Evaluating Controls on Arsenic Geochemistry at the Long
Lake Gold Mine in Sudbury, ON

by

Brent Robert Verbuyst

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master ofScience
in

Earth Sciences

Waterloo, Ontario, Canada, 20

©Brent Robert Verbuyst 2D



Aut hor 6s Decl arati on

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including
any required finatevisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

The release oAs from old mine sites can persist long after cessation of mining activities. This
project combines field and laboratory research components at the Long Lake Gold Mine site,
near Sudbury, Ontario. The mine was discovered in 1908 and operated intermitbemth909

until 1939; the mine was later abandoned and is now the responsibility of the Ontario Ministry of
Energy, Northern Development and Mines. Arsdyearing sulfiderich tailings were deposited

in three topographic depressions near the mill, name@IAA-02 and TA03. The purpose of

this project is to evaluate controls As biogeochemistry in the Long Lake tailings areas and to
provide a detailed geochemical and mineralogical investigation of agueulisolidphaseAs.

During the past 100 yeamsxtensive sulfide oxidation of sulfide minerals in the Long Lake

tailings has resulted in acidic conditions and high concentrations of dissolved metalssand SO

the tailings pore water.

Four nests of monitoring equipment were installed withinOllAto assist in the
understanding of the biogeochemical behaviouksin the tailings and groundwater. Core
samples of the sand cap, tailings, and underlying soils were collected for geothemica
mineralogical, and microbiological characterizatibtineralogical and geochemical
characterization of the T-Q1 tailings showed a zone of sulfide oxidation extending-3@3n
below the tailings surface. Arsenicddige Xray absorption near edge stiwre (XANES) and
bulk As K-edge high energy resolution fluorescence detectioay)Xspectroscopy (HERFD
XAS) produced results consistent with the mineralogical investig&iore water within the
near surface tailings was characterized by low pH320and elevated concentrations of
dissolved metals and SQ5roundwater was characterized by circumneutrav@idesand low

concentrations of dissolved metals andi.SXsenic concentrations of up to 500 mg were



measured in the tailings pore water afdg L in the underlying aquifer materials. The
highest dissolveds concentrations were measured at shallow depths in the tailings
corresponding with the lowest pH valusasdat the depth of the tailings profile near the organic
layer interfaceThe talings pore water and groundwater were characterized4sySQ, and

1 13C-DIC fractionation indicating the likelihooof dissimilatory sulfate reduction (DSR).
Results of this study will be used to inform and complement remediation efforts being
undertaken by the Ministry of Energy, Northern Development and Mines. This study will
provide information on the nature of mechanisms that affect the release and atteniudst in

over100 year old sufaerially deposited sulfide tailings.
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1 Introduction

1.1 Mine drainagegeochemistry

1.1.1 Sulfideoxidation

The residual gangue produced during the recovery of ore minerals through milling and
concentrating are classified as tailings. Mill tailings generated through the processing of sulfide
ores can have negative impacts on the environment and water reshiundsay( et al., 2015).
Exposure to atmospheric oxygen resultexidation of sulfide minerals in tailings and waste

rock depositsproduces acidic water and releases hazardous ele(Béniss and Jambor, 1990;
Nordstrom and Alpers, 1999). Several facgush as oxygen availability, peveater pH, and

the activity of S and Feoxidizing bacteria control the rates of mineral oxidation (Lindsay et al.,
2015, Nordstrom and Alpers, 1999). Pyrite and pyrrhotite are the main sulfide minerals
associated with mawastes that are susceptible to oxidation. The oxidation of pyrite and

pyrrhotite by atmospheric oxygen is represented as:

(1) FeS+ -0+ H20 4 2SQ% + Fe?* + 2H* (Pyrite)

(2) FeuxS + (2--X)Oz + xH20 4 (1-X)FE* + SO2 + 2xH'  (Pyrrhotite)
Both pyrite and pyrrhotite may contain trace elements that occur as impurities such as As
(Savage et al., 2000; Nordstrom, 2002; Paktunc et al., 2006) and other trace elements such as Pb,
Sb, Bi, Cu, Co, Ni, Zn, Au, Ag, Se and {[@editius et al., 2011)n addition, arsenopyrite
[FeAsS] and arsenian pyrifee(AsS(1-x)2] are @mmon sources of As in sulfid@e deposits

and mine waste®B(owes et al., 2013;indsay et al., 20155ulfide oxidation can release these

trace elementto the environment. Thiee(ll) that is released by the oxidation of pyrite and



pyrrhotite can be oxidized to form Fe(lIl), whichnprecipitate as ferric oxyhydroxide under

mildly acidic to neaineutral pH conditions.

(38) F&'+%0,+-HOA4A UFeOOH**"+ 2H
Mineral dissolution reactions can neutralize acidity generated by sutiitieral oxidation and
Fe(lll) oxyhydroxide precipitation. The dissolution of calcite [Caf;@olomite [CaMg(CQ)]
and other carbonate phasemsumes H which resuk inneutral mine drainage conditions

through the following reactions (Blowes, 1997; Jurjovec et al., 2002).

(4) CaCG+H"A4 Ca*+HCOs

(5) CaMg(CQ)zs) + 2H" 4 Ca*" + Mg?* + 2HCOs
As the carbonate content decreases theeptiinsnear neutral. Acid mine drainage conditions
occurfollowing the depletion of carbonate minerals. After the carbonate minerals are depleted
the pH of the porevater decreasauntil it reaches equilibrium whtthe most soluble secondary
hydroxide mineral, AI(OH) maintainingthe pH between 4.0 to 4.5 (Blowes, 1997). The pH will
then lower until equilibrium with ake(l1l) oxyhydroxide has beeattainedwhich maintairs the
pH in the region of 2.5 to 3.5. With decreasing pH the solubility of Fe(lll) increases and indirect
oxidationbecomeshe dominant pathway of sulfide mineral oxidation (Nordstrom, 2003).
Additional acidity and release of Fe(ll), $é&nd other metalsra caused by indirect oxidation of

pyrite by Fe(lll):

(6) FeS(+ 14Fe** + 8H,0 4 15F€* + 2SO + 16H*

1.1.2 Arsenicgeochemistry
Arsenic is a naturally occurring element found in the atmosphere, soils and rocks, natural waters,

and organisms. Arsenic can be mobilized through natural processes such as weathering reactions,
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biological activity and through anthropogenic causé® occirrence ofAs contamination in the
environment has greatly increased through releases associated with waste disposal, pesticides,
As-bearing chemicals and mining (Morin and Calas, 2006). Mining activities in numerous
locations in the world have contributemlAs contamination (Williams, 2001). Although there

are numerous pathways of exposurésoncluding air, food, water and soil, drinking water

poses the greatest threat to human health associatedsytntamination (Smedley and

Kinniburgh, 2002.

Ona worldwide scale As and F are recognised as the most serious inorganic
contaminants in drinking water (Smedley and Kinniburgh, 200&.limit of As in drinking
water has changed over the years due to the growing evidence of the toxicological dfeects. T

World Health Organization guideline value for As in drinking water igd @, reduced from
50 ug L in 1993. The maximum acceptable concentration of As for Canadian drinking water is
10 ug L, while the interim maximum acceptable concentration for Ontario drinking water is 25

pg L. In 2001 the USEPA limit was reduced from 50 to 1@ L.

Arsenicoccurs inmany compounds and exdsh the environment in five oxidation states
(=111, -1, 0, 1, V). Arsenic occurs in thd oxidation state in sulfide minerals such as arsenopyrite
[FeAsS] and arsenian pyrite [F#8Campbell and Nordstrom, 2014). Othpeimary sulfide
minerals that contaiAs include orpiment [AsSs] and realgar [AsS;]; small amounts of Aare
commonly found in the structure of-existing pyrite (Kocourkova et al., 2011). Arsenic is
found in a variety of other forms such as#®bedspecies, poorly crystalline Asearing solids
and organic forms oAs (Wang and Mulligan, 2009). Biological activity can produce organic
forms ofAs, mainly in surface water where it has been significantly impacted by industrial
pollution (Smedley and Kinhurgh, 2002). Organic forms éfs include dimethylarsinate

3



(DMA) and monomethylarsonate (MMA), and are the least tsispecies (Miller et al., 2000).
OrganicAs species are rarely quantitatively significant in groundwater except where industrial

pollution occurs (Smedley and Kinniburgh, 2005).

In natural wateré\s commonly occurs as trivalent arsenite [As(lll)] or pentavalent
arsenate [As(V)] (Smedley and Kinniburgh, 2002). In anaerobic environments As(lll) is the
primary species, while in aerobic wegé\s(V) dominates (Nordstrom, 2002medley and
Kinniburgh, 2005)In the environmentAs(V) andAs(lll) oftenco-existdue to relatively slow
redox transformations (Raven et al., 1998). Arsenite has been reported as E0ninaEs

more toxic tharAs(V) and is more mobile in the environment (Korte and Fernando, 1991).

The most important factors that contAd specidion in aqueous systems are pH and
redox potential (Smedley and Kinniburgh, 2005). In contrastanyotherelementsAs is
soluble across a wide pH range (pH2) (Williams, 2001). Asenicis unique due to its
sensitivity to mobilization in circumneutravaters under both oxidizing and reducing conditions
(Smedley and Kinniburgh, 2002). Inorgais forms the arsenatexyanion (AsQ®) at
moderate and high redox potentials, wiiilearseniteoxyanion (AsG*) occursunder
moderatelyreducing conditionat circumneutral or low pH. At lower pH values (less than 6.9)
and oxidizing conditions ¥\sOx is dominant and Asg is dominant under alkaline conditions
(Smedley and Kinniburgh, 20006 Day , 2 0 0 6 )3:AsOsUonsiratasrugderdeduding

conditions and at pH less than 9.2 (Smedley and Kinniburgh, 2005).

113 Sulfatereduction
Dissimilatory sulfatereducing bacteria are found over an extensive pH range (Chang et al.,
2001). Microbialy mediated sulfate reductiaan attenuate dissolved metals and &®ased

by sulfide oxidation reactions and has been used to remediate acid mine drainage at the source
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(Hulshof et al., 2003, 20086 constructed wetland&€din and Pederson, 1998&nd in
permeablaeactive barriersBlowes et al., 1998/Vaybrant et al., 1998enner et al., 1999The
oxidation of organic carbon is catalyzed by suHa@ucing bacteria and is coupled with the

reduction of S@to H>S by the reaction:

(7) SO+ 2CH;0 4 HzS + 2HCQ
Where CHO represents a generic organic compound (Berner, 1980). This reaction rekases H

into pore waters which may result in the precipitation of metals through the follow reaction:

(8) Me*+HS A4 MeS+H
Where Mé* represents a metal such as Cd, Cq,Fy Ni, and Zn. The net results from
reactions (7) and (8) include decreased concentratidd®pfe, meta(loid)s and an increase in

pH and alkalinity (Hammack and Edenborn, 1992; Benner et al., 1999).

12 Researclobjectives

The primary objective of this research was to provide information on the mechanisms that
controlthe release and attenuation of Aaisub-aerially tailings impoundment whemaulfide-
bearing milltailingswere deposited starting over 100 years ago and ending 81 yeaReaglis

of this study will be used to inform and complement remediation efforts at the Long Lake mine
site, which are beingndertaken by the Ministry of Energy, Northern Development and Mines.

Specific objectives of this research included:

1 Providing a detailed geochemical and mineralogical investigation of aqueous and solid
phaseAs, and

1 Evaluate controls oAs biogeochemistrin the tailings at the Long Lake mine site



The expected outcome of this project is to better understand the contAdgenchemistry in
gold mine tailings athto characterize the site for future remediatibimis projectalso describes
the geochemisyrof the tailings pore water and the mechanisms that control the concentrations of

dissolved metals.

1.3 Sitedescription
The Long Lake Gold Mine is a form@u mine and locatedh the Eden Township of the City of

Greater Sudbury, roughly 1.3 km south of the sautistern end of Long Lak&igure 1).The

ore depositvas discovered in 1908 anudnedintermittently from 1908 until 193%9yhenthe

mine site was abandon€the ore body @ntained impregnations of firgrained, golebearing
arsenopyrite and pyrite in Mississagi sandstone as aspggged mass approximately 150 feet by
250 feet (Gordon et al., 1979). The main ore minerals;lpedding arsenopyrite and pyrite
replaced feldsars in the sandston®ther minerals include chalcopyritgyrrhotite, and minor
amounts ofjalena magnetite, and hematite (CH2M Hill, 2014). The mineralization is spatially
related to Nipissing type intrusions (Gordon et al., 19@8gerground mining nteods were

used to recover thiu ore. The nme consisted of four levels of underground drifig)zes a

mine shaft and a small open pit. The underground workings and the open pit are currently
flooded. Gold was recovered using atd@ stamp mill and cyade plantOre may also have

been roasted’he mine produced over 56,000 ouncedwfand over 600 ounces Afy from
approximately 196,000 tonnes of ore. Arseogaring sulfiderich tailings were deposited in

three topographic depressions near the malimed TAOL, TA-02andTA-03, between the mine
site and the south end of Long Lake. The three tailings areas are estimated to contain 163,000 m

of tailings (CH2M Hill, 2014).
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Figure 1: Image showing the location of the abandoned Long Lake Kiid, approximately
1.3 km south of the southwest end of Long Lake, south of the City of Greater Sudbury.

Since thaninewas abandoned waterborne fugitive tailings have migradetthwardthrough the

surface water drainage between the three tailings aragisgs have also been observed in the
downstream drainage and in Luke Creek, which discharges into Long Lake. These releases have
resulted in a tailings delta formed at the southern end of Long Lake where Luke Creek
discharges. In the earh970sthe Ministry of labourcapped tailings areas T&L and TA02

with white sandas an attempb reduce the exposure A$ through tailings dusting. Since that

time portions of the sand capodedand exposed tailings are visiblehe presence of plants on

the talings areas is limited due to the toxicity of the tailif@$i2M Hill, 2014).



The tailings at the Long Lake Gold Mine inclusidfide minerals that can produce acidic
drainage with high concentrations of dissolved metals when the tailings are exposed to air and
water. The runoff from the tailings is acidic and contains elevated concentrations of dissolved
metals. The element of primacpncern at the Long Lake Gold MineAs. TheOntarioMinistry
of the Erergy, Northern Development and Mines (ENDIM)s been monitoring the water quality
in Long Lake since the 1970s. It has been determined th&{¢liencentrations at the southwest
endd Long Lake exceed the Ontario Drinking Wat
guideline of 10 pg/L. This concern has led to the Sudbury and District Health Unit issuing a
Drinking Water Advisory to property owners located near the affected atemgfLake

(CH2M Hill, 2014).

In 2014, a site characterization study was conducted at the Long Lake Gold Mine (CH2M
Hill, 2014). It was determined that there are three primary contaminant sources of concern to
Long Lake. These contaminant sources are tteettailings areas (TQ1, TA-02, TA-03 and
the related drainage paths), the fugitive tailings in Luke Creek and the wetland, and finally the
tailings in Long Lake (tailings delta). The waste rock and the mine water from the open pit were

not found to bewstantial sourceof contamination.

Much of theAs in the tailings delta in Long Lake is in a stablefisigl phase. There is
limited potential for oxidation of this sulfide phase if the tailings remain submerged and are not
exposed to the atmosphere (CHRM, 2014). In the submerged tailings in Long Lake about
25% of theAs has ceprecipitated withFe(lll) oxyhydroxide. Under lovD2(g) conditions ferric
hydroxide may be unstable and remobili=e Because of the low reduction potential in the
submerged tailings and adequ@g, concentrations, thremobilization of Ass not expected to

happen in Long Lake (CH2M Hill, 2014). As determined by CH2M Hill, the submerged tailings



were determined toat be a significant source of dissolv&dl The sources dhs that are
contributing to the contamination of Long Lake vary seasonally. During low flow se#@soiss,
derived from the tailings in Luke Creek, which are exposed to atmosiheyicT he tailngs
areas are the source of the fugitive tailings and are therefore contributinghioltizeling
during higher flow periods. The tailings areas do not contribude toading during low flow.
According to CH2M Hill, groundwater is not a major migratpathway ofAs from the tailings

areas to Long Lake.

The Ministry of Energy, Northern Development and Mines is responsible for the
remediation plan that will occur at the Long Lake Gold Mine. The goal of this remediation effort
is to improve the water quafiin Long Lake to meet the provincial safe drinking water limits.

The tailings will be onsolidaedto reduce thés loading to the ecosystem and restore wildlife
productivity and biodiversity. This remediation plan will involve tievelopmenbf a tailings
impoundment within TAO1 and consolidation of all of the tailings in a single impoundment

area. The tailings that are in the delta in Long Lake will be excavated to a minimum depth of 2 m
below the lake water level and moved to the tailings impoundriettailings that will remain

in Long Lake will be capped with a layer of gravel to preverdugpensionAfter all the tailings
areconsolidatedn the impoundment, thenpoundmentvill be capped with an engineered

cover. The cover will help to preveinfiltration into the impounded tailings. All areas where

tailingsareremoved will be covered and vegetated.
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Figure 2: Detailed Long Lake Gold Mine site map, including the location of the four piezometer
nests (LLO1, LLO3,L06, and LLO7) used for geochemical and mineralogical investigations and
the location of the five mispiezometers (P1 to P5) installed to measure the shallow
groundwater flow.




2  Methodsof Investigation

2.1 Piezometenetwork

A network of four piezometarestsandfive watertable wellswas installed within TAO1

tailings impoundmentFigure2). Eachpiezometer nestonsisedof severab.08 cm (2in.)
diameterdrive-point piezometer@otal of 23) andneto two soil-water solution samplers

(SWSS) Thewatertable wellswere installed within TAO1 to further characterize the
groundwater flow system (Figu®. Hydraulic conductivityvalues were determinaging a
combination opiezometeiresponseests and calculmns based ograin size measurements
(Table 1).Water levels and hydraulic head measurements were made on several occasions to

determine the groundwater flovelocity within TA-01 (Appendix C).

2.2  Groundwatesampling

Water from the mzometers was collected using a peristaltic pump-\@ir solution samplers
were used teollecttailingsporewater from the unsaturated zone. Measurements of pH (Orion
Ross Ultra pH Electrode) and Eh (Thermo Orion Redox Sure Flow Electrode) werenrttaele
field. All measurements of pH and Eh were maintained at groundwater temperat:"CB

The pH electrode was calibrated using pH 1.68, pH 4 and pH 7 b(ifeezsable to NIST)The

Eh el ectrode was verified Us7)hgarZo Bleil d 0tsdé s 03 al
1972). Alkalinity was determined on samples filtered through 0.45 um cellulose acetate
membranesising a Hach Digital Titrator, 0.16 N or 1.6 N sulfuric acid and bromcresol-green
methyl red indicatorTheelectrical conduitvity was measuredn unfiltered samplesgsing an
Oakton® Instruments EcoTestr (Conductivity and TDS pocket m&anmples were filtered

with cellulosenitratemembranesnd split into higkdensity polyethylene (HDPE) or glass amber

bottles for various geochemical analyses.
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Samples for analysis of cations were preserved usingitnata-grade HNQto a pH <
2. Samples formions werenot preservedAll samples were refgerated immediately after
collection and stored at®® until analysis. Cationsoncentrationsveredeterminedy
inductively coupled plasma optical emission spectroscopy-@EB) and inductively coupled
plasma mass spectrometry (K&#5) for Ag, Al, As,B, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, K,
Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Se, Si, Sn, Sr, Ti, Tl, U, V and Zn. Atooicentrations

weredeterminedy ion chromatography (IC) for GBr, F, NOz, NOs, PO and SQ?.

Samples collected for Aspeciation were analyzed as soon as possible at the University
of Waterloo by separating As(lll) and As(V) using a modified version of the anion exchange
method described by Ficklin (Ficklin, 1983). This method uses ion exchange of anionic arsenate
from neutral arsenite under acidic conditions. The ion exchange is performed using gravity flow
of the samples through an anion exchange resin using HCI as the eluanbdifed Ficklin
method is inexpensive, fast andple (Edwards et al., 1998). All samplesre then refrigerated
until analysis. After separation, the samples were analyzed bPE3to determine the

concentrations of both As(IIl) and As(V).

At the University of Waterloo, environmentgtade3N HClwas used to adjust the pH of
samples collédc e d 36 o m H@ analysis. Teaddition ofHCI acid ensuré that the dissolved
inorganic carbon was dr i V%n at&a@isofopefanalysisevass ol ut i
then precipitated as Ba%0sing reagent grade Ba®@H-O. The precipitate as rinsed with a
minimum of 500 mL distilled water to remove any residual BaUte precipitated BaSQvas
then converted into SOn an elemental analyzer coupled to a mass spectrometer (Giesemann et
al ., 1 9 YAvhlues areanarmalized to the MilenCanyon Diablo Troilite (VCDT) scale

using reference materials anddadtorystandards. Oxygeisotope analysis on Ba30
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precipitatewas determined using a high temperature reactor coupled to an isotope ratio mass
spectrometer in continuous flow modesdRlts are expressed in the per mil notation relative to

the international VSMOW standard.

Dissolved organic carbon (DOC) samples were collected in 40 mL sealed amber glass
bottles, preserved withJd30; and stored at 8C until analysis. Dissolved inorganic carbon
(DIC) samples were collected in 60 mL HDPE bottles. Dissolved inorganic carbon samples
contained no preservative and were kept frozen until analysis. Both DOC and DIC samples were

analyzed at the University of &terloo.

Water collected for cyanide analyses included samples for total cyanide, weak acid
dissociable cyanide (WAD) and thiocyangamples fordtal cyanide and WAD cyanide
analysesvere collectedn the same sample bottihichcontairedNaOH as a mservative.
Samples fortiiocyanateanalysiswerecollected into separate 60 mL bostntaining HNQ as

a preservative. Samples were shipped to ALS Environmental in Wat&idor analysis.

Unfiltered samples fomethangCHs) analysiswere collecgéd with no headspace) 30
mL glass serum bottles sealed with a rubberasapd aluminum crimp sealSamples were
stored at 5C and inverted during transport to the University of Waterloo. In thardatry, a
headspace was created in the sampl@jegting10 mL He gasThe samples were shaken to
equilibrate dissolve@Hs with the He gasAn aliquot of the headspagaswas removed and
injected into a gas chromatograf#gilent 7890B GC Systenwith a flame ionization detector

(GC-FID) for the detemination of aqueou€§Ha.
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2.3 Poregasanalysis

Poregas concentrations ofxgy and CQ) were measured in the field. Stainless steel tUhé38
cm in diameterwere driven into the tailings at 10 cm intervals and connected directly to a
portable Q/CO, analyzer{Quantek Instruments Oxygen/Carbon Dioxide Analyzer, Model
902P. Poregas wagpumpedhrough the analyzer until the readings stabilized. The-gase
concentrations were measured at each ofdbenest locationsMeasurements ended at the

depth where saturated conditions weneountered

2.4 Coresamplecollection

Continuous ore samples for geochemical, mineralogical and microbiological investigations
were collected dbur piezometer nests within FA1: LLO1, LLO3, LLO6 and LLO7 (Figurg).

All core samplesvere collectedn thin-walled Al tubes either 7.62 cm-{8.) or 5.08cm (2in.)

in diametey using the piston cofearrel method described by Starr and Ingleton (19828
samplesverefrozen at the site antdansported to the University of Waterloo where they were
maintainedrozen until analysis. Corgamplesollectedin November 2016 wenatilized for
porewater extractionwhereas samplellected in November 2017 were used for
microbiological and mineralogical investigat®m\ correction factor was applied to each core

section to compensate for compaction.

2.5 Pore-waterextraction

Coresamplegollected in 2016 were used to collect paager by the method described by
Moncur et al. (2013). Measurements of pH, Eh and alkalinity were determined as described
above, at least three times for each section of cagadore representative results. The remaining

porewater was passed through 0.45 um cellulose acetate filters and transferred to HDPE bottles.
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One aliquot was collected for cation analysis and another aliquot collected for anion analysis

Samples were preseedas described above.

2.6 Geochemicamodeling

The geochemical model PHREEQC 3.4.0 (Parkhurst and Appelo, 1999) using the WATEQ4F
databaséBall and Nordstrom, 1991)as used to assist in the interpretation of the aqueous
geochemical data and the mialegical results. The model was also used to infer mineral phases
that may be controlling concentrationisdissolved constituentPHREEQC is an equilibrium
speciatiofmass transfer model that provedmlculations of saturation indices (Sl) for discrete

mineral phases.

2.7 Physicalproperties

The bulk density, particle density, moisture content and porosity were determsassea

depths akachpiezometer nestThe particle density of the dry material was measured using a
Beckman Model 930 Air Comparison Pycnometer. Volumetric moisture content and porosity
were calculated from the measured values of bulk density, particle density and gravimetric
moisture contemn Particlesizedistributions were determined using laser diffraction analysis on
samples from several depttiseach of the four nest locations. The hydraulic conductivity was
then estimated using thzeny-Carmenequation from each grain size curvengsihe
HydrogeoSieveXLZ3 program(Devlin, 2015. The uniformty coefficient (CU) was calculated

for each grairsize distribution, where CU =¢gD1o0.

2.8 Solid-phase geochemistry and mineralogy
Core samples collected in November 2017 veeitesampled fogeochemical analyses and

mineralogicaktudy Geochemical analys@scluded C/Sdeterminationsindwhole-rock
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analysesWholerock assay samples were selected from one nest location, LLO1, at six different
depths. These samples were sent to tim@éependent laboratorieALS Global, Activation
Laboratories Ltd. (Actlabs) and Bureau Veritas Minerals (BMih digestion with aqua regia

followed by trace element analysis by KF5.

X-ray Diffraction (XRD), optical microscopy and Scanning Electranrbyscopy (SEM)
were used to study the tailings mineralo§gven samples from each LLO6 and LLO7 were
selectedor examinationSamples included tailings from both the oxidized and unoxidized
zones, the organic layer directly beneath the tailings andlsarfnpm theunderlyingsediment.
Polished thin sections were prepared by Spectrum Petrographics in Vancouver, Washington
Sections were prepar@uthe absence of water and oxygen to prevent the dissolution of soluble
phases otheoxidation of sulfide nmerals. The polished thin sections weramined using
optical microscopy under both transmitted and reflected light. All thin sections from LLO7 were
then coated with carbon and gmselected on the basis of optical microscapye examined by
scanningelectron microscopgnergy dispersive spectrometry (SEWDS). The SEMEDS
utilized a Hitachi S3200N instrument with a backscattered electron detacidia Hitachi

TM3000 Tabletop SEM coupled with a Bruker QUANTAX 70 EDS.

Bulk As K-edge high energy resolution fluorescence detectiayXspectroscopy
(HERFD-XAS) spectra were collected from tailings and native soil on th®2feamline at the
Advanced Photon Source (Argonne National Laboratory, Lemont, IL) to idégifpecies.

Frozen core samples were freeze dried under vacutbf & and pulverized in an agate morta
and pestle. The powdered samples were pressed in Teflon holders and sealed with Kapton tape
prior to analysisSample preparatiowas completeth ananaeobic glovebox Nine mineral

standardsvere examined includingirsenolite [AgOg|, arsenopyrite [FeAsS§rsenic trioxide
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[As203], getchellitd AsSbS], kankite[Fe**AsOuu8.5(H0)], orpimentAs;Sg], realgaf U
AssSy], scoroditdFeAsQiu?H20], and sodium arsenafazAsQs]. Three to ten scans were

made on each samplenear combination fitting (LCF) of normalized spectra was performed

using ATHENA(Ravel and Newville, 2005).

Synchrotron radiatiobasedu-XRF and Xray adsorption near edg&ucture
spectroscopy (XANES) was used to examine As speciation for selectedigradlastion to
HERFD spectroscopyArsenic kedge spectra were collected for reference standards.
Experiments were performed on beamlinelR&t the Advanced Photon Soarlocated at
Argonne National Laboratory in Lemont, lllinois. Grains were selected from thin section slides
determined by optical and SEM examination. Scans were performed over an energy range of
11,667 to 12720 eV.Three to five scans were made on eadation selected for XANES
spectra. Arsenopyrite [FeAsS], scorodite [FeAsM.0], and shneiderhohnite
[Fe?"'Fe’3Ass013] were analyzed as reference standards. Data analysis of normalized spectra was
performed using ATHENA (Ravel and Newville, 2005). Adutial reference standards used

included kankite [FeAs&8.5H0], sodium arsenite [NaAs] orpiment [AsSs] , r e-al gar [ U

AssS4], arsenic trioxide [AZ03], arsenic pentoxide [A8s], andsodium arsenate [NAsSOq].
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3 Results and Discussion

3.1 Hydrogeology

Tailings area 01 (TA1) is the largest tailings area of the three and is approximately 7.1 ha in
size(Figure 2).0f the total 163,000 fof tailings generated at Long Lake 04 contains
141,000 m of tailings, approximately 87 percent otttotal tailings by volume (CH2M Hill,
2014).A drainage channel enters the tailings area from the s@as#thand flows toward the
western boundary of TA1. From there the chanrettendsorth,exiting TA-01 at the northern

tip, toward Long Lakevia Luke Creek.

The surficial geology consists of a bedrarift complexcontaining frequent bedrock
outcropsanddiscontinuougylacial driftof variable thicknessonsisting of a silty to sandy till
(Boissoneau, 1965T.he southern portion of TA1 slopes nortlard towards the drainage
channel. The remaining area of A generally slopes to the northwédeasurements over the
period from 1971 to 210 from ameteorological station 21 km northeast of the site indicate that
the average annual precipitatiorBi3l mm, with 7 percent occurring as rainfall and the
remaining in the form of sno(CH2M Hill, 2014).Tailingsthicknessat TA-01 ranged between
1.0 and 25 m.The tailings areunderlain bya thin peat/organic layevhich overliesa clay/silty
clay layer. Bedrock was encountered at one location by CH2M Hill at the northern eneDaf TA

at a depth of 5.79 m.

Physical properties including bulk density, padidensity, moisture content, porosity
and grainsize distributions were measured on samples at various depths from the nest locations.
The calculated uniformity coefficient ranged from 2.25 to 8.40 with an average value of 3.88,

representing a poor to Wegraded grairsize distribution. Th@orosity of the tailingsletermined
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using the volumetric moisture contebtilk densityand particledensityrangesfrom 44 to66 %

and averages9 %. (Figure3).

% Porosity Gravimetric MC (%) Vol. MC (%) Bulk p Particle p
0 50 100 0 50 100 0 50 100 0 1 2 01 2 3 4
0.0 0.0 0.0 0.0 0.0 i
0.5 0.5 0.5 0.5 0.5
’é* 1.0 1.0 1.0 1.0 1.0
E 15 15 15 15 15
*g 20 2.0 2.0 20 2.0
0 25 25 25 2.5 25
3.0 & 3.0 3.0 3.0 3.0
I ——— I35 ————— 35 3.5 35

Figure 3: Depthprofiles of porosityn), gravimetric and volumetric moisture content, by
and particle(” ¢) density for each piezometer nest location: LLO1 (circle), LLO3 (square), LLO6
(diamond), and LLO7 (triangle).

The grainsize diameteof the tailingsatwhich 10% by weight of the particles are finer
(D10) showed differences in values between the profiles (Appe@)di@rain-size distributions
showed a mixture of well sorted, fine to medium grained sand/silt and gap graded sand/silt. The
distribution of farticles sizes ranged from < 0.001 to > 0.1 mm. Samples were characterized by
a broad range of particle sizes ortbwp dominant particle sizes (Figure Zhe grain size was
coarser aall depths atLO7, near where the tailings were discharged intartippundment,
compared to the other locations. At LLO6 thg alues are coarser near the surface and become
finer with depth. The B values at LLO3 increase to a maximum of 0.15 mm at a depth of 0.70
m, followed by a decrease giteaterdepths. The B values at LLO1 are fairly consistent
throughout the profile, ranging between 0.063 and 0.124 mm. The coarser nature of the tailings
near the surfaceould be a result afementation of particles by secondary minerals produced by

weathering reactionsvinnowing by wind or segregation during tailings deposition.

19



100

— LLO1-0.57 m
—— LLO1-0.80 m
— LLO1-1.14 m
— LLO01-1.33 m
—— LL01-1.88 m
— LLO01-2.44 m

LLO3-0.23 m
—— LL03-0.47 m
— L103:0.70 m

LLO3-0.94 m
——— LL06-0.51 m
— LL06-0.76 m

LLO6-1.02 m
— L1107-0.50 m

LLO7-0.75 m
—— LLO7-1.00 m

80 A

60 -

40 -

Percent Finer by Weight

20 A

0 — T T T T
0.0001 0.001 0.01 0.1 1 10

Particle Size (mm)

Figure 4. Grain-size distribution of tailings samples throughoutTA

Hydraulic comluctivity (K) values were calculated from risihgad tests (Bower and
Rice) and grairsize analyses (Kozergarman)Due to the sampling method used to collect
sediment for gransize analyseglirect overlap between the two methodsswot possibleThe
estimate, as calculateffom grainsize analysisising theKozenyCarnman equation for the
tailings samples from the four nest locations averdgéd 10°m s?, with a range 08.4 x 107
m s'to 4.0x 10°m s (Tablel). This relatively higipermeability is consistent with the soil
classification of tailingsHydraulic conductivity was also evaluated using ridegd tests
averagings.6 x 10° m st within the tailings and averagirigl x 10" m s within the underlying
naturalmaterialg(Table1). Hydraulic conductivities calculated from grasize analyses are

considered less reliable than pumping and slug tests (Pucko and Verbovsek, 2015). Hydraulic
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conductivity valuesvere also calculated using the Hazen method, but were toume several
orders of magnitude differetiftanthe Bower and Rice and Koze®@arman methodg.he Hazen
method was developed for loose, clean sands with a uniformity coefficient of less than 2 and
should be limited to saturated sands witlh\ialues beween 0.1 to 0.3 mm (Carrier, 2003). The
Hazen formula is based only on theParticle size whereas the Koze@armen formula is

based on the full particle size distribution, particle shape, and the void ratio. Thefrefore, t
Hazen method is considerlgsaccurateahan the KozeryCarmen formulgCarrier, 2003).
Grainsize analyses test a small area of sediment compared tsdadkeltests and is the most
probable cause of differereketween the two methods. Hydraulic conductivity results
determined usig the KozenyCarman and Bower and Rice methods are generally consistent,
with results within an order of magnitudin independenrsamples-test was conducted to
compare the means of the Bower and Rice and Ke@amgnan hydraulic conductivity methods.
There was not a significant difference in the results for the Bower and Rice (M*0'%

SD=9.5x 107) and KozenyCarman (M=2.6x 105, SD=4.7x 10%) methods; t (29), p=0.36.
These results suggest that the two populations are not significantly difféyeinaulic
conductivities below the tailings within the native soil are lower by several orders of magnitude,

whichis consistent with the fine particle size of the silt/clay lithology.
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Tablel: Comparison of hydraulic conductivity values

K (m s?) K (m s?)
Location Depth (m) Matrix [Kozeny-Carman] [Bower and Rice]

0.23 Sand 1.25% 10°
0.57 Tailings 1.22x 10°
0.80 Tailings 1.42x 10°
1.14 Tailings 2.02x 10°
1.33 Tailings 1.25x 10°

LLO1 1.60 Tailings 1.60x 10°
1.88 Tailings 1.44x% 10°
1.97 Tailings 1.97x 10°
2.44 Tailings 1.23x 10°
3.0 Organics 2.79% 10°
3.89 Soil 2.49x 10°
0.23 Tailings 6.56x 107
0.47 Tailings 1.38x 10°
0.70 Tailings 1.45x 10°

LLO3 0.94 Tailings 2.43x 10°
1.00 Tailings 6.60x 10°
1.86 Soil 1.57x 107
6.00 Soil 1.14x 10°
0.25 Sand 2.31x 10°
0.51 Tailings 5.88x 107
0.76 Tailings 3.44x 107

LLO6 1.00 Tailings 1.77x 10°
1.02 Tailings 9.48x 107
2.00 Soil 3.49x 107
4.55 Soil 2.06x 10°
0.25 Tailings 1.42x 10°
0.50 Tailings 1.48x 10°

LLO7 0.75 Ta!l!ngs 3.74x 10°
1.00 Tailings 4.00% 10°
1.43 Organics 1.61x 10°
2.1 Soil 1.61x 107

Within TA-01, the groundwater levels ranged from 389n above sea level (MASIL)
242.82mASL between June 2017 addly 2019. The highest hydraulic head values were
observed to bat thesouthwestendof the tailings areéFigure 5).Thesemeasurementsdicate

that groundwater is flowingorthfrom the south end of TA1. Groundwater level
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measurements taken by CH2M Hill and the ENDM in 2013, 2015 and 2016 are included
(AppendixC). The groundwater level measurements from CH2M Hill are consistent with
observations during this project. Contour maps from between JuBeag8Dctober2018 show
that the lowest hydraulic head values argiextometer nedtL03 (Figure 5).Groundwater
measurements from 20hFKosuggest that groundwater is flowingrthfrom LLO7 towards the
other three locations L) LLO3 and LL®6, as well as from LLO1 toward LLO@Z\ppendix C).

The addition of the miapiezometersn 2018 provided morecomprehensiveescription of

groundwater flow within TAO1.

242.6 242.75
2425 242.7
2424 242.65
2423 sl
2422 :
- 242.55
242 2425
241.9 242.45
2418 2424
g 242.35
241.6

Figure 5: Groundwater elevation contour maps for-DA from June 11, 2018 and October 25,
2018 indicating groundwater flow from the south of0JAtowards the northern point and
towards Luke Creek and Long Lake.

The hydraulic heatheasurements suggest that there is a seasonal variation in the vertical
gradient(Figure 6).At LLO1 there is a downward gradient during November 2017 and 2018, and
a slight upward gradient during June, July and SepterAt@milar trend is observed at DB in

November 2018howinga downward gradient throughout the profile. During the other sampling
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datesanupward gradient is observefin upward vertical gradient is observed at LLO6 during

June, July, and September, while a downward gradient is obskriag November.

LLO1 LLO3 LLO6 LLO7
h (m) h (m) h (m) h (m)
2415 2425 2435 2415 2425 2435 2415 2425 2435 2415 2425 2435
0op——t S 0 - op——+—
1T+———————- 11 @ v @ | 1 R e
e ¥ F p———
T 2 2 2 2
£ 3 — 3 3 3
Q.
A 4 4 4 4
5 5 5 5
6 6 6 6

Figure 6: Depth profiles of hydraulic heath) values. Short, medium, and ledgshed lines

represent the depth of the sand layer, oxidized tailings, and unoxidized tailings, respectively. The
solid line represents the depth of the organic layer. The solid bluerépessenthe range of

the water tble. Symbols represent different sampling episodes: June 2)1September 2017

( ), November 201'H], June 2018 (), November 20185(), and July 2019¢).

The averag@orizontalhydraulic gradient was estimated to be 0&02nging from
0.0001to 0.0102 between June 2017 addly 2019. Thishorizontal hydraulic gradiems
consistent wittpreviousfindings thatprovided an estimate ddteral hydraulic gradieruf
0.004 within TA-01 in July and August 2013 (CH2M Hill, 2014)he average specific
discharge was 1.3910% m s?, ranging from 1.3%10° m s to 6.09x10% m s'. The average
estimated horizontal groundwater velocity was 1.78'nranging from 0.13 to 3.7@ a'. The
average vertical hydraulic gradient was estimated to be 0.02, rangingOii®nto 1.11 between
June 2017 and July 2019. A negative value represents upward flow while a positive value
represents downward flow. The direction and magnitude of vehyclhulic gradients is
dependent on the piezometer nest location and the time of Jlearvertical hydraulic

conductivity calculated for each piezometer nest location was<108 1.65x10°, 3.67x10°,
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and 4.94x10" m s for LLO1, LLO3, LLO6, and_L07, respectivelyUsing the vertical hydraulic
conductivity for each piezometer nest location and the average vertical hydraulic gradient, the
averagevertical groundwater velocity rang&om 0.007 to 0.944 ma The vertical

groundwater velocity at tmtion LLO7 was the largest at 0.944 1) eonsistent with the coarser

particlesizeof the tailings at this location

T h €H Ua R%@ ratips were determined at each piezometer nest location to help identify
geochemical processes agrdundwater surface water interactions. The tailings pore water and
groundwater were plotted along the global meteoric wate(GMMWL) at each piezometer nest
location(Craig, 1961)The local meteoric water line (IAEA/WMO, 2020) was found to not be
sigrificantly different from the GMWLY a | u e® @ fAHdrénged from approximateht 4
to-9.: and from-98 t0-68: , respectively(Figure 7).There were small variations between
sampling evenfiOs afiHl suggesting a mslerataipifoim hydrological
setting, which is consistent with the stability of the geochemical profiles over the course of this
study Va | u e ¥O oaf AHweré slightly enriched in the near surface tailings pore water and
became more negative with depth at piezommsst locations LLO1, LLO3, and LLO7. At
piezometer nest | &0 aa AHishoived th®sbnallesvchadnge evish depth U
and were consistent throughout the profile. The evaporation of water causes enrichment in values
o f®0l a AHjwhiletheo x i dati on of pyr i¥OeadHvalieal so af f ecH
producingdepletedi*®O values (Spangenberg et al., 2007). Pore water that shows enriched
isotope ratios occurred in the near surface tailings pore water, suggestingeyaateation and

waterrock interactions.
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Figure7: Pl @ \wd rHivalses rieasured from 2016 to 2019 from LLO1, LLO3, LLOG,
and LLO7. Blue symbols represent tailings pore water while orange symbols represent
groundwater.The solid black line represents the Global Meteoric Water Line (Craig, 1961). The
mediumdashed blue line represents a linear regression for all tailings pore water samples and
the shortdashed orange line represents a linear regression for all groundwateples.

3.2 Lithology and nneralogy

Stratigraphy wasimilar at allfour piezometer nestgonsisting of a thin sand layer, followed by
the tailings layer containing oxidized and unoxidized tailingglerlain bya layer of
organic/peat followed by the native sodnsisting of clay and clayey silthe thickness of the
tailings was greatest at LLO1 at 2.5 m, whilettiekness of the tailings at tl¢her three sites
fell in the range of 1.0 to4m (Figure8). Coresamplesxtracted from each piezometer nest
showed little variation between the oxidized and unoxidized ldgetbe four sitesThe sand

cap was easily identifiable by the bright white colour of the sand. Thesaoreleextracted
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from beneath th sand caghowed a light grey colour throughout the oxidized zones, ranging
from 0.41 to 0.57 m depending on location. The unoxidized layers were observed to be dark grey
in colour. Visible Fe stains were observed at each location near the surfactadintye and

within the layer of sand, varying in colour from a rustg/orange to light yellow.

LLO1 LLO3 LLO6 LLO7

Depth (m)

3

Sand

Oxidized Tailings
- Unoxidized Tailings
- Peat/Organic Zone

B Native Soil

Figure 8: Stratigraphy of core samples takat each piezometer nest location.

X-ray diffraction (XRD) performed on tailings and native soil sampléigated thathe
tailingsconsistprimarily of quartz, albite and pyrite, with minor amounts of muscovite and
orthoclase detected (Append. XRD analysis performepgreviouslyindicate tailings samples
from TA-01 primarily includes quartz, albite, pyrite and arsenopY@té2M Hill, 2014).

Results from using XRD Rietveld quantitative analysis indicate that albite is the most abundant
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mineral at 54%, followed by quartz at 2%, with pyrite and arsenopyrite at 10 and %6/
respectively (CH2M Hill, 2014). The results indicate that pyrite and arsenopyrite contents are
high, which s consistent with the higAs concentrations found within the tailings T04.

Optical microscopy confirmedhé presence of pyrite and arsenopyrite within the tailings
samplesThe occurrencef ferric oxyhydroxides has been observed in the shallow tailings
(Figure9, 10. Sulfide oxidation has depleted sulfide minerals in the near surface tailings below
the sandayer (Figure 9, 11)The carbonate mineral content has also been depleted in the
shallow tailinggFigure 11) indicatinga decrease in thecid-neutralization capacity, and

potential for ongoing generation of acidic drainage.

Optical microscopic studindicates that principal sulfides were pyrite and arsenopyrite
with pyrite being the predominant sulfide mine@&mples examined from LLO7 under reflected
light from 0.28 m below the ground surface contaitmadesulfide grains ranging in size from
50 o 100um. Some of the sulfide grains indicated weathering or the formation of secondary
phases (Figur8). At a depth of 0.75 m below ground surface the sulfide content increases
considerablyFigure 11)with little to no alteration rimgFigure 9) The absence of alteration
rims onsome ofthe sulfide minerals can be attributed to the low pH values occurring within the
oxidized portion of the tailings. Thaecline inoxidation intensity corresponds to the gt
water tablgposition,measured during November, as well as the depth to which measurable pore
gasOy) was detecte@Figurel?). Although samples obtained from the peat and aquifer
materials underlying the tailings contain a lower abundance of egfans than the tailings

several small sulfide grains, possibly secondaifide minerals were observed

Reflected lightmicroscopyshowedsimilar observationatLL06. Sampleollectedat a

depth of 0.35 m containdchcesulfide grains ranging inzéupto >50 um. Thesulfides are
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highly oxidized in the upper 0.44 m of tailings and becoming less oxidized to a depth of
approximately 0.76 m. The lower limit of oxidation at LLO6 is consistent witlOtgprofile
andthe depth of thevater tablg~ 0.40 m below the ground surfacwith limited oxidation
below this depth. Samples observed at depths of 0.76, 1.00, and th2hevmaximum depth of
the tailings (1.62 mgontainecabundansulfide grainsvith some grains containing alteration
rims and others showingp alterationAt depths $1.62 and 1.89 ma trace amount cfulfide

grainswasobserved.

Figure 9: Optical photomicrographs of tailings thin sections from LLO7 in reflected light (A)
0.28 m depth showing a few small sulfide grains 50 to 100 |smen(B) 0.75 m depth showing
several unaltered sulfide grains, (C) 1.13 m depth containing many sulfide grains in close
proximity, (D) 1.86 m depth showing one large sulfide grain approximately 100 pm in size.
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