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ABSTRACT 
	  

One of the oldest and largest mines in the Northwest Territories is Giant Mine, located 

5km north of the City of Yellowknife. Over Giant Mine’s 50 years of operation from 1949-1999, 

it has emitted approximately 20,000 tonnes of arsenic (As) emissions through roasting of 

arsenopyrite to obtain the submicroscopic amounts of gold. When released into the atmosphere, 

the As emissions bind with oxygen to form arsenic trioxide (As2O3) which, when dissolved, 

releases the highly toxic As3+ species into the environment. An additional byproduct of roasting is 

As-bearing iron (Fe)-oxide. It has been found that high levels of As within the mine property can 

be attributed to anthropogenic inputs through roasting (Walker et al. 2005, Wrye 2008, Bromstad 

2011).  

In lake sediments surrounding the Yellowknife region, collected by the Geological 

Survey of Canada (GSC), high levels of As have been measured. Eleven of these lake sediment 

samples were made into thin sections and observed through Environmental Scanning Electron 

Microscopic (ESEM) analysis to determine whether the As present is of natural origin or 

anthropogenically derived. Further Mineral Liberation Analysis (MLA) was conducted on three 

of the eleven samples. In all samples studied potential As-bearing phases were observed, 

including both natural and roaster-derived. The phases observed include arsenopyrite (FeAsS) 

and pyrite (FeS) of natural origin, As-sulphides and Fe-oxides containing either natural or roaster 

derived As, and finally As-oxides of roaster origin. MLA analysis on the remaining eight samples, 

as well as microXRD analysis on the synchrotron is recommended in order to develop more 

definitive and quantitative conclusions.  
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1.0 INTRODUCITON 
	  

Arsenic (As), a naturally occurring metalloid that may be found in association 

with some types of gold mineralization (Bissen and Frimmel 2003, Singh et al. 2005, 

Wrye 2008).  Arsenic is widely present in the Earth’s crust in forms of sulphides and 

oxides, (Bissen and Frimmel 2003, Singh et al. 2005) with the most abundant As bearing 

minerals being arsenopyrite (FeAsS) and realgar (AsS) (Bissen and Frimmel 2003). 

Natural sources of As that result in above background levels are volcanic eruptions, and 

through the occurrence of As accessory minerals in rocks (Albert et al. 2003). High levels 

of As may also be attributed to human-related sources such as ore smelting and roasting, 

coal burning, and production processes in the past (Bissen and Frimmel 2003, Reimann et 

al. 2009).  

Several deformation events in the Yellowknife region resulted in refractory gold 

mineralization within quart-carbonate vein deposits hosted in greenstone belts. This 

deposit contains abundant sulphide minerals including the iron arsenic sulphide, 

arsenopyrite (Bromstad 2011). Arsenopyrite is the main sulphide mineral that is 

associated with gold mineralization in the Yellowknife region and is the most abundant 

gold-bearing mineral in the Giant Mine deposit. In the region, gold is present in 

arsenopyrite as sub-microscopic inclusions making it unavailable to conventional cyanide 

extraction (Walker et al. 2005). Roasting of arsenopyrite to obtain gold was the extraction 

method used during Giant Mine operation. This method released stack emissions leading 

to a large distribution of anthropogenically derived As. High levels of arsenic in the 



	   2	  

region may be due to naturally occurring arsenopyrite but may also be as a result of 

anthropogenic roasting of arsenopyrite during extraction processes.  

Giant Mine is located around 5km north of Yellowknife, Northwest Territories 

(Figure 1) and is expected to be one of the most costly remediation projects in the world. 

Over its lifetime of approximately 50 years, Giant has emitted approximately 20,000 

tonnes of As2O3 through stack emissions. During the Giant Mine operation, the most 

efficient method of obtaining gold was through the roasting of arsenopyrite. This roasting 

allowed for break down of the sulphides into porous iron oxides allowing for the ore to be 

more easily leached by cyanide.  This roasting also released As into the air (Walker et al. 

2005, Wrye 2008). It has been recently found that high levels of As within the Giant 

Mine property can be attributed to anthropogenic roasting (Walker et al. 2005, Wrye 

2008, Bromstad 2011).   

Released As by roasting processes binds with oxygen resulting in the formation of 

As2O3: 

 

Since As2O3 is a direct product of arsenopyrite roasting, its presence can be used to 

determine if As is anthropogenically derived. Natural As2O3 is extremely rare. As2O3 is 

of concern as it is highly soluble, highly bioaccessible and when dissolved releases 

inorganic As3+, a more mobile and toxic form of As (Wrye 2008). Chemical analysis was 

conducted on several lake sediment samples around the Giant Mine area by the 

Geological Survey of Canada (GSC) and results were published in a GSC Open File 7037 

(Galloway et al. 2012). It was found that several samples have higher concentrations of 

Chapter 1:
INTRODUCTION AND BACKGROUND

1.1 Introduction

 The most ubiquitous arsenic (As)-bearing mineral is arsenopyrite (FeAsS), which is common 

to many rocks, including coals and metal ores (Reimann et al., 2009). Quartz-carbonate vein gold 

deposits hosted in greenstone belts, such as the deposit at Giant Mine, NT, often contain 5-10 wt.% 

sulfide minerals, including arsenopyrite. For amphibolite facies rocks like those around Giant Mine, 

arsenopyrite is the main sulfide mineral associated with gold mineralization in and around quartz-

carbonate veins (Dube and Gosselin, 2008). Gold usually occurs as a refractory phase within 

hydrothermally deposited sulfide minerals at Giant Mine, mostly arsenopyrite and sometimes pyrite 

(Canam, 2006).

 Gold is usually extracted from ore using cyanide leaching, but refractory gold deposits 

require an additional processing step to liberate the submicroscopic gold and make it available for 

leaching. At Giant, the ore was roasted, an oxidation process which converts arsenopyrite to porous 

roaster iron (Fe) oxides (ROs), or calcine (Walker et al. 2005, 2011).   A multiple-hearth roaster was 

used to produce roaster calcine at Giant. The two major off gases produced from roasting were As 

vapor and sulfur dioxide (SO2) emissions (SRK 2002a).  The roasting process oxidized As present in 

arsenopyrite from As(-I) to As(III) as shown by Equation 1.1:

2FeAsS + 5O2 = Fe2O3 + As2O3 + SO2        (1.1)

As a result, As precipitated from the vapors as As2O3 (INAC 2007), considered to be both highly 

soluble and one of the most toxic forms of As to humans (Ruby et al. 1999). Originally As vapors 

were allowed to vent freely into the atmosphere, but in 1951 the first of many generations of gas 

capture technology in the form of an Cottrell electrostatic precipitator (ESP) were implemented to 

reduce As emissions by capturing As2O3 in dust form (SRK 2002a). The As-rich dust produced by 

 1
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As than set remediation objectives of 150ppm by The Government of North West 

Territories (GNWT 2003). Proposed sediment concentration objectives in the boat launch 

area is based off the average natural concentration of As in the region (150ppm) and was 

developed assuming that a person is barefoot in the sediment each day in the months of 

July and August (GNWT 2003). Sediments in the Yellowknife region are not widely used 

for residential or industrial purposes therefore the GNWT did not set As concentration 

objectives for these categories (2003).  

All sediments studied (Galloway et al. 2012) have higher measured As 

concentrations then the Canadian sediment guidelines, where the Interim Sediment 

Quality Guidelines (ISQG) and the Probable Effect Levels (PEL) set for arsenic in 

freshwater sediments are 5.9ppm and 17ppm respectively (CCME 1999). It is important 

to determine whether anthropogenic inputs of As are present in lake sediments around the 

Giant Mine area, as As may have ecological and health effects depending on its 

speciation. For example, arsenic trioxide  (from roaster emissions) is considered more 

bioaccessible and soluble than natural arsenopyrite (Plumlee 2011).  As lakes become 

accessible to the public, risk of exposure to nearby environments and humans, increases.   
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Figure 1: Map of Giant Mine (from Bromstad 2011). 

2.0 GEOLOGICAL SETTING OF GIANT MINE 
	  

 The Giant mine gold deposit is situated in the linear north-south trending 

Yellowknife Greenstone Belt (YGB) and consists of steeply dipping Achaean aged 

successions of metavolcanic and metasedimentary rocks (Siddorn et al. 2007, Bromstad 

2011). This brittle ductile shear system transects the Kam group of the YGB in the 

southwest portion of the Slave Province. The Kam group consists of mafic metavolcanic 

and instrusive rocks, 2720-2700Ga, and consists of four formations (Siddorn et al. 2007 

and references therein). The Giant Mine gold deposits are largely hosted within the 

Most soil pHs are near-neutral. Vegetation on outcrops consists of  limited vegetation in outcrop 

crevices (~10% of outcrop), scrub forest in areas with more soil, and wetlands in areas with a lack of 

drainage (INAC, 2007). Outcrop vegetation varies with wind direction and distance from the roaster.

 Predominant wind direction in the Yellowknife area is from the east and south, and 

secondarily from the northwest (SENES 2005a). The climate is quite cool and dry, with an average 

annual temperature of -4.5˚C and low precipitation and high evaporation (INAC 2007). Yellowknife 

Bay is part of Great Slave Lake, the fifth-largest lake in Canada in terms of surface area, and the 

deepest. Surface water in Great Slave Lake is covered with ice at least seven months of the year 

(Town of Hay River 2010).

 4

Figure 1.1: Location of Giant Mine, relative to Yellowknife, NT, and Yellowknife Bay, which connects to 
Great Slave Lake. Inset map shows approximate location of Yellowknife within Canada. Created from 
Government of Canada (2009) data, Mapsof.net (2011), and INAC (2007).
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Yellowknife Bay Fm, which is the stratigraphically highest of the formations, and 

consists of massive pillowed metabasalt flows, pillow breccias and interflow sediments. 

The YGB is mainly dominated by tholeiitic flows and intruded by younger granite 

intrusions, the Defeat Suite and the Prosperous Suite. A series of gabbro dykes cross cut 

the area, and several faults offset and divide the rocks of the region.  

 The structure of the Giant mine deposit is a result of a series of four superimposed 

deformation events which led to the formation of the Yellowknife gold deposits. The first 

deformation event (D1) consisted of extension; this led to the formation of refractory gold 

mineralization within the deformed schistose zones and quartz-carbonate veins (Siddorn 

et al. 2007). The vertical zonation of quartz-carbonate veins overprinting the D1 event 

was as a result of the second deformation event (D2). The third event resulted in the 

reactivation of the deformation zones and was not associated with the gold mineralization. 

Finally, the fourth deformation event consisted of Proterozoic faulting, where the West 

Bay Fault created an offset and segmentation of the large deposit into two subsequent 

deposits, now known as the Con, and Giant deposits (Siddorn et al. 2007).  

3.0 GIANT MINE HISTORY 

 
3.1 Ownership 

In its 50-year lifetime, Giant Mine was one of the oldest, most successful 

companies in the Slave Province (Wrye 2008). The first shaft of the Giant Mine history 

sunk in 1945, and mine production began June 1, 1948. Since 1943, the property has seen 

several ownership and operational changes as seen in Figure 2. In 1999 the mine went 

into receivership and the Department of Indian Affairs and Northern Development 



	   6	  

(DIAND) was given control of the property by the court. In 1999, the operators of the 

neighboring Con Mine, Mirarar Mining Corporation purchased Giant mine from DIAND.  

After 2004, DIAND and Public Works and Government Services Canada entered into 

contract for care and maintenance of the site (INAC 2007).  Miramar Mining Corp. was 

assigned bankruptcy by the court of NWT and Giant Mine became abandoned. The land 

was finally returned to the government of NWT and the bankruptcy trustee surrendered 

the rights to DIAND. A comprehensive remediation plan was developed by DIAND 

(INAC 2007) and currently, through DIAND, the Government of Canada is the caretaker 

of environmental liabilities of the mine. An environmental assessment (EA) of the Giant 

Mine Remediation Project commenced on April 2008 and the Mackenzie Valley Review 

Board (MVRB) has published a document, Report of Environmental Assessment and 

Reasons for Decision, which outlines the findings of the assessment (MVRB 2013).     

 

 

Figure 2: Timeline of Giant Mine Ownership (dates from Indian and Northern Affairs Canada 
2007). 

	  

3.2 Processing  
	  

When Giant Mine started producing, they adopted the most efficient oxidation 

process available at the time, roasting the iron bearing arsenic sulphide, arsenopyrite. 

With the gold at Giant mine being refractory and submicroscopically incorporated in 

arsenopyrite, it was unavailable to the conventional cyanidation method (Walker et al. 
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2005). Roasting of the arsenopyrite broke it down into porous iron oxides allowing the 

ore to be more easily separated with cyanide (McCreadie et al. 2000, Walker et al. 2005).  

The ore milling process started with the crushing and grinding of the extracted 

material. Froth floatation, was then used to selectively separate the gold-bearing sulfides 

from the extracted material (Walker et al. 2005, Bromstad 2011).  The separated sulfides 

were subsequently roasted, followed by cyanide leaching to separate the gold (Walker et 

al. 2005, Bromstad 2011).   

The roaster types evolved in attempts to increase gold extraction from 1949 to 

1958, and in 1958 the No. 2 Dorrco was installed, to be used for the remainder of the 

mine’s operations. The No. 2 Dorrco (fluo-solids roaster) provided for a more reliable 

and efficient roaster (SRK 2002a).  For a more detailed history of roaster stacks refer to 

SRK 2002a.  

3.3 Emissions  
	  

 Several types of emissions and wastes were produced when arsenopyrite was 

roasted. When roasting the arsenopyrite to make it more amenable to cyanidation, 

nanocrystalline porous roaster iron oxide byproducts are produced (Walker et al. 2005). 

Arsenopyrite roasting also produces SO2 emissions and effectively separates the As 

within the arsenopyrite as a As-rich vapor. The As that is released binds with oxygen, 

resulting in the formation of As2O3  (McCreadie et al. 2000, Walker et al. 2005).  

 Due to the absence of emission controls, large amounts of untreated As dust and 

SO2 off gas was released from Giant mine roaster stacks from 1949 to 1951 (Bromstad 

2011, Kneeling and Sandlos 2012). After 1951, efforts were made to control emissions, 
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through the form of an electrostatic precipitator (ESP), and for the remainder of the mine 

operation, efforts and controls to reduce emissions were implemented over time 

(Bromstad 2011, Kneeling and Sandlos 2012). Over Giant’s lifetime an estimation of 

approximately 20,000 cumulative tonnes of arsenic trioxide emissions were emitted from 

the stacks (INAC 2007, Wrye 2008, Environment Canada 2008) and a total of 85% of 

those were released by 1958 as seen in Table 1 (Wrye 2008). Roaster-derived byproducts 

that have been released during operations were eventually re-deposited in the region 

surrounding the mine and studies of the effects of these emissions are ongoing.   

Table 1: Estimates of aerial emissions of As2O3 dust from giant mine roaster (from Wrye 2008)  
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4.0 PREVIOUS WORK 
	  

Various studies on Giant Mine generated arsenic have been conducted, analyzing 

arsenic waste in soils within the property. It has been found that high levels of As in the 

forms of arsenic trioxides and iron oxides can be attributed to anthropogenic inputs 

through roasting (Walker et al. 2005, Wrye 2008, Bromstad 2011).  

 The samples analyzed in this project were obtained by, the Geological Survey of 

Canada, in partnership with the Northwest Territories Geosciences Office and Carleton 

University. They were obtained in order to create a dataset to observe the variability of 

natural arsenic in freshwater sediments in the Yellowknife area (Galloway et al. 2012). 

Samples were collected between July and August in 2009 from 19 lakes across the area. 

The top 2 to 5 cm of lake sediments was collected using the Ekman Grab sampler, a 

clamshell like scoop activated by a counter lever system (Everglades 2009), from a small 

boat. Additional samples were obtained in 2011 and 2012.  

An Inductively Coupled Plasma Mass Spectrometer (ICP-MS) was used to 

measure sample elemental distributions prior to this study in Acme, Vancouver. The high 

temperature ICP (Inductively Coupled Plasma) source converts the atoms of the elements 

to ions. The ions separated are then detected and measured by the mass spectrometer 

(USGS 2013). Some of the samples were measured using the Inductively Coupled 

Plasma Optical Emission Spectrometer (ICP-OES) at Caduceon Laboratories in Ottawa. 

The ICP-OES is another type of emission spectroscopy that uses ICP to produce excited 

atoms that emit electromagnetic radiation at wavelengths characteristic of particular 

elements. It is used for the detection of trace metals where detection limits tend to be 

higher than ICP-MS.   
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5.0 ARSENIC 
	  

5.1 Arsenic Chemistry 

Arsenic is a relatively mobile metalloid, found in low concentrations in the 

environment. Arsenic is present in a variety of oxidation states, arsenate (+V), arsenite 

(+III), realgar (+II), arsenic (0), arsenopyrite (-I) and arsines (-III) (CCME 1999, Wrye 

2008, Bromstad 2011), as both organic and inorganic species. The more commonly 

known arsenic aqueous complexes are arsenate and arsenite, with arsenite being more 

toxic and mobile than other oxidation states (Hughes 2002). The oxidation state present is 

strongly influenced by pH conditions where arsenite dominates the lower pH realm and 

arsenate found in higher pH conditions see (Figure3). Redox potential (oxidation-

reduction) and pH are important factors in determining As speciation in natural waters, as 

is the presence of Fe oxides which tend to adsorb and co-precipitate As effectively. In 

aqueous solutions most common arsenite species are H3AsO3 and most common arsenate 

species being H2AsO4
- and HAsO4

2- (O’Day 2006, Bromstad 2011). Organic As is 

formed by the methylation of inorganic As by microorganisms such as bacteria, fungi, 

and yeast, or by other biosynthetic pathways, and can accumulate in aquatic organisms, 

seaweed, fruits and vegetables (CCME 1999, Caussy 2003, Singh et al. 2007). 

In oxygenated freshwater and sediments the most abundant form of inorganic 

arsenic is arsenate (As5+; AsO4
3-) whereas arsenite can be found in more reducing 

conditions (Can. Sed Quality guidelines 1999, Drahota et al. 2009). Mean background 

concentrations of arsenic in Canadian lake sediments are reported as 2.5mg/kg (Friske 

and Hornbrook 1991) and 10.7mg/kg (CCME 1999). However, in the region of 

Yellowknife where naturally elevated concentrations of arsenic are associated with gold 
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mineralization, the determination of natural background arsenic is set at 150ppm by the 

GNWT (Risklogic, 2002a). 

The primary anthropogenically derived solid phase speciation of arsenic is as a 

result from the milling process whereas; the secondary speciation of arsenic is as a result 

of reactions post deposition. In natural compounds, arsenic bonds most commonly to 

sulphur and oxygen through covalent bonding, allowing for the creation of a variety of 

species (O’Day 2006). Determining the source of arsenic depends on its host and is 

further discussed in the arsenic source section.  

 

 

Figure 3: Eh pH diagrams for As. A: Phase diagram demonstrating primary As bearing minerals. 
B: Phase diagram outlining conditions in which As bearing Fe-oxides are stable (from, Bromstad 
2011). 

 

soluble under neutral, aerobic soil conditions, and As(V) minerals being most stable in aerobic 

conditions (Deschamps et al. 2003). Elemental As and arsine are only found under strongly 

reducing conditions in the absence of Fe (Bissen and Frimmel 2003). 
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5.2 Arsenic Toxicity and Bioavailability in Sediments 

  
The fate and persistence of arsenic in sediments is strongly connected with that of 

iron oxides, and are influenced by redox conditions, pH and microbial activity in the 

sediments (CCME 1999).  With arsenic’s strong affinity for aquatic particles such as iron 

and manganese oxides, arsenic deposition in bed sediments in association with these 

particles is common. The arsenic associated with these fractions of sediment are not 

bioavailable however, should environmental conditions change arsenic may be released 

to become available (CCME 1999). Additionally, arsenic in the form of organic 

molecules can accumulate in aquatic organisms. The toxicity of arsenic largely depends 

on its speciation and mobility, where generally organic arsenic is less toxic and more 

easily excreted (Singh et al. 2005). As2O3 is highly soluble under reducing conditions and 

of environmental concern as As3+ species is more mobile and presents a higher toxicity to 

the ecosystem then other oxidation states (Wrye 2008, Bromstad 2011). The interim 

sediment quality guidelines (ISQG) and the probable effect levels (PEL) for arsenic in 

freshwater sediments are 5.9ppm and 17ppm respectively (CCME 1999).  Background 

levels of arsenic in deep lake sediments in Yellowknife bay range from 15 to 25ppm, 

exceeding the PEL and ISQG standards (Murdoch et al. 1989, Galloway et al. 2012). 

Long-term exposure of arsenic has been linked with a variety of health affects and 

presents a risk to humans, and additionally may pose a threat to aquatic ecosystems. 

(Kapaj et al. 2006, Bromstad 2011). 
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5.3 Impact of Arsenic 

The impact of arsenic on living organisms depends on the speciation of As as well 

as the dose to which the organism is exposed (Caussy 2003). Arsenic in lake sediments 

around Giant Mine has a direct potential impact on aquatic organisms and may pose a 

threat to humans who utilize the lakes in the surrounding area.  

Benthic organisms in lakes are potentially exposed to arsenic through ingestion of 

sediment-bound arsenic, as well as through particulate dissolved forms of arsenic in the 

interstitial and overlying waters (CCME 1999). Expected biological effects are more 

likely to be observed when PEL and ISQG are exceeded, however there are many other 

factors, which influence the effects of arsenic on freshwater organisms. Responses to 

exposure to arsenic depends on the sensitivity of the individual species as well as the 

factors that influence bioavailability. Once arsenic is ingested the bioavailability and 

toxicity of the arsenic depends on enzyme activity and gut pH and metabolism processes 

(Environment Canada 1998, Hughes 2002). The biological effects database for sediments 

states that adverse biological effects associated with arsenic is decreased benthic 

invertebrate abundance, increase in mortality as well as behavioral changes (look at 

appendixes IIa and IIb) (Environment Canada 1998, CCME 1999).  

It has been found that marine organisms tend to have a higher concentration of 

arsenic than freshwater organisms (Maeda et al. 1990, Environment Can 1998). A study 

on arsenic in sediments in the vicinity Yellowknife further found that in lakes of high 

arsenic, herbivores contained the highest levels of arsenic and lack of presence of 

Pelecypoda, Ephemeroptera, Amphipoda, and Hirudinea may be due to their high 

susceptibility to the effects of arsenic (Wagemann et al. 1978). Several studies on benthic 
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organisms in Baker Creek or Yellowknife Bay have been conducted with data from 2003 

reported in the INAC Remediation Plan (2007). One of the reported studies found that 

benthic invertebrate tissue samples collected downstream of the mine site contained 

higher concentrations of As the further upstream. While extensive studies have been 

conducted observing arsenic levels in aquatic species, further studies are required to 

obtain a better understanding of the effects of arsenic on freshwater species. 

 Numerous studies have been conducted on the impact of arsenic on humans. The 

toxicity of arsenic to humans depends on the species of As present. Generally speaking 

inorganic arsenic presents a higher toxicity then the organic form of arsenic, which is 

more easily excreted from the human body through urine (Singh et al. 2005). 

Additionally, the inorganic form of As3+ presents the highest toxicity to humans.  

Chronic exposure to arsenic leads to various adverse health effects including 

various types of cancer, cardiovascular, cerebrovascular, lung and reproductive diseases, 

as well as renal and neurological effects (Hughes 2002, Caussy 2003, Singh at al. 2005). 

The most common exposure routes of arsenic to humans are ingestion, inhalation or 

dermal contact (Singh et al. 2005, Bromstad 2011). The drinking water maximum 

contamination level (MCL) of arsenic set by the US EPA is 10 g/l (Bissen and Frimmel 

2003). The Yellowknife River provides the population of Yellowknife with adequate 

drinking water and therefore the risk of contamination of groundwater does not pose a 

threat to their drinking water source. Furthermore, the arsenic being studied is bound in 

the lake sediments and risk of arsenic being released for inhalation is nominal. In order 

for the population of Yellowknife to be exposed to the arsenic in the lake sediments, 

citizens would have to ingest the lake sediments. There is a minimal chance that the 

! 

µ
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population surrounding the lakes would be exposed to the arsenic within the lake 

sediments, however with such adverse health effects that arsenic poses it is important to 

understand that there is a potential risk.  

5.4 Arsenic-bearing Phases 
	  

There are 300 arsenic-bearing minerals known to occur in nature with the 

arsenates being the most abundant followed by the sulphides and finally the oxides 

(Drahota and Filippi 2009). Typical arsenic-bearing minerals include realgar (AsS) and 

arsenopyrite (FeAsS). Arsenic may be found in minerals other then arsenopyrite and 

realgar such as sulphides. Since As closely resembles sulphur in its size and properties, 

As may substitute for sulphur in various minerals (Wrye 2008). A sulphide mineral that 

can easily contain a small amount of arsenic due to the substitution of sulphur is pyrite 

(FeS2) (Wrye 2008, Bromstad 2011).   

The most common arsenic-bearing mineral is the Fe-As sulphide arsenopyrite. 

Arsenopyrite is associated with mineral deposits and therefore naturally abundant in the 

Yellowknife area (ATSDR 2007). It forms at high temperatures in the Earth’s crust and is 

rich in hydrothermal alteration zones (Walker et al. 2005, Wrye 2008). Arsenopyrite is a 

common trace element in coals, ores and rocks and is associated with the elements Au, Bi, 

To, Sb, Se and Te (Reimann et al. 2009). Another simple arsenic-bearing sulphide is 

realgar. Realgar can be found in a wide range of pH values in environments where Fe is 

absent, but in the presence of Fe, arsenopyrite is usually the dominant phase, unless under 

acidic conditions (Craw et al. 2003, Wrye 2008, Bromstad 2011). Pyrite is also a 

potential arsenic-bearing mineral and is important in sulphide ore bodies. Unlike 

arsenopyrite, pyrite may form in lower temperatures under reducing conditions and 
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develops a characteristic form known as framboidal pyrite (Smedley and Kinniburgh 

2002).  

When arsenopyrite and pyrite are exposed to aerobic conditions, they may oxidize 

to Fe oxides and release arsenic (Bromstad 2011). Iron oxides may contain large amounts 

of absorbed arsenic, especially when they form as the oxidation products of the primary 

Fe sulphide minerals (Smedley and Kinniburgh 2002).  

During the roasting process two arsenic-bearing phases produced are arsenic 

trioxide (As2O3) and Fe oxides, such as hematite or maghemite. The thermal oxidation 

process of roasting arsenopyrite forms porous iron oxides allowing for the ore to be more 

easily separated with cyanide. The iron oxides can incorporate significant amounts of 

arsenic in their structure and are examples of primary anthropogenic arsenic-bearing 

solids that have little similarity to the naturally occurring primary minerals such as 

arsenopyrite (Walker et al. 2005). Due to their origin, iron oxides can contain a mix of 

As5+ and As3+ states (Walker et al. 2005). Rims of hematite have been documented on 

arsenopyrite grains, and further indicate the anthropogenic origin of arsenic (Wrye 2008). 

As previously mentioned, roasting of arsenopyrite also releases arsenic, which may then 

bind with oxygen resulting in the formation of arsenic trioxide (As2O3). Arsenic trioxide 

is highly soluble dissolving into As3+ under reducing conditions, and into As5+ in 

oxidizing conditions (Wrye 2008). In spite of arsenic trioxide’s high solubility, it has 

been found in surface soil environments around Giant in several locations (Wrye 2008).  

  A summary of potential arsenic-bearing phases can be seen in Table 2. 

Determining whether the source of arsenic is natural or roaster derived is not as straight 

forward as there are cases where roaster derived minerals may be found naturally or vice 
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versa. For example, iron oxides have the potential to be both roaster derived or derived 

through the oxidation of arsenopyrite or pyrite. Although roaster-generated iron oxides 

tend to have a very distinctive molted appearance (Walker et al. 2005, Bromstad 2011), 

they may be harder to identify in the lake sediments as they appear in very small 

concentrations. Furthermore, the formation of realgar has the potential to incorporate 

roaster-derived arsenic when forming under reducing conditions in lake sediments. These 

uncertainties will be discussed in the discussion section of this paper. 

Table 2: Arsenic-bearing phases anticipated to occur in lake sediments near Yellowknife 

 Selected Arsenic 
Hosts 

As 
Concentration 

(wt%) 

Source 

Arsenic Minerals Arsenopyrite (AsFeS) 45.76 Natural 

   

Arsenic sulphides (eg) 
Realgar AsS) 

70.03 Natural or 
Anthropogenic 

Pyrite (FeS2) <1 Natural 

 Arsenic Trioxide 76 Anthropogenic 

Host for Absorbed 
Arsenic 

Iron Oxides (goethite, 
ferrihydrite) 

 

Roaster generated 
Iron Oxides (hematite, 
magnetite, 
maghemite) 

 

2 

 

Up to 7 

(Walker et al. 
2005) 

Natural 

 

 

Anthropogenic 
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6.0 SAMPLE SELECTION AND LOCATION 
	  

Samples were selected based on their measured arsenic content as well as 

proximity to the Giant mine area. The interim sediment quality guidelines of surficial 

sediments (ISQG) and probable effect levels (PEL) as outlined in Table 3 were 

considered when selecting a arsenic concentration cut-off for sample selections.  

Table 3: Interim sediment quality guidelines (ISQG) and probable effects level (PEL) of As. 
 

 

Sediment samples that measured levels greater then 100ppm were first identified. 

From the samples identified, eleven samples were selected for analysis based on their 

locations surrounding the Giant Mine area (Figures 4 and 5). The majority of the samples 

selected are from within several kilometers of the Giant Mine property. An additional 

sample farther away from the mine was selected for comparison, with the assumption that 

the arsenic in this sample would be more likely to be natural in origin. Selected sample 

chemistry and logistics are outlined in Table 4. 

An important note brought up by Jamieson (2014 personal comm) is that As can 

be volatized and lost during digestion in strong acids. As a result, the digestion of 

samples using 4-acid may yield a lower concentration than aqua regia (3 acids) digestion 

as seen in the majority of the samples in Table 4.   

 Freshwater (ppm) Marine/estuarine (ppm) 

ISQG 5.9 7.24 

PEL 17.0 41.6 
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Figure 4: Map of Northwest Territories showing sample locations. 

 

Figure 5: Map of Yellowknife, Giant Mine region, showing nine sample locations and Giant 
Mine property. 
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Table 4: Summary of elemental data and sample status. Sample chemistry measured in Acme 
Laboratories, Vancouver using the inductively coupled plasma mass spectrometer (ICP-MS), or 
in Caduceon Laboratories, Ottawa using the inductively coupled plasma optical emissions 
spectrometer (ICP-OES).  

Sample Year 
Collected 

 Digestion Analysis 
Method 

As 
(ppm) 

Au (ppm) Sb 
(ppm)  

Status 

 

YLS-1 

 

2011 

4-acid  ICP-MS 67.4  <0.1 0.4  Uncoated 

Aqua regia  ICP-MS 101.4 1.5 0.32 Uncoated 

YLS-2 2009 Aqua regia ICP-OES 100 n/a n/a Uncoated 

 

YLS-3 

 

2011 

4-acid  ICP-MS 100.1 <0.1 0.13  Coated 

Aqua regia  ICP-MS 98.8  3.1  0.06 Uncoated 

YLS-4 2009 Aqua regia ICP-OES 138 n/a n/a Uncoated 

YLS-5 2009 Aqua regia ICP-OES 155 n/a <5 Coated, 
MLA 

 

YLS-6 

 

2012 

4-acid  ICP-MS 178.2 <0.1 12.06  

Coated Aqua regia ICP-MS 339.8 36.3 10.17 

 

YLS-7 

 

2012 

4-acid  ICP-MS 264.4 <0.1 18.29 Uncoated 

Aqua regia  ICP-MS 955.1 73.6 18.21 Uncoated 

 

YLS-8 

 

2012 

4-acid  ICP-MS 487.7 <0.1 19.66  

Coated, 
MLA 

Aqua regia  ICP-MS 740.7 53.2 16.21 

 

YLS-9 

 

2012 

4-acid  ICP-MS 689.5 34.14 0.2  

Coated, 
MLA 

Aqua regia  ICP-MS 4778.2 546.6 44.4 

YLS-10 2012 4-acid  ICP-MS 847.3 <0.1 10.56 Uncoated 

Aqua regia  ICP-MS 905.2 15.6 9.52 Uncoated 

 

YLS-11 

 

2012 

4-acid  ICP-MS 1286.2 0.2 208.23  

Coated Aqua regia  ICP-MS >10000 570.7 187.37 
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7.0 ANALYTICAL METHODS 
	  

7.1 Thin Section Preparation  
	  

Samples were dried and sent to Vancouver Petrographics for preparation of thin 

sections. All thin sections were made into doubly-polished sections, 35-50µm thick. The 

samples were designed to be “liftable” so that later analysis by synchrotron-based 

microXRD would be possible. Six samples, YLS-11, YLS-9, YLS-8, YLS-6, YLS-5, and 

YLS-3, were carbon coated in order to observe samples better under high vacuum as well 

as to analyze sections through mineral liberation analyzer (MLA).   

7.2 Scanning Electron Microscopy (SEM) 
	  

Thin sections were examined through the MLA 650 FEG ESEM (Environmental 

Scanning Electron Microscopy) at Queen’s University to find arsenic-bearing minerals 

such as arsenic trioxide (As2O3) arsenopyrite (FeAsS), hematite (Fe2O3), pyrite (FeS2) 

and realgar (As2S2). ESEM allows for the automated scanning of the thin sections in 

order to obtain information about the chemistry and morphology of the section. Thin 

sections were examined with the back-scatter electron (BSE) detector, where image 

brightness is related to the atomic number, with higher atomic number represented in 

white and lower atomic numbers darker grey (Bromstad 2011). BSE is particularly useful, 

as arsenic has a high atomic number of 33, making arsenic-bearing phases obvious. 

Bright phases were measured in the SEM to determine the relative chemistry of the grains. 

The ESEM also provides high levels of magnification, making the identification and 

measurement of grains <10

! 

µm possible. A limitation of BSE is that it only measures the 

surface of samples, and will not detect arsenic beneath the surface of the samples. 
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Samples were originally observed uncoated, under low vacuum conditions. Samples were 

analyzed under a voltage of 25kV, with a chamber pressure of 0.6 Torr and a spot size of 

5-5.78.  

It has also been found that arsenic derived through anthropogenic roasting will 

possess a molted texture, and this manual inspection will allow us to ensure automated 

identification is correct (Wrye 2008).   

7.3 Mineral Liberation Analyzer (MLA)  
	  

Thin sections were examined under low vacuum with the back-scatter electron 

(BSE) detector on the MLA 650 FEG ESEM at Queen’s University. MLA allows for 

automated mineral analysis and can identify minerals of interest by comparing energy 

dispersive X-ray data to the user-generated Mineral Reference Library. Three (YLS-9,-8,-

5) of the eleven samples were coated and analyzed through MLA. A mineral reference 

library was created where reference mineral peaks of phases of interest were measured 

and saved (Table 5). MLA software then compared unknown measured spectrum to peak 

position, peak shape and intensity ratios of reference minerals by using a chi-squared 

difference test (Sylvester 2012). The unknown measurement is identified as a reference 

standard with the highest probability of match. Measurements with probability less than 

85% and minerals identified as ‘unknown’ were used to collect additional reference 

standards for the reference library. MLA allows for the quick and thorough identification 

of small arsenic-bearing phases that may have been overlooked when using the ESEM 

manually. Limitations associated with MLA identification will be discussed later in this 

paper.  
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Table 5: Mineral reference library created and used for MLA identification. 
Mineral Density Formula 
Unknown 0.00 n/a 
Low_Counts 0.00 n/a 
No_XRay 0.00 n/a  
Quartz 2.63 SiO2 
Biotite 3.10 KMg2.5 Fe2+

0.5AlSi3O10(OH)1.75F0.25 
Chlorite 2.95 (Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6 
Pyrrhotite 4.62 Fe2+

0.95S 
Plagioclase 2.69 Na0.5Ca0.5Si3AlO8 
Ilmenite 4.72 Fe2+TiO3 
Muscovite 2.83 KAl3Si3O10(OH)1.9F0.1 
Zircon 4.65 ZrSiO4 
Monazite 5.15 La0.5Ce0.25Nd0.2Th0.05(PO4) 
Sphalerite 4.00 ZnS 
Ti_oxide 4.25 TiO2 
Pentlandite 4.80 Fe2+

4.5Ni4.5S8 
Potassium Feldspar 2.56 KAlSi3O8 
Cu-Zn Alloy 7.36 CuZn2 
Barite 4.48 Ba(SO4) 
Iron 7.87 Fe 
Titanite 3.48 CaTiSiO5 
Calcite 3.13  CaCO3 
Pyrite 5.01 Fe2+S2 
Arsenic Sulphide 3.56 AsS 
Goethite 3.80 Fe3+O(OH) 
Hematite 5.30 Fe3+

2O3 
Cu - (Cu- Galena?) 9.50   
Arsenopyrite 6.07 Fe3+AsS 
Arsenic Oxide 3.70 As2O3 
Native Zinc 1.00  Zn 
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The operating conditions used during MLA analysis were set to 25kV for the accelerating 

voltage and 5.78 for the spot size. 

8.0 RESULTS 
	  

The Government of North West Territories (GNWT) set remediation objectives 

for arsenic in the Yellowknife area sediments to be 150ppm in the boat launch area 

(GNWT 2003) assuming constant direct skin exposure for several months. From previous 

chemical analysis on the samples, seven of the eleven samples have a higher 

concentration then the set boat launch area objectives. ESEM analysis was the principle 

tool used in determining the host of the high levels of arsenic and MLA was also used in 

order to more thoroughly analyze several selected samples. It was found that the principle 

mineralogical host of arsenic varied from lake to lake with the most abundant phases 

being arsenic sulphides, arsenopyrite, Fe-oxides, pyrite and traces of arsenic-oxides.   

One of the most abundant potential arsenic-bearing phases identified through 

ESEM techniques was pyrite, being present in almost all of the samples (other then YLS-

3). Pyrite was often found in its framboidal nature and when arsenic was present, it was 

only seen in very trace amounts as seen in Appendix 1A. Samples with abundant pyrite 

were YLS-7, YLS-6 and YLS-4. Although pyrite was the most abundantly found phases, 

Fe-oxides in YLS-7 and YLS-4 appeared to contain the most arsenic measured in their 

structure.  

Fe-oxides appeared in many of the samples, containing high amounts of As. 

Samples YLS-3 and YLS-10 had the most abundant potential arsenic-bearing phase of 

Fe-oxides, where Fe-oxides in YLS-10 appeared to be FeMn-oxides (Appendix 2A). Iron 
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oxides were also present in YLS-1, YLS-2, YLS-4, YLS-5, YLS-7, YLS-9 and YLS-11. 

Iron oxides appeared in a variety of textures where coral-like textures, feathery textures 

and framboidal textures were seen (Appendix 3A and 4A). 

 Arsenic sulphide was another phase identified through ESEM analysis. Arsenic 

sulphide appeared to be in a feathery, cloud like texture when identified (Appendix 5). 

Arsenic sulphide phases were identified to be most abundant in YLS-8 and YLS-5 but 

was also present in samples YLS-4, YLS-7, YLS-9 and YLS-11.  

 Arsenopyrite was not found to be an abundant identified phase through ESEM 

analysis. Arsenopyrite was found in sample YLS-11 containing a cloudy like texture and 

can be seen in the Appendix 6A.  

Due to the limitations in time, potential arsenic-bearing phases in YLS-1 and 

YLS-2 were not found. Few Fe-oxide grains were identified, however they did not 

contain any arsenic. ESEM analysis techniques also did not identify any arsenic oxide 

phases.  

MLA measurements were taken on three of the eleven samples and were used to 

aid in further identifying arsenic phases. Several arsenic-bearing phases that were missed 

by manual ESEM analysis were identified. MLA results were able to identify traces of 

arsenic oxides in YLS-9 and YLS-8 (0.02 and 0.22 wt% respectively). Through MLA 

analysis the arsenic oxides were the identified phases containing the most arsenic. 

Arsenic-oxides appeared in a spongy texture (Figure 6). No arsenic oxide phases were 

found in YLS-5. Arsenopyrite was also further identified in YLS-8 and YLS-9 in a 

cloudy like texture.  
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Figure 6: Arsenic oxide with a ‘spongy’ texture from YLS-9. 

 

 

Figure 7: Spectra obtained from spot analysis on grain in YLS-9 (Figure 6). Arsenic oxide 
with abundant As. 
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Arsenic sulphides were the most abundantly identified phase through MLA 

analysis, in YLS- 9 and YLS-8 and were identified present in all of the samples that 

underwent analysis. Arsenic sulphides were present in YLS-9 and YLS-8 at 13.46, and 

1.64 wt% respectively.  

Arsenic concentration measured in the samples using Aqua Regia digestion was 

plotted versus distance of samples from the mine in order to determine if there was a 

pattern (Figure 8). The data point YLS-3 was removed from this graph as it was too far 

away (>300km) and made it difficult to see if there was any correlation (Table 6 and 

Figure 8). 

Table 6: Values of arsenic concentration and sample distance from mine. Arsenic 
values from Aqua Regia digestion and sample distances determined using google 
earth.  

Sample Arsenic Concentration (ppm) Distance from mine (km) 
YLS-11 10000 2.03 
YLS-10 905.2 16.11 
YLS-9 4778.2 4.09 
YLS-8 740.7 4.98 
YLS-7 955.1 9.43 
YLS-6 339.8 5.35 
YLS-5 155 15.57 
YLS-4 138 3.55 
YLS-2 100 9.27 
YLS-1 101.4 90.05 
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Figure 8: Graph of arsenic concentration versus distance of sample from mine demonstrating no 
definitive correlation. 

9.0 DISCUSSION 
	  

9.1 Natural or Anthropogenic 
	  

Arsenic found in minerals of arsenopyrite and pyrite can be attributed to natural 

sources, as both arsenopyrite and pyrite are abundant naturally occurring minerals in the 

Yellowknife area. Determining whether the arsenic source is anthropogenically derived 

however can be a complicated task, as the only clear indicator of roaster-derived arsenic 

is the presence of arsenic trioxide (As2O3). Traces of arsenic oxides were found in YLS-9 

and YLS-8, and these samples should be analyzed through microXRD to confirm the 

presence of As2O3. Other potential sources that may contain roaster-derived arsenic are 

realgar and hematite.   
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As previously mentioned, the roasting of arsenopyrite breaks it down into 

microcrystalline Fe-oxides. Iron oxides, such as hematite, have the potential to absorb 

large amounts of arsenic (up to wt%). The arsenic absorbed by the hematite could either 

be the arsenic released directly from the roasting process or arsenic released by the 

oxidization of arsenic-bearing minerals such as pyrite or arsenopyrite. Therefore, it is 

difficult to conclude whether arsenic-bearing hematite is a direct indicator of 

anthropogenically-produced arsenic.  

Similarly, realgar (AsS) may incorporate roaster-derived arsenic however the 

process is slightly more complicated. The arsenic sulphide realgar is formed under 

anaerobic conditions or by microbes, where sulphate can be reduced to sulphide. In order 

for anaerobic conditions to be produced, sulphate would have to be buried deep into 

sediments where no oxygen is available (O’Day et al. 2004, Lizama et al. 2011). The 

formation of realgar also requires the presence of arsenic. If the source of arsenic were 

natural, it would likely come from pure arsenic in the pore water of arsenopyrite. The 

arsenic from the pore water would be available in the sediment to from bonds with the 

reduced sulphide. If the arsenic present in the realgar were anthropogenically produced, 

As2O3 in the lake sediments would dissolve to release arsenic available to bond with the 

sulphide to form realgar. With As2O3 being the only source of arsenic that is a definite 

indicator of roaster derived arsenic, it is difficult to determine whether the high levels of 

arsenic are due to anthropogenic reasons or are naturally derived in a mineral such as 

realgar.  
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9.2 Result Interpretations 
	  

 From chemical analysis prior to this project, seven of the eleven samples analyzed 

have a higher concentration of arsenic then set objectives of 150ppm in the boat launch 

area (GNWT 2003). This set objective was developed assuming that a person is barefoot 

in the sediment each day in the months of July and August. This may not be a reasonable 

guideline as many lakes in the region are not publically accessible and aren’t used 

frequently enough for a person to be exposed to any significant risk. However, the 

development of a new road traversing the region is underway and these lakes may be 

accessible to the public in the near future.   

 Results obtained from MLA analysis provide more quantitative information 

making it easier to draw interpretations. The presence of As-oxides in samples YLS-9 

and YLS-8 indicates the presence of anthropogenically-derived As. The As-oxides should 

be further analyzed using synchrotron-based microanalysis in order to confirm that the 

phase is As2O3. The absence of As-oxides in YLS-5 does not indicate whether As is 

roaster derived or natural, as there is a presence of Fe-oxides and other As bearing phases 

that may indicate either source. Note that samples containing the As-oxides (YLS-9 and 

YLS-8) are within closer proximity to Giant mine than the sample that has no measured 

As-oxides (YLS-5). This may be a coincidence, and further samples should be analyzed 

and measured for As-oxides before conclusions can be made.  

 All samples analyzed contained the presence of potential roaster-derived As. 

These phases include Fe-oxides as well as Fe-sulphides. As previously mentioned Fe-

oxides have the potential to contain naturally-derived or anthropogenically-produced As. 

From a previous Walker et al. study (2005), the determination of As origin within Fe-
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Oxides may be determined based of the texture of the oxides. An indication of 

anthropogenically-produced Fe-oxides is their presence in a porous ‘spongy’ texture. The 

Fe-oxides identified in the lake samples were not seen in the diagnostic porous texture 

perhaps as a result of sediments containing much smaller particles making it difficult to 

distinguish textures. Walker et al. (2005) further determined that roaster Fe-oxides are in 

the form of nanocrystalline grains of maghemite or hematite. SEM analysis did not allow 

for the determination of the phase of Fe-oxides present, however if samples are further 

analyzed using mircoXRD at the synchrotron, origin of the Fe-oxides may be determined 

as well as the origin of As. Determining the origin of Fe-sulphides proves to be an even 

harder task and further research must be done on distinguishing between naturally-

derived As versus anthropogenically-derived As in Fe- sulphides, before firm conclusions 

can be reached.  

 The presence of naturally occurring pyrite and arsenopyrite was observed. This 

was expected, as arsenopyrite is the main sulphide mineral that is associated with gold 

mineralization in the Yellowknife region. Additionally, arsenopyrite and pyrite are both 

the gold bearing minerals within the Giant Mine deposit.  

 Examining the graph of concentration of As in samples versus distance of sample 

from mine it was found that there is no distinct correlation between the two. This 

indicates that there are other factors that influence the level of As present in the lakes for 

example, wind direction or lake type. This is something that may be further investigated 

during a more in depth study on these sediments.  
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9.3 Method Limitations and Benefits 
	  

There are several benefits and limitations associated with the techniques, ESEM 

analysis and MLA analysis, used in this project. Manual ESEM techniques allow for 

selected measurements of particular grains of interest. Since the element of interest, 

arsenic, is heavy, it is imaged in a brighter phase so allows for easier identification of 

likely arsenic-bearing phases. ESEM spectra measurements are taken over a 30 second 

time frame, allowing for a thorough reading, making the identification of trace amounts 

of elements more likely. A limitation of MLA is that the software may miss submicron 

scale chemical or physical characteristics such as poorly crystalline oxides (Buckwater-

Davis 2013). The MLA technique only measures grains for about three seconds, and 

therefore there is a greater chance that trace amounts of arsenic were not detected in 

certain phases.  

 While manual ESEM does allow for a more detailed measurement of the grains of 

interest, there are several limitations to the technique. Each sample contained numerous 

bright phases and it was very difficult to measure each bright grain without spending 

many hours on a sample. Additionally, brightness is represented by the sum of the 

elements in the mineral itself, and where arsenic may be present in trace amounts, the 

grains may not appear to be as bright and so are more difficult to identify manually. 

Manual ESEM identification is a time consuming, so consequently it is not possible to 

identify all grains.  

 MLA analysis provides for a less tedious and more thorough identification 

process. Once samples are set up, MLA measurements are taken and phases of interest 

are identified by the program, eliminating the process of manual selection. MLA 
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measures all grains in the areas selected for measurement, where grains that may have 

been missed by manual inspection are analyzed. This process allows for a representative 

measurement of the sample eliminating any inaccuracies that would be created through 

manual selection. Once data is acquired from MLA measurements, grains of interest can 

be easily quantified and sorted. Grains of interest can be located again in the thin section 

allowing for the researcher to confirm measurements and acquire further information.  

Limitations of MLA analysis arise when there is a lack of standard reference 

minerals for accuracy of results. Mineral reference libraries are manually created where 

reference spectra are created for specific minerals of interest. An issue arises when there 

are possible varying chemistries for certain minerals. For example, if there is are mineral 

that is in solid solution such as plagioclase, it may have varying levels of calcium 

(anorthite end member) and sodium (albite end member), so the mineral reference library 

may not recognize the grain as plagioclase and label it as unknown. Additionally, because 

reference spectra are labeled and manually identified there is a possibility for a 

misidentification or interpretation of a mineral, and once the reference is saved, all grains 

with chemistries of the misidentified grain will be labeled inaccurately. There is also an 

issue that arises with minerals of similar composition, where MLA may not be able to 

distinguish from the two. Finally as previously mentioned, due to the fact that MLA only 

measures each grain for a short period of time, there is the possibility of missing elements 

present in trace amounts. 

An additional limitation to both methods is that certain elements have very similar 

peaks in spectra measurements. In particular, distinguishing between lead (Pb) and 

arsenic was difficult in some cases. As seen in Figure 9, Pb and arsenic have very similar 
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Pb-Lα and As-Kα spectrum, both being at around 10.5keV. In the absence of additional 

peaks, there is a potential of misidentification of arsenic or Pb.  

 

Figure 9: Spectra of As and Pb, showing similar peaks of Pb-L and As-K elements. From 
National Center for Nuclear Sciences and Technologies (CNSTN 2014). 

	  

9.4 Future Recommendations 
	  

 This project was a trial to set a baseline for a more detailed analysis of lake 

samples in the future. My first recommendation is to go through with MLA analysis for 

the remainder of the samples using the current mineral reference library developed in this 

thesis. MLA proved to be the most efficient and reliable method in identifying As bearing 

phases. MLA provides a good baseline and allows for the researcher to gain an idea of 

what is present in the samples.  

 Once grains of interest have been identified, such as As-oxides or Fe-oxides, 

location of the grain on the slide should be noted. Samples should then be further 
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analyzed on the microXRD at the synchrotron for more accurate and detailed analysis. 

MicroXRD will allow for the confirmation of the presence of As-oxides and will help 

with the determination of the origin of Fe-oxides.  

 As mentioned, there was no distinct correlation between lake distance and As 

concentration. A further investigation into factors influencing the concentration of As 

within these lakes is recommended such as influence of lake type or wind direction. 

Furthermore, with a more detailed and quantitative analysis on lake samples, trends may 

be seen. Perhaps there is trend with the presence of roaster-derived As bearing phases in 

the lakes closer in proximity to Giant Mine versus farther away. Results may potentially 

lead to determining the distance anthropogenically derived As has travelled.  

10.0 Conclusion 
	  

 The determination of anthropogenically roaster-derived arsenic has proven to be a 

difficult task. Analysis of eleven lake sediment samples collected surrounding Giant 

Mine in Yellowknife was conducted. Samples were analyzed both manually on ESEM as 

well as analyzed using automated MLA. A presence of As-oxides was identified through 

MLA analysis in two samples, YLS-9 and YLS-8. Further analysis of the As-oxide grains 

should be conducted on microXRD to confirm the phase of As2O3. Iron oxides were 

present in many of the samples however, origin of the Fe-oxides can not be determined 

until further analysis is conducted on the microXRD. Iron sulphides grains were also 

present in a variety of the lake samples and origin may not be determined until further 

research is done on this topic. Finally, the presence of naturally-occurring arsenic-bearing 

phases such as pyrite and arsenopyrite was recorded. Further research and analysis on 
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these samples is recommended to obtain a better understanding of origin of arsenic 

present in the lake samples.  
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Appendix A: SEM Images 
 

 

 

Figure 1A: YLS-6 Framboidal Pyrite. A: Image of diagnostic pyrite texture indicating pyrite 
has formed in situ and has been naturally derived. B: Spectra of pyrite grain showing no presence 
of As.  
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Figure 2A: YLS-10 FeMn-oxide. A: Image depicting feathery Fe-oxide texture where Fe-oxide 
grains are the lighter phase. B: Fe-oxide spectra showing a very minor peak in As. 
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Figure 3A: YLS-7 Iron Oxide. A: Image of Fe-oxide depicting a framboidal texture. B: Fe-
oxide spectra with a distinct peak of As.  

 

 

	  

A	  

	  

B	  



	   44	  

 

 

 

 

Figure 4A: YlS-4 Iron Oxide. A: Image demonstrating Fe-oxide coral-like texture. B: Fe-oxide 
spectra demonstrating a small peak in As. 
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Figure 5A: YLS-9 Arsenic sulphide. A: Image demonstrating cloud-like structure. B: As-
sulphide spectra.  
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Figure 6A: YLS-11 Arsenopyrite. A: Image depicting arsenopyrite cloudy like texture. B: 
Arsenopyrite spectra reading. 

	  

A	  

B	  



	   47	  

Appendix B: Sample Master Sheet 
Sample  Year 

Collected 
Location 
Collected 

GPS Coordinates Notes Collection 
Method 

Lake 14 
Site 2 

2009 Yellowknife area   N 62º29.781 
 

 

W 114º17.352 East of Giant 
Mine 

Ekman 
Grab  

Lake 14 
Site 3 

2009 Yellowknife area N 62º29.781 
 

W 114º17.277 3.75km from 
mine 

Ekman 
Grab 

Lake 16 
Site 1 

2009 Yellowknife area N 62º27.600 
 

W 144º38.069 14.76km from 
mine 

Ekman 
Grab 

Lake 16 
Site 2 

2009 Yellowknife area N 62º27.36 
 

W 144º38.04 
 

West of Giant 
Mine 

Ekman 
Grab 

Lake 16 
Site 3  

2009 Yellowknife area N 62º27.866 
 

W 114º38.111 
 

Road to 
Dettah (glacial 
lake McConnel 
seds?) 

Ekman 
Grab 

Lake 18 
Site 1 

2009 Yellowknife area N 62º28.827 
 

W 114º43.672 
 

West of Giant 
Mine 

Ekman 
Grab 

Lake 19 
Site 1 

2009 Yellowknife area N 62º28.007 
 

W 114º30.338 8.27km from 
mine 

Ekman 
Grab 

Lake 19 
Site 2 

2009 Yellowknife area N 62º28.2112 W 114º30.273 8.07km from 
mine 

Ekman 
Grab 

Lake 19 
Site 3 

2009 Yellowknife area N 62º28.263 
 

W 114º30.430 
 

West of Giant 
Mine 

Ekman 
Grab 

BC-2 2012 Baker Creek, 
Yellowknife area 

N 62º39.18 
 

W 114º23.08 
 

 Ekman 
Grab 

BC-13 2012 Baker Creek, 
Yellowknife area 

N 62º 31.36 
 

 
 

W 114º26.38  Ekman 
Grab 

BC-17 2012 Baker Creek, 
Yellowknife area 

N 62º29.27 
 

W 114º25.14  Ekman 
Grab 

BC-19 2012 Baker Creek, 
Yellowknife area 

N 62º30.17 
 

W 114º23.22 3.05km NW 
from mine 

Ekman 
Grab 

BC-32 2012 Baker Creek, 
Yellowknife area 

N 62º30.24 
 

W 114º32.09 10.57 km W 
(S) mine  

Ekman 
Grab 

BC-47 2012 Baker Creek, 
Yellowknife area 

N 62º33.32 
 

W 114º21.00 6.89km N 
mine 

Ekman 
Grab 

R11-14-
011 

2011 Tibbitt to 
Contwoyto 
Winter Road 

N 65º03.51 
 

W 109º54.50  Ekman 
Grab 

R11-14-
004 

2011 Tibbitt to 
Contwoyto 
Winter Road 

N 64º25.48 
 

W 110º08.11  Ekman 
Grab 

R11-17-
005 

2011 Tibbitt to 
Contwoyto 
Winter Road 

N 63º53.11 
 

W 110º36.41  Ekman 
Grab 

R11-15-
002 

2011 Tibbitt to 
Contwoyto 
Winter Road 

N 63º08.07 
 

W 113º13.49  Ekman 
Grab 
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Sample  Lab Digestion Method As (ppm) Au (ppm) Sb (ppm) Weight 
Lake 14 
Site 2 

Caduceon, Ottawa Aqua regia ICP-OES 94 no data <5 23.67 
Acme, Vancouver 
 

4-acid ICP-MS 
 

49.5 <0.1 3.51 
Aqua regi 101.6 17.7 2.87 

Lake 14 
Site 3 

Caduceon, Ottawa Aqua regia ICP-OES 100 no data no data no data 

Lake 16 
Site 1 

Caduceon, Ottawa Aqua regia ICP-OES 60 no data no data no data 

Lake 16 
Site 2 

Caduceon, Ottawa Aqua regia ICP-OES 34 no data <5 7.9696 
Acme, Vancouver 4-acid  ICP-MS 57.8 <0.1 1.56 

Aqua regia  No data No data no data 
Lake 16 
Site 3  

Caduceon, Ottawa Aqua regia ICP-OES 155 No data <5 11.3544 
Acme, Vancouver 4-aci ICP-MS 19.6 <0.1 1.39 

Aqua regi No data no data no data 
Lake 18 
Site 1 

Caduceon, Ottawa Aqua regia ICP-OES 25 no data <5 10 
Acme, Vancouver 4-acid ICP-MS 25.2 <0.1 1.65 

Aqua regia  39.8 5.3 1.43 
Lake 19 
Site 1 

Caduceon, Ottawa Aqua regia ICP-OES 23 no data no data no data 

Lake 19 
Site 2 

Caduceon, Ottawa Aqua regia ICP-OES 138 no data no data no data 

Lake 19 
Site 3 

Caduceon, Ottawa Aqua regia ICP-OES 91 no data <5 15.43 
Acme, Vancouver 4-acid  ICP-MS 61 <0.1 1.66 

Aqua regia  No data no data no data 
BC-2 Acme, Vancouver 4-acid  ICP-MS 847.3 <0.1 10.56 20.5863 

Aqua regia  905.2 15.6 9.52 
BC-13 Acme, Vancouver 4-acid  ICP-MS 487.7 <0.1 19.66 64.5737 

Aqua regia  740.7 53.2 16.21 
BC-17 Acme, Vancouver 4-acid ICP-MS 689.5 34.14 0.2 33.53 

Aqua regia  4778.2 546.6 44.4 
BC-19 Acme, Vancouver 4-acid  ICP-MS 1286.2 0.2 208.23 41.825 

Aqua regia  >10000 570.7 187.37 
BC-32 Acme, Vancouver 

 
4-acid  ICP-MS 264.4 <0.1 18.29 53.7396 
Aqua regia  955.1 73.6 18.21 

BC-47 Acme, Vancouver 
 

4-acid  ICP-MS 178.2 <0.1 12.06 73.7936 
Aqua regia  339.8 36.3 10.17 

R11-14-
011 

Acme, Vancouver 4-acid  ICP-MS  100.1 <0.1 0.13 10.2252 
Aqua regia  98.8 3.1 0.06 

R11-14-
004 

Acme, Vancouver 4-acid  ICP-MS 48.7 <0.1 0.04 10.1324 
Aqua regia  49.4 2.3 <0.02 

R11-17-
005 

Acme, Vancouver 
 

4-acid  ICP-MS 39.9 <0.1 0.1 9.4227 
Aqua regia  55.4 4.1 0.04 

R11-15-
002 

Acme, Vancouver 
 

4-acid  ICP-MS 67.4 <0.1 0.4 5.3705 
Aqua regia  101.4 1.5 0.32 
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NB: Samples highlighted in beige in above tables are samples analyzed in this study. See 
table below for changed sample names. 

 

 

This table indicates the name of the samples prior to this study. 

 

Sample Name Given Name 

R11-15-002 YLS-1 

Lake 14, Site 3 YLS-2 

R11-14-011 YLS-3 

Lake 19, Site 2 YLS-4 

Lake 16, Site 3 YLS-5 

BC-47 YLS-6 

BC-32 YLS-7 

BC-13 YLS-8 

BC-17 YLS-9 

BC-2 YLS-10 

BC-19 YLS-11 


