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Abstract

Arsenic(As) is a widespread contaminant, often encountered in drainage associate@uwith
mining. The oxidation state controls the mobility and toxicity of As in waRassive remediatios a
potential management approach for removsgand other contaminant®m minewaters. Permeable
reactive barriers (PRBgye a passive management technologyutilites reactive material ttarget he
contaminant of interest througihemical interactionsncluding precipitation, reductiopandadsorption
ThelLong Lake field site is an abandoned Au mine located near Sudbury, ON, charactedzetidy
conditions andhigh concentrations of As, Fe, $Qand metals in the tailings porewat€his project
aims to evaluate the potential for passiemediation to remove As and other contaminants finime

drainage at the Long Lake field site

A series of laboratory column experiments were conducted to determine the potential of a
reactive mixture, containing organic carbon substi@e€, granular zerevalent iron(ZVI), limestone,
and silica sandp remove As and increase thi of the water. Groundwater was collected directly from
the Long Lake sitandused as the influent solution for the column experiments. Results indécated
increase in pH and removal of As within the first 3 cm of reactive material. Removal of As in the three
treatment columneepresented 99.9% of the total As in the watedecrease in Elthe production of
H.S, a decline in SG concentrations, an enrichmentlit{S, and the presence of microbial communities
indicated the presence of bacteriatyediated S¢¥ reduction.The percentage of total reads that were
sulfatereducing bacteri@gSRB)ranged from 2.4 10.0%. Sulfate reduction rates ranged frémi8 to
0.20 mg * d* g* dry wt. % OC for the three treatment colum®gnchrotrorradiationbulk S X-ray
absorption neaedge structure (XANEShdicated tlataccumulation of reduced S phases including pyrite
and elemental 8ccurredin the solid material dumig the experiment&eochemical modelling results
further indicate that precipitation of sulfides including mackinawite, greigite, pyrite, sphalerite, and
chalcopyrite was favouredRemoval of metaldncluding Cu, Ni, and Znis attributed to therecipitation
of low-solubility metal sulfides following S£ reduction.Synchrotron As pXANES indicated that As
was present in secondary precipitateoth the reduced phase, as realgar, orpiment, and arsenopyrite,
and in the oxidized phase, as As(\d)t®ed onto ferrihydriteThe addition ofOC contributed to the
development of sulfateeducing conditions an@sulted in bacteriallynediated SG reduction The
presence oZVI led tothe formation of ferrous iroandZVI corrosion productrovidingadditional

surfacesites for As adsorption.

Two separatdield-reaction cel(30 cm inner diameter by 99 cm lengthials, wereconductedht
the Long Lakeamine site one in the summer (meairt e mper at ure of 19 ) and on.

ar temperature ofl ), to evaluate the efAreactivemiatire t emper at ur



containingZVIl, OC, limestone, and pea gra@t similar proportions to the column experimgniss
utilized. The results from the summer field cell were similar to those observed labtiratorycolumn
experimentsA decrease in Asnetals SO, andacidity, wereobservedvithin the first 9 cm of reactive
media.Reactions contributing to metal and As remadwmalude precipitation of lovsolubility metal
sulfides andadsorption on ZVI corrosion produci&he esults from theutumnfield cell indicated that
the development of bacterialiyediatedSQ:* reduction was limitegwith lower percentages &RB
observedn theautumn cell compareid the summer cell and laboratory column experimédsnoval of
As, metals andan increase in pk/as observed in theutumncell, however,aqueous chemistry results
did not show adecline®8*concentr at i ons 3rOptiaaimiceoscopiinditatecdthet i n
presence of pyrite and pyrrhotitethe autumn cell materigbut abundanceras bwerin the autumn cell
thanin the other two experiment¥he results fronbulk S XANES indicatedheaccumulation of sulfides
in the solid materialvas also limitedThe difference imesultsbetween the summer cell and autumn cell
may be attributed to coldeutsidetemperatures during thield trial or the shorteduration d the

experiment

The esults from all three experiments indicate thataddition of OC to the reactive mixture was
important forthe development of sulfateducing conditionand thegrowth andactivity of SRB. The
addition of ZVIfurther enhanced #removal of As, metals, and fi®m the water through the formation
of corrosion products and metal sulfide precipitatioermi@val of As and metals and an increase in pH
was observed in all three experimetspite varying flow rates and fluctuating teargituresThese
results indicate that a mixture @IC andzVI will likely be effective at removing As and metals from

mine drainage waters under a range of flow rates and temperature conditions.
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Chapter 1: Introduction

1.1 Arsenic in Groundwater

The presencef arsenic (As)n groundwater is of increasing global concétlevated
concentrations ofAs canoccurin groundwater from both geological and anthropogenic sources.
GeogenidAs contaminatiorin groundwate, derived fromAs-rich aquifer deposits anafffected
by regionalclimate, is especially prevalent in areas such as Bangladesh, Cambodia, and Vietnam
(Fendorf et b, 2010; Nordstrom, 2002; Smedley & Kinniburgh, 20G&#)d in Asrich
volcanogenic terrainSmedley & Kinniburgh, 2013)Anthropogenic contamination can result
from a variety ofsources, including miningMcCreadie et al., 2000; Nordstro2002; Wang &
Mulligan, 2006) pesicide manufacturingNordstrom, 2002; Smedley & Kinniburgh, 2013hd
wood preservatiofSmedley & Kinniburgh, 2002; Wang & Mulligan, 2008Jine wastes,
includingwaste rock andill tailings arerich in metafloid)-sulfide minerals. Oxidation of these
minerals can release these metal(loid)s, includisigto groundwatefBlowes et al.2014)
Currently, the Wited States Environmental Protection Age(EEPA) maximum contaminant
limit (MCL), Canadads maxi mum acceptable conc
Organi zationds (WHO) provisionaikloggli.thel i ne v a
addition, theCanadian Council of Ministers of Environmén§CCME) water quality guideline
in Canada for the protectior fseshwater aquatic wildlifés 5.0 ug L™ and 2.5 ug L for
marineaquatic life.Over recent years, an increaseuerstanding of As and the toxic effects it

has on humans has resulted in stricter polieésed to elevateAs in drinking water.

The oxidation state of Ais important in controlling As mobility and toxicityrsenic occurs
in oxidationstates of3, 0, +3, and +5ut innatural groundwateaqueou®s is commonly
found as inorganic arsenite (As(lll)) or arsenate (As(8)hedley & Kinniburgh, 2002More
rarely, As may occur as a constituent of over 200 minerals or their alteration products including
arsenopyrite (FeAsS), orpiment (Ss), ard realgar (AsSs) (Smedley & Kinniburgh, 2013)O0f
notable importance is arsenian pyrite (Fe(S)A8n important source of arsenic in ore bodies
(Smedley & Kinniburgh, 2013)Jnder oxidizing conditions, As(V) is the dominant spedies
under reducing conditions As(lll) tendsdominate(Hashim et al., 2011; Lien & Wilkin, 2005)
As(lll) is also typically more mobile and toxic than As({@medley & Kinniburgh, 2013)The

current approaches for remediation of@staminated groundwater include puamttreat,



adsorption(Hashim et al., 2011; Zhu et al., 2008lfration (Leupin & Hug, 2005)and
permeable reactive barrigiBlowes et al., 1998Hashim et al., 2011)n the past, pumjnd
treat technologies were commonly usledt due to tk high costandextent of dsruptionto the
aboveground environment, new technologies haveryed Of these technologies, permeable
reactive barrieréPRBs) are becoming more commonly used and stu(itolwes et al., 1998;
Gibert et al., R10; Ludwig et al., 2009)

1.2 Site Background

The Long Lake Gold Mine near Sudbury, Ontario is an abandoned mine with elevated metal
and metalloid concentrations in the tailings porewdtke Long Lakeminewas the site of
intermittentAu production fromL9091939, during which, tailings containing on average 5 wt
% As, were deposited without containment. All the tailings produced from the milling process
were deposited into three tailings areas{0JA TA-02, TA-03), located between the mine site
and Like Creeka tributary to Long LakeHigure 1.1), and subsequently capped with a layer of
sand(CH2MHill, 2014). The surface water drainagews north through Luke Creek to Long
Lake (Figure 1.1). Fugitive tailingsfrom TA-01 have migrated not, forming channel deposits
in Luke Creek, and resulting in the development of a delta of tailings at the southwestefrn end o
Long Lake(CH2MHIill, 2014). Arsenic is the major contaminantthé Long Laketailings
impoundmentwith dissolved Axoncentrations reaching up&0mg L* in the tailings pore
water, together withelevated concentrations dissolvedSQ:?, Fe and A(Verbuyst, 202Q)

Planned emediatiomactivitiesfocus on the three major sources of As at the Long Lake site; the
three tailings impoundments, the fugitive tailings in Luke Creek, and the Long Lake Tailings
Delta(MNDM, 2017). Thisresearch project aims to evaluate the potefdarapplication of
passive remediatipapproacheatthe Long Lakesiteand to determine the viability of

incorporating a PRB into the remediation plan.

1.3 Permeable Reactive Barriers

PRBs are pe of the treatmerapproaches under considerationr@medationof As at the
Long Lake sitePRBsare passiven situ barriers placed within the subsurface directly in the
path of contaminant transport. During interaction between the contaminant plume and the barrier,
processes such as adsorption, precipitation, and reduction occur to effectively remove or stabilize

the contaminan{Blowes et al., 2000; Ob#flyarko et al., 2014)The geochemical conditions at



the Long Lakesite andremoval of As in previous laboratory and field studies suggest that a PRB
will be effective atdecreasingh\s concentrationfBain et al., 2002; Biterna et al., 2007, 2010;
Blowes et al., 2000; Lien & Wilkin, 2005; Ludwig et al., 2009; Su & Puls, 2001gse pevious
batch anccolumn studieshowAs was removedisingzerovalent iron (ZVI)and mixtures of

ZV1 andorganic carbon (OCyemovalmechanisms may be attributed to adsorptioto
secondaryVI surfaces and precipitation reactiofifie composition of the reactive material

used in the barrier varies basmusitespecificbhiogeochemical conditions and flaateson the
targetcontaminan{Blowes et al., 2000)n this study laboratory and field experiments utilizing
OCandzVI wereconducted to evaluate the potential effectiveness of PRBs for the removal of

As at the Long Lake site.

1.4 Research Objectives

The overdlgoal of the thesis is to evaluate the effectiveness of OC and ZVI amendments
for the removal of As under the acidic conditions that predominate at Long Lake and to
determine the viability of passive treatment to be incorporated as a remediation option.
Furthermore, the thesis aims to better understand the mechanisms through which As is removed

from groundwater.
Thespecificresearch project objectives are to:

1. Determine the optimal mixture of reactive mater&V( andOC substrates) for removal
of As from grounavater.

2. Understand the geochemical reactionatributing toAs removal from groundwater.

3. Analyze theeffectiveness of theeactive mixturgaunder laboratory and field conditions
andto establistthe rates of Sg removal.

4. Assesghe potentialviability for passive remediation at the Long Lake site.

1.5 Experimental Approach

Initial selection of optimal reactive mixtures was determined based on a literature review
(Blowes et al., 1998; Gibert et al., 2003; Lindsay et al., 2008; Ludwig et al., 2009; Waybrant et
al., 1998) Mixtures involving organic carbon and ZVI have been utilized in past experiments. A
series of four column experiments were conducted to evaluate the treatment of As at a flow rate
approximately three times that of groundwater velocity at the mine sgenk&contaminated

groundwater was pumped through columns containing different rat@€,0aZVI, limestone,
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and silica sand. Arsenic concentrations were determined on effluent water and profile samples
collected along the column length, and the sii#\s removal was determined. Following the
laboratory column experiments, two fialdaction cell trials were conducted at the Long Lake
site. Arseniecontaminated water was pumped from a piezometer downgradientifediargest
tailings impoundmeninto thereaction cell to evaluate the effectiveness of the optimum reactive
mixture, identified through laboratory experiments, under field conditibme.field trials were
separatelyonductecht different times otheyear to investigate the effect of temperatan the
performance of the treatment system. Evaluation of treatment efficiencies of these reactive
mixtures was investigated using geochemical, microbiological, and solid phase analyses, along
with geochemical modelling using PHREEQCI. Removal of Asahdr metgloid)s was

observed in all three reactive columns. Consistent results were observed in theafigloh cell

experiments, under both warm and cold temperature field conditions.

1.6 Thess Organization

The thesis is composed of three separgearch papers that address the research
objectives. Chapter 2 describes a series of four anaerobic laboratory column experiments using
differing combinations of OC and ZVI. The chapter describes the geochemistry of the column
effluent water as well as sdtphase analyses and microbial characterization of the column
material. Chapter 3 is a field evaluation of the reactive mixture for As removal directly at the
Long Lake site. The chapter describes a seafetield-reaction cell experiment, conducted
during the summer, focusing on the geochemical characteristics of the reaction cell and the
mechanisms through which As was removed from groundwater. Chapter 4 describes a similar
field-reaction cell trial that was conducted in theumnand examines the effeof colder
temperatures on As removal in the reactive material. Chapter 4 provides a comparison between
the two field cell trials and the varying mechanisms through which As is removed from the
groundwater. Chapter 5 provides a summary of the conclusfahs study and

recommendations for future research.



Luke Creek
Long
Lake

Legend
Greater Sudbury [ TWaste Rock
Municipal Boundary Prad [_ITailings
— Access Road
— \Watercourse

TA-02

|50
5
5km

Figure 1.1 Map of Long Lake and surrounding area (Iefihe red star is the location ibfe sandcovered
Long Lake Tailings ImpoundmetA-01, TA-02, and TAO03J) to the south of Long Lake (right;
modified after Verbuyst, 2020).

2

;7Waste Rock

Open Pit 50m




Chapter 2: Removal of Arsenic and Metals from Groundwater
Impacted by Mine Waste Using Zaralent Iron and Organic
Carbon: Laboratory Column Experiments



Executive Summary

Acid mine drainage and the contaminants associated withimjpected water,
including As and metals, are an ongoing environmental issue. Passive remediation technologies
have the potential to remove As from mine waste efflugngeries of laboratory ¢comn
experiments wsconducted to evaluate the effectivenessarfing mixtures obrganic carbon
(OC), zerovalentiron (ZVI), and limestondor the treatment oAs, metals, sulfate, and acidity
in groundwater at an abandoned gold mine near SudburyA®@hcrease in pH from 3.5 to
circumneutral values was observed in all four columns throughout the expeflinemnset of
bacteriallymediated SG reduction was indicateldy a decrease in Eh,cecline inaqueous
SO*concentrations c o u{damnthedcolurhn leagitie presenoesoh t o f
sulfatereducing bacteri@SRB), andthe production of bB. Desulfovibrig Desulfobulbus
DesulfuromonasDesulfomicrobiumandDesulfobactemwere the five most abundaBRB
genera in the four columnSulfate reduction rates, calculated using linear regressitime
decline ofaqueous S concentrations along the column length, ranged fdiBto 0.20mg L
Ldtg!dry OC.Removal of Aswas observed within the first 3 cm of reactive material in all
three treatment columns to values below 10 figrepresenting >999% removal.Removal of
metals including Al, Cd, Co, Cu, Ni, and #rasalso observed in all four columr3ecreases in
Fe wee observed over timéowever, concentratiomemained high at the end of the
experimentOptical and scanning electron microscopic images indicated the presence of Fe
sulfides, including pyrite and pyrrhotite, in the solid material from the column. Geacle
speciation modeling indicated the precipitation of secondary minerals such as amorphous FeS,
mackinawite, and maghemite was favoured. Corrosion of ZVI grains and replacement of cellular
organic matter with sulfides were also observed. Bulki@yXatsorption neaedge structure
spectroscopy (XANES) and S ppay fluorescence (UXRF) indicated the accumulation of
reduced S phases (pyrite FeS, elemental S) on the coatings of ZVI grains during the experiment.
Arsenic uXRF mapping and AsXANES analyses indated the presence of As in the secondary
precipitates forming around grains of silica sand. The synchrotron results suggested the As was
removed through precipitation of Asystalline phases such as realgar, orpiment, and
arsenopyrite or through adsamst as As(V) on ferrihydrite. Both reduced and oxidized phases

were present in the secondary precipitates; however, the majority of As was present in the



reduced phase. The results from this study indicate the potential for a mixture of organic carbon

andzZVI to remove As from acidic, minenpacted water.

2.1 Introduction

One of the major sourced arsenic (As)n groundwater is mimg. Gold (Au) miningin
particularresults inarge amourgtof As in waste because A$earing minerals areommonly
present inAu-bearingore bodes During mining, rocks excavated to access the ore bodies,
resulting inthe production of large volumes whste rock. Processinig concentrate valuable
metak results inthe production ofine-grainedmill tailings that are typically deposited into
impoundmenrd Arsenic occurs in waste rock and tailings in the form of gangue mirzgrals
recalcitrantsulfide ore including arsenopyrité=eAsS), arsenian pyrite (Agh FeS), andAs-
bearingFe oxyhydroxidegBlowes et al., @14). Unmanagedailings deposits and wasteck
piles are oparticularconcern due to the potential fitre oxidation of sulfide mineral@Blowes
et al., 2014)

oQY -0 "O0 ° ¢YO m O [1]
and the oxidation of ferrouse
H€)) -0 -"00 © "OQ) O O [2]

H*is releasedh the above reactionsgsulting in increased acidit@ulfate (SG?) and

meta(loid)s arealso released intgroundvaterduring oxidationprocesse¢Blowes et al., 2014;
Evangelow& Zhang 1995) Tailings deposits can be of concern due to the potentieahtd

metals and metalloids into nearby water systeesilting in contaminated acidic water that can
persist fordecades or centuri¢Blowes& Jambor 199Q Blowes et al.2014; Moncur et al.,

2005; Sprague et al., 201@)igration of fugitive tailngs downstream may result in the
dispersion of metal(loid)ich water and sediment into nearby environments, especially in cases
where migration does not result in reduced toxi¢8grague et al., 2016)eachingof
contaminated groundwater is especigligvalent at mine sites where the tailings are deposited
without engineeredontainment. In carbonatech systemslow pH acidic drainages often
neutralizedBlowes et al., 2014However after theneutralization capacity is exceeddue pH
may decreasandthe concentrations oftber contaminantsiay again increasesuchacidic

waters can pose a health risk to humans and organisms living nearby.
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An established approach for the remediation ctéstaminated groundwater is
permeable reactive barriers (PRB23RBs are passive) situ barriers placed within the
subsurface directly in the path of groundwater flow and contaminant trafBjowes et al.,
1998) The barrier is filled with materidghat reacts with the targebntaminantPRBs utilize
processes such as adsorption, precipitation, and reductdfectively remove and stabilize

contaminants

Zero-valent iron (ZVI) is often used in environmahtemediationSeveral laboratory studies
have examined the proces$gavhich ZVI removes As from watgBain et al., 2002; Biterna et
al., 2007, 2010; Lie& Wilkin, 2005; Su& Puls 2001) Anaerobic corrosion of ZVI by water
releases Fe(ll) througiGould, 1982)

¢O0U MmMo™™m O O [3]

The release of Fe(ll) allows for solid phases such geX¥ghydroxides and ferrous hydroxy
carbonate to fornJeenret al., 2007)which create highly reactive surface sites to which As can
adsorb, and allows for retention of both As(lll) and As(Bang et al., 2005; Ludwig et al.,
2009; Su& Puls, 2001)Furthermore, As can garecipitate with green rugtien & Wilkin,

2005) which incorporates intdie structure of pyrite during S®©reduction(Blowes et al.,
2014)and, over time, may result in a more effective RBB& Puls, 2001)Previoudaboratory
studies confirm the effectiveness of ZVI for removing As from water througgrexpitation

and adsorption processe

Organic carbon (OC) is another reactive material often utilized for environmental
remediation. The addition of OC substrgiesmoteshe growth and activity adulfatereducing
bacteria (SRB) and resslin bacteriallymediatedSQ:* reduction(Benner et al., 1997)

Y6  ¢800 ¢O 00 ¢80 <00 [4]

Thehydrogen sulfide producegactswith soluble metals (Me) to fornmetalsulfide minerag
(Ludwig et al., 2002)

0Y 0Q 90 QY O 5]

In addition to reactiofi5], other elements such as As can react wi té form sulfide minerals

(Benner et al., 1997)f As-bearing sulfidenetals are precipitated in an environmenergO. is
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limited, As is effectively immobilizegrovided the system remains anaerobic and oxidation
reactions are limitedSuch environments include fully saturated locatiengh as tailings ponds
Pastexperiments have utilizedC in the form of compds woodchips and leaftcompost
(Benner et al., 1997; Lindsay et al., 2011b; Ludwig et al., 2009; Waybrant et al., 2002)
Furthermorevaried mixtures oOC sources hae been found to be more effective for
contaminantemoval as opposed to a single soyaybrant et al., 1998, 2002)

Long Lake is an abandoned Au mine, near Sudbury, Ontagarg 2.1), with elevated
metal(loid) concentrations in groundwater and tailings porewater. All of the tailings produced
during the milling process were deposited into three tailings aféae ¢ 2.2) and capped with
a layer of sangqCH2MHill, 2014). The downstrearmigration of tailings has led to the formation
of a tailings delta at the southwestern end of Long Lake. Arsenic is the primary contaminant of
concern in the Long Lake tailingmpoundmentElevated concentrations of $Cas well as Fe,

Al, and other meta are also observed.

Although several studidsave exploredhe effectiveness addC andZVI for theremoval of
As from mineimpacted waterthere is limited information on the potential for these materials to
sustain low concentrations of As under low @dhditions €.g, pH < 4).Theobjective d this
research is téurther evaluatéhe effectiveness ddC andZVI amendments for remediation

underlow pH conditions.

2.2 Methodology

2.2.1Column Desigrand Experimental Setup

Four acrylic columng30 cm long, 5 cm internal diameter) were used for the column
experiments and named TO, T1, T2, and T3, respectively. Eacfilecsvith various quantities
of reactive materig|Table 2.1), composed of silica sand (SS) (U.S. Silica Company), pulverized
limestone (Beachville Quarries), granular ZVI (Conn&i?M), and OC in the form of
composted leafulchand wood chips (Waterloo Regional Landfill) obtained in the summer of
2018 TheZzVI particles were predominantly in the 0.30 mm to 2.36 mm size rditgemixture
of OC andzVI wasthoroughly mixed with silica santb increase permeabilitgnd limestong
to neutralize the acidic pomater.The characteristics of the reactive metiensed for the
mixtures are summarized Trable A.1. Approximately 2 g of organidch sediment collected

from Laurel Creek, Waterloo was spread throughout each of the four columns during packing to
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enhance the growth of bacterial populations in thetirgamaterial Each columrmwasfit with an
influent and effluent port, 1&atersampling ports spaced atch intervals along the length of
one side of the column, anda&gersolid sampling ports spaced at 3@% intervals along the
opposite side of theoluim. A 3-cm layer of nonreactive silica sanas placed at both the
influent and effluent ends of the colurttnseparate the reactive mixture from the end ports
(Figure 2.3; Liu etal., 2014) The layers of silica sand were bounded by coanse finemesh
NI TEXE sRrioréo¢he start ofroundvater pumping, the columngereflushed with

CO; gas to displace the air within the colusnn

A feed solution with 5% Ndactate and @00 mg ! SO was therpumped through the
columrsto saturate the reactive mateifdlaybrant et al., 2002Postsaturation, the influent
and effluent ends of the columns were clamped before the columns were transferred into an
anaerobic chamber and left for 12 d to allow the growth of bacterial populdfiemsolumns
werethen subjected to continuous pumping oflfearinggroundwater collected fromme Long
Lakesite. Watewaspumped from the bottom upwards through the columias a@verage rate
of 3.24mL h! using a multichannel peristaltic pump (Ismataod Rainin Dynamax(Lindsay et
al., 2011b) The influenwaterwascollectedmonthly from the sitéo reduceany potential
changesn the As(lll):As(V) ratioduring storagePartway through the experintsnit became
apparent that As was precipitating from the influent water before it was pumped through the
columns. A spike of As(lll) and FeS@Was usedo increase the Aand Feconcentrations going
into the columnsThe influent water was sampled every week to confirm the compositithe
groundwater and ensure no major changes in geochemistry had octhgederage chemical
composition of the inflant solution is shown ifiable A.2. The column experiments were
conducted for 30 (to 32) weeks. During this time, a number of pore volumes (PVs) passed
through each column (60 PVs for TO, 35 PVs for T1, 52 PVs for T2, and 51 PVs;foafla

2.1). Theinfluent PVs for all graphs correspond to the PVs from column TO.

2.2.2 Sample Collection
2.2.2.1Effluent/Influent and Port Sampling

Water sampling took place directly in the glovebox. Collection of effluent and influent
samples was conducted approximately once a week; secondary sampling was conducted four to

five times over the course of the experiment. Effluent and influent sampbhgled the
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collection of samples for pH, Eh, alkalinity, and determination of the concentrations of cations,
anions, nutrients (NHN and PQ-P), and dissolved #$. Secondary sampling included the

collection of water for the determination of dissolvedamig carbon (DOC), dissolved inorganic
carbon (DIC), carbon isotopes, and sulfur isotopes. To assess changes in geochemistry along the
length of the columns, two profiles were collected over the course of the experiment. Profile
samples were collected ugia glass syringe starting at the effluent end of the column moving
downwards, to prevent disturbance to flow. Water samples were collected from the effluent ports
using 106mL amber glass bottles that were connected usingdrB2uter diameter Teflon

tubing and 0.3Zm outer diameter Phaed® BPT tubing to EL polyethylene bottles. All

samples were collected using syringes and passed throughan®#lter (Acrodis®) into
polyethyleneand ambebottles Samples were preserved wdi-70% OmniTrace®HNOs for

analysis of cations and trace elemeamtd with95-98% A.C.S. Reageii>SOy for DOC and

nutrient analyss, to a pH < 2 Samples for anions, DIGC, andi**S were not acidified.

Samples for analysi of DICwere frozen prior to analysiéll other samples were refrigerated.

2.2.2.2SolidphaseSampling

Prior to removing solid material from the columns, the pumps were turned off and both
ends of the column were clamped to prevent water from enteriegwng. Each column was
placed horizontally with the solid sampling ports facing upwargure 2.3). Ports were opened
one at a time and material (1% g) removed using a sterilized metal scoopula, then placed in
centrifuge tubes. The void formed duehe removal of reactive material from the column was
refilled with silica sand. At the end of the experiments, the columns were sectioned every 3 to 5
cm and material samples place®mmL glass vialsThe glass bottles were sealed with vinyl

tape andtered in the freezer until sample analysis.

2.2.3Analytical Methals
2.2.3.1Aqueous Analysis

The pH (Orion 3 Star meter connected to an Orion 815600 Ross Combination pH Probe)
andEh (Orion 3 Star meter connected to an Orion 9678B NWD-Blawe Combination redox
electrode)were measured immediately after collection on unfiltered samples. The pH electrode
was calibrated daily using pH 4, 7, and 10 buffers (traceable to NIST). The Eh electrode was
checked for response agai nst [iogbAkdlinitg(Blacmnd L
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digital titrator and bromocresol greamethyl red indicators; Method 10244 from the HACH
Hydraulic Fracturing Water Analysis Handbook, Edition 8) was measured immediately on
filtered samples.

Samples from the water sampling pods,well as influentand effluernwater samples,
were analyzeat the University of Waterloo, Groundwater Geochemistry and Remediation
Laboratory to determine concentration$ dissolved cations (inductivelgoupled plasma mass
spectrometry, Thermo Fisher Xseries II; inductivehupled plasma optical emissions
spectroscopy, Thermo Fisher iCAP 6000), dissolved anions (ion chromatography, Dienex IC
CQs), and DIC and DOC (total ganic carbon method, Aurora 1030 TOC Analyzer). Using a
spectrophotometer (HACH DR 2800), concentrations of dissolved aqueous (Sffjdecre
measured using the methylene blue spectrophotometric method (Method 8131, DR 2800
Manual),NHz-N using the satiylate method (Method 10031/10032, DR 2800 Manual), and
PQui-P using the ascorbic acid method (Method 8048, DR 2800 Manual).

2.2.3.2Environmental Isotopes

Sampl es for d% were collected ih 46 amberfglasa bottles and kept
in the freezer prioto analysis by the Environmental Isotope Laboratory at the University of
Wat er |l oo. S>&Sawerp dolested in palyetiylene bottles and kept in the fridge until
analysis prior to submission to the Isotope Science Laboratory at the University afyCalg

where BaSQwas preci pitated out of t#H® sample befor

2.2.3.3CarbonSulfur Analyzer

Samples for C/S measurements were anaerobically fo¥es prior to analysis using an
ELTRA CS 2000 Carbon Sulfur Determinator. After freezging, the samples were transferred
into an anaerobic chamber. A magnet was used to separate ZVI and dusieflo@.tDue to the
large variability in the reactive material (limestone, wood chips, leaf congio¥tand the
inability to separate all componentseasured C was determined to not provide an accurate

representation of the C content. Therefmnly theS wt. % was used.

2.2.3.4Microbiological Analyses
Microbiological analysegsing themost probable number (MPN) techniquere/
conducted on solid samples to enumerate RBneutrophilic heterotrophs (nHBach

cultivation was conducted in triplicatéor SRB,solid samples]( g) wereadded to 26nL serum
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bottles thatcontained 9 mL of a modified Postgate C med{fostgate, 1984whichwas at a

pH of 7.5 and contained 2.92 g'INa-lactate (60%), 28 g L Na acetate, and a resazurin
supplement to indicate anaerobic conditi@enner et al., 1999; Lindsay et al., 2008; Paulson et
al., 2018) Following the MPN technique, the serum batthere serially diluted(Gould et al.,

2003) After beinginoculated, the bottles were incubated in an anaerobic chamber for 5 weeks,
after which inspection of the serum bottles commenced. The presence of a black precipitate
indicated biogenic kS production ia SO reduction.Populations of SRB were counted
following the MPN techniquéCochran, 1950)FornH, each samplesasserially dilutedand

plated onto R2A agar (§na Aldrich, USA). The plates were incubateztobicallyat room
temperaturé~23 °C) without agitation. After 7 d, the samples were counted. Duplicates were
determinedy two successive dilutions that showed colony growth.

2.2.3.5DNA Extractions

DNA was extracted in duplicate using DNeasy PowerSoll Kits (Qiagen Inc., Germany)
on samples stored in the freezer (120 AC). Af
sulbmission. lllumina MiSeq sequencing (Metagenom Bio Inc., Toronto, Canada), with the
modified universal primers 515F/80§R/alters et al., 2015was used to amplify the V4 region
of 16SrRNA genes. Sequencing data was processed by Eva Pakostova (Pakostova et al., 2020),
following DNA extraction, using the Mothur program v.1.3@ghloss et al., 200@nd Mothur
MiSeq Standard Operating Proced(iKezich et al., 2013)Duplicate samples were merged and
chimeric sequences discarded based on predictions by vseangtithe Silvalatabase for 16S
rRNA gene sequences (release 132 for Mothur, downloaded 18/03/2019) as a reference.
Clustering of operational taxonomic units (OTUs) was conducted at a 97% similarity level using
ade novoOTU picking process. Taxonomic annotation ofiinduial OTUs was determined
using the Mothuformatted version of the Silva reference database (details alS®mxaral taxa
(unknown, mitochondria, and eukaryotes) were not considered for further data analyses, as
advised in the Mothur MiSeq SOP. To catvariation resulting from an unequal number of
sequences across samples, subsampling was performed for each sample after OTU generation at
a rarefaction level based on the sample with the fewest number of sequences (12,900 reads).
Relative abundances siilfatereducing bacteria (SRB) were obtained by screening the
taxonomy file for prokaryotic genera (or in a few instances higher taxa when identification to the

genus level was not possible) containing at least one species with the investigated metébolic
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Table A.3shows a list of SRB detected in the samples, as well as their mean % of total reads (in
the whole data set, not individual samples).

2.2.3.6Light Microscopy and SEM

Subsamples of the solids collected from the columns were sent to Spectragndpétics
(Vancouver, Washington) for thin section preparation. Samples were anaerobicallydfiedze
prior to submission and stored in an anaerobic chamber to prevent exposure to atmospheric O
Doublesided, polished, thin sections were preparecthbynting samples with Krazy Glue®
onto a Suprasil 2A quartz plate. These slides were suitable for syncHoased [X-ray
fluorescence (UWXRF) and pray diffraction (UXRD) analyses.

Thin sections were examined under both reflected@mdmitted light using a Nikon
Eclipse LV100N POL polarized light microscope to identify OC and ZVI grains. Grains of
interest were marked on the slide and analyzed to determine the percentage of elements in the
grain using scanning electron microscopi 8 and electron dispersion-bay analysis (EDX)
(Hitachi TM3000 Tabletop SEM coupled with a Bruker QUANTAX 70 EDS).

2.2.3.7Synchrotron Analyses

Thin sections were analyzed using synchrotron uXRF mapping of Asamline 2€D at
the Advanced Photon Source (ARS)Lemont, lllinois. Locations of interest on the grain were
further analyzed for As pXay absorption near edge structure (WXANES). Synchrotron pXRF
mapping of S was conducted on one thin section using beamline SXRMB at the Canadian Light
Source (CLS) irbaskatoon, Saskatchewan. Points of interest on the grain were analyzed with S
MXANES.

Samples of ZVI prepared for bulk S XANES analyses at the CLS were collected from the
column under anaerobic conditions and then frozen in liquid e frozen samplesere
crushed under anaerobic conditions using a mortar and pestle, to remove grain coatings, sieved,

and storedn 2-mL vialswhich were kept in aanaerobic chamber before transport to the CLS.

Processing of uXANES, XANESnd pXRF data was carried ouding the program
ATHENA (Ravel& Newville, 2005) Two to four scansere merged in Y(E) to reduce noise
and create data thateneeasier to fit and interpret. In cases where beam damage was apparent,

only the first scan was used. The merged scans were energy shifted with redpeetfevence
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standardyypsum,that wascollected during the same beamline time. Linear combination fitting
(LCF) of (L)XANES provides a quantitative assessment of the speciegasaime cases, can
predict the phases present in the solid material {bGt%o (Foster& Kim, 2014)

2.2.3.8Data Interpretation

Removal of As from all four columns was calculatesin thecumulative masa the
column influent minus the cumulative mass in the column effluent. Mass removal was based on
weekly gravimetricdeterminations of water volume combined with analytical determinations of
As concentrationsSulfate removal rates were calculated forheaicthe treatment columns (T1,
T2, and T3)The besfit SO, reduction equation was based on observeg $€noval for each
column (SigmaPlot, SPSS Inc.). The rates were further normalized to per weight (g) of dry OC
(Lindsay et al., 2008; Waybrant et al. 9B Data from the column experiment&rinput into
the geochemical modelling software PHREH@€ing the WATEQ4KBall & Nordstrom
1991)databaséo determine the saturation indices

2.3Results
2.3.1WaterChemistry
2.3.1.1Geochemical Conditions

The geochemical conditions in treatment columns T1, T2, and T3 exhibited similar
characteristics in terms of effluent pH, Eh, and alkalirifigre 2.4). The influent water pH
remained at a mean value of 3.5 throughbatdéxperiment; mean effluent pH values were 7.3,
7.6, and 7.9 for T1, T2, and T3, respectively. Column TO (0 wt. % ZVI) exhibited similar pH
values, with a mean effluent of 7.2. A sharp initial increase in pH within the first 3 cm was
observed in all foucolumns Figure 2.5). The mean influent Eh value was 406 mV, and column
effluents had a mean Eh of 32, Bsharpibital and 1T 27
decrease in Eh was observed in all four columns within the first 3 cm of reactieeal but
subsequent Eh values remained near 0 Fiufe 2.5. The mean influent alkalinity was close
to 0 mg ! as CaC@and the four column effluents had mean values of 616, 1010, 764, and 730
mg L't as CaCQ(TO0 to T3;Figure 2.4). Effluent alkalirity was initially high in the first 2Vs
of flow, then tapered off to lower, more constant, values after approximately 6 PVs. A
substantial increase in alkalinity along the length of the column occurred early in the experiment

(Figure 2.5). Near the endfdhe experiment, the magnitude of alkalinity increase was lower.
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The mean alkalinity in all four columns, not including the initial increase, was close to 100 mg L
las CaC@

2.3.1.2As

The concentrations of As in the influent water were as high as 10%(fgidure 2.6).
Variations in influent As concentration occurred over the course of the experiment, likely due to
O. exposure. The influent As concentration declined sharply at 21 PVs and remained low until
35 PVs, at which time As and Fe were added tarttheent waterFrom8 to 21 PVsthe As
concentration varied between 2000 and 5500 figAigure 2.6). After 21 PVsthe
concentration declined to between&@270 pg L. The influent solution was spiked to 6800
9600 ug L* As from 35 PVs untithe conclusion of the experiment.

Mean As concentrations in the column effluents were 3.6, 3.9a2d72.2 ug t* for
columns TO tar'3, respectively The first column profile was collected following the initial flush
of groundwatethrough the reactive columns. During this time, As concentrations going into the
columns verelow (57.5 ug LY). Despite low concentrations, all four columns showed a decrease
in As concentrations upon reaching the first sampling (fagure 2.7). Arsenic concemations
droppedbelow 10 ug [ in T1, T2, and T3 but not TO. The secbcolumnprofile was collected
near the end of the experiments after 47, 27, 40, and 38 PVs for TO to T3, respectively. The mean
As concentration in the column inflatwas8.9 mg L'*. Pronouncedemovalof As was
observedwithin the first 3 cm off1, T2, and T3whereas As concentrations renedrelevated

throughout theolumn length in T@Figure 2.7).

2.3.1.3Fe

The influent Fe concentration ranged from 11 to 58 mhgwiith amean of 13.6ng L
prior to the FeS@spike, and a mean of 52.3 mg following theaddition ofFeSQ (Figure
2.6). Starting at 35 PVs, dissolved Fe(ll), as FeSas added to the influent, increasing
concentrations to between-88 mg L'X. The mean concentrations of Fe in the column effluents
of TO, T1, T2, and T3 were 26.1, 50.0, 26.2, and 16.8 thgdspectively Figure 2.6) Column
profile chemistry samples were collecta times during the experimeriigure 2.7). The
early profile iowed an increase in Fe concentrations along the length of all columns. A larger
change in concentration between the profile influent and effluent was observed in columns TO

and T1 (25 to 200 mg1), whereas the change was less pronounced in columniT34{25 to
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100 mg L1). The second profile, collected at a later PV, showed the opposite trend. Iron
concentrations decreased along the column length in all four columns, with T3 and T2 exhibiting
the largest decrease in Fe concentrations along the cédumgii, followed by T1 and then TO
(Figure 2.7).

2.3.1.4Metals

The mean influentoncentrations adissolvedmetalsvaried (6.8 mg L Al, 0.25 mg L*
Co, 0.23 mg [*Ni, 0.14 mg ! Cu, 0.27 mg [} Zn,and 0.31 pug t: Cd; Figure 2.8). The
effluentmetalconcentrations were less than 5 g except for Alwhichwas < 25ug L™ for all
columns.A sharp decrease in Al, Cand Co within the first 3 cm of reactive material was
observed in columns T1, Tand T3, followed by constant values for the remainder of the
column lengthEigures A.1, A.2). Profiles ofNi, Cd, and Znconcentrations shoa sharp initial
decreasgfollowed by variableoncentrationslong the length of columns T1, ;T&xd T3
Similarly, a sharp initial decrease was observed in column TO for Al and Cu after which
concentrations remained constant for the remainder of the column. For Zn anddligmn TQ
a similar trendo Al and Cuwas observed at 47 PVs but, at 2 PVs, the concentrations were
variable throughout the column length, with concentrations decreasing at the effluent end.
Concentrations for Co and rogressivelydecreased alonipe length ofcolunrn TO (Figure
Al).

2.3.1.5Sulfur Geochemistry

The mean influent S& concentration was 214 mg'LThe mean column effluent O
concentrations were 236, 26.2, 42.2, and 49.7 thipt. TO to T3, respectivel{Figure 2.6).
Port measurements foolumns T1, T2, and T3 showed similar rates of*S@moval for both
profile sampling episode&igure 2.7). The first profile sampling episode showed a sharp initial
decrease in SO, prior to reaching the first sampling port, with no further declirer tive
remainder of the column length. The decrease isf ®0Oncentrations was more gradual during
the second profile episode, measured toward the end of the experiment. The opposite trend was
observed at 2 PVs for TO, with $0concentrations increasirsyibstantially along the column
length. At 47 PVs, S concentrations decreased minimally, remaining relatively constant

along the column length.
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Dissolved aqueous?3n the influent water was relatively low, with a mean concentration
of 5.8 pg Lt (Figure A.3). The mean column effluentRoncentrations were 1.4 mgtfor TO
and 28.0, 31.6, and 39.3 pg'for T1 to T3, respectively. Column TO had high initi&l S
concentrations in the effluent, with values up to 24 mati4.5 PVsFigure A.3). The
maximum $ concentrations in the treaémtcolumns were lower than observed in TO. The
initial increase in 3 concentrations wate largstin column T3 (maimum 183 ug L),
followed by T2 (91 ug i) and T1 (58 ug ). The column profiles for TI[2, and T3 showed
varied concentrations ofSalong the column in the first collected profile but an increaséin S
along the length of the column in the second proFigyre 2.9) The $ concentrations in both
profiles collected for TO showed veryw concentrations of?Salong the column length, which
contrasts with the high concentrations observed in the TO effluent.

The sul fur i1 sotope ratio of the influent w
the column length showed a progressive enrh me #3$-SQg with maximum values of 28.7,
16.0,and 24. 7 a i n T IFigureo2.9TThe exteneas gnrclertent may Inot be (
properly displayed for column T2 because one less measurement was made due to sample
limitations. ColumnT@l e monstr at ed an®SiS&wr at ab ttecBef@séa, i hc

relatively constant values for the remainder of the column length.

2.3.1.6Carbon

High DOC concentrations of up to 6000 mig &s C were observed in all four column
effluents during the fst 5 PVs, after which concentrations decreased to between 0 and 3b mg L
(Figure 2.10) The highest concentrations of DOC were observed for columns TO and T1 (6028
and 5764 mg 1, respectively), followed by T2 and T3 (3330 and 4121 mgrespectively).
Profiles collected for all four columns shedanincrease in DOC along the column length,
followed by a slight decrease in the effluehiglure 2.10). A gradual increase in DIC values was
observed in all four columns, with the highest valbserved in the effluent of T1 (31 m¢ s
C), followed by T2 (25 mg t as C) and T3 (14 mgtas C) Figure 2.9). A slight increase in
DIC occurred near the influent end of TO, followed by values®f3g L as C over the

remainder of the columiength.

The méCDn Ci val ues for the unreacted col umn

v

T27.1 a for |l eaf compost , ¥@DIAtrenddisplags a@egdticer wo o
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depl é&¢cRBldCUval ue of 1 23. 6FigureR9.Shhepi hhE@eats ewa i
bIc to 18.8 a (T1), 17.6 a (T2), and 12.3 a (

reactive material; foll owing ®CDICsaluéswere i al i nc
observed along the length of each column. Ashartpc r ease fr oic-DiICwas 6 t o O

observed in alumn TQ after which values remained relatively constant over the remaining

length of the column.

2.3.1.7Nutrients

The mean influent NEHN concentration was 0.85 mgtlwith a maximum of 1.56 mgt
as NH-N (Figure A.3). In the first 67 PVs, theNHs-N effluent concentrations were up to 6.7,
6.2, and 8.3 mgtas NH-N in T1 to T3, respectively. However, after the initial increase,
concentrations remainedlatively constant at values below 1 mg The PQ-P concentrations
in the influent ranged from 0.31 to 1.56 mg, with a mean of 0.18 mgi(Figure A.3). The
column effluent P@P concentrations reached maximum values during the fir§b61BVs
followed by decreases to near 1 mtpls PQ-P. The highest P&P values observed in T1, T2,
and T3 were 3.6, 4.6, and 2.5 mg &s PQ-P, respectively. Effluent values of N and PQ-P
observed for column TO were similar to the influent. No obvious treni$i:-N values were
observed along the column length for TO, T2, and T3, but column T1 demonstrated a decrease in
NHz-N concentrations at around 10 cm, followed by relatively constant concentrations for the
remainder of the columrr{gure A.4). Phosphaterofile measurements for all four columns

showed a general decrease inh#drom the influent to theffluent Figure A.4).

2.3.2Microbiology
2.3.2.1Most Probable Number (MPN)

Populations of SRB and nH were assessed through microbial enumeration of the solid
material collected from four locations on each colufigyre 2.17). SRB populations remained
relatively constant between28nd 16 bacteria ¢ in columns T1, T2, and T3, while no
culturable SRB were detected in column TO. Enumerations of nH bactepaliagions for
columns T1, T2, and T3 were %00’ bacteria ¢ and near 1Dbacteria ¢ for column TO. No
obvious trends in nH populations were observed along the column length for T1, T2, and T3.
Column TO demonstrated a progressive increase in nH gtigma from the influent to the
effluent end Figure 2.117).
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2.3.2.2DNA Analysis

16S rRNA gene amplicon sequencing of the solid material indicated the presence of SRB
in all four columns. Of the SRB identified, the five most abundant generaDestédfovibriq
DesulfobulbusDesulfomicrobiumDesulfuromonasandDesulfobacteFigure 2.12) The
relative abundance of SRB along the column lengths varied between 3.0 and 10.0% (T0), 2.4 and
4.1% (T1), 3.3 and 6.7% (T2), and 4.7 and 6.8% of total readsi)ré 2.12). In all three
treatment columns, the highestalobumber of reads of SRB was observed closest to the influent
end. The most abundant genus in TO Wasulfobulbuswherea®esulfovibriowas the most
abundant genus in T1, T2, and T3. The highest relative abundance of SRB was observed in
column TO; howeer, this column had a lower number of SRB compared to the other columns
(Figure 2.12.

2.3.3Mineralogy
2.3.3.1Reflected and Transmitted Light Microscopy and SEM

Reflected and transmitted light microscopy was used to identify minerals in the starting
materials and isamples collected from the columns at the end of the experiments. Unreacted
grains of ZVI were analyzed to observe the structure and properties of the grains prior to the
experimentsKigure A.5). This examination was used to distinguish whether readtim r
around the ZVI were due to chemical reactions in the column or if they were present prior to the
experiments. Grains of interest were further examined with SEM to determine the dominant

elements present in the grain.

The dominant sulfidenineralpresent in the reactive mixtwat the end of the
experiment wagyrite, which occurred as framboids, bothchgsters anésindividual, isolated
framboids.No single crystals or cubes of pyrite were obser@mdall amounts of chalcopyrite
(CuFe$S) and pyrrhotite (Fe1-xS) werealso observed. Irosulfide precipitatesvereobserved
between grains of silica sand andiass around th&VI grains (Figure A.6). The OC varied
from anisotropic to isotropic. Internal cell structure was observed, with occhisifiliag by Fe
sulfide (Figure 2.13. Secondary Fe sulfides were whgeey in colour under reflected light and
isotropic under transmitted light. The occurrence of both Fe and S in the secondary precipitates
was confirmed by SENEDX.

21



Iron (oxy)hydroxices, both as separate grains and as corrosion products on ZVI, were
observed. These corrosion products often replaced substantial sections of the ZVI grain and

varied in texture.

2.3.3.25olid Sulfur

The average wt. % S content measured in the solid materiattietreatment columns
was compared to the aqueoussS@oncentrationsHigure A.7). The S content of unreacted
material was 0.12 wt. % for leaf mulch, 0.04 wt. % for webgs, and 0.15 wt. % famntreated
ZVI1. The S content near the influent whg, 1.1, and 0.76 wt. % in T1 to T3, respectively. The
greatest mass of S was observed at the influent ends of the columns. A progressive decrease in
solid-phase S content was observed toward the effluent end in all three columns. The decrease in
S contehwas consistent with the observed decrease in dissolvgdc®®centrations along the
column length. The abundance of S present in the solid matesagreatest in column T1,
followed by T2 then T3.

2.3.3.3SynchrotroAbasedBulk S (1)XANES and S pXRF Mapping

Synchrotrorradiationbased bulk S XANES for the unreacted ZWigure 2.14)
indicates the presence of S in two predominant oxidation stafiéste (2482 eV) and an
intermediate, oxidized S species (2476 eV), similar to tetramethylene sulfoxtdeXE Wang
et al., 2019)Spectral data indicate S occurs in three oxidation states (a/li;iguce 2.14)
within the solid material fnm the treatment columns. The adsorption edge of the group
designated fAa/bodo ranges from 2470 to 472 eV,
and/or pyrrhotit§Fleet, 2005)Because the EO of this group camy2 eV between sample
spectra, it is not possible to distinguish which reduced S phase is present. The spectral peak
indicating a second oxidation state, AcO0, occ
organic, intermediate, oxidized Sspeciesre hi ghest energy edge, ido
which is an oxidized sulfate species, likely gypd@aSQ-2H,0), based on the EO of the
adsorption edg@-leet, 2005)

Sulfur uXRF mapping targeted a grain where a secondary precipitate replaces the cellular
organic material, as observed by optical microscopy and $Hgure 2.15). The results of
sulfur uXRF analysis indicate S occurs prinhaaround the rim of the grain and only in

localized hotspots in the center of the gramcontrast, uXRF indicates Fe is dispersed
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throughout the grain. Minimal variatioa observed in the S uXANES spectra measured at five
locations within the graint®wing two major oxidation states (a/bfégure 2.15. The majority

of S is present as a reduced phase with an EO of 2471 to 2472 eV, corresponding to pyrite and
elemental S. The second peak located at 2482 eV corresponds to gypsum. A third, lesser

compament corresponds to intermediate oxidation stags Na-thiosulfate or Ktetrathionate).

2.3.3.4SynchrotrorbasedAs uXRF Mapping and AsXANES

The pXRF mapping of secondary precipitates indicates the presence of As in grains
containing both Fe and &igures 2.16, 2.17. Arsenic occurs both on the edges of grains and at
localized spots rather than uniformly throughout the entire grain. Arg#A&NES was
collected at a location of relatively high concentration, identified thredRF mapping. Two
majo oxi dation states of As are observed as re
and 11874 to 11875 eV (+5). Reduced and oxidized species are present in the solid material at
each spot measured, but the majority of As is present in the redatedl$te predominant As
species observedinthe-Be secondary precipitates are consi
orpiment (AsSg, +3), realgar (AsS, +3), and As(V) sorbed onto ferrihydrite, or possibly as
kankite (FeAs@ 3.5H0; Walker et al., 2005)The presence of kankite could not be confirmed

because of low counts the spectral data

2.4 Discussion

2.4.1Water Chemistry

The mean influent pH was 3.5 and the mean influent alkalinity was close to & asy L
CaCQ. The sharp increase in pH at the basthefcolumns corresponded to an increase in
alkalinity within the first 3 cm of reactive material. The pH of the column effluents remained
consistently circumneutral throughout the experiments. The alkalinity of the column effluents
was initially high for be first 56 PVs, after which a substantial decrease followed by constant
values on the order of 100 m¢ Wwere observed in all four columns. The high initial pH and
alkalinity of the column effluents may be attributed to the dissolution of limestonedlat
added to the reactive mixture and contributes to the neutralization of acidity through the
production of HC@:

6O OP 60 O [6]
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Under anaerobic conditions, the oxidation of OC coupled witk $&luction is catalyzed by
SRB, which also contributes to alkalinifiyvaybrant et al., 1998)

b ¢8'00P OY O 7]

where CHO represents a simple organic compauFite highest effluent alkalinity was

observed in the column with the greatest proportion of OC (T1). Finally, the anaerobic corrosion
of ZVI likely resulted in further neutral&ion of the pH through theeduction of water and the
formation of OH (reaction B]; Blowes et al., 2000; Manning et al., 2002)

An increase in the mean pHin T1, T2, and T3 to 7.3, 7.6, and 7.9, respectively, was
consistent with the increase in weight percentage of ZVI in the mixture. All three reactions ([6]
to [8]) likely contributed to the sharp initial increase in pH and aliigliand the stable pH
values observed throughout the experiments. The addition-dise, used to stimulate
conditions favourable for the growth and activitySiRB, also may have affected the pH and

alkalinity at the onset of the experiments.

Decraases in Eh values were observed in all four columns, indicating the development of
reducing conditions. The presence of OC and ZVI in the reactive mixture likely contributed to a

further decrease of Eh values in T1, T2, and T3.

Decreases in Eh, the gentioa of alkalinity and HS, and a decrease in $0
concentrations along the column length of T1, T2, and T3 indicated the development of
conditions favourable for S® reduction at the onset of the experiments. Followiegfirsts
PVs, the concentratis of BS and alkalinitydeclined Figures 2.4, A.3). The high initial
concentrations may be attributed to flushing of thdad¢sate solution present in the columns

prior to the introduction of groundwater and to the addition of orgacticcreek sediment.

The MPN results suggest the inclusion of OC thireactive mixture was important for
the growth of SRB and microbial activity. Although similar relative abundances of SRB were
determined by 16S rRNA sequencing, no culturable SRB were detected in TO. The greatest
culturable counts of SRB were obsenadhe influent ends of columns T1, T2, and T3,
suggesting great&RB activityat these locations. No significantly gregter> 0.05)elative

abundance of SRB was detected in T1, despite the greatest mass of OC among the three
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treatment columns. It igossible that bacterial abundance does not increase beyond a threshold
mass of OC substrate (the lowest percentage of OC in all three columns was 20 wt. %).

Desulfovibriowas the most abundant SRB genus in columns T1, T2, and T3, whereas
Desulfobulbusvas the most abundant in TO, possibly reflecting differences in overall
community structure due to the composition of the column matBreslfovibrioand
Desulfobulbusnemberdave similar characteristicgicluding respiratory or fermerttae
metabolisns, incomplete oxidation of organic compounds, and the ability to usé &0a
terminal electron acceptor to be reduced 18 (Kuever et al., 2005However,organisms
within the Desulfovibriogenerahave been shown fmroduce more sulfide per unit cell mass
utilizing Hz, compared to lactatas an electron dongsteger et al., 2002Y he oxidation of ZVI
results in the formt#on of H (reaction [8]) providing a source okFbr SRB metabolism.
Desulfovibrioweremore abundant in the treatment columns containing ZVI. Furthermore,
Desulfobulbuss among the first sulfateeducing groups to colonizgofilms and, in doing so,
could create conditions suitable for other S@ha et al., 2005; Okabe et al., 199Bherefore,
biofilms may have formed on the sand and limestone in TO in the presencdaat®a and
organicrich creek sediment, allowingesulfobulbugo dominateamong SRB despite the

absence of solid OC added to this column.

Other abundant genera, present in all columns, inclDdsdlfomicrobium
DesulfuromonasandDesulfobacter Conditions within the columns fall in the ideal range of pH
(6.57.5) and tempetare (2535 °C) for the five most abundant SRB genera identified in the
column study(Rikihisa et al., 2015)DesulfovibrioandDesulfomicrobiunare both consided
important groups contributing to $Oreduction and As removal in remediation syst¢Aigin
et al., 2014; Omoregie et al., 201B) addition,some members desulfovibrioand
Desulfomicrobiumare able to reduce both arsenate angf S®strain ofDesulfomicrobiunmay
use arseate as a terminal electron acceptor in the absence4f &@hout affecting SG¥
reduction(Macy et al., 2000)Sometype speciesf DesulfuromonasndDesulfovibrioalso
contain a multiheme-type cytochrome that may function as an Fe(lll) reductase, promoting
Fe(lll) reduction(Macy et al., P0O0)

Sulfate concentrations declined in all four columns with an observed order of removal of

T1>T2=T3>>TO0. The decline in S& concentrationsorresponded to the release oS8HThe
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greatest decrease in $Qand increase in #$ concentrationwasobserved in column T1,
followed by T2 and T3. No change 80> concentrationsr H,S was observed in column TO.
Lower HS values observed toward the middle and end of the experiment were likely due to the

precipitation of Fe(ll) andther metal sulfides, limiting the aqueousSHtoncentrations.

Bacteria preferentially utiliz&S in metabolic function relative to the heaits,
resulting in enrichment 6f'S in the residual G,% (Lindsay et al., 2011a; Nak& Jensen, 1964;
Waybrant et al., 2002) T h e e n r3*S&® obsenved inithe effluent versus the influent
of columns T1, T2, and TF{gure 2.9), coupled with the decrease in SQ@oncentrations, is
consistent with the occurrence of bacteriaigdiated SG* reduction. The greatest enrichment
of *'sSSOy(up to 30 a) was observed for column T1,
ZVI. A *4%-SQuenrichment fac o i) of (2€19was calculatel or c ol umn T3S based
SO profile collected at 27 PMClark et al., 2008; Gu& Blowes 2009) This enrichment factor
is within the range oif 20.8 toi 46.1 observed in previous experiments utilizing OC to promote
SQ? reduction(Guo& Blowes 2009; Lindsay et al., 2009; Waybrant et al., 2002)

Increased alkalinity and 43 concentrations and decreased Eh were observed in column
TO; however, no enrichmenf i**S-SQu or decrease in SO concentrations were observed.
These differences indicate lower rates of bacterialydiated SG¥ reduction in column TO
compared to thether columns. At the end of the experimestfiuent concentrations of S®in
all four columns remained abo¥@ mg L}, suggesting S&3 reduction was not limited by the
availability of SQ? duringthe experiment. If the experiments haxhtinued for longer, the OC

source may have become depleted, resulting @&limited system(Waybrant et al., 1998)

2.4.2Dissolved Arsenic anietal Removal
2.4.2.1lron

Iron concentrations reained above the secondary maximum contaminant level of 0.3 mg
L (EPA), and weraip to 50 mg tin the column effluentsThe increase in Fe along the
column length at the onset of the experiments may have been due to the development of reducing
conditions that resulted in reductive dissolution of Fe (oxy)hydroxide corrosion products on ZVI
and Fe mobilization. The largest increase in Fe concentration was observed in T1, the column
with the highest percentage of OC. The final measured effluent Fe catimentvas as low as 2

mg L%; this suggests that, with time, Fe concentrations may have decreased further.
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Iron-reducingmicroorganismgIRM) likely contributed to the higher concentrations of
Fe in the effluent. Oxidation @C can occur by pairingvith Fe(lll) oxyhydroxides as a
terminal electroracceptoBrock et al., 2006; Lovley & Phillips, 1988)

000 T1TOQU0 UL @O © 1T'0Q O0 xXO0U [8]
Iron(ll) can be mobilized through bacteriallgediated reduction of Fe (oxy)hydroxideshich
may have resulted in the initial increase in Fe concentrations along the column profiles.
Characterization of the microbial community following the termination of the experiment
indicated total reads of M were low (< 0.1 % of the totahicrobial reads However, some
SRB gerraare cpable of directly utilizing Fe(lll) as a terminal electron acceptor. The
formation of BS and subsequent precipitation of Fe sulfides likely resulted in the retention of
Fe(ll). SEM andopticalmicroscopyconfirmedthe presence of pyrité)cluding framboidal
pyrite, pyrrhotite, and chalcopyrit€&seochemical modeling indicatd®e precipitatn of other Fe
sulfides such as mackinawite ((Fe Nip) and amorphous FeS is favour@&dgures A.8, A.9).
Geochemical modeling also indieatthe ptential precipitation of secondary minerals
previously observed in reactive barrier studies, includiagnetite (Fe;04), maghemitg¢FeOs),

sphaleritg(Zn, Fe)S) greigite(FesSs), and amorphous Fg&u et al., 1999; Jambor et al., 2005;
Lindsay et al., 2008; Rao et al., 200%gures A.10, A.11J).

The formation of pyrite typically proceeds with the formation of disordered mackinawite
first (Wolthers et al., 2003¥ollowed by cubic or amorphous FeS, then tetragonal FeS or
mackinawite, greigite, and finally marcasfteeS) or pyrite(Jambor et al., 2005Y his pathway
indicates the importance of mackinawite for the removal of Fe and other metals from the water,
and severadtudies have noted mackinawigeone of the most abundant Rfisles present in
the reacted materiéGu et al., 1999; Lindsay et al., 2008he presence of mackinawite and
pyrite, based on the results of geochemical modelling and optical microscopy, indicate Fe was
likely removed through the above pathway. Other secondary products such as magnetite and
maghemite likely contributed to Fe renabyGu et al., 1999; Jambor et al., 2005)

Corrosion of ZVI grains, or replacemdny secondary precipitates, was observed on
grain boundaries and in the form of alteration rims, or on the darkened sections of the grains.
Jambor et al{2005)observed the replacemt of ZVI by Fe (oxy)hydroxides as rims and veins

around the grain or on the exterior of the grain at sites containing graphite. The Fe
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(oxy)hydroxides observed in these column experiments are similar in appearance to those
observed bylambor et al2005.

Synchrotrorradiation bulk S XANESnalysisndicates the accumulation of sulfides on
the coatings of the ZVI grai® comparison between the spectra foranéreatedZVI and the
reacted column material shows similar spectral features (c, d) that correspond to tetramethylene
sulfoxide (2476 eV) and gypsurg482 eV) adsorption edgesigure 2.14. However, Aal/l b
absent in theintreatedZVI compared to the column material. Tlisangendicates that, during
the experiment, a reduced S phase (pyrite, pyrrhotite, elemental S) accumulated as a coating on
the 2VI grains fFigure 2.14). The accumulation of sulfides, including pyrite and pyrrhotite, is
consistent with the aqueous, microbiological, and solid phase results that indicate the formation
of sulfides through bacterialynediated S@ reduction. In anoxienvironments, the presence of
Fe(lll) may result in the chemical oxidation of sulfide fo(Sovley & Phillips, 1994; Thamdrup
et al., 1993)This process may explain the presence of elemental S in the reactive niaterial.
addition, the uXRF and SuUXANES indicate the majority of S present in the secondary
precipitates is in reduced phases (pyrite or elemental S). AddiS@»4lprobably accumulated

in the column material derived fro80:% in the influent water.

Themajority of the organic carbon appeatedeunreacteghowever, the cellular
structure of several particles was replaced by Fe sulfgfeldl analyses indicate the precipitate
replacing OC is composed of Bad S(Figure 2.13. The uXRF and S pXANES results indicate
the majority of S present in the secondary precipitate the reduced phase, as pyrite or
elemental SKigure 2.15. Replacenent of cellular organic matter by sulfides was observed in a
similar study, with the sulfide consistingamly of pyrite ard appearing opaque in transmitted
light and white under reflected lightambor et al., 2005Theformation of secondary carbon is

alsoa common characteristio sulfatereducing PRB systen{dambor et al., 2005)

2.4.2.2Arsanic

Influent As concentrations fluctuated during the experiment, which can be divided into
four main stagesHjgure 2.6). In stage |, As concentrations are low (24 pb),lprobably due to
O influx into the bottls during storage. Improved collection methods maintained higher As
concentrations in the influent in stage Il (4 mgfor approximately 10 PVs). In stage lll, As

concentrations decrease (103 pg.LFinally, in stage IV, dissolved As and Fe added to the
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influent solution resltsin increased concentratio(iz9 mg L As, 52.3 mg [* Fe)for the

remainder of the experiment.

The effluent As concentrations in column TO ranged from 0.3 to 8.3 Igith a mean
of 3.6 mg L. Column TO removed a cumulative mass of 17.8 mg of As, which repr@&xexs
removal of the total influent Asn all three treatment columnsifluent As concentrations
remained below the EPA maximum contaminant limit of 10 fg\er the duration othe
experiment. Removal occurred within the first 3 cm of reactive material in T1, T2, and T3, with
the cumulative masses of As removed (79.6, 93.4, and 86.8 mg for T1, T2, and T3, respectively),
which represents >99.9% removal of the total influent As.

Thereducing conditions that developed within the columns likely contributed to As
removal and immobilization due to two reactions. First, the formation®fthrough
bacteriallymediated SG reduction may have resultedtime precipitation of Asbearing
secondary sulfide minerals (reactiod$ §nd [5]; Blowes et al., 2000; Jambor et al., 20@3i)gh
concentrations of v6 at the onset of the experiment, dalled by lower concentrations, reflect
removal through metal sulfide precipitati®ynchrotron resultalsoindicate the presence of As
in secondary precipitates containing Fe and S. Second, the ZVI in the mixture and the formation
of Fe (oxy)hydroxides ahsecondary sulfide precipitatagdction B]) likely created surfaces
suitable for As adsorption. Synchrotron results indicate the presence of sorbed arsenate onto
ferrihydrite on secondary precipitateRetentiorof As may be due to mechanisms such as
incorporation into the tetrahedral-Bdayers of mackinawite or adsorption onto Fe
oxyhydroxidegBowdl, 1994; Mullet et al., 2002\Water samples from profile measureitsen
wereundersaturated with respect to crystallineb®aring phases including realgar and
orpimert. However, As concentrations in the treatment column profiles declined sharply
upstrem from to the first sampling port; for example, in the second profile (27 PVs) for column
T1 the As concentration declined from 8.9 myth < 5 ug L upstream from port 1, suggesting
any removal of As by sulfide precipitation occurred upstream from the first sampling port. lIron
corrosion products including maghemite, magnetite, hematit®©¢;e&nd goethite (FeO(OH))
may have affected the ZVI and Agéraction and also contributed to the rapid removal of As

(Rao et al., 2009; S& Puls 2001) Arsenic may have been removed througpoecipitation
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with Fe silfides or incorporation by innesphere adsorption ontbe surface of goethite and
other FeOOH polymorph&udwig et al., 2009; Stichbury, 2000)

Synchrotrorradiation base@dXRF anduXANES resultsindicatethe presence of As in
the secondary precipitates, which contagand Sandsuround grains of silica sanérigures
2.16, 2.17. ThepXANES spectral features associated with As(V) are most similar to arsenate
sorbed to ferrihydrite. Reduced As phases, including realgar, orpiment, and arsenopyrite, were
also observed. Kankite may also occur within the secondary product replacing cefjatac o
material. These observations indicate As is likely incorporated into the structure of secondary
precipitates through sorption or-poecipitation. A combination giXANES/uXRF results
indicate the formation of Asulfide minerals occurs, despite ghemical modelling results
indicating undersaturation with respect to realgar and orpiment. As noted above, the majority of
these minerals likely formed upstream from the first sampling port. Both reduced and oxidized
forms of As are present in the seconydarecipitates; however, the majority of As is in the
reduced form (11, +3). Reduced As is anticipa
that were sustained within the column. In additibwe, teducing and anoxic conditions
maintained throughduhe experiment suggetste As immobilized in the sulfide form should be

geochemically stable

2.4.2.3Metals

A sharp dereasan metal concentrationsas observed between the ught and effluent
(Al, Cd, Co, Cu, Ni, &; Figure 2.8). The increase in pH arttie precipitation of secondary Al
(oxy)hydroxi des,-Al({OHR)g!| wdcidn g JOLDi))dikely epraribated
to the removal of AlRigure A.8). The presence of higher concentrations g ldarly in the
experiment further suggests the lifez in metal concentrations is due to the precipitation of low
solubility metal sulfidesréactiond4] and[5]). In the presence of dissolved Fe(ll) angBH
disordered mackinawite is predicted to be the first phase to precipiatthers et al., 2003)
Geochemical modeling indicates the water is saturated with respect to sulfide minerals such as
sphalerite, chalcopyrite, covellite (CuS), and chalcocite$¢kigure A.9); this suggests the
formation of these sulfide minerals, or less crystalline precursors, likely contributed to the
removal of Cu and Zn. Retention of metals may be due to incorporation into the tetraheiral Fe

layers of mackinawitéMullet et al., 2002)In addition, adsorption onto organic matter arfteot
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(co)precipitated phases such as Fe and Al (oxy)hydroxides may also contribute to retention of
metals(Gibert et al., 2005)The removal and retention of metals including Cu, Zn, and Ni are
likely due to the formation of lowgolubility metal sulfides and adsorption onto Fe sulfides and

Fe (oxy)hydroxides.

2.4.3Carmbon andNutrientRelease

The initial release of NHIN and PG-P in T1, T2, and T3 could be due to the breakdown
of organic matter containing N andPaulson et al., 2018; Waybrant et al., 2002)
Decomposition of organic material likely promoted the growth of heterotrophic SRB that utilize
SQZ as an electroaccepto(Herbert Jr et al., 2000Although column T1 contained the highest
OC content, the concentians of PQ-P and NH-N were similar to columns T2 afi®; PQ-P
and NH-N were lower in column TORigure A.3). Despite high effluent concentrations of NH
N and PQ-P early in the experiments, an overall decrease in concentrations oatererhe.
PQOy-P and NH-N concentrations persisted in therewater in later stages of the experiment
(Figure A.3).

High DOC concentrations observed at the onset of the experiment are attributed to the
initial flush of groundwater through the OC present in the reactive matendsayet al.,
20114). The highest concentration of DOC released in the initial surge conesghdo T1, the
column with the highest percentage of Q@Ge highest concentrations of Fe were also observed
in column T1 during the initial surge. Organic carbon may be utilized as an electron donor for Fe
reduction feactions [4] and [9] suggesting # high initial DOC concentrations may have
contributed to an increase in Fe concentrations. Following the initial surge in DOC and Fe,

concentrations progressively decreased.

The initial increase in DOC concentrations could be due to two reasonsNeitattate
solutionand residual carbon, addedcasek sedimentvas likely broken down and released
during the first few PVs. Secontthe initial surge could be attributed to the rapid depletion of
labile organic carbon from the initial labile OC presenthie reactive mixture. Following
depletion of this initial labile OQn situ OC degradation may have become the main source of
OC available for bacteriallynediated SG reduction(Lindsay, 2009)Increases in DIC
concentrations were also observed in all four columns. The largest increase in DIC was observed

in column T1, corresponding to the highest percentage of OC in the reactive mixture. DIC
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concentrations may increase due to mineralizaticrgdnic matter coupled with bacterially
mediated SG¥ reduction(Asmusser& Strauch 1998)

An enrichment ini**C-DIC at the first sampling port was followed by a gradual decrease
in U*C-DIC along the length of columns T1, T2, and F&y(re 2.9). In column TO, bllowing
the initial enrichmenthet™®>C-D1 C val ues remained relatively <co
remainde of the colunm length. The observed trend in column TO reflects the influence of
limestone from the reactive materi@iheslight increaseén alkalinity within the first 3 cm of
reactive material correspositb a sharg n ¢ r e &GRIC vialnes ColumnT3, with the
lowest percentage of OC in the reactive mixture, showed the sharpest incr@dSeDiC,
followed by T2 and then T1. Despite the increasg-a-DIC ratios, values remained relatively
depleted, especially in .clola)mnsTHhreh fE{3BQi4c Bmein t
combinedwith the depletion ofi**C-DIC is indicative of S@ reduction coupled with oxidation
of organic carbon. A slight decreasditiC-DIC was observed along the column length. The
lower ratios observed in T1 may be attributed to a contribution from l@iG¢eaf mulch and

wood chips).

2.4.4Sulfate Reaction Rates

The removal rates of S®in thetreatmentolumns werealculated based on the second
profiles collected from columns T1, T2, and T3 at 27, 40, and 38 PVs, respediigglye(
2.18. Sulfate removal rates within all three columns are consistent with @morate
equationC = -kot, whereC is the SG* concentration (mg ), tis the residence time (Bndko
is the zereorder rate constant for G®removal (mg ! d). The three treatment columns had
similar SO% removal rates, WitRs;= 1 3 3. 1d'fonTd, Rd.= T 3 3. fB'fonT@, L
and Rz= 1 3 0. 3@ fonT§. Thenegative rate constants indic&€y> was removed. The
zeroorder rate expression provides a reasonable description for the 8@ akduction (R >
0.93).The weight percentage of dry OC varied in each of the three treatment columns from 20 to
40 wt. %. Thenormalized SG removalr at es were 1T0.18 (T1)d*70. 18
glof dry OC (T3).

The zereorder equation for reaction rates has been used in similar s(Beiaser et al.,
2002) Reported rates vary fron0.14 toi 4.23 mg L d* g of dry OC(Waybrant et al., 2002)
to71.24 toi 1.40 pg Lt d* g? of dry OC(Lindsay et al., 2008 studies utilizing similar
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material. The bulk Sg& removal rate for a field barrier systéBenner et al., 2002)vas

between 40 and 58 mmotilla?® (10.515.3 mg L d1), which is of similar magnitude to the rates
observed in our study. Sulfate reduction rates were very simildabmeatorysystem containing
only OC(Waybrant et al., 2002)'he removal rate observadaur system was approximately

two orders of magnitude higher than a study containing both OC and ZVI and that determined
SQ? removal rates using a malsased approach rather than an aqueous concenibatseal
method(Lindsay et al., 2008)ariances in the reactive material used may also have affected
SOy reductionrates. Mixtures varied from those containing only organic caBenner et al.,
2002; Waybrant et al., 2008) those that included Z\(Lindsay et al., 2008)

Of the three treatment columns, T3, containing the lowest wt. % of OC, had a slightly
higher S@* removal rateln a similar experiment, a higher removal rate was observed in a
mixture containing 50 vs. 40 dry wt. % OC in a microcosm s{udysay et al., 2008)Even
though the addition of OC has been shown to enhang& 1@@uction rates, a substantial
enhancement in reaction rates may not occur above a certain dry wt. %{bin@€ay et al.,
2008) Based on the similar rates calculated fothake of our treatment columns, thes30
reaction rate may not be further enhanced at OC contents above 20 wt. % (dtgkraentage
of OC considered). However, the abundance of OC may affect the longevity of the reactive

mixture (Lindsay et al., 2008)

2.5 Conclusins

Removal of As, metals, and $Owas observed in all treatment columns. The pH of the
groundwater increased from pH < 4 to circumneutral values before the first sampling port, and a
pH > 7 was maintained throughout the experiment. The onset of reducing conditions and
bacteriallymediatedSQs* reduction resulted idecreasgin SO concentrationsHzS
product i on, *&30 and thenpeesehce of SRBIpopulationall treatment
columns. Column TO, containing minimal amounts of OC, removed metals from the
groundwater, but didot contain sufficient OC to sustain sulfa&elucing conditions and result
in As removal. A higher relative abundance of SRB was observed at the influent vs. effluent end
of the treatment columns. Above 20 wt. % OC, no additional increase in SRB abuadance
activity was observed. Sulfatemoval rates ranged from 0.18 to 0.20 migd! gt dry OC for

the three treatment columri®emoval rates were within one order of magnitude of previous
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laboratory column experiments utilizing similar reactive mateviatying the wt. % of ZVI and
OC resulted in modest changes tas5@moval rates.

Results from synchrotron radiation bulk S XANES indicate the accumulation of reduced
S phases, including pyrite and FeS, on ZVI grain coatings. Removal of Fe and othgisneta
attributed to bacteriallynediated SG¥ reduction and the subsequent precipitation of low
solubility metal sulfides including pyrite, sphalerite, chalcopyrite, ordegstalline precursors.
Removal of Fe may also be due to the replacement ofaretitganic material by an Filfide
precipitate. A decrease in effluent Fe concentrations was observed over time, but concentrations
remained above 2 mg'ithroughout the experiment.

The removal of As is attributed to adsorption dRgo(oxy)hydroxides and precipitation
of As-bearing secondary sulfide mineralgsenic is present as both oxidized and reduced
species in the form of secondary precipitates and adsorbed proshsetsiteis immobilized as
As-crystalline phases includingalgar and orpimepand arsenatis removed through
adsomption onto ferrihydrite. Thereducing and anoxic conditions of the column material indicate

that immobilized As should be geochemically stable.

This study demonstrates the potential for the reactiaterial, which contains a mixture
of OC, ZVI, and limestone, to remove metal(loids) from acidic groundwater. No significant
difference among the three treatment columns was observed, suggestingfiectige
composition of reactive material may w#i minimal ZVI (20wt. %). Further evaluation of the
reactive material is needed to determine the-t@ngn capabilities of the mixture. In addition,
evaluation of the material under field conditions would increase our understanding of the

influence of chaging temperatures on the reactivity of the column material.
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Figure 2.1 Map of Long Lake with respect to Sudbury, ON. The red star to the south of the southwest end
of Long Lake is the location of the LgrLakeAu Mine Tailings Impoundment (modified aftglerbuyst,
2020)
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Figure 2.2 Map of the southwest end of Long Lake aaitingsimpoundment to the south. T&L, TA-
02, and TAQ3 are the three sarmbvered tailings areas (modifiedter Verbuyst, 202Q)
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Figure 2.4 pH, Eh, and alkalinityersusPVs in the influent andffluent of the four columnsrhe

OC:ZVI ratio in column TO is 0:0, T1 is 40:10, T2 is 30:20, and T3 is 20:30.
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Figure 2.6 Concentrations of As, Fe, and $QrersusPVs in the influent and effluent of the four
columns.nput of As was discontinuous throughout the experiment, with concentrations varying between
four main stages (left). A spike of As and Fe was added at the third grey dashed line (35 PVisigfollow
the end of stage Ill. The OC:ZVI ratio of column TO is 0:0, T1 is 40:10, T2 is 30:20, and T3 is 20:30.
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Figure 2.8 Concentrations of meta(&l, Cd, Co, Cu, Ni, and ZmjersusPVs in the influent and effluent
of the four columnsThe OC:ZVI ratio of column TO is 0:0, T1 is 40:10, T2 is 30:20, and T3 is 20:30.
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Figure 2.9 Top row:Concentrations of’Sc 0 mp a r %#86Q, vatuesih aqueous samples collected
along the length of domns TO, T1, T2, and TBottom row:Concentrations of dissolved inorganic
carbon (DIC)arec 0 mp a r ®CeDICtalong the column lenptData are from the second vertical
profile collectedThe OC:ZVI ratio of column TO is 0:0, T1 is 40:10, T236:20, and T3 is 20:30.
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Figure 2.11 MPN enumeration results for solfthase samplesllected along the length of columns TO,

T1, T2, and T3The eaumeration oboth sulfatereducing bacteria (SRB) and neutrophilic heterotrophs
(nH) isshown.
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Figure 2.12 Relative abundanaaf knownSRBidentifiedthrough 16S rRNA amplicon sequencing in the
solid material collected along the length of columns TO, T1, T2, an@hSfive most abundant genera
are plottedand the remainin@RB grouped separatelirhe total number of reads of SRB obtained during
sequencing (top bar) and the percentage of total reads including the distinction between major SRB
genera (bottom bar) are shown.
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Figure 2.13 Reflected light microscopy image of the replacemer@Ghy a secondary precipitate (A).
The presence of S (B) and Fe (C) in the precipitate (right) is shown th&&tdtimaging
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Figure 2.14Bulk S XANES spectra of solid samples collected flaboratory columns T1, T2, and T3
Spectra of areacteduntreatedZVI and other standardse also shown. The spectral peak locations for
pyrite (@), elemental S (b), tamethylene dfoxide (c), and gypsum (d) are shown with dashed lines.
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Figure 2.15 Results from optical microscopy (A), EXRF imaging (B), SUXRF imaging (C), and S
UXANES spectra (right) of a secondagecipitate replacin@C substrateSpectra from two separate

scan locations (spots 1 and 4) are plotted with standards used for LCF. The spectral peak locations of
pyrite (a), elemental S (b), Nhiosulfate (c), ktetrathionate (d), angypsum (e) aret®wn with dashed
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Figure 2.16 Results from optical microscopy (A), BXRF imaging (B), AUXRF imaging (C), and As
UXANES spectra (right) of a secondary precipitate that formed between grainsasaitid (column

T2). The spectrum collected from spot 1 is plotted with the standards used for LCF. The spectral peak
locations of realgar (a), orpiment (b), and As(V) sorbed onto ferrihydrite (c) are shown with dashed lines.
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Figure 2.17 Left: Results from otical microscopy (A), F&IXRF imaging (B), and close upd As uXRF

imaging (C) and FEXRF imaging (D)of a location noted in (BRight: As WXANES spectra of a

secondary precipitatthat formed along the edge of a silicacsgrain (column T3). The spectrum

collected for spot 1 is plotted with the standards used for LCF. The spectral peak locations of arsenopyrite
(), realgar (b), and As(V) sorbed onto ferrihydrite (c) are showmdgished lines.
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Table 2.1 Average composition (dry wt. %), flow rate, residence tipzgpsity,and total pore volumes
passed through each column.

Organic  Zerovalent  Silica

Column Limestone Avg Flow Residence _
Carbon Iron Sand ) Total PV  Porosity
Name (wt. %) Rate (mL ht) Time (d)
(wt. %) (wt. %) (wt. %)

TO 0:0 0 0 90 10 3.0 3.69 59.9 0.37
T1 40:10 40 10 45 5 3.1 6.41 34.5 0.64
T2 30:20 30 20 45 5 34 4.67 52.3 0.47
T3 20:30 20 30 45 5 34 4.59 50.9 0.45
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Chapter 3: Removal of Arsenic and Metdlem Groundwater
Impacted by Mine Waste Using Zaralent Iron and Organic
Carbon: Fieldreaction Cell
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Executive Summary

Arsenic (As) is a widespread contaminant throughout the world and is frequently
associated with gold mining. Passive remediatiohrtelogies have the potential to remove As
from contaminated groundwater and mine waste effluents. This study evaluated the effectiveness
of a reactive mixture containing zevalent iron, organic carbon, and limestone to remove As
and metals from acidic gundwater. Specifically, a fielceaction cell, 30 cm in diameter and 99
cm in length, was installed to treat groundwater impacted by the mill tailings impoundment at the
Long Lake mine, Sudbury, ON. The experiment builds on a laboratory column study using
groundwater from the same site. Resultsrftbe fieldcell indicate it successfully increased
groundwater alkalinity and pH to circumneutral values. Conditions favourable for bacterially
mediated SG¥ reduction were indicated by a decrease in Eh, aedserin SG concentrations
coupled with S andthepresehcena mitrobialfcominunities of sulfate
reducing bacteria, irereducing bacteria, and neutrophilic heterotrophs. The most abundant SRB
genera wer®esulfomicrobiumDesulfosporosinyDesulfitibacter and the order
DesulfovibrionalesA mean SQ% removal rate of 6.3 pgtd* g* of dry organic carbon was
calculated based on the decline ins5@oncentrations measured along the length of the cell.
Removal of As and metals (Al, Cu, Ni, Zn) was observed within the first 9 cm of reactive
material. Iron concentrations remained relatively constant between the influent and effluent ends
of the reaction cell. Optical microscopy indiedthe presence of Fe (oxyjdroxides and Fe
sulfides including pyrite and pyrrhotjtas well as other metallfides such as chalcopyriti
the solid material from the cell. The removal of meisalatributed to the precipitation of low
solubility metal sulfides due to bacterialtyediated SG¥ reduction; geochemical modelling
confirmed the precipitation of na sulfides wasavoured. Synchrotreradiation based bulk S
X-ray absorption neagdge structure spectroscopy (XANES) analysdiatel the majority of
S was present in the reduced form as sulfides and elemental S. Refmasas attributed to
sorptian onto Fe (oxy)hydroxides and ZVI corrosion products andregipitation with metal
sulfides. The results from this study confirm the potential of the reactive mixture to remove As

and metals from acidic water under conditions typical of mine sites.

3.1 Introduction

Acid mine drainage (AMD) is an ongoing environmental issue worldwide. Drainage

released from mine waste deposita bave a large impact on the quality of nearby water bodies,
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with effecsthat can persidor decades to centuri¢Blowes & Jambor, 199 Moncur et al.,
2005) Acid mine drainage is associated with suHimaring waste rock and tailings produced
through mining of sulfidic ore bodies. The oxidation of sulfide mindBilswes et al., 2014)

oQY -0 O0O YO M ¢O [1]
and the subsequent oxidation of Fe(ll):
M -0 -00° 0RO ¢O [2]

results in increased acidity through the release’ofiHthe oxidation process, metal(loids) such
as arsenic (As) are released and result in contaminated, acididBlatees et al., 2014)

Further acidification may also accelerate the rate of sulfide mineral oxidation and increase the
solubility of metals. Neutralization of the acidi@ater may occur through a series of mineral
dissolution reactions, including the dissolution of carbonate minerals such as dolomite and
calcite(Jurjovec et al., 2002However, the depletion of carbonate minerals through
neutralization processessults in an increased persistence of AMD. Therefore, proper

management of water quality is critical for mining practices.

Permeable reactive barriers (PRBs) comprising reactive material placed in the subsurface
perpendicular to contaminant flow canuddized to manage tailings pore water and drainage
waters at mine sitg8lowes et al., 1998; Powell et al., 1998hemical interactions including
precipitation, reduction, and adsorption then remove caintnts from the groundwater. Barrier
thickness and groundwater flow rate affect the ability of the barrier to remove contaminants and

sustain low concentrations for an extended period of tioevell et al., 1998)

Zerovalent iron (ZVI), organic carbon (OC), and mixtures thereof have been utilized as
reactive materials in epiments focusedn removing As and metals from groundwdtgain et
al., 2002; Guo & Blowes, 2009; Lindsay et al., 2008; Ludwig et al., 2009; Waybrant et al.,
2002) The oxidation of ZV(Gould, 1982)

¢O0 MOo™™m O O [3]

produces surface corrosion products, such as Fe (oxy)hydroxide and green rust, thatiteay c

highly reactive surfaces amdsult in the retention of As from the wafeudwig et al., 2009)
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The addition ofOC substrate promotes the growth and actwif sulfatereducing bacteria
(SRB) and often leads to bacteriaityediated SG reduction(Benner et al., 1997)

YO ¢0'00 ¢O © 0% ¢60 OO0 [4]
The production of b results in the formation of logolubility sulfide precipitates:
Y 0Q °0Qr (O [5]

and the subsequent removal of metals and metalloid$lem the wate(Benner et al., 1997;
Ludwig et al., 2002)Varied mixtures of organic material are more effective than single sources
(Waybrant et al., 1998Arsenic may ceprecipitate with a metal sulfide or be incorporated into
the struatire of a mineral such as pyrite (Ee@lowes et al., 2014)Provided the metal sulfide

remains in an anoxic environment, As is generally considered stable.

Zerovalent iron OC, and mixtures of these materials have been utilized in reactive
mixtures in the fieldemplaceds eitheia trench or wall of reactive materi@ain et al., 2009;
Benner et al., 1997; Ludwig et al., 2002; Wilkin et al., 206®moval of metaland SG* was
reported by monitoring the barrier over a period of months to yeewsesses contribing to
metal and S@& removal include adsorption, precipitation, and bacteriaédiated SG¥
reduction. Furthermore, the increase in alkalinity may result in the conversion of the system from
acidproducing to acisconsumingBenner et al., 1997Passive treatment technologies are an
effective method of remediation that requires minimal attention following initial installation, and
previousexperiments indicate the barrier matedah sustain low contaminant concentrations
for >15 yeargBenner et al., 1997)

The Long LakeGold (Au) Mine,an abandonesite located near Sibury, Ontarigis
characterized bgcidic conditions antdigh concentrations of As and metals in the tailings pore
water.The mine operated intermittently from 1908 to 1939. Tailings from the milling process
were deposited into lolying areag CH2MHIll, 2014). In the 1970s, a layer of sand was added
to the three tailings areas: 34, TA-02, and TA03 (Figure 3.1). Prior to being capped with
sand, migration of the tailings downstream through Luke Creek occurred, resulting in the
formation of a tailings €lta in the southwestern end of Long L&&&12MHill, 2014; MNDM,
2017) High concentration®f As, up to600mg L (Verbuyst, 202Q)have been observed in the

tailings pore water. The extent of contaminatonl the remaining sources of As that continue to
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contribute contaminants to the groundwater necessitate @adomgemediation plan.
Furthermore, theemoteness of the abandoned site makes passive remediation a desirable option.

A field reaction cell was installed at the Long Lake site to evaluate the effectiveness of
ZV1 and OC for the removal of As and metals from the groundwater. Previous labaaitomnn
experiments (Chapter 2) indicate the potential for the reactive material to remove As and metals
from the Long Lake groundwater. Results from sraadile test cells can indicate the
transferability of a remediation technology to a-&dhle field stting (Benner et al., 1997 he
effect of field conditions on As removal, including changing temperatures and geochemistry, was
also evaluated. Results from this study will increaseuoderstanding of the viability of passive

treatment to sustain low concentrations of As in acidic groundwater from the Long Lake site.

3.2 Methodolagy

3.2.1Reaction Cell Design

The reaction cell was constructed using PVC pipe (schedule 30; 99 cm long, 30 cm inner
diameter). A PVC Van Stone flange was cemented onto either side of the PVC pipe, enabling a
PVC blind flange to be bolted onto either end of the pipe. Each end plataddour 2.54m
ball valves connected to bul khead fittings <co
screen. The cell included eight aqueous sampling ports, each consisting ctm2aGr@y,
schedule 40, 1.2¢m PVC pipe. Holes were drilledaadg the side of each pipe, the pipe covered
with a |layer of fine NITEXE mesh, and an end
that was installed into the reaction cell. The sampling piezometers were connected toma 1.27
ball valve using a 1.2ém PVC nipple insertetb a bulkhead fitting on the side of the reaction
cell. The water sampling ports were spaced every 7 cm, starting 26 cm from the influent end
piece. Water samples were collected using syringes attached tond ®don barbs, connead
to the ball valves with reducer bushings. Seven saidpling ports were installed by drilling
and threading 2.5dm holes into the PVC pipe into the side of the reaction cell, enabling-a 2.54
cm, schedule 30, PVC plug to be inserted.

3.2.2Reaction Cell SeUp
The reaction cell was filled with reactive material containing 40 vol.% OC (wood chips
and leaf compost), 10 vol.% ZVI, 45 vol.% pea gravel, and|B% limestone. The reactive

mixture is similar in composition tihe reactive mixture of column T8pm alaboratory column
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experimentonducted with groundwater from the same site (ChapfEalde 2.).

Approximately 50 g of organiagch creek sediment collected from Laurel Creek (Waterloo, ON)
was spread throughout the reactive material during packidg-am layer of pea gravel was

added to the influeregnd ad al5-cm layer added to theffluent end to prevent disturbance of

the reactive material during flow. The first sampling port corresponds to a distance of 9 cm into
the reactive material, or 26 cnofn the influent end. All reactive material added was weighed,
and an empty weight of the cell was also obtained.

The cell was placed adjacent to Luke Creek, north of th®T failings impoundment
(Figure 3.1). Thecell was situated at46° angle tothe creek level, with the influent end closest
to the groundKigure 3.2). A piemeter installed in Luke Creek was used to provide influent
groundwater for the experiment. The reaction cell was first flushed witHf@Q h to displace
any air bubbles. Aolution containing 1000 mg1SQ, and 3 wt.% Ndactate was then pumped
through the cell, and aftsaturation all valves were closed and the ledtlifor 20 dbefore
beginning groundwater flow. A full profile of samples was collected from the cel fari
introducing groundwater flow. During the first flush of groundwater, the effluent end was
sampled and two full profiles of the cell were obtaiogdr a7-h period A chloride tracer test
was initiated the following day, with tracer solutidh@4 mad L' NaCl; EC: 5.57 mScm?)
pumped into the cell at 50 mL midor 4 min. Two full profiles of the cell were collected during
the tracer test and the effluent port was sampled-abI¥min intervals. The first flush of
saline tracer wagsed to detenine the pore volume of the reaction cell udimg computer
software package STANDMO[Bimunek et al., 1999yith the CXTFIT modelToride et &,
1995) The average flow rate of groundwater flow into the cell during the experiment was 960
mL h, with a residence time of 1.14 The temperaturat the fieldsite during the experiment
ranged from1 to 30 °C, with a mean 019 °C.

3.2.3SampleCollection
3.2.3.1Water Sampling

Water samples were collected from the reaction cell at least once a week duringithe 53
trial. A syringe was connected directly to the barb on each water sampling port and 10 mL of
standing water were expelled from the port. Tevpnt disturbance in water chemistry during

water sampling, samples (60 mL) were collected starting with the effluent port, then
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progressively moving through five intermediate ports and ending at the influent port. The total
amount of water removed frorha cell was recordedhe flow rate of the water into the cell was
measured four times during the experimenteterminingthemass ofwaterflowing out of the

cell over a specific length of timéhe mean flow ratewas 16 mLmin A Sol i nst Level
was attached to the outside of the reaction cell to record the temperature twice per hour.

Water samples were collected for analysis of pH,ditglinity, electrical conductivity
(EC), cations, anions, nutrients (AN and PQ-P), and dissolved ¥6. Additional secondary
samples were collected three times over the entire field trial for analysis of dissolved organic
carbon (DOC), dissolved inorganic carbon (DIC), C isotopes, and S isotopes. All samples were
collected using syringesnd were passed through 04 filters (Acrodisc®) into polyethylene
or amber glass bottle®/hen necessary, a 10n prefilter (Acrodisc®)was usd. Direct
measurements of pH, Eh, and EC (on unfiltered samples) and alkalinity, disse&/eahd
nutrierts (on filtered samples) were conducted in the field. Eheaining samples were
preservedat pH < 2 with 6770% OmniTrace® HN@for analysis of cations and trace elements
andwith 95-98% A.C.SReagent ISO,f or DOC anal ysi s. S%®mampl es for
U**S were not acidified. Samplegre kept under ice and transported directly to the University of
Waterloo on the same dagll samples were refrigerated except samples for DICET@I

analyses, which were placed in the freezer.

3.2.3.2Solidphase Sampling

At the termination of the experiment, excess water was drained from the column and
solid samples collected in the field. Seidmpling ports were opened one at a time and samples
collected by inserting an aluminum tube (2.54 cm diamet40 cm) into the cell and slowly
extracting the sample. Sample tubes were capped witdémsity polyethylene end caps and
sealed. After samples were collected from all seven-pblacse sampling ports, the cell was
opened and sampled into nine satsioAt each section, three centrifuge tubes were embedded
into the reactive material, across the axis of the cell, and immediately extracted and capped. Four
samples were collected within the first 6 cm of reactive material (every 1.5 cm), after which
sampes were collected every 10 cm for a total of nine samples. All solid samples were kept
under ice during transport to the University of Waterloo, where they were placed in the freezer or

refrigerator for microbiology analyses.
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3.2.4Analytical Methods
3.2.4.1Aqueous Aalyses

pH, Eh,andalkalinity analyses were conducted in the field using an Orion meter and
combination pH probe (pH), an Orion meter and combination redox electrode (Eh), and a Hach
digital titrator with bromocresol greanethyl red indicatorgalkalinity). Electrical conductivity
measurements were conducted using an Oakton® Instruments EcoTestr (Conductivity and TDS
pocket meter)Measurements of dissolved$i(methylene bluemethod 8131 from DR 2800
Manual),NHs-N (salicylate; method 10031/10032 frohetDR 2800 Manual), and R?®
(ascorbic acid; Method 8048 from DR 2800 Manuai@re measured in the field using a Hach
DR/2400 Portable Spectrophotomef®emaining samples wetensported to the University of
Waterloo andanalyzed at the Groundwater Geochemistry and Remediation Laboratory, to
determine concentratiorfier dissolved cations (inductivelyoupled plasma mass spectrometry,
Thermo Fisher Xseries IlI; inductivelyoupled plasma optical emission spectroscopy, Thermo
Fisher iCAP 6000), dissolved anions (ion chromatography, Dione&x€}, and carbon (total
organic carbon method, Aurora 1030 TOC Analyzer).

3.2.4.2Microbiologyi Most Probable Number (MPN)

The most probable number (MPN) technique was used on solid subsangesierate
sulfatereducing bacteria (SRB), irer@ducing microorganisms (IRM), and neutrophilic
heterotrophs (nH). Cultivations were performed in triplicate and populations were counted
following the MPN techniquéCochran, 1950)To enumerate SRB, 1a@f sample was added to a
20-mL serum bottle containing 9 mL of modified Postgate C medRostgate, 1984)he ratio
of the dissolved reagenits g/L was as follows: 0.5 KHPQy, 1.0 NH,CI, 4.5 NaSO,0.04
CaCb-2H;0, 0.06 MgS@ 7H.0O, 0.004 FeS®7H.0, 2.92 60 % Ndactate, 1.28 Nacetate, 1.0
yeast extract, and 0.3 Mdrate dihydrat€Benner et al., 1999A solution of 1 M NaOH was
used to adjust the pH to 7.5. Following the MPN technique, the serum bottles were serially
diluted and then incubated in an anaerobic chamber for 5 week&nBibéfzS production by
SO reduction was determined based on the presence of a black pre¢{piate et al., 2003;
Paulson et al., 2018)

Enumeration of IRM was conducted following similar methods. The cultivations were

performed in triplicate by adding 1 g of solid sample to -@0serum bottle containing 9 mL of
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growth medium prepared by dissolving the reagents dbtlosving ratio (in g/L) in deionized

water: 2.5 NaHC@ 1.5 NHCl, 0.7 NaHPQy- 2H0, 0.1 CaG-2H:0, 0.1 KCI, 0.005

MnCl2-4H.0, 0.01 NaMo@ 2H:0, 1.84 Fe(lll) EDTA, and 1.peptongGould et al., 2003;

Lindsay et al., 201d). The medium was buffered to a final pH of 7.0 using 1M NaOH. The

serum bottles were serially diluted and then incubated in an anaerobic chamber for 5 weeks. Iron
reduction was determined by adding a ferrozine reg@tabkey, 1970)o the serm bottle, with

the development of a purple colour indicating the presence of).Fe(ll

To enumerat@H, samples were serially diluteplated onto R2A agar (Sigma Aldrich,
USA), then aerobically incubated at room temperature @3vithout agitation Sampls were

counted after 7 d and duplicastermined by two successive dilutisi®wing colony growth.

3.2.4.3Microbiology- DNA Analysis

DNA was extracted using DNeasy PowerSoil Kits (Qiagen Inc., Germany) in duplicate
on frozen samplesZ0 °C). Extracted samgd were stored a20 °C before submission. The V4
region of the 16S rRNA genes were amplified using lllumina MiSeq sequencing (Metagenom
Bio Inc., Toronto, Canada) with modified university primers 515F/808Rlters et al., 2015)
Following DNA extraction, sequencing data was processed by Eva Pakostova (Pakostova et al.,
2020), using the Mothur program v.1.39%hloss et al., 2008nd Mothur MiSeq Standard
Operating Procedur@&ozich et al., 2013)Duplicate samples were merg@&ased on predictions
by vsearch using the Silva database for 16S rRNA gene sequences (release 132 for Mothur,
downloaded 18/03/201%s a reference, chimeric sequences were discardee navo
operational taxonomic unit (OTU) picking process was used to cluster OTUs at a 97% similarity
level. A Mothurformatted version of the Silva reference database (details above) was used to
deternine taxonomic annotation of individual OTUs. Based on the Mothur MiSeq SOP, some
taxa were not considered for further data analyses (unknown, mitochondria, eukafyaes).
unequal number of sequences across samples resulted in variation. To conteslahay
subsampling was conducted for each sample after OTU generation at a rarefaction level based on
the sample with the fewest number of reads (25,500 reads). Relative abundances of SRB were
determined based on screening of the taxonomy file for pyoka genera (or higher taxa when

identification to the genus level was not possible) containing a minimum of one species with the
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investigatel metabolic trait. The list of SRB detected in the samples and the mean % of total
reads (in the whole data sagt individual samples) is shown Trable B.2.

3.2.4.40ptical Microscopy

Portions of the solid samples collected fromriction cell were used for thin section
preparation (Spectrum Petrographics, Vancouver, WA, USA). Grains were examined under
reflected and transmitted light microscopy using a Nikon Eclipse LV100N POL polarized light

microscope.

3.2.4.5Synchrotron Bulk S XANES

Synchrotron bulk S Xay absorption near edge structure (XANES) analyses were
conducted on solid materials from the reaction cell. Samples of ZVI grain coatings for
synchrotron analyses beamline SXRMB athe Canadian Light Source (CLS), Saskatoon,
Saslatchewan, were prepared by cooling the grains with liquid nitrogen, grinding the sample in
an anaerobic chamber, and sieving out the grain coatings. All samples were maintained under
anaerobic conditions prior to analysis at the CLS. XANES data were peacesing ATHENA
(Ravel & Newville, 2005) The scans were shifted with respect to the reference standard EO of
gypsum, which was collected during the same beamtime. Linear combination fitting of the

XANES results wassed to predict the solid phases present in the solid material.

3.2.4.6CarbonSulfur Analysis

Samples were anaerobically freefged and the ZVI magnetically separated from the
OC prior to determination of S concentrations (ELTRA CS 2000). Because of the batstpg
of carbon sources in the reactive material and the difficulty associated with separating each

component, the C concentrations measured are not reported.

3.2.4.7Data Interpretation

Sulfate removal rates were calculated using four of the aqueodspBdiles measured
over the course of the experiment. A bislinear reduction equation was calculated based on
the profile measurements (SigmaPlot, SPSS Inc.). The rates were normalized based on the mass
of dry OC in the reaction celLindsay et al., 2008; Waybrant et al., 2002aturation indices of
minerals were determined using tpgochemical modelling software PHREERQW®ith the
WATEQ4F databasgBall & Nordstrom, 1991)
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3.3Resuls
3.3.1Water Chemistry
3.3.1.1Geochemical Conditions

The mean pH for the influent water was 3.5, and a dhéral increase to pH 6.8 was
observed between the influent port and the first water sampling port at Zegeme(3.3). The
pH values remained relatively constant over the remainder of the reaction cell, with a mean
effluent pH of 7.5. The mean influeBh was 500 mV and the mean effluent Eh was 136 mV
(Figure 3.3). A sharp initial decrease was observed in the first 26 cm, with values then
remaining relatively consistent for themaindeiof the cell length. The mean influent alkalinity
was close to 0 myg™* and the mean effluent alkalinity was 256 mgds CaC@ (Figure 3.3. A
sharp initial increase in alkalinity was observed, followed by a steady increase along the length
of the cell. The mean influent and effluent EC values were 0.38 and 0.58 W $espectively
(Figure 3.3). A steady increase in EC was observed along the reaction cell length.

3.3.1.2Arsenic, Fe, and Other Metals

Arsenic concentrations in the influent water varied during the experiment with a
maximum of 3.2 mg 1 and a mean of 1.1 mgYi(Figure 3.4). The mean effluent concentration
of As was 5.4 ug &, with only one recorded As concentration above 10 figALsharp initial
decrease in As concentration was observed within the first 26 cm, after which concentrations

remained low for theemainder of the cell length.

The mean concentration of Fe was 17.7 rigri_the influent water and 6.8 mg'lin the
effluent water Figure 3.4). An initial increase in Fe concentrations was observed within the first

40 cm of the reaction cell followed/la steady decrease for the remainder of the cell length.

The concentrations of other dissolved metals in the influent water vaigdd 3.5.
The mean influent concentrations of Al, Cu, Ni, and Zn were 3.4 ¥ @4 pg L%, 0.13 mg L2,
and 0.26 mg L, respectively. The mean effluent metal concentrations were < 16 fay &ll
metals except Al, for which the mean was < 72 ffgA sharp initial decrease in concentration
was observed for all four metals within the first 26 cm, followed by relatieglyconcentrations
for the remainder of the cell length. One exception was Cu, where an increase between the last
intermediate port and the effluent port was observed (up to 40tugriDay 5 and Day 8, after

which concentrations remained belowd@L? in the effluent.

64



3.3.1.3Sulfur Geochemistry

The mean influent S& concentration was 137 mg'land the mean effluent
concentration was 57.6 mgtlwith SO:® concentrations increasing slightly from Day 5 to Day
53(Figure 3.6). A progressive decrease in SQoncentrations was observed between the
influent and effluent ends of the cell. The mean influes8 Eoncentration was 1 pgiand the
mean effluent LB concentration was 60 pugli(Figure 3.6). Effluent HS concentrations were
highest at the beginning of the experiment but decreased over time. Dissef/ed H
concentrations remained relativ&Sottenst ant a
inffluent waterFigua86 8. A drOgr es s H¥SOwasobsereeth ment of
along the cell l ength, with a maxi mum value o
U**S-SQu profiles from Day 26 and Day 53.

3.3.1.4Carbon
The mean influent DOC concenticn was 5 mg ttas C. In all three profiles, an increase
from the influent to effluent end was observégy(re 3.6). On Day 8, the effluent DOC
concentration peaked at 590 mg, lbut only minimal increases, to 26 mg (Day 26) and 13
mg L (Day 53),were observeh the remaining two profiles. An increase in DIC values was
observed along the cell length from a mean influent concentration of 2.5 mg €. The
maximum effluent DIC concentration was observed on Day 8 (47 thgdllowed by Day 26
(31 mg LY) and Day 53 (20 mgt) . T h e®Cibk aatuesiforunreacted materials were 2.4
a for |l imestone, 1T24.6 a4 foompost.cKCp@®gaande
was observed for the inf Ininereasdo-vat Beforethefitst . 6 a)

sampling port, and relatively constant values for the remainder of the cell length.

3.3.1.5Nutrients

The mean influent NEN concentration was 0.61 mgtLwith a maximum of 0.93 mg'L
1(Figure B.1). The mean reaction cell effluent concentration was 2.3 Yadekcept for Day 19,
when NH-N concentrations increased substantially toward the effluent end (13)nminimal
increases were noted along the reaction cell length. The mean influent concentratiarPof PO
was 0.28 mg Lt and the mean effluent concentration was 0.39 rh¢Aigure B.1). Slight
increases in PP concentrations were observed from the influent to effleedtof the cell.

During the first five sampling trips, an initial decrease in the first 26 cm was followed by an
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increase in concentrations; for the remaining five sampling trips, concentrations remained

relatively stable along the reaction cell length.

3.3.2Microbiology
3.3.2.1Most ProbableNumber (MPN)

SRB populations remained relatively constant along the length of the reaction cell, with a
mean of300bacteria ¢; populations of IRM were much larger, varying along the cell length
from 1@ to >10'° bacteria ¢ (Figure 3.7). No trend in IRM populations was observed along the
length of the cell. Enumeration of nH ranged frorfi tt01® bacteria ¢ along the cell length,
with a gradual increase in population observed ftloeninfluen to the effluenend Eigure 3.7).

3.3.2.2DNA Extractions

The percentage of SRB reads in the initial reaction cell material was 0.33% of total reads.
The results fromi6S rRNA ampliconsequencing indicated the presence of SRB throughout the
length of the reaction cell. Of thdRB observed, the three most abundant genera were
Desulfitibacter DesulfomicrobiumandDesulfosporosinysand the most abundant order was
DesulfovibrionalegFigure 3.8). A slight decline in the total percentage of reads was observed
from theinfluent to the effluent end. The percentage of’S@ducers along the cell length
ranged from 1.8 to 2.5% of total readsgure 3.8. Along the cell length, a decrease in the total
percentage was observed [@esulfovibrionalesand an increase in perdage was observed for

Desulfomicrobium

3.3.3Mineralay
3.3.3.1Reflected and Transmitted Light Microscopy and SEM

Iron sulfides, including pyrrhotite (k&)S) and pyrite, were observed using reflected and
transmitted light microscopyr{gure 3.9. Pyrite was pesent as framboids, both isolated and
clustered Figure 3.9A), and as secondary precipitates between grains of pea gravel and ZVI. An
exsolution texture was sometimes observed on individual, isolated, pyrrhotite igune (
3.9B). Organic carbon varieflom isotropic to anisotropic under transmitted light. Typically, the
internal structure of the OC remained intact with occasional infilling by a secondary sulfide
precipitate Figure 3.90). This secondary sulfide was yellemhite in colour under refleatle
light and isotropic under transmitted light. Different shades of grey and white corrosion products

were observed in rough, uneven rims around the ZVI grains. In some cases, a whitédlade
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texture was observed around the ZVI gralfigre 3.9D). Fe(oxy)hydroxides were common
corrosion products, replacing sections of the ZVI grains.

3.3.3.2Solid Sulfur

The average wt. % ®as greatest near the influent end (0.43 wt. %) and decreased
toward the effluent end (0.28 wt. %eigure B.2). The observed trend in wt. % S was consistent
with the trend observed for aqueoussS@long the reaction cell length on Day 49.

3.3.3.3Synchrotron Blk S XANES\nalysis

S was present in two predominant oxidation states in the unreactedaastidd ZVI.
The first oxidation state at 2476 eV corresponds to an intermediate, oxidized, S species, similar
to tetramethylene sulfoxide {8sOS, Wang et al., 2019)The second dominant state at 2482 eV
corresponds to gypsum (Cas2H,0). The spectral results foamples collected from the
reaction cell at the conclusion of the experiment indicate S occurs in three oxidatiofedbates
c,d;Figure3.10.The absorption edge of group-ea/ bo rar
variation in the position of thgpectral edge of this group limits the specification of the reduced
S phase present in the material. Minerals within this energy range, which are likely to contribute
to this peak, include pyrrhotite, chalcopyrite (Cupe8nd elemental S §3. The group
designated fAcdo corresponds to the second spec
species, tetramethylene sulfoxide, or a sulfodikie phasgWang et al., 2019whichwasalso
detected in the initial ZVI material. The highest energy ealigerved at 2482 eV is likely
gypsum based on the EO of the absorption €Biget 2005) A shift from a peak feature at
2470.5 eV in the influent spectra to aqedge feature at 2470 to 2471 eV was observed along
the cell length.

3.4 Discus$n
3.4.1Water Chemistry
The observed increase in pH and alkalinity of the groundwater inpeaction with the
cell material is likely due to the dissolution of limestone, the oxidation of ZVI, and the oxidation
of OC (Chapter 2Benner et al., 2002; Lindsay et al., 2008; Waybrant et al., 1988mean
influent water pH was 3.5 and the alkalinity was near 0 thgs.CaCQ. The hitial increase to
pH 6.8 and alkalinity to 130 mg'Loccurred between the base of the reaction cell and the first

sampling port at 26 cm from the influent end, or 9 cm into the reactive material, indicating rapid
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neutralization [Figure 3.3, after whichthe pH and alkalinity remained constant. The presence of
limestone in the reactive material likely contributed to the increase in pH and alkalinity values
due to the production of HGOand the subsequent neutralization of acidity:

6O OP 60 O [6]

The corrosion of ZVI may have resulted in a further increase in pH through the formation of OH
(reaction [3];Blowes et al., 2000; Manning et al., 200Rnally, the oxidation of OC coupled

with the reductiorof SO may contribute to a further increase in alkalirfityaybrant et al.,

1998)

o ¢EO0P OY CO& [7]

These three reactions likely contributed toittigal increase in pH and alkalinity and the stable
values that were maintained for the remainder of the experiment. The additiodaxt®ta used

to initially saturate the cell may also have affected the pH and alkalinity of the water at the onset
of the experiment. The development of reducing conditions, indicated by a decrease in Eh within
the first 9 cm of reactive materidtigure 3.3, may have been due to the addition of OC and

Z\V| to the reactive material. The Eh remained < 300 mV for the reraawofdhe cell length.

Similar reactions were observedtire laboratory column experiment€ijapter 2.

The development of conditions favourable for,5@duction was indicated by a
decrease in Eh, the generation of alkalinity a8, decrease inCa* concentrations, and an
e nr i ¢ h rifg aldng therengih of the reaction céligure 3.6). The presence dRB, IRM,
and nH Figure 3.7) further indicated bacterialynediated SG reduction occurred in the
reaction cell. A low peragage of SRB reads was observed in themaced material Figure
3.9), indicating S@*-reducing conditions developed in the reaction cell. The overall decrease in
aqueous b5 concentrations as thepatiment progressed was likely due to the precipitation of

Fe(ll) and other metal sulfides.

The most abundant genus in the solid materialDemilfomicrobiumfollowed by
Desulfovibrionalegorder),Desulfitibacter andDesulfosporosinu@-igure 3.8. The order
Desulfovibrionalesncludes the familypesulfovibrionaceaand the genuBesulfovibria The
generaDesulfovibrioandDesulfomicrobiunhave been identified as important groups

contributing to S@ reductionand renoval of metalgAltun et al., 2014; Omoregie et al., 2013)
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and were also identifieg@is two of the major genera observed in the column study from Chapter
2. Members of théesulfomicrobiunandDesulfovibriogeneraare able to reduce arsenate and
SQ%; while some described membersdsulfomicrobiuntan also use arsenate as a terminal
electron acceptor in the absence o 5(Macy et al., 2000)Members of thgenus
Desulfosporosinuare typically anaerobic bactetizat can grow autotrophically withoHwhich

is the product of the reduction ob® by ZVI (reaction [4]). Similar t®esulfomicrobiumsome
Desulfosporosinumembersnay utilize both SG¥ and arsenate as terminal electron accsptor
(Dworkin et al., 2006)SomeDesulfosporosinusrganismsnay alsothrive in lowpH
environmentsincludingtype speciethathave been observed in AMiimpacted sediments

(Senko et al., 2009 he presence of ZVI provided an additional source for SRB metabolism and
may have enabled the growth of-ttilizerssuch aesulfosporosinuandDesulfovibria

During bacteriallymediated S reduction, bacteria preferentially utili?s in
metabolic function as opposed*, resulting in an enrichment Y8 in the residual, aqueous
SQ? (Lindsayet al., 2014 Nakai & Jensen, 1964; Waybrant et al., 200heenrichment of
U**S-SQu, coupled with the decrease in aqueous?S&ncentrations along the length of the
reaction cell, indicates bacterialiyediated S@ reduction. An enrichment fact¢n(bf 1 23.2
dwas calcul ated b as®alcolleaed entsamplipgDay F8lark& f or U
Johnson, 2008)This enrichment factor is similar theUcalculated in Chapter@2 8 . 9andh )
is within the range ofivalues(20.8t0ci14 2. 1 &) obser v e(@uo&Bloned, mi | ar s
2009; Lindsay et al., 2009; Waybrant et al., 2002)T h e  ¥FSiQifmay reflect tid extent of
SQy? reduction, but thé&value may not be representative of all reactive mate(@s &
Blowes, 2009) At the end of the field trial, the aqueous concentrations af &Dnained above

40 mg L%, suggesting S£& was not limited during the experiment.

3.4.2Dissolved Arsenic and Metal Removal
3.4.2.1Iron

The large population of IRNIL(P-10° bacteria ¢) in the reaction cell solid material
probably contributed to the increase infféen a mean influent concentration of 17.7 myth
maximum concentrations of up to 40 mg Within the reaction cell, prior to declining to a mean
effluent concentration of 6.8 mgl(Figures 3.4 3.7). Utilization of Fe(lll) (oxy)hydroxides as

a termnal electron acceptor can mobilize Fe(Byock et al., 2006L.oviey & Phillips, 1988)
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000 T1TOQ0 UL @O © 1t0Q oO0 xXO0U [8]
Greater numbers of IRM were present near the influent end of the reaction cell, which may
correspond to the initial increase in Fe concentrations. Howevdnrthation of BS and
precipitation of Fe sulfides probably contributed to the retention of Fe(ll), resulting in lower
concentrations of Fe in the cell effluent over tirkgg(re 3.4). Iron concentrations in the
effluent were not as high as those observetthé laboratory column experiments (Chapter 2).
This difference may be due to the ZVI used as the initial reactive material;-pediyed ZVI
was used for the laboratory columns, whereas the ZVI used in the reaction cell waasicd

to remove Fe(l) (oxy)hydroxide coatings prior to the experiment.

Solid-phase analyses indicated the presence of both pyrite and pyrrhotite in the solid
material. Geochemical modelling suggested the precipitation of additional sulfide phases,
including greigite FesSs), amorphous FeS, marcasite (he&nd mackinawite ((Fe, NixS),
was favouredFigures B.3, B.4). The formation of Fe sulfides likely occurred concurrent with
bacteriallymediated S@ reduction. Geochemical modelling also indicated the likely
precipitation of siderite (FeG{pand ZVI corrosion products, including maghemitex(=,
goethite (FeO(OH)), hematite (&), and ferrihydrite Eigure B.3), which also may have
contributed tohe retention of Fe. Similar phases including magnetiteQ4yegreigite,and
amorphous FeS have been observed as secondary precipitates in othe(Gtuelias, 1999;
Jambor et al., 2005; Lindsay et al., 2008)

Reactive transport modelling of a column experiment utilizing organic carbon for
treatment of Fe indicated both siderite and mackinawite are important sinks(fambs et al.,
2004) However, the precipitation of mackinawite is preferred because it has a lower solubility
and is more stable than siderite, which may dissolve again under changing pH or Fe(ll)
concentrations and limit the precipitation of mackina#mos et al., 2004)The presence of
pyrite observed under optical microscopy indicates mackinawite may be the major sink for Fe
retention. The formation of pyrite often follows a specific pathway, beginning with the formation
of disordered mackinawite, followed by cubic or amorphous FeS, tetragonal FeS or mackinawite,
greigite, and finally marcasite or pyrif&/oltherset al., 2003) The presence of pyrite indicates

the likely removal of Fe by this pathway. Therefore, the removal of Fe is likely attributed to
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mackinawite or other Fe sulfide precipitates; the immobilized Fe should be stable despite
possible changes geochemical conditions.

Optical microscopy also indicated the corrosion of ZVI grains and the replacement of
ZV by secondary precipitates. Alteration of the ZVI was observed around the edges of the grain.
The ZVI grains were similar in appearance tosthdescribed in the laboratory column
experiments, and most of the organic carbon appeared unre@btgutér 2. However, in some
grains a secondary Fe&h precipitate replaced the cellular organic matekayre 3.9C) and
may have created an additibsank for Fe (Chapte2). PreviousS pXRF and pXANESanalyses
indicae the presence of elemental S and pyrite in the secondary replacement pGidyote( 2
Jambor et al., 2005The presence of reduced phases corresponds to the reducing conditions that
developed within theell, and the formation gbyrite further suggststheformation of metal
sulfides contributed to the removal of Fe from the water.

Synchrotrorradiationbulk S XANESanalysesndicateal the presence of pyrrhotite,
elemental S, chalcopyrite -tetrathionate, tetramethylene sulfoxide, and gypsum, in the reaction
cell material. A comparisoaf spectra of the reacted material and the unreactedyasded
ZV! indicated two similar spectrafeatures (c, diigure 3.10, whichcorrespond to
tetramethylene sulfoxide(2476 eV) and gypsuna(2482 eV)and were similar to those
observed in the spectra framtreatedZVI in Chapter2ZHowever , t he spectr al
was absent in the uraeted ZVI spectraHigure 3.10, which indicates a reduced S phase
(pyrrhotite, elemental S, chalcopyrite) accumulated as coatings on the grains of ZVI during the
experiment (Chapter 2). This accumulatisrwonsistent with the results from microbiologjcal
geochemical, and mineralogical analyest indicated the formation of sulfides during
bacteriallymediated SG reduction Chapter 2 As previously observed, the sulfidesmed,

including pyrrhotite and chalcopyriteepresent important sinks for Femoval (Chapter 2).

3.4.2.2Arsenic

Arsenic removal and immobilization, from a mean influent concentration of 1.1'mg L
(max: 3.2 mg %) to a mean effluent concentration of 5.4 u§ are attributed to reducing
conditions that developed within theaction cell Figure 3.4). The formation of KIS, through
bacteriallymediated SG reduction, likely contributed to the precipitation of As, as an As

sulfide phaseThis removal mechanism is indicatby the high initial concentrations of:8
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followed by a decrease ewtime, consistent with sulfied@ineral precipitation. These results are
consistent witithose from Chapter 2. ASXANES of laboratory column reaction products
indicated the presence of Assecondary precipitates containing Fe and S as well as the
presence of arsenate sorbed to ferrihydrite (Chapter 2). In the reaction cell expehenent,
formation of Fe (oxy)hydroxides and metal sulfideglykcontributed to As removal. Corrosion
producs, such as hematite, goethite, and maghemite, can result in the rapid removal of As
through adsorptiofRao et al., 2009; Su & Puls, 200Bdsorbed As may diffuse into the
interior sites on Fexide minerals or formbidentate surface complexes on the oxide surface,
both of which may result in decreased leaching potential and stable As re{Suti&rPuls,

2001) The transformation of poorly crystalé Fe (oxy)hydroxides into more crystalline phases
may also enhance As stabilifyedersert al., 2006) Similarly, o-precipitation with Fesulfides
and innefrsphere adsorption onto goethite and Fe@Q@ymorph surfacesancontribute to As
immobilization(Ludwig et al., 2009; Stichbury, 2000)

Geochemical modelling results indicated gnecipitation of Ascrystalline phases,
including realgar and orpimentasnot favouredEigure B.4). However,the precipitation of Fe
sulfide phases was favoured, and secondary Fe sulfides were identified in the reactive material at
the conclusion of the experimenirsenic possibly cerecipitated with Fesulfide mineralsas
observed in laboratory columexperiments that alsndicated the presence of realgar and
orpiment as phases in the secondary precipi{@iesapter2). In the field cell, be majority of As
was removed within the first 9 cm of reactive material, suggesting aicyy&alline phases
were likely to have precipitated prior to the first sampling port. Therefore, the geochemical
modelling results reflect conditions that prevailed after the majority of As had precipitated or

adsorbed prior to the first port (Chapter 2).

3.4.2.3Metals

A decrease imetal concentrations (Al, Cu, Ni, Zn) was observed between the influent
and effluent ends of the reaction céligure 3.5. A sharp initial decrease was observed within
the first 9 cm of reactive material, after which concentrations remained relatbredtaat at 72,
5.9, 3.3, and 8.1 ugtfor Al, Cu, Ni, and A, respectively. The decline in Al concentrations is
probably due tohte increase in pH and precipitation of secondary Al (oxy)hydroxides.

Geochemical modelling results indicated supersaturationt h r es pe c-Al(OH)gg gi bbsi
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and boeAlOOH))d€FiggreB.3). The declie in Cu, Ni, and Zn concentrations and the
formation of BHS suggests the removal of these metals was due to the precipitation of low
solubility metal sulfidesréaction [5]).The geochemical modelling indicated precipitation of
metal sulfides, including sphalerite ((Zn, Fe)S), chalcopyrite, chalcocit&)Cand covellite
(CuS), was favoured={gure B.4). In addition, the results from bulk S XANES analyses
indicated the presence of chalcopyrite in the solid material. Precipitation of these minerals, or
less crystalline precursors, likely contributed to the removal of metals such as Cu and Zn.
(Co)precipitation or retention of the metals into tetrahedré&b feeyes of mackinawite also may
have occurre@Mullet et al, 2002) Additional processes, including adsorption onto Fe sulfides,
Fe (oxy)hydroxides, or organic matter, may have contributed to a decline in metal concentrations
(Gibert et al., 2005)

3.4.3Carbon and Nutrient Release

Aqueous concentrations of R® initially increased along the reaction cell length but, as
the experimenprogressed, concentrations remained relatively constant. A slight increase from
the influent to effluent end was observed for¥Hconcentrations. Throughout the experiment,
effluent concentrations of both R® and NH-N gradually decreaseérigure B.1). The
breakdown of organic matter containing N and P resulted in the increase-N ittt PG-P
concentrations along the cell lendaulson et al., 2018; Waybrant et al., 2002)e growth of
heterotrophic sulfateeducing bacteria, andtar heterotrophs, likely contributed to the

breakdown in organic materi@ferbert Jr et al., 2000)

High concentrations of DOCaeave observed early in the experimefrig(re 3.6). The
high values may be attributed to the decomposition of the most reactive organic carbon in the
cell (e.g, Na-lactate solution and organith creek sediment). Following the rapid
decomposition of lake organic carbon, DOC concentrations declined to a level sustained by the
slower degradation of more complex OC, which probably contributed the majority of OC
available for SG reduction(Chapter 2Benner et al., 2002; Lindsay et al., 2008; Waybrant et
al., 2002)

Increases in DIC were observed along theleelyjth Figure 3.6). The observed increase
may be attributed to the production of alkalinity during bacteralgdiated S reduction and

other bacteriallynediated processes coupled with organic matter mineraliz#&smussen &
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Strauch, 1998) An i ni t i 2CIDICjfroneiRk6aal £2.84 rwasiobserved in the first

26 cm of the cell, followed by relatively stable values for the remainder of the cell length. This

initial enrichment may be due to the dissolution of limestone in the reactive material. Despite the
initial &oDICwbesiemained relatively depletédQtoil 4 &), consi st e
SQ? reduction coupled with organic carbon oxidatiBarthermore, the labile OC in the

reactive mixture may al so YCdDiCeatias(homdryr&Dbsut ed t o
Marais, 2003)

3.4.4Sulfate Reaction Rates

Removal rates for SO in the reaction cell were calculated based on aqueow’s SO
profiles collected during the experimefkidure 3.11). A zero-order rate equation was used to
calculate S@& removal ratesC = kot, whereC is the SG* concentration (mg ), ko is the zere
order rate constant (mgid?), andt is the residence time (dimilar rates were observed over
the course of the experimeifhe SQ? removal rates calculated for four profiles are as follows:
Rsi= 1 58. % fonPayB, R2= 1 79 .2 fonPayll5,Rs= 1 76 . fong L
Day 49, and Bs= 1 5 0 . 9" fon Day B3. The meaBQs> removal rate for these four
sampling dayssii 6 6 . 3 drhdhe lhegative sign indicat&y> was removed andR?value
> 0.90 for all four profiles indicates the zesoderequatia is a good fit for the data. Removal
rates normalized to thewt. %o dry@®&1 5. 6 ( Day 8), 17.6 (Day 15),
(Day 53) pug Lt d* g of dry OC. The mean normaliz&* removal ratés .B j6g L1 d* g*
of dry OC. Uncertainty in these reaction rateatigbuted tdimitations associated with
determining the masses thie reaction celhind reactive material during packing as well as

estimating the residence time.

The rates in this experiment are simiia those calculated in a batch experiment utilizing
both OC and ZVI {d'dlof2ing OQ;londshylet a4, @00Rgmolal rates
fromthepr evi ous | aboratory col umn exbpddglofmgnt s r ar
OC (Chapter 2), and the rangeS®? reduction rates from other laboratory experiments
utilizing similar r eactlidvgéofdnaCeud&Blowes,s 1 1. 40
2009; Lindsay et al., 2008; Waybrant et al., 2002) e3'S8O,e nr i chment factor (
for the reaction cell experimentempared to the laboratory column experimé@isapter 2),

suggestinghe extentof SQ:* reductionwasgreaterin the laboratory colums Removal rates
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from a field barrier system containing onl{CQvere initially 15.3 mg ! d?, but decreased to
10.5 mg L d* over time(Benner et al., 2002}hese rates are lower than those observed in this
reaction cell gperiment (50.9 to 79.2 mg'id?). Overall, he range of S removal ratesvere
more variable than observedprevious laboratory and field studjésit generally remain within
the same rargof previouslyreportedvalues(Benner et al., 2002; Lindsay et al., 2008;
Waybrant et al., 2002)

The difference ir5Q:> removalrates may be attributed five main causesFirst, the
temperature in the reaction celés lover than for the laboratory column experiments, and rates
of SO reduction decline with decreasing temperatB=ner et al., 20025econd, the field
cell contained ZVI whereas some of the other experiments did not include ZVI in the reactive
mixture. Third the eaction cell trial s notoperatedor as long as the column experiments
limiting the period for bacterial growth and activigompared to &eld barrier systenjBenner
et al., 2002)the reaction cell was conducted for several months as opposed to several years,
limiting comparisons at early times. Fourth, the groundwagtrcity and resultingesidence
time varied substantially betweexfield barrier systeniBenner et al., 2002)nd the field
reaction cell groundwater velocity wakt m at for awith a residencerhe of 90 d(Benner et
al., 2002) and average flow rate into the reaction cell was 960 \briv140 m & with a
residence time af.14 d. Fifth, errorsmay have occurred whemlculating the pore volume and
residence timef the reaction cellDespite thdower rates observed in the reaction cell, the
geochemical results indicagxtensiveremoval of metals and As from the groundwatealae

observed in the laboratory column experimég@isapter 2)

3.5Corxlusions

A mixture of OC, ZVI, and limestone has the potential to remove As and metals from
acidic groundwater (pH <4) and maintain circumneutral conditions under rapid groundwater
flow conditions. The increase in pH and alkalinity is attributed to the dissolution of limestone,

oxidation of ZVI, and oxidation of OC in the reactive mixture.

A rapid onset of reducing conditions was observed in the field reaction cell following the
initiation of groundwater flow. The onset of bacteriaiiediated SGF reduction resulted in the
precipitation of lowsolubility sulfides that contributed to the removal of As and metals. Solid

bulk S XANES results indicated leaolubility metal sulfides accumukd on ZVI grain coatings
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during the experiment. Metal sulfides including pyrite, chalcopyrite, sphalerite, amorphous FeS,
and mackinawite, likely contributed to metal removal. The addition of ZVI to the reactive
mixture also contributed to the removal o through the formation of corrosion products and

Fe (oxy)hydroxides that created surfaces for As adsorption.

Sulfate removal rates ranged from 50.9 to 79.2 mhg'tand were greater than, but
within an order of magnitude of, those resulting from alft@rrier system that utilized only OC
in the reactive mixturéBenner et al., 2002Compared to previous laboragaxperiments
utilizing both OC and ZVI (Chapter 2), the removal rate of*Sf@om the field reaction cell was
two orders of magnitude lower. The difference is attributed to varying daily temperatures, the
length of the experiments, varying flow rate gmdundwater velocity through the barrieell,

or column,and corresponding differences in residence times.

Removal of As and metals was observed within the first 9 cm of reactive material,
indicating rapid removal and the high treatment capacity of thure; at least 59 cm of
reactive material remained available for treatment in the reaction cell at the termination of the
experiment. Overall, the results suggest the{iemm potential of the reactive material, but
additional testing is needed to estit® the longerm capacity and the impact of varying

temperatures on removal of As and dissolved metals from groundwater.
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Figure 3.1 Map of the approximate location where the reaction cell wstalled.
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outside of the graph area because an accurate enumeration could not be determinétigfar >10
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Figure 3.9 Reflected light microscopy images of grains showing (A) framboidal pyrite preeigpitat
between grains of pea gravel, (B) exsolution texture observed on a grain of pyrrhoftes(de
precipitatereplacement ofhe OC structure and(D) bladelike texture found along the rim ofzVI
grain.
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Chapter 4: Dissolved Arsenic Treatment using Permeable
Reactive Materials: Evaluation of Temperature Dependence
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Executive Summary

The occurrence of As in groundwater is often associated with-imipacted water.

Passive remediation in the form of permeable reactive barriers or reaction cells provides an
approach for removal of dissolved As and other contaminants. Reactive masergal piithin
the ground or treatment cells promotes interactions between the groundwater and reactive
material that result in contaminant removal. A field reaction cell, 99 cm long x 30 cm diameter,
was installed at the Long Lake mine site in the late anttcndetermine the effect of colder
temperatures (mean daily temperattre ) on cont ami nant r emoval usi
containing zerevalent iron, organic carbon, limestone, and pea gravel. The results from the cold
temperature field celvere conpared to previous results from a waemperature field cell
(mean daily temperature 19 ) and | aboratory

) containing the same reactive material . Wat
experimentsRemoval of As, S@¥, and metals and an increase in pH to circumneutral values
were observed, except in the autumn cell in whick?S@ncentrations remained constant.
Populations of sulfateeducing bacteria (SRB) were observed in all experiments tingtlowest
abundance in the autumn cell. Similarly, optical microscopy results indicated the presence of
pyrite, pyrrhotite, amorphous FeS, and Fe (oxy)hydroxides in the solid material of all three
experiments, but sulfide phases were less abundant authen cell. Bulk S Xay absorption
nearedge structure (XANES) spectroscopy also indicated the accumulation of sulfide phases in
all three experiments, with limited accumulation in the autumn cell. The results indicate similar
chemical reactions occurréd all three experiments; however, the extent of bactermatidiated
SO reduction and subsequent precipitation of-kmubility metal sulfides was limited in the
autumn cell. This difference may be due to temperature limitations or to the shattength.
Despite these limitations, the overall goal to remove As and increase groundwater pH from

acidic to circumneutral values was achieved.

4.1 Introduction

The generation of acidic conditions and release of metal(loids) into groundwater are
major issles facing the international mining industry. Large volumes of waste rock and fine
grained tailings are produced through the excavation of ore bodies and milling processes. Waste
rock and tailings are often sulfigdeh, and exposure of these materialsvder and @leads to

the oxidation of sulfide minerals, accompanied by the oxidation of Fe(ll), an increase in acidity,
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and the release of metal(loid8lowes et al., 2014)These processes persist for decades to
centuries and the resulting acid mine drainage (AMD) can be detrinemiahrby water bodies
and ecosystems if left unremedia{®owes & Jambor, 1990; Moncur et al., 2005)

Arsenic (As) is a contaminant common to gold (Au) mine sites due to the mineralogy of
the host rocks and gangue minerals associated with Au formation. The mobility and stability of
As are dependent on the oxidation state and pH. Arsenic can occur inavxgtateof 1 3,71,

0, +3, and +5common forms of inorganic aqueous As include arsenite (As(lll)) and arsenate
(As(V)) (Nordstrom & Campbell, 2002; Smedley & Kinniburgh, 200%3(lll) tends to
dominateunder anaerobic conditions, and As(V) tends tphesent in aerobic waters
(Nordstrom, 2002)Treatment systems for As often manipulate the geochemical conditions of
the water to promote As sequestration and immobilizgtawell et al., 1998)

Passive treatment systems, composed of zones of reactive material, are increasingly being
utilized to treat contaminated groundwater and surface water. These passive treatment systems
may consist of permeable reactive barriers (PRBSs) that intercept groundwater, or containerized
systems that capture surface water, to remove the contaminant ofti(Béoees et al., 1998)

Chemical reactions include reduction, oxidation, adsorption, and (co)precipitation.

Arsenic attenuation is controlled by a series of geochemical reactions. A thorough
understanding of the site and geochemical conditions that persist are requiredninddtee
viability and effectiveness of a potential barrier. Additional factors including barrier thickness
and groundwater flow rate are also important for determining the potential for the barrier to
remove As and other contaminants to sustain decreasegntrations for extended periods of
time (Powell et al., 1998)

Treament systems and experiments have utilized mixtures of organic carbon (OC) and
zerovalent iron (ZVI) as reactive materials for the removal of As and metal(loids) from
groundwateBeaulieu & Ramirez, 2013; Guo & Blowg2009; Lindsay et al., 2008; Ludwig et
al., 2009) The addition of ZVI results in the formation of Fe(ll) and Fe corrosion products, both
of which create surfaces for As adsorption. The OC in the reactive mixtureta®the growth
of sulfatereducirg bacteria (SRB) and the development of sulfatkucing conditionsBenner
et al., 1997)H:S is formed during microbi@Q:* reduction, which promotes the formation of

low-solubility metal sulfides and results in the immobilization of metal(Idiishner et al.,
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1997; Ludwig et al., 2002Removal of As may occur through-peecipitation with metal

sulfides, incorporation into the mineral structure, or adsorption onto metal sulfide surfaces
(Blowes et al., 2014)Removal of As with mixtures utilizing both OC and ZVI leen

observed (Chapter 2; Chapter 3). The addition of limestone to the reactive mixture increases the
pH of the water. The addition of pea gravel to the reactive material can provide a significant
increase in hydraulic conductivity; a 5% difference ingka gravel fraction may result in an

order of magnitude change in conductiiBenner et al., 2002)

Passive systas remain in place and are expected to perform for many years following
initial installation. Variable temperatures affect the growth and activity of SRB and result in
changes to rates &Q? reduction and subsequent metal(loid) rem¢R2anner et al., 2002)
Warmer summer temperatures are accompanied by higher rateg?ofe8Gction; the opposite
effect is observeth the winter(Benner et al., 2002 he effect of varying temperature is
important to consider, along with siteagdemistry, prior to barrier installation.

The abandoned Long Lake Au mine is located near Sudbury, Ontario. High
concentrations of As and metal(loids) are observed in the tailings poré@ei2kHill, 2014;
MNDM, 2017; Verbuyst, 2020)Tailings produced during the milling process were discharged
into low-lying topographic depressions. In the 1980s, three of the tailings impoundments were
capped with a layer of sand to prevent wiildwn transport of fugitie dust. Wateborne
transport of tailings through Luke Creek resulted in the formation of a tailings delta in the
southwestern end of Long LakéH2MHill, 2014; MNDM, 2017) The extent of contamination
necessitates a remediation stggtéo prevent migration of contaminated groundwater from the
tailings impoundment toward Long Lake and control As release from tailings in Luke Creek and

the greater Long Lake watershed.

Laboratory experiments (Chapter 2) and a figdction cell instddtion (Chapter 3)
indicate the potential for the mixture of ZVI and OC to remove As at flow rates greater than
those typically observed in aquifers. This study expands on these previous laboratory column
experiments (Chapter 2) and a summer reactioriral(Chapter 3). A separate fietdaction
cell experiment utilizing a mixture of ZVI and OC was implemented at the Long Lake site in late
autumn 2018. Temperatures were several degrees colder than those prevalent during the summer

field trial. This papeexamines the effects of different temperatures on microbial activity and the
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potential freezing of the cell and reactive material duringetpeeriment The results from all
three experiments asdsocompared to assess the ability of the reactive nahterremove As
and otheicontaminants present at the site over a range of temperatures and groundwater
velocities and contribute to our understanding of factors influencing SRB activity and metal

removal

4.2 Methodology

4.2.1Reaction Cell Setup

The reaction céwas constructed using a PVC pipe (schedule 30; 99 cm long, 30 cm
inner diameter) sealed with PVC Van Stone flange end plates. Each end plate included four
sampling ports that were covered with a | ayer
samplirg ports were installed ata intervals along the length of the reaction cell, starting 26
cm from the influent end. Each agqueous sampling port included a piezometer, which extended 28
cm into the reactive material and was composed ofdn2PVC pipe (deedule 40) with holes
drilled along the side and covered with a layer of il EBKE mesh. The aqueous s
ports were sealed in place using bulkhead fittings. A ball valve connected te@Orédon

barb, to enable water sample collection usingrengg, was installed at each sampling port.

The reactive mixture was composed of 40 vol. % OC (wood chips and leaf compost), 10
vol. % ZVI (acidwashed), 45 vol. % pea gravel, and 5 vol. % limestone. Approximately 50 g of
organicrich creek material colleéed from Laurel Creek (Waterloo, ON) was dispersed
throughout the reaction cell during packing and &riBlayer of pea gravel was added to the

influent and effluent ends of the cell.

The cell was installed north of the T34 tailings impoundmen{Chapter3). Water was
pumped into the cell from a piezometer installed in Luke Creek (Chapter 3). Following packing
of the reactive material, the cell was flushed with,@® 2 h. A solution of 1000 mgtSQ*
and 2.5 % Ndactate was pumped through the cell until fully saturated, after which the cell was
closed and left for 2 d before the start of groundwater flow. Ar&@ier test was conducted to
determine the pore volume and residence time. The compuotgiapt STANMOD(Simunek et
al., 1999)with the CXTFIT mode(Toride et al., 1995)vas used to assist in the interpretation of

tracer test data.
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To minimize freezing, pipe heating cables were wrapped around the cell and a light bulb
used to produce heat near the influent tubing. A timeromasected to the water pump, heating
wires, and light bulb to optimize battery usage. The pump operated at 1 min on/3 min off
intervals, with the pump speed adjusted accordingly. However, the reaction cell froze as
temper at ur d@ &t ened duriy ¢he experimentA propane tank heater was used
to thaw the reaction cell to restart water flow and allow sample collection. The average pumping
rate during the experiment was 8.2 mL mjibut freezing of the cell may have affected the flow
(Table 4.1).

4.2.2Sample Collection
4.2.2.1Aqueous Sampling
Water samples (60 mL) were collected from the reaction cell using syringes. To minimize
disturbance to the flow rate, sample collection began at the effluent port and proceeded
downward (ports 7, 5, 3, 2, 1) to th@luentport (Chapter 3). Fouull profiles were collected
over the experimental period. A Solinst Level

cell to record temperatures-bourly during the experiment.

Water samples were collected to measure electrical conductivity (EC), pH, and Eh
(unfiltered); anions, alkalinity, dissolved inorganic carbon (DIEXC-DIC isotopesii*S-SQy
isotopesand dissolved k$ (filtered, unacidified); cations and trace elements (filtered, acidified:;
pH < 2 with 6770% OmniTrace® HNQ); and nutrients and dissolved organic carbon (DOC)
(filtered, acidified; pH < 2 with 998% A.C.S. Reagem.SQy). Samples were passed through a
0.45um Acrodisc® filter and into polyethylene or amber glass bottles. Determinations of pH,
Eh, alkalinity, EC, and dissolved-H were conducted in the field. Samples for all other

parameters were refrigerated or frozen until analysis at the Univerdiatefrloo.

4.2.2.2Solid sampling

Following the experiment, a 2.5 Al core tube (40 cm long) was inserted into each
solid-sampling port to extract solghase samples. Each end was cagpeblsamples were
stored frozen prior to microbiological and sefilase nalyses. A second core tube was inserted

into the cell to collect any remaining material.
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4.2.3Analytical Techniques
4.2.3.1Aqueous Analysis

Field measurements focused on pH (Orion 3 Star meter connected to an Orion 815600
Ross Combination pH Probe), Eh (Orion 3 $te&ter connected to an Orion 9678B NWD Sure
Flow Combination redox electrode), alkalinity (Hach digital titrator and bromocresol-green
methyl red indicators; Method 10244 from the HACH Hydraulic Fracturing Water Analysis
Handbook, Edition 8), EC (Conducitiy and TDS pocket meter), and$l(Hach DR/2400
Portable Spectrophotometgsing methylene blue spectrophotometric metidethod 8131
from theDR 2800 Manugl Laboratory analysasere conducted at the University of Waterloo,
Groundwater Geochemistry and Remediation Laboratomjet®rmine the concentrations of
dissolved cations and trace elements (inductizelypled plasma mass spectrometry, Thermo
Fisher Xseries Il; inductivelgoupled plasma optical emission spectroscopy, Thermo Fisher
iICAP 6000), dissolved anions (ion chromatography, Dione€@3), and inorganic and organic
carbon (total organic carbon method, Aurora 1030 TOC Analyzer). Samples were analyzed for
NHz-N using tte salicylate method (Method 10031/10032 from the DR 2800 Manual), and for
PQOy-P using the ascorbic acid method (Method 8048 from DR 2800 Manual) on a
spectrophotometer (HACH DR 2800).

4.2.3.2Light Microscopy and Synchrotron Analysis

A section of the solid colummaterial was freezdried and sent to Spectrum
Petrographics in Vancouver, WA for thin section preparation. A Nikon Eclipse LV100N POL
polarized light microscope was used to examine the thin sections under reflected and transmitted
light. Some grains of berest were further analyzed to determine elemental percentage using
scanning electron microscopy (SEM; Hitachi TM3000 Tabletop SEM) with electron dispersion
X-ray analysis (EDX; Bruker QUANTAX 70 EDS). Samples were analyzed using synchrotron
radiation buk S X-ray absorption neagdge structure spectroscopy (XANES) at the Canadian
Light Source (CLS) in Saskatoon, Saskatchewan. ZVI grain coatings were prepared by cooling
the sample in liquid B transferring the sample to an anaerobic chamber, grindirgyaires
with a mortar and pestle, and sieving the ground material. Prepared samples were stored in an
anaerobic chamber prior to transport to the CLS. Processing of the bulk S XANES data was
conducted using the computer program ATHE(Ravel & Newville, 2005) Two to three scans

were merged ip(E) to reduce the noise in the spectra. Spectra were collected for gypsum
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(CasSQ-2H20) during the same beamtime; spectra were shifted to the standard reference EO of
gypsum(Fleet, 2005)Merged scans were shifted accordingly (+0.82 eV).

4.2.3.3Solid Organic Carbon Analysis

Portions of thaunreacted organic carbon substratesd for the experimeivood chips
and leaf compostyerechemically characterizeid determine the abundancepobtein, lignin,
aciddetergent fiberADF), andneutral detergent fibéNDF). Calculations were conducted to
determine the cellulose content, hesellulose contentC:N ratio,and degree of
biodegeadability of the materig|Richards eal., 2005)

4.2.3.4ADNA Extractions

DNA was extracted in duplicate on solid samples stored in the fre@etQq) following
the kit instructions from DNeasy PowerSoil Kits (Qiagen Inc., Germany). Extracted samples
were stored i n t htesubmissianzAemplicoa sequéengiry (IGinaMiSeq)d r
of the data was conducted using modified universal primers 515F(8U&kers et al., 2015p
amplify the V4 region of 16S rRNA genes. Processing of the sequencing data was conducted by
Eva Pakostoa (Pakostova et al., 2020), using the Mothur program v.1(Seloss eal., 2009)
and Mothur MiSeq Standard Operating Procediazich et al., 2013)Duplicate samples were
merged and based on reference predictions by vsearch, using the Silva database for 16S rRNA
gene sequences, chimeric sequences were discarded. Clustering of operational taxonomic units
(OTUs) at a 97% similarityelvel were conducted usingda novagpicking process. Taxonomic
annotation of individual OTUs was determined with the Silva Reference database (Mothur
formatted version, details above). Several taxauding mitochondria, eukaryotes and
unknown, were not used for further data analysis based on the Mothur MiSeq SOP. To control
variation due to the unequal number of sequences across samples, subsampling on each sample
after OTU generation at a rarefian level based on the sample with the fewest number of
sequences (28,600 reads) was conducted. SRB relative abundances were determined by
screening the taxonomy file for prokaryotic genera (or higher taxa when identification to the
genus level was not psible) containing at least one species with the investigated metabolic trait.
A list of SRB detected in the samples and the mean % of total reads from the whole data set, not

individual samples, was determineihble C.1).
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4.2.3.5Geochemical Modelling
Saturatim indices were calculated using the geochemical software PHREEQCI with the
WATEQA4F (Ball & Nordstrom, 1991ylatabase.

4.3 Results

4.3.1Temperature

The temperature varidcom1 19 to 9 wi t h a melan(Figure #.).e of

4.3.2Water Chemistry

The mean influent pH w&& 78 and the mean effluent pH was 7.78lle 4.2;Figure
4.2). An increase from acidic to circumneutral values was observed at the first sampling port, 26
cm from the influent end or 11 cm into the reactive material. Following the initial increase, pH
remained relatively constant for the remainder of the cell length. A decrease in Eh was observed
within the first sampling port from a mean influent value of 480 mV to a mean effluent value of
120 mV, after which values remained relatively constant for timaireler of the cell length
(Figure 4.2) An increase in alkalinity was observed, from a mean influent value of near 0 mg L

1 as CaC@to a mean effluent value of 150 mg.L

The mean influent As concentration was 2.5 mdFigure 4.3). Arsenic concenttins
decreased within the first 11 cm of reactive material and remained low for the remainder of the
cell length; the mean effluent As concentration @&spg L. Iron concentrations varied along
the length of the reaction ceFigure 4.3). An increasdrom a mean influent value of 9.3 mgL
was observed until 40 cm along the cell length, after which concentrations began to decrease.
Effluent Fe concentrations (mean 5.5 m§ were lower than influent concentrations. A
decrease in the concentrationnoétals was observed by the first sampling péigure 4.4).
Concentrations of metals, including Al, Co, Cu, Ni, and Zn, decreessukctivelyfrom mean
influent values of 8.3 mgt, 270 pg L', 110 pg L%, 220 ug L2, and 270 pg t*to meareffluent
values of 26 ug &, 1.27 pg 2, 2.5 pug L4, 5.9 pg L2, and 2.5 ug L. Following the initial
decrease, concentrations of all metals remained relatively constant for the remainder of the cell

length.

The mean influent k8 concentration was <\ L (detection limit). Increased
concentrations of v6 were observed along the cell length, with a mean effluent value of 8 mg L

1 (Figure 4.5. No consistent change in the concentration offS&as observed along the length
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of the reaction cell. Meaimfluent and effluent concentrations were similar (166 vs. 170 ¥ag L
respectivel®pQv dalhiee measn Gi. 4 °3AS-Saywab obsevedafomgn d i n
the length of the reaction ceRigure 4.5).

On the first two sampling days, DOC concatibns rose to a maximum of 110 mg &as
C, but on the last two sampling days decreased along the cell |€igyihe(4.6). An increase in
DIC from an influent concentration of 2.5 mg ks C to an effluent concentration of 19 my L
as C was observed on Day 9. The carbon isotope profile collected for Day 9 increased initially
from an influent value of 123 a and remained

lengthataneflant val ueigadd4er 10 a (

An increase in NkIN was observed along the reaction cell length, from a mean influent
concentration of 0.73 mgito a mean effluent concentration of 1.3 mg(Eigure 4.7).
Concentrations of PP decreased slightilong the length of the cell from a mean of 0.18 mg
L in the influent to 0.10 mgLin the effluent.

4.3.3Solid Phase Characterization

16S rRNA amplicorsequencing of the solickll material indicated the presence of SRB
communities throughout the reaction cell. The two most abundant genera of SRB were
DesulfitibacterandDesulfuromonasThe relative abundance of SRB along the length of the cell
ranged from 1.0 to 1.5 %, with no obged trend between the influent and effluent erfdgure
4.8).

Pyrrhotite (Fa-xS), pyrite (Fe9, and Fe (oxy)hydroxides were observed under optical
microscopy. Corrosion products and whiiey rims were observed on grains of Z¥Igure

4.9). Replacement of organic cellular material by a secondary precipitate was also observed.

Synchrotron radiatioibased bulk S XANES analyses indicate the presence of two
dominant peaks in the unreacted ZVI spectra, corresponding to an organic S sp&6ies/j24
and an oxidized sulfate species (2482 eV). Three spectral features (a/b, c, d) are observed in the
spectra from the reaction cell samplEgy(re 4.10. The first feature (a/b), appearing as a raised
plateau as opposed to a peak, is observed wtkinange from 2471 and 2473 eV. Because of
the low intensity, this feature, which may be attributed to pyrite or sphalerite ((Zn, Fe)S), could

not be resolved. The second (c) and third (d) features are attributed to be an organic S species
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(tetramethylensulfoxide; GHsOS) and oxidized sulfate species (gypsum; 2482 eV),

respectively, based on the EO of the absorption féget, 2005; Wang et al., 2018oth the

second (c) and third (d) spectral features correspond to the two dominant peaks in the unreacted
ZV| spectra Figure 4.10, 4.1).

On a dry wt. % basis, leaf cqrost made up 5 wt.% and wood chips made up 14 wot.%
the total reactive mixturéAnalysis of the unreacted organic material indicated a higher protein
and lignin content in the leaf compost (P: 8.7 %, L: 18.6 %) compared to the wood chips (P: 4.7
%, L: 169 %) However, lgher NDF and ADFvalues were observed the wood chips (N: 52.7
%, A: 70.2 %) compared to the leaf compost (N: 61.2 %, A: 44.9 %). The C:N ratio of the leaf
compost and wood chipgas28.8 and 53.8, respectively.

4.4 Discussion
4.4.1Cold Tempeature Reaction Cell
4.4.1.1Water Chemistry

The increase in pH and alkalinity of the groundwater within the first 11 cm of reactive
material Figure 4.2 was likely due to the oxidation of ZVI, dissolution of limestone, and
oxidation of OC (Chapter 2; ChapterBenner et al., 2002; Lindsay et al., 2011)

¢00 ‘MO 'M 'O O [1]
6O OP 60 O 2]
b ¢800P OY (O [3]

The generation of $6, decrease in Eh values, presence of SRB in the solid material, and
presence of secondary sulfidésgures 4.2,4.5, 4.8 indicates sulfateeducing conditions in the
reaction cell. However, S®c o n c e nt r &' iernamsd redativdly uiichanged along the
length of the reaction celF{gure 4.5, indicating the extent of sulfateducing conditions was

limited.

The occurrence of secondary Fe sulfides indicates the development ofdfating

conditions contributed to the decline in dissolved Fe through these phases:

Y6  ¢800 ¢O O '0Y ¢80 00, [4]
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The results from geochemical modelling indicate the precipitation of Fe sulfides such as
amorphous FeS, greigite @), and mackinawite ((Fe, NixS) was favoured, resulting in Fe
immobilization Figures C1, C3. The formation of ZVI corrosion prodts, including goethite
(FeO(OH)), ferrihydrite §Fe0s-9H.0), and ferrous hydroxgarbonate (F£OH)2(CGs)), also
likely contributed to a decline in Fe concentrati@ieen et al., 2007)

™ ¢O0 ° '0QU® ¢©° [6]
¢ ¢OL Od © ™M U 060 o0 [7]

The sharpglecrease in As concentratio®sgure 4.3 is attributed to the incorporation of As in
secondary sulfide phases or secondary Fe (oxy)hydroxiasporation of As into Fe sulfides
(amorphous FeS, greigite, mackinawite) or formation of a distincul{gle phase

(orpiment(AsSs) or realgar (AsS)) following Q> reduction contributed to As immobilization

in laboratory column and field experiments (Chapter 2; Chap®io®ies et al., 2000, 2014;
Jambor et al., 2005 he decrease in As concentrations is also likely due to adsorption onto ZVI
corrosion products (Chapter 2gn & Wilkin, 2005; Ludwig et al., 2009; Su & Puls, 2001)
Possibly because of low abundances, attempts to isolate secondzegrAg phases by optical

microsc@y and SEM were unsuccessful.

A decline in metal concentrations including Al, Cu, Bind Zn was observed within the
first 11 cm of reactive materidrigure 4.4). The decrease in Al concentrations is attributed to
the increase in pH and precipitation of Al (oxy)hydroxidesg.(gibbsite ¢ -Al(OH)z), boehmite
(0-AlIO(OH))) (Figure C1). Geochemical modelling indicates supersaturation with respect to
these phases. The declines in concentrations of Cu, Ni, and Zn are likely due to the development
of sulfatereducing conditions and subsequent precipitation of metal sulfides such as clit@copyr
(CuFe9), covellite (CuS), mackinawite, and sphalerite ((Zn, Fe)S), or less crystalline precursors.

Geochemical modelling indicates the precipitation of these phases is favoured.

The slight increasm NHs-N concentrationalong the length of the colum{Figure 4.7)
may be attributed to the breakdown of organic material, whereas the slight decling- Bniz®
be due to adsorption onto Fe (oxy)hydroxides or precipitation of vivianitgeR@Gg.-8H.O)
(Figure C.1). The high DOC concentrations (> 100 mg)lobserved early in the experiment
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may be due to the initial decomposition of-ldatate and organiach creek sediment added to

the reaction cell material. The decrease in DOC concentrations observed for Rags3E3is

likely due to the slow degradatiof @omplex OC following the rapid breakdown of labile

organic carboriBenrer et al., 2002)The increase in DIC observed along the cell length may be

due toan increase in alkalinity during sulfateduction or organic matter naralization

(Asmussen & Strauch, 1998) | ni t i al Y¥e-DICis tkblyreeta theidissoldtion of

limestone and the sugChiBGedal negati ve, a)i foll owi n
likely due to limited sulfateeduction andC oxidation(Londry & Des Marais, 2003)

4.4.1.2Microbial Community

The low abundance of SRB suggestsSf@duction is likely limited Figure 4.8). The
two most abundant SRgenera wer®esulfuromonaandDesulfitibacter both of whichcontain
memberghatcan use %as a terminal electron acceptdlielsen et al., 2006; Rikihisa et al.,
2015) Desulfitibacterbacterigproduce sulfide through the reduction 8{Sielsen et al., 2006)
andDesulfuromonasrganismsan reduce 8o H:S through dissimilator$ reduction(Rikihisa
et al., 2015)Other less abundant SRB genera observed in the solid material include
DesulfomicrobiumandDesulfobulbusSomeDesulfomicrobiummemberscan reduce both
arsenate and S®. The addition of ZVI to the reactive mixtupgomoted the formation of H
(reaction []) andmay have enabled the growth@ésulfobulbusnembers capable oédudng
SO to HpS andutilizing H, for growth. The optimal temperature for growth of these genera is
30 , WwWhi ch i s ooldertemperatgrésefrthistrelactian cell éxperiment.

4.4.1.3Solidphase Characterization

The presence of pyrrhotite, pyrite, and Fe (oxy)hydroxides observed in the solichmater
using optical microscopy indicates the precipitation of Fe sulfides and the formation of ZVI
corrosion productsccurred Figure 4.9. The results from bulk S XANES indicate the
accumulation of a reduced S species in the solid material and is consistent with the precipitation
of Fe sulfides during bacteriallyediated SG reduction Figure 4.10. The presence of a
raised plateau as opged to a sharp peak in the bulk S XANES spectra suggests the

accumulation of a reduced species in the solid material was limited.
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4.4.1.4Characterization of Organic Carbon

The longterm effectiveness of OC substrates in the reactive mixture, to support
bacteridly -mediated SG reduction and removal of metals, can be variable. Factors such as the
rate of degradation of the solid material by bactexig. (cellulose, proteindignins) and the type
of nutrients available in the reactive material (carbohydratesgen) may affect the lorgrm
rate of DOC release into the water. Quantifying the characteristics of an OC substrate may
contribute to understanding the sh@md longterm capability of the material.

In the fresh wood chips, the more degradablielose (36 %) and henrgellulose (18 %)
made up about 54 % of the carbohydrates, and the less degradable lignins made up 17 % of the
carbohydrates. About 42 % of the carbohydrates in the leaf compost were composed of cellulose
(26 %) and hemcellulose (B %), and 19 % of carbohydrates were in the form of lignine. Th
C:N ratio for the leaf compost (29) is lower than for the wood chips (3% values for NDF
and ADF are also lower in the leaf compost than in the wood.chiyes(C+H)/L ratio, where C
is the cellulose content, H is the hieagllulose content, and L is the lignin content, was
calculated Table 4.3. This ratio typically indicates the degree of biodegradation that has
occurred in a certain material (Richards et al., 2005). Using this indicator, a lower degree of
biodegradability was determined for the leaf compost (2.3) compared to the wood @)ips (3
These results suggest the leaf compost may be more bioavailable than the wood chips and
therefore more suitable for initi®iQ:* reduction. However, both materials are suitableSios
reduction, and wood chips are likely important as a-@nm ®urce of OC due to the slower
breakdown. Another study that evaluated the chemical characteristics of oak leaf and compost
reports cellulose content ranging from 34 to 37 wt.% for both materials and lignin content of
around 15 wt. %Gibert et al., 2004)These numbers are comparable to the cellulose and lignin
content of the leaf compost and wood chips in the reaction cell. Othersfaatth as residence
time also contribute to the overall performance of the reactive mixture in a gy3iieent et al.,
2004)

4.4.2Compaison to Laboratory Columns and Warm Temperature ReaCél
A primary objective of the autumn field cell experiment was to compare results with
laboratory experiments (Chapter 2) and a summer reaction cell trial (Chapter 3) packed with

comparable reaste materials (ZVI and OC). Three laboratory column experiments were
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conducted using varied OZVI mixtures (wt. %) of 40:10 (T1), 30:20 (T2), 20:30 (T3).
Determining theability of the reactive material to remove As and ott@rtaminants present at
the site over a range of temperatures and groundwater velocities contributes to our understanding

of factors influencing SRB activity and metal removal

4.4.2.1Water Chemistry and Microbiology
A decrease in S was observed along tharemer cell and laboratory column lengths,
but no change was observed in the aqueou$ 8@ncentrations of the autumn cdfigure 4.5)
Sul fate removal r at epglLdagha déndOCfforthensolumh 80 t o 1 20
experi ment s a néqg Lf dlghof dryOCHr the summer celSulfate removal
rates could not be calculated for the autumn cell due to the lack:6fr8@oval however a
rate can be predicted by determining the temperature dependence of the reaction. The Arrhenius
equation can be used to predict the effect of changing temperatures on th&s@fereduction
(Benner et al., 2002)

L Q O p p
e HWeY Y

where K is the rate coefficient at temperaturg(Kelvin), ko is the rate coefficient at

temperature 7, R is the universal gas constant (8.3140° kJ mot* K1), and & (kJ mol?) is

the activation energy of the reaction in reference to the temperature dependence of the overall

SQ* removal ratg¢Benner et al., 2002Benner et al. (2002) calculated ajoE40 kJ mot

based on seasonal variations for an organic carbon barrier installed at a mine site and monitored

for a period of several years. Using thig fier a mean outside temperatura 6f. 5 (aut umn
cell), the rate of Sg3 reduction ranges from 15t@ 20.4 mgL* d?, corresponding to S®

removal between 37£nd49.2 mg L*. The SG* removal is within the range of influent $O

concentrations (146® 186.6 mg 1), and would not be detectable in field observations.

The enrichment factor @f*S-SQuwas greater for the column experimentis 8.9 ,
columns;U 123.2& , summer cell), which is consistent with the greater extent of $&noval
observed in the columns. No changéiits-SQs wasobserved in the autumn cell. This
difference is consisteémvith limited SQ? removal in the autumn reaction cell, indicating the
colder temperatures limited bacterial growth and activity and affected the development of strong

sulfatereducing conditionsThedifference inlactateincubation time between the three
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experimentgautumn: 2 d; summeR0d; laboratory columnst2 d), may also have contributed
to the limited growthand activityof SRB in the autumn celthe autumn cell was incubated for a
shorter length of time comparsalthe other two experiments

An increase in DOC was observed along the lengthe cells and columns, but the
initial increase in DOC concentrations was substantially greater in the laboratory column
experiments (max: 6000 mg'), compared to the summer reaction cell (max: 590 Hgahd
autumn reaction cell (max: 110 mgLFigure 4.6). The difference in nutrient and DOC trends
may be attributed to the varying temperatures in the experimigrigeratures the laboratory
were consistently at 2ZC during the experimenhowever temperatures the fieldvarieddaily
andwere substantially colder during tle@tumntrial ( mean air temper atur e
summer cell 19 °C) (Figure 4.1). Decompositiormates of organic material increase with
increasingemperaturgKirschbaum 1995) The lower DOC concentrations observed in the
autumn cell, compared to the summer cell and laboratory experiments, are consistent with the

slow rates of OC decomposition at low temperatures.

Nutrient concentrations varied between the reactidracel laboratory column
experimentsKigure 4.7). Ammonia and P@P concentrations were relatively similar between
the influent and effluent ends of both reaction cell experiments; only a slight increase was
observed toward the effluent end. In the labmmatolumn experiments, however, BN and
PQOs-P were much greater in the column effluents compared to the influent, which indicates both
NHz-N and PQ-P were probably released by more extensive oxidation of OC in the column

experiments.

The total percemaige of SRB reads wéswer for the autumn reaction cell (11056 %) and
greater for the summer reaction cell (2.8 %) and laboratory column experiments {2040 %)
(Figure 4.8, results shown for laboratory column T3, withaéio of ZVI:OC most similar to the
reaction cell mixturesafter conversion from wt.% to vol.f4The major SRB genera observed in
the laboratory column experiments wé&esulfovibrio, Desulfobulbus, Desulfomicrobium,
DesulfuromonasandDesulfobacterwhereas thenajorgenera observed in the summer cell were
Desulfomicrobium, Desulfitibacter, Desulfosporosirasg the ordefesulfovibrionalegwhich
includes the genem@esulfovibrig. Similar major genera between the laboratory columns and the

summer cell wer®esulfovbrio andDesulfomicrobiumln the autumn cell, the most abundant
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genera wer®esulfitibacterand Desulfuromonaswhichwere also one of the most abundant in
the summer cellesulfitibactej and laboratory column®esulfuromonas The lower

abundance andctivity of SRB in the autumn trial may be attributed to the lower temperatures.
Different genera may have dominated in the autumn cell based on the ability to survive under
more extreme conditions. The gerssulfuromonasobserved in both the columnpetiments

and autumn cell, containssgrain calledDesulfuromonas svalbardensighich has been
observed to grow within d&Vandekapeta. 2006fhee r ange o
predominance obesulfuromona# the autumn cell is consistent with the ability of this strain to
survive under colder temperatures. However, other straiDesifuromonassuch as
Desulfuromonas acetoxidansave a higher optimal temperature range, which may explain why
the genus also dominated in the laboratory columns under warmer tempeiRfemnesy &

Biebl, 1976)

Similar trends in aqueous geochemistry were observed between the laboratory column
experiments and the two field reaction cell experiments. An increase in pH from acidic to
circumneutral values and a decrease in Eh before thadimgbling port was observed in all
experimentsKigure 4.2). Sharp decreases in dissolved As concentrations to < 16 (Ejdure
4.3) and dissolved metal concentrations of Al, Cu, Ni, andFgure 4.4) wereobserved. In all
cases, removal of As and mistavas observed at the first sampling port, indicating only a small
proportion of the reactive material was consumed, and that substantial reactive capacity

remained at the end of the experiments.

An increase in DIC along the cell and column lengthsipatied to dissolution of CaGO
and oxidation of OC, was observed ¥DICall thre
values ranged from 120 to 125 a, with a sharp
T 10 %WC-DIQiwas therconstant for the remainder of the cell or column lenBthure 4.6).
Thi s ¢ h¥CDiCeuggests tlie dissolution of limestone was a predominant source of the
addi t¥CeDhCaHoweuer, oxidation of OC through $Oreduction may also have

contribued to the increase in alkalinity.

The concentration of Fe in the laboratory column effluents was substantially greater than
influent values, whereas a minimal difference was observed between influent and effluent

concentrations in both reaction cell sid~igure 4.3). The initially high Fe concentrations in the
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laboratory columns decreased over time and concentrations were substantially lower toward the
end of the experiments. Acidashed ZVI was used for the reaction cell experiments, but
untreated ZVWwas used for the column experiments. Untreated ZVI particles are coated with
oxidation products, principally Fe(lll) (oxy)hydroxides, which are susceptible to reductive
dissolution under the conditions prevalent within the column experiments. The observed
differences in Fe concentrations between the experiments may be attributed to the difference in
ZV| utilized for the cells compared to the columns.

4.4.2.2Solidphase Characterization

The presence of whitgrey, bladdike rims on ZVI grains, replacement ofgamic
cellular material by a secondary precipitate, and the presence of sulfide and Fe (oxy)hydroxide
minerals were observed in all three experiments; however, a few differences were also noted.
Less corrosion was observed on the ZVI grains and a lowadahae of sulfide minerals,
including pyrite and pyrrhotite, was evident in the autumn cell material compared to that from
the laboratory columns and summer reaction cell. These results indicate similar mechanisms
occurred in all three experiments, but éxtent of these processes and the resulting

accumulation of reaction products was limited in the autumn cell material.

Geochemical modelling for all of the experiments indicates conditions favourable for the
precipitation of greigite (&), mackinawitg(Fe,Nix+xS), pyrite, sphalerite, chalcopyrite
(CuFe9), covellite (CuS), and Zn$(Figures C.1, C.2) In addition, greater accumulations of
solid phase S were observed near the influent end of the columns and cells, but the trend was not
as pronounagin the autumn celRigure 4.12). Bulk S XANES spectra ohe unreacted ZVI
(bothuntreatecand acidwashed), indicated the presence of two dominant oxidation :sB@s
, represented by gypsum, and an org&ntompound, included in the XANES analyass
tetramethylene sulfoxide (c, Bjgure 4.11). Thespectra from theeacted column and cell
material indicate thregpectral features; treecond and third pealre similar to those observed
in theunreacted@ VI spectra. Tl first peak which is absenn the unreacted ZVI coatings
characteristic ofeduced S speciesmdindicates reduced S phaseszumulated on the ZVI
grains during the experiment¥his observatiorwhich wasconsistent in all three experiments
indicates sulfides accumulated in the solid matelug to microbiallynediatednteractiors

between the groundwater areghctive mixtureln the autumn reaction cell spectra, however, the
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first spectral feature appears as a raised plateau, which eltethéssecond spectral peak
(tetramethylene sulfoxide), rather than the vaeifined peak observed apectra obtained for the
laboratory columns and the summer reaction €afjure 4.11). The occurrence of this plateau

suggests the accumulation of aueed S species during the autumn cell trial was limited.

Solid-phase characterization of all three experiments indicated the As removal
mechanisms in the reactive material were similae likely removal mechanism for As was
adsorption onto ZVI corrosioproducts or precipitation as an-8slfide phase. Bacterialy
mediated SG¥ reduction and the subsequent precipitation ofsmubility metal sulfides likely
contributed to the removal of Fe and metals (Cu, Ni,iz@)l three experiments, howevéhnjs
processvas likely more limited in the autumn calhdadditionalreactionamay have contributed
to a further decrease in metal concentratidie increase in pH and precipitation of Al
(oxy)hydroxides likely resulted in the immobilization A The results from geochemical
modelling, optical microscopy, microbiology, and sepidase baracterization of all three
experiments are consistent witiese observati@ However, the extent to which the processes

occurred appears to have been limited in the autumn reaction cell.

4.4.2.3Temperature Dependence

The outside temperature during the autumn
approximately 150 20 °C colder than the average outside temperature during the summer trial
(11 to 30 °CFigure 4.1). These lower temperatures resulted in lower reaction rates during the
autumn experiment. The decrease in Eh, presence of SRB microbial communitiestjgené
alkalinity, and production of low amounts 0$$] suggest the development of sulegducing
conditions occurred in all of the experiments. However, changes between influent and effluent
SOs% concentrations observed in the autumn cell fall inithe range of variability of the input
concentrationsthe absece of (**S-SQy enrichment indicatethatbacteriallymediated SG¥
reductionwasmodestand may have occurred at rates too low tddtectedNakai & Jensen,
1964) Theabsege of SQ* removala n d t h e3**Slemrichknenwere aldmbservedn
column TOduringthe laboratorystudy(Figure 4.5. Column TOcontained minimal amounts of
OC and 0 wt. % ZVIA decrease in metal concentrations was observedth theautumn cell
and column TPhoweverAs was removed from the autumn cell but not from column TO. The

removal of metals from column TO was attributedaateriallymediated SG¥ reductio. The
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removal of metalén the autumn ceik likely due to the limited presence of bacteriaitgdiated
SOy reductionor adsorption pco-precipitationwith alteration coatings on the ZVThe results
from column TO indicate that removal of As from the autwelhmay beattributed to the

presence of Z\/lwhichcan createsurfaces for As adsorption through the anaerobic corrosion of
Fe to Fe(ll). Therefore, the addition of ZVI appears to be important for the removal ahder
conditions wherdacteriallymediated SG¥ reductionis limited.

Thelimited development of bacteriatiyediated SG¥ reduction may be due to the
colder temperatures but also to the shorter duration of the autumn cell expeBuitné
reducing bacteria are able to adapt to changing temperature conditions and mayirsarwice
range of temperatures from beldw °C upto +75 °C (Postgate, 1984; Waybrant et al., 1998)
The colder temperatures in the autumn cell likely slowed the rdtactérial activity andhe
reduction of aqueous S®concentrationsThe results suggest a future barrier system should be
installed during the warmer months when sulf@gucing conditions are able to fully develop

4.5 Conclusions

Arsenic and dissolved metals were removed from acidic groundwater under cold
temperature conditions with a reactive mixture of ZVI, OC, and limestone. The results from this
study were compared to previous laboratory and field experiments utilizing similar reactive

material and influent water to determine the effect of a lower teatye.

Daily temperatures were 4156 °C colder in the autumn cell thantire summer reaction
cell and laboratory column experiments, which resuligtie development dimited sulfate
reducing conditions in the autumn cell. The alsseofaqueous S removal was consistent
with the limited formation of reduced S species in the bulk S XANES spectra and with the lower
abundance of pyrite and pyrrhotite grains observed under optical microscopy in the autumn
reaction cell A lower abundancefSRB populations was also observed in the solid autumn cell
material compared to the other two experimelitsited SQ? reduction is attributed to the

colder temperature conditions of the autumn cell experiment or the shorter trial length.

Despite decrased microbial activity in the autumn reaction cell, the water chemistry of
all of the experiments was similar, including a decrease in dissolved As and metal
concentrations, an increase in pH to circumneutral values, and similar trends in alkalinity, Eh,

and carbon. Iron concentrations were relatively constant between the influent and effluent
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concentrations of both reaction cell experiments but were greater in the laboratory column
effluents. This difference may be attributed to the use of unreactedhZhM icolumn
experiments compared to asshshed ZVI in the reaction cell experiments.

The autumn reaction cell resultglioate a reactive mixture containing ZVI and OC may
be influenced by temperature. The colder temperaanmgshorter incubation ped likely
limited the initial development of sulfateducing conditiong the autumn cellhowever, the
addition of ZVI contributed to As and metal removal despite the limited microbial activity.
Overall, agueous chemistry results were similar aath$bree experiments, indicating the
potential for the reactive material to remove contaminants under varying temperature and flow

conditions.
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Figure 4.1 Changes in temperatuderring theautumn2018 field trial (ed) comparedo thesummer 2019
field trial (blue Chapter 3 The average temperature for the laboratory column experiments was 22
(dashed line; Chapter.2)
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summer reaction cell (middle; Chapter 3), and laboratory column columns prior to termination of the
experiment (bottom; Chapter 2). Distance 0 cm representsribftoacentrations and 100 cm or 30 cm
represents effludrconcentrations.

115



63-66
71-72
’g‘ 56-59
2 4o.52 64-65
o
c
0O 35-38
50-51
28-31
RC1| &
f T T T L 4344
0 2 4 6 8 §
g 36-37
o
26-27 29-30
€
£ 19-20 22-23
(0]
o
&
B 10-11 21-22
o
3-4 17-18
T3
I T T T I T T
0 2 4 6 8 0 2 4

% of Total Reads

% of Total Reads

B Desuffitibacter
[ Desulfuromonas*
BN Remaining SRB

® Desulfovibrio
== Desulfobulbus
m==== Desulfomicrobium
== Desulfuromonas
ezzz Desulfobacter
mmmm Remaining SRB

B Desulfitibacter
W Desulfovibrionales*
E== Desulfomicrobium
B Desulfosporosinus
EEE Remaining SRB

Figure 4.8 Percent known SRB identifiettirough DNA extraction analysis in the autumn cell (top left),
summer cell (right; Chapr 3 and laboratory column T3 with the closest ZVI:OC rakiot{om left;
Chapter 2) at different distances alongdk#/column length. The most abundant gerfararked with
asterisks when pooled together with higher taxa)plotted and the remaining SRE grouped
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Figure 4.9 Reflected light micrecopy images of grains showing (A)-&@lfide precipitate replacement of
OC structureand (B) corrosion rims on a ZVI grain.
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Figure 4.10Bulk S XANES spectra of solid samples collected from the reaction cell. The number (cm)
represents the distance from the influent end of the cell. Unreaciddvashed ZVI and other standard
are alsashown. The spectral peak locations for pyrrhotite/FeSpyaite (b), sphaleritgc),

tetramethylene sulfoxide (d), and gypsum (e) are shown with dashed lines.
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Figure 4.11 Bulk S XANES spectra of solid squies collected from thautumn reaction cell (W),

summer reaction cell (S; Chapter 3), and laboratory column experiments (T; Chaptex Bumber (cm)
represents the distance from the influent end of theldeteactedintreatedZVI and acidwashed ZVI

are also plotted. Dashed lines represent peak locations for pyrrhotite/FeS (a), pyrite (b), tetramethylene
sulfoxide (c), and gypsum (d).
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Figure 4.12 Comparisorof the wt. % S in the solid material andueous S@concentrations for the
autumn reaction cell (RC1, top right), summer reaction cell (RC2, bottom right; Chapter 3), and
laboratory columrexperiments (T1, T2, T3eft; Chapter 2), collected along the cell/column length.
Distance 0 cm represeritdluent concentrations and 100 cm or 30 cm representgedfftoncentrations.
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