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Abstract

The long-term influence of a shallow water cover limiting sulfide-mineral oxidation was
examined in tailings deposited near the end of operation in 1951 of the former Sherritt-Gordon
Zn-Cu mine (Sherridon, Manitoba, Canada). Surface-water, pore-water and core samples were
collected in 2001 and 2009 from above and within tailings deposited into a natural lake.
Mineralogical and geochemical characterization focused on two contrasting areas of this deposit:
(1) sub-aerial tailings with the water table positioned at a depth of approximately 50 cm; and (ii)
sub-aqueous tailings stored under a 100 cm water cover. Mineralogical analyses of the sub-aerial
tailings showed a zone of extensive sulfide-mineral alteration extending 40 cm below the tailings
surface. Moderate alteration was observed at depths ranging from 40-60 cm and was limited to
depths > 60 cm. In contrast, sulfide-mineral alteration within the submerged tailings was
confined to a <6 cm thick zone located immediately below the water-tailings interface. This
narrow zone exhibited minimal sulfide-mineral alteration relative to the sub-aerial tailings.
Sulfur K-edge X-ray absorption near edge structure (XANES) spectroscopy showed results that
were consistent with the mineralogical investigation. Pore-water within the upper 40 cm of the
sub-aerial tailings was characterized by low pH (1.9-4.2), depleted alkalinity, and elevated SO4
and metal concentrations. Most-probable number (MPN) enumerations revealed abundant
populations of acidophilic sulfur-oxidizing bacteria within these tailings. Conversely, pore-water
in the sub-aqueous tailings was characterized by near-neutral pH, moderate alkalinity, and
relatively low concentrations of dissolved SO4 and metals. These tailings exhibited signs of
dissimilatory sulfate reduction (DSR) including elevated populations of sulfate reducing bacteria
(SRB), elevated pore-water H,S concentrations, and strong 8#S-SO, and 6'3C-DIC fractionation.
Additionally, mineralogical investigation revealed the presence of secondary coatings on primary

sulfide minerals, which may serve as a control on metal mobility within the sub-aqueous tailings.
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Results from this study provide critical long-term information on the viability of sub-aqueous

tailings disposal as a long-term approach for managing sulfide-mineral oxidation.

1. Introduction

Extraction and processing of base and precious metals from sulfide-ore deposits generates
large volumes of sulfide tailings. When tailings are exposed to oxygen, sulfide minerals within
the tailings will oxidize generating acidity, releasing elevated concentrations of dissolved SO,
metals and metalloids to the pore water (Nordstrom and Alpers, 1999; Blowes etal., 2013). The
rate of sulfide oxidation is greatest immediately after mine tailings are deposited because at this
time, sulfide minerals surfaces are fresh and the O,-diffusion path is shortest (Gunsinger et al.,
2006). Therefore, following deposition, it may be desirable to control atmospheric O, entry into
the tailings through the addition of a barrier or cover over the mine wastes. Physical barriers that
have been applied or proposed include dry covers composed of fine-grained materials to
maintain high water contents (Rasmusson and Collin, 1987; Nicholson et al., 1989; Yanful etal.,
1994; Ouangrawa et al., 2009; Dobchuk et al., 2013; Lu, etal., 2013); covers composed of
geosynthetic materials (Sodermark and Lundgren, 1988; Lewis and Gallinger, 1999; Rowe and
Hosney, 2013); and covers containing O,-consuming materials (Reardon and Moddle, 1985;
Broman etal., 1991; Tassé etal., 1994); In addition to limiting O, diffusion, covers also contain
the tailings and protecting them from wind and water erosion (Kossoff et al., 2014).

Water covers offer an alternative approach to dry covers for managing sulfide-mineral
oxidation. Sub-aqueous tailings deposition has potential to limit sulfide-mineral oxidation and
associated environmental impacts (e.g., Hamilton and Fraser, 1978; Pedersen et al., 1993; Yanful
and Simms, 1997; Jacob and Otte, 2004; Vigneault, 2007). The O, ingress into tailings is limited

by the low diffusion coefficient of the water cover. For example, the diffusive flux of O, to water
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covered tailings may decrease by up to 10,000 times relative to sub-aerial tailings (Robertson et
al., 1997; Awoh etal., 2013). Suppression of sulfide-mineral oxidation therefore may be
accomplished by disposal of tailings into lakes or deep marine environments (Pedersen et al.,
1985; Pedersen etal., 1993; Poling et al., 2002), or by the construction of wet covers on existing
tailings impoundments (Robertson, 1992). A number of laboratory and field studies have
investigated the short-term storage of tailings under shallow water covers (Davé etal., 1997; Li
et al., 1997; Holmstrdm and Ohlander, 1999; Vigneault et al., 2001; Elberling and Damgaard,
2001; Samad and Yanful, 2005), but only a few studies have considered the reactivity of tailings
that have been submerged over long time periods (e.g., Jacob and Otte, 2004, Vigneault et al.,
2007).

The objective of this study was to understand the biogeochemical processes that have
occurred within sulfide mine tailings subjected to over 60 years of storage under a 100 cm water
cover. This study involved detailed analyses of mineralogy of powder and thin section samples,
geochemical analyses of tailings pore-water and solids, stable isotope analyses of pore water, and
enumerations to identify active microbial populations within the tailings.

2. Study Site

The former Sherritt-Gordon Zn-Cu Mine is located in Sherridon, approximately 800 km
northwest of Winnipeg, MB, Canada (Fig. 1). The site is situated near the southern edge of the
Precambrian Shield in a region characterized by long, cold winters and cool summers. Monthly
average temperatures range from —21°C in January to 18°C in July and the mean annual
temperature is 0.5°C (Environment Canada, 2012). The long-term average precipitation for Flin

Flon, which is 60 km SW of the site, is 463 mm year!, which is fairly similar to the total
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precipitation in Sherridon (Moncur et al., 2014). Evapotranspiration losses in the Sherridon area

are approximately 350 mm annually (Hydrological Atlas of Canada, 1978).
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Fig. 1. Location of the former Sherritt-Gordon Zn-Cu mine in Sherridon, Manitoba, Canada.

Two Precambrian Zn-Cu volcanogenic massive sulfide ore bodies were exploited to produce
Zn and Cu concentrates with minor amounts of Au and Ag. Each ore body was approximately
5 m thick and occurred as lenticular layers of massive and disseminated sulfides, and as irregular
remobilized masses (Goetz and Froese, 1982). The ore averaged 2.5 wt. % Cu, 3.0 wt. % Zn,
0.62 g/t Au and 20 g/t Ag (Farley, 1949). Ore-zone sulfides were, in decreasing order of
abundance, pyrite [FeS,] and pyrrhotite [Fe_S] (2:1 ratio), chalcopyrite [CuFeS;], sphalerite
[ZnS], and accessory cubanite [CuFe,S;]. Farley (1949) reported trace arsenopyrite [FeAsS]
occurring as small grains within pyrrhotite, native gold, and irregular occurrences of galena
[PbS] in veinlets and disseminations within hanging-wall shear zones in the gneiss host rock.
From 1931 to 1951, a total of 7.7 Mt of pyritic ore was milled to produce 0.17 Mt of Cu, 0.14 Mt
of 50 percent Zn concentrate, and minor amounts of Ag (91000 kg) and Au (2900 kg) (Mineral
Resources Branch, 1978).

Sulfide tailings from the mining operations were discharged into three separate tailings
impoundments containing a combined 7.4 Mt and occupying an area of 47 ha. The Camp

Tailings were deposited between 1931 and 1932 and the Woods Tailings were deposited between
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1937 and 1951. Tailings were deposited into Fox Lake at the end of miningin 1951. Extensive
sulfide-mineral oxidation within the Camp and Woods tailings has generated pore-waters with
low pH values and extremely elevated concentrations of dissolved sulfate and metals (Moncur et
al., 2005; Moncur etal., 2009a). Discharge of surface water and groundwater from the tailings
deposits into adjacent Camp Lake has severely degraded water quality (Moncur et al., 2006).
Effluent from Camp Lake flows into Kissising Lake where concentrations of Zn and Cu in the
bottom sediments were elevated well above background concentrations in an area covering 9.5
km?2 (Moncur etal., 2014).

Fox Lake is a small (700 m by 300 m) lake situated in a semi-closed basin with one outflow.
The lake overlies Precambrian Shield rock of the Sherridon Group, consisting of both
metasedimentary and metavolcanic rocks (Goetz and Froese, 1981). The Fox tailings were
slurried and discharged into Fox Lake from a number of spigot lines. This deposit extends from
the shoreline outward into Fox Lake where the majority of tailings were submerged as several
lobes that form small exposed islands (Fig. 2). The exposed tailings were visually oxidized and
did not support vegetation. In contrast, much of the submerged tailings were overlain by a layer

of naturally established vegetation and detritus.
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Fig. 2. Aerial photos of Fox Lake and the submerged tailings between 1952 and 2007. Images
taken a) 1952;b) 1968;¢) 1977;d) 1983;¢) 2001; ) 2007. Image (e) shows where samples were
collected form the tailings on-land (FX) and submerged under a 100 cm water cover (FXS).
Image from 2007 courtesy of Google Earth.

3. Methods

3.1. Core collection and piezometer installation

Air photos and satellite images were used to identify areas within the Fox tailings where samples
representative of sub-aqueous and sub-aerial tailings could be collected. Core samples were
collected in August 2001 and August 2009, at two locations from the Fox tailings; an exposed
sub-aerial tailings location (FX), and a sub-aqueous tailings location characterized by an
approximately 100 cm water cover (FXS) (Fig. 2). Two cores extending from the tailings surface
to a depth of 100 cm were collected from each location. One core was used to obtain pore-water
samples and the other to obtain samples of tailings solids. Core samples were cutinto 25 cm
sections, capped and sealed, and immediately stored in a freezer at -20°C until analysis.

Additional core samples were collected in August 2006 at each location and stored at4°C for
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microbial enumerations. Drive-point piezometers measuring 1.3 cm in diameter and screened
over the bottom 5 cm were installed into the submerged tailings in August, 2009, to depths of 12,
38, 63 and 88 cm below the water-tailings interface. These piezometers facilitated collection of
larger pore-water volumes than could be obtained by squeezing pore-water from 2001 core
samples. 3.2. Solid phase analyses and mineralogy

Core collected for solid analyses was split by sawing cores while frozen, and one half was
analyzed for total metals, sulfur, carbon and grain-size distribution, and the other half for
mineralogy. Discrete samples were collected along the length of core where visual changes were
observed. Samples of tailings solids from FX and FXS were analyzed for total metal
concentrations using a HF/HNOj3 extraction followed by inductively coupled plasma — optical
emission spectrometry (ICP-OES) detection. Total extractable carbonate was measured using the
method of Barker and Chatten (1982), and total sulfur (S) and carbon (C) were determined by
combustion and infrared detection using a C and S analyzer (LECO Corporation, USA). Physical
properties of the FX and FXS tailings collected in 2001 were determined through grain-size
analysis using standard sieves sizes. The porosity (n) of the tailings was calculated using the
method of Istomina (1957), wheren =0.225(1+0.83). The uniformity coefficient is represented
by Cy, where Cy = D60/D10.

Primary crystalline phases in the tailings, collected in 2001, were identified through X-ray
diffractometry (XRD) using a Siemens rotating-anode instrument. Polished thin sections of the
core samples were prepared without the use of water, thereby minimizing the dissolution of
readily soluble minerals. These sections were examined by optical microscopy, using both
transmitted and reflected light. Areas of interest were marked on the section and photos were

taken to assist in location of the relevant grains during examination by scanning electron
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microscopy—energy dispersive spectrometry (SEM-EDS). The SEM-EDS utilized a Phillips XL-
30 instrument with a coupled energy-dipersion analyzer. Using a fully-automated Cameca SX50
scanning electron-microprobe, thin sections were analyses to provide an indication of
compositional variation of select minerals.

Bulk S K-edge X-ray absorption near edge structure (XANES) spectra were collected from
tailings on the SXRMB beamline (06B1-1) at the Canadian Light Source (Saskatoon, SK,
Canada) to identify oxidized and reduced sulfur species. Frozen core samples obtained in 2009
were freeze-dried under vacuum at -45°C and pulverized in an agate mill. The powdered samples
were then mounted with carbon tape on a copper plate and transferred into the vacuum chamber
on the SXRMB end station. The monochromator used a Si(111) crystal and replicate spectra
were collected in total electron yield (TEY) mode for samples (# =3) and reference materials (n
= 2) including pyrite, pyrrhotite, chalcopyrite, sphalerite, galena, chalcopyrite, elemental sulfur
[Sg], gypsum [CaSO4:2H,0], and jarosite [KFe3;(OH)e(SO4),]. Additional spectra for chalcocite
[Cu,S] and covellite [CuS] were obtained from SXRMB beamline scientists. Data processing
and analysis was performed using ATHENA, which is part of the IFEFFIT software suite (Ravel
and Newville, 2005). All spectra were calibrated to the theoretical Sg K-edge energy (Eo; 2472.0
eV) according to first derivative maxima. Linear combination fitting (LCF) of normalized
spectra was constrained by fixing E, values to calibrated energies and limiting total reference
spectra to four, except when additional phases were identified by XRD and/or petrographic

examination.

3.3. Aqueous geochemistry
The squeezing method described by Moncur et al. (2013) was used to extract pore-water

from cores collectedin 2001 and 2009 from FX and in 2001 from FXS. From each location a
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continuous 100 cm core was collected for squeezing and cut into 25 cm sections. Each core-
section top was fitted with a sealed plunger and the bottom was fitted with a sealed base with an
outlet port to collect expelled water. Pressure was applied to the plunger to displace the pore-
water downward through the core. Resulting water was collected into 60 mL polyethylene (PE)
syringes, filtered through 0.45 um surfactant free cellulose acetate membranes, and transferred to
prewashed PE bottles. One aliquot was acidified with 12 N trace-metal grade HNOs to a pH of
less than 2 for cation analysis, and other aliquots were left unacidified for analyses of inorganic
anions and stable isotope ratios of 334S, 3!80g4, 6180 and &H.

Determinations of pore-water Eh and pH were made at least three times during squeezing to
ensure results were representative. The Eh was measured using a platinum combination redox
electrode (96-78 BN; Thermo Scientific, USA), which was checked against ZoBell’s (Nordstrom,
1977) and Light’s solution (Light, 1972). The pH was measured using a Ross combination
electrode (815600; Thermo Scientific, USA) calibrated with standard buffer solutions at pH 7, 4,
and 1. Measurements of alkalinity were made on filtered samples by titrating with 0.16N H,SO4
to the bromcresol green—methyl red endpoint (pH 4.5).

Pore water from piezometers installed in the submerged tailings was collected with a
peristaltic pump using 0.64 cm diameter PE tubing. The piezometers were pumped dry and
allowed to recover prior to sampling. Measurements of Eh and pH were made in the field using a
sealed flow-through cell that was maintained near groundwater temperature. The pH electrode
was calibrated and the performance of the Eh electrode was checked before each measurement.
The temperature was measured from each piezometer in situ using a down-hole temperature
probe. Water samples were collected following methods as described above with additional

samples collected for the analyses of dissolved organic carbon (DOC) and hydrogen sulfide
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(H,S). To prevent atmospheric contamination, samples for 6!13Cpc and 6 8003 determination
were collected by fillinga 60 mL syringe with water directly from the peristaltic pump tubing.
Water from the syringe was then injected into 100 mL vacuum-sealed glass bottles fitted with
Teflon-lined septa. Surface water samples were collected near the shore of Fox Lake usinga

60 mL PE syringe held approximately 5 cm below the lake surface annually between 2001 and
2009 following the same procedures as above.

All water samples were immediately refrigerated at 4°C until analysis. Water samples were
analyzed using ICP-OES for major cations, inductively coupled plasma-mass spectrometry (ICP-
MS) for trace elements, and ion chromatography (IC) for anions. Combustion and infrared
detection were used for DOC analysis. Dissolved H,S was determined using the methylene blue
procedure (SMEWW, 2005). Sulfur-isotope ratios of dissolved sulfate were determined by
adding BaCl, to precipitate BaSO4, which was then converted into SO; in an elemental analyzer
coupled to a mass spectrometer in continuous flow mode (Giesemann et al., 1994). Sulfur-
isotope measurements are reported in delta notation (634S) relative to the Vienna Canyon Diablo
Troilite (V-CDT) standard. Oxygen-isotope analysis on BaSO,4 samples was carried out by
pyrolysis in a high temperature conversion/elemental analyzer - interfaced to an isotope-ratio
mass spectrometer. Values of 6*4S and 6!30 in sulfate were measured to identify reactions
affecting sulfate concentrations including oxidation of pyrite and bacterially mediated sulfate
reduction. The oxygen isotopic composition of water samples was determined by the H,O—-CO,
equilibration method (Nelson, 2000). Hydrogen (deuterium) isotopic composition in water was
measured on an isotope ratio mass spectrometer determined by reduction of water to H; gas
using chromium metal as an active reducing agent. The results of oxygen and deuterium isotope

measurements are expressed in delta notation (60 and &2H) relative to Vienna Standard Mean
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Ocean Water (V-SMOW) standard. The 6'80 and 62H composition of surface and pore water
was measured to identify the degree of evaporative enrichment and groundwater surface water
interactions. The method of Assayan etal. (2006) was used to determine 8'3C on dissolved
inorganic carbon, reported relative to Vienna Pee Dee Belemnite (V-PDB) standard. The 8'3C of
dissolved inorganic carbon (DIC) was used to identify processes such as carbonate dissolution

and bacterial sulfate reduction.

3.4. Microbial enumerations

To identify bacterial populations that could be catalyzing oxidation and reduction reactions
in the tailings, enumerations of neutrophilic sulfur-oxidizing bacteria (nSOB), acidophilic sulfur-
oxidizing bacteria (aSOB), acid-producing (fermentative) bacteria (APB), sulfate-reducing
bacteria (SRB), and iron-reducing bacteria (IRB) were performed using a five-tube most
probable number (MPN) approach (Cochran, 1950). Methods for preparation, inoculation, and
enumeration of nSOB and aSOB are described in detail by Blowes et al. (1996). Briefly, the
nSOB and aSOB media containing Na,S,03-5H,0 as the electron donor and the final pH was
adjusted to 7.0 and 4.2, respectively. Media were filter sterilized and 9 mL aliquots were
dispensed into sterile culture tubes. As described by Lindsay etal. (2011), APB were grown in a
saccharide and peptide medium (Hulshof et al., 2003), whereas IRB and SRB were grown in
Fe(IIT) EDTA (Gould etal., 2003) and modified Postgate C (Blowes etal., 1996) media,
respectively. Culture tubes were filled with 9 mL aliquots of the APB medium, capped, and
sterilized. Media for IRB and SRB enumerations were dispensed in 9 mL aliquots into 20 mL
serum vials, which were then crimp-sealed and sterilized. All growth media were inoculated with
1.0 g of sample from refrigerated core samples within 30 days of collection. Sample handling

and inoculation for the SRB and IRB enumerations were performed in an anaerobic chamber.
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Enumeration of positive results was performed after 48 hours for APB and after four weeks for

nSOB, aSOB, IRB, and SRB.

3.5. Geochemical modeling

Pore-water chemistry data were interpreted with the assistance of the equilibrium chemical-
speciation/mass-transfer model MINTEQA2 (Allison etal., 1990). The MINTEQA?2 database
was modified for consistency with the WATEQA4F database (Ball and Nordstrom, 1991).
Additional solubility data were incorporated for siderite (Ptacek and Blowes, 1994) and Co
(Papelis et al., 1991). Saturation indices were calculated for discrete minerals that may control

concentrations of dissolved ions in pore-waters.

4. Results and Discussion

4.1. Fox Lake water level

Information on methods of tailings deposition into Fox Lake is limited. Water levels in Fox
Lake were not recorded during or after tailings deposition; therefore, it remains unclear if there
were periods during the past 60 years when the tailings may have been exposed to oxygen. In the
absence of water level data, air photos of the Fox Tailings taken between 1952 and 2008 were
used to gain some information about the history of the tailings (Fig. 2). Due to the poor
resolution and high reflectance of the 1952 image, it is difficult to determine the extent of water
cover over the tailings; however, subsequent images of the tailings from 1968 to 2008 show that
the majority of the tailings remained submerged. Minimal water level fluctuations of Fox Lake
were observed during annual visits between 2000 and 2009. The water table elevation in the
land-based tailings was 50 cm below the ground surface in 2001 and 2009. Hydraulic head data
from piezometers installed in the submerged tailings at FXS combined with water level data

from Fox Lake showed the absence of a vertical hydraulic gradient, suggesting that there was no
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advective flow between the water cover and underlying pore water. . The hydraulic gradient

between FX and FXS was not determined.

4.2. Physical tailings characteristics

Grain-size distributions were measured on samples extracted at various depths from the FX and
FXS tailings showing a well sorted, fine to medium grain sand (Fig. 3). Average calculated Cy
values from the FX and FXS tailings was similar at 2.6 and 2.9, respectively, representative of a
uniform grain-size distribution (Fig. 3). A perfectly uniform sediment such as dune sand has a
Cu =1, whereas a poorly sorted glacial till has a Cy = 30. The uniform sorting and relatively low
silt content in both tailing profiles suggests deposition was near the spigot point (Robertson,
1994). The Do (mm) of the tailings, which is the grain-size diameter at which 10% by weight of
the particles are finer, showed that values from both profiles were almost identical below a 40
cm depth, however, the grain size was much coarser in the FX tailings above 40 cm. The coarser
nature of the FX tailing above 40 cm is not due to a physically larger grain-size, but a result of
sulfide oxidation followed by Fe (oxy)hydroxide precipitation causing formation of cemented
grain-clusters and coatings to form on primary mineral surfaces. The calculated porosities of
both tailings profiles were similar, ranging from 0.40 and 0.42, typical of sand (Freeze and
Cherry, 1979). Grain size distributions measured from the FXS tailings and the FX tailings
below a 40 cm depth and were similar to those measured in the unoxidized Camp Tailings

(Moncur et al., 2005).
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Fig. 3. Depth profile through the on land (FX) and submerged tailings (FXS), top row showing
the uniformity coefficient (Cy), porosity, and grain—size distribution. The bottom row shows the
sulfide alteration index (SAI) and weight percent of total sulfur (S), carbon (C), carbonate
minerals (CaCOs3), and calculated organic carbon (OC). The water-tailings interface is located at
a depth of 0 cm for FXS and the dashed line represents the water table at FX.

4.3. Mineralogy

Optical microscopy and XRD analysis of the non-opaque assemblage in the unaltered
tailings indicate the presence of quartz, albite, and microcline, with smaller amounts of
amphibole, muscovite and biotite. Accessory amounts of sillimanite and chlorite were detected.
Carbonate minerals were not observed during this study; however, Moncur et al. (2005) reported
trace amounts of primary siderite in the Camp Tailings. Sulfide minerals comprised up to 28 wt.
% of the unaltered Fox Tailings. The principal sulfides were pyrite and pyrrhotite with minor
amounts of sphalerite and trace chalcopyrite also observed. Secondary Fe (oxy)hydroxides were
abundant in the ochreous zone of both the on-land and submerged tailings, with goethite being

the only Fe oxyhydroxide detected in the X-ray diffractograms in all samples examined.
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4.3.1. Sub-aerial tailings

Extensive sulfide oxidation of the sub-aerial tailings was observed in the tailings likely
exposed for six decades to atmospheric oxidation. The tailings were characterized by an
ochreous zone of extensive oxidation that extended from the surface to a depth of 40 cm. This
zone was underlain by a transitional zone of weaker oxidation and unaltered tailings beginning at
a 60 cm depth. Optical microscopy was used to assess the sulfide alteration intensity (SAI),
which is classified on a scale of 1 to 10 developed by Blowes and Jambor (1990) and refined by
Moncur etal. (2005;2009). For example, ata SAI = 10, the sulfides have been almost
completely obliterated; at SAI =3, remnant cores of pyrrhotite are abundant; and at SAI= 1, the
alteration occurs only as narrow rims on pyrrhotite. The SAI was determined on tailings samples
collected from FX and FXS in 2001 (Fig. 3).

Samples from the uppermost 6 cm of the ochreous zone contained numerous grains of pyrite
and chalcopyrite, but pyrrhotite and sphalerite were not observed (Fig. 4A). The proportion of
chalcopyrite to pyrite was higher than observed in the unaltered tailings with some of the
chalcopyrite grains showing irregular margins possibly due to leaching. Pyrite lacked alteration
rims but many of the grains had smooth margins bounding a shard-like habit that was not
observed in unaltered tailings. Furthermore, pyrite was noticeably sparse relative to its
abundance in the deeper unaltered tailings and Fe (oxy)hydroxides were abundant. A majority of
sulfide minerals had been consumed by oxidation; therefore, an SAI of 9 was assigned to these
samples (Fig. 3). Unlike the older Camp Tailings where extensive near-surface sulfide oxidation
had resulted in almost complete destruction of soluble Al-silicate minerals (e.g., biotite, chlorite)
and extensive alteration to albite and amphibole (Moncur et al., 2005), Al-silicate alteration in

these sub-aerial tailings was limited to minor biotite replacement by Fe (oxy)hydroxides and
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minimal replacement of muscovite by Fe-oxyhydroxide along the basal cleavage planes. Other
than the presence of Fe (oxy)hydroxides, which are associated with all minerals, no other
evidence of secondary replacement of Al-silicate minerals was observed.

The pyrite content was greater at depth of 33-35 cm, but remained approximately 25 % of
that typical of unaltered samples. The SAI from 33-35 cm was 8 (Fig. 3). A few grains of
chalcopyrite were present, but pyrrhotite and sphalerite were not observed. Similar to the upper 6
cm zone, samples ata 33-35 cm depth were strongly ochreous, however at both depths, Fe
(oxy)hydroxides did not cement the particles into large aggregates, and in both zones, the
greatest concentration of the Fe (oxy)hydroxide was associated with the smaller particles.

The oxidation intensity declined at a depth of 51-54 cm, which corresponded to the water
table depth. Abundances of pyrite and pyrrhotite at this depth were typical of those found in
unaltered tailings. Several grains of sphalerite were also observed, marking the first appearance
of this sulfide within the tailings profile. Although pyrrhotite alteration was observed throughout
the profile, the variation of alteration was predominantly from narrow to thick rims of marcasite,
surrounding residual cores of unaltered pyrrhotite. Complete pseudomorphs after pyrrhotite were
present, but they were much less common than particles containing residual pyrrhotite. The SAI
at this depth is assigned to be 4 (Fig. 3). Polished thin sections did not exhibit megascopic
ochreous particles, but particles observed microscopically with transmitted light had exteriors
stained by Fe (oxy)hydroxides that were too sparse to appear as discrete rims in reflected light.

Samples observed at depths of 62-65 and 72-75 cm were similar in that both contained
abundant pyrite and pyrrhotite, with accessory amounts of sphalerite > chalcopyrite. At a depth

of 62-65 cm, some pyrrhotite grains exhibited alteration rims of marcasite and a SAI of 4 was
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assigned (Fig. 4C). The pyrrhotite was fresh ata depth below 72 cm and the SAI assigned was 0

(Fig. 3).
FX Tailings

LI /

e A,
l.;u‘i'\l:._ N

Vi

wv=0’.€2;";mm

Fig. 4. Photomicrographs of tailings thin sections in plane-polarized reflected light (A) 2 cm
depth in the sub-aerial tailings (FX) showing a single grains of whitish pyrite (py) and yellow
chalcopyrite (cp) which are the only remaining sulfides (B) FX 33 cm depth showing sparse
pyrite and chalcopyrite (C) FX 62 cm depth showing unaltered pyrite; the grey grain is sphalerite
(sp). Pyrrhotite (po) is variably rimmed by marcasite (mr) and in some grains complete
replacement by marcasite.; (D) 2 cm depth in the sub-aqueous tailings (FXS) showing unaltered
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pyrite with pyrrhotite extensively replaced mainly to complete pseudomorphism by marcasite.
Grey magnetite (m), brown biotite (bi) lath and two irregular patches of grey goethite (g) are
detectable. (E) FXS at a 6 cm depth showing abundant pyrite, altered pyrrhotite, and a grey Fe
oxyhydroxide cement surrounding various gangue minerals. (F) FXS 18 cm depth showing
unaltered pyrite, a sphalerite grain with a chalcopyrite inclusion, and cores of pyrrhotite with a
thin exterior of marcasite. Two irregular patches of grey goethite are present. Depth and width
of view are represented by d and wv, respectively.

4.3.2. Sub-aqueous tailings

In contrast to the observed oxidation zone in the sub-aerial tailings, the equivalent ochreous
zone in the submerged tailings extended only 6 cm below the water-tailings interface. The SAI
value assigned to these shallow tailings is 4.5 (Fig. 3). Petrographic examination of tailings
collected from a depth of 2 cm revealed major amounts of pyrite with no visible alteration. At
this depth, pyrrhotite exhibited similar to greater abundance than pyrite, and occurred sparingly
as residual cores. More than 95 percent of the pyrrhotite at this depth had been
pseudomorphically replaced as a rim of marcasite surrounding a hollow core (Fig. 4D).
Unaltered chalcopyrite was present in trace quantities and sphalerite was absent with the
exception of a single grain that occurred as an intergrowth with chalcopyrite.

Goethite was common as irregular patches, but rims on individual particles were poorly
developed and incomplete. Cementation of groups of particles by goethite occurred only locally
where clots and patches of goethite form a matrix rather than inter-particle binding agent. Over
20 particles in the polished thin section were examined by SEM-EDS analyses to determine the
compositions and their variations among different areas and textures of Fe oxyhydroxide. All
spectra were similar with small amounts of S, Al, and Si consistently present. Several of the
centers within the marcasite pseudomorphs were also examined using SEM-EDS. All except one

of the centers were devoid of minerals. The ratio of the peak heights for Fe and S resembled

those of pyrrhotite (i.e., Fe:S=~1:1); however, the reflectance of the mineral was characteristic
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of a sulfate rather than sulfide phase. Therefore, the former mineral in the dark centers of the
pseudomorphs was presumably melanterite, which was abundant in the X-ray diffractogram of
the underlying sample from 6 cm. The rapid dissolution of melanterite in water (Chou, et al.,
2013) would explain its absence.

Mica observed was predominantly muscovite, but biotite was formerly the more abundant of
the two prior to its extensive replacement by Fe (oxy)hydroxides and lesser amounts of
hydrobiotite. Replacement of muscovite has been minimal and was restricted to Fe-oxyhydroxide
occurrences along the basal cleavage, as observed in the on land-tailings.

The ochreous zone at the top of the FXS core was less than 6 cm thick and was
megascopically distinctive due to the orange color. Samples collected ata 6 cm depth consisted
of blackish tailings that were directly below the ochreous zone. Optical microscopic examination
revealed that the principal non-opaque gangue assemblage at 6 cm was similar to that in the
overlying ochreous tailings, and a bulk XRD confirmed that the similarity extended to the
presence of detectable hydrobiotite and a small amount of kaolinite (~2%). One of the main
differences between 6 cm depth and the overlying ochreous tailings is that goethite was less
abundant and did not occur as coatings on primary sulfides. Petrographic examination revealed
that goethite occurred only in small areas as an intergranular fill and as rims observed on the
adjoining gangue minerals (Fig 4E).

The opaque minerals present at a 6 cm depth consisted of abundant unaltered pyrite and
abundant pseudomorphs after pyrrhotite (Fig. 4E). A few grains of unaltered chalcopyrite were
observed and sphalerite was largely absent. Therefore the SAI was rated to be 4 (Fig. 3). The
pseudomorphs after pyrrhotite, as observed ata 2 cm depth, consisted predominantly of

marcasite. In contrast to the sub-aerial tailings, Fe (oxy)hydroxides were not associated with
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these pseudomorphs. Similar to the overlying ochreous tailings, melanterite likely was
previously infilling voids associated with pyrrhotite. Although melanterite was abundant in bulk
XRD analysis, it was not observed in the polished thin section. Despite the fact that samples
were prepared with the use of a non-aqueous lubricant, melanterite was likely dissolved or
abraded during section preparation.

Energy-dispersive spectroscopic analyses of several areas of Fe oxyhydroxide solids gave
results similar to those obtained at shallower depths, for example S, Si, and Al were consistently
present. Samples from the 6 cm zone are the only ones in which jarosite was detected in the
XRD analyses. This mineral was sparse (~1%) and was associated with the Fe (oxy)hydroxides.

Optical microscopy showed that the principal minerals at a depth of 18 cm in the submerged
tailings were quartz, microcline, and albite, with amphibole and mica common. Both muscovite
and biotite were present, with a small amount of the biotite replaced by chlorite or hydrobiotite,
or in some cases both of these phases. Chlorite was also present as extremely fine-grained
aggregates, which are interpreted to be part of the primary assemblage.

Iron oxyhydroxide phases were relatively sparse ata depth of 18 cm. Two areas of
cementation were observed, but most of the (oxy)hydroxides occurred as isolated, irregular
patches (Fig. 4F). Sulfide minerals consisted mainly of unaltered pyrite and pyrrhotite that
exhibited varying degrees of alteration. Narrow marcasite rims surrounding preserved pyrrhotite
cores were the most common form of pyrrhotite alteration. However, minor amounts of altered
pyrrhotite exhibited marcasite rims and hollow cores. Numerous sphalerite grains were also
observed at this depth and a relatively low SAI of 2 was assigned (Fig. 3).

The non-opaque assemblage at a depth from 20-100 cm was similar to thatat 18 cm.

Differences were that hydrobiotite and goethite were not detected by XRD and Fe
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(oxy)hydroxides were not observed by optical microscopy. Major amounts of pyrite and
pyrrhotite were present and neither mineral exhibited signs of alteration. Sphalerite was common

as were lesser amounts of chalcopyrite; however, these phases comprised less than 1 vol. % of

total sulfides. The SAI below 20 cm was 0 (Fig. 3).

4.4. Solid-phase geochemistry
Total sulfur (Si) concentrations from both the FX and FXS tailings exhibited similar depth
dependent trends (Fig. 3). Sub-aerial tailings exhibited the greatest S,,; depletion above the water
table, whereas S depletion was limited to the upper 20 cm of the sub-aqueous tailings. These
Siot profiles are generally in agreement with the SAI profiles. Sub-aqueous tailings showed
similar S,¢ concentrations in the upper 25 cm of the core between 2001 and 2009, but showed
lower concentrations with depth in 2009. Lower S;,; concentrations in the 2009 core could be
attributed to heterogeneities in mineral distribution during deposition. Total-S within unaltered
tailings ranged from 16 to 28 wt.%; these values are attributed to sulfide S because primary
sulfate minerals were not identified in the Fox tailings or observed in the Camp or Woods
tailings impoundments (Moncur etal., 2005; 2009a; 2009b).

Total carbon (C) content was consistently low, averaging 0.04 and 0.08 wt.% for the FX
and FXS tailings, respectively (Fig. 3). Total extractable carbonate contents were also low with a
maximum of 0.07 wt.% in the unaltered tailings, consistent with observations in the Camp
tailings. During mineralogical investigations carbonate or other carbon-bearing minerals such as
graphite were not identified; therefore, it is assumed that the majority of the total C is organic
carbon, which was calculated as the difference between total C and carbonate-C (Fig. 3). The
highest organic C concentration was observed near the surface of both locations. The FXS

tailings were vegetated, and although the organic matter was removed prior to total C analysis,
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roots and other fragments of organic matter likely remained. Although the FX tailings were not
vegetated, decaying organic matter (i.e., leaf litter, plant materials) was observed on the exposed
tailings surface that could have contributed to the organic C content.

The order of abundance of major elements in the unaltered tailings solids, as determined
by total metal concentrations, was Fe > Al > Ca > Na > Mg, on a mass basis. This order agrees
with the tailings mineralogy consisting of pyrite and pyrrhotite, albite
[(Nag.71Cap.28K0.01)x1.00(S12.69Al1 33)54.020s], microcline [KAISi;Og], amphibole
[(Nag.18Cao.15K0.06)s0.60(Car.ssFe0 30Mno.03)52.00(Mg2.s1F€1.73A10.63Ti0.13)55.00(Si6. 33A11.67)5£8.00022.93F0
7], and biotite
[(Ko.91N@0.02)50.03(Mg2.24F€0.46Mng 01Al932Ti0.03)53 06A11.00(S12.80A1020)53.00010.76F0.24]. Potassium
concentrations were not measured during analyses. In general, depth dependent trends of major
elements were not evident within either the FX or FXS tailings. Because sulfide oxidation
reactions were not extensive enough to significantly alter Al-silicate minerals, there was minimal
depletion of major elements in the ochreous zones (Fig. 5).

Ca0 MgO Na,0 ALO, Mn
0 600012000 O 4000 8000 O 700014000 O 3e+4 6e+d4 O 80 160

Fe,O, Zn Cu
0 3e+5 6e+t5 0 7000 14000 O 1200 2400

—o— FXS
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Fig. 5. Depth profile through the sub-aerial (FX) and sub-aqueous (FXS) tailings showing solid-
phase concentrations of major and trace elements. Concentrations are in mg/g. The water-tailings
interface is located at a depth of 0 cm for FXS and the dashed line represents the water table at
FX.

The relative mass abundance of trace metals in the unaltered tailings follows the order: Zn >
Cu>Mn > Co > Pb > Ni> Cr > Cd. Unlike the major elements, there is a strong depth
dependent trend with Zn, Cu, Co Niand Cd, which is consistent with assigned SAI values (Fig.
3). Within the ochreous zone of the FX tailings, Cu is depleted with concentrations increasing
just above the water table, whereas the concentrations of Zn, Cd, Co and Ni have their greatest
concentrations at or below the water table. This trend in is consistent with the relative resistance
of sulfide minerals in oxidized tailings where chalcopyrite [CuFeS;] has the highest resistance to
oxidation followed by pyrite [(Fe,Co)S,], sphalerite [(Zn,Cd)S], and pyrrhotite [(Fe,Co);_.S]
having the least residence (Moncur et al., 2009b). The increase of Co occurred slightly higher in
the profile than Zn and Cd, consistent with Co associated with pyrite, and its greater resistance to
oxidation relative to sphalerite and pyrrhotite. Microprobe analysis of sphalerite grains found
that Cd concentrations were consistently detected (Moncur et al., 2009b). Chromium and Mn,

were not depleted in the ochreous zones because these elements were likely associated with more

stable Al-silicate minerals.

4.5. X-ray absorption spectroscopy

Sulfur K-edge measurements for sub-aerial tailings (FX) collected from depths of 0, 20, and
40 cm exhibited a dominant peak positioned at 2472.2 eV (Fig. 6). These spectra also featured a
broad hump spanning 2474 to 2480 eV and a minor peak at 2482.6 eV. Results of the LCF
indicated that pyrite comprised a maximum of 8 % of the S K-edge spectrum measured for

unsaturated sub-aerial tailings (Table 1). Minor chalcopyrite (4 % of S K-edge spectrum) was
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present in the uppermost FX sample, whereas pyrrhotite and sphalerite were not detected. The
relatively low abundance of pyrite and chalcopyrite within these highly altered tailings is
consistent with optical examination and XRD analyses. Fitting using pyrite and marcasite
provided statistically similar results; therefore, LCF analysis could not distinguish between these
FeSy) polymorphs. Nonetheless, these results revealed that pyrite and/or marcasite were a minor
component of S K-edge spectra obtained for unsaturated tailings from the FX profile. The
absence of S associated with pyrrhotite and sphalerite is indicative of extensive sulfide-mineral

alteration, and is consistent with the assigned SAI of 9.

Normalized Absorbance

Il 1
2465 2470 2475 2480 2485 2490 2465 2470 2475 2480 2485 2490
Photon Energy (eV)

Fig. 6. Measured (line) and modeled (circles) S K-edge XANES spectra for samples of sub-aerial
(FX) and sub-aqueous (FXS) tailings. Vertical shaded areas represent measured S K-edge white

line maxima for (a) pyrrhotite, (b) covellite, pyrite and/or marcasite, (c) gypsum and/or jarosite
reference materials.

Covellite was the dominant component of S K-edge spectra within this zone. The covellite

reference spectrum comprised 89 to 92 % of the fitted S K-edge spectra for samples obtained
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from depths 0f 0, 20, and 40 cm. Although not detected by XRD, these LCF results suggest that
covellite was likely a common phase at the sulfide grain surfaces in the unsaturated sub-aerial
tailings. These apparently disparate results are attributed to methodological differences between
XRD, which detects only abundant (commonly > 1 wt. % of bulk mineral assemblage)
crystalline phases, and XAS, which is an element-specific method that detects both crystalline
and non-crystalline phases. Moreover, the S K-edge XANES spectra were collected using TEY
detection, which is highly sensitive to grain surfaces. These results therefore suggest that
covellite occurred as thin surface coatings on remnant sulfides. Under oxic conditions, covellite
formation may result from Cu(Il) replacement of Fe(II) in pyrite (Boorman and Watson, 1976;
Blowes and Jambor, 1990; Holmstrém et al., 1999) and/or Fe(III) leaching of chalcopyrite
(Cordoba etal., 2008) under acidic pH conditions. The occurrence of covellite coatings at grain
surfaces suggests that these processes have occurred in unsaturated FX tailings. The bulk ratio of
pyrite and/or marcasite to covellite is likely much greater than apparent values derived from
these surface sensitive S K-edge XANES analyses. Covellite is therefore interpreted as a trace

phase in the bulk mineral assemblage.
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Table 1. Results of LCF analysis of S K-edge XANES spectra forsub-aerial (FX) and sub-aqueous
(FXY) tailings. Fitted reference spectra included pyrite (py) and marcasite (mr), pyrrhotite (po),
chalcopyrite (cp), sphalerite (sp), gypsum (gp), jarosite (ja), and covellite (cv). The R factor is the
mean-square misfit between the measured and modeled spectra.

Location Depth  py/ po cp sp ep ja Cv Sum R factor

(cm) mr
FX 0 0.06 0.04 0.89 1.00 0.0021
20 0.08 0.92 1.00 0.0030
40 0.08 0.92 1.00 0.0029
66 0.49 0.20 0.24 0.05 0.02 1.00 0.0020
FXS 0 0.74 0.19 0.02 0.05 1.00 0.0007
20 0.50 030 0.11 0.04 0.05 1.01 0.0011
40 0.58 0.29 0.10 0.04 0.01 1.02 0.0010
60 0.50 0.38 0.04 0.04 0.05 1.01 0.0033
88 0.48 0.20 0.23 0.05 0.03 1.00 0.0013

The S-K-edge XANES spectrum for the 66 cm sample differed substantially from the
shallower FX sample. A peak positioned at 2472.2 eV exhibited a shoulder at approximately
2470.4 eV and an additional peak was located at 2482.8 eV. Results of LCF indicated that pyrite
and/or marcasite comprised approximately 50 % of'the S K-edge spectrum for this sample.
Pyrrhotite, chalcopyrite, and sphalerite accounted for 20, 24, and 5 % of the S-K-edge spectrum,
respectively. These results also indicate that below the water table, which was positioned
50 cm below surface, tailings have undergone considerably less oxidation than the overlying
unsaturated tailings.

Sulfur K-edge XANES spectra for the sub-aqueous tailings (FXS) exhibited a dominant
peak at 2473 eV (Fig. 6). Similar to the 66 cm FX sample, spectra for all FXS samples exhibited
a shoulder at 2470.4 eV on the dominant peak, and a minor peak at 2482.7 eV. The LCF
indicated that gypsum accounted for up to 5 % of S in the sub-aqueous tailings (Table 1). The

sample obtained from the tailings-water interface (i.e., 0 cm) exhibited the smallest shoulder at
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2470.4 eV, which corresponds to the S K-edge white line maximum for pyrrhotite. Pyrite plus
marcasite accounted for 74 % ofthe S K-edge spectrum for this sample, whereas pyrrhotite and
sphalerite comprised 19 %. The high ratio of pyrite-S and/or marcasite-S to pyrrhotite-S is
attributed to the formation of secondary marcasite rims at pyrrhotite surfaces. Additionally, the
relatively low abundance of sphalerite is consistent with optical mineralogy.

All deeper FXS samples (i.e., 20, 40, 60 and 88 cm) were characterized by similar S K-edge
spectra. Results of LCF revealed that48 to 58 % of the S K-edge spectra were contributed by
pyrite and/or marcasite. Pyrrhotite and chalcopyrite accounted for an additional 20 to 38 % and 4
to 23 % of the S K-edge spectra, respectively. Minor amounts of sphalerite and gypsum also
were also present in these samples. These results are generally consistent with results of XRD

analysis and optical examination of unaltered tailings.

4.6. Pore-water chemistry
4.6.1. Sub-aerial tailings

Pore water was squeezed from core at 25 cm intervals from surface to a 100 cm depth from
the land-based tailings in 2001 and 2009. The oxidation of sulfide minerals within the vadose
zone of the tailings has resulted in generation of low pH conditions (pH 1.9to 3.7) and elevated
concentrations of dissolved SO4 (up to 59,000 mg/L), Fe (up to 28,000 mg/L) and trace metals
(Fig. 7). The highest concentrations of dissolved metals were observed near the tailings surface
although elevated concentrations of dissolved Fe, SO4 and other metals persisted through the

water table to a depth of 100 cm (Table 2).
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Fig. 7. Depth profiles through the land-based (FX) and submerged (FXS) tailings; (A) and (B)
showing pore-water chemistry and calculated ionic strength; (C) and (D) showing calculated
saturation indices. All concentrations are in mg/L except where noted. Dashed line represents
water table location in the FX. The Fox Lake (FL) water-tailings interface of FXS is shown as a
depth of 0 cm.
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Depth profiles of pH and Eh values were consistent over the eight year period between 2001
and 2009. However, an order of magnitude increase of sulfate, chloride and most dissolved
metals occurred ata depth of 15 cm in 2009 (Fig. 7). For example, between 2001 and 2009, SO4
and Fe increased from 6,000 to 59,000 mg/L and 2,000 and 28,000 mg/L, respectively (Table 2).
The elevated concentrations of dissolved SO, and metals at a depth of 15 cm in 2009 resulted in
much higher calculated ionic strength values. This increase of dissolved elements is a result of
continuing sulfide oxidation reactions occurring in the near-surface tailings over the eight-year
period. Alkalinity was not detected in pore-water in the vadose zone of the land-based tailings. In
2001, alkalinity values were minimal; 5 mg/L (as CaCOs3) at 75 cm and 3 mg/L (as CaCOs) at
95 cm below the surface. By 2009, the only measureable alkalinity was 3 mg/L, ata depth of 90
cm below surface. At and below the water table, concentrations of dissolved ions were relatively
similar. Modeled saturation indices indicated that tailings pore waters were undersaturated with
respect to carbonate minerals (Fig. 7). Pore water was undersaturated with respect to Al-
hydroxide and Fe(III) (oxy)hydroxide mineral phases, but become supersaturated with respect
these phases near the water table. The pore-water was supersaturated with respect to goethite
throughout the depth profile. Low temperature mine waters are typically supersaturated with
respect to goethite when other Fe(IIl) (oxy)hydroxide are also at saturation. As a result, this
observation is not necessarily indicative of goethite precipitation (Alpers and Nordstrom, 1999).
However, goethite was the only Fe oxyhydroxide consistently detected in all X-ray
diffractograms examined fromthe FX tailings samples, in agreement with modeling results. The
pore water was also at saturation with respect to gypsum and jarosite suggesting that these

secondary mineral phases could be controlling dissolved concentrations of SO, Fe and K.
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Table 2. Pore water chemistry measured from the land-based (FX) and submerged (FXS) tailings
in 2001 and 2009.

Location  pH SO4 Fe Al Zn Cu Cr Co Cd
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0.13 m depth
FX-2001 1.93 6200 1600 190 93 6.4 0.21 0.36 0.13
FX-2009 190 59000 28000 1500 170 170 0.63 33 33
FXS-2001 7.09 260 1.26 <dl <dl 0.01 <dl <dl <dl
FXS-2009 7.05 1600 1.33 0.01 0.07 2.2 <dl 0.0006 0.0006
0.62 m depth
FX-2001 3.71 5800 2200 14 7.0 0.08 0.09 <dl 0.16
FX-2009 438 9400 4500 68 7.0 19 0.05 0.1 0.39
FXS-2001 7.04 150 1.54 <dl 0.01 0.01 <dl 0.006 <dl
FXS-2009 7.15 1700 0.16 0.04 0.07 0.9 <dl 0.0003 <dl
0.89 m depth
FX-2001  4.49 5900 2400 8.3 2.2 <dl 0.08 0.05 0.16
FX-2009 4.43 7900 3500 68 15 16 0.02 0.3 0.02
FXS-2001 6.81 150 1.34 <dl 0.01 0.01 <dl <dl <dl
FXS-2009 7.00 1700 1.35 0.01 0.06 <dl <dl 0.0003 <dl
dl 0.01 <0.01 <0.0002 <0.01 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005

4.6.2. Sub-aqueous tailings

In contrast to the sub-aerial tailings, pore water from the sub-aqueous tailings was at
circumneutral pH and mildly reducing, containing low concentrations of SO4 and Fe. Most
dissolved metal concentrations were near or below analytical detection limits (Table 2).
Concentrations of dissolved ions, pH, Eh and calculate ionic strength exhibited minimal
variability between 2001 and 2009 (Fig. 7). However, alkalinity concentrations measured in
2009 were almost twice as high as those measured in 2001. Speciation modeling results shows
that pore waters approached or attained saturation with respect to calcite and siderite, suggesting
that equilibrium with respect to these carbonate minerals may be maintaining circumneutral pH
condition (Blowes et al., 2013). Other minerals at saturation or supersaturation in pore-waters
that might be controlling dissolved ions include gibbsite, ferrihydrite, goethite, gypsum and

jarosite (Fig. S1).
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Values of 84S and 6'80 for dissolved sulfate were determined for pore water from the sub-

aerial and sub-aqueous tailings, and for surface water from Fox Lake. Values of 634Sgo4 for the

sub-aerial tailings exhibited little variation (1.8 to 3.3 %o) and were consistent with &3¢S values of

the primary sulfide minerals, which ranged from 0.2 to 2.6 %o (n =7; Moncur et al., 2009a).

Fractionation between &34S in the primary sulfide and associated dissolved sulfate was less than

2 %o (Tayloretal., 1984; Ryeetal., 1992).
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Fig. 8. (A) Plot of 534S versus 6'80go4 values of dissolved sulfate from sub-aerial tailings (FX),
sub-aqueous tailings (FXS), Fox Lake (FL) and Sherlett Lake (SL) surface water. The shaded
area represents the range of 6°*S values measured from seven primary sulfide minerals. VSMOW
- Vienna Standard Mean Ocean Water; VCDT — Vienna Canyon Diablo Troilite. (B) Plot of
O13Cpic versus 6!80¢o3 values measured in 2009 from FXS and FL. Values in brackets refer to
sample depths below water-tailings interface. VPDB — Vienna Pee Dee Belemnite (C) Plot of
0180 versus 6?H values measured in 2001 and 2009 from FX, FXS, FL and SL.

Values of 8%4S and 6'80 for dissolved SOy for the sub-aqueous tailings were generally more

positive than the primary sulfide minerals, which is consistent with the fractionation associated

with bacterial (dissimilatory) SO4 reduction (Fig. 8 A). The 8°4Sso4 values in the sub-aqueous

tailings ranged from 18 %o (13 cm depth) to 7.6 %o (63 cm depth). Similarly, 6'80go4 values

ranged from 4.1 %o (13 cm depth) to 0.2 %o (63 cm depth). Decreases in SO4 concentrations

resulting from dissimilatory sulfate reduction (DSR) can generate significant sulfur isotope
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fractionation where the remaining SO4 becomes enriched in 34S (Harrison and Thode, 1958;
Kaplan and Rittenberg, 1964; Fritz etal., 1989; Habicht and Canfield, 1997; Kndller et al, 2004).
Sulfate reduction was also apparent from other geochemical parameters measured for the
submerged tailings and for Fox Lake. As sulfate-reducing bacteria catalyze the oxidation of
organic carbon, the reduction of SO4 to H,S (Berner, 1980) occurs through the reaction:

SO4* +2CH,0 — H,S + 2HCOy5 (1)
where CH,O represents a generic organic compound. The organic carbon source in Fox Lake and
the submerged tailings likely originated from overlying vegetation and DOC in the surface
waters. (Fig. 4). The precipitation of sparingly-soluble metal-sulfides occurs when H,S is
produced in the presence of dissolved metals:

Me?* + S — MeS (2)
where Me2* denotes a divalent metal such as Fe, Cd, Ni, Cu, Co and Zn; and MeS represents the
corresponding metal sulfide precipitate (Berner, 1985; Seal, 2003). The sequence of reactions in
equations (1) and (2) decreases the concentrations of dissolved SOy, Fe, and other metals, and
increases pore-water alkalinity and pH (Tuttle etal., 1969; Benner etal., 1999; Lindsay et al.,
2009b). The reduction of SO4 described in reaction (1) is consistent with the trends of increased
pH, alkalinity, and H,S, and with the decreased Eh observed in the sub-aqueous tailings pore-
water (Fig.7 ). Studies on acid neutralization of lakes (Cook et al., 1986), tailings (Benner et al.,
2000), tailings amended with organic substrate (Lindsay et al., 2011) and for the treatment of
acid rock drainage (Benner etal., 1999) have shown that DSR coupled with secondary metal-
sulfide precipitation can promote increased concentrations of alkalinity, pH buffering, and the

formation of secondary metal-sulfide phases.
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Values of 8!13Cpjc became more negative towards the tailings surface while, with the
exception of the 88 cm sample, values of '80¢o3 became more positive (Fig. 8B). These trends
in 813Cpyc and 8!'8Ocp;3 are generally consistent with DSR coupled with oxidation of organic
carbon. The pore-water sample with highest concentration of H,S, alkalinity and most enriched
3**Ss04, 8180504 and 6'8 O3 and depleted 8!13Cpyc is near the interface with the overlying water
column, where the highest concentrations of organic carbon occurred in the sediments (Fig. 3).
Depth profiles of alkalinity for the sub-aqueous tailings (FXS, Fig. 7) generally decrease from
the tailings surface, with the shallowest depths having alkalinity concentrations that are similar
the values measured in Fox Lake. However, mixing of Fox Lake water and tailings pore water
(13 cm depth) cannot account for observed differences in the 6!3C-DIC and 8'8O¢o; (Fig. 8B).
These observations are consistent with the interpretation that DSR occurred within the sub-
aqueous tailings and that rates may have been greatest immediately below the water-tailings
interface.

The 6'%0 and 6*H composition of pore water in the sub-aerial and sub-aqueous tailings reveal
temporal and spatial differences in water sources. In 2001, pore-water from the sub-aerial and
sub-aqueous tailings, and from the Fox Lake were all distinct and plotted along a local
evaporation line (Gibson et al., 2010). Pore-water from the sub-aqueous tailings exhibited the
most negative 8'%0 and 8°H values, whereas pore water from the sub-aerial tailings was
characterized by slightly enriched 6'80 and 62H values. The sub-aerial tailings pore water
exhibited more negative 6'*0 and 6°H values in 2009 compared to 2001. These values were also
more negative relative to sub-aqueous tailings pore-water collected in 2009. Variations in '80
and 6%H values between the sampling events were relatively small for the submerged tailings,

indicating a fairly consistent stable hydrological setting. The sub-aerial tailings pore-water
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exhibited a larger range in 6'%0 and 6°H compositions between the two sampling events,
indicating variations in the source of water or in the degree of evaporation. Pore water collected
in 2001 from the sub-aerial tailings exhibited more enriched isotopic signatures than in 2009,
suggesting greater evaporation, or mixing with summer precipitation or enriched surface water.
The apparent lack of hydrological variability in the sub-aqueous tailings is consistent with
observed stability of the geochemical profiles over time. In contrast, the sub-aerial tailings
exhibited greater geochemical variability, which may be attributed, at least in part, to greater
hydrological variability as suggested by these 6'%0 and 6°H values. The weighted mean annual
composited of local precipitation for the areas was -17%o for 8'80 and -130%o for 6°H, measured
in The Pas, MB, the nearest long-term precipitation monitoring station, 150 km south of
Sherridon. Local groundwater is typically similar to the weighted mean annual composited of
local precipitation, with Canada being more bias towards winter precipitation (Jasechko et al.,
2014). The LEL of the area is from a survey of 151 lakes in northwestern Manitoba (Gibson et
al. 2010) and the intercept of the LEL for NW Manitoba and the GMWL (Fritz eta al., 1987) is
about -17%o. Mixing of groundwater (380 of -17%o.) with Fox Lake water (630 of -9.5) suggests
that porewater from the FXS tailings (5'80 of -11.5) was comprised of more than 50% surface
water.

Modeled saturation indices indicate that pore water from the sub-aqueous tailings
approached saturation or became supersaturated with respect to secondary sulfide minerals (Fig.
7). Speciation modeling results were consistent with the presence of secondary sulfides observed
in the submerged tailings at a depth of 6 cm. Secondary grains of covellite, each no more than
15 pm across, occur within the pyrrhotite pseudomorphs. In addition, rims of secondary

marcasite on unaltered primary pyrite were also identified at a depth of 6 cm in the submerged
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tailings. The rims occurred on a few grains and were extremely thin (Fig. 9). The optical
identification of the rims as marcasite was consistent with EDS analysis. Secondary metal-
sulfide phases were not detected in the S K-edge X ANES spectra from the sub-aqueous tailings.
However, similar to the XRD results, these phases were likely below method detection limits in
the presence of abundant pyrite and pyrrhotite (Table 1). Furthermore, despite the textural
difference between the host pyrite and the fine-grained marcasite rim, the two were difficult to
distinguish in backscattered-electron images because both minerals had the same composition.
Other studies (e.g., Pedersen et al., 1993; Paktunc and Davé, 2002; Lindsay etal., 2011) have

also reported the presence of secondary sulfide minerals, which control metal and sulfate

concentrations in sulfate-reducing zones at mining-impacted sites.

Fig. 9. Photomicrographs of sub-aqueous tailings at a 6 cm depth in plain reflected light showing
(A) unaltered grains of pyrite with thin rims of secondary marcasite, near center of image. (B)
Enlargement of (A) with arrows showing the narrow rims of secondary marcasite on the primary
pyrite grains. Width of view is represented by wv.

4.8. Microbial enumerations

Most-probable number populations of IRB and SRB were low within the ochreous zone of
the sub-aerial tailings, which was dominated by aSOB. Populations of nSOB were consistently
low throughout the sub-aerial tailings profile. Decreasing populations of aSOB with depth in the

sub-aerial tailings corresponded to an increase in SRB numbers below the ochreous zone. This
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trend is indicative of O, consumption due to sulfide-mineral oxidation above the water table and
DSR in the underlying saturated anoxic zone. Fermenters (APB) were not detected in the FX
profile and IRB numbers above the detection limit were attributed to false positives associated
with high dissolved Fe(Il) concentrations (Fig. 10).

In contrast to the sub-aerial tailings, nSOB exhibited higher MPN populations than aSOB in
the sub-aqueous tailings. Nonetheless, populations of both nSOB and aSOB were low at depths
greater than 13 cm below the tailings surface. The largest populations of SRB and IRB within the
sub-aqueous tailings occurred near the water-tailings interface. These values also corresponded
to the highest APB numbers, which suggests that the production of organic acids via
fermentation supported SRB and IRB activity at this depth (Lindsay etal., 2011; MacDonald et
al., 2013). Rapid consumption of these organic acids by SRB and IRB could explain why DOC
concentrations (Fig. 10) were not substantially higher near the water-tailings interface, where
active DSR may have been occurring (McDonald etal., 2013). Populations of SRB and IRB
generally decreased with depth, yet viable populations of these heterotrophic bacteria persisted
throughout the sub-aqueous tailings profile. The large shift in the 63*Sgo4 values and an increase
of H,S concentration and SRB population indicate that active DSR was occurring in the sub-

aqueous tailings.
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Fig. 10. Most probable number (MPN) populations of acidophilic S-oxidizing bacteria (aSOB),
neutrophilic S-oxidizing bacteria (nSOB), acid-producing (fermentative) bacteria (APB), iron-
reducing bacteria (IRB) and SO4-reducing bacteria (SRB) in the land-based (FX) and submerged
(FXY) tailings. The water-tailings interface is located at a depth of 0 cm for FXS and the dashed
line represents the water table at FX.

4.9. Fox Lake water quality

Comparison of water quality parameters for the submerged tailings, land-based tailings and
Fox Lake (Fig. 7) shows the importance of limiting oxidation to minimize the generation of low
pH waters with high dissolved metal concentrations. Despite low pH, high SO4 and metal
concentrations present in pore-water of the land-based tailings, the water quality of Fox Lake
remained circumneutral, likely due to the ameliorating influence of DSR (Table 3). The lake
surface water was at equilibrium with respect to calcite suggesting this phase may be controlling
the pore-water pH (Fig. 7). The 6'%0 and 8’°H composition of Fox Lakeis indicative of
evaporative enrichment in a surface water body, and suggest hydrological changes were minimal
between sampling campaigns. The 634Sgo4 and 6'80s04 values were consistent with the dissolved
SO4 being strongly influenced by DSR. Water-quality data are sparse prior to 2001, but the
limited data available seems to indicate a general improvement in water quality over the 25-year

period (Table 3).
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Table 3. Water chemistry measured from Fox Lake (FL) surface water between 1983 and 2009.
Median calculations for FL and Sherlett Lake (SL) were determined from 2002 to 2009 data.
GPAL refers to the Canadian guidelines for the protection of aquatic life (CCME, 2007).
Historical values from Beck? (1983) and Beck® (1988). Detection limit represented by dl.
Hyphens indicate that parameter was not determined.

Date pH Alkalinity SOq4 Fe Zn Cu Ca Mg
mg/LCaCO; mg/L mg/L mg/L mg/L mg/L mg/L

1983 7.3 - - - 0.26 0.56 - -
1988° 7.2 48 - 1 0.5 0.01 64 5.7
2001 7.97 62 93 0.09 <dl 0.005 45 4.5
2002 8.44 57 33 <dl <dl <dl 47 4.6
2003 7.79 68 81 0.38 <dl 0.003 42 4.4
2004 7.34 88 84 0.19 <dl 0.006 52 4.9
2005 7.53 86 70 1.0 0.005 <dl 47 4.6
2006 8.56 70 - - - - - -
2008 7.90 58 72 0.06 0.002 0.003 41 4.2
2009 8.05 75 70 0.13 0.002 <dl 44 4.6
FL Median 7.9 72 70 0.16 0.002 0.003 45 4.6
SL Median 7.6 25 4.5 0.10 0.10 0.002 7.6 2.8
GPAL 6.5-9.0 - - 0.3 0.03 0.002 - -
dl 0.01 <1 <0.01 <0.0002 <0.0005 <0.0005 <0.005 <0.0001

Sherlett Lake is a shield lake located up-stream of the former mining site and is therefore
considered representative of background water quality (Beck, 1983; Moncur etal., 2014).
Sherlett Lake was sampled annually between 2002 and 2009. A comparison of water quality
between Fox Lake and Sherlett Lake indicated that dissolved Fe and Cu concentrations were
similar; however, Fox Lake exhibited much lower dissolved Zn concentrations (Table 3).
Elevated dissolved Zn concentrations observed in Sherlett Lake are related to weathering of
sulfide-bearing waste rock from the mine that was used as construction along the shore (Moncur
et al., 2014). Conversely, dissolved SO4, Ca and Mg concentrations were an order of magnitude
higher in Fox Lake than Sherlett Lake, likely a result of (sulfide) mineral weathering products
from the sub-aerial tailings. The 8'0 and 6°H composition of Sherlett Lake, -12.59 %o and -
106.1 %o, respectively, shows less evaporative enrichment then Fox Lake (5'80: -9.34 %o and
0%H: -92.6 %o), typical of a flow-through surface-water body as described by Moncur et al.

(2014). The 834S-SO4 value measured for Fox Lake in 2009 (20.4 %o) was indicative strong
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fractionation via DSR, whereas the 8°4Sgo4 value for Sherlett Lake (4.4 %0) was more
representative of sulfide-mineral oxidation (Fig. 8). Strong reducing conditions in Fox Lake are
likely controlling dissolved metals concentration in the surface waters, nevertheless weathering
of the sub-aerial tailings is evident from the elevated dissolved concentrations of SO4, Ca, and
Mg. Dissolved Fe, Zn, and Cu concentrations remained below Canadian maximum

concentrations for the protection of aquatic life (CCME, 2007).

5. Conclusions

Sulfide mine tailings were deposited into Fox Lake more than 60 years ago. This deposit
included sub-aerial tailings (FX) exposed to atmospheric oxygen since deposition and sub-
aqueous tailings (FXS) positioned below a continuous 100 cm water cover. The sub-aerial
tailings exhibited a well-defined, ochreous oxidation zone with extensive sulfide mineral
depletion that extended from surface to about 40 cm depth. A transitional zone of much weaker
oxidation extended from 40 to 60 cm below the tailings surface, and the sulfide mineral
assemblage remained unaltered at depths > 60 cm. In contrast to the sub-aerial tailings, the
oxidation zone observed in the sub-aqueous tailings was thin, extending <6 cm below the water-
tailings interface.

Pore water collected from the sub-aerial tailings exhibited low pH, depleted alkalinity, and
elevated concentrations of dissolved SO, and metals (i.e., Fe, Zn, Cu). The sub-aerial tailings
contained elevated populations of acidophilic sulfur oxidizing bacteria (aSOB), which catalyze
sulfide-mineral oxidation at low pH in the presence of O, and water. Increased populations of
sulfate-reducing bacteria (SRB) below the ochreous zone were indicative of O, consumption via
sulfide-mineral oxidation in the overlying tailings. Conversely, the sub-aqueous tailings

exhibited strong reducing conditions with pore-water characterized by circumneutral pH and low
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concentrations of dissolved SO4 and metals. This pore water also exhibited elevated H,S
concentrations and strong 634Sgo4 enrichment indicative of dissimilatory sulfate reduction (DSR)
whereas the subaerial tailings porewater had depleted 63#Sso4 values similar to the signature of
sulfide minerals in the tailings. Marcasite occurred as secondary coatings on primary minerals
within 2 cm of sub-aqueous tailings surface. Secondary covellite was also observed in this zone.
These findings further emphasize the influence of reducing conditions and microbial activity on
metal mobility within sub-aqueous mine tailings. Results from this study suggest that the use of
sub-aqueous tailings deposition as an approach to limiting oxidation may be effective over

extended time periods.
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