
   

 

 

Understanding arsenic mobility and speciation in lake sediments 

impacted by ore roasting near Giant mine, NWT. 

 

 

by 

 

Martin Van Den Berghe 

 

 

 

A thesis submitted to the Department of Geological Sciences and Geological Engineering 

In conformity with the requirements for 

the degree of Master of Science 

 

 

 

Queenôs University 

Kingston, Ontario, Canada 

August 2016 

 

Copyright ©Martin Van Den Berghe, 2016 

  



  

ii  

 

Abstract 

The roasting of gold-bearing arsenopyrite at Giant mine (Northwest Territories) between 

1949 and 1999 released approximately 20,000 tonnes of toxic arsenic-bearing aerosols in the local 

aerial environment. Detailed examination of lake sediments, sediment porewaters, surface waters 

and lake hydrology sampled from three lakes of differing limnological characteristics was 

conducted in summer and winter conditions. Samples were analyzed for solid and dissolved 

elemental concentrations, speciation and mineralogy. The three lakes are located less than 5km 

from the mine roaster, and downwind, based on predominant wind direction. The objective of the 

study was to assess the controls on the mobility and fate of arsenic in these roaster-impacted 

subarctic lacustrine environments.  

Results show that the occurrence of arsenic trioxide in lake sediments coincides with the 

regional onset of industrial activities. The bulk of arsenic in sediments is contained in the form of 

secondary sulphide precipitates, with iron oxides hosting a minimal amount of arsenic near the 

surface-water interface. The presence of geogenic arsenic is likely contained as dilute impurities 

in common rock-forming minerals, and is not believed to be a significant source of arsenic to 

sediments, porewaters or lake waters. Furthermore, the well correlated depth-profiles of arsenic, 

antimony and gold in sediments may help reveal roaster impact. 

The soluble arsenic trioxide particles contained in sediments act as the primary source of 

arsenic into porewaters. Dissolved arsenic in reducing porewaters both precipitate as secondary 

sulphides in situ, and diffuse upwards into the overlying lake waters. Arsenic diffusion out of 

porewaters, combined with watercourse-driven residence time, are estimated to be the 

predominant mechanisms controlling arsenic concentrations in overlying lake waters. The 

sequestration of arsenic from porewaters as sulphide precipitates, in the study lakes, is not an 
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effective process in keeping lake-water arsenic concentrations below guidelines for the protection 

of the freshwater environment and drinking water.  

Seasonal impacts on lake geochemistry derive from ice covering lake waters, cutting them 

off from of atmospheric oxygen, along with the exclusion of solutes from the ice. Such effects are 

limi ted in deep lakes but are can be an important factor controlling arsenic precipitation and 

mobility in ponds. 
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Chapter 1: Introduction and Background 

1.1. Introduction  and objectives 

Arsenic contamination, whether of natural or anthropogenic origins, presents a serious 

public health risk in many parts of the world. Arsenic can be found as a deleterious substance in 

all parts of the biosphere, though contaminated sites of greatest concern to humans usually involve 

surface waters and groundwaters for consumption and irrigation purposes, as well as soils in 

inhabited and agricultural areas (Smedley & Kinniburgh, 2002). Arsenic is a well known 

carcinogen and chronic exposure is well linked to skin, bladder, kidney and liver cancers, as well 

as persistent skin lesions and major foetal development problems. Acute exposure can lead to 

major organ dysfunction such as renal and hepatic failure, effects often associated with sudden 

death (Bissen & Frimmel, 2003). Such overt toxicological risks associated with arsenic can lead 

to significant social concerns, especially when contamination was brought about to a community 

as a result of industrial practices, such as in the case of historical mining, and particularly that of 

historical mining activities nearby Yellowknife (mainly Giant and Con mines), in Canadaôs 

Northwest Territories (Figure 1.1). 
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Figure 1.1: Giant mine, the three study lakes and the city of Yellowknife, NT. 

The ore at Giant mine was mainly refractory, and required the roasting of arsenopyrite prior 

to cyanidation, a process that leads to the formation of arsenic trioxide, one of the most toxic forms 

of arsenic solid (Bromstad & Jamieson, 2012). While the bulk of arsenic aerosols (mainly arsenic 

trioxide) ever produced during the 50 years of roasting at Giant mine (1949-1999) was captured 

by electrostatic precipitators, approximately 20,000 tonnes of arsenic aerosols was released from 
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the roaster stacks and spread aerially into the surrounding environment, 86% of this during the 

first 14 years of operations (1949-1963, Table 1.1; Wrye, 2008). The extent and magnitude of 

arsenic contamination from roaster emissions within the mine site property boundaries shows 

strong persistence of arsenic trioxide dust in soils and sediments (Bromstad, 2011; Nash, 2014). 

However, limited research has been done so far on the extent of contamination from roaster 

emissions beyond the property. Galloway et al. (2012) studied regional lake sediments along an 

east-west transect in the Yellowknife area (Figure 1.2), showing elevated arsenic concentrations 

nearby and mainly to the west to the historical roaster. 

 
Figure 1.2: Arsenic concentrations in lake sediments in the Yellowknife area (Galloway et al., 

2012). 

Geochemical survey of soils and tills in an area about 10km around Giant mine showed 

elevated arsenic, antimony and gold concentrations, well above Canadian Council of Ministers of 

the Environment (CCME) (Kerr, 2006). Stantec (2014) have also shown arsenic concentrations in 

surface waters and sediments from Lower Martin Lake, upper Baker Creek and Trapper Creek (a 

drainage area just outside the mine property) to be above CCME guidelines by one to two orders 

of magnitude. Lastly, Palmer et al. (2015), and Houben et al. (2016) have shown arsenic 

concentrations in lake waters within a few kilometers to the west and north of the Giant Mine 
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roaster to be several orders of magnitude higher (exceeding the CCME and Health Canada 

guidelines for arsenic) than those from lakes >15km distance from the roaster  (Figure 1.3). 

 
Figure 1.3: Arsenic concentrations in lake waters within a 30 km radius around Giant mine 

(Palmer et al., 2015). 

These data can raise questions about the risks to local ecosystems and human populations 

associated with widespread arsenic contamination. In order to constrain such risks, it is important 

to understand the behaviour of arsenic in sub-arctic lacustrine environments, and the various 

aqueous and solid chemical forms arsenic can assume in the process. To this effect, this present 

study has for purpose to determine: 

1. whether the arsenic in the lakes surrounding Giant mine is from anthropogenic or geogenic 

origin; 
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2. whether lake sediments can act as a sink or a source of arsenic to the overlying lake waters; 

3. what influence different physical and chemical lake characteristics can have on arsenic 

behaviour. 

1.2. Background 

1.2.1. Geological setting 

Giant mine is situated within the Archean Yellowknife Supergroup greenstone belt, which 

lies in the south-western part of the Slave Structural Province. The Yellowknife Supergroup 

consists of a succession of steeply dipping meta-volcanic and meta-sedimentary rocks (~2.7 Ga), 

intruded by granitoids of the Western Plutonic Complex (~2.6 Ga; Siddorn, 2011). The gold 

deposit at Giant mine is hosted in quartz-carbonate veins, which most commonly occur within the 

Yellowknife Bay Formation in the Kam Group, along steeply dipping shear zones that generally 

trend north-south. Most of the gold is hosted within arsenopyrite though some native gold could 

be found in the orebody. Mineralization at Giant mine is bound by the West Bay fault to the west, 

the Akaitcho Bay fault to the north, and the Jackson Lake formation along the shore of Yellowknife 

Bay (Figure 1.4) (Canam, 2006). 

 Like all quartz-carbonate deposits, mineralization is controlled by structure, which at Giant 

mine is marked by a protracted history of deformation and hydrothermal activity. Early D1 

extension resulted in the formation of refractory gold mineralization within strongly deformed 

zones and veins. D2 compression flattened the Giant deposit, overprinted D1 mineralization and 

created deep vertical zonation of free-milling quartz-carbonate veins. The D2 flattening event is 

the main control on ore plunge at Giant mine. While D3 deformation is not associated with 

mineralization, D4 regional scale Proterozoic faulting offset and segmented the mineralized area, 

which includes the major offset by the West Bay Fault (Figure 1.4) (Siddorn, 2011). 
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Figure 1.4: Geology of Giant mine and area (Hubbard et al., 2006). 

Orebodies at Giant mine are complex alteration systems 50-500 meters wide, and go as 

deep as 600m below surface. They occur as quartz-ankerite-sericite schist zones, surrounded by 

chlorite sericite schist (Siddorn & Cruden, 2000). Paragenesis of mineralization in orebodies start 
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with pyrite and arsenopyrite, follow with sphalerite, chalcopyrite and pyrrhotite and end with lead 

and antimony sulphides and sulphosalts. Typical ore zones contain 30-90% quartz and 15% 

sulphides/sulphosalts. Gold is primarily refractory, contained within arsenopyrite, suggesting that 

gold was deposited early in mineralization (Canam, 2006). 

1.2.2. Physiography  

The Yellowknife area was under the Laurentide ice sheet until the late Wisconsin 

glaciation, which in the area retreated about 10,000 years ago. During glacial retreat the region 

was submerged under 80 meters of water from Glacial Lake McConnell, which covered an area 

from the Great Bear, Great Slave and to the Athabasca Lakes, as evidenced by glaciolacustrine 

sediments consistently found in low-lying areas. However, the most prevalent sediments are 

glacial tills which are discontinuous and less than 2 meters thick, with regional and local till motion 

being predominantly from the north-east. The region is also punctuated by discontinuous 

permafrost (Kerr & Wilson, 2000; Kerr, 2006).  

Mine property soils are typically circumneutral and vegetation varies with wind direction 

and distance from roaster (Kerr, 2006). Winds are predominantly from the east and south-east 

(Figure 1.5). Climate patterns are cool and dry with an annual temperature of -4.5°C and low 

precipitations (INAC, 2007). 
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Figure 1.5: Average wind speed and directions at Yellowknife airport (INAC, 2010). 

1.2.3. Early Yellowknife history  

The first known geological exploration in the Great Slave Lake region was done by the 

Geological Survey of Canada in 1898 and 1899, finding promising concentrations of gold in some 

areas. Despite this, the area did not receive much more attention until the 1920ôs when aviation 

became a more viable means of transportation. Many exploration efforts were done in the region, 

with the first accounts of gold finds on the Yellowknife River in the early 1930ôs. Throughout this 

decade, small mining operations started (such as the Negus, Brock, Thompson-Lundmark mines, 

among others) nearby the current location of Yellowknife, exploiting high-grade narrow ribboned 

quartz veins through trenches and shallow shafts. The first gold brick poured in the territory came 

from Con mine in 1938, later followed by the Ptarmigan mine in 1942 and the Negus mine in 1943. 

Con mine started operating their roaster in 1942 for a few months before shutting it down for 

several years due to war-time restrictions. The escalation of the Second World War impacted 

mining activities throughout the Yellowknife area by causing labour shortages and shutting down 

small operations throughout the 1940ôs. Nevertheless, increasingly promising reserve discoveries 
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around Baker Creek (later to become Giant mine) and the Con mine area, eventually led to 

development of large-scale high-tonnage operations in the post-war years. Giant mine started 

operations in 1948 and roasted arsenopyrite ore from 1949 until 1999, while Con mine reopened 

its roaster in the 1950s through to the 1970s. The establishment of such operations with the 

financial backing of large corporations was key in turning Yellowknife from an exploration camp 

to an established community, providing lasting infrastructure to a growing mineral industry (Moir 

et al., 2006).  

1.2.4. History of Giant Mine 

In 1935 the Giant Mine site was staked. Mine developments started in 1945 when the A 

shaft was sunk, and production began in 1948. During the five decades of operations, Giant mine 

produced over 7 million ounces of gold, thus ranking as one of the most productive gold mines in 

Canadian history (Bullen & Robb, 2006). 

1.2.4.1. Ownership history 

The original stake was made in 1935 by Burwash Yellowknife Mines Limited. In 1937, 

Giant Yellowknife Gold Mines Ltd. (GYML) was incorporated and acquired the assets of 

Burwash. During the early 1940ôs, GYML and Frobisher Exploration Company Ltd. furthered 

exploration on the property. As a result of this work, Frobisher (which was owned by Ventures 

Ltd.) optioned their treasury share of GYML, and took over management control. Thence, 

Ventures Ltd. remained owner of the property, when it merged with Falconbridge Nickel Mines 

Ltd. in 1962. Twenty-four years later, Pamour Inc. bought Giant Yellowknife Gold Mines. Pamour 

was bought out by Royal Oak Resources in 1990, which became Royal Oak Mines Inc. the 

following year (INAC, 2007). 
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Royal Oak Mines Inc. operated the mine until 1999 when it went under receivership. 

Ownership was transferred to the Department of Indian affairs and Northern Development 

(DIAND 1) by court ruling. Miramar Giant Mine Ltd. purchased the Giant mine from DIAND in 

an agreement that indemnified Miramar Giant Mine Ltd. of existing environmental liabilities while 

ensuring that operations remained in environmental compliance. Miramar Giant Mine continued 

to extract ore at a greatly reduced scale until 2004, though processing was done at the nearby Con 

Mine. No further ore processing took place at the Giant mine and the roaster never operated after 

1999. A Northwest Territories (NWT) court assigned Miramar Giant Mine Ltd. to bankruptcy, 

making Giant Mine ñorphaned and abandoned.ò The mineral rights were entrusted to DIAND and 

remediation is the responsibility of DIAND and the federal government (INAC, 2007). 

1.2.4.2. Mining history  

Underground mining started in 1945 with the sinking of the A-shaft. The B-shaft was sunk 

in 1946, and ore processing started in 1948. A year later C-shaft was sunk. Mining was first done 

by a mix of cut and fill, shrinkage and open stoping, though the latter two methods slowly gave 

way to the former and by 1960, cut and fill was the only method used.  

The highest ore grades and gold production levels were during the first 25 years of 

operations of the mine. By 1974 most of the highest quality blocks had been mined out, resulting 

in dramatically reduced gold production (Figures 1.6 and 1.7). Despite this, Giant mine was able 

to remain in operation, due in large part to the explosion of gold prices in the 1970ôs following the 

end of the gold standard in the United States. Low-cost open pit operations started in 1974 and 

                                                 

 
1The Department of Indian Affairs and Northern Development (DIAND) changed names to Indian and Northern 

Affairs Canada (INAC) in the 2000s. That name changed to Aboriginal Affairs and Northern Development Canada 

(AANDC) in 2011, and back to INAC (indigenous and northern affairs Canada) in 2014, though INAC and AANDC 

are often used interchangeably.  
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further helped in keeping Giant Mine profitable despite the decreases in ore grade. Open pit 

operations ended in 1990 (Canam, 2006). Major mining and ore processing operations continued 

until 1999. Underground mining continued at a low production rate until 2004, with ore processing 

being performed offsite at Con mine (INAC, 2007). 

 
Figure 1.6: Annual gold production from Giant mine over its lifetime (Canam, 2006). 

 
Figure 1.7: Average annual ore grade over the Giant mine lifetime (Canam, 2006). 

1.2.4.3. Ore processing history 

Ore processing began in 1948 with crushing, grinding and flotation. Some free gold was 

recovered by mercury amalgamation, a processing method that was in operation until 1959. 

However, most of the gold at Giant is refractory, an ore type that requires floatation of ore to 

separate host sulphides (mainly arsenopyrite), followed by oxidizing these sulphides via roasting 

before cyanidation can be take place. Roasting started in 1949 with an Edwards type multiple-

hearth roaster. A mix of increasing mill tonnage and costly operational problems with the Edwards 

type roaster led to the commissioning of a two-stage fluo-solids roaster (No. 1 Dorrco) in 1952. 
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This new roaster technology improved gold recovery and improved arsenic fumes management. 

In 1954 the first Edwards-type roaster was closed. By 1959 mill tonnage had increased again and 

ore mineralization had become entirely refractory. To cope with this, a new fluo-solids roaster 

(No. 2 Dorrco) was installed, replacing the No. 1 Dorrco. This new roaster proved to be very 

efficient and reliable, and remained in operation until 1999. 

1.2.4.4. Roaster history 

Disseminated gold at Giant mine is deemed refractory because it cannot be extracted by 

standard methods alone. Processing refractory ore first involves oxidizing arsenopyrite through 

roasting or other methods to liberate encapsulated gold and make it extractable via cyanide 

leaching (Walker et al., 2015). Thus, roasting produces arsenic trioxide, as described in equation 

1.1: 

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

Initially, the off-gases gases and associated aerosols at Giant mine (namely sulphur dioxide 

and arsenic trioxide) were vented directly into the atmosphere with no recovery mechanisms. This 

resulted in the emission of over seven tonnes per day of arsenic trioxide dust in the local 

atmosphere during the first few years of operations (Table 1.1).  
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Table 1.1: Arsenic trioxide emissions from the Giant mine roaster over time (modified from Wrye, 

2008). 

 
 

In October 1951 an electrostatic precipitator (ESP) known as the ñCottrell Precipitatorò 

was installed and the first large-scale collection of arsenic trioxide dust began. However, the 

efficiency of this ESP dropped dramatically the next year when the No.1 Dorrco roaster was 

installed. The new roaster overloaded the ESP with calcines (oxidized dust by-products of 

roasting), which resulted in significant losses of gold. To that effect, a second ñhotò ESP was 

installed in February 1955 which could operate at temperatures above those of arsenic trioxide 

condensation, a new system that offered only limited success. This changed when the No. 2 Dorrco 

roaster was installed in 1958. A baghouse was installed downstream to capture arsenic trioxide 

dust, while the ñhotò ESP was left in place to capture excess calcine dust. By 1963, the original 

ñcoldò ESP was converted to a second ñhotò unit and installed in parallel with the first ñhotò ESP, 

followed by the baghouse. All captured roasting wastes were then stored permanently underground 

in Giant mine stopes and chambers (Figure 1.8). This system proved effective at capturing arsenic 

trioxide and was the system in use until the end of roasting operations in 1999. Through these 

technological improvements, Giant mine captured an estimated 237,000 tonnes of arsenic trioxide 
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dust, or about 92% of all arsenic trioxide ever emitted aerially by roasting. The remaining 8%, or 

20,000 tonnes, were dispersed throughout the local atmosphere. Sulphur dioxide emissions, 

another deleterious by-product of roasting, were however never managed (INAC, 2007; Wrye, 

2008). 

 
Figure 1.8: Roasting and arsenic fumes management at Giant mine post 1963 (SRK, 2002).
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1.2.4.5. Arsenic Trioxide waste management 

The formation of arsenic trioxide dust and associated risks were not considered during 

initial development of the mine. With an ESP installed in 1951 mine management decided to store 

captured arsenic trioxide dust in underground, permafrost storage chambers (to prevent arsenic 

leaching into groundwater). In 1962, disposal switched to mined-out stopes in purpose-built 

chambers located outside the permafrost area that mine officials emphasized were dry (INAC, 

2007). 

Eventually, concerns were raised whether permafrost was stable and would keep arsenic 

trioxide waste frozen indefinitely. In 1966 DIAND requested the monitoring of rockwall 

temperatures to ensure permafrost conditions. In 1973, the Mining Inspector presented evidence 

of permafrost thawing in mine workings, and recommended anew a long-term rock temperature 

monitoring program. Such a program was established in the mid-1990s (INAC, 2007). 

In an effort to decrease the need for waste storage and earn a profit from its wastes, Giant 

mine sold a fraction of their arsenic trioxide product for pesticide manufacturing between 1981 

and 1986. The program was discontinued due to issues with purity. By the mid-1980ôs until the 

end or roasting in 1999, the presence of permafrost was no longer a requisite for commissioning 

storage chamber. Underground storage chambers hold an estimated total of 237,000 tonnes of 

arsenic trioxide waste from roaster emissions (INAC, 2007). 

1.2.4.6. Tailings and calcines management 

Tailings disposal started in 1948 with discharge directly into Back Bay, an outlet in Great 

Slave Lake (indicated as ñhistoric beach tailings,ò Figure 1.9). In 1951, calcine and flotation 

tailings were deposited in Bow Lake, where the North Pond currently is, with no established waste 

management structure. The first tailings dam was built in 1955, and dams 2 and 3 followed in the 
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1960s, to form the North Pond and the area now called the Settling and Polishing Ponds. Dams 4 

and 5 were built in the late 1960ôs and closed off what is now Central Pond. Dam 11 created the 

South Pond in 1984 and dams 21 and 22 created the Northwest Pond in 1987. In addition to surface 

tailings ponds, various mixes of calcine and flotation tailings were used for backfill between 1956 

and 1978 (INAC, 2007).  

Treatment of tailings for removal of arsenic in waters began in 1957 when a precipitation 

circuit was put into service. In 1967 a new circuit was established, using lime to precipitate arsenic 

from mill tailings stream before discharge to the active tailings ponds (a process used until 1999). 

In 1981, a new effluents treatment plant started operations and broke down cyanide, precipitated 

arsenic with ferric iron and precipitated metals with lime. Waters pumped from underground mine 

waters were also treated in this plant (prior to which they were discharged directly into Baker 

Creek; INAC, 2007). However, several dam breaches during turbulent spring melt and flow events 

occurred, leading to significant tailings deposition in Baker creek, on top of receiving untreated 

mine water during earlier decades. Thus, Baker Creek and Pond have been heavily impacted by 

Giant mine activities, making them some of the most heavily contaminated water bodies of the 

Yellowknife region (Fawcett & Jamieson, 2011; Nash, 2014).  
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Figure 1.9: Aerial picture photo of Giant mine, showing surface waste disposal structures 

(modified from Bromstad, 2011). 
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1.2.5. Giant remediation plan 

The contamination legacy from Giant mine includes unremediated tailings and calcine 

ponds, contaminated infrastructure, roaster emissions stored underground (about 237,000 tonnes), 

and roaster emissions released into the surrounding aerial environment. Most of this legacy is 

contained within the mine site property and is now the responsibility of the federal government as 

INAC. A remediation plan has been established which at the time of writing is underway. It is a 

complex project which involves the in situ freezing of storage chambers containing arsenic trioxide 

dust and mine wastes through the installation of cold pumps, the treatment of underground and 

surface waters with a new treatment plant that can operate year-long, closing open pits, covering 

tailings ponds, revegetating disturbed areas, diverting Baker Creek, removing contaminated soils, 

removing contaminated buildings and infrastructure, and monitoring and evaluation for future 

developments (INAC, 2007). 

Such efforts are mainly constrained to the Giant mine-site area and do not consider 

potential contamination beyond the mine property. Historic releases of arsenic laden tailings in 

Back Bay and aerial emissions of arsenic aerosols and sulphur dioxide from roasting cannot be 

expected to be contained within the property. Therefore, a well-developed understanding of 

behaviour of arsenic in the local environment is key in order to plan for future land uses and 

developments with minimal risks to local populations. 

1.2.6. Impact of roaster-derived aerosols 

About 20,000 tons of arsenic trioxide were emitted aerially into the surrounding 

environment from the roasting of ore at Giant mine, the bulk of which were released between 1949 

and 1959 (Table 1.1). This arsenic trioxide, is proving to be particularly persistent in the upper 

horizons of mine site soils (Bromstad, 2011; Bromstad & Jamieson, 2012; Bromstad et al., 2015; 
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Wrye, 2008). This is further confirmed by comparing antimony to gold ratio in roaster dust in soils 

with known roaster dust ratio of pre-1964 emissions (before the roaster complex was equipped 

with two hot precipitators and a baghouse), confirming that the bulk of roaster-derived arsenic 

trioxide persisting in local soils pre-dates 1964 (Bromstad, 2011). 

Other arsenic-bearing aerosols were also emitted as part of this process, identified as 

roaster-generated iron oxides (RO). These are porous grains of Fe(III) oxides (namely maghemite 

and hematite) containing up to 7 wt.% As, both as As(III) and As(V) (Walker et al., 2005). Such 

grains have also been found lingering in local soils (Bromstad, 2011) and in Yellowknife Bay as 

part of calcines residue deposited in Great Slave Lake, before tailing storage facilities were built 

(1948-1951). Arsenic speciation in these ROs is affected by lacustrine environment, whereby ROs 

contained in lake sediments near the sediment-water interface (SWI) contain mixtures of As(III) 

and As(V), and ROs found in deeper, more anoxic lake sediments are composed almost entirely 

of As(III), while the ferric oxide themselves seem to resist reductive dissolution (Andrade, 2006). 

True to its redox-sensitive nature, arsenic has been shown to undergo reductive dissolution 

in lake and stream sediments on Giant mine property and Yellowknife Bay, with As(III) 

dominating in reducing porewaters, and As(V) dominating in oxic porewaters and surface waters. 

The arsenic dissolved in porewaters diffuses upwards towards the SWI, a horizon at which a large 

part will oxidize and sorb onto hydrous ferric oxides (HFOs) (Andrade, 2006; Andrade et al. 2010).  

Such a process can be reinforced in water bodies that contain plants such as Equisetum 

fluviatile (common horsetail), Typha latfolia & dominguensis (cattails) and Schoenoplectus 

maritimus (bayonet grass), which are known to form iron root plaque that can sequester arsenic to 

concentrations of up to 1 wt.% (Nash, 2014; Fawcett et al., 2015). Nash (2014) however warns 

that the ability of iron root plaque-forming plants to effectively sequester significant amounts of 
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arsenic out of solution depends largely on the mass fraction that these plants represent in the 

sediments. Thus, he found that (in the cases of vegetated Baker creek and Baker pond), though 

iron root plaque did indeed effectively sorb arsenic, such a process could only account for a small 

fraction of the total amount of arsenic contained in sediments. Furthermore, Andrade et al. (2010) 

found that oxidative sequestration process via HFOs is particularly effective in Yellowknife Bay, 

an area with no known iron root plaque formation.  Arsenic diffusion rates out of porewaters 

modelled using Fickôs law would otherwise cause arsenic concentrations in surface waters to be 

orders of magnitude higher than what they were measured to be.  

Repeated geochemical correlations have been identified between arsenic, antimony and 

gold with roaster dust aerially impacted areas (Bromstad, 2011; Kerr, 2006), whereas areas 

impacted by watershed-transported tailings and calcines identify lead, copper and zinc correlating 

with arsenic and antimony (Andrade, 2006). These added metals come less as a surprise 

considering the sphalerite, galena and chalcopyrite enrichments associated to Giant ore mineralogy 

(Coleman, 1953; Coleman, 1957). Such metals association can help in identifying roaster-derived 

vs. tailings-derived impacts.   

Though arsenic aerosol emissions from Giant roaster stacks hardly went unnoticed, another 

emission product is sulphur dioxide (SO2) gas. SO2 gas can oxidize and enrich waters with sulphate 

(SO4
2-), which in turn causes acidification of waters and soils (Schlesinger & Bernhardt, 2013). 

SO2 emissions from Giant mine roaster are believed to be responsible for severe vegetation 

degradation in areas within 1km of the roaster, and mild vegetation degradation within 25km 

westward (down predominant winds) of the roaster (Hocking et al., 1978). The limited information 

available on SO2 emissions are shown in Table 1.2.  
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Table 1.2: Record of SO2 and arsenic emissions from Giant mine roaster (GNWT, 1993). 

 
 

Estimates of total SO2 emissions from roasting over the lifetime of Giant mine, nor any 

other information on SO2 characterization are available. But given the importance of sulphur 

species in arsenic mobility and speciation (Figures 2.2 and 2.7), it is not unreasonable to suspect 

that these emissions might have some potential influence on the fate of arsenic in lakes surrounding 

Giant mine.  

Thus, in lacustrine areas that have been studied in the vicinity of Giant mine, arsenic seems 

to be undergoing redox-controlled dissolution-precipitation/adsorption cycles across anoxic 
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porewaters, SWI sediments and oxic surface waters and between a wide range of host phases. In 

such a case, it is important to get a good understanding of all arsenic phases in terms of mineralogy, 

aqueous chemistry, microbial activity and seasonal effects. 

1.3. Thesis organization 

This thesis includes in chapter 3 a manuscript to be submitted to Environmental Pollution, 

co-authored by Martin Van Den Berghe, Heather Jamieson and Michael Palmer. It explores the 

major controls on arsenic mobility and cycling in roaster-impacted lakes near Giant mine (NWT). 

Due to limits imposed by the journal, certain topics that are investigated in this thesis were not 

included in the manuscript. These include the seasonal effects on arsenic mobility, arsenic 

speciation analyses in porewaters, and the geochemistry of impacted soils nearby the study lakes. 

These added investigations involve field and analytical methods that are described in chapter 4, 

and results described in chapter 5. Chapters 6 and 7 discuss in greater depth the insights and 

conclusions such added data bring to a broader understanding of arsenic mobility in the studied 

lakes and soils. Redundancies between the manuscript (chapter 3) and the following chapters were 

minimized wherever possible. 
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Chapter 2: Literature Review 

2.1. Global sources, sinks and occurrences of arsenic 

The natural introduction of arsenic to the biosphere comes mainly from volcanic activity 

(whether subaerial or submarine) and the weathering of crustal rocks, processes estimated to 

contribute several tens of thousands of tons of arsenic per year. Conversely, the sequestration of 

arsenic from the biosphere is done via sedimentation followed by subduction of marine sediments, 

subtracting arsenic in the same order of magnitude (Figure 2.1). Weathering and sedimentation 

processes are often hindered with intermediary steps, inhibiting arsenic from rapidly traveling from 

its weathered geogenic source to settling in marine sediments, its final sequestering basin before 

subduction. Such steps include sequestration and remobilization in and out of sediments via oxy-

redox cycling; absorption by biomass and cycling through the pedosphere; cycling through the 

atmosphere via wind erosion, sea spray or wildfires; and lastly anthropogenic emissions 

throughout all sectors of the biosphere (Figure 2.1; Bowell et al., 2014).  

Primary occurrences of geogenic arsenic are commonly in reduced form, as part of 

arsenides (e.g. löllingite), sulpharsenide (e.g. arsenopyrite) or substituted in various other 

sulphides (e.g. arsenian pyrite). Arsenic can also be found in hydrothermal systems in sulphides 

as the cation (e.g. realgar and orpiment; Pokrovski et al., 1996). Arsenic can further be found 

imbedded in the mineral lattices of common rock-forming silicates as impurities (Alam et al., 

2014). Phosphates such as apatite can also be a significant mineral host of oxidized arsenic, in 

which arsenate can substitute with phosphate anions (Gianfagna et al., 2014; Mailloux et al., 2009; 

Roeder et al., 1987).  

Common secondary occurrences of arsenic in the biosphere include oxidized forms such 

as arsenates (e.g. scorodite, yukonite), or sorption or occluded phases onto metal oxy-hydroxides 
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(commonly ferric or manganese oxides such as goethite) as part of the global sediment load 

(Bowell et al., 2014). In reducing surficial environments such as wetlands, swamps and 

groundwaters, arsenic is also known to precipitate as secondary sulphides such as realgar (Bissen 

& Frimmel, 2003; Drahota et al., 2013). 

 
Figure 2.1: Schematic of global cycles of arsenic (Bowell et al., 2014). 

 

2.2. Arsenic species 

The mobility of arsenic in the biosphere is mainly controlled by redox geochemistry, 

precipitation-dissolution, adsorption-desorption reactions and microbial influences. Therefore, 

understanding its chemical form, and respective stability is crucial in understanding arsenic 

mobility. Arsenic is a redox-sensitive element and can exist as an arsenate (V), arsenite (III), native 

arsenic (0), arsenide (-I) and arsine (-III)  (Bissen & Frimmel, 2003). The most common species 
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found in the biosphere are arsenate and arsenite (as either aqueous or solid species), and various 

sulphide or oxide precipitates. The stability of these species are highly dependent on Eh and pH, 

as illustrated in Figure 2.2. 

 
Figure 2.2: Stability fields of arsenate and arsenite in a sulphur-poor system (left) and a sulphur 

rich system (right). Activity of arsenic is 10-6M, sulphur is 10-3M (Brookins, 1988). 

Arsenic can also be methylated or as part of larger organic compounds (Figure 2.3), or part 

of thiospecies (Planer-Friedrich et al., 2015). Methylated compounds, including volatile di- and 

trimethylarsine, are commonly formed by biologic processes, catalyzed by As(III) S-

Adenosylmethionine Methyltransferase action in bacteria, and eukaryotes (Ajees & Rosen, 2015; 

Campbell & Nordstrom, 2014; Wang et al., 2012). In humans, the liver is predominantly 

responsible for methylation of arsenic, and is believed to do so as a detoxification mechanism, 

although some methylated species (esp. monomethyl-arsonous acid (MMA(III)) can be as toxic or 

more toxic than inorganic species (Styblo et al., 2000).  
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Thiospecies of arsenic, though difficult to analyze, can be central to certain microbially 

active systems, such as in Mono Lake, CA, in which a haloalkaliphile bacterium strain was found 

to thrive on the redox disproportionation of monothioarsenate (HAsVS-IIO3
2-), oxidizing sulphur to 

S(0) and reducing arsenic to As(III). Given a suitable chemical environment, such a process can 

be sustained by the abiotic and spontaneous re-coupling of S(0) and arsenite to form 

monothioarsenate (Planer-Friedrich et al., 2015). Thus, in the right circumstances, micro- and 

macrobiological processes can be central determinants in arsenic speciation. 

 
Figure 2.3: Inorganic and organic species of arsenic (Nearing et al., 2014). 

 

2.3. Mobility of arsenic in the biosphere 

2.3.1. Chemical environments 

Earthôs surficial environment can be an unstable environment for primary, geogenic 

arsenic. Arsenic is commonly found in the geosphere in sulphide form (e.g. arsenopyrite or 
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arsenian pyrite), which can oxidize in oxic environments, releasing dissolved arsenic and iron in 

surface waters via oxidative dissolution. It can also be released directly as arsenate from apatite 

(where arsenate substitutes phosphate) through microbially-mediated dissolution for nutrient 

(phosphorus) acquisition (Mailloux et al., 2009). It can further be released from common rock-

forming silicates (where arsenic is hosted as an impurity) if pH conditions are sufficiently high to 

dissolve the host silicates (pH >10; Alam et al., 2014). All such processes lead to the dispersion of 

geogenic arsenic into the hydrosphere. 

Most surface waters are circumneutral and oxic, arsenic in solution is likely to oxidize to 

As(V). Common secondary precipitates that result from this reaction include arsenate minerals 

such as scorodite (stable in acid waters). However, such secondary precipitates tend to form only 

in environments with very high dissolved arsenic concentrations such as contaminated sites (Craw 

& Bowell, 2014). In more dilute environments, aqueous arsenic will likely sorb onto ferric and 

manganese oxy-hydroxides, thus binding its mobility in the environment to that of these 

particulates (Dixit & Hering, 2003). The effectiveness of this process depends on pH, arsenic 

speciation and concentrations, and the nature of sorption sites available. The ability of ferric oxy-

hydroxides to host adsorbed As(V) decreases rapidly as pH increases from 5 to 10 (Figure 2.4).  
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Figure 2.4: Adsorption patterns of arsenic as a function of speciation, nature of sorption site, pH 

and concentration. HFO = Hydrous Ferric Oxides (modified from Dixit & Hering, 2003). 

Bowell & Craw (2014) also show that Fe:As molar ratio is important in arsenic sorption 

efficiency, mitigating to some extent the effects of pH and improving sorption effectiveness when 

Fe:As molar ratio reach 10 (Figure 2.5). Furthermore, amorphous hydrous ferric oxides (HFO) 

offer better sorption properties than crystalline ferric oxides (such as goethite and magnetite), due 

in part to their higher surface areas and higher sorption site density (Dixit & Hering, 2003; Figure 

2.4). Lafferty & Loeppert (2005) show that increasing methylation of dissolved As (III & V) leads 

to rapid decreased ability of ferric oxy-hydroxides to capture and retain arsenic, though following 

similar pH-sensitive patterns as inorganic arsenic. 
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Figure 2.5: Sorption of arsenic as a function of speciation and Fe:As molar ratio. The y-axis 

indicates unsorbed arsenic remaining in solution (Bowell & Craw, 2014). 

The As(III)  species is more mobile than As(V) since its most common occurrence is in 

zero-valent form (H3AsO3
0; Figure 2.2). As(III) however is uncommon in surficial environments 

since these tend to be oxidizing. On the other hand, the burial of sediment-bound As(V) into anoxic 

environments can lead to its (potentially microbially-mediated) reduction to As(III) (as well as the 

potential reductive dissolution of particulate Fe(III) hosts to dissolved Fe(II)), thus leading to the 

redissolution and remobilization of arsenic in groundwaters (Figure 2.6). Perhaps the best such 

example is the case of Bangladesh, where the reductive release of arsenic out of sediments into 

groundwaters currently used for human consumption is one of the most important controls on 

sediment-bound arsenic remobilization, presenting a constant and very serious health risk for an 

estimated 57 million people (Mitchell, 2014).  
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Figure 2.6: Biogeochemical model of common arsenic adsorption-dissolution-precipitation 

reactions. Open arrows indicate adsorption reactions, filled arrows indicate dissolution-

precipitation reactions, curved arrows indicate biochemical activity (OôDay et al., 2004). 

In reducing environments, arsenic can also, with significant of dissolved sulphide (such as 

in wetlands), precipitate to produce arsenic sulphides such as realgar or pararealgar (Drahota et al., 

2013), and thus significantly decreasing its mobility and risks to ecosystems. In such 

environments, As(III) can however also sorb onto iron sulphides such as troilite and pyrite, and in 

the process become further reduced, and incorporated into the mineral structure to an ñFeAsS-like 

phaseò (Bostick & Fendorf, 2003). The activity of sulphide might be key in determining whether 

arsenic can precipitate as an As-S sulphide or become incorporated into an Fe-As-S sulphide. Very 

sulphidic environments (>0.1mM H2S) seem to promote As-S mineral precipitation, whereas less 

sulphidic environments see very effective As sorption/incorporation into pyrite (Bostick & 

Fendorf, 2003). 

This idea is similar to OôDay et al. (2004), who propose that in sulphidic environments, 

iron-rich systems will readily precipitate pyrite, thus decreasing the activity of dissolved sulphide, 

shifting the system towards the stability field of realgar (red arrow, Figure 2.7). In iron-poor 

systems, little pyrite will precipitate, thus H2S will not be lost from solution, promoting the 

precipitation of orpiment over that of realgar (blue arrow, Figure 2.7).  
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Figure 2.7: Stability diagram for the system As-Fe-S-O-H as a function of Eh and activity of H2S 

at 25°C and pH = 7. Reaction paths for Fe-rich system (path A, solid red arrow), and Fe-poor 

system (path B, dashed blue arrow) are shown in inset (O'Day et al., 2004). 

Additionally, pH would also be a key consideration because under acid conditions (pH<5), 

As(III) can be removed from solution by the precipitation of phases similar to As2S3 (orpiment) 

and As4S4 (realgar); and in neutral to alkaline conditions arsenic can be removed from solution by 

sorption and precipitation of FeAsS-like phases (Kim & Batchelor, 2009).  

The role of microbial activity might also be determinant in the precipitation of arsenic into 

sulphides. One anaerobic, moderately thermophilic (37-75°C) bacterium strain (Clostridiaceae 

family) was found to be responsible for the precipitation of ɓ-realgar through detoxification 

arsenate reductase activity (Ledbetter, 2007). Desulfotomaculum auripigmentum was also 

discovered to precipitate arsenic trisulphide (As2S3), as it can reduce both arsenic and sulphur 

(Newman et al., 1997). Lastly, sorption and co-precipitation of arsenic in other sulphides may also 

be of importance, as there are known occurrences of arsenic incorporated into framboidal pyrite 
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(Smedley & Kinninburg, 2002). The detailed mechanisms involved in this process are still poorly 

understood. However, framboidal pyrite are well documented as secondary, authigenic and 

microbially-mediated reprecipitation products, resulting from microbial activity (Maclean et al., 

2008; Kohn, 1998; Mozer, 2010). Given the prevalence of microbially-mediated precipitation of 

pyrite in reducing surficial environments, this process, might further account for a significant 

mechanism for arsenic sequestration out of surface waters.  

2.3.2. Seasonal constraints of subarctic regions 

The redox-sensitive nature of arsenic makes it susceptible to changing geochemical 

environments through time, including seasonal effects of ice cover on water bodies during the 

wintertime. Even though there is limited literature on arsenic specifically, it is well known that as 

water freezes, ice exclude solutes, affecting chemical gradients in the underlying waters (Lesak et 

al., 1998). Furthermore, ice cover blocks liquid water from atmospheric oxygen and sunlight, 

affecting primary producers and lake redox. Wintertime fluctuations of dissolved oxygen (DO) in 

ice-covered lakes are known to occur primarily at or near the SWI, as a consequence of microbial 

respiration, a process active mainly in sediments rich in organic carbon, as these form the most 

common electron donor in aerobic respiration. Thus, the arctic lakes with pronounced decreases 

in DO during the winter are shallow, organic-rich lakes with large amounts of microbial respiration 

(Clilverd et al., 2009).  

This is particularly relevant to arsenic to the extent where DO levels might serve as a proxy 

for redox potential, one might then expect the reductive dissolution of both arsenic and its host 

ferric oxyhydroxide host in sediments to be more pronounced in such shallow organic-rich lakes, 

particularly during the wintertime. Corollary to DO depletion, concentrations of other oxidants 
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(including sulphate) are likely to follow suit, leading to the formation dissolved sulphide and 

creating a fertile ground for the precipitation of arsenic-bearing sulphides (Figure 2.7). 

2.3.3. Diffusive effects 

The remobilization of meta-stable metal(loid) solid phases in sediments can be a very 

important source of persistent contamination in the hydrosphere (Boudreau, 1999). The impact of 

diffusive fluxes out of sediment porewaters into overlying lake waters has been quantified using 

Fickôs law. Martin & Pederson (2002) were thus capable of estimating the relative contributions 

of arsenic in a mine-impacted lake (Balmer Lake, ON) from sediment porewater remobilization 

vs. external loadings. Furthermore, they were able to compare these relative contributions between 

1994 and 1999, and notice a large increase of sediment-bound arsenic remobilization contribution 

from 2-18% in 1994 to 33-60% in 1999, paralleled by a two to three-fold increase in arsenic lake 

water concentrations in the same time period (225µg/L in 1994 to 620µg/L in 1999). The authors 

attribute this increase in arsenic lake-water concentrations, and sediment remobilization, to an 

otherwise improvement in lake-water quality (with very significant reduced copper, zinc and 

nickel loadings since 1994) caused by a decrease in mine wastes inputs to the lake, leading to an 

increase in primary production and phytoplankton respiration. This has for consequence a steeper 

porewater redox gradient, leading to increased reductive dissolution and remobilization of 

sediment-bound arsenic.  

Andrade (2010) also measured diffusive fluxes from Yellowknife Bay (Great Slave Lake), 

near Giant mine, pointing out that the presence of ferric oxy-hydroxides in sediments (especially 

in oxic sediments near the SWI) can capture through sorption significant amounts of dissolved 

arsenic diffusing out of porewaters, thus potentially mitigating somewhat arsenic porewater 

diffusion into lake waters in oxic sediment-water interfaces. 
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2.4. Arsenic in mine wastes 

A very large component of arsenic in mine wastes is in the form of tailings, which 

commonly expose crushed primary sulphides to surficial processes. Contact waters commonly 

become saturated with various metal(loid)s as they travel through these wastes, leading to the 

precipitation of secondary arsenate minerals (commonly scorodite, although arsenic rich mine 

wastes can produce a very wide range of Ca-, Fe-, Pb-, Cu-, Zn- arsenate minerals) (Craw & 

Bowell, 2014). Though it is stable in low-pH conditions, scorodite (along with other ferric 

arsenates) still has low solubility even in circumneutral waters (Bluteau & Demopoulos, 2007; 

Krause & Ettel, 1989; Paktnuc & Bruggeman, 2010). Additionally, scorodite has dissolution rates 

3 to 5 orders of magnitude slower than those of pyrite and arsenopyrite (Paktnuc & Bruggeman, 

2010), thus commonly leading such mines wastes to develop a scorodite rich ñhardpansò that can 

encapsulate, to some extent, potentially more soluble phases (DeSisto et al., 2011; Haffert & Craw, 

2008).  

Other mine wastes can include arsenic trioxide (often characterized by arsenolite structure; 

Bromstad& Jamieson, 2012; Haffert & Craw, 2008; Jamieson et al., 2011) as a by-product of 

roasting gold-bearing arsenopyrite. Arsenic trioxide either escapes a roaster stack and simply 

spreads out in the surrounding environment, or is captured with precipitators and stored 

accordingly. Previous studies have found that arsenic trioxide is sparingly soluble in cold waters 

(25°C) and moderately soluble in hot water (90-100°C) (Lide, 1993; Patnaik, 2003; Pokrovski et 

al., 1996). In surficial environments, dissolved As(III) is likely to oxidize to As(V), and precipitate 

as an arsenate (not uncommon found in contaminated industrial sites), or sorb onto ferric or 

manganese oxy-hydroxides. Such solid arsenic phases are commonly stable only in a narrow range 

of geochemical environments and can remobilize with changing pH or Eh. This leads to the 
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complex cycling of arsenic in and out of solution and creating buffers to its mobility and dispersion 

in the environment. The historical Blackwater gold mine in New-Zealand is a site where exposed 

roaster-derived arsenic trioxide dissolves and oxidizes in rain and runoff waters. The oxidation of 

arsenite is an acid producing reaction, leading to a decrease in pH. Furthermore, the evaporation 

of these waters leads to arsenate saturation, conditions promoting the precipitation of scorodite. 

This scorodite creates an impermeable surface crust, encapsulating the underlying arsenolite 

wastes. However, when this scorodite crust is exposed to arsenic-poor, circumneutral rain waters 

again it slowly starts to dissolve and liberates arsenic back into solution. Once the scorodite has 

dissolved enough to expose arsenolite again, the same process begins anew (Craw & Bowell, 2014; 

Haffert & Craw, 2008; Paktnuc & Bruggeman, 2010). 

Occurrences of arsenic trioxide are very uncommon in the environment other than in 

anthropogenic roaster-derived wastes. One documented exception in which naturally precipitating 

arsenic trioxide can be found is in the weathering of arsenic-rich concentrate from the abandoned 

PŚebuz mine (Czech Republic). The oxidative weathering of arsenopyrite and löllingite in surface-

exposed concentrate leads to the precipitation of arsenolite as the first of several intermediate and 

unstable products, which also include scorodite and kaatialaite (cementing the whole), ultimately 

followed by the dispersion of arsenic in the local watershed (Filippi, 2004). 
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Chapter 3: Arsenic Mobility and Characterization in Lakes 

Impacted by Gold Ore Roasting, Yellowknife, NWT, Canada 

3.1. Abstract  

The roasting of gold-bearing arsenopyrite at Giant Mine (Northwest Territories) between 

1949 and 1999 released approximately 20,000 tonnes of toxic arsenic-bearing aerosols to the 

surrounding environment. Detailed examination of lake waters, lake sediments and sediment 

porewaters from three lakes of differing limnological characteristics was conducted using mass 

spectrometry, electron microscope analyses and synchrotron-based x-ray absorption spectroscopy. 

All three lakes were located within 5km of the historic roaster, and downwind, based on 

predominant wind direction. The objective of the study was to assess the controls on the mobility 

and fate of arsenic in these roaster-impacted subarctic lakes.  

Results show that the occurrence of arsenic trioxide in lake sediments coincides with the 

regional onset of industrial activities. The bulk of arsenic in sediments is contained in the form of 

secondary sulphide precipitates, with iron oxides hosting a minimal amount of arsenic near the 

surface-water interface. The presence of geogenic arsenic is likely contained as dilute impurities 

in common rock-forming minerals, and is not believed to be a significant source of arsenic to 

sediments, porewaters or lake waters. Furthermore, arsenic, antimony and gold profiles in 

sediments are well correlated with depth and can help reveal roaster-impacted sediments. 

The soluble arsenic trioxide particles contained within the lake sediments act as the primary 

source of arsenic into sediment porewaters. Dissolved arsenic in reducing porewaters both 

precipitate as secondary sulphides in situ and diffuse upwards into the overlying lake waters. 

Arsenic diffusion out of porewaters, combined with watercourse-driven lake-water residence time, 

are estimated to be the predominant mechanisms controlling arsenic concentrations in overlying 
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lake waters. The sequestration of arsenic from porewaters as sulphide precipitates in the study 

lakes is not an effective process in reducing lake-water arsenic concentrations below guidelines 

for the protection of the freshwater environment and drinking water.  

Keywords: 

Giant mine, 

Subarctic palaeolimnology, 

Arsenic mobility, 

Arsenic speciation. 

 

3.2. Introduction and background 

Arsenic and its various compounds, whether of natural or anthropogenic origins, presents 

a serious public health risk in many parts of the world. The mobility of arsenic in the biosphere is 

mainly controlled by redox geochemistry, precipitation-dissolution, adsorption-desorption 

reactions and microbial influences. Therefore, understanding its chemical form, speciation, and 

stability (in both solid and liquid phases) is crucial in order to understand risks to public health and 

the environment (Smedley & Kinniburgh, 2002; Bissen & Frimmel, 2003). 

The complex legacy of arsenic contamination surrounding Giant mine (Northwest 

Territories, Canada) derives in large part from the roasting of arsenopyrite, a process that leads to 

the formation of arsenic trioxide (Jamieson, 2014), one of the most bioaccessible forms of solid 

phase arsenic (Plumlee & Morman, 2011). Approximately 20,000 tonnes of arsenic aerosols were 

released out of the roaster stacks and spread aerially to the surrounding environment, 86% of which 

was during the first 14 years of operations (1949-1963) (Wrye, 2008). Roaster-derived arsenic 

trioxide has been shown to persist in soils of the Giant mine property for half a century (Wrye, 

2008; Bromstad, 2011), a surprising occurrence because in other similar case studies, arsenic 

trioxide commonly dissolves or is transformed into other solid forms of arsenic (Yang & Donahoe, 

2006; Haffert & Craw, 2008; Fitzmaurice et al., 2009). Another important and persistent roaster-
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derived arsenic host is roaster-generated iron oxides which have been characterized in detail by 

Walker et al. (2005, 2015) and Bromstad (2011) as a mixture of As(III) and As(V)-bearing 

maghemite and hematite, containing up to 7wt.% As. This phase was found in Giant tailings as 

well as Yellowknife Bay sediments (Great Slave Lake) and soils on the Giant property (Andrade 

et al. 2010; Bromstad, 2011). Lastly, Bromstad (2011) has shown a strong correlations between 

the occurrences of arsenic, antimony, gold contents in contaminated soils of the Giant mine 

property, suggesting their related sources as roaster-derived emissions. 

Limited research has been conducted on the extent of contamination from roaster emissions 

beyond the Giant mine property. Several geochemical surveys repeatedly show elevated arsenic 

concentrations in lake waters, lake sediments, streams, soils, tills and plants in a 10-15km radius, 

mainly to the west and north-west (down predominant winds) of the Giant property (Kerr, 2006: 

Galloway et al., 2012: Stantec, 2014; Palmer et al., 2015; Houben et al., 2016). Such results, half 

a century after peak emissions, raise questions about the fate of roaster-derived contaminants, and 

the associated risks to local ecosystems and local communities. The objectives of this study were 

to determine: (1) whether the arsenic in the lakes surrounding Giant mine is from anthropogenic 

or geogenic origin; (2) whether lake sediments can act as a net sink or a source of arsenic to the 

overlying lake waters; and (3) what influence different physical and chemical lake characteristics 

can have on arsenic behaviour. 

3.3. Methods  

A detailed characterization of arsenic phases in surface waters, lake sediments and 

sediment porewaters was performed in the summer of 2014 in three lakes with different physical 

and limnological characteristics. All three lakes are located downwind of the predominant wind 

directions (E, SE; INAC, 2007) and within 5km of the historic Giant mine roaster (Figure 3.1). 
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3.3.1. Sampling  

The three lakes investigated were BC-20, Handle Lake, and Lower Martin Lake (Figure 

3.1). BC-20 is a shallow (<1m depth) organic-rich pond (~20wt.% organic C, Figure 3.3) (Wetzel, 

2001), bound by macrophytes and peat, and freezes completely to bottom sediments in winter. The 

lake is connected to Baker Creek by a small ephemeral drainage area at the north end of the lake 

and likely only discharges to Baker Creek during spring freshet. Lower Martin Lake is a medium-

sized lake, the deepest of this study (max. depth 5m), and is part of the Baker Creek system, which 

has perennial outflows (Environment Canada, 2015). The lake is rock-bound and has a lower 

organic content than BC-20 (<5wt.% organic C, Figure 3.3) (Stantec, 2014). Handle Lake is a 

medium-sized, rock-bound shallow lake (max. depth 3m) with variable organic contents (10-

40wt.% organic C, Figure 3.3) with a small temporary outflow stream. Further details on sampling 

localities and measured lake-water variables are in the supplementary information, Table S5. 

3.3.1.1. Surface waters 

In situ physical water variables (turbidity, dissolved oxygen and pH) were measured with 

a calibrated YSI multiprobe (model 556 MPA) at each sampling location (Table S5) prior to 

sediment sampling procedures. Surface waters were collected first at each lake at a depth of 0.15m, 

at similar location of peepers and core sampling sites. A 1L high density polyethylene (HDPE) 

grab sample bottle was triple rinsed with lake water, from which two 60mL aliquots were taken 

and filtered with 0.45µm syringe tip filters: one for trace metals (preserved with 1.2mL of 

concentrated nitric acid (16M) after filtering (Eaton et al., 1998)), the other for major ions (not 

acidified). They were kept cool during transport using ice packs, then kept in a dark cold room at 

Taiga Environmental Laboratory until analysis (1-3 months storage time).  
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3.3.1.2. Sediment cores 

Unconsolidated sediment cores (30-45cm) were collected in near-shore waters 0.5-1m deep 

using a gravity corer (Glew et al., 2001) with an internal diameter of 7.6cm (locations detailed in 

Table S5). Extracted cores were kept cool with ice packs, kept away from sunlight, and kept 

vertical at all times with minimized motion and brought to Taiga Environmental Laboratory 

(Yellowknife, NT) within 2 hours for extrusion. Core extrusion was performed at 1cm intervals, 

within a high purity (99.998%) nitrogen-filled glove bag. Samples were then kept frozen in 

nitrogen-filled Whirl-PakÈ bags for transport to Queenôs University for further subsampling, 

under high-purity nitrogen-filled glove bag. One set of subsamples (for total elements and age 

dating analyses) were freeze-dried in a Labconco freeze dryer at 1.0 Pa and -50°C. The other set 

of subsamples (for electron microscopy and X-ray absorbance spectroscopy analyses) were dried 

in a high-purity nitrogen filled glove bag to preserve arsenic speciation in sediment phases (Huang 

& Ilgen, 2006). 

3.3.1.3. Porewaters  

In-situ high resolution sampling of dissolved elements in porewaters was performed using 

diffusion-based dialysis arrays (a.k.a. peepers) in all three lakes. Details on peeper preparation, 

transport and extrusion are explained in the supplementary material (S1). De-oxygenated peepers 

were manually placed into the lake sediments (water depth 0.5-1m) for 8 days to ensure 

equilibration with surrounding porewaters and surface waters.  Peepers were extracted and 

transported to Taiga Laboratory for immediate extrusion and processing in a high purity nitrogen 

filled glove bag. Porewaters were extracted from cells at 1.5cm depth intervals, and transferred 

into 8mL HDPE bottles. Three aliquots were extruded per depth horizon (trace metals, major ions 

and porewater pH). Aliquots destined for trace metal analysis were preserved with 160µL of 
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concentrated nitric acid (Eaton et al., 1998). Porewater pH aliquots were measured immediately 

after extraction within the glove bag. Trace metals and major ions aliquots were subsequently 

placed in a dark cold room until analysis (1-3 months storage time in a cold room).  

3.3.2. Analyses  

3.3.2.1. Elemental spectrometry 

Freeze-dried lake sediment samples were analyzed at Analytical Services Unit (ASU) of 

Queenôs University for extractable metals, including Au, As and Sb, via aqua regia digestion 

(90°C) followed by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700x 

model), following the United States Environmental Protection Agency (US EPA) method 200.7 

(US EPA, 1994a). Au was analyzed immediately after digestion following the method described 

in Wang & Brindle (2014). The standard used was MESS-3 (Roje, 2010) with % error Ò34%. 

Sample duplicates had % difference Ò26%. Surface and porewaters were analyzed for metals, 

including As, Fe and Mn with an Agilent 7500ce ICP-MS at Taiga Environmental Laboratory 

following the US EPA method 200.8 (US EPA, 1994b). The standard used was EU-L-1 (SCP 

Science), with % error Ò30%. 

3.3.2.2. Chromatography  

Lake waters and porewaters were analyzed for major dissolved ions at Taiga Laboratory 

using an ICS-3000 ion chromatographer following the Standard Method 4110 B (Eaton et al., 

1998).  

3.3.2.3. Organic carbon 

All lake sediment samples were analysed for total carbon by using a calibrated Leco® 

Truspec C-N analyser (model number 630-100-100) at Queenôs University. Prior hydrochloric 

acid fizz tests determined that the sediments contained no significant amounts of carbonates. Other 
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sources of inorganic carbon resilient to hydrochloric acid (such as graphite) were not considered 

to be present in significant quantities. Thus total carbon was considered representative of organic 

carbon. 

3.3.2.4. Radiometric dating 

Lake sediments were analysed for the ɔ-ray 210Pb signatures to determine various sediment 

horizon dates (Appleby, 2001). Total 137Cs, 214Bi, 210Pb, and 214Pb (representing 210Pb supported 

activity) were measured with an EG&G ORTEC germanium-crystal detector at the 

Paleoecological Environmental Assessment Research Laboratory (PEARL, Queenôs University). 

Age-depth relationships were calculated using the constant rate of supply (CRS) model (Appleby 

& Oldfield, 1978), with background levels determined using the Binford rule (Binford, 1990). 

Decay curves are included in the supplementary material (Figure S2).   

3.3.2.5. Scanning electron microprobe and mineral liberation analysis 

Ten nitrogen-dried lake-sediment samples were selected and mounted on polished, carbon-

coated epoxy mounts for scanning electron microscope (SEM) analyses. Samples were 

investigated using mineral liberation analysis (MLA) to quantify relative abundances of arsenic 

hosts with a Quanta Field Emission Gun (FEG) 650 SEM, with the back-scatter electron (BSE) 

detector and energy dispersive spectrometer (EDS). SEM-MLA settings used an accelerating 

voltage of 25kV, beam current 10-13nA, spot size 4.5-5.7nm, working distance 11.0-12.7mm, 

brightness 83.8-84.0, contrast 28.6-33.1, magnification 278.906, and an X-ray acquisition time of 

12ms. Arsenic mass distribution through mineral hosts was calculated using equation 3.1: 

 ὃίϷ
ὃ ὸz z‏ ὅz

В ά
ρzππ (3.1) 

Where ὃίϷ  is the fraction of As (by mass) contained in a given host phase hx, ὃ  is the 

surface area of the host phase hx (in µm2), ὸ  is the projected thickness of a sample slice (here 
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assumed to be 1µm), ‏  is the density of the host mineral phase, and ὅ  is the concentration of 

arsenic contained in the host mineral phase hx, and В ά  is the total mass of As in all identified 

host phases. Mineral densities used are defined in Schwertmann & Cornell (2000). Further 

information on sample preparation and the MLA library of arsenic is provided in the 

supplementary information (S3). 

3.3.2.6. Electron micro-probe analysis 

Three nitrogen-dried lake sediment samples were selected to undergo quantitative analysis 

using an electron micro-probe (EMP) with wavelength dispersive spectrometry (WDS) to quantify 

the concentrations of arsenic in iron sulphide and apatite grains. The EMP used was a JEOL JXA-

8230. The samples were mounted onto thin sections, coated with activated carbon (230Å). EMP-

WDS settings for iron sulphides include an accelerating voltage of 15kV, beam current 30nA, 

focused beam <1µm, with Pouchou & Pichoir (XPP) matrix correction and pulse amplitude 

discrimination for 5th order reflection of Fe-kŬ. Standards used include synthetic lºllingite (As), 

and a pyrite standard (Fe and S). As-LŬ, S & Fe-KŬ were analyzed for 120 seconds on both particle 

and background. EMP-WDS settings for apatite include an accelerating voltage of 15kV, beam 

current 10nA, an unfocused beam of 10µm, XPP matrix correction and pulse amplitude 

discrimination for 3rd order reflection of P-kŬ. Standards used include synthetic lºllingite (As), 

synthetic Ca-pyrophosphate (Ca & P), Durango apatite (F) and tugtupite (Cl). As-LŬ, Ca & P-KŬ 

were analyzed for 120 seconds on both particle and background. Cl & F-KŬ were analyzed for 10 

seconds on both particle and background. 

3.3.2.7. Synchrotron-based X-ray absorption spectroscopy 

Synchrotron-based X-ray absorption spectroscopy (XAS) was performed at Sector 20-BM 

of the Advanced Photon Source (APS) of Argonne National Laboratory (Lemont, IL) using X-ray 
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Absorption Near-Edge Structure (XANES) for in-situ characterization of solid arsenic species in 

lake sediments. XANES analyses were performed inside a cryostat chamber (12-55°K, to avoid 

beam-induced changes in arsenic oxidation state) with a focused (500x500µm) beam to maximize 

fluorescence in samples with low (<100mg/kg) arsenic concentrations. Four arsenic mineral 

standards (arsenopyrite as As(-I)-S, realgar as As(II)-S, arsenolite as As(III)-O and scorodite as 

As(V)-O, Figure 3.4) and two standards of arsenic sorbed on ferric oxides (a mixture of hematite, 

maghemite and goethite as Fe-O/As(V), and Fe-O/As(III), Figure 3.4) were used as linear 

combination fitting (LCF) references. Further information on beam characteristics, standards, 

sample preparation and results are described in the supplementary information (S4). 

3.4. Results  

3.4.1. Surface-water chemistry 

Surface waters in all three study lakes were well oxygenated (>97% dissolved oxygen), 

with circumneutral pH (7.3-8.9) and low turbidity (<1.0 NTU).  See supplementary Table S5 for 

additional variables. Dissolved arsenic concentrations were 615µg/L (BC-20), 145µg/L (Handle 

Lake) and 54µg/L (Lower Martin Lake). Dissolved elements such as iron, manganese and sulphate 

show low concentrations (<8µg/L for Fe and Mn; <10mg/L for SO4) in Lower Martin and Handle 

Lake, though can be up to an order of magnitude higher in BC-20 (Figure 3.3). 

3.4.2. Porewater chemistry  

Sediment porewaters in the three lakes show peaks in arsenic concentrations (260-

1,600µg/L) below the surface water interface (SWI), with BC-20 showing the greatest 

concentrations and gradient. Iron and manganese concentrations follow similar patterns with peak 

concentration 480-3,500µg/L, while sulphate concentrations decrease with depth to near and 
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below detection limit (1mgl/L), Porewater pH with depth stays fairly constant and circumneutral 

for the three lakes (Figure 3.3).  

3.4.3. Porewater diffusion 

The impact of the diffusion of arsenic out of porewaters to the overlying lake waters was 

estimated using Fickôs law (equation 3.2) to measure diffusive fluxes out of porewaters.  

 ὐ
Ὀ

Ὂ
Ὦz •ᶻ

Ὠὧ

Ὠᾀ
 (3.2) 

Where ὐ is the vertical flux of arsenic in the porewaters (µg.m-2.sec.-1), Ὀ is the in-situ 

diffusion coefficient, assuming 100% arsenite (m2.sec-1), Ὂ is the average formation resistivity 

factor, • is the average porosity of sediments over the concentration gradient and   is the arsenic 

concentration gradient (µg.m-4). Porosity (•) was calculated by measuring the volume of total dry 

sediments and subtracting it from the core cylinder volume over the depths of interest. The 

concentration gradient was calculated from peeper concentration measurements. The formation 

factor accounts for sedimentsô tortuosity, and can be calculated from porosity using Archieôs Law 

(from Ullman & Aller, 1982) where Ὂ •  for unlithified sandy sediments (• πȢχ), and Ὂ

•  for muds where • πȢχ. The relative contribution of arsenic to lake water concentrations can 

be done using equation 3.3. 

 ὃί ὐᶻ
ὃ ὸz

ὠ
 (3.3) 

Where ὃί  is the contribution of As to lake waters from porewater diffusion (µg.L-1), ὐ 

is the vertical flux of ions (µg.m-2.sec.-1), ὃ is the surface area of sediment surface (m2), ὸ is the 

residence time of water in the study lake (sec.) and ὠ is the volume of the study lake (L). Such 

calculations could only be done on Lower Martin Lake, where lake discharge rates, surface area 

& volume have been documented by Environment Canada (2015), and Stantec (2014) respectively. 
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Parameters used for these calculations are listed in the supplementary information (Table S6). The 

results for Lower Martin Lake show that porewater diffusion accounts for a major part (98%) of 

arsenic concentrations in lake waters. 

3.4.4. Sediment chemistry 

Concentrations of arsenic peak (300-1,100mg/kg) in sediments post-dating 1949 (the onset 

of Giant mine roasting), and gradually decrease below such depths. Lower Martin and Handle 

Lake show a pronounced peak in arsenic concentration right above the 1949 depth horizon, 

whereas BC-20 shows a plateau from below the 1949 horizon to the SWI. Antimony and gold 

profiles correlate well with that of arsenic for the three lakes. The deepest sediments for the three 

study lakes have arsenic concentrations between 5 and 40mg/kg. Organic carbon contents go as 

high as 41wt.% though fluctuate mainly around 20wt.%, and fall below 10wt.% in the lower depths 

of Lower Martin Lake (>5cm) (Figure 3.3). 

3.4.5. Arsenic mineralogy and speciation 

3.4.5.1. Arsenic trioxide  

Arsenic oxide particles were identified in SEM-MLA analyses of sediments from all three 

lakes. These particles have an SEM-EDS spectrum and texture that match extensive and detailed 

previous studies, confirming these particles as arsenic trioxide (Figure 3.2A) (Wrye, 2008; 

Bromstad, 2011; Bromstad & Jamieson, 2012; Nash, 2014; Bromstad et al., 2015). Furthermore, 

these arsenic trioxide particles appear in the sediment columns of all three lakes coincident with 

the onset of regional industrial mining (1942 at nearby Con mine & 1949 at Giant mine; Moir et 

al., 2006) (Figure 3.4). 
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3.4.5.2. Arsenic sulphides 

A range of arsenic sulphides also host arsenic, the most important of which are ubiquitous 

arsenic sulphide particles which are devoid of iron, always assume amorphous, anhedral textures 

and defy identification via electron microscopy (Figure 3.2E). MLA shows these particles contain 

>70% sediment arsenic (by mass) throughout the sediment columns to depth predating industrial 

mining activities. Bulk XANES show As(II)-S species (realgar standard) also hosting 50-70% 

arsenic for the same period (Figure 3.4). Additionally, framboidal pyrite also hosts arsenic, 

containing an estimated average of 570ppm As (Table 3.1), though host <10% of total arsenic in 

sediments (Figure 3.4, MLA). Other authigenic sulphides hosting arsenic include pyrite closely 

associated with organic matter (Figure 3.2F), which have arsenic concentrations about two orders 

of magnitude greater than framboids (Table 3.1). Another minor sulphide host includes undefined 

iron-arsenic sulphides grains. These are have an amorphous texture, small grain size (1-2µm) and 

SEM-EDS spectra that are quite different than those of arsenopyrite (Figure 3.2B), though were 

too small to identify under quantitative EMP-WDS analysis. Lastly, a single grain in Handle Lake 

sediments was found that can be described as arsenopyrite (Figure 3.2C), with a texture and SEM-

EDS spectrum matching that of previous studies of arsenopyrite (Rieuwerts et al., 2014).  

3.4.5.3. Ferric oxides and apatite 

Bulk XANES also identified ferric oxides as arsenic hosts, particularly in the top 4cm of 

Handle Lake and BC-20 (up to 40% of arsenic by mass). The importance of these hosts however 

decrease below 4cm down to the 1949 horizon. MLA analyses show that ferric oxides are overall 

but a minor host of arsenic (Figure 3.4). Additionally, anthropogenic roaster oxide particles have 

not been identified as an arsenic host. As a potential source of solid phase arsenic in sediments, 
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EMP-WDS analyses of apatite reveals no detectable levels of arsenic in these geogenic minerals 

(Table 3.1). 

3.5. Discussion  

3.5.1. Arsenic tri oxide and arsenopyrite 

Arsenic trioxide particles are present in lake sediment samples dating from the regional 

onset of roasting activities onwards (1942 at nearby Con mine & 1949 at Giant mine; Moir et al., 

2006), consistent with an anthropogenic origin of these particles. Furthermore, the natural 

occurrence of arsenic trioxide is often limited to unstable and intermediate products of rapid 

oxidative weathering of arsenic sulphide-rich rocks (such as mine tailings or hydrothermal 

deposits; Filippi, 2004; Ballirano, 2012). On the other hand, arsenopyrite, as the main host of gold 

in the Giant ore mineralization, and thus obvious candidate host for geogenic arsenic (Figure 3.2C), 

is not present in any significant quantity in lake sediments, as only one such particle has been 

identified in MLA (Figure 3.3). The location of the three study lakes may explain this since they 

overlie a granitic bedrock adjacent to the mineralized zone containing no arsenopyrite, and with 

arsenic concentrations of approximately 2mg/kg (Boyle, 1960; Hubbard et al., 2006). Similarly, 

the discontinuous glacial-lacustrine till overlying the granitic bedrock has arsenic concentrations 

of 8-50mg/kg and is not known to host arsenopyrite (Kerr, 2006).  

3.5.2. Arsenic remobilization and precipitation 

The consistent peaks in iron and manganese concentrations immediately below the SWI 

(Figure 3.3), correlate with decreases in sulphate concentrations, and indicate a sharp redox 

gradient towards reducing conditions in the porewaters. Such waters would promote the reductive 

dissolution of oxidized arsenic phases such as As(V) sorbed onto ferric oxides. Therefore, the 

peaks of dissolved arsenic concentrations in porewaters below the SWI of the three lakes may be 
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explained by the added effects of the slow dissolution of soluble arsenic trioxide particles, and the 

reductive dissolution of sediment-bound oxidized arsenic phases, both releasing more soluble 

arsenic species into reducing porewaters. Furthermore, the decreases in sulphate concentrations in 

porewaters suggests the reduction of sulphate to sulphide, a process likely to provide the reduced 

sulphur necessary for the precipitation of arsenic-bearing sulphides.  

The texture and lack of iron in the arsenic sulphide grains which constitute the predominant 

arsenic host (Figure 3.2E) strongly suggests that they are the product of authigenic reprecipitation 

of dissolved, reduced arsenic in sediment porewaters. Previous studies suggests that such particles 

are likely to be realgar, pararealgar or orpiment, precipitating through microbially-mediated 

processes (Newman et al., 1997; Smedley & Kinniburgh, 2002; OôDay, 2004; Kim & Batchelor, 

2009; Root et al., 2009; Drahota et al., 2013; Craw & Bowell, 2014). Moreover, framboidal pyrite, 

well known to be an authigenic precipitate directly related to microbial activity (Kohn, 1998; 

Maclean et al., 2008; Mozer, 2010) also host arsenic (Table 3.1). The adsorption of arsenic onto 

iron sulphides and potential incorporation into their mineral structure has previously been 

documented by Smedley & Kinniburgh (2002), Bostick & Fendorf (2003) and Kim & Batchelor 

(2009). As organic carbon provides a substrate for microbial growth (Campbell & Nordstrom, 

2014), its importance to the precipitation of authigenic arsenic-bearing sulphides is well illustrated 

in Lower Martin Lake sediments, where arsenic concentrations decrease in concert with organic 

carbon content (below 5cm depth), suggesting arsenic precipitation may be in part driven by 

microbial activity (Figure 3.3). Additionally, the higher concentrations of arsenic in pyrite bound 

to organic matter (Figure 3.2F) further suggests the importance and effectiveness of microbial 

activity and the value of organic matter in the precipitation of arsenic in authigenic pyrite in 

sediments. The presence of this arsenic in iron sulphide also correlates with the significant 
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occurrence of As(-I)-S (20-50% or arsenic, Figure 3.4, XANES), suggesting that arsenic contained 

in these authigenic framboids are of the reduced As(-I) species. This is consistent with the 

documented reduction of As(III) during sorption and incorporation into iron sulphides (Bostick & 

Fendorf, 2003). Furthermore, that but a single particle in this study was identified as arsenopyrite 

(a known host of As(-I)) helps eliminate potential interference of As(-I) from arsenopyrite. Such 

reduces species of arsenic, hosted in sulphide precipitates are believed to remain stable in reducing 

environments as found in the lake sediments of this study (Brookins, 1988; Henke, 2009). 

Authigenic ferric oxide are also a well-documented host of sorbed arsenic in the surficial 

environment (Dixit & Hering, 2003; Bowell & Craw, 2014). XANES does reveal the relative 

importance of As(V) and As(III) (up to 40% arsenic) associated with ferric oxides in the top 4cm 

of sediments in Handle Lake and BC-20 (Figure 3.4), which is consistent with the active oxidative 

sorption of arsenic in oxic lake waters and shallow sediments. The decreased importance of these 

species with depth in impacted sediments further suggests active reductive dissolution, and arsenic 

remobilization in the sediment column. The absence of anthropogenic roaster oxide (ROs) particles 

further supports this conclusion.  

3.5.3. Impacted sediment geochemistry 

While Lower Martin and Handle Lake sediments show a clear peak in arsenic 

concentrations above the 1949 level, BC-20 shows a concentration plateau up to the SWI, a distinct 

feature likely caused by sediment bioturbation, along with possible effects from the perturbation 

from the yearly freeze/thaw cycles the upper sediments are subject to (Figure S2 in supplementary 

material). Lake sediment chemistry further reveal antimony and gold profiles consistently 

matching those of arsenic in all three lakes (Figure 3.3). Similar sediment patterns were also 

identified in previous studies of Giant-impacted sediment sites that include Giant mine calcines 
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(roaster waste) and tailings (Andrade et al., 2010; Bromstad, 2011; Fawcett et al., 2015). Though 

these three elements have very different mobility patterns, such consistency in profiles outline a 

potential, easily identifiable geochemical signature for roaster-impacted environments. 

3.5.4. Geogenic arsenic hosts 

Bulk XANES results further show the increased relative importance of As(V) associated 

with ferric oxides at sediment depths reaching background concentrations (5-40mg/kg, Figure 3.3), 

a result which is surprising since ferric oxides would not be considered to be stable in such 

environments, and MLA scans have failed to identify such arsenic hosts at depth (Figure 3.4, 

MLA). Alternatively, this arsenate may be of geogenic origin, contained in a stable mineral form 

undetected by MLA. That such an arsenic form is present at depths at concentrations that may be 

considered within the range of background concentrations (5-40mg/kg; Boyle, 1960; Hubbard et 

al., 2006; Kerr, 2006) suggests that this may be geogenic occurrences of arsenic. While literature 

highlights the ability for arsenate molecules to substitute with phosphate in apatite (Roeder et al., 

1987; Mailloux et al., 2009; Gianfagna et al., 2014), micro-probe analyses show that apatite grains 

in lake sediments from this study contain no detectable arsenic (Table 3.1). Another potential host 

for this arsenate might be common rock-forming silicates, in which arsenic would be present as 

dilute impurity. If this is the case, such phases are considered stable in reducing and circumneutral 

porewaters and thus would not contribute to porewater arsenic concentrations (Alam et al., 2014).  

3.5.5. Diffusion and hydrology 

Peaks in porewater arsenic concentrations immediately below the SWI cause its diffusive 

release into the overlying lake waters, a process which, in the case of Lower Martin Lake, accounts 

for the bulk (98%) of arsenic concentrations in lake-waters. Such an effect can be explained in part 

by the long lake-water residence time (approx. 2.5a, Environment Canada, 2015). Though 
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hydrological data are missing for the other two lakes of this study, they are expected to have 

residence times greater than that of Lower Martin Lake since neither BC-20 nor Handle Lake are 

connected to perennial drainage networks. Furthermore, water residence time in these two lakes is 

likely mainly driven by meteorological precipitation and evaporation, the latter processes 

promoting the intensifying rather than attenuating the accumulation of arsenic in lake-waters. This 

is consistent with their higher lake-water arsenic concentrations (Handle Lake with 143µg/L and 

BC-20 with 615µg/L). Therefore, the diffusion of arsenic out of porewaters, coupled with 

watercourse-driven residence time may be two of the most significant controls on lake-water 

arsenic concentrations in these study lakes (Figure 3.5). 

 

3.6. Conclusions  

This study shows that elevated arsenic concentrations in lake sediments surrounding Giant 

mine is a direct consequence of the roasting of gold-bearing arsenopyrite. These impacted 

sediments have a distinct mineralogical assemblage, characterized mainly by roaster-derived 

arsenic trioxide, and arsenic contained in authigenic sulphide precipitates (mainly realgar or 

orpiment, and framboidal pyrite). Other metastable arsenic hosts (such as ferric oxides) are also 

present in the top sediment layers, although do not constitute a major arsenic host. Roaster oxides 

were not identified in lake sediments of any depth. Geogenic arsenic phases could not be 

characterized via electron microscopy, though it is suspected that common rock forming minerals 

may host arsenic as dilute impurities. Such phases are considered stable in lake sediments and are 

not expected to contribute any significant amounts of arsenic to lake-waters.  

The slow dissolution of arsenic trioxide particles contained in lake sediments, coupled with 

the reductive dissolution of meta-stable sorption phases, likely act as a persisting source of 

dissolved arsenic in porewaters. This leads to the diffusion of dissolved arsenic from porewaters 
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upwards and downwards through the sediment column. Upward diffusion causes the release of 

arsenic into the overlying lake waters. Arsenic concentrations in lake waters may then be largely 

influenced by watercourse-driven residence time, controlling a lakeôs ability to ñflush outò arsenic 

constantly seeping out of its porewaters. Downward diffusion in a reducing environment leads to 

the precipitation of authigenic arsenic-bearing sulphides, which are expected to be stable in 

reducing lake sediments (Figure 3.5). This natural process is helpful in sequestering some of the 

arsenic out of solution into a stable form with low bioaccessibility (Meunier et al., 2010; Plumlee 

& Morman, 2011), though it is not so effective as to reduce lake-water arsenic concentrations 

below federal water quality guidelines (10µg/L for human consumption and 5µg/L for the 

protection of freshwater aquatic life) (Health Canada, 2014; CCME, 2002). Therefore, while 

roaster-impacted lake sediments may act simultaneously as a sink and a source for arsenic, their 

effect in these study lakes, is that of a net source, contributing significantly to overlying lake water 

arsenic concentrations. Lastly, despite the major differences in limnological characteristics and 

some differences in solid phase geochemical profiles, it is clear from the evidence that the three 

study lakes undergo very similar processes controlling arsenic dissolution, precipitation, diffusion 

and cycling. 
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3.9. Figures & tables  

 
Figure 3.1: Location of the Giant minesite boundary, historical roaster and the three study lakes. 

Wind rose from INAC, 2010. 
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Figure 3.2: Predominant arsenic-bearing mineral phases in sediments with SEM-EDS spectra and 

EMP-WDS elemental analyses. Arsenic trioxide in BC-20, 1cm deep (A), Authigenic iron-arsenic-

sulphide precipitates in BC-20, 10cm deep (B), geogenic arsenopyrite in Handle Lake, 5cm deep 

(C), As-bearing framboidal pyrite in Handle Lake, 12cm deep (D), authigenic arsenic sulphide 

precipitate in Handle Lake, 5cm deep (E) and arsenic-bearing pyrite associated with organic matter 

in Handle Lake, 5cm deep (F). 
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Figure 3.3 Sediment, surface water and porewater profiles for the three study lakes. 
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Table 3.1: Arsenic concentrations in dilute mineral phases from quantitative electron micro-

probe analyses. 
 Particle Number of 

analyses 
As concentration (wt.%) 

Average Standard 
Deviation 

Highest  Lowest Detection Limit 
(average) 

Authigenic Framboidal 
pyrite 

15 0.0570 0.0325 0.1340 0.0000 0.0213 

Pyrite in 
organics 

1 1.4600 N/A N/A N/A 0.0213 

Geogenic Pyrrhotite 3 <DL N/A <DL <DL 0.0235 

Apatite 22 <DL N/A <DL <DL 0.0484 

DL = Detection Limit. 
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Figure 3.4 Bulk XANES and MLA results for relative mass distribution of arsenic phases in 

sediments. 
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Figure 3.5 Conceptual diagram outlining the processes controlling arsenic cycling in lakes 

impacted by roaster emissions. Aerially transported arsenic aerosols settle in the lake sediments 

and slowly dissolve during burial. The elevated concentrations of arsenic in reducing porewaters 

leads to both the in-situ precipitation of arsenic-bearing sulphides and the diffusion of arsenic to 

lake waters. Arsenic in oxic surface-waters oxidizes and sorbs onto available particulate matter 

(such as ferric oxides), then precipitate to the surface-water interface (SWI). Particulate-bound 

arsenic undergoes reductive dissolution during burial and remobilize in porewaters. Arsenic 

sulphide precipitates, as well as geogenic arsenic hosts, are considered stable in anoxic sediments. 

Surface-water inflows and outflows, by controlling residence time, can act as a major control on 

arsenic concentrations in lake-waters by ñflushing outò arsenic diffusing out of porewaters.  
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3.10. Supplementary material 

S1: Preparation, transport and extrusion of peepers 

Prior to field installation, peepers were cleaned in successive order with Sparkleen® and 

distilled deionized water (DDW) and a 0.5% ultra-pure nitric acid bath for 24 hours, then rinsed 

three times with DDW. Peepers were then assembled with a polyethersulfone Sterlitech® 0.45µm 

pore-sized filter membrane (held pin place by a peeper faceplate), while submerged in a DDW 

bath. Peepers were then submerged in DDW in their cases, sealed, and the DDW was de-

oxygenated with high purity nitrogen for two weeks. Upon extraction peepers were immediately 

inserted in their nitrogen-purged cases, then placed in opaque bags, kept cool with ice packs and 

then transported for immediate extrusion and processing in a high-purity nitrogen filled glove bag. 

Membrane surfaces were rinsed of residual sediments with de-oxygenated DDW and dried with 

kimwipes®. Porewaters were then extracted from cells at 1.5cm depth intervals with a pipette, and 

transferred into 8mL high density polyethylene (HDPE) bottles.  
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Figure S2: 210Pb, 214Bi and 137Cs activity profiles for the three study lakes. 
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S3: Sample preparation and mineral library for MLA analyses. 

Nitrogen-dried sediment samples prepared for MLA analyses were not ground, though 

graphite powder (<325mesh) was added to epoxy mounts to limit particle agglomeration. Epoxy 

mounts were polished down to <1µm finish with aluminium powder. The mineral reference library 

used in this study was developed from recent and similar studies performed on the Giant mine 

property (Bromstad et al., 2015). The minimum counts for mineral ID were set at 900, and EDS 

spectrum match required was set at 90%. 

 

Table S3: Arsenic host library for MLA analyses 

MLA host 

phase 
Definition  

Arsenic 

concentrations 

(wt.%)  

Phase density 

(g/cm3) 

Arsenic trioxide Arsenic oxide. Arsenolite model 

compound.  

75.7  

(arsenolite) 

3.86¶ 

(arsenolite) 

Arsenic 

sulphides 

Arsenic sulphide. Realgar model 

compound. 

70.0  

(realgar) 

3.56ÿ 

(realgar) 

Fe-As-S Iron arsenic sulphide. Arsenopyrite as 

model compound. 

46.0 

(arsenopyrite) 

6.07ÿ  

(arsenopyrite) 

Organics w/As Organic carbon particles associated 

with arsenic. 

1.0* 2.00Ɛ 

 

Fe-Mn oxides 

w/As 

Iron-manganese oxy-hydroxides 

associated with arsenic. Goethite 

model compound. 

1.0* 4.28§ 

(goethite) 

Arsenic in 

pyrite  

Authigenic pyrite associated with 

arsenic. 

0.0570À 5.01ÿ 

(pyrite) 
*  Arsenic concentration values assumed based on previous studies (Walker et al., 2005). 
À Arsenic concentration values value is determined from this study. 
¶ Density value from Anthony et al. (1997). 
ÿ Density values from Anthony et al. (1990). 

Ɛ Density value from Wakeham & Canuel (2015).  
§ Density value from Schwertmann & Cornell (2000). 
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S4: Sorption standards synthesis, samples preparation and beamline experiment setup for bulk 

XANES analyses. 

Ferric oxide minerals used for standards were synthesized using the methods described by 

Schwertmann & Cornell (2000)  Arsenic was later sorbed onto them by mixing about 0.4g iron 

oxide material into 20mL of 0.01M NaNO3 and 133µM As(V), or As(III), for 24 hours. Sample 

slurries were then centrifuged (14,000rpm, 20min, 20°C). Afterwards the supernatant was 

discarded, slurry was then rinsed with DDW. Centrifugation was repeated, and residue material 

was dried, ground, then stored until mounted on kapton® tape. All As(III) sorption procedures 

were performed in oxygen free environments with waters de-oxygenated with high purity nitrogen 

for 48h prior to solute addition or rinsing. Sorption and drying procedures were performed in a 

nitrogen-filled glove bag, and centrifugation performed in nitrogen-filled tubes. XANES spectra 

for the different ferric oxide minerals were merged in ATHENA (Demeter 0.9.24) for As(V) and 

As(III), respectively (Table S4.1).  

The X-ray beamline at sector 20-BM at APS uses a Si 111 monochromator with Rh-coated 

toroidal focusing mirror. Fluorescence measurements were done with a 12-element Ge detector, 

which was oriented at 90° to the incident beam. Samples were mounted in an aluminum holder, 

and oriented 45° to the incident beam. 

Nitrogen-dried sediment samples were hand-ground in a mortar and pestle, and mounted 

on standard Kapton® tape in thin bands about 15mm wide and 3-4mm thick for XAS experiments. 

Scans were divided into three sections: 1) the pre-edge region was scanned from 11717.0-

11847.0eV with a step size of 5.000eV and an integration time of 1sec.; 2) the edge region was 

scanned from 11847.0-11897.0eV with a step size of 0.500eV and an integration time of 1sec.; 

and 3) the post-edge region was scanned from 11897.0-12175.0eV (9k) with a step size of 0.050eV 
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and an integration time of 1sec. Each analysis includes three duplicate runs. These scans were later 

processed using ATHENA (Demeter, v.0.9.24). A gold foil standard was used to calibrate the first 

derivative peak at 11919eV. All arsenic standards and samples were aligned accordingly. 

Normalization parameters had a pre-edge range of 11739.0-11834.0eV and a post-edge range of 

11889.0-12169.0eV. LCF fit range was between 11844.0-11999.0eV. LCF fits were selected on 

the lowest R-factor values (considering both standard and derivative plots). The sum of all arsenic 

relative mass distribution was forced to 1.00, and negative values were not permitted. 

 

Figure S4: A stacked plot of arsenic standards for bulk XANES analyses. 
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Table S4.1: Mineral standards used for bulk XANES analyses, and their associated species 

(Foster & Kim, 2014). 

Mineral reference As species and association 

Arsenopyrite  As(-I)-S 

Realgar  As(II)-S 

Arsenolite  As(III) -O 

Maghemite, hematite, goethite 

with sorbed As(III)  

Fe-O/As(III)  

As(III) sorbed on ferric oxides 

Maghemite, hematite, goethite 

with sorbed As(V) 

Fe-O/As(V)  

As(V) sorbed on ferric oxides 

Scorodite As(V)-O 
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Table S4.2: Bulk XANES R-factor from LCF fits, compared to total sediment arsenic 

concentrations in sediments. 

 
 

Depth 
horizon 

(cm) 

Total As 
(mg/kg) 

R-Factor 

Lower 
Martin 
Lake 

1 330 0.0062539 

3 310 0.0048244 

4 130 0.0028515 

5 64 0.0030485 

7 16 0.0224681 

Handle 
Lake 

1 470 0.0014100 

3 280 0.0065760 

4 430 0.0024036 

5 700 0.0031950 

7 350 0.0041846 

9 260 0.0055071 

12 230 0.0033706 

15 120 0.0040440 

18 64 0.0057508 

BC-20 

1 720 0.0029406 

2 750 0.0014264 

3 930 0.0029104 

4 1000 0.0026599 

5 770 0.0039052 

7 1100 0.0027042 

9 880 0.0081511 

12 1100 0.0026622 

15 900 0.0030473 

18 810 0.0017967 

21 740 0.0023399 

24 830 0.0021922 

27 750 0.0026510 

30 290 0.0029117 

33 89 0.0038681 

36 37 0.0134064 

39 31 0.0488907 
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Table S5: General lake-water parameters, variables and sampling locations.  

 
Lower Martin 

Lake 
Handle Lake BC-20 

Maximum depth (m) 5 3 <1 

Surface area (m2) 9.28E5* 2.14E5À 2.32E5ÿ 

Temperature (°C) 21.0 21.2 20.5 

Conductivity (µS/cm) 132 276 409 

Turbidity (NTU)  -2.2 0.9 N/A 

Dissolved 

Oxygen 

(%) 118.0 106.0 97.8 

(mg/L) 10.4 9.4 8.83 

pH 7.33 9.4 8.87 

Hardness (mg/L CaCO3) 50.7 117 158 

Sampling location 
N 62Á 30.059ô 

W 114Á 23.739ô 

N 62Á 29.618ô 

W 114Á 23.783ô 

N 62Á 30.059ô 

W 114Á 23.739ô 

Sampling depth (m) 0.75 1 0.5 

Sampling environment Near-shore Near-shore Near-shore 
*Datum from Stantec (2014) 
ÀDatum from GNWT (2016a) 
ÿDatum form GNWT (2016b) 

 

Table S6: Variables used for arsenic diffusion calculations out of Lower Martin Lake 

porewaters, and impact to lake water concentrations. 

Diffusion coefficient of 

As(III) (aq) (m2.sec-1) 
1.16E-3 Tanaka et al. (2013) 

Porosity 0.795 This study 

Concentration gradient 

(µg.m-4) 
417.5 This study 

Formation factor 1.987 This study 

Porewater flux  

(µg.m-2.sec-1) 
1.939E-3 This study 

Lake surface area  

(m2) 
9.28E5 Stantec (2014) 

Lake volume 

(m3) 
2.236E6 Stantec (2014) 

Lake residence time 

(sec.) 
6.61E7 

Environment Canada 

(2015) 

Impact to lake waters 

(µg/L) 
53.2 This study 

Measured lake waters  

(µg/L) 
54.3 This study 

Fraction from diffusion 98% This study 
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Chapter 4: Methods for Soils, Seasonal and Aqueous Speciation 

Studies 

4.1. Field work 

Details for field work, sampling and analytical methods for the July 2014 season are 

described in section 3.3. This section will focus on the methods not yet described, including 

porewater speciation and analyses of soils (July 2014), as well as methods used for the April 2015 

sampling season. 

4.1.1. Sampling locations  

Sediments, porewaters and surface waters were collected for the two field seasons in the 

same locations, within given GPS precision of 3 meters. Sampling localities are detailed in Figure 

3.1 (section 3.9) and Table S5 (section 3.10). 

4.1.2. Lake sediment sampling 

In the winter 2015 a Glew corer with internal diameter of 6.2cm was used for Handle Lake 

and Lower Martin Lake after drilling through the surficial ice with an ice auger. Sediment cores 

were handled, transported and extruded in the same way as for July 2014 cores, then centrifuged 

for porewater extraction (see section 4.1.3.2) at Taiga Environmental Laboratory, then frozen (2-

3 weeks) for later laboratory processing. 

BC-20 however freezes to and below the SWI, requiring a different sampling approach. 

Surface ice was drilled through with an auger and frozen sediments were drilled with a 4.8cm 

internal diameter Cold Regions Research and Engineering Laboratory drill  (CRREL; Figure 4.1) 

down to the depths of unfrozen sediments. Deeper unfrozen sediments from BC-20 were not cored 

further as the core hole diameter would not allow the wider Glew core tube to pass through. 

Furthermore, deeper, unfrozen sediments and porewatersô stratigraphic integrity could not be 
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preserved as these spontaneously ooze up through the core hole shortly after drilling, inducing 

sediment and porewater mixing. 

 
Figure 4.1: CRREL drill for frozen sediments in BC-20. Auger sitting in the snow (in the top 

background). 

The frozen core extracted from BC-20 in the winter was subsampled at 5cm intervals in 

the field. As CRREL drilling causes ice cores to expand, higher resolution subsampling proved 

impractical. Frozen and unfrozen sediments sub-samples were kept at their respective temperatures 

during transport until later laboratory processing at Taiga Environmental Laboratory (section 

4.1.3.2). All processed and frozen sediment samples were brought back to Queenôs University for 

further subsampling under high-purity nitrogen filled glove bag. One set of subsamples were then 

freeze-dried in a Labconco freeze dryer at 1.0 Pa and -50°C for total elemental analyses and 

radiometric age dating. The other set of subsamples were dried in a high-purity nitrogen filled 
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glove bag (in order to preserve solid arsenic species) for synchrotron-based X-ray absorption 

spectroscopy (XAS) and SEM-MLA  (Huang & Ilgen, 2006). 

4.1.3. Porewater sampling 

4.1.3.1. Dialysis arrays 

Dialysis arrays (a.k.a. peepers, Figure 4.2) were used in the summer 2014 for all three lakes 

to collect porewaters for dissolved arsenic speciation analyses, on top of porewater pH, trace 

metals and major ions. Peeper preparation and sampling is described in sections 3.3.1.3 and 3.10. 

Aliquots destined to dissolved arsenic speciation analyses were preserved with 80µL of 

concentrated hydrochloric acid (Eaton et al., 1998), then kept in a dark cold room (approx. 3 

weeks) until transfer to analytical laboratory at the Royal Military College of Canada (RMC). 

 
Figure 4.2: Dialysis array (peeper) assembly. 

4.1.3.2. Centrifuge 

Due to field and time constraints, peepers could not be used in the winter field season of 

April 2015. Instead, porewaters from sediment cores for Handle and Lower Martin lakes were 

extruded with a centrifuge (12,000rpm, 10 minutes, 25°C), collected with a pipette and filtered at 
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0.45µm with a syringe tip filter. Frozen cores from BC-20 were thawed and filtered (0.45µm 

syringe tip filter) in a high purity nitrogen-filled glove box before centrifuging. All water samples 

were separated in two Ò10mL aliquots (trace metals and major ions), then stored in a dark cold 

room for three months awaiting analysis by Taiga Environmental Laboratory. Aliquots destined 

for trace metal analysis were preserved with 160µL of concentrated nitric acid (Eaton et al., 1998). 

Major ions aliquots were not acidified.  

4.1.4. Soils sampling 

Two soil samples were taken near each study lake (Table 4.1). Soil samples and location 

were selected for their proximity to their respective study lake, and for their situation atop and near 

the center of exposed, unforested rock outcrops. Such soils typically have higher arsenic 

concentrations due to greater exposure to roaster emissions (Bromstad, 2011). Samples were 

collected by methods consistent with those of Bromstad (2011), using a small, clean trowel and 

were dug down to the bedrock (approx. 10-15cm depth), then preserved in Ziploc® bags. Only 

large organic material (such as twigs and branches), as well as gravel-sized particles (>10mm 

width) were removed. Samples were dry upon collection and were not subsampled for depth or 

horizons as only bulk soil elemental concentrations were of interest.  

Table 4.1: Soil samples locations. 

Sample ID BC-20 Handle Lake Lower Martin Lake  

S-1 
N 62Á 30.242ô 

W 114Á 23.992ô 

N 62Á 29.624ô 

W 114Á 23.740ô 

N 62Á 30.366ô 

W 114Á 24.482ô 

S-2 
N 62Á 29.971ô 

W 114Á 23.661ô 

N 62Á 29.618ô 

W 114Á 23.763ô 

N 62Á 30.343ô 

W 114Á 24.498ô 

 

4.2. Analytical methods 

4.2.1. Soils and sediments 

Soils of the July 2014 field season, as well as freeze-dried lake sediments from the April 

2015 field season were analyzed for total elemental analyses as described in section 3.3.2.1. 
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4.2.1.1. Organic carbon 

Soils of the July 2014 field season, were analyzed for total carbon as representative of 

organic carbon, as described in section 3.3.2.3.  

4.2.1.2. Radiometric dating 

Lake sediments of Lower Martin Lake and Handle Lake of the April 2015 field season, 

were age-dated, as described in section 3.3.2.4.  

4.2.1.1. Scanning electron microprobe and Mineral Liberation Analysis 

Arsenic mass distribution in mineral phases for the soils of the July 2014 field season was 

determined via SEM-MLA as described in section 3.3.2.5. 

4.2.1.2. Synchrotron-based X-ray Absorption Spectroscopy 

Lake sediments of all three lakes of the April 2015, and soils from the July 2015 field 

season were analyzed via synchrotron-based X-Ray absorption spectroscopy (XAS) for relative 

arsenic species abundance, as described in section 3.3.2.7.  

4.2.2. Waters  

4.2.2.1. Elemental analyses 

Lake waters below the ice cover in Lower Martin Lake and Handle Lake of the April 2015, 

were analyzed for dissolved ions and metal(loid)s ion chromatography and ICP-MS as described 

in section 3.3.2.1.  

4.2.2.2. Water variables 

Lake waters below the ice cover in Lower Martin Lake and Handle Lake of the April 2015, 

were analyzed for major water variables as described in section 3.3.1.1. Lake water oxidation-

reduction potential (ORP) was measured in April 2015 field season using a Fisher Scientific 

accumet AP125 portable Eh-pH-Temperature probe. Porewater ORP for Lower Martin and Handle 
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lakes were measured during sediment core extrusion (within a nitrogen-filled glove bag, prior to 

centrifuging the sediments), at Taiga Laboratory. The instrument ORP measurements were 

corrected to Eh (meV) values by adding 200 to Ag/AgCl electrode readings (Eaton et al., 1998). 

4.2.2.3. Aqueous arsenic speciation  

Selected porewater samples were analyzed for As(III), As(V), monomethyl-As (MMAs), 

dimethyl-As (DMAs) and total arsenic species using high performance liquid chromatography-

mass spectrometry (HPLC-ICP-MS) at the Royal Military College of Canada (RMC). Aliquots 

were kept cool (5°C) and in the dark after extraction, until transfer to RMC, where they were 

further kept cool for 5 months, and eventually frozen for 2-3 months due to down time with 

analytical instruments. Preparation for analyses involved thawing the samples and filtering them 

again at 0.45µm. 

The HP-LC chromatographic system was a Perkin-Elmer pump with a Hamilton PRP-

X100, 4.6x150mm, 10µm anion exchange column, using two ammonium nitrate eluent solutions. 

ICP-MS analyses (for both individual arsenic species and total arsenic) were done with a Perkin-

Elmer DRC II model (Caumette et al., 2011). Standards were analyzed every 10 samples. 
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Chapter 5: Results of Soils, Seasonal and Aqueous Speciation 

Studies 

Analytical results for sediment, porewaters and lake waters of the July 2014 field season 

are described in section 3.4. This section will focus on the methods not yet described, including 

As speciation in porewaters, lake water variables, and soils analyses (July 2014), as well as all 

results of the April 2015 studies. 

5.1. Lower Martin Lake  

5.1.1. Lake and pore water geochemical profiles 

 Table 5.1 shows measured surface lake water variables for Lower Martin Lake in July 2014 

and April 2015. April 2015 waters represent waters just below ice cover.  

Table 5.1: Water variables for Lower Martin Lake.  

 
Temperature 

(°C) 

Conductivity 

(µS/cm) 

Turbidity  

(NTU) 

Dissolved 

Oxygen pH 
Eh  

(meV) 

Ice 

thickness 

(cm) (%) (mg/L) 

July  

2014 
21.0 132 N/A 118.0 10.4 7.33 N/A N/A 

April  

2015 
0.3 212 -2.2 8.1 1.15 7.48 248.5 57 

 

Figure 5.1A shows the profiles of pH and total dissolved As, Sb, Fe, Mn and SO4 in Lower 

Martin Lake waters and sediment porewaters in July 2014, as shown in Figure 3.3 and discussed 

in section 3.4.2, with antimony profile added. Antimony concentrations fluctuate between 0.3 and 

3µg/L at 40 and 20cm depth, respectively. 

Figure 5.1B shows the distribution of As(III) , As(V), mono- and di-methyl, and total As, 

as analyzed during speciation analysis to a depth of 19cm below the SWI. Total As concentrations 

peak at about 13cm depth at 120µg/L. Arsenic(III) concentrations follow very closely the total As 

trend and peak at 100µg/L. Arsenic(V) concentrations fluctuate between 20 and 60µg/L. 
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Monomethyl-As concentrations fluctuate between 20 and 0µg/L, while di-methyl-As show below 

DL or negligible values. 

Figure 5.1C shows the profiles of total dissolved As, Sb, Fe, Mn and Eh in Lower Martin 

Lake waters and sediment porewaters in April 2015. Concentrations of As, Fe and Mn all increase, 

albeit in a very erratic way, in porewaters from the SWI to 24cm deep. Antimony concentrations 

increase from 10 to 124µg/L at 14cm depth, then decrease again. Concentrations of Fe and Mn 

increase orders of magnitude between the SWI and surface waters, while As concentrations 

decrease slightly. Eh values plummet from oxic to reducing conditions in the 7cm below the SWI. 

Concentrations of As, Sb, Fe and Mn lake water match poorly those nearest the SWI. Too little 

waters were extracted from centrifuging April 2015 cores to analyze for major ions (including 

SO4). 
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Figure 5.1: Porewater and lake water profiles for Lower Martin Lake. Dissolved elements for July 

2014 (A). Arsenic species for July 2014 (B). Dissolved elements for April 2015 (C). 
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5.1.2. Sediment geochemical profiles 

Figure 5.2A shows As, Fe, Mn, Au, Sb, S and Corg concentration profiles for Lower Martin 

Lake sediment core of July 2014, as shown in Figure 3.3 and discussed in section 3.4.4, with added 

Fe, Mn and S. Concentrations of Corg, As, Au, Sb and S all peak in the top 5-7cm. Below the 

saprolite horizon (32cm) Corg and sulphur concentrations decrease, while As concentrations 

increase slightly. Iron and Mn show relatively stable profiles throughout the core, with an increase 

below the saprolite horizon. 

Figure 5.2B shows As, Fe, Mn, Au, Sb and S profiles for Lower Martin Lake sediment core 

of April 2015. Arsenic, Au and Sb all have elevated concentrations in the top 17cm with a peak at 

13cm depth with again, very similar profiles. Iron, Mn and S show very stable profiles, marked 

with a slight decrease in concentrations in the top 3cm, and a very gradual increase around 20cm 

depth. 
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Figure 5.2: Lake sediment profiles in Lower Martin Lake sediment cores. July 2014 core (A), 

April 2015 core (B). 

Table 5.2 shows As, Fe, Mn, Au, Sb, S and Corg measurements for soil samples taken near 

Lower Martin Lake. 

Table 5.2: Elemental concentrations in soils near Lower Martin Lake. 

 As 

(mg/kg) 

Fe 

(mg/kg) 

Mn 

(mg/kg) 

Au 

(mg/kg) 

Sb 

(mg/kg) 

S 

(mg/kg) 

Corg 

(wt.%)  

S-1 580 17,000 93 0.059 19 190 4.8 

S-2 540 11,000 46 0.11 55 1,200 32.0 

 

5.1.3. Radiometric dating 

Figure 5.3 shows the total activity for the tree radio isotopes (210Pb, 214Pb, 214Bi and 137Cs) 

measured from Lower Martin Lake cores from July 2014 (A) and April 2015 (B). Total 210Pb 

activity in the July 2014 core shows a steep decay curve, with top activity around 400 Bq/kg and 

reaching background levels at 5cm depth. Total 210Pb activity in the April 2015 core shows a much 
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shallower decay gradient, with top activity around 800-900 Bq/kg and reaching background below 

16cm depth.  

 

 
Figure 5.3: Total 210Pb, 214Pb, 214Bi and 137Cs activity for Lower Martin Lake July 2014 core (A) 

and April 2015 core (B). 

Table 5.3 shows the dates relating to interval depths, as modeled by ScienTissiMe and the 

Constant Rate of Supply model, based on activity for the July 2014 core (A), and for the April 

2015 core (B).  
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Table 5.3: CRS modeled ages and associated year for both Lower Martin Lake core depths. 

A 
July 
2014 

Midpoint 
Depth 

Total 210Pb 
Activity 

Age 
(CRS) 

Year 
(CRS) 

Error 
(CRS) 

[cm] [Bq/kg] [a] [a] [a] 

0 0 0 2014.5 0 

1 425.52 24.80 1989.7 0.6 

2.5 132.17 51.47 1963.0 2.9 

3.5 46.81 75.99 1938.5 7.1 

4.5 44.33 106.74 1907.8 19.7 

B 
April 
2015 

0 0 0 2015.2 0 

3 726.18 6.48 2008.7 1.2 

4.5 685.16 10.59 2004.6 1.4 

5.5 886.96 15.30 1999.9 17 

6.5 576.85 20.98 1994.2 2.0 

7.5 558.55 26.17 1989.0 2.3 

8.5 615.81 31.89 1983.3 2.8 

9.5 426.70 38.74 1976.5 2.9 

10.5 373.83 45.42 1969.8 3.3 

11.5 283.65 52.87 1962.3 4.0 

12.5 262.01 65.95 1949.2 5.3 

13.5 305.33 86.83 1928.4 8.6 

14.5 85.75 107.80 1907.4 15.8 

16 147.32 189.21 1826.0 140.9 

 

5.1.4. Mineral liberation analysis 

Figure 3.4 shows relative arsenic mass distribution per MLA -identified hosts in Lower 

Martin Lake sediments, and is discussed in section 3.4.5. Figure 5.4 shows relative arsenic mass 

distribution per MLA-identified hosts in two bulk soil samples nearby Lower Martin Lake (see 

Table 4.1 for location). In both samples, the predominant arsenic host is arsenic trioxide. Very 

small amounts (Ò 2%) of other phases were identified. Sorption hosts (Fe-Mn oxides w/As, 

Organics w/As) here are assumed to contain 1wt.% As. 
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Figure 5.4: Relative arsenic mass distribution from SEM-MLA analysis in soils near Lower 

Martin Lake. 

 Figure 5.4 shows SEM-BSE and EDS figures of the predominant arsenic hosts in soils 

nearby Lower Martin Lake: arsenic trioxide (A) and organics with As (B). 
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Figure 5.5: SEM-BSE and EDS images of arsenic trioxide in LML S-2 (A) and organics with 

arsenic in LML S-1 (B) hosts in soils near Lower Martin Lake. 

5.1.5. Synchrotron-based experiments 

Figure 3.4 shows bulk XANES results for selected July 2014 Lower Martin Lake sediment 

samples, and is discussed in section 3.4.5. Figure 5.6 shows bulk XANES results for selected soil 

sample nearby Lower Martin Lake, showing relative solid arsenic species mass distribution. The 

predominant phases identified are As(V)-O and As(V) sorbed onto ferric oxides. As(III)-O and 

As(-I)-S were also detected in very low amounts and fall well with in LCF uncertainty.  
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Figure 5.6: Relative arsenic species abundance from bulk XANES for soils nearby Lower Martin 

Lake. 

5.2. Handle Lake 

5.2.1. Lake and porewater geochemical profiles 

 Table 5.4 shows measured surface lake water variables for Handle Lake in July 2014 and 

April 2015. April 2015 waters represent waters just below the ice.  

Table 5.4: Water variables for Handle Lake. 

 
Temperature 

(°C) 

Conductivity 

(µS/cm) 

Turbidity  

(NTU) 

Dissolved 

Oxygen pH 
Eh 

(meV) 

Ice 

thickness 

(cm) (%) (mg/L) 

July  

2014 
21.2 276 N/A 106.0 9.4 7.49 N/A N/A 

April  

2015 
0.15 793 0.9 6.1 0.89 7.50 268.1 58 

 

Figure 5.7A shows the profiles of pH and total dissolved As, Sb, Fe, Mn and SO4 in Handle 

Lake waters and sediment porewaters in July 2014 as shown in Figure 3.3 and discussed in section 

3.4.2, with antimony profile added. Antimony concentrations decrease unevenly from 8µg/L 

below the SWI to 0.5µg/L at depth.  

Figure 5.7B shows the distribution of total dissolved As(III), As(V), mono- and di-methyl-

As, and total arsenic as analyzed during speciation analysis to a depth of 10cm below the SWI. 

Total arsenic concentrations peak at about 2cm depth at 200µg/L. Arsenic(III) concentrations 
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increase from 0 to 90µg/L up to 6cm depth, then oscillate around 65µg/L. Arsenic(V) 

concentrations peak at 2.5cm, then stabilize around 35µg/L. Methyl-As species have below DL or 

negligible values.  

Figure 5.7C shows the profiles of total dissolved As, Sb, Fe, Mn and Eh in Handle Lake 

waters and sediment porewaters in April 2015. Fe and Mn all show relatively stable, albeit very 

erratic, concentrations in porewaters from the SWI from 4 to 28cm deep. Arsenic concentrations 

are the highest (1,850µg/L) 5cm below the SWI and decrease by an order of magnitude down to 

27cm. Arsenic surface concentrations are also an order of magnitude below 5cm depth. Sb 

concentrations show a very similar trend, though with lower values. Eh values plummet from oxic 

to reducing conditions in the 7cm below the SWI, and increase slightly to about 13meV at depth. 

Too little waters were extracted from centrifuging of April 2015 cores to analyze anything in the 

top 4cm below the SWI, and for major ions below (including SO4). 
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Figure 5.7: Porewater and lake water profiles for Handle Lake. Dissolved elements for July 2014 

(A). Arsenic species for July 2014 (B). Dissolved elements for April 2015 (C). 
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5.2.2. Sediment geochemical profiles 

Figure 5.8A show As, Fe, Mn, Au, Sb, S and organic Corg concentration profiles for Handle 

Lake sediment core of July 2014, as shown in Figure 3.3 and discussed in section 3.4.4, with added 

Fe, Mn and S. Concentrations of As, Au, Mn and Sb are elevated in the top 15cm. Gold shows two 

peaks above detection limits at depth (21 and 35cm). Iron and sulphur have relatively stable 

profiles throughout the core. Corg, increases slightly with depth up to 25cm, then remains fairly 

constant.  

Figure 5.8B shows As, Fe, Mn, Au, Sb and S profiles for Handle Lake sediment core of 

April 2015. Arsenic, Sb and Au have elevated concentrations in the top 15cm, showing again, very 

similar profiles. Iron, Mn and S have relatively stable profiles throughout the core. 

 

0

5

10

15

20

25

30

35

40

45

0.01 0.1 1 10 100 1000 10000 100000

D
e

p
th

 (
c
m

)

mg/kg

A. HL-Elemental concentrations in sediments, July 2014

As

Fe

Mn

Au

Sb

S

Corg (units
in wt.%)



   

96 

 

 
Figure 5.8: Lake sediment profiles in Handle Lake sediment cores. July 2014 core (A), April 2015 

core (B).  

Table 5.5 shows As, Fe, Mn, Au, Sb, S and Corg measurements for soil samples taken near 

Handle Lake. 

Table 5.5: Elemental concentrations in soils near Handle Lake. 

 As 

(mg/kg) 

Fe 

(mg/kg) 

Mn 

(mg/kg) 

Au 

(mg/kg) 

Sb 

(mg/kg) 

S 

(mg/kg) 

Corg 

(wt.%)  

S-1 740 23,000 80 0.058 22 370 7.0 

S-2 830 17,000 2,400 0.17 76 700 8.4 

 

5.2.3. Radiometric dating  

Figure 5.9 shows the total activity for the tree radio isotopes (210Pb, 214Pb, 214Bi and 

137Cs) measured from Handle Lake cores from July 2014 (A) and April 2015 (B). Total 210Pb 

activity in the July 2014 core shows a decay curve with top activity around 430 Bq/kg and reaching 

background levels of 7cm deep. Total 210Pb activity in the April 2015 core shows extremely low 

activity levels which hardly exceed background activity (Ò100 Bq/kg).  
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Figure 5.9: Total 210Pb, 214Pb, 214Bi and 137Cs activity for Handle Lake July 2014 core (A) and 

April 2015 core (B).  

Table 5.6 shows the dates relating to interval depths, as modeled by ScienTissiMe and the 

Constant Rate of Supply model, based on activity for the July 2014 core. Age dating for the April 

2015 core was not modeled due to extremely low activity levels (Figure 5.9B).  
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Table 5.6: CRS modeled ages and associated year for Handle Lake, July 2014 core. 

July 
2014 

Midpoint 
Depth 

Total 210Pb 
Activity 

Age 
(CRS) 

Year 
(CRS) 

Error 
(CRS) 

[cm] [Bq/kg] [a] [a] [a] 

0 0 0 2014.5 0 

1 429.68 12.16 2002.3 0.1 

2.5 188.09 23.32 1991.2 0.4 

3.5 231.67 33.99 1980.5 0.7 

4.5 175.95 50.20 1964.3 1.5 

5.5 133.81 72.05 1942.5 3.3 

6.5 114.26 112.14 1902.4 13.6 
 

5.2.4. Mineral liberation analysis 

Figure 3.4 shows relative arsenic mass distribution per MLA-identified hosts in Handle 

Lake sediments, and is discussed in section 3.4.5. Figure 5.10 shows relative arsenic mass 

distribution per MLA-identified hosts in two bulk soil samples nearby Handle Lake. In both 

samples, the predominant arsenic host is arsenic trioxide. Very small amounts (Ò 1%) of other 

phases were identified. Sorption hosts (Fe-Mn oxides w/As, Organics w/As) here are assumed to 

contain 1wt.% As. 
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Figure 5.10: Relative As mass distribution from SEM-MLA analysis in soils near Handle Lake. 

 Figure 5.11 shows SEM-EDS figures of the predominant arsenic hosts in soils nearby 

Handle Lake: arsenic trioxide (A), Fe-Mn oxides w/As (B) and arsenic associated with organics 

(C). 
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Figure 5.11: SEM-BSE and EDS images of arsenic trioxide in HL S-1 (A) iron oxides containing 

arsenic in HL S-1 (B) and organics hosting arsenic in HL S-2 (C) hosts in soils near Handle Lake. 

5.2.5. Electron micro-probe 

5.2.5.1. Framboidal pyrite 

Two nitrogen-dried sediment samples (5 and 12cm deep) were analyzed under EMP-WDS 

for quantified arsenic contents in iron sulphidesðmainly authigenic framboidal pyrite but also 
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geogenic pyrrhotite. Table 5.7 shows elemental distribution of Fe, As and S in framboidal pyrite 

as well as geogenic pyrrhotite grains and pyrite associated with organic matter. Arsenic values 

range between 39 to 14,600ppm As. The detection limit is however around 200ppm, making three 

analyses below DL. Two of these three analyses include both geogenic pyrrhotite grains. 

Additionally, the highest arsenic contents (14,600ppm) are in the pyrite grain contained within a 

wood particle. Framboidal pyrite grains contain between 300 and 900ppm As, with just one sample 

below DL, for a total average of 480ppm As. Analyses with a total element weight% <100 might 

be caused by the presence of other undetected elements, and the porous nature of framboids. 

Table 5.7: EMP-WDS quantitative analyses of arsenic contained in different iron sulphides in 

Handle Lake. DL = Detection Limit. 

 Mineral 
element weight % 

3-sigma lower 
limit of detection 

(wt%) 
Fe S As Total As 

Handle Lake 
5cm deep 

framboid 1 45.77 52.81 0.0747 98.65 0.021558 

framboid 2 45.93 52.66 0.0373 98.63 0.02162 

framboid 3 45.68 53.56 0.0345 99.27 0.020974 

framboid 4 45.57 52.49 0.0710 98.13 0.021819 

framboid 5 45.52 52.29 < DL 97.83 0.02073 

Handle Lake  
12cm deep 

framboid 6 46.51 52.82 0.0928 99.42 0.022004 

framboid 7 46.14 52.51 0.0512 98.70 0.021378 

framboid 8 45.97 53.10 0.0394 99.11 0.021313 

framboid 9 46.53 53.15 0.0460 99.73 0.021767 

framboid 10 46.36 52.98 0.0328 99.37 0.021638 

Average   0.0480  

Handle Lake 
5cm deep 

Geogenic 
pyrrhotite 1 

59.06 39.74 < DL 98.80 0.02372 

Geogenic 
pyrrhotite 2 

58.36 39.25 < DL 97.61 0.023749 

Pyrite in 
wood 

37.22 46.42 1.4600 85.10 0.021304 

 

Table 5.8 shows the normalized elemental mole% for quantified mineralogical 

identification. 
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Table 5.8: EMP-WDS quantitative elemental analyses of detrital iron sulphides in Handle Lake 

for mineral identification.  

Handle 
Lake 

5cm deep 

Mineral 
element mole % 

S:Fe ratio 
Fe S As Total 

Geogenic pyrrhotite 46.04 53.96 < DL 100.00 1.17 

Geogenic pyrrhotite 46.05 53.95 < DL 100.00 1.17 

Pyrite in wood 31.23 67.86 < DL 100.00 2.17 

 

Figure 5.12 shows EMP-BSE images of the different kinds of iron sulphide grains 

analyzed, including tightly packed authigenic framboidal pyrite, geogenic pyrrhotite and pyrite 

included in a wood particle.  

 
Figure 5.12: EMP-BSE images of iron sulphide targets for arsenic content in Handle Lake 

sediments, including framboidal pyrite, 12cm depth (A), geogenic pyrrhotite, 5cm depth (B) and 

pyrite contained in organic matter, 5cm depth (C). 
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5.2.5.2. Apatite  

The same two nitrogen-dried sediment samples (5 and 12cm deep) were analyzed under 

EMP-WDS for quantified arsenic contents in apatite crystals as a potential source of geogenic 

arsenic into lake sediments. Table 5.9 shows elemental distribution of P, Cl, F, Ca and As in 

analyzed apatite grains. Solid phase arsenate (As2O5) values all fall below the detection limit 

(between 400 and 500ppm).  

Table 5.9: EMP-WDS quantitative analysis of arsenic contained in apatite grains in Handle Lake 

sediments. DL = Detection Limit. 

 Mineral Point 
element weight % 

3-sigma 
lower limit 
of detection 

(wt%) 

CaO P2O5 As2O5 F Cl Total O = F O = Cl Total As2O5 

Handle Lake 
5cm deep 

apatite 01 
1 55.11 42.99 < DL 3.44 0.0155 101.56 1.45 0.00 100.10 ----- 

2 55.75 43.08 < DL 3.67 0.0024 102.50 1.55 0.00 100.96 ----- 

apatite 02 
3 55.68 42.97 < DL 3.74 0.0000 102.39 1.57 0.00 100.82 ----- 

4 56.02 43.44 < DL 3.54 0.0000 103.02 1.49 0.00 101.53 0.047563 

apatite 03 5 54.54 42.92 < DL 4.05 0.0000 101.52 1.71 0.00 99.82 0.048379 

apatite 04 6 53.30 42.24 < DL 3.52 0.0009 99.06 1.48 0.00 97.58 ----- 

Handle Lake 
12cm deep 

apatite 01 7 54.54 42.43 < DL 3.80 0.0055 100.79 1.60 0.00 99.19 0.04843 

apatite 02 8 53.34 42.74 < DL 3.73 0.0211 99.83 1.57 0.00 98.26 ----- 

apatite 03 9 55.09 42.37 < DL 3.47 0.0000 100.94 1.46 0.00 99.48 0.049013 

 

 Apatite grains present are almost pure fluorapatite containing no detectable arsenic. Figure 

5.13 shows BSE images of selected apatite, and location of the beam. 
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Figure 5.13: EMP-BSE images of apatite grain targets (A&B) for arsenic content analyses in 

Handle Lake sediments, 5cm depth. 

5.2.6. Synchrotron-based experiments 

Figure 3.4 shows bulk XANES results for selected July 2014 Handle Lake sediment 

samples, and is discussed in section 3.4.5. Figure 5.14 shows bulk XANES results for selected 

April 2015 Handle Lake sediment samples, showing relative solid arsenic species mass 

distribution. Arsenic(II) -S has increasing relative mass distribution from 50 to 65%, while Fe-
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O/As(V) shows a decreasing trend from 38 to 28%. Other species are <10% and within LCF 

uncertainty. 

 
Figure 5.14: Relative As species abundance from bulk XANES for Handle Lake sediments, April 

2015. 

Figure 5.15 shows bulk XANES results for selected soil sample nearby Handle Lake, 

showing relative solid arsenic species mass distribution. The predominant phases identified are 

As(V)-O and As(V) sorbed onto ferric oxides. Arsenic(III) -O and As(-I)-S were also detected in 

very low amounts and fall well with in LCF uncertainty.  

0

2

4

6

8

10

12

14

16

18

20

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

D
e
p

th
 (

cm
)

HL: relative As species abundance, April 2015

As(V)-O

Fe-O/As(V)

Fe-O/As(III)

As(III)-O

As(II)-S

As(-I)-S



   

106 

 

 
Figure 5.15: Relative As species abundance from bulk XANES for soils nearby Handle Lake. 

 

5.3. BC-20 

5.3.1. Lake and porewater geochemical profiles 

Table 5.10 shows measured surface lake water variables for Handle Lake in July 2014 and 

April 2015. April 2015 variables were not measured since the lake was frozen to the sediments.  

Table 5.10: Water variables for BC-20. 

 
Temperature 

(°C) 

Conductivity 

(µS/cm) 

Turbidity  

(NTU) 

Dissolved 

Oxygen pH 
Eh 

(meV) 

Ice 

thickness 

(cm) (%) (mg/L) 

July 

2014 
20.5 409 N/A 97.8 8.83 8.87 N/A N/A 

April 

2015 
N/A N/A N/A N/A N/A N/A N/A 

To 

sediments 

 

Figure 5.16A shows the profiles of pH and total dissolved As, Sb, Fe, Mn and SO4 in BC-

20 lake waters and sediment porewaters in July 2014, as shown in Figure 3.3 and discussed in 

section 3.4.2, with antimony profile added. Antimony concentrations in porewaters are relatively 

stable from the SWI down to about 25cm, then decrease notably (not unlike SO4).  

 Figure 5.16B shows the distribution of total dissolved As(III), As(V), mono- and di-

methylated As, and total As, as analyzed during speciation analysis down to 10cm below the SWI. 

Total arsenic concentration are at their highest just below the SWI at 660µg/L, then decrease 
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sharply to about 240µg/L. Arsenic(III) concentrations increase up to 6cm depth, then oscillate up 

to 100µg/L. Arsenic(V) concentrations follow very closely those of total arsenic, though slightly 

less so with depth. Methyl-As species have below DL or negligible values. 

 Figure 5.16C shows the profiles of total dissolved As, Sb, Fe, Mn, SO4 and Eh in BC-20 

frozen lake waters, as well as frozen and unfrozen sediment porewaters, in April 2015. Arsenic, 

Sb, Fe and Mn all show very low concentrations in the top frozen lake waters, increasing with 

depth, close to three orders of magnitude upon reaching SWI depth. Porewater concentrations 

continue increasing rapidly below the SWI, up to about 13cm depth, where they stabilize at an 

equilibrium with underlying unfrozen porewaters, except for Sb, which concentrations peak at 

about 8cm below the SWI. Sulphate concentration are below detection limit (1mg/L) in the frozen 

lake waters, rise sharply to 20mg/L near the SWI and decrease rapidly again to 2mg/L below. Eh 

value of unfrozen porewaters is at -102meV. 
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Figure 5.16: Porewater and lake water profiles for BC-20. Dissolved elements for July 2014 (A). 

Arsenic species for July 2014 (B). Dissolved elements for April 2015 (C). 
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5.3.2. Sediment geochemical profiles 

Figure 5.17A show As, Fe, Mn, Au, Sb, S and organic Corg concentration profiles for BC-

20 sediment core of July 2014, as shown in Figure 3.3 and discussed in section 3.4.4, with added 

Fe, Mn and S. Arsenic, Au and Sb all show steady, elevated concentrations in the top 29cm, below 

which concentrations decrease, then remain stable at about 37cm depth. Gold has two local peaks, 

at 4 and 28 cm. Organic C, Fe, Mn and S profiles remain stable throughout the entire depth of the 

profile, with Mn showing a slight decrease of concentrations in the top 2 cm. 

Figure 5.17B shows As, Fe, Mn, Au, Sb and S profiles for BC-20 frozen and unfrozen 

sediment samples of April 2015. All elements show very steady concentrations throughout the low 

resolution core profile. 
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Figure 5.17: Lake sediment profiles in BC-20 sediment cores. July 2014 core (A), April 2015 core 

(B).  

 

Table 5.11 shows As, Fe, Mn, Au, Sb, S and Corg measurements for bulk soil samples taken 

near BC-20. 

Table 5.11: Elemental concentrations in soils near BC-20. 

 As 

(mg/kg) 

Fe 

(mg/kg) 

Mn 

(mg/kg) 

Au 

(mg/kg) 

Sb 

(mg/kg) 

S 

(mg/kg) 

Corg 

(wt.%)  

S-1 840 25,000 140 0.085 28 240 5.4 

S-2 560 20,000 79 0.14 37 240 4.9 

 

5.3.3. Radiometric dating 

Figure S2 (section 3.10) shows the total activity for the tree radio isotopes (210Pb, 214Pb and 

214Bi) measured from Handle Lake cores from July 2014. Activities for the April 2015 core were 

not measured for BC-20 as the frozen sediment core could not be subsampled at sufficient 

resolution (see section 4.1.2).   
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Table 5.12 shows the dates relating to interval depths, as modeled by the software R based 

on activity from the July 2014 core. 

Table 5.12: CRS modeled ages and associated year for BC-20 July 2014 core. 

July 
2014 

Interval 
Midpoint 
(cm) 

Total 210Pb 
Activity 
(Bq/kg) 

Date 
Midpoint 
(CRS) 

0.5 113.79 2013.6 

1.5 119.18 2010.7 

2.5 177.89 2005.5 

3.5 96.31 2001.0 

4.5 95.14 1997.9 

5.5 81.45 1993.7 

6.5 56.18 1989.8 

7.5 47.24 1986.5 

8.5 55.69 1982.5 

9.5 36.82 1979.2 

10.5 55.24 1977.3 

11.5 55.35 1973.5 

12.5 47.49 1969.3 

13.5 47.88 1966.5 

14.5 36.88 1962.9 

16 30.40 1958.2 

18 48.07 1951.8 

20 47.35 1941.5 

22 31.89 1931.6 

24 37.17 1919.1 

26 28.72 1904.1 

28 17.43 1892.5 
 

5.3.4. Min eral liberation analysis 

Figure 3.4 shows relative arsenic mass distribution per MLA-identified hosts in Handle 

Lake sediments, and is discussed in section 3.4.5. Figure 5.18 shows relative arsenic mass 

distribution per MLA-identified hosts in two bulk soil samples nearby BC-20. In both samples, the 

predominant arsenic host is arsenic trioxide. Very small amounts (Ò2%) of other phases were 

identified. Sorption hosts (Fe-Mn oxides w/As, Organics w/As) here are assumed to contain 1wt.% 

As. 

A 
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Figure 5.18: Relative As mass distribution from SEM-MLA analysis in soils near BC-20. 

 Figure 5.19 shows SEM-EDS images of the main arsenic hosts in soils nearby BC-20: 

arsenic trioxide (A), an arsenic-bearing roaster oxide (B), and organics w/As (C).  
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Figure 5.19: SEM-BSE and EDS images of arsenic trioxide in BC-20 S-1 (A) an arsenic-bearing 

RO in BC-20 S-2(B) and organic matter hosting arsenic in BC-20 S-2 (C). 
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5.3.5. Electron micro-probe 

5.3.5.1. Framboidal pyrite 

One nitrogen-dried sediment samples (4cm deep) were analyzed under EMP-WDS for 

quantified arsenic contents in iron sulphidesðmainly authigenic framboidal pyrite but also 

geogenic pyrrhotite. Table 5.13 shows elemental distribution of Fe, As and S in framboidal the 

two different grain types. Arsenic values range between 0 to 1,340ppm. The detection limit is 

however around 200ppm, making one analysis below DL (the geogenic pyrrhotite), and another 

analysis with no detected arsenic, therefore having no DL. Framboidal pyrite grains contain an 

average of 638ppm As. Total element weight% <100 might be caused by the presence of other 

unexpected elements, and the porous nature of framboids. 

Table 5.13: EMP-WDS quantitative analyses of arsenic contained in different iron sulphide 

minerals in BC-20. DL = Detection Limit. 

 Mineral  
element weight % 

3-sigma lower limit 
of detection (wt% 

element) 
Fe S As Total As 

BC-20 
4cm deep 

framboid 1 45.18 52.42 0.0736 97.67 0.021221 

framboid 2 45.47 52.17 0.0657 97.71 0.021214 

framboid 3 45.11 52.34 < DL 97.45 ----- 

framboid 4 45.04 51.68 0.1340 96.85 0.020743 

framboid 5 45.52 52.49 0.0456 98.06 0.020446 

Average    0.0638  
BC-20 

4cm deep 
Geogenic 
pyrrhotite 

58.24 39.56 < DL 97.81 0.022907 

 

Table 5.14 shows the normalized elemental mole% of the geogenic pyrrhotite in BC-20 

sample for positive mineralogical identification. 

Table 5.14: EMP-WDS quantitative elemental analyses of a geogenic iron sulphide in BC-20 for 

mineral identification as pyrrhotite.  

BC-20 
4cm deep 

element mole % 
S:Fe ratio 

Fe S As Total 

45.80 54.20 < DL 100.00 1.18 
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Figure 5.20 shows EMP-BSE images of the different kinds of iron sulphide grains 

analyzed, including tightly packed authigenic framboidal pyrite and geogenic pyrrhotite.  

 
Figure 5.20: EMP-BSE images of iron sulphide targets for arsenic content in BC-20 sediments, 

including framboidal pyrite, 4cm depth (A) and geogenic pyrrhotite, 4cm depth (B). 

5.3.5.2. Apatite  

One nitrogen-dried sediment sample (4cm deep) was analyzed under EMP-WDS for 

quantified arsenic contents in in apatite minerals as a potential source of geogenic arsenic into lake 

sediments. Table 5.15 shows elemental distribution of P, Cl, F, Ca and As in analyzed apatite 

grains. Arsenate (As2O5) values all fall below the detection limit (400-500ppm). 
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Table 5.15: EMP-WDS quantitative analysis of arsenic contained in apatite grains in BC-20 

sediments. DL = Detection Limit. 

 Mineral Point 
element weight % 

3-sigma 
lower limit of 

detection 
(wt%) 

CaO P2O5 As2O5 F Cl Total O = F O = Cl Total As2O5 

BC-20 
4cm 
deep 

apatite 
01 

10 54.60 42.33 < DL 2.91 0.0276 99.91 1.23 0.01 98.68 0.047713 

11 54.66 42.42 < DL 2.97 0.0146 100.06 1.25 0.00 98.81 ----- 

apatite 
02 

12 55.03 43.09 < DL 3.48 0.0252 101.63 1.47 0.01 100.16 0.049102 

13 54.60 42.91 < DL 3.55 0.0298 101.09 1.49 0.01 99.59 ----- 

apatite 
03 

14 55.22 43.17 < DL 3.93 0.0213 102.34 1.65 0.00 100.68 ----- 

15 55.44 42.83 < DL 4.07 0.0047 102.34 1.71 0.00 100.63 ----- 

apatite 
04 

16 56.04 43.04 < DL 3.43 0.0617 102.58 1.44 0.01 101.12 0.048045 

17 56.08 43.03 < DL 3.56 0.0640 102.73 1.50 0.01 101.22 ----- 

apatite 
05 

18 55.21 42.67 < DL 3.16 0.1040 101.14 1.33 0.02 99.79 ----- 

 

Apatite grains present are almost pure fluorapatite, containing no detectable arsenic. Figure 

5.21 shows a BSE image of selected apatite, and location of the beam. 

 
Figure 5.21: EMP-BSE images of apatite grain targets for arsenic content analyses in BC-20 

sediments 4cm depth. 
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5.3.6. Synchrotron-based experiments 

Figure 3.4 shows bulk XANES results for selected July 2014 Handle Lake sediment 

samples, and is discussed in section 3.4.5. Figure 5.22 shows bulk XANES results for selected 

April 2015 sediment samples, showing relative solid arsenic species mass distribution in both 

frozen and unfrozen sediments. Relative distribution of As are stable throughout the core profile, 

with notable amounts of As(II)-S present (55-77%, increasing with depth). Relative distribution of 

Fe-O/As(V) decreases with depth (from 25 to 15%). Other species remain constant <10%, with 

As(III) -O at 0%. 

 
Figure 5.22: Relative As species abundance from bulk XANES for BC-20 sediments, April 2015. 

Figure 5.23 shows bulk XANES results for selected soil sample nearby BC-20, showing 

relative solid arsenic species mass distribution. Oxidized As(V) is the major species detected, 

divided between As sorbed onto ferric oxides and mineral arsenate phases. As(III) bound to ferric 

oxides and As(-I) were also detected in very low amounts and fall well with in LCF uncertainty.  
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Figure 5.23: Relative arsenic species abundance from bulk XANES for soils nearby BC-20.  
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Chapter 6: Detailed Discussion on Selected Topics 

This chapter will explore in greater detail the discussion in section 3.5, as well as explore 

the topics of roaster-impacted soils nearby the study lakes, laboratory and analytical procedures, 

and seasonal studies. 

6.1. Solid arsenic hosts  

A discussion on the arsenic-bearing solid phases identified in the lakes of this study is 

detailed in section 3.5. The following section will complement and explore in greater detail the 

above. 

6.1.1. Arsenic trioxide 

Arsenic oxide particles identified in sediments and soils (Figure 3.2A) match the extensive 

SEM descriptions from previous studies by grain size, BSE texture, EDS spectra and associations 

(Figures 6.1 and 6.2) (Wrye, 2008; Bromstad, 2011; Bromstad & Jamieson, 2012; Bromstad et al., 

2015; Nash, 2014). Accordingly, these arsenic oxide grains were recognized as arsenic trioxide in 

SEM-MLA analyses.  
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Figure 6.1: Positive identification of arsenic trioxide grains from Baker Pond via SEM-BSE (A & 

B), SEM-EDS (D), and synchrotron-based µXRF and µXRD (C, E & F). Modified from Nash 

(2014). 

 
Figure 6.2: Arsenic trioxide grain, as identified in in HL S-1 by SEM-BSE (A) and EDS (B). 
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These arsenic trioxide particles do show a net trend to decrease in size with depth down 

lake sediment core (Table 6.1). This trend suggests that these roaster-derived arsenic trioxide 

particles are indeed dissolving slowly and act as a net source of arsenic into the porewaters. The 

scattered distribution of particle sizes in BC-20 can be attributed to the inhomogeneous distribution 

of such particles one might expect in such environments and limited sample size. 

Table 6.1: Average grain size of arsenic trioxide in lake sediments with depth, quantified using 

SEM-MLA.  

 Depth 
Average arsenolite 

grain size (µm2) 

Lower 
Martin Lake 

3cm 26.9 
5cm 0 

Handle Lake 

5cm 42.1 
7cm 24.9 

12cm 0 

BC-20 

4cm 111.2 
10cm 12.8 

16cm 109.2 

25cm 10.1 
 

6.1.2. Arsenic-bearing sulphides 

6.1.2.1. Arsenopyrite  

The three lakes from this study lie on top of the Quytabell granite, a granitic formation 

which is not included in the Giant mineralization shear zone and contains no arsenopyrite (Boyle, 

1960; Hubbard et al., 2006). Only the south-eastern corner of Handle Lake might overlie some of 

the shear zone (Figure 1.4). Thus, the geogenic origin of arsenopyrite in lake sediments from the 

natural weathering of bedrock seems unlikely.  

6.1.2.2. Iron-arsenic sulphides 

Iron-arsenic sulphide grains were identified via SEM-MLA analysis, though they show a 

distinct texture, grain size, associations and SEM-EDS spectra that are quite different than those 

of arsenopyrite (Figure 6.3B; Rieuwerts et al., 2014). Though these iron-arsenic sulphide minerals 
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were too small to identify with certainty under quantitative EMP-WDS analysis, they are likely a 

mixture of reprecipitation phases such as arsenic-enriched pyrite or Fe-enriched arsenic sulphide 

grains. Nevertheless, these iron-arsenic sulphide particles represent only a small percentage of total 

arsenic mass (Figure 3.4).  

6.1.2.3. Arsenic sulphide 

On the other hand, the predominant MLA-identified arsenic sulphide host takes the form 

of small As-S grains, devoid of iron (Figure 6.3C), also too small to identify with certainty under 

quantitative EMP-WDS analysis. However, that these particles lack iron and that they always 

assume amorphous, anhedral textures strongly suggests that they are the product of secondary, 

authigenic reprecipitation of dissolved arsenic present in sediment porewaters into realgar, 

pararealgar or orpiment, a process that has been well documented in reducing surficial 

environments (Drahota et al., 2013; Craw & Bowell, 2014; OôDay, 2004; Smedley & Kinniburgh, 

2002; Root et al., 2009).  

6.1.2.4. Framboidal pyrite 

Additionally, framboidal pyrite grains also hosts arsenic (Figure 6.3D), containing an 

estimated average of 570ppm As (Tables 5.7 and 5.13). Though framboidal pyrite precipitation is 

well known to be directly related to microbial activity (Mozer, 2010; Maclean et al., 2008; Kohn, 

1998), the role of microbes in the adsorption, absorption or co-precipitation of arsenic in framboids 

is still poorly understood. While these framboids contain relatively low concentrations of arsenic, 

framboidal pyrite particles are so ubiquitous and in such large quantities in all sediments that they 

still represent a significant host of arsenic in lake sediments (Figure 3.4).  

There is a noticeable transfer of arsenic relative mass between arsenic sulphide and arsenic 

in pyrite hosts in impacted sediments of Lower Martin and Handle lakes, predating 1949 (Figure 
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3.4). It is conceivable that the same phenomenon may be happening at lower depths in BC-20. The 

change in relative importance of sulphide hosts with depth might be explained, as noted by Bostick 

& Fendorf (2003), by a decreased availability of sulphide in deeper porewaters, constraining 

arsenic to co-precipitate or sorb onto authigenic pyrite. Unfortunately, porewater sulphide 

concentrations could not be measured in this study 

6.1.2.5. Sulphide and organic matter 

Sulphide particles closely associated with organic matter were not uncommon (Figure 

6.3E, F), and contained about two orders of magnitude more arsenic than framboids (Figure 6.3D, 

F), evidence suggesting the importance of organic matter for microbial growth and in situ 

secondary precipitation of sulphide minerals. 
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Figure 6.3: SEM-BSE and EDS images of the single, likely arsenopyrite grain ever found in 

Handle Lake, 5cm deep (A), unidentified iron-arsenic sulphide grain in BC-20, 10cm deep (B), 

typical and common arsenic sulphide (likely realgar or orpiment) in Handle Lake, 5cm deep (C), 

EMP-BSE image and WDS data of framboidal pyrite containing arsenic in Handle Lake, 5cm deep 

(D), and pyrite containing calcium and arsenic, associated with organic matter in BC-20, 4cm deep 

(E) & Handle Lake, 4cm deep (F). 
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6.1.3. Iron oxides 

In the context of this study, arsenic sorbed onto iron oxides can be divided between 

anthropogenic ROs, and secondary, authigenic ferric oxide precipitates.  

6.1.3.1. Roaster oxide 

Roaster oxides are a unique product of roasting at Giant Mine and have been studied in 

detail by Walker et al. (2005) and Bromstad (2011). They typically have a ñspongyò texture and 

are known to contain between <0.5 and up to 7wt.% As (Figure 6.4). Such grains have been 

characterized via SEM-MLA as part of the Fe-Mn oxide w/As phase and, in this study, were 

assumed to contain an average of 1wt.% As.  

 
Figure 6.4: Reflected-light photomicrograph of an RO from Giant mine calcine dust, with arsenic 

mass% determined by EMP-WDS (A), modified from Walker et al. (2005). SEM-BSE and EDS 

images of an RO in soils S-1 nearby BC-20 (B). 

These texturally unique gains were, in this study, only ever positively identified in soil 

samples, never in lake sediments. This raises questions as to the stability of ROs in lake sediments. 

Andrade (2006) has shown that ROs are stable in Great Slave Lake sediments, yet Bromstad et al. 
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(2015) have failed to identify any ROs in 12 samples of stream and lake sediments along upper 

Baker Creek. Such a disparity is likely explained by profound differences in limnologies and 

sediment characteristics between Great Slave Lake and other streams and lakes in the region, 

challenging ROs to different stability regimes; and also because Yellowknife Bay (Great Slave 

Lake) has been heavily impacted by mine tailings, which predominant arsenic host is ROs (as 

opposed to roaster emissions, Walker et al., 2015). 

6.1.3.2. Secondary precipitate 

Secondary iron oxide hosting sorbed arsenic have been well identified in soils via SEM-

MLA , and to a much lesser extents in lake sediments. These grains have been characterized as Fe-

Mn oxide w/As phase and, in this study, were assumed to contain an average of 1wt.% As. Unlike 

ROs, they typically assume amorphous textures and can be very inconspicuous under SEM-BSE 

imagery. Bromstad (2011) has identified under synchrotron-based µXRD some of these iron oxide 

precipitates in Giant Mine soils as a mixture between goethite and lepidocrocite. They contain 

concentrations of arsenic that can be difficult to detect by an SEM-EDS, perhaps indicating that 

current MLA analyses might be underestimating somewhat the amounts of iron-oxide hosts. 

Despite this, iron oxides are hardly a major host of arsenic in lake sediments or soils as far as SEM-

MLA can identify (Figure 3.4). These iron oxide precipitates are not uncommonly associated with 

organic matter and commonly contain detectable amounts of calcium (Figure 6.5).  
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Figure 6.5: SEM-BSE and EDS image of As-bearing iron oxide particles embedded in organic 

matter in Handle Lake sediments (5cm depth).  

Though the MLA library used in this study was set up in order to recognize manganese 

oxide hosts, no specific manganese mineral phase containing arsenic were identified in this study. 

6.1.4. Organic matter 

Organic matter can contain arsenic by encapsulating pre-existing arsenic solid hosts, 

particularly ferric oxides with sorbed arsenic (Campbell & Nordstrom, 2014). It is also suggested 

to be capable of directly hosting sorbed arsenic, though the exact nature of the bonding between 

organic matter and arsenic has not been studied in great detail (Meunier et al., 2011; Sadiq, 1997; 

Wrye, 2008). Organic materials containing detectable levels of arsenic in SEM-MLA have been 

characterized as Organics w/As and, alike to other unquantified sorption phases in this study, were 

Fe 

As Ca As 
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assumed to contain an average of 1wt.% As. In SEM-BSE, these grains had distinct textures, 

unique to organic matter, resembling decaying parts of plant material (Figure 6.6). 

 
Figure 6.6: SEM-BSE and EDS images of As-bearing particles of organic materials in soils S-2 

nearby BC-20 (A) and S-2 nearby Lower Martin Lake (B). 

Invariably, this phase contained noticeable amounts of iron, without showing clear 

mineralogy under BSE imagery. This suggests that iron oxide minerals contained within the 

organic matter would be the actual host of sorbed arsenic, while the organic materials may just be 

providing a form of physical support to the whole.  

It must further be noted that the SEM-MLA phase Organics w/As was almost exclusively 

found in soils, suggesting that organic matter plays a very different role in soils than in lake 

sediments. This is supported by the aforementioned relationship of organic matter and arsenic-

bearing pyrite found in lake sediments (Figure 6.3E, F). Thus, in reducing, aqueous environments, 

organic matter may act as a fertile environment for sulphate reduction (likely via biological 

processes), promoting the incorporation of arsenic into sulphide precipitates. On the other hand, 

!ǎ !ǎ 

CŜ 

! 

!ǎ 
!ǎ 

CŜ 

. 



   

129 

 

in an oxic and dry environment (such as soils) organic matter may simply act to contain oxidized 

arsenic phases (Wrye, 2008). In both lake sediments and soils, however, organic matters contains 

only but a minute fraction of total arsenic mass (Figure 3.4).  

6.1.5. Apatite 

XANES results show consistently elevated Fe-O/As(V) relative contents at lower sediment 

depths, well below the 1949 horizon, in all three lakes (Figures 3.4 and 6.7). That relative As(V) 

contents would increase significantly at depth (in very reducing environments) suggests that this 

arsenate is contained in a stable mineral form. Thus, apatite was analyzed for arsenic content via 

quantified electron microprobe analysis in order to test whether the detected As(V) could be hosted 

in common phosphates. Literature does highlight the ability for arsenate ions to substitute with 

phosphate in apatite, which concentrations can range between 1 and 1,800ppm in some apatite 

minerals (Mailloux et al., 2009; Roeder et al., 1987), and up to 15wt.% in the rims of altered apatite 

grains (Gianfagna et al., 2014). 

Micro-probe analyses have however consistently shown that apatite contained in the 

sediments of Handle Lake and BC-20 are almost pure fluorapatite with consistently arsenic 

concentrations below detection limits (see Tables 5.9 and 5.15; Figure 6.7). There is no reason to 

believe that Lower Martin Lake, overlying the same geological unit (Figure 1.4), would be 

different in that regard. Thence, the mineral host of this As(V) remains undetermined. 
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Figure 6.7: Bulk XANES profile for Handle Lake, clearly showing the relative importance of 

As(V) at depth (A), which is not hosted in apatite grains, 12cm depth (B). 

Since XANES identified much of this As(V) as being associated with ferric oxides, it is 

also possible that these arsenates are bound to iron oxides, even in very reducing conditions. If this 

were the case one would wonder about the implications regarding the kinetics of arsenic reductive 

dissolution in reducing environments. Alternatively, it is also possible that this arsenate is hosted 

in dilute concentrations in the crystal lattice of common rock-forming silicates. Such occurrences 

have been documented in granitic sediments similar to those in this study (Alam et al., 2014).  

6.2. Aqueous arsenic 

A discussion on aqueous arsenic phases identified in the lakes of this study is detailed in 

sections 3.5.2 and 3.6. The following section will complement this section, and will add on arsenic 

speciation analyses. 

6.2.1. Arsenic remobilization and precipitation 

Porewater pH was measured in the July 2014 season, and porewater Eh was measured in 

the April 2015 season (Figures 6.8 and 6.9, respectively). A sharp decrease in porewater Eh below 






















































































































































































































