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Abstract

Historical gold mine tailings at several sites in Nova Scotia, Canada are publicly
accessible and may pose a threat to human and ecosystem health becausa séigh
(As) concentrations in the tailings (max 25 wt.%) and associated pore waters (@ to 10
mg/L). Two of these sites, Montague and Goldenville uscer consideratiofor
remediation. Similardilings sites have been cleangubycovering the mine wastes with
soil. Howeverthe tailings at Montague and Goldenville have been weathering leasat
70 years, leading to a wide range ofl#earing secondary minerals which may dissolve
under a soil covereleasing As to local waters. The challenge of remediating these
heterogeneous tailings lies in the differentith niches in whicliron arsenges
(oxidizing, acidic),calciumiron-arsenates (oxidizing, alkaline), and sulfides (reducing)
are stable. The mawbjectives of this studwereto: 1) characterize preemediation
geochemical controls on As mobility in subsurface tailings; 2) estabjtftogeologcal
influences on As mobilityand 3) identify geochemical changéat result whem low
organicsoil cover is applied to the tailings.

Pore watemeasurementsere combined withuilk chemistry, scanning electron
microscopy, andysichrotronmicro-X-ray diffraction analysesvhichwereusedto
characterize the mineralogical composition of the tailings. Groundwater and surface
water flow regimes throughout the tailings were defined through the use of piezometers
andhydraulic conductivity measements. Bboratory leaching experiments were used to
assess theffects of a soil cover on the tailings.

Variable weathering conditions over time have resulted in a continuum of

saturation and redoanvironments@nd a range of As hosts in the tailingssome areas,



tailings pore waters are mixing with stream waters leading to As transport beyond the
tailings. Applying aow organicsoil cover does not induce reducing conditions in the
tailings or cause dissolved As concentrations to increase compdreld fwore water
concentrationsThis type ofsoil coveris effective in slowing sulfide mineral oxidation
while maintaining stable conditions for secondaryphsasesTheresults of this research
can be used to inform remediation decisions and guideimngavironmental

management of historical gold mine sites.
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Chapter 1

Introduction

1.1 GENERAL SCOPE

Interrelationships between the environmental, social, and economic issues
associated with mining are complex and evolving. Opposition towards modern mine
development and its potential consequences is, in part, legitiasdtisiorically there are
multiple examples of mining activities linked with a legacy of negative environmental
impacts. Mineralized areas that were mined prior to the2@fecentury were often left
abandoned for various reasons and are now associated with contaminated mine waste and
waters. However, mining is an essential process necessary for acquiring mineral
commodities. The economic stimulus mining can bring to commumitiest be balanced
by appropriateenvironmentaprotection preservatiorof human rights, andfforts to
maintainculturally significant ways of lifeln modern miningaccountability throughout
the mining lifecycle has advanced significantly. Todaywironmental assessments are
mandatory prior to mining operationsjne closure plans are a required component of
mine developmentand remediation knowledge continues to advance. The research
presentd here contributes to scienbased remediation decisions.

Informedmine waste@emediation efforts require a comprehensive understanding
of mineralogy, aqueous asdlid-phasechemistry, and speciation obntaminantsAs
open systems, abandoned mine sites are subject to weathering processes such as the
oxidation of primary ore merds, which is well known for releasing potentially toxic

elements along with sulfatend acidity (e.gBlowes et al., 2003bUpon weathering, the



dissolved constituents may become redistributed in local groundwaters or surface waters.
However, ifenvironmentatonditionschange secondary phases may precipitate and
render at least some pion of the contaminants immobile. thenuation through
precipitation or sorption processes may limit mobiliiyt the dissolved concentration of
any contaminant will be determined by the solubility of the secondary precipitates. With
time, variables suchs pH and Eh will fluctuate, resulting in changes in mineral
composition, crystallinity, morphology, and overall stability. Such properties will
determine potential negative health impacts of these phases if inhaled or ingested (e.g.
Ruby et al., 1999). Aese properties affect both bioaccessibility and bioavailability of
mine waste contaminants (Section 1.2h&yausehey can control mineral solubility.
Their inclusion in risk assessments leads to impr@weduationand management of
human health riskPalumbeRoe &Klinck, 2007 Toujaguez et al., 201.3)

Understanding the hydrogeochemical relationships between dissolution and
attenuation reactions involving Asder changing environmental conditidosms the
basis for thighesis Montague and Goldenial, two former gold mines located along the
eastern seaboard of mainland Nova Scotia, provide an opportunity to study geochemical
variations in thenistoricaltailings andocal surface and groundaters. Characterization
of these materials from the suréato the base of the tailingsusedto identify current
As-bearing phases involved in contaminant mobility. Extensive weathering of these
tailings over the last 7A50years has led to the development of a complex suite of
secondary mineral phases theg stablaundera range of environmentabnditions.
Thereforeunderstanding the geochemical, mineralogical, and hydrological nature of

these sitess critical for making informedemediation decisions.



1.2 BACKGROUND & RESEARCH MOTIVATION

1.2.1 Study Locations

In 2005, the HistoricGold Mines Advisory Committee/as established by the
Province of Nova Scotia to better understand potential risks to human health and local
ecosystems associated with 8¥abandoned gold ming districtsacross Nova Scotia

(https://www.novascotia.ca/nse/contaminatedsites/goldmings@fihese many gold

mine sites, bth Montague and Goldenville have been chosefuftiner study because of
known elevated Atevels and public accessibility. MontagGeld Minesis a residential
community located just outside the urban core of Halifax Regional Municigglgyre
1.1). This site consists of two flats of exposed tailings that capproximately 10 ha
(Mills, 1997) and are separated by a thin line of trees with denser forest separating the
nearest homes from the tailings. The closest homes are within 100 m of the tailings and
the main tailings are readily accessible by former mining roads. During mininggsailin
were discharged into Mitchell Brook, which begins its course in Loon Lake, runs through
the tailings at Montague, then ends at Lake Charles approximately 1.5 km downstream
(Dale & Freedman, 1982). Residential development is growing in this area, with ne
subdivisions recently constructed around Loon Lake and established developments
around Lake Charles.

The Goldenville district is located three kilometers west of the small community
of Sherbrooke (Figure 1.1) along the eastern shore of Nova Scotiaapmtdximately
50 km south of Antigonish and 140 km east of Halifax. This area is more rural compared
to Montague, but there are homes within 200 m of the tailings. Exposed tailings here
occupy an area of 34 ha (Jacques Whitford and Associates Ltd.,[1988}lings also
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extend for 6 km along the floodplain of Gegogan Brook, which flovikaédAtlantic
Ocean(Wonget al, 1999). Goldenville was the site of an annual 4x4 rally held every
Labour Day weekend until it was shut down in 2006 because of cormernkigh As
concentrations (Parsons et al., 2012). Waste rock piles exist throughout both sites along
with the remnants of various stamp mill foundations. Both sites are frequented as

recreational areas where local residents use ATVs and motorbikes.
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Figure 1.1: Map showing locations of the Montague and Goldenville gold districts.

1.2.2 Historical Legacy of Gold Mining in Nova Scotia

There have been three gold rushes in Nova Scotia between #i80@d and the
mid-1900s. Durig that time, 64 mine districts came into operation and more than three
million tonnes of tailings were generated. Development of Montague began in 1863 and
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operations continued to 1940, ending with a total production of 65,197 troy ounces
(Bates, 198y Discovered in 1862, Goldenville gave the largest gold production (209,383
troy ounces; Bates, 1987) of all deposits in the proviBeceith et al., 200bby the time

mining ended in this district in 1941.

Most gold was mined from quartz veins found in thedealille Group Figure
1.2), the lowermost unit of the Meguma Supergroup, a 9000 m thick section of Cambro
Ordovician metasediments in southern Nova Scotia §elgenk, 1997Ryan & Smith,

1998; White, 201D Thislower portion is made of mefgraywackessiltstones, and
guartzites. The upper Halifax Groupcsmprisedf black slates, metasiltstones and
metaquartzareniteRfyan & Smith, 1998Sangster & Smith, 200%Vhite, 2010. During
the Acadian Orogeny these units wdebormed into eashortheast gnding folds. This
was followed by the Devonian intrusion of granitic plutons which metamorphosed the
MegumaSupergroupo lower greenschist to middle amphibolite faci®shenk, 1997;
Ryan & Smith, 1998 Themainsource of As is arsenopyrite (FeAs@}ich occurs
naturally within the mined rock.

Stamp milling and mercurfHg) amalgamation were the primary methods of gold
extractionin Nova ScotigMalcolm, 1929; Dale &reedman, 1992At Montague, a
cyanide plant was installed ite in 1938 for treling concentrate that had been
stockpiled and that was being produced from the stamp mills. Similarly, the same cyanide
batch treatment system was installed in 1940 to treat sulfide conceniGailkelanville
(Roach, 1940). Afteore was recovered, tailisgvere usually slurried into nearby
waterways. At Montague, tailings were transported by Mitchell Brook to Lake Charles

andat Goldenville tailings were moved via Gegogan Brook and eventualtyee the



Atlantic Ocear(Figurel.1). This kind of early mimg was unregulated and today, has

led to many abandoned mine sites, such as Montague and Goldenville. After mine sites
are abandoned they present significant legacy issues that may include contaminated
waters, lake sediments, and soils, in addition tesmfeexposed mine tailings and waste

rock (Lottermoser2010).Other issues maycludehazardous chemicals or physical
hazards such as open pits and mine infrastructure. Specific to gold mines, large volumes
of As-andHg-bearing mine wastes may be pres&yanide may also be present if it was

used to solubilize fine grained disseminated gold particles.
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Figure 1.2: Bedrock geology map of southern Nova Scolifier Ryan & Smith (1998).

Arsenic concentrations of waters asated with theNova Scotigailings are
known to be high. Surface water samples (i I®llected from nine of these historical

gold mines between 2003 and 2005 sedaverage dissolved As concentrations of 117



eg/ L (range whepeattaselnedebesWeres @656L k g/ L ( Par sons
2012). Specifically at Montague, surface water samples collected in 2007 (DeSisto et al.,
2011) had total dissolved As concentrations rangingiffro<c 30 e€g/ L to 674 ¢€g
80e g/ L, Taiirgs’/pre watersollected at Montague between 20@&S6isto et al.,

2017 and 2009 (Chapter 2), and at Goldenville in 2009 (Chaptead@nedian

dissolved As concentrations 8725¢ g / L welewide-ranging in concentration (<30 to

122, 000 4 Sulfdce waters/e8e generally circumneutral to slightly acidic

(medianpH 6.6). At the Montague gold mine sitmedian tailings pore water pH w/&.5

and rangedrom 2.4 to 77. The more acidic pH values occur where sulfide concentrate
co-disposed with the tailings has wkeeared into hardpan layers cemented by secondary

iron (Fe) arsenate and Fe oxide minerals (DeSisto et al., 201d90lved As

concentrations in pore watergreone to four orders of magnitutdgherand most

surface waters/ereone to two orders of magode higher than the Canadian drinking

wat er gui de |HeattheCamada, 2008). Taitngsiochémistry from multiple

gold mines across Nova Scotia shlsdtatnearly all samples (n=482) exceed the

Canadian Soil Quality Guideline of 12 mg/kg As withncentrations ranging from 10

mg/kg to 31 wt.%hedian2550 mg/kg) (Parsons et al., 2012).

1.2.3 Mine Waste Geochemistry

Mining and millingactivities accelerate the physical and chemical weathering of
sulfide mineralsthrough the processes of grinding up amd disposing of waste material
underatmospheric conditions. Pyrite is the most common sulfigeeralencountered in
metal and coaiine waste and its dissolution occurs when oxygen oxidizeg(thdrt

pyrite to V1) in SQ. This multistep processan be simplified to:
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2FeS + 70, + 2H,0 A 2F€* + 4SQ? + 4H' Equation 1.1

The Fe(ll) produced in this reaction is unstable in the oxidizing environment and will

oxidize to Fe(lll) as:

AFE" + 4H + O, A 4F€* + 2H,0 Equation 1.2

Microbessuch asAcidithiobacillus ferrooxidangreatly accelerate this procesinder

these acidic conditions, pyrite oxidation occurs via two pathuwalsough oxidation by

oxygen and by Kél) (Equationl.3).

FeS + 14F€" + 8H,0 A 15F€" + 2SQ? + 16H" Equation 1.3

This combination of reactions creates a continuous loop of sulfide oxidation as Fe(ll) is

produced and then oxidized to Fe(lll).ighcidic, metaladen drainage water is known

as acid rock drainage (ARD) when associated with waste rock,amidmine drainage

(AMD) when referring to general mine site drainaBesideyrite, sulfides of copper

(Cu), zinc(Zn), cadmium(Cd), lead(Pb), andAs can undergo a similaveathering

processFor examplethe oxidation of arsenopyrite occurs as:

FeAsS + 11F& + 7H,O A 12Fé* + SQ + HzAsO’ + 11H Equation 1.4

For areas where AMD occurs, weathering of carbonates and aluminosilicates can become

an important control on acid generation. ExarspliepH buffering reactions include the

dissolution @ calcite (CaCQ) and dolomite (CaMg(C§)»):

CaCQ+H'A C&" + HCOy Equation 1.5

CaMg(CQ), + 2H" A C&* + Mg®" + 2HCOy Equation 1.6

Carbonate dissolution maintains a neautral pH until carbonate phases are consumed.
The type anatoncentration of contaminants that enter the environment due to

mining depends on the original characteristics of the $eal(& Foley, 2002). Common



contaminants associated witkutralmine waste include As, Cd, Cr, Co, Cu, Fe, Mn, Hg,
Mo, Ni, Sb,Se, SO, U, andZn (MEND, 2004. Gold ore tends to have considerable
amounts of As due to the prevalence of arsenopyrite and arsenian pghtey; 2002).
Anothercharacteristic obrogenicgold ore deposits is their generally low sulfide content
and highbuffering capacity due to the carbonates associated with mineralization. This
means AMD igypically not a problem associated with galdartz vein deposits.
However, the neaneutral waters that develop will effectively mobilize metalloids and
metals thatorm oxyanions, which include As, Se, 3lmdMo (Ashley, 2002) Acid mine
drainage is a very weknown problem butmany examples of neutral mine drainage also

exist (Tablel.1).

Table 11: Examples of neutral mine drainafyjem various deposit types.

Location Deposit Source
Pezinok deposit, Slovakia SbAu Majzlan et al. (2011)
Giant Mine, NWT Au Clark & Raven (2004)
Lucky Shot Gold Mine, Ak Au Torrance et al. (2012)
Hitura Mine, Finland Ni Heikkinen et al. (2009)
GreensCreek Ming AK ZnAgAuPb Lindsey et al. (2009)
Cobalt, ON Ag Beauchemin & Kwong (200t
Pennsylvania, USA Coal Cravotta et al. (1999)
CNJ T SNN& DNZX FPb Younger (2000)
Bralorne Gold Mine, BC Au Desbarats et al. (2011)
Riverton, WY, USA U White et al. (1984)
Copperbelt region, Zambi: Cu Sracek et al. (2012)
Minas Gerais, Brazil Au Borba et al. (2003)
Salanfevalley, Switzerlanc AsW-Au  Pfeifer et al. (2007)
Zloty Stok deposit, Polanc Au Marszalek & Wasik (2000)




1.2.3.1 Aqueous Arsenic

Thefate and transport of As is strongly controlled by its oxidation state and
speciation. Aueous esenic exists in oxidation states of +V, +lII,-Q) (Bissen &
Frimmel, 2003)The speciation of dissolved As in solution is controlled by Eh and pH
(Figurel1.3). The dominant forms of dissolved As in oxygenated environmentbare
arsenate (As(V)) speciessOy’, H,AsOy, HAsO.Z, and AsQ®. Arsenite (As(lll))
species occur under reducing conditions g&s®:°, H,AsOs’, and HAs@* (Cullen &
Reimer 1989. Organic As species, which form when inorganic As species are
methylated (Cullen & Reimer, 1989), occur in aqueous environments as well, but in
lower concentrationgscompared to inorganic formSinedley & Kinniburgh, 2002)n
very reducing environmesit methylated species can be further altered to the volatile and
highly toxic arsine (Ask) gas (Cullen & Reimer, 1989).

At pH<2 under oxidizing conditions, the;AsO,° species will be most prevalent
whereasrom pH 2 to 11 the EAsO,° will dissociate taH,AsOy, in acidic, and HAsGY,
in alkaline, environments (Sracek et al., 2004). For reducing conditions where pH<9,
As(I11) occurs as HAsO:® and for pH>9 as bAsOsandHAsO;* (Smedley &

Kinniburgh, 2002). In sulfidic environments thioarsenic specieg lmadetectedWilkin
et al., 2003). Detection of these species is signifibanausehioarsenic complexes are
less mobile than arsenite or arsenate spethas.is due tohioarsenicdhavinga strong
anionic charge whereas arsenite and arsenate spegigsutral or weakly anionic. In
addition, thioarsenic formation is associated with decreased toxicity (Stauder et al.,

2005). Disequilibrium of As species is well known (Lindberg & Runnells, 1S&4edley
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& Kinniburgh, 2002 which is why both oxidizedral reduced species are frequently

detected together.
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Figure 1.3: Eh-pH diagram for common As species. Shaded regions indicate solid phagbsSisto et
al. (2011)for explanation of diagram constructioFhesecalculations weréor averageMontague field
pore water conditions

1.2.3.2 Hydrogeology

The hydrogeology of a tailinggepositdetermines how contaminants will move
through and away from the original source. Deposited tailings can vary greatly in size
and depthas they may be less than 10 ha to several square kilometers in surface area and
from a few meters to over 50 meters thick (Blowes et al., &068rther variability in

tailings piles is in their depositional patteriseposition of tailings occurs by pying
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the waste material, in the form of a slurry, to an impoundment area (Blowes et al., 2003b;
Bussiére, 2007). Depositiorstiategies for tailings disposal can vary from a single
discharge point to a multlischarge design where tailings are depositechfseveral
spigot points. The depositional method will determine how tailings become hydraulically
sorted. For example, tailings discharged from a single spigot point will result in-coarse
grained tailings near the point of dischaegelfiner-grained tdings will settke further
away, following StoksdLaw. Historically, typical disposal sites were ldywng areas or
water bodies, such as streams or lakes, near the mill sites (Robertson, 1994). Modern
tailings disposal makes use of dams and impoundmieets With impermeable synthetic
or clay liners that can retain the tailings and minimize seepage into the local environment
(Ritcey, 1989).

During deposition, spigot points are often moved around, resulting in stratigraphic
heterogeneity of overlapping less of variable grain sizes (Robertson, 1994; Blowes et
al., 2003bBussiére, 200)7 As a result, tailings piles vary greatly in grain size, hydraulic
conductivity, and porosity, both laterally and with depth. Undisturbed giinged
tailings have hydrdic conductivity values fronl x 10* to 1 x 10° cm/s(Bussiére,
2007). In tailings with high hydraulic conductivity, contaminéetring waters may be
transported away from thailings source more quickly than from tailings with low
hydraulic conductity. Similarly, the hydraulic gradient may vary across a tailings pile
and also seasonally. Older tailings present a greater threat to the formation of AMD and
release of metals as they often have a-delleloped unsaturated zosmed may have
higher sulfige content Sulfide oxidation rates are greater where exposure to atmospheric

oxygen is high, such as in the unsaturated £Blmves & Jambor, 199@lowes et al.,
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2003b).Infiltration of meteoric waters will also be high in this zone, so released
contamirants can be carried through the tailings and to deeper ground®mees &

Jambor, 1990)

1.2.3.3 Redox Reactions

Prior to impoundments becoming a more popular means of storing tailings, it was
common practice to discard tailings into the environment, such as was done in Nova
Scotia. Often, the tailings were deposited into-lging areas such as wetlands. The
abundane of decaying organic matter in these environments maintains reducing
conditions.Waterscloser to the surface of the tailingave higher Eh becaut®ey are in
direct contact with atmospheric oxygeédnce oxygeln a systems consumed by
decaying orgain matter different types of microbes will oxidize organic matter via
different chemical electron acceptors to derive energy for metabolism in a process called
anaerobic respiration. In suboxic (limited oxygen) and anoxic (no oxygen) waters there
exists gpredictablesequencef redoxreactionsassociated with different electron
acceptors (Tabl&.2). In this sequence, the most energetically favorable reactions occur
first followed by reactions that release less energy. After oxygen reduction, the general
order of microbiallymediated reactions is nitrate (MPreduction, Mn(IV) reduction,

Fe(ll) reduction, and then SOreduction (Ehrlich & Newman, 2008; DeLaune &

Reddy, 2005). Reduction of As (V) is thermodynamically expected to occur between Mn
and Fereduction (Patrick et al., 1996) but the transport and fate of As is affected
throughout these redox reactions by, for example, attenuation and dissolution processes
involving Fe and Mn oxides (e.g. Pierce & Moore, 1982; Edenborn et al., 1986; Brannon

& Patrick, 1987; Belzile & Tessier, 1990; Bose & Sharma, 200&holas et al., 2003
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In the absence or upon consumption of these electron acceptors, methanogenesis and then
fermentation occur, indicating extremely reducing conditions exist. The Eh of

groundvaters does not decline linearly as oxidizers are consumed along a flow path.
Instead, the Eh remains constant until a particular oxidizer is consumed, then the Eh

drops and stabilizes again. This process is similar to pH buffering in that each reaction

will buffer a system until the electron acceptor is depleted and then the Eh drops to the
next Eh plateaurhermodynamics predicts an orderly progression of the dominant

electron acceptors (i.e. oxidantbytthere may be multiple oxianoxic interfaces ia

sediment profile (Baker et al., 2000).

Table 12: Progressive redox reactions occurring in oxic to suboxic to anoxic environments. Organic
matter is simplified to CED. From Baker et al. (2000).

Process Reaction GibbsFree Energy D(&cal)
Aerobic Respiratior CHO +Q=CQ+ HO -120
Denitrification CHO + 4/5N@ + 4/5H = 2/5N, + 7/5H0 + C@ -113.9
Mn(1V) Reduction CHO + 2MnQ@+ 4H = 2Mrf* + 3HO + CQ -81.3
Fe(lll) Reduction CHO + 4Fe(OH)} 8H = 4F&'+ 11HO + CQ -27.7
SQ* Reduction CHO + 1/2SE + 1/2H = 1/2HS+ HO + CQ -25.0
Methanogenesis CHO + 1/2CQ= 1/2CH+ CQ -19.2
Fermentation CHO + 1/3HO = 1/3CKDH + 1/3C® -8.6

1.2.4 Arsenic-bearing Minerals in Mine Tailings

Arsenic occursvithin over 300 mineralsfrahota & Filippi, 2009) but in mine
tailings it is generally associated with sulfides, arsenates, and oxides. It can also occur as
a coprecipitate with other minerals or may be adsorbed on mineral surfaces. The pH and
Eh conditios in a tailings impoundment lead to a distinct mineralogical zonation

(Jambor, 2003). As primary sulfide phases oxidize, secondary mineral phases will likely
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precipitate over time. These new mineral phases can act as a sink or source of

metal(loid)s in mming environments (Alpers et al., 1994

1.2.4.1 Sulfides

The base of a tailings deposit is often a reducing environment, which creates
favorable conditions for sulfide mineral stability. In anoxic conditions, bacteria uge SO
as the terminal electron acceptorthe heterotrophic respiration of organic matter (Table
1.2). During this process, organic carbooxidizedand SQ” is reduced to dissolved
sulfide. Under strongly reducing conditions (EBSO mV), dissolved sulfide can become
involved in different m&al(loid)-attenuating processes depending on the dissolved
concentrations of Fe, As, and other elements. Mechanisms of sequestration include
precipitation of arsenian pyrite, realgar, and orpiment. Arsenopyrite can sequester
significant amounts of As bus not known to precipitate in lotemperature conditions
(Smedley & Kinniburgh2002. However, its dissolution is an important process in
oxidizing environments (Section 1.2.4.2 to 1.2.4.4). In reducingtéonperature
environments, there is evidence fthe precipitation of other Fe sulfides and As sulfides
(Farquar et al., 2002Bostick et al., 200106 Day et Walthers et al2 P0QH4 ;
Wilkin & Ford, 2006).

Iron (11l) oxyhydroxide minerals (Section 1.2.4.4) are unstable in reducing
environmentsand their dissolution is the source of Fe for most Fe(ll) sulfides (Langmuir,
1997). During the sulfidation of Fe(lll) oxyhydroxisléRickard, 1975; Poulton, 2003;
Poulton et al., 2004)¢(ll) is released and reacts with the dissolved sulfide produced

during organic matter respiration. At low temperature, amorphous Fe monosulfide is
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typically the first Fe sulfide to form and will precipitate from solution as (Schoonen &
Barnes 1991):

Fe" + H,S° A FeS + 2H Equation 1.7

Pyrite eventually forms thral sulfidation of the metastable Fe(ll) sulfideghe

following sequenceFeS(am)y mackinawite (FeSA greigite (FeSs) A pyrite (Fe%)
(Langmuir, 1997). Mackinawite is widespread in low temperature environments/and
time will transform into more stble phases such as greigite agdte (Benning et al.,

2000; Rickard & Luther, 2007), and if there is excess Fe(ll), magnetig@Hgellige

et al., 2012). Uptake &s through adsorption and/or coprecipitation occurs for
mackinawite (Farquar et aRp02; Wolthers et al., 2002; Gallegos et al., 2008), greigite
(Wilkin & Ford, 2006; Kirk et al., 2010), and pyrite (Savage et al., 2000; Farquar et al.,
2002; Bostick & Fendorf, 200Z a ¢ h a r ., 2@, Béahchaedlet al., 2007n

addition to Fe sulfles, Assulfide minerals are another form of As attenuation. Orpiment
( Newman et al ., 1997, Bostick et al., 2004
2009) have been identified in low temperature environments. If dissolved As
concentrations angot greater than As or Fe sulfide solubility, As attenuation may instead
occur through adsorption reactions. For example, at low As concentrations, arsenite or
thioarsenite surface complexes sorb to the FeS surface (Gallegos et al.TBeé&)kind

of As attenuation mechanisms involving sulfides are possible in the base of tailings
depositssuch aghose in Nova Scotia where tailings were discharged into a wetland.
Organic material derived from buried wetland vegetation promotes microbial respiration
andthe onset of anoxia. Closer to the tailings surface, these sulfide phases are not stable

and will oxidize, leading to other forms of As sequestrabpAs release
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The oxidative dissolution of Fe and As sulfides releases sorbed or coprecipitated
As intosolution(Holmes, 1999; Fukushi et al., 20Qngke & Temple, 2003; Lengke &
Temple, 2005Walker et al., 2006 Specifically, arsenopyrite dissolution (Equation 1.4)
releases Fe(ll), As(Ill), and SO(Craw et al., 2003; Walker et al., 2006) and further
oxidation produces Fe(lll) and As(V). These released components and the prevailing pH
conditions determine the potential secondary products that precipitate due to arsenopyrite
weathering. In an oxic,cadic environment, arsenopyrite dissolution can lead to the
precipitation of scorodité~eAsQ-2H,0) (Section 1.2.4.2fRimstidt et al., 1994,
Flemming et al., 20Q55alzsauler et al., 2005; Filippi et al., 2007) orl¥zring jarosite
(KFe3(SQy)2(OH)g) (Section 1.2.4.6) (Salzsauler et al., 20B8ippi et al., 2@7). When
arsenopyrite dissolution occurs in an alkaline environment, the released Fe(lIl) will
precipitate as Avearing Fe(lll) oxyhydroxideWalker et al., 2006; Filippi et al., 2007;
Asta et &, 2013) due to the low solubility of Fe(lll) in those conditions. The oxidation of
arsenopyrite is the main source of As in the Nova Scotia tailings and these
aforementioned oxidized As phases, and others, have been identified in the tailings

(Walker etal., 2009; DeSisto et al., 2011).

1.2.4.2 Iron Arsenates

Scorodite is the most common secondasymineralto form under oxidizing and
acidic conditions as a product of arsenopyi@ation (Dove & Rimstidt, 1985; Vink,
1996; Drahota & Filippi, 2009). Scoroditas a high As content (Z&D wt.%) (Fillipou
& Demopoulos, 1997) and low solubility between pH 2.8 and 5 (<0.5 mg/L) (Krause &
Ettel, 1989; Bluteau & Demopoulos, 2007), which make it a suitphkese for As

sequestration in the metallurgy industry (Filpp& Demopoulos, 1997; Welham et al.,
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2000; Singhania et al., 2005, 2006; Bluteau & Demopoulos,; Zfjifa et al., 2008).
Poorly crystalline Fe(lll) arsenate is the amorphous equivalent of scorodite and another
important phase for As attenuation. Itédarred to as hydrous ferric arsenate (HFA),
amorphous ferric arsenate (AFA), or pitticite (Dunn, 1982). Amorphous Feaéessen
not well suited as a disposal option for As sequestration (e.g. Krause & Ettel, 1989;
Langmuir et al., 2006), because it ipegximately 100 times more soluble than
crystalline scorodite (Krause & Ettel, 1988).

At low pH (<2.07 2.4), scorodite is metastable and dissolves congruently
(Equationl.8) (Dove & Rimstidt, 1985Krause & Ettel, 198Bbut at higher pH it
dissolves incogruently to Fe(lll) hydroxide and aqueous As(V) (Equatiod (Dove &
Rimstidt, 1985; Krause & Ettel,988). There is maximum destabilization of scorodite at
pH 7 associated with oxyhydroxide precipitation (Paktunc & Bruggeman, 2010).
FeAsQ-2H,0 +3H" A H3AsOL + Fe* + 2H,0 Equation 1.8
FeAsQ-2H,0 + HbO A H»AsO; + Fe(OH) + H' Equation 1.9
Under reducing conditions (Eh<100mV), scorodite becomes unstable ceauttion of
As(V) and Fe(lll)(Rochette et al., 1998).

KaRk i t es;3.6H@ issin@lar to scorodite and is often found associated
with it, along with amorphous HFA and sulfoarsenates such as bukovskyite
(Fex(AsO)(SOy)(OH)- 7H,0) and zykaite (F£ASOs)3(SOy)(OH)-15H,0) (Drahota &
Filippi, 2009). KaRk i t e itej bmsedrom itshdentifieasion inc o mmo
relatively fewer Il ocalities (Lech et al.,
al., 2010). This phase has been identified in the Nova Scotia gold mine tailings associated

with scorodite (Walker et al., 200PeSisto et al., 2011).
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Additional Fe arsenates such as pharmacosiderite;(K§®,)3(OH)4-6.5H0),
symplesite (F€AsOy),-8H,0), hornesite (Mg(AsOs),-8H,0), and rauenthalite
(Ca(AsOy)2-10H,0) have also been observed inch mine tailings (Brown edl.,

1990; Rimstidt et al., 1994; Paktunc et al., 2003, 2004).

1.2.4.3 Calcium-lron Arsenates

Oxidation of arsenopyrite at high pH results in transformation of As(lIl) to As(V)
and As attenuation in Clae arsenate minerals. Additionally, it is possible forFea
arsenates to precipitate over time concurrently with sulfide consumption and increasing
pH. Under such conditions, scorodite and other Fe(lll) arsenates become unstable and can
convert to CaFe arsenate$@ktunc et al., 2003, 200dia & Demopoulos, 2008Bluteau
et al., 2009; Surour et al., 2013). Wnaxic, circumneutral condiins phases such as
yukonite CayFer2(AsOs)10(OH)20- 15H,0) and arseniosiderite (ge:* (AsOs)30,-3H;0)
(Dunn, 1979 can be found in the oxidation zone of-Besaring ore districtand as an
oxidation product of Adearing wastedihaljevic et al., 2008 Yukonite was first
discovered in the Yukon Territoryfyrrell & Graham, 1913and has elsewhere been
detected in trace amounts, particularly from gold mines Ragtunc et al., @4;

Salzsauler et al., 2005; Filippi et al., 2007; Shuvaeva et al., 2007:Apanlera et al.,
2008; Pereira de Andrade et al., 2008; Lim et al., 2009). Other occurrences include
Sterling Hill Mine, Saalfeld, Thiringen, Germany (Ross & Post, 1997); maeposits,
Redziny, Poland (Pieczka et al., 1998); Nalychevskie hot springs, KamadRatsiaa

(Nishikawa et al., 2006); and Grotta Della Monaca cave, Italy (Garavelli et al.).2009
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1.2.4.41ron Oxides

Iron oxides exist in the environment as a wide rangéhases that vary in
stability, surface area, and reactivitya(sen & Postma, 2001; Cornell & Schwertmann,
2003. These include ferrihydrite, lepidocrocite, goethite, and hematite. Ferrihydrite has a
variable chemical composition but is usually reporteBFresO3-9H,0 (Das et al., 2011)
and referred to as amorphous Fe(@ét)as hydrous ferric oxide (HFQyon oxides are
characterized by their small particle size
environmentally relevant pH rang8gosito 2008)Over time, less stable oxidesch as
ferrinydrite and lepidocrocite may recrystallize into more stable feunk agoethite
(Cornell & Schwertmann, 2003; Majzlan et al., 2003; Pederson et al., 2006). The rapid
oxidation of Fe(ll) at pH 8 (Stumm & Morgafh996) initially produces ferrihydrite.
These initial precipitates have a higher surface area compared to more crystalline phases
(Sharma & Sohn, 200@9)nd during transformation from less to more crystalline phases,
adsorbed ions may be desorbed dueaddhks in surface area (Smedley & Kinniburgh,
2002). However, during aging to more crystalline Fe(lll) phases Asafsajpecome
incorporated into the crystal structuRe@lerson et al., 2006). Coprecipitation of As with
Fe oxyhydroxides has been documeént€arlson et al., 2002; Morin et al., 2003
Arsenic concentrations in Fe oxides can reach weight pevakrms especially when Fe
oxides have formed as oxidative products of primary sulfide minerals containing As
(Smedley & Kinniburgh, 2002).

Under anaic conditions, Fe(lll) oxides are reducedianill release Fe(ll)
(Lovley, 1992).This process decreases available surface area, may change not only Fe

but As speciation as well, and release adsorbed or coprecipitat&d e €t al., 2006;
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Tufano & Fenaorf, 2009. Release of As durindhé reduction of Fe oxiddsas
contributedto the major As groundwater contamination issues in Southeast Asia
(Nickson et al., 2000; Bose & Sharma, 2002; Horneman et al., 2004; van Geen et al.,
2004).However, other work leashown As is not always released during reduaifdfe
oxides Pederson et al. (2006) found As release only occurs once the Fe oxide surface
exceeds itgapacity for adsorbing more As.

In the presence of Fe(ll) and limited sulfide, mixed Fef#)11l) phasesuch as
fouger i t e ( A ¢Fe'eFe®n(OH)HCOL)-8H,0)) or magnetite may precipitate
(OnaNguema et al., 2002; Hansel et al., 2003; Pederson et al). 200Be presence of
carbonate, siderite (FeGOmay also form. These phases can adsoranisare
considered important trapping mechanisms in reducing environments where Fe is high
and dissolved sulfide is insufficient to precipitate sulfideardall et al., 20QIKocar et
al., 2008.

Typically, Feoxide surfaces are positively charged atdopH and negatively
charged at higher pH. As surfaces acquire morei@td and become more negatively
charged, positively charged cations are more likely to be adsorbed. However As
oxyanions are either negatively charged or neutral and will sorb tavetsithargel
surfaces insteaddany studies provide evidence of Fe oxides efficiently scavenging As
by adsorptiond.g.Pierce & Moore, 1982; Fuller et al., 199®aychunas et al., 1993;
Manceau, 1995; Sun & Doner, 1996; Fendorf et al., 1997; Goldbeoh8stbn, 2001;
Randall et al., 2001; Farquar et al., 2002; Cornell & Schwertmann, 2003; Sherman &
Randall, 2003; Fukushi et al., 2004; Pederson et al., 2d068son & Sherman, 2008n

particular, this is an important process at mine sites (e.g. Paitah¢ 2003; Courtin
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Nomade et al., 200%Valker et al., 2009¥1ajzlan et al., 2007; Cheng et al., 2009

Lottermosey 2010;Drahota et al., 2012

1.2.4.5 Manganese Oxides

Manganese oxides are anotiraportantgroup of secondary minerals then
attenuate met@bid)s. Manganese oxides often have poor crystallif8pyafks, 2003) and
mixed oxidation states. Most occur as fine grained aggregates, nodules, crusts, dendrites,
or coatings (Post, 1999). hatural systems, Mn occurs in the, +111, and +IVoxidation
states with multiple oxidation states possible in single mineral phases. For example,
manganite (MNOOH) may contain only Mn(lll) or a mixture of Mn(Il) and Mn(lV) (Post,
1999). There are more than 30 Mn (hydr)oxides, some of which are listed inITable

(Post, 1999).

Table 13:; Examples of Mn oxide minerals.

Mineral Formula
Manganite MnOOH
Birnessite (Na,Ca)Mr0O42.8HO
Pyrolusite MnG,
Bixbyite Mn,O;
Hausmannite Mn?'Mn,>'O,
Todorokite (Ca,Na,KjMn*"; Mn*")s01,-3.5H0
Rhodochrosite MnCQ

The more crystalline forms of Mn oxide have a wide variety of structbuegenerally
form either phyllomanganates (layered structure) or tectomanganates (tunnel structure).
Under oxidizing conditions, most Mn(ll) precipitates aglf@imanganatesT(ebo et al.,
2004).
Like Fe, Mn is highly redox active and Mn oxides will precipitate under oxidizing

conditions and reductively dissolve under reducing conditions. In its oxidized form (Mn
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[, V) it is a strong oxidant and adsorbent 8adl999). Manganese oxides can adsorb
As (Deschamps et al., 2003) aamdo oxidize As(lll) to As(V) Moore et al., 1990
Nesbitt et al., 1998; Manning et al., 2002; Tournassak ,e2002; Ouvrard et al., 2005
Arsenite oxidation by Mn converts the maoic As(lll) to the less toxic As(V) and is a
rapid process between pH 8.2 (Scott & Morgan, 1995). This creates new sorption
sites for As(V) (Manning et al., 2002) and can result in precipitation of Mn arsenate
(Masschelyn et al., 199Tournassat «tl., 2003. Under reducing conditions, Mn(1V)
oxides will dissolve releasing As via desorption or dissolution of coprecipitated Mn

phases (Van Cappellen et al., 1998).

1.2.4.6 Sulfates
Tooeleite (F&(AsSOs5)a(SOr)(OH)4-4H,0) is an arsenite sulfate that was first

discovered in mine waste at the U.S. Mine at Gold Hill, Tooele County, Utah in 1964
(Cesbron & Williams, 1992)Since then, it has also been detected in AMD impacted
creeks in FranceMorin et al., 2003, 2007; Egal et,&2009 and hydrometallurgy wastes
of S&o Bento gold mine, Brazifarquez et al., 2006}t has been shown experimentally
that tooeleite forms through bacterially mediated precipitation where Fe(ll) is oxidized to
Fe(ll) in the presence of high dissolved As(IIMdrin et al., 2003 Toodeite has also
been identified in the gold mine wastes in Nova Scotia in association with HFA (Walker
et al., 2009DeSisto et al., 2001 This phase is of interest for its potential to fix As(lll) in
mineralprocessing wastéVorin et al., 2003; Marquez al., 2006 Nishimura & Robins,
2008.

Arsenic can also substitute into secondargeralssuch as jarosite
(K,Na,H;O)F&(SOy)2(OH)e) and gypsum (CaSe2H,0) (Filippi et al., 2007; Savage et
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al., 2005; Fernandeilartinez et al., 2008; Lin et al., 2013&rdsite can form where

sulfide oxidation creates acidic conditions and can incorporatg®Asfreplacing SGF
(Dutrizac et al., 1987; Paktunc & Dutrizac, 2003; Savage et al., 2005; Salzsauler et al.,
2005). Arseniebearing jarosite and schwertmann(iesOs(OH)s(SOy)) have been

identified inhistoricalgold minetailings from Nova Scotia (Walker et al., 2009).

Gypsum has beesuggesteds a potential form of As sequestration, however its major

disadvantage is its high solubility.

1.2.5 Arsenic Contamination & Human Health

Inorganic As is classified d®th a toxin ané Group | carcinogen based on
human epidemiological datfARC, 2004). Arsenités more toxic than arsenate
however most internationagafe drinking water guidelisere presently based only on
total dissolved As concentratioldSEPA, 2001; Health Canada, 2008HO, 2011).
Once ingestednost inorganic As will become abrbed and undergo reduction reactions
to organicAs species. This transformation process works to eliminate most As from the
body. However, inorganic forms are not always completely methylated and excreted
(Hopenhayn, 2006 which is when health problems arise. Arsenic is toxic because of the
way it interferes with sulfhydryl groups in proteins and enzyr@ebél, 2000 It is
known to deactivate over 200 enzymes in the body. In addaisenate ionkave a
similar structure to phosphaa@d can substitute for phospherin the body (Bissen &
Frimmel, 2003 Sracek et al., 2004Arsenic can also block energy processes in
mitochandria Partridge et al., 2007) atichit DNA repair processe¥ afez et al., 2003).
Human exposure to As occurs through stgmn, inhalation, and dermal

absorption, which is why the organs most affected by As are those involved in these
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exposure pathway3hese include the gastrointestinal tract, circulatory system, liver,
kidney, and skin. Longerm intake of As may cause arsenicosis, which collectively refers
to the negative health impacts associatetl ahironic As exposur& hese impacts
include skin poblems (dermal lesions, keratosis), peripheral neuropathy, and various
cancers (skin, lung, bladder, liver, kidn€yCS, 2001).

Major regions of the world where arsenicosis is a l@gge human health issue
are in Southeast Asand include Bangladesimdia, Cambodia, Myanmar, Vietnam, and
Taiwan(Smedley & Kinniburgh, 2002yg et al., 2003; Sharma et al., 20440
references within)Other areas of concern include regions of Argentina, Chile, Mexico,
and the USA (Smedley & Kinniburgh, 2002; Ng et 2003).Arsenic concentrations in
Canadiardrinking wates are generally lower than those in Southeast Adialgon et al.,
2010) even though most provinces and territories across Canada do have some areas
where As existin private drinking waterNlcGuigen et al., 2010). INova ScotiaAs
contamination of well water is considered a significant problem. Throughout many parts

of the province well waters are deemed

five

exceed the Health Cantothalocglbedrdckdeologge of 10 ¢

(Chappells et al., 2014; Novascotia.ca, 200%)e of the earliest investigations into

human health risks associated with the mine waste was initiated when aaj/a\exla
Scotia resident was diagnosed with chronic As porsptindmarsh et al., 1977T.ap

water fromhisi ndi vi dual 6 s, wlhch was eetewingadunaf fromenaste

rock and tailingswas found to have As concentrations 500 times the current guideline of
10 eg/ L. Il n r es pons eprceavaskleveloped toassess theds s e

problem in Wavesdy and other Nova Scotia gold districts. In a follow study of 92
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Waverky residents, two were diagnosed with severe As poisoning and 29 had mild
symptoms (Hindmarsh et al., 1977). It was also folnadl 13% of 642 wells in Nova
Scotia gold districts exceeded the drinkin
andnatural mineralization in bedrock wHge main Assource (Grantham & Jones, 1977).

More recently, in a study where 3500 participantznsitted tap water samples for As
testing, 9% of samples from drilled wells
(Chappells et al., 2014). Yu et al. (2014) similddynd private drilled wells had higher

As concentrations compared to other dug wells aminipal drinking water sources.

Based on a significant relationship between drinking water and toenail As concentrations
they concluded private drilled wells are an important source of As exposure in Nova

Scotia.

Human health hazards resulting from expedora contaminarguch asAs are
controlledby bioavailability, which is the fraction of a compound that can reach the
bloodstream, and bioaccessibility, which is the fraction of a compound that is soluble in
the gastrointestinal tra¢Ruby et al., 1999)The bioavailability of As is directly related
to its mineralogical form, including particle size, sorption behavior, and solubility (Ruby
et al., 1999; Juhasz et al., 2007; Kim & Rytuba, 2@#lak, 2012. Recent studies on
the Nova Scotia gold mineiliags have demonstrated this relationship between
bioaccessibility and As mineralogy. Meunier et al. (2010) found the lowest
bioaccessibility<1%) is associated with tailings containing arsenopyrite and scorodite.
However, tailings containing Clae arseates have a much higher bioaccessibility (49%).
Amorphous Fe arsenates and#earing oxyhydroxides have intermediate

bioaccessibility (110%). These results show thatlmonatebearing gold mine tailings
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may not, for the most part, be associated with AMit,nearneutral conditions still
present a risk to human health.

In addition to the high As concentrations associated with these tasgixgsnding
residential development is a concern for increased human exposure. In 2006, the Province
of Nova Scotia posted signslaith Montague and Goldenvilend distributed letters to
local residentsvarningof the high levels of As in local soils atailings However,
people still frequent the sites to ride dirt bikes and ATVs. Dust inhalation through
activitiessuch aghis is a prinaryroute of As exposureJorriveau et al., 2011a). In
addition, wind can transport Asearing dust away from the mdeilings. Thestreams

that cut through the tailings are another route of As transport away from the tailings.

1.2.6 Remediation Challenges

Remediation ofnetalmine waste commonly focuses on preventing sulfide
oxidation and the generation of AMD. To do thisleaist one of the components
necessary for AMD generation (Equatidn& to1.3) must be eliminated. As such,
remediation strategies are intended to do at least one of the following (Lottermoser,
2010): exclude water infiltration, exclude oxygen ingresstrobpH, control Fe(lll)
generation, control activity of bacteria, or remove sulfides. For the Nova Scotia tailings,
the main issue is less about AMD and more about controlling As migration and limiting
human exposure to the tailings. In addition, redidéareas encroach many of the
abandoned gold miseandlocal residents have a desire to maintain access to these sites
This adds another dimension to remediation decisions. The most likely remediation

options and their challenges are described below.
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1) Fencing: AMD is na draining from these tailings sm option that would prevent
residents from continuing to use the tailings is to fence the sites. However, there is
community resistance to thiences would be subject to vandaliemdthey
would not eiminate dust hazards and the continued migration of As downstream
away from the tailings.

2) Limestone Cover:Liming is often chosen as an effective approach for
neutralizingacidic mine drainage. For Asearing mine waste, lime addition has
been shown to rette dissolved As mobility through the formation of Ca
arsenategBothe & Brown, 1999)This may be an effective method in the short
term for attenuating dissolved As.

3) Removal: Excavation of the tailings would be an expensive optamad would
require dispsal in some sort of hazardous waste management fabiliggdition,
this would expose currently reduced sulfides in deeper tailings, poteteadiyng
to AMD and enhanceds release (Figure 1.4)

4) Dry Cover: Due to the issuesbove, application of a dry covirlikely the best
remediatioroption. Dry covers of variable compositions are considered to be an
effective approach to limiting acid generation by preventing oxygen irdiok
migration of contaminants by limiting preidtiation draining into the tailings.

These type of covers are constructed of low hydraulic conductivity materials
(Lottermoser2010), examples of which include:
A Organic materials: biosludge/sewage sludge (Hallberg et al., 2005;
Cousins et al., 20Q%indsay et al., 2011Paktunc, 2018 wood chips

(VanRensburg & Morgenthal, 20Q4)y ash (Xenidis et al., 2002)
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A Geosynthetic materials (Aubertin et al., 2000; Bouazza & Rahman; 2007
Hosney &Rowe, 2013; Rowe & Hosney, 2013

A Soil (Yanful, 1993; Woyshner anda¥iful, 1995)

A Low-sulfide (Demers et al., 2009) or desulfurized tailings (Romano et al.,

2003)

The challenge associated with any sort of cover at the Nova Scotia tailings sites is
the wicely variable stability conditions under whitthe complex suite oAs-bearing
minerals currentlgxist. These phases and theirft niches include Farsenates
(oxidizing, acidic), Care arsenates (oxidizing, alkaline), and sulfides (reducing). Covers
are a typical form of remediatiphut placing one over minerals that €xinder variable
geochemical environments could induce reducing conditions and destabilize at least some

of these phases, exacerbating the release of dissolved As to local waterways (Figure 1.4).
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Figure 1.4 Potentialgeochemical changes under a soil cog¢rReductive dissolution of Fe arsenat@},
reductive dissolution of GRe arsenates and Agaring oxides, an@) oxidative dissolution of sulfides.
Arsenic ERpH diagram fronDeSisto et al. (2011)

1.3 INFORMATION APS

Many authors have studied the contamination problems associated with metals in
soils, sediments, and aquifers caused by mining activitiesNe@regor et al., 1998l
et al., 2000; Dold & Fontbotée, 2001; Blowes et al., 2003b; Jambor, 26@G8rmoer,
2010). Similarly, studies on the mineralogy of As in gold mine tailings (e.g. Craw et al.,
2000; Roussel et al., 2000; Gieré et al., 2003; Paktunc et al., 2003, 2004; Haffert & Craw,
2008; Walker et al., 2009; Haffert et al., 200drriveau et al., 201 and impacts on

groundwaters (e.g. Juillot et al., 1999; Saxena et al., 2004, Sigel et al., 2005; Sigafusson
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et al., 2008) are plentiful. The current work is distinguished from this large body of

literature by addressing the following gaps in research.

1.3.1 Subsurface Tailings Mineralogy & Geochemistry

Volumetrically, subsurface tailings represent the largest proportion of tailings at
most Nova Scotia gold mirstes The strongly weathered horizons generally do not
extend more than a meter deep. Howeveremedetailed mineralogical studies by
Walker et al. (2009), Corriveau et al. (2@),Jand DeSisto et al. (2011) all focus on this
relatively narrow layer of weathered material, whicmisstsignificant to human health
but is not representative of theain volume oftailings. There is a need to characterize
the mineral hosts for As in the subsurface material to better understand the existing
controls on As mobility and implications for future reprocessing and/or remediation of

the tailings across Nova S@tand at similar sites worldwide.

1.3.2 Hydrogeology

Hydrogeology influencecurrent geochemical conditions observed in the tailings
throughvariable saturation conditions and groundwater flow direction. The baseline
hydrogeological contions at Montague anddRienville were firscharacterizedh
Environmental Site Assessments (ESA) conducted at these st@@7rand 2008The
hydrogeological portion of these assessments identified groundwater flow diredtien
unconsolidated materials beneath the tailitgsugh triangulation between three drilled
wells at each sitelhis is the minimum required to determine groundwater flow direction,
but flow patterns may be more complicated given the complex natwadings. In
addition, the ESAs did not include any study of the potential interaction between

groundwater and the streams that flow through the tailings. These streams may be an
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important vector in As dispersal away from the tailiagd their interactio with tailings

pore waters must henderstoogrior to implementing any remediation plan.

1.3.3 Remediation

The Cochrane Hill Gold Mine is the only gold mine site in Nova Scotiare
historical tailings (from mining in the 1980s) have beemediatedRarsonst al., 2012
The extent of remedial activiiy 20042005consisted of flagnng the tailings and
covering them with clean fill and grass seed. Pestediation geochemical conditions
have not been monitored here so the impacts of applying this tyoeefon these
tailings are not known. Recently, various cover options for the Nova Scotia gold mine
tailings have been simulated in lab experimeKisvalench, 2010; Rowe & Hosney,

2013) and tested in the field (Hosney & Rowe, 2013).

Other studies have grhasized the importance of understanding the \naghging
mineral stability conditions in gold mine tailings for remediation purposes (Paktunc et al.,
2003 Foster et al., 20)1The potential for As release under a soil cover due to changing
chemical conitions has been suggested by Brandberg et al. (1994) and reported in
Paktunc (2013). A biosolgdcoveron gold mine tailingsvas investigated in Paktunc
(2013) and the high organic content caused reducing conditions to develop, leading to
reductive dissoliion of As-bearing phases$n comparison, it is not known how a shallow
soil cover of low organic matter composition will affect current geochemical conditions

in gold mine tailings such as those in Nova Scotia.
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1.4 THESIS OBJECTIVE& STRUCTURE

Building on hese areas described above, the goals of this Ph.D. were to:

1) Determine if all suburface tailingst Montague and Goldenvillre alike
in terms of their As hosts and stability

2) ldentify present day hydrogeochemical controls on As mobility in sub
surfacetailings to better understand the stability of solid phase hosts for
As and what this means for As release to local ground and surface waters
with time.

3) Identify the potential geochemical changes (e.g. onset of reducing
conditions, increases in dissolvad) caused by covering the Nova Scotia
tailings types with a soil cover.

4) Provide new geoscience knowledge that can be used to predict how
heterogeneous gold mine tailings may react under a soil cover.

The second, third, and fourth chapters of thisithase manuscript chapters and

include the following:

A Chapter 2Focuses opresentday geochemical controls on As mobility in the
subsurface tailings and at the Agardpan surface tailings to gain a better
understanding of the overall stability of solid phase hosts for As, and what this
means in terms of As release to localugrd and surface waterBhe results
from ESEM and synchrotrebased microXRD analyses are presented and
discussed relative to pore water reactions occurring in the tailings.

A Chapter 3Describes the hydrogeology and surface water chemistrytfiem

Montague and Goldenvillgold districts Themineralogicalfindings from
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Chapter 2 are placed in the context of groundwater flow and surface water
interaction with the tailings.

A Chapter 4Presentsesults from a column experiment testing the geochemical
respone of placing a 30 cm thick soil cover on the four tailings tygneral
guidelines that can be used to optimize the remediation of historical gold mine
tailings are discussed.

The final chapter is a summary of the main findings and original contributmmsthis

research, along witbuggestions fofuture work.
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Chapter 2
Vertical Variations in Arsenic Hosts Following Long  -term

Weathering of Gold Mine Tailings

2.1 INTRODUCTION

During the process of mining, metals are extracted from ore through various
crushing and refining procedures. Tdxact methoddepend on ore and gangue geology
and thereforenay vary from one mine to anothétowever, the production of mine
waste is a casistentfeatureof all mining operations. Tailings are a specific kind of mine
waste produced as the residual material left after the crushing, grinding, and ore mineral
separation steps at a mine site. This waste material is distinct from waste ttwtk in
tailings aredeposited aa finegrained sedimenivater slurry (Lottermoser, 2010). Grain
size of tailings ranges from <25&gm to 1 mm
gangue and residual ore minerals, including sulfide minerals, can become exposed
atmospheric conditions as crushing and processing disperse these phases through the
tailings waste. The most common sulfide minerals in metal mine wastes are pyride (FeS
and pyrrhotite (F&S), but also include other sulfides that, upon oxidation,reease
potentially harmful elements (e.g. As, Cd, Co, Cu, Hg, Pb, Zn) to local waters. The
oxidation of pyrite by atmospheric oxygen proceeds as shown in Equation. 2.1 where
oxygen oxidizes S[) in pyrite to S(VI) in sulfate and two moles of acid asteased:

FeS + 7/20 + H,O = Fé* + 2SQ7 + 2H" Equation 2.1
Under oxic conditions, the ferrous Fe produced in this step will be oxidized to ferric Fe

(Equation 2.2):
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Fe* + H" + 1/4Q = F€* + 1/2H0 Equation 2.2
This stepconsumes hydrogen ionsut the ferric Fe acts as an additional oxidant on
pyrite under acidic conditions, producing more acidity (Singer & Stumm, 1970)
(Equation 2.3):

FeS + 14F€" + 8H,0 = 15Fé" + 2SQ% + 16H' Equation 2.3
This general sequencé reactions, catalyzed by bacteria, produces acidic, +retal
waters referred to as aawline drainage (AND). Most minerals are more soluble at low
pH, which explains why dissolved metals are characteristic of AMD. Due to its
prevalence, AMD has beerpamary focus of environmental mine waste management.
However, impaired water quality can also occur underawdic conditions.

Instead of acidic pH, mine drainage can have similarly high dissolved metal and
sulfate concentrations to AMD, but circumnelippH (Scharer et al. 2000). Several
elements (e.g. As, Cd, Cu, Mn, Se, Sb, U, Zn) will remain mobile and can persist in high
concentration under neutral pH conditions (MEND, 2004). Multiple studies have
documented the occurrence of neutral mine draifage Kwong et al., 2007; Lindsay et
al., 2009; Desbarats et al., 2011; Majzlan et al., 2011). A specific example of neutral
mine drainage is associated with the oxidation ebAaring minerals in gold mine
tailings. These tailings may contain sulfidesh aspyrite or arsenopyrite (FeAsS) that
will generate acidity and release As upon oxidation, but the tailings may also contain
sufficient neutralizing potential to consume and limit acidity (Savage et al., 2000; Haffert
et al., 2010). Orogenic gold dejitss such as in the Meguma Terrane of Nova Scotia,
typically have quartl o mi nant vein systems with O 3 to

carbonate minerals (Groves et al., 1998; Ryan & Smith, 1998). Gangue and alteration
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minerals include muscovite, chloritglagioclase, biotite, amphibole, tourmaline and Ca
Mg-Fe carbonates (Seal & Hammarstrom, 2003). Orogenic gold mine drainagelyypical
has a pH range between 4.5 &8 (Seal & Hammarstrom, 2003). These higher pH
values reflect the abundance of carbonateenals relative to minor amounts of sulfide
minerals within the ore deposit.

From 1861 to the mid940s gold was produced from 64 mining districts across
the Province of Nova Scotia, Canada (Bates, 1987) generating more than three million
tonnes of tailigs. Since deposition, sulfides within these tailings have been oxidizing and
releasing As to gre waters. Water samples (n=)1&bllected from nine of these mine
sites between 2003 and 2005 shoediand i ssol ved As concentratio
(range 0.2t® 5 8 0 whgréatbgselind e vel s A (Parsorsztal., 2042). The
surface waters are generally circumneutral to slightly acided{an pH 6.1(DeSisto et
al., 2011; Chapter 3At the Montagueind Goldenvillesites, median tailings pore water
pH is 6.6and ranges from 2.to 8.7 (DeSisto et al., 2011; this Chapt@ihe more acidic
pH values occur where sulfide concentratal@posed with the tailings has weathered
into hardpan layers cemented by secondary Fe arsenate and Fe oxide minerstis @DeS
al., 2011).

Volumetrically, the subsurface tailings represent the largest proportion of tailings
at most Nova Scotia gold mine tailings sites. The strongly weathered surface horizons
generally do not extend more than a meter deep. Howeveretéied mineralogical
studies by Walker et al. (2009), Corriveau et al. (2),14nd DeSisto et al. (2011) all
focus on this relatively narrow layer of weathered material. The surface tailings are

significant for being host to high As concentrations, wiak implications for human
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and other bioreceptor exposyBaunders et al., 2010, 201but are not representative of

the tailings in general. There is a need to characterize the mineral hosts for As in the
subsurface material to better understand tligtiag controls on As mobility and

implications for future reprocessing and/or remediation of the tailings across Nova Scotia
and at similar sites worldwide.

The first objective of this work wsato determine if all subsurface tailings are alike
in terms oftheir As hosts and if subsurface tailings reflect the varied tailings types at
surfacein the Nova Scotia tailingg'he second aiwas to identify presentlay
geochemical controls on As mobility in the subsurface tailings and at tHeandpan
surface tdings to gain a better understanding of the overall stability of solid phase hosts
for As, and what this means in terms of As release to local ground and surface waters.
Water chemistry of these tailings has been reported previously (DeSisto et al., 2011,
Parsons et al., 2013)utit has not been linked to the distinct tailings types, with the

exception of hardpan tailings.

2.1.1 Study Sites & Targeted Tailings Types

Six types of tailings from Nova Scotia gold mine sites were identified in Walker
et al. (2009pased on neasurface samples
1) Arsenopyriterich mill concentrate
2) Mill concentrate that has completely oxidized to scorodite (FeA30Q0);
3) Tailings dominated by ferric arsenate minerals (scorodif&itea
(FeAsQ-3.5H,0), amorphous hydrous ferrgrsenate) that have become

cemented into hardpan layers;
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4) Carbonatébuffered tailings containing Clae arsenate mineragsich ag/ukonite
(CarFer2(AsOs)10(OH)20- 15H,0);

5) Transitional tailings where the carbonate buffering capacity has depleted and
evolved ino a more acidic environment; and,

6) Saturated tailings in lovying areas where reducing conditions exist. These
tailings contain unoxidized arsenopyrite with amorphous hydrous Fe arsenate and
hydrous Fe oxide in locally oxidized areas. Authigenic real§ssS;) hasalso

been detected in these tailings.

I n the current work, types 1, 2beamimgd 3 ar e
tailings, o0 type 4 are fihigh Ca tailings, 0
tailings. o

Sample locatins(Table 2.1)in the current studwere chosen from two of the
former Nova Scotia gold mines for solid and water collecliom each of these tailings
types. Montague Gold Minegigure 2.1) is a residential community located just outside
the urban coref Halifax Regional Municipality. This site consists of two tailings flats
separated by a thin line of trees with denser forest separating the nearest homes from the
tailings. The Goldenville district (Figuiz2) is located 3 km west of the community of
Sherbrooke along the eastern shore of Nova Scotia and is approximately 50 km south of
Antigonish. This area is more rural compared to Montague but there are still homes
within 200 m ofthe tailings. Waste rock piles exist throughout both sites along véth th
remnants of various stamp mill foundations. Both sites are frequented as recreational

areas where local residents use ATVs and motorbikes.
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Table 2.1: 2009 sample locations shown in Figures 2.1 and 2.2.

20T, NADS83 NearSurface Description

Easting Northing Tailings Type
MONTAGUE
MGL1 0458664 4951487 Hardpan Just west of trees dividing upper/lower tailings
MGL2 0458647 4951521 Oxic Sandy tailings
MGL3 0458628 4951483 Hardpan Central hardpararea
MGL4 0458572 4951470 Oxic Permanently saturated
MGL5 0458544 4951542 Oxic Furthest down tailings, fine grained, clagh
MGL6 0458566 4951548 Oxic Furthest down tailings, fine grained, clagh
GOLDENVILLE
GVL1 0577349 4997035 Hardpan Nearmill foundation
GVL2 0577232 4996966 Hardpan Main hardpan area, north side of race track
GVL3 0577373 4996989 Oxic Flat sandy area next to waste rock road
GVL4 0577358 4996976 Oxic Eastern knoll, sandy
GVL5 0577322 4996962 Oxic Western knoll, sandy
GVL6 0577327 4996951 High Ca Eroded north side of Gegogan Brook
GVL7 0577285 4996984 High Ca Previously identified high Ca area, south side of Gegogan B
GVL8 0577123 4996917 Oxic/mix Former bank of Gegogan Brook, ggagen fine layers
GVL9 0577130 4996901 Oxic/mix Current bank of Gegogan Brook, red sandy material
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Figure 2.1: Montague Gold Mines tailings and 2009 sample locations. Surface waters are discussed in
Chapter 3Map data:mine shaft information (Hennick & Poole, 2013), topographic data (Nova Scotia
Department of Natural Resources, 2002).
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Figure 2.2: Goldenville tailings and 2009 sample locations. Surface watedissmessed in Chapter 3.
Map data:mine shaft information (Hennick & Poole, 2013), topographic data (Nova Scotia Department of
Natural Resources, 2002).
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2.2 FIELD METHODS

2.2.1 Water Samples

Vadose zone waters were sanglsing 94 cm long PVC suction lysimeter®(|S
Moisture Equipment Corporation, Model 1920 F1/K1 PresMaeuum Soil Water
Sampler). Each lysimeter had a 5 cm diameter ceramic cup at its base wifdcavee
por e si ze adoke zOne dabplegema colledted from all six Montague sample
locations at depths betwe8rand 17 cm. Goldenville vadose zone samples were
collected from all nine sample locations at depths between 19 and 40 cm.

Saturated zone waters were collected via drivepoint piezometers and a peristaltic
pump (Solinst Model 410Montague samples were collected from depths between 70
and 125 cm and from Goldenville at depths between 60 and 146 cm. The vadose zone
and saturated zone sampling depths were based on water table height at the time of
sampling.

Measurements of temperatupH, Eh, dissolved oxygen (DO), and specific
conductance (SC) were made immediately after collection. All waters were split into
aliquots for metals, anions, As speciation, Fe and S speciation, and alkalinity. All
saturated zone waters were fiteredvith 45 e m syringe filters
were considered to be effectively filtered by the porous ceramic cup on the lysimeters.
Samples intended for metals analyses were acidified to 1% with 8N Ogtada HNQ.

One As speciation aliquot was pregst to 1% acidity with 12N Optimgrade HCI and
another aliquot was cryogenically preserved by flash freezing in dry ice. Only saturated
zone samples were cryogenically presertvedaus@nly these samples were expected to
potentially contain thioarsenipscies (PlaneFriedrich et al., 2007; Wallschlager &
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Stadey, 2007). All other pore water samples were unacidified. Determination of Fe(ll)
and S{Il) (Appendiced, J) was made by spectrophotometry (HACH DR/2400) within 6

h of sample collection.

2.2.2 Tailings Cores

Handdriven core samples of tailings were obtained at each of the pore water
sampling sites. Core tubes wé&rem (2 inch)outer diameterQ.64cm (“/+inch) inner
diameter aluminum. In most casegtcm(2 ft) long section was driven into the tagis
first to collect a neasurface sample. This sample was themoved an@ 120 cm(4 ft)
long tube was insertedthere the shorter section ended. After collectiba,cores were
immediately cut into sectionsith a core tube cutter to fit into coolers and all ends were
sealed before the cores were frozen. Prior to analysis, the cores were split by cutting
through the metal with a tabtep circular saw and allowed to thaw before prying the
core apart with argwall scraper. Neasurface cores were allowed to thaw and dry in the
lab under ambient conditiommddeeper cores were kept in a glove bag under flowing

N». A total of nine cores were collected from Montague and 17 cores from Goldenville.

2.3 WATER SAMPLEANALYSES

2.3.1 Dissolved Elements and Anions

Dissolved element@Ag, Al, As, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn,
Mo, Na, Ni, P, Pb, S, Sb, Se, Si, Sn, Sr, Ti, Tl, U, V, @ppendix C)were determined
by ICP-OES (Varian AXVista Pro CCD Simultaneou€P-OES) at the Analytical
Services Unit ( AS UBigldduploates&ppéndixDYweie precisestd t y .

+10% except for MGOL6VZ for Ag (40% Relative Standard Deviation (RSD)), MG09
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L6SZ for As and Mn (£14%); Fe, Zn (x5[20%), GVO9LI9SZ for Mn, S (x15%); As,
Fe (£60%). Lab duplicates were all precise to £10% (Appendix D).

Anions (SQ%, F, CI', NOs, NOy) (Appendix E)were measured by ion
chromatography (Dionex DX3000) at ASU, Que
(AppendixF) were precise ta10%.Field duplicategAppendix F)were +10% except for
one Fsample (GV09.9SZ), one Clsample (MG09.6SZ), and two S¢F samples.

Sample GV09.9SZ was precise to +11% and sample M&®$Z was precise to +50%

for SO*. The QA/QC results for metals aadions both suggest samples from MGL6

and GVL9 show discrepancies between samples. A possible explanation is that samples
were not collected quickly enough or should have been sampled using anoxic sample
bottles. The time between collection and presermanay have allowed for changes

between the original and duplicate samples.

2.3.2 Speciation
Arsenic speciatiofAppendix G)wasdetermined by 1IdCP-MS (ELAN DRC II)

at the Worsfold Water Quality Centre, Trent University. The flash frozen waters were
thawed in a glove box (MH, mixture) and any dilutions were performed with N
bubbled water. Precision for As(lll) was +10% fordiplicates except MGOR4SZ
(£14%), GVO9L6VZ (£27%), GVOILISZ (+75%) AppendixH). For As(V), all

samples had a precision of +10% except GV8Y¥Z and GV09L9VZ (x13%), and
GV09-L9SZ (£50%). The cryogenically preserved samples from all saturated zone
sanples gave better precision (£10%) for As(lIl). This further supports the redox

sensitive nature of these waters as the cryogenic samples were preserved faster than the
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acid-preserved samples. Based on this, the cryogenic results are used for satueated zon

speciation results and for total dissolved As.

2.4 SOLID PHASE ANALYSES

2.4.1 Bulk Chemistry

Cores were subampledo obtain solidgorresponding to the pore water samples
and at dditionaldepthsto identify the full range of mineralogy. At least 0.5 g of each
sub-sample was sent to ACME Analytical Laboratories, Vancouver, BC for bulk
chemical analysis. An ultriaceaqua regiadigestion followed by ICRMS (Perkin
Elmer 6000 or 9000) analysis was performed for-&@ment suite (Al, Ag, As, Au, B,

Ba, Bi, Ca, ©, Cr, Cu, Cd, Fe, Ga, Hg, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sh, Sc, Se,
Sr, Te, Th, Ti, Tl, U, V, W, Zn) (Appendix K). Samples found to have As concentrations
greater than the limit of quantitation (10,000 mg/kg) underwent adu regia

digestion ad analysis by ICHES (Spectro Ciros Vision IGES). Two certified sediment
samples (CANMET STSH, STSD4; Lynch, 1990) were included as blind reference
material throughout the samples. Sample blanks, replicates, and standard reference
materials were inclled for the irhouse lab QA/QCAppendixL). Precision for pulp
replicates was +10% for Au in two sampleadCd, Ca, Se, and Th in one sample each.
In-house standards were accurate to +10% exclusive of some samples where Au, As, B,
Ba, Cr, Ga, Hg, K, PSc, Sr, Te, W were £20%. Elements showing >20% error were Ag,
As, Au, Cr, Hg, Na, Sb, Te, Ti. The CANMET certified reference materials showed
accuracy within £10% of expected values except for Ag, As, Co, Cu, Cr, Fe, Hg, Pb, Ni,
Sb, V, Zn (£15%) in somasples, and As, Cd, Hg, Sb, V (x20%) in some samples.

Elements showing >20% error were As, Cd, Hg, and Mo. Certified reference materials
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analyzed near the end of the run showed greater inaccuracy, which is likely due to carry
over from previous samples Wwihigh As, Cd, Hg, and/or Mo concentrations. This does

not significantly affect interpretations as bulk concentrations are very high.

2.4.2 Carbon

Subsamples (0.5 to 1.0 g) from cores were analyzed at the Geological Survey of
CanadaAtlantic) for carbonusinga Leco TruSpec CHN instrumer portion of each
subsample was analyzed for total carbon and the other portion was leached with 10%
HCI to remove inorganic carbdiC) and analyzed for organic carb@dC). Inorganic

carbon was calculated by differen@ppendix M)

2.4.3 Petrography

Thin sections were prepared by making epoxy plugs ckantples from the
cores following methods described in Walker et al. (2@8ppendixN). This method is
designedo preserve stratigraphic relationships within the tailingselsas delicate
grain coatings. The samples were doubly polished@mdbvable from glass slides for

subsequent synchrotrdrased analyses.

2.4.4 Environmental Scanning Electron Microscopy

Mineral identification was aided by baskattered electron images asmrgy-
dispersive spectra acquiredusinga-MdL A Quant a 650 FEG ESEM at
University. The spectra were used to identify major element composition and identify
targets for subsequent synchrottmased analyses. Thin sections were not carbon coated.
Analysis conditions were low vacuumwerage emission curreot2 3 0 ¢ A, and wor

distance of 10nm. Spectra were collectéaor 30 s.
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2.4.5 Synchrotron -based Methods

Polished thin sections were removed from petrographic slides by soaking in
acetondHPLC grade) The sections were then affixed to Kapton tape stabilized in 35
mm slide holders (cf. Walker et al., 20@BppendixN). Micro-X-ray diffraction and X
ray fluorescence mapping were conducted at beamline X26A at the National Synchrotron
Light Source, Upton, NY. Analysis was flourescencenode with a beam spot size of 5
X 9 &m. Diffraction patt-edgenascavieke\e(0. 08301 ect e
A) for an exposure time of 60 s. A blaaKRD pattern of Kapton was collected for
backgraund subtraction of the unknown patterns. Targets XiRD were chosen based
ontheratio of Fe:As:Ca counts and element relationshipsXRF maps. The Fit2D
software (Hammersley, 1998) was used for background subtraction and masking beam
sample interactios. Mineral identification was performed by pattenatching using the

HighScore software and reference patterns from the ICDD datdtd3®, 2003)

2.5 RESULTS

2.5.1 Tailings Bulk Chemistry

Selected whole rock chemistry and carbon results are compiled inZ alfbe
Montague samples and Talde3 for Goldenville sampled/ithin these tables, the near
surface (i.e. generally unsaturated) tailings are identified as one of the four tailings types
based on field characteristics (e.g. color, grain size) and geocheesiclis. Deeper
tailings not assigned to a taifjs type are referred to as sulface tailingsHighest As
from thenearsurfacetailingswas from hardpasamplesat >20 wt.% Agmedian 79,800
mg/kg). Lowest bulk As valuesrere<1000 mg/kg within the lgh Ca tailinggmedian

1650 mg/kg) The opposite relationship exists for Ca where the highest bulk chemistry
69



values (>1 wt.% Cayerefrom the high Ca tailingsVithin hardpan samples, Casva
typically below detection (<100 mg/kg). Like As, Fe exae@d0 wt.% in hardpan
samplegmedian 90,100 mg/kg)rhe lowest Fe concentrationgre~ 2 wt.% from high
Ca(median 30,150 mg/kgnd oxic(median 32,700 mg/kggilings samples. The lowest
S values (<200 mg/kgyerealso from oxigmedian 600and high Cgmedan 1100)
tailings and tk highest S values (>3 wt.%) wdrem hardpan tailingémedian 570Q)
Sulsurface tailings shoad As and Ca values ranging between 458,000
mg/kg (medianAs 2285mg/kg medianCa3100mg/kg). Iron concentrationgerehigher
and rangd from 12,000 to almost 40,000 mg/kaédian 29,800ng/kg). Sulfur varied
from less than detection (<200 mg/kg) to 13,600 mghkegdian 2150ng/kg). The
median OC content in subsurface tailings was%.08t range from 0.0041 0.8%.

Inorganic carbon rangeflom less than detection (0.01%) to %h¥mediarnD.13%).
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Table 2.2: Selected bulk chemistry results from cores collected at Montague in 2009.

Depth  Tailings As Ca Fe S ocC IC FelAs CalAs
(cm) Type Mol Mol
mg/kg mg/kg mg/kg mg/kg % % Ratio Ratio
Location 1
MGL1A01 9.5 Hardpan 47,000 600 73,300 2,400 0.004 0.054 2.09 0.0
MGL1A02 17 Oxic 2,865 1,100 35,800 800 0.036 <0.010 16.8 0.72
MGL1B01 70 Sulsurface 1,893 5,100 32,000 900 0.041 0.155 22.7 5.04
MGL1B02 975 Sutsurface 1,780 5,900 30,600 1,700 0.042 0.158 23.1 6.20
MGL1B03 101  Sutsurface 4,324 6,300 37,400 3,700 0.061 0.154 11.6 2.72
MGL1B04 105 oM’ 2,494 4,700 20,200 3,900 490 <0.010 10.9 3.52
Location 2
MGL2A01 10 Oxic 16,300 5,300 36,800 4,600 0.070 0.042 3.03 0.61
MGL2A02 17 High Ca 1,779 5,700 35,300 400 0.053 0.214 26.6 5.99
MGL2A03 20 High Ca 868 6,800 36,000 500 0.045 0.225 55.6 14.6
MGL2B101 50 Sulsurface 7,924 9,300 33,300 6,800 0.068 0.322 5.64 2.19
MGL2B2D1 56 Sulsurface 4,266 6,700 34,000 3,400 0.176 0.088 10.7 2.94
MGL2B202 95 Susurface 3,234 4,000 30,500 2,800 0.226 <0.010 12.7 2.31
MGL2B23 98 OM 1,354 16,100 11,400 16,400 42.1 <0.010 11.3 22.2
Location 3
MGL3A01 5 Hardpan 79,800 <100 90,100 5,700 0.020 0.017 1.51
MGL3A02 9 Hardpan 65,900 <100 68,500 4,300 0.046 <0.010 1.39
MGL3A03 11 Hardpan 66,600 200 76,000 6,800 0.006 0.015 1.53 0.0
MGL3A04 16 Oxic 8,458 100 33,800 600 0.012 <0.010 5.36 0.0
MGL3B101 63 Sulsurface 2,335 5,200 30,000 2,300 0.020 0.201 17.2 4.16
MGL3B01 114  Sutsurface 3,527 4,700 38,600 3,600 0.132 0.076 14.7 2.49
MGL3B202 1245 OM 400 16800 4,200 9000 43.8 <0.010 141 78.5
Location 4
MGL4A01 9 Oxic 10,900 1,700 42,300 500 0.039 <0.010 5.21 0.29
MGL4A02 14 Oxic 30,200 3,700 55,700 4,400 0.310 0.093 2.47 0.23
MGL4A03 36 Susurface 1,067 4,100 31,300 1,300 0.049 0.146 39.4 7.19
MGL4A04 57 Sulsurface 3,427 4,000 33,900 3,800 0.052 0.108 13.3 2.18
Location 5
MGL5A101 12 Oxic 16,800 2,900 46,300 3,100 0.676 <0.010 3.70 0.32
MGL5A102 18 Oxic 14,400 2,500 38,900 300 0.089 0.023 3.62 0.32
MGL5A103 23 Oxic 15,500 3,400 48,600 11,200 0.238 0.011 4.21 0.41
MGL5A201 64 Sulsurface 2,082 3,400 31,700 2,200 0.137 <0.010 20.4 3.05
MGL5A202 69 OM 2,754 17,000 16,000 23,400 38.3 <0.010 7.79 11.5
Location 6
MGL6A101 11 Oxic 14,700 3,800 51,600 3,100 0.758 <0.010 4.71 0.48
MGL6A102 15 Oxic 10,900 2,800 53,800 1,900 0.785 <0.010 6.62 0.48
MGL6A103 20 Oxic 15,300 5,200 41,800 9,400 0.733 <0.010 3.66 0.64
MGL6A201 33 High Ca 3,809 6,100 34,100 2,900 0.236 0.036 12.0 2.99
MGL6A202 64 Sulsurface 2,236 2,800 27,100 2,200 0.167 0.014 16.3 2.34
MGL6A203 67 oM 2,037 3,700 25300 6,800 39.0 <0.010 16.7 3.39

* Organic carbon (OC), inorganic carbon (IC), organic matter (OM)
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Table 2.3: Selected bulk chemistry results from Goldenville core samples.

Depth  Tailings As Ca Fe S oc IC Fe/lAs CalAs
(cm) Type Mol Mol
mg/kg mg/kg mg/kg mg/kg % % Ratio  Ratio
Location 1
GVL1A01 10 Hardpan 240,700 <100 242,400 32,200 0.047 0.052 1.35
GVL1A02 17 Hardpan 193,500 <100 195,500 9,500 0.422 0.040 1.36
GVL1A03 19 Hardpan 271,700 <100 250,100 11,000 0.220 <0.010 1.23 -
GVL1A04 22 Oxic 12,400 100 20,900 500 0.287 0.050 2.26 0.015
GVL1R1 27 Hardpan 173,800 <100 183,900 14,200 0.669 <0.010 1.42
Location 2
GVL2A01 1 Hardpan 131,700 100 148,400 9,100 0.063 0.041 151 0.001
GVL2A02 2 Hardpan 69,000 200 82,600 4,500 0.014 0.037 1.61 0.005
GVL2A03 3 Hardpan 81,600 100 91,700 4,500 0.030 0.048 1.51 0.002
GVL2A04 4 Hardpan 56,100 300 78,900 2,800 0.042 <0.010 1.89 0.01
GVL2A05 5 Hardpan 35,200 200 50,900 1,700 0.021 0.031 1.94 0.011
GVL2A06 13 Oxic 8,449 200 21,400 <200 0.043 <0.010 3.40 0.044
GVL2A7 25 Oxic 5,915 1,300 24,500 <200 0.104 <0.010 5.56 0.41
Location 3
GVL3A01 10 Oxic 4,053 1,100 21,800 <200 0.058 <0.010 7.22 0.51
GVL3A02 40 Oxic 3,129 1,300 24,000 200 0.027 <0.010 10.3 0.78
GVL3R1 77 Sub 2,741 500 20,100 <200 0.051 <0.010 9.84 0.34
surface
GVL3E)3 104 Sub 813 700 12,000 400 0.053 <0.010 19.8 1.61
surface
GVL3E)4 107 OM 3,264 2,800 13,900 2,800 2.11 2.89 571 1.60
Location 4
GVL4A01 24 Oxic 1,906 3,400 22,800 300 0.099 0.041 16.0 3.33
GVL4A02 43 Oxic 4,425 1,900 31,600 600 0.026 <0.010 9.58 0.80
GVL4E)1 105 Sub 840 1,400 20,800 <200 0.032 <0.010 33.2 3.12
surface
GVL4B2 115 Sub 1,744 1,000 28,600 500 0.056 <0.010 22.0 1.07
surface
Location 5
GVL5A01 10 Oxic 8,155 600 28,100 600 0.048 <0.010 4.62 0.14
GVL5A02 27 Oxic 1,211 700 22,200 300 0.013 0.016 24.6 1.08
GVL5A03 335 Sub 1,799 1,300 30,500 400 0.116 <0.010 22.7 1.35
surface
GVL581 117 Sub 620 13,100 26,800 1,900 0.098 0.261 58.0 39.5
surface
GVL5B2 135 Sub 440 8,600 17,300 800 0.011 0.230 52.8 36.6
surface
Location 6
GVL6A01 20 HighCa 1,521 12,000 25,200 3,000 0.164 0.210 22.2 14.7
GVL6A02 40 High Ca 953 10,000 22,100 3,600 0.264 0.014 31.1 19.6
GVL6A03 50 High Ca 697 13,700 26,200 1,700 0.110 0.288 50.4 36.7
GVL6B1 72 Sub 11,100 8,700 28,800 8,400 0.056 0.220 3.48 1.47
01 surface
GVL6BL g5  Sub 5145 900 16,600 1200 0013 0074 433 033
02 surface
GVLeB2 108 Sub 4,028 1,000 19,200 2,700 0.215 <0.010 6.39 0.46
01 surface
GVLeB2 116.5 Sub 1,507 700 15,300 800 0.016 <0.010 13.6 0.87
02 surface
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As Ca Fe S oc IC Fe/As CalAs
Mol Mol
Ratio  Ratio

Depth Tailings
(cm) Type mg/kg mg/kg mg/kg mg/kg % %

Location 7
GVL7A01 17 High Ca 2,076 5,000 20,100 300 0.071 0.078 13.0 4.50
GVL7A02 22 High Ca 3,198 4,400 39,500 300 0.338 <0.010 16.6 2.57

GVL7B1 50 Sub 1,175 6,700 29,600 2,100 0.266 <0.010 33.8 10.7
surface
GVL7B)2 70 Sub 994 11,400 30,300 1,700 0.282 0.114 40.9 21.4
surface
Location 8
GVL8A01 18 Oxic 2,586 2,500 24,500 1,100 0.284 0.459 12.7 1.81
GVL8A02 40 Sub 7,327 1,700 24,700 5,400 0.110 <0.010 4.52 0.43
surface
GVL8AD3 50 slljr?ace 11,800 2,700 30,600 9,500 0.188 <0.010 3.48 0.43
GVL8R1 73 Sub 5,892 8,500 30,400 5,300 0.181 0.069 6.92 2.70
surface
GVL8H3 100 ?lljrtf)ace 13,300 1,300 32,200 13,600 0.149 0.063 3.25 0.18
GVL8B4 105 Sub 2,777 2,600 20,800 1,900 0.829 <0.010 10.0 1.75
surface
Location 9
GVL9A01 7 Oxic 2,171 1,800 26,000 600 0.511 0.019 16.1 1.55
GVL9A02 32 Sub 1,488 1,300 22,300 1,600 0.042 <0.010 20.1 1.63
surface
GVL9403 36 Sub 733 2,400 33,300 1,000 0470 <0.010 61.0 6.12
surface
GVL9R1 66 Sub 2,817 1,300 16,700 2,400 0.032 <0.010 8.0 0.86
surface
GVL9R2 77 Sub 1,284 1,900 14,600 1,400 1.04 0.227 15.3 2.77
surface

* QOrganic carbon (OC), inorganic carbon (I&)ganic matter (OM)

The distribution of tailings geochemistry with depth at each sample location,
based on physical observations from cores and the whole rock analytical results, is
depicted in the followindigures. Three general groupings can be madh that, with
depth, each sample location has either: 1) hardpan tailings near surface, 2) oxic tailings
near surface, or 3) high Ca tailings near surface (Figures 2.3 and 2.4). The following
section discusses the geochemical changes observed with dafite te these surface

tailings types.
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2.5.1.1 Group 1: Hardpan tailings near -surface

Thedownhole plos for sample locationsvith hardpan near surface are MGL1
(Figure 2.5), MGL3 (Figure 2.6), GVL1 (Figure 2.7), and GVL2 (Figure 2.8). Relative to
the nearsurface hardpabearing tailings, the tailings at depth in these locations stiow
decreased As;e, and S bulk concentratioasdincreased concentrations @&, OC, and
IC. Sulfur increasednly within the deepest tailings at the tailinl@# interface. At

locationGVL1, Ca wadess than the detection limit througlithe stratigraphic profile.

.....

)
/'3 Montague Gold

L”u"'/ Mines
0 50 100 m
EE B

Stream Flow,
to Lake Charles

.............
ouy

T Surface Percent
_I?Ihn s Type area(ha) ofSA | el .
£77"% Hardpan 0.60 4%
"% Oxic 4.01 28%

: Wetland 9.82 68%

[SW01] Surface Water sample

[L1] Tailings & Pore Water sample

Figure 2.3: Distribution of nearsurface tailings types at Montague. Surface water samples are discussed in
Chapter 3Some high Ca tailings occur with depth in the Montague tailings, but generally do not occur at
surface.
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Figure 2.4. Distribution of nearsurface tailings types at Goldenville. Surface water samples are discussed
in Chapter 3.

Table 2.4 shows correlation coefficients between the key variables in Tables 2.2
and 23. Where hardpan occured at surface, there avatrong positiveelationshipwith
depth for As and Fe and a more variable but posigiaionshipfor S and As, ad S and
Fe. Arsenic and Ca hadnegative relationship from the Montague tailings but a strong
positive relationship in the Goldenville tailings. This likely reflects higher carbonate
content in the origial ore at Goldenville. Calcium association w2 and IC shoeda
variable relationship wh depth but most locations hadstronger positive trel for Ca
and IC than Ca and OGignificant pvalues (<0.05) were only identified for A% at

MgL1 and for AsS and AsCa at GVL1 and GVL2. Iron and S showed significant p
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values at all of the locations with hardpan near surface. THe@and CdC

relaionship with depth was only significant at GVL1 and, forlCaat MGL1 as well.
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Figure 2.5: Bulk chemistry depth profiles from Montague, Location 1 (MGL1). Open symbols indicate

value is at detection liin
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Figure 2.6: Bulk chemistry depth profiles from Montague, Location 3 (MGL3). Open symbols indicate
value is at detection limit.
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Table 2.4: Calculated correlation coefficienfg and pvaluesfor key components of the bulk tailings
chemistry between near surface tailings types abdwsface tailingsSignificant pvalues (<0.05) are in

bold.
AsFe AsS FeS AsCa CaOC CalC
r p-value r p-value r p-value r p-value r p-value r p-value

Hardpan Tailings Near Surface

MGL1 0.99 0.02 0.27 0.32 0.31 0.001 -0.65 0.43 0.81 0.59 0.94 0.02
MGL3 0.98 0.38 0.81 0.07 0.86 0.002 -0.74 0.06 0.55 0.36 0.88 0.17
GVL1 0.99 1.00 0.65 0.01 0.70 0.004 0.99 0.004 -0.10 0.02 0.46 0.04
GVL2 1.00 0.52 0.99 0.01 0.99 0.002 1.00 0.01 0.82 0.59 -0.56 0.67
Oxic Tailings Near Surfac

MGL2 0.34 2.7E05 0.68 0.97 -0.22 2.6E05 0.02 0.33 -0.48 0.39 0.84 0.002
MGL4 0.99 0.01 0.52 0.23 0.44 47804 -012 027 0.23 0.04 0.96 0.01
MGL5 0.89 0.005 0.30 0.68 0.67 0.005 -0.48 0.33 -0.05 0.37 -0.83 0.08
MGL6 0.79 2.5E04 0.57 0.21 0.01 5.0E05 0.03 0.15 -0.16 0.33 0.69 2.9E05
GVL3 0.90 1.8604 -0.91 0.03 -0.95 7.4E05 0.90 0.05 -0.57 0.45 0.37 0.45
GVvL4 0383 1.0E04 0.83 0.06 1.00 5.2E05 0.83 0.76 0.73 0.04 0.94 0.02
GVL5 044 37805 027 0.30 0.04 7.2E06 0.44 0.43 0.16 0.13 0.98 0.18
GVL8 0.82 1.7E05 0.98 0.68 0.83 13E05 0.82 0.09 -0.09 0.84 -0.05 0.12
GVL9 -049 2.6E04 0.49 0.55 -0.64 2.4E04 -0.49 0.92 0.62 0.23 0.20 0.04
High Ca Tailings Near Surface

GVL6 0.32 5.6E06 0.78 0.77 0.72 15E06 0.32 0.24 0.36 0.03 0.76 0.03
GVL7 044 42E04 -0.86 0.31 0.00 3.6E04 0.44 0.02 0.24 0.04 0.70 0.01

2.5.1.2 Group 2: Oxic tailings near-surface

Thedownholeplots forsample locationsith oxic tailings near surface are

MGL2 (Figure 2.9), MGL4 (Figure 2.10), MGL5 (Figure 2.11), MGL6 (Figure 2.12),

GVL3 (Figure 2.13), GVL4 (Figure 2.14), GVL5 (Figure 2.15), GVL8 (Figure 2.16), and

GVL9 (Figure 2.17. Arsenic and~egenerally decreadeavith depth in thesdocations

but Fe sometimes showétlle to no changeArsenic increasedith depth at GVLS.

Sulfur increasedavith depthwhereagOC either increaskor showedo change with depth

(MGL4, GVL8, GVL9). Foursites showddecreased IC with dep{MGL2, GVL4,

GVL8, GVLY9), two shovedincreased IGMGL4, GVL5), and three sites sh@adno

change in IC percentage (MGL5, MGL6, GVL3).
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For oxic tailings,some sample locations sheegstrong positiveelationshipswvith
depth, some strong negative correlasioor no correlation (Table 2.4rsenic and Fe
generally showda strong to moderate positive relationship with only GVL9 having a
negative trend with deptill of the p-values for the Ade comparison, as well as the
Fe-S comparison, indicated a sijoant relationshipTherelationshipbetween As and S,
as wel as Fe and S, with depth varigdm strongly positive (GVL8, GVL4) to strongly
negative (G\L3). In other locations, there wano trend between Fe and S with depth
(MGL6, GVL5). Arsenic and Chada negative or neelationshipwith depth at all of the
Montague sample locations and at GVL9. In contrast, the other Goldenville lodadibns
a positive As and Ca relationship with degt#owever, pvalues indicated there was not a
significant correldon between As and Ca with depth in these taililfngme of the oxic
locations showda strong positive or negative correlation for Ca and OC but tidey d
show both trends for Ca and IThe pvalues supported this in that only samples from
MGL4 and GVL4had significant pvalues whereas MGL2, MGL4, MGL6, GVL4, and

GVL9 had significant pvalues.
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Figure 2.9: Bulk chemistry depth profiles from Montague, Location 2 (MGL2). Open symbols indicate
value is atletection limit.
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Figure 2.10: Bulk chemistry depth profiles from Montague, Location 4 (MGL4). Open symbols indicate
value is at detection limit.
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Figure 2.11: Bulk chemistry depth profiles from Montague, Location 5 (MGL5). Open symbols indicate
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Figure 2.12: Bulk chemistry depth profiles from Montague, Location 6 (MGL6). iOpgnmbols indicate
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Figure 2.13: Bulk chemistry depth profiles from Goldenville, Location 3 (GVL3). Open symbols indicate
value is at detection limit.
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Figure 2.14: Bulk chemistry depth profiles from Goldenville, Location 4 (GVL4). Open symbols indicate
value is at detection limit.
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Figure 2.16: Bulk chemistry depth profiles from Goldenville, Location 8 (GVL8). Open symbols indicate
value is at detection limit.
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Figure 2.17: Bulk chemistry depth profiles from Goldenville, Location 9 (GVL9). Open symbols indicate
value is at detection limit.

2.5.1.3 Group 3: High Ca tailings near-surface

Thedownhole plots fosamplelocationswith high Ca tailings near surface are
GVL6 (Figure 2.18) and GVL7 (Figure 2.19)rs&nic increased with depth at GVL6 but
remainedhe sarme with depth at GVL7. Iron showedlatively little changevith depth.
At GVL6, S increasetb 1 wt.% arond 80 cm but otherwise decreaseith depth, as it
did at GVL7. Calcium, OC, and IC all decredseith depth at GVLBvhereaga and OC
increasd with depth at GVL7. Inorganic C remainegknerally the same with depth at

GVL7.
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Correlations from these tailings shedsimilar trends for As and Fe, As@ Ca,
and Ca and OC as all havingpderately positive relationships with deptased on
correlation coefficient§Table 2.4). Arsenic ahS, and Fe and S from GVL6 had
positive corelation withdepth. Conversely, As and S haeegative correlation with
depth at GVL7 and no correlation between Fe and S. Tailings from both of these sample
locations showda positive trend with depth for Ca and The pvalues from these
comparisonsndicated AsFe, FeS, CaOC, and CdC have significant correlations with

depth.

0 — 0 —
40 — 40 —
£ E - E
§ 8 5
< £ 80 — < 80 —
o o o
5] (O] -
A a A .
120 — 120 —
160 I I 160 LI I B B N 160 L L L L L
0 0.4 0.8 1.2 0 1 2 3 4 0 02 04 06 08 1
As (wt.%) Fe (wt.%) S (wt.%)
0 0 — 0 —
40 — 40 — 40 —
g | ~~ | ) ]
g 13 15
£ 80 — < 80 — < 80 —
Q. Q. E.
()] - (] -
A A a y
120 — 120 — 120
160 LI L B B B 160 T T T 160 T T T ]
0O 04 08 12 16 0 0.1 0.2 0.3 0 0.1 0.2 0.3
Ca (wt.%) Organic C (%) Inorganic C (%)

Figure 2.18: Bulk chemistry depth profiles from Goldenville, Location 6 (GVL6). Open symbols indicate
value is at detectiolimit.
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Figure 2.19: Bulk chemistry depth profiles from Goldenville, Location 7 (GVL7). Open symbols indicate
value is at detection limit.
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2.5.2 Tailings Mineralogy

To investigate thenineralogical changes with depth, six of the sample locations
were chosen: Locations 2, 3, and 5 at Montague, and Lasatio3, and 9 at Goldenville.
Most of these sample locations were considered representative of the tailings types at
surface and werehosen to compare mineralogical similistor differences with the
sulsurface tailings. Goldenville locations 8 and 9 were chosen for their variable
geochemical characteristics compared to other-siedace oxic samples and the
observed hydrogeologicaharacteristics (Chapter 3) in these areasitiat be

contributing to As host stability

2.5.2.1 Montague Location 2
The surface sample inoMGL2 (812 cm) containedrsenopyrite, Adearing Fe

oxides, and grains coated or rimmed with amABghase (Figure 2.30as identified by
ESEM. MicroXRD from different mapped areas within thin sections identified scorodite
and gangue minerals (muscovite, clinochlore, albite, quartz, illite) (Figure 2.21). Arsenic
seems to be sorbed &b least some of thegangue mineia as they shoed elevated As
counts during synchrotron analysis. In another mapped area, iheafing phase
yukonite wa also identified (Figure 2.22).

The deeper sample from MGL2 (@ cm)(Figure 2.23 containedarsenopyrite
and FeAs-Ni-Co grains within fine graiedtailings. Most of these grains occedas
independent grains separate from the tailings pastiolit occasional phases appeaoed
be precipitated on or interlocked within the tailings (e.g. Figure-2,23eLa grairs).
This sample wa from the tailingg€OM interface and Figus2.23D throughG showthe
occurrence of framboidal pyrite within plant material at this boundary.
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Figure 2.20: MGL2 (8-12 cmdepth). Backscattered electramages of primary sulfide grains and
alteration phase#\) Arsenopyrite (brighter spots) within silicate grai).Primary arsenopyrite grains
rimmed with Asbearing Feoxide.C) Fe-As coating on a silicate graiB) As-bearing rim esound a silicate
grain.E) As-bearing Fe oxides rimming, now dissolved, sulfid®d-e oxide rim around a former sulfide,
now dissolvedG) Fe-As-rich cracked rim around a silicate grain.
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Figure 2.23: MGL2 (9599 cmdepth. Backscattered electron imagiomtailingsOM interface A)
Bright grains are arsenopyrite and &g Ni-Co grains amongst fine gang®).CeLa-bearing grains
(possibly monazite) surrounded by silica@sFine grained tailings and OM. Bright grains are
arsenopyrite and pyrit®) Framboidal pyrite within organic materi&l) Closeup of pyrite framboidF)
Closeup of pyrite framboids.
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2.5.2.2 Montague Location 3

The surface tailings at MGL3 contatthhardpan and he been previously
described (DeSisto et al., 2011). Tailings gitd€6266 cm) contaiaddispersed
particles of sulfides (arsenopyrite, pyrite) and silicate grairn€Wg-Al-Fe)rimmed

with a MnZn-bearing phase (Ste-Al-K-CaMg-Mn-Zn) (Figure2.24).

Figure 2.24: MGL3 (62-66 cmdepth. Backscattered electron images of tailings fronr662m depth at

Montague Location 3A) Dispersed sulfides (pyrite, arsenopyritg).Grains (SiCaMg-Al-Fe) with bright
rims (StAI-K-CaMg-Mn-Zn).

2.5.2.3 Montague Location 5

The nearsurface tailings (224 cm) at MGL5 contaigd Fe-Ca-As coatings on
tailings grainsCa Si-Fe-As grainsrimmed with @ FeCaMn-As phase, secondary+e
Mn-Ca particles precipitated on silicates, and primary sulfides (arsenopyrite, pyrite)
showing weathered edgdsidure 2.25). MicreX-ray diffraction of these phases proved
difficult as, for example, much of the f&&-As phase in Figure 2.2B was lost during
the thin section lifting phase of synchrotron sample araon (Appendix N)In
addition, particlesuch aghose inFigures 2.28B and 2.25D were not identifiable at the

beamline due to their small size among teenfine and featuréess nature of the
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tailings (e.g. Figure 2.28), which made it difficult to locate the grains-ray
fluorescencenaps from these samples identifidd andmost ofthe targeted Adearing
grainsasmuscovite but theyalso includeanathite, illite, clinochlore, and chlorite
serpentine. This suggests As may be sorbed to these gangue mareaddservation also
documented in Montague forest soils (Walker et al., 2009) and other instances of clay
minerals (Lin & Puls, 2000; Garcfaantez et al., 2002; Goldberg, 2008) addition, Fe
oxides (epidocrocite -FeOOH, goethite (-FeOOH) akaganeiteb-FeOOH) (Figure
2.26), mixtures of Fe and Mn oxides (Figure 2.27), tmoetleite
(Fes(AsO3)4(SOy)(OH)4-4H,0) (Figure 2.28)wereidentified.

In the deeper tailings (671 cm) individual grains of sulfides (arsenopyrite,
pyrite, chalcopyritd CuFeS), sphaleritgZnS), Fe As-Co-Ni) are identified by SEM
(Figure229and ¢ XRD. This i s anOMineafaceand mpl e at
framboidal pyrite wa again identifiedFine-grained tailings contain a mixture of Mn
oxides(birnessite (Na,CayMn**,Mn*>*),0,-1.5H,0, jacobsite MnFg,) and the Mn
arsenite carbonate, armangite @As;s050o(OH)4(COs) (Figure2.30).Muscovite with
sorbel Aswasalsoi dent i f i dRigurd2/31)WikhR e OM wa a mixture of

pyrite, tooeleite, andauenthalite (C4AsOy),-10H,0) (Figure2.32).
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Figure 2.25: MGL5 (20-24 cmdepth). Backscattered electron images from near suitiziiegsat
Montague Location 5A) Fe-Ca-As secondary mineral coating silicatB3.Grain (CaSi-Fe-As) with rim
(Si-Fe-CaMn-As). C) FeMn-Ca secondary mineral formation on silicate ed§¢<loseup of mncentric
growth patternE) Primary pyrite.F) Primary arsenopyrite with weathered rim.
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Figure 2.29: MGL5 (67-71 cmdepth). Backscattered eleon images from 671 cm depthMontague,
Location 5.A) Dispersed sulfides (arsenopyrite, pyrite, chalcopyrite, sphal@ité&e-As-Co-Ni sulfides.
C) Framboidal pyrite within @anic matterD) Closeup of multiple phases of framboidal pyrit€)
Sulfides (bright) within organic matter.
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2.5.2.4 Goldenville Location 7

The nearsurface sample at GVL79-23 cm) contaired Mn-Fe coatings on
silicate grains, Adearing Fe oxides, FEaAs replacement features, and€eMn and
Fe-Cr-Bi grains (Figure2.33. The FeCaAs phase in Figure 2.38 appears to have
replaced a sulfide grain. Distinct As and Meaing clusters (Figur@.34A) were
targetedn synchrotron analyses and were found to contain birnessite and jacobsite +
tooeleite, siderite (FeGQ) or armangite (Figure 2.34). Other areas of these tailings
showedno distinct primary or secondary As mia& but suggest As is sorbed to gangue
minerals (Figure 2.35).

At depth (6973 cm), the many bright grains in Figure 28énclude
arsenopyrite, pyrite, sphalerite, Ti oxides and apatite. Pyrite also occurs as single,
weathered primary grains (Figure 2-B6C) and arsenopyrite borders plant edges
(Figure 2.36D). A Fe-Ba sulfide phase was identified around silicate grains (Figure 2.36
E). Lepidocrociteand akaganeite were identified &¥RD (Figure 2.37). Arsenic

bearing spots in Figure 2.38 were foundé&Assorbed on muscovite and clinochlore.
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Figure 2.33: GVL7 (1923 cmdepth. Backscattered electron images from2®cm depth, Goldenville,
Location 7.A) Bright phases are MRe coating on fingrained tailingsB) Closeup of Mn-Fe coatingC)
Secondary Adearing Fe oxide formed from sulfide weatheribyCloseup of Fe oxideE) Fe-CaAs
grains replacing sulfigeF) Bright grains are F€r-Mn and FeCr-Bi.
















































































































































































































































































































































































































































































































































































































