
Evaluating Controls on Arsenic Geochemistry at the Long 

Lake Gold Mine in Sudbury, ON 

 

by 

 

Brent Robert Verbuyst 

 

 

 

 

 

A thesis 

presented to the University of Waterloo 

in fulfillment of the 

thesis requirement for the degree of 

Master of Science 

in 

Earth Sciences 

 

 

 

 

 

 

 

Waterloo, Ontario, Canada, 2020 

 

©Brent Robert Verbuyst 2020 



ii 
 

Authorôs Declaration 

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including 

any required final revisions, as accepted by my examiners. 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Abstract 

The release of As from old mine sites can persist long after cessation of mining activities. This 

project combines field and laboratory research components at the Long Lake Gold Mine site, 

near Sudbury, Ontario. The mine was discovered in 1908 and operated intermittently from 1909 

until 1939; the mine was later abandoned and is now the responsibility of the Ontario Ministry of 

Energy, Northern Development and Mines. Arsenic-bearing sulfide-rich tailings were deposited 

in three topographic depressions near the mill, named TA-01, TA-02 and TA-03. The purpose of 

this project is to evaluate controls on As biogeochemistry in the Long Lake tailings areas and to 

provide a detailed geochemical and mineralogical investigation of aqueous- and solid-phase As. 

During the past 100 years, extensive sulfide oxidation of sulfide minerals in the Long Lake 

tailings has resulted in acidic conditions and high concentrations of dissolved metals and SO4 in 

the tailings pore water. 

Four nests of monitoring equipment were installed within TA-01, to assist in the 

understanding of the biogeochemical behaviour of As in the tailings and groundwater. Core 

samples of the sand cap, tailings, and underlying soils were collected for geochemical, 

mineralogical, and microbiological characterization. Mineralogical and geochemical 

characterization of the TA-01 tailings showed a zone of sulfide oxidation extending ~0.3-1.0 m 

below the tailings surface. Arsenic K-edge X-ray absorption near edge structure (XANES) and 

bulk As K-edge high energy resolution fluorescence detection X-ray spectroscopy (HERFD-

XAS) produced results consistent with the mineralogical investigation. Pore water within the 

near surface tailings was characterized by low pH (2.0-3.9) and elevated concentrations of 

dissolved metals and SO4. Groundwater was characterized by circumneutral pH values and low 

concentrations of dissolved metals and SO4. Arsenic concentrations of up to 500 mg L-1 were 
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measured in the tailings pore water and 70 mg L-1 in the underlying aquifer materials. The 

highest dissolved As concentrations were measured at shallow depths in the tailings 

corresponding with the lowest pH values and at the depth of the tailings profile near the organic 

layer interface. The tailings pore water and groundwater were characterized by ʵ34S-SO4 and 

ʵ13C-DIC fractionation indicating the likelihood of dissimilatory sulfate reduction (DSR). 

Results of this study will be used to inform and complement remediation efforts being 

undertaken by the Ministry of Energy, Northern Development and Mines. This study will 

provide information on the nature of mechanisms that affect the release and attenuation of As in 

over 100 year old sub-aerially deposited sulfide tailings.  
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1 Introduction 

1.1 Mine drainage geochemistry 

1.1.1 Sulfide oxidation 

The residual gangue produced during the recovery of ore minerals through milling and 

concentrating are classified as tailings. Mill tailings generated through the processing of sulfide 

ores can have negative impacts on the environment and water resources (Lindsay et al., 2015). 

Exposure to atmospheric oxygen results in oxidation of sulfide minerals in tailings and waste 

rock deposits, produces acidic water and releases hazardous elements (Blowes and Jambor, 1990; 

Nordstrom and Alpers, 1999). Several factors such as oxygen availability, pore-water pH, and 

the activity of S- and Fe-oxidizing bacteria control the rates of mineral oxidation (Lindsay et al., 

2015, Nordstrom and Alpers, 1999). Pyrite and pyrrhotite are the main sulfide minerals 

associated with mine wastes that are susceptible to oxidation. The oxidation of pyrite and 

pyrrhotite by atmospheric oxygen is represented as: 

(1) FeS2(s) + O2 + H2O Ą 2SO4
2- + Fe2+ + 2H+  (Pyrite) 

(2) Fe(1-x)S + (2 - x)O2 + xH2O Ą (1-x)Fe2+ + SO4
2- + 2xH+ (Pyrrhotite) 

 Both pyrite and pyrrhotite may contain trace elements that occur as impurities such as As 

(Savage et al., 2000; Nordstrom, 2002; Paktunc et al., 2006) and other trace elements such as Pb, 

Sb, Bi, Cu, Co, Ni, Zn, Au, Ag, Se and Te (Deditius et al., 2011). In addition, arsenopyrite 

[FeAsS] and arsenian pyrite [Fe(AsxS(1-x)2] are common sources of As in sulfide-ore deposits 

and mine wastes (Blowes et al., 2013; Lindsay et al., 2015). Sulfide oxidation can release these 

trace elements to the environment. The Fe(II) that is released by the oxidation of pyrite and 
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pyrrhotite can be oxidized to form Fe(III), which can precipitate as ferric oxyhydroxide under 

mildly acidic to near-neutral pH conditions.  

(3) Fe2+ + ¼O2 + H2O Ą ŬFeOOH + 2H+ 

Mineral dissolution reactions can neutralize acidity generated by sulfide-mineral oxidation and 

Fe(III) oxyhydroxide precipitation. The dissolution of calcite [CaCO3], dolomite [CaMg(CO3)2] 

and other carbonate phases consumes H+, which results in neutral mine drainage conditions 

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

(4) CaCO3 + H+ Ą Ca2+ + HCO3
- 

(5) CaMg(CO3)2(s) + 2H+ Ą Ca2+ + Mg2+ + 2HCO3
- 

As the carbonate content decreases the pH remains near neutral. Acid mine drainage conditions 

occur following the depletion of carbonate minerals. After the carbonate minerals are depleted 

the pH of the pore-water decreases until it reaches equilibrium with the most soluble secondary 

hydroxide mineral, Al(OH)3, maintaining the pH between 4.0 to 4.5 (Blowes, 1997). The pH will 

then lower until equilibrium with an Fe(III) oxyhydroxide has been attained which maintains the 

pH in the region of 2.5 to 3.5. With decreasing pH the solubility of Fe(III) increases and indirect 

oxidation becomes the dominant pathway of sulfide mineral oxidation (Nordstrom, 2003). 

Additional acidity and release of Fe(II), SO4 and other metals are caused by indirect oxidation of 

pyrite by Fe(III): 

(6) FeS2(s) + 14Fe3+ + 8H2O Ą 15Fe2+ + 2SO4
2- + 16H+ 

 

1.1.2 Arsenic geochemistry 

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

and organisms. Arsenic can be mobilized through natural processes such as weathering reactions, 
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biological activity and through anthropogenic causes. The occurrence of As contamination in the 

environment has greatly increased through releases associated with waste disposal, pesticides, 

As-bearing chemicals and mining (Morin and Calas, 2006). Mining activities in numerous 

locations in the world have contributed to As contamination (Williams, 2001). Although there 

are numerous pathways of exposure to As including air, food, water and soil, drinking water 

poses the greatest threat to human health associated with As contamination (Smedley and 

Kinniburgh, 2002).  

On a worldwide scale As and F are recognised as the most serious inorganic 

contaminants in drinking water (Smedley and Kinniburgh, 2002). The limit of As in drinking 

water has changed over the years due to the growing evidence of the toxicological effects. The 

World Health Organization guideline value for As in drinking water is 10 µg L-1, reduced from 

50 µg L-1 in 1993. The maximum acceptable concentration of As for Canadian drinking water is 

10 µg L-1, while the interim maximum acceptable concentration for Ontario drinking water is 25 

µg L-1. In 2001 the US-EPA limit was reduced from 50 to 10 µg L-1.  

Arsenic occurs in many compounds and exists in the environment in five oxidation states 

(-III, -I, 0, III, V). Arsenic occurs in the -I oxidation state in sulfide minerals such as arsenopyrite 

[FeAsS] and arsenian pyrite [FeS2] (Campbell and Nordstrom, 2014). Other primary sulfide 

minerals that contain As include orpiment [As2S3] and realgar [As2S2]; small amounts of As are 

commonly found in the structure of co-existing pyrite (Kocourkova et al., 2011). Arsenic is 

found in a variety of other forms such as As-sorbed species, poorly crystalline As-bearing solids 

and organic forms of As (Wang and Mulligan, 2009). Biological activity can produce organic 

forms of As, mainly in surface water where it has been significantly impacted by industrial 

pollution (Smedley and Kinniburgh, 2002). Organic forms of As include dimethylarsinate 
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(DMA) and monomethylarsonate (MMA), and are the least toxic As species (Miller et al., 2000). 

Organic As species are rarely quantitatively significant in groundwater except where industrial 

pollution occurs (Smedley and Kinniburgh, 2005).  

In natural waters As commonly occurs as trivalent arsenite [As(III)] or pentavalent 

arsenate [As(V)] (Smedley and Kinniburgh, 2002). In anaerobic environments As(III) is the 

primary species, while in aerobic waters As(V) dominates (Nordstrom, 2002; Smedley and 

Kinniburgh, 2005). In the environment, As(V) and As(III)  often co-exist due to relatively slow 

redox transformations (Raven et al., 1998). Arsenite has been reported as being 25-60 times 

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

  The most important factors that control As speciation in aqueous systems are pH and 

redox potential (Smedley and Kinniburgh, 2005). In contrast to many other elements, As is 

soluble across a wide pH range (pH 1-12) (Williams, 2001). Arsenic is unique due to its 

sensitivity to mobilization in circumneutral waters under both oxidizing and reducing conditions 

(Smedley and Kinniburgh, 2002). Inorganic As forms the arsenate oxyanion (AsO4
3-) at 

moderate and high redox potentials, while the arsenite oxyanion (AsO3
3-) occurs under 

moderately reducing conditions at circumneutral or low pH. At lower pH values (less than 6.9) 

and oxidizing conditions H3AsO4 is dominant and AsO4
3- is dominant under alkaline conditions 

(Smedley and Kinniburgh, 2002; OôDay, 2006). Uncharged H3AsO3
0 dominates under reducing 

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

1.1.3 Sulfate reduction 

Dissimilatory sulfate-reducing bacteria are found over an extensive pH range (Chang et al., 

2001). Microbially mediated sulfate reduction can attenuate dissolved metals and SO4 released 

by sulfide oxidation reactions and has been used to remediate acid mine drainage at the source 
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(Hulshof et al., 2003, 2006), in constructed wetlands (Ledin and Pederson, 1996) and in 

permeable reactive barriers (Blowes et al., 1998; Waybrant et al., 1998; Benner et al., 1999). The 

oxidation of organic carbon is catalyzed by sulfate-reducing bacteria and is coupled with the 

reduction of SO4 to H2S by the reaction: 

(7) SO4
2- + 2CH2O Ą H2S + 2HCO3

-  

Where CH2O represents a generic organic compound (Berner, 1980). This reaction releases H2S 

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

(8) Me2+ + HS- Ą MeS + H+ 

Where Me2+ represents a metal such as Cd, Co, Cu, Fe, Ni, and Zn. The net results from 

reactions (7) and (8) include decreased concentrations of SO4, Fe, metal(loid)s and an increase in 

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

1.2 Research objectives 

The primary objective of this research was to provide information on the mechanisms that 

control the release and attenuation of As in a sub-aerially tailings impoundment where sulfide-

bearing mill tailings were deposited starting over 100 years ago and ending 81 years ago. Results 

of this study will be used to inform and complement remediation efforts at the Long Lake mine 

site, which are being undertaken by the Ministry of Energy, Northern Development and Mines. 

Specific objectives of this research included: 

¶ Providing a detailed geochemical and mineralogical investigation of aqueous and solid 

phase As, and 

¶ Evaluate controls on As biogeochemistry in the tailings at the Long Lake mine site 
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The expected outcome of this project is to better understand the controls on As geochemistry in 

gold mine tailings and to characterize the site for future remediation. This project also describes 

the geochemistry of the tailings pore water and the mechanisms that control the concentrations of 

dissolved metals. 

1.3 Site description 

The Long Lake Gold Mine is a former Au mine and located in the Eden Township of the City of 

Greater Sudbury, roughly 1.3 km south of the south-western end of Long Lake (Figure 1). The 

ore deposit was discovered in 1908 and mined intermittently from 1908 until 1939, when the 

mine site was abandoned. The ore body contained impregnations of fine-grained, gold-bearing 

arsenopyrite and pyrite in Mississagi sandstone as a pipe-shaped mass approximately 150 feet by 

250 feet (Gordon et al., 1979). The main ore minerals, gold-bearing arsenopyrite and pyrite 

replaced feldspars in the sandstone. Other minerals include chalcopyrite, pyrrhotite, and minor 

amounts of galena, magnetite, and hematite (CH2M Hill, 2014). The mineralization is spatially 

related to Nipissing type intrusions (Gordon et al., 1979). Underground mining methods were 

used to recover the Au ore. The mine consisted of four levels of underground drifts, winzes, a 

mine shaft and a small open pit. The underground workings and the open pit are currently 

flooded. Gold was recovered using a 20-ton stamp mill and cyanide plant. Ore may also have 

been roasted. The mine produced over 56,000 ounces of Au and over 600 ounces of Ag from 

approximately 196,000 tonnes of ore. Arsenic-bearing sulfide-rich tailings were deposited in 

three topographic depressions near the mill, named TA-01, TA-02 and TA-03, between the mine 

site and the south end of Long Lake. The three tailings areas are estimated to contain 163,000 m3 

of tailings (CH2M Hill, 2014). 
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Figure 1: Image showing the location of the abandoned Long Lake Gold Mine, approximately 

1.3 km south of the southwest end of Long Lake, south of the City of Greater Sudbury. 

Since the mine was abandoned waterborne fugitive tailings have migrated northward through the 

surface water drainage between the three tailings areas. Tailings have also been observed in the 

downstream drainage and in Luke Creek, which discharges into Long Lake. These releases have 

resulted in a tailings delta formed at the southern end of Long Lake where Luke Creek 

discharges. In the early 1970s, the Ministry of labour capped tailings areas TA-01 and TA-02 

with white sand as an attempt to reduce the exposure of As through tailings dusting. Since that 

time portions of the sand cap eroded, and exposed tailings are visible. The presence of plants on 

the tailings areas is limited due to the toxicity of the tailings (CH2M Hill, 2014). 
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The tailings at the Long Lake Gold Mine include sulfide minerals that can produce acidic 

drainage with high concentrations of dissolved metals when the tailings are exposed to air and 

water. The runoff from the tailings is acidic and contains elevated concentrations of dissolved 

metals. The element of primary concern at the Long Lake Gold Mine is As. The Ontario Ministry 

of the Energy, Northern Development and Mines (ENDM) has been monitoring the water quality 

in Long Lake since the 1970s. It has been determined that the As concentrations at the southwest 

end of Long Lake exceed the Ontario Drinking Water Standard of 25 Õg/L and Health Canadaôs 

guideline of 10 µg/L. This concern has led to the Sudbury and District Health Unit issuing a 

Drinking Water Advisory to property owners located near the affected area of Long Lake 

(CH2M Hill, 2014). 

In 2014, a site characterization study was conducted at the Long Lake Gold Mine (CH2M 

Hill, 2014). It was determined that there are three primary contaminant sources of concern to 

Long Lake. These contaminant sources are the three tailings areas (TA-01, TA-02, TA-03 and 

the related drainage paths), the fugitive tailings in Luke Creek and the wetland, and finally the 

tailings in Long Lake (tailings delta). The waste rock and the mine water from the open pit were 

not found to be substantial sources of contamination. 

Much of the As in the tailings delta in Long Lake is in a stable sulfide phase. There is 

limited potential for oxidation of this sulfide phase if the tailings remain submerged and are not 

exposed to the atmosphere (CH2M Hill, 2014). In the submerged tailings in Long Lake about 

25% of the As has co-precipitated with Fe(III) oxyhydroxide. Under low O2(g) conditions ferric 

hydroxide may be unstable and remobilize As. Because of the low reduction potential in the 

submerged tailings and adequate O2(g) concentrations, the remobilization of As is not expected to 

happen in Long Lake (CH2M Hill, 2014). As determined by CH2M Hill, the submerged tailings 
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were determined to not be a significant source of dissolved As. The sources of As that are 

contributing to the contamination of Long Lake vary seasonally. During low flow seasons, As is 

derived from the tailings in Luke Creek, which are exposed to atmospheric O2(g). The tailings 

areas are the source of the fugitive tailings and are therefore contributing to the As loading 

during higher flow periods. The tailings areas do not contribute to As loading during low flow. 

According to CH2M Hill, groundwater is not a major migration pathway of As from the tailings 

areas to Long Lake. 

The Ministry of Energy, Northern Development and Mines is responsible for the 

remediation plan that will occur at the Long Lake Gold Mine. The goal of this remediation effort 

is to improve the water quality in Long Lake to meet the provincial safe drinking water limits. 

The tailings will be consolidated to reduce the As loading to the ecosystem and restore wildlife 

productivity and biodiversity. This remediation plan will involve the development of a tailings 

impoundment within TA-01 and consolidation of all of the tailings in a single impoundment 

area. The tailings that are in the delta in Long Lake will be excavated to a minimum depth of 2 m 

below the lake water level and moved to the tailings impoundment. The tailings that will remain 

in Long Lake will be capped with a layer of gravel to prevent re-suspension. After all the tailings 

are consolidated in the impoundment, the impoundment will be capped with an engineered 

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

tailings are removed will be covered and vegetated. 
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Figure 2: Detailed Long Lake Gold Mine site map, including the location of the four piezometer 

nests (LL01, LL03, LL06, and LL07) used for geochemical and mineralogical investigations and 

the location of the five mini-piezometers (P1 to P5) installed to measure the shallow 

groundwater flow. 



11 
 

2 Methods of Investigation 

2.1 Piezometer network 

A network of four piezometer nests and five water-table wells was installed within TA-01 

tailings impoundment (Figure 2). Each piezometer nest consisted of several 5.08 cm (2-in.) 

diameter drive-point piezometers (total of 23) and one to two soil-water solution samplers 

(SWSS). The water-table wells were installed within TA-01 to further characterize the 

groundwater flow system (Figure 2). Hydraulic conductivity values were determined using a 

combination of piezometer-response tests and calculations based on grain size measurements 

(Table 1). Water levels and hydraulic head measurements were made on several occasions to 

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

2.2 Groundwater sampling 

Water from the piezometers was collected using a peristaltic pump. Soil-water solution samplers 

were used to collect tailings pore water from the unsaturated zone. Measurements of pH (Orion 

Ross Ultra pH Electrode) and Eh (Thermo Orion Redox Sure Flow Electrode) were made in the 

field. All measurements of pH and Eh were maintained at groundwater temperature (~8-10 °C). 

The pH electrode was calibrated using pH 1.68, pH 4 and pH 7 buffers (traceable to NIST). The 

Eh electrode was verified using ZoBellôs solution (Nordstrom, 1977) and Lightôs solution (Light, 

1972). Alkalinity was determined on samples filtered through 0.45 um cellulose acetate 

membranes using a Hach Digital Titrator, 0.16 N or 1.6 N sulfuric acid and bromcresol green-

methyl red indicator. The electrical conductivity  was measured on unfiltered samples using an 

Oakton® Instruments EcoTestr (Conductivity and TDS pocket meter). Samples were filtered 

with cellulose nitrate membranes and split into high-density polyethylene (HDPE) or glass amber 

bottles for various geochemical analyses.  
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Samples for analysis of cations were preserved using trace-metal-grade HNO3 to a pH < 

2. Samples for anions were not preserved. All samples were refrigerated immediately after 

collection and stored at 5 °C until analysis. Cations concentrations were determined by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively coupled 

plasma mass spectrometry (ICP-MS) for Ag, Al, As, B, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, K, 

Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Se, Si, Sn, Sr, Ti, Tl, U, V and Zn. Anion concentrations 

were determined by ion chromatography (IC) for Cl-, Br-, F-, NO2
-, NO3

-, PO4
3- and SO4

2-. 

 Samples collected for As speciation were analyzed as soon as possible at the University 

of Waterloo by separating As(III) and As(V) using a modified version of the anion exchange 

method described by Ficklin (Ficklin, 1983). This method uses ion exchange of anionic arsenate 

from neutral arsenite under acidic conditions. The ion exchange is performed using gravity flow 

of the samples through an anion exchange resin using HCl as the eluant. The modified Ficklin 

method is inexpensive, fast and simple (Edwards et al., 1998). All samples were then refrigerated 

until analysis. After separation, the samples were analyzed by ICP-OES to determine the 

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

At the University of Waterloo, environmental-grade 3N HCl was used to adjust the pH of 

samples collected for ŭ34S and ŭ18O analysis. The addition of HCl acid ensured that the dissolved 

inorganic carbon was driven out of the solution. Sulfate for ŭ34S and ŭ18O isotope analysis was 

then precipitated as BaSO4 using reagent grade BaCl2 6H2O. The precipitate was rinsed with a 

minimum of 500 mL distilled water to remove any residual BaCl2. The precipitated BaSO4 was 

then converted into SO2 in an elemental analyzer coupled to a mass spectrometer (Giesemann et 

al., 1994). Raw ŭ34S values are normalized to the Vienna Canyon Diablo Troilite (VCDT) scale 

using reference materials and laboratory standards. Oxygen-isotope analysis on BaSO4 
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precipitate was determined using a high temperature reactor coupled to an isotope ratio mass 

spectrometer in continuous flow mode. Results are expressed in the per mil notation relative to 

the international V-SMOW standard. 

Dissolved organic carbon (DOC) samples were collected in 40 mL sealed amber glass 

bottles, preserved with H2SO4 and stored at 5 °C until analysis. Dissolved inorganic carbon 

(DIC) samples were collected in 60 mL HDPE bottles. Dissolved inorganic carbon samples 

contained no preservative and were kept frozen until analysis. Both DOC and DIC samples were 

analyzed at the University of Waterloo.  

Water collected for cyanide analyses included samples for total cyanide, weak acid 

dissociable cyanide (WAD) and thiocyanate. Samples for total cyanide and WAD cyanide 

analyses were collected in the same sample bottle, which contained NaOH as a preservative. 

Samples for thiocyanate analysis were collected into separate 60 mL bottles containing HNO3 as 

a preservative. Samples were shipped to ALS Environmental in Waterloo, ON, for analysis.  

Unfiltered samples for methane (CH4) analysis were collected, with no headspace, in 30 

mL glass serum bottles sealed with a rubber septa and aluminum crimp seals. Samples were 

stored at 5 °C and inverted during transport to the University of Waterloo. In the laboratory, a 

headspace was created in the sample by injecting 10 mL He gas. The samples were shaken to 

equilibrate dissolved CH4 with the He gas. An aliquot of the headspace gas was removed and 

injected into a gas chromatograph (Agilent 7890B GC System) with a flame ionization detector 

(GC-FID) for the determination of aqueous CH4.  
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2.3 Pore-gas analysis 

Pore-gas concentrations of O2(g) and CO2(g) were measured in the field. Stainless steel tubes, 0.63 

cm in diameter, were driven into the tailings at 10 cm intervals and connected directly to a 

portable O2/CO2 analyzer (Quantek Instruments Oxygen/Carbon Dioxide Analyzer, Model 

902P). Pore gas was pumped through the analyzer until the readings stabilized. The pore-gas 

concentrations were measured at each of the four nest locations. Measurements ended at the 

depth where saturated conditions were encountered.  

2.4 Core sample collection 

Continuous core samples for geochemical, mineralogical and microbiological investigations 

were collected at four piezometer nests within TA-01: LL01, LL03, LL06 and LL07 (Figure 2). 

All core samples were collected in thin-walled Al tubes either 7.62 cm (3-in.) or 5.08 cm (2-in.) 

in diameter, using the piston core-barrel method described by Starr and Ingleton (1992). The 

samples were frozen at the site and transported to the University of Waterloo where they were 

maintained frozen until analysis. Core samples collected in November 2016 were utilized for 

pore-water extraction, whereas samples collected in November 2017 were used for 

microbiological and mineralogical investigations. A correction factor was applied to each core 

section to compensate for compaction.  

2.5 Pore-water extraction 

Core samples collected in 2016 were used to collect pore water by the method described by 

Moncur et al. (2013). Measurements of pH, Eh and alkalinity were determined as described 

above, at least three times for each section of core to ensure representative results. The remaining 

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

Samples were preserved as described above.  

2.6 Geochemical modeling  

The geochemical model PHREEQC 3.4.0 (Parkhurst and Appelo, 1999) using the WATEQ4F 

database (Ball and Nordstrom, 1991) was used to assist in the interpretation of the aqueous 

geochemical data and the mineralogical results. The model was also used to infer mineral phases 

that may be controlling concentrations of dissolved constituents. PHREEQC is an equilibrium 

speciation/mass transfer model that provides calculations of saturation indices (SI) for discrete 

mineral phases.  

2.7 Physical properties 

The bulk density, particle density, moisture content and porosity were determined at several 

depths at each piezometer nest. The particle density of the dry material was measured using a 

Beckman Model 930 Air Comparison Pycnometer. Volumetric moisture content and porosity 

were calculated from the measured values of bulk density, particle density and gravimetric 

moisture content. Particle-size distributions were determined using laser diffraction analysis on 

samples from several depths at each of the four nest locations. The hydraulic conductivity was 

then estimated using the Kozeny-Carmen equation from each grain size curve using the 

HydrogeoSieveXL2-3 program (Devlin, 2015). The uniformity coefficient (CU) was calculated 

for each grain-size distribution, where CU = D60/D10.  

2.8 Solid-phase geochemistry and mineralogy 

Core samples collected in November 2017 were sub-sampled for geochemical analyses and 

mineralogical study. Geochemical analyses included C/S determinations and whole-rock 
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analyses. Whole-rock assay samples were selected from one nest location, LL01, at six different 

depths. These samples were sent to three independent laboratories, ALS Global, Activation 

Laboratories Ltd. (Actlabs) and Bureau Veritas Minerals (BVM), for digestion with aqua regia 

followed by trace element analysis by ICP-MS.  

X-ray Diffraction (XRD), optical microscopy and Scanning Electron Microscopy (SEM) 

were used to study the tailings mineralogy. Seven samples from each LL06 and LL07 were 

selected for examination. Samples included tailings from both the oxidized and unoxidized 

zones, the organic layer directly beneath the tailings and samples from the underlying sediment. 

Polished thin sections were prepared by Spectrum Petrographics in Vancouver, Washington. 

Sections were prepared in the absence of water and oxygen to prevent the dissolution of soluble 

phases or the oxidation of sulfide minerals. The polished thin sections were examined using 

optical microscopy under both transmitted and reflected light. All thin sections from LL07 were 

then coated with carbon and grains selected on the basis of optical microscopy were examined by 

scanning electron microscopy-energy dispersive spectrometry (SEM-EDS). The SEM-EDS 

utilized a Hitachi S-3200N instrument with a backscattered electron detector and a Hitachi 

TM3000 Table-top SEM coupled with a Bruker QUANTAX 70 EDS. 

Bulk As K-edge high energy resolution fluorescence detection X-ray spectroscopy 

(HERFD-XAS) spectra were collected from tailings and native soil on the 20-ID beamline at the 

Advanced Photon Source (Argonne National Laboratory, Lemont, IL) to identify As species. 

Frozen core samples were freeze dried under vacuum at -50 °C and pulverized in an agate mortar 

and pestle. The powdered samples were pressed in Teflon holders and sealed with Kapton tape 

prior to analysis. Sample preparation was completed in an anaerobic glovebox. Nine mineral 

standards were examined including: arsenolite [As4O6], arsenopyrite [FeAsS], arsenic trioxide 
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[As2O3], getchellite [AsSbS3], kankite [Fe3+AsO4ω3.5(H2O)], orpiment [As2S3], realgar [Ŭ-

As4S4], scorodite [FeAsO4ω2H2O], and sodium arsenate [Na3AsO4]. Three to ten scans were 

made on each sample. Linear combination fitting (LCF) of normalized spectra was performed 

using ATHENA (Ravel and Newville, 2005). 

Synchrotron radiation-based µ-XRF and X-ray adsorption near edge structure 

spectroscopy (XANES) was used to examine As speciation for selected grains in addition to 

HERFD spectroscopy. Arsenic K-edge spectra were collected for reference standards. 

Experiments were performed on beamline 20-ID at the Advanced Photon Source located at 

Argonne National Laboratory in Lemont, Illinois. Grains were selected from thin section slides 

determined by optical and SEM examination. Scans were performed over an energy range of 

11,667 to 12,720 eV. Three to five scans were made on each location selected for XANES 

spectra. Arsenopyrite [FeAsS], scorodite [FeAsO4ω2H2O], and schneiderhohnite 

[Fe2+Fe3+
3As5O13] were analyzed as reference standards. Data analysis of normalized spectra was 

performed using ATHENA (Ravel and Newville, 2005). Additional reference standards used 

included kankite [FeAsO4ω3.5H2O], sodium arsenite [NaAsO2], orpiment [As2S3], realgar [Ŭ-

As4S4], arsenic trioxide [As2O3], arsenic pentoxide [As2O5], and sodium arsenate [Na3AsO4].  
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3 Results and Discussion 

3.1 Hydrogeology 

Tailings area 01 (TA-01) is the largest tailings area of the three and is approximately 7.1 ha in 

size (Figure 2). Of the total 163,000 m3 of tailings generated at Long Lake TA-01 contains 

141,000 m3 of tailings, approximately 87 percent of the total tailings by volume (CH2M Hill, 

2014). A drainage channel enters the tailings area from the south-east and flows toward the 

western boundary of TA-01. From there the channel extends north, exiting TA-01 at the northern 

tip, toward Long Lake via Luke Creek. 

The surficial geology consists of a bedrock-drift complex containing frequent bedrock 

outcrops and discontinuous glacial drift of variable thickness, consisting of a silty to sandy till 

(Boissoneau, 1965). The southern portion of TA-01 slopes northward towards the drainage 

channel. The remaining area of TA-01 generally slopes to the northwest. Measurements over the 

period from 1971 to 2010 from a meteorological station 21 km northeast of the site indicate that 

the average annual precipitation is 901 mm, with 74 percent occurring as rainfall and the 

remaining in the form of snow (CH2M Hill, 2014). Tailings thickness at TA-01 ranged between 

1.0 and 2.5 m. The tailings are underlain by a thin peat/organic layer which overlies a clay/silty 

clay layer. Bedrock was encountered at one location by CH2M Hill at the northern end of TA-01 

at a depth of 5.79 m.  

Physical properties including bulk density, particle density, moisture content, porosity 

and grain-size distributions were measured on samples at various depths from the nest locations. 

The calculated uniformity coefficient ranged from 2.25 to 8.40 with an average value of 3.88, 

representing a poor to well graded grain-size distribution. The porosity of the tailings determined 
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using the volumetric moisture content, bulk density and particle density ranges from 44 to 66 % 

and averages 59 %. (Figure 3). 

 

Figure 3: Depth profiles of porosity (n), gravimetric and volumetric moisture content, bulk ( b́) 

and particle ( d́) density for each piezometer nest location: LL01 (circle), LL03 (square), LL06 

(diamond), and LL07 (triangle). 

The grain-size diameter of the tailings at which 10 % by weight of the particles are finer 

(D10) showed differences in values between the profiles (Appendix C). Grain-size distributions 

showed a mixture of well sorted, fine to medium grained sand/silt and gap graded sand/silt. The 

distribution of particles sizes ranged from < 0.001 to > 0.1 mm.  Samples were characterized by 

a broad range of particle sizes or by two dominant particle sizes (Figure 4). The grain size was 

coarser at all depths at LL07, near where the tailings were discharged into the impoundment, 

compared to the other locations. At LL06 the D10 values are coarser near the surface and become 

finer with depth. The D10 values at LL03 increase to a maximum of 0.15 mm at a depth of 0.70 

m, followed by a decrease at greater depths. The D10 values at LL01 are fairly consistent 

throughout the profile, ranging between 0.063 and 0.124 mm. The coarser nature of the tailings 

near the surface could be a result of cementation of particles by secondary minerals produced by 

weathering reactions, winnowing by wind, or segregation during tailings deposition.  
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Figure 4: Grain-size distribution of tailings samples throughout TA-01. 

Hydraulic conductivity (K) values were calculated from rising-head tests (Bower and 

Rice) and grain-size analyses (Kozeny-Carman). Due to the sampling method used to collect 

sediment for grain-size analyses, direct overlap between the two methods was not possible. The 

estimated K, as calculated from grain-size analysis using the Kozeny-Carman equation for the 

tailings samples from the four nest locations averaged 1.6 × 10-6 m s-1, with a range of 3.4 × 10-7 

m s-1 to 4.0 × 10-6 m s-1 (Table 1). This relatively high permeability is consistent with the soil 

classification of tailings. Hydraulic conductivity was also evaluated using rising-head tests 

averaging 5.6 × 10-6 m s-1 within the tailings and averaging 1.1 × 10-7 m s-1 within the underlying 

natural materials (Table 1). Hydraulic conductivities calculated from grain-size analyses are 

considered less reliable than pumping and slug tests (Pucko and Verbovsek, 2015). Hydraulic 
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conductivity values were also calculated using the Hazen method, but were found to be several 

orders of magnitude different than the Bower and Rice and Kozeny-Carman methods. The Hazen 

method was developed for loose, clean sands with a uniformity coefficient of less than 2 and 

should be limited to saturated sands with D10 values between 0.1 to 0.3 mm (Carrier, 2003). The 

Hazen formula is based only on the D10 particle size whereas the Kozeny-Carmen formula is 

based on the full particle size distribution, particle shape, and the void ratio. Therefore, the 

Hazen method is considered less accurate than the Kozeny-Carmen formula (Carrier, 2003). 

Grain-size analyses test a small area of sediment compared to field-scale tests and is the most 

probable cause of differences between the two methods. Hydraulic conductivity results 

determined using the Kozeny-Carman and Bower and Rice methods are generally consistent, 

with results within an order of magnitude. An independent-samples t-test was conducted to 

compare the means of the Bower and Rice and Kozeny-Carman hydraulic conductivity methods. 

There was not a significant difference in the results for the Bower and Rice (M=1.6 × 10-6, 

SD=9.5 × 10-7) and Kozeny-Carman (M=2.6 × 10-6, SD=4.7 × 10-6) methods; t (29), p=0.36. 

These results suggest that the two populations are not significantly different. Hydraulic 

conductivities below the tailings within the native soil are lower by several orders of magnitude, 

which is consistent with the fine particle size of the silt/clay lithology. 
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Table 1: Comparison of hydraulic conductivity values. 

Location Depth (m) Matrix 

K (m s-1)  

[Kozeny-Carman] 

K (m s-1)  

[Bower and Rice] 

LL01 

0.23 Sand 1.25 × 10-6  
0.57 Tailings 1.22 × 10-6  
0.80 Tailings 1.42 × 10-6  
1.14 Tailings 2.02 × 10-6  
1.33 Tailings 1.25 × 10-6  
1.60 Tailings  1.60 × 10-6 

1.88 Tailings 1.44 × 10-6  
1.97 Tailings  1.97 × 10-6 

2.44 Tailings 1.23 × 10-6  
3.0 Organics  2.79 × 10-6 

3.89 Soil   2.49 × 10-9 

LL03 

0.23 Tailings 6.56 × 10-7  
0.47 Tailings 1.38 × 10-6  
0.70 Tailings 1.45 × 10-6  
0.94 Tailings 2.43 × 10-6  
1.00 Tailings  6.60 × 10-6 

1.86 Soil  1.57 × 10-7 

6.00 Soil   1.14 × 10-9 

LL06 

0.25 Sand 2.31 × 10-6  
0.51 Tailings 5.88 × 10-7  
0.76 Tailings 3.44 × 10-7  
1.00 Tailings  1.77 × 10-6 

1.02 Tailings 9.48 × 10-7  
2.00 Soil  3.49 × 10-7 

4.55 Soil  2.06 × 10-9 

LL07 

0.25 Tailings 1.42 × 10-6  
0.50 Tailings 1.48 × 10-6  
0.75 Tailings 3.74 × 10-6  
1.00 Tailings 4.00 × 10-6  
1.43 Organics  1.61 × 10-5 

2.1 Soil   1.61 × 10-7 

 

Within TA-01, the groundwater levels ranged from 239.56 m above sea level (mASL) to 

242.82 mASL between June 2017 and July 2019. The highest hydraulic head values were 

observed to be at the south-west end of the tailings area (Figure 5). These measurements indicate 

that groundwater is flowing north from the south end of TA-01. Groundwater level 
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measurements taken by CH2M Hill and the ENDM in 2013, 2015 and 2016 are included 

(Appendix C). The groundwater level measurements from CH2M Hill are consistent with 

observations during this project. Contour maps from between June 2018 and October 2018 show 

that the lowest hydraulic head values are at piezometer nest LL03 (Figure 5). Groundwater 

measurements from 2017 also suggest that groundwater is flowing north from LL07 towards the 

other three locations LL01, LL03 and LL06, as well as from LL01 toward LL03 (Appendix C). 

The addition of the mini-piezometers in 2018 provided a more comprehensive description of 

groundwater flow within TA-01.  

 

Figure 5: Groundwater elevation contour maps for TA-01 from June 11, 2018 and October 25, 

2018 indicating groundwater flow from the south of TA-01 towards the northern point and 

towards Luke Creek and Long Lake. 

The hydraulic head measurements suggest that there is a seasonal variation in the vertical 

gradient (Figure 6). At LL01 there is a downward gradient during November 2017 and 2018, and 

a slight upward gradient during June, July and September. A similar trend is observed at LL03 in 

November 2017 showing a downward gradient throughout the profile. During the other sampling 
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dates an upward gradient is observed. An upward vertical gradient is observed at LL06 during 

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

 

Figure 6: Depth profiles of hydraulic head (h) values. Short, medium, and long-dashed lines 

represent the depth of the sand layer, oxidized tailings, and unoxidized tailings, respectively. The 

solid line represents the depth of the organic layer. The solid blue lines represent the range of 

the water table. Symbols represent different sampling episodes: June 2017 ()֙, September 2017 

( ), November 2017 (Ҥ), June 2018 ( ), November 2018 (ộ), and July 2019 (ỏ). 

The average horizontal hydraulic gradient was estimated to be 0.0028, ranging from 

0.0001 to 0.0102 between June 2017 and July 2019. This horizontal hydraulic gradient is 

consistent with previous findings that provided an estimate of lateral hydraulic gradient of 

0.0040 within TA-01 in July and August 2013 (CH2M Hill, 2014). The average specific 

discharge was 1.39 ×10-8 m s-1, ranging from 1.32 ×10-9 m s-1 to 6.09 ×10-8 m s-1. The average 

estimated horizontal groundwater velocity was 1.78 m a-1, ranging from 0.13 to 3.72 m a-1. The 

average vertical hydraulic gradient was estimated to be 0.02, ranging from -0.87 to 1.11 between 

June 2017 and July 2019. A negative value represents upward flow while a positive value 

represents downward flow. The direction and magnitude of vertical hydraulic gradients is 

dependent on the piezometer nest location and the time of year.  The vertical hydraulic 

conductivity calculated for each piezometer nest location was 1.08 ×10-8, 1.65 ×10-9, 3.67 ×10-9, 
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and 4.94 ×10-7 m s-1 for LL01, LL03, LL06, and LL07, respectively. Using the vertical hydraulic 

conductivity for each piezometer nest location and the average vertical hydraulic gradient, the 

average vertical groundwater velocity ranges from 0.007 to 0.944 m a-1. The vertical 

groundwater velocity at location LL07 was the largest at 0.944 m a-1, consistent with the coarser 

particle size of the tailings at this location.  

The ŭ2H and ŭ18O ratios were determined at each piezometer nest location to help identify 

geochemical processes and groundwater surface water interactions. The tailings pore water and 

groundwater were plotted along the global meteoric water line (GMWL) at each piezometer nest 

location (Craig, 1961). The local meteoric water line (IAEA/WMO, 2020) was found to not be 

significantly different from the GMWL. Values of ŭ18O and ŭ2H ranged from approximately -14 

to -9 ҉ and from -98 to -68 ҉, respectively (Figure 7). There were small variations between 

sampling events for values of ŭ18O and ŭ2H, suggesting a moderately uniform hydrological 

setting, which is consistent with the stability of the geochemical profiles over the course of this 

study. Values of ŭ18O and ŭ2H were slightly enriched in the near surface tailings pore water and 

became more negative with depth at piezometer nest locations LL01, LL03, and LL07. At 

piezometer nest location LL06, values of ŭ18O and ŭ2H showed the smallest change with depth 

and were consistent throughout the profile. The evaporation of water causes enrichment in values 

of ŭ18O and ŭ2H, while the oxidation of pyrite can also affect both ŭ18O and ŭ2H values, 

producing depleted ŭ18O values (Spangenberg et al., 2007). Pore water that shows enriched 

isotope ratios occurred in the near surface tailings pore water, suggesting greater evaporation and 

water-rock interactions.  
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Figure 7: Plot of ŭ18O versus ŭ2H values measured from 2016 to 2019 from LL01, LL03, LL06, 

and LL07. Blue symbols represent tailings pore water while orange symbols represent 

groundwater. The solid black line represents the Global Meteoric Water Line (Craig, 1961). The 

medium-dashed blue line represents a linear regression for all tailings pore water samples and 

the short-dashed orange line represents a linear regression for all groundwater samples. 

3.2 Lithology and mineralogy 

Stratigraphy was similar at all four piezometer nests, consisting of a thin sand layer, followed by 

the tailings layer containing oxidized and unoxidized tailings, underlain by a layer of 

organic/peat followed by the native soil consisting of clay and clayey silt. The thickness of the 

tailings was greatest at LL01 at 2.5 m, while the thickness of the tailings at the other three sites 

fell in the range of 1.0 to 1.4 m (Figure 8). Core samples extracted from each piezometer nest 

showed little variation between the oxidized and unoxidized layers for the four sites. The sand 

cap was easily identifiable by the bright white colour of the sand. The core samples extracted 
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from beneath the sand cap showed a light grey colour throughout the oxidized zones, ranging 

from 0.41 to 0.57 m depending on location. The unoxidized layers were observed to be dark grey 

in colour. Visible Fe stains were observed at each location near the surface of the tailings and 

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

 

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

X-ray diffraction (XRD) performed on tailings and native soil samples indicated that the 

tailings consist primarily of quartz, albite and pyrite, with minor amounts of muscovite and 

orthoclase detected (Appendix D). XRD analysis performed previously indicate tailings samples 

from TA-01 primarily includes quartz, albite, pyrite and arsenopyrite (CH2M Hill, 2014). 

Results from using XRD Rietveld quantitative analysis indicate that albite is the most abundant 
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mineral at 54 %, followed by quartz at 27 %, with pyrite and arsenopyrite at 10 and 3.7 %, 

respectively (CH2M Hill, 2014). The results indicate that pyrite and arsenopyrite contents are 

high, which is consistent with the high As concentrations found within the tailings TA-01. 

Optical microscopy confirmed the presence of pyrite and arsenopyrite within the tailings 

samples. The occurrence of ferric oxyhydroxides has been observed in the shallow tailings 

(Figure 9, 10). Sulfide oxidation has depleted sulfide minerals in the near surface tailings below 

the sand layer (Figure 9, 11). The carbonate mineral content has also been depleted in the 

shallow tailings (Figure 11), indicating a decrease in the acid-neutralization capacity, and 

potential for ongoing generation of acidic drainage.  

Optical microscopic study indicates that principal sulfides were pyrite and arsenopyrite 

with pyrite being the predominant sulfide mineral. Samples examined from LL07 under reflected 

light from 0.28 m below the ground surface contained trace sulfide grains ranging in size from 

50 to 100 µm. Some of the sulfide grains indicated weathering or the formation of secondary 

phases (Figure 9). At a depth of > 0.75 m below ground surface the sulfide content increases 

considerably (Figure 11), with little to no alteration rims (Figure 9). The absence of alteration 

rims on some of the sulfide minerals can be attributed to the low pH values occurring within the 

oxidized portion of the tailings. The decline in oxidation intensity corresponds to the highest 

water table position, measured during November, as well as the depth to which measurable pore 

gas O2(g) was detected (Figure 12). Although samples obtained from the peat and aquifer 

materials underlying the tailings contain a lower abundance of sulfide grains than the tailings 

several small sulfide grains, possibly secondary sulfide minerals were observed.  

Reflected light microscopy showed similar observations at LL06. Samples collected at a 

depth of 0.35 m contained trace sulfide grains ranging in size up to > 50 µm. The sulfides are 
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highly oxidized in the upper 0.44 m of tailings and becoming less oxidized to a depth of 

approximately 0.76 m. The lower limit of oxidation at LL06 is consistent with the O2(g) profile 

and the depth of the water table (~ 0.40 m below the ground surface), with limited oxidation 

below this depth. Samples observed at depths of 0.76, 1.00, and 1.21 m to the maximum depth of 

the tailings (1.62 m) contained abundant sulfide grains with some grains containing alteration 

rims and others showing no alteration. At depths of 1.62 and 1.89 m a trace amount of sulfide 

grains was observed.  

 

Figure 9: Optical photomicrographs of tailings thin sections from LL07 in reflected light (A) 

0.28 m depth showing a few small sulfide grains 50 to 100 µm in size, (B) 0.75 m depth showing 

several unaltered sulfide grains, (C) 1.13 m depth containing many sulfide grains in close 

proximity, (D) 1.86 m depth showing one large sulfide grain approximately 100 µm in size. 




























































































































































































































































































