chemical and physical processes in complex

environmental systems may be difficult to address through Ni isotope measurements.

Furthermore, the fractionation factors, especially the ones related to the hydnactide

carbonate precipitation experiments, are very similar. Consequently, it could be challenging to
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uniquely quantify the isotopic contribution of each system to the overall degree of fractionation
observed in field samples. As the magnitude of fractionatould be affected by experimental
conditions, further studies should be conducted that aim to delineate the role of other variables
on Ni isotope fractionation, such as: pH, temperature, solution concentrations, and the presence

of biota or other Nccompeting elements in the system.
2.5. SUMMARY OF RESEARCH RESULTS

The presenstudyprovides constraints on Ni isotope fractionation during the precipitatiom of N
secondary minerals at ambiaanditions in abiotic systems. Results from this study offer
valuable information to the characterization of Ni isotope systematics aimed to the use of Ni
isotopes as environmental tracers. The major findings can be summarized as follows:

(1) Time-dependant experiments indicate that Ni chemical and isotopic equilitarasm
rapidly attained during the precipitation of Ni hydroxide, Ni hydroxycarbonate and Ni
sulfide minerals.

(2) Nickel isotope fractionation followedrsilar Rayleigh trends in athreeexperimental
Ni-hydroxide, carbonate and sulfide systems, yielding rasta t i on f actor s U
T0.50a, and 10.73a, respectively.

(3) Distortion of the NHO octahedra constituting the-Rydroxide and Nhydroxycarbonate
structures relateavith the preferential incorporation of light Ni isotopes into these solid
phases. In adrast, the transition from MD to NiS coordination environment in solution

was indicated to induce the fractionation associated with the Ni sulfide system.
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CHAPTER 3

Microbially-mediated removal of Ni from synthetic, contaminated
groundwater and associated Ni isotope fractionation

Roberta Parigi, Eva Pakostova, Joel W. Reid, Emily M. Saurette, Joyce M. McBeth,
Carol J. Ptacek and David W. Blowes

Summary
Microbially-mediated sulfate reduction is a promising esfééctive and sustainable altervati
utilized in permeable reactive barriers (FdRBnd constructed wetlands to treat mine
wastewater. Batch experiments were performed to evaluate Ni isotope fractionation associated
with precipitation of Nisulfides in the presence of the sulfadelucingbacterium (SRB)
Desulfovibrio desulfuricanS(DSM-642).
Precipitates were collected anaerobically and characterized by synchrotron pervager X
diffraction (PXRD), scanning electron microscopy combined entéergydispersive Xray
spectroscopySEM-EDS)and transmission electron microscopy (TEM). Sglichse analyses
showed the precipitates associated with bacteria biofilm systems were characterized by
increased size and crystallinityighter Ni isotopes were preferentiatpncentrated ithe
solid phas, whereas the solution was enriched in heavier Ni isotwpescompared to the
input solutionRemoval of Ni from solution appeared to follow clossgtem equilibrium
isotope fractionation, yieldingfractionation factoof qfONiso"daq: T 1. T™hé&esults from
the present research suggest the measured Ni isotope fractionation is influenced by multiple Ni
reaction mechanisms which take place in the investigated system during compl&k SRB
interactions.

1.1 INTRODUCTION

The extensivéendustrialuse of Nihas led to the release of thisavy metal into the

environmentAlthough Ni is considered an essential micronutrient for plants and many other

32



biota, high Ni concentrations can have harmful effects on plants,-aigemisms, amals and
humans(Denkhaus and Salnikow, 2002; Kasprzak et al., 2003; Niemen et al., 2007;
Schauml6ffe2012; Das et al., 2019)

Metal sulfide precipitation as a remediation technique has been successfully applied to treat
acid mine drainage and industrial wastewateesv{s, 2010). Sulfide precipitatidmas been

shown to be more effective than traditional metal hydroxide precipitétemis and van Hille,
2006; Lewis, 2010)The main advantages of sulfide precipitation include: the low solubility of
sulfide phaseghehigh rate of removal at low pthnd the potential recovery of metals from

the precipitates. Sulfide precipitates are also characterized by more rapid settling rates and
superior dewatering properties compared to hydroXidewis and van Hille, 2008;ewis,

2010). Research involving Ni sulfide precipitation at low temperature has included both biotic
(Ferris et al., 1987; Fortin et al., 1994, Sitte et al., 2013; Qian et al., 2015; Mokone et al., 2012,
Mansoret al., 2019nd abioti¢Olivas et al., 198; Jeong and Manthiram, 2001; Huang et al.,
2009; Wilkin and Rogers, 2010; Balayeva et al., 2016; Barim et al., 2018) experiments that
have resulted in the formati onNioFNiSablis8,ar i ety
NiS;, Ni3S,, NizSs, NigSg, depending on the experimental conditions (i.e., pH, sulfur source,
reaction time)(Olivas et al., 1998; Jeong and Manthiram, 2@Hlayeva et al., 2016; Barim et

al., 2018).

Microbially-mediated reduction of sulfatexder anaerobic conditiopgays an important role in

the treatment of waste streams contaminated by heavy itiaidis et al., 1994; Gramp et al.,
2007; Sitte et al., 2013; Qian et al., 2015; Mokone et al., 2012). Stdfdteing bacteria

(SRB) are able to reduce dissolved atdfcoupled with the oxidation of organic compounds
resulting in theattenuabn of metals throughhe precipitation of metasulfides(Blowes et al.,

2000):

2 ®0( s ST, fR Ma¥)HS a2 CQ £ H0(1 ) ()
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In contrast with abiotic sulfide precipitation, the microbiattgdiated process has the capacity
to simultaneously remove dissolved sulfate and heavy metals, which are often major
problematicconstituents of mining and industrial wastewaters, at low cost and reduced risk
(Huisman et al., 2006). Because of these aspects, SRB have been utilized in passive
remediation systems, such as permeable reactive barriers (PRBs), with positive outcomes
(Bemer et al., 1997, 1999 and 2002; Blowes et al., 2000).
Metal stable isotope analysis has become a valuable tool in the field of environmental
geochemistry with applications focussing on tracing the source and cycling of metals in the
environment (Wiederhd, 2015). Studies on Ni isotope fractionation have focused on
terrestrial materials, and recently have highlighted the potential of Ni isotope signatures to be
used as bigeochemical tracers. Investigations conducted on microbial activity (Cameron et
al., 2009), type of vegetation (Estrade et al., 2QR&jéet al., 2019), weatherindr@tiéet al.,
2015 and 2018; SpivaRirndorf et al., 2018), adsorption (Wasylenki et al., 2015; Wang and
Wasylenki, 2017; Gueguen et al., 2018; Castillo Alvarez et al., 2020; Sorensen et alna020)
the formation of secondary miner3td**¥(Wasylenki et b, 2015; Wang and Wasylenki, 2017;
Parigi et a., Chapter Bave pointed out how these factors induce significant Ni isotope
fractionation. For example, recent studies have shown a preferential uptake of lighter Ni
isotopes by minerals during adsorptianb 0 ¢ &@Nigidag= 0.5213)%°, and birnessite
( ®Niminag=12.76t073 . 3)HForensen et al., 2020). Furthermore, research involving the
precipitation of Nihydroxide, Nthydroxycarbonate and Mulfide has shown that lighter Ni
isotopes are ineporated into the solid phases, resulting in fractionation fatteiis0.40 ,
10.58 andi 0.73& , respectively(Parigi et &, Chapter 2).
The purpose of this study was to determine the mechanisms responsible for Ni removal from
solution under biologicallynediated sulfate reduction, and to measure Ni isotope fractionation

associated with these processes. Assessment of Ni isotope sigregultsg from
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microbially-mediated attenuation of Ni in contaminated groundwater is of great importance for
the application of isotope analysis to trace the cycle of Ni in natural systems and to determine
the fate and bioavailability of Ni in the environnmieDue to the important role SRB play in

many passive remediation systems, exploring their role is an important first step in
understanding microbial processes influencing Ni isotope fractionation inwaiske impacted

systems.

3.1. MATERIALS AND METHOD

3.1.1. Batch experiments.

Desulfovibrio desulfuricarls(strain Essex 6, DSM42) was cultured in Postgate B medium
(Postgate, 1984) which contained the following, per liter of distilled water: 051§ ®,, 1.0 g

CaSQ, 1.0 g NHCI, 2.0 g MgSQ-7H,0, 3.5 g Nadactate, 1.0 g yeast extract, 0.1 g ascorbic
acid, 0.1 g thioglycolic acid, and 0.5 g FeS©@H,O. The medium was bubbled with Ar gas
before the addition of FeSOH,0. The pH of the complete medium was adjusted to 7.4 with
10M NaOH. The medium (75 mL aligts) was transferred to 100 mL serum bottles, and
briefly bubbled with the same gas. The serum bottles were capped and crimped before
autoclaving (121 °C, 30 min). After cooling, the bottles were inoculatedDvittesulfuricans

and cultivated at room teperature for 6 days (without agitation) before subculturing (~10%
inoculum) into fresh Postgate B medium.

Postgate C medium (Postgate, 1984), containing ift: @15 KH,POs, 1.0 NHCI, 4.5 NaSO,

0.04 CaCl.2H,0, 0.06 MgSQ.7H,0; 6.0 Na lactate, 1.¥east extract, 0.004 Fe$®@H,0, and

0.3 sodium citratH,0; pH~7.5, was transferred into 40 mL serum bottles and bubbled with
Ar gas.The serum bottles were capped, crimped and then autoclaved. Once cooled, Postgate C
medium was inoculated with th&ecom-generation Postgate B culture (~1 mL) and then

incubated at 27°C.
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After several subcultures, 1 mL aliquots@fdesulfuricansat late logarithmic phase (~24 h)

were inoculated andultivated at 27C in 40 mL serum bottles filled with modified Postgé&te
medium pH~6.8) characterized Ithe absence of Fe and sodium citrate.

Filter-sterilized aliquots of 1M NiGlstock solution, bubbled with Ar, were injected into the 40

mL serum bottles containinD@. desulfuricansgrown in modified Postgate C medium fér

days. The initial concentrations of Ni in solution were 10, 15, 20, 25, 30, and 40 mM.
Sacrificial sampling was conducted at 1 hour, 1 day, and 1 week after the addition of Ni.
Aqueous samples were filtered using @12 filters (Acrodisc, Pall, UK) angbolyethylene
syringes (BD, Franklin Lakes, NJ), with the exception of the subsamples on which pH
measurement was performed. Samples for cation and Ni isotope analyses were acidified with
concentrated HN®(Omnitrace ultra, EMD Millipore). Solid samples wecentrifuged and
collected in an anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI) to avoid
oxidation. Solid subsamples for isotope analysis were washed multiple withesiltrapure

water then frozen, freeadried and digested with aquagra. Subsamples for solghase
characterization were also frozen and fregded but not washed.

Parallel batch tests using the same conditions as adopted in the main experiment were
conducted to evaluate the bacterial viability. After the exposur&RB to different Ni
concentrations (10, 15, 20, 25, 30, and 40 mM) at different times (1 hour, 1 day, and 1 week), 1
mL of solution was injected into fresh Postgate B medium to assess the potential toxicity of Ni
to the microorganisms.

3.1.2. Isotope measurements.

Sample preparation adi isotope analysis were conducted following Parigi etiral.,
submissiori®. Briefly, acidified samples were spiked witff*ali T ®2Ni doublespike solution
and purified following a twestep chromatography predureFirst, the sampleaereloaded
ontoBio Rad AG MR1M (100 200 mesh, chloride form) anion exchange résiseparate Ni

from Fe, Zn and ClAfterwards, a Nispecific resin from Eichrom Technologiess used to
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ensure a clean sampleuted N fractions were evaporated and finally dissolved in 3% BNO
for MC-ICP-MS analyses

Nickel isotope ratios were determined ohtermo Scientific NeptunklC-ICP-MS with an
APEXQ desolvation introduction system (ESI). Measurements were made in high resolution
mode on the low mashoulders of thpeaks to avoigholyatomic interferenced he raw data
wereprocessedbllowing the method described by Siebert et al. (20aaj the true isopic
composition of the samplegas expressed @&°Ni i n p erelativatolthe NISTASRM

986 Ni isotope standard:

, . E . E
S T E L E

P Op MM T (3)

Results were normalized to the average value of NIST SRM 986 measured before and after
each samplelhe longterm analytical reproducibility of th&&gandard NIST SRM986 was
determined to bk7.N2SDE8Bua oh(.20S3bagtenm reproducibility)

was used when theSD related to three data points for each sam@e< 0 . 05 a .

The measured Ni for the input solution Ni@las-0 . 1 7&8 N 0. 05&. For the

plotting, comparison, and data interpretation, all samples were normalized to the input solution

val ue, r ©Niged=t ion.go0i nN U0. 05 & .
3.1.3. Solid-Phase Characterization.

Subsamplesf the freezedried solid magrial were mounted in 0.5 mm ID polyimide
capillaies(Cole-Parmer: 9582@4), which were sealed at both ends with gluectite 454
Prism Gel, Henkéland analysed with synchrotrdrased pwder Xray diffraction (PXRD)
PXRD patterns were collected at the Canadian Light Source (CLS), CaMatieomokcular
Crystallography Facility (CMCF) bend magretamling(08B1-1; Fodje et al., 2014 .wo-
dimensional (2D) difraction data verecollectedon a Rayonix MX300HE detectassing a

wavel engt h (pretpn eaergy ©18 8e®Fhe samplaletector dsitance, detector
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centering, andilt were calibrated usmpa lanthanum hexaboride (LgBtandard reference

material (NIST SRM 660a LaB6Jhe PXRD patterns were calibratedcamtegrated (20 40,

2 Yusing the GSASII software packaeoby and Von Dreele, 20133earch/match phase
identification wagerformedwith Powder Diffraction File, PDB+ software(ICDD, 2019).

Samples for wholggrainmounts were filtered with a Whatman® grade 4i(Z5 pum)

cellulose filter to collect the precipitatés scanning electron microscopydenergy

dispersive Xray spectroscop(SEM-EDS) analysesThe precipitates wereaidd in an

anaerobic glovebofor approximately 24hr and then dispersed on conductive carbon tape
applied to a metal sample stub. All sample preparation was completed in an anaerobic glovebox
to prevent the oxidation of the precipitates which contain reduced sulfur and metal species.
Mounted samples were removed from the anaerobic glovebox in sealed containers and opened
immediately befor&6EM analysis. A conductive coating was not applied to wAgoéen mount
samples before analysis

Grain mounts were char acFESESEMavithamwOxtod a FEI
Instruments »act silicon drift detector (SDD) f&DS. Backscattered electron (BSE) and
secondary electron (SE) images were acquired with an accelerating voltage of 20 kV and a
sample distance of 10 mm from the detectors.

Sampledor transmission electron microscopy (TEM) characterization were sonicated to
disperse the precipitated nanoparticles in solution and then diluit@d in ultrapure water
(MilliQ A10 water syst em dsdutichwadqipettethom@ 25 AC
Formvar/Carbon 40énesh copper Pelco® TEM grid. The nanopatrticles were characterized

with a Zeiss Libra 200MC TEM equipped with an EDS detector. TEM images were acquired at
an accelerating voltage of 200 kV. Images were processed using Digitagrgph (Gatan

Inc.) and lattice distances were calculated from the inverse fast Fourier Transform (FFT)
patterns of selected areas after masking the FFT pattern to improve the delineation of atomic

distances.
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3.2. RESULTS AND DISCUSSION

3.2.1. Nickel removal by SRB culture.

Results from the batch experiments can be found in the Supporting Information (Fable S

The Ni removal efficiency achieved using different initial metal concentrations is shown in
Figure S.1. Nickel removal from solution reached almost 95% afteeék in the batches with

the lowest initial Ni concentration (10 mM). As the concentration of Ni was increased, Ni
removal was progressively lower, and the batches with the highest initial Ni concentration (40
mM) had a removal rate of approximately 25Pke 25% removal rate remained relatively
constant in the-tlay and iweek samples likely due to the high metal concentration that
inhibited sulfate reduction. Bacterial viability tests showed no bacterial growth in fresh
Postgate B inoculated from the dagés containing 40 mM of Ni and sampled after 1 day and 1
week.These results suggest the SRB were negatively impacted by the highest Ni concentration
used in the experiments (40 mM).

Total sulfur concentrations in solution also decreased with time, shawemgoval of ~50%

after 1 week, common to all the batches regardless of the initial Ni amounts.
3.2.2. Characterization of the solid phase.

The final solid phase product was composed of a predominant black deposit that accumulated
at the bottom of the serumttles and a shiny metallic mirrdike precipitate concentrated on

the sides of the bottles (Figur8.3 a, b and c). The thin metallic precipitate was characterized

by significant growth over the course of the experiments. The growth was inversely

proportonal to the initial concentration of Ni: the 1M samples were distinguished by the

largest amount of the shiny deposit, whereas the 40 mM samples exhibited only a small amount
of the same solid phase. During the experiments, the metallic precipitéte staming first

on the side of the serum bottles and subsequently accumulated at the bottom of the bottles. At

equal Ni concentrations, thewleek samples showed the largest amount of the shiny precipitate
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with the exception of the 40 mM batches whicspthyed an equal amount of the same
precipitate at collection times of 1 day and 1 week.

Because of the delicate, thin, shile¢ nature of the metallic phase, it was impossible to
effectively separate it from the black deposit. Thus, samples tak#refsolid product
characterization consisted of a mixture of thesedwliml phases.

The powder Xray diffraction patterns for the 10 mM and 40 mM samples collected after

1 hour, 1 day, and 1 week are displayed in Figute All patterns wereharacterized by broad
peaks at ~14 degrees (d = ~ 2.8 A) and ~22 degrees (d = ~1.8 A). Similar features were also
reported by previous abiotideong and Manthiram, 2001; Huang et al., 2009; Parigi et al.,
Chapter 2) and biotic (Sitte et al., 2013; Marsstoal., 2019) Ni sulfide precipitation studies

and were attributed to poorly crystalline polyphasiesilifide precursors (Mansor et al., 2019).
Such poorlycrystalline Ni sulfides were dominantly nanoparticulate material with the general
formulaNiS -1.5,0 whi ch di spl ayed an anhydNiSus core
surrounded by a hydrate shell (Huang et al., 2009). The Ni:S ratio of the hydrated NiS
exhibited a slight excess of Ni over S, thus indicating the potential deposition of a NI{KaH)
phase in the mantle layer (Huang, 2008). Some of the early time patterns (i.e., 10 mM at

1 hour, Figure3.1Aa; 10 mM and 40 mM at 1 day, FiguiéBa and3.1Bb) showed an
additional broad peak at ~8.5 degrees (d =~4.6 A). As 4.6 A corresponds to the Brag
reflection associated with the (001) planes of the mineral theophrastite (Nj(@té)presence

of this peak is consistent with the potential precipitation of either a Ni{iké) phase or a

hybrid material composed of both a millerite and a theopgteadtuctural components (Huang,
2008). Furthermore, Wilkin and Rogers (2010) demonstrated that freshly precipitated nickel
sulfide is characterized by residual®icoordination which is replaced by-Sicoordination

with ageing time.

Although the iday10 mM and iday 40 mM patterns (Figur&lBa and3.1Bb) were also

characterized by numerous Bragg reflectionaddition to the broad features previously
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indicated, no conclusive matches were identified for most of these peaks. These two samples
appearedo share a low angle reflection at ~ 4.22 degrees (d = ~ 9.4 A), but most of the other
low angle reflections were not common to both patterns. We therefore suggest thdayhe 1
samples may be composed of a mixture of metastable phases that were cloanaeterized

by previous studies. Most of the peaks observed in-theeyJpatterns were not visible in the 1
week patterns, confirming the metastable nature of-t@ylprecipitates.

The Tweek patterns (Figur@1Ca and.1Cb) and all the 40 mM sampldisplayed halite

(NaCl) Bragg reflections; this is presumed to be from residual salts from the media. In addition
to this, the Iweek 40 mM sample was also characterized by the presence of
nickelboussingaultite (NbLNi(SOy)2(H20)s plus additional urmatched reflections, whereas

the week 10 mM sample showed sharp reflections due to thenardi®@alL attice

parameters for nickelboussingaultite were slightly different from the reference PDF card, due to
either a different hydrain state or slightly different ionic substitution. It is worth noting that

the Tweek 10 mM diffraction pattern displayed sharper features associated with modifications
of the poorlycrystalline NiS precursor (red asterisks in FigBul#Cb). These featusevere
particularly accentuated at ~ 13.41 degrees (d ~ 2.95 A) and ~ 23.37 degrees (d ~ 1.70 A). No
single nickel sulfide with peaks corresponding to both the 2.95 A and 1.7€pAdihg was

found. Polydymite [more intense reflections (311) and (440)8atRand 1.684, respectively]
andU-NiS [reflections (100) and (110) at 2.98 A and 1.72 A, respectively] were the phases that
displayed the most similar patterns (Fig@teCa ) . The presence of the
associated with modifications of theguly crystallineNiS precursor may indicate evolution of

the poorly crystalline precursor towards the development of higiger Ni sulfides with time.

In similar experiments, Mansor et §2019) observed a distinct increase in crystallinity of
biogenicNi sulfide nanoparticles over a period of edys.

Comparison between biotic and abiotic Ni sulfide precipitation experiments indicated the

biogenic products were characterized by enhanced dimensions and crystallinity relative to their
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abiogenic counterpts (Mansor et al., 2019). Similar findings were reported for -&i8liated

Zn sulfide formation (Xu et al., 2016). The development of more crystalline phases associated
with the biotic precipitation of sulfides was linked to the formation of a low pH micro
environment around the bacteria cell walls and to the presence of organic compounds secreted
by SRB (Mansor et al., 2019). The migeavironment around the bacteria cell walls, which
chemically differed from the bulk circumneutral pH experimental condtizvas also

suggested to favour the precipitatonofi{pwd ( pH O 5) Ni sul fide mir
polydymite and vaseite (Mansor et al., 2019). These minerals were characterized by a
metastable nature under our experimental conditions.

All of the 40 mM pavder X-ray diffraction patterns displayed broad, low angle reflections at
~2.25 degrees (d ~ 17.5 A) and ~3.65 degrees (d ~ 10.8 A). These reflections, which were
probably from the same phase due to comparable broadening and intensity ratios, had
similarities with the patterns of clays, although no obvious matches were found in the PDF
database. Bacterial microcolonies are known to mediate the formation of clay minerals
(Konhauser and Urrutia, 1999; Tazaki, 2005; Fiore et al., 2011). Formation of cotlaigal

like phases (often FHeearing aluminosilicates) is favoured by the presence of bacteria and their
metabolic products (Fiore et al., 2011), and these paoyistalline precursors may convert to
more ordered phases over time (Konhauser and Urruti8; T@2aki, 2005; Fiore et al., 2011).
The presence of clay material was supported by EHEM analysis (Figure33).

SEM-EDS analysis, which was performed on both the frekies and freshly sampled 1M

and 40mM 1-week solid material also showed thdhe larger grains, predominantly occurring

as the shiny precipitate, were made of aggregates of Ni sulfides with different habits and
composition (FigureS3.4 to 3.6), which is consistent with the PXRD results. These higher
order aggregates were closalsociated with bacterial biofilms which formed predominantly

on the bottle sides. Biofilms are microbial multicellular aggregates that attach to surfaces and

can often immobilize metal ions (Singh et al., 2006). Although bacterradiiated sulfate
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redwction by SRB was the main process responsible for Ni removal from solution in the present
study, extracellular polymeric substances (EPS), secreted by bacteria and bacterial cell
components, are able to bind Ni and other heavy metals thus creating atlgitemipitation

sites (Sitte et al., 2013; Mansor et al., 2019; Kumar and Pakshirajan, 2020). THECEEM
analysis oD. desulfuricansn our study showed Nsulfide precipitates surrounding the
microorganisms (Figure3). Precipitation of metal sulfideon bacterial surface is known to

act as a protection for SRB, enhancing their tolerance to the toxic effects of heavy metals
(Castillo et al., 2012).

The finest grairsize portion of the solid product mainly occurred as black precipitates that
accumulagd at the bottom of the bottles. Lattice fringe spacing measurements, derived from
the TEM study, confirmed the polycrystalline nature of these precipitates (Fig8ré &nd

B).

Although the final experimental batches were filled with a modified medantaming no Fe,
SEM-EDS results indicated a small amount of Fe was carried over from previous batches
during subculturing, and Fe coprecipitated with and/or substituted Ni in the solid phase (Figure

S3.6).
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Figure 3.1 X-ray diffraction patterns of Nprecipitates: Aa) & mM Ni solid sample collected after 1 hour. Halite, NaCl{04
016-2944) Ab) 10nM Ni solid sample collected after 1 hour. Ba) #tM Ni solid sample collected after 1 day. Halite, NaCl
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3.2.3. lIsotope fractionation.

The magnitude of Ni isotope fractionation between Ni in solution and Ni associated with the
solid phase was investigated by varying the initial concentrations of Ni in solution, which
resulted in wide ranging amounts of Ni gptate. The isotope results are reported in Table

S3.1.

Figure3.2 displays the measuré®Ni values corresponding to the fractions of Ni in solution

and in the associated solid phase. The isotope data were fitted with both reversible equilibrium
and Rayleigh fractionation models. The black solid lines are the linedfititeshe data,

wherea the black dashed curves are thebestt Ray | ei gh t32p Acdosding) = T
to the fitting results, it is reasonable to assume the data reflected equilibrium;sletad
fractionation (linear trends) with continuous exchange between tle®asjand the solid pools.

An average magnitude qfONiso"d,aq: T 1 .was\datermined for the data set.

The data show a patrtition of light Ni isotopes in the solid phase comparedritigheolution,

which is followed by enrichment in heavy isotopéshe residual aqueous Ni fractions.

Enrichment in the heavier isotope associated with the aqueous fraction of Ni was observed in
abiotic Ni sulfide precipitation experiments (Parigi et al., Chaptélt).isotopic fractionation

in the abiotic NiS preciption experiments was fit with a Rayleigh curve yielding a
fractionation factor of CFujifetd.@01T) and (201P alsoi gi
observed that lighter Ni isotopes preferentially partition into the sulfide species, reporting the
equilibrium fractionation factors between the dissolved speciésani Ni(HS) a s *°NiRiz.-

Nipsy =+ 0. 6 ENiynamsg=p+ 0. 6638 at 25AC, respecti v
Due to the complexity of the investigated system, it is not possible to attribute the magnitude of
the isotopic fractionation to a single Ni sulfide precipitation process. Although Ni precipitation

as sulfide phases w#se main mechanism of Ni removal from solution, it is likely the

fractionation measured in our experiments resulted from a combination of multiple Ni
attenuation processes present in the SRB system. As previously discussed, bacteria cell walls
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and EPS cabind heavy metals such as Ni, thus providing precipitation sites for metals and
sulfide phases. Interactions between SRB and Ni might induce Ni isotope fractionation before
the precipitation of sulfide phases occurs. Nickel adsorption to and copreampvtatioclay

like phases, whose Bioduced formation was detected in the experiment, might also contribute
to the measured isotope fractionations. Ni adsorption to minerals was documented to cause the
enrichment of heavy Ni isotopes in solution comparetieécsolid phases and to generate
significant Ni isotope fractionatigiWwasylenki et al., 2015; Wang and Wasylenki, 2017,

Gueguen et al., 2018; Castillo Alvarez et al., 2020; Sorensen et al), EO2@xample, in a

recent study, adsorption of Ni to thenmral birnessite induced the largest fractionation factors
observed f o®hnad¥iantgo ndyatfe ompT 2. 764 t2@20)7 3. 354 ;
Furthermore, Liu et a(2018) estimated the influence of Fe substitution on equilibrium Ni

isotope fracnation in Ni sulfide minerals. Fe substitution for Ni yielded a decrease of the
reduced partition function ratios Ni/>®Ni. Thus, the presence of Fe, which characterized the
investigated system, cannot be ignored as changes in the Fe/Ni ratio loaregdarable

influence on Ni isotope fractionation (Liu et al., 2018).
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3.3.  Environmental implications.

Due to the close interaction between biofilamd metal ions in solution, SRB are considered a
valuable tool in passive treatment remediation procebikmgever, because of the complexity

of processes occurring within biofilms, it is challengiagharaterize the multiplicity of
mechanisms involved ithe bio-mediated attenuation of Ni and other heavy metatsto

predict the long term stability and efficiency of s@mediation systems (Chirwa, 2012). As a
result, it is reasonable to ascribe the extdritactionation measured in the present study to a
combination of mechanisms involved in removing Ni from solution. Additionally, bacterial
biofilm formation is influenced by changes in geochemical and physical parameters, such as:

pH, nutrient availabity and oxygen concentration (Singh et al., 2006). Interactions with
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complex microbial communities (in contrast with pure cultures such as the one used in the
present study) may also result in differences in the isotopic signatures. Thus, future staidies, t
aim to determine Ni isotope fractionation under varying experimental initial conditions, would
be beneficial to further understand which mechanisms have the greatest impact on Ni isotope

signatures in the SRB system and in more complex microbial cor@sun
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CHAPTER 4

Mechanisms of Ni removal from contaminated groundwater by
calcite using X-ray absorption spectroscopy and Ni isotope
measurements

Roberta Parigi, Ning Chen, Peng L{Daol J. Ptaceck and David W. Blowes
Summary
A flow-through cellexperiment was conducted to identify mechanisms of Ni removal by
calcite through study of changes in Ni speciation during the treatment of simulated Ni
contaminated groundwater. Syntheticddintaminated groundwater was pumped through a
custommade polyetilene (HDPE) flowthrough cell packed with crushed natural calcite
minerals. Effluent samples were collected to determine concentrations of anions, cations, and
for Ni isotoperatio measurement.-Kay absorption spectroscopy (XAS) analysis was
performed orchosen spots of the solid phase along the length of thetfilmmgh cell. Isotope
data indicated multiple mechanisms affect Ni remavéhe FTC system. Ni adsorption to and
coprecipitation with calcite dominated the early part of the FTC experimenieddd a
fractionation factor of U = 1 thydbo¥ideph8sebseque.
became the major process controlling Ni rem
XAS analysis confirmed the presence of both Ni(&aihd (NiCa)CQ types of Ni local
structural environments. Results from the present study highlight the potential of Ni isotope

analysis asinauxiliary tool in the characterization of the processes involved in the attenuation

of Ni from the environment.
4.1. INTRODUCTION

Contamination of water bodies by heavy metals is a major concern associated with metal
finishing, mining and mineral processing, coal mining and oil refining (Jha et al., 2005). Nickel

and Ni compounds have many industrial and commercial tleessignificant amounts of Ni
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can be released to the environment, possibly posing a severe threat to ecosystems. Nickel is a
nutritionally essential trace metal for several organisms and plants, however it has been shown
that the exposure to highly {plluted environments can yield to a variety of pathological

effects in living organisms (Genchi et al., 2020). Consequently, implementing Ni control
measures is of great importance to minimize the potential environmental impacts.

Passive remediation teclguies provide a sitspecific, lowcost and effective approach to treat
contaminated groundwater (Blowes et al., 2000). Permeable reactive barriers (PRBs)
containing different types of reactive material (i.e: Zeatent iron (ZVI), limestone, and

biologicd barriers) hae been used to treat dissolved metals (Blowes et al., 2000). Specifically,
calcite has shown to play a significant role in the immobilization of divalent metal cations
affecting water bodiedviorse, 1986; Comans and Middelburg, 1987; Daved.e 1987,

Zachara et al., 1989; Zachara et al., 1991, Stipp et al., 1992; Meatin et al., 2003), and

studies involvingcalcite interactiongZachara et al., 1989; Zavarin and Doner, 1998; Hoffmann
and Stipp, 2001; Lakshtanov and Stipp, 2007; Be&ial., 20149 have highlighted the

potential sequestration of Ni with Cag.O

Metal stable isotope analysis has emerged as a promising tool to discern metal attenuation
processes. Recent studies have appliedtraatitional stable isotope analysis toesssthe

efficacy of remediation activities with a focus on subsurface environrfamsesorHanes et

al., 2014 and 2017; Veeramani et al., 2015; Shrimpton et al., 2018; Parigi et al., Chapter 2 and
Chapter 3).Various chemical processes (redox reacpoesipitation, dissolution, sorption,

and complexation) are known to generate distinctive metal stable isotope fractionations
(Wiederhold, 2015). Recent research has evaluated Ni isotope fractionation during adsorption
(Wasylenki et al., 2015; Wang and Whesnki, 2017; Gueguen et al., 2018; Castillo Alvarez et

al., 2020; Sorensen et al.; 20204 (co)precipitatiofWasylenki et al., 2015; Wang and
Wasylenki, 2017; Parigi et al., Chapter 2 and Chapter 3) experiments, showing a preferential

enrichment of heaer Ni isotopes into solution for almost all the systems investigated. Results
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di splayed fratNij.qasthioghfastb2s76 and 13. 35:
sorption of Ni to the mineral birnessitewhereas magnitude offNisoigso= © 9 Avas

determined for microbialiynediated attenuation of Ni from solution (Parigi et al., Chapter 3).
Thepresent study focuses on the mechanisms of Ni removal during the treatment of simulated
Ni-contaminated groundwater flowing through calaneterid utilized in PRBs, with the

support of nickel isotope analysis anda§ absorption spectroscopy. The study of Ni isotope
fractionation during interaction with calcite under dynamic flow conditions will further

improve our understanding of the possiblech@nisms affecting Ni isotope signatures in

environmental settings such as passive remediation systems.

4.2. MATERIALS AND METHOD

4.2.1. Experimental Design

A custommadehigh-densitypolyethylene (HDPE) flowthrough cell (FTC) was packed with
crushed natural calcit@ineral(sizeO 300 Om; B E@.088umt ).Theeellar e a
dimensions wer&4.0 x 17.8 x 6.4 cnwith an open window3(8 x 7.6 x 1.3 cinonone side

to contain the material used in the experiment. This window was covered with Kapton film
(0.0762 mm thick) to allowollection ofX-ray Absorption Speobscopy (XAS) spectrad
HDPE frame wasecurento the face of the cell to hold the Kaptdmfin place and rubber
O-ring was used to prevent any potential gas and/or water. IBakted connections were
installed at the bottom and top of the cell for inflow and outfi@spectivelyGlass wool and
Nitex screen (mesh opening: 210 um) wereateatl at the influent and effluent ports to
prevent cloggingA similar FTC design was also implemented in previous experiments
(JamiesorHanes et al., 2014 and 2017; Shrimpton et al., 2018).

Once saturation conditions were reached by pumyltngpure wagr (<18 uS) through the cell,
an input solutionconsisting o8 mg L™ Ni, was pumpedpward through the cell using a
peristaltic pump (Ismatec, CeRalmer, Montreal, QC) with 0.25 mm ID Pharmed pump

tubing (ColePalmer, Vernon Hills, IL). A pump speed 10 rpm (flow rate of- 3 mL/hr) was
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chosen and led to Ni breaktlugh after around 80 hrs (Figuel). Effluent samples were
collected with a fraction collector.

The input solution, prepared by dissolving pure gidifd,-6H,O slt in ultrapurewater, was
bubbledwith air during the experiment to improve gas exchange and to keep the initial pH
stable.

Effluent ampleswerefite r ed ( 0. 2 Acemodisci Aalt, @Kjasd reffripesagd at 4 °C.
Samples for cation and isotogeterminatiorwere acidified with tracenetal grade HNQ@
(Omnitrace ultra, EMD Millipore)whereas samples for anion analysis were not acidified. Due
to the low volume of the effluent samples3(mL/hour), measurements of pi#tre conducted

on onlysome unfiltered saptes, whereas alkalinity measurements could not be performed.
4.2.2. X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) analysis was perfoangtie FTC athe Hard Xray
Micro-Analysis (HXMA) beamline at the Canadian Light Source (C&Bichrotron facility
(Jiang et al., 2007Before proceeding to thecquisitionof the spectrayltrapure watewas
pumped through the cell facilitatethe collectionof spectra belonging to the Ni bound to the
solid phaseXAS analysis was first perfored on the input solutioThecollection spotsn the
FTC were chose after mapping the entire cell.

The CLS storage ring waign at the250 mA operation mode with three injectsper day.The
HXMA beamline was configured iits focused mode with Riirrors (collimating and
focusing mirrors) in the Xay beam pathMonochromatic Xrays were provided usiray
double crystal Si (220) monochromatdhe second crystalf the monochromatavas detuned
by 50% at the end ahe X-ray absorption fine structe(XAFS) scan to minimize thieigher
harmoniccompounds in the incident-May beamThe scan stepizefor the preedge X-ray
Absorption Near Edge StructufANES), andExtended Xray Absorption Fine Structure
(EXAFS) regions were 10 eV/step, 0.25 eV(stand 0.08%/step, respectivelMulti-scan

data were collectetb improvesignatto-noiseratio andsupport reliablelata analysisDuring
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the experimenthe spectra were collected in fluorescence mailega 32 element Ge detector.
The initial monochromator energy was calibrated at 8333 eV &f-8lige by using Ni metallic

foil from EXAFS Materials littp://exafsmaterials.com/Afterwards, the same metallic foil wa

positioned throughout the entire experimeetweerthe two ionchamber detectortl and 12
dowrstream of the sampleo achievan-step energy calibration for each individual XAFS
scan Theion chamber detectors were filled with pure He gas to keep the detecting system
linear.Data reduction, includingnergy calibration, multiple scan averaging, background
subtractionandnormalizationwasaccomplished bysingthe Athena software packa(ieavel
and Newville, 2005)FEFF7. 02vas employed to calculaphase and amplitudanctions of

the corresponding XAFS backscatter{Rghr and Albers, 2000R space curve fitting was
performed bysing WinXAS version 2.@Ressler, 1997)

Confocalmicro-X-ray fluorescence imaging (CMXRFnalysis was performed at the
Advanced Photon Source (AP8gonne National Laboratory, USemont, IL) Beamline 20

ID, on calcite particles sampled from different spots of the FTC. The particles were attached
quartz $ides (22 x 22 mr) with epoxy(Devcon 14250USA) for analysisThequartzslides

were mounted oa stageriented aan angle oB4° with the incident beamThe incident beam
was focusedavith KB mirrors down tdd2 & m ni. X-rayfleorescence (XRR3pectravere
collectedby a Stdrift Vortex detector A Ge collimating channel array optic unit was installed
in front of the detectof-urther etails on CMXRFI setup and method for data collection @n b

found in Liu et al., 2017.
4.2.3. Isotope measurements

Preconcentration and Nsotope analysis were performed following the proces described in
Parigi et al(Chapter 2. Samples combined with®Ni T ®’Ni doublespike solution were
purified adopting a twstep chromatography proceduf®) separatn of Fe using th8ioRad

AG MP-1M (1007 200 mesh, chloride form) anion exchamgsin (2) separation of Ni from
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the remaining matrix elements using adgecific resin fronEichrom Technologie€luted Ni
fractions were evaporated and filyatlissolved in 3% HN@for isotope analysi

Nickel isotope compositions were measuredbjhermo Scientific Neptune MITP-MS
coupledwith an APEXQ desolvation introduction system (E®Blyatomic interferences were
resolved by measuringn the low masshoulders of the peaks high resolution mode.
Correctedatios werecalculated usinghe method described IS8iebert et al. (2001 andNi
isotope values werexpressed a¥'N i i n p erelativatolthk Nirfteiinptional isotopic
standardNIST SRM986:

E
E

= E P PP 1)
. E .
Results were normalized to the average value of NIST SRM 986 measured before and after
each sample. The lortgrm analytical reproducibility of the standard NIST SRM986 was
determinedtobdl 0 . Q52 SD v al u e -term rePPoduibildly) wWas used when the
2SD, related to threeneasurement®r each samplevas<0 . 05 a .
The me &%lidor thednpult solution NiGlwasio . 174 N 0. 05&8. For t he

plotting, and data interpretation, samples were normalized to the input solutionyigllliag

atPNiyep= 0.00 N 0. 054.

4.3. RESULTS AND DISCUSSION

4.3.1. Geochemical Analysis

FTC effluent pH increased over the course of the experiment from input values of 5.8 until
stabilizing at values of 7.8 after36 hours (Figurd.1A).

From an initialcomplete removal of Ni from solution, Ni effluent concentrations began to
increase apaching the input concentration after about 80 hours (Ni breakthrough curve,

Figure4.1A). In contrast Ca effluent concentrations exhibited a rapid initial increase followed
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by a slower decrease until reaching a plateau a#érhoursDetails can be fand in the
Supporting Information (Tablg4.1).

Figure4.1B, which displays Ni concentrations plotted versus Ca concentrations expressed in
mM, suggests the presence of three main stages (a, b, and ¢ indFiguaad Figuret.1B)
constituting the FTC exgsiment. Stage a, which encompasses the first 12 hours of the
experiment, is characterized by dissolution of the calcite present inside the cell due to
undersaturatiowith respect to CaCgbf the input solutionCalcite dissolutiomesulted in a

rise in pHand Ca release into solution, whereas Ni was removed likely by sorption to the
carbaate mineral. Hoffman and Stigp001 observed Ni being adsorbed by calcite in
undersaturated solutions, despite calcite dissolution was taking place.

After stage a, dominated by calcite dissolution, and where Ca reached a maximum value of
40.9 mg [*in the effluent, Ca likely reprecipitated with gCfollowing supersaturation with
respect to calcitéstage b). Stage b is characterized by Ni and Ca exhilaitaignificant

negative correlation (R= 0.99; Figuret.2), therefore suggesting Ni coprecipitation with calcite
as the main mechanism of Ni removal during this phase. Ni is known to be incorporated into
the calcite structure when the solutiomumslersaturated with respect to pure Ni phases, such as
NiCOs3s), and Ni(OH)s)(Lakshtanov and Stipp, 2007; Andersson et al., 2014). However, if the
precipitation rate of calcite is fast, some of the adsorbed Ni may be captured by the freshly
formed calaum carbonate mineral (Lakshtanov and Stipp, 2007).

The change in the slope of Ni breakthrough and Ca curves, which is displayed at the boundary
between stages b and c, suggests the presence of a different attenuation process/es which
developed during thest stage (c) of the FTC experiment: it is possible Ni began precipitating
as Ni(OH). Studies conducted on Ni sorption experiments linked the slow reaction stage of the
adsorption process to the formation of surface precipitgtdseidegger and Spark99b;
Scheidegger et al., 1998; Scheinost et al., 1999). In partiXiA&S data analysis, performed

on the aforementioned Ni sorption experiments, indicated the formationoafyNor hydroxy
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bridged multinuakar type okurface complexest reaction coditions even below the solubility
product of Ni(OH)s) (Scheidegger and Sparks, 1996; Scheidegger et al., 29Oi8creasen
theaverage size of multinuclear BMiusterswas also observeduggested by the increase of
NiT Ni coordination number, wittincreasedNi loading(Scheidegger and Sparks, 1996;
Scheidegger et al., 1998imilar findings wee reported by Zavarin and Don@©98) in

experiments involving Ni sorption to and coprecipitation with calcite.
4.3.2. Solid-phase Ni speciation.

The Nispectra collected from the cslhowed differences fromme Ni spectra associated with
the input solutionand although the measurements of the Nidge signaindicated Ni relative
concentration changes across the FTC syst&perimental data from XANE, EXAFS in k
spaceand EXAFS in R space (Rige St.1) showecdho significantchangesn the Ni spectra
collected at different spotross the FTC systesiggesting no changes in §tructural
environmenbccurred inside the cell.

R space curve fittinggerformedoverthe EXAFS data cdécted from 11 detecting posit

across the cell window, indicated a main theophrastye local structural environment for Ni
(Table4.1). The fitting quality (omparison between ExpData vs Feff modeling in bio¢h
magnitude and the imaginary part of #aurier transform) can be found in Figur&Z in the
Supporting Information.

The estimatedNi-O and NiNi distancesare in agreement with previously published data
(Pandyia et al., 1990; Defontaine et al., 2003Kkiiand Rogers, 2010; Han et al., 2019).

Feff modeling based on the structural models reported in FgRiiadicates that between the
two types of Ni local structural environments, features A, D, and G are unique to
theophrastiteaype of Ni species. Aie modeling also shows that the well resolved feature C can
only be attributed to the calcitgpe of Ni local structural environment, and suggests that Ni
substitution at the Ca site of the calcite structure extended to the neighboring Ca sites. Ni in the

FTC system is therefore characterized by two different types of local Ni structural
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environments: a main one (theophrastygee structural environment), and a secondary one
(calcitetype structural environment).

Feff modeling was also performed to esttmthe size of the theophrastite particles (Figure

$4.3). Results suggest theophrastite precipitated in the FTC as surface coatings onto the calcite
particles, and the coating displayed a thickness of, at least, 1 nm. Furthermore, Feff modeling
indicatedt he presence of a 6t rCamremacamendlocateddbetvwedn i mp
thesurface coating layer and the calcite substrasethe NiNi bond distance was estimated to
be36Aby Feff modeling, we suggest the 6transi
(including the coordinated O and C atoms).

CMXRFI analysisshowed the presence of Ni accumulated on the calcite surface (FRjure

The spectra collected with confdanalysis at different depths on calcite particles did not

show differences from the spectra related to the bulk solid phase at the HXMA beamline,
confirming the presence of a Ni(OHayer covering the calcite particles. It is likehe

0tr anmietdbi aroudaa not be reached during CMXRFI

concentration in the theophrastite layer, and due to the high Ca absorbance.
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Table 4.1 R space curve fitting results from 11 dadting points(FTC2) across the cell window

Name CN1  R1(Ni-O)A s2 (A CN2  R2(Ni-Ni) A s2(A?2
FTC2D 6.0 2.09 0.0035 6.0 3.12 0.0100*
FTC2C 6.0 2.13 0.0100* 6.0 3.14 0.0100*
FTC2G 6.0 2.03 0.0091 6.0 3.10 0.0100*
FTC2L 6.0 2.06 0.0061 6.0 3.11 0.0100*
FTC2B 6.0 2.11 0.0100* 6.0 3.13 0.0099
FTC2E 6.0 2.07 0.0054 6.0 3.11 0.0092
FTC2H 6.0 2.10 0.0071 6.0 3.13 0.0087
FTC2K 6.0 2.03 0.0090 6.0 3.09 0.0100*
FTC2A 6.0 2.09 0.0080 6.0 3.11 0.0100*
FTC2J 6.0 2.05 0.0043 6.0 3.10 0.0087
FTC2l 6.0 2.07 0.0035 6.0 3.10 0.0097

Ave 2.08 3.11

R1= Ni-O distance inA ; R2= Ni-Ni distance in A; CN1= NiO coordination number; CN2= Ni-Ni coordination number;
s° = Debye Waller factor.*Upper limit for s floating; CN1 and CN2 were constrained to 6.0 following the
theophrastite crystal structure.
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Figure 4.1A) Effluent Ni and Ca concentrations (m'd)h/s. time (hours). B) Ni (mmollb.vs. Ca (mmol'b. Three stages (a,
b, ¢) were identified and are reported for the FTC systeBtage a: undersaturation with respect to calcite of the input
solution leads b calcite dissolution. Ca tease into solution and increase of pH. Sorption of Ni onto dissolving calcite.

Stage b: FTC system reaches supersaturation with respect to calcite. {ga€cipitation with Ni incorporation. Sorption of

Ni onto calcite. Stage c: changes in the slopes of Ca and Ni breakthrough curves. Possible precipitation of Ni as Ni(OH)
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Figure 4.2 Feff modeling results based on the following structural models: M&)lated Ni replacing Ca in the calcité®2
shell; M31) based on M3, 1 extra Ni replacing Ca in the calcite 2nd shelk2M8ased on M3, 2 extra Ni replacing Ca in the
calcite 2nd shell; M3) based on M3, 3 extra Ni replacing Ca in the calcite 2nd sh&k4) based on M3, full (6) Ni
occupancy of the calcite 2nd shell; M4) R6.0A cluster of calcite with all Ca sites within the cluster occupied by Ni. Finger
print features were identified for Ni theophrastiteype local structural environment (A, D, and &nd Ni calcitetype local
structural environment (B, C, and F). B and E features also reveal the extent of Ni occupancy in the calcite 2nd shell (up to
half occupancy).
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Figure 4.3 Confocal micreX-ray fluorescence imaging (CMXREi3playing theattenuation-corrected absorbance
distribution of Ca and Ni ira calcite particle from the FTC systefreft: three-dimensional view of the calcite particle.
Right: top and front view otthosen slides of the calcite particléliis accumulated on the partid surface.
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4.3.3. Niisotope fractionation.

Isotope compositions of dissolved Ni and the fractbNi remaining in solution@/Cy) are

plotted as a function of time (#rin Figure4.4. The results indicate lighter Ni isotopes were
preferentially retained by the solid phase, which resulted iertiehmentn heavier isotopes

of the remaining unreacted Ni po@reatetenrichment of°Ni over®®Ni in the effluent

compared to the inpwolution, wasassociated with higher rates of Ni remofabnd b stages).

Isotope results show a change in the isotope trend at the boundary between stages b and c. The
change in the trend of Ni isotope data could be associated with a change in thed remov
mechanism affecting Ni in solution between the two stages b and c, as also suggested by the
change in the slopes of Ca and Ni curves happening at the same time 4Bigare®Ni U

values plotted versus Cj@re displayed in Figur¢5. Ni isotope datavere modelled using a
Rayleighequationand besfit Uvalues werealculated via linear regression. The Hist

curve, including al/|l i sot op®e0 .dsaat a(,b I yaicekl ddeads h
Figure4.5). Because the isotope resussociated with stage ¢ seemed to slightly deviate from
thebesf it Rayl ei gh fxi®ctidonatisonoper dat@Uwer e
(stages atb, and stage c) and modelled independently (Figdr& B, and C). Although
resulinginafrat i onati oi®@. fdacttgqual oo the fractionat
the whole setof datthe besf i t Rayl ei gh t r eisotdpe tlatwhowedrae fist a
significant improvement in the regressiofvlue(from 0.85 to 0.99; Figure&4A and B). In
contrast, fistage c0 isotope data were best
fractionation factot) 10#& (green solid line in Figurd5). It must be noted the linear best

fit to Astage cO i s ot odtheintiallstock ®ompoesitien (fgare f or
44 C) , t he ri0f. cdctrve dods aot iktersect the origin in Figdre. These results

indicate the mechanism affecting stage c o€, were subsequent to tsiage a and b
mechanism/s, and representfidctionation from a residual solution already enriched in

heavier Ni isotopes-Q.1a ).
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Ni isotopebehaviour during Ni hydroxide and Ni hydroxycarbonate precipitation was
evaluated by Parigi et dChapter 2, during a series of batch experiments. Isotope results from
these batch experimentgre fit using the Rayleighequatann d yi el ded fracti c
=70 . 4 0 a1 (a.n5h8sdciated with Ni hydroxide and Ni hydroxycarbonate systems,
respectively. Tie preferentiapartitionof light Ni isotopesnto the solid phases was suggested

to be related to the distortion thfe NiO octahedra constitutirthe structure ofthe Ni

hydroxide and Ni hydroxycarbonat@neralgParigi et al., Chapter 2). Studies canted on Ni
isotope fractionation during Ni adsorption(@astillo Alvarez et al., 2020) and coprecipitation
with (Castillo Alvarez, 2019¢alcite have also documented the preferential association of
lighter Ni isotopes with the solid phase. An equilibmiisotope fractionation factap “Nicacite

aid =10.52+ 0.168 was determined for Ni adsorption to calcite (Castillo Alvarez et al., 2020),
whereas the isotope fractionation factor related to Ni coprecipitation with calcite was reported
to vary fromi 1 to1 0.36 with increasing calcite precipitation ratésoMm18.29 tol 6.92 mol
m?s?) (Castillo Alvarez, 2019).

The extent of Ni fractionatiodetermined from these studies is consistent with the hypothesis
of theoccurrencef an early and an intermediate stage (stages a and b) characterized by Ni
adsoptionto and/or coprecipitain with calcite( = T),@nd % final stage dominated by

Ni(OH), precipitation ! = 1),n.thé BTC system.
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4.4, Environmental implications.

Ni isotope analysis coupled with solid phase characterization can be an effective tool for the
elucidation of the processes controlling #tenuatiorof Ni from the environmentPrevious
laboratoryscale research has employed batch experiments to determine the extent of Ni isotope
fractionation associated with different processes, such as adsorption, complexation, and
(co)precipitation. This study, involving Ni interaction with calcite ursurated flow

conditions, offers an important addition to the characterization of Ni isotope behavii@ld in
systems, influenced by water flow and transport of dissolved components.

Understandinghe processes governing Ni release, fate, and renrotred environmentan

yield benefits to and enhance the succesosifeffective and lowmaintenanc@assive

treatment techniques applied to natural systems.

63



CHAPTER 5

Release and attenuation of Ni in mine tailings: X-ray absorption
spectroscopy and Ni isotope measurements

Roberta Parigi, Justin R. Buis, Emily M. Saurette, Carol J. Paoeloavid W Blowes

Summary

High concentrations of Ni and other dissolved constituents characterize the acidiaparen

an unreclaimed portion of the Strathcaa#ings impoundment (near Sudbury, ON, Canada) as
a result of sulfidemineral oxidation reactions. Understanding the processes which control the
concentrations of the pokeater dissolved constituents can assist in the planning and
evaluation of reclamatn activities. Nickel stable isotope analysis of paater samples was
used as an auxiliary tool to investigate the geochemical processes controlling Ni mobility
within the Strathcona tailings impoundment. S and Na) absorption near edge structure
(XANES) analyses, together with other geochemical and mineralogical techniques, were
implemented to characterize solid tailings samples. Results indicate the presence of recent and
palecoxidation phaseselated to multiple, subsequent tailings depositicenésmn the

investigated area. The good correlation between Ni isotopic signatures and alteration zones
highlights the potential of Ni stable isotope analysis as a tool to trace Ni cycling in the

environment.
5.1. INTRODUCTION

Vast quantities of mineral proc@sg waste are generated during the mining and processing of
sulfide ores (Holmstrom et al., 1999; Lindsay et al., 2015). Tailings are a mixture of finely
ground rocks (25 um to 1.0 mm) and processing fluids produced from mills, washeries or
concentratorsiuring ore mineragxtraction (Blowes et al., 2014; Kossoff, 2014, Lindsay et al.,

2015).
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Canadian NiCu ore deposits have been exploited for over than 120 years (Rezaeia et al.,
2017). Pyrrhotit€Po, Fe.xS), which contains up 1% Ni (Garg et al., 20R&zaeia et al.,

2017), and pyrite (Py, Fefsare usually rejected to the tailings with other gangue minerals
during the extraction of Ni and Cu from the ores (Blowes et al., 1991; Blowes et al., 2014).
These sulfide minerals, which are unstable and oxilizn exposed to atmospheric oxygen,
may generate acid mine drainage (AMD), meizth low-quality acidic water, from tailings
impoundments into proximal groundnd surface water, thus potentially impacting these
resources (Blowes and Jambor, 1990; Bloetes., 1991McGregor et al., 1998; Holmstrom

et al., 1999; Johnson et al., 2000; Moncur et al., 2005; Gunsinger et al., 2006a and 2006b;
Blowes et al., 2014;indsay et al., 2015).

AMD usually develops when the acid neutralization capacity of thedailhas terminated due
to the complete dissolution and consumption of carbonate minerals present in the gangue
material (Blowes, 1997; Lindsay et al., 2015). The acidic drainage and acid neutralization
reactions occurring in mine tailings impoundments edhe release of high concentrations of
dissolved metals (Fe, Al, Ni, Cu, Zn, Mn) and other constituents (maindyt8@e tailings

pore water (Blowes, 1997; Coggans et al., 1999; Lindsay et al., 2015). The fate of these
dissolved constituents is closehfluenced by precipitatioaissolution, sorptiofdesorption,

and redox reactions developing in mine tailings systems (Blowes and Jambor, 1990; Blowes,
1997;McGregor et al., 1998; Gunsinger et al., 2006b; Lindsay et al., 2015). Precipitation of
secondaryninerals, such as Fe (oxy)hydroxides (jarosite, goethite, and ferrihydrite),

Fe (hydroxy)sulfates (melanterite and rozenite), and gypsum [GASQ2Q)] Hplays an
important role in metal sequestration from tailings pore water. The precipitation of these
secondary minerals can produce cemented zones, known as hard pan, which are sinks for
dissolved metals (Blowes et al., 1991; Gunsinger et al., 2006b). Redox processes, including Fe
oxidation and reduction, affect the thermodynamic stability of secondasralsnand,

consequently, determine the mobility of metalghim the tailings. Dissolved @) is also
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known to actively contribute to sulfide mineral oxidation (Blowes et al., 1991 and 1997,
Moncur et al., 2005; Gunsinger et al., 2006a; Moncur e2@09; Blowes et al., 2014; Lindsay

et al., 2015). Furthermore, microbialtyediated sulfate reduction and production gbldan

lead to the precipitation of secondary mestialfide minerals under anoxic conditions.

Pentlandite [Pn,(Fe,Nips], Ni-bearingpyrrhotite, and, to a lesser extent, nickeliferous pyrite

and marcasite, are the main sources of dissolved Ni in mine tailings in the Sudbury region
(Johnson et al.,2000). Leaching experiments conducted on tailings collected from two different
sites in Sdbury (Ontario, Canada) concluded that 60% of the total Ni present in the tailings
was hosted ipyrrhotite, whereas the renmang 40% was associated with pentland®arg et

al., 2017). It was also demonstrated that, in presence of Fe(lll) apy@otite and

pentlanditenvere characterized by simultaneous dissolution, whereas, in the absence qf Fe(lll)
preferential dissolution of pymotite was taking place (Garg et al., 2017).

Metal stable isotope analysis has been demonstrated to provide vahdiairteation on the

cycling of metals and metalloids in the environment (Bullen, 2014; Wiederhold, 2015).

Ni stable isotope analysis has recently been applied to investigate Ni isotopic signatures during
sorption (Wasylenki et al., 2015; Wang and Wasyle2®i,7; Gueguen et al., 2018; Castillo
Alvarez et al., 2020; Sorensen et al., 2020) and (co)precipitation (Wasylenki et al., 2015; Wang
and Wasylenki, 2017; Parigi et al., Chapt2iand 3) processes, as well as to characterize Ni
isotope fractionation dumg weathering of ultramafic rocks (Ratié et al., 2015 and 2018;
SpivakBirndorf et al., 2018)uptake by plants (Estrade et al., 2015; Ratié et al., 2019; Zelano

et al., 2020), and microorganism activity (Cameron and Vance, 2009; Yang et al., 2020).
Despik the recent advances and applications of Ni isotopes as environmental tracers, Ni
isotope systematics is still at an early stage.

The objective of this study was to investigate the process#solling the source arfdte of

Ni in mine waste systems liiptegrating Ni stable isotope analysis with synchrotron based

spectroscopic studies and traditional geochemical and mineralogical techniques. The
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application of Ni isotopic signatures to mine settings can provide insights into the release and
natural attenation of Ni, thus contributing to the improvement of appropriate remediation and

containment plans.

5.2. MATERIALS AND METHODS

5.2.1. Sampling site

The Strathcona tailings impoundment is an active disposal facility situated near Sudbury
(Ontario, Canada), and it hbseen receiving sulfidech tailings from the Strathcona mill,

located about 1 km NE of the impoundment, since 1968 (Bain et al., 1998; Bain and Blowes,
2013). Although most of the tailings have been deposited subaqueously into Moof®irake

a spigot athe western end of the lake, as deposition has advanced, the area near the western
spigotting point has become progressively elevated above lake level (Bain et al., 1998). The
exposure of the tailings to oxygen caused the onset of sulfide oxidationmsactio

Investigations conducted in the area deiaed that a 1 to 3 m thick saturated zone,

developed in the beached tailings near the tailings deposition point, was affected by AMD
(Bain and Blowes, 2013). Thus, with the purpose of decreasing the agidityetal loadings

from the tailings, a cover of low sulfur tailings slimes was placed over most of the beached
tailings areas (Ecometrix, 2014).

The beachethilings samplegheobject of the present study, were collected at the ML25
location (Fig5.1) near the piezometer nests installed during an investigation conducted in 2012.
The ML25 location is characterized by the presence of strongly oxidized tailings which were
not covered by the slimes. ML25 is typical of weathered suliicfetailings, proviéhg a base

case for the evaluation of reclamation activities.
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Figureb.1: Map showing the ML25 location (oxidized tailings, not covered by the slimes) within the Strathcona tailings
impoundment[modified from McAlary (2021, in preparatior].

5.2.2. Geochemical analysis

Two sets of cores, one extending from the surface to a depth of 3.5 m, the other reaching a
depth of 2.5 myere sampleth August 2014or porewater extraction, and for the
mineralogicakcharactezation of the tailings, respectively. Core samples were collected using
7.62 cm 8 inch) ID thin wall aluminum tubing, which were vibrated into the ground by a gas
powered hammer. The cores were kept frozen until analysiswRdee was extracted at the
University of Waterloo using the immiscible displacement technique described by Moncur et
al. (2013). The pH and Eh measurements were performed immediately after sampling. Due to
the low pH and the limited volume of penater extracted from the coreskalinity
measurements were not performed. Samples for cation, anion, and Ni isotope determination
werecollected using polyethylene syringes (BD, Franklin Lakes, NJ) and filtered v&huon
cellulose acetate membran&amples for cation and Ni isotopeadysis were also acidified

using concentrated traeeetal grade HN@Omnitrace ultra, EMD Millipore).
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The set of cores dedicated to the mineralogical characterization of the tailings was opened in an
anaerobic chamber (Coy Laboratory Products Inc., Gralss, MI) to prevent contamination

with atmospheric oxygen, and, subsequently, the tailings samples were collected in glass
bottles and stored under anaerobic conditionmy<fluorescence (XRF) (Panalytical Ltd,

MiniPal 4) and Carbon and Sulfur analyéidtra Ltd, CS 2000) were performed on subsamples
of the tailings material.

5.2.3. X-ray Absorption Spectroscopy (XAS)

Pulverized and freezaried samples for S4€dge spectra collection were stored in 2 mL

plastic tubes with snaghut caps and transported to the Canadian Light Source in an anaerobic
jar. Before analysis samples were spread onto desidbéel carbon tape bdred to a copper

sample plate. The copper sample plate was removed from the anaerobic environment directly
before introduction to the sample chamber, which was subsequently placed under vacuum. The
samples were analyzed@wft X-Ray MicrocharacterizatioBeamline(SXRMB), a bending

magnet beamline with a Si(111) crystal monochromator and a toroidal focusing mirror. The
beam spot size was 1 x 4 mm and 2 scans were collected for each sample. The spectra were
collected over the XANES region of interest fr@4b2 to 2542 eV, with a step size of 1 eV in

the preedge region, 0.15 eV in the XANES region and 0.75 eV in the backgrouneke (st
region, an integration time of 2 s was used in all regions. A seleament silicon drift diode
detector was used to éedtt partial fluorescent yield (PFY) spectra. Total electron yield (TEY)
spectra were collected simultaneously. PFY and TEY spectra were compared @amjpler

basis to determine the optimal detection method for the individual sample matrix and S
concentation. Standard reference spectra were collected for gypsum (E&8Pto perform
energy calibration.

Pulverized and freezdried samples for Ni Kedge spectra collection were packed interar

thick Teflon holder with circular openings (10 mm radii)th ends of the Teflon holder were

sealed with Kapton tape. Samples were kept in anaerobic conditions until analysis which was
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performed at the Advanced Photon Source (APS), SectBe@@ling Magnet beamline (20

BM), Argonne, USA. Spectra were colleciedluorescence mode. Multiple scans were taken

for each sample to improve the sigit@oise ratio and provide more reliable data analysis.

Both S and Ni XANES data analysis was performed using the Athena software package (Ravel
and Newville, 2005)

5.2.4. Preconcentration and Ni isotope analysis

Samplepurification and Ni isotope analysis were conducted following the duwegresented

in Parigi et al. (Chapter 25amples, amended witf?® i ®“Ni doublespike solution, were

purified adopting a twstepchromatography approach: @#¢, Zn, and Cu were removed by

using the BioRad AG MRM (1007 200 mesh, chloride form) anion exchange resin; (2) Ni

was separated from the remaining matrix elements usingspédific resin from Eichrom
Technologies. Samplagere subsequently oxidized to break theDMIG (dimethylglyoximes)
complexes eluted from the Iesin step. Purified Ni fractions were evaporated and finally
dissolved in 3% HN©for isotope analysis.

Nickel isotope determination was perfornada Therno Scientific Neptune MGCP-MS

coupled with an APEXQ desolvation introduction system (ESI). Measurements were conducted
on the low mass shoulders of the peaks in high resolution mode to avoid polyatomic
interferences.

True Ni isotope ratios were determinggsing the method described by Siebert et al. (2001). Ni
isotope values were expressedi@! i i n p erelativea tolthk Ni {(ni@rhational isotopic

standard NIST SRM 986:

P2

. _E.E
1 E . E

PpOpmmT (1)

Results were normalized the average value of NIST SRM 986 measured before and after

each sample and having the same concentration andtsgkandard ratio as the samples.

70



The longterm analytical reproducibility of the standard NIST SRM986 was determined to be

NO. O0O5a.t hwdhe2nSD val ues, calcul ated on three

(long-term reproducibility), the value of the lotgrm reproducibility was used.

5.3. RESULTS

5.3.1. Unsaturated zone geochemistry

Results from the poreater and tailings characterization arensoarized in thé&l (Table $.1

and $.2, and Fig. 5.2 and 5.8espectively)The water table was measuiadAugust 2014 and
October 201%rom the piezometer nests installed at the ML25 location, and it shemwed
average value of 2.93 m bgs.

Measured pHalues ranged from 3.2 to 5.2 at depths of 0.86 and 2.83 m bgs, respectively. Eh
values ranged from 568V at the tailings surface and to 206 mV below 2.24 m bgs.

The dominant dissolved component in the poster samples was represented by the anion
SO, which displayed a maximum concentration of 20936 m@t.0.86 m bgs. Dissolved Ni

and Al concentrations reached maximum values of 579 andr2§a9, respectively, at the

same depth. In contrast, dissolved Fe showed a maximum concentration of 230@tag L
depth of 1.88 m bgs.

The highest concentrations of Ni in the tailings correlate with the highest Sipdla&solid
samples. Both Ni and S exhibited maximum concentrations of 5007 Trankig5.37wt %,
respectively, at 1.78 m bgs. Carbon, altfiodepleted across the entire depth profile, reached a

maximum concentration of 0.07 wt % at 2.08 m bgs.
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Figure5.2: Porewater geochemical depth profiles of pH, Eh, Fe, Ni, S8, Mg, and K, and associated oxidation zones. The
red dashedline represents the active oxidation zone. The blue horizontal line indicates the water table.
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Figure5.3: Geochemical depth profiles of Ni, S, and C from the tailings solid material and associated oxidation zones. The
red dashedline represents the activexidation zone. The blue horizontal line indicates the water table. Detection limits:
0.005% C; 0.3% 82mg kg".

5.3.2. X-ray Absorption Spectroscopy (XAS)

Sulfur K-edge spectra measurements were performed on samples collected at different depths
in thetailings profile (Fig5.4). Linear combination fitting (LCF) was carried out to identify the

main S species present in each sample. Sulfur standards used for LCF represent the principal S
species encountered in similar mine tailings impoundments.

Pyrrhotie, although being depleted in the first 30 cm bgs, was the dominant species in the
tailings samples, and it ranged from 38 to 72% (T&ldlg Pyrite contribution to the sample

spectra ranged from 5 to 53%, and it was mainly present at depths below lgS6whereas
pentlandite was identified in tailings samples from between 0.94 to 1.56 m bgs (3 to 7%).
Among the secondary minerals, ferrous sulfate exhibited the largest contribution to the samples

(from 18 to 69%).
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Figureb.4: Sulfur kedge spectra fom sulfur standards (left) and tailings samples collected at different depths (right}3C1
depth 0.28 m bgs; C®, depth 0.94 m bgs; C11, depth 1.15 m bgs; G2, depth 1.36 m bgs; G2, depth 1.56 m bgs; C&,
depth 1.78 m bgs; G2, depth 1.93 m bgsC28, depth 2.08 m bgs. Solid lines and dashed purple lines represent
experimental and fitted spectra, respectively. Vertical dotted lines represent measureee8de white line maxima for (a)
pyrrhotite, (b) pentlandite, (c) elemental sulfur, (d) sulfatgarosite and/or ferrous sulfate and/or gypsum).
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Table5.1: Results of least squares linear combination fit for the S spectra. Values reported as 0.00 represent minerals that
were not necessary to achieve an acceptable fit for the sample spectra, however, they may be present in the sample in low
concentrations.

Sample | Depth| Gypsum Jarosite Elemental Ferrous Pentlandite Pyrite Pyrrhotite| Sum
ID (m) S Sulfate
C1-3 | 0.28 0.00 0.23 0.00 0.69 0.00 0.08 0.00 1
C19 | 0.94 0.00 0.00 0.08 0.22 0.07 0.00 0.63 1
C1-11 | 1.15 0.00 0.00 0.09 0.23 0.05 0.00 0.62 1
C22 | 1.36 0.00 0.00 0.11 0.24 0.06 0.00 0.60 1
C2-4 | 156 0.00 0.00 0.00 0.21 0.03 0.05 0.71 1
C26 | 1.78 | 0.27 0.00 0.00 0.00 0.00 0.19 0.54 1
C27 | 193 | 0.39 0.00 0.00 0.00 0.00 0.23 0.38 1
C28 | 2.08 0.00 0.04 0.00 0.18 0.00 0.07 0.72 1

Nickel K-edge spectra;ollected on selecteshmples, are plotted together with Ni standards
(Fig. 5.5) to evaluate changes in Ni coordination-@®to NiO) during sulfide minerals
oxidation(Fig. 5.6) Results from LCF are shown irable 5.2 and Figh.6.

Ni(OH),, NiO, and, taa lesser extent, NiSre the only Ni species present in the upper 0.50

m bgs of the tailingsAlthough to varying degrees, tipeesence of Ni(OH)and NiO, which
indicates the contributionof Ni-O features to the samplés visible in allof the sampls.

Among the Ni sulfides species, which characterize the whole depth profile below 0.70 m bgs,
NiS, dominates (from 25 to 60% contribution to the samples speclable 5.2 and Fig. 56
followed by pentlandit¢Fe,NixSg (from ~ 1 to 30% contribution to the samples spectra; Table
5.2 and Fig. 5.6)NiS (millerite) is only present at depth 0.83 m bgs within the tailings

impoundment, showing a contribution-020% to the samples spectra.
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Figure5.5: Nickel kedge spectra fronNi standards with coordinations ND and NiS (left) andNi kedge spectra from
tailings samples collected at different depths (middle and right);-81depth 0.28 m bgs; &3, depth 0.50 m bgs; C1,
depth 0.72 m bgs; C8, depth 0.83 m bgs; C10, dept 1.04 m bgs; G2, depth 1.36 m bgs; G2, depth 1.56 m bgs; G2,

depth 1.78 m bgs; G2, depth 1.93 m bgs; G&, depth 2.08 m bgs.



Table 5.2Results of least squares linear combination fit for the Ni spectra.

Sa}g‘p'e D(fnp)th [égﬁ{gﬁ% NiO Ni(OH), NiS NiS, NiSO, | Sum
ML25C13 | 028 |  0.00 025 075 000 000 000 | 1
ML25C1-5 | 0.5 0.00 024 064 000 000 012 | 1
ML25C1-7 | 0.72|  0.29 009 025 000 037 000 | 1
ML25C1-8 | 0.83 |  0.19 000 03 021 03 000 | 1
ML25C1-10| 1.04|  0.09 01 033 000 048 000 | 1
ML25C2-2 | 1.36 |  0.19 009 04 000 032 000 | 1
ML25C2-4 | 156 |  0.24 005 022 000 049 000 | 1
ML25C2-6 | 1.78 |  0.19 008 031 000 042 000 | 1
ML25C27 | 1.93| 0.16 006 021 000 057 000 | 1
ML25C2-8 | 2.08 |  0.23 014 035 000 028 000 | 1

[ (Fe.Ni)sSg NiS B NiS;
1 Ni(OH)s 3 NiO B NiSO,

Depth (relative)

0 10 20 30 40 50 60 70 80 90 100
Percentage Ni (%)

Figure 56: Bar chart showing the percentage of each standard used in linear combination fitting performed on Ni spectra.
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5.3.3. Niisotope fractionation
T h éNivaluesrangedfroril . 92 RNt0o 05. 29 (Fifjl 8.7) Bli6kel dsotopic ratios

showed enrichment {fNi at the tailings surface and at depths below 2.24 m bgs, exhibiting

t

he maximum value below the wat e PNivamdsl e,

characterized th&ailings at depths between 0.54 and 2.24 m bgs, reaching the lowest Ni

isotope ratio at 1.53 m bgs.
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Figure 5.7 ONi depth profile and associated oxidation zones. The error bars represénfr@m three analytical events.

The red dashedine represents he active oxidation zone. The blue horizontal line indicates the water table. Hexagons:

1%Ni values relative to pyrrhotitegpentlandite ore from Zimbabwe (Hofmann et al., 2014); triangleg?Ni values relative
to Ni-sulfide ores from the Alexo mineAbitibi, Canada (Gueguen et al., 2013); diamond¥Ni values relative Nisulfide
ores from Western Australia (Gueguen et al., 2013); squaf@Ni valuerelative to a pentlandite sample from the
Strathcona mine, Sudbury, Canada (Tanimizu and Hira@Q6).
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DISCUSSION

5.3.4. Sulfide oxidation depth profiles

Results from porevater analysis and characterization of the tailings solid material indicate the
presence of paleoxidation zones, intercalated with a pateansition layer, which underlie the
recentoxidation and transition zon€Big. 5.2 and 5.8 Similar paleesurfaces, which were

also found in the course of investigations conducted on other tailings impoundments (Blowes
and Jambor, 1990; Gunsinger et al., 2006a), suggest that long periods diitimgwhich
extensive sulfide oxidation could develop in the impoundment, occurred in between
depositions of fresh tailings. Although unaltered zones, represented by negligible sulfide
oxidation,areoftenpresent at deptimineralogical analysis indic theentire2.5 m of the
investigated ML25 tailings was affected by alteratieactions The tailings from the ML25
storage location are coarse grained and fairly dry, therefore more susceptible to oxidation.
Blowes and Jambor (1990) reported that tteorgintermediate zones, characterized by
moderate to weak alteration, are thicker in cogragned tailings with deep water table due to

a higher Q diffusivity.

The upper 0.58 m of the core was affected by strong oxidation and exhibited near abliterati
of all sulfide minerals (Fig. 8). This zone was characterizeddyusty-red color and the
presence of discontinuous layers of jarosite @%€x).(OH)s ; Table5.1) and ferric
oxyhydroxide, common secondary minerals observed in oxidized tailings, which likely
represent primitive stages of hardpan development (Blowes and Jambor, 1990; Blowes et al.,
1991). LCFconducted on S XANESIso indicate a high contributiori Be(ll) sulfate to the S
spectra in the upper 0.28 m of the oxidized zone (Tat)e TheFe(ll) sulfate usually

melanterite [FeSEA 7 {O), can either form highly soluble precipitates on thelsaked

surface of the tailings (Blowes and Jambor, 199@onstitute blackish Fe(ll) hardpan layers
(Moncur et al., 2005). The widespread presence of Fe(ll) sulfate in ML25 tailings samples

(Table5.1) suggests most of the Fe in the panager was present as Fe(ll). Similar findings
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have been explained by theepence in the tailings of high sulfide contents which promote the
consumption of @and the reduction of Fe(lll) to Fe(ll) (Blowes et al, 1991; Moncur et al.,
2005).LCF results associated with the Ni spectra shihspecies present in the upper 0.58 m
of the tailings areharacterized by 100% M) coordination environmeifTable 5.2 andFig.
5.6)due to the higlsulfide oxidation rate of this layehlthough the presence discrete
secondaryNi mineralshave not been detected in tailings impoundméitswves and Jabyor,
1990; Alpers et al., 1994; Johnson et al., 20ROH),, NiO and NiSQphases were used as
standards in LCF analysis for the following reas®&@¥AFS analyses conducted on sorption of
Ni onto calcareous aridisol sdiQiang et al., 2017) and hydrous ferric oxide (Xu et al., 2007)
showedhe structure oforbed Niwascomparable tdhat of Ni(OH)s). Xu et al.(2007) also
indicated similar interatomic ND and NiNi distances between Ni coprecipitated with hydrous
ferric oxide and Ni(OH)s). Langman et al2015 demonstrated that during pyrrhotite
weathering, NiS changed to ND coordination to form NiO and/or NiS®pecies

A transition zone, which extends to a depth of 1.19 m bgs, was identified below the superficial
oxidized layer. A front of active oxidatiqined dashed line in Fig.5.8eveloped in this zone

and was characterized by elevated concentratiodssdlved constituents, in particular $0

Fe, Ni, and Al, and by low pH (3.2, the lowest value measured at ML25). The dissolution of
aluminosilicate and/or Al hydroxide, which leads to the release of high Al concentrations,
could cause the rise in pH (frp3.2 to 3.9) at the boundary between the transition and the
palecoxidized zones (1.19 m bgs). This boundary is also characterized by an abrupt rise in Eh.
S and NiXANES associated with this transition layer show an increased contrilnftidin
bearing slfides (entlandite, pyrrhotite, NiS, and NiSTables 5.1 and 5.2, and Fig. 5.5 and
5.6) to the sample spectrAs millerite (NiS) is only present at a depth of 0.83 m lagthin the
profile investigatedit is reasonable to assumES reprecipitated from solution during sulfide
mineral oxidation and dissolution processes characterizing the transitionetyer Sudbury

ore deposits millerites foundin minor amounts compared to pyrrhotpentlandite, and pyrite

80



and usually corentrated locally in mineralized vei(idaldrett, 1984)Furthermorethe

precipitation of secondary sulfides is common within weathered sulfide deposits where metals
are leached and transported to zones of more reducing condiipess(et al., 1994).

It must be notethatthe spectra oNiS, does not indicate the presence of vaesite within the
impoundmentas vaseités generallya minor phase dhe Sudbury sulfide or&d’he Ni$

spectra more likely represents the fraction of Ni associated withpeg®norphs pyrite and
marcasiteAs vaesiteis characterized by the pyritgpe structure (Tossell et al., 198,

XANES of Ni$; and pyrite are similar. Furtermore, Swanner et al., 2019 reported similarities
between Fe XANES belonging to pyrite and marcabsliekeliferouspyrite and nickeliferous
marcasitehave been documented tailings impoundments from the Sudbury area (Jomeso

al., 2000)andtheir presence imdicator of sulfide mineral oxidation: pyrite characterized by

a high resistance to sulfide oxidation among sulf{i&sncur et al., 2009Wwhereas marcasite

is commonly found as a secondary mineral during eaalgest of pyrrhotite oxidation (Blowes

and Jambor, 1990; Moncur et al., 2009).

The paleeoxidized zone extends from 1.19 to 1.66 m bgs and it was represented by a decrease
in the concentrations oféhmajor dissolved constituents.

A palectransition zone waslentified between 1.66 m and 1.84 m bgs. This intermediate layer
was dominated by the highest concentrations of Ni and S in the tailings.3Fighe lower
oxidation rate could be linked to the finer grain texture of the tailings in this depth ir{téyal
S5.1).

A deeper paleoxidized layer, identified from the mineralogical study, was located between
1.84 m and 2.55 m bgs. This zone was characterized by the highest concentration of dissolved
Fe (2300 mg 1Y), and by an increase in other dissoleedstituents (S§ Mg, and K). The

release of these dissolved elements could be generated by the dissolution of secondary Fe
minerals, such as jarosite, Fe(lll) oxyhydroxides, and Fe(ll)sulfate, wagimo longerbe

stable due to changes in chemical gbads. The highest dissolved Fe concentration in pore
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water is correlated with the absence of Fe(ll) sulfate minerals in the tailings, which
characterizes S XANES only at this depth interval, thus supporting this hypo8ieslar Fe

trends with deptlhave been reported by other researchers (Moncur et al., 2005; Gunsinger et
al., 2006a; Lindsay et al., 2009).

The rise in pH (5.1) registered at 2.24 m bgs coincides with an increase in the abundance of C
content of the tailings which occurs at arounu bgs.

Immediately below the deeper palexidized zone, Eh deeased sharply to more reducing

values (206 mV). At 3 m bgs peveater physical and chemical characteristics were influenced

by fluctuations in the water table.

5.3.5. Nickel isotopes as environmental tracers

Oxidation reactions involving Nbearing pyrrhotite and pentlandite are the primary source for

high concentrations of Ni in the tailings pesater. The isotopic composition of a sample of
pentlandite from the Strathcona Mine, in Sudbury, wasadherized by Tanimizu and Hirata
(2006), anb®Niexdfi bii a.exd aNetifl..(201B¥measB@ad ¢hg Ni isatope
compositonof Nisul fi de ores which resulted i n a wid

to 1T1.03a). S a nbprégmrs(wdstero Québed) @analld),ichtaracterized by

el evated content of pentlandite, displayed -
to T1.03&). Ni i soipoepret laannadiytse so roef ®INiny r Z i hnobt ai b
val ues ®&s 417aw (Hofimann et al ., 2014).

Ni isotope results of the poseater extracted from the ML25 core and the Ni isotopic

signatures of the above mentioned samples dfg@dring sulfides are visible in Fig.75.

T h éNiineasured at the top of the recent oxidized zone (0.17 m bgs) exhibited a positive
value of 0.66 N 0.094a. Ni concentrations an:
impoundment are affected bginfall and snowmelt, whichlso influence Nisotopic

signatures at these depths. Weathering processes are known to enrich dissolved Ni in heavier
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isotopes (Cameron and Vance, 2014; Ratié et al., 2015, 2016, an&pd&kBirndorf et al.,

201§ . Cameron and Vance ™Nwl4ae feportieadran od:
The p o°Nicharacterizing the shallower part of the contemporary oxidized layer, which
coincides with low concentrations of dissolved Ni, could also be explained by Ni adsorption to
and/or coprecipitation with the second&ey oxyhydroxide minerals which are commonly

found in strongly oxidized zones. Experiments conducted on Ni adsorption to and
coprecipitation with ferrihydrite and goethite, and transformation of ferrinydrite to hematite,
resulted in an increase in the tela abundance of heavier Ni isotopes in solution (Wasylenki

et al., 2015; Wang and Wasylenki, 2017; Gueguen et al., 2Riel XANES spectra for

samples collected at depths of 0.28 and 0.50 m3(@id C15 respectively), are characterized

by the solepresence oNi-O coordination featurg$ig.5.6 and $.2), consisterny with the

high degree of oxidation characteristic of this layerthe presence of Ni secondary minerals

in mine tailings affected by sulfide oxidation has not been detecf@@wous studies,

decreasein Ni concentration in porevater samples have been attributed to adsorption to

and/or coprecipitation of Ni with secondary Fe(lll) oxyhydroxide minerals (Blowes and

Janbor, 1990Alpers et al., 1994johnson et al., 200ONi hydroxide spectra shows

similarities with the spectra of Ni sorbed to and/or coprecipitated with hydrous ferric oxide, as
mentioned in the previous section,

At the boundary between the oxidized and the transition zones (0.54 m bgs) dissolved Ni
concentrations inciNeasedremharg! y,0 W& N6eas Nu
values (ranging from 10.51a to 10.42a) were
These values f al | $NiassdciatedmwithtNhselfidariehingentlandite, t h e
and, together with high dissolved Ni concentrations, could be the result of the oxidative
dissolution of these Nbearing minerals due to the advance of the oxidation fRiXANES

spectra of the samples located in this transitimme are less affected by replacement eENi

with Ni-O than the spectra collected from the oxidized zone (Fig. Br@hsition zones,
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distinct from oxidized layers, are characterized by various degrees of sulfideal oxidation
(moderate to weak altation), and do not show the complete obliteration of sulfide minerals
(Blowes and Jambor, 1990; McGregor et al., 1998; Moncur et al., 2005).

Changes in redox conditions in the upper part of the patebzed layer (1.19 m bgs) seem to

be correlated withraincrease in Ni concentration in the pevater at the same depth (Fig.

5.2). The porewater sample exhibiting this peak in concentration (433 Mgwahich is not

present in the depth profiles of the other major pager constituents, and the sample

i mmedi ately after (1.53 f(fNibgsehh, wekrée€8&hamdect
respectively. These Ni isotopi c®Nvaupsratur es,
associated with Nibearing sulfides, could be the result of the release of Nriagd@nto or
coprecipitated with Fe oxyhydroxides, Al, and possibly Mn hydroxide minealsed by

changes in chemical conditions in the patealized zone. Although Ni isotope fractionation

during Ni adsorption to Al and Mn hydroxides has not yet leesstigated, research

conducted on Ni adsorption onto Fe oxyhydroxide and Mn oxide minerals has reported the
preferential retention of lighter Ni isotopes by the solid phase (Wasylenki et al., 2015; Wang

and Wasylenki, 2017; Gueguen et al., 2018; Soreesah, 2020). Ni adsorption onto

birnessite (Mn** Mn*),0,A 1,06 Hesul ted i n Niggtaigiagfram i on f
i12.76a to 13.35a (Sorensen et al., 2020). Th
minerals is confirmed by the rustyd colour of the tailings sampled at this pate@ized

layer depths (Fig. 53). Furthermore, S XANES spectra at these same depths are characterized
by the presence of elemental S &&{ll) sulfate common secondary products of sulfide
mineraloxidation reactions.

The porewater sample located at the boundary between the-palesition layer and the
deeperpaleo x i di zed zone (1.4 mabge) odi §pl 8yad 4
value, as it seems to align to the trend of the sasmqubected from the recent transition zone,

could be related to oxidative dissolution ofiéaring sulfidesNi XANES spectra of samples
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from the paledransition layer also show similar replacement ofS\With NiO to the spectra

of the recent transiin zone samples@émples C8 and C26; Fig.5.6 andS5.2). The low

Ni value of 1 0. 77 &watehfeunddncthe eniddlenfi the deepertpaleop o r e
oxidized zone (2.24 m bgs), corresponding to declining concentrations of dissolved Ni, could
beassociated with the partial desorption of Ni bound to Fe(lll) oxyhydroxyde minerals

similarly for the samples located in the upper palgwlized zoneThe Ni spectrahow

comparable degrees of oxidation (Fig. 5.6 and S&l3jive to the upper and lowpalec

oxidized layers (samples €2and C28, respectively).

Ni isotope fractionation measurements performed on the two samples situated below the deeper
palecoxi di zed | ayer (at 2.9\ aonfd 02..188%& na nbdg sO). 1r
respectivelyThese positivésotopicvaluestogether witithe decrease of Ni in the penater

could be the result dfi removal from solution by adsorption and/or coprecipitation processes

The porewater sample collected from the saturated zone, at 3.11 m bgs} eghidi®Naof U
2.294. Very similar 2hearvyN Ni. 0i8sio tampde 2v. a2l0u eNs
groundwater samples from the Barro Alto Ni deposit, in Brazil, and were considered the result

of consecutive weathering processes involving the overlayers (Ratié et al., 2018)

5.4. SUMMARY OF RESEARCH RESULTS

Mobility of Ni was investigated using Ni stable isotope analysis performed orwates

samples collected at different depths within $tk@thcona tailings impoundment, at location
ML25. Ni isotopic signatures of water samples coupled with solid tailings analyses resulted in
the identification of consecutive zones affected by different degrees of alteration. Beneath a
shallow, strongly oxdized layer, a front of active sulfieraineral oxidation characterized a

recent transition zone. Presence of palemlized and paletransition layers, related to

multiple tailings discharge events, were found below the transition zone. Layers of dnaltere
waste material were not found, possibly due to the coarse grained texture of the tailings which

makes them more susceptible to oxidation. Results from this study show Ni isotope
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measurements as good indicators of the processes affecting Ni releade anthfae

environments.
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CHAPTER 6

Conclusions

6.1. SUMMARY OF RESEARCH

Due to analytical and -me & d b #tablé isagopedaadlysisasd v a n
beensuccessfullyappliedto the investigaion of the source and fate of trace metals in the
environment.

Despite the recent interest in Ni stable isotope analysis, Ni stable isotope systematics is still at

an early stage of developmeRtrther research, which focuses on the characterizatinn of

isotopic fingerprints associated withportantbiogeochemical processesntrolling Ni

mobility, is neededbeforeNi isotopes can be appliedsenvironmental tracerdn this respect,

the present thesfgst aimed to identifyNi isotopic signatures associated with Ni attenuation
processes, whitwere not previously studied, and subsequently involved the application of Ni
stable isotope analysis ¢éducidate the processes influencing Ni release and attenuation at a

mine site diected byextensivesulfide mineral oxidation.

Batch experiments wengerformed toevaluateNi isotope fractionation during precipitation of
secondary mineral phases (i.e., Ni hydroxide, Ni hydroxycarbonate and Ni sulfidd) are

involved in Ni attenution from the environmentAll three systems were characterized dby
preferentialretentionof lighter Ni isotopesby the solid phasand showedractionation factors

U of. 40@, 504710and34d relative to the hydroxide
respectively.The preferential partition of lighter isotopes into the solid phaseassgciated

with distortions of the N+O octahedran the Nihydroxide and Ni hydroxycarbonasystems,

whereastransitiors from Ni-O to NiS coordination environment irolsition were connected

with the fractionatiormeasured ithe Ni sulfide system.
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Due to the important roleplayed by sulfateeducing bacteriaSRB) in the attenuation of
metals in impacted groundwaté{j isotope fractionation associated withecipitation of Ni
sulfidesin the presence ddesulfovibrio desulfuricans(DSM-642) was investigatedResults
appeared to follow closesystem equilibrium isotope fractionatioshowing afractionation
factorof @@Nisicaq= T 1 . Bud & thecomplexity of the SRB system,uttiple processes
including sulfide precipitationadsorption, complexation, and substitution, weassociated

with the measured Ni isotope ratios.

A flow-through cell (FTC) experiment was implemented to study the intematiédween
synthetic Nicontaminated groundwater and natural crushed calcite mineral under saturated
flow conditions Results fromNi isotope analysis coupled witBXAFS modeling indicai
multiple processes were involved in Mitenuation After a first stage dominated by Ni
adsorption to and coprecipitation with calcite, which yielded a fractionation factor of
U=1054 , Ni removal from solution as a Ni hydroxide phase characterized the second stage of

the experiment, resulting infeactionation factoo f 10.4%:

Release and attenuation of Was investigatedn an unreclaimed portion o& mine tailings
impoundment affected by strong sulfidmineral oxidation. Ni stable isotope analysis
conducted on poreater samples integrated with synchrotttased studies and traditional
geochemical and mineralogical technique$ solid tailings material resulted in the
characteration of tailings depth profiles up to53m bgs.Layers showing varying degrees of
recent, and palesulfidemineral oxidation, which were connected with multiple tailings
depositionphases were identified in the investigated ardesults from Ni stadb isotope
analysis of the porevater samples related well with the weathering profdéshe tailings

impoundment, thushowingthe potential bNi stable isotopes as tracers in field settings.
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6.2. SCIENTIFIC CONTRIBUTIONS AND FUTURE DIRECTIONS

Although therecent attention gained by Ni stable isotope analysis, Ni stable isotope
systematics is just starting to develop, thus new research is needed for its further
characterization. Current research on Ni isotope fractionation has focused on a variety of
appliations, including investigations on the Ni global mass balance, which involved studies on
the input and output fluxes of Ni to and from the ocean, the delineation of the roles played by
microbial activity and different types of vegetation on Ni isotomoatures, and the
measurements of Ni stable isotopes during adsorption to and coprecipitation with minerals
implicated in the Ni global cycle (Fe oxyhydroxides, Mn oxides, and calcite). Studies have also
been conducted on the identification of Ni isotogignatures of different type of rocks, with

few applications of Ni stable isotope analysis to field settings. Research on fractionation related
to Ni attenuation processes, both at the laboratory scale and in the field, is lacking.

The present thesis caittuted to fill some of the gaps associated with Ni stable isotope

research conducted so far. The first two manuscripts offered the very first attempt to constrain
Ni isotope fractionation during the precipitation of Ni secondary minerals under ambient
conditions and in abiotic systems, and during interactions with SRB, bacteria yses$ive
treatment remediation techniquesspectively. The third manuscript (FTC system) allowed the
investigation of Ni isotope behaviour associated with removal mechnisger saturated flow
conditions which are characteristic of field systems, whereas the fourth manuscript involved the
use of Ni stable isotope analysis to characterize the processes controlling the source and the
fate of Ni in mine waste systems, whicive not been previously investigated.

Since the extent of Ni stable isotope fractionation could be influenced by chianges
experimental conditions, futuresearch steps will focus on the evaluation ofrtie played by

other variablesincluding pH, temperature, solution concentrations, and the preseNce

competing elements in the system (i.e. Fe, and Al) on measured Ni isotope ratios.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 2

Table 2.1: Ni(OH) time to equilibrium experiment results. Thenolar ratio usedwas [Ni:OH] = 1.5:1

Time (hours) Final pH mmol L™ Ni in u*°Ni solution 20 (&)
solution
0 5.83 315 0 0.06
0.3 1.77 22.03 0.21 0.05
2.3 7.59 21.2 0.20 0.06
6 7.19 21.8 0.22 0.05
13 7.47 22.1 0.21 0.05
24 7.15 21.6 0.20 0.05
48 7.11 22.8 0.20 0.05
72 7.06 22.4 0.20 0.07
168 6.93 22.8 0.21 0.05
336 6.54 22.4 0.21 0.04
730 6.68 22.1 0.24 0.05
1460 6.85 21 0.21 0.05
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Table 2.2: NiCQtime to equilibrium experiment resultsThemolar ratio usedwas [Ni:CQ] = 2:1

Time (hours) Final pH mmol L™ Ni in U°°Ni solution 20( &)
solution
0 5.83 37.8 0 0.06
0.3 7.65 22.9 0.26 0.05
2.3 7.71 23 0.27 0.05
6 7.67 23.3 0.25 0.05
13 7.60 23.04 0.31 0.06
24 7.64 23 0.24 0.05
48 7.61 22.8 0.22 0.05
72 7.65 22.4 0.20 0.06
168 7.60 22.7 0.21 0.05
336 7.59 22.7 0.18 0.06
730 7.54 22.9 0.22 0.05
1460 7.50 22.3 0.20 0.05

Table 2.3: NiS time to equilibrum experiment results. Thenolar ratio usedwas [Ni:S] = 2:1

Time (hours) Final pH mmol L™ Ni in U*°Ni solution 20 (&)
solution
0 6.02 38.3 0 0.05
0.3 4.06 18.3 0.95 0.05
2.3 3.75 18.1 0.98 0.05
6 3.80 18,5 0.86 0.06
13 3.60 18.3 0.96 0.05
24 4.27 18.5 0.97 0.05
48 5.58 18.5 0.97 0.07
72 6.15 18.7 0.96 0.05
168 6.72 18.4 0.96 0.06
336 7.08 17.3 0.97 0.05
730 7.37 18.5 0.96 0.05
1460 7.44 19.3 0.96 0.05
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Table 2.4: Batch experiments result$or varying[Ni/counteranion] molar ratios

Ni:OH Final pH Ni f in solution U°°Ni solution 20( &)
4:1 6.5 0.83 0.03 0.05
3:1 6.62 0.82 0.08 0.05
1.6:1 6.96 0.68 0.22 0.05
11 7.17 0.38 0.52 0.05
1.1.8 8.5 0.17 0.73 0.05
1.2 8.4 0.08 0.92 0.05

Ni:CO, Final pH Ni f in solution U°°Ni solution 20 (&)
5:1 7.33 0.86 0.06 0.08
4:1 7.37 0.84 0.08 0.08
31 7.41 0.73 0.14 0.06
2:1 7.47 0.58 0.25 0.05
1.6:1 7.69 0.50 0.43 0.06
1.1 7.93 0.15 0.94 0.05
Ni:S Final pH Ni f in solution U°°Ni solution 20 (&)
7:1 5.95 0.74 0.17 0.05
6:1 6.05 0.71 0.19 0.05
5:1 6.17 0.66 0.22 0.06
4:1 6.25 0.59 0.48 0.05
31 6.33 0.49 0.63 0.05
1.5:1 6.19 0.18 1.21 0.07
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Figure 8.1: Ni(OH)-24 hrs sample results: a) Comparison between ExpData vs Feff modeling in both magwitude Fourier transform (FT) and the imaginary part of the FT; b)
Comparison between ExpData vs Feff modeling of the FT magnitude for the total and individual scattering paths; c) Comjpekispace between ExpData vs Feff modeling based on
the parametrs from R space curve fitting.
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Figure 2.2 Ni(OH)}-2months sample results: a) Comparison between ExpData vs Feff modeling in both magnitude of the Fourier transform (FT§ enddimary part of the FT; b)
Comparison between ExpData vs Feff modelofghe FT magnitude for the total and individual scattering paths; c) Comparison in k space between ExpData vs Feff moalsdidgn
the parameters from R space curve fitting.
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Figure 8.3: NiS72 hrs sample results: a) Comparison between ExpData ¥srRedeling in both magnitude of the Fourier transform (FT) and the imaginary part of the FCdmparison
between ExpData vs Feff modeling of the FT magnitude for the total and individual scattering paths; c) Comparison in bspesen ExpData vs Fefflodeling based on the
parameters from R space curve fitting.
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Figure 8.4: NiS2 month sample results: a) Comparison between ExpData vs Feff modeling in both magnitude of the Fourier transform (FT§ andgimary part of the FTh)
Comparison between ExpData vs Feff modeling of the FT magnitude for the total and individual scattering paths; c) Comipekispace between ExpData vs Feff modeling based on
the parametersfrom R space curve fittig.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 3

TableS1Y bA FyR { FNI OGA PWNirelatie ta @athdzinipld gbllected after 1 lhbur, T dgyRandt 1 weéRNi values are expressed relative to the input solution.

Uncertainty on each isotope measurementidB LI2 NIISR a4 (g2 GAYSa (KS atbreeyamalytNdRevéd8.0A L GA2Y o1 0 OFf Odz F GSR 2V

Total S UEONi Total S Total S UEON
Nifin g pH 0N N Nifin fin UONi GEONi Nifin  gin . pH 0N Ui
solution i after (a) 20 (a) 20  solution ; i (a) 20 (&) 20 solution ! after (a) 20 (a) 20
Sample " solutio 1 uti - solid . f solution  after luti « lid < ft solution 1 luti < solid <
after n after solution (&) 1 (a) after after 1day S° ution ( a) soli (a) after after solution (&) 1 (a)
lhour g poyr hour 1 hour hour 1 day 1 day 1 day 1 day lweek 1\eek Week 1week week
10 mM 0.83 0.65 6.1 0.20 0.08 -1.73 0.05 0.52 0.63 6.0 0.79 0.05 -1.07 0.05 0.05 0.53 5.9 2.59 0.06 -0.11 0.05
15 mM 0.88 0.64 6.1 0.18 0.05 -1.72 0.05 0.76 0.62 6.0 0.40 0.08 -1.56 0.05 0.34 0.53 5.8 1.56 0.05 -0.49 0.05
20 mM 0.86 0.62 6.0 0.04 0.08 -1.91 0.05 0.76 0.60 5.9 0.33 0.08 -1.58 0.05 0.56 0.51 5.7 1.10 0.05 -1.07 0.08
25 mM 0.83 0.62 5.9 0.16 0.06 -1.85 0.07 0.80 0.58 5.8 0.17 0.06 -1.72 0.05 0.57 0.50 5.7 0.97 0.05 -1.04 0.05
30 mM 0.92 0.62 5.8 0.08 0.06 -1.97 0.08 0.79 0.58 5.8 0.35 0.05 -1.54 0.08 0.65 0.50 5.6 0.48 0.05 -1.36 0.05
40 mM 0.91 0.61 5.8 0.04 0.06 -1.97 0.05 0.75 0.57 5.7 0.32 0.05 -1.54 0.05 0.74 0.49 5.6 0.40 0.05 -142 0.05
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Figure 8.1: Fraction of Ni remaining in solution (f) relative to each sample collected after 1 hour, 1 day and 1 week.
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Figure 8.2: A) Shiny metallic precipitate forming on 10mM sample bottle walls after 1 day. B) Shiny metallic precipitate
forming on 10mM sample bottle walls after 3 days. C) Shiny metallic precipitate forming on 10mM sample bottle walls
after 1 week.
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Figure 8.3: SEMEDS analysis @ grain which shows clajike components.

111



Electron Image 1
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Figure 8.4: SEMEDS analysis @& NiSgrain which shows flowerclike appearance characteristic 6f-NiS phase
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Spectrum 1
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Figure 8.5: SEMEDS analysis of a freezigied shiny precipitate aggregate showing NiS composition.
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Figure 8.6: SEMEDS analysis of a fresh shiny precipitate aggregate showing NiS composition with sogub&téuting for Ni.
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Figure 8.7 SEMEDS analysis dfie SRBhowingNiS precipitatecovering thebacteria.
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10.00 nm ‘ 2 10.00 nm

Figure 8.8: TEM images showing lattice fringgacingmeasurements performed otthe black precipitate at the bottom of the bottles which constitutethe smallest grairsize portion
of the solid prodict. The measured &pacing values confirm the presence of multiple Ni sulfides, such as: millgritdi8),d(A 2.22 (211), 2.51 (021), and 2.77 (300NiS d(A)=2.60
(101); Vaesite (NiS2)(A)=2.54 (210), and 2.84(200polydymite (NiS;), d(A)=2.86 (311).
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 4

Table$4.1: Results from the FTC experiments showing sampling time, Ca and Ni concentrations, pl—ﬁohihn\/ith

Fa2a20AF 4GSR &6 yRFNR RSOAIGA2Y o6n 0 2F STFTEdSyi
o | oty | mgwy | MM | N "
0.15 6.4 0.06
0.45 6.4 0.04
1.15 6.4 0.08
1.45 6.5 0.07
2.15 7.2 0.04
2.45 7.7 0.1
3.15 9.0 0.1
3.45 9.9 0.1
4.15 10.8 0.02
4.45 12.2 0.3
5.15 14.9 0.5
5.45 184 1.3
6.15 22.6 2.1
6.45 27.0 2.9 7.2
7.15 30.7 3.6
7.45 34.5 4.4
8.15 36.7 5.2 1.08 0.05
8.45 38.1 6.4
9.15 39.9 7.6
9.45 40.1 8.9 0.74 0.05
10.15 40.9 10.1
10.45 40.5 114
11.15 40.3 124
12.15 39.2 15.0
12.45 39.4 16.1 0.52 0.08
13.15 37.6 17.4 7.5
13.45 36.2 184
14.15 35.9 19.8
14.45 35.0 20.7 0.42 0.05
15.15 34.3 21.4 0.35 0.05
15.45 33.3 22.4
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Time

Ca

Ni

() | gty | mgry | PP N "
16.15 33.2 23.2
16.45 32.3 23.8
17.15 31.5 24.7
17.45 31.7 255
18.15 31.3 26.2
18.45 30.7 26.7
19.15 30.0 274
19.45 28.8 27.2
20.15 294 28.3
20.45 29.1 28.8
21.15 28.8 29.1 7.6 0.22 0.05
21.45 27.8 29.5
22.15 27.8 30.2
22.45 274 30.2
23.15 27.7 30.7
23.45 27.4 30.9
24.15 26.7 31.1 0.22 0.05
24.45 27.0 31.2
25.15 26.9 314
25.45 26.8 31.7
26.15 26.4 31.7
26.45 25.8 31.9
27.15 26.1 32.1
27.45 26.0 32.2
28.15 25.8 324
29.15 26.6 33.1
29.45 26.1 33.3
30.15 26.1 34.1 0.17 0.05
30.45 25.5 33.8 0.27 0.05
31.15 25.9 34.5
31.45 25.3 34.6 0.26 0.05
32.15 25.6 34.9
32.45 25.7 35.1
33.15 24.7 34.0
33.45 25.1 35.6
34.15 24.9 35.7
34.45 23.0 33.8 0.26 0.05
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Time

Ca

Ni

() | gty | mgry | PP N "
35.15 24.0 36.4

35.45 24.5 36.2

36.15 24.8 36.0 7.8
36.45 24.6 36.0

37.15 24.7 36.3

37.45 24.8 36.3

38.15 24.6 36.2

38.45 24.6 36.6

39.15 23.7 35.9

39.45 24.6 36.7

40.15 24.0 36.9

40.45 245 37.1

41.15 24.2 37.2

41.45 24.3 37.3

42.15 24.2 37.1

42.45 24.4 374

43.15 24.1 37.3

43.45 24.2 37.6

44.15 24.1 37.8

44.45 23.8 37.6

45.15 24.0 37.9

45.45 23.7 37.8

46.15 23.6 38.1

46.45 24.1 38.3

47.15 23.7 38.2 0.24 0.05
47.45 23.9 38.2

48.15 23.5 37.6

48.45 23.8 38.4

49.15 23.7 38.4

49.45 23.3 38.4

50.15 234 38.5

50.45 23.6 38.9

51.15 23.8 39.1

51.45 23.7 38.7 0.23 0.05
52.15 23.9 39.4

53.15 23.8 39.5

54.15 23.9 39.5
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Time

Ca

Ni

() | gty | mgry | PP N "
55.15 23.9 39.5

56.15 23.9 40.0 7.8

57.15 23.8 40.4

58.15 23.7 40.5 0.21 0.05
59.15 24.0 40.7

60.15 23.7 41.2

61.15 235 41.5

62.15 231 41.6

63.15 22.7 42.0

64.15 23.6 42.4

65.15 23.0 42.4

66.15 24.1 42.7

67.15 23.2 42.9

68.15 234 435

69.15 23.2 435

70.15 23.2 44.4

71.15 23.3 44.2

72.15 23.9 44.4

73.15 23.2 44.8

74.15 23.2 455 0.18 0.05
75.15 22.9 45.9

76.15 23.3 46.3

77.15 22.9 46.9

78.15 22.7 47.0 7.8

79.15 23.0 46.8

80.15 23.1 47.0

81.15 23.0 46.8

82.15 23.0 47.2 0.11 0.05
83.15 23.0 46.9

84.15 23.0 47.3
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Figure 8.1: Experimental data of the 11 detecteubsition: XANES (left), EXAFS in k space (middle), and EXAFS in R space (right) reveal no significant difference ireX#&tSFato
system.
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Figure 8.2: Top: comparison between ExpData vs Feff modeling in both magnitude of the Fourier transfarraie the imaginary part of the FT for data sets FTC2D, FTC2E, and FTC2I,
which represent the FTC detected positions displaying the highest, the medium, and the lowest Ni concentration, respe@itym: comparison in k space between ExpData vs Feff
modeling based on the parameters from R space curve fitting for the same data sets.
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APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER 5

Table S5.1Pore-water results.

Depth oH Eh Ni Fe Al sQ Mg K 1N .
(m) (mv) (mgl) (mgl) (mgL) (mgL) (mgL (mgL)| o

0.17 4.1 569 13.8 0.39 118 3808 505 4.8 0.66 0.09
0.19 3.9 373 9.5 1.5 122 2833 294 4.1 / /

0.54 3.6 363 7.7 9 838 6229 106 3.6 -0.46 0.05
0.86 3.7 501 579 650 2809 20936 738 49.5 -0.51 0.09
0.86 3.2 349 289 1713 1566 16560 711 102 -0.47 0.05
1.18 3.8 289 93.7 931 473 6439 307 72.9 -0.42 0.05
1.19 3.9 481 433 578 300 5334 256 60.9 -1.48 0.05
1.53 4.2 485 196 240 81.9 3147 213 40.5 -1.92 0.05
1.88 4.6 378 151 2300 21.2 7524 475 49.2 -0.34 0.05
2.24 5.1 369 90.4 1444 6.2 4803 450 92.2 -0.77 0.05
2.55 4.4 206 48.8 474 55 3175 259 65.7 0.18 0.05
2.83 5.2 207 16.3 1350 4.3 4696 255 52.3 0.1 0.06
3.11 4.1 206 9.3 2209 45 7679 494 91.7 2.29 0.06
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Table S®.1: Tailings solid material results

Sample name Depth (m) Ni mg Kd S (wt %) C (wt %)
Cii 0.06 183 0.69 0.02
C12 0.17 177 0.58 0.02
C13 0.28 181 0.60 0.02
Ci4 0.39 232 0.66 0.03
C15 0.50 219 0.99 0.04
C16 0.61 186 0.81 0.03
C17 0.72 1473 4.03 0.04
C18 0.83 674 1.61 0.02
C19 0.94 1031 3.74 0.02
Cx10 1.04 1068 3.91 0.02
Cr11 1.15 1065 3.53 0.02
c21 1.26 979 1.53 0.02
C22 1.36 1539 3.24 0.01
Cc23 1.46 971 3.36 0.01
C24 1.56 720 1.68 0.02
C25 1.66 1509 2.05 0.02
C26 1.78 5007 5.35 0.04
c27 1.93 1485 0.57 0.06
Cc28 2.08 2358 1.46 0.07
C29 221 1061 1.29 0.02
C210 2.32 589 0.72 0.03
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enlarged

Figure S.1: Photcs of tailings samples collected from 1.61 and 1.71 m bgs, respectively. The sample located at bgd shows a finer grain texture compared to the one located at
1.61 m bgs.
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Figure $.2:: Comparison between Nf-edge spectra from Ni standards (NiS and Ni(@HndNi kedge spectra from tailings samples (31depth 0.28 nbgs; C35, depth 0.50 m bgs;
C18, depth 0.83 m bgs; G2, depth 1.36 m bgs; G&, depth 1.78 m bgs; C2, depth 2.08 m bgs).
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Figure S.3: Photoof tailings samples collected from the upper part (from 1.18 to 1.:
m bgs) of the paleexidized layer.

129



	Chapter 1
	Introduction
	Chapter 2
	Nickel isotope fractionation during precipitation of Ni secondary minerals and synchrotron-based analysis of the precipitates
	Chapter 3
	Microbially-mediated removal of Ni from synthetic, contaminated groundwater and associated Ni isotope fractionation
	Chapter 4
	Mechanisms of Ni removal from contaminated groundwater by calcite using X-ray absorption spectroscopy and Ni isotope measurements
	Chapter 5
	Release and attenuation of Ni in mine tailings: X-ray absorption spectroscopy and Ni isotope measurements
	Chapter 6
	Conclusions
	References
	Zelano, I.O., Cloquet, C., Van der Ent, A., Echevarria, G., Gley, R., Landrot, G., Pollastri, S., Fraysse, F.,  Montargès-Pelletier, E., 2020. Coupling nickel chemical speciation and isotope ratios to decipher nickel dynamics in the Rinorea cf. bengal...
	Appendix A
	Supporting Information for Chapter 2

