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ABSTRACT

An ongoing concern iacid mine drainage (AMD) from abandoneslilphidicminesin the
Sydney coalfieldwhich threatens locatater bodies and fishing industrié$eft untreated

This work focuses on evaluating the performance of two geassive treatment systems

at theNeville Streefacility that treathis AMD, which is acidic and contail®avy metals
such agron, mangange, and aluminumThese treatmentsystems include caustic soda
addition, aeration cascades, settling ponds, and constructed wetlamde=nt monthly
sampling by a local government agency may or may not representcaieesscenarioss
samplingmay notcoincide with conditions that could impact performance, such as peak
loading This work was divided into three research objectives: (1) characterize system
performance during peak loading, (2) statistically evaluate treatment performance, and (3)
develop areatment performance modeltbe constructedetlands.

Analysis of sampling data during peak loadiegentsindicates thaboth systems are
effectively removing iron from the mine water wetffluentreadingsmeetingfederal and
provincial guidelines.However, nlet iron conentrationshave beernncreasing over time
for both systemsthus, exceedancesf guideline limitscould become a concern in the
future. Due to newly adoptdederal and provinciajuidelines for maganese and sulphate,
exceedancesf theseguideline limitshave been or aréely to becomea concern in the
nearfuture. Modeling of wetland treatment performancgnga modified tanks-in-series
(TIS) modelrevealed the remssityfor site-specific calbration of model constantéreal
rate constants at 20 °C for iravere developedor both system$ased ordesign and
averageoperatingconditions The design areal rate constants at 2@otGhe two systems
were 2,325 m/year and 1,380 m/year; the aveeagal rate constants at 20 °C were 1,930
m/year and 560 m/year
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CHAPTER 1 INTRODUCTION

With the largest coal reserves in eastern Canada located underneath the ocean in the Cape
Breton aregHacquebard, 1993nd aftemearly threehundred yearsf coal mining in

the region, the closure of the last underground mine in the Sydney coalfield in 2001
(Natural Resources Canada [NRC&1{20)had a huge impact on the local econoiy

addition to a loss of a vital industry in the area, another concern in the faaidl afine

drainage (AMD) rose up from the depths of the mines, threatening the local water bodies

and fishing industry
1.1 Backg round

Remediation of the coal mining operations in Cape Bretorawdsontinues to be
massive endeavorhe effluent from the Sydney coalfield mines is acidic and contains
heavy metalswhich are persistent toxins that bioaccumulate and biomagiméy
remediation efforentails the continuous treatmentsoft billion liters per yeaof AMD

with four passive treatment plardad oneactive treatment plarh the Sydney area
(Government of Canada, 2016)

Thisthesisfocusel onthe Neville StPassiveTreatmentSystem(PTS) whichis located

in Reserve Mines, Nova Scotemdtreas AMD from 10 interconnectegabandoned coal
minesin the Sydney coalfieldvhich are commonly referred to e 1B hydraulic
system This facility includes two serApassive treatment systems, the second of which
was added when the facility was expanded in A@Edernment of Canada, 2018his
expansion was necessary as it was determinedhiiatitial configuratiorof the Neville
St. PTS was inadequate to fully treat the AMD during peak loading.

Peak loading occurs in the late fall and early spring when there is a tendency for higher
rainfall and snowmelt. In most passive treatment systems, additional water ingts ha
diluting effect on contaminant concentrations, which counteracts the low residence time
associated with higher hydraulic loading; the resulting overall effect is an improvement in
system performance as lower contaminant concentrations in the syftemtefre

generally achieved. Howevyan this case, the additional water input results in increased



AMD generation, which causes the system to experience the upper range of contaminant
concentrations simultaneously with short residence times. Thusyritemnant removal
performance of the Neville St. PTS is the poorest during peak lodtegyoal of this

work wasto evaluae the performance dhis facility postexpansiorto ensure adequate

treatment of raw mine water during peak loadiwgns.
1.2  Thesis Objectives

The aim of this workvas to conduct anvaluation of thepostexpansiorperformance of
the Neville StPTSin treating AMDduring peak loaithg events to ensure that
contaminant removal meets federal and provincial guidelines anctiegsl prior to
release to the environmedn initial review of historical sampling data collected by
Public Services and Procurement Canada (PS&PC) was condliceegurpose of
analyzing this data was to identify contaminants of concern for whidladhi¢y has a
history of poor removal, to determine overarching performance trends, atehtify
gaps in the current sampling progranhich were key to informing the development of
the framework for this thesi$he work in this thesiwasdividedinto three distinct
research objective¢l) chamacterize system performandaring peak loading2)
statisticaly evaluate treatment performanead (3)develop areatment performance
modelof wetland. These threebjectiveswereprogressive in nature, msag that

outputs from earlieobjectiveswereincorporated into latesbjectivesas inputs.
1) Characterize system performartteing peak loading

Contaminanteductionperformancetthe Neville StPTSis theweakesturing
peak loadingDue to the low frequency of sampling, PS&B&nplingdata may

not represent the performance of theility during peak loading eventSvent
samplingwasconductedduring peak loading events and these sampérs
analyzedor key performance indicators in order to evaluate the performance of
both systems at the Neville St. B Mdth a particular emphasis on contaminant

removal.

2) Statisticaly evaluate treatment perfoance



Sample readingsf variouskey variablesat locations across each systemre
compared using statistical analysis to determine if significant removal of
contaminants is taking place within both systems at the Neville St.IRTS.
addition, sample vaks of keyperformancearameterérom multiple points in
both systemsvere comparetb evaluatdf therearesignificantdifferences in
treatmenperformance betweeawperationalyears Historical data provided by
PS&PC and data collected as part of thigext were incorporated into the

statisticalanalyss.
3) Develop a@reatment performanaeodelof wetlands

Based on historical data collected by PS&PC exeht samplinglata, anodified
tanksin-series (TIS)modelwith first order rate constants itmcorpaate
contaminant attenuation mechaniswesdeveloped andppliedto simulatethe
removal performance of the two constructed wetlaitise Neville StPTSfor

iron, akey contaminant of concern.

Collectively, the data and the insights gathered from the above three steps were used to

evaluate if the Neville SPTSis able to remove sufficient amounts of contaminants
during all operational conditions, including peak loading. This information was al

employed in the development of recommendatgiamiming fromnthis thesis.
1.3 Thesis Structure
This thesigs organizedccording tdhe following structure:

Chapter 1 Introduction (1) establishes the topic of the thesith ahigh-level

summary (2) describes the scope of the thesis by explaining the objectives, and (3)

presents an overview of the thesis structure while summarizing each chapter in a manner

that demonstrates how it contributes to the main objective of the thesis.

Chapter 2 Literature Review explores the current state of understanding of AMD
treatment, with a particular focus on the application of constructed wetlands to treat

AMD similarto that generated by the Sydney coalfjelthile supplying necessary



background information to prowdcontext and relevanc€he literature review includes
abreakdowrof why AMD is an issuea brief history of the treatment of AMD from the
Sydney coalfieldan explanatiomf the Neville St. PT®rocess and operatipkey details
about ofthe currentmonitoring programanda review of modernmodellingapproaches

for wetland treatment performanckhe purpose of this literature review is to ensure the
scope of this thesis was informed by industry best practices and to provide a theoretical
framework for he thesis based on identified performance gaps within the NevilR St.

process.

Chapter 3 Methodologyis dividedinto threeresearch objective$l) characterize
system performance during peak loading, (2) statistically evaluate tregteréarmance,
and (3) develop a treatment performance model of wetlditsmethodologs of each
of the thregesearch objectivemre addressed separately, includangreakdowrof what

work was carried outor eachobjectiveand why.

Chapter 4 Results anl Discussionbegins with a review of historical sampling data from
PS&PC to provide context for identified monitoring gaps, which was the basis for the
work undergone in this thesihis sections similarly divided into three sequential
sections based dhe samethreeresearch objectivediscussed in the methodology
section Each section reviews the results of the assocaipttivein detail providing

context and relevance

Chapter 5 Conclusionsummarizes théndings of theentire thesis and prowd

recommendations derivdzhsed orthe work completed in this study.



CHAPTER 2 LITERATURE REVIEW

Acid mine drainage is a legacy issue in the former coal mining towns throughout Cape
Breton as a direct result of nearly three centuries of coal mining in the region with the
first coal mine opening in Port Morien in 17@Q0ova Scotia Archives, 2023)Vith the
largest coal reserves in eastern Canada located underneath tharatétaral landn

the Cape Breton aréblacquebard, 1993)he Sydney coalfield was an essential part of
the Canadian economfor centuriescontributing 40% of the Canadian coal production
in 1912(Miner's Museum, 2023Puring this time, coal frodlova Scotiasupplied the

raw energy that allowed for the development of modern indastrgnly locally, but in
Central Canada as wéMiner's Museum, 20230utside of a couple of small project
exceptions, such as tsevenyear Surface Coal Mine and Reclamation Pragéthe

Prince Mine site that weaepprovedn 2006(Nova Scotia Department of Environment
and Climate Change [NSEC@017a)andtherecentopening of Donkin Mine in 2017
(NSECC,2017b)with its subsequent closure Marchof 2020(Morien Resources
Corperation, 2023nd reopening in Decembef 2022(Government of Nova Scotia,
2022) there has been no coal production from mine&Sape Breton since the closure of
the last Cape Breton Development Corporation mine in 28&Can,2020) Even

though the coal industry is a shadow of its former glory, the environmental impacts

persist as a concerntine form of AMD.

This chapter(1) explains why AMD is a concern, (2) providelsrief overview of the
treatment history of AMDn the Sydney coalfieldrea (3) describes the AMD treatment
process at Neville St. PTS including current performance, gdpgsrovides details about
the existing monitoring program including possible deficien@esd (5)discusses how
wetlands can be used to treat ANMDdreviews current methods of modelling wetland

treatment performance
2.1 Acid Mine Drainage (AMD)

Acid mine drainagés characterized by low pH and high concentrations of sulphates and
heavy metalsAcid mine drainagés effluentreleasedrom mines locate largely in areas

that contain sulphide mineraison sulphides are the prevalent sourcAbID, but other



metals sulphides can also generate A{@Rouseret al., 2017)These mineral deposits
areinert until exposed to oxym through the mining proce@sefeni et al.,2017) The
exposure othis ore to oxygen causéisese sulphide mineralgs become oxidizedThese
oxidized mineral€ome in contact with water #semines naturally fill with watertUpon
the exposure to watdhe oxidized ore dissolves into the water, resuliintpe formation
of sulphuric acid, sulphates, and metal i(fBkousen et al2019) The associatedsein
water acidity increases the solubility of thdphideminerals, releasing more acid and
metal contaminant®old, 2014) This cycle of reactions repeajsickly and is sel
perpetuating uiil the oxidizedsulphide mineralareconsumedFord, 2003) The mines
continue to fill with water until it overflows, discharging AMEhich contaminatelocal
surface and groundwater if not properly treated before reldéser levels in mines
fluctuate depending on weather pattemish the rising and falling water level exposing

new ore to oxygen and water, continuously generating AldRresult

Thechemical reactions associated withID can bea naturally occurring evetitrough
thenormalweathering oSulphide mineratshowever, miningctivities augmernthe
amount of AMD generation by increasing the amourgutphide mineralbeingexposed

to the element§Muhammad et al2015) Acid mine drainagés generated in and
discharged by active, inactive, aaldandoned ming#\charya & Kharel, 2020)Active
mines typically havelewatering pumps, and this reduces AMD generation, but does not
eliminate itcompletely Dewatering activities generalbgaseonce mines are no longer
active.Contaminated and acidic effluent is afgoduced bymining waste rock piles

upon exposure waer and oxygeiiDold, 2014) This form of AMDdischargas

likewise a concern and khown as acid rock drainage (AROhe release ofadic

effluent whether generated by mines or waste rock, is a consequence of land being
disturbed by anthropogenic activities and can continue indefinitely, posing risk to the
environment for many years. Some experts estimate that AMD can be produced for
centuries (or even millennia) post termination of the activity that first caused the AMD
formation Ramasamyt al.,2018)



2.1.1 Chemistry of AMD Formation

AMD can have a pH which varies widely butypically rangesrom 2 to 8 (Skousen et
al., 2019) The most common dissolved cations found in AMD are Group Il and
transition metal such as iron (F&3" and Aluminum (A#); the most common dissolved
anions in AMD are sulphate (9) and bicarbonate (HGQ (Skousen et al2019) The
alkalinity of AMD can vary quite considerably depending on the amount of acid
neutralizing minerals (generally carbonatessentwvithin local rock. Thus, some AMD

is alkaline in nature, bus still referred to as AMD due to its means of formation and its

high concentration of contaminar{8&kousen et al2019)

Iron sulphide islie most common sulphide mineral involved with ANtiPmation,; thus,
it is conmon for AMD to contain dissolved irgi\kcil & Koldas, 2006) Pyrite, also
oftenknowna s f 0 0o, is & @mrmgoa fordch of iron sulphide ahds the chemical
formula of Fe$[iron (ll) disulphidd. The oxidation of pyriteesults in the formation of
ferrous iron (F&), sulphates (S£3), and hydrogen cations as shown in Equa®idn

o X 6 060 0Q ¢ ¢O (2.1)

The above reaction results in a reduction in pH, which ptesthe dissolution of other
minerals, many of which contain metals. In sufficiently oxidizing environments, ferrous
iron (FE€") can also react with an oxidizer, such as oxygen, to form ferric irdf) (Fe
which releases more hydrogen cations and desgas$déurther. The production of AMD
often involves the oxidation of other metal sulphides, which forms metal cations and
sulphates in a similar manner. Thus, AMD generation involves numerous chemical
reactions and can result in various AMD composgiandchemisties Accordingly, he
amount and severity of AMD production variggh time andirom case to case

dependhg upon the local climate andinerology(Amoset al., 2015)Factors that have

the most significant effect on AMD formation include pH, temperature, aqueous oxygen
concentration, anthineralsurface area; some of the other physical, chemical, and
biological factors that can contribute to rate of AMD generatiomudelock

permeability, alkalinity, and bacterial activiggkcil & Koldas, 2006) Hence, assessing



the quantity/quality of AMD generation from a location throughout its lifetime is
complex,makingtreatment of said ANd costly and challenginfAcharya & Kharel,

2020) Moreover, there are numerous methods for treating AMD and the best approach
varies from site to siteAkcil & Koldas, 2006)

Although sulfrate is a major constituent of AM was notaconcern for treatmenintil
recentlyas theravereno federal or provinciatjuidelines for fresh or marine watemtil
September of 2021 whayova Scotia adopted tHieesh water guideline of 128 mg/L for
sulphate from thdritish Columbia Ministry of Environment and Climate Change
Strategyor BCMOECCS(NSECC,2021) BCMOECCS adopted this limit due to
concerns for aquatic toxicit§British Columbia Ministry of Environment and Climate
Change StrategfBCMOECCS],2013) Sulphatds a polyatomic anion with the
chemical formula of Sg&, and it is highly soluble in water. Sulphagepart of the
sulphur cyclein wetlands, whichnvolves multiple biological and geological processes
that transform sulphur into different species in oxidized and reduced (#atisc&
Wallace, 2009)Oxidized formsof sulphur such as sphite, suphate, and thiosphate
are found in the water colunwhere oxygen is present aretox potentiais high
reduced formef sulphur(includingsulphide, beulphide, and elementaiulphur) are
found in the sedimentshereoxygen is deficient antedox potentials low (Kadlec &
Wallace, 2009)From a treatment perspectigiphur has a critical role in the formation
/ storage of metadulphidesandthe majority ofsulphur removal will normallyproduce
organic,elemental, and metalilphide moleculesn the wetland sedimen{&Kadlec &
Wallace, 2009)Sulphate can reducthe growth rate of some macrophytes due to
phytotoxidty and eutrophication by releasing phosphdiedlec & Wallace, 2009)n
general, settling ponds and wetlands are not effective at removing sulphates. For wetlands
treating AMD, the inlet concentrations of sufjplstypically exceed théreatment
capacity; br example, only an averagé14 % reductionn sulphates was seen across 32

freewatersurfacewetlandsfrom multiple studieg¢Kadlec & Wallace, 2009, p. 417)
2.1.2 Economic, Environmental, and Health Impacts of AMD

Acid mine drainagés not only a concern in Cape Breton, but throughout Canada with



more than 1@00 abandoned ming€oumans, 2003Abandoned mines require

continuous treatment that can last indefinitely, ultimately requiring the Canadian Federal

and Provincial Governments to pay the reclamation ¢Gstsmans, 2003stimated

government spending 1994associated with AMDrelated expendituresas$5.25

billion CAD (Mining Watch Canada, 2000 the United States, recent estimates

indicate that more than ZIM0 km of streams are polluted by AMD (Skousen efall9)

even though any release of AMD in the United States should be governed through

regulations at multiple levels (local, regional, national, and internatjcua) as the

Clean Water At (CWA) andthe Surface Mimg Control and Reclamation Act

(SMCRA) (Acharya & Kharel, 2020) On a g légale rineneelt,s fand pr
companies spend millions of dollars each year in capital and operational costs to treat

AMD, meet effluent limits,ath mi ni mi z e e n VAchaya&khardl, a | ri sks
2020) According to Skouseet al.(2019) a combination of reclamation and treatment of

AMD discharge over the last 40 years has signifigareduced the amount of AMD

released into the environment globaowever, AMD continues to be a worldwide

problem with continued costs and environmental imp@dtshammad et al2015)

Unless the AMD igjathered antreatedbefore releasehen the acidic effluent from the
abandoned mines will make its way out of the mine and into local water bodies, which
poses risk to the environment and the species that inhabit th@/aneaEnvironment
Neutral Drainage, 1994Due to its high acidity and its high metal content, AMD has
serious environmental consequenttes not only affect local water bodies and aquatic
organisms, but that also travel up the fobdin ensuing in greater ramifications both
temporally and spatiallgKefeni et al.,2017) Environmental concerns for AMD include
contamination of drinking water, reduction of aquatic iifaffected water bodies
accunulation of metals ifiood chain, and deterioration of ecosysté@shienget al.,
2010) Wiien AMD enters surface water bodies, the effects include biotic impacts on
stream and lake organisms through direct toxicigpitat alteration by metal precipitates,
visual changes from orange or yellow staining of stream sediments, nutrient cycle

disruptionso etc.,renderingthe water unsuitable fatherusegSkousen et al2019)

The heavy metals associated with coal mining effluent, such as iron and arsenic, are not



degradable and become concentrated as a result of the mining jidtsst al.,

2017) Heavy metals are persistent toxins that have the potential to bioaccumulate and
biomagnify in food chainAli et al., 2019) Elevated heavy metals have a negative
impact on plants and animals; in humans, high amouritsafy metals can form

complex toxic compounds that negatively affect biological functionéltyttaet al.,

2017) In general, health concerns associated with effluent leached from abandoned
mines that penetrateto local water suppésinclude elevated metals in body fat due to
contaminated food supplies, resulting in higher cancer and heart diseag¢® iraites

Watch Canada, 2000)

2.2 Treatment of AMD from Sydney Coalfield

Acid mine dranageis an inevitable consequence of coal minjbgttaet al., 2017)The
environmental impacts of AMD can be reduced in three ways: (1) prevention of the
production of acidic effluent, (2) prevention of the drainage of a@ftfiuent, and (3) the
collection and subsequent treatment of the acidic effiifddil & Koldas, 2006)

PreventingAMD formation isconsideredhe most effective optio@dohnson & Hallberg,
2005 and generally involves preventing sulphide minerals coming in contact with
oxygen, water, and/or certain bactgiafeni et al..2017) Some prevention methods
include backfilling mines to reduce oxygegress and/or increase alkalin{tgefeni et

al., 2017) controlling postmining hydrology at site by diverting water from site or

though pretreatment to increase water alkalinity, and employing oxygen barriers such as

impermeable membranes and hydraulic seals (Skousen2QX9),

However, in the case tie Sydney coalfieldsegion, the hydraulic systems that have
formed in the former coal mines are too vast and confplgxrevention of AMD
formationto beconsideredis the main reclamation stratg@y. Mkandawire personal
communicationFebruary 132020). Remediation of the Sydney coalfields was further
complicated by inaccurate mine documentation (due to the long and cdetgplistory
of mining in the area which includes bootleg mines) and changes in mine structure/
hydrology post mine closurg¢due to erosion and substructure collapsEsgn though

prevention methods have been employed on a smaller scale in specificstincces
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within the Sydneyarea e.g, redirecting surface / ground waters and managing the water
level in the hydraulic systems by adjusting pumping rgtddacPhee, personal
communicationAugust 5 2@21), collection and treatmeid the primary method used for
addressing the environmental impacts of AMD generbyettie abandoned underground

minesin the Sydney regio(Government of Canada, 2013)
2.2.1 Scope of AMD Issue in Cap e Breton

The majority of the coal in the Sydney coalfield is considered submarine, with 5/6 of the
reservebeing classified as thermal coal and the remainder considered to be metallurgical
(Hacquebard, 1993Mining started alng the shoreline and extended out underneath the
Atlantic Ocearn(Zodrow, 2005)forming large, interconnected labyrinths of mine
workings(Shea, 2010)The coal in this area is sulphurous, containing 2.5 % to 6.2 %
sulphur depending on the coal se@tacquebard, 1993and pyrite rich(Zodrow, 2005)

The AMD from the Sydney coalfield can be typigaharacterized by low pH and the
contaminants of concern include sulphates and heavy metals such as iron, manganese
and aluminun{Morykot, 2014) Contaminated receptors include sediment, ground water,
and surface watdéGovernment of Canada, 28a-d).

The mines in the Sydney coalfield were operate@aye Breton Development
Corporation(CBDC or DEVCO) since 1967CBDC wasa federal crown corporaticand

the proponengventuallyresponsible for the operatidmonitoring of the AMD
treatmen{Wilson et al., 2011)Enterprise Cape Breton Corporation (ECBC) assumed the
AMD legacyupon CBDCceagng operation in 2009Meierset al., 2015)Responsibility

was then transferred to Public Works and Government Services Q&Wa@&SQ in

2014 when ECBC disbandé@overnment of Canada, 2018WGSCis now known as
Public Services and Procurement Cand@s&PQ and cotinues to be the party
responsible for AMD treatment in Cape Breton

CBDC performed audits in 1998/1999 and 2004/200%4esa the extent of assets and
properties for which CBDC would be responsible to close and remédiatzka,
2006) The scope of the environmental remediation progismFigure 2.} consis$ of

more than fifty underground coadines, which produced approximately 500 million tons
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of coal and waste rodShea, 2009)Remediation of the coal mining operations in Cape
Breton entailed addressing more th&0 @ffected propertieand95 coal associated
operations encompassing odgd00 knt (Meierset al., 2015with a wide range of

different types of facilitieselatedto the coal mining industry including (but not limited

to) mines, an international pier, rail systems, loading facilities, waste rock disposal sites,
and wash plant@Viatzka, 2006)Following federal and provincial guidelinesdinding

the Soil Remediation Petroleum Products Policy from Nova Scotia Department of Energy
(NSDOE), Mine Closure Guidelines from Ontario, and federal guidelines@amadian
Council of Ministers of the Environme(ttCME)], CBDC developed a strategy to

address the closure and remediation of all CBDC sites after considering multiple options

including cleanup, removal, passivactive treatment systems, efd/iatzka, 2006)
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Figure2.1  Formercoal mines in Sydnegoalfield (Stantec Consulting Ltd., 2020)

Currently, there exists five treatments sites for AMD in the Sydney area that jointly treat
six billion liters per year opolluted mine water, including an active treatment plant in
New Victoria, and four passive treatment plants: (1) Nevillé*$6in Reserve Mines,

(2) No. 11 mine in Glace Bay, (3) the Beaver mine in Albert Bridge, and (4) the Franklin
mi ne i n BriGpveBmentof Carada, 2016)
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2.2.2 Treatment Methods for AMD

When considering the treatmanethodsof AMD, there are a plethora of options, which
are generally grouped under two main categories having many subcategoriafiensu
active treatment (requires continuous operation and maintenance sapopassive
treatment (requires little support once in operat{dohnson & Hallberg, 2005yVhether
passive or active, treatments can use champtysical, and/or biological means to
neutralize the acidic effluent and remove the metals from the AMBnson & Hallberg,
2005) Typically, passive treatment uses naturally occurring sources of energy to treat
less pollutd waters and active treatment uses chemicalpawered system® treat

more heavily polluted wat€Wolkersdorfer, 2011)

Treatment of AMD requires neutralization of acidity and removal of heavy metals
(Johnson & Hallberg, 2005The chemicals typically utilized to neutralize acidic mine
effluent include limestone, hydrated lime, caustic soda, asldaammonia, calcium
peroxide, etc(Akcil & Koldas, 2006) Acidity can also be reduced by aeration if0©a
major contributor of acidityAtkins International Ltd., 2008)ncrease# acidity also
increase the dissolution of heavy metals in mine effluent; thus, heavy metals will start to
precipitate withncreases of pH. Aeration also helps the precipitation of metals as
oxidized metals drop out of solution given sufficient resideimee (Johnson & Hallberg,
2005) In addition, microorganisms can be used to increase alkalinity and precipitate
metals(Johnson & Hallberg, 2005 cid mine drainagearies in chemistry based on
locaion and thus requires sipecific treatment strategigsattreatAMD both

effectivelyandeconomically (Skousen et a2019)
2.2.3 Passive treatment of AMD

Passive treatment is an effective option for AMD treatment that is low maintenance, easy
to operate, costffective, and does not require continuous chemical inputs. Passive
treatment is suitable for treating AMD wigitherhigh contamination concentratisor

high throughput but the othehas to remaitow to moderate (Skousen et &Q19) In
comparison to active treatment methods, passive treatment methods generally require

longer retentions times ampleatedandareag Skouseret al., 2017)Passive treatment
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systems often use multiple treatment strategies in series to achieve effective treatment.
The monitoring and maintenance required by passive treatment systems are typically
lowerthan that of active treatments systems, but some passive systene2d more
extensive maintenance every fivelfdyears, such as replacement of an alkaline
substrate, removal of accumulated precipitates, or replacement of aquati¢$kanisen

et al., 2017)

Passive treatment technology employs natural biological and / or geochemical processes
to neutralize acidity and remove metal contaminébkeuseret al., 2017)Biological
treatments épend on bacterial activity to treat AMD; examples inclaeebic and

anaerobic constructed wetlangsrtical flow wetlandsandbioreactor{Skouseret al.,

2017) Geochemical treatments use alkaline materialsd@ase the buffering capacity

of AMD in order to neutralize acidity; examples @oghemicatreatmens include

anoxic limestone drains, open limestone channels, limestone leach beds, steel slag leach
beds, diversion wells, limestone sand, and low plex@ation channeléSkouseret al.,

2017)

Four of five treatment sites for AMD in the Sydney area are passive treatment plants
including the Neville StPTS which is the focus of this worRheNeville St.PTShas
undergoneaipgrades and an expansion over the years it has been in operatiesmamd
technically a sempassive treatment system. Passive treatment technologies employed at
this facility include settling ponds, constructed wetlands,aamatural wetland.

2.3 Nev ille St. Passive Treatment System (PTS)

At a high level, there are three basic approaches to reduce the environmental impact of
AMD: (1) primary control which consists of methods that prevent of the formation of
AMD, (2) secondary control which consistsrméthods that prevents AMD migration,

and (3) tertiary control which consists of methods that collect and subsequently treat
AMD (Akcil & Koldas, 2006) At the Neville St. PTS, both primary and tertiary corstrol

are ncorporated into the design. Primary control is employed through the use of pumps to
maintain themine wateillevel at a relatively constant heigintthe 1B hydraulic system to

minimize the generation of AMD. Tertiary control at the Neville St. PTS ingaive
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chemical treatment of the AMD followed by removal of contaminants by several process
steps including aeration cascades, settling ponds, and constructed / natural wetlands.

2.3.1 History of Neville St . PTS

In Cape Breton, the mining industry was located ardbadity of Sydney and the
surrounding towns and villages (Sydney Mines, New Waterford, Lingan, Dominion,
Reserve Mines:lace Bay, Port Morien, etc.) as depictedrigure2.2 Over the

centuries, thenining processormedlarge, interconnecteslystens of mineworkings

(Shea, 2010When the mines were allowed to flood, an estimated 50 billion gallons of
water filled the tunnels, creating hydraulic systems wattyinginputsof ground and

surface water anhtermittentoutputsof acidic effluent(Shea, 2009)The network of

mines in the Sydney coalfield created three major hydraulic systems that were identified
to require discharge treatment: (1) 1B hydraulic system, (2) New Waterford hydraulic

system, and (3) Sydney Mines hydraulic sys(&imea, 2010)

..
P e

ﬂ'{,‘E r 2. Glace @1‘
Reserve m ;|a e

Mines Donkin

-

..'5:1 dney

Figure2.2  Former collieriesn the Sydney coalfield (Shea, 2009).

The 1B hydraulic systens situated beneathe communities of Glace Bay, Dominion
Reserve Minesand Donkinand included.0 abandoned underground, interconnected
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mines that were created through 127 years of mining, that have a depth range from 125 ft
above sea level to 200 ft below sea level, and that span three different coal &drea,

2009) Different sections of theinesin the1B hydraulic system were allowed to fill up

with water as dewatering pumps were decommissioned as astaggeredlosure
processhat started in 1938; some mines sections continued to remain active while new
mines continued to be opened until 1985ea, 2009)After thefinal colliery closurein
1999(Shea, 2009and once the last dewatering pumps were ceased, the mine water
levels continued to slowly rise. Presently, fiB2hydraulic syemalone is estimated to
containl6 billion gallons ofAMD (Stantec Consulting Ltd., 2020)

As part of the management of mine water levels, water was pumped from the mines in the
1B hydraulic system and discharged to the oeesimg thelB Shaft pump$or more than

50 years until 1985 fiwithout (&hey 2000p.i ceabl
292). Figure 2.3shows an incident in 1992 where an inrush of water from a closed

colliery due to a failed underwater dariggered the reuse of tld3 Shaftoutfall to the

Atlantic Ocean to try to manage water levels in operating collieries; mine water discharge
to the @weanpost incidentvas stopped afteninewater quality dropped drastical{$hea,

2009) Boreholes were drilled in 2001 moonitor rising mine water levelandanalysis of

mine water samples frotheseboreholes in 20®Wshowed high acidity and metal
concentrationgShea, 2010)Shortly thereafter, it was determined that the ratesofy

mine watersoupledwith the declining watechemistryposed aevereaisk tothe inshore

fishing industy if releasd to the ocean, which woulaccurin a short time if no action

was taker{Shea, 2010)in responsea mine water working group of international experts

was formed to infornthe development ahanagemendtrategis for mine water levels in

the 1B hydraulic systemandan alternate discharge sweas establisheddjacent to

Neville St in Reserve MinegGovernment of Canada, 2013)

The Neville St. WellfieldNSW)was developeth 2003to pumpbetter quality AMD

from the 1B hydraulic systeno avoiddischarging worse quality AMD to the Atlantic
Ocean via thd B Shaft pumpg$Wolkersdorfer, 2011)The NSW consisted of multiple
submersiblgoumps installed in cased boreholes to transfer AMD froniBrbydraulic

systemto Cadegan BrookStantec Consulting Ltd., 2020¥hich eventually flows to the

16



Atlantic Ocean. Since put in operation, the NSW diakilized the water levels in tHd3
hydraulic systen{Stantec Consulting Ltd., 2020 owever, between 2003 and 2008, the
mine water discharge from tiNSW continued tavorsenwith average irorconcentration
increasing from 0.361g/L t05.22mg/L (more than five times greater than the target of
1.00 mg/l) and average aluminugoncentrationncreasing from 0.09 mg/L toT® mg/L
(Shea, 2009Hence, the quality of theaine water effluenat the NSWhad deteriorated
such that it required treatment before release.

Figure2.3  Release oAMD from 1B hydraulic systenmto Atlantic Ocean (Shea,
2009).

In 2008, the pumps at the NSW were automated to impuater levelcontrol to help
minimize AMD generatior{Stantec Consulting Ltd., 2020)he original PTSwas
completedin 2009at the NSW locatioto treat 7000 L/min ofAMD. Tracer tests were
conductedn 2009 and 2010 at the Neville. T Sby the Mine Water Remediation
Industrial Research Chat CBU through théederally funded 2008 2018Mine Water
Research Program (MinWaReP) and showed thatfthetiveness of PTS mémentwas
being diminishedlue to insufficient residence time in the settling pfndlkersdorfer,
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2011) Baffle sheets were installed in the settling pond in 2010 to increase residence time,
which is shown irFigure 2.4 but little improvements in performance were seen as it is
suspected that the baffles created higher flow rates in the settlingAdtin

International Ltd., 2013)Overall theoriginal treatmensystemwas able to reduce
averageron content from 8.39 mg/L at the settling pond inlet to 0.67 mg/L at the wetland
outlet, meeting thdischargdarget ofiess tharl.00 mg/L(Shea, 2010)

gt Bt | S Jpon L)
naturaliwetland!

M settling)pond!

PI° ascade

Figure2.4  Neville St passive treatment systam2010 (Wolkersdorfer, 2013)OWL
= outlet of constructed wetland, OSPutlet of settling pond, SPB
settling pond discharge, CRIcascade pond inlet

Through continued performaneaalysegointly conducted byMinWaRePat CBU and

by PS&PC it wasdetermined that theriginal facility was unable to handle the additional
loading during highrainfall andrunoff seasons in the spring and {#ltkins International

Ltd., 2013) In May of 2014, construction of a secotatger sempassive system began

to increase AMD treatment capac{tgovernment of Canada, 2018he facilitywas

brought online at reduced rates in June of 2015 as the constructed wetland was not fully
developed; it should be noted that this is when sampextg for the second system began
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to be collected. By April of 2016, the expanded facility was operating at full capacity,
with the ability to trea9,000 L/min(seeFigure 2.5; the expansiososed$6.1 million

CAD (Government of Canada, 2016uring the same period (from late 2013 until late
2016), five of the wells with the poorest mine water quality were abandoned and sealed
(CBCL Limited Consulting Engineersp26a) As part of the expansion, improvements
were made to the original system including chemical dosing and additional aeration
cascades, making the original system also gEssivegStantec Consulting Ltd., 2020)

This new system increased the combined capacity to treat AMD such that regulatory
discharge guidelines should be met for all operating regimes, including peak flow
(Stantec Consulting Ltd., 2020)

Figure2.5  Currentconfiguration ofNeville St PTS(Google Maps, 2023)
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2.3.2 Process Description of Current Neville St . PTS

The curreniNeville St. PTSconsists of two parallel treatment systems, the original

facility (System 1) and the expansion (System 2). A process flow diagram of the current
layout of theetwo systems is provided Fgure 2.6 The semipassive treatment

systemsat theNeville St. PTSnclude caustic sod@aOH)addition, aeration cascades,
settling ponds, and wetlandghe pumpsupplying mine water to both treatment systems
areautomated in order to be able taimtain the minewater level at approximately 5.5 m

+ 0.3 m(18 ft £ 1 ft) below sea levd|Stantec Consulting Ltd., 2020)

System 1
2 Parallel Caustic Soda Aeration Settling Constructed |
Well Pumps Addition Cascade (C-1) Pond (SP-1) Wetland
(WL-1)
Overflow Natural Cadegan
Wetland Brook
System 2
8 Parallel Caustic Soda Aeration Por?dssei:“STegries Cc;r\}sl;ttrI:;;ed
Well P Additi Cascade (C-2
e rmps Hen (2 (SP-2A/B/C) (WL-2)
Figure2.6  Process flow diagrarfor Neville St. PTS postxpansion.

Figure 27 depicts the current process treatment scheme in more @a&awriginal
treatment facility was gopletedin 2009 to treat ,000 L/min ofAMD (Government of
Canada, 201&ndis locatedon the east side of the access rasiter several
improvements over the years of operati®ystem 1is currently sempassive and treats
the mine watein four stages: (1) caustic soddditionneutralize mine water acidity(2)
aerationcascadefC-1) allow pumped mine water to vent off gases ¢(C&nd absorb
oxygen, (3) the majority of oxidized metal dsaut in the settling pon(SR1), and (4)
the remaining metalsre reduceth a constructed wetlan@VL-1). Treated effluent is
releagd to Cadegan Brook, which is east of the entire facility and travels northward to
the Atlantic OcearDirectly east of System 1 is a natural wetlamdhe event of high
throughput, an overflow weir located between the settling pond and the constructed

wetland directs overflow towards the natural wetland; after treatment via the natural

20



wetland, the overflow eventually ends up in Cadegan Brook asMmelR016expansion
includedconstruction of a second, larger Plb8atedon thewest side of thexccess road
again consisting of chemical dosage, aeration cas¢@e®s settling pond¢SR2A, SR
2B, & SR2C),anda constructed wetlan@/VL-2). The combined treated effluentesams
are still released to Cadegan BroBictures of the process at NéwiSt. PTS can be

found inAppendixA.

SITE LIMIT

ROCK LINED
DISGHARGE GHANNEL Y
SEE DRAWING COS-B- ’/ F {

ADE
" AERATION STRUCTURE
DRAWNG C18

B
F3
3

NSFI EASTMENT
30.48m (1007)

(SEE NOTE 12)—

Figure2.7 Neville St PTSpostexpansiorprocess treatment sahe (CBCL Limited
Consulting Engineers, 2016b)

Although the expansion of the Neville St. PTS was needed because additional
performance analysis found that the original system was unable to treat AMD to meet
guideline standards during peak loads, there was no additional performance analysis of
the expanda system other than regular monitoring by PS&PC, which may or may not
represent peak loading performance, due to the end MittwaRePfunding at CBUin

2018.

2.4 CurrentM onitoring  Program

A monitoring programfor the Neville St PTS has been condudigdS&PCand its
predecessorsince System 1 was put in operation in 20@9or to this, the location was a

well field that had a separate monitoring program and released effluent without treatment.
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Sampling has taken place twice a month on Systég#P1)since Septembef 2009.
Sampling orthe expansiorSystem ASP2) has taken place twice a morsilnce October

of 2015 Samplingwasreduced to once a monfibr both systems April of 2019

The performance of the Neville St PTS is monitored based ea Kay parameters: pH
increase, acidity removal, and metals removal. These parameters have been measured at
three points in each system: (1) treatment system inlet (CPI), (2) settling pond outlet
(OSP), and (3) constructed wetland outlet (OWL). Howevenpsiag at the settling

pond outlets ceased in Apaf 2019; thus, after this date, samples were only taken at the
treatment system inlet and wetland outlet for both systems. Samples are also taken
monthly since 2009 & adegan BrookCB) upstream and dowtream of the release

point of the Neville St. PTS combined effluent. For a more detailed description of each

sampling point including its sampling point code, $able 2.1.

Table2.1 Samplingpoint names and codes at Neville St. PTS.
Sampling Point System 1 System 2 Sampling Cadegan
Description Sampling Sampling Point Brook
Point Code | Point Code Description Sampling
Point Code
Treatment system SP1CPI SP2CPI Cadegan CB-3S
influent sampled Brook water
at the upper sampled
portion of the steel upstream of
cascade fronthe thePTS
inlet pipe inflow point
Effluent sampled SPXOSP SP20SP Cadegan CB-5S
atthe outflow of Brook water
the settling pond sampled
downstream
of the PTS
inflow point
Effluent sampled SPTOWL SP20WL
atthe outflow of
the wetland

Figure 28 is a picture of the Neville St. PTS taken in 20a&stexpansiohwith

sampling points labeled on System 1, System 2, and Cadegan Bewogles are
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processed bBureau Veritas (formerliMaxxam Analytic3 in Sydney. Samples are

analyzed with respect to meteorological data (precipitation, temperature, etc.) and federal
guidelines and provincial standar@ee AppendiB for a detailed list of parameters
measured regularly as part of the ongoing monitoring program.

G. Langille
26 Jun 15

Figure2.8  SamplingProgram by P&PC at Neville StPTS(PS&PC 2021)

Since sampling only occurs once a month (previously twice a month), sampling results
may or may not represent peak load conditions. Thus, any potential performance
deficiencies that occuturing peak loading may not be detected by the current monitoring

program due to sampling infrequency.
2.4.1 Contaminants of Concern

The effluent from the Sydney coalfield mines is acidic ematains heavy metals such as
iron, manganese, and aluminyiorykot, 2014) Atkins Industrial Limited2008)
(2013)designed and sized the original system (System 1) and the expansion (System 2)
basedprimarily onthe attenuatioof iron with secondary consideration teanganese and
aluminumremoval. Prior to the expansion, the original system had difficulty meeting the
intended iron removaerformanceluring higher flow rates due to insufficient residence

23



times. Manganese removal rate was poor as well prior to the expansion and this

deficiency was attributed to the low iron removal rate as iron oxidizes more readily than
manganese; as such, manganese will only be attenuated by treatment systems once iron is
removel or after iron concentration becomes less than manganese conce(Wtkiios
International Ltd., 2013)On the other hand, aluminum oxidedl form oxyhydroxides

as long as the acidity is neutraliz@dt; thus,aluminum wa removed to acceptable
concentrationgarly in the process regardless of flow rg#ekins International Ltd.,

2013) Thus, the goal of the expansion was to increase the treatment capacity of the

Neville St. PTS so that suffent iron would be removefr all flow regimes

Heavy metals are constituents of concern tiegtd tdbe removed fromvastewater

before being released into the environm&ume trace metaise.g, iron, manganese,
zinc, etcl act as essential micronutrients as long as they are at low concentrations
(United States National Library of Medicine, 2018pwever, in many wastewaters such
as industrial effluent and landfill leachates, the concentrafitnace metals can well
exceed acceptable toxicifiladlec & Wallace, 2009 Heavy metalsre a concern as they
are persistent toxins that have the potential to bioaccumulate and biomagnify in food
chains(Ali et al, 2019) In passive treatment systethsit receivdheavymetals in their
influent, most metals are seen to accumulate at higher concentrations in soils and
biological tissue whereas surface waters typically see relatively lower concentrations of
heavymetals(Kadlec & Wallace, 2009)n Canada, the treated wastewater from
treatmentvetlands must meet certain metal guidelines prior to being releaseathtatal

ecosystems
2.4.2 Regulating Bodies and Limits

The provincial government of Nova Scotia and the federal government afl€arork

together to regulate mining activities in Nova Sc{@anadian Council of Ministers of

the EnvironmenfCCME], 2023) At the federal levelSection 36 of the Fisheries Act

st at es t h adeletatious sults@ncejsi ai any tyipe in water frequented bisfish

pr ohi (Goverenent of Canada, 2023e,p..33) Envi ronment Canadads

Substances Management Policy regulates the creation, usage, and dispdssihates
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considered to be toxic, predominantiypse which aranthropogenic, persistent, and/or
bioaccumulativé Environment and Climate Change Canfg@CC], 2013) The CCME
provides water quality guidelines for bdreshwater and marine environments, which
are availabldor selected parameteirs Table2.2. Constructed wetlands typically
discharge into water bodies that fall under the CCME purview, and therefore are often
indirectly regulated by thegpiidelines through their operating permits based on the
wetland effluent qualityCCME, 2003) As the treated mine water from the Neville St.
PTS is first released to Cadegan Brook (fresh water) and eventually floesAtiantic

Ocean(marine water), both fresh and marine water limits are presented.

Table2.2 CCMEwater quality guidelines for the protection of aquatic life for selected
parameter¢CCME, 2023)

Parameter Water Quality Guidelines for the Protection of Aquatic Life
Fresh Water Marine Water
Short Term Long Term Date Short Term Long Term Date
Concentration | Concentration Concentration | Concentration
(eg/L) (eg/L) (eg/L) (eg/L)

Colour - Narrative 1999 - Narrative 1999
Iron - 300 1987 - - -

Dissolved Iron - - - - - -

Ferrous Iron - - - - - -

(Fe*)

Ferric Iron - - - - - -

(Fe™)
Aluminium - Variable 1987 - - -
Manganese Equation Variable 2019 - - -
Oxidation - - - - - -
Reduction
Potential
pH - 6.51t09.0 1987 - 7.0 t0 8.7& 1996

Narrative

Sulphate - - - - - -
Turbidity - Narrative 1999 - Narrative 1999

To simplify Table 2.2, the guidelingisat vary or that are calculated a@ed in the
table, with details discussed further presertlycording to CCME2023)for both fresh
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and marine waters, thelonger m concentration guihedel i ne fo
mean percent transmission of white light per meter shall not be significantly less than the
seasonally adjusted expected value for the system under catisidér T h e
correspondinglong er m concentration gui demeame f or t
absorbance of filtered water samples at 456 nm shall not be significantly higher than the

seasonally adjusted expected value for the system under consie(@mME, 2023)

The longterm concentration guideline limit provided by CCME for aluminum in fresh

water is dependent upon pH withd mi t of 5 e€eg/ L when pH is |
when pH is greater than 66CME, 2023) C C M E 6term sohcentrdtion guideline

' imit for manganes edeiermindd byeEguatiom2a2t whichisai n ¢ g/
function of water hardness measured in Ca€gquivalents in mg/l(CCME, 2023)

"006 "QQ WHAAFELH T " omdp x b A1 Q& Qi i& ¢ (2.2)

The equivalent longerm concentration guideline limit for manganese is determined by
employing theCanadian Water Quality Guidelin€SWQG) calculator, which is a
function of water hardness and PEICME, 2023)

According to CCME(2023) Thié pH of marine and estuarine waters should fall within

the range of 7.0 8.7 units unless it can be demonstrated that such a pH is a result of

natural processes. Within this range, pH should nigt g more than 0.2 pH units from

the natural pH expected at thattimé For turbi dity of both fre
CCMEG6s concentration guideline Iimits are
turbid water{CCME, 2023) For clear flow, theshorttermturbidity guideline limit(i.e.,

24 hourperiod)is 8 NTUs above background levels while gherttermturbidity

guideline limit(i.e., 30 dayperiod)is 2 NTUs above backgrouneMels. Foihigh flow or

turbid waterstheturbidity guideline limit is 8 NTUs above background levels at any time

when background levels abetween 8 and 80 NTUs 10 % abovebackground levels

when backgrountevels are greater tha&® NTUSs.

At a provirtial level, mineral rights, mineral leasing, and reclamation of mining

operationsn Nova Scotia areegulated through thlineral Resources A¢Government
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of Nova Scotia, 2019)hrough théenvironment Agtthe Nova Scotiaepartment of
Environment and Climate Changegulates environmental assessments, the process for
industrial approvals, and reclamation for mining operat{@w/ernment of Nova Scotia,
2018) Nova Scotia Enviroment(NSE) Tier 1 Environmental Quality Standar(&QS)

for Surface Wateprovides water qualitguidelines for surface water and groundwater
discharging to surface water, whiale available for selected parameters in Table 2.3.
Many of the NSE Tier 1 E® are adopted from the CCME guidelines. Again, in order to
simplify Table2.3 the guidelines that vary are noted in the table without detailed
description. Colour is the only paramefi@r whichthis is the case and the NSE Tier 1
EQS is the same as th€NE guideline.

Table2.3 NSETier 1 EQS forsurfacewater for selected parametéiSECC,2021)

Parameter NSE Tier 1 EQS for Surface Water
FreshWater Marine Water
Limit Reference Unit Limit Reference| Unit
Colour Narrative CCME TCU Narrative CCME TCU
Iron 300 CCME eg/L - - -
Dissolved - - - - - -
Iron
Ferrous Iron - - - - - -
(Fe*)
Ferric Iron - - - - - R
(Fe™)
Aluminium 5 CCME; at pH eg/L - - -
<6.5
Manganese 430 CCME eg/L - - -
Oxidation - - - - - -
Reduction
Potential
pH 6.51t09.0 CCME - 7.0t0 8.7 CCME -
Sulphate 128000 BCMOECCS eg/L - - -
Turbidity - - - - - -

The selected parameters in both Table 2.2 and Table 2.3 ineatlg metals associated

with the local ore (i.¢iron, manganese, and aluminum), parameters associated with

27



pyritic ore oxidation (i.e.sulphates, pH, and oxidatieeduction potential (ORP)), and
general water quality parameters (iaalour and turldity). The significance of these

parameters will be discussed in more detail in the methodology section.

PS&PCcompared\eville St. PTS effluent concentrations to CCM&ter quality
guidelinesandNSE Tier 1EQS. Se\ppendixB for a detailed list of paraeters
measured regularly as part of the ongoing monitoring prodfaffluent from the
Neville St. PTSloes not meet the guidelines set out by the provincial and federal
governments, then steps must be taken to treat the effluent before (Blease2010)

Additionally, PS&PCcommissioned reportwith the objective otharacterizing the
background surface water qualdfthe Sydneycoalfield areg a summary of said report
for selected parameteisspresented as Table 2Phe results presented in this report were
based omlata collected at7llocationswithin the Sydney coalfield argthese sampling
sites were selecteslichthattheyhave as little anthropogenic influence as possible
(Wood Environment & Infrastructure Solutions, 2018ampling was conducted four
times in 2018with eachsampling eventimed to take place in a different seag@/ood
Environment & Infrastructure Solutions, 2019pamples weranalyzed by Maxxam
Analytics (currently known a8ureau Veritasfor metals and general chemistry

parameter§Wood Environment & Infrastructure Solutions, 2019)

The value of background surface wajerlity data is that it can be compaegghinst
sampling data from the Neville St. PTS drainm other remediation sites in the Sydney
coalfield areaMoreover,the results of thisrepoctan be further wused
secondary s c forecentamimagts of qoncérretmai regolarly exceeded federal
and provincial limitgWood Environment & Infrastructure Solutions, 2019, p\gjte

thatfor key metalgiron, aluminum, and mangangsmeanbackgroundralues &ceed
currentCCME and NSE guideline8ased orthe CCME long-termfreshwater guidelire

at the time,on concentrationgxceeded thkmit for iron (0.3 mg/L)for 124 of 179
samplesandaluminumconcentrations exceed#uk limit for aluminum (0.1 mg/L) ér

140 of 179 sample$§Wood Environment & Infrastructure Solutions, 201i®ere was no

CCME longtermfreshwater guidelinemit for manganese at that time.
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Table2.4 Background surface water quality for Sydney coalfelea\WWood

Environment & Infrastructure Solutions, 2019)

Item Aluminum | Cadmium | Copper Iron Manganese | Zinc Lead
(eg/ l(egl/ L] (egll (gl (eg/ Y (egll (gl

Mean 232.44 0.0308 1.60 1,377 480.4 | 10.35 0.77
Standard 23.35 0.0031 0.10 170.9 66.64 0.90 0.11
Error
Median 140 0.021 1 630 161 6.8 0.25
Mode 130 0.005 1 1,100 220 25 0.25
Standard 312.44 0.042 1.24 2,287 884.1 | 11.24 1.39
Deviation
Minimum 16 0.005 1 25 2.3 25 0.25
Maximum 3,090 0.48 8 15,000 8,000 71 12.5
Count 179 179 167 179 176 157 147
Preliminary 5 0.017 2 300 700 30 1
Screening
Criteria
Secondary 3,290 2 8.6 7,500 730 60 28
Screening
Criteria
CCME 5/100 0.04- 2-4 300 NG 30 1-7
FWAL? 0.37
NSE EQS 5 0.01 2 300 820 30 1
for Surface
Water

I Criteriaprepared by Risk Assessment and Regulatory Framework Committee, CBDC Mine Closure
Program, June 2008.
2 CCME and NSE guideline limitarefrom Marchof 2019 and may have changed (e.g., limits for

manganese).

2.5

Natur al

wet

| ands

ar

e often

Treatment Performance Modeling of Wetland

referred

t o

and purify lage volumes of water thawventuallyflow into larger bodies of water, such

as lakes, rivers, and oceghmited States Environmental Protection Agefid$ EPA],

2004) Wetlands are a type of ecosystem characterizembtaininghugequantities of

as

water, either on a seasonal or permanent basis, and by having a vast range of plants and

animals, which is why wetlands are considered to be one of the most biologicallgdivers

environment®n Earth(National Geographic, 2020Vetlands cover approximately 14 %

of land area in Canad&ennedy & Mayer, 2002, p. 295 xamples of wetlands include
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swamps, marshes, mdens, peatlands, and slougtie water in wetlands can be

categorized as freshwater, brackish, or saltw@tational Geographic, 2020)

Plants in wetlands are unigbecausé¢hey have adapted to environments with high
volumes of water and low quantities of essential nutrjentduding oxyger(Kadlec &
Wallace, 2009)Wetland hydrological conditions consist of shallow water depths and
slow moving water, which provides ample time to allowrf@ny physical and chemical
processes to transpifgS EPA,1995) Wetlands are vital ecosystems as they store large
quantities of water and regulate watersheds, limiting erosion and flogdatignal
Geographic, 2020Moreover, wetlands have the inherent capacitynfwrove water

quality by trapping and removing contaminants, often converting these constituents into
benign compounds or even into nutriethist can beused by wetland organisn{isadlec

& Wallace, 2009)Lastly, wetlandswrer el i abl @adand t i s @BEPAY st e ms
1995, p. 7)Hence, wetlands are a viable treatment opkis many different

applications.
2.5.1 Treatment Wetlands

Due to increasing legislature around the protection of wetlands, the use of natural
wetlands to treat wastewater has diministad the application afonstructedvetlands,
also known agngineeedor artificial wetlands has become more prominditadlec &
Wallace, 2009)Constructedvetlanda r eomifiex, integrated systems of water, plants,
animals, microorganisms, and the environma€biS EPA,1995, p. 7)Researclon
constructed wetlands started in Germany in the early 1950s, spread to America in the
1970s, and increased in interest worldwide inntivé1980s(Kadlec & Wallace 2009)
Constructed wetlands are predominantly passive treatment systems based on
Amechani cal | y(Kalecr&pMallace, 2008, .i2@at stilize naturally
occurring physical / chemical / biologicalgzesses to treat water to high quality
standardgUS EPA,2020)

Design variables vary tremendously from one engineered wetland to another in order to
effectively treat the vast variety of wastewater qualities in diffeenvironmental

conditions to achieve a range of treatment objec{ieanedy & Mayer, 2002)These
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treatment systems have gained in popularity in redecddedecause they are
economical, low maintenance, and environmentally sustaifiéblenedy & Mayer,

2002) Constructed wetlandsanbe the only treatment for a wastewater or one step in a
series of treatment procesgesS EPA,1995) Often, wetland influent is pretreated;
furthermore constructed wetlands are predominantly used as a mode of secondary
treatment or highgiKadlec & Wallace, 2009)

Engineered wetlandsave been built to mimic natural wetlaratslto augment certain
advantageous features of natural wetlaalpart of the design to increase the treatment
capabilityof the wetlandKadlec & Wallace, 2009Wetlands caimprove water quality

by removing different constituents of concern from the water that they are treating and by

sequestering these constituents within the wetland through multiple mechanisms.

Constructed wetlands are usually divided into two main categurface flow (also
known as free water surface, FWS) and subsurface 88F(US EPA,1995, p. 12)
Kadlec and Wallac&009)divide SSFwetlands intdwo subcategorieshorizontal
subsurface flow (HSSF) and vertical flow (VFhe wetlands at the Neville St. PTS are
FWS wetlands.

2.5.2 Constructed Free Water Surface (FWS) Wetlands

FWS wetlands have an open water appearance like natural wetlands and the flow moves
horizontdly over the bedas shown irFigure2.9. FWS wetlandsan be operated in

systems that have continuous or intermittent f{&adlec & Wallace, 2009)Constructed

FWS wetlands normally entail one ouHiple shallow basins with aubsurfacéarrier

(i.e., clay and/omgeosynthetic lingg)) to preventseepagbetweerthe wetland and
surroundinggroundwatesystemsandanunderwatetayerof soil substratéo support
macrophyte (US EPA,2000) Typical macrophytes plantaed constructed FWS
wetlandsarespecies otattail, bulrush, and reeddS EPA,2000)
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Figure2.9  Basic onfigurationof FWSconstructed wetlads (Kadlec & Wallace,
2009, p. 5)

Flow ratesand storage volumi@ wetlands are important hydraulic parameters as they
fidetermine the length of time that water spends in the wetland, and thus the opportunity
for interactions between water b(fadlace subst a
Wallace, 2009, p. 21Yhe flow of water in wetlands is not uniform and is prone to
stagnant aresand channeling, which impacts mixing and performance of contaminant
removal(Kadlec & Wallace, 2009)Currentor channeling can be created by friction,
topography, wind, seepage, variation in vegetation densityKetdlec & Wallace,

2009) Mixing occurs in all directions between regions with different flow directions,
velocities and concentration&adlec & Wallace, 2009)nlet and outlet structurese
employed to promoteniform dispersal and gathering of waterd to minimize

preferential flow / shortircuiting within the wetlandJS EPA,2000)

2.5.3 Treatment of Acidity

High acidity in mine water can be caused by (1) proton acidity, which is a measure of
protons {.e., hydrogen cations) freely available in the water, (2) mineral acidity, which is

a poteatial acidity that is caused by dissolved metals in the mine water that can form
protons, and (3) carbonic acidity, which is a temporary acidity that is caused by dissolved
carbon dioxide in the mine watdrat can forntarbonic acidAtkins International Ltd.,

2008)

Atkins International Limited2008)performed a comprehensive anayfsisPS&PCon
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the mine water chemistry at the Neville [Btation prior to constructioof System 1o

inform the design process. The mine water was found to have high concentrations of
dissolved carbon dioxide, which increases carbonic acidity, and low concentrations of
dissolved oxygen, which means that dissolved metals are in theieteftum. As the

mine water is discharged to the surface, the water becomes aerated and these metals
become oxidied and hydrolged (Atkins International Ltd., 2008)'hese twahemical
processes generate mineral aci@igiuations2.3 to 2.7, which are containedetow in

Table2.5, arethe oxidation and hydrolysis reactions for iron, aluminum, and manganese,
which are the metals of concern at the Neville St. Bii@®he combinedeactiors for

each metafjenerates 2, 3, andp2otons respectivelgAtkins International Ltd., 2008)

Table2.5 Oxidationand hydrolysis reactions for iron, aluminum, and manganese
(Atkins International Ltd., 2008)

Metal Chemical Process Reaction Equation
Iron Oxidationof Ferrous Iron FE*+ YU Q+H Z Fe*+ Y% HO0 23
Hydrolysisof Ferric Iron Fe**+ 2,0z Fe(OH) + 3H* 24
Aluminium Hydrolysis Al®*+ 3H0Z AI(OH)3+ 3H* 25
Manganese Oxidation Mn?* + 1 G+ 2H Z Mn* + HO 26
Hydrolysis Mn* + 2H,OZ MnO; + 4H* 27

Throughfurthertesting, it was found that tteeidity of the mine water was
predominantly due to carbonic acidity, and an average of 77 % of acdilylme
removed by aeration of the mine wad¢the beginning of the procesghich effectively
degasses the mine water of g4@tkins International Ltd., 2008)-urthermoreAtkins
International Limited2013)performed anotheassessmetior PS&PC on the Neville St.
location, this time post construction 8ysteml to asses#s performane and tanform

the design proceser System 2System Jwas found to be struggling with removing iron
by thesettling pond as intended, especially during higher flow rates, due to insufficient
oxidationand/or hydrolysi®f iron, resulting inthe overloadingof the constuctewetland
with iron andin insufficient removal of iron by the entire systéaikins International

Ltd., 2013) Likewise, manganese was not being consistentiyaeed bySystem 1in
either the settling pond nor the constructed wetléimd was also due to the inadequate
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uptake of oxygen by mine watevhichis requiredin order to acheivsufficient
oxidation of manganegétkins International Ltd.2013) Thus, ametalcascadavas
placed at the beginning of each system at the Neville StdRfiigg the 2016 expansion
to improvethe uptakeof oxygen whichimproves theoxidation and hydrolysis of iron
and manganesea orderto forminsolubleconstituentstherebyincreasng thesettling
ratesof these metals in the settling pond@&kins International Ltd., 2013Prior to this
the original cascad®er System lonly consisted of a concrete staircéS&8CL Limited
Consulting Engineers, 20163Joreover, austic soda addition was added to both
systems during the 2016 expans{@BCL Limited Consulting Engineers, 2016b)

providing a way fotheremaining acidityn both system#o beneutralized.

Degassing of mine water tite Neville St.locationwasalsofound to remove
approximately 30 % of the alkalinifAtkins International Ltd., 2008)rhis occurs

because the increase in pH due to degassing causes the alkalinity to convert to carbonate,
which isthenremoved through precipitatioNleverthelesshe degassed water was found
to be net alkalin€Atkins International Ltd 2008) However, historical mine water data
indicated that acidy was increasing and alkalinity was decreasingantitipated
conversion to net acidic occurring between Join2014 and Decembef 2015 (Atkins
International_td., 2008) Conversely, this trend was not observed when evaluating well
field chemistry five years later as part of the designing process for the expansion; well
chemistry including acidity and alkalinity seemed to have stabi(&#dns International
Ltd., 2013) Nevertheless,austic soda additiocan beemployedo compensate for

changes in acidity and alkalinity over time.

Historically, the pHwithin the Neville St. PT$vas seen to increageom just below 7 to
approximatelyonepH unithigheron averagdetween théreatment systenmfluent
sampling poin{which is measured before aeration ocdwrsafter caustic soda additjon
andthesettling ponceffluentsampling poin(Atkins Interndional Ltd., 2013) Thus, this
overallincreasen pH within the settling ponds due tothreechemical processeét)
neutralization of protons with hydroxide ions from caustic soda (which decreases
acidity), (2)degassing of the mine watevhich redlucescarbonicacidity), and(2) metab

removalthrough oxidation and hydrolysfa/hich increasemineralacidity). Sincethe net
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changean pH across the settling ponsl positive it is understoodhatthereductionin
acidity from degassin@nd caustic soda additiamgreater thathe increase iacidity
generatedhroughmetals removalAtkins International Ltd., 2013No further
significantchanges in aciditywere observed the wetlandwhich indicates thahe vast
majority ofdegassing, oxidation, and hydrolyeiscursin the settling pondAtkins
International Ltd., 2013)

Acidity is managed at the Neville St. PTf8ougha two-pronged approach. The first part
of the approach is to try to manage mine water acidity by minimizing mineral acidity.
The second part is to treat the acidity with degassing and chemical dé&tgeegards

to the first part of the approachjmard acidity in the feed to the PTiS affected by

pump sequencing ary managing water level in the mindhe average aciditfand
alkalinity for that matter of theuntreatednine waterat the PTS inletan be reduced by
operatingpumps withbetter qualiy mine watemore frequentlyPumpdocated in areas
with poorer qualitymine waterare onlyoperated to help maintain water level in the
minesduring high flow eventswhich areassociated withigh rainfall and/orrapid
snowmelt everst Additionally, Sygem2 has more treatment capacity as it was intended
to handle approximately 70 % of design fl@htkins International Ltd., 2013As such,
poorer quality mine water is typically directed to Syster@naging water level in ¢h
mines also affestwater quality as rising and falling water level generates more mineral
acidy as more ore is oxidized and dissolved into the mine water; thus, watehbaxels
beenmanaged to stay within a small rarafé.2 mto 5.8 m(18 ft + 1 ft) below sea level
whenever possibley an automated pumping system since A@8ntec Consulting Ltd.,
2020) This is more difficult to achieve during heanaynfall andbr rapid snowmelt
eventsHence thepoorestfeed water qality to the Neville St. PTS igenerallyseen

duringhigh flow events.
2.5. 4 Metal Contaminant Attenuation Mechanisms

Constructedvetlands are an effective, low cost, and sustainable option for improving
wastewater quality and have become a more commimondier treating metals in

wastewaters. Metals are persistent toxins that bioaccumulate and biomagnify, which is
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why wastewaters need to be treated to ensure that metals arddmdoaland provincial
water quality guidelines before being released matiral water bodies. Contaminants

are removed in wetlands by several mechanisms, as shown in Table 2.6; metals are
sequestered by some of these mechanisms. Moreover, the speciation of metals in water
affects how metals can be attenuated. Metals in wetlpretlominantly partition into

solid and solution phases and the fraction of a metal in each phase varies over time
(Robertset al.,2005) Precipitated metals species can be removed by physical separation
processes such as filtration and sedimentation (Allende 204afl) Dissolved metals

can be removed by organisms and by soil via sorptimiprecipitation (Robertst al,

2005)

Table2.6 Mechanismdor cortaminant removal by treatmewetlands(Kennedy &
Mayer, 2002, p. 314)

Process Effluent Parameters
Physical Straining and Suspended solids, particulate organig
Sedimentation carbon, nitrogen, and phosphorus
Chemical Adsorption Dissolved organic compounds, anions
(phosphatg and cations (metals)
Precipitation Inorganic phosphorus, sulphides, ang
metals
Volatilization Ammonia and volatile organic compounds
Biological, Respiration Biological oxygendemand oxygen,
Microbial nitrate sulphatebicarbonateand volatile
fatty acids
Nitrification Ammonium
Denitrification Nitrate nitrogerandnitrite nitrogen
Mineralization Organic nitrogen and phosphorus
Assimilation Nutrients
Biological, | Growth and Uptake Nutrients
Plants Gas Transport Oxygen and related reactions

Specifically looking at iron as an example sinas the primarymetal of concerior
AMD from theNeville St.wellfield, it can be observed thabn is sequestered in

36



wetlands by several mechanisrhike other metals,ron in wetlandsan be foundn

solid and solution phases. Wetlands can contain oxidizeztlaced forms of iron
depending on environmental conditions such as redox potential afi¢apll¢c &

Wallace, 2009)Ferric iron, F&, is the dominant form in oxidized conditions; ferrous
iron, F&*, in reducedtonditions. Ferric iron tends to form stable, insoluble compounds
whereas ferrous iron tends to be solublewever, &rrous iron can react with sulphide

under certain conditions to form precipitaf{gsdlec & Wallace, 2009)

The rate oimetal contaminant removas affectedby the pH of thavastevaterbecause
thesolubility of metals is dependent upon gHigh acidity in wastewaters results in the
dissolution ofmanymetalsoften to toxic levelg§Ness et al.2014) which reduces the
effectiveness of physical separation procefis@sequire metals to be undissolvétid
mine drainage is very acidic and contains high concentrations of natdlsost metals
are notattenuatedh acidic conditiongLottermoser, 2010)As such, eid mine drainage
often needs to be pretreated in order to neutralize the acidity beforeenetailcan
take placeFora variety ofmetal contaminants, such as aluminuniran, raising water
pH to neutrality is usually sufficient to decrediseir concentrations to acceptable levels
(Ness et al.2014) At the Neville St. PTS, wastewater is ddséth caustic soda and
aerated at the baming of the process to reduce acidy. Once the acidy is redueey,
metal contaminantwill precipitate which allows them to beemovedmore easily by the
settling ponds ahtreatment wetlands.

Metal attenuatiomechanisms armgiscussedhn the followingsulsectionsn order of
decreasing significance when possible. Note that there are multiple ways to categorize
these mechanisms and different authors arrange these topics in different groupings. This
is largely due to the overlapping nawf many of these mechanisms, especially when
applied to real world scenarios where interactions are complex and interdependent.
Mechanisms that attenuate metaltreatment wetlands are covered in the following

order:sedimentation, uptake by plantsifossis), sorption, precipitatioand filtration.
25.4.1 Sedimentation

A significant portion of metals in treatment wetlands are present as a solid suspended in
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solution(Kadlec & Wallace, 2009which explains why sedimeti@an is the dominant
mechanism contributing to metals attenuation in treatment wetlands (Allende et al.,
2011) Sedimentation is physicalprocess whereby suspendadidsentrained in a fluid
settle out okaidfluid anddeposit on a surfac&he maindriving force behind
sedimentation is gravifyvhich causes a particle in suspension to settle out due to the
higher density of that particle in comparison to the density of wagelimentation can
be modeled by usinglmear relationship with area; however, mass balances need to
incorporate factors other than just sedimentation, sugerasration of precipitates and
resuspensionf sedimentgseeFigure 210), to accurately model the attenuation of

constituents of corarn including metalg§Kadlec & Wallace, 2009)
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Figure2.10 Diagramof wetland sedimentation with parameters applied in mass
balances (Kadlec & Wallace, 2009, p. 217)

Settling of suspended particles in wetlands is promoted by low water velocities, shallow
water depths, and high surface afld® EPA,1995) Surface area can be augmented in
FWS systems by improving plant growth and in SSF systems by bed media selection
(Kadlec & Wallace, 2009 Sedimentation efficiency in FWS wetlands is hampered by

the resugension of settled particles by geological and biological interactions, such as
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turbulence or animal activitfKadlec & Wallace, 2009)Resuspension is less of a factor
in SSF wetlands because much of the sediment is degaesgithin the bed; hence, SSF
systems are prone to fouling and losses in hydraulic condudiifaiyiec & Wallace,
2009)

Thesequestering of metals in soils by sedimentation (and by other mechanisms such as
sorption) exposeorganisms that live in the soil to higher metal concentrations. It should
be noted that dissolved metals are more bioavailable than those in solid phase, and thus
dissolved metals pose the most risk (Badteal, 2012) Organisms living in the metal

rich soil, such as microorganism who facilitate the transformation of some compounds
into other chemical species, can be affected by metal toxicity and this can impact

conversion performance of microbial reactiggdsS EPA 1995)

At the Neville St. PTSsedimentatioms thedominant metal attenuation mechanism in the
settling pond. The pretreatment of the wastewater reduces acidity and results in net
alkaline influent to the settlinggmd, which allows metals such as iron to precipitate. The
iron precipitatesrein the form ofinsoluble ironoxides andxyhydroxideswhich
predominantlysettle out in the settling pond, but can continusetitleoutin the
subsequentonstructedvetlard when throughput is high€Atkins International Ltd.,

2013)

25.4.2 Macrophytes ( Aquatic Plants)

Wetland vegetation remogeontaminantsncluding metals from wastewateia
osmosis In fact,aquaticplants alsoknownas macrophytegrovide the second biggest
sink for metalsafter sedimentatio(Kadlec & Wallace, 2009Macrophytes in the
Neville St. PTS wetlandiould likely play a significantole in reducing metals
concentrations tdeir final discharge concentrations. For examgdgiatic plantsikely
help reduce iron concentrat®up to10 mg/L at the wetland inlets to tbeatlettarget of
less than 1.0 mg/[Atkins International Ltd., 2013)

Aquatic phnts in wetlands absorb metals that are dissolved in the sediment pore water

(Baker et al.2012) The dominant mechanism by which plants sequester metals is
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throughuptake by thie roots; this islemonstrated in Table 2.7 as the data contained
therein establishes that the majority of metals attenuated by plants are found in their
roots. Uptake of metals by stems / leawvethe water column by some plawkses occur,
but to a much lesser extgitadlec & Wallace, 2009)

Table2.7 Metaldistribution in wetland plants after five years of operatiba regional
wastewater treatment plant in Sacramdhtadlec & Wallace, 2009, p. 424).

Metal Aboveground (%) | Belowground (%)
Arsenic 0.6 10.1
Cadmium 0.0 13.3
Chromium 2.2 16.8
Copper 0.6 55
Lead 2.0 11.8
Mercury 0.0 6.7
Nickel 0.3 4.7
Silver 0.0 2.0
Zinc 0.4 6.1

Furthermoremacrophytesan indirectly promote metal attenuation. Aquatic plants
stabilize bed media and limit channeling in the bed, which increases residence time,
enabling physical and chemical reactions to o¢d@& EPA,1995) Macrophytes elevate
dissolved oxygen content in the water, which can react with metals to form precipitates
(US EPA,1995) Aqguatic plants can act as a filter and remove suspended solids;
nevertheless, filtration by meophytes is, for all intents and purposes, inconsequential

due to the high void space between pldKedlec & Wallace, 2009However, the

presence of aguatic vegetation does significantly reduce the likelihood of particle
resuspension by two mechanisms: dampening wind/wave induced motion and enhanced

trapping of settled particlé&adlec & Wallace, 2009)

Wetland vegetation, wildlife, and bacteria can only survive within fregiticular pH
regimes (although some have specifically adapted to pH extrewtdsh is why wetland

effluents are typically regulated be maintained within a pH regime ®5t0 9.0
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(Kadlec & Wallace, 2009Macrophytes areore prone to phytotoxicity at low pH

values as they tend to uptake more methls;phenomenoaccurs because metals tend
to dissolve in acidic environments and are therefore more available to be absorbed by
aquatic plantgRobertset al.,2005)

25.4.3 Sorption

Sorption is a mechanism by which dissolved metal specidargedy attenuatedMetal
cations suspended in the wetland water interact with the surface of the substrate (bed
media), which results with tHessningof dissolved metal content in the fluid and the
deposition of said metal on the substrate surfalcgvu & Igbokwe, 2019)Thus, the

bulk of sorption occurs within the substrate media. Sorption is a general term that
encompasses multiple mechanisms including diffusion and cation exchange reactions
(Roberts et al.2005) Sorption plays a bigger role in SSF wetlands than FWS wetlands
due to the grater interaction of wastewater withsdrate. Since the Neville St. PTS has
FWSwetlands sorptiondoestake place, but to a lesser extdran other metal

attenuation mechanisms

In wetlands, the concentration of a pollutant in the bulk water can vary significantly from
the concentration afaid constituent in the substrate pore wgfadlec & Wallace,

2009) Sorption sites can be considered renewable in the sense that more sites are added
through the accretion of newly deposited sediments; however, soipttso irreversible

in the sense that sorption sites can be peemly engaged when strong bonds are

formed between the sorbate and the substrate sijadéec & Wallace, 2009)

Sorptionisotherms developed using empirical correlations are commonly used to model
the amount of sorbate that is sorbed to a surface based on the concentration of sorbate
available in the fluid at a constant temperafiutgwu & Igbokwe, 209). Metal ©rption

can be modeled by three sorption isotherms (Lirfe@yndlich and Langmuir)

depending on pollutant and wetland subst(dsedlec & Wallace, 2009)

Different medias have different sorption capastilron and manganesgides(such as

goethite, magnetitend birnessifeperform well in terms of sorption capaciy metals
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and anions(Ugwu & Igbokwe, 2019)A sorption substrate used in wetlands may require
replacement during the lifetime of the wetland depending on pollutant loadings of the
wastewater and the sorption capacity of the substrate; substrate replacement is costly and
requires theemoval / dispoal of the used substrat€adlec & Wallace, 2009)Sorption

capacity rangesf substratesan vary significantly and can contain a large amount of
uncertainty; for example, a sorption capacity given by Kadlec and W#§Ha68)was 20

- 780 years
2.5.4.4 Precipitation

Precipitation occurs when a dissolved chemical in solution turns into a solid.
Precipitation is a mechanism for metal sequestering applied in treatment wetlands.
Robertset d. (2005)divided precipitation into two categories: (1) precipitation in the
pore water, and (2) precipitation on or near the soil sur@aggrecipitation occurs when
trace metals are precipitated as impurities in r@enail; for example, goethite and jarosite
can contain various metals including aluminum, chromium, nickel, etc. and zinc, lead,

copper, etc. respective(izottermoser, 2010)

There are different methods fdeterminingwhether a chemical species will precipitate

or dissolve. One such method is to calculate the saturation index, which compares the ion
activity product (IAP), which is a measurement of the ionic strength of a solution, to the
theoretical thermoghamic solubility product constgrd positive saturation index

indicates that the chemical species will tend to precipitetauset is supersaturated

whereas a negative saturation index indicates that the chemical species will tend to
dissolvebecausdt is undersaturate(Roberts et al.2005) Robertset al.(2005)list the
limitations of using this approach. Firstly, the validity of this approach depends on the
availability of hermodynamic solubility data of all specig$is approach also assumes

that soils are at equilibrium, which is never the case as soils are continuously undergoing
weatheringMoreover, this approach does not perform well with low metal

concentrations. Ldly, this approach does not take into account the impact of the solid
surface involved. Solid surfaces in soil, such as clay minerals, interact with the metals in

solution and affect precipitatioBolid surface properties that could impact precipitation
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include solubility, reactivity, diffuse double layer thickness, and cation exchange capacity
(Roberts et al.2005)

Many metals(cadmium,lead mercury, zingetc.) form precipitates when reacted with
sulphdes, which is a common anion in acid mine drainage, effectively sequestering these
metals(Kadlec & Wallace, 2009)At the Neville St. PTS, precipitation igoaevalent

metal atenuation mechanism in the settling pond. The pretreatment of the wastewater
reduces aciditand results in net alkaline influent to the settling pavdich allows

metals such as iron fwecipitate intansolubleoxyhydroxidegpredominantlyAtkins
International Ltd., 2013)Chemical analysis show that most precipitation occurs in the
settling pond during normal flow regim@atkins International Ltd., 2013)

Sedimentation of these precipitates vebtilen occur primarily in the settling ponds, but
could continue to occur in the wetlands, particularly during higher flow regimes.

25.4.5 Filtration

Filtration occurs when particles are removed from a fluid when passed through a
multilayerlatticeand become trapped by the lattice. In wetlands, the bed media filters
suspended metals from the wastewater. In FWS wetlands, granular bed filtration occurs
via three nechanisms: impaction, diffusion, and flow line incepfiadlec & Wallace,
2009) For SSF wetlands, the bed media size can Jdmys,for coarsegrained media
such as gravel, flow line inception and settling will be theitd@ant modes for metal
sequestering; for finrgrained media, impaction and diffusion will play a bigger role
(Kadlec & Wallace, 2009 )iltration by macrophytes does occur in treatment wetlands.
In most cases, filtration ;luspended particles by aquatic plants is minor as the void
fraction in thisfinonhomogeneosnedia is too high to be an effective fil{&adlec &
Wallace, 2009, p. 210pince the Neville St. PTS has FWS wetlaaddthere is less
interaction between the wastewater and the bed pfédttetion doestake place, but to a

muchlesser extenthan other metal attenuation mechanisms
2.5. 5 Modeling Contaminant Removal in Treatment Wetlands

Modeling contaminant removal in wetlands is not a simple task and needs to incorporate
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multiple complicating factoraVet | ands are considered to be
they are greatly impacted by environmental fac{iesdlec& Wallace, 2009)As a

result, wetlands are considered to be fAmor
treatment reactorgguchash ct i vat ed s | ud tha carbeisolateckffom ng f i |
the environmentKadlec & Wallace, 2009, p. 163Another difference between wetlands

and other biological reactors is that wet|
when compared to pollutant concertat{&@adlec & Wallace2009, p. 163)Processes

that contribute to (or inhibit) treatment wetland removal performance include microbial

action, chemical network reactions, volatilization, sedimentation, sorption,

photodegradation, plant uptake, vertical diffusion in sedtmdranspiration, accretion,
etc.(Kadlec & Wallace, 2009)

When modelingreatmentvetlands, one has to take into consideration two types of
variability: internal (intrasystem) and intersystem variabiligdlec & Wallace, 2009)

Internal variability includes performance changes that occur as the seasons change and
over the lifetime of the wetland, and are typically caused by changes in the macrophytes,
hydraulic loading, and/oveather(Kadlec & Wallace, 2009)ntersystem variability is

the performance variances between comparable wetlands that result due to differences in

macrophytes, system geometry, and clinfiedlec & Wallace, 2009)

There are multiple approaches to predicting contaminant removal by a treatment wetland,
each with its own advantages and disadvantagesse approaches can be applied
individually or in conjunction with each othé@rhese approackeanclude graphical
representations, mass balaneceaction rate modeland models thahcorporate internal
hydraulics such aslug flow modesk, single stirred tankwell mixed) moded, and tanks
in-serieg(TIS) models(Kadlec& Wallace, 2009)

25.5.1 Graphical Representations

Treatmenwetland performance can be modeled using graphical representations and are
typically evaluated by comparing the outlet concentration to the inlet concentration
(which is usefuin determining percent removal) or by comparing the outlet

concentration to aal loadingi.e., mass$low rateper aregwhich is usefuin
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determinng detention time or hydraulic loadin@fadlec & Wallace, 2009)Although

linear regression of data based on input and output concentrations can gierage

percent removal with the associated amount of standard deviation, this method does not
allow a way to understand the reasons behind the performance variability nor does it
allow prediction of performance changes based on internal charactdKstittec &

Wallace, 2009)Nonetheless;omparing inlet and outlet concentrations using statistical
analysis does allow one to determine if significant removal of contaminants is taking

place within a system.
25.5.2 Mass Bal ances

Mass balances can also be used to determine percent removal and predict treatment
wetland performance. Mass balances can be difficult to apply due to the numerous inputs
/ outputs and due to the fact that these flows are uns{gadjec & Wallace, 2009)n
addition, hydrauliagetention times must be taken into consideration. Even though
samples at the inlet and outlet are often taken at the same time, calculations based on
synchronous sampling dmt adequately reflect the removal performance of wetlands
(Kadlec & Wallace, 2009)To employ mass balances to model treatment wetland
performance, flows and concentrations are often averaged over allotted time periods
(uswally multiple times larger than the hydrauletention time) and removal rates are
typically averaged over the entire wetland diadlec & Wallace, 2009)Similar to
graphical representations, this method also does keirigernal characteristics of the
wetland (such as operational and environmental conditions) into consideration when

predicting performancéKadlec & Wallace, 2009)
25.5.3 Reaction Rate Models

Chemical reactor theory isten applied to wetlands to model hydraulic behaviour
(Jamieson, 2014Rate costantgk) are applied to model the rate by which contaminants
are removed from the bulk fluid in a wetland through various proc@sadtec &

Wallace, 2009)Contaminant removal behaviour in wetlands may be zero order, first
order, or second ordesjth most contaminants being represented by first order reactions

(Jamieson, 2014Rate costantvalues vary between contaminants, wetlands, and over
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time. Operational conditions, such as temperature, also affect raactvalues.Some

rate costantsa t 20

e C

can

be

found

i n

i terature

temperatire using the Arrhenius equati@itadlec & Wallace, 2009Most rate constants

found in literature do natonsidemwater losses nor gairigKadlec & Wallace, 2009)

25.54

Ideal Flow Models

Flow through lakes is often modeled as a single, well mixed tank and flow through rivers

is often modeled by plug floKadlec & Wallace, 2009Notwithstanding ideal flow

models(seeFigure2.11), such as completely unmiképlug flow reactor) or well mixed

(i.e., continuously stirred tank reactor), do not adequately predict hydraulic behaviour and

contaminant removal within treatment wetlaiidadlec & Wallace, 2009Nevertheless

initial models of wetlands assumed plug flow and have been widely used since; thus,

there is much literature and data based on this overly simplistic rficatiec &

Wallace, 2009)The simplicity of this model, along with the abunda of data available

for this model, make further use of the model appedllagnieson, 2014}t should be

noted that synchronous sampling data should not be employed to plug flow models

because it does nwotcorporate transport deldi{adlec & Wallace, 2009)

A. Plug Flow.
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Hydraulicflow models: (A) plug flow, (B) welmixed, and (Cjanksin-
series (Kadlec & Wallace, 2009, p. 185).
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A widely used model based on plug flossvthek-C* model where is the first order rate
constant an€* is background concentratighlayward & Jamieson, 2015lthough
originally assumed to produce conservative estimates, plug flow models tend to predict
lower effluent concentration than actihdlec & Wallace, 2009)Plug flow can be

used to interpolate within known data sets without adding too much error but should not

be employed for extrapolatiqgkadlec & Wallace, 2009)

The plug flow model can be coupled vdispersion processes, which assumes mixing
occurs in a convective diffusion manner, i.e., there is no axial dispersion or back mixing
(Kadlec & Wallace, 2009)Although some SSF systems have limited back mixing and
thus ca be modeled well by plug flow with dispersion, most wetlands (particularly FWS
systems) experience axial mixing, which makes this model not a gdaditec &

Wallace, 2009)Hence, neither ideal flow models, plug flowezll mixed, were applied

to the Neville St. PTS wetlands, which are FWS wetlands.

25.5.5 Tanks -in- Series (TIS) Models

Norrideal chemical reactor models are now considered to be the most accurate and
favourable model for wetland hydraulic behaviour angt@minant removaHayward &
Jamieson, 2015Nonideal chemical reactor models require first order coefficients and
curve fittingusing regression to determine parameters such as areal rate cénstant,
(Jamieson, 2014A commonly used example is ttankin-series (TIS) model (see
Figure 2.2).

Tank 1 Tank 2 Tank N

Qi i [ T/ET Q l ] Q Q-1 \ ]/

Y e T [

1

| | |

S s R s —7

Figure2.12 TIS model for wetland hydraulics and contaminant removal (Kadlec &
Wallace, 2009, p. 189).
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The TIS model accurately replicatsasmpedet ent
r e s p o(Masllecs®vallace, 2009, p.179) A The TI S hydraulic mod
enough to describe both mixing and preferential flow paths for a wide range of hydraulic

ef fi ci(kadler & Wallace, 2009, p. 186)he TIS model is dependent upon the

number ottanks and the mean retention time (a.k.a. hydraulic retention time, HRT, or

mean detention time). A tracer test is generally conducted to determine the number of

tanks, which is typically 4.1 + 0.4 tanks for BMetlandgKadlec & Wallace, 2009)

Equation 2.8 ishe TIS model as presented by Kadlec and Wall2669, p. 189)

- p — (2.8)

Where:
C = effluent concentration, (mass/volume)
C* = background concentration, (mass/volume)
Ci = influent concentration, (mass/volume)
k = first order areal rate constant, rayd
U= actual HRT as determined from tracer tests, d
h = average water depth, m

N = number of tanks, dimensionless

The unitsfor concentration can be aowit of mass per volume as long as the unigs a
used consistentlhroughouthe formula As N becomes wg large, the hydraulic
behaviour becomes plug flofikadlec & Wallace, 2009)

Employing the TIS model to simulate treatment wetlands behaviour has numerous
benefits. Firstlythe modéaccounts fointernal and externdlydraulicfactors.
Furthermore,iie moderequiressensiblanputs andis simpleto apply. Hayward &
Jamiesor{2015)developed anodifiedversion of thel'lS model tancorporate

external hydrologiempactsfrom the watersheshcrementallythroughout the
wetland.The wetland hydraulgcaremodeledas a series afiell mixed tanks, each

with its own hydraulic gains and losséwever, theHRT remains constant for all
tanks.For this modified TIS modelhe general mass balance for each tank is
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providedby Equation2.9:

v o 0 06 — 0 0 o (2.9)

Where
Qout = flow out of tank N, r¥day
Cout = concentration out of tank N, kg?m
Qin = flow into tank N m%day
Cin = concentration into tank Nkg/m?
Qus = watershedlow into tank N m®/day
C* = background concentratipkg/m?
N = number of tanksdimensionless
k = first order areal rate constant/day
U= actual HRT determined from the tracer tedts

dw = average wetland deptn

Theoretically the modified TIS model includgsogressivevatershed additions in equal
amountdor each tankA steadystatemass balance is appliedgach tank t@alculate

the outlet flowby incorporaing external hydraulic factors such picipitation,
evapotranspiration, and infiltratioRurthemore,for each tankarelativemass addition
of the modeleaontaminants associated witkachhydraulic input, includingvastewater
influentandexternal hydraulic factor3he contaminant is therapturedy first order
sequesteringrocesses that aoenstrainedy the HRT(Hayward & Jamieson, 2015)
The outgoing concentration of contamindrgn undergoes the same process in each tank.
As such, the sequential tank effluent concentrationfuaiteer rediced by dilutiordue to
hydraulicadditions andby attenuation processes in each subsegaektRearranging
Equation2.9 to solve foroutletcontaminant concentratio@oyt, of eachtankis shown

below as Equatio.10:

8 (2.10)

Equation2.10 was furtheradaptedo incorporate infiltration and evapotranspiration,
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which is incorporated in Equatidhll based orthe pollutant mass balance for fister
areal TIS models assumistgady statenonuniform flow as proposed I§adlec
&Wallace (2009, p. 629)

8 (2.11)

Wherel is infiltration (m/day), " is transpiration fractiofdimensionless)andET is
evapotranspiration (méy). Although transpiration fraction is not applicable for all

contaminantsit is relevant for trace metals as macrophytes do retain metahtoatés.
25551 Hydraulic Retention Times  for Modified TIS Model

Wetlandhydraulic retention time (HRL) or meaketention timeU(d), is the average

amount of time needed for water (and the constituents contained therein) to move through
awetland(Jamieson, 2014nd can bealculated according tidadlec & Wallacg2009,

p. 23)as presented by Equation 2.12:

t - — — (2.12

WhereV is wetlandvolume (n?), Q is flow rate (n¥/day), L is wetland length (mWis
wetland width (m)h is wetland depth (myndA is wetland area (8. The recommended
hydraulicretention time for FWS Wetlandssevento 10 daygJamieson, 2014)

Wetland detention time can be categorized as actual or nominal, with nominal detention
time generally being greatdranactualdue to inefficiencies introduced by channeling,
stagnant areas, depth variations, lost volume to plant life(ketdlec & Wallace, 2009)

255.5. 2 Water Balance for Modified TIS Model

Thesteadystatemass balancapplied to each tank in the modified TIS moféeitors in
watershed flowQuws, m3/day), precipitation P, m/day), evapotranspirationET, m/day),
andinfiltration (I, m/day). This correlationwhich is $ghtly modified from the water
balance provided by Kadlec and Wallg2809, p. 628jo incorporate watershed flove,
given by Equation2.13:
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0 6 0 60 OYD© (2.13)

WhereQout is flow out of tankN (m®/day), Qin is flow into tankN (m%day), andA; is area
of tankN (m?). Each parameter in Equati@nl3 canbe calculated in theory; however, in
practice, measurements are pogcise and assumptions / estimates need to be made,
producingresults withtypical errorof £ 51 10 %(Kadlec & Wallace, 2009)

The followingdiscusesconsiderationshat need to be taken into accouwrtile

calculating selected parametéws the above steadstate mass balarnce

1 Precipitation includes rainfall armhowmeltandhas twoimpacts on wetland
performance: shortening of detention time and dilutiocosftaminantgKadlec
& Wallace, 2009)Rainfall is the most substantibsitivecontributor to thenass
balanceand can be estimated by using historical raiméa#sand catchment area
(Kadlec & Wallace, 2009)Trhis would include flow from surrounding land that is
directed into the wetland, which is typically an additional 26 %of the
wetland aregKadlec & Wallace, 2009unless the watershed from the
surrounding area is directed away, which is common for constructed wetlands.
cooler climates, seasonal snowmelt (especially in springtime)dtha asudden

load increase to the wetland mass balance.

1 Evapotranspiratiors theloss of water to the atmosphere through evaporation of
surface water and through the transpiration of emergent plarapotranspiration
rates,ET, can be calculated based evaporation rateg (or transpiration rates,

t), and transpiratiorréction U, as shown by Equatich14which originates from
Kadlec and Wallace (2009, p. 628)

oY - — (2.14

Transpiration fraction, is the portion of evapotranspiration that can be attributed
to transpiratior(Kadlec & Wallace, 2009Evapotranspiration of a FWS wetland
is similar to that of a lake or 80 % of pan evaporafitadlec & Wallace, 2009)

In wetlands, evapotranspiration lengthens the detention time and concentrates
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constituents of concerizvapotranspiratiors the greatesink affecting the mass
balancgKadlec & Wallace, 2009)n cooler climates, evapotranspirationly
occurs during thevarmerhalf of the yea(Kadlec & Wallace, 2009)
Evapotranspiration rates vary cyclically based on the time of year and based on
the time of the day because this process is drivdrebyfromthe sun hence,
evapotranspiration occurs at the highest rates in the afternoon and during the
summer season, drat the lowest rates at night and during the winter season
(Kadlec & Wallace, 2009)

1 Infiltration refers to sepage losses and gaihdiltration is more of an occurrence

for natural wetlandsas onstructed wetlands typicglhave liners to minimize

infiltration. Whether there are seepage losses or gains is dependent upon whether

the wetland water or the ground water has greater head présadtec &
Wallace, 2009)Magnitude of infiltrationis based on the difference betweabr
wetland water or the ground water head pressurBltration rates in constructed
wetlands are also affected the permeability of the linetf a liner is involved, a

leak testan be gedto determine ifthe liner is performing as designed.
2.5.5.5. 3 First Order Areal Rate Constant for Modified TIS Model

Firstorderareal ate costantgk) are applied téthe modified TISmodelto integrate
contaminansequesteringrocessesAreal rate camstantvalues vary betweegpollutants
locations and over timelue to changes in operational conditions. Values for soesd
rate constants & 0 canMe found published in literatuaad can be corrected to field
temperature using thmodified Arrhenius equatiofKadlec & Wallace, 2009, p. 1965

seen inEquation2.15:
Q Q— (2.15)

wherekr is thearealrate constant at temperatures T °C, koo is thearealrate constant at
20°C, and isthe temperature correction fact&omevaluesfor temperatureorrection

factors are available in literature or candggroximated based aperational data.
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CHAPTER 3 METHODOLOGY

Thepurposeof thisthesiswasto evaluatehe postexpansiorperformance of the Neville

St. PTSwith a particular focus opeak loading eventfuring peak loading eventde
residence time is reduced due to the higher flow rates in the system and the mine water
guality is the poorest due to highates of AMD generatiorAn initial review ofpast
samplingdata collected by PS&PC waempletedo helpdefinethe scopeof this work

and to informlater stepsThisthesiswasdividedinto threeresearclobjectives (1)
characterize systeperformance during peak loading events uswegnt sampling(2)
conducta statisticalevaluationof treatment performancand (3)develop a treatment
performance model of wetlandEhese thre¢éasksweresequentiglas theresultsfrom

earliertasks wereneeded to complete the later steps
3.1 Event Sampling

The first research objective of this thesias to characterize system performance during
peak loadingPeak loading events are associated with conditions that reshut poorest
performancef theNeville St. PTS Peak loading eventccur during the spring and fall
when precipitation and snowmelt flowrates are the highest. High throughput results in
low residence times, which reduces the effectiveness of contaminant remova. This
compounded by an increase in AMD production by the mine hydraulic systems that
occurs simultaneously due to the increase of water runoff into the mines. Thus, these
treatment systems see the worst quality feed at the same time that their residence time
are at the lowesif he aim ofevent samplingvasto gather sampleguring peak loading
eventsat the Neville St. PT&ndto subsequently analyze these sampdesharacterize

the system performance during weecsise performance conditigngith aspecialfocus

on contaminant removal.
3.1.1 Location and Timing of Sampling

Locationsfor event samplingnclude all the sample points on System 1 and System 2
regularly monitored by PS&PC and a few additional sample points including thesoutlet

of sampling poncbP-2A and SP2B to understand how each settling pond performs
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individually, thediverted groundwater and overflow from System 1 entering the natural
wetlands, andhe combinedwetlandeffluent from both systems. Twelexent sampling
points, aglepictedn Figure 31, were collected otwelve occasions between November

of 2020 and July of 202B8ystem 2 cascade inlet sample (Sample #9) was not taken on
severalccasios due to no inlet flowsamples were taken at the base of the cascade
instead.Thesamples at the inlet (Sample #8) and outlet (Sample #7) of the natural
wetland were not taken on several occasions due to inaccessibility caused by high brook
levels or high snowdrifts.

Figure3.1  Event sarpling locations.

Although someeventsamples were taken to become familiarized withsite/sampling /
processing samples and / or to train studesgearchers, most samples were taken with
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the intent to obtain data during pdakding events. With no way to monitor current flow
rates through the Neville St. PTS, sample tin{sge Table 3.1yas based on observing
weather(precipitation, temperature, etto)identify when flowatescould passibly be

high.

Table3.1 Summary okvent samplinglates

Date Start Total Description of Weather and Flow
Time | Time (hr)
09-Nov-20 | 1200 2.5 7 eC, sunny, n acastatletiow {
bypassing old cascade (coming out underneat
29-Dec20 | 10:00 2.0 2 eC, overcast and sho
cascades
17-Feb21 10:00 15 -1 eC, c¢ | oudthedayfand eight
before, snow up to knees, high flow through bott
cascades
23Mar-21 | 1430 1.0 12 eC, sunny, some sn
both systems
01-Apr-21 | 09:30 15 4 eC, sunny, no sthraugh |
both systems
19-Apr-21 | 14:.00 15 5 eC, sunny, | ow f|
26-Apr-21 | 13:00 15 10 eC, rainy, very higdg
17-Jun2l 11:00 2.0 21 eC, sunny, rained d
old system & no flowthrough new system
24-Jun21 12:00 2.0 22 eC, sunny, rained d
old system & no flow through new system
02-Jul21 09:00 1.0 11 eC, overcast and
moderate flow through both systems
06-Jul21 09:30 1.0 12 eC, sunny, naascadeflow
bypassing old cascade (coming out underneat
23-Jul21 09:30 1.0 16 eC, s un foyrdaysrlawflone c
through old system & no flow through new systen

Sampling was completed by two people (for safety) and generally took 1.5 hours
(1.07 2.5 hours) starting in the morning or early afternoon. Sampling in heavy
snow and / or rain generallygeired more time simply due to accessibility being
reduced by the weather and movement being restricted by additional clothing.

Samples would be taken to the lab directly afterwards, where samples would be
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processed immediately or be stored in the refatperfor processing the next day.

Flowrates associated with each sampling date were determined after the fact.
3.1.2 Procedures for Sampling and Sample Processing

Preparation for sampling included bottle preparation. This was generally done after
processig the previous batch of samples, but could be done at least 24 hours in advance.
Bottles were washed and placedimacid bath (1@6 Nitric Acid). After the acid bath,
bottleswererinsed with distilled water and air dried (if time allowed). Ceyeseplaced

on bottles after drying to prevent contamination. Bottteselabeled and packed a

coolerfor transport to the field.

During sampling in the fieldsamples were kept cool using two coolers: a smaller, soft
cooler with ice packs faransporting bottles in the field and a harded cooler filled

with ice that remained sidethe vehicle. Gloves, rubber boots, and sa¥etstswere

wornin the field.Samples were only collected if it were safe to do so. Information about
sampling wasecorded in the field, including timendlocation. Each bottle watsed

two to threetimeswith the water to be sampld&efore collecting the sampl@ne liter

samples were taken without head space whenever possible.

Velocity was measured aampling locatioausing aSwofferOpen Stream Current

Velocity Meter(Model 2100. Field velocity measurementgere used to roughly gage
whetherflow was relatively high or lowntil actual flow rate could be verifieut were

not precise enough to beaasfor more than relative reference. Velocity measurements
were prone to high variation and were highly dependent upon where within the cross
sectional area the measurement was taken. Samples were taken at constricted points of
the system, which reducedasineling and stagnation effects, but also increased

turbulence and consequently augmented measurement error.

For more details about thield sampling process, sé@pendixC for PTSsampling and

sampleprocessingorocedures
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3.1.3 Sample Analyses

The selection of parameters analyzed for each sampl€&ipae 32 for a photo of

samples collected in one dayere based on key contaminants of concern related with
AMD in the Sydney coalfield area, on parameters that have previously beenquately
removed by the Neville St. PTS, and on resources available for analysis at CBU. The
selected parameters include heavy metals associated with the local aidl.&on,

ferrous iron, and dissolved iron), parameters related itigpgre oxdation (i.e,

sulphates, pH, and oxidatiorduction potential (ORP)), and general water quality
parameters (i.etrue colour,apparent colour, and turbidity). The apparatuses employed to
process the samples include a Themo Scientific pH negttach tubidimeter, an Hach

spectrophotometer, and filtratiore{er toTable 32 for more details

Figure3.2  Twelve 1L samplescollectedat theNeville St. PTSon April 1%, 2021

Acidity removal and increases in pH are primary performance markers of AMD treatment
and are also essential for metals removal. As iron is a major contaminant of concern for

the Neville St. PTS, total iron, ferrous iron, and dissolved iron are key indiczto
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treatment performance. That is to say that the performance is directly related to its ability

to convert iron from its ferrous form (which is soluble) to its ferric form (which is
insoluble).Figure 33 shows samples being analyzed for total irogufé 3.4 contains

the 0.45 em filters used during the filter
iron (and true colour). Since the ferrous form primarily occurs in reduced conditions and

the ferric form primarily occurs in oxidized conditionegdox potential is another gauge

of performance. Sulphates are produced through AMD generation and is a measure of
original mine water quality even post treatmensetsling ponds and wetlandse not

effective in sulphate removéKadlec & Wallace, 2009)

Table3.2 Parameters measured event sampkeand theassociate@dpparatus(espr

measurment
Apparatus(es) Parameter(s)
Themo Scientifi®rion Star A211 pH pH, ORP
BenchtopMeterandOrion

Redox/ORP/Temp Electrodes probe
with Ag/AgCl reference

Hach2100Q Portabl&urbidimeter Turbidity
HachDR6000 Benchtop Apparent colour, total iron,
Spectrophotometer ferrous iron, sulphate

Filtration( O . #h)®& HACH DR6000 | True colour, dissolved iron
BenchtopSpectrophotometer

For measuringotal iron, ferrous ironand sulphates, 10 mL, 25 mL, and 10 mL samples
were analyzed followingdachmethods 8008Hach Company, 201453146 (Hach
Company, 2019apnd &51 (Hach Company, 2019bgspectively. For colour (apparent
and true)Hachmethods 825 (Hach Company, 2014lwas utilized to process 10 mL
samples. ORP data was convertedio/8lues to normalize the data to a standard
hydrogen electrode (SHE) laglding 200 mV to the original ORP readifithermo Fisher
Scientific Inc., 2007)

For more details about the sample processingAppendixC for PTSsamgding and

sampleprocessingorocedures
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Figure3.3  Analysis of sampletakenon April 1%, 2021, for total iron

Figure3.4 Filtering of samplegakenon April 1%, 2021, for dissolvedron.
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3.1.4 HOBO Pressure Transducers

HOBO pressure transducers are data loggers commonly used in water systems for
continuous monitoring. HOBO pressure transducers provide information at variable
frequencies aboueémperature and pressyreater level) HOBO pressure transducers
were installed on both systems to hgfugeflow rate through each system to verify if
sampling took place during peak flow events and if sampling data is therefore

representative of worstase scenarios.

Two HOBO pressure transducevere placed on each system, one to monitor
atmospheric pressure conditions and one to monitor water level. However, the
atmospheri¢HOBO pressure transduder System 2 stopped working halfway through
the monioring period and was sent off for maintenance; therefore, data collected by the
aimospheridHOBO pressure transduder System 1 was used for both systems from that
point forward. For monitoringtenospheric pressunditions plasticmodels of the data
logger were used while titanium versions were employed instream due to the harsher
conditions. TheHOBO pressure transducevereinstalledin the chamd located
downstream of the settling pond(s) and upstream of the constructed wetland for both
systems. For System 1, thkOBO pressure transducevere anchored to a bridge

crossing the channel (seeure 35), located about 200 ft upstream of the sluice ga

For System 2, there was no good anchor psmtinder blocks were used as anchors and
theHOBO pressure transducevere placed directly before the sluice gate as depicted in
Figure 36.

Pressure was converted to water depth at the HOBO pressww@utraniocation using

the formula for static pressure as shown in Equation 3.1.

<

Q _— (3.1)
Whereh is water depthee Fis static pressure (NA)) Py is water pressure at the bottom of
the channel (N/R), Pamis atmospheric prease (N/nf), } is water density (kg/f), andg

is the gravitational constant (9.81 R)/glow rate through the channel can then be

calculated based on water depth. First, the water depth upstream of the sluice gate is
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calculated by adjusting the water dept the HOBO pressure transducer location to

include the incline slope between the two points. For System 2, there was very little
adjustment in depth between the HOBO pressure transducer location and upstream of the
sluice gate; for System 1, there was@re significant adjustment due to the near 200 ft
ofchannel |l ength between the points. Subseq
applied upstream (point 1) and downstream (point 2) of the sluice gate as demonstrated in
Equation 3.2:

b "R -0 "0 (3.2)

Wherev is velocity (m/s) and can be related to flow ra@e if’/s) through Equation 3.3 if
b is channel width (m):

0 0VQO U'Q® (3.3)

Figure3.5 HOBO pressure transducers with low flow maond between settling
pond and constructed wetland for System 1.
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Thus, flow rate can be determined by incorporating Equation 3.3 into Equation 3.2 and

solving forQ as shown in Equation 3.4:

0 QoO—— (3.4)

Figure3.6  HOBO pressuré&ransducers with high flow inhamd between settling
ponds and constructed wetland for System 2

Lastly, for System 1 onlyflow rate needed to bedjused toincorporatea 50 cm high
weir located immediately downstream of the sluice gateaan Figure 37. There is no
such weir for System ZApproximately 3- 5 % of the crossectional area of the channel
actually goes over the weir. This area percentage was factored into thatow

calculation for System 1.

Note that these simple calculations tr@rovide relative estimates rather than absolute

values, i.e.the value of these estimates is to identify peak loading events rather than to
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calculate exact water depth or flow rate in the charfistharge coefficients are often
incorporated into flow calculations &xcount forerror generated by friction, turbulence
gate opening shape, contraction coefficient, etc. For different sluice gate designs, this
coefficient is usually determidesmpirically using different operational flow regimes.
Furthermore, sedimentation and biomass due to plant growth (which was observed
around the sluice gate in System 1) are other sources of error. None dathessvere

taken into accourih the flow rate cleulations.

L

Figure3.7  Sluice gaten channel between settling pond and constructed wetland for
Systeml.

3.1.5 Pump Flow Rate Data

In addition to using the HOBO pressure transducers to verfyeifit samplingccurred
at peak loading rates, pump floatedatawasusedas well Event samplingvas
conducted between November of 2020 and July of 28&r event samplingvas
compleed PS&PC provided pump run timesm Augustof 2020 to Julyof 2021and
severapump calibration readingaken duringhis time period. Using this data, flow
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rates were calculated for System 1 and System 2. Then the sampling dates were compared
to the calalated flow rates to determine whether samples were taken durinéppeatg

events.

System 1 isupplied by two pumps with a design flowAD00L/min; System 2y eight
pumps with a design flow df2,000 L/min(Government of Canada, 2018S&PC
stated that typical combined flow rat@gperienced byhe Neville St. PT$ around
2,500 usgpm or 460 L/min.According toCBCL Limited Consulting Enginee(2017)
average pump flow rate data from 2013 until 2017 shows that four pamp® £6 of the
time at a rate of 2,100 usgpm or less, six purap8b % of the time at a rate of 3,400
usgpm, and nine pumpanr 14 % of the time at a rate of 5,100 usgfa 10" pump has

been added since this analysis).

Pumps are brought bne sequentially to maintain mine water level as steady mine level
reduces AMD generation and maintains better mine water quality feeding the Neville St.
PTS. However, during high watinputs to the mine from high precipitation or snowmelt,
the level control in the 1B hydraulic system is more difficult to maintain. Thepfirsip

in the sequence directs AMID System 1. Theseverapumps direct flow to System 2.
Thenasecond pumpuyplying System 1is started The remaining pumps are turned on

as neededeedng AMD to System 2The flow distribution is divided such that
approximately 30 % of the flow is directed to System 1 an% @3 the flow is directed
towards System 2 on averagékins International Ltd., 2013)

3.2 Statistical Analysis of Data

The second research objective of this thess to statistically evaluate treatment
performancef thetwo parallel sempassive treatment systemsthe Neville § PTS.
Statisticalanalyses were applied to data following methods outlinéBdsthouexand
Brown (2002) Analysis of Variance (ANOVA)which is a widely used method
employed acrossumeroudields of study(Berthouex & Brown, 2002)was the main

technique utilized.

Oneway ANOVAs were performed on thevent samplinglata for each parameter
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measured to determe if there was statistidglsignificancedifferencebetween mean
concentrations across both System 1 and System 2. In other words, ANOVAs were
performed on each parameter measured bg\tkat samplingo determine if each
system was effectively reducitigatparameterThe parameters analyzed include total
iron, ferrous iron, dissolved iron, sulphates, pH, ORP, turbidity, appeséntr,andtrue
colour. For System 1, means were compared among data coflectetthe settlingpond
inlet, the settling pod outlet, the wetland inlet, and the wetland outlet. For System 2,
means were compared among data collectad the settlingpond inlet, the settling pond

outless for all threesuccessiveettling pondsand the wetland outlet.

Moreover,oneway ANOVAs werecompletedon total iron, ferrous ironpanganese,
aluminum,sulphates, apparent colour, turbidity, pH (field and I&5P,alkalinity,
dissolved ironanddissolved ferrous irotb compare mean values across each year of
operation for both systemstatree points: theettlingpond inlets, the settling pond
outlets(of just the final settling pond for System 2and the wetland outlets. This was to
determine if there were statistiyakignificancedifferencesin operatioml performance
between years, with a particular focus on changes in performance due to the introduction
of the second system. For each system, every year of operation was includza)9ie.
2021 for System 1 arD151 2021 for System.2Additional ANOVAs were perfaned
ononly preexpansion data ar@hly postexpansiordata for System 1 to better
understand the impact on performabgehe expansionFurthermore, these analyses
included data from PS&PC sampling and frewent samplindor all parameters except

for four. Formanganese, aluminurfield pH, and alkalinity,event samplingvas not
performed and thugnly data from PS&PC samplivgas includedData after Marclof

2019 fromPS&PC samplingvas not made available feettling pond outletghus,

statistical aalysis at these locations do not inclirtte&PCdata from 2020 and early

2021 like the other four locatiomk. For any measurements that were found to be below
the reliable detection limit (RDL), then half of the RDL was assumed apgnon
practice(Berthouex & Brown, 2002)
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3.3 Treatment Performance Modeling  of Wetland

The third research objective thiis thesis was to develop a treatment performance model
of the two constructed wetlands at the Neville St. PTS. This was done by employing a
modified TIS model with first order rate constants to incorporate contaminant attenuation
mechanismgsee Equatio2.11) This model was applied ttata collected by PS&PC

andby event samplingo quantify tharon removal performancd-irst, the modified TIS
model was constructday selecting value®r all parameterbased on historical
environmental performancelata andndustry best practiceSubsequentlysensitivity
analyses were performea determinenodel inputs for selected parametérat werenot

available in literature.
3.3.1 Tanks -in-Series (TIS) Model Construction

Construction of the modified TIS mddavolved selection of values a range of values
for each model parameter. Some parameters getsgminedased on historical
environmentatataandsome parameters weselectecdbased orassumptiongligning

with industrybest practicesOtherparameters were chosentiaking intoconsideration
the specific performance attributes of the two constructed wetiamp®stion Two
generakypes of parametemgere includedn the modified TIS modelwater balance
componentsnd treatment performancemponents. Ithe followingtwo subsections

the reasoning and assumptions behind the selection of all parameters for both water
balance components atr@atment performanammponents are explained. Afterward,
the model variations for these parameteespaesented to show how the model provides
outputs fora range of operating conditions includwgrstcase averagease andbest

caseperformancescenarios.
3.311 Water Balance Components

Parameters necessary for incorporating water balafa@nation into the modified TIS
model(as shown in Equations 2.11 and3.ihcludad design inflow, design outflow,
external hydraulic contributions from watershed, HRT, total wetland area (or area per

tank), water depth, precipitation rates, evapotranspiradi@s rtranspiration fraction,
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infiltration rates, and the number of tanks being used to model each constructed wetland.
Explanatiors are providedn thebelowsubsectionss to how values were chosen for
eachof theabove parametsr

3.3.1.1.1  Design Inflow, Q in (m?3/day)

Two differentinlet flow rates were chosen for both systems to represent average flow
rates and maximum flow rates. Minimum flow rates were not modeled as minimum flow
takes place when there is no flow through either systsmsuch, there is no time

constraint for contaminant removal and contaminants would be reduced to the assigned
background concentratioRor average flow rate, the average flow was calculated based
on pump flowratedatatakenduring theevent samplingvindow, i.e, from August F,
2020,until July 31%, 2021 For maximum flow rate, both design flow rate and maximum
flow rate observed from pump flokatedata were considered. As the maximum flow
observed during thevent samplingvindow was slightly higher #gmthedesign flow, the
former was selectedlow rates incorporated into the modified TIS model for both
systems are available in Table 3.3.

Table3.3 Flow rate valueselected fomodified TIS modefor both systems

Flow Category System 1 System 2
Rate (m3/day) Source Rate (m3/day) Source

Average 5011 PS&PC 8,640 PS&PC
Observed Pump Flow Pump Flow
RateData RateData

Maximum 10,714 PS&PC 18,403 PS&PC
Observed Pump Flow Pump Flow
RateData RateData

Design 10,080 Government 17,280 Government
of Canada of Canada

(2016) (2016)

In addition, the2009 ump maximum capacityflow was used tonodela worstcase
scenario that would occur if all pumps were directed into System 1 ahonacapacity

which is equivalent t81,363 n¥/day. As this is the configuration before expansion, this
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gives some insighasto how the Neville St. PTS would be perfong if no expansion
had takerplace however, it was deemed that this scenarmuisentlynot plausible due

to configuration changes aedrrentoperational procedures.
3.3.1.1. 2 Design Outflow, Q ou (m3/day)

It was assumed that the design outlet flomswhe same as the design inlet flow as there
is only one inlet andneoutletfor both systemsAlso, noinfiltration or leakagevas
assumed due to geosynthetic clay lirteet were installed during construction of the
settling ponds and wetlandSBCL Limited Consulting Engineers, 2016Bhea, 2010)
Other inputs and outputs, such as precipitation and evapotranspivai@incorporated

into the modebutflow by using the watdralance formula as shown by Equation 2.13.

It should be noted thahére is an overflow wefor System 1locatedin the channel
between the settling pond aocdnstructedvetland, which is used solely during high flow
events and redirects some flow frolne tchannel to the adjacent natural wetland. This
helps to control flovto theconstructed wetland. High flow eversufficient to cause
spillage over the overflow weir do not occur often and would be difficult to incorporate
into themodel as there is noay to monitor when these events happen with the current

configuration. Thisvas a known source of error in the model.

3.3.1.1. 3 External Hydrologic Contribution from  Watershed, Q ws
(m3/d ay)

External hydrologic contributiafrom the surroundingvatershedwereassumed to be
negligibleas the constructed settling ponds and wetlands includechdwater diversion
ditches(CBCL Limited Consulting Engineers, 2016Bue to pyitic outcrops close to
surfaceand local bootleg mines formerly located whirenew system is placed, the
local ground water can have high levels of contaminants and a@iityd Environment
& Infrastructure Solutions, 2019hich could affect the operat of the systent the
watershed was allowed to flow into the Neville St. PTi®us,groundwaters redirected
to the adjacent natural wetlarnithe aforementioned overflow weir for System 1 flows

into the culvert redirecting the groundwater to the natuedland.
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3.3.1.1. 4 Hydraulic Retention Time, HRT (d)

Although HRT was calculated for the settling ponafd)oth systems in their design
phasegAtkins International Ltd., 20Q8Atkins International Ltd., 2013and measured
using tracer tests for the settling parfdsystem I(Wolkersdorfer, 2011)no HRT was
provided in design documentation the constructedetlandof either systemThus,

HRT was calculatedsingEquation2.12.
3.3.1.1. 5 Total Area, A( m?)

For System 1thewetland area iapproximatelyl 2,200 nt (Wolkersdorfer, 2011)This
value wasconfirmed using Google Ma@nd Google Earth area estimatest System 2,
wetland area, which is approximately,@10 nf, wasdetermined usin@Google Mag
(Google Maps, 2023)nd Google EartfGoogle Earth, 2023reaestimates.

3.3.1.1. 6 Wetland Depth,d w (M)

For System 1, wetland depth could be calculated wsimetland area of 1,200 nf anda
wetland volume of 550 fr(Wolkersdorfer, 2011)However, the deptbalculated from
these valugis extremely shallow and does not align with observations in the Fetd.
System 2, no documentation was available that stated the depth of the constructed
wetlandsHowever, both the Systemdesign repor(Atkins International kd., 2008)and
the Systen® design reporfAtkins International Ltd., 2013eferedto PIRAMID
guidelines for sizing wetlands. According to these guidelines, the maximum water depths
for therecommended vegetation is less than 0.ZPRAMID Consortium, 2003, p. 66)
The recommended plant species wenefitmed to be employeith both systemswith all
five species in System(Wolkersdorfer, 2011andat leasfour species in System 2
(Public Works and Government Services Canada, 2@t3¢ast oe species in each of
each of the wetlands requires less than 0.25 m water dédpsidepthalso better aligns
with observations made in the fielthus, 0.25 m was theater deptrassumed foboth

System 1 and System 2.
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3.3.1.1. 7

Precipitation , P (cm/d ay)

Minimum, average andmaximumdaily precipitatiorrates includingbothrainfall and

snow fall, for allfours e as ons

wer e

c a |l c DhallydateRepouss i n g

dat «

which wascollectedat meteorologicattation Sydney Afrom Januaryf 2011 until July
of 2022(ECCC,2023a) This station meetthe World Meteorological Organizati@éns

(WMOG )shighest standard for temperature and precipitataia collectiorfor more than

30 yearsi.e., the"3/50 rule, which states no more théimeeconsecutive and no more

thanfive total missingdata pointgor each mont{ECCC,2023b)

Alternatively, a larger but older data set could have been used, hee

fCanadi an

Climate Normals 198120100 which wasalsocollected ameteorological station

Sydney A(ECCC,2023c) However, it was decided to use the smaller, more current data

setas it overlaps with theperatirg window of bothsystemsat the Neville St. PT,S

hence, these precipitation rates would more accurately represent actual canditions

Precipitationvolumes(see Table 3.4k erecalculated based on wetland surface ;area

catchment areaas not included as tiveatershed from the surrounding area is directed

awayfrom the system@CBCL Limited Consulting Engineers, 2016b)

Table3.4 Daily precipitationratesfor all four seasoabased oriiDaily Data Reporis
collected byStation Sydney AECCC,2023a)

Season Months Daily Precipitation (cm/day)
Minimum | Average | Maximum
Winter Jan/Feb/Mar 0.0 5.1 9.5
Spring Apr/May/Jun 0.0 4.0 9.1
Summer Jul/Aug/Sep 0.0 3.0 7.7
Fall Oct/Nov/Dec 0.0 5.3 13.6
3.3.1.1. 8 Evapotranspiration, ET (cm/d ay)

Evapotranspirationateswerecalculated based on histori@taporatiorratesin Nova

Scotia and transpiratiomaiction U asshownby Equatior2.14.Minimum, average, and
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maximumdaily evapoationratesfor allfours easons wer e cal cul ated

Climate Normalsl981- 20100 which arebased on pan evaporation data (EC@2@20).

In Nova Scotia, only twaneteorologicastations collect evaporation data, which are
located in Truro and Kentville. ThEruro Station meets WMO C standard with at least
20 years of complete months in the 19&D10 period ECCC,2023d) andthe Kentville
Station CDA meets WMO D standard with at least 15 years of complete months in the
1981- 2010 periodECCC,2023e) The maximundaily evaporation rate observedsed

on monthly averagesas 0.4 cm/dy (recorded in Kentville)the minimumdaily
evaporation rate based on monthly averagesOaasm/dcy (recorded in both Truro and
Kentville). Average daily evaporation rate®re calcuhted based on trszasonal

averages between the two locations and are avafiabéach season in Table 3.5.

Table3.5 Average dailyevaporatiorand evapotranspiratiaates for all four seasons
basedorii Canadi an Cl| dataadllected\bihe Tnaol asdo
Kentville meteorologicaktations

Season Months Truro Lake Kentville Average Average

Evaporation Lake Lake Evapo
(cm/day) Evaporation | Evaporation | transpiration

(cm/day) (cm/day) (cm/day)

Winter | Jan/Feb/Mar 0.0 0.0 0.0 0.00
Spring | Apr/May/Jun 0.21 0.22 0.22 0.43
Summer| Jul/Aug/Sep 0.31 0.33 0.32 0.64
Fall Oct/Nov/Dec 0.04 0.08 0.06 0.12

For transpirationrbction aconservativeralueof 0.5 (i.e., it results inlower contaminant
removal)was assumetb account foithe impact that macrophytes have on metals
attenuationThis is based on recommendations by Kadlec & Wal{a689, p. 628)who
state thafor a fully vegetd e d  w e tadsg@ratidn,is tyfpitally about one half to two
thirds ofevapotranspiration.Based on this transpiration value, average daily
evapotranspiration rates were calculated and are likewise available for each season in

Table 3.5The maximum dailyevapotranspiratiorate wascalculated to b€.8 cm/day;
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the minimum dailyevapotranspirain rate wasalculated to b8.0 cm/ay.
3.3.1.1. 9 Infiltration, | (cm/d ay)

No infiltration wasassumedbecausgeosynthetic clay linensereincorporated into the
designof the settling pon@) andconstructedvetlandof both system§CBCL Limited
Consulting Engineers, 20168hea, 2010)

3.3.1.1. 10 Number of Tanks, N ( dimensionless )

For FWS wetlands, the number of tanised in the TIS modé&s typically 4.1 + 0.4 tanks
(Kadlec & Wallace, 2009)As per industry best practicéet number of tankssed to
model wetlandss normally determined using tracer tests, bater tests wereut of
scopefor this project.This dd contributesome ugertaintyinto the modelHence, the
number of tanks were estimated based on the number of passeh wetlando
incorporate nondeal flow behaviour into the mod&ystems werenodeledwith one

cell per pasandwith three tanks per celbystem 1 hasnepassn its wetland(i.e., the
flow travels directly from inlet to outlet with no directional changds)sonecell with
threetanks was assumed. System 2 floas passesn its wetland(i.e., the wetland has
three internal berms toeate sinuosity and flow direction changes three times between
inlet and outlet)thusfour cells with threetanks each (or 12 tanks totalreassumed.

3.3.1. 2. Treatment Performance Components

Parameters necessary for incorporating treatment perforrrdoomation into the
modified TIS mode(as shown in Equati@®.11and 2.1%included influent
concentration, target effluent concentration, background concentration, areal rate
constant, temperature correction factordfield water temperatur®escrigions can be

found below as to how values were selected for each of the above variables.
3.3.1.2. 1 Influent Concentration, Cin (mg/L)

Fourdifferenttypes ofwetlandinlet concentration values were employedhemodel for
both systemg(1) maximum desig inlet concentrationf 10 mg/L (Atkins International
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Ltd., 2008 Atkins International Ltd., 2013}2) minimum actual inlet concentration8)
average actual inlet concentrations, éhdnaximum actual inlet concentration&ctual

inlet concentration values for the later three categ@sies Table 3.6)ere calculated for

each seasoftvent sampling data included in calculations for determiastgal

minimum, average, and maximum inlet concentrations was collected between November
of 2020 and Julypf 2021. Historical sampling data collected by PSPC was also included

in said calculations. For System 1, only pespansion sampling data was ussdhis

data represents the current operation. Therefore, PSPC data included for both systems

was collected between June of 2015 and March of 2019.

Table3.6 Constructed wetland influeimon concentration$or all four seasons based on
data collected bi?SPC an@vent sampling

Season Months System 1 Influent Concentration(mg/L)
Minimum Average Maximum

Winter Jan/Feb/Mar 0.10 18 5.1
Spring Apr/May/Jun 0.10 1.4 8.6
Summer Jul/Aug/Sep 0.05 0.31 1.3
Fall Oct/Nov/Dec 0.11 1.0 2.6
Season Months System 2 Influent Concentration (mg/L)
Minimum Average Maximum

Winter Jan/Feb/Mar 0.077 0.69 3.0
Spring Apr/May/Jun 0.025 0.23 1.1
Summer Jul/Aug/Sep 0.025 0.050 0.30
Fall Oct/Nov/Dec 0.025 0.23 0.76

For System lmaximum inlet concentrationgerealsodetermined for the entire period
of System 1 operation, i,eising preexpansion angostexpansiordata (fromJanuary of
2009 untilMarchof 2019). This data was used to modekarstcase scenario that would
occur if all pumps were directed into System 1 atimaxn capacity As this is the
arrangementhat existedeforethe facility was expandedhisprovidessome
understandin@sto how the Neville St. PTS would be performing if no expankexh

takenplace For winter, spring, summer and fall, these maximum inlet concentrations
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values for System 1 were found to be 25 mg/L, 22 mg/L, 18 mg/L, and 24 mg/L

respectivey.
3.3.1.2. 2 Target Effluent Concentration, C ¢ (Mg/L)

The CCME FWAL and NSE EQS guidelinalues were usefdr target effluent
concentration, whiclare0.3 mg/L foriron (CCME, 2023 NSECC,2021) This target
value was compared to the output effluent concentration vgkreerated by the

modified TISmodelfor eachconstructedvetland
3.3.1.2. 3 Background Concentration, C* (mg/L)

In selecting the value fdrackground concentratipone must understand the purpose of
this variable inthe modified TIS modefi T h e ¢ o n €*a@smthieved whenrthere is

no net uptake or conver Kaden& Vdaflacet 2089, pc he mi c a
187) As per Kadlec and Wallag2009) multiple factors could contribute to tipeesence

of a nonzero background concentration depending on the contaminant: the constituent is
resistant tavetland attenuation mechanisntise chemical is associated with another
nonzero background constituent such as particulate, the wetland may generate
contaninant inputs (perhaps through biochemical cycles, decomposition, leachihg, etc
the constituent could be reintroduced throsghsonally associated drying and wetting of
wetlandsedimentgesulting inoxidationand subsequent dissolutiohminerals and
internalconcentration gradients could cause recontamination of treated water when short
circuiting occurs (which is more prevalent with higher loading raBz)kgroundron
concentrations are seen in wetlands treatiigent containing ironlron renoval

efficiencies vary between wetlands and increase with higher inlet loading rates at the
expense of higher outlet concentratigadlec & Wallace, 2009)Kadlec and Wallace

(2009, p. 42) compared the iron removal performance of constructed FWS wetlands at
22 locations and foundchaaverag&8 % ironattenuatiorefficiency, with the higher

removalrates(up to 98 %) occurring at sites with greater average imdetoading.

Furthernore, there is a practicabnsideration to incorporating a nonzero background

concentration when it comes to wetland sizMfithout incorporatinga nonzero
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background concentratiothe model wuld sizethewetlandsso toremovenearlyall
contaminants, i.ereach neazeroconcentrationswhich would result iunrealistically
largewetlands So, itis generally a more reasonapt®steffectiveapproach to try to size
treatment lagoons and wetlands in order to achieve backgrounsl(l€adlec &

Wallace, 2009)

Although surface wateroncentratiorvalues(given in Table 2.4yvould seem to be the
most appropriateelection at face values this data was collected atsiites within the
Sydney coalfield aredat have as little anthropogenic influence as posshléace
waterconcentratioa for constituents of conceimthis region €.g, 1.377 mg/Lsurface
water concentration for irgrare well above limits set by guidelines. In order for our
model to reflet thewetland designthe targebackgroundctoncentratiorfor iron neecd

to be below provincial and federal guidelines of 0.3 mg/lower background
concentratioralso reflectdthewetland fieldperformance of System 1 and System 2
more adequately dbe treatment facility effluent is predominantly below the guideline
limits. As such/ocallake chemistry daté.e., data from Cape Breton County oniyas
used for reference telecta background concentratioralue of 0.05 mg/L(Government
of Nova Scotia, 20213s it better aligns with design limits and historical constructed
wetland performansThe Nova Scotia Lake Chemistry Data @apeBretonCounty
was collected througlake samplingconductedrom 1956 until 2018nd isfunded
through multiple provincial government departments to develop baseline infornmation

regard towvater quality(Government of Nova Scotia, 2021)
3.3.1.2. 4 Areal Rate Constantat20 °C, k2o (M/ day)

Areal rate constantst 20°C are more or less readily available dependinghen
constituenbf concernHowever for iron, areal rate constants were very difficult to find
in literature Kadlec and Wallac€009, p. 422provided two areal rate constaats20

°C for iron from two different source406 m/yea (or 0.29 m/ay) base ondata from 35
wetlandg(Tarutis et al.1999)and38 m/yea (or 0.105 m/éy) basel on data fromone
wetlandsystem(Younger et al.2002) As the value from Tarutis et al. was determined

using a larger data set from multiple wetlands, it was selected as theloradugafor
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areal rate constaat 20°C. Moreover, the wetlands usbeyg Tarutis et al(1999)to

determine this value were all treating coal mine drainage. However, initial modeling
results showed that modeled outlenirconcentrationgenerated with the Tarutis et al.

value of106 m/yea were much great than design target armstorical wetland

performance. Thus, a larger areal rate constant would be required to accurately represent
actual wetland performansgehis criterionalsofurther eliminate the second areal rate
constant given by Kadlec and Wallg@®09)of 38 m/yea as this areal rate constant

would result in even less iron being removed by the mdtkrice, &ensitivity analysis

was performed to determine areal rate consfanteach system at different operating
regimesMore informationon the sensitivity analysis methodology for areal rate

constantat 20°C is provided in the section on sensitivity anaysf model inputs.
3.3.1.2. 5 Temperature Correction Factor, (dimensionless )

Temperature correction factor for some constituents of concern can be difficult to find in
literature as well. This was the case for iron as no temperature correction fatddsecou
found. Therefore, a value of one was assufoedodeling all scenaricand then a
sensitivity analysis was performed multiple scenarig to assess the impawh model

output More details about the sensitivity analysis methodofogyemperature

correction factoare discussed in the section sensitivity analysis of model inputs.
3.3.1.2. 6 Field Water Temperature, T (°C)

Minimum, average, and maximufield watertemperaturdor all four seasons were

cal cul at ed (Daily Data Reparts ahich was eollectedt meteorological

station Sydney Arom Januaryf 2011 until Julyof 2022 (ECCC,2023a) This is the

same source fromvhich precipitation data was obtained. Similarly to precipitation, data

an alternate data set was available that laeger but older,i.et he A Canadi an CI i
Normals 1981 20100 w h i dikKewiseeltected ameteorological statioBydney A
(ECCC,2023c) However it was decided to use the smaller, more current data set as it

overlaps with the operating window of both systems at the Neville St.tRUS these

temperatures would more accurately represent actunalitions
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In addition,202071 2021field waterand atmospheriemperature data was collected
usingHOBO pressure transducensthe channels upstream of both wetland systé&ims.
was another alternative source for temperature dlatae was no sigricant variation
between seasonaverage values for ambient and water temperatures; however, the
minimum and maximum temperature values were more extreme for ambient temperatures
than field water temperaturebhis aligns with the described seasaffdcts on water
temperature as described by Kadlec & Re(®001) Water has a higher heat capacity
than air, which has a stabilizing effect on temperafdevertheless, the data from the
HOBO pressure transducenss only for oneyear andlid not includethe impacts of

annual variation. It was decided to use anntrabapherictemperature data r o Daily i
Data Reportsin the performance model over the field collected dgtthe HOBO

pressure transducets ensure the modelould more accuratelgonsidertemperature
variations between years. Moreover, ambient temperdatawould produce more
conservative values in the model tHaehd water temperaturdata Atmospheric
temperaturelatahad more extreme minimum and maximum values, and trauddgive

a slighter better bestase scenario and a slighter worse woestescenario. Wetland

field water temperatures never drop belo@ @even in northern climates with ice cover
(Kadlec & Reddy, 2001, p. 5440hus, any negative ambient values were replaced with 0
e (Cas presented in Tabe?.

Table3.7 Field water émperature for all four seasons basediDaily Data Reports
collected byStation Sydney AECCC,2023a)

Season Months Field water temperature, T (°C)
Minimum Average Maximum
Winter Jan/Feb/Mar 0.04 0.0 0.6
Spring Apr/May/Jun 3.0 8.0 12.9
Summer Jul/Aug/Sep 121 17.4 22.6
Fall Oct/Nov/Dec 0.3 4.3 8.3

! Negative atmospheric temperature vakssr e pl aced wi th 0 e
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3.3.1.3 Model Variations

While modeling iron renovalacross both wetlands, five parameters were treated as
multiple-valuevariables: inlet flow, daily precipitation rates, daily evapotranspiration

rates, temperature, and inégtncentations.Two flow rates were used in the modified

TIS model for each system: average and maximum flow rate as calculated based on pump
flow ratedata.Minimum, average, and maximum values were determined for all four
seasonsor the later foumultiple-valuevariables Using combinations dhesevariables

38 scenarios were modeled for System 132gscenarios were modeled Bystem 2.

When developing scenarios, threeltiple-valuevariables were matched together to
form combinations thare associated witlbwest contaminant removal rates, average
contaminant removal rates, and highesttaminant removal ratésr realistic
environmental conditiong hese threenultiple-valuevanablesincluded daily
precipitation rates, daily evapotranspiration rates, and temperature, antlestvely
referred to as fAenvironment al con¢ti ti ons. 0
average environmental conditionayerage values were asi the model forll three
parametersMaximum precipitation rates, minimum evapotranspiration rates, and
minimum temperature were combinasithey are associated witte lowest contaminant
removal rategor worst environmental conditiongjote that tie worst environmental
conditions replicate peak loading conditiokBnimum precipitation rates, maximum
evapotranspiration rates, and maximum temperature were condsibdy are

associated witthe highestontaminantemoval rategor best environmentaonditions)

Four scenarios were developed by matclengronmental conditions and inlet
concentrations: (1) average environmental conditions and average inlet concentrations,
(2) best environmental conditions and average gdatentrations, (3) worst

environmental conditions and maximum inlet concentrations, and (4) average
environmental conditions and design inlet concentratioms X0 mg/L). Note for the

second scenario that average inlet concentrations were used wfst@adnuminlet
concentrations a$e observed minimurnmlet concentrations were well beldie

effluenttargetof 0.3 mg/L; thus, there is no value in modeling these conditions as the
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goal is already achieved. These four scenarios were maakgteglbothflow rates for all
four seasonswinter (January to March), spring (April to June), summer (July to
September), and fall (October to Decemb&hese combinations make up the first 32
scenarios listed in Table 3.8cenario 33 is a besase scenario, wth combined
average flow, best environmental conditions, mmgimuminlet corcentratiors; this is
the only scenario that hasnimuminlet corcentratiors as these valuesre well below

effluent target for all seasons.

Table3.8 Modified TIS model configurations ohultiple-valuevariables forall
modeledscenarios

Description Scenario | Qin Environmental Conditions Cin
Number P ET T

Avg flow / Avg env. 1-4 Avg Avg Avg Avg Avg
conditions/ Avginlet conc
Avg flow / Bestenv. 5-8 Avg Min Max Max Avg
conditions/ Avg inlet conc
Avg flow / Worstenv. 9-12 Avg Max Min Min Max
conditions/ Worst inlet conc
Avg flow / Avg env. 13-16 Avg Avg Avg Avg Design
conditions/ Design inlet conc
Max flow / Avg env. 17-20 Max Avg Avg Avg Avg
conditions/ Avginlet conc
Max flow / Bestenv. 21-24 Max Min Max Max Avg
conditions/ Avginlet conc
Max flow / Worstenv. 25-28 Max Max Min Min Max
conditions/ Worst inlet conc
Max flow / Avg env. 29-32 Max Avg Avg Avg Design
conditions/ Design inlet conc
Bestcase scenarioAvg flow 33 Avg Min Max Max Min
/ Bestenv.conditions/ Min
inlet conc
Worst-case scenarioPre 34 PE Max Min Min PE
expansion max flowWorst Max Max

env.conditions/ Pre
expansion max inlet coric.

Max flow / Avg env. 35-38 Max Avg Avg Avg PE
conditions/ Pre-expansion Max
max inlet cond

1 Only applicable to System 1
Avg = Average, Conc= Concentrations, Env. = Environmentslin = Minimum, Max = Maximum
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Scenarios 34hrough38 are applicable to System 1 only and inclodejustpost
expansiordata, bupre-expansion datas well The inclusion of these scenarios provides
insight to how the Neville St. PTS would be performing if the expansion never took
place. Scenario 34 is a worstse scenario, which combined{gpsgpansion maximum

flow (i.e., all 10 pumps were directed into System 1 at immaMm capacity, worst
environmetal conditions, and maximum inlet concentrations. Scenarios 35 through 38
depict how the current configuration would perform for maximum floaverage
environmentatonditions if inlet concentrationsse to preexpansion levels for all four

seasons.
3.3.2 Sensitivity Analysis of Model Inputs

Sensitivity analyses are performed on an input vari@btetermine how the output
parametefoutlet iron concentration$ impacted based on changes to said input variable.
Sensitivity analyses were performed faotparameterthat wereeithernot available in
literature or the available values did not adequately represent the performance of the
wetlands at the Neville St. PTS. Parameters on which a sensitivity analysis was
performed include areal rate constant 20 °C and temperature correction factor.

3.3.21 Areal Rate Constantat20 °C, k2o (Mm/d ay)

The areal rate constards20°C that wereavailable for iron did not adequately represent
the contaminant removal performascoé the two wetlands modeled and prodiiocetlet
iron concentrations much higher than historically observed for similar operating
conditions.Hence, a sensitivity analysis was performesthg the modified TIS modé&b
calibrateareal rate constasait 20°C for each systerfor different operating regimeSix
scenariosvere modeled, each at average and maximumiétes, based on inlet and
outlet concentration combinatiar(d) average observed inlet concentrations and less
than target concentration of M&)/L, (2) maximum observed inlet concentratsand

less than target concentration of 0.3 md@A) inlet design concentration of 10 mg/L and
less than target concentration of 0.3 md#) average observed inlet concentrations and
less than average obsed outlet concentratiQifs) maximumobserved inlet

concentration and less than average observed outlet concentratiqie)inlet design
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concentration of 10 mg/L and less than average observed outlet concenirati@ye

and maximunobserved inlet aacentrations can be found in Table 3.6; average observed
outlet concentrations are available below in Table8de thatthe background
concentratiorvaluein the modehad to be adjusted from 0.05 mg/L toDrg/L for the

last reecombinationgo allow the model tsimulate outlet concentratiobglow the
targetvalues(average effluent concentrationghe areal rate constaras20°C selected

for eachscenario listed abovsadto reachthe specified outlet concentrations for ailr

seasons.

Table3.9 Constructed wetlandverage dfuentiron concentrationgor all four seasons
based on data collected B{sPC an@vent sampling

Season Months Average Effluent
Concentration (mg/L)
System 1 System 2
Winter Jan/Feb/Mar 0.032 0.047
Spring Apr/May/Jun 0.030 0.031
Summer Jul/Aug/Sep 0.025 0.355
Fall Oct/Nov/Dec 0.059 0.036

Average effluent iron concentratiofeg both systemsvere calculated based on the same
data sources and using the same methodology as influent iron concenteatents.
samplingdata and historical sampling data collected by PSPC were both included in the
calculationsFor Systerl, only postexpansiorsampling data wascludedin the
calculationsas this data represents the curpoicessPSPC data was collected between
June of 2015 anBebruaryof 2021. Event samplinglata was collected between
Novemberof 2020 and Julyf 2021.

3.3.2.2 Temperature Correction Factor, (dimensionless )

No temperature correction factfmr iron was available in literatur@herefore, a value of
one was assumddr themodeling ofall scenariogind then a sensitivity analysis was
performed ordifferentscenaris to assess the impaéts mostmedian values for

temperature correction facttall between 0.95 and 1.G&adlec & Wallace, 2009the
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temperature correctidiactor was varied between these two values to determine how
outlet concentratiowould beaffected by vaying this input valuelt was speculatedhat
temperature would have little impact on iron rem@etformanceas iron is removed
more througtphysical processes suchselimentatiomatherthanmoretemperature
dependent mechanisms likgécrobial action This issimilar to phosphorus, which ds
have temperature correction factoeadily availablein literaturethatare not greatly
affected by temperatuandthattypically fall between 0.995 and 1.02Radlec &

Reddy, 2001)More research and developmenterhperéure correction factorare

neededo confirmhow sensitive iron removal performance is to temperature
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CHAPTER 4 RESULTS AND DISCUSSION

Originally, areview of sampling data collectadl various pointshroughout the Neville

St. PTSprocesdy PS&PCwas canductedn order todefine the scope of thteesis.This
chaptemwill review the result®f said historical sampling data review and the resilts
thethree research objectivesthiswork: (1) systen performance characterization during
peak loadinghroughevent sampling(2) statistical analysisf the Neville St. PTS
treatment performancand(3) performancenodeling ofthe Neville St. PTSvetlands
using the modified TIS Model

4.1 Historical Samp ling Data Review

PS&PC habeen collecting and processing samples from the two systems at Neville St.
PTS twice a month from multiple locations since each began to operate. The sampling
frequency was reduced to once per month in April of 2019. The puopos@ewing
historical datavas torefine the scope of this thesis bgconing familiarized with

existing performance trendsy targetingcontaminants of concern for which the facility

has a record of poor removal, admglidentifying gaps in the existing sampling regime.

The review included data collected by PS&PC from Apir2009 until Februarpf 2021.
Contaminants related to AMD gengoa include acidity, sulphates, and heavy metals.
Heavy metals associated wAMD from the Sydney coalfieldre predominantlyron,
manganese, and aluminuin general, the performance of the Neville St PTS is judged
based on three main indicators: irase in pH, removal of acidity, and removal of heavy
metals. The expansion of the Neville St. PTS was required because the original system
failed to remove sufficient amounts of iron during higher flow rates due to insufficient
residence time@Atkins International Ltd., 2013Manganese removal rate was also poor,
but is dependent on iron removal; aluminum removal in the original system was adequate

to meet environmental guidelingstkins International td., 2013)

Figure4.1 contains iron concentration data for settling pomelts and constructed
wetland outlet for System 1 and System 2, which was collected by PSBHE Jan &
2011,until February 1%, 2021 The first half of the graph shows data from System 1
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only as this was the only system in operation during this period. Before System 2 was
brought online, the average and maximum iron concentrations at the inlet of System 1
were steadily increasing. Noteultiple exceedances for outlet iron concentration much
above the 0.3 mg/L target during the first half of the graph; these outlet iron

concentration exceedances correspond to high inlet iron concentrations.

50

—+— Settling Pond Inlet to System 1
Wetland Outlet from System 1
|| —=—Settling Pond Inlet to System 2
—=— Wetland Outlet from System 2
T ===-- CCME & NSE Guideline Limit (0.3 mg/L)

< 1. .

Py
(&2

Py
[=]

w
(42

3
o
E 30 ;
& )3 ¥ t | I
%25
£ 1 1.1 1 ;l~ ] i
S o - + p -
: l 4m * f l#ﬂ f* \ , I 1
g 15 o T I T b . L §
10 ¥ 1 |-. IR i, i,
Wl IR DRI s oL '
5 Ay 1%7 |«
Tl L W T ML
0 ¥/=" ...H'T'TT'.‘.‘...-rrv:ﬁ%—T?r.n.‘.-v-Fw'"u“'l-rr‘...‘ﬁ“'."’.'-r‘."".'T X e
PPN e o B e RN PP e NP R I NI 03P s PaniPeed
ml%nanLl|'H||12|)>LU)|'I'I||(_O|'|'I|C|Dng|O|g|)>5|h|2|
AL I R It A A P A It B S A
e S BN A M NN A U~~~ O S S e - S SN = B
g :_‘Mmmﬁﬁwwwﬁuaabbﬁmmmmamm ;m.\,‘*“\lﬂwémmmm$og°§

o
]
=3
]

Figure4.1l  Totalironconcentration (mg/L) atettling pondnlets and constructed
wetland outlets.

When System 2 was brought online (at reduced rates in June of 2015 and at full rates by
April of 2016), which occurs midway through the graph, there was a step change in
overall performance. Themsas a notable, immediate drop in the average iron

concentréon at the inlet, but the average iron concentration still conditmiecrease

after this step change; however, the maximum iron concentration at inlet cdritnue
increase with no obvious impact by the expansion. Furthermore, exceedances for iron
coneentration at the outlets of both systems rarely happereggpsinsion, i.e., the second

half of the graph.

Therefore, the expansi@eems to havieelpedreduce the inlet iron concentrations on
averagepossibly by providing more operational flexibility afndatment capacity, which

allowedfor improved management of mine water levels and therebyedsuliess
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AMD generationOther ptential contributing factors to this sudden changaiime
waterquality include three events that occurred around the $imneeas thestartup of

the expansion: the decommissioning of fprampingwells associated with poor mine
water quality(and thereforgvereonly used during high flow eventspmetime between
2013 and 2018he reduction of mine water generation as alte$ pump sequence
optimization postall 2016 mine water quality study, and possible general improvements
in mine water qualitpetween 2013 and 2016BCL Limited Consulting Engineers,
2016a)

However, maximum inlet iron concentrations continue to rise unabated, which indicate
that high inlet concentrations associated with peak loading operating regimes still pose a
risk. Averageinlet iron concentration continues to deteriofadstexpansionThus, as

the inlet mine water quality declines, there is a potential that it may surpass the treatment
capacityof the expanded system. There is also the potential that this already occurs on

occasion, but it may not be captured by the current monitorogygm.
4.2 Event Sampling

Event samplingvas conducted to accomplish the first research objective of this thesis:
characterize system performance during peak loaéivwent samplingt the Neville St.

PTS took place otwelveoccasions between November2®20 and July of 2021.

Trends observed durirthe preliminary review of sampling data collected by PS&PC
werealsofound tohold true for theevent samplinglata, as illustrated iRigure 42

(which is an overlaypf event samplinglata on Figure 4)1Postexpansion @erageand
maximum ironconcentrations at theettling pondnlet to each system continue to rise
over timewhile outlet iron concentrationemainconsistently below the 0.3 mg/L target
set by CCME and NSE guidelines.

The maximum iron concentration at the settling pond inlet for both systems during event
sampling was observed on Apri,122021 (30.8 mg/L for System 1 and 46.3 mg/L for
System 2). Samples were collected on this day because it was noted during # site vis

conducted the day prior that the flow rates through both systems had significantly
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increased since the last sampling date, which had taken place nine days earlier on March
239, Although very little precipitation had occurred during the interim petiwte had

been snowmelt. It was also observed that the water leaving the settling ponds and
entering the wetlands of both systems (depictdeignre 43) wasquite opaque and
orangeg(indicating high iron contehin comparison to earlier sampling dateswever,

treated water leaving the wetlands looked clear as usual.
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Figure4.2  Totalironconcentration (mg/L) atettling pondnlets and constructed

wetland outletsincludingevent samplingES) data.

Thesettling pondnlet iron concentration to System 2 obsereedApril 1%, 2021(46.3

mg/L) was the higheshlet concentratiombserved throughout the sampling history of

the site.The settling pond inlet iron concentration to System 1 observed |h&30.8

mg/L) was the third highest inlet concentration observed throughout the sampling history
of System 1Wetland aitletiron concentrationsbserved on April %, 2021,remained

well below the guideline maximum of 0.3 mg/Q.Q1 mg/Lfor System Jand0.06 mg/L

for System 2).
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Figure4.3  Wetland inlet of System with high iron concentrationsn April 1%, 2021.

The results oévent samplingrepresentedby coveringthe followingsubtopics 1) water
leveldatg 2) pump flowratedata, and 3physicochemicabnalysisdataof event
sampls. Thewater leveldataand pump flowatedataareexaminedirst to identify
possible peak loading events. Thewent samplingnalysisresults are reviewed to

determine if contaminants are sufficiently removed during peak loading events.
4.2.1 Water Level Data

HOBO pressure transducers were installed on both systezstirtateflow rates and to
therebyidentify peak loading events. Sampling datesethen cross verified with flow
rates to determiné sampling data is representative of wecase scenario$he
transducers were installed for Systemntl System »n March 2% andMarch 30",

2021, repectively

Figure 44 showsfour monthsof water level and flow ratdataplotted as hourly moving

averages for 24 consecutive hours to reduce noise as per the moving average smoothing

method(Berthouex & Brown, 2002)The data was collected betwedarch 23° and
July 3F'and includes nine samptjrdatesMarch 239, April 15t April 19", April 26",
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June 1%, June 2%, July 29, July @", and July 2. The three samples that were taken on
November ¥, December 29, and February 17 happened prior to the HOBO pressure
transducer installatics, and are therefore not includedrigure 4.4 Based on HOBO
pressure transducer data, two potential sample dates could have occurred during peak
loading events: April $and April 26",
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Figure44  Channelater leveland flow rate datdtom HOBO pressure transducers
overfour monthgMarch 239§ July 31, 2021).

Figure 45 plotsthe six week®f datafrom March 23rd until May 8, which is the period
with the highest recorded throughputs through both systemnghis figurethe data is
plotted as hourly moving averages for twelve consecutive hours to reduceSaogees
were collectean March 28, April 15, April 19", andApril 26™. This figure also

includes ambient temperature data recorded by the atmospheric HOBO pressure
transducer and precipitation data from EC023f). In regard to the two potential
sampling datesccurring during peak loading events, Apiland April 28", the former
corresponds to high snowmelt rates due to rising ambient temperatures and the later
corresponds to a high rainfall event, as depictdegare 46. Neverthelesgprocessing of

sampes only showed high contaminant concentrations being experienced by the Neville

88



St. PTS on the April®tlsampling date.
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Figure4d5  Channelwater levelfrom HOBO pressure transducers over six weeikis
precipitationand temperature daf®arch 2391 May 3¢, 2021).

Figure4.6  Velocity measurement using flow metdrwetland outlet of Systemah
April 261", 2021.
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No PS&PC sampling data was received after February of 2021; hence, PS&PC data could

not be compared twater levet andestimatedlow rates.
4.2.2 Pump Flow Rate Data

Flow rateswere also estimated for both systems using pump flow rate dataAfrgost
of 2020 to Julyof 2021 Event samplinglates, which all fall between November of 2020
and July of 2021, were checkadainstlow ratesto see if theynappenediuring peak

loading events.

Figure 47 plots a year of pump flow ratiataand includes twelvevent samplinglates
(November &, December 29, February 1%, March 239, April 13, April 19", April 26™,
June 1%, June 24, July 29 July ", andJuly 23%) and seven PS&P&ampling dates
(August 12", September 4 October 15, November 8, December 7, January 11,
andFebruary 11). The same two possible sample dates were identified by pump flow
ratedata to have potentially coincided with peak loading events: Ap(®1.6% of
maximum flow ratejand April 28", (98.0 % of maximum flow rateBased on sample

datg only the April £'sampling date corresponded to high contaminant concentrations.
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Figure4.7 Flow ratesthrough System 1 and Systerb&sed on pump flow rate data
from Augustof 2020 to Julyof 2021
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4.2.3 Physicochemical Analysis Data of Event Sampl es

Between November of 2020 and July of 20&lentsamplingwas conductedn twelve
occasionat the Neville St. PTSIhe objective othis sampling was to measure key
physiochemicaparameters during high loading events to evaluate the performance of
both System 1 and System 2. Table 4.1 shows the aveshges and standard deviations
for the data collected througivent samplingit three locations fazachsystem: settling

pond inlet, settling pond outlet, and wetland outlet.

Table4.1 Event samplinglata averages for both systems.

Parameter Units System 1 Averages System 2 Averages
Settling | Settling | Wetland | Settling | Settling | Wetland
Pond Pond Outlet Pond Pond Outlet

Inlet Outlet Inlet Outlet

Total Iron | mg/L 669+ | 1.79 0.05+ 146+ | 033 0.07 =
8.87 2.59 0.07 13.4 0.37 0.06
Ferrous mg/L 261+ | 0.38+ 0.21+ 487+ | 0.23+ 0.22 +
Iron 2.85 0.49 0.15 5.29 0.14 0.12
Dissolved | mg/L 444+ | 0.14+ 0.03+ 787+ | 0.05% 0.06 =
Iron 7.99 0.28 0.03 7.41 0.06 0.05
Sulphate mg/L 476 * 471 + 515 + 706 £ 832 % 798
295 258 230 283 325 620
pH NA 705+ | 8.01« 757+ | 7.28+ | 8.15% 7.65+
0.50 0.41 0.27 0.64 0.39 0.25
ORP En) mvV 460 = 465 * 497 + 446 + 446 + 487 +
122 87.4 108 73.5 66.6 75.4
Turbidity NTU 340+ | 144+ 025+ | 314+ | 210+ 0.30 %
70.3 22.8 0.34 66.9 2.47 0.27
Apparent | Pt/Co 129+ | 96.9+ 158 + 275+ | 496+ 429 +
Colour 88.2 105 26.6 162 67.0 63.8
True Pt/Co 190+ | 514+ 238+ 289+ | 195+ 61.7 £
Colour 188 103 334 247 33.2 98.6

NA = Not applicable

Physicochemicgbarameters analyzed include metals inherent to local mineralogy (i.e.
total iron, ferrous iron, and dissolved iron), variables associated witiicpyineral

oxidation (i.e, pH, oxidationreduction potential (&), and sulphat¢sand common water
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quality parameters (i.etrue colour,apparent colour, and turbidityDhe data collected
for each parameter in Table 4.1 is discussed in the following paragraphs, including

observed trends and inconsistenctse AppendibD for eventsamplingdata.

Totaliron concentrations measuratithe settling pond inletsy event samplinganged
from 0.69mg/L to 30.8 mg/L for System 1 and from 0.2@)/L to 46.3 mg/L for System
2; wetlandoutlet iron concentrations were all below the CCME an& E®S limits of
0.3 mg/Lwith average values of 0.05 + 0.07 mdér System 10.07 £ 0.06 mg/L for
System 2and 0.06 + 0.06 mg/L for the combined wetland ouBeen on April  of
2021,when the highedbtal iron concentratiomweremeasuredt the sttling pond inlets
of both system$30.80 mg/L for System 1 and 46.33 mg/L for Systenpo@jlet iron
concentration$0.01 mg/L for System 1 and 0.06 mg/L for Systernw@je well below
the federal and provincial guideline limits. Thus, basedvant samiing results, the two
systems are effectively reducit@aliron concentrationas showrnn Figure 48, even

during the highest recorded loading rates.
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Figure4.8  Total iron concentration reduction across both systems basadeah
sampling

Figure 4.8 is a box and whisker plot which provides the following information about total

iron concentrations at the three locations within the two systems: the mean value
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(indicated by Axo0o in the box), thle median
box), the interquartile range (encompassed by box), the lower and upper data points
excluding outliers (designated by whiskers), and outliers (represented by circles).
Interquartile range is the distance between the upper and lower quartile. Whigkeiden
determined using 1.5 times the interquartile range less (greater) than the lower quartile

(upper quartile). Outliers are values found outside the boundaries of the whiskers.

Figure 49 and Figure 4L0illustrate thedecreasef iron (total, ferrousand dissolved) as
mine water traveled though System 1 and System 2 on Ap@20R1 All three
parameters are predominantigpturedn the settling pon@) with some attenuation
taking place in the constructed wetland. Basedwant samplingesults sown in Table
4.1, the average reductiontotal iron by theSystem Isettling pond was from 6.69 +
8.87 mg/L to 1.79 £ 2.59 mg/L; by tl&ystem Zettling ponds, from 14.6 + 13.4 mg/L to
0.33 £ 0.37 mg/LThe total ironconcentratiosat the settling pom outletsof both

systems wrealways less thathe design target df0 mg/L, with the highest total iron
concentratiorat the settling poncbutless beingrecordedbn April 1t at 8.60 mg/L for
System 1 and 5.37 mg/L f@ystem 2Note that although System 2 generally receives
poorer quality mine watdas shown in Figures&.49, and 410) and at higheflow

rates (as shown in Figurefithan System 1, theettling ponds oBystem 2 are more
effective at reducing iron content than System 1; this is because the area of the System 2
settling ponds is approximately three times greater than that of System 1.

Event samplinglata in Table 4.1 shows that dissolved iron is almosptetely removed

by the time mine water is exiting the settling pond(s), with the average dissolved iron
concentrations at settling pond outlets being 0.14 + 0.28 mg/L and 0.05 = 0.06 mg/L for
System 1 and System 2 respectively. This indicates that salobles converted to

insoluble iron, which is easily removed by the settling pond through sedimenEatant.
samplingdata also reveals that ferrous iron behaves similarly to dissolved iron, which is
expected as ferrous iron is soluble. Ferrous iron vahqarincipally occurs in the settling
pond(s) of each system with little to no change in ferrous iron concentration within the
constructed wetland. Ferrous iron values were observed to be higher than total iron values

on occasion, particularly for low ua readings such as seen at the constructed wetland
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outlets. The total iron and ferrous iron concentration readings measured at the wetland
outlets are close to the lower limit (0.02 mg/L) of the applicable testing range for the two
analysis methods empleg; this could be a contributing factor to the noted error.
Incongruities between ferrous iron and total iron were also observed in PS&PC data;
PS&PC attributed these inconsistencies to the different analytical methodologies and

considered the error to laeceptable as long as the results were within 25 % percent

difference.
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Figure4.9  Performance oBystem lon April 15, 2021.

Figure 49 and Figure 4.0 also demonstrate how pbh April 1%, 2021, initially increases

after entering the settling pond(s) of each system, but then stays relatively constant after
leaving the settling pond(s). The settling pond inlet sample is taken just after caustic soda
addition and aeration from the cascade; heneepkhis still adjusting due to addition of
caustic soda (which decreases acidity), due to degassing of the mine water (which
reduces carbonic acidity), and due to metals removal through oxidation and hydrolysis
(which increases mineral aciditygigure 4.1 shows the@veraggH change across the

settling pond(sbbserved through event sampliag a result of all these reactiomgich
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is approximately one pH unit increase (refer to Table ZHiy behavioualignswith a

previous performance analysis perfed byAtkins International Ltd(2013) which also
observed an increase of one pH unit across the settling pond of System 1. In the System 1
settling pond, the average pH rises from 7.05 + 0.50 to 8.01 + 0.41; in the System 2
settling ponds, from 7.28 + 0.64 to 8.15 = 0.39. The pH is relgtimere stable across

the wetland with a comparatively smaller reduction in pH, indicating that egitation

and hydrolysigeactions occur in the wetland of each systéms could potentially be

due to nacrophytesncreasinglissolved oxygen content the water, whiclpromotes

oxidation reactionsSince iron data from event sampling indicates that the bulk of the

iron removal occurs in the settling pond(s) of each system, this reduction in pH across the
wetland of each system could be duexalation ad hydrolysigeactions of other metals

such as aluminum and manganese. Federal and provincial guideline limits for pH are 6.5
to 9.0 for fresh water (7.08.7 for marine watersjhe average wetland outlet pH
readingsmeasuredby event samplingvere7.57+ 0.27for System 17.65+ 0.25for

System 2and7.58 + 0.44 for the combined effluent from both systerhsis, wetland

outlet pH readings were consistently within guideline limits for both systems.
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Figure4.10 Performance o8ystem 2on April 15, 2021.
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Figure4.11 pH changes acrogmth systems based ement sampling

Based orevent samplingrefer to Table 4.1)ORP(ER) falls within the expected range

for insoluble iron precipitates based on the iron Pourbaix diagPanrbaix diagrams,
2023) indicating an oxidizing environment which is beneficial for iron attenuation
through precipitation ansedimentation. ORP does not vary much across both systems,
which is not surprising as all samples are taken downstream of caustic addition and

aeration, both of which contribute to creating said oxidizing environment.

Sulphates are a byproduct of AMD gegieon, buthistorically PTSshave not been

designed to reduce this parameter. Settling ponds and wetlands are not effective at
removing sulphate, as evidenced in Figur@ 4yl the lack of significant reduction.

Average sulphate concentrations at the avetloutlets for System 1 and System 2 were

515 + 230 mg/L and 798 = 620 mg/L respectivélpwever, sulphate concentration is an
indication of the severity of contamination of the mine water through AMD production.
Figure 4.2 also demonstrates that Syst2menerally treats poorer quality mine water

than System 1. As System 2 is larger and has greater treating capacity, the poorest quality
mine water is deliberately directed towards System 2 as part of the operational strategy.
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Figure4.12 Sulphate concentratioacrossoth systems based ement sampling

In September of 2021, NSE Tier 1 EQS adopted a new limit for sulphates of 128 mg/L
whereas prior to this there was no limit (NSEQQ21) As allevent sampkewere taken
before this revision, the sulphate concentrations technically do not exceed any limits, but
this could be a potential performance issue in the future. Nonetheless, the guideline
published byBritish Columbia Ministry of Environment and Climafdange Strategy
(BCMOECCS) from which the NSE Tier 1 EQS limit was adopted, does take into
account water hardness. For example, the 128 mg/L limit for sulphate adopted by Nova
Scotia is for very soft water, i,@ 7 30 mg/L, but there is also a 429 mdithit for

sulphate for very hard water, i.&817 250 mg/L(BCMOECCS,2013) As the hardness

of the treated water from Neville St. P{l&ased on PS&PC sampling datajypically
much greater t ham trhe BEMOECCOSH gaidalinedthew fature
evaluations may consider water hagds and deem sulphates concentrations to still be

within acceptable range.

Turbidity, apparent colour, and true col@ueall indicators of general contaminant
concentrationAll three parameters showsanificantdecrease across both syssdsee
Table 4.1) indicating a general decrease in contaminants and an overall improvement in

mine water qualityThese parameters are @ated to iron concentration as iron content
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increases opacity and colours the water bright orargs.phenomenonan be visually
observed on location as the entrance of the settling ponds is generally opaque and orange
with iron depositsand the outlets of the wetlands are always clear. The high opacity and
orange coloupermeatdurther into both systems with highiaroughput Both the

CCME and NSE Tier 1 EQS for fresh and marine vesez the same for apparent and
true col our and st at signifidargly highehtiean theaseasamallys h o u |
adjusted expect e dCCME 20038 Withautspetifft backgrpund e mo
data for colour for comparison, the wetland outl@dbur readingsvere not compared to a
particularreference target, but were compared to settling pondvialeésto determine if
colouris beng improved by théNeville S. PTSFor turbidity of fresh and marine waters,
theonly applicable guidelines are from CCME and are also based on background
concentrationsAgain, specific background data is not available for reference. However,

the guidelhe stateghat the value cannot be 8 NTlBove the background valtar the

short term and 2 NTUabove the background valta the long term. Moreover, as per

Table 4.1, the wetland outland turbidity readings from System 1 and System 2 are 0.25 +
0.34 NTUs and 0.30 £ 0.27 NTUs respectively. Hertheturbidity of treated mine

waters from théNeville St. PTS is well below guideline limits accordingetzent

sampling

Event samplingvas also conducted at the inlet of the natural wetland (seven data points
collected) and at the outlet of the natural wetland (six data points collected). The natural
wetland inlet is a culvert thabntinuouslyreceivedivertedgroundwatefrom around

System 2; periodically during high flow events, partially treated overflow from System 1
is also diverted to the natural wetland through this culvert via an overflow weir located in
the channel between the settling pond outlet and the constructed welidnBive of the
seven sampldatapointswere taken when themasno overflow from System he two

other data points were taken when there was overflow from System 1. For all data
collected duringevent samplingthe natural wetland inlet readings fotal iron (3.72t

1.55 mg/L) were greater than those recorded at the settling pond outlet @L5®

mg/L). Thus the diverted groundwater had higher total iron concentrations than the
partially treated mine water from tlo@erflow weir in System Jlandthe partially treated

mine water had a diluting effedthis observation aligns with the noted high background

98



concentrations for certain heavy metals such as iron in the Sydney coalfield area (refer to
Table 2.4)It should also be noted that the totaln readings collected at the natural

wetland outle{0.51+ 0.20 mg/L)exceeded the guideline limit of 0.3 mg/L five of six

times; in fact, the only time that the reading was below the limit was the one time that the

natural wetland outlet sample was ectied while there was overflow from System 1.
4.3 Statistical Analysis of Data

Statistical analysis was completed to accomplish the second research objective of this
thesis: statistically evaluate treatment performaridbe two parallel serpassive

treament systems at the Neville ST. PST, with a special focus on contaminant removal
Statistical analysis afamplingdata is subdivided into two sectiotige statistical

analysis okvent samplingnd the statistical analysis of all sampling data, inclydata
from PS&PC and fronevent samplingFirst,event samplinglata was analyzed using
oneway ANOVASs to determine if parameters are being impacted by treatment by
comparing means at different locations along each system. Secomellyay ANOVAS

were performed on both systems using all data to compare variancehgeasly

means.
4.3.1 Statistical Analysis of  Event Sampling Data

Performance parametergeasuredy event samplingcross both systenas the Neville

St. PTSwere compared using statistical analysis to determitie iAMD is being
sufficiently treatedOneway ANOVAs were performed ocevent samplinglata to

evaluatdf there was statistically significance difference between mean concentrations
across System 1 and System 2. The parameters analyzed include total iron, ferrous iron,
dissolved iron, sulphage pH, ORPturbidity, apparent colougndtrue colou. The

results are presented in Tabl2 4nd are discussed in the following paragraphs, including
noted trends and irregularitigsor System 1, data was collected from fpaints along

the processhisettlingpond inlet, the settling pond outlet, the wetland inlet, and the
wetland outlet; for System 2, data was collected from five points along the system: the
settlingpond inlet, the settling pond outlets for all three successive settling pondegand

wetland outlet.
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Table4.2 P-values forevent samplingparameters acrogmachsystem.

Parameter System 1 System 2
P-Value Statistical P-Value Statistical
Significance Significance
Total Iron 0.011 Yes <0.001 Yes
Ferrous Iron <0.001 Yes <0.001 Yes
Dissolved Iron 0.024 Yes <0.001 Yes
Sulphate 0.975 No 0.853 No
pH <0.001 Yes <0.001 Yes
ORP (&) 0.814 No 0.500 No
Turbidity 0.22 No 0.115 No
Apparent Colour 0.0 Yes <0.001 Yes
True Colour 0.0@8 Yes <0.001 Yes

The two majoiindicatorsof performance for the Neville St. PTS are pH correction and
contaminants removal. The@eway ANOVAsdetermined thatherewasa statistically
significant increase in pH argfatistically significantemoval of all forms of iron (total,
ferrous, and dissolved). Turbidity, apparent colamdtrue colouraregagesof overall
contaminant concentratisnand théattertwo are reduceth a statistically significant
manner. Turbidityaveragesio show a decrease acresshsystemwith a total reduction
from 34.0 £ 70.3 NTU to 0.25 + 0.34 NTU for System 1 and from 31.4 + 66.9 NTU to
0.30 £ 0.27 NTU for System Butthe differencavas determined to be statistically

insignificant.

Sulphateconcentrationswhichactas a surrogate parameter éstimating the original
severity of AMD production, did not show statistically significant reductiomss both
systemsThis behaviour was antmated asattling ponds and wetlands are ineffective at
removing sulphates. As the Neville St. PTS is not intended to remove sulphateasthis
not been a concern in the past. However, Nova Scotia ad@ptdphate guideline from
British Columbiaof 128mg/L in September 02021 (NSECC,2021) i.e., afterevent
samplingwas completed. Moving forwardulphate concentrations of treated wétem

Neville St. PTS may or may not be a concern as discussed in the previous section on
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event samplingnalysisresults

Likewise ORP(EH) does not changacross both systenis a statistically significant
manner. This can be attributed to all the sa®bleing taken after caustic addition and
aeration, which are the treatments that affect ORP. Thiadpdhe nature of the
sampling point locationshe event samplinglata does not reflect thiell effectof said

treatments on mine water ORP.
4.3.2 Statistical Analysis of  All Sampling Data

One-way ANOVAs were applied to performance parameters to compare mean values
across each year of operation for both systems at three locatiosstttimgpond inlets,
the settling pond outlets, and the wetlantlets.Years of operation for System 1 consist
of 2009 to 2021; System 2, 2015 to 20Rarameters analyzed incluaal iron, ferrous
iron, dissolved iron, dissolved ferrous irananganese, aluminursylphatepH (field

and lab), alkalinityORP,turbidity, andapparent colouDataincorporatednto the
statistical analysisomparingbetweeroperationalearss includes that provided by

PS&PC sampling anthatby event samplingwith the exception diour parameters
(manganese, aluminurfield pH, and alkalinity), which only includéata from PS&PC

sampling.

It should be noted that some years femderdata points than others, which could be a
source of error. For the System 1 settling pond inlet only, the data for the latter half of
2013 was not irfladed in the data shared by PS&PC for an unknown reason. Thus, 2013
only has about half the data points. In additioncthikection ofsettling pond outlet

samples ceasddr both systemg April of 2019. Therefore, 2019 only has a quarter of

the samplig data for these locations. Moreover, 2020 and 2021 data for these locations is
solely fromevent samplingvith only two andl0 data pointsespectively; thu2020 data

for these locationwas excludedrom analysis tavoid introducingerror due to

insufficient data points.

Furthermore, sampling frequency at all locations was reduced from twice a month to once

a month inApril of 2019. Hence, 2019 and 2020 only have about half the sampling data.
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The last data supplied by PS&PC was for February of 202fefibre, 2021 only has two
data points from PS&PC. However, 2020 and 2021 also énaaret samplinglata.
Consequentlythese two years hawapout half the data points for most parameters
evaluated bypneway ANOVAs. For parameters that hawely two data points for 2021
(i.e., parameters based on PS&PC data alonedisated in Table 4.3), 2024as
excludedfrom analysis tgreventthe error it would have introduced due to lack of data
points. Lastly, for severalgpameters, the readings from gedtling pondandwetland
outles were often below the RDL. In these cases, half of the RDL wasTusesd.

assumptiorcould have introduced error as well.
4.3.2.1 Statistical Analysis of  All Sampling Data for System 1

One-way ANOVAs wereconducted on both systerasross all years of operatitm
compareyearlymean valuesf performance variables at three locatiofise results of
these onavay ANOVAsfor System Jare available in Table 3and are discussed in the
following paragraphs, including observed trends and igagnciesThere are two
distinct phases of operatidor System 1prior to expansiomandpostexpansion
Additional oneway ANOVAs were performedor each paramet@n pre-expansion data
only (before Junef 2015)andon postexpansiordataonly (after Juneof 2015)to better

understand the impaof the expansioon operationaperformance.

For all forms of iron (total, ferrous, dissolved, and dissolved ferrong\way ANOVAs

on System 1 showed no statistically significant difference betweenvakas across

yeass of operation at theettlingpond inlet,but did show statistically significant

difference athe settling pond outlet and the wetland oufi@tr thesedur parameters,

box and whisker plots of sampling datare created and illustrate similar behaviour at all
three locations in System 1. Prior to expansion, the average and maximum iron
concentrations at the settling pond inlet (illustrated in Figurgféritotal iron) and at the
settling pond outlet of System 1 were steadily increasing. Moreover, the wetland outlet of
System 1 experienced the highest average and maximum iron concentrations for the pre
expansion years in the last two full years of operafdepicted in Figure 44ifor total

iron).
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Table4.3 P-values forselectechbarameters acrogmch year of operation for System 1

Parameter System 1

Settling Pond Inlet Settling Pond Outlet Wetland Outlet

P-Value Statistical P-Value Statistical P-Value Statistical

Significance Significance Significance

Total Iron 0.116 No <0.001 Yes | <0.001 Yes
Ferrous Iron| 0.1% No <0.001 Yes | <0.001 Yes
Dissolved 0.194 No <0.001 Yes | <0.001 Yes
Iron
Dissolved 0.1% No <0.001 Yes | <0.001 Yes
Ferrous Iron
Manganese | <0.001 Yes <0.001 Yes | <0.001 Yes
Aluminum! | <0.001 Yes 0.278 No | <0.001 Yes
Sulphate 0.002 Yes <0.001 Yes 0.317 No
pH 0.017 Yes <0.001 Yes | <0.001 Yes
Field pH <0.001 Yes <0.001 Yes | <0.001 Yes
Alkalinity! <0.001 Yes <0.001 Yes | <0.001 Yes
ORP (&) <0.001 Yes <0.001 Yes | <0.001 Yes
Turbidity 0.260 No <0.001 Yes | <0.001 Yes
Apparent 0.077 No <0.001 Yes | <0.001 Yes
Colour

1 Parameter based on PS&PC data alone.

Upon the addition oBystem 2, the average and maximum iron concentrations decreased
immediately at all locations in System 1 and then either continued to increase {he.
settling pond inlet) or remained relatively constant,(@agthe settling pond and wetland
outless). In regard tahe wetland outlet of Systempbstexpansionmost of the PS&PC

data for all forms of iron was below the RDL aalttotal irondatawas below the federal

and provincial limit of 0.3 mg/l(except one data point in 2015 when Systewa2 still

only partially online as per the staggered commissioning process emphyed) was

not the case prior to expansion. The average total iron at the wetland o&tsterh 1

pre-expansion was 0.75 £ 1.63 mgfhgstexpansion0.04 + 0.08 mg/L.
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Figure4.13 Total iron atsettlingpond inlet of System 1 from 2009 until 2021.
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Figure4.14 Total iron at wetland outlet of System 1 from 2009 u2@i21.

Thus, at the settlingond inletof System 1, although the concentration of iron seems to
be increasing over the years (in terms of both average and maximum values) with a
temporary improvement upon adding the expansion as shown by the box and ploiske
in Figure 4.8, oneway ANOVAs show no statistically significant difference between

yearlymean values (see Table 4.3). Interestinglgenoneway ANOVAswere applied
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solely to preexpansion data and solely to pesipansion data, it waketermined that the
increase in iron concentration at the settfogd inletof System 1 over the years was
statistically significant for prexpansion years, but statistically insignificant post
expansion years. Thus, it can be argued that the addft®ystem 2 improved feed

quality in terms of iron concentration by providing greater operational flexibility and
treatment capacity, which helped manage mine water levels and consequently reduced
AMD generation. Furthermore, there is statistical signitteginetween yearlpnean

valuesfor all forms of iron athe settling pond outlet and the wetland outfe®$ystem 1,

with improvements in iron removal being nofgastexpansioras shown in Figure 441
Again, oneway ANOVAs for these two locations appliéd exclusively preexpansion

data show statistically significant differences between years of operation whereas those
applied exclusively to posixpansion data show statistically insignificant differences.
The majority of iron data pogtxpansion collectbatthe settling pond outlet and the
wetland outlebf System 1 is close to or below the RDL. In summary, the iron
concentrations at the settling pond outlet and wetland outlet were increasing in a
statistically significant manner prior to expansion arelansistently being reduced to

below the detectable limgostexpansion

Manganese and aluminum show statistically significant differences in yearly means at all
locations (except for aluminum at the settling pond outlet). This can easily be explained
upon comparing prexpansion angostexpansioraverages for both metals. Manganese
and aluminum are being attenuated across System 1 pitbkaxpansiortotal average
manganese reduction from 6. 42.55 mg/L to 0.1% 0.46 mg/L and a total average
aluminum reduction fron®.011+ 0.013mg/L t00.005+ 0.008 mg/L. This is a notable
improvement when compared to gepansion data where the total average manganese
reductionwas from 8.70+ 341 mg/L to 4.93 3.61 mg/L and the total average

aluminum reductio was from 1.27+ 1.84 mg/L t00.048 + 0.042 mg/L. In addition post
expansiordata shows no significant difference between yearly means for both metals at
all locations. Thuspostexpansiorperformance has been consistently reducing
manganese (demonstdtin Figure 4.15) and aluminum (depicted in Figure 4.16).
Guidelines for Manganese were introduced by CCME in 2019 and by NSE in 2021. The

NSE Tier 1 EQS fofreshwateris 0.43 mg/L. Since guidelines have come into effect for
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manganese, the wetland otid@erages for System 1 have b8ed62 + 0.104 mg/L
(2019) and 0.052 + 0.087 mg/L (202)d thus well under the limit. Since the pH of the
system is consistently above 6.5, the CCME limit for aluminum is 0.1 rpgAt;
expansiorwetland outlet aluminumancentrations (with an average valuédi5 +

0.008 mg/L) have been well below said limit.
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Figure4.15 Manganese at wetland outlet of System 1 from 2009 until 2020.
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Figure4.16 Aluminum at wetland outlet of System 1 from 2009 until 2020.
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Sulphates concentrations show statistically significant variance between yearly means for
the settling pond inlet and settling pond outlet, but not for the wktatiet. Sulphate
concentration can be treated as a surrogate parameter for approximating AMD generation
and is not greatly influenced by the Neville St. PTS treatment, as FWS wetlands typically
only reduce sulphates by 14 % on average based on 32 sindrestment wetlands for
various applicationfKadlec & Wallace, 2009, p. 417)hus, variations in sulphates

between years can more likely be attributed to yearly variations in weather, such as
precipitation, snowmelt, and evaporation. Pump sequencing can attribute to variations in
sulphates as mine water quality varies from pump to pump, but the pump sequencing
strategy has stayed relatively constant with pumps being put in operation in semfuence
best quality mine water to worst with the number of pumps online at a time determined

by the flow rate necessary to maintain water level in the 1B hydraulic system.

Parameters associated wyritic ore oxidation i.e, pH, field pH, alkalinity, andORP

(En), show statistically significant variance between yearly means for all localtons
comparing average values for all these parameters at the settling pond inlet for pre
expansion date6(56 + 0.636.36 = 0.46135 + 47.1mg/L as CaCO3and431 + 14 mV)

to postexpansiordaia (7.02 £ 0.267.25 £ 0.59203 + 82.4mg/L as CaCO3and450 +
129mV), a slight increase in all values can be obserVhd.same increase average
readingvalueswas observed for all four parametershest twoother locatios in System

1. Box and Whisker plots of operational data for all these parameters show that pH (lab
and field) and alkalinity are generally increasawgoss all years of operationith a

notable step change increasnciding withthe expansiostartup. However, for ORP,
average readings are increasing-@xpansion, with a step change incredgseng

expansion constructioand then decreasipgstexpansionCaustic soda additioand
aeration which wereincorporatednto System Js part othe expansion, wouldccount

for the step change increase observedllifour parametergaeration and caustic soda
increase pH, caustic soda incresai&alinity, aeration increas®©RP). The increasing

pH and alkalinity and decreasing OR&stexpansiorcould result from optimizing

caustic soda addition over the ye&austic soda addition is manually adjusted by
operators based on field readings. As the site is remote and operators visit periodically,

there can be a response Ejweemmine water pH lbangesand caustic soda addition
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rate changesRising pH averages over the years could indiceteased caustic soda
addition to maintain a larger buffer zomnth lab and field ptat the wetland outlet
(7.73 £ 0.17and7.55 + 0.57 are consistently beteen federal and provincial limits for
both fresh water (6.5 to 9.0) and marine water (7.0 toa8t@) the expansion

For turbidity and apparent colour, which are indicators of general water quality, there is
no statistically significant differemdetween yearly means at the settling pond inlet, but
there isstatistically significant difference between yearly meanshe settling pond

outlet and wetland outlet$his statistical behaviour is similar to that of all forms of iron.
Box and whisker platof dataalso depict similar trends as iron with little variation
between preexpansion datéb2.3 + 41.8NTU and107 + 118Pt/Co)andpostexpansion
(53.9 + 46.INTU and81.8 + 89.6Pt/Co)data at the settling pond inlet, but with a
notableimprovementt the settling pond and wetland outjet#th preexpansion data
averages being.00 £ 4.3NTU and6.20 £ 7.65Pt/Co andoostexpansiordata averages
being0.22 £ 0.23NTU and4.87 £ 11.9Pt/Co at the wetland outlet.

4.3.2.2 Statistical Analy sis of All Sampling Data for System 2

One-way ANOVAswereapplied to performance parameters to compare mean values
across each year of operatimn System 2The resultof theseoneway ANOVAsare
provided inTable 44 and are discussed in the following paragraphs, including noted

trends and inconsistencies.

For all forms of iron (total, ferrous, dissolved, and dissolved ferrous), manganese,
aluminum, and sulphate, there is no observed statistically significant ddécbetween

yearly means at the settling ponds inlet and outlet of System 2, but there is statistically
significant variance between means at the wetland outlet for all these parameters except
manganese. Thus, concentrations of these parameters are obosistehe years at the
settling ponds inlet and outlet of System 2. In regard to the statistically significant
difference between yearly means at the wetland outlet of System 2, the variation between

yearly means seems to be caused by different reagodgférent parameters.

For all forms of iron, the wetland outlet concentration readings are more often than not
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below the RDL, and hence half the RDL was assumed for these values. In fact, the
dissolved ferrous iron-Ralue for the settling pond outlet 8ystem 2 ould not be

calculated because all readings were below the RDL. Thus, readings above the RDL are
causing variation between yearly means at the wetland outlet. In addition, several years
had exceedances above the federal and provincial lintivtalriron of 0.3 mg/L, which

could have contributed to the variation between yearly means: 2015 had four
exceedances; 2017, three exceedances; and 2020, two exceedanaesragental

iron concentration at the wetland outlet of System@ 12+ 0.42 mg/L.

Table4.4 P-values for selected parameters across each year of operation for 3ystem

Parameter System 2
Settling Pond Inlet Settling Pond Outlet Wetland Outlet
P-Value Statistical P-Value Statistical P-Value Statistical
Significance Significance Significance

Total Iron 0.270 No 0.729 No 0.003 Yes
Ferrous Iron] 0.320 No 0.541 No 0.0 Yes
Dissolved 0.317 No 0.154 No 0.019 Yes
Iron
Dissolved 0.241 No NA No 0.05 Yes
Ferrous Iron
Manganese| 0.243 No 0.022 No 0.074 No
Aluminumt 0.055 No 0.1®8 No 0.005 Yes
Sulphate 0.069 No 0.062 No 0.007 Yes
pH <0.001 Yes 0.01n Yes 0.2%6 No
Field pH 0.5% No 0.02 Yes 0.041 Yes
Alkalinity! 0.007 Yes 0.0® Yes <0.001 Yes
ORP (B) 0.017 Yes 0.180 No <0.001 Yes
Turbidity 0.512 No 0.9& No <0.001 Yes
Apparent 0.002 Yes <0.001 Yes 0.04 Yes
Colour

1 Parameter based on PS&PC data alone.
NA = Not applicable

Manganese concentrations at the wetland outlet showed no statistical variation. The
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average manganese concentration as#tiing pond inlet andietland outlet of System

2 are7.52 + 3.05mg/L and1.66 + 3.40 mg/L. The CCME CWQL for Manganese in fresh
water is 043 mg/L. Since the adoption of the limit in 2019, there were three exceedances
in both 2019 and 202@his means approximately one out of four samples from System 2
have exceeded the manganese guideline limit since adofstioninum concentratios

at the wetland outlet of System 2 improve after the first year of operation, which could be
due to process optimization. The NSE Tier 1 EQS for Aluminum in fresh watdr is 0.
mg/L. All wetland outleteadings were well below said limitith theaverage

aluminum concentratiobeing reduced bgystem Zrom 1.65 + 0.96ng/Lt0 0.012 +

0.047 mg/L

Lastly, sulphate concentrations at the wetland outlet of System 2 seem to be increasing
over the years with 2015 and 2021 average values bet 590 mg/L andB89 + 569

mg/L respectively. This indicates a deterioration of mine water quality over time. Note
that corresponding sulphate concentrations for System 1 show no statistically significant
variation. This aligns with the pump sequencing strategy as thst quoality AMD is

sent to System 2 during peak loading because of its greater treatment capacity.

Parameterassociated with pytic ore oxidation, such adkalinity, pH (lab and field),

and ORPshow statistically significant variatidretween yearly mearisr most or all
locations ofSystem 2. Based on Box and Whisker plots and yearly avenalgemnd

alkalinity generally increase and ORP generally decreases through the years, which aligns
with System JIpostexpansiordata Again, thiscouldbe dueto optimizing caustic soda
addition over the year8Vhen comparingostexpansioraverages for these four

variables at different locations within System 2, each parameter (pH, field pH, alkalinity,
and ORP) increases between settling pond inlet (6.89 = 0.28, 7.29 + 0.67, 115 + 27.2
mg/L as CaCO3, and 456 + 130 mV) and the wetland to{1t/é9 + 0.16, 7.41 + 0.70,

172 + 130 mg/L as CaCO3, and 464 + 119 n8x)stem ZPH dataat the wetland outlas
generallybetween federal and provincial limits for both fresh water (6.5 to 9.0) and
marine water (7.0 to 8.7).ab pH drops below the masgrwater lower limit once; field

pH exceeds freshwater upper limit twice (marine upper limit four times) and drops below

freshwater lower limifLOtimes (marine lower limit 21 times) between 2015 and 2021.
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Fresh water limits are the true concernheesdowrstream receiver, Cadegan Brook, is
freshwater, but marine water limits are included as well as Cadegan Brook flows into the

Atlantic Ocean.

Finally, turbidity only shows statistically significant variation between yearly means at

the wetland outlet (justde iron, manganese, aluminum, aadphateswhereasapparent
colourdatashows statistically significant variation between yearly means at all three
locations across SystemThe variation fotturbidity at thewetlandoutlet is likely due to

several hi) readings in the first couple of years of operation as both averages and
variance are relatively low and constant afterwards. Apparent colour readings from

event samplingn high flow days seem to be the source of variance at all three locations
as the wars that include this data have much greater averages and variance. Also, the first
year of operation also has some high readi
variance to be higher than most other years. However, significant reduction can be
obseved across System 2 when comparing settling pond inlet avefy8s-(50.3NTU

and105 + 122Pt/Co) to wetland outlet averagés745 + 1.7/NTU and13.3 + 39.9

Pt/Co), indicating that general water quality is improving due to treatment.

4.4 Treatment Performance Modeling of Wetland

Treatment performance modelinfithe wetlandst the Neville St. PT®/as carried out
to achieve the third research objective of this tha@sis.initial attempt at modelinipe
iron removal performance of the waatldsusing the modified TIS modeévealed thatte
areal rate constanét 20°C that were available literaturefor iron did not @propriately
represent theontaminant attenuatigeerformance of the two wetlands modelasl a
result, theoutlet iron @ncentrationproduced by the model weneuch higher than
historically observedalues Thus, a sensitivity analysis wasnductedo determine
areal rate constanét 20°C foriron for each system. The areal rate constah0°C
developed using the ssitivity analysis were then used as inputs to the modified TIS
model tocalculateoutletiron concentrations for different operating regimes. Lastly, a
sensitivity analysis was performed to see how varying temperature correction factor

impacted the modé outputas no temperature correction factor for iron could be found.
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4.4.1 Sensitivity Analysis for ~ Areal Rate Constant at 20 °C,  Kkazo

A sensitivity analysis was performed using the modified TIS modlibrateareal rate
constantat 20°C foriron for both System 1 and Systenid? variousoperating regimes.
Six scenarios were modelbdsed on inlet and outlgbn concentration comhbationsfor
both average flow and maximum flow as presentethinie4.5 for System 1 an@iable
4.6 for System ZThereforetwelveareal rate constanéd 20°C in totalwere determined
for each systentachcalculatedareal rateconstantat 20°C had tcallow the model to

reach the outlet concentrationteriafor all four seasons.

Table4.5 Iron aeal rate constasat 20 °Cfor System Mwetlandas determined by
sensitivity analysis.

Criteria System 1

Combination 1 2 3 4 5 6

Cin (mg/L) | Average | Maximum 10 Average | Maximum 10

Cin Cin Cin Cin

Cout (mg/L) 0.3 0.3 0.3 Average| Average | Average
Cout Cout Cout

koo for 410 915 1,090 1,930 3,540 5,250

Average

Flow

(mlyea)

koo for 865 2,060 2,325 4,100 7,875 | 11,205

Maximum

Flow

(mlyea)

The first inlet and outlet concentration combination, with average inlet concentrations
(for each season) and an outlet concentration maximum of 0.3 mg/L, did not realistically
represent the actual operation of the two wetlands modeled as both wetldoda per

much better than this in reality. At average flow rates for this inlet/outlet concentration
combination, both wetlands effectively reduce average inlet concentrations to well below
the provincial and federal guideline of 0.3 mg/L. At maximum flowsatdet and outlet
concentrations would be higher than average in reality, rendering this scenario

implausible. Thus, the areal rate constan0&C determined by this combination are
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conservative and provide lower limits for the areal rate constaB@°&t

Table4.6 Iron aeal rate constagsat 20 °Cfor System 2vetlandas determined by
sensitivity analysis.

Criteria System2

Combination 1 2 3 4 5 6

Cin (mg/L) | Average | Maximum 10 Average | Maximum 10

Cin Cin Cin Cin

Cout (mg/L) 0.3 0.3 0.3 Average| Average | Average
Cout Cout Cout

k2o for 150 375 650 560 815 1380

Average

Flow

(mlyea)

k2o for 315 835 1380 1185 1780 2935

Maximum

Flow

(mlyea)

The second inlet and outlet concentration combination, with maximum inlet
concentrations (for each season) and an outlet concentration maximum of 0.3 mg/L, is a
more realistic scenario. The whole objective of event sampling was to collect samples
during pek loading, which occurs at maximum flow rates with maximum inlet
concentrations, and then observe whether outlet concentrations stayed below the
guideline of 0.3 mg/L. Hence, the areal rate constari8 & produced by this

combination provide thperformance range required to meet provincial and federal

guidelines based on maximum observed inlet concentrations.

The third inlet and outlet concentration combination, with an inlet concentration of 10
mg/L and an outlet concentration maximum of 0.3lmg the design scenario on which
the wetlands were sized. Thus, the areal rate consta@f@tcalculated by this

combination for maximum flow is replicating design conditions and will be referred to as
the fidesi gno a20&Caltprordastae uppgeplimisfor the drealaate
constants a20 °C, and any areal rate constant2@tC above this value exceeds the

intended design performance and would be questionable. The design areal rate constant at
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20°C for System 1 developed by the séwniy analysis was 2,325 m/year; System 2 was
1,380 m/year.

The last three inlet/outlet concentration combinations have average seasonal outlet
concentrations as thmaximum limitfor outlet concentratiorNote thatfor these three
combinationsthe background concentrationgat tothe model had to be adjustedrfro
0.05 mg/L to 0.02 mg/L to allow the modeldimulate outlet concentrations beltive

target values.

The fourth inlet and outlet concentration combination, with average inlet concentrations

(for each season) and average outlet concentrations (for esdnidsnuch more

representative dheactual performance of both wetlands. The areal rate const2dit at

°C determined by this combination for average flow represem@rage operating

conditions and will be referredtoiefi aver age 0 tantat20PC. That e cons
average areal rate constan@rC for System 1 and Systenp#duced by the

sensitivity analysis were, 430 m/\ea and 560 m/ga respectively.

The final two combinations are scenanmd necessarilgxpected to beepresentative of
actual performance, but provide areal rate constar2@ @ for comparison tgauge
whetherthese scenarios are plausible or not. If not plausible, comparison of these

constanwaluescan help determine how unrealistic these scenarios are.

For the fifth inlet and outlet concentration combination, with maximum inlet
concentrations (for each seay@and average outlet concentrations (for each season),
comparison ofheseareal rate constants 20 °C for System Xeveals thamaximum inlet
concentrationsecreasinglown to average outlet concentrations is not plausible even at
average flow ratedThis isaresult ofthe areal rate constant2Q °C for this scenario
beingmuchgreater thathat fordesign. However, for System 2, the same areal rate
constants a20 °C is not only less thathe designvalug but also falls in the range of

areal rate enstants a20 °C deemed plausible by the second inlet/outlet concentration
combination. Hence, the areal rate constan2® &C produced for average flow rates
through System 2 for the fifth inlet/outlet concentration combination would suggest that

thisis a plausible scenariitn other words, System 2 could be capable of reducing
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maximum inlet concentrations to average outlet concentrations at average flow rate, but

System Ishould not be

For thesixth and finainlet and outlet concentration combinatjavith an inlet

concentration of 10 mg/L and average outlet concentrations (for each season),
comparison of these areal rate constan®)AacC for both systems reveals thratlucing

iron concentrations from the design value of 10 mg/L to the averags coticentration

is not plausible for either system for both flow reginEss is due to the fact thtte

areal rate constants 2@ °C for this scenario are at or much greater than the design upper

limit.

AppendixE shows the modified TIS model resuli®., iron effluent concentrationyf

the sensitivity analysis foreal rate constant at 20 @ both systemd-or each
scenariothe appropriateraal rate constant at 2C from Table 4.5 oiTable 4.6 is
matchedo thecorresponding flow rate, inlet concentration, and target outlet
concentration. All model results are below the target effluent concentration (of either 0.3
mg/L or average outlet concentration) for all seasaith the exception of some results
for scenario 34 through 38 for SystemThis is due to the fact thtese scenarios use
the aeal rate constant at 2C Yerived fronpostexpansiordata, but the inlet
concentrations are based on-pspansiordataand aresignificantlygreaer than design
inlet concentration Hence, exceedances &meébeexpected. For target outlet
concentration of 0.3 mg/L, dilve scenariosi(e., 34 -38) exceeded; for target outlet
concentration of average outlet concentration, only one scenarj@%) exceeded.
These results align with the established fact thaegpansion inlet iron concentrations
were too high during high flow events for System provide proper treatmenivhich is
why the system was expanded.

Comparing the areal rate constant2@tC devdoped for different operatingegimesfor
System 1 (Table 4.5) and for System 2 (Table 4.6) to tloos®l inliterature (.e., 106
m/yearfrom Tarutis et al(1999)and 38 m/yeafrom Younger et al(2002), it can be
observed thathe constant values calibrdtor thesetwo systems are much greater than

those from literature. These findings demonstrateates! rate constants at 20 vary
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between systems asde-specificcalibration isoftenrequired thus, caution is warranted
whenapplyingvalues obtained from literature for this modeling constdoteover,

Table 4.5 and Table 4.6 show tlaa¢al rate constants at 20 €&n have intrasystem
variancedepene@n uponoperating conditionsuch agontaminantoncentration and
flow rate.This aligns with the fact that the rateronyattenuation mechanisms within a

systemcanalso vary withcontaminantoncentration and flow rate.
4.4. 2 Tanks -in-Series (TIS) Mode |

An initial attempt at modeling the iron removal performance of the wetlainithe

Neville St. PTSvas completedsing the modified TIS modelith anareal rate constant
at20°C of 106 m/iea assupplied byTarutis et al(1999) The results of this modeling
aredisplayedn Table 4.7 for System 1 and in Table 4.8 for SysteRo2 both systems,
the outlet iron concentrations proddd®y theTarutis et alareal rate constaat 20 °C

were much greater than actual outlet concentration readings observed for similar
operating regimes. In faainly five of 38 scenarioor System Idid notexceed the
provincial and federal guideline limit of 0.3 mg/These five scenariagther occurred in
the summer when flow rates arenimal and inlet iron concentrations are low (scenarios
3, 7,19, and 23)r for the bestase scenarjavhich was incorporated to model the
circumstances that would produce the lowest outlet concensésicenario 33)For
System 2, 18 of 33 scenarios exceeded the guideline limise§henarios with
exceedances include some with average inlet concentrations, most with maximum inlet
concentrations, and all with design inlet concentrati®hss, the moel usingan areal

rate constant &0 °C of 106 m/year was deemed to be unrepresentative of the actual

performance of the wetlands at the Neville St. PTS.

Therefore a sensitivity analysis wamerformed using the modified TIS model
determindron arealrate constantat 20°C for bothsystens for various operating
scenariosTable 4.7 and Table 4.8 provide the results of the modeling conducted for
System 1 and System 2 respectively usingitamo areal rate constang 20°C produced
by the sensitivityanalysis: (1) thé&on areal rate constang 20°C for design conditions
and (2) the iron areal rate constaatt20°C for average conditions.
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Table4.7 Modified TIS modelresults for ion effluent concentration for Systenfdr
different operating scenarit®sed on variouareal rate constants at 20.°C

Scenario | Tarutis et al. (1999) | Design Conditions | Average Conditions
Nufrgrber K20 Cout K20 Cout K20 Cout
System 1 (mlyear) (mg/L) | (m/yea) | (mg/L | (m/yea) (mg/L
1 106 0.937 2,325 0.057 1,930 0.031
2 106 0.776 2,325 0.056 1,930 0.029
3 106 0.188 2,325 0.051 1,930 0.022
4 106 0.525 2,325 0.054 1,930 0.026
5 106 0.960 2,325 0.057 1,930 0.032
6 106 0.787 2,325 0.056 1,930 0.030
7 106 0.190 2,325 0.051 1,930 0.022
8 106 0.536 2,325 0.054 1,930 0.026
9 106 2.218 2,325 0.067 1,930 0.048
10 106 3.757 2,325 0.079 1,930 0.067
11 106 0.603 2,325 0.054 1,930 0.027
12 106 1.040 2,325 0.057 1,930 0.032
13 106 5.259 2,325 0.092 1,930 0.087
14 106 5.305 2,325 0.092 1,930 0.087
15 106 5.334 2,325 0.093 1,930 0.088
16 106 5.265 2,325 0.092 1,930 0.087
17 106 1.282 2,325 0.092 1,930 0.083
18 106 1.052 2,325 0.084 1,930 0.072
19 106 0.240 2,325 0.057 1,930 0.031
20 106 0.709 2,325 0.073 1,930 0.054
21 106 1.296 2,325 0.093 1,930 0.084
22 106 1.060 2,325 0.085 1,930 0.072
23 106 0.241 2,325 0.057 1,930 0.031
24 106 0.716 2,325 0.073 1,930 0.055
25 106 3.377 2,325 0.164 1,930 0.188
26 106 5.710 2,325 0.243 1,930 0.306
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Scenario | Tarutis et al. (1999) | Design Conditions | Average Conditions
Nufrgrber K20 Cout K20 Cout K20 Cout
System 1 (mlyear) (mg/L) | (m/yea) | (mg/L | (ml/yea) (mg/L
27 106 0.887 2,325 0.078 1,930 0.063
28 106 1.632 2,325 0.104 1,930 0.100
29 106 7.279 2,325 0.298 1,930 0.385
30 106 7.307 2,325 0.299 1,930 0.387
31 106 7.325 2,325 0.300 1,930 0.388
32 106 7.282 2,325 0.298 1,930 0.385
33 106 0.051 2,325 0.050 1,930 0.020
34 106 21.254 2,325 3.941 1,930 4,973
35 106 18.176 2,325 0.671 1,930 0.933
36 106 16.060 2,325 0.600 1,930 0.828
37 106 13.174 2,325 0.501 1,930 0.683
38 106 17.459 2,325 0.647 1,930 0.898

As per Table 4.7 for System 1, the guideline limit of 0.3 mg/L was exceeded in five
scenarios for the design areal rate const@n2§°C andin 10 scenariogor the average

areal rate constangéd 20°C. For bothof theseareal rate constanéd 20°C, five of the
scenarioghat exceedethe guideline limitwere scenar®34 to 38, which use pre
expansiormaximum observed inlet concentratigdghatare much higher thaihe design
concentratiorof 10 mg/L Hence exceedancesereexpectedor these casesor the five
other scenarios that exceedbd guideline limitfor average areal rate constaat20°C,

the flow rates were at maximum rates and the inlet concentrations were either at
maximum values (scenario 26) or wele tlesign value of 10 mg/L (scenariosi 232).

These exceedances for an areal rate constant at 20 °C that represents average performance
indicate thathe System 1 wetland may not always be able to reduce maximum or design
concentrations at maximum flowte to below the guideline limit of 0.3 mg/L;

nonetheless, the lack of exceedances for the same scenarios for the design areal rate
constant at 20 °C indicate that the System 1 wetland could reda@®ncentrations to

below the guideline limit of 0.3 nilg if System 1 is achieving design performance
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Table4.8 Modified TIS model results foron effluent concentration for System 2 for
different operating scenarios based on vararesl rate constants at 20.°C

Scenario | Tarutis et al. (1999) | Design Conditions | Average Conditions
; oNr uSr;thrm K20 Cout K20 Cout K20 Cout
5 (mlyear) (mg/L) (m/yea) | (mg/L) | (m/yea) (mg/L)
1 106 0.368 1,380 0.051 560 0.046
2 106 0.141 1,380 0.050 560 0.028
3 106 0.050 1,380 0.050 560 0.021
4 106 0.137 1,380 0.050 560 0.028
5 106 0.377 1,380 0.051 560 0.046
6 106 0.143 1,380 0.050 560 0.028
7 106 0.050 1,380 0.050 560 0.021
8 106 0.140 1,380 0.050 560 0.028
9 106 1.251 1,380 0.052 560 0.113
10 106 0.465 1,380 0.050 560 0.053
11 106 0.151 1,380 0.049 560 0.028
12 106 0.310 1,380 0.049 560 0.040
13 106 4.999 1,380 0.061 560 0.403
14 106 5.040 1,380 0.061 560 0.407
15 106 5.066 1,380 0.061 560 0.409
16 106 5.005 1,380 0.061 560 0.404
17 106 0.509 1,380 0.066 560 0.150
18 106 0.181 1,380 0.055 560 0.061
19 106 0.050 1,380 0.050 560 0.026
20 106 0.176 1,380 0.054 560 0.060
21 106 0.515 1,380 0.066 560 0.152
22 106 0.182 1,380 0.055 560 0.062
23 106 0.050 1,380 0.050 560 0.026
24 106 0.178 1,380 0.054 560 0.060
25 106 1.966 1,380 0.116 560 0.544
26 106 0.713 1,380 0.072 560 0.205
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Scenario | Tarutis et al. (1999) | Design Conditions | Average Conditions
; ONr usr;gteerm K20 Cout K20 Cout K20 Cout
5 (mlyear) (mg/L) (m/yea) | (mg/L) | (m/yea) (mg/L)
27 106 0.212 1,380 0.055 560 0.070
28 106 0.487 1,380 0.064 560 0.144
29 106 7.184 1,380 0.298 560 1.956
30 106 7.211 1,380 0.299 560 1.964
31 106 7.228 1,380 0.300 560 1.968
32 106 7.187 1,380 0.298 560 1.957
33 106 0.038 1,380 0.050 560 0.020

As per Table 4.8 for System 2, the guideline limit was exceeded in no scenarios for the
design areal rate constaatts20°C andin ninescenariogor the average areal rate
constantsat 20°C. Eight of these exceedances are for inlet concentrasietnathe

design concentration of 10 mg/L (scenariog I3, 29i 32). The last exceedance is for
aninlet concentration of maximum value (scenario d%)s indicates that design and
maximum inlet concentrations between average and maximum flow may not akvays
reduced to below the guideline limit of 0.3 mg/L by the System 2 wetland. Since there
were no exceedances for the design areal rate constant at 20 °C, then System 2 could
reduce iron concentrations to below the guideline limit ifvilelandperforms as per
design.The §stem 2wetlandperforming more poorly thatihe System Iwetland(i.e.
experiencing more exceedandesthe first 33 scenarioshenmodekdusing the

average areal rate constant at 20 °C), could be attributed to the |gydestgaen

average and desigralues forareal rate constamat 20 °Cseen for System. 2

4.4. 3 Sensitivity Analysis  for Temperature Correction Factor,

As there was @ temperature correction factor availafdeironin literature a value of
one was assued for themodeling ofall scenarios and then a sensitivity analysis was
performedon both systems using design and average areal rate constants ati2e °C
wetland outlet iron concentratioasultsproduced byhis analysis are presewtin Table

4.9.The emperature correction factmput valuewas varied betwee®95 and 1.0%0
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determine howhe wetlandbutletiron concentratiorwould beaffected The results
shown inTable4.9 for both systems are for scenarios 1 to 33; scenarios 34 to 38 for
System 1 were not included as these scenarios usxpaasion data and therefore are

not representative of the current configuration.

Table4.9 Sensitivityanalysis fortemperature correction factosing desigrareal rate
constarg at 20 °Candaverage areal rate constaat 20 °Cfor both systems.

System 1 Designk2o = 2325 m/year| Averagekoo= 1930 m/year

0.95 1.00 1.05 0.95 1.00 1.05

Minimum Iron Cout (Mmg/L) | 0.050 | 0.050 | 0.050 | 0.050 | 0.050 | 0.050

Maximumlron Cout (mg/L) | 0.237 | 0.300 |1.467 | 0.329 | 0.417 | 1.875

System 2 Designk2o = 1380 m/year | Averagekzo= 560 m/year

0.95 1.00 1.05 0.95 1.00 1.05

Minimum Iron Cout(Mmg/L) | 0.049 | 0.049 | 0.050 | 0.049 | 0.049 | 0.049

MaximumIron Cour (Mg/L) | 0.210 | 0.300 |2.203 | 1.615 | 1.993 | 5.254

Fordesign areal rate constants at 206Cboth systemghe only exceedances of the
guideline limit of 0.3 mg/L were observed when the input valuesimiperature

correction factowas set to 1.05. These exceedances took place for all sehsbas
worstcase scenario, i.eyhen flowrates were set at the maximum observed vauds
inlet iron concentrations were set at tesignvalueof 10 mg/L(scenarios 29 32).
Exceedances were also observed for some seasonsloseates were set at the
average observed values and inlet iconcentrations were set at the design value of 10
mg/L (scenario 13 for both systems awenaridl6 for Systen® only) or when flow

rates were set at the maximum observed values and inlet iron concentrations were set at
the maximum observed values (scém@5 for both systemandscenario6 and28 for
Systeml only).

Foraverage areal rate constants at 2@ct®oth systemsxceedances of the guideline
limit of 0.3 mg/L were noted for all three input values femperature correction factor
(0.95, 1.00. and 1.05) with the feweasimber ofexceedances being observed for 0.95
and the greatestumber ofexceedances occurringrfb.05.In general, more exceedances
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were observed for scenarios with higher flow rates and/or higher inlet iron
concentrations. More exceedances are to be expected tordiage areal rate constants
at 20 °Cthan the desigareal rate constants at 20 8€ the desigareal rate constants at
20 °Cvalues are larger numbers than the aveeagal rate constants at 20 V@lues (and
are therefore more effective at reducing iron concentrativf@eover for the worst
case scenarios withe highestobserve flow ratesanddesigninlet concentratiomf 10
mg/L, exceedances occurred for all seasonthitemperature correction factoof 1.00
and 1.05 and for some seasonstii@temperature correction factof 0.95 Exceedances
were also notedhen emperature correction factaasset to 1.00 or 1.0fr some
seasons of scenarios where flow rates were set at the maximum observed values or inlet
concentrationsvereset at the maximum observed values or at the design inlet

concentration of 10 mg/L.

Overall, approximately 20 % of the scenarios for System 1 and 28 % of the scenarios for
System 2 experienced exceedances of the guideline limit for outlet iron concentration
when using thaverage areal rate constants at 20F@thermore, System 2 geneyall
produced higher maximum outlet iron concentrations than Syktasademonstrated by

Table 4.9. This can be attributed to fhet thattheaverageareal rate constant at 20 &C

closer to the desigareal rate constant at 20 f@ System 1 thafor System 2i.e.,

System 1 is performing closer to desaxpectationshan System 2 based on average

iron renovalperformance. Hence, the exceedances on System 2 are taking place for more

scenarios and producing highmeaximumoutlet iron concentrations.

Foriron and othemetals, there is motal lack of values for the constants required by the
modified TIS modekuch agemperature correction fact@glthough the bwer

temperature dependance of dominant attenuation mechanisms faoutthsuggest that
iron removal would be less sensitive to temperatugemesearch and development of
temperature correction factor valdes iron (and othemetalg areneededo confirm

how sensitiveattenuatiorperformance is on temperature. If iron sequestration
mechanisms arelependent otemperature, then basedthe sensitivityanalysis
conductedor this work, significant outlet concentration variatawould be expected.

However, due to the number of parameters incorporated into the model and the various
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sourcef error, variations in outlet concentrations cannot be definitively correlated with
temperaturehangesor any other source without furthemalysis Site specific

calibration of temperature correction factatueswould be requiredor both systems
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CHAPTER 5 CONCLUSION

The followingchapter will summarize the findings from this thesispassive treatment
of AMD at the Neville St. PTSncluding the results frorthe performance
characterization and modeling componeS8ishsequentlyrecommendations developed

from this workare listed and explained.
5.1 Summary

The summary of the results of this wankaluating the performance of the Neville St.
PTS in treating AMDafterexpansions subdivided into two sections: (1)
physicochemical ahstatisticalanalysesand (2) teatmenperformancemodeling of

wetland
5.1.1 Physicochemical and Statistical Analys es

Statistical analysisfeevent samplinglata determined that there was statistically
significant removal of all forms of iron (totakrfrous, and dissolved) across the two
systems at the Neville St. PTBissolved iron and ferrous iramereprimarily reducedin

the settling pond(s), indicating that most soluble iron is converted to insolubleyitbe
time the mine water reaches g#tling pond outletThe wetlandeffluenttotal iron
concentratiomeadinggecorded duringvent samplingvereall well below the federal

and provincial guideline limitof 0.3 mg/L, even during the highest recorded loading
rates, with average values of 0.05 + 0.07 mg/L for System 1 and 0.07 = 0.06 mg/L for
System 2.

Statistical analysisef System Icomparing preexpansion and pogixpansion
concentration datkor all forms of iron (total, ferrous, dissolved, and dissolved ferrous)
showeda marked improvement in iron attenuation performawséetland outletrion
concentrations were increasing in a statistically significant manner prior to expansion
(with anaverage prexpansion total iron concentratiasf 0.75 + 1.63 mg/L) and are
currentlyshowing no statistically significant varianlbetweerpostexpansioryears

while beingconsistentlyreduced to below theDL (with anaverage poséxpansion total
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iron concentratiomf 0.04 + 0.08 mg/. Although the yearly average and maximum

values for total iron concentration at the settling pond inlet have been increasing since the
expansion, latotal iron readingsakenpostexpansiorat the wetland outl€exceptone

during the fist year of operatiorf)ave beemelow the federal and provincial limit of 0.3

mg/L. For System 2average and maximugoncentrations dbtal iron over the years

havealso beerincreasingat the settling pond inleTheaveragdotal ironconcentration

atthe wetland outlet of System 20s12+ 0.42mg/L with most readings below the RDL
andnine exceedances since beginning operati@mce, it appears that the addition of
System 2 has thus far improved iron removal performance as intended by providing

greder treatment capacity and operational flexibility.

The manganesattenuation performanad System 1 improved in a statistically
significant mannesince it began operatingith preexpansion averagsncentration
beingreduedfrom 8.70 £+ 3.41 mg/L to 4.93 £+ 3.61 mg/L and with pegpansion
averageconcentration being reducéwm 6.41 £ 2.55 mg/L to 0.19 £ 0.46 mglystem

2 performance and System 1 pespansion performan@econsistent in terms of
manganese sequestratwith no statisticallysignificant difference between yearly means
at all locationsSystem 2nanganese reductigrerformance has been reducing the
average concentratidrom 7.52 + 3.05ng/L t01.66 + 3.40ng/L. The CCME CWQL

for Manganese in fresh watsr0.43 mg/L. Since the adoption of the limit in 2019, there
have been no exceedances by System 1 and three exceedances per year in 2019 and 2020
by System Zwhich equates to approximately a quarter of the samples having

exceedances)

The duminumremovalperformancef System lalsoshowedstatistically significant
differences in yearly meamrgross its total operational history. Prior to expansion, the
total average aluminum reduction was from 1.27 + 1.84 mg/L to 0.048 + 0.042 mg/L;
postexpansionfrom 0.011 + 0.013 mg/L to 0.005 + 0.008 mgHor System 2, the
average aluminum concentratisrbeingreduced fronl.65 + 0.96ng/L t0 0.012 +

0.047 mg/L The CCME limit for aluminunfor the applicable pH range 0.1 mg/L;
System 1ostexpansiohand Systm 2wetland outlet aluminum concentrations have

been well belowhis limit.
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Statistical analysis oavent samplinglata showedo significant reduction of sulphate
concentrations across the two systems at the Neville St AAEgage sulphate
concentrations at the wetland outlets for System 1 and System 2 were 515 + 230 mg/L
and 798 + 620 mg/L respectivels sttling ponds and wkinds are not effective at
removing sulphateghe Neville St. PTS is not intended to remove sulph#teshas not
been a issuan the pastasthere was no guideline limit for sulphates until receMtiSE

Tier 1 EQS adopted a new limit for sulphated®8 mg/Lin 2021 Asevent sampling

was conductebefore this revisiomo sulphate exceedances were observetthis

could be a potential performance issaeving forward Adjusting the limit to account for
hardness as done by BCMOECCS (from whencdirtiiewas adopted) could mitigate

exceedanceoncerns

Wetland outlet averageifphate concentratiorfer System avere notedo beincreasing
in statistically significant mannewer the yearsince coming online, which is indicative
of mine water qualit deterioration over time. Note that correspongingtexpansion
averagesulphate concentrations for SysterddLnot exhibit anytatistically significant
variation. Thiscan be explained by thimp sequencing strategyhich preferentially

directspoore quality mine waterto System 2 during peak loading.

Theaverage pH across the settling pond{sjeasesn a statistically significant manner
by one pH unitaccording to data obtained throug¥ent samplingln the System 1

settling pond, the average pides from 7.05 £ 0.50 to 8.01 + 0.41; in the System 2
settling ponds, from 7.28 + 0.64 to 8.15 *+ 0.39. Federal and provincial guideline limits
for pH are 6.5 to 9.0 for fresh water (7.8.7 for marine waters); the average wetland
outlet pH readings meared byevent sampling7.57 + 0.27 for Systemdnd7.65 +

0.25 for System Pwere within these limits

Statistical analysis of System 1 comparing@xpansion and postxpansion data for pH
shows statistically significant variance between yearly miaredl locations with inlet
settling pond average pH increasing from 6.56 + @&Pre expansion data t6.02 +
0.26for postexpansion dataCaustic soda addition and aeration was incorporated into

both systemsas part of the expansi@md accounts fahis change in pH behaviour in
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System 1System Jpostexpansiorand System 2 pH values the wetland outle7(73 +
0.17and 7.69 % 0.16 resptvely) are consistently between federal and provincial limits
for both fresh water (6.5 to 9.0) and marine water (7.0 to 8.7).

5.1.2 Treatment Performance Modeling of Wetland

An attempt at modeling theetlandiron attenuatiorperformance oboth systemat the
Neville St. PTS waperformedusing the modified TIS model with an areal rate constant
at 20 °Casprovided by literature of 106 m/yedrhe outlet iron concentrations produced
by themodelwere muchigherthanthose seen in actualityenderinghe results
unrepresentativeaConsequentlya sensitivity analysis wasonductedising the modified
TIS model tadevelopareal rate constants at 20 °C for iron for bethtemdor various
operatingscenariosTheresultingdesign areal rate constamat 20°C were2,325 m/year

for System Jand1,380 m/yeafor System 2;heresultingaverage areal rate constaat

20 °Cwere1,930 m/year and 560 m/year respectively. Modeling performed with these
areal rate constants at 20 °C for iron wascessful for both System 1 and System 2 and
produced outputs that better aligned with actual perform&urehermore, it should be
noted that areal rate constaat 20 °C are sitgpecific and can even vawjthin a system
depending on operating condis; thus, caution is warranted when using values obtained

from literaturefor this modeling constant

In response to there being t@mperature correction factor available for iron in literature,
an inputvalue of one was assumed for the modetihgothsystemsSubsequently, a
sensitivity analysis wasompletedusing design and average areal rate constants at 20 °C
by varying he temperature correction factor between 0.95 and 1.05 to determine how
iron concentratiomt the wetland outletvould be affeatd.In general, more exceedances
onthe wetland outlet iron concentration were experienced for higher temperature
correction factor values and for scenarios with greater flow rates and/or greater inlet iron
concentrations. For both systemgrmexceedansavere observefibr the averageareal

rate constants at 20 °C than for the design areal rate constants at 20 °C, because the
design values are greater than @verageralues, which results in better attenuation

performance. Moreover, System 2 experieno@de exceedances than System 1 because

127



the difference between design and average values far¢hérate constant at 20 °C is
smallerfor System 1 thait is for System 2Accordingly,System 1 is performing closer

to desigrexpectationshan System th terms ofaverage irorsequestratioperformance.
5.2 Recommendations

Therecommendations stemming frahis work evaluating the performance of the
Neville St. PTS in treating AMD after expansion is subdivided into two sections: (1)

recommendations for P&, and (2recommendations for future research
5.2.1 Recommendations for PS&PC

Due to the infrequency of sampling within the current PS&PC monitoring program (i.e.,
once per month), it is unlikely that sampling will take place during peak loaggs.
Therefore, there is a strong likelihood that sampling is not representative ofcasest
performance and exceedaaceuld be missedn addition to sampling on a periodic
basis,PS&PCshould sample during peak floawventsThis would require up@ding the
monitoring system to includte capabilityfor remote monitoring of flow and for

alerting operators of peak flow evenddternatively, autosampletsiggered by rainfall or

high flow rates could be installeshd incorporated into the samplingpfocol

Automation of the caust@dditionbased ompH andinlet flow rateis another
recommendationlhis addition would reduce the need for operator intervention,
lessening the demands on operators, and imgreaemenby decreasing the system

respons time.

Given the new limit that was adopted in 2A8ANSE Tier 1 EQS for sulphates

strategy needs to be developed to address potential exceedasadl limit by the

treated mine water effluenthis strategyould include a grandfather clause djuating

the limit to account for hardness as done by BCMOECCS (from whence the limit was
adopted).
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5.2. 2 Recommendations for Future Research

There were limits to the scope carried out by this study of the Neville St. PTS
performance. More sampling duringgk flow events should be conducted and analyzed

for aluminum and manganese to evaluate the attenuation performance of these metals by
the Neville St. PTS.

Anotherrecommendatiors to conduct tracer studiésr various flow scenario® help
understand t performance of the Neville St. PPp8stexpansionData from tracer tests
would provide insight on hydraulic behaviour such as HRT, which could be employed to
improve sampling protocols by incorporating the time required for mine water to travel
througheach system during high flow events. Moreotieese tracestudiescouldbe

used to improve accuracy of thetland performancmodelingby providing a more
accurate estimate of inpudlues for HRT andhumber of tanks

For metals, there is a marked lack of values for the constants required by the modified
TIS model (most notably for the areal rate constant at 20 °C and temperature correction
factor). More research and development of model constant values for atet@sded.
Furthermore, caution should be used when employing these values from literature in
models ayaluescan vary greatly between wetlan&ste-specific calibration ofnodel

constant values maye required foaccurate modeling
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APPENDIX A Photos of Neville St . PTS

FigureA.1  Aeration cascadeith high flow at settling pond inlet for System 1.

FigureA.2  Aeration cascadeith no flowat settling pond inlet for System 1.
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