
METAL MINING AND THE NATURAL CYCLING OF 

MERCURY IN FRESHWATER LAKES  
How Legacy Mining Pollution is Affecting the 

Toxicity of Mercury 
 

 

MIJA AZDAJIC 

 
 
 

Thesis Submitted to The University of Ottawa 
In Partial Fulfillment of the Requirements For 

 
Ph.D. of Science 

in 
Biology 

 
 
 
 
 
 
 
 
 

DEPARTMENT OF BIOLOGY 
FACULTY OF SCIENCE 

UNIVERSITY OF OTTAWA 
OTTAWA, ONTARIO, CANADA 

 
 
 
 

© Mija Azdajic, Ottawa, Canada, 2022 



 ii 

ABSTRACT 

Methylmercury (MeHg) is a global pollutant and potent neurotoxin that bioaccumulates in 

aquatic and terrestrial foodwebs. As such, predicting the fate of MeHg in the environment is 

important in addressing ecosystem and human health concerns.  Pollution that results from 

mining activities (i.e. ore roasting and smelting) is one way in which geochemistry of lakes can 

be altered, in turn altering the cycling of mercury (Hg) overall and the kinetics of MeHg 

production and bioaccumulation. My thesis is focused on examining the effect of different 

pollution gradients on the cycling of Hg at two different sites impacted by legacy mining in 

Canada.  In Yellowknife (Northwest Territories, Canada) I assessed the effect of sulfate and 

arsenic (As) emissions on the production of MeHg in lake sediments, while in Sudbury (Ontario, 

Canada) I examined the effect of selenium (Se) emissions on the bioaccumulation of Hg and 

MeHg in freshwater biota. 

 

 In Yellowknife, an environment polluted with both sulfate and As from mining activities, 

lakes were sampled using a factorial design which controlled for environmental variables known 

to affect MeHg production (i.e. sulfate, iron, productivity, pH, and dissolved organic matter).  We 

used stable Hg isotope tracers to quantify Hg methylation and demethylation rate constants in 

sediments.  Results showed that %MeHg in the water is best correlated with sulfate 

concentrations, while the rate at which Hg is methylated (Km) in sediments is negatively correlated 

with total As, and positively correlated with dissolved organic carbon, total phosphorus, and 

%MeHg in the water.  Furthermore, a detailed examination of a lake with representative 
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limnological characteristics of the area showed that addition of sulfate and organic carbon does 

increase the production of MeHg in the sediments, while addition of arsenate (0 to 10 mM) 

showed significant decrease in MeHg production, regardless of sulfate concentrations. 

 

Next, Se emissions in Sudbury (Ontario, Canada) correlated with lower total Hg and 

MeHg in tissues of zooplankton, amphipods (Hyalella azteca), mayflies (Stenonema femoratum), 

and young-of-the-year perch (Perca flavescens). However, despite ten years of emission 

reductions, results show that total Se concentrations in the majority of lakes have increased, most 

likely due to the long residence time of Se in the watershed and the water column. Consequently, 

Se continues to exhibit a protective effect on total Hg and MeHg bioaccumulation in biota, even 

a decade after emissions have greatly decreased.   

 

Canada’s numerous mining operations have left a legacy of pollution and it is important 

to understand the effects of these pollutants on the biogeochemistry of surrounding lakes.  The 

results from my thesis demonstrate how mining emissions can alter the kinetics and 

bioaccumulation of MeHg in freshwater lakes, highlighting the complexity of Hg cycling in 

response to mining activities. My thesis is an important step in identifying and modeling the 

controls of MeHg production and bioaccumulation in environments impacted by emissions from 

mining operations. 
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RÉSUMÉ  

Le méthylmercure (MeHg) est un polluant mondial et une puissante neurotoxine qui se 

bioaccumule dans les réseaux trophiques aquatiques et terrestres. En tant que tel, il est 

important de prédire le devenir du MeHg dans l'environnement pour répondre aux 

préoccupations vis à vis des écosystèmes et de la santé humaine.  La pollution résultante des 

activités minières (c.-à-d. smeltage ou grillage) peut modifier la géochimie des lacs, modifiant 

par conséquent le cycle du mercure (Hg) dans son ensemble ainsi que la cinétique de production 

et de bioaccumulation du MeHg. Ma thèse porte sur l'examination de l'effet de différents 

gradients de pollution sur le cycle du Hg sur deux sites différents touchés par l’exploitation 

minière au Canada. À Yellowknife (Territoires du Nord-Ouest, Canada), j'ai évalué l'effet des 

émissions de sulfate et d'arsenic (As) sur la production de MeHg dans les sédiments lacustres, 

tandis qu'à Sudbury (Ontario, Canada) j'ai examiné l'effet des émissions de sélénium (Se) sur la 

bioaccumulation de Hg et MeHg dans le biote d'eau douce. 

 

À Yellowknife, un environnement pollué par le sulfate et As provenant des activités 

minières, les lacs ont été échantillonnés à l'aide d'un plan factoriel contrôlant les variables 

environnementales connues pour affecter la production de MeHg (c.-à-d. sulfate, fer, 

productivité du lac, pH, et matière organique dissoute). Nous avons utilisé des traceurs 

isotopiques stables du Hg pour quantifier les constantes de taux de méthylation et de 

déméthylation du Hg dans les sédiments.  Les résultats montrent que le %MeHg dans l'eau est 

significativement corrélé avec les concentrations de sulfate, tandis que le taux auquel le Hg est 
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méthylé (Km) dans les sédiments est négativement corrélé avec l'As total et positivement corrélé 

avec le carbone organique dissous, le phosphore total et le %MeHg dans l'eau.  De plus, un 

examen détaillé d'un lac présentant des caractéristiques limnologiques représentatives de la 

région a montré que l'ajout du sulfate et de carbone organique augmente la production de 

MeHg dans les sédiments, tandis que l'ajout d'arséniate (0 à 10 mM) a montré une diminution 

significative de la production de MeHg, indépendamment des concentrations de sulfate. 

  

Ensuite, les émissions de Se à Sudbury (Ontario, Canada) étaient significativement 

corrélées à des concentrations plus faibles de Hg et de MeHg totaux dans les tissus du 

zooplancton, des amphipodes (Hyalella azteca), des éphémères (Stenonema femoratum) et des 

jeunes perches de l'année (Perca flavescens).  Cependant, malgré dix années de réduction des 

émissions, les résultats montrent que les concentrations totales de Se dans la majorité des lacs 

ont augmenté, potentiellement en raison du long temps de résidence du Se dans le bassin 

versant et la colonne d'eau. Par conséquent, Se continue d'exercer un effet protecteur sur la 

bioaccumulation totale du Hg et MeHg dans le biote, malgré une décennie de diminution 

vigoureuse d’émissions. 

 

Les nombreuses exploitations minières du Canada laissent un héritage de pollution après 

le déclassement, donc il est important de comprendre les effets de ces polluants sur la 

biogéochimie des lacs environnants. Les résultats de ma thèse démontrent comment les 

émissions minières peuvent modifier la cinétique et la bioaccumulation du MeHg dans les lacs 

d'eau douce, soulignant la complexité du cycle du Hg en réponse aux activités minières. Ma 
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thèse est une étape importante dans l'identification et la modélisation des contrôles de la 

production et de la bioaccumulation de MeHg dans les environnements impactés par les 

émissions provenant des opérations minières. 
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CHAPTER 1: INTRODUCTION 

The history of the western world is ultimately one of metal exploration, with each new era - from 

the Bronze Age to the Iron Age to the 20th Century Gold rush - ushering a higher demand for 

metals.  In the current age of technological innovation, our need for metals is the highest it has 

ever been and metal extraction contributes significantly to many countries’ economies1,2.  In fact, 

Canadian economic prosperity is due in large part to its active mining sector, with CAN$28 billion 

worth of metals extracted in 20193.  However, the delicate ecological balance of Canadian 

landscapes exists at the mercy this metal exploration. The legacy of pollution left by this industry 

affects the lakes, rivers, and forests in the surrounding landscape, long after the last mineral is  

pulled from the ground4–6. 

 

The longevity of pollution from the metal industry raises many questions, ones that 

scientists are trying to answer so that future environmental damage can be mitigated.  How long 

do pollutants stay in the surrounding lands? How do these legacy pollutants affect natural 

ecosystem functions? And what lessons can we learn from past mining projects to better manage 

present and future metal extraction?  

 

1.1 METALS, MICROBES, AND MINING 

Microbes first evolved billions of years ago; they are the oldest living organisms. Due to 

microbes’ tremendous metabolic capabilities and their incredible capacity for adaptation, the 
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cycling of most elements on Earth involves microbial transformations. Consequently, microbes 

play a large role in the biogeochemistry of many metals, including the cycling of Hg7,8. 

 

Elements can neither be created nor destroyed, but they can be redistributed naturally 

by geological and biological cycles. Trace metals especially can exist in different redox states, 

allowing for a wide array of metallic species that can move through geological compartments 

easily.  Metal species differ in their toxicity and ease of transportation through the environment 

and into cells, and certain microbes can directly alter metal speciation. Therefore, the interactions 

between microbes and the metals in their environment can directly influence the toxicity of that 

environment to other resident species.  

 

1.1.1 Why It Matters 

Presently, metal extraction is the backbone of Canada’s economy9.  However, mining operations 

leave behind a legacy of contamination such as mine tailings and roasting emissions.  This legacy 

of contamination can have serious consequences on the environment and the surrounding 

communities.  Whereas the consequences of legacy contamination on the socio-economic fabric 

is not fully understood, we know that contaminants in the environment can have negative health 

consequences on the communities inhabiting these impacted areas10.  By researching how 

natural resource extractions affect the cycling of metals (i.e. Hg), we can be better equipped to 

assess the risk of such operations on ecosystem and public health. 
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Understanding how Hg cycling is impacted by anthropogenic stressors is also important in 

the context of international environmental policy.  The Minamata Convention is a unilateral 

environmental agreement between 133 governments (128 governments have ratified the treaty 

as of Aug 2021) which addresses the global problem of Hg pollution.  Within this agreement 

under Article 19, the parties agree to cooperate to develop and improve “[m]odelling and 

geographically representative monitoring of levels of mercury and mercury compounds in 

vulnerable populations and in environmental media, including biotic media such as fish…” and 

“[i]nformation on the environmental cycle […] transformation and fate of mercury and mercury 

compounds in a range of ecosystems”11.  Therefore, understanding how mining activities affect 

MeHg cycling can help to better model Hg and MeHg levels in environmental media and will 

help to further our understanding of the environmental cycle of Hg. 

 

1.2 MINING POLLUTION IN CANADA’S NORTH 

Canada’s north has a long history of natural resource extraction. While the first mining operation 

opened in 1782 in New Brunswick, mining steadily spread through the country and reached the 

region of Yellowknife (Northwest Territories) by the mid 1930’s12.  This industry has arguably 

improved the quality of life to northern residents and has been the driving force in the 

development of towns in most provinces and territories.  However, this mining activity also has 

negative consequences, both sociological and environmental4,13,14.  Mining can have long lasting 

environmental consequences; for example, impacting aquatic systems such as lakes and rivers10.  

With the associated increase in development resulting from mining operations, we can expect 
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the Canadian landscape to be further affected in the years to come15.  It is therefore important 

to study how the pollution from historical mining practices has affected the environment in order 

to better mitigate and avoid damages that might arise from future mining activities. 

 

1.2.1 Rationale for Thesis 

Mining operations often release contaminants to the environment, and this can potentially 

impact the biogeochemical cycling of metals in freshwater lakes, particularly mercury (Hg) that is 

already present in the water.  The fate of Hg in the environment is very important to understand 

as its speciation is related to its toxicity.  The dominant form of organic Hg, methylmercury 

(MeHg), is more neurotoxic and bioaccumulative than inorganic Hg forms16.  Many environmental 

variables can impact the production of MeHg in freshwater systems, such as sulfate17, dissolved 

organic carbon, temperature, and pH18,19 (see Section 1.3 for a more details about Hg 

geochemistry).  As such, understanding the impact that mining operations have on the speciation 

of Hg found naturally in lakes can greatly help to assess the risk of such disturbances. 

 

The overarching objective of this thesis is to investigate the impact of mining on the fate 

of Hg in freshwater lakes in Canada’s boreal forest.  A complete understanding of the 

environmental parameters controlling Hg speciation, and ultimately its toxicity, can help to 

develop mitigation strategies to implement in the mining life cycle. 
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1.3 MERCURY 

1.3.1 General 

The many different species of Hg found in the environment can be divided into two major 

categories: organic and inorganic.  Organic species are composed of Hg covalently bound to 

one or more carbon atoms; the most notable organic species is MeHg, which is the primary 

concern in aquatic environments.  MeHg is highly toxic to organisms and has a high 

bioaccumulation factor, much higher than inorganic forms of Hg. Consequently, MeHg can reach 

high concentrations in fish, which is problematic for other species, or mining community 

members, who depend on fish for food.  As a result, it is vital to understand Hg cycling in the 

environment to protect residents from MeHg exposure16. 

 

1.3.2 Mercury, Mining, and Pollution 

In most boreal ecosystems, MeHg is usually 5% of the overall total Hg in water (Table S1.1)20–25.  

However, it is important to consider environments in which Hg is at natural concentrations but 

the proportion of bioavailable Hg (i.e. MeHg) is high, as MeHg can biomagnify in foodwebs.    As 

such, changes in certain environmental variables (e.g. lake productivity, pH, dissolved organic 

matter concentrations), can alter the ratio of MeHg to total Hg26.  Therefore, Hg toxicity in a 

system can be increased in two ways in the environment: 1) by adding Hg to the system or 2) by 

changing the environmental conditions (e.g. adding mining pollutants) causing the natural 

cycling of Hg to favour production of MeHg. 
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Most studies that have investigated mining and Hg focused on sites that are 

contaminated by high Hg from mining itself26.  However, few studies have investigated how 

mining pollution can perturb the natural cycling of Hg in a freshwater system.  In my thesis, I 

examined how roasting operations at mining sites can affect the cycling of Hg that is already 

present in the ecosystem. 

 

The ores most commonly associated with metal mining are sulfide bearing minerals27.  

Within these sulfide minerals are two types of ores: non-refractory and refractory. Metals are 

easily extracted from the former type, whereas extraction is much more difficult from the latter 

type; refractory ores include economically viable material (e.g. copper, gold, silver) that are 

usually “locked” into the mineral matrix and are resistant to normal extraction techniques, such 

as cyanidation.  Therefore, the ore needs to first be roasted to release the metal particle before 

extraction can take place28.  These mining practices, especially those done in the early 20th 

century, released significant amounts of pollutants to the environment, including sulfate, arsenic 

(As), and selenium (Se)4,29,30.  Even though this pollution is usually present as a mixture in the 

environment, most studies concentrate on a single pollutant, mostly Hg31–35 as the increase of 

Hg in the environment presents a clear increase of possible toxicity in the environment.  While 

these single pollutant studies provide foundational knowledge of Hg behaviour, they do not 

investigate how pollutant mixtures or variable additions of pollutants affect the natural cycling of 
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Hg in freshwater systems, and thus we have a limited understanding of the link between natural 

Hg cycling and pollution gradients of other metals. 

 

1.3.3 Effect of Sulfate on Hg Cycling 

Sulfur is an essential element to many living organisms as it is one of the fundamental 

components of protein reactivity36.  Due to its many oxidation states (-2, 0, +2, +4,+6) it can form 

various species, each with different chemical characteristics37,38.  Its fate in the environment is 

controlled by chemical and biotic reactions that occur in oxic and anoxic conditions, which 

constitutes its biogeochemical cycle37,39.  Unfortunately, the sulfur cycle is heavily perturbed by 

human activity38 as anthropogenic emissions of sulfur into the atmosphere have far exceeded 

natural sulfur emissions36,38.  Given the impact that human activities have on the sulfur cycle, it is 

important to understand this relationship and determine how changes to the sulfur cycle can 

affect the health of the environment. 

 

Pyrite (FeS) smelting and roasting are one of the primary sources of sulfur emissions.  FeS 

is a host for many metals, and thus FeS is commonly roasted to remove the metals of interest. 

During this process, great amounts of sulfur dioxide (SO2) are released into the atmosphere40.  

The SO2 subsequently goes through a series of reactions, reacting with either hydroxyl radicals 

or hydrogen peroxide, to form sulfuric acid. This sulfuric acid is then deposited into lakes, where 

it dissociates and becomes sulfate41. In lakes surrounding mining sites, there are often increased 

sulfate concentrations which can have widespread environmental effects42. 
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Both reduction and oxidation of sulfur species in the environment can be done 

through microbial metabolism37.  Sulfate reducing microbes (SRMs) are anaerobic organisms that 

use sulfate as their terminal electron acceptor (TEA). Most SRMs have adapted to many different 

environments, they use a wide array of electron donors (e.g. acetate, fumarate, pyruvate, H2)37,43 

and can also use less common alternative compounds as terminal electron acceptors (e.g. 

As(V))44–47.   

 

In addition, microbes that utilize sulfate as a TEA are one of the main microbial guilds 

responsible for Hg cycling48, possessing the capacity to both methylate and demethylate Hg 

species49.  Despite that, not all species of SRMs are capable of Hg methylation50, however their 

presence has been found to correlate with Hg methylation51. SRMs were shown to be one of the 

main methylators of Hg in freshwater systems48.  Studies have shown that net MeHg production 

in water increases with the addition of sulfate17 and that Hg methylation is significantly correlated 

with sulfate reducing rates50.  

 

1.3.4 Effect of Arsenic on Hg Cycling 

The toxic nature of As has been common knowledge for centuries as it has been used as a poison 

and pesticide. Most toxic elements on Earth exist in small quantities in the upper mantle of the 

crust; however, As is an exception to this rule as it is a relatively abundant trace element. As 

exists under four oxidation states: As[-3], As(0), As[+3], and As[+5]52. The two most abundant 



 9 

states are arsenite (+3) and arsenate (+5), which are found in reducing and oxidizing 

environments respectively53. 

 

Pentavalent (As(V)) and trivalent (As(III)) As species have different proposed mechanisms 

of toxicity, however trivalent species are considered the more toxic form.  Pentavalent As can 

mimic phosphate (PO4
-3) in the environment, and this can have detrimental effects on several 

biochemical reactions in microbial cells.  However, trivalent species exhibit more potent toxicity 

than their pentavalent counterparts, as they inhibit the activity of thiols in proteins of microbial 

cells52. Trivalent species are also less strongly adsorbed onto minerals compared to pentavalent 

species, meaning that reduction of As(V) species can increase the mobility and the bioavailability 

of As in the aqueous environment54. 

 

Although As is a relatively abundant metalloid in the Earth’s crust, it is locked into 

minerals and not bioavailable to organisms. Naturally, As is released into the environment by 

volcanic activity. However, due to the fact that geological formations containing As also contain 

valuable metals (e.g. gold, iron, copper), the most important modern source of As release is the 

burning of coal and ore roasting4,55–57.  Notably, sulfide bearing minerals are commonly enriched 

in As (e.g. arsenopyrite), as is the case in the bedrock of Yellowknife (NWT)58. 

 

Despite its microbial toxicity, there is growing evidence that shows the role of microbes 

in As geochemical cycling59.  Various microbes are capable of oxidizing60,61, methylating62, 

demethylating, and reducing63,64 As species.  Additionally, microbes have been shown to have 
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As resistance genes in plasmids, which code for reductive detoxification (ars operon) of As(V)65.  

In the case of oxidation and reduction transformations, these transformations have been 

identified as a detoxification method66, and in some cases, microbes are capable of reducing or 

oxidizing As as an energy source.  For example, Ahmann et al. (1994) first reported a microbe 

isolated from an As contaminated site was able to gain energy for growth from As(V) reduction67.  

Since then, multiple studies have demonstrated that certain bacterial strains reduce and oxidize 

As as a source of energy, usually referred to as As metabolizing microbes44,46,47,60,68–70. 

 

Most studies examining dissimilatory As(V) reduction show that As(V) is used as an 

alternative TEAs44,66,68,69,71–74.  Sulfate reducing microbes (SRMs) in particular are known to use 

compounds other than sulfate, such as As(V)45,72,73,75,76, as TEA under anoxic conditions77.  As 

previously mentioned in section 1.3.3, SRMs are also primary producers of MeHg in many 

freshwater environments51,78,79.  Therefore, SRMs could possibly affect the speciation of both Hg 

and As.  However, presently there is no scientific studies, in the field or laboratory, that have 

examined the effect of As on Hg cycling. 

 

1.3.5 Effect of Selenium on Hg Cycling 

Se is an essential element for various organisms and is a nutrient commonly found in fish80. Of all 

environmental components, the Earth’s crust contains the majority of the Se and many geological 

formations tend to be rich in this element.  Because of this phenomenon, weathering of 

geological formations (i.e. water and wind action) is a natural source of Se to in-land waters. Still, 
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anthropogenic activity is also an important source of Se to the environment.  In particular, ore 

roasting displaces large quantities of Se from geological formations to other environmental 

compartments such as lakes and rivers29,81.  As a consequence, during the metal extraction 

process, the environment surrounding mining sites can become enriched with Se29,81–83. 

 

The range over which Se is beneficial to organisms is narrow and it is easy for environments 

to become polluted with this metal; many studies have demonstrated the toxic effects of Se on 

lakes84,85 and biota86–88.  However, some studies have shown favourable effects of Se on the 

accumulation and production of MeHg in a system86,87,89–91.  In particular, Se has been shown to 

reduce the mobility, bioavailability, and toxicity of Hg in aquatic ecosystems86,87,89,92,93.  Because 

of this, Se addition has been proposed as a means of mitigating Hg contamination92,94,95.  

However, there remains a lack of scientific evidence for the long-term effects of Se additions on 

Hg cycling in a system93. Understanding how both Se and Hg respond, long term, in lake systems 

will provide a better understanding of the feasibility of such remediation actions and how legacy 

Se pollution in the environment affects Hg cycling long term.  

 

1.4 STUDY SITES 

Considering that most environmental regulations pertaining to mining activities were not put 

into effect until the mid 1900’s96, it is reasonable to assume that the vast majority of historical 

mining operations created some sort of pollution and that this legacy of pollution affects the 

surrounding landscape. In fact, many sites near smelters show some legacy contamination5,30,42,97.  
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In addition, mining sites are complex; many have an intricate mixture of contaminants and a 

considerable temporal variability in the volume of pollutants emitted in the environment. With 

that in mind, it is important to understand how this complexity can affect the natural cycling of 

Hg as this will inform how particular sites are remediated. 

 

 In this thesis, I studied two different historical mining sites, both located in Canada: 

Yellowknife in the Northwest Territories and Sudbury in Ontario.  Both sites have an extensive 

history of mining pollution, which has resulted in varying pollution gradients (i.e. distributions) 

surrounding the sites.  Yellowknife presents an ideal opportunity to study the effect of a mixture 

of pollutants, As and sulfate, on the cycling of Hg in the lakes.  Sudbury, a site that has been 

extensively studied by environmental scientists during peak Se emissions, offers an ideal 

opportunity to understand how current decreases in Se loading to the environment can affect 

Hg bioaccumulation in lake biota.  

 

1.4.1 Yellowknife 

The City of Yellowknife sits on the shore of Great Slave Lake, in the southern part of the 

Northwest Territories. For more than 7 000 years, Yellowknife and the territory surrounding it has 

been home to the Yellowknives Dene First Nations; whose name originates from the copper tools 

they fabricated out of rock found in the area. Yellowknife sits on ancient volcanic bedrock 

composed of a greenstone belt that is rich in many minerals and metals, including gold.  Because 

of its rich underlying geology, it was prime territory for mineral and metal exploration13. 
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Giant Mine, located on the outskirts of Yellowknife, was one of Canada’s largest mining 

operations.  The mine opened in 1948 and closed in 2004, during which time it extracted gold 

from arsenopyrite deposits98.  The arsenopyrite deposits found in the Yellowknife area consist of 

a refractory ore that is resistant to normal extraction techniques like cyanidation due to the 

presence of sulfides.  Thus the ore was first roasted to release sulfur, followed by cyanidation to 

collect the gold99.  The roasting of arsenopyrite minerals increased the release of sulfur, As, and 

antimony to the atmosphere.  These contaminants were ultimately deposited in the environment 

surrounding the mine and the city of Yellowknife55 along a gradient, with deposition decreasing 

with distance away from the roasting stack100. 

  

In 1999, the previous owner of the mine, Royal Oak Mines, went into receivership.  At 

that point, the ownership of the mine was transferred to Indigenous and Northern Affairs Canada 

(INAC), who initiated remediation efforts of the Giant Mine property101.  At the moment, six 

parties have signed the Giant Mine Remediation Project Environmental Agreement, including: 

INAC, Yellowknives Dene First Nation, and the City of Yellowknife.  The objective of this 

agreement includes, but is not limited to: “…the remediation of the Giant Mine site in a manner 

that eliminates or substantially mitigates the environmental risks posed by the site”102.  However, 

despite numerous studies showing that contamination from Giant Mine operations extends 

beyond the boundaries of the mining lease property4,30,100,103,104, the above agreement does not 

mention any plans to remediate the surrounding land.  Presently no government body has taken 
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responsibility to assess and potentially remediate the off-site contamination from the roasting at 

Giant Mine105.  

 

Addition of mining pollutants to the surrounding environment can have significant effects 

on the biogeochemical processes, which in turn affects the wildlife and residents of nearby 

communities. The environment surrounding Giant Mine includes many rivers, lakes, wetlands, 

and forests98.  Residents of local communities interact and depend on these ecosystems for food 

(i.e. fishing) and leisure (e.g. swimming), which directly exposes them to environmental changes 

caused by the roasting emissions from Giant Mine.  Additionally, as the lakes in Yellowknife have 

background levels of Hg in the water column, it presents a great opportunity to observe how 

these pollutants can affect the natural cycling of Hg in freshwater lakes.  The results from my 

thesis play a small part in understanding the full effect of legacy mining pollution on the lakes 

surrounding the city.  

 

1.4.2 Sudbury 

Similar to Yellowknife, the city Sudbury is shaped by its geological foundation.  Sudbury is 

located in Ontario, Canada and is the largest city in northern Ontario, with an approximate 

population of 160 000 people106. The Greater Sudbury area is part the traditional territory of the 

Atikameksheng Anishinaabek, which are decedents of the Ojibwe, Algonquin, and Oddawa 

Nations107,108. It is proposed by academics that these nations used the mineral deposits for tools 

and possibility assisted the first colonial prospectors in the area107,109. However, although it was 
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known that the area of Sudbury was rich in mineral deposits, commercial mining did not start 

until the late 1880’s when the first mining operations were set in the region, one of them being 

the Copper Cliff mining site that opened in May 1886. From then until the early 2000’s, Sudbury 

was one of Canada’s most productive mining cities with two companies occupying most of the 

production: Inco (presently Vale) and Falconbridge110. 

 

 Intense mining and smelting activities in the area created a pollution “halo” around the 

city, with high concentrations of sulfur, Se, nickel, and copper in the surrounding lakes29,42,111.  In 

particular, smelting activities in the early to mid 20th century emitted great amounts of SO2, which 

acidified the landscape around the smelter sites and created one of the most contaminated 

environments in Canada110.  Fortunately, Sudbury is also an example of a successful remediation 

effort, in which the acidification caused by smelting activity was counteracted with liming and 

reduced release of pollutants14,110,112,113.   

 

Despite these remediation efforts, other pollutants were still emitted from the smelter 

sites until the early 2000’s. One of these pollutants was Se29,114, which was released in great 

amounts to the atmosphere and deposited in the surrounding environment14,115.  Due to the 

interesting interplay between Se and Hg (see “Effects of Selenium on Hg Cycling” section 

above), Belzile et al (2006)86 have shown that the addition of Se in Sudbury was decreasing the 

accumulation of Hg and MeHg in the biota of the surrounding lakes. 
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In the past few years, there have been stricter emission regulations, more efficient smelting 

techniques, and periods of reduced production that have resulted in reduced atmospheric Se 

emissions from the smelter stacks in the Sudbury area14,116. Consequently, due to these 

restrictions and previous studies86, this site is an ideal opportunity to study the effects of varying 

Se deposition on supressing Hg accumulation in lake biota. 

 

1.5 THESIS STRUCTURE 

The goal of this thesis is to model how historical mining pollution affects the cycling of natural 

levels of Hg in boreal freshwater lakes.  Each research chapter of the thesis focuses on a type of 

contaminant that is commonly associated with mining activities: sulfate, As, and Se.   

 

The second chapter of this thesis investigated the effect of sulfate and As gradients on 

the cycling of Hg in lakes surrounding in Yellowknife, NWT, Canada.  We hypothesized that 

enhanced sulfate deposition from smelting affected MeHg dynamics in sediments of lakes 

surrounding Giant Mine.  Assuming that sulfate reducing metabolism was the main variable 

limiting MeHg in the system and not the amount or delivery rate of bioavailable Hg, we predicted 

that sulfate would be positively correlated with both rates of MeHg production and %MeHg. 

 

The third chapter was a laboratory study which examined the effect of As(V) on microbial 

Hg methylation under controlled conditions using freshwater lake sediments.  Considering that 

SRMs are the main Hg methylators in freshwater systems and that As(V) can be used by SRMs as 
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a TEA, we postulated that presence of As(V) in the system could influence the production of 

MeHg.  This study was exploratory by nature; our goal was to understand how As(V) addition to 

sediment slurries would affect the rate of production of MeHg in lake sediments. 

 

The fourth chapter investigated the effect of a long-term variable dosing of Se in freshwater 

lakes on the accumulation of Hg and MeHg in the foodweb.  We hypothesized that changes in 

Se emissions in Sudbury will alter Hg accumulation in biota, and predicted that a decrease in 

emissions would lead to an increase in Hg and MeHg in biota. 

 

Finally, the fifth chapter is the conclusion to the thesis, which will provide the main 

conclusions, the potential directions of future research, and the contribution of my findings to 

the present knowledge of Hg cycling in freshwater environments. 
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1.7 SUPPLEMENTARY INFORMATION 

 

Order occurring in the text: 

 
Table S1.1: Relative concentrations of methylmercury (MeHg) in water columns of freshwater 
boreal lakes as a percent (%) of total mercury in various peer-reviewed   
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Table S 1.1: Relative concentrations of methylmercury (MeHg) in water columns of freshwater 
boreal lakes as a percent (%) of total mercury in various peer-reviewed studies 

 

Reference  MeHg in Water (%) 

Evans et al. (2005)(22)  4.2 (±2.1) 

Chetelat et al. (2011)(23)  8 (±5) 
Moreno et al. (2016)(21)  5.8 (± 3) 
Poste et al. (2015)(24)  2.3 (±0.3) 
Emmerton et al. (2018)(25)  5.3 (±0.7) 
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Main Conclusions: 
 

1) Fraction of methylated total Hg (%MeHg) found in surface water is positively 
correlated to the sulfate gradient (0 – 115 mg/L) 

 
2) Rate at which Hg is methylated (Km) in sediments is negatively correlated with 

total arsenic, and positively correlated with dissolved organic carbon, total 
phosphorous, and %MeHg in the water 

 
3) Six of the 28 lakes that had detectable demethylation rate constants (Kd) also 

had significantly lower DOC concentrations than lakes with non-detectable Kd 
 

4) Arsenic and sulfate concentrations are significantly correlated with changes in 
microbial communities of sediments, along with other environmental variables 
(total phosphorous, and dissolved organic matter composition). 

 
Contribution to Field: 
 
The majority of studies that investigate Hg cycling in the environment usually 
concentrate on a few lakes or sampling sites, mostly along Hg pollution gradients.  This 
limits the environmental variables that can be controlled for, and might ultimately 
affect the conclusions that are drawn from these results.  Our results, collected over 3 
years and covering 2800 km2 highlight the importance of conducting larger scale 
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landscape studies in which we can investigate the effect of coincident pollution 
gradients (e.g. arsenic and sulfate) affecting Hg cycling  
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2.1 ABSTRACT 

Smelting activities at Giant Mine (Yellowknife, NWT, Canada) have resulted in high 

sulfate and arsenic concentrations in nearby lakes.  Here we tested whether historic 

smelting affects current mercury (Hg) cycling in 35 freshwater lakes over a 2800 km2 area 

around the former gold mine. We sampled lake water and sediment over three 

consecutive years (2015-2017) using a factorial sampling design that accounted for 

different environmental variables known to affect the net methylmercury (MeHg) levels 

in water.  Stable Hg(II) and MeHg isotope tracers were used to quantify Hg methylation 

and demethylation rate constants in sediments, and 16S rRNA gene amplicon 

sequencing was used to characterize microbial community structure.  This study reveals 

that the fraction of methylated total Hg (%MeHg) found in surface water is positively 

correlated to the sulfate gradient, while the rate at which Hg is methylated (Km) in 

sediments is negatively correlated with total arsenic, and positively correlated with 

dissolved organic carbon, total phosphorous, and %MeHg in the water.  Furthermore, 6 

of the 28 lakes that had detectable demethylation rate constants (Kd) also had 

significantly lower DOC concentrations than lakes with non-detectable Kd.  Our results 

also show legacy pollution from smelting activities is affecting the structure of the 

microbial communities in lake sediments. This study revealed the complex dynamics of 

Hg cycling in this northern environment, highlighting the importance of large-scale 



 29 

studies in which the effect of multiple pollution gradients (e.g. arsenic and sulfate) must 

be taken into consideration. 
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2.2 ENVIRONMENTAL SIGNIFICANCE 

Studies that have investigated the effect of mining activities on mercury cycling are 

mostly done on a small subset of lakes that cannot fully capture the range of limnological 

characteristics in a landscape.  Our study assessed the effect of multiple variables 

associated with gold mining and arsenopyrite roasting (e.g. sulfate and arsenic 

concentrations) on mercury cycling on such a diverse set of lakes. Using stable mercury 

isotopes to measure methylation and demethylation rate constants, our results show that 

the sulfate concentration is a predictor of the fraction of total mercury that is present as 

methylmercury in the water column (%MeHg), while the rate at which microbes methylate 

mercury in sediments is correlated with total arsenic, dissolved organic carbon, total 

phosphorous, and %MeHg in water.  We also show that arsenic and sulfate 

concentrations are significantly correlated with changes in microbial communities of 

sediments, along with other environmental variables (total phosphorous, and dissolved 

organic matter composition).  Our results highlight the complex interaction between 

signature variables of mining activities and  mercury transformations in heterogeneous 

landscapes.  
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2.3 INTRODUCTION 

Mercury (Hg) is a toxic trace metal whose methylated form (i.e. MeHg) is a primary 

concern due to its neurotoxicity and ability to bioaccumulate and biomagnify in higher 

trophic level organisms, resulting in high [MeHg] in some predatory fish.  Once in the 

body, MeHg can easily cross the blood-brain or placenta barriers and affect either the 

neurological system of a person or disrupt the normal development of a fetus1.  As a 

result, understanding MeHg production and degradation in the environment is vital to 

protecting wildlife and humans whose diet exposes them to high levels of Hg2. 

 

Whereas abiotic Hg methylation in natural environments has been shown to be 

possible3,4, Hg methylation by microorganisms is the most probable pathway to produce 

MeHg5.  The identification of genes (hgcAB) essential for microbial Hg methylation6, has 

shown that different guilds of microbes possess the genetic potential to produce MeHg7–

9.  However, sulfate reducing microbes, which use sulfate as a terminal electron acceptor, 

remain important Hg methylators in freshwater environments10. 

 

Although [MeHg] and [total Hg] in environmental matrices can provide 

information on how much Hg is methylated (e.g. %MeHg), these values provide only a 

snapshot at a given moment in time and do not address the dynamic cycling of Hg.  In 

particular, %MeHg does not reveal how fast the reactions proceed in a given system. It 
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is now well established that complementing %MeHg data with 

methylation/demethylation experiments can offer a more complete view of MeHg 

dynamics11,12, particularly to understand how perturbations to systems (e.g. addition of 

sulfate) affect the fate of Hg. 

 

For Hg(II) to be methylated, not only must microbes capable of Hg methylation 

be metabolically active, but the environmental conditions must also allow for Hg to be 

bioavailable to microbial cells responsible for its transformation13,14. Variables that affect 

Hg methylation, either by affecting Hg bioavailability or the activity of Hg methylating 

microbes, include factors such as quantity and quality of dissolved organic matter (DOM), 

pH, sulfate concentrations, lake productivity, iron concentrations, and temperature5.  

Multiple studies have investigated the effect of various environmental variables on Hg 

methylation rate constants15–17, with some concentrating on sites contaminated with 

Hg18,19. However, no studies have investigated the production of MeHg in a vast 

landscape that is greatly affected by pollution (excluding Hg) resulting from smelting 

activity.  

 

Canada’s North has a long history of natural resource extraction that contributes 

significantly to its economic sustainability20 and development21.  In recent years, a 

concerted effort was made in expanding the natural extraction industry in Canada’s 
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North, possibly affecting the landscape during and after operations, both directly (e.g. 

emission of pollutants) and indirectly (e.g. increased nutrient loading to local waters due 

to population increase)22,23. 

 

Here we examined factors affecting MeHg concentrations in lake waters near 

Giant Mine; a gold mine located on the outskirts of Yellowknife and one of Canada’s 

largest mining operations.  The mine operated from 1948 to 1999, during which time it 

extracted gold from arsenopyrite deposits24. The arsenopyrite deposits found in the 

Yellowknife area consist of a refractory ore that is resistant to normal extraction 

techniques like cyanidation due to the presence of sulfides.  Thus the ore was first 

smelted to release sulfur, followed by cyanidation to collect the gold25.  The smelting of 

metal ores released great quantities of pollutants into the atmosphere that were later 

deposited on the surrounding landscape, making this area one the most polluted sites 

in Canada26.  Many studies in the last decade have shown the extent of pollution far 

beyond the Giant Mine lease boundaries27–30.  In particular, Houben et al. (2016) showed 

that arsenic (2.0 – 136 μg/L), antimony (0.1 – 2.0 μg/L), and sulfate (0.5 – 48 mg/L) 

concentrations in lake water decreased with distance from the roaster stack.  These 

anthropogenic stressors can potentially affect the biogeochemical cycling of metals in 

the environment, particularly Hg. 
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Smelting operations have resulted in a ‘halo’ of high [sulfate] (up to 115 mg/L) in 

lakes near Giant Mine (<25 km).  Although [total Hg] in the lakes remain within 

concentrations typical of these sub-Arctic environments (1-6 ng/L)31, the ratio of MeHg 

relative to total Hg (%MeHg) is higher close to the mine and decreases with distance27.  

These aquatic systems presented a great opportunity to study the effect of sulfate 

loading on Hg methylation in northern freshwater lakes. We hypothesized that enhanced 

sulfate deposition from smelting affected MeHg dynamics in sediments of lakes 

surrounding Giant Mine.  Assuming that sulfate reducing metabolism was the main 

variable limiting [MeHg] in the system and not the amount or delivery rate of bioavailable 

mercury, we predicted that [sulfate] would be positively correlated with both rates of 

MeHg production and %MeHg. 

 

We tested our hypothesis by i) identifying which chemical variables correlated with 

MeHg production in lakes around Giant Mine, and ii) quantifying Hg 

methylation/demethylation rate potentials in lake sediments along the sulfate gradient 

around Giant Mine using stable isotopes of Hg. We also measured environmental 

variables that likely influence microbial Hg cycling. To further assess the response of the 

microbial community, we characterized changes in microbial community structure along 

the pollution gradient. We used these changes as one integrative response to the 

geochemical variation present across the spatial gradient sampled. 
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2.4 MATERIALS AND METHODS 

2.4.1 Study Sites 

Sampling took place within a 30 km radius around the Giant Mine roaster stack (Figure 

2.1).  This radius of sampling was chosen to include reference sites unaffected by the 

mining activity based on studies that have shown the full extent of the roasting emissions 

being within a 25 km radius27. Lakes in the Yellowknife area were sampled during three 

years (2015, 2016, and 2017) using a factorial sampling design while attempting to 

account for variables that may be important in directly or indirectly affecting [MeHg] in 

freshwater ecosystems such as aqueous [sulfate], [DOC], [total iron], [total phosphorus], 

and pH.  Figure 2.2, a principal component analysis (PCA) of the water chemical 

variables, shows an orthogonal distribution of the concentration gradients for the 

environmental variables mentioned above.   

 

Both surface lake water and the top 5 cm of sediment were sampled at each lake.  

The sampled surface water was acidified and stored at 4°C.  Sediment was sampled in 

triplicate using a Uwitec corer.  The top 5 cm of each core was subsampled, using an 

extruder, into a sterile bag and a small amount of sediment was put into cryotubes using 

a sterile spatula.  The cryotubes were flash-frozen with dry ice and preserved at -80°C 
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until further analyses.  Due to logistical constrains, the rest of the sediment was frozen 

and preserved at -20°C until analysis. 

 

2.4.2 Water Chemistry 

Triplicate surface water samples were analysed for total Hg as described in EPA Method 

1631 using cold-vapor atomic fluorescence spectrometry (CV-AFS, Tekran Instrument 

Corp. Series 2600 spectrophotometer)32 (average recovery of laboratory control sample: 

97.66%). MeHg in water was extracted using the method described in Cai et al. (1997) 

and analysed with capillary gas chromatography-atomic fluorescence spectrometry (GC-

AFS, Ai Cambridge Model 94 GC with a CTC Autosampler and PSA Merlin Detector)33 

(average recovery of laboratory control sample: 88.51%).  

 

Total arsenic and total phosphorous concentrations were measured by inductively 

coupled plasma mass spectrometry (ICP-MS) using EPA method 200.834 (average 

recovery of laboratory control sample: 102.30%). 

 

SUVA254 (L/mg-M) is the ratio of absorbance at UV254 and [DOC] in the water, this 

ratio can be used as a general quantitative estimate of aromaticity of DOC in the 

sample35.  The absorbance UV254 was measured with a spectrophotometer 
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(Cary 300 BIO UV–Vis Spectrophotometer) and [DOC] were measured using a modified 

OI Analytical model 1030 wet TOC analyser, with a model 1051 autosampler36. 

 

 All other chemical analyses (i.e. total iron, pH, sulfate, and total nitrogen) with 

water samples were done at Taiga Environmental Laboratory (Yellowknife, NWT, 

Canada), which is certified by the Canadian Association for Laboratory 

Accreditation (CALA) (ISO/IEC 17025). 

 

2.4.3 Incubation Experiments 

The lake sediments were thawed overnight at 4°C.  In each vial, 18 g of homogenized 

sediment was mixed with 54 mL of anaerobic miliQ (1:3 slurry ratio) in the anaerobic 

chamber. The slurry was prepared in a serum vial with a rubber stopper to ensure no 

oxygen would penetrate into the slurry samples.  The slurry was first left at 4°C for 3 days, 

then overnight at room temperature in the anaerobic chamber.   

 

Two treatments, each in triplicate, were applied to each lake sediment sample.  

The first treatment was spiked with Me198Hg and 199Hg solutions (prepared in miliQ and 

left to equilibrate for 2 hours in a cool dark space), the second was left unspiked to track 

the natural variation in isotope concentrations.  The spiked treatments had a final 

concentration of 10 ng/g of 199Hg (inorganic) and 5 ng/g of Me198Hg, respectively 
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representing on average 114% and 278% of the Hg and MeHg already present in the 

system.  2.5 g of sediment were subsampled at each time point (0h, 6h, 12h, 24h, 48h) 

and flash frozen in liquid nitrogen.  Samples were stored at -20°C, then freeze-dried and 

stored in a cool dark place until analysis. 

 

 Several MeHg extraction methods were tested due the large number of lakes with 

different chemical and geological properties. Ultimately, a modified Cai et al. (1997)37 

extraction method was found to yield the best results, as demonstrated by an average 

92.50% recovery rate of Me198Hg isotope.  Freeze-dried samples were weighted out and 

placed into a glass vial, 5 mL of 4 M nitric acid (HNO3) were added.  An internal isotope 

standard (Me201Hg) was added and samples were left in a dark cool place for 30 minutes.  

Following this, samples were placed in an oven at 55°C for 16 hours.  After, 0.5 mL of 

1.0 M copper sulfate (CuSO4) was added to cooled samples along with 7 mL of 

dichloromethane (DCM).  The mixture was shaken for 3 hours, then centrifuged for 10 

minutes at 3500 rpm.  The overlying DCM was then extracted into a second glass vial 

and 2 mL of 1 mM sodium thiosulfate solution (Na₂S₂O₃) was added.  The mixture was 

then shaken for 1 hour and centrifuged for 10 minutes at 3500 rpm.  Finally, the overlying 

sodium thiosulfate was removed and placed into an amber GC vial for analysis.  Hg 

isotopes were then analyzed using liquid chromatography inductively coupled plasma 
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mass spectrometry (LC-ICP-MS) following the method described in Batista et al. (2011)38 

(Table S2.1, Figure S2.4).  

 

First, for each lake, a linear segment of the methylation and demethylation figure 

(Figure S2.4) was visually assessed to find the best time point for maximum 

methylation/demethylation rates.  Next, a pseudo first-order relationship for mercury 

species was assumed, and both the first-order methylation rate constant (Km, Equation 

2.1) and the first-order demethylation rate constant (Kd, Equation 2.2) were calculated 

based on Hintelmann et al (2000)39–41.  Considering that the Hg isotopes that are added 

to sediments have been shown to be more bioavailable that ambient Hg41, the 

calculations henceforth will refer to the potential methylation/demethylation rate 

constants of each lake sediment. Most of the lakes for which we determined Kd (22 out 

of 28) did not show clear demethylation with kd values either around zero or even slightly 

positive (Figure S2.4). We did not setup “killed” experiments for every lake sediment 

types to obtain control Kd values; this was not logistically possible considering our field 

constraints. In absence of dataset and to provide an estimate of the variance associated 

with Kd, we used 3 times the standard deviations around the average Kd for lakes that 

did not show demethylation; we used this value as our limit of quantification (LOQ = 

0.304 day-1) to include lakes in our statistical analyses. Note that raw data are provided 

in supporting information. 



 40 

 

Equation 2.1: 

9: =	
[;<=>>?@]ABC −	[;<=>>	?@]AE

[=>>?@]FGHIJK 	∗ 	M
 

 

Equation 2.2: 

9K =	−1	 ∗ 	
NO[;<=>P?@]ABC − 	NO[;<=>P	?@]AE

M
 

 

2.4.4 Microbial Community Structure 

Sediment DNA was extracted using the MoBio PowerSoil DNA Extraction Kit following 

the manufacturer’s instructions.  The quality of DNA extracted was tested ensuring that 

PCR targeting 16S rRNA and glnA genes yielded amplicons of the correct size visible by 

gel electrophoresis.  16S rRNA gene amplicons were sequenced using Illumina MiSeq 

with primers 341F (CCTACGGGNGGCWGCAG) and 785R 

(GACTACHVGGGTATCTAATCC) targeting the V3-V4 region at the MR DNA sequencing 

facility (Sallowater, Texas, USA). 

 

 16S rRNA gene amplicon sequencing results were analyzed with a QIIME2 

pipeline using DADA242 to infer amplicon sequences and the SILVA 138 database to 

assign taxonomy43. All statistical analyses found in this study pertaining to the microbial 

community of the lakes were done in R with the following packages: phyloseq44, vegan45, 
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and ggvegan46.  The details pertaining to the pipeline analysis can be found in a github 

repository (mijaazdajic/ykn_QIIME_analysis). 

  

2.4.5 Statistical Analyses 

 Three main statistical techniques were used to analyze the results: general linear 

regression analyses, unconstrained ordinations, and constrained ordinations.  All 

statistical analyses were done in R with the following packages: vegan45, MASS47, lmtest48, 

and car49.  The full analyses can be found in a github repository 

(mijaazdajic/ykn_R_statistical_anlayses). 

 

 To analyze which environmental variable best correlated with %MeHg and Hg 

kinetics (Km and Kd), we used a stepwise regression analysis to build the best regression 

model.  All residuals of models were tested for model assumptions (i.e. linearity, 

homoscedasticity, and normality). 

 

An unconstrained multivariate ordination was used to assess the differences in 

chemical composition of water samples.  Each sampling site had four different 

environmental variables (i.e. sulfate, pH, DOC, total iron) that were normalized and used 

to make a Euclidean distance matrix.  Then, this distance matrix was used in a PCA. 
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Spatial distances between sampling sites were transformed into rectangular 

vectors by principal coordinates of neighbour matrices (PCNM)50.  This transformation 

reflects the spatial relationships among sampling sites using vectored variables, which 

are then directly included as covariates in constrained ordinations, allowing to test if the 

geographic placement of sites explained the changes in microbial community 

composition. 

 

A UniFrac dissimilarity matrix was calculated to assess the differences in microbial 

community structures of the sampled lake sediments.  UniFrac metrics rely on the 

phylogenetic distances of microbial communities between samples.  Here, we report on 

the weighted UniFrac metric which considers both phylogenetic relationship and 

differences in abundance between sampling sites.  Using the Unifrac distance matrix, we 

performed distance based redundancy analysis (db-RDA) to test variability of microbial 

communities against spatial, environmental, and kinetic (Km/Kd) data.  A db-RDA analysis 

implements classical multidimensional scaling on a dissimilarity matrix and performs a 

redundancy analysis on the ordination results to measure the variation explained by a 

given set of explanatory variables.  A db-RDA was chosen because i) it is a constrained 

analysis complementary to a principal coordinate analysis (PCoA), therefore appropriate 

to use with non-Euclidean distance matrices such as UniFrac, ii) it has been shown to be 

more powerful than the commonly used Mantel correlation test51, and iii) it does not 
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assume multi-normality in the response variables52.  We performed a stepwise model 

selection in order to minimize the number of variables in the analyses and used ANOVA-

like permutation tests to assess the significance of coefficients.  All analyses were 

handled with the vegan package in R45. 

 

2.5 RESULTS AND DISCUSSION 

Giant Mine smelting operations created a gradient of sulfate (0 – 115 mg/L) in a wide 

area for which the levels of Hg in lakes remain within natural concentrations (1-6 ng/L)31.  

Based on our current knowledge of MeHg production, we predicted that increasing 

[sulfate] would stimulate sulfate-reducing microbial metabolism which would result in 

more MeHg (%MeHg) and higher rate of MeHg production (Km).   

 

We first set out to choose lakes that were broadly representative of the 

geochemistry of the region surrounding Giant Mine by sampling lakes in a large 

geographic area (Figure 2.1, Table 2.1), which we sampled over three years (2015-2017).  

This spatial variability allowed us to capture the effect of multiple environmental variables 

on MeHg cycling namely in terms of pH, [sulfate], [DOC], [total phosphorous], and [iron], 

which are important variables known to affect MeHg production5 (Figure 2.2).  We also 

explored the role of arsenic, a toxic metalloid, that could possibly confound the results 

due to the strong gradient that is present in the lakes studied (0.42 – 1327 μg/L). 
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Our first objective was to identify which environmental variables (sulfate, arsenic, 

iron, DOC, pH, phosphorous) were correlated with %MeHg observed in lakes.  Using a 

step-wise regression model, [sulfate] in water was the only environmental variable that 

was significantly correlated with %MeHg in the water column (p-value < 0.05). The 

relationship between %MeHg and [sulfate] was nonlinear (log(y) = log(x) + a) and reached 

a plateau at ca. [sulfate] = 40 mg/L (Figure 2.3a).  Most studies show significant non-

linear relationships between [sulfate] and [MeHg]53,54 or methylation rate constants17, and 

most systems do reach a level at which addition of sulfate does not stimulate production 

of MeHg11,55.  This phenomenon is mostly attributed to the relationship between Hg and 

sulfide, a by-product of sulfate reduction.  At low [sulfate], the additions of sulfate 

stimulate sulfate-reducing microbial metabolism, leading to an increase in the 

production of MeHg10.  As sulfide concentrations increase, mercury sulfide complexes 

form aggregates that are less bioavailable.  Therefore, less Hg is methylated in the 

system due to decreased bioavailability to Hg methylating microbes56,57.   

 

However, the bioavailability of Hg species is not the only variable that can affect 

the final concentrations of MeHg in the surface water.  Limnologic characteristics, such 

as lake and catchment size, have been shown to affect the concentrations of total Hg 

and MeHg in water58.  The relationship between the production (Km) and degradation 
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(Kd) of MeHg in the system is also important to consider.  Net [MeHg] (and %MeHg) is 

the result of both MeHg production and MeHg degradation59; hence identifying the 

environmental variables that affect the rate of MeHg transformations will help better 

identify how emissions from Giant Mine affected the final %MeHg in the systems. 

 

The potential rate constants of Hg methylation in our study ranged from 0.010 

day-1 to 0.743 day-1 with an average of 0.163 day-1, which is comparable to rate constants 

found in other lake sediments40,60,61 wetland systems11,17,62–65. We used stepwise 

regression to identify which of the environmental variables collected in the water column 

(sulfate, arsenic, pH, DOC, SUVA, total iron, total phosphorus, and %MeHg) best 

explained changes in Km in the studied lakes sediments.  Our statistical analysis (Table 

2.2, Figure S2.1) revealed that four environmental variables were significantly correlated 

with Km; total arsenic (p-value = 0.0129), DOC (p-value = 0.0467), total phosphorous (p-

value = 0.0301), and %MeHg (p-value = 0.0039).  

 

Total arsenic concentration was negatively correlated with Km. The literature 

seldom refers to the interplay between arsenic and Hg, and we could not find any studies 

that addressed this possible relationship over large spatial scales.  Our results show that 

the historical arsenic pollution gradient does have an effect on the production of MeHg 
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in lakes around Giant Mine, possibly limiting methylation due to the toxic nature of 

arsenic66,67.  

 

DOC had a positive and significant relationship with Km.  The role of dissolved 

organic matter (DOM), for which we measured [DOC] as a proxy, is complex.  DOM can 

affect Hg bioavailability, both increasing and decreasing it60,68–70. First, DOM can help 

stabilize Hg-sulfide complexes71,72 and can increase the bioavailability of these 

complexes to Hg methylating microbes73, however aged DOM can decrease the 

bioavailability of Hg68. Secondly, DOC can also stimulate microbial metabolism acting as 

carbon and energy sources69,74.  Additionally, studies have shown that the origin (i.e. 

composition) of the DOM can affect the final production of MeHg in freshwater 

systems60.  In fact, SUVA was also identified during the model selection; however, in the 

selected model, the relationship between SUVA and Km fell marginally short of 

significance (p-value = 0.088).   

 

Total phosphorous, which we used as a proxy for lake productivity 75,76, was also 

positively and significantly correlated with Km.   It is reasonable to expect methylation 

rate constants to increase with increasing productivity of the lakes, as shown by other 

studies, possibly providing labile carbon sources to microbes16,77.   

 



 47 

Finally, our analysis revealed that %MeHg in water was positively correlated with 

Km measured in sediments, which is in agreement with other studies12,62. Indeed, MeHg 

that is produced in the sediments is one of the largest contributors of MeHg in the water 

column40.   

 

Although sulfate was significantly correlated with %MeHg, our analysis did not 

show sulfate in water as being a significant predictor of Km in sediments (Figure 2.3b). 

This is not unexpected as sulfate levels in water do not necessarily reflect sediment 

porewater sulfate levels, due to the rapid cycling of sulfate in lacustrine sediments78. 

However, examination of the relationship between Km and [sulfate] (Figure 2.3b) clearly 

shows that four lakes with the highest sulfate concentrations clustered together, possibly 

standing as outliers.  These lakes all have [sulfate] > 40 mg/L, which is also the threshold 

above which we observed a plateau in the relationship between %MeHg and [sulfate] 

(Figure 2.3a). We decided to run an analysis without these four lakes on the basis of their 

high [sulfate], above the threshold at which evidence suggested methylation is 

hampered (here, ca. 40 mg.L-1).   Two regression models were found to best explain the 

changes in Km in sediments (Figure S2.2).  The first regression model identified sulfate as 

significantly and positively correlated with Km (p-value = 0.03, R2 = 0.15), while the 

second regression model identified %MeHg as being significantly and positively 

correlated with Km (p-value = 0.04, R2 = 0.15).  Considering that the Akaike information 
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criterions (AIC) for both regression models were very similar (71.74 and 71.95 

respectively) and that there was no statistically significant difference between the two 

models (p-value > 0.05), we conclude that both variables are equally good predictors of 

Km in the system.  Therefore, for this subset of lakes (with only 4 lakes with very high 

[sulfate] that were excluded), we can infer that Km is significantly correlated to the 

pollution gradient (i.e. [sulfate] in the water column) as well as %MeHg in the water 

column. This suggests that the activity of Hg methylators (e.g., sulfate reducers) is likely 

affected by the pollution gradient and that this effect could result in the gradient of 

%MeHg we have observed.  However, it should be highlighted that 4/28 lakes (ca.15% 

of samples) were not included in this subset of lakes, suggesting that this predictive 

model may only be applicable to lakes with [sulfate] ≤ 40 mg.L-1, a threshold above which 

additional variables are needed to explain km=f([sulfate]). 

 

Mercury methylation is a microbially mediated process. We used 16S rRNA gene 

amplicon sequencing as a means to test whether the pollution gradient affected the 

microbial community structure, and explored how these changes might be associated 

with variations in MeHg transformation rate constants. 

 

Variables that could possibly be related to microbial community structure were 

divided into three categories: spatial variation (spatial relationships among sampling 
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sites using vectored variables, PCNM), water chemistry (i.e. [DOC], pH, [sulfate], [total 

Fe], [total phosphorous], [total arsenic], and SUVA), and Hg transformation rate constants 

(i.e., Km and Kd). Following a stepwise regression, our results indicated that two of the 

major pollutants emitted from Giant Mine smelting, namely sulfate (p-value 0.004) and 

arsenic (p-value = 0.001), were significantly correlated with changes in microbial 

community structure together with total phosphorous (p-value = 0.045) and SUVA (p-

value = 0.040).  The constrained ordination (db-RDA) showed that 28.42% of the total 

variation of microbial community structure was explained by these variables with each 

axis explaining 42.67%, 28.75%, 16.98%, and 11.60% of the fitted variation. Using a 

partial db-RDA analysis we showed that 10.50% of variation could be attributed to [total 

arsenic], 6.65% to [sulfate], 5.68% to SUVA, and 5.59% to [total phosphorous] (Figure 

2.4, Table 2.3).  Admittedly, the variability explained within microbial community 

structure can be considered small.  This reflects the complex interplay of variables 

affecting microbial community structure in environmental samples and to the fact that 

we likely have not measured all possible explanatory variables.  

 

Interestingly, the two variables that significantly correlated with Km (Table 2.2) 

were also significantly correlated with changes in microbial community: arsenic and 

phosphorous concentrations.  Some studies have found that arsenic can alter microbial 

community structure and diversity79, while other studies have found no significant 
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effect67.  Total phosphorous has also been found to influence microbial community 

structure80 and phosphate has specifically been shown to increase the activity of 

heterotrophic microbes81.  The correlation between arsenic and total phosphorous with 

both changes in microbial community structure and Km indicate that variation in the 

structure of the microbial community due to changes in nutrients or toxicant 

concentrations possibly affect Hg methylation.  When a db-RDA was performed for the 

subset of lakes for which incubation data was available (Table 2.4, Figure 2.5), only [total 

arsenic] was significantly correlated with changes in microbial community (p-value = 

0.002) explaining 16.20% of the fitted variability.  Obtaining additional information on 

the genetic potential of these microbial communities to methylate Hg, such as hgcAB 

genes, diversity, and abundance would allow to better constrain this variability6,9. 

 

Our results also indicate that DOM origin (characterized by SUVA) was a significant 

contributor to the microbial community structure of these northern lakes. SUVA can be 

used as a proxy for DOC origins, samples with high SUVA (³4 L/mg•m) tend to have 

more complex and heterogenous organic compounds that are rich in aromatics, while 

samples with lower SUVA (<3 L/mg•m) tend to have more homogenous and low-

molecular weight molecules that are low in aromatics82. This value provides information 

on the source of the DOM in the water column; water samples with high SUVA indicate 

a large presence of allochthonous DOM in the water column, while lower values are 
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indicative of autochthonous sources of DOM83.  SUVA in the lakes ranged from 0.029 

L/mg•m to 2.400 L/mg•m, with an average of 0.846 L/mg•m which is comparable to 

other northern Canadian lakes84.  The SUVA between the lakes spans two orders of 

magnitude indicating that certain lakes were possibly receiving more allochthonous 

DOM than others, although all samples seem to indicate a larger presence of 

homogenous and low-molecular weight molecules.  Autochtonous organic matter has 

been shown to enhance methylation rates in boreal lake sediments by increasing overall 

microbial activity60, however SUVA was not identified as an significant predictor of 

%MeHg nor Km in the set of lake studied here.  Therefore, our results show that carbon 

substrate (i.e. DOC) availability is associated with both the assemblage of microbes in 

sediment and the activity of Hg methylating microbes, although only the microbial 

community structure seems to be significantly affected the by the nature of this carbon 

substrate.  

 

MeHg demethylation rate constants (Kd) ranged between below the limit of 

quantification (LOQ=0.304) to 1.166 day-1 which is comparable to other studies both in 

lakes60,61 and wetlands55,62,65.  Note that 22 out of 28 lakes sampled had Kd below LOQ 

during incubations (Figure S2.4).  Considering the large number of values below LOQ in 

our dataset, we could not meet normality nor linearity assumptions of residuals for a 

general linear regression model.  However, we separated the lakes into two groups:  



 52 

lakes for which Kd > LOQ and those for which kd < LOQ, and tested whether 

environmental variables were significantly different between the two groups using a non-

parametric test (Figure S2.3). DOC was the only variable that was significantly different 

between the two groups of lakes (p-value< 0.01) with the lakes that exhibited 

demethylation having significantly lower [DOC], which could be linked to decreasing 

bioavailability of MeHg85.  This contrasts with studies that have shown that demethylation 

increases with increasing organic carbon concentrations in the system86, and others that 

have not found any significant correlation between Kd and DOC19,87. 

 

To conclude, Hg cycling in lakes around Giant Mine is affected by several variables 

associated with historical mining activities. The fraction of total Hg found as MeHg 

(%MeHg) in these Yellowknife lakes is significantly correlated with the historical 

deposition of sulfate from Giant Mine.  The rate at which MeHg is formed in the 

sediments (i.e. Km) is negatively correlated with total arsenic, and positively correlated 

with DOC, total phosphorous, and %MeHg in the water.  However, only a subset of lakes 

has a significant correlation between the Hg cycling kinetics (i.e. Km) and the sulfate 

concentration gradient in this landscape.  These results speak to the complexity of Hg 

cycling in a heterogeneous landscape.  The majority of studies that investigate Hg 

cycling in the environment usually concentrate on a few lakes or sampling sites, mostly 

along Hg pollution gradients12,17,19,62,63,88.  This limits the environmental variables that can 
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be controlled for, and might ultimately affect the conclusions that are drawn from these 

results.  Our results, collected over 3 years and covering 2800 km2 highlight the 

importance of conducting larger scale landscape studies in which we can investigate the 

effect of coincident pollution gradients (e.g. arsenic and sulfate) affecting Hg cycling. 
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Table 2.1: Information of lakes sampled including sampling spatial coordinates, aqueous Hg and MeHg concentrations, and Hg 1 
transformation rate constants.  (LOQ = limit of quantification) 2 

Lake Latitude Longitude Area (m2) MeHg (ng/L) THg (ng/L) Km (/day) Kd  (/day) 
BC14 62° 31' 30.57'' N 114° 25' 07.48'' W 193 952 0.79 2.92   
BC17 62° 29' 59.45'' N 114° 25' 14.90'' W 156 331 0.29 1.97 0.194 <LOQ 
BC18 62° 31' 04.57'' N 114° 23' 40.92'' W 155 789 0.15 1.41 0.038 <LOQ  
BC20 62° 30' 19.50'' N 114° 23' 16.03'' W 437 109 1.15 2.32 0.263 <LOQ  
BC21 62° 29' 16.61'' N 114° 26' 23.85'' W 92 916 0.07 0.96 0.085 <LOQ  
BC22 62° 32' 27.31'' N 114° 50' 24.64'' W 8 301 0.28 1.63 

  
BC24 62° 32' 48.05'' N 114° 44' 43.27'' W 11 384 0.08 0.99 0.013 <LOQ  
BC30 62° 31' 08.11'' N 114° 36' 43.51'' W 622 416 0.04 0.33 0.167 <LOQ   
BC31 62° 32' 50.16'' N 114° 34' 57.98'' W 349 068 0.09 1.35   
BC32 62° 30' 26.04'' N 114° 32' 07.44'' W 118 138 0.30 1.26   
BC36 62° 32' 27.12'' N 113° 55' 51.05'' W 132 511 0.37 5.80 0.137 <LOQ  
BC43 62° 30' 30.65'' N 114° 10' 30.04'' W 358 987 0.09 0.55 0.147 <LOQ  

BCR07 62° 32' 34.62'' N 114° 21' 09.83'' W 14 069 0.21 0.93 0.237 <LOQ  
David 62° 32' 36.46'' N 114° 22' 37.31'' W 132 815 0.15 0.69 0.084 <LOQ  
Frame 62° 27' 38.19'' N 114° 23' 02.53'' W 881 244 0.18 0.70 0.021 0.483  

Icing 62° 39' 18.75" N 114° 23' 08.23" W 1 210 000 0.10 0.77 0.010 1.166  
Martin 62° 31' 49.49" N 114° 26' 26.49" W 2 929 991 0.13 0.42   

BCR-Mija 62° 31' 55.45'' N 114° 21' 21.62'' W 15 016 0.18 0.80 0.398 <LOQ  
Niven 62° 27' 41.36'' N 114° 22' 04.52'' W 107 463 0.98 2.19 0.743 <LOQ  

Pocket 62° 30' 32.30'' N 114° 22' 25.60'' W 48 000 0.75 2.50   
Pontoon 62° 32' 46.31" N 114° 01' 28.79" W 3 534 190 0.07 0.26 0.313 <LOQ  

Prosperous 62° 32' 47.92" N 114° 11' 10.84" W 160 930 000 0.02 0.22 0.073 0.318 
Rat 62° 26' 45.22'' N 114° 21' 48.95'' W 38 213 0.60 1.08 0.192 <LOQ  

Vee 62° 33' 04.01'' N 114° 21' 12.94'' W 697 807 0.22 0.52   
YK11 62° 29' 05.43'' N 114° 25' 03.53'' W 548 597 0.27 0.71 0.088 <LOQ  
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Lake Latitude Longitude Area (m2) MeHg (ng/L) THg (ng/L) Km (/day) Kd  (/day) 
YK12 62° 29' 09.19'' N 114° 25' 30.33'' W 64 225 0.30 3.03 0.325 <LOQ  
YK40 62° 21' 59.63'' N 114° 08' 01.50'' W 340 232 0.05 0.74 0.170 <LOQ  
YK42 62° 29' 31.57'' N 114° 23' 46.52'' W 212 361 0.14 0.95 0.058 0.522 
YK60 62° 30' 18.15'' N 114° 27' 11.94'' W 393 444 0.03 0.28 0.013 0.972 
YK67 62° 29' 31.24'' N 114° 18' 06.58'' W 87 674 0.10 2.16 0.068 <LOQ  
YKE1 62° 31' 54.77'' N 113° 22' 23.76'' W 227 031 0.10 0.52 0.083 <LOQ  
YKN1 62° 48' 48.50'' N 114° 22' 13.95'' W 260 633 0.04 0.41 0.086 <LOQ  
YKS1 62° 17' 37.92" N 113° 57' 06.36" W 202 589 0.12 0.65 0.171 0.432 
YKS2 62° 18' 14.64" N 113° 57' 04.74" W 2 347 017 0.02 0.32 0.156 <LOQ  

YKW1 62° 38' 06.87'' N 115° 01' 08.62'' W 928 750 0.13 0.93 0.250 <LOQ  

 3 

        

 4 
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Table 2.2: Results from the step-wise regression model selection.  Regression model (R2 = 
0.329, F(5, 22) = 3.653, p-value = 0.0148) below was chosen to best explain the changes in Hg 
methylation rate constants (Km) in sediments. 

Variable 

 

Estimate St Dev t p-value 

(intercept) 
 

-7.1855 1.3081 -5.493 < 0.0001 ** 
ln(SUVA) 

 
 0.7195 0.4030  1.785    0.0880 

ln(Total Arsenic)  -0.2915 0.1077 -2.706    0.0129 * 
ln(DOC) 

 
  0.7049 0.3344  2.108    0.0467 . 

ln(Phosphorous +1) 
 

  0.4263 0.1839  2.318    0.0301 * 
ln(%MeHg)    0.9230 0.2862  3.225    0.0039 ** 

 

 

Table 2.3: Results from stepwise model (ordistep) for the constrained ordination method (db-
RDA).  This analysis was done on all lakes sampled during the study. 

Variable  Sum of squares Pseudo F p-value 
ln(Total Arsenic)  0.4482 3.1209 0.001 ** 

ln(Sulfate)  0.2954 2.0566 0.004 ** 
sqrt(Total Phospohorus)  0.2320 1.6153 0.045 . 

SUVA  0.2405 1.6748 0.040 * 
 

 

Table 2.4: Results from stepwise model (ordistep) for the constrained ordination method (db-
RDA) for the subset of lakes for which incubation data was available. 

Variable  Sum of squares Pseudo F p-value 
ln(Total Arsenic)  0.3710 2.3432 0.002 * 

ln(Sulfate)  0.2371 1.5571 0.050 . 
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Figure 2.1: Map of sampling sites in Yellowknife, NWT, Canada. Each point represent a lake 
sampled during the study in 2015, 2016, and 2017. 
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Figure 2.2: A principal coordinate analysis (PCA) plot showing the differences in water 
chemistry of each lakes sampled.  Points represent the sampled lakes and the arrows of water 
chemistry for each lake during the three year 
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Figure 2.3: Results from chemical and incubation experiments.  Panel A shows %MeHg with 
respect to sulfate concentrations in the water column of all lakes from the study.  Panel B shows 
the methylation rate constant (day-1) in the sediments with respect to sulfate concentration in 
the water column.  
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Figure 2.4: Distance based redundancy analysis (db-RDA) plot of microbial community based 
on the chemical and spatial variables.  This analysis was done on all lakes sampled during the 
study. 
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Figure 2.5: db-RDA of microbial community of incubation lakes Distance based redundancy 
analysis (db-RDA) plot of microbial community based on the chemical, spatial, and kinetic 
variables.  This analysis was done on all lakes for which incubation data was available. 
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2.8 SUPPLEMENTARY INFORMATION 

Order occurring in the text: 

Figure S2.1: Partial regression plots for each variable from the regression model in Table 2.  
Each plots shows the estimated relationship between the response and the explanatory 
variable after adjusting for the other variables in the model. 
 
Figure S2.2: Regression plots showing relationship between Km with respect to sulfate 
concentrations (A) and %MeHg (B) in water, plot only contains samples that have sulfate 
concentrations < 40 mg/L. 
 
Figure S2.3: Boxplots of the two groups of demethylation rate constants (Kd) in lake sediments 
with respect to the different water chemistry measured.  Lakes were categorized as following: 
lakes with detectable demethylation (>LOQ) and lakes with demethylation below detection 
limit (<LOQ). (LOQ = limit of quantification) 
 
Figure S2.4: Methylation and demethylation figures for all lakes. The top panel (pink points) for 
each lake represents the increase in Me199Hg (i.e. methylation) and the bottom panel (green 
points) for each lake represents the decrease in Me198Hg (i.e. demethylation). The horizontal 
red line is the concentration of spiked MeHg at the start (t=0) of each incubation. 
 
Figure S2.5: Relative abundance of microbial Phyla in each lake sediment sample 
 
Table S2.1: Raw results from ICP-MS analysis of methylmercury isotopes in incubation 
sediments.  For each lake two types of treatment are shown, one spiked with mercury isotopes 
(spiked) and one that is left unspiked (unspiked). 
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Figure S2.1: Partial regression plots for each variable from the regression model in Table 2.2.  
Each plots shows the estimated relationship between the response and the explanatory 
variable after adjusting for the other variables in the model. 
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Figure S2.2: Regression plots showing relationship between Km with respect to sulfate 
concentrations (A) and %MeHg (B) in water, plot only contains samples that have sulfate 
concentrations < 40 mg/L. 
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Figure S2.3: Boxplots of the two groups of demethylation rate constants (Kd) in lake sediments 
with respect to the different water chemistry measured.  Lakes were categorized as following: 
lakes with detectable demethylation (>LOQ) and lakes with demethylation below detection 
limit (<LOQ). (LOQ = limit of quantification) 
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Figure S2.4: Methylation and demethylation figures for all lakes.  The top panel (pink points) for 
each lake represents the increase in Me199Hg (i.e. methylation) and the bottom panel (green 
points) for each lake represents the decrease in Me198Hg (i.e. demethylation).  The horizontal 
red line is the concentration of spiked MeHg at the start (t=0) of each incubation. 
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Figure S2.5: Relative abundance of microbial Phyla in each lake sediment sample 
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Table S2.1: Raw results from ICP-MS analysis of methylmercury isotopes in incubation 
sediments.  For each lake two types of treatment are shown, one spiked with mercury isotopes 
(spiked) and one that is left unspiked (unspiked). 

Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
BC17 spiked 0 3.0717 0.2074 24.9149 1 
BC17 spiked 6 6.3792 21.7901 39.7944 1 
BC17 spiked 12 6.0907 26.364 38.1802 1 
BC17 spiked 24 8.5983 38.7424 48.4085 1 
BC17 spiked 48 10.6998 39.6034 42.2161 1 
BC17 spiked 0 3.6246 0.3069 29.9407 2 
BC17 spiked 6 3.7897 13.2288 27.2396 2 
BC17 spiked 12 4.5107 19.6373 30.269 2 
BC17 spiked 24 6.254 27.1395 37.2342 2 
BC17 spiked 48 7.4011 33.114 38.82 2 
BC17 spiked 0 3.5228 0.3159 30.1425 3 
BC17 spiked 6 5.0985 17.8619 33.9861 3 
BC17 spiked 12 5.062 20.5241 32.0964 3 
BC17 spiked 24 11.9725 49.4971 60.9777 3 
BC17 spiked 48 9.1764 39.014 43.2173 3 
BC17 unspiked 0 3.4314 0.132 0.1015 1 
BC17 unspiked 6 4.2659 0.0384 0.0724 1 
BC17 unspiked 12 4.4374 0.0088 -0.0136 1 
BC17 unspiked 24 4.5721 -0.0404 0.0003 1 
BC17 unspiked 48 4.7669 0.1798 0.0856 1 
BC17 unspiked 0 3.2875 -0.0595 -0.0536 2 
BC17 unspiked 6 4.4301 0.0676 0.0746 2 
BC17 unspiked 12 3.2009 0.0075 -0.0054 2 
BC17 unspiked 24 3.7116 0.0495 -0.0302 2 
BC17 unspiked 48 3.6798 0.0281 0.0327 2 
BC17 unspiked 0 4.2669 0.0283 0.0742 3 
BC17 unspiked 6 3.8993 -0.0898 0.0117 3 
BC17 unspiked 12 4.3654 0.0874 -0.0145 3 
BC17 unspiked 24 4.4456 0.0463 0.1031 3 
BC17 unspiked 48 4.544 -0.0903 0.0706 3 
BC18 spiked 0 3.812 1.2872 147.8713 1 
BC18 spiked 6 6.0025 8.2224 179.4489 1 
BC18 spiked 12 2.7248 7.869 129.7219 1 
BC18 spiked 24 4.6234 17.941 139.3452 1 
BC18 spiked 48 6.8828 48.2847 135.3772 1 
BC18 spiked 0 2.4684 0.7751 106.1976 2 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
BC18 spiked 6 2.2877 4.8024 111.8177 2 
BC18 spiked 12 2.8853 6.6555 119.2556 2 
BC18 spiked 24 2.8751 12.8144 111.3671 2 
BC18 spiked 48 6.2533 39.1658 127.3155 2 
BC18 spiked 0 2.2447 1.0545 125.6992 3 
BC18 spiked 6 2.6981 6.4913 124.5676 3 
BC18 spiked 12 2.822 7.3232 115.9701 3 
BC18 spiked 24 3.5605 16.7866 118.8209 3 
BC18 spiked 48 5.6932 37.5433 122.9637 3 
BC18 unspiked 0 2.8009 -0.0616 0.0204 1 
BC18 unspiked 6 4.348 0.0081 0.1317 1 
BC18 unspiked 12 2.7425 0.0222 0.0066 1 
BC18 unspiked 24 2.3074 0.2273 0.2715 1 
BC18 unspiked 48 3.4622 0.2288 0.3704 1 
BC18 unspiked 0 2.2391 0.0154 0.0599 2 
BC18 unspiked 6 2.1343 0.0291 0.0621 2 
BC18 unspiked 12 2.1767 -0.0029 0.0385 2 
BC18 unspiked 24 2.1511 0.0115 0.0308 2 
BC18 unspiked 48 2.4372 0.008 -0.0269 2 
BC18 unspiked 0 2.0006 0.0122 0.0662 3 
BC18 unspiked 6 2.2517 -0.0491 0.0404 3 
BC18 unspiked 12 2.273 -0.0417 0.0635 3 
BC18 unspiked 24 1.904 0.0631 0.0108 3 
BC18 unspiked 48 2.5019 -0.0201 0.0081 3 
BC20 spiked 0 2.3595 0.0888 26.3018 1 
BC20 spiked 6 2.8552 9.0143 23.3248 1 
BC20 spiked 12 3.5195 12.7289 21.8393 1 
BC20 spiked 24 4.0922 15.5297 20.8155 1 
BC20 spiked 48 4.5987 17.9541 20.5951 1 
BC20 spiked 0 1.4695 0.2975 9.2195 2 
BC20 spiked 6 3.001 9.8054 25.4171 2 
BC20 spiked 12 4.4031 15.986 25.1113 2 
BC20 spiked 24 4.3107 16.572 21.7086 2 
BC20 spiked 48 5.1803 21.9645 23.4439 2 
BC20 spiked 0 2.4531 0.0895 23.8477 3 
BC20 spiked 6 4.0582 11.1299 27.1247 3 
BC20 spiked 12 3.3969 11.2149 18.3347 3 
BC20 spiked 24 4.2083 16.5614 20.4216 3 
BC20 spiked 48 4.4624 18.0957 19.8007 3 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
BC20 unspiked 0 2.2322 0.0021 0.0139 1 
BC20 unspiked 6 2.5018 0.0198 -0.0089 1 
BC20 unspiked 12 2.5906 0.0184 0.0126 1 
BC20 unspiked 24 2.9891 -0.0094 -0.0186 1 
BC20 unspiked 48 2.8149 0.0209 0.0015 1 
BC20 unspiked 0 3.6263 -0.0799 -0.0455 2 
BC20 unspiked 6 3.7894 -0.2054 -0.005 2 
BC20 unspiked 12 3.5539 -0.0924 0.0035 2 
BC20 unspiked 24 3.3987 0.0116 0.0037 2 
BC20 unspiked 48 3.7936 -0.0302 -0.0012 2 
BC20 unspiked 0 2.3065 0.0195 0.0233 3 
BC20 unspiked 6 2.7812 -0.0199 0.0154 3 
BC20 unspiked 12 2.8016 0.0056 0.0094 3 
BC20 unspiked 24 3.1434 -0.0662 0.0094 3 
BC20 unspiked 48 2.7027 0.0281 0.0033 3 
BC21 spiked 0 2.4578 0.1394 62.8655 1 
BC21 spiked 6 1.7561 3.2594 55.0451 1 
BC21 spiked 12 1.5265 4.4021 50.171 1 
BC21 spiked 24 2.4838 7.7204 51.6253 1 
BC21 spiked 48 4.7501 23.0345 63.3129 1 
BC21 spiked 0 1.7442 0.1901 60.7771 2 
BC21 spiked 6 2.0486 4.5812 55.4915 2 
BC21 spiked 12 2.4124 6.789 55.7148 2 
BC21 spiked 24 2.5622 11.9902 57.3169 2 
BC21 spiked 48 5.3597 29.9785 67.5363 2 
BC21 spiked 0 1.6331 0.1118 58.4466 3 
BC21 spiked 6 1.2959 3.068 37.0529 3 
BC21 spiked 12 2.7005 4.7564 55.4127 3 
BC21 spiked 24 3.2525 10.0062 58.8641 3 
BC21 spiked 48 6.6549 29.9539 70.813 3 
BC21 unspiked 0 1.5716 0.0186 0.0597 1 
BC21 unspiked 6 1.8245 0.0569 0.0304 1 
BC21 unspiked 12 1.9965 0.0185 0.059 1 
BC21 unspiked 24 2.5371 0.0109 0.0293 1 
BC21 unspiked 48 3.4232 0.0473 0.0624 1 
BC21 unspiked 0 1.8043 0.1292 0.064 2 
BC21 unspiked 6 2.0012 -0.0022 0.0215 2 
BC21 unspiked 12 2.7775 0.0197 0.1072 2 
BC21 unspiked 24 3.6967 0.0208 0.0085 2 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
BC21 unspiked 48 5.1412 0.0241 -0.0425 2 
BC21 unspiked 0 2.0721 0.0662 0.1074 3 
BC21 unspiked 6 1.8067 0.0063 0.0396 3 
BC21 unspiked 12 2.2585 0.0374 0.0484 3 
BC21 unspiked 24 2.1759 -0.0293 0.0404 3 
BC21 unspiked 48 2.8987 -0.022 0.0331 3 
BC24 spiked 0 2.531 -0.2622 25.2629 1 
BC24 spiked 6 3.0901 1.5099 30.469 1 
BC24 spiked 12 1.9523 2.0846 34.5865 1 
BC24 spiked 24 30.1573 4.0484 21.5299 1 
BC24 spiked 48 8.4741 -0.3626 35.0236 1 
BC24 spiked 0 1.5162 0.1426 21.4056 2 
BC24 spiked 6 1.023 0.8457 22.2524 2 
BC24 spiked 12 1.2805 1.4234 23.0273 2 
BC24 spiked 24 1.8247 4.4385 23.1556 2 
BC24 spiked 48 3.9255 15.2746 20.5835 2 
BC24 unspiked 0 4.3245 -0.3409 -0.2652 1 
BC24 unspiked 6 2.5569 0.1533 -0.0175 1 
BC24 unspiked 12 4.5125 0.074 0.0301 1 
BC24 unspiked 24 3.4768 5.2535 1.8501 1 
BC24 unspiked 48 9.7462 24.8651 1.072 1 
BC24 unspiked 0 1.4281 -0.0136 0.0192 2 
BC24 unspiked 6 1.3053 0.0352 0.0209 2 
BC24 unspiked 12 1.4984 0.0573 0.1648 2 
BC24 unspiked 24 2.9967 0.0676 0.1527 2 
BC24 unspiked 48 3.5457 0.017 0.0553 2 
BC30 spiked 0 1.5027 0.0826 37.061 1 
BC30 spiked 6 1.8896 2.7843 34.5447 1 
BC30 spiked 12 2.2983 6.0966 36.2361 1 
BC30 spiked 24 3.0435 10.5291 34.6018 1 
BC30 spiked 48 6.0327 25.1417 45.8037 1 
BC30 spiked 0 1.305 0.1003 38.2806 2 
BC30 spiked 6 1.5927 2.7785 35.7794 2 
BC30 spiked 12 2.092 5.8225 34.7516 2 
BC30 spiked 24 3.055 11.0889 35.1807 2 
BC30 spiked 48 4.8094 21.2809 35.8524 2 
BC30 spiked 0 1.4458 0.1459 33.4093 3 
BC30 spiked 6 1.6682 2.7548 32.59 3 
BC30 spiked 12 2.5651 7.2946 39.0248 3 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
BC30 spiked 24 3.2262 12.3924 35.7648 3 
BC30 spiked 48 5.7827 23.8748 38.4573 3 
BC30 unspiked 0 1.6185 -0.0377 0.0358 1 
BC30 unspiked 6 1.5594 -0.0715 0.0322 1 
BC30 unspiked 12 2.1114 -0.003 0.0209 1 
BC30 unspiked 24 2.3239 -0.0393 -0.0041 1 
BC30 unspiked 48 2.7508 0 0.0123 1 
BC30 unspiked 0 1.3641 0.0217 0.0357 2 
BC30 unspiked 6 1.5485 0.0006 0.0436 2 
BC30 unspiked 12 1.7917 0.0001 0.0112 2 
BC30 unspiked 24 1.7514 0.0088 0.0253 2 
BC30 unspiked 48 2.3104 0.0036 0.0062 2 
BC30 unspiked 0 1.3379 0.0092 0.0839 3 
BC30 unspiked 6 1.618 -0.0058 0.0459 3 
BC30 unspiked 12 1.7763 0.0238 0.021 3 
BC30 unspiked 24 2.2334 -0.0176 -0.0234 3 
BC30 unspiked 48 2.1064 0.0482 0.0043 3 
BC36 spiked 0 26.0214 0.9374 88.8387 1 
BC36 spiked 6 9.5578 12.648 28.5681 1 
BC36 spiked 12 21.7187 31.3919 42.7226 1 
BC36 spiked 24 18.8925 38.011 32.6563 1 
BC36 spiked 48 52.6405 151.9022 93.9749 1 
BC36 spiked 0 5.8965 0.169 68.1329 2 
BC36 spiked 6 8.97 28.8685 70.6534 2 
BC36 spiked 12 12.2796 50.6201 73.1146 2 
BC36 spiked 24 18.1025 95.5853 86.7959 2 
BC36 spiked 48 22.0511 115.5051 76.3366 2 
BC36 unspiked 0 7.4766 -0.2491 2.3886 1 
BC36 unspiked 6 5.8629 0.2735 0.0173 1 
BC36 unspiked 12 12.0639 -0.5708 2.1255 1 
BC36 unspiked 24 7.7471 0.5302 0.0551 1 
BC36 unspiked 48 5.7997 0.7122 0.1632 1 
BC36 unspiked 0 6.4745 -0.0616 -0.0119 2 
BC36 unspiked 6 6.5516 -0.0272 0.0528 2 
BC36 unspiked 12 7.2978 0.053 0.0753 2 
BC36 unspiked 24 9.0896 0.0911 0.0309 2 
BC36 unspiked 48 12.6168 0.0849 -0.0168 2 
BC43 spiked 0 1.2176 0.4188 31.3012 1 
BC43 spiked 6 1.6789 2.359 28.6387 1 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
BC43 spiked 12 1.8435 4.8211 32.1466 1 
BC43 spiked 24 4.3005 20.5109 38.935 1 
BC43 spiked 48 5.7175 34.5564 35.6669 1 
BC43 spiked 0 1.3053 0.2292 33.1278 2 
BC43 spiked 6 1.5476 2.7778 32.2423 2 
BC43 spiked 12 1.5484 3.2181 30.7286 2 
BC43 spiked 24 2.886 13.7871 32.4784 2 
BC43 spiked 48 6.1734 32.283 38.5375 2 
BC43 spiked 0 1.3835 0.2445 28.0159 3 
BC43 spiked 6 1.8666 3.7413 30.9913 3 
BC43 spiked 12 6.6166 12.0282 33.4511 3 
BC43 spiked 24 4.4462 24.2937 35.9565 3 
BC43 spiked 48 7.7805 42.7672 39.2306 3 
BC43 unspiked 0 1.5846 0.0172 0.0854 1 
BC43 unspiked 6 1.5937 0.0999 0.0349 1 
BC43 unspiked 12 2.0257 -0.0388 0.0268 1 
BC43 unspiked 24 2.9566 -0.0484 -0.0745 1 
BC43 unspiked 48 3.515 0.0539 0.0246 1 
BC43 unspiked 0 0.8331 0.0443 0.0249 2 
BC43 unspiked 6 0.777 0.0132 0.041 2 
BC43 unspiked 12 1.1364 -0.0101 0.0081 2 
BC43 unspiked 24 1.2626 -0.0328 0.0363 2 
BC43 unspiked 48 1.2594 0.055 0.023 2 
BC43 unspiked 0 1.3775 0.0589 0.0554 3 
BC43 unspiked 6 1.5849 0.0567 -0.0066 3 
BC43 unspiked 12 1.8546 0.0236 0.0467 3 
BC43 unspiked 24 2.8173 -0.0113 -0.0145 3 
BC43 unspiked 48 3.4398 -0.0107 0.0283 3 

BCR07 spiked 0 3.9007 0.1352 60.4913 1 
BCR07 spiked 6 3.79 13.6428 61.0381 1 
BCR07 spiked 12 4.4781 13.411 58.4199 1 
BCR07 spiked 24 4.7322 20.2021 53.0756 1 
BCR07 spiked 48 15.2037 47.8232 92.5831 1 
BCR07 spiked 0 1.9663 0.1737 64.2019 2 
BCR07 spiked 6 3.468 10.8551 59.0439 2 
BCR07 spiked 12 3.5446 14.6161 55.3835 2 
BCR07 spiked 24 4.5969 22.0878 51.2249 2 
BCR07 spiked 48 7.5179 35.3719 61.6215 2 
BCR07 spiked 0 2.3669 0.3231 60.8403 3 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
BCR07 spiked 6 3.6754 11.1915 63.1696 3 
BCR07 spiked 12 4.1873 17.0107 64.7639 3 
BCR07 spiked 24 5.8615 25.9305 69.0502 3 
BCR07 spiked 48 6.9756 32.2556 61.0753 3 
BCR07 unspiked 0 3.0232 0.0265 0.0954 1 
BCR07 unspiked 6 1.7056 0.0984 0.1813 1 
BCR07 unspiked 12 2.9037 -0.0668 0.0754 1 
BCR07 unspiked 24 3.422 0.0493 0.0135 1 
BCR07 unspiked 48 4.975 -0.0323 0.0135 1 
BCR07 unspiked 0 1.8308 -0.0027 0.0681 2 
BCR07 unspiked 6 2.4762 0.0289 0.1124 2 
BCR07 unspiked 12 2.2861 0.0533 0.0414 2 
BCR07 unspiked 24 3.604 -0.0059 -0.0113 2 
BCR07 unspiked 48 3.4709 0.0137 0.0221 2 
BCR07 unspiked 0 2.3932 0.0122 0.0216 3 
BCR07 unspiked 6 2.3292 0.0326 0.015 3 
BCR07 unspiked 12 3.1766 -0.0544 -0.0007 3 
BCR07 unspiked 24 3.8011 0.0105 0.0364 3 
BCR07 unspiked 48 3.82 0.0623 0.0438 3 
DAVID spiked 0 2.3255 0.7606 121.6125 1 
DAVID spiked 6 2.8618 7.8334 123.0387 1 
DAVID spiked 12 3.5684 10.3004 134.2383 1 
DAVID spiked 24 4.6468 27.6063 131.6842 1 
DAVID spiked 48 7.2869 46.5075 144.527 1 
DAVID spiked 0 2.6589 0.6884 132.6369 2 
DAVID spiked 6 2.8225 7.1369 115.5881 2 
DAVID spiked 12 4.1752 12.394 132.9034 2 
DAVID spiked 24 4.3664 27.7536 125.323 2 
DAVID spiked 48 6.2312 44.8087 125.5306 2 
DAVID spiked 0 2.7946 0.7523 114.025 3 
DAVID spiked 6 3.4755 11.7105 142.0834 3 
DAVID spiked 12 3.9882 16.4308 144.0287 3 
DAVID spiked 24 5.5763 34.8488 145.9191 3 
DAVID spiked 48 6.8223 49.6522 139.6102 3 
DAVID unspiked 0 2.3954 0.0798 0.142 1 
DAVID unspiked 6 2.4336 -0.0128 0.0387 1 
DAVID unspiked 12 2.7482 0.0298 0.0339 1 
DAVID unspiked 24 3.0602 0.1174 0.2509 1 
DAVID unspiked 48 3.5401 -0.0335 0.0243 1 



 84 

Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
DAVID unspiked 0 2.3392 0.0223 0.0886 2 
DAVID unspiked 6 2.1899 0.0362 0.0609 2 
DAVID unspiked 12 2.413 0.0185 0.0644 2 
DAVID unspiked 24 2.9311 0.0273 0.085 2 
DAVID unspiked 48 3.2352 0.0209 0.0421 2 
DAVID unspiked 0 3.2469 -0.016 0.0603 3 
DAVID unspiked 6 3.6616 -0.0329 0.0633 3 
DAVID unspiked 12 3.2965 -0.0205 0.0482 3 
DAVID unspiked 24 3.6167 -0.0426 0.0267 3 
DAVID unspiked 48 4.1564 -0.0292 0.0858 3 

FRAME spiked 0 3.1607 0.0838 37.5918 1 
FRAME spiked 6 3.3755 0.7583 35.5193 1 
FRAME spiked 12 2.9614 1.4231 29.5361 1 
FRAME spiked 24 3.4121 2.3662 31.3406 1 
FRAME spiked 48 3.7868 3.2309 30.7892 1 
FRAME spiked 0 4.9514 -0.1585 48.1015 2 
FRAME spiked 6 4.1207 0.3827 39.06 2 
FRAME spiked 12 3.4374 1.3673 32.6133 2 
FRAME spiked 24 3.0918 1.9523 30.931 2 
FRAME spiked 48 2.8095 2.3232 24.8823 2 
FRAME spiked 0 4.0651 0.0329 45.5133 3 
FRAME spiked 6 3.2103 0.7676 33.5213 3 
FRAME spiked 12 4.3628 2.0293 41.3721 3 
FRAME spiked 24 4.6834 3.0463 35.8544 3 
FRAME spiked 48 4.4602 4.2114 37.2285 3 
FRAME unspiked 0 2.9596 0.0037 -0.0018 1 
FRAME unspiked 6 3.0594 -0.0198 -0.0078 1 
FRAME unspiked 12 3.1524 -0.0092 -0.0194 1 
FRAME unspiked 24 3.0595 0.0015 0.0028 1 
FRAME unspiked 48 2.8413 0.0583 0.0038 1 
FRAME unspiked 0 2.3633 0.0832 0.0603 2 
FRAME unspiked 6 2.9478 -0.0026 0.0397 2 
FRAME unspiked 12 2.6861 0.0065 0.0179 2 
FRAME unspiked 24 2.518 -0.0411 0.0415 2 
FRAME unspiked 48 2.7375 -0.0044 0.0015 2 
FRAME unspiked 0 4.1824 -0.0424 0.18 3 
FRAME unspiked 6 2.2483 0.0048 0.1427 3 
FRAME unspiked 12 3.2094 -0.0887 -0.0196 3 
FRAME unspiked 24 2.4835 0.0036 0.015 3 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
FRAME unspiked 48 4.0067 -0.0461 0.0606 3 
ICING spiked 0 1.7281 0.1164 29.549 1 
ICING spiked 6 0.918 0.252 18.51 1 
ICING spiked 12 1.7677 0.7164 34.6833 1 
ICING spiked 24 1.6926 1.5935 23.054 1 
ICING spiked 48 2.6628 4.7764 23.3449 1 
ICING spiked 0 1.9669 0.0486 34.3088 2 
ICING spiked 6 1.1265 0.7351 35.0108 2 
ICING spiked 12 1.4414 0.5996 28.0805 2 
ICING spiked 24 1.5144 1.1606 19.9129 2 
ICING spiked 48 2.0792 3.2812 18.7601 2 
ICING spiked 0 1.2796 0.2181 33.7707 3 
ICING spiked 6 1.0722 0.3047 22.0265 3 
ICING spiked 12 1.1385 0.3652 19.9943 3 
ICING spiked 24 1.4078 1.165 15.4994 3 
ICING spiked 48 2.5621 4.0958 21.7437 3 
ICING unspiked 0 1.044 0.0206 0.1513 1 
ICING unspiked 6 1.5985 0.0449 0.1467 1 
ICING unspiked 12 1.0202 0.0711 0.0565 1 
ICING unspiked 24 1.2471 0.0331 0.0134 1 
ICING unspiked 48 1.4942 0.0153 0.025 1 
ICING unspiked 0 1.1738 0.0215 0.05 2 
ICING unspiked 6 1.0968 -0.0621 0.0932 2 
ICING unspiked 12 1.3244 0.0024 0.0589 2 
ICING unspiked 24 1.6968 -0.0225 0.0933 2 
ICING unspiked 48 2.4183 -0.0096 0.0129 2 
ICING unspiked 0 1.0373 0.0406 0.0407 3 
ICING unspiked 6 1.4396 -0.0012 0.0235 3 
ICING unspiked 12 1.8278 -0.1167 0.0389 3 
ICING unspiked 24 1.2638 -0.0044 0.0606 3 
ICING unspiked 48 1.8857 -0.0122 0.0081 3 
MIJA spiked 0 2.4241 0.6004 26.2111 1 
MIJA spiked 6 3.7661 16.7156 21.6058 1 
MIJA spiked 12 7.3614 31.9358 28.9929 1 
MIJA spiked 24 9.1093 41.4161 28.2201 1 
MIJA spiked 48 11.3625 51.1567 31.7612 1 
MIJA spiked 0 2.4595 0.1636 22.4012 2 
MIJA spiked 6 3.6804 14.9647 18.863 2 
MIJA spiked 12 5.0783 23.0727 20.2601 2 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
MIJA spiked 24 8.6316 35.5835 25.0429 2 
MIJA spiked 48 8.9867 37.5633 22.4631 2 
MIJA spiked 0 2.7848 0.5326 22.4871 3 
MIJA spiked 6 5.0272 19.6695 26.7032 3 
MIJA spiked 12 4.6988 21.2899 21.8017 3 
MIJA spiked 24 6.4479 33.5196 25.1788 3 
MIJA spiked 48 9.0375 40.8541 26.3084 3 
MIJA unspiked 0 2.9239 0.0363 0.0623 1 
MIJA unspiked 6 3.7497 0.0144 -0.0109 1 
MIJA unspiked 12 4.5672 0.0135 0.0597 1 
MIJA unspiked 24 4.1546 0.0521 0.0351 1 
MIJA unspiked 48 5.7694 -0.0848 -0.0511 1 
MIJA unspiked 0 2.6286 -0.0273 0.0318 2 
MIJA unspiked 6 2.7548 0.0078 0.1018 2 
MIJA unspiked 12 3.731 0.0515 -0.052 2 
MIJA unspiked 24 4.2665 -0.0381 0.0594 2 
MIJA unspiked 48 5.3865 -0.1136 -0.0484 2 
MIJA unspiked 0 2.5115 0.0029 0.2008 3 
MIJA unspiked 6 3.2396 0.046 0.0192 3 
MIJA unspiked 12 4.0505 -0.0465 0.0124 3 
MIJA unspiked 24 3.6579 0.0464 0.0888 3 
MIJA unspiked 48 4.2318 0.0433 -0.0262 3 

NIVEN spiked 0 3.5885 0.2246 25.1542 1 
NIVEN spiked 6 4.8603 7.5346 26.7158 1 
NIVEN spiked 12 3.6039 7.939 20.2828 1 
NIVEN spiked 24 5.835 12.5153 25.4045 1 
NIVEN spiked 48 4.6537 10.3928 19.3187 1 
NIVEN spiked 0 3.9655 0.3425 28.8028 2 
NIVEN spiked 6 4.5834 6.9696 24.8517 2 
NIVEN spiked 12 5.4898 10.3064 25.7898 2 
NIVEN spiked 24 5.6423 12.1721 24.896 2 
NIVEN spiked 48 6.5468 14.1835 25.8761 2 
NIVEN spiked 0 3.9513 0.3819 27.5101 3 
NIVEN spiked 6 5.9185 10.6158 35.15 3 
NIVEN spiked 12 1.5744 4.2209 23.6122 3 
NIVEN spiked 24 5.7832 11.2863 25.0192 3 
NIVEN spiked 48 5.9074 11.5424 23.25 3 
NIVEN unspiked 0 3.7932 -0.007 0.1391 1 
NIVEN unspiked 6 3.4915 0.0849 0.1845 1 



 87 

Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
NIVEN unspiked 12 3.6993 0.0419 0.114 1 
NIVEN unspiked 24 3.6726 0.0616 0.0759 1 
NIVEN unspiked 48 4.4596 -0.1083 0.1215 1 
NIVEN unspiked 0 4.395 -0.0888 -0.0099 2 
NIVEN unspiked 6 3.6497 0.0077 0.0318 2 
NIVEN unspiked 12 4.3181 -0.0577 0.1124 2 
NIVEN unspiked 24 3.5876 -0.0288 0.0896 2 
NIVEN unspiked 48 4.3897 -0.0219 0.1428 2 
NIVEN unspiked 0 3.9414 0.0368 0.0613 3 
NIVEN unspiked 6 4.3156 0.0061 -0.0434 3 
NIVEN unspiked 12 3.6434 0.024 0.0409 3 
NIVEN unspiked 24 4.3027 0.0311 -0.0102 3 
NIVEN unspiked 48 4.2647 -0.074 0.0121 3 

PONTOON spiked 0 1.3991 0.2554 71.2267 1 
PONTOON spiked 6 2.1586 6.6151 66.8093 1 
PONTOON spiked 12 4.1613 21.0512 75.4337 1 
PONTOON spiked 24 8.5135 45.1978 89.0953 1 
PONTOON spiked 48 10.6987 59.7416 88.2486 1 
PONTOON spiked 0 1.035 0.2381 60.489 2 
PONTOON spiked 6 1.6176 5.8006 58.7449 2 
PONTOON spiked 12 2.6014 15.9995 59.9719 2 
PONTOON spiked 24 6.0771 39.0488 66.0579 2 
PONTOON spiked 48 10.1778 62.4369 80.9421 2 
PONTOON spiked 0 0.9812 0.2524 57.3808 3 
PONTOON spiked 6 1.463 6.0122 57.2482 3 
PONTOON spiked 12 3.0013 15.4502 59.2127 3 
PONTOON spiked 24 6.0571 35.9728 64.9689 3 
PONTOON spiked 48 8.2961 49.5837 67.8644 3 
PONTOON unspiked 0 1.4106 0.0324 0.1402 1 
PONTOON unspiked 6 1.067 0.0401 0.067 1 
PONTOON unspiked 12 1.8151 0.0514 0.2563 1 
PONTOON unspiked 24 2.9558 0.1849 0.1572 1 
PONTOON unspiked 48 3.7347 0.1219 -0.0073 1 
PONTOON unspiked 0 1.054 -0.0121 0.002 2 
PONTOON unspiked 6 0.922 0.0091 0.0111 2 
PONTOON unspiked 12 1.332 -0.0101 0.0073 2 
PONTOON unspiked 24 2.2225 0.0066 0.0296 2 
PONTOON unspiked 48 3.2983 0 0.0685 2 
PONTOON unspiked 0 0.9856 0.024 0.0221 3 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
PONTOON unspiked 6 0.8834 0.0458 0.0481 3 
PONTOON unspiked 12 1.2476 0.0362 0.0499 3 
PONTOON unspiked 24 2.1918 0.0329 -0.008 3 
PONTOON unspiked 48 3.0503 0.047 0.0185 3 

PROSPEROUS spiked 0 0.0466 0.0848 7.1507 1 
PROSPEROUS spiked 6 0.0618 0.5441 6.5808 1 
PROSPEROUS spiked 12 0.0813 0.5648 5.7481 1 
PROSPEROUS spiked 24 0.0908 0.7518 6.3756 1 
PROSPEROUS spiked 48 0.1014 0.592 4.4301 1 
PROSPEROUS spiked 0 0.0756 0.1196 7.9686 3 
PROSPEROUS spiked 6 0.1051 0.4963 7.1468 3 
PROSPEROUS spiked 12 0.0945 0.5363 6.1774 3 
PROSPEROUS spiked 24 0.0928 0.456 4.8659 3 
PROSPEROUS spiked 48 0.0998 0.6268 4.8092 3 
PROSPEROUS spiked 0 0.0545 0.1004 7.1011 2 
PROSPEROUS spiked 6 0.0702 0.4731 7.0596 2 
PROSPEROUS spiked 12 0.0771 0.48 6.0693 2 
PROSPEROUS spiked 24 0.0771 0.4606 5.1788 2 
PROSPEROUS spiked 48 0.0943 0.6106 4.8886 2 
PROSPEROUS unspiked 0 0.0401 0.0002 0.0014 1 
PROSPEROUS unspiked 6 0.044 0.0008 0.0019 1 
PROSPEROUS unspiked 12 0.0302 0.0038 0.004 1 
PROSPEROUS unspiked 24 0.0446 0.0019 0.0015 1 
PROSPEROUS unspiked 48 0.0628 0.0018 0.0006 1 
PROSPEROUS unspiked 0 0.0428 0.0028 0.0016 3 
PROSPEROUS unspiked 6 0.0592 0.0047 0.006 3 
PROSPEROUS unspiked 12 0.0771 0.0012 0.0112 3 
PROSPEROUS unspiked 24 0.0683 0.0082 0.0069 3 
PROSPEROUS unspiked 48 0.0729 0.0023 0.007 3 
PROSPEROUS unspiked 0 0.0431 0.0002 0.0038 2 
PROSPEROUS unspiked 6 0.0442 0.0003 0.0026 2 
PROSPEROUS unspiked 12 0.0493 0.0018 0.003 2 
PROSPEROUS unspiked 24 0.0475 0.0015 0.0032 2 
PROSPEROUS unspiked 48 0.0605 0.003 0.0018 2 

RAT spiked 0 5.2582 0.17 41.6669 1 
RAT spiked 6 3.8637 4.7261 29.0312 1 
RAT spiked 12 4.5675 5.7036 30.0434 1 
RAT spiked 24 6.4872 8.6846 37.3597 1 
RAT spiked 48 4.4586 7.6845 26.3721 1 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
RAT spiked 0 6.5695 0.0997 60.523 2 
RAT spiked 6 7.1661 9.2724 56.2594 2 
RAT spiked 12 8.0702 14.1262 61.2736 2 
RAT spiked 24 4.6981 7.6075 30.4497 2 
RAT spiked 48 3.2624 6.5627 23.6804 2 
RAT spiked 0 4.5756 0.2756 39.2188 3 
RAT spiked 6 3.7065 5.0865 30.4025 3 
RAT spiked 12 4.26 6.6499 33.4971 3 
RAT spiked 24 4.4536 7.3927 30.3953 3 
RAT spiked 48 4.4258 8.6093 29.4742 3 
RAT unspiked 0 3.6728 -0.0518 0.0384 1 
RAT unspiked 6 4.3176 -0.0381 -0.0441 1 
RAT unspiked 12 3.9261 -0.0687 0.0075 1 
RAT unspiked 24 3.8642 0.0127 0.0345 1 
RAT unspiked 48 4.5703 -0.0643 0.0328 1 
RAT unspiked 0 2.6388 0.1785 0.0211 2 
RAT unspiked 6 2.5813 0.1085 0.0542 2 
RAT unspiked 12 2.86 0.0922 0.0186 2 
RAT unspiked 24 2.2307 0.0663 0.1264 2 
RAT unspiked 48 3.5321 0.0273 0.1052 2 
RAT unspiked 0 5.7352 0.052 -0.0501 3 
RAT unspiked 6 3.1188 0.1215 0.0534 3 
RAT unspiked 12 2.6403 0.0254 0.0278 3 
RAT unspiked 24 3.8041 0.0494 -0.0358 3 
RAT unspiked 48 3.3053 0.0994 0.1167 3 

YK11 spiked 0 4.9327 0.423 46.2103 1 
YK11 spiked 6 6.1717 7.2963 50.5304 1 
YK11 spiked 12 6.4266 12.3886 50.1299 1 
YK11 spiked 24 8.9711 21.6986 58.1124 1 
YK11 spiked 48 7.94 22.5237 47.421 1 
YK11 spiked 0 4.8471 0.3245 42.6356 3 
YK11 spiked 6 4.7994 5.7522 38.4943 3 
YK11 spiked 12 5.6277 9.6656 39.8999 3 
YK11 spiked 24 6.1851 14.0522 40.0095 3 
YK11 spiked 48 6.2335 14.6154 36.6455 3 
YK11 unspiked 0 5.2283 -0.1158 0.0211 1 
YK11 unspiked 6 4.8225 0.0486 0.0489 1 
YK11 unspiked 12 5.7133 0.0959 0.061 1 
YK11 unspiked 24 6.1633 0.0013 0.0487 1 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
YK11 unspiked 48 6.0097 0.0501 -0.0722 1 
YK11 unspiked 0 4.2814 0.0443 0.0796 3 
YK11 unspiked 6 4.7917 0.074 0.0555 3 
YK11 unspiked 24 5.4353 0.0647 0.0178 3 
YK11 unspiked 48 5.5292 0.049 -0.0132 3 
YK12 spiked 0 2.7667 0.3312 26.9588 1 
YK12 spiked 6 3.9804 13.7481 27.6459 1 
YK12 spiked 12 4.5145 19.2916 27.5862 1 
YK12 spiked 24 4.3122 19.3767 22.8624 1 
YK12 spiked 48 7.2023 29.748 31.479 1 
YK12 spiked 0 3.4214 0.281 29.4706 2 
YK12 spiked 6 3.8006 13.5479 26.1179 2 
YK12 spiked 12 4.664 18.5275 26.8702 2 
YK12 spiked 24 3.495 17.0412 20.5957 2 
YK12 spiked 48 6.6412 25.2738 26.7119 2 
YK12 spiked 0 2.4729 0.2297 24.6107 3 
YK12 spiked 6 3.7729 12.4458 24.99 3 
YK12 spiked 12 5.3561 19.873 30.4343 3 
YK12 spiked 24 4.5093 20.1105 25.3039 3 
YK12 unspiked 0 3.2389 -0.018 0.1143 1 
YK12 unspiked 6 2.6399 -0.0104 0.0376 1 
YK12 unspiked 12 3.7636 -0.0243 0.0069 1 
YK12 unspiked 24 3.6442 0.0775 0.0582 1 
YK12 unspiked 48 4.2675 0.0124 0.0247 1 
YK12 unspiked 0 1.9864 -0.0038 0.0632 2 
YK12 unspiked 6 2.9939 -0.0142 -0.0114 2 
YK12 unspiked 12 2.7636 0.0336 -0.0106 2 
YK12 unspiked 24 2.9696 0.1431 0.0732 2 
YK12 unspiked 48 3.0003 0.0471 0.0969 2 
YK12 unspiked 0 2.8775 -0.0186 0.0176 3 
YK12 unspiked 6 2.6324 0.0336 0.1872 3 
YK12 unspiked 12 3.5052 -0.0204 -0.0036 3 
YK12 unspiked 24 2.9437 0.0481 0.0281 3 
YK12 unspiked 48 4.1604 -0.0335 0.1062 3 
YK40 spiked 0 3.204 0.2365 22.2157 1 
YK40 spiked 6 3.7231 3.6258 21.6822 1 
YK40 spiked 12 4.0477 5.6753 22.0946 1 
YK40 spiked 24 6.8306 15.1644 24.6805 1 
YK40 spiked 48 9.3918 23.6339 22.7921 1 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
YK40 spiked 0 3.2394 0.1904 20.9287 2 
YK40 spiked 6 3.8976 4.2462 22.6549 2 
YK40 spiked 12 4.1027 6.3042 21.9698 2 
YK40 spiked 24 5.7298 13.6796 20.4474 2 
YK40 spiked 48 11.998 32.5391 27.7116 2 
YK40 spiked 0 2.9298 0.1575 18.0706 3 
YK40 spiked 6 3.4541 4.0549 19.5744 3 
YK40 spiked 12 3.6944 5.877 19.1255 3 
YK40 spiked 24 6.5532 15.1603 21.8458 3 
YK40 spiked 48 9.8486 23.9122 22.088 3 
YK40 unspiked 0 3.109 0.0666 0.0125 1 
YK40 unspiked 6 3.7666 0.1014 0.037 1 
YK40 unspiked 12 4.7378 0.0864 0.0273 1 
YK40 unspiked 24 5.7361 0.1462 0.0261 1 
YK40 unspiked 48 6.7543 0.161 0.0484 1 
YK40 unspiked 0 3.554 0.0072 -0.008 2 
YK40 unspiked 6 4.5135 0.0664 0.0038 2 
YK40 unspiked 12 5.2069 0.0353 0.0037 2 
YK40 unspiked 24 7.701 0 0.0073 2 
YK40 unspiked 48 8.0123 0.101 -0.0032 2 
YK40 unspiked 0 2.9203 -0.0162 0.011 3 
YK40 unspiked 6 3.7178 -0.0252 0.0217 3 
YK40 unspiked 12 4.8951 -0.0173 -0.0198 3 
YK40 unspiked 24 6.5523 -0.0009 0.0115 3 
YK40 unspiked 48 3.5183 -0.0026 0.0007 3 
YK42 spiked 0 4.6124 0.1541 49.8057 1 
YK42 spiked 6 3.3762 0.6408 35.8401 1 
YK42 spiked 12 3.9876 2.4473 36.6572 1 
YK42 spiked 24 5.7351 8.4705 39.8258 1 
YK42 spiked 48 6.9967 14.3556 43.0504 1 
YK42 spiked 0 3.3321 0.0903 34.7171 3 
YK42 spiked 6 3.0707 0.7435 37.1564 3 
YK42 spiked 12 3.7708 2.6407 37.4647 3 
YK42 spiked 24 4.3388 8.4551 36.2967 3 
YK42 spiked 48 5.6081 13.2693 35.4214 3 
YK42 unspiked 0 3.8505 0.1614 0.192 1 
YK42 unspiked 6 3.7797 0.0261 0.1351 1 
YK42 unspiked 12 3.8338 -0.0218 0.0732 1 
YK42 unspiked 24 4.1846 -0.0784 0.1023 1 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
YK42 unspiked 48 4.8135 0.0923 0.0791 1 
YK42 unspiked 0 3.0378 0.0618 0.0687 3 
YK42 unspiked 6 3.2844 -0.0147 0.0102 3 
YK42 unspiked 12 3.1142 -0.0144 0.0095 3 
YK42 unspiked 24 3.6467 0.0165 -0.0102 3 
YK42 unspiked 48 3.961 0.0558 0.0618 3 
YK60 spiked 0 2.6739 0.0905 58.2153 1 
YK60 spiked 6 1.5967 0.2245 34.8845 1 
YK60 spiked 12 1.4826 0.5001 41.8514 1 
YK60 spiked 24 1.8292 1.4766 41.9177 1 
YK60 spiked 48 2.5699 5.9113 40.2931 1 
YK60 spiked 0 0.9184 0.098 39.8202 3 
YK60 spiked 6 0.8001 0.2187 35.8663 3 
YK60 spiked 12 0.7604 0.4281 32.3202 3 
YK60 spiked 24 0.8542 1.1399 34.2039 3 
YK60 spiked 48 2.2213 7.151 34.6173 3 
YK60 spiked 0 1.1322 0.1354 45.477 2 
YK60 spiked 6 1.0692 0.1107 40.6327 2 
YK60 spiked 12 0.9151 0.3064 40.7434 2 
YK60 spiked 24 2.0073 3.1928 71.0382 2 
YK60 spiked 48 2.6496 9.0367 41.8349 2 
YK60 unspiked 0 1.8658 -0.1182 -0.0156 1 
YK60 unspiked 6 0.8709 0.0261 0.0287 1 
YK60 unspiked 12 1.019 -0.0036 0.0307 1 
YK60 unspiked 24 1.8531 0.0385 0.1216 1 
YK60 unspiked 48 3.9755 -0.0097 0.1777 1 
YK60 unspiked 0 0.6421 0.042 0.0404 3 
YK60 unspiked 6 0.7618 0.0455 0.0303 3 
YK60 unspiked 12 0.7378 0.0232 0.0434 3 
YK60 unspiked 24 1.1903 0.0403 0.0331 3 
YK60 unspiked 48 3.3912 0.0477 0.0389 3 
YK60 unspiked 0 0.809 0.0037 0.033 2 
YK60 unspiked 6 0.9292 -0.0056 0.0445 2 
YK60 unspiked 12 0.8732 -0.0069 0.0239 2 
YK60 unspiked 24 1.2757 0.0281 0.0267 2 
YK60 unspiked 48 3.0423 -0.0668 0.0006 2 
YK67 spiked 0 1.6942 -0.0128 13.9125 1 
YK67 spiked 6 1.6593 2.1081 10.4774 1 
YK67 spiked 12 8.053 12.1629 26.7269 1 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
YK67 spiked 24 9.3289 9.1212 10.6863 1 
YK67 spiked 48 8.2833 9.6596 9.4892 1 
YK67 spiked 0 0.8089 -0.0221 12.1005 2 
YK67 spiked 6 0.9035 2.9033 13.3103 2 
YK67 spiked 12 1.6923 3.8253 10.9631 2 
YK67 spiked 24 1.4708 9.4618 13.566 2 
YK67 spiked 48 4.297 15.9426 12.7826 2 
YK67 unspiked 0 2.6881 -0.0173 0.5645 1 
YK67 unspiked 6 0.9416 -0.0352 0.1203 1 
YK67 unspiked 12 19.3781 -1.6544 0.8737 1 
YK67 unspiked 24 2.479 -0.0505 0.4026 1 
YK67 unspiked 48 2.4571 0.3261 0.009 1 
YK67 unspiked 0 1.2181 -0.027 0.1461 2 
YK67 unspiked 6 0.5168 0.0618 0.0936 2 
YK67 unspiked 12 0.8183 -0.0067 -0.0168 2 
YK67 unspiked 24 1.3553 0.0216 -0.0267 2 
YK67 unspiked 48 -5.1033 0.0431 -1.1823 2 
YKE1 spiked 0 1.8411 0.1626 46.0778 1 
YKE1 spiked 6 2.4147 3.881 48.5595 1 
YKE1 spiked 12 2.877 6.9596 48.4298 1 
YKE1 spiked 24 3.4991 11.7959 49.866 1 
YKE1 spiked 48 4.3495 16.9107 46.9775 1 
YKE1 spiked 0 2.0354 0.2213 53.9666 2 
YKE1 spiked 6 2.493 3.6751 51.111 2 
YKE1 spiked 12 3.0758 7.1659 53.5686 2 
YKE1 spiked 24 3.2441 10.3463 48.6321 2 
YKE1 spiked 48 4.4413 16.0816 49.6416 2 
YKE1 spiked 0 2.2564 0.1744 52.2237 3 
YKE1 spiked 6 2.6157 4.2137 52.5618 3 
YKE1 spiked 12 2.973 7.344 52.8008 3 
YKE1 spiked 24 3.7898 11.8965 52.47 3 
YKE1 spiked 48 5.5592 18.9703 56.7218 3 
YKE1 unspiked 0 1.6746 0.0135 0.0525 1 
YKE1 unspiked 6 1.803 0.027 0.0319 1 
YKE1 unspiked 12 1.984 -0.0269 0.0273 1 
YKE1 unspiked 24 2.3646 0.0295 0.0219 1 
YKE1 unspiked 48 2.8392 -0.0039 0.0052 1 
YKE1 unspiked 0 2.0528 0.0153 0.0921 2 
YKE1 unspiked 12 2.5395 0.0201 0.0073 2 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
YKE1 unspiked 24 2.5265 0.0143 0.0132 2 
YKE1 unspiked 48 3.1228 0.0071 0.0101 2 
YKE1 unspiked 0 1.8316 0.001 0.0364 3 
YKE1 unspiked 6 1.9313 -0.0088 0.0139 3 
YKE1 unspiked 12 2.1636 -0.026 -0.012 3 
YKE1 unspiked 24 2.4781 -0.0089 0.0087 3 
YKE1 unspiked 48 2.8227 0.0051 -0.0121 3 
YKN1 spiked 0 0.5767 0.0659 24.0855 1 
YKN1 spiked 6 0.7296 3.426 30.9133 1 
YKN1 spiked 12 0.4138 4.0326 26.5204 1 
YKN1 spiked 24 0.7541 5.1315 27.2149 1 
YKN1 spiked 48 1.3169 8.8639 30.2255 1 
YKN1 spiked 0 0.5089 0.1107 25.8925 2 
YKN1 spiked 6 0.5916 2.1812 22.9708 2 
YKN1 spiked 12 1.2169 3.8366 24.7338 2 
YKN1 spiked 24 0.7199 4.4864 25.1268 2 
YKN1 spiked 48 0.8781 5.7654 25.8501 2 
YKN1 spiked 0 0.4899 0.1194 28.7992 3 
YKN1 spiked 6 0.7205 2.7937 24.4144 3 
YKN1 spiked 12 0.8311 3.9354 24.0271 3 
YKN1 spiked 24 0.642 4.186 21.3991 3 
YKN1 spiked 48 0.8946 6.6066 23.3811 3 
YKN1 unspiked 0 0.5544 -0.0331 -0.0036 1 
YKN1 unspiked 6 0.3635 0.0399 -0.004 1 
YKN1 unspiked 12 0.5961 -0.073 0.0525 1 
YKN1 unspiked 48 0.7449 -0.0071 -0.0035 1 
YKN1 unspiked 0 0.7048 0.0252 -0.0435 2 
YKN1 unspiked 6 0.8167 -0.0657 0.037 2 
YKN1 unspiked 12 0.4611 0.0314 0.0215 2 
YKN1 unspiked 24 0.472 0.0048 -0.0101 2 
YKN1 unspiked 48 0.7571 -0.0091 -0.0149 2 
YKN1 unspiked 0 0.9762 -0.0216 0.0111 3 
YKN1 unspiked 6 0.7204 -0.0157 -0.0334 3 
YKN1 unspiked 12 0.4915 0.0231 0.0699 3 
YKN1 unspiked 24 0.7084 -0.0062 0.0514 3 
YKN1 unspiked 48 0.6459 -0.0241 0.0669 3 
YKS1 spiked 0 3.2224 0.2778 70.758 1 
YKS1 spiked 6 2.8877 2.2358 64.1997 1 
YKS1 spiked 12 3.5397 5.3253 69.4191 1 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
YKS1 spiked 24 7.1137 24.8583 75.0636 1 
YKS1 spiked 48 12.1984 51.5408 81.3442 1 
YKS1 spiked 0 2.324 0.2889 59.6433 2 
YKS1 spiked 6 2.0966 2.076 52.5929 2 
YKS1 spiked 12 2.897 4.5957 60.5769 2 
YKS1 spiked 24 5.6162 21.5781 66.4408 2 
YKS1 spiked 48 10.5625 41.2799 64.492 2 
YKS1 spiked 0 2.6339 0.4669 65.032 3 
YKS1 spiked 6 2.6366 2.5139 58.805 3 
YKS1 spiked 12 2.4203 4.2075 52.3155 3 
YKS1 spiked 24 4.5775 17.4901 52.9099 3 
YKS1 spiked 48 11.4425 46.1699 72.1254 3 
YKS1 unspiked 0 2.8087 0.0473 0.1409 1 
YKS1 unspiked 6 2.4628 0.0475 0.1755 1 
YKS1 unspiked 12 3.5778 0.0987 0.0827 1 
YKS1 unspiked 24 5.8957 0.0081 0.0369 1 
YKS1 unspiked 48 9.7745 -0.098 -0.0734 1 
YKS1 unspiked 0 1.899 0.0057 0.1009 2 
YKS1 unspiked 6 2.1843 0.0158 0.0284 2 
YKS1 unspiked 12 2.4021 0.0197 0.0904 2 
YKS1 unspiked 24 3.6911 -0.0178 0.0593 2 
YKS1 unspiked 48 6.6122 -0.1422 -0.07 2 
YKS1 unspiked 0 1.791 0.0838 0.105 3 
YKS1 unspiked 6 1.9982 0.0422 0.0282 3 
YKS1 unspiked 12 2.2769 0.0232 0.0231 3 
YKS1 unspiked 24 3.9698 0.0134 0.0326 3 
YKS1 unspiked 48 6.0301 0.1183 0.045 3 
YKS2 spiked 0 0.6625 0.1045 27.6326 1 
YKS2 spiked 6 0.8037 1.818 23.222 1 
YKS2 spiked 12 1.0477 2.6681 19.9464 1 
YKS2 spiked 24 2.4968 7.4829 23.2884 1 
YKS2 spiked 48 4.7883 13.0213 20.2299 1 
YKS2 spiked 0 0.6718 0.0958 25.6818 2 
YKS2 spiked 6 1.2007 3.8384 44.3477 2 
YKS2 spiked 12 1.1876 3.2687 23.8223 2 
YKS2 spiked 24 2.3698 6.599 20.8739 2 
YKS2 spiked 48 5.6405 15.1632 23.0219 2 
YKS2 spiked 0 0.816 0.0929 26.0497 3 
YKS2 spiked 6 0.9918 1.7451 22.4493 3 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
YKS2 spiked 12 1.3018 3.2464 24.4372 3 
YKS2 spiked 24 2.5271 7.3762 24.4392 3 
YKS2 spiked 48 5.7819 16.0051 25.1547 3 
YKS2 unspiked 0 0.596 0.0288 0.0238 1 
YKS2 unspiked 6 1.3571 -0.0033 -0.0029 1 
YKS2 unspiked 12 2.1187 -0.0041 0.0038 1 
YKS2 unspiked 24 3.4543 0.0394 0.0209 1 
YKS2 unspiked 48 4.8373 0.0243 0.003 1 
YKS2 unspiked 0 0.6557 0.011 0.0242 2 
YKS2 unspiked 6 1.4544 -0.0031 0.0056 2 
YKS2 unspiked 12 2.2987 0.0028 -0.0017 2 
YKS2 unspiked 24 3.8694 -0.0082 -0.0065 2 
YKS2 unspiked 48 4.9506 0.0085 -0.006 2 
YKS2 unspiked 0 0.6042 0.0028 0.0453 3 
YKS2 unspiked 6 1.1755 0.0038 0.0223 3 
YKS2 unspiked 12 2.3044 -0.0306 -0.008 3 
YKS2 unspiked 24 3.4584 -0.0014 0.0086 3 
YKS2 unspiked 48 5.5105 -0.0402 -0.0486 3 

YKW1 spiked 0 0.8688 0.2445 23.8057 1 
YKW1 spiked 6 1.3066 5.9134 26.3821 1 
YKW1 spiked 12 1.7592 10.3484 24.3648 1 
YKW1 spiked 24 2.7399 16.8634 26.2689 1 
YKW1 spiked 48 4.743 29.0851 29.2181 1 
YKW1 spiked 0 0.803 0.2689 24.3404 2 
YKW1 spiked 6 1.5814 8.2277 29.6984 2 
YKW1 spiked 12 1.5386 8.1234 23.4984 2 
YKW1 spiked 24 2.1508 12.3168 22.294 2 
YKW1 spiked 48 3.6672 21.9047 24.1688 2 
YKW1 spiked 0 0.7532 0.2962 25.3152 3 
YKW1 spiked 6 1.7758 9.2399 30.2399 3 
YKW1 spiked 12 1.5409 8.4313 23.1943 3 
YKW1 spiked 24 2.4282 14.4233 24.6546 3 
YKW1 spiked 48 4.131 24.0865 26.3741 3 
YKW1 unspiked 0 0.7477 -0.0057 0.016 1 
YKW1 unspiked 6 1.0423 0.0039 0.0181 1 
YKW1 unspiked 12 1.0303 -0.0008 0.0081 1 
YKW1 unspiked 24 1.4505 -0.0144 0.0077 1 
YKW1 unspiked 48 1.8113 -0.0285 -0.0023 1 
YKW1 unspiked 0 0.7351 0.0225 0.0092 2 
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Lake Name Treatment Time (hour) 202Hg (ug/kg) 199Hg (ug/Kg) 198Hg (ug/kg) Replicate 
YKW1 unspiked 6 0.9451 0.0202 0.0247 2 
YKW1 unspiked 12 1.0652 0.0091 0.0195 2 
YKW1 unspiked 24 1.2564 0.0138 0.017 2 
YKW1 unspiked 48 1.6297 0.0269 0.0132 2 
YKW1 unspiked 0 0.6862 0.0139 0.0199 3 
YKW1 unspiked 6 0.8866 0.0198 0.0059 3 
YKW1 unspiked 12 1.0065 0.0257 0.0073 3 
YKW1 unspiked 24 1.6259 0.0169 0.0148 3 
YKW1 unspiked 48 1.956 0.0222 0.0079 3 
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CHAPTER 3: ARSENATE AMENDMENTS DECREASE 
PRODUCTION OF METHYLMERCURY ACROSS SULFATE 
CONCENTRATION GRADIENT IN FRESHWATER LAKE 
SEDIMENTS 
 

Aždajić, Mija1; Blais, Jules M1; Poulain, Alexandre J1 

 

1 Department of Biology, University of Ottawa, 30 Marie-Curie, Ottawa, Ontario K1N 6N5, 
Canada 
 
Main Conclusions: 
 

1) Hg methylation in lake sediments was primarily limited by carbon substrate availability 
 

2) Once a carbon source was amended to sediments, addition of sulfate significantly 
increased MeHg production 

 
3) Addition of As(V) significantly hampered MeHg production regardless of sulfate 

concentrations 
 
Contribution to the Field: 
 
Arsenic (As) and sulfate pollution are often found in the same environments as a result of 
smelting metal ores.  Previous studies showed that sulfate reducing microbes can use As(V) as a 
terminal electron acceptor, while others reported that sulfate reducing microbes (SRMs) are the 
main Hg methylators in freshwater systems.  Although interactions between As and sulfate 
cycling has been explored by a few studies, most of these studies are in-vitro and the 
biogeochemistry of SRMs and As in environmental settings remains largely unexplored.  
Furthermore, the interplay between As, Hg and sulfur biogeochemical cycles, to the best of our 
knowledge, has not been studied at all.  As such, this study is the first to investigate the effect 
of As(V) on the production of MeHg in freshwater lake sediments. 
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3.1 ABSTRACT 

Arsenic (As) and sulfate pollution are often found co-occurring as a result of smelting metal ores.  

Previous studies showed that sulfate reducing microbes (SRMs) can use As(V) as a terminal 

electron acceptor, while others reported that SRMs are the main mercury (Hg) methylators in 

freshwater systems.  However, the scientific community has yet to fully explore how As(V) can 

affect methylmercury (MeHg) production.  In this study, we examined whether additions of As(V) 

and sulfate in freshwater sediments near a major gold mine with a history of sulfur and As 

emissions affect Hg methylation.  First, we show that Hg methylation in lake sediments was 

primarily limited by carbon substrate availability rather by that of sulfate as terminal electron 

acceptors.  Then, under conditions where carbon is not limiting, sulfate addition to the system 

significantly increased Hg methylation rate constants.  Finally, we also show that MeHg 

production rate in sediments significantly decreased with increasing As(V) concentrations, 

regardless of sulfate concentration amended to the sediments.  This work underscores the 

apparent antagonistic effects of As(V) on the one hand, and the stimulatory effects of carbon 

and sulfate on the other hand on the kinetics of Hg methylation. 
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3.2 INTRODUCTION 

Arsenic (As) can exist in many different species under four oxidation states: As-3, As0, As+3, and 

As+5 1. The two most abundant states are arsenite, (As(III)) and arsenate (As(V))2, have different 

proposed mechanisms of toxicity.  As(V) can mimic phosphate and detrimentally affect several 

biochemical reactions in microbial cells. As(III) is typically more toxic than As(V), as it inhibits 

protein activity by interacting with thiol moities1. These trivalent species are also less strongly 

adsorbed onto minerals compared to pentavalent species, meaning that reduction of As(V) can 

increases the mobility and the bioavailability of As in the aqueous environment3. 

 

One of the main anthropogenic sources of As in the environment is from mining metals 

complexed in As bearing minerals, such as arsenopyrite (FeAsS), realgar (AsS), and orpiment 

(As2O3)4,5.  Mining of such minerals can create legacy pollution6,7 which changes the 

geochemistry8, biota assemblages9, and microbial community composition10–13 of lakes in the 

surrounding landscape.  Some studies show that As pollution from mining can affect microbial 

community in sediments14–16, such as lowering microbial biodiversity17 and selecting microbial 

communities that are resistant to contaminants like As18.  However, other studies show that As 

contamination does not always change the microbial community composition of sediments19.  

 

As is pervasive in the environment and microbes have various pathways to transform As 

species20,21 including oxidation22,23, reduction24,25, methylation26, and demethylation27,28.  Notably, 

As(V) reduction has been identified as a detoxification pathway for some microbes.  As(V) 
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detoxification is an energy-dependent process, by which the ars operon encodes for proteins to 

reduce As(V) and actively transport it outside of the cell29,30.  However, some microbes are also 

capable of dissimilatory As(V) reduction31; a process by which a microbial cell will use As(V) as a 

terminal electron acceptor (TEA), reducing As(V) to As(III) and ultimately leading to the 

production of adenosine triphosphate (ATP)29,32–35.  Regardless of the pathway used by microbes, 

detoxification or dissimilatory reduction, the final product is the more toxic form of As: As(III)36. 

 

Although As transforming microbes have been identified as early as 191737, it was in 1944 

that Ahmann et al. first reported a microbe isolated from an As contaminated site that was able 

to gain energy for growth from As(V) reduction24.  While the deltaproteobacteria MLMS-1 strain 

is the only obligate As(V) reducer reported so far38, most studies examining dissimilatory As(V) 

reduction show that As(V) is used as an alternative TEA29,33–35,38–41.  Sulfate reducing microbes 

(SRMs) are known to use compounds other than sulfate, such as As(V)25,34,35,42,43, as TEAs under 

anoxic conditions44.  In fact, As rich environments have been shown to contain bacteria (e.g. 

Desulfotomaculum auripigeneutum) known to reduce both As and sulfate45,46.  

 

SRMs also play a large role in the cycling of mercury (Hg), as they are the primary 

producers of methylmercury (MeHg) in many freshwater environments47–49.  Hg is a naturally 

occurring element that is of concern because it is highly toxic to organisms and has a high 

bioaccumulation factor in its methylated form (i.e. MeHg).  The production of MeHg by microbes 

is coded by the hgcAB50 gene cluster which has been identified in all SRMs capable of Hg 

methylation and a diversity of other microbes found in the environment51.  MeHg can biomagnify 
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in higher trophic level organisms, resulting in high concentrations of MeHg in certain piscivorous 

fish.  Once it has entered organisms, MeHg can easily cross the blood-brain or placenta barriers 

and affect the neurological system of individuals or disrupt the normal development of a fetus52.  

As a result, understanding MeHg production in the environment is vital to protecting wildlife and 

human communities from MeHg exposure53. 

 

Arsenic reducing microbes and Hg methylating microbes are both found in the large 

guild that are SRMs and some genera known to reduce As(V) also contain species that methylate 

Hg (Table S3.1).  Both genes responsible for Hg methylation (i.e. hgcAB) and As(V) reduction 

(e.g. ars) have been exchanged among microbes via horizontal gene transfer54–56; however this is 

likely not the case for dissimilatory As(V) reduction (i.e., arr genes)42,57.  Nonetheless, microbes 

with either Hg methylation or As(V) reduction genes are phylogenetically diverse51,51 but occupy 

similar anoxic niches44, therefore SRMs could possibly affect the speciation of both Hg and As, 

leading to the production of the potent toxins MeHg and As(III). 

 

In a previous large scale field study (Chapter 2), we have shown that microbial community 

structure was significantly affected by both As and sulfate pollution gradients while Hg 

methylation rate constants were significantly and negatively affected by the As pollution 

gradient13.  In the context of these findings and of the current available literature on As reduction 

by SRMs outlined above, we designed a series of laboratory experiments to understand the role 

of As(V) on Hg methylation in freshwater sediments.  Considering that several mining 

environments are simultaneously affected by both sulfate and As contamination7,58, these 
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findings will help to fill an important gap in our knowledge essential to improve models aimed 

at predicting the production and fate of MeHg in freshwater ecosystems. 

 

3.3 METHODS 

3.3.1 Study Site 

The top ~5 cm of sediment was sampled at lake YK-E1 in Yellowknife, NWT (Canada) 

(62°31'56.96"N, 113°22'19.73"W).  This lake is ~25 km east of Giant Mine, which is outside of 

the pollution gradient created by historic smelting activity at this gold mine7.   YK-E1 is 

representative of the limnologic characteristics and methylation rate constants of lakes in the 

Yellowknife area15. Considering the large amount of material needed for replicating our 

experiments, sampling with a corer was not feasible.  Therefore, sediment was sampled using a 

sterile trowel from three different spots in the littoral zone. The sediment was frozen and 

preserved at -20°C until analysis. 

 

3.3.2 Experimental Design 

An orthogonal experimental design was created to test the effect of carbon and sulfate, and of 

sulfate and As(V) amendments on the production of MeHg in lake sediments. 

 

A prior large scale field study conducted on 36 lakes and led by our group (see Chapter 

2) showed that Hg methylation was positively correlated with [dissolved organic carbon] and 
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[sulfate], and negatively affected by [total As]. In this study, we designed controlled laboratory 

experiments to test for the role of carbon, sulfate and As(V) using freshwater sediments. 

 

Sediments were amended with lactate and acetate at 1 mM and 10 mM. We used lactate 

and acetate because they were shown to be the best carbon sources to stimulate SRMs59. 

 

We performed three different sulfate treatments: 0 mM (or no sulfate added), 0.2 mM 

(effectively doubling sulfate concentration), and 2 mM sulfate added (increasing sulfate 

concentrations by one order of magnitude).   

 

As(V) was added to the following final concentrations: 0.01 mM, 0.1 mM, 1 mM, and 10 

mM, corresponding to a 1,000 – 1,000,000 times increase of the expected concentration of the 

overlying water in this lake and 1 – 1,000 times increase of the concentrations of As found in the 

most polluted lakes in the area9.  These amendments were chosen to be similar to other studies 

that have examined As(V) reduction in laboratory and environmental samples for which the 

amendments ranged from 1 mM to 10 mM25,39,40,60. 

 

We also performed two different controls: an abiotic treatment (adding 1% 

formaldehyde)61, to test whether the transformations were microbially mediated, and a treatment 

for which SRMs were inhibited (adding 0.2 mM sodium molybdate)62, to test if the transformations 

were mediated by SRM activity.   
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3.3.3 Amendment Preparation 

Carbon treatments were prepared by dissolving lactate (C3H6O3) and sodium acetate (C2H3NaO2) 

into miliQ water and sediments were supplied with 1 mM and 10 mM of this mixture, 16 hours 

before isotope spiking.  Sulfate spiking solution was made by dissolving anhydrous sodium 

sulfate (Na2SO4) in miliQ water.  As(V) spiking solution was made by dissolving sodium As(V) 

dibasic heptahydrate (Na2HAsO4·7H2O) into miliQ water and acidifying (0.1%) the solution with 

HNO3 for stability.  

 

3.3.4 Incubation Experiments 

Lake sediments were thawed overnight at 4 °C, then 3 g of sediment was mixed with 9 mL of 

anaerobic miliQ (1:3 slurry ratio) in a falcon tube. The slurry was prepared and stored at room 

temperature for 5 days in a dark anaerobic chamber.  16 hours before the Hg and MeHg isotopes 

were spiked, each treatment was spiked with 1 mM of lactate and 1 mM of acetate to stimulate 

microbial activity and to insure that carbon was not the limiting factor in MeHg production in the 

system.  Each treatment was done twice in triplicate, the first triplicate was spiked with isotopes 

and the second was left unspiked to track the “background” variation in isotope concentrations.  

The spiked treatments had a final concentration of 10 ng·g-1 of 199Hg (inorganic) and 5 ng·g-1 of 

Me198Hg.  One 50ml centrifuge tube of spiked and one tube of unspiked slurry was frozen at 

each time point (0h, 24h, 48h).  Samples were frozen at -20°C, then freeze-dried and stored in a 

cool dark place until analysis. 
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 Next, MeHg isotopes in sediments were extracted using a modified version of the Cai et 

al. (1997) method63 as described in Aždajić et al. (2021)13.  Hg isotopes were then analyzed using 

liquid chromatography inductively coupled plasma mass spectrometry (LC-ICP-MS) following the 

method described in Batista et al. (2010)64.  The recovery of the isotope was calculated to ensure 

that our extraction, analysis, and calculations were accurate; the average isotope recovery for all 

experiments was 90.95% (± 18.93%). 

 

A linear segment of the methylation and demethylation figure was visually assessed to 

find the best time point for maximum methylation rates (Figures S3.1 and S3.2).  A pseudo first-

order relationship for Hg species was assumed and calculations were based on Hintelmann et al 

(2000) to measure the first-order methylation rate constant (Km, Equation 3.1) and the first-order 

demethylation rate constant (Kd, Equation 3.2)65–67. 

 

Equation 3.1: 

Km=	
[Me199Hg]t24-	[Me199	Hg]t0

[199Hg]spiked * t
 

 

Equation 3.2: 

Kd= -1 * 
ln[Me198Hg]t24- ln[Me198 Hg]t0

t
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3.3.5 Chemical Analysis of Overlying Water 

Sulfide and As species in the overlying water in the slurry were analyzed at the beginning and 

end of the experiment for each treatment.  Sulfide was analyzed using a portable meter (DR2800 

Spectrophotometere, Hach Lange, Germany).  As(V) were analyzed on filtered samples (0.2 µm) 

with ICP-MS following method described in Pothier et al. (2018)70. 

 

3.3.5 Statistical Analyses 

Simple linear regression models and analyses of covariance (ANCOVA) were used to test the 

relationships between variables in the program R.  Model assumptions (i.e., linearity, 

heteroscedasticity, and normality of residuals) were tested using formal tests, and dependent 

variables were transformed to meet assumptions. In certain instances, nonlinear relationships 

were deemed more suitable after visual examination.  When assumption for parametric models 

could not be met, a complementary non-parametric statistical model was used; in such cases, 

the final model selected is specified in the text. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Control Experiments 

In a previous field study, we showed that the ratio of total Hg as MeHg (i.e. %MeHg) was 

positively correlated with sulfate and that the rate of MeHg production (Km) was positively 

correlated with [dissolved organic carbon] and negatively correlated with [As]13.  In a series of 

controlled laboratory experiments, we aimed to test the effect of each of these variables.   
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First, we observed that the Hg methylation rate constant, Km, did not significantly increase 

with increasing [sulfate] (Figure 3.1), which acts as a TEA for SRM71.  During preliminary 

experiments, control sediments (no sulfate nor carbon added) had a Km of 0.170 day-1 (± 0.013), 

whereas Km in sediments with 0.2 mM and 2 mM of added sulfate (no carbon added) was 0.080 

day-1 (± 0.047) and 0.029 day-1 (± 0.014) respectively (Figure 3.1). Thus, we suspected that the 

activity of SRMs could be limited by other factors, one of them being carbon substrate.  Carbon 

substrate is necessary for microbial activity as it is used by microbes for energy and carbon 

sources.  In some environments, carbon can be the limiting factor in microbial activity and 

growth72,73. 

 

3.4.2 Effect of Carbon and Sulfate 

The addition of carbon (amended as a lactate and acetate solution) led to a significant increase 

in Km (p-value < 0.01) (Figure S3.3).  Furthermore, after amending the sediments with 1 mM 

carbon, Hg methylation rates were higher in treatments with added sulfate (0.2 mM and 2 mM) 

(p-value < 0.01) (Figure 3.1) compared to samples with no added carbon and sulfate (0.2 mM 

and 2mM).  This was also corroborated with the higher production of sulfide (Figure S3.3), which 

is a by-product of sulfate reduction by microbial activity74.  Therefore, experiments showed that 

Hg methylation in sediments from YK-E1 in Yellowknife was limited by carbon substrate 

availability across all concentrations of sulfate (0 mM, 0.2 mM, and 2 mM).  These results support 

our previous field study13, in which we found Hg methylation rate constants were significantly 
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and positively correlated with dissolved organic carbon (i.e. substrate availability) but not with 

sulfate concentrations.  

 

However, in the presence of sulfate (2 mM), increasing carbon concentrations from 1 mM 

to 10 mM did not result in a significant increase in Km (Figure S3.3, p-value > 0.05). This could 

be because the microbial biomass is not large enough to be stimulated by additional carbon 

substrate or that other variables are limiting the microbial activity at very high carbon 

concentration (10 mM)72.  Therefore, a 1 mM carbon amendment was chosen as a concentration 

high enough to stimulate microbial activity.  All carbon amendments in subsequent experiments 

will refer to the 1 mM amendment, unless otherwise specified. 

  

3.4.3 Effect of Arsenate 

Next, our goal for this study was to understand the effect of As(V) addition on the rate constant 

of Hg methylation.  Addition of As(V) to lake sediments (0.01 mM, 0.1 mM, 1 mM, and 10 mM), 

led to an order of magnitude decrease in methylation rate constants, Km, ranging from 0.157 day-

1 (± 0.020), 0.097 day-1 (± 0.01), 0.013 day-1 (± 0.001), and 0.013 day-1 (± 0.01) respectively (Figure 

3.2a-c).  A bootstrapped regression model showed that Hg methylation is inhibited by As(V) in a 

concentration-dependent manner (Figure 3.22a-c, p-value < 0.01, R2 = 0.28).   

 

Additionally, the presence of As(V) negatively affected sulfate reduction. In the absence 

of As(V), sulfide production increased with increasing sulfate amendments, increasing 6.7, 1.3, 
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and 5.2 fold for samples with 0 mM, 0.2 mM, and 2 mM sulfate amendments respectively (Figure 

3.2g-i).  However, the production of sulfide decreased with increasing As(V) amendment 

regardless of sulfate amendment concentrations (p-value = 0.001) (Figure S3.4). 

 

SRMs are active in a large range of [As], however, when taking into account the effect of 

sulfate amendments (0, 0.2, and 2 mM) along with the As(V) amendment gradient, there was no 

significant difference in the change of Km (p-value > 0.05) between the different sulfate 

amendments (Table 3.1, Figure 3.3). When sediments were treated to inhibit all microbial activity 

(using formaldehyde, B1), there was no production of As(III) and non-detectable Hg methylation 

rate constants (0.004 (±0.005) day-1) (Figure S3.5), confirming that both are microbially-mediated 

processes.  However, when sediments were amended with 0.1 mM As(V) and when SRM activity 

was inhibited (using sodium molybdate), there was production of As(III) in sediments while the 

methylation rate remained non-detectable 0.002 (±0.003) day-1 (Figure S3.5).  These results 

suggest that SRMs involved in mercury methylation were not responsible for the majority of the 

As(V) reduction observed in these sediments.   In other studies, amendments of molybdate 

reduced the production of As(III)25, and the abundance of dsrB genes, which are used to identify 

SRMs in the environment75, have been positively correlated with As concentrations76, showing 

that SRMs can be involved in the reduction of As(V), but likely not in YK-E1.   

 

The range of As concentrations tested here is not only representative of what can be 

found in mining-affected, but also corresponds to a concentration range over which microbial 

As(V) reduction was tested in previous studies. For example, Macy et al (2000) incubated two 
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different SRMs (Desulfomicrobium strain Ben-RB and Desulfovibrio strain Ben-RA) in 10 mM and 

30 mM concentrations of As(V) growth media.  These two strains have different As(V) reduction 

pathways; Desulfomicrobium strain Ben-RB can use As(V) as the TEA, whereas Desulfovibrio 

strain Ben-RA reduces As(V) as part of an As resistance system77.  Other studies have shown that 

microbial As(V) reduction can occur at much lower As concentrations (e.g. < 0.007 mM)78.    

 

 Together, our results indicate that the inhibition of Hg methylation by As(V) addition is 

stronger than the stimulation of Hg methylation by sulfate addition.  Reasons that may explain 

this include: (1) some microbes may be inhibited by As(V), reducing biotic Hg methylation rates; 

and/or (2) As(V) may alter microbial community structure to favour species that do not methylate 

Hg. 

 

Note that this study did not explicitly differentiate between As(V) reduction that is used 

for catabolic activity (i.e. respiration pathway) and the reduction supporting detoxification.  The 

respiration pathway can either occur in microbes that are strict As(V) reducers, or secondary As(V) 

reducers (i.e. SRMs that use As(V) an alternative TEA)45,79, which has been shown in several 

microbial guilds80.  On the other hand, As(V) reduction is equally widely distributed81 as a 

detoxification mechanism and is controlled by the ars operon, during which the As(V) is 

transported through the cell, reduced into As(III), and transported out of the cell29.  Both of these 

could potentially affect the production of MeHg in our sediments.   
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Interestingly, As(III) production rates exhibited a bell-shaped curve, suggesting a 

stimulating effect followed by an inhibiting effect as As(V) concentrations further increased; 

however, the changes were not significantly correlated with As(V) nor sulfate concentrations 

increases (Figure S3.4).  In the case of microbes that reduce As(V) through detoxification (ars 

operon), As(III) produced can be actively transported outside of the microbial cell reducing 

intracellular As(III) damages79.  Consequently, microbes that express the ars operon could 

potentially tolerate environments with higher As(III) concentrations, while dissimilatory As(V) 

reducing microbes do not necessarily have a mechanism to actively transport As(III) out of the 

cell79, potentially causing damages to cells respiring As(V), at high As(V) concentrations.  

Therefore, because of this bell-shaped curve and the range of concentrations involved (with a 

peak in As(III) production at 100 µM; Figure 3.2d-f), we suspect that the majority of As(V) 

reduction observed in these sediments was performed by dissimilatory As(V) reducers.  However, 

results from studies that have looked at As transformation genes along [As] gradients do not 

offer a clear consensus on this matter.  Some studies show that ars genes are inhibited at high 

[As(V)]8282, which could potentially indicate that dissimilatory arsenate reduction would be the 

dominant reduction type in high As concentrations, while other show an increase83,84 in ars genes.  

Therefore, additional genetic screening would be necessary to identify the pathway(s) involved.  

 

3.5 CONCLUSION 

Interactions between As and sulfate cycling has been explored by a few studies, however most 

of these studies are in-vitro and experiments in environmental settings remain largely 
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unexplored59.  Furthermore, the role of Hg within those two cycles, to the best of our knowledge, 

has not been studied at all.  Working towards a better understanding of the interplay between 

As, Hg, and sulfur biogeochemical cycles is important because sulfur and As pollution often 

coincide7,85–87.  Iron-sulfide minerals (e.g. pyrite, marcasite, and arsenopyrite) tend to be 

associated with economically viable ore deposits (e.g. iron, gold, nickel, copper) and certain 

minerals in this mineralogical group also have As as part of their mineral structure (e.g. 

arsenopyrite).  As such, when these ore deposits are mined for metals, the extraction process 

tends to create sulfate and As pollution in the same area7,88. Furthermore, the global demand for 

metals is increasing, leading to more metal extraction and mining89, and we can expect more 

environments that are affected by sulfate and As pollution.  The work presented here is an 

important step in understanding the potential ramifications of such mixed pollution gradients on 

the cycling of Hg. 



 114 

 

Figure 3.1: Methylation rates of treatments without carbon, only with carbon, and with carbon 
and sulfate. 
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Figure 3.2: Chemical results from experimental incubations.  The bottom figures show the fold 
change in sulfide concentration in overlying water.  The second row of figures show the change 
in As(III) concentrations in overlying water.  Lastly, the top row of figures show the methylation 
rate constant (day-1) of sediments.  All treatments have added carbon to stimulate microbial 
activity. 
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Table 3.1: Methylation and demethylation dynamics along with the different treatments of 
As(V) and sulfate amendments.  Each methylation and demethylation represents the mean 
calculated along with the standard deviation of the mean. Km = methylation rate constant, Kd = 
demethylation rate constant, SD = standard deviation 

Amendment       
Sulfate (mM) As(V) (mM)  Km (day-1) SD  Kd (day-1) SD 
0.0   0.00  0.171 0.013  -0.119 0.099 
   0.01  0.153 0.042  -0.011 0.040 
   0.10  0.112 0.031  1.005 1.595 
   1.00  0.030 0.022  0.021 0.092 
 10.00  0.017 0.001  -0.040 0.037 
0.2   0.00  0.244 0.052  -0.668 0.790 
   0.01  0.176 0.044  -0.118 0.038 
   0.10  0.031 0.001  -0.057 0.025 
   1.00  0.011 0.016  0.156 0.481 
 10.00  0.018 0.006  -0.024 0.154 
2.0   0.00  0.380 0.124  -0.185 0.123 
   0.01  0.267 0.129  -0.203 0.068 
   0.10  0.028 0.018  0.018 0.131 
   1.00  0.032 0.017  -0.014 0.124 
 10.00  0.010 0.009  -0.030 0.036 
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Figure 3.3: Calculated methylation rate constants (day-1) in sediments with respect to different 
amendments of As(V) (mM).  The different colours represent the different amendments of 
sulfate (mM).  A bootstrapped regression indicated no significant difference of the slopes for 
different sulfate amendments, however there is a significant decrease in methylation rate 
constant with increasing concentrations of As(V) amendments. 
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3.7 SUPPLEMENTARY INFORMATION 

Supporting information (order occurring in the text) 
 
Table S3.1: List of microbial genera that have been shown to reduce arsenate and methylate 
mercury.  Genus names marked with an asterisk contain iron reducing microbes, all others 
contain sulfate reducing bacteria 
 
Figure S3.1: Methylation and demethylation figures for experiments testing the effect of added 
carbon (1 mM and 10 mM). The top panel (pink points) for each lake represents the increase in 
Me199Hg (i.e. methylation) and the bottom panel (green points) for each lake represents the 
decrease in Me198Hg (i.e. demethylation). The horizontal red line is the concentration of spiked 
MeHg at the start (t=0) of each incubation. 
 
Figure S3.2: Methylation and demethylation figures for all experiments testing the effect of 
sulfate and arsenate amendments, all samples also have a 1 mM carbon amendment. The top 
panel (pink points) for each lake represents the increase in Me199Hg (i.e. methylation) and the 
bottom panel (green points) for each lake represents the decrease in Me198Hg (i.e. 
demethylation). The horizontal red line is the concentration of spiked MeHg at the start (t=0) of 
each incubation. 
 
Figure S3.3: Methylation rates, arsenite increase, and sulfide increase of treatments without 
carbon, only with carbon, and with carbon and sulfate.  These results are from preliminary 
experiments in which we tested the effect of 1 mM and 10 mM carbon amendments. 
 
Figure S3.4: Fold change in sulfide (A) and arsenite (B) produced in overlying water during the 
incubation experiments. 
 
Figure S3.5: Results from control experiments.  Top figure show the fold change in sulfide 
produced in overlying water, middle figure shows the fold change in arsenite produced in 
overlying water and the bottom figure show methylation rate constants (with standard 
deviations) for control experiments.  Biotic controls (biotic) were tested when all microbial 
activity was suppressed while sulfate reduction (SRB) controls were tested when all microbial 
activity from sulfate reducing microbes were suppressed. 
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Table S3.1: List of microbial genera that have been shown to reduce arsenate and methylate 
mercury.  Genus names marked with an asterisk (*) contain iron reducing microbes, all others 
contain sulfate reducing bacteria 

Genus Mercury Methylating Species Arsenate Reducing Species 

   

Bacillus Hamdy and Noyes (1975) Yamamura et al. (2003) 
Chrysiogenes Gionfriddo et al. (2016) Krafft et al. (1998) 
Citrobacter Chang et al. (2012) Chang et al. (2012) 
Clostridium Christensen et al. (2016) Stolz et al. (2007) 
Desulfitobacterium Gilmour et al. (2013) Niggemyer et al. (2001) 
Desulfosporosinus Liu et al. (2004) Pérez-Jiménez et al. (2005) 
Desuflovibrio Choi et Bartha (1993) Macy et al. (2000) 
Desulfuromonas* Kerin et al. (2006) Osborne et al. (2015) 
Shewanella* Si et al. (2015) Cummings et al. (1999) 
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Figure S3.1: Methylation and demethylation figures for experiments testing the effect of added 
carbon (1 mM and 10 mM). The top panel (pink points) for each lake represents the increase in 
Me199Hg (i.e. methylation) and the bottom panel (green points) for each lake represents the 
decrease in Me198Hg (i.e. demethylation). The horizontal red line is the concentration of spiked 
MeHg at the start (t=0) of each incubation. 
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Figure S3.2: Methylation and demethylation figures for all experiments testing the effect of 
sulfate and arsenate amendments, all samples also have a 1 mM carbon amendment. The top 
panel (pink points) for each lake represents the increase in Me199Hg (i.e. methylation) and the 
bottom panel (green points) for each lake represents the decrease in Me198Hg (i.e. 
demethylation). The horizontal red line is the concentration of spiked MeHg at the start (t=0) of 
each incubation. 
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Figure S3.3: Methylation rates, arsenite increase, and sulfide increase of treatments without 
carbon, only with carbon, and with carbon and sulfate.  These results are from preliminary 
experiments in which we tested the effect of 1 mM and 10 mM carbon amendments.  
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Figure S3.4: Fold change in sulfide (A) and arsenite (B) produced in overlying water during the 
incubation experiments. 
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Figure S3.5: Results from control experiments.  Top figure show the fold change in sulfide 
produced in overlying water, middle figure shows the fold change in arsenite produced in 
overlying water and the bottom figure show methylation rate constants (with standard 
deviations) for control experiments.  Biotic controls (biotic) were tested when all microbial 
activity was suppressed while sulfate reduction (SRB) controls were tested when all microbial 
activity from sulfate reducing microbes were suppressed. 
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CHAPTER 4: EFFECTS OF A DECADE OF SELENIUM 
EMISSION REDUCTIONS ON MERCURY 
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Main Conclusions: 
 

1) Total Se emissions have decreased following emission restrictions 
 

2) Total Se concentrations in the water of the majority of lakes have increased despite 
decreases in Se depositions 

 
3) Se in water continues to correlate with lower total Hg and MeHg accumulation in tissues 

of zooplankton, amphipods, mayflies, and perch 
 

4) Se continues to exhibit a protective effect on Hg accumulation in biota, even years after 
emissions have greatly decreased 

 
Contribution to Field: 
 
In this study, we offer the first assessment of the effect of Se on Hg species accumulation over 
a decade after a significant reduction in Se emissions.  Our results show that a reduction in Se 
emissions did not translate into less total Se in lake waters and emphasize the complexity of Hg 
accumulation in biota under these conditions. MeHg and total Hg burden in biota continues to 
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be correlated with the total Se in the water column, 15 years after the original findings by 
Belzile et al. (2006). These results are important as they can help manage long-term recovery of 
mining-impacted aquatic systems and can inform future remediation strategies involving Se 
additions. 
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4.1 ABSTRACT 

Control of smelting emissions in the Sudbury (Ontario, Canada) area has dramatically decreased 

the amount of selenium (Se) deposited onto the surrounding landscape. Historically, Se 

emissions in Sudbury correlated with lower total mercury (Hg) and methylmercury levels (MeHg) 

in tissues of zooplankton, amphipods (Hyalella azteca), mayflies (Stenonema femoratum), and 

young of the year perch (Perca flavescens). In 2017, ten years following emission reductions, we 

evaluated whether changes in Se deposition affected total Hg and MeHg burden in lake biota.  

We show that total Se concentrations in the water of the majority of lakes have increased despite 

decreases in Se depositions, most likely due to the long residence time of Se in the watershed 

and the water column.  As a result, Se in water continues to correlate with lower total Hg and 

MeHg accumulation in tissues of zooplankton, amphipods, mayflies, and perch. These results 

suggest that Se continues to exhibit a protective effect on Hg accumulation in biota, even years 

after emissions have greatly decreased. We expect this work to inform efforts aiming at long 

term recovery of aquatic environments affected by smelter emissions and aid in designing 

remediation strategies involving Se additions. 
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4.2 INTRODUCTION 

The metal mining and smelting industry in Sudbury, Ontario, Canada, has been operating for 

more than 130 years1, extracting primarily nickel and copper, but also large quantities of silver, 

gold, cobalt, and platinum group elements from the rich local ore body2.  Although highly 

profitable over much of this period, the Sudbury smelters have severely impacted the local 

aquatic and terrestrial environments through extensive atmospheric deposition of sulfate and 

metals. Several studies have shown the impact of metal smelting on soil, vegetation3–5, water 

quality2, and biota6.  Fortunately, Sudbury is also a great example of environmental reclamation 

that started in the 1970’s7. One of the most famous efforts was the liming performed to 

counteract the acidification of the city’s lakes and soils1,8,9. Furthermore, reduction of emissions 

occurred through the use of more efficient smelting techniques, periods of reduced production, 

and stricter emission regulations8,10.  

 

 Particulate matter emitted from smelters contained significant quantities of nickel, 

copper, iron, but also considerable levels of selenium (Se) because Sudbury’s nickel and copper 

sulfidic ores are rich in Se, which can replace sulfur in mineral structures6,11,12.  As a result, lakes 

closer to the smelter exhibit [total Se] ranging from 2.9 to 5.1 nmol/L11,13, levels well above most 

Ontario lakes that typically range from 0.63 to 1.3 nmol/L11.  The decreasing [total Se] observed 

in lake water with increasing distance from the smelter sites provides a unique opportunity to 

investigate the response of aquatic biota to Se14,15. 
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Se is an essential micronutrient in most animals16,17, usually present as selenocysteine18 

and generally acquired through their diet19; however it can also become toxic in certain 

concentrations.  Although inorganic species of Se such as selenite (SeO3
2-) and selenate (SeO4

2-) 

are present in the aquatic environment, organic species are thought to be the most bioavailable 

for uptake by periphyton, macrophytes18,20,21, and fish22.  Se can be an essential or toxic element, 

depending on concentrations and speciation, however, the concentration range at which Se is 

beneficial to fish is very narrow23.  Due to this narrow range, and its persistent and 

bioaccumulative nature in freshwater biota, there has been discussion on the concentration 

thresholds in aquatic environment24.  Due to this narrow range, it is important to ensure that [Se] 

in the lakes do not reach toxic levels.   

 

The interaction between mercury (Hg) and Se has been the focus of several studies as Se 

can affect the mobility, bioavailability, and toxicity of Hg in aquatic ecosystems25. In particular, 

Se has been shown to have an antagonistic effect on Hg bioaccumulation in freshwater 

environments26–28. In the Sudbury area, Belzile et al. (2006) showed that [total Se] in Sudbury lake 

water were inversely related with total Hg and MeHg concentrations in four different freshwater 

components: zooplankton, amphipods (Hyalella azteca), mayflies (Stenonema femoratum), and 

young of the year perch (Perca flavescens)16.  Other studies have shown similar inverse 

relationships between [Se] in lake water and [total Hg] in fish tissue (Belzile et al. 2009), and 

[MeHg] in young walleye17 both in Sudbury and elsewhere29. 
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Although the inhibitory effect of Se on Hg bioaccumulation is well known, there is no 

clear consensus on the mechanism involved. Earlier studies suggest that Se affects both Hg 

mobility and bioavailability. Inorganic Hg can form low solubility complexes with Se4,26,30–32, which 

can (1) decrease the bioavailability of Hg to be methylated by microbes33,34; (2) decrease the 

bioaccumulation of Hg in organisms35; and (3) increase the elimination rates of Hg from the 

organism27. In addition, selenide’s (Se2- or HSe-) strong binding affinity with MeHg26 can (1) 

promote mercury demethylation; and (2) prevent MeHg from binding to proteins while increasing 

its excretion from the cell36. 

  

Due to Hg and MeHg toxicity to wildlife and humans29, Se additions to lakes have been 

proposed as a remediation strategy to reduce Hg accumulation37.  However, to the best of our 

knowledge, there have not been any studies assessing the long term effects of varying Se 

deposition on total Hg and MeHg accumulation in freshwater biota.  Such data would aid in 

evaluating the feasibility of Se-based remediation strategies. 

 

Over the past ten years, Se emissions in Sudbury have substantially decreased mostly 

because of a decrease in emissions from the Copper Cliff smelter which was the largest smelter 

site in Sudbury1.  We hypothesized that changes in Se emissions in Sudbury will alter Hg 

accumulation in biota, and predicted that a decrease in emissions would lead to an increase in 

Hg and MeHg in biota. In this study, we examined (1) how [total Se] have changed in the water 

of lakes in the Sudbury area following an 85% decrease in emissions; and (2) whether total Se, 
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total Hg, and MeHg concentrations in aquatic biota have changed 15 years after a similar study 

was conducted16. 

 

4.3 MATERIALS AND METHODS 

We compared the July 2002 sampling results reported in Belzile et al. (2006)16 with new biota 

and unfiltered surface water samples collected in July 2017 and 2018. Complete information of 

the lake water chemistry and physical characteristics are available in Table S4.2. 

 

4.3.1 Lake Selection 

All eleven lakes from the original 2002 survey by Belzile et al. (2006)16 were resampled for both 

water chemistry and biota in July 2017. The lakes ranged from 8-65 km from the smelters (Figure 

4.1).  In 2017, two samples (Lohi and Long) had very high [total Se] therefore a complete set of 

water samples were collected and analyzed again in 2018 for [total Se] and [total Hg]. All data 

are shown in Table S4.2. 

 

4.3.2 Biological sample collection 

Four different food web components were collected: zooplankton, amphipods (Hyalella azteca), 

mayflies (Stenonema femoratum), and young of the year perch (Perca flavescens).  All samples 

were collected from the same area within the lake.  Zooplankton were collected using an 80 µm 

net, then sorted with a mesh between 200 and 1000 µm.  Amphipods were collected with a kick 
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net and picked by hand. Mayflies were picked by hand from the underside of stones.  Yellow 

perch were collected with seine netting.  All samples were frozen after sampling, freeze dried, 

homogenized with mortar and pestle, and kept in a dry and dark place until analysis. 

 

4.3.3 Extraction and Metals Analysis 

Total Hg for yellow perch, amphipods, and mayflies were analyzed using a Nippon MA-3000 Hg 

analyser with a method detection limit of 0.002 ng; zooplankton samples were analysed using 

Tekran-2600 with a method detection limit of 0.02 ng/kg.  MeHg in biota was analysed using 

GC-CV-AFS with a limit of detection of 2.67∙10-5 ng/L (digestion solution).  Total Se in biota was 

analysed using ICP-MS with a detection limit of 10 ng/L (digestion solution).   

 

Extraction and analysis methods were maintained as similar as possible between the two 

study periods. Table 4.1 provides a summary and a comparison of techniques used in our study 

and that of Belzile et al. (2006)16.  The quality of analysis between the two samplings was verified 

using the following certified reference materials: DORM2, DORM4, TORT2, IAEA407, and 

DOLT5.  All five reference materials, in duplicate, were used in each extraction and analysed with 

the samples.  The relative error on measurement was 0-14.8% for total Hg, 0-10.9% for MeHg, 

and 5.7-21.5% for Se (Table S4.1). 
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4.3.4 Statistical Analyses 

All statistical analyses were done in the program R.  Simple linear regression models and analyses 

of covariance (ANCOVA) were used to test the relationships between variables. Model 

assumptions (i.e. linearity, heteroscedasticity, and normality of residuals) were tested using 

formal tests and dependent variables were transformed accordingly.  In certain instances, the 

relationship between variables was visually assessed and it was decided that a nonlinear 

relationship was more suitable.  ANCOVAs were used to test the difference in concentrations 

between years with distance from smelter stack being the co-variate.  This statistical analysis was 

chosen in order to address issues of spatial autocorrelation along the distance gradient when 

comparing sampling years. 

 

4.4 RESULTS 

4.4.1 [Total Se], [total Hg] and water quality variables differences between 

2002 and 2017/2018. 

Results from all sampling years showed that [total Se] was inversely related to distance from the 

closest smelter (Figure 4.2).  The two ANCOVA models had distance as co-variate and tested for 

effect of year on [total Se], this was done for 2017 vs 2002 (p-value < 0.05, r2 = 0.86, F2, 17 = 

61.41), and 2018 vs 2002 (p-value < 0.05, r2 = 0.90, F2, 19 = 91.73).   

 



 140 

[Total Se] in 2017 decreases with distance from the closest smelter (GLM model, p-value 

= 0.046, r2=0.38, F1, 7 = 5.863) (Figure 4.2).  When comparing 2002 and 2017, there was a 

significant difference in the intercepts between the years (p-value = 0.002) with the July 2017 

intercept being significantly higher (Figure 4.2).  For the 2017 samples, [total Se] in lake water 

ranged from 0.63 to 63.32 nmol/L with two lakes appearing as extreme outliers: Lohi (63.32 

nmol/L) and Long (33.56 nmol/L). After excluding the Lohi and Long lake samples from the 2017 

vs 2002 analysis (p-value < 0.05, r2 = 0.82, F3, 14 = 28.03), the intercepts were significantly different 

between the two years (p-value < 0.05).  When the lakes were resampled again in 2018, [total 

Se] were no longer highly elevated (0.67 to 2.74 nmol/L) and [total Se] remained inversely 

correlated with distance from the closest smelter (p-value < 0.05, r2=0.75, F1, 9 = 31.63).  When 

comparing the [total Se] results from 2018 with 2002 (p-value < 0.05, r2=0.89, F2, 19 = 31.63), 

there was once again a significant difference in the intercepts (p-value < 0.03), with the 2018 

intercept being higher (Figure 4.2). 

 

[Total Hg] in water in 2018 (Table S4.2) decreased significantly with distance from the 

smelters, although the relationship was weak (p-value = 0.0495, r2 = 0.29, F1, 9 = 5.147), and the 

effect size was small (m= 0.029 pmol/L×km-1).  When comparing the two years with an ANCOVA 

model (p-value < 0.05, r2 = 0.91, F2, 18 = 94.17), the 2018 samples had significantly lower 

concentrations than the 2002 samples (p-value < 0.05, m=-2.04 pmol/L of Hg). Unfortunately, 

no [total Hg] data are available for lake water samples in 2017. 
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Other chemical variables from 2017 were also inversely correlated with distance from the 

stacks such as [sulfate] (p-value = 0.004, r2=0.58, F1, 9 = 14.62, m=-0.019 mg/L×km-1), [nickel] (p-

value = 0.021, r2 = 0.49, F1, 7 = 8.753, m = -0.843 ug/L×km-1), and [copper] (p-value = 0.007, r2 = 

0.62, F1, 7 = 14.25, m=-0.16 ug/L×km-1), however the effect sizes were small.  [Calcium] decreased 

with distance (p-value = 0.04, r2=0.32, F1, 9 = 5.603) with a small effect size (m=-0.027 mmol/L×km-

1). Environmental variables such as dissolved organic carbon, pH, nitrogen, and phosphorous 

were not significantly different between 2017 and 2002 sampling seasons (ANCOVA models, p-

value > 0.05), nor were they significantly correlated with distance from the smelters (p-value > 

0.05).  

 

4.4.2 [Total Se], [total Hg] and [MeHg] in tissues in 2017 

[Total Hg] in organisms increased with distance from the smelters (Figure 4.3), for amphipods (p-

value = 0.003, r2= 0.65, F1, 8 = 17.92), mayflies (p-value < 0.05, r2= 0.85, F1, 8 = 53.45), and perch 

(p-value < 0.05, r2= 0.89, F1, 7 = 66.07).  However, [total Hg] in zooplankton were not significantly 

correlated with distance from the smelters (p-value > 0.05) (Figure 4.3).   

 

In addition, [total Hg] in organisms decreased with increasing [total Se] in water (Figure 

4.4) for zooplankton (p-value = 0.022, r2=0.71, F1, 4 = 13.17), amphipods (p-value = 0.017, 

r2=0.58, F1, 6 = 10.77), mayflies (p-value = 0.007, r2=0.68, F1, 6 = 16.06), and perch (p-value < 0.05, 

r2=0.96, F1, 5 = 183.9).  When the two outliers (Lohi and Long) were removed, a significant inverse 

relationship for [total Hg] in zooplankton (p-value = 0.042, r2= 0.73, F1, 3 = 11.63), amphipods (p-



 142 

value = 0.039, r2= 0.63, F1, 4 = 9.102), mayflies (p-value = 0.016, r2= 0.75, F1, 4 = 16.21) and perch 

(p-value > 0.05, r2= 0.96, F1, 4 = 129.1) was observed with respect to [total Se] in water.  [Total 

Hg] were not correlated with [total Se] in tissues (p-value > 0.05) of zooplankton, amphipods, 

mayflies, and perch (Figure S4.3). 

 

[MeHg] in tissue samples increased with distance from smelter stacks (Figure 4.3) for 

amphipods (p-value = 0.001, r2= 0.77, F1, 7 = 28.08), mayflies (p-value = 0.001, r2= 0.76, F1, 8 = 

29.67), and perch (p-value = 0.003, r2= 0.66, F1, 8 = 18.31). They decreased with respect to [total 

Se] in water for amphipods (p-value < 0.05, r2= 0.89, F1, 5 = 52.11), mayflies (p-value = 0.002, r2= 

0.78, F1, 6 = 26.28), and perch (p-value < 0.05, r2= 0.95, F1, 6 = 144.9) (zooplankton were excluded 

due to missing data).  Additionally, when the two outliers (Lohi and Long) were removed, [MeHg] 

was significantly inversely correlated with [total Se] in water for amphipods (p-value = 0.008, r2= 

0.91, F1, 3 = 41.75), mayflies (p-value = 0.024, r2= 0.70, F1, 4 = 12.49), and perch (p-value < 0.05, 

r2= 0.95, F1, 4 = 98.53).  Finally, only [MeHg] in perch tissues significantly decreased with [total 

Se] in perch tissues (p-value = 0.03, r2= 0.40, F1, 8 = 6.92). This is interesting because [total Se] in 

tissue samples did not significantly correlate with distance from the smelters stacks (p-value > 

0.05) nor with [total Se] in water (p-value > 0.05) (Figure S4.2).  

 

4.4.3 [Total Se], [total Hg], and [MeHg] in tissues between 2002 and 2017 

We tested differences in concentrations of total Se in biota between the two years using analysis 

of covariance (ANCOVA).  Two models identified significant results; the first model (p-value = 
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0.002, r2 = 0.44, F2, 18 = 8.84) identified that, for zooplankton, the intercept of [total Se] in 2002 

was lower than the one in 2017 with respect to distance from the smelters (p-value = 0.021), 

meaning that [TSe] in zooplankton has overall increased. The second model (p-value < 0.05, r2 = 

0.41, F2, 15 = 6.83) also identified the 2002 intercept as being higher than the value for 2017 for 

[total Se] in perch, with respect to distance (p-value = 0.046), therefore [total Se] also increased 

in the 2017 sampling.  In addition, [total Hg] and [MeHg] in tissue samples were not significantly 

different, with respect to distance from the closest smelter, between sampling years for any of 

the organisms (p-value > 0.05). However, there was a significant difference in the slopes of 

[MeHg] (p-value = 0.001) in mayfly tissue samples with respect to distance from the smelters in 

2002 vs. 2017 (ANCOVA analysis, p-value < 0.05, r2 = 0.91, F3, 15 = 61.73) (Figure 4.5). 

 

4.5 DISCUSSION 

[Total Se] in lake water samples were inversely related to distance from the closest smelter stacks 

in all years (2002, 2017, and 2018), consistent with other studies in the Sudbury area, which show 

the effect of metal smelting emissions on water chemistry11,38–42. Interestingly, despite almost an 

85% decrease in Se emissions, [total Se] in lake water increased rather than decreased between 

2002 and 2017/2018 (Figure 4.2).  We also noted that [THg] in water decreased between 2002 

to 2018, and although these concentrations are low, they do fall within the range of 

concentrations shown for Ontario lakes in the last few years43,44.  However, these temporal results 

should be interpreted with caution as we have only compared data from 2002 and 2017/2018. 
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Several factors may explain why [total Se] did not decrease following a reduction by stack 

emissions. First, it has been previously shown that catchment soils near the smelters are heavily 

contaminated with metals and some studies have predicted that high metal concentrations in 

runoff water may continue for decades or even centuries after the smelting operations have come 

to an end41. Increased runoff of Se from soil may therefore explain the patterns we observed. 

 

 A second potential important source of Se is lake sediments. Se in sediments can be 

remobilized by oxidation processes, disturbance of the sediments by water turbulence or 

burrowing insects20, decomposition of organic matter45, or by the desorption of Se from mineral 

phases15.  Remobilization of Se from sediments has been shown to occur in two lakes near 

Sudbury smelters (Clearwater and McFarlane), though the authors did not state that this process 

could account for large quantities of Se mobilized to the water column46.  Desorption of Se from 

iron or manganese oxyhydroxides in sediments occurs mostly because of changes in pH47; we 

did not observe a significant change in lake water pH between the two sampling years, however 

this does not exclude a possible pH change in sediments which was not measured. 

 

Finally, the overall increase in [total Se] in lake water between 2002 and 2017/2018 could 

be attributed to the retention time of Se in water, which studies have shown to vary widely from 

system to system32,48.  Differences in Se retention time could be influenced by the retention time 

of lake water itself, by differences in primary productivity, or by chemical conditions that regulate 

the natural cycling dynamics and sedimentation rates21. Typically, lentic systems such as lakes 
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and wetlands allow Se to stay in the water column for longer periods of time20,49  than for lotic 

systems such as rivers.  In lakes, the slow moving water allows Se species to be reduced into 

selenite and organic selenium, which are more likely to be associated with particulates, making 

Se more bioavailable to biota23,50. Se tends to have a longer residence time once it is reduced as 

it can be recycled in the water column through trophic interactions preventing its deposition and 

burial in sediments45,47,51.  Additionally, Se species have very slow oxidation rates52, further 

increasing the residence time of more bioavailable reduced Se species in the water column53. 

 

Our study replicated trends observed by Belzile et al. (2006), showing that [total Se] is 

inversely correlated with the accumulation of total Hg and MeHg in zooplankton, amphipods, 

mayflies, and perch16.  Only [MeHg] in perch tissue samples significantly decreased with 

increasing [total Se] in tissue samples. However, [total Se] in water remained the best predictor 

of [MeHg] in perch. Our results are in line with others that have shown an antagonistic effect of 

Se in water on total Hg and MeHg bioaccumulation in animal tissues17,32. In this study we offer 

the first assessment of the effect of Se on Hg species accumulation over a decade after a 

significant reduction in Se emissions. 

 

A reduction in Se emissions and a reduction in [total Hg] in water between 2002 and 

2017/2018 have not resulted in overall changes in [total Hg] or [MeHg] in biota. Mayflies appear 

to be the only biota for which the slope describing [MeHg] with respect to distance from the 

smelters changed between July 2002 and July 2017 (Figure 4.3).  MeHg burden in mayflies was 
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greater in 2017 than in 2002 for lakes located further away from the stacks, but no change 

occurred in lakes located closer to the emission sources. Several other variables besides [total 

Se] may have affected [MeHg] in primary consumers such as mayflies. Such variables include 

[MeHg] in algae54, pH55, DOC56, or feeding patterns57. It is also possible that the effects of a 

change in Se emissions in such a historically metal contaminated environment is first detectable 

in the less impacted lakes at the edge of the deposition zone. We predict that over time, with 

continued low emission, a response of the biota will increasingly apply to lakes closer to the 

emission sources.  

 

In conclusion, our results showed that a reduction in Se emissions did not translate into 

less total Se in lake waters and emphasize the complexity of Hg accumulation in biota under 

these conditions. MeHg and total Hg burden in biota continues to the be correlated with the 

[total Se] in the water column, 15 years after the original findings by Belzile et al. (2006)16. These 

results are important as they can help manage long term recovery of mining impacted aquatic 

systems and can inform future remediation strategies involving Se additions.  
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Table 4.1: Comparison of extraction methods for total Se, total mercury, and methylmercury 

METHOD July 2002 - Belzile et al (2006) July 2017 – Present Study 

TOTAL SELENIUM Digested with  HNO3 and H2O2 Digested with concentrated HNO3 
and H2O2 

 Analyzed by HG-AFS Analysed by ICP-MS 

  
 

TOTAL MERCURY Digested in mixture of HNO3 and 
H2O2 

Digested with concentrated HNO3 
and H2O2 (Zooplankton) 

 Analyzed by CVAFS (Tekran 2600) Tekran 2600 (Zooplankton) or Nic 
MA-3000 mercury analyser (Perch, 
Amphipods, Mayflies) 

   

 
 

METHYLMERCURY Digested with 2.0mL of 25% KOH-
methanol in Teflon vial at 85°C for 
3h. 

Digested with 2mL of 6N KOH, 
shaken for 4 hours 

 
 

2.0 mL of 6N HCl pH adjusted to 3.0 
with 20% HCl and 20% KOH 

 Back extracted with 6.0mL of CH2Cl2 Add 4mL acidic potassium bromide 
and copper sulfate (3:1) and 5mL of 
CH2Cl2, shake overnight 

 CH2Cl2 is collected and ethylated CH2Cl2 is collected into vial with 1mL 
of sodium thiosulfate, shaken 

  MeHg collected on Tenax tube Sodium thiosulfate added to 3:1 
mixture of acidic potassium bromide 
and copper sulfate and CH2Cl2, 
shaken 

   CH2Cl2 is collected 

 Analysed by GC-CVAFS Analysed by GC-AFS 
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Figure 4.1: Map of the lakes selected for the study as well as the placement of the three 
smelter stacks in the greater Sudbury area.  Spatial data was extrapolated from Belzile et al. 
(2006), the National Pollutant Release Inventory (Canada 2017), and the Ontario Integrated 
Hydrology Data (Forestry 2012).  
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Figure 4.2: Concentration of total Se as a function of distance from the closest smelter stack, 
with and without outliers.  Dark points represent the samples from July 2017 (A) and July 2018 
(B) and the light points represent the samples from Belzile et al (2006).  Standard deviations of 
analysis replicates are shown for samples from July 2017 and July 2018. 
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Figure 4.3: Concentrations of methylmercury and total mercury in tissues with respect to 
distance from the closest smelter in zooplankton, amphipods, mayflies, and perch. Black points 
represent methylmercury concentrations and grey points represent total mercury 
concentrations.  Standard deviations of analysis replicates are shown for samples from July 
2017.  
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Figure 4.4: Concentrations of methylmercury and total mercury in tissues with respect to 
concentrations of total Se in water for zooplankton, amphipods, mayflies, and perch.   Black 
points represent the methylmercury concentrations and grey points represent the total mercury 
concentrations. Standard deviations of analysis replicates are shown for samples from July 
2017.  
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Figure 4.5: Concentrations of methylmercury in tissues with respect to distance from the closest 
smelter for zooplankton, amphipods, mayflies, and perch.  Black points represent the results 
from the sampling in July 2017, grey points represent the results from Belzile et al. (2006). 
Standard deviations of analysis replicates are shown for samples from July 2017. 
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4.8 SUPPLEMENTARY INFORMATION 

Order occurring in the text: 

Figure S4.1: Emissions of Selenium from Copper Cliff Smelter in Sudbury ON, the primary 
source of emissions to the area.  The emissions from 2003 to 2017 are quantified by 
engineered estimation.  Data were collected from the National Pollutant Release Inventory 
provided by Environment and Climate Change Canada.  The vertical blue lines are showing the 
two years of sampling compared in the study (2002 and 2017) 
 
Table S4.1: Results of quality control for all biota analyses. DORM2, DORM4, TORT2, and 
DOLT5 is provided by Canadian National Research Council.  IAEA407 is provided by the 
International Atomic Energy Agency  
 
Table S4.2: Physical and chemical characteristics of the lakes 
 
Table S4.3: Concentrations of total selenium, total mercury and methylmercury in organisms 
collected in the lakes around Sudbury.  The samples from 2002 are taken from Belzile et al. 
(2006).  All concentrations are given in dry weight. 
 
Figure S4.2: Concentrations of total selenium in tissues with respect to distance from the 
closest smelter for zooplankton (A), amphipods (B), mayflies (C), and perch (D). 
 
Figure S4.3: Concentrations of methylmercury and total mercury in tissues with respect to 
concentration of total Se in tissues for zooplankton (A), amphipods (B), mayflies (C), and perch 
(D). Black points represent the methylmercury concentrations and grey points represent the 
total mercury concentrations 
 
Figure S4.4: Concentrations of methylmercury in tissues of organisms.  The samples are pooled 
into two categories: near (<20km from the closest smelter) and far (>20km from the closest 
smelter).  Grey boxes are 2002 samples and black boxes are 2017 samples. 
 
Figure S4.5: Concentrations of total mercury in tissues of organisms.  The samples are pooled 
into two categories: near (<20km from the closest smelter) and far (>20km from the closest 
smelter).  Grey boxes are 2002 samples and black boxes are 2017 samples. 
 
Figure S4.6: Concentrations of selenium in water.  The samples are pooled into two categories: 
near (<20km from the closest smelter) and far (>20km from the closest smelter).  Grey boxes 
are 2002 samples and black boxes are 2017 samples. 
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Figure S4.1: Emissions of Selenium from Copper Cliff Smelter in Sudbury ON, the primary source of emissions to the area.  The 
emissions from 2003 to 2017 are quantified by engineered estimation.  Data were collected from the National Pollutant Release 
Inventory provided by Environment and Climate Change Canada.  The vertical blue lines are showing the two years of sampling 
compared in the study (2002 and 2017) 
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Table S4.1: Results of quality control for all biota analyses from 2017.  DORM2, DORM4, TORT2, and DOLT5 is provided by 
Canadian National Research Council.  IAEA407 is provided by the International Atomic Energy Agency  

 

 

 

 

 
Relative error = [(Actual Value - Measured Value) / Known Value]*100 
CRM = certified reference material  

  Total Se    Total Hg    MeHg   

CRMb 

Certified 
Value 
(mg/Kg) 

Average 
Results 
(mg/Kg) 

Relative 
Errora 
(%) 

 Certified 
Value 
(mg/Kg) 

Average 
Results 
(mg/Kg) 

Relative 
Errora 
(%) 

 Certified 
Value 
(mg/Kg) 

Average 
Results 
(mg/Kg) 

Relative 
Errora 
(%) 

DORM2 1.4 1.32 5.7  4.64 4.06 12.5  4.47 3.976 10.9 

DORM4 3.45 3.19 7.5  0.41 0.36 12.6  0.355 0.355 0 

TORT2 5.63 4.42 21.5  0.27 0.31 14.8  0.152 0.159 4.6 

IAEA407 2.83 2.29 18.1  0.22 0.22 0  0.2 0.20 0 

DOLT5 8.3 7.03 15.3  0.44 0.39 11.4  0.119 0.116 2.5 
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Table S4.2: Physical and chemical characteristics of the lakes 

  2002 2017 2018 

Lake 
Distance 
(km) 

pH 
DOC 
(mg/L) 

Ca 
(mmol/L) 

Mg 
(mmol/L) 

Se 
(nmol/L) 

Hg 
(pmol/L) 

pH 
DOC 
(mg/L) 

Ca 
(mmol/L) 

Mg 
(mmol/L) 

Na 
(mmol/L) 

Sulfate 
(mg/L) 

Se 
(nmol/L) 

Se 
(nmol/L) 

Hg 
(pmol/L) 

Bethel 10 8.1 7.7 0.32 0.22 2.1 6.5 7.86 5.3 0.36 2.48 1.12 6.6 3.8 2.72 1.13 

Geneva 50 6.8 4.2 0.1 0.02 0.8 13.5 6.85 4.1 0.06 0.24 0.04 3.9 - 0.96 3.66 

George 52 6.3 2.2 0.04 0.02 0.9 10.4 6.36 2.6 0.03 0.21 0.03 4.35 1.27 0.98 1.28 

Halfway 65 6.9 4.4 0.11 0.06 0.5 16 6.93 4.4 0.09 0.44 0.31 3.75 0.63 0.67 3.7 

Lohi 8 6.2 3.4 0.1 0.05 2.1 10.9 6.71 3.5 0.09 0.46 0.19 7.55 63.32 2.74 2.42 

Long 8 7 4.1 0.19 0.11 1.8 12.6 7.17 4.1 0.19 1.04 0.77 9.7 33.56 2.92 0.89 

McFarlane 11 7.4 4.6 0.35 0.19 2.5 10.2 7.74 4 0.45 2.07 3.11 16.7 - 2.37 1.2 

Nelson 28 6.6 2 0.06 0.03 1.5 9.3 6.56 2.2 0.05 0.23 0.03 5.65 1.27 1.54 1.64 

Ramsey 12 7.4 3.5 0.33 0.18 2.9 12.3 7.6 3.6 0.4 1.94 2.34 14.7 6.33 3.9 1.01 

Windy 32 6.5 2.8 0.08 0.05 1.9 16.5 5.9 2.8 0.08 0.26 0.07 7.05 5.7 1.09 1.77 

Swan 9 5.7 2.8 0.08 0.02 1.4 10.9 6.64 2.6 0.07 0.36 0.29 5.4 1.27 2.7 2.5 
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Table S4.3: Concentrations of total selenium, total mercury and methylmercury in organisms collected in the lakes around Sudbury.  
The samples from 2002 are taken from Belzile et al. (2006).  All concentrations are given in dry weight. 

  Amphipods Mayflies Perch Zooplankton 

Year Lake 
MeHg  
(pmol∙g-1) 

THg  
(pmol∙g-1) 

TSe 
(nmol∙g-1) 

MeHg 
(pmol∙g-1) 

THg  
(pmol∙g-1) 

TSe 
(nmol∙g-1) 

MeHg 
(pmol∙g-1) 

THg  
(pmol∙g-1) 

TSe 
(nmol∙g-1) 

MeHg 
(pmol∙g-1) 

THg  
(pmol∙g-1) 

TSe 
(nmol∙g-1) 

20
02

 

Bethel 21 47 20 - - - 141.6 191 39.1 42 85 46 

Geneva 43 141 26 49.4 198 71 385.4 543 41.8 86 284 29 

George - - - 41 239 102 - - - 134 364 70 

Halfway 94 174 12 68.3 419 56 503.5 1221 34.5 213 398 22 

Lohi - - - 20.9 130 132 - - - 57 184 129 

Long 17 41 30 9.5 65 88 127.1 403 79.5 28 145 56 

McFarlane 22 55 21 9.5 50 69 228.3 294 68.4 34 95 48 

Nelson 17 135 76 24.4 145 155 189.4 340 135.2 45 150 86 

Ramsey 22 39 35 18 100 99 177.5 293 96.8 31 135 63 

Windy 54 116 17 50.4 105 90 431.2 543 76.7 75 281 80 

20
17

 

Bethel 40.11 77.56 19.37 25.3 53.04 41.12 128.05 167.85 31.44 73.88 301.02 28.66 

Geneva 64.67 158.96 27.8 85.71 320.37 49.21 331.16 475.17 34.77 - 130.04 33.16 

George 55.3 162.14 28.07 96.1 268.98 82.95 404.34 554.74 37.88 - 2994.58 37.37 

Halfway 108.31 206.33 12.76 108.8 409.41 20.8 630.49 886.73 23.36 - 18603.22 14.11 

Lohi 29 100.01 55.22 22.1 123.46 96.67 120.5 169.5 80.97 37.87 3345.35 44.67 

Long 17.63 72.32 37.55 0 41.29 85.62 99.69 148.66 52.45 55.49 1355.11 38.16 

McFarlane 28.09 90.3 22.22 24.91 55.86 61.71 162.03 223.22 37.11 67.93 487.94 27.68 

Nelson 52.28 169.58 53.63 50.54 148.65 127.28 296.15 431.83 67.21 - 584.49 58.4 

Ramsey 9.33 45.74 26.82 4.43 53.11 50.93 124.54 182.36 60.13 13.6 13.9 56.32 

Windy 33.51 70.08 22.46 44.92 81.37 64.15 322.72 465.18 39.91 - 9109.46 36 
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Figure S4.2: Concentrations of total selenium in tissues with respect to distance from the 
closest smelter for zooplankton (A), amphipods (B), mayflies (C), and perch (D). 
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Figure S4.3: Concentrations of methylmercury and total mercury in tissues with respect to 
concentration of total Se in tissues for zooplankton (A), amphipods (B), mayflies (C), and perch 
(D). Black points represent the methylmercury concentrations and grey points represent the 
total mercury concentrations 
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Figure S4.4: Concentrations of methylmercury in tissues of organisms.  The samples are pooled 
into two categories: near (<20km from the closest smelter) and far (>20km from the closest 
smelter).  Grey boxes are 2002 samples and black boxes are 2017 samples. 
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Figure S4.5: Concentrations of total mercury in tissues of organisms.  The samples are pooled 
into two categories: near (<20km from the closest smelter) and far (>20km from the closest 
smelter).  Grey boxes are 2002 samples and black boxes are 2017 samples. 
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Figure S4.6: Concentrations of selenium in water.  The samples are pooled into two categories: 
near (<20km from the closest smelter) and far (>20km from the closest smelter).  Grey boxes 
are 2002 samples and black boxes are 2017 samples. 
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CHAPTER 5: CONCLUSION 

5.1 STUDY OUTCOMES 

The three research chapters of this thesis demonstrate how mining pollution is affecting the 

natural cycling of Hg in freshwater lakes. Chapter 2 and 3 examined the effect of sulfate and 

arsenic (As) pollution on microbial cycling of mercury (Hg), while Chapter 4 assessed the effect 

of varying selenium (Se) smelting pollution on Hg cycling in the food web (i.e. bioaccumulation).  

In each chapter the results demonstrated that pollution gradients do in fact affect the cycling of 

Hg in freshwater lakes.  However, the size and direction of these effects is dependent on the 

type of pollutant (e.g. sulfate, As, Se). 

 

The first two research chapters report on sampling sites located in Yellowknife, NWT, 

Canada.  The first research chapter (Chapter 2) examined the effect of sulfate and As on the 

production/degradation of methylmercury (MeHg) as well as the changes in microbial community 

structure in lake sediments.  We hypothesized that enhanced sulfate deposition from roasting 

affected MeHg dynamics in sediments of lakes surrounding Giant Mine.  Assuming that sulfate 

reducing metabolism was the main variable limiting MeHg in the system and not the amount or 

delivery rate of bioavailable Hg, we predicted that sulfate would be positively correlated with 

both rates of MeHg production and %MeHg.  The four main outcomes of this chapter were as 

follows: 1) %MeHg is significantly correlated with the sulfate concentration gradient, 2) Km is 

controlled by total As, dissolved organic carbon, total phosphorous and %MeHg in the water 



 

 

167 

column, 3) Kd is controlled by dissolved organic carbon, and 4) microbial community changes are 

correlated in part by the pollution gradient (i.e. sulfate and As). 

 

The goal of Chapter 3 was to explore the effects of As(V) on MeHg production in sediments 

of lake YK-E1.  YK-E1 was chosen as it is a limnologically representative lake of the area and it is 

outside of the emissions gradient from Giant Mine1.  Considering that SRMs are the main Hg 

methylators in freshwater systems and that As(V) can be used by SRMs as a terminal electron 

acceptor (TEA), we postulated that the presence of As(V) in the system could influence the 

production of MeHg.  This study was exploratory by nature and the goal was to observe how 

As(V) addition to sediment slurries would affect the rate of production of MeHg in lake sediments.  

In this chapter, the conclusions were the following: 1) sediments were first limited in carbon, 2) 

once carbon was amended to sediments, addition of sulfate increase MeHg production, and 3) 

addition of As(V) had a significant negative correlation with MeHg production regardless of 

sulfate concentrations. 

 

Finally, Chapter 4 was set in a different location: Sudbury in Ontario, Canada.  This study 

was a follow up to Belzile et al. (2006)2.  Our study revisited the same lake sites 15 years after the 

Se emissions had been reduced due to environmental regulations.  We hypothesized that 

changes in Se emissions in Sudbury would alter Hg accumulation in biota, and predicted that a 

decrease in emissions would lead to an increase in Hg and MeHg in biota.  We show that: 1) Se 

atmospheric emissions did decrease in Sudbury, 2) reduction in Se in the air did not decrease Se 
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concentrations in the water, and 3) Se still offers a protective effect on MeHg and total Hg 

bioaccumulation in the biota of the lakes in Sudbury.  This study shows possible support for the 

use of Se as a remediation tactic in freshwater boreal lakes and highlights the need for long term 

studies on the cycling of Se in these freshwater lakes. 

 

5.2 FUTURE DIRECTIONS 

In Chapter 2, we characterized the microbial community using 16S rRNA gene amplicon 

sequencing, therefore a more detailed study of the Hg methylators that are present in sediments 

of each lake could be a potential future study.  The next step in this environment would be to 

characterize the community with respect to hgcAB (i.e. Hg methylation genes).  Most studies that 

have examined the distribution and phylogeny of hgcAB genes were done on non-impacted 

sites3–5 or sites impacted by Hg pollution6.  The strength of our study is the number of sampling 

sites (35) that are spread across a large landscape (2800 km2) which offers an opportunity to study 

the change in hgcAB genes along a strong pollution gradient of As and sulfate, while also 

accounting for other environmental variables known to affect Hg cycling.  This type of study 

would be a complementary to Chapter 2 as it could give us further insight on how the 

environmental variables correlated with Km (i.e. total As, dissolved organic carbon, total 

phosphorous and %MeHg) are potentially affecting the community structure of Hg methylating 

microbes specifically in the lakes sediments. 
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In a similar vein, possible complementary experiments for Chapter 3 results would be 

two-fold: quantifying specific genes and testing other lake sediments.  First, quantify As 

reduction (e.g ars and arr) genes would be a good indicator if microbes that contain these genes 

are suppressed or amplified during As(V) addition.  One of the limitations in our study was that 

we could not identify which mechanism was responsible for the As(V) reduction (dissimilatory vs 

detoxifying).  By quantifying As reduction genes (e.g. ars and arr), we can have a better 

understanding of the composition of the microbial community and how it changes along the 

sulfate and As(V) gradients.  So far, a few other studies have investigated gene expression along 

As gradients7–9, but not within the context of Hg methylation. 

 

Next, future studies should test sediments from other environments.  Considering that 

this is the first study that investigates the effect of As(V) on the kinetics of Hg methylation, it 

would be important to test if these results are replicable in other environments.  Each lake has 

unique biogeochemical properties that could potentially affect the outcome of these 

experiments, therefore testing lakes with different limnological characteristics could yield a more 

holistic representation of the relationship between As(V) and Hg cycling.  Studies show that As 

transformation genes are wide spread but that the distribution of these genes is not uniform 

across all environments10, therefore it is possible that other lakes, with different microbial 

community compositions, could have a different response to As(V) addition than the ones 

observed in YK-E1. 
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Finally, Chapter 4 is a follow up to a study published in 20062, our results highlighted the 

importance of revising legacy sites.  In the future, further monitoring would be an asset as we 

could identify the point in time at which Se will no longer have a protective effect on Hg 

bioaccumulation as our results showed that Se increased in the water column following 

decreased atmospheric loading.  We had suggested that the increased Se in the water column 

could be attributed to: 1) Se from the catchment draining into the lake, 2) remobilization of Se 

from sediments, and 3) long retention time of Se present in the water column of the lake.  The 

most recent study that has explored the Se geochemistry in the Sudbury area is Belzile et al 

(2000) in which the distribution of dissolved Se species were observed in two lakes (Clearwater 

and McFarlane) in the Sudbury area11.  However, this study did not address the diffusion of 

selenium from the sediments to the water column in the system, nor the impact of watershed 

draining to these lakes.  Therefore, a more in-depth and updated study would address some of 

the observations we have made in Chapter 4. 

 

5.3 RESEARCH CONTRIBUTIONS 

The three chapter in this thesis explore in various ways in which mining pollution can affect the 

natural cycling of Hg and MeHg in freshwater systems and offer insight on the effect of that 

pollution over a spatial extent (Chapter 2), along an unexplored metal gradient (Chapter 2 and 

3) and over long period time with varying pollution emissions (Chapter 4).  Considering the 

results from each chapter in the thesis, these findings could be used for planning future work in 
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the field of Hg biogeochemistry as well as help to inform future management of mining 

contaminated sites. 

 

5.3.1 Field of Hg Research 

The scientific community has made great strides in understanding which environmental factors 

can affect the cycling of Hg in freshwater systems12.  However, most studies are done in the 

laboratory13–15 or on very few selected lakes along a specific gradients (mostly Hg gradients)16–23.  

Moreover, the vast majority field studies are done only once16,17,21,22 or for a short period of time 

(≤ year)20,24.  Although these studies are instrumental in understanding Hg biogeochemistry, the 

results from this thesis provides a more holistic view of the cycling of Hg in dynamic landscapes 

such as the ones in Yellowknife (NWT) and Sudbury (ON). 

 

5.3.2 Management of Contaminated Sites 

Pollution gradients are an inevitable consequence of mining, particularly smelting and roasting 

practices create pollution gradients that can remain in the landscape for decades to come25,26.  

Lately, these large pollution gradients are being seen as a liability risk as they can have serious 

consequences on lake chemistry25,27 and on public health28,29.  The results from this thesis can 

help to better understand the controls of Hg cycling in freshwater lakes at sites impacted by 

mining pollution.  By understanding what controls Hg cycling, we can be better equipped to 

assess and remediate future impacted sites. 
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5.4 CLOSING STATEMENT 

Historically, before stricter environmental policies, there have been very few steps taken to 

mitigate the pollution produced and emitted by mining activities30,31.  Lately, we have come to 

realize how devastating this legacy pollution is to the health of both the environment and its 

inhabitants30,32.  The results from my thesis specifically demonstrate how mining emissions can 

alter the kinetics and bioaccumulation of MeHg in freshwater lakes, highlighting the complexity 

of natural Hg cycling in response to mining activities.  As such, these results contribute to 

identifying the controls of MeHg production and bioaccumulation in environments impacted by 

roasting emissions from mining operations.  It is imperative to understand the consequences of 

these emissions, as this is the first step to better mitigate its harmful effects on ecosystems and 

surrounding communities.  
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