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Abstract 

 

 

Climate change across northern latitudes is fundamentally altering the hydrological cycle there, 

resulting in increased glacial melt, permafrost thaw and precipitation. Whereas enhanced glacial 

melt has potentially important implications for water quality and productivity in downstream 

freshwater ecosystems, little is yet known about how glacial meltwaters impact biogeochemical 

cycles of both nutrients and contaminants across glacierized watersheds, a critical gap in our 

ability to predict the future quality of freshwater resources in the North. To address this, we 

integrated principles from glaciology and limnology in a multi-year (2013-2017) study of 

freshwater quality and productivity across the glacierized High Arctic Lake Hazen watershed on 

northern Ellesmere Island in Nunavut Canada, from glacier termini through rivers and lakes to 

the nearshore marine environment. We first examined nutrient (nitrogen, phosphorus, iron, 

silica) and carbon retention and mobilization across the glacierized land-to-ocean aquatic 

continuum (Chapter 2). Largely particle-bound nutrients (total phosphorus, iron, nitrogen) from 

the glacier-fed rivers were deposited to the depths of the lake by turbidity currents generated by 

the glacial inflows. Lake Hazen was also a sink for dissolved nitrogen species and dissolved 

organic carbon, likely due to biological processes, but a source of dissolved inorganic carbon 

(DIC) to the Ruggles River outflow. To understand this source of DIC, we then focused on DIC 

and by extension, dissolved carbon dioxide (CO2) concentrations across the watershed (Chapter 

3).  At the watershed scale, the glacier-fed rivers were a strong, previously overlooked sink of 

atmospheric CO2 due to the strength of CO2-consuming chemical weathering reactions involving 

the large loads of comminuted sediments entrained by glacial meltwaters as they traveled across 

the poorly consolidated proglacial zone. As the reactions consumed CO2, they also generated 

DIC, resulting in the net export of DIC from Lake Hazen to the Ruggles River. These reactions 
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intensified with increasing discharge and distance from the glaciers and continued into the lake, 

resulting in CO2 undersaturation even at 267 m depth. Finally, we used a mass balance approach 

to identify sources and sinks of neurotoxic methylmercury (MeHg) and total mercury (THg) 

across the watershed (Chapter 4). Glacial meltwaters were annually the most important source of 

THg to Lake Hazen and MeHg. Because much of this mercury was particle-bound and deposited 

to the bottom of the lake, Lake Hazen was a large sink for both MeHg and THg, resulting in low 

MeHg and THg exports to the Ruggles River. However, permafrost slumping and erosion along 

the banks of the Ruggles River significantly increased exports of MeHg and THg to coastal 

marine waters. This study highlights the importance of climate change-accelerated glacial melt to 

the biogeochemistry of downstream aquatic ecosystems.  
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Preface 

 

In an increasingly interdisciplinary environment, scientific research cannot be completed without 

the collaboration of numerous people. This is especially true for research conducted in the 

Arctic, where the high costs and the logistical challenges of working in these remote 

environments make work on one’s own exceedingly difficult, if not impossible. Contributions 

from collaborators on these projects have been acknowledged with co-authorship on the 

associated publications and are listed below. Chapters are structured according to the journals to 

which the manuscripts have been submitted.   

 

Chapter 2: St. Pierre, K.A., St. Louis, V.L., Lehnherr, I., Schiff, S.L., Muir, D.C.G., Poulain, 

A.J., Smol, J.P., Talbot, C., Ma, M., Findlay, D.L., Findlay, W.J., Arnott, S.E. The 

land-to-ocean aquatic continuum in a glacierized High Arctic watershed: 

biogeochemical impacts of glacial melt. Submitted to Limnology and Oceanography.  

 

Chapter 3: St. Pierre, K.A., St. Louis, V.L., Schiff, S.L., Lehnherr, I., Dainard, P.G., Gardner, 

A.S., Aukes, P.J.K. Chemical weathering in glacial meltwaters are creating strong 

downstream freshwater CO2 sinks. Submitted to Nature Geoscience.  

 

Chapter 4: St. Pierre, K.A., St. Louis, V.L., Lehnherr, I., Gardner, A.S., Serbu, J.A., Mortimer, 

C.A., Szostek, L., Muir, D.C.G., Talbot, C. Climate drives changes in mercury 

cycling in the watershed of the High Arctic’s largest lake by volume (Lake Hazen, 

Nunavut, Canada). Submitted to Environmental Science and Technology.  
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Chapter 1. General introduction 

Global climate change 

Climate change is occurring worldwide at unprecedented rates. Between 1880 and 2012, the 

mean global surface temperature increased by 0.85°C, concomitant with increasing frequency 

and intensity of extreme weather events, and a global sea level rise of 1.7 mm yr
-1

.
1
 More than 

half of these realized changes are directly attributed to the intensification of human activities 

following the Industrial Revolution, namely via the combustion of fossil fuels, and widespread 

changes in land use. These activities have cumulatively led to an increase in atmospheric 

concentrations of infrared radiation-absorbing greenhouse gases (GHG), such as carbon dioxide 

(CO2), methane (CH4), and nitrous oxide (N2O).  

By 2100, global surface temperatures are predicted to increase by between 1.0°C (RCP2.6) 

and 3.7°C (RCP8.5), depending on the scale of actions taken to reduce GHG emissions.
1
 Even if 

dramatic steps are taken, much of the predicted warming will occur, a commitment to a warmer 

future insured through past and present GHG emissions and the heat absorbing capacity of the 

global hydrosphere (oceans, lakes, rivers, ice).
1, 2

 Due to both local and global climate forcings, 

however, these realized and predicted changes are not occurring homogeneously across the 

planet, such that some regions are experiencing greater warming than others. 

Arctic climate change in the 21
st
 century 

Nowhere on the planet is climate change occurring more rapidly than in the Arctic.
3 

 By 2100, 

temperatures and precipitation in the Arctic could increase by up to 8.3°C and 40% (RCP8.5 in 

CMIP5), respectively.
1
 Arctic amplification, the phenomenon whereby changes in Arctic (global 

areas north of 66°N) climate occur more dramatically than elsewhere on Earth, is a well-known 

feature of the global climate system, a result of much of the region being covered by highly 

reflective ice and snow.
4-6

 In its simplest form, small increases in global GHG concentrations 

instigate the initial melting of snow and ice, which then exposes dark surfaces (both land and 

water) better able to absorb and store heat. The complexity of the resulting positive feedbacks, 

which invoke atmospheric and oceanic heat fluxes, then perpetuate the changes in surface 

temperature.
7
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Warming is already fundamentally altering ecosystem structure and function across the 

Arctic, from inland tundra to the central Arctic Ocean.
8, 9

 Many of these changes result from 

changes in hydrology, including increased precipitation and a shift from a snow to rain-

dominated systems,
10

 permafrost thaw,
11

 and glacial melt,
12-15

 cumulatively increasing overland 

runoff to downstream freshwater and marine systems.
16, 17

  

Climate change impacts on the biogeochemistry of freshwater systems 

Limnologists have long recognized the biological, geological, and chemical (hereafter 

biogeochemical) linkages between terrestrial and aquatic ecosystems (Figure 1-1).
18

 Despite this, 

natural ecosystems are rarely examined holistically as watershed units, especially in the Arctic.
19-

21
 Watershed-scale studies are hampered by the sheer spatial scale of the required effort, and a 

still burgeoning culture of interdisciplinary collaboration. This does not, however, diminish the 

fact that what happens upstream has important consequences on downstream ecosystems.  

 

Figure 1-1. Original conceptual model of terrestrial-aquatic linkages, adapted from Likens and 

Bormann (1974).  

Across watersheds, rivers and lakes serve as hydrological conduits between terrestrial and 

marine ecosystems. Whereas rivers were once considered passive pipes, they are now regarded 

as active components of global carbon and nutrient cycles.
22-26

 Lakes likewise play an important 
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role within watersheds, serving as intermediate repositories and biogeochemical reactors 

between headwaters and downstream marine environments.
27-30

 Since lakes typically form at low 

points on the landscape, they integrate changes throughout their watershed area and thus serve as 

indicators of both natural and anthropogenic ecosystem shifts over a much wider area than they 

alone cover.
30

 Although larger freshwater bodies are generally considered to be more resilient to 

change than small ponds and streams,
31

 large northern lakes and rivers are already exhibiting 

wide-scale declines in ice cover,
32, 33

 as well as shifts in water quality
34

 and primary producer 

community composition.
35

    

Glaciers as a component of the Arctic freshwater system 

Despite being hydrologically connected to downstream ecosystems, glaciers have rarely 

been recognized as integral components of the watersheds in which they are located. Whereas 

the biogeochemistry of subglacial and supraglacial environments is comparatively well 

studied,
36, 37

 our understanding of the biogeochemical impacts of glacial melt on downstream 

ecosystems (hereafter the proglacial freshwater network) remains poor,
38

 a critical gap in our 

ability to predict the future quality of northern freshwater resources.   

Glaciers archive nutrients and contaminants, deposited to high latitude and alpine regions 

over centuries or millennia (e.g., 
39, 40

), which upon melting, may be released to downstream 

ecosystems. In the High Arctic, the proglacial areas over which meltwaters travel have little 

vegetation, and large quantities of finely ground, comminuted sediments, created by successive 

cycles of glacier advance and retreat. With little to impede their movement across the landscape, 

the rivers formed by meltwaters are characterized by frequent channel reorganization and 

unpredictable water flows in response to fluctuating glacier dynamics.
41

 Chemically reactive, 

comminuted sediments, already implicated in the biogeochemical cycles of methane, silica, 

phosphorus, can then be easily mobilized to downstream ecosystems.
42-46

 Regardless of whether 

actions are taken to reduce atmospheric GHG concentrations, glacier mass loss will continue 

through the next century, a consequence of past GHG emissions.
2
 It is therefore imperative that 

we understand how glacial meltwaters influence water quality and productivity in downstream 

ecosystems.  
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Mercury dynamics in a changing Arctic 

Mercury (Hg) is a contaminant of global concern, due to its tendency to bioaccumulate and 

biomagnify through food webs (as methylmercury, MeHg).
47

 The global Hg cycle is highly 

complex, with Hg naturally present in its elemental (Hg
0
) and reduced (Hg(II)) forms, as 

gaseous, aqueous and solid species. While biogeochemical transformations between these 

species occur by both abiotic and biologically-mediated processes, the global Hg cycle has been 

highly influenced by anthropogenic activities.
48

 Global anthropogenic Hg emissions increased 

significantly following the Industrial Revolution largely in consequence of fossil fuel 

combustion, and other commercial activities, such as mining.
49

 Gaseous Hg
0
, can be transported 

over long distances before being deposited to landscapes via either wet (rain and snow) or dry 

deposition. Due to global atmospheric circulation, Hg is preferentially transported and deposited 

to the Arctic region, although little Hg is released there.
50, 51

  

 Arctic Indigenous peoples have long relied upon higher trophic level animals, such as 

beluga, ringed seal, polar bear and arctic char, as part of a traditional diet.
52, 53

 As such, the 

sources and sinks of neurotoxic MeHg and total mercury (all forms of mercury; THg) in Arctic 

ecosystems are of special interest. Both glacier melt and permafrost thaw have the potential to 

release large quantities of MeHg and THg hitherto locked in ice, to downstream ecosystems.
40, 54, 

55
 Whereas it is unknown how much Hg is stored globally in glaciers and ice sheets, northern 

latitude (still) frozen permafrost stores are estimated to contain 793±461 Gg THg, more than the 

atmosphere, oceans, and non-frozen soils combined.
54

  

Although global anthropogenic emissions of Hg have declined following the implementation 

of industrial control technologies in advance of the ratification of the Minamata Convention,
56

 

atmospheric Hg concentrations have continued to increase or remained stable in the Arctic.
57

 

Exactly why the Arctic bucks the global trend is yet unknown. However, rivers are the primary 

source of Hg to the Arctic Ocean, accounting for ~68% of total inputs to surface waters.
58

 These 

rivers drain rapidly changing terrain, impacted by increased precipitation, glacial melt and 

permafrost thaw, leading to enhanced discharge
17

, and potentially, Hg mobilization.
59

  

Global consequences of changes in Arctic freshwater quantity and quality 

For its size, the Arctic Ocean drains a greater land area than any other ocean.
19

 Thus, even 

though the Arctic Ocean contains only 1% of global ocean volume, it collects more than 11% of 
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global river discharge.
60

 This, combined with the fact that the ocean basin is perennially covered 

by ice, a portion of which melts every year, make the Arctic Ocean seasonally and spatially 

dynamic with respect to freshwater distribution, a key feature of the global climate system’s 

thermohaline circulation.
61

 Any changes to the quality and quantity of Arctic freshwater inputs to 

the Arctic Ocean, therefore, could have important consequences that extend far beyond the 

Arctic itself.
62

 Naturally then, being able to predict changes in global climate and marine 

biogeochemical processes requires a thorough understanding of what is happening across Arctic 

watersheds, a still novel approach in Arctic ecosystem science.
19

  

The Lake Hazen watershed as a model system 

Within this context, I used the Lake Hazen watershed, on northern Ellesmere Island, in 

Quttinirpaaq National Park (81.8°N, 71.4°W) (Figure 1-2) as a model system to explore the 

impacts of climate change on freshwater quality and productivity across a proglacial freshwater 

network. The Lake Hazen watershed has been a protected area since 1988, and is thus ideally 

suited to study the impacts of climate change on freshwaters in the absence of significant direct 

human influence.  

Glacial history of the Lake Hazen watershed 

During the last glacial maximum, the Lake Hazen watershed was entirely covered by the 

cold-based ice of the Innuitian Ice Sheet, originating from the Grant Land Mountains.
63

 Cycles of 

glacier advance and retreat across the area were highly dynamic, involving the coalescence of ice 

centres from the Grant Land Mountains, the (now) Agassiz Ice Cap and the Greenland Ice Sheet. 

Retreat of the ice covering Lake Hazen itself began around 6000 years before present, with 

complete ice retreat from the surface of the lake by 4980±70 years ago.
64

  

Lake Hazen today 

While the Thule people long used the summertime bounty in the Lake Hazen watershed, 

American Lt. Adolphus Greely and the ill-fated Lady Franklin Bay Expedition first recorded the 

resources in the region during the First International Polar Year in 1882. Established in 1957-58 

under the auspices of the Canada Defence Research Board, the Lake Hazen camp is now one of 

three stations in Quttinirpaaq National Park, the second largest national park in Canada, founded 

in 2000. Recent research in the watershed has largely focused on the productive small lakes and 

ponds adjacent to Lake Hazen (e.g., 
65-68

) and on the terrestrial polar semi-desert ecosystems 
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(e.g., 
69-72

), leaving Lake Hazen itself and the glacier-fed rivers that drain into it largely 

unexplored, despite arguably being the defining hydrological features of the watershed.  

 

Figure 1-2. General map of the Lake Hazen watershed (grey outline), on northern Ellesmere 

Island (location shown in inset map). Major hydrologic features are identified in the 

watershed, as well as the glaciers (sub-watersheds delineated in orange) whose 

outflows were sampled as part of these studies.  

Objectives  

To address these knowledge gaps in our understanding of northern freshwater systems, the 

overarching aim of my doctoral thesis is to quantify the impacts of glacial melt and permafrost 

thaw on downstream aquatic ecosystems. My research focused on watershed inputs to the lake 

primarily from snow and glacial meltwater, and to a lesser extent, permafrost thaw waters, as 

well as in-lake (water column and sedimentary) biogeochemical processes. Lake waters are 

linked to adjacent terrestrial ecosystems, the sediments and the atmosphere by overland water 

flow, exchange across the sediment-water interface and exchange with the atmosphere, 

respectively (Figure 1-3). Thus, no compartment within the watershed is ever truly isolated from 
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the others and together the processes that link these compartments determine not only water 

quality, but also whole watershed productivity.  

Despite recognizing the magnitude of the changes occurring on High Arctic landscapes, little 

work has been done to understand freshwater quality across the entire proglacial freshwater 

network. Moreover, we know little about the impacts of glacial meltwater inputs on freshwater 

quality and productivity in the High Arctic. Using the Lake Hazen watershed as a model system 

to address these shortcomings, my research program had three specific objectives:  

1. To describe the physical, chemical and biological limnology of major freshwater systems 

(glacier-fed inflow rivers, Lake Hazen itself, Ruggles River outflow) across the Lake 

Hazen watershed, and identify major sources and sinks of carbon and nutrients across the 

proglacial freshwater network, from glacier termini to nearshore environments (Chapter 

2); 

2. To assess whether freshwater systems in the Lake Hazen watershed are net sources or 

sinks of carbon dioxide (CO2) to the atmosphere (Chapter 3); and,  

3. To quantify the mass balance budget of Hg for the Lake Hazen watershed and in doing 

so, identify climatically-sensitive High Arctic sources and sinks of Hg (Chapter 4). 

Finally, chapter 5 (General Conclusions) summarizes the research presented throughout, 

provides new avenues for research in the field, as well as discussing the implications for global 

climate change.  
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Figure 1-3. Conceptual framework of biogeochemical cycles across a glacierized Arctic 

watershed showing inputs, outputs, and simplified in-river and lake processes. 

Carbon, C; nitrogen, N; phosphorus, P; iron, Fe; mercury, Hg. Biogeochemical 

cycles of C, N, P, Fe are described in chapter 2; C dynamics are further detailed in 

chapter 3; finally, the Hg cycle is quantified in chapter 4.  
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Chapter 2. The land-to-ocean aquatic continuum in a glacierized High Arctic 

watershed: biogeochemical impacts of glacial melt 

 

INTRODUCTION 

Global glacier (non-ice sheet) volume is expected to decline by 29-41% by 2100,
1
 with 

coincident changes to downstream runoff.
2, 3

 This loss is particularly important at high northern 

latitudes, where ~58% of the world’s glaciers are located
4
 and climate change is predicted to be 

most intense.
5
 Glaciers are important archives of nutrients

6
 and contaminants

7, 8
 transported and 

deposited to high latitude regions over centuries or millennia. Thus, as glaciers melt, they 

become important sources of these compounds to downstream ecosystems. Further, as 

meltwaters travel across poorly consolidated proglacial zones, they can entrain large quantities of 

fine, chemically reactive sediments.
9, 10

 Whereas the direct impacts of glacial melt on the 

biogeochemistry of nearshore marine environments has been highlighted,
11-13

 we understand 

little of the hydrological-biogeochemical coupling across changing Arctic landscapes, which 

hinders our ability to predict the consequences of climate change on valuable northern freshwater 

function, resources and services. In more temperate latitudes, for example, it is well established 

that freshwater quality changes dramatically in response to biological (e.g., primary production, 

respiration), physical (e.g., sediment burial) and chemical processes (e.g., oxidation, reduction) 

as water flows across landscapes on its way to the ocean.
14

  

The land to ocean aquatic continuum (LOAC) framework acknowledges these inherent 

connections between terrestrial, freshwater and marine systems.
15

 The LOAC framework has 

hitherto only been applied in temperate forested and agricultural watersheds (e.g., 
14, 16

) and has 

focused primarily on rivers and streams, even though lakes are integral parts of the continuum, 

acting to retain and process nutrients before waters flow further downstream.
14, 17, 18

 In 

glacierized watersheds, lakes are becoming increasingly dynamic components of the LOAC as 

their area and numbers increase globally in response to rapid glacial melt.
19, 20

 The documented 

function of proglacial lakes, though, has been limited to sediment retention,
21

 thus potentially 

underestimating their overall importance in modifying glacial meltwaters. These proglacial lakes 

are typically located in sparsely vegetated catchments with poorly developed soils, which limits 

allochthonous carbon inputs but facilitates the entrainment of easily mobilized mineral sediments 

and nutrients.  
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Here we use the Lake Hazen watershed (82°N) as a model system to examine a High Arctic 

LOAC, from glacial headwaters through proglacial river valleys, into a large lake that then drains 

out to the coast (Figure 2-1). Our objectives were to: (1) describe the physical, chemical and 

biological limnology of a glacierized LOAC; (2) quantify the impact of in-lake processing of 

glacial meltwaters using hydrological input-output budgets; (3) describe water column primary 

productivity and sediment microbial processes in relation to glacial inputs, (4) apply ecosystem 

stoichiometry to identify locations of nutrient mobilization and retention across the glacierized 

LOAC. This study focuses primarily on the biogeochemical processing of carbon and 

macronutrients within the system (nitrogen, phosphorus), but total iron (TFe) and dissolved silica 

(dSiO2) are also discussed. Sulfate (SO4
2-

) is presented as a conservative tracer throughout.  

 

MATERIALS AND METHODS 

Site description 

The Lake Hazen watershed, located within Quttinirpaaq National Park on northern Ellesmere 

Island, Nunavut, Canada (81.8N, 71.4 W) is 7516 km
2
 in area, 40.9% of which is covered by 

outlet glaciers of the Northern Ellesmere Icefield. In summer, glacial meltwaters form braided 

rivers that flow between 4.6 and 42 km into Lake Hazen along its northwestern shore (Figure 2-

1). Lake Hazen itself sits at 157 m.a.s.l., and with a surface area of 544 km
2
 and maximum depth 

of 267 m, is the world’s largest High Arctic lake by volume (51.4 km
3
).

22
 Ice cover on the lake 

begins to melt in early June, with complete ice loss, if it occurs, persisting from the end of July 

or early August to at least mid-September.
23

 The southeastern shoreline of the lake rapidly 

ascends to the Hazen Plateau (300-1000 m.a.s.l.), which lacks major ice or water features.
24

 The 

Ruggles River (~29 km) flows year-round from Lake Hazen into Chandler Fjord on the 

northeastern coast of Ellesmere Island. 

The watershed is a polar semi-desert receiving little precipitation throughout the year (~95 

mm),
25

 ~65% of which falls as snow between September and May with the remainder as rain in 

the summer.
26

 Snowmelt on the lake surface and adjacent landscape occurs over a 1-2-week 

period in early June. Meltwaters from the outlet glaciers of the Northern Ellesmere Icefield are 

by far the dominant hydrological input to the lake (Table 2-1), flowing between mid-June and the 

end of August. Small permafrost and ground-ice fed streams are found across the landscape but 

are hydrologically inconsequential at the watershed scale.
23

 Base flow in the Ruggles River is ~5 
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m
3
 s

-1
, increasing up to two orders of magnitude at the height of melt in mid-late July (Water 

Survey Canada station 10VK001, 1996-2012) to approximate glacial river inputs to Lake 

Hazen.
23

 The hydrograph of the outflow lags that of the combined inflows, though, such that 

Ruggles River discharge does not return to baseline until November or December, long after the 

glacial rivers cease flowing.  

Sampling campaigns for this study were completed in spring (May/June) 2013, 2014, 2015 

and 2017, and summers (July/August) 2015 and 2016 (Table A1-1).  

 

Hydrological input-output budgets 

To understand the biogeochemical cycling of key nutrients across the Lake Hazen watershed, we 

constructed annual hydrological input-output budgets as follows:  

 

∆Storage
C, N, P, Si, Fe

= ∑ Outputs
C, N, P, Si, Fe

 - ∑ Inputs
C, N, P, Si, Fe

 

 

Inputs into Lake Hazen included snowmelt on the lake surface, snowmelt runoff from the 

landscape, and glacier melt from the Northern Ellesmere Icefield. Hydrological inputs from 

small permafrost and ground-ice fed streams were inconsequential at the watershed scale. 

Outputs from Lake Hazen is the export of nutrients via the Ruggles River. By convention, a 

negative ∆Storage indicates that Lake Hazen is a net sink (inputs exceed outputs) and a positive 

∆Storage indicates that Lake Hazen is a net source (outputs exceed inputs) of the studied 

compounds. For each compartment within the watershed, we multiplied nutrient concentrations 

by water fluxes. This approach was applied to dissolved inorganic nitrogen species (DIN = NH4
+
 

and NO3
-
-NO2

-
), SO4

2-
, dSiO2, dissolved organic carbon (DOC) and dissolved inorganic carbon 

(DIC). We could not estimate the budgets of particulate constituents (total carbon, TC; total 

phosphorus, TP; total nitrogen, TN; particulate nitrogen/carbon, PN/PC; total iron, TFe) due to 

challenges associated with quantifying the glacial flux component of these budgets for 

particulate parameters, described below. TC is calculated here as the sum of DIC, DOC and PC.   

 

Inputs to Lake Hazen 

Snowmelt on the lake surface and from the adjacent landscape.  
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Integrated snowpack samples were collected from the lake surface (20 sites total) and on the 

adjacent landscape (13 sites total) in May 2013, 2015 and 2017 using an acid-washed 4.3 cm 

diameter stainless steel corer. Snow samples were placed in large Ziploc freezer bags pretested 

for analyte contamination and kept frozen until processing in the Canadian Association for 

Laboratory Accreditation (CALA)-certified Biogeochemical Analytical Service Laboratory 

(BASL) at the University of Alberta. All samples were melted at room temperature before sub-

sampling and processing as water samples.  

Site-specific areal water volumes (AWV; L/m
2
) were determined from the weight of three 

snow cores and the diameter of the corer as follows:  

  

AWV (L m-2)= 
snow weight (kg, assuming 1 kg = 1 L)

π(corer radius (m))
2  

 

Snowmelt samples were collected from 3 streams in June 2017 only (n=4 samplings). 

Temperature, pH, dissolved oxygen, and turbidity were measured continuously during sampling 

using an YSI EXO2 sonde. Bulk water samples were collected by dipping acid-washed 1-L 

Nalgene bottles and/or Platypus bags into the stream. Streams were sampled for the full suite of 

chemical constituents. Snowmelt runoff volumes were estimated by applying the mean ratio of 

SO4
2-

 concentrations in snowpacks and snowmelt in 2017, to the landscape AWV, and assuming 

all SO4
2-

 was conserved in the snowpack during melt.  

Snow conditions were similar across all three years sampled, as well as for 2016, when snow 

was not collected (A. Ferguson, personal communication). For hydrological budget purposes, we 

applied 2015 AVW and snow chemistry to the 2015 budget and mean 2013, 2015, 2017 AVW 

and snow chemistry to the 2016 budget. Snow meltwater chemistry from 2017 was applied to 

snowmelt runoff volumes calculated from landscape AVW and the runoff ratio, as estimated 

above.  

 

Glacial meltwater rivers. 

Water samples from the deltas of seven glacial inflow rivers (Snowgoose, Blister, Abbé, Gilman, 

Turnabout, Henrietta Nesmith, Very) were collected in summers 2015 and 2016 (Figure 2- 1). 

The Blister and Snowgoose rivers, which were within hiking distance of the base camp, were 
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sampled weekly in both summers to assess seasonal variations in glacial river inputs to Lake 

Hazen (n=5 in 2015 and n=6 in 2016). The remaining glacial inflow rivers and the Ruggles River 

were accessed by helicopter once in 2015 (15-July) and twice in 2016 (11-13 July; 1-2-August). 

To assess biogeochemical changes along the length of the rivers, water samples were also 

collected at three sites between the glacier termini and Lake Hazen along the Blister, Snowgoose 

and Gilman rivers, and between Lake Hazen and Chandler Fjord along the Ruggles River. River 

waters were sampled like snowmelt streams, described above. 

 

River hydrology. The Lake Hazen watershed was divided into glacier sub-catchments for all 

glacial rivers studied, using the 1:50,000 Canadian Digital Elevation Model (CDEM; Natural 

Resources Canada) in ArcGIS 10.5. Glacial river discharge for each sub-catchment was then 

modeled using a glacier surface mass balance approach 
27

. The Blister River sub-catchment was 

too small to delineate using the CDEM, so we applied the modeled runoff from the nearby 

Snowgoose Glacier (in kg m
-2

 d
-1

) to the Blister Ice Cap area from the Randolph Glacier 

Inventory (6 km
2
)
4
 as an estimate of Blister River discharge. 

 

Chemical constituent fluxes. We generated log-linear models relating river discharge to chemical 

loads using the rloadest package in R.
28, 29

 Daily modeled water discharge for each of the rivers 

were combined with measured concentrations of the dissolved chemical species in each river 

(SO4
2-

, NH4
+
, NO3

-
-NO2

-
, dSiO2, DOC). LOADEST model 1 or 2 was selected for each 

parameter, depending on which iteration minimized bias, while maximizing explanatory power 

(Table A1-2). Bias across all models was less than 16%, and all models were statistically 

significant (R
2 

> 0.94, p < 0.001).  

Only hydrological input-output budgets for dissolved constituents could be reliably 

calculated, which unfortunately precludes our ability to calculate budgets for bulk or particulate 

parameters (TP, TN, PN, TC, PC, TFe, TSS). Braided glacial rivers are highly unpredictable, 

with frequent channel reorganization and episodic bursts of meltwater. As such, although 

concentrations of particulate parameters were positively correlated with meltwater volumes (e.g., 

Figure 2- 2), the relationships were highly irregular and resulted in models with high bias and 

low predictive power. TDP concentrations were below detection in 73% of glacial rivers 
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samplings, and TDP loads to the lake from glacial inputs could therefore not be reliably 

calculated. 

 

Hydrological outputs from Lake Hazen – the Ruggles River 

The Lake Hazen outflow to the Ruggles River was accessed by helicopter at the same time as 

the glacial inflows during summers 2015 and 2016. To quantify changes to Lake Hazen outputs 

along the length of the river, 2 additional sites downstream of Lake Hazen (mid-way down the 

river and just prior to the waters exiting to Chandler Fjord) were also sampled during the 2016 

sampling campaign.  

Due to frequent water level sensor failures, Water Survey discontinued continuous gauging of 

the Ruggles River in 2012. Between 1996-2012, the volume of water exiting Lake Hazen via the 

gauged Ruggles River was well approximated by the cumulative modeled glacial river inflows.
23

 

We therefore summed the modelled glacial inflows and the snow meltwater volumes to 

approximate Ruggles River discharge in the two years presented here. This approach assumes 

little evaporation along the length of the glacial rivers and from the surface of Lake Hazen, 

which is ice-covered most of the year.  

The Ruggles River is not easily accessible, so we applied mean concentrations of all chemical 

parameters, combining samplings in springs 2015 and 2017 and summers 2015 and 2016, to the 

combined discharge to estimate annual Ruggles River exports from Lake Hazen. 

 

Lake sampling 

Water column sampling. We sampled the water column of Lake Hazen at its deepest spot (~267 

m) from the ice in May/June 2013, 2014, and 2017, and from a boat in August 2015 and 2016 to 

assess seasonal differences (with and without glacial inputs) in water column chemistry. Two 

water column profiles were completed in May/June 2014, to assess changes to upper water 

column chemistry before and after snowmelt. Continuous measurements of temperature, pH, and 

dissolved oxygen throughout the water column were recorded with a YSI EXO2 sonde. Depth-

specific bulk water samples for full chemical analyses and phytoplankton community 

composition were then collected using an acid-washed 12-L Teflon-lined General Oceanics 

Niskin bottle. Each time, 15 discrete depths were sampled with a greater focus on upper and 

bottom waters (0 (or 2 under ice), 5, 10, 15, 25, 50, 75, 100, 150, 200, 225, 235, 240, 245, 250 
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m), except in 2016 when inclement conditions allowed for only three depths to be safely sampled 

(0, 15 and 250 m).  

 

Shoreline sampling. Lake waters along the northwestern shoreline of Lake Hazen were sampled 

weekly during summers 2015 (7-July to 2-August, n=5) and 2016 (2-July to 8-August, n=6) to 

quantify the nearshore influence of glacial inputs.  

 

Biological community analyses.  

Depth-specific phytoplankton samples were collected at the same time as for water column 

chemistry, using the 12 L General Oceanics Niskin bottle. Samples for phytoplankton analysis 

were subsequently fixed with ~1mL Lugol’s solution (in 50 mL) upon return to base camp and 

kept cool until analysis. Phytoplankton communities, biomass and cell densities were identified 

and enumerated following standard protocols by Plankton R Us (Winnipeg MB) (e.g., 
30, 31

). 

Phytoplankton were identified to at least genus, and species when possible for historical record 

purposes, and then grouped according to major taxonomic group (cyanobacteria, chlorophyte, 

euglenophyte, chrysophyte, diatom, cryptophyte, dinoflagellate) for analyses here.  

Relative influences of physicochemical variables on phytoplankton community composition 

were quantified using redundancy analysis (RDA),
32

 with the package vegan. 
33

 The eigenvalue 

of the first ordination axis in a preliminary correspondence analysis on the environmental 

variables was less than 0.6, supporting the use of linear methods and the RDA.
32

 Environmental 

variables were standardized before running the saturated model and taxonomic cell density or 

biomass, proxies for growth or abundance, respectively, were Hellinger-transformed. The model 

was then run on the response covariance matrix. Variance inflation factors for environmental 

variables in the saturated model were greater than 10, indicating serial autocorrelation within the 

full model, and justifying our use of stepwise forward selection to identify the most 

parsimonious model using Akaike Information Criterion. Results presented herein are for the 

reduced models only.  

Zooplankton were collected in spring 2014 and summer 2015 using a Dynamic Aqua 80 µm 

Wisconsin-style plankton net from the upper 75 m of the water column, and subsequently 

preserved with ethanol. In spring 2014, zooplankton were identified at Queen’s University (S. 

Arnott), while in summer 2015, zooplankton were identified by Plankton R Us.  
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The state of the arctic char (Salvelinus alpinus) population, the only fish species in Lake 

Hazen, has been described in detail elsewhere (e.g., 
34-39

).   

 

Biogeochemical processes in Lake Hazen sediments  

To assess the impacts of glacial meltwater inputs on heterotrophic processes in lake 

sediments, sediment cores with intact sediment-water interfaces were collected in August 2016 

and May/June 2017 using a UWITEC gravity corer (UWITEC, Mondsee, Austria) and 8.6 cm 

diameter polyvinyl chloride core tubes. Coring sites were chosen to encompass a variety of water 

depths and proximities to glacial river inflows (Table A1-3). Cores were collected at shallow 

(~50 m) and deep (~250 m) sites adjacent to the deltas of the Snowgoose-Abbé (S1, S2 in Figure 

2- 1) and Blister (S3, S4) rivers, to represent high and low sediment inputs, respectively. We also 

sampled an additional shallow site near the Ruggles River outflow (S5) that received virtually no 

direct terrestrial runoff. Two cores were collected at each site.  

Immediately upon return to base camp, 100-µm resolution microprofiles of O2, redox and pH 

were quantified on one of the cores using Unisense glass microelectrodes interfaced with the 

Unisense Field Multimeter. Cores were maintained at ambient temperatures (~4C) throughout 

profiling. Microprofiles were begun either 1 or 2 cm above the sediment-water interface. 

Following microprofiling, the core was sectioned at 1 cm intervals to estimate porosity (𝜑) by 

weighing sections before and after freeze-drying, assuming all voids were water-filled prior to 

drying:  

𝜑 = Volume voids/Volume total 

Porewaters were extracted from the second core also upon return to the base camp. 1 cm core 

sections were placed in 50 ml centrifuge tubes, the headspace flushed with UHP N2 and 

centrifuged for 15 minutes at 4000 rpm. The supernatant was then filtered through 0.45-µm C/N 

filters into 15 ml centrifuge tubes and immediately frozen for analysis of NO3
-
-NO2

-
, NH4

+
, and 

TDP (Table A1-4). The remaining sediments were freeze-dried and analyzed for organic carbon 

(OC) by loss-on-ignition.
40

 

Sediment oxygen consumption rates were then estimated using the application PROFILE, 

which implements a numerical solution.
41

 Sediment diffusion coefficients (Ds) were calculated 

using:  
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Ds = D0/(1+3*(1-𝜑)) 

where D0 is the temperature-specific (3.76°C at 250 m depth, n = 7 profiles) diffusion coefficient 

in water, and 𝜑 is the depth interval-specific porosity. For sediment cores from sites S1-3, where 

oxygen was completely consumed over the profile, the bottom concentration (0 µmol L
-1

) and 

bottom flux (0 nmol cm
-2

 s
-1

) were selected as boundary conditions. For the other sites (S4-5), 

the site-specific top and bottom concentrations were chosen as boundary conditions.  

 

Sample processing and chemical analyses 

All samples were initially processed the day of collection in the analytical room of the Lake 

Hazen/Quttinirpaaq Field Laboratory, located at Parks Canada’s Lake Hazen Base Station. Upon 

return to base camp, water samples for DIN, TDP, SO4
2-

, dSiO2, DIC, and DOC were filtered 

through 0.45-µm cellulose/nitrate (C/N) filters. Known volumes of water were filtered through 

muffled 0.7-µm GF/F filters for particulate carbon and nitrogen (PC and PN) analyses and pre-

weighed 0.45-µm cellulose acetate filters for total suspended solids (TSS), analyses. Bulk water 

samples were collected for total phosphorus (TP) and total nitrogen (TN) analysis. For lake water 

samples, known volumes of water were also filtered through ethanol-washed 0.7-µm GF/F filters 

for chlorophyll a (chl a) concentrations. Samples were stored either frozen (chlorophyll a, NH4
+
, 

NO3
-
-NO2

-
) or in the dark at ~4

o
C (all other samples) until transported south for analysis. 

All chemical analyses were subsequently completed at the Canadian Association of 

Laboratory Accreditation (CALA)-certified Biogeochemical Analytical Service Laboratory 

(BASL) at the University of Alberta (Edmonton, Alberta, Canada) following standard operating 

procedures (Table A1-1). For statistical purposes, analyte concentrations less than the method 

detection limit (<D.L.) were quantified as half of the D.L. (Table A1-1). Standard errors (SE) are 

presented throughout, unless otherwise stated. 

 

RESULTS AND DISCUSSION 

Watershed hydrology 

Total hydrological inputs to the lake were 1.063±0.027 km
3
 in 2015 and 0.400±0.097 km

3
 in 

2016. Mean annual snowmelt inputs were 0.079±0.013 km
3
 over the lake area, assuming no 

sublimation (Table 2-1), while landscape (non-glacierized, non-lake area) snowmelt 

contributions to Lake Hazen were 0.075±0.025 km
3
 (means of 2013, 2015, 2017). The dominant 
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annual input was thus glacial runoff, accounting for approximately 86.7% and 67.1% of annual 

hydrological inputs in 2015 and 2016, respectively. Total glacial runoff was 3.37-times greater in 

2015 (0.979 km
3
) than in 2016 (0.291 km

3
). Three glacial rivers (Henrietta Nesmith, Gilman and 

Very) cumulatively accounted for ~70% of glacial runoff into Lake Hazen. With cold-based 

margins, most of the meltwaters from the Northern Ellesmere Icefield flow along the top of the 

glaciers and ice marginal channels before being discharged to the proglacial zone, thus limiting 

contact with glacier beds. Complete ice-off on Lake Hazen occurred around 4-Aug-2015 and 8-

Aug-2016 in the two summer study years. 

 

Nutrient concentrations in major hydrological inputs to Lake Hazen 

Snowmelt on the lake and from the landscape. Snow was slightly alkaline (pH = 7.47±0.126) 

and contained some particles (TSS = 106±14.9 mg L
-1

; Table A1-5). Particulates in Arctic 

snowpacks can originate locally from aeolian processes acting on exposed soils on the desert 

landscape and from distant sources via long-range atmospheric transport.
42

 Concentrations of 

DIN in snowpacks were 50.4±3.12 µg L
-1

, most of which was NO3
-
-NO2

-
. TP and TDP 

concentrations in snow were 0.045±0.004 mg L
-1

 and 2.52±0.308 µg L
-1

, respectively, with snow 

being the only hydrological compartment for which TDP was detectable. Carbon concentrations 

in the snowpack were generally low and dominated by PC (2.10±0.194 mg-C L
-1

). 

Snowmelt streams were cold (2.76±1.71°C), neutral (pH: 7.20±0.18), and relatively clear 

(TSS: 54.9±23.8 mg L
-1

). Analyte concentrations were generally higher than in snowpacks, 

reflecting a combination of snowpack sublimation and chemical elution.
43

 DIN concentrations 

were highest in snowmelt relative to concentrations in all other hydrological pools (120±16.9 µg 

L
-1

). DIN:TP ratios were less than 6, suggesting that snowmelt streams were largely N and P co-

limited. DOC concentrations were also relatively high (4.80±3.74 mg-C L
-1

), and likely 

associated with the flushing of DOC from soil surfaces during snowmelt runoff 
44

. 

 

Glacial inflows. At glacier termini, meltwaters were cold (1.04±0.13°C), approximately neutral 

(pH: 7.33±0.162) and slightly turbid (TSS: 64.6±24.7 mg L
-1

; Table A1-6). Waters were fully 

oxygenated, suggesting little influence of anoxic subglacial waters, or at least partial open 

system conditions under the ice.
45

 Downstream of the glaciers at the river deltas, waters were 
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warmer (8.01±0.42°C), more alkaline (pH: 7.86±0.08) and very turbid (TSS: 562±163 mg L
-1

) 

before flowing into Lake Hazen.  

Nutrient concentrations, as well as SO4
2-

, dSiO2, and TFe, varied spatially within and 

between glacial rivers, and temporally throughout the melt season (Table A1-7). Concentrations 

of both dissolved and particulate constituents increased downstream of glaciers (Figure A1-1), 

largely due to erosion of highly reactive, comminuted sediments and subsequent chemical 

weathering.
46

 With increasing discharge, dissolved constituent concentrations generally 

decreased with concomitant increases in particulate concentrations (Figure 2-2), suggesting the 

adsorption of dissolved constituents to particles. Higher meltwater discharge entrains larger 

quantities of particulates as rivers erode channel edges and shifted positions across proglacial 

river valleys.
47

  

DIN concentrations were relatively high in glacial river delta waters (83.2±15.2 µg-N L
-1

) 

and dominated by NO3
-
-NO2

-
, except in the Gilman and Turnabout rivers, where NH4

+
 

constituted more than half of the DIN pool (Table A1-7). TP concentrations in glacial rivers 

(661±187 µg-P L
-1

) were likewise high. Much of the phosphorus in the glacial rivers likely 

originated from marginal or proglacial zones given that glaciers of the Northern Ellesmere 

Icefield have cold-based margins.
48

 Indeed, TP concentrations increased between 2 and 3 orders 

of magnitude between the glacier termini and the lake (Figure A1-1). TDP concentrations were 

below detection (<1.8 µg-P L
-1

) in most glacial river samplings. 

Early and late in the melt season, TC was dominated by DIC, but as glacial melt increased, 

PC became a proportionally greater fraction of TC (up to 92%; Figure 2-2). In the Snowgoose 

River, for example, PC concentrations ranged between 0.04 mg-C L
-1

 early/late in the melt 

season to 79.7 mg-C L
-1

 at peak flow. DOC concentrations in glacial rivers were extremely low 

(0.3±0.03 mg-C L
-1

).  

 

In-lake physical structure and nutrient concentrations 

Physical limnology. Lake Hazen exhibited reverse temperature stratification under the ice, where 

temperatures were 0.52±0.35°C, but below 50 m, were constant at 3.72±0.10°C (Figure 2-3). 

Thermal stratification disappeared following ice melt (3.37±0.25°C). Secchi depths before and 

after snowmelt were 27 m and 15 m, respectively, corresponding to light extinction coefficients 

of 0.063 m
-1

 and 0.111 m
-1

 (calculated from Secchi depth).
 
Turbidity in the water column was 
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generally extremely low, as evidenced by PC and PN concentrations less than 100 µg-C L
-1

 or 10 

µg-N L
-1

, respectively, but increased marginally immediately following snowmelt in the spring.  

In the summer, turbidity varied spatially in Lake Hazen due to river inputs of glacial flour 

generated from erosion. Glacial flour severely impeded light penetration along the northwestern 

shoreline of the lake.
49

 This effect was, however, limited to nearshore waters due to the density 

of inflowing glacial river waters; waters at the centre of the lake and along the southeastern shore 

away from glacial inputs were generally clear. With a Secchi depth of ~16 m, the light extinction 

coefficient at the centre of the lake was 0.106 m
-1

, indistinguishable from that measured after 

snowmelt in the spring. 

Glacial river discharge formed turbidity currents upon entering the lake, facilitating the 

transport of particulate-rich waters to depth and oxygenation of bottom waters.
50

 Concentrations 

of PN and PC, proxies for TSS, increased 3-fold and 6-fold (Figure 2-3), respectively, between 

surface waters and the depths (200-250 m) of Lake Hazen, a subsidy from glacial inflows. 

Annual oxygenation of the bottom waters of Lake Hazen is a relatively recent phenomenon,
23

 

likely a consequence of enhanced glacial meltwater inputs to the lake. Indeed, the strength of the 

turbidity currents was directly dependent on the volume of glacial runoff in a given year. For 

example, glacial runoff in 2015 was 3.36 times greater than in 2016 (Table 2-1), mirrored by PC 

and TP concentrations at depth 2.20 and 3.83 times higher, respectively, in 2015 than in 2016.  

 

Chemical limnology and nutrient limitation. 74.0±1.35% and 51.5±2.52% of total nitrogen in the 

lake was DIN in spring and summer, respectively, mostly as NO3
-
-NO2

-
. Depth-integrated NO3-

NO2
-
 concentrations in Lake Hazen were 46.5±0.79 µg-N L

-1 
and 34.7±0.98 µg-N L

-1
 in spring 

and summer, respectively (Figure 2-3). These concentrations were lower than in more temperate 

lakes,
51

 but higher than in other lakes in the Canadian Arctic Archipelago (CAA).
52

 The fact that 

Lake Hazen is glacier fed is unusual among the lakes previously studied in the CAA,
52

 likely 

explaining the comparatively higher NO3
-
-NO2

-
 concentrations.

9, 53
 Although glacial inputs are 

higher in DIN than the lake waters, DIN in the summertime upper water column decreased, 

likely reflecting increased biological utilization combined with the efflux of N2 or N2O following 

denitrification in the absence of lake ice cover.  

In spring under the ice, TP concentrations were below detection (<3 µg-P L
-1

) throughout 

most of the water column, reaching a maximum concentration of only 6 µg-P L
-1

 near the 



 26 

sediment-water interface (Figure 2-3). Although total dissolved phosphorous (TDP) was 

generally below detection (<1.8 µg-P L
-1

) in the water column throughout the year, phosphorus 

can be mobilized into the water column from sediments via internal loading.
54

 Following 

deposition of TP at depth with the turbidity currents, reducing conditions in sediments likely lead 

to the release of TDP to overlying waters. Although TDP concentrations in sediment core 

porewaters were much higher (up to 44 µg-P L
-1

) than in the overlying water column (Figure 2-

4), how much P diffuses to the water column is unknown and likely varies significantly over 

space.
55

  

Mean DIN:TP mass ratios integrated throughout the springtime Lake Hazen water column 

were 55.7±3.21 (Figure 2-3), indicative of severe P-limitation.
56

 In summer, the upper 200 m of 

the water column still exhibited strong P-limitation (DIN:TP=21.3±3.02); however, DIN:TP 

declined below 200 m to a minimum of 2.3 (Figure 2-3), indicative of N and P co-limitation, or 

even possible N-limitation.
56

 These DIN:TP ratios at depth mirrored those in the glacial inflows 

(8.55±4.84, median: 0.207; Table A1-6), evidence for significant allochthonous nutrient subsidy 

to the lake.  

TC concentrations integrated throughout the water column were 9.40±0.160 mg C L
-1 

(summer)
 
and 9.89±0.150 mg C L

-1 
(spring), ~98% of which was DIC (Figure 2-2). DOC 

concentrations were extremely low throughout the water column, but marginally higher in the 

summer (0.228±0.024 mg C L
-1

) than in the spring (0.191±0.016 mg C L
-1

).   

dSiO2 concentrations were low and constant throughout the water column throughout the 

year (Figure 2-3). In contrast, while TFe was low or below detection (<7 µg L
-1

) throughout the 

entire water column in spring, TFe increased 140-fold below 200 m in summer, reaching 495 µg 

L
-1

 (Figure 2-3). Summertime turbidity currents transport Fe to the depths from the watershed, 

where Fe is present in various mineral forms (e.g., sjögrenite, ankerite, pyrite, ferrinatrite).  

 

Nutrient concentrations in the Ruggles River outflow 

 The Ruggles River was cold (4.09±0.291°C), alkaline (pH: 7.96±0.158) and fully 

oxygenated (105±1.35% saturation) along its length. Waters were clear at the outflow of Lake 

Hazen (TSS = 1.40±0.495 mg L
-1

) but increased in turbidity (TSS up to 551 mg L
-1

) with 

increasing distance from Lake Hazen due to permafrost slumping and erosion along the river 
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banks (Figure A1-2). This effect was particularly pronounced in early August when maximum 

permafrost thaw was occurring.  

TN at the Lake Hazen outflow was mostly DIN (56.4±16.7%), though less than in the glacial 

rivers, and PN concentrations were very low, suggesting some organic nitrogen production 

within the lake (Table A1-6). TP concentrations at the lake were 2.23±0.959 µg L
-1

, but 

increased up to 120-fold before entering Chandler Fjord. The river was P-limited at the lake 

(DIN:TP=13.2±6.38), but became N and P co-limited (2.88±2.73) downstream due to erosional P 

inputs.  

TC concentrations at the lake were dominated by DIC (95.5±1.04%), mirroring those in 

Lake Hazen, but PC became a more important component of TC downstream with slumping and 

erosion (up to 94.0% of TC). DOC was extremely low across the whole transect (0.30±0.00 mg-

C L
-1

).  

dSiO2 concentrations remained constant along the river. Mirroring other particulate 

parameters, TFe concentrations in the Ruggles River increased downstream of Lake Hazen due 

to slumping and erosion (Table A1-6).  

 

Nutrient input-output budgets 

Hydrological budgets for all chemical species, except for NO3
-
-NO2

-
, NH4

+
, DIC and DOC 

were generally net neutral, with annual Ruggles River exports approximately equaling the 

combined meltwater inputs. Runoff from glaciers accounted for the majority of all dissolved 

inputs to Lake Hazen (Table 2-1). The relative importance of glacial inputs to Lake Hazen varied 

inter-annually, though, such that glaciers accounted for more than 90.9±2.53% of inputs in the 

high melt year (2015), but only 78.0±4.31% in the low melt year (2016).  

Lake Hazen was a strong sink for NO3
-
-NO2

-
, and NH4

+
 (Table 2-1). Processes that could 

account for these sinks are biological uptake, sedimentation or the denitrification of NO3
-
 and 

subsequent evasion to N2O and/or N2.
57

 Given that denitrification would be limited by the low 

temperatures and largely aerobic conditions in Lake Hazen,
58

 the sedimentation of particle 

adsorbed-inorganic N and organic N is likely more important at the watershed scale. Anoxic 

conditions in bottom waters may lead to the release of stored N to overlying waters, but most of 

the water column is oxic, with the exception of the sediment-water interface at sites receiving 

large amounts of glacial inputs (Figure 2- 5). As oxygen is consumed by decomposition within 
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the sediments, the adsorptive capacity of the sediments is diminished (see below). For example, 

while concentrations of NH4
+
 in sediment porewaters were higher in the two cores characterized 

by high oxygen consumption rates (Figure 2- 4), NH4
+
 release from the sediments to overlying 

waters was likely limited by the consistent oxygenation of bottom waters.
59

  

Lake Hazen was also a sink for DOC, but this was only significant in 2015 (Table 2-1), 

suggesting that the strength of the sink is strongly dependent on the volume of glacial inputs to 

the lake. Even though concentrations of DOC within all freshwater compartments of the 

watershed were low, the glacial rivers represent an important source of DOC to Lake Hazen due 

to the sheer volume of water entering the lake. Loss of DOC within the lake can occur by 

mineralization to CO2, photo-oxidation or adsorption to particles and subsequent deposition.   

In contrast, Lake Hazen was a source of DIC to the Ruggles River. Within the lake, DIC can 

be generated through respiration, which produces CO2, and/or chemical weathering of mineral 

glacial flour, which both consumes CO2 and produces HCO3
-
. While some respiration within 

Lake Hazen occurs (Figure 2-3), CO2 produced by respiration is usually lost from freshwater 

systems to the atmosphere,
60

 and would thus result in a decrease in DIC between inputs and 

outputs. Chemical weathering is therefore the likely source of the DIC increase within the lake. 

Glacial flour entering Lake Hazen is largely composed of carbonate minerals, a reflection of the 

dominant geology of the watershed.
61

 As these finely comminuted carbonate sediments are 

mixed within the water column, they can undergo carbonate carbonation, coupled or not to 

sulphide oxidation.
62

  

Given that the strength of the turbidity currents depends on the magnitude of glacial 

meltwater inputs in a given year, the lake was also likely a strong sink for particulate parameters 

(PC, PN, TFe, TP), even though we could not reliably calculate the glacial component of these 

budgets. Although Lake Hazen is atypically large among Arctic lakes,
63

 even small, more 

ephemeral proglacial lakes may be important modifiers of glacial meltwaters on northern 

landscapes.
48, 64

 While proglacial lake discussions in the literature have typically been restricted 

to sediment storage,
21

 we show that proglacial lakes may act to retain and/or process nutrients 

before delivery and mobilization to ecosystems further downstream.  
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In-lake biological processes.  

Primary productivity in Lake Hazen. We were unable to explicitly quantify rates of primary 

production in Lake Hazen due to logistical challenges. Using 
14

C additions during the first 

International Polar Year (1957-58), MacLaren found primary production in Lake Hazen to be 

extremely low, ranging from below detection to 59 mg m
-2

 d
-1

, even at the height of the 

summer.
65

 Although primary production may have increased since in response to reduced ice 

cover,
23, 66

 autochthonous OC is rapidly decomposed in the lake, leaving little record in the 

sediments.
23

  

Immediately below the lake ice, chl a concentrations more than doubled from 0.13 µg L
-1

 

before snowmelt to 0.29 µg L
-1

 after snowmelt, likely reflecting an influx of nutrients in 

meltwaters despite the increase in light extinction coefficients discussed above. Chl a 

concentrations in the upper 25 m, though, were generally very low (0.26±0.01 µg L
-1

; Figure 2-

3), as in other lakes found in the Canadian High Arctic.
52

 Upper water column chl a 

concentrations in the summer were higher at the center of the lake (0.39±0.048 µg L
-1

) than 

under the ice or along the shoreline (below detection to 0.13 µg L
-1

), likely in response to 

differential light availability with and without ice cover on the lake (Figure A1-3), as well as 

nutrient availability with and without glacial inputs. While both factors likely play a role, it is 

difficult to discern the relative importance of each.  

We identified 48 phytoplankton genera and over 60 species of phytoplankton in the Lake 

Hazen water column under the ice in the spring (Table A1-8), 33 of which were unique to that 

time of year. Chrysophytes, chlorophytes and diatoms were the most abundant taxa in the upper 

water column (Figure 2-6). Cyanobacteria were also found at depths within the water column, 

but exhibited high spatial and inter-annual variability in abundances. Summer phytoplankton 

communities were less diverse (34 genera and 39 species, 15 of which were unique to the 

summer), but had higher biomass than those in the springtime (Figure 2-6). Open water 

communities were dominated by cryptophytes, diatoms and chrysophytes, the latter of which are 

a hallmark of Arctic systems and successful competitors at low phosphorus concentrations.
67, 68

 

Whereas chrysophytes were one of the most diverse taxonomic groups in Lake Hazen, the 

cryptophytes were represented by only three genera: Rhodomonas - often the dominant algae, 

Cryptomonas, and Kateblepharis. Both cryptophytes and chrysophytes are mixotrophic and only 

photosynthesize under optimal conditions.
58

 Indeed, the dominance of phytoflagellates in Lake 
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Hazen in the summer is very similar to what is seen in large temperate lakes in winter.
69

 

Picocyanobacteria may be an important source of productivity within Lake Hazen due to its 

ultra-oligotrophic state,
70

 but were not sampled for here.  

The overwhelming importance of DIN:TP in predicting phytoplankton community structure 

(both abundance and biomass) highlights the combined role of ice cover and glacial inflows on 

productivity in this ultra-oligotrophic lake (Figures 2-7 and A1-4). In fact, using cell densities as 

the response, the reduced RDA included only two variables: the DIN:TP mass ratio (RDA1 

eigenvalue = 0.976) and CO2 saturation (0.120). In the spirit of parsimony, we therefore 

conducted a principal components analysis on the Hellinger-transformed cell densities as a 

metric of community composition, and regressed that against the DIN:TP ratio (Figure 2-7; 

R
2
=0.701, p<0.001). Whereas communities dominated by chrysophytes, cryptophytes and 

dinoflagellates, all mixotrophs, were found at the lower DIN:TP ratios (or lower DIN and higher 

TP concentrations) characteristic of open water conditions, higher abundances of diatoms, 

chlorophytes and cyanobacteria, were found at the higher DIN:TP associated with the ice-

covered water column.  

Phytoplankton biomass was best predicted by DIN:TP and TP, water temperature and sulfate 

concentrations (Figure A1-4). As these latter two variables play a comparatively small role on 

RDA2, they may reflect seasonality within the water column. Sulfate concentrations were higher 

under the ice in the spring (Figure 2-3) and varied along the shoreline throughout the ablation 

season in response to glacial meltwater inputs. Similarly, temperatures were higher in the upper 

water column and along the shoreline during the summer relative to those under ice.  

It is counterintuitive that cyanobacteria capable of N-fixation would be more prevalent at 

higher DIN concentrations. Given the ultra-oligotrophic nature of Lake Hazen, we speculate that 

this may be due to competition rather than physicochemical constraints.
71

 Whether the 

mixotrophic taxa (chrysophytes, cryptophytes, dinoflagellates) were autotrophic or heterotrophic 

at the time of sampling is unknown, but these taxa dominated along the shoreline where light 

penetration was significantly impeded by glacial flour and likely restricted primary production. 

Feeding strategy flexibility and motility in mixotrophic taxa likely provides a distinct 

competitive advantage in cold and unproductive Arctic freshwaters like Lake Hazen.
72
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Secondary productivity. Our springtime zooplankton samples consisted entirely of juveniles that 

could not be identified to species. In the summer, ~98% of total zooplankton biomass was adult 

Daphnia cf. galeata mendotae. The balance consisted of cyclopoid stages of copepods and adult 

cyclops (1.89% by weight; likely Cyclops scutifer as in 
73

) and the planktonic rotifer Keratella 

hiemallis (<0.1%). Copepods were, however, the most numerous zooplankton in Lake Hazen. 

Such low species richness is rare globally, but more common in the High Arctic islands, where 

dispersal has been limited over millennia.
74

 At such low densities, zooplankton within the lake 

can only partially support the juvenile (<20% of diet) and small (<10% of diet) forms of the non-

anadromous arctic char, which otherwise rely on chironomids and other terrestrial insects for the 

bulk of their diet.
37

 Large char in the lake do not even consume zooplankton, rather relying 

solely on cannibalism and chironomids for energy sources.
37

  

 

Biogeochemical processes in sediments. OC accumulation rates in Lake Hazen sediments 

increased from ~8 to 14-71 g OC m
-2

 yr
-1

  in the past decade due to climate warming.
23

 These 

accumulation rates are now similar to or greater than those found in temperate lakes.
75

 Increased 

delivery of OC to sediments has important implications for heterotrophic microbial activity 

there. Indeed, sediment microbial activity varied depending on the proximity to and size of 

nearby glacial inflows delivering allochthonous OC and nutrients to the lake. At the two sites 

receiving large inputs from the Snowgoose and Abbé rivers (Main deep, S1 and Abbé shallow, 

S2), dissolved O2 was depleted within 2-3 mm of the sediment-water interface, with a 

corresponding decline in redox potential, suggesting high levels of heterotrophic activity 

(Figures 2-4, 2-5). At the two sites presumably receiving less OC and nutrients from the 

comparatively smaller Blister River (Blister deep and shallow, S3-4), dissolved O2 penetrated 

much deeper (25 - >60 mm), with little change in redox. At the site receiving no direct glacial 

inputs (Ruggles, S5), dissolved O2 concentrations were still 6 mg L
-1

 at 60 mm depth. Depth-

integrated O2 consumption rates were higher at those sites with higher bottom water O2 

concentrations, reflecting the dependence of aerobic respiration on O2 availability (Table A1-9).  

Unsurprisingly, concentrations of NH4
+
 and TDP were highest at the sites receiving more 

glacial inputs, reflecting higher rates of organic matter mineralization and consequent reductions 

in redox potential. Ammonification, as evidenced by high NH4
+
 concentrations, dominated in 

sediments with low O2 concentrations, whereas nitrification, as evidenced by higher NO3
-
-NO2

-
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and which requires O2, dominated at the other sites. TDP was also highest in sediments with low 

dissolved O2, as phosphate (PO4
3-

) was likely being released from mineral sources under the 

prevailing reducing conditions. pH decreased in the sediments of sites receiving less or no glacial 

inputs, although why this occurred is unknown.  

In summer, when dense turbidity currents facilitated the oxygenation of bottom waters, 

dissolved O2 penetrated deeper into the sediments, with concomitant declines in NH4
+
 and TDP 

concentrations, and increases in NO3
-
-NO2

-
 (Figure A1-5). Depth-integrated O2 consumption 

rates were an order of magnitude higher at both sites during the summer than in the spring, 

reflecting great O2 availability at depth with lake mixing. For example, at S1, O2 consumption 

rates were 1.10x10
-3

 and 1.61x10
-4

 nmol cm
-2

 s
-1

 in summer and spring, respectively, mirrored by 

rates of 2.56x10
-3

 and 3.63x10
-4

 nmol cm
-2

 s
-1

 in summer and spring at S2. In the absence of 

stable reducing conditions during the summer months, nitrification prevailed over 

ammonification (lower NH4
+
, higher NO3

-
-NO2

-
), and the reduction and subsequent desorption of 

phosphorus from particles was diminished 
76

.  

 

Land-to-ocean aquatic continuum in a glacierized watershed 

The glacierized LOAC observed in the Lake Hazen watershed and downstream is in stark 

contrast to boreal systems where carbon, nitrogen, and phosphorus concentrations decline 

according to first order decay.
14

 In contrast, TC, TP, TN, and TFe concentrations increased along 

our glacial rivers, with increasing availability of easily eroded fine materials downstream of 

glaciers and little retention within the proglacial landscape (Figure 2-8). Whereas CO2 and CH4 

emissions tend to be an important carbon removal mechanism in non-glacierized freshwaters,
60, 

77
 erosion and chemical weathering reactions in the glacier-fed freshwaters of the Lake Hazen 

watershed increase TC concentrations between glacial headwaters and the lake. Waters along the 

lake shoreline receiving glacial inputs appeared to act as a physico-chemical intermediary 

between the rivers and central lake waters, where nutrient concentrations were much less 

variable. Due to turbidity currents transporting many of the glacial inputs directly to the bottom 

of the lake, the Lake Hazen outflow to the Ruggles River resembled that of central Lake Hazen 

surface waters. However, permafrost slumping and erosion downstream of the lake increased 

concentrations of all nutrients except TN in the river.  



 33 

Stoichiometric ratios between carbon and key macronutrients (N, P) are useful tools to 

assess preferential nutrient loss or retention along the LOAC (Figure 2-9).
78

 Non-glacierized 

freshwaters tend to be more biologically productive than glacierized ones in the High Arctic.
78

 

Nutrient stoichiometry across the Lake Hazen watershed was, however, dominated by physical 

(hydrology, erosion, permafrost thaw and slumping) and chemical (weathering) processes, with 

important implications for downstream ecosystems. The combination of these processes led to 

the preferential mobilization of C, then P over N, the latter of which lacks any significant mineral 

source. Variability in glacial river delta stoichiometry reflected temporal fluctuations in 

meltwater volumes (Figure 2-2) and spatial differences in geology across the watershed.
61

 

TC:TP, TN:TP and DIN:TP in the Ruggles River declined before flowing into Chandler Fjord, 

highlighting mobilization of phosphorus by erosion and permafrost slumping to nearshore 

marine environments.  

 With the highest freshwater drainage to ocean basin area globally, the Arctic Ocean is 

especially sensitive to changes in freshwater quantity and quality from anthropogenic activities.
79

 

Although annual discharge from the Ruggles River (3.40±1.85 km
3
 yr

-1
, SD) is low compared to 

the 8 largest Arctic rivers (103-620 km
3
 yr

-1
),

80
 cumulative annual discharge from the Canadian 

Arctic Archipelago is 202 km
3
 yr

-1
.
81

 Our results suggest that enhanced glacial melt and 

permafrost thaw in response to climate warming across the High Arctic will have important 

biogeochemical consequences for nutrient cycling in freshwaters and nearshore marine 

ecosystems.  
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FIGURES AND TABLES 

  
Figure 2-1. Map of the Lake Hazen watershed exemplifying the glacierized land-to-ocean aquatic continuum. The solid 

grey and orange-dotted lines delineate the entire Lake Hazen watershed and the glacial sub-watersheds, 

respectively. Sampling sites are highlighted by type. Glacial rivers from south to north: VR, Very; HN, 

Henrietta Nesmith; BR, Blister; SG, Snowgoose; AB, Abbé; GL, Gilman; TN, Turnabout. The Ruggles River 

drains Lake Hazen to the coast. Sediment coring sites (S1-5) are described in Table A1-3.  
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Figure 2-2. Time series of glacial river (Snowgoose and Blister) chemistry measured at the 

inflow to Lake Hazen throughout summer 2016 (2-July to 4-August).  
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Figure 2-3. Seasonal physical and chemical water column profiles of Lake Hazen. Water column profiles averaged 

(±1SD) by depth, depending on whether sampling was conducted under ice (May 2012, 2013, 2014 (2 

profiles), 2017) or in open water (August 2015, 2016). O2, dissolved oxygen; DOC, dissolved organic carbon; 

PC, particulate carbon; Chl a, chlorophyll a; TN, total nitrogen; TP, total phosphorus; DIN:TP, dissolved 

inorganic nitrogen to phosphorus mass ratio; TFe, total iron; dSiO2, dissolved silica; SO4
2-

, sulfate.  
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Figure 2-4. Sediment core porewater profiles of NH4

+
, NO2

-
-NO3

-
 and total dissolved phosphorus (TDP) from 5 sites 

throughout Lake Hazen. Sites were chosen to represent variable proximity of glacial inflows. Cores nearer 

large glacial inflows are indicated in black. Concentrations in the overlying water were quantified on water 

samples collected from the top of the core tube before sectioning. 
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Figure 2-5. Sediment core microprofiles for 5 sites in Lake Hazen, representing variable proximity to glacial inflows. 

Cores near large glacial inflows are indicated in black.  
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Figure 2-6. Seasonal water column profiles of phytoplankton taxonomic group cell densities (top panels) and biomass 

(bottom panels) in Lake Hazen. Means (±1SD) by depth shown, over profiles conducted in May (under ice) 

2013 (chl a only) and 2014 (2 profiles), and in August (open water) 2015 and 2016.  
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Figure 2-7. A: Principal component bi-plot of phytoplankton community composition (as 

Hellinger-transformed cell densities) and B: the first principal component (PC1) 

scores as a function of the DIN:TP mass ratio.
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Figure 2-8. Nutrient concentrations along the land to ocean aquatic continuum (LOAC) 

in the Lake Hazen watershed. Sampling sites extended from immediately in 

front of the glacier termini to the glacial river deltas, along the shoreline of 

Lake Hazen, at the surface and bottom of the water column at the deepest 

(267 m) spot in the lake, along the Ruggles River outflow at Lake Hazen, and 

the Ruggles River inflow to Chandler Fjord along the northeastern coast of 

Ellesmere Island.  
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Figure 2-9. Molar ratios of key nutrients along the land to ocean aquatic continuum 

(LOAC) in the Lake Hazen watershed. Sampling sites extended from 

immediately in front of the glacier termini to the glacial river deltas, along the 

shoreline of Lake Hazen, at the surface and bottom of the water column at the 

deepest (267 m) spot in the lake, along the Ruggles River outflow at Lake 

Hazen, and the Ruggles River inflow to Chandler Fjord along the 

northeastern coast of Ellesmere Island. Note that the y-axis is on a log scale. 
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Table 2-1. Hydrological nutrient mass balances (annual loads in metric tons yr
-1

 ± SE) for Lake Hazen in 2015 and 2016. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
 Snow chemistry from 2015 only applied to 2015, and mean snowpack AWV across 2013, 2015, 2017 applied to 2016.  

2
 Snowmelt volume calculated assuming 16% runoff of snowpack on landscape (see methods).  

3 
% difference between total mean hydrological inputs and outputs by the Ruggles River. Budgets for which output load ranges are outside of the range of inputs 

(*), suggesting an important annual source (% difference > 0) or sink (% difference < 0) within the lake.  
4 
TDP was only above detection in snow, and as such glacial river and Ruggles River compartment fluxes could not be calculated.  

 

  Hydrological inputs Outputs  

 Year Snow on lake 
1
 

Snow from 

land 
2
 

Glacial rivers Total inputs Ruggles 

River 

% diff.
3
 

Water 

(km
3
) 

2015 0.069±0.015 0.055±0.012 0.948 
1.07±0.027 

1.07±0.027 - 

 2016 0.060±0.008 0.059±0.089 0.281 0.400±0.097 0.400±0.097 - 

NH4
+
  2015 0.584±0.115 1.67±0.454 22.9±15.9 25.2±16.5 3.79±1.38 -71.1* 

 2016 0.551±0.092 1.48±0.371 5.42±2.15 7.45±2.61 1.13±0.411 -63.6* 

NO3
-
-NO2

- 
 2015 2.81±0.611 5.63±1.89 35.1±4.84 43.6±7.34 12.0±7.59 -33.7* 

 2016 2.22±0.361 4.98±1.59 12.0±1.34 19.2±3.29 3.57±2.26 -40.4* 

SO4
2- 

 2015 73.0±0.016 993±235 13400±2420 14420±2661 9400±1440 -15.5 

 2016 77.8±0.016 879±188 3580±411 4540±599 2790±428 -6.66 

TDP 
(4)

 2015 0.177±0.037 1.00±0.309 - - - - 

 2016 0.134±0.029 1.08±0.282 - - - - 

dSiO2  2015 5.88±0.001 16.0±3.21 181±59.2 203±62.4 246±75.8 +15.4 

 2016 5.09±0.001 14.2±2.44 56.9±11.0 76.2±13.5 73.2±22.5 +15.5 

DIC 2015 139±0.028 102±21.0 6310±474 6550±495 9700±2470 +24.9* 

 2016 117±0.019 88.0±15.4 1920±117 2120±132 2880±735 +31.7* 

DOC 2015 6.92±0.002 0.087±0.023 364±59.6 371±59.6 203±55.9 -23.7* 

 2016 13.3±0.003 0.077±0.018 109±14.5 123±14.6 60.6±16.6 -17.6 
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Chapter 3. Chemical weathering in glacial meltwaters are creating strong 

downstream freshwater CO2 sink 

 

Most inland freshwater systems, such as lakes, rivers, ponds and reservoirs, are net emitters 

CO2 to the atmosphere on an annual basis.
1
 Biological and abiotic processes leading to CO2 

supersaturation and resultant emissions from surface waters include net heterotrophy,
2
 catchment 

inputs of dissolved inorganic carbon (DIC),
3,4

 photochemical mineralization of organic matter,
5,6

 

and calcite precipitation.
7
 Glacier-fed rivers and lakes have hitherto been overlooked in studies 

of global CO2 cycling, despite their rapid expansion following enhanced glacier melt.
8-11

 CO2 

cycling in glacierized watersheds differs critically from what is observed in other northern, 

temperate and tropical systems due to 1) little export of organic carbon (OC) from sparsely 

vegetated landscapes, an important subsidy of heterotrophy;
2,12

 and, 2) an abundance of freshly 

eroded sediments susceptible to rapid chemical weathering. Both of these characteristics have 

potentially important consequences for carbon budgets in glacierized watersheds.  

Sub-glacial chemical weathering has been described extensively (e.g., ref. 
13-15

) but 

comparatively little is known about the extent of such weathering in proglacial freshwaters.
13

 

Both carbonate and silicate weathering reactions (equations 1, 2 in Figure 3-1) have the potential 

to consume atmospheric CO2(g) dissolved in water (CO2(aq)), but can be limited sub-glacially due 

to a lack of CO2(g) exchange with the atmosphere,
14

 and supra-glacially due to a lack of 

comminuted sediments.
16

 

Although the possibility of atmospheric CO2 consumption by chemical weathering in 

proglacial freshwaters has been proposed,
17,18

 in-depth studies of proglacial freshwater networks 

have been limited,
19-22 

with very few in situ measurements of CO2(aq), despite its importance as 

an indicator of freshwater ecosystem function and mineral weathering reactions.  Moreover, 

these few studies have focused on small glaciers in isolation rather than as integral parts of 

watersheds, overlooking the fact that glaciers are hydrologically connected to downstream 

ecosystems.  

Here we extend the study of chemical weathering beyond the glaciers themselves to the 

proglacial freshwater drainage network, using the Lake Hazen watershed (81.8N, 71.4W; 7516 

km
2
, 40.9% glacierized) in Quttinirpaaq National Park on Ellesmere Island, Nunavut, Canada as 
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a model system (Figure A2-1). Ultra-oligotrophic Lake Hazen (544 km
2
, maximum depth = 267 

m) is fed by eleven glacial rivers (4.6 – 42 km long) originating from the southeastern outlet 

glaciers (6 – 1041 km
2
) of the Northern Ellesmere Icefield. The watershed is underlain by 

sedimentary bedrock, dominated by quartzite, sandstone, and schist to the northwest and 

sandstone, carbonate, and shale to the southwest along the Hazen Plateau.
23

 Using a 

comprehensive, whole-watershed approach to elucidate the impacts of glacial melt on net 

freshwater CO2 fluxes, we first determined CO2(aq) consumption in the rivers between their 

sources at glacial termini and their deltas along the Lake Hazen shoreline during the ablation 

season (June, July, August [JJA]), and then quantified annual CO2 consumption within Lake 

Hazen itself. To understand the relative importance of glacier-fed freshwater CO2 cycling in 

watershed CO2 budgets, we compared the measured freshwater CO2 fluxes with CO2 fluxes from 

the adjacent terrestrial environment (polar desert and non-glacial wetlands and ponds).
24,25

   

 

CO2(aq) consumption in glacial inflows to Lake Hazen 

Seven glacier-fed rivers were sampled between the glacier termini and the deltas 

(downstream distances 0.1 to 42 km) regularly throughout summer 2016. In situ concentrations 

of CO2(aq) were below atmospheric equilibrium (%CO2 saturation range: 15.2 to 102%, 

mean±SD: 70.4±22.7%; Figure A2-2) at all but one of the sites sampled. In contrast, 

concentrations of dissolved oxygen (O2(aq)) were at or above atmospheric equilibrium at all sites 

(101±4.10%; Figure A2-2), showing that turbulent proglacial river waters were well mixed with 

the atmosphere, as well as precluding significant anoxic subglacial contributions. CO2(aq) 

saturation decreased with increasing distance from the glaciers with a concomitant increase in 

dissolved inorganic carbon (DIC), anions, and silica (Figure 3-2), as a result of weathering 

reactions (Box 1, Figure 3-1).
26

 

δ
13

C-DIC was highly depleted in the proglacial rivers relative to atmospheric equilibrium 

(-1.50 to 0.55‰), ranging between -7.32 and 0.40‰ (mean: -2.92‰; Table A2-1). δ
13

C-DIC 

depletion in these rivers could result from OC oxidation, or rapid carbonate and silicate 

weathering (equations 1, 2 in Figure 3-1) and associated kinetic fractionation.
27

 However, 

dissolved organic carbon (DOC) concentrations in all glacial rivers were extremely low (mean: 

0.4±0.2 mg L
-1

; Table A2-1), precluding OC oxidation from significantly influencing δ
13

C-DIC. 

As such, rapid mineral weathering within the rivers is the most likely process to account for both 
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increasing DIC, and declining CO2(aq) concentrations/saturation over the river lengths, and low 

δ
13

C-DIC values.  

Across the proglacial drainage network, geological formations are poorly consolidated 

following glacial retreat such that glacial meltwaters can easily erode riverbed sediments and 

bank deposits. This leads to higher concentrations of suspended mineral sediments (mean 

TSS±SD: 563±893 mg L
-1

) capable of weathering in river waters with increasing distance from 

the glaciers (mean TSS±SD at the deltas: 563±893 mg L
-1

). Peak glacial river runoff in late July 

coincided with minimum CO2(aq) and δ
13

C-DIC, matching a theoretical scenario of rapid calcite 

weathering following influx of CO2(g) (Figure 3-3).    

As weathering reactions consume CO2(aq) in the rivers, CO2(aq) is constantly being 

replenished from the atmosphere (Figure 3-1), but much more slowly than the weathering 

reactions can consume it.
27

 As such, in situ CO2(aq) concentrations in proglacial rivers represent 

the balance between the rate of consumption by chemical weathering and the resupply from the 

atmosphere. To quantify the capacity for weathering reactions to consume CO2(aq) in the absence 

of atmospheric exchange at the time of sampling (termed: weathering endpoint), unfiltered river 

water samples were collected in pre-evacuated serum bottles containing a KCl preservative to 

prevent biological activity.
28

 The mean weathering endpoint CO2(aq) saturations were 

29.5±35.3%, markedly more undersaturated than that measured in situ in the flowing rivers 

(Table A2-1). Weathering endpoint CO2(aq) concentrations conclusively showed that CO2 

consumption was actively occurring in the rivers, was not due to primary productivity, and that 

equilibrium with the atmosphere had not been reached at the time of sampling. 

High Arctic glaciers with cold-based margins, like those in the Lake Hazen watershed, have 

traditionally been considered less erosionally intensive than their warm-based or temperate 

polythermal counterparts.
29,30

 Indeed, mean annual sea salt-corrected cation equivalent (∑
+
) 

weathering rates for the glacial rivers in the Lake Hazen watershed were 170 meq m
-2 

(2015) and 

58.5 meq m
-2 

(2016; Table A2-2), at the low end of, or lower than, those measured in other 

glacial systems (94 to 4200 meq m
-2

).
24

 Even with annual solute denudation rates (sum of molar 

fluxes of all dissolved major cations, anions and silicon) and SiO2 yields only averaging 2.16 to 

9.92 t km
-2

 and 0.164 to 29.1 mg m
-2

 (i.e., less than the global average
31

), respectively, receding 

glaciers and glacial river valleys are still important sources of dissolved cations, anions and 
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recently comminuted sediments to receiving aquatic systems, for which glaciers are often a 

major source of water.  

DIC accumulation along the length of rivers was therefore used as a measure of realized 

CO2 consumption. This approach was adopted in lieu of using CO2(aq) concentrations and 

calculated gas transfer coefficients (k), the latter of which are extremely variable in both 

channelized systems
32,33

 and highly braided glacier-fed rivers such as those in our study. By 

relating the increases in cations and silica concentrations to weathering stoichiometry (equations 

1 and 2, Figure 1), we accounted for all (125±13.6%) of the increase in DIC concentration 

between the glacier termini and river deltas to weathering (Figure 3-2).  

We estimate that the glacial rivers in the Lake Hazen watershed consumed 1020±496 Mg 

C-CO2 yr
-1

 (2015-2016 mean) through chemical weathering, making the glacial rivers an 

important and previously overlooked CO2 sink at the watershed scale (Table 3-1). Despite 

covering only 2% of the non-glacierized area in the Lake Hazen watershed, the total melt season 

CO2 drawdown by glacial rivers approximately counter-balanced the polar desert efflux (1370 

Mg C-CO2 yr
-1

; Table 1). On an areal basis, the glacial rivers consumed 0.376±1.20 g C-CO2 m
-2

 

d
-1

, the second largest watershed flux after wetland consumption of 0.955±0.291 g C-CO2 m
-2

 d
-

1
. This is in stark contrast to rivers globally, which are almost ubiquitously considered net 

sources of C to the atmosphere (0.66±0.11 g C-CO2 m
-2

 d
-1

, range: -1.60 to 2.06 g C-CO2 m
-2 

d
-

1
).

34
 In fact, during the 2016 melt season (a relatively low melt year), the glacial rivers in the 

Lake Hazen watershed consumed on a per-m
2
 basis about half as much carbon daily 

(0.085±0.187 g C-CO2 m
-2

 d
-1

) as the Amazon rainforest (0.153 g C-CO2 m
-2

 d
-1

; calculated from 

ref 35 and 36). In the 2015 ablation season, when glacial melt was approximately 3-times that in 

2016, CO2 consumption rates in the glacial rivers were, on average, twice that of the Amazon 

rainforest, with maximum daily rates of up to 40-times higher on a per-m
2
 basis (6.14 g C-CO2 

m
-2

 d
-1

). 

 

Impact of glacial inputs on net CO2 consumption in receiving freshwater systems.  

Like other Arctic and alpine glacier-fed lakes, the chemistry of ultra-oligotrophic Lake Hazen 

is particularly sensitive to geochemical inputs from its catchment.
12,37

 Coincident with the start of 

watershed inputs to the lake in early June, when the lake is still ice-covered, an open-water moat 

forms around the periphery of Lake Hazen. As the region warms, lake ice melts, and the surface 
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area available for exchange with the atmosphere increases gradually until complete ice off, if it 

occurs, in late July or early August. Whereas the lake rarely went ice-free prior to the early 

2000s, a late summer ice-free lake is now common place.
38

 

Following lake ice melt (26-July-2015), CO2(aq) concentrations in waters near the shore of 

Lake Hazen between the inflows of the Blister and Snowgoose rivers ranged between 19.7 and 

25.2 µM (mean: 21.8±1.07 µM). The lake surface was a net CO2 sink over the same period with 

instantaneous CO2 consumption from lake surface waters averaging 27.1±18.1 µmol m
-2

 h
-1

 and 

maximum CO2 consumption occurring overnight (Figure A2-3). CO2 fluxes in waters near the 

shore of Lake Hazen were significantly influenced by glacial runoff (CO2 flux in µmol m
-2

 d
-1

 = -

4.96 log[runoff in m
3
 d

-1
]+60.6; r

2
 = 0.21, F = 9.54, p < 0.001), such that these waters became a 

progressively greater CO2 sink as glacial melt intensified (Figure 3-4). As in the glacial rivers, 

weathering endpoint CO2(aq) concentrations in near shore waters were significantly lower than in 

situ CO2(aq) concentrations (paired t-test: t=4.73, df = 40, p <0.001), excluding CO2 consumption 

by primary productivity as the main cause of CO2 undersaturation.  

By applying daily ice-free areas on the lake delineated using the MODIS snow cover product 

(MOD10A1) to the mean daily CO2 fluxes over the continuous measurement period (7-July to 2-

August 2015), we estimated a mean daily surface CO2 consumption rate (sum of hourly fluxes, 

n=14 days with 24 h records) of 2570±603 kg C-CO2 d
-1

, translating to an estimated cumulative 

surface drawdown of 66.7±11.5 Mg C-CO2 between 7-July and 2-August 2015. If we extrapolate 

this to the entire ablation season (JJA), Lake Hazen surface waters are a marginal (<1% of the 

total budget) CO2 source, emitting 47.7±19.8 Mg C-CO2 to the atmosphere (Table 3-1). With the 

reduction of high turbidity, low CO2(aq) glacial inputs to Lake Hazen in August, turbulent mixing 

in the nearshore region is reduced, and the respiration of OC, and subsequent production of 

CO2(aq), become relatively more important contributors to net CO2 emissions during the shoulder 

seasons than geochemical weathering processes.   

At the centre of the lake, 4.5 kilometers away from the direct influence of the nearest glacial 

inflows (Figure A2-1), surface waters were likewise under-saturated in CO2(aq) during the 

summer (84.5±3.34%) (Figure 3-5; O2(aq) saturation = 102±1.98%). Even at 250 m depth, CO2(aq) 

concentrations were 19.4 µM (August 2015) and 24.8 µM (August 2016), corresponding to 

CO2(aq) saturations of 72.9% and 93.9% respectively (O2(aq) saturation: 101% and 98.2%). CO2(aq) 

undersaturation or even equilibrium at depth are highly atypical for large deep lakes, where light 



 55 

penetration and primary productivity are limited to the upper reaches of the water column.
39

 As 

dense, sediment-laden glacial river waters flow into Lake Hazen, they form turbid underflows, 

transporting fine particulates, and waters with high O2(aq) and low CO2(aq) from river deltas to the 

depths of the lake (Figure 3-5). The magnitude of summer melt was thus the primary control on 

water column CO2(aq) concentrations as the greater glacial melt volume in 2015 was associated 

with greater CO2(aq) undersaturation at depth. The observation of CO2(aq) undersaturation at depth 

is particularly striking, given that springtime CO2(aq) concentrations in bottom waters are up to 

476% oversaturated (121 µM; Figure 3-5).  Indeed, summertime oxygenation and CO2(aq) 

undersaturation of Lake Hazen bottom waters were historically rare and are believed to be a 

direct consequence of the intensification of glacial melt in the watershed and the resultant lake 

mixing.
38

  

To quantify CO2 consumption by chemical weathering in Lake Hazen itself, we 

calculated annual DIC mass balance budgets for the lake by subtracting DIC inputs from all 

major water sources (glacial and snow melt waters) from DIC exports out the Ruggles River. We 

then used water column δ
13

C-DIC to attribute net DIC exports from Lake Hazen to respiration or 

chemical weathering (see Methods for details). Lake Hazen was annually a source of DIC 

(3150±3870 Mg C-CO2 yr
-1

, 2015-2016 mean) to the Ruggles River, of which only 12.9% could 

be attributed to respiration, producing approximately 558±486 and 254±220 Mg C-CO2 yr
-1

, in 

2015 and 2016, respectively. Given that the remaining DIC must then have originated from 

chemical weathering, we estimate that 1890±1650 Mg C-CO2 yr
-1

 and 860±740 Mg C-CO2 yr
-1

, 

or 43.6% of DIC exports in each year, originated from the consumption of CO2 by carbonate 

dissolution. This latter chemical weathering estimate was independently confirmed by 

integrating the difference between weathering endpoint and equilibrium CO2(aq) concentrations 

throughout the late July 2015 water column, following most of that year’s annual delivery of 

comminuted sediments to the lake, and correcting for water column dilution by CO2-

undersaturated glacial inflows (1581 Mg C-CO2 yr
-1

). Because glacial inputs continued for a 

short time after we sampled the water column, this estimate is conservative, yielding high 

confidence in our results. Combining our estimates of CO2 produced by respiration and CO2 

consumed by chemical weathering, we calculate a net CO2 consumption for the Lake Hazen 

water column of 1330±1160 (2015) or 606±524 Mg C-CO2 yr
-1

 (2016), depending on the year. 
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Internal CO2(aq) consumption within Lake Hazen was thus approximately equal to or 

greater than CO2(aq) consumption within the glacial rivers in a given year. Together, these 

estimates show not only that the influence of the glacial rivers extends far beyond the river 

channels themselves, but also that the magnitude of this net CO2 uptake due to chemical 

weathering varies inter-annually, depending on the volume of meltwaters discharging from the 

glaciers, such that there would be greater uptake during high-melt years, and less uptake during 

low-melt years. By summing estimates of net CO2 consumption in glacial rivers and Lake Hazen 

itself, we calculate a net aquatic CO2 uptake within the Lake Hazen watershed of 1986±1700 Mg 

C-CO2 season
-1

, or 17% of the total watershed CO2 budget (Table 3-1).  

 

Projected global glacial melt and downstream freshwater CO2 cycling 

By 2050, global (non-ice sheet) glacier volume could decline by between 28 and 44% 

(ref 40) with coincident near term changes in glacial river runoff.
41

 At high latitudes, glacial 

runoff is expected to increase at least until the middle of the century
41,42

 with yet unknown 

consequences on the biogeochemistry of receiving aquatic ecosystems.
43

 Although Lake Hazen 

is an unusually large body of water for the High Arctic and theoretically more resilient than 

smaller systems to short-term (seasonal) phenomena,
44

 we show that the lake is annually 

transformed into a CO2 sink by glacial river inputs. Meltwaters from projected glacial loss could 

thus conceivably overwhelm the biogeochemistry of smaller, more common freshwater systems.  

 While the Lake Hazen watershed is underlain by a diverse, carbonate-rich geology,
23

 

transient CO2 consumption by glacial meltwaters has also been inferred in areas dominated by 

basalt and metamorphic rocks,
17,45

 an effect which should extend to the proglacial freshwater 

network. Indeed, studies directly quantifying the downstream impacts of glacial melt on CO2 are 

few, but CO2(aq) undersaturation has been observed at other sites in Greenland, Svalbard, Central 

Europe and Western Canada (Table A2-3). For example, CO2(aq) concentrations in rivers fed by 

the Kiattuut Sermiat (61°11.8’N, 45°20.4’W) and Saskatchewan (52°10.2’N, 117°4.6’W) 

glaciers, measured using the same technique as in the Lake Hazen watershed, were only 22% and 

35% saturated with respect to atmospheric CO2 at locations 2.5 and 5 km downstream of the 

glaciers, respectively. This strongly suggests that the effects of glacial melt-induced freshwater 

CO2(aq) consumption observed in the Lake Hazen watershed could be relevant across divergent 

geologies, glacier thermal regimes and climates. 
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Understanding the impact of glacial loss on carbon cycling in downstream freshwater 

ecosystems, however, remains challenging. Due to the dynamic relationship between proglacial 

systems and fluctuating glacier dynamics,
46

 there exists no published estimate of either the 

number of proglacial rivers and/or area of proglacial lakes globally, hampering our ability to 

understand the extent of glacial influence on downstream systems. Our results highlight the 

importance of glacially-fed freshwater systems to the carbon cycle at the watershed scale. We 

suggest that the effect of glacial melt on CO2 consumption in downstream ecosystems reported 

here is not limited to the High Arctic (Table A2-3), but rather, is potentially a globally relevant 

phenomenon meriting greater in-depth study given future climate change predictions. Based on 

our results, projected increases to glacial melt imply not only a short-to-medium term increase in 

water fluxes to downstream ecosystems, but also an increase in the amount and intensity of 

weathering of highly reactive comminuted sediments being transported downstream, with a 

concomitant uptake of atmospheric CO2 that has important implications for regional carbon 

budgets in certain glacierized catchments. 

 

METHODS 

Study area. Lake Hazen, located within Quttinirpaaq National Park on northern Ellesmere 

Island, Nunavut, Canada, is the world’s most voluminous lake entirely above the Arctic Circle 

(Figure A2-1). Runoff from the outlet glaciers of the Northern Ellesmere Icefield occurs 

primarily through supraglacial and ice-marginal channels, though subglacial water has been 

detected for the Henrietta Nesmith Glacier.
49

 Ice from the Northern Ellesmere Icefield retreated 

from Lake Hazen approximately 5000 years ago,
50

 exposing diverse geology dominated by the 

sedimentary bedrock of the Cambrian Grant Land formation (quartzite, sandstone, schist) to the 

northwest and the Silurian Danish River formation (sandstone, carbonate, shale) to the 

southwest, along the Hazen Plateau.
23

 Faulting and folding along the northwest shore of Lake 

Hazen have resulted in several unconformities. In parts of the watershed, coal deposits are 

exposed as well as Permian-age fossil beds. 

The glacial rivers surveyed in this study drained 2568 km
2
 or 84% of the total glacierized 

watershed area, and extended between 4 and 42 km along defined river valleys before flowing 

into Lake Hazen. The annual melt season on northern Ellesmere Island currently extends from 

early June to late August. Total modelled glacial runoff volumes for the Lake Hazen watershed 
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were 0.98 km
3
 and 0.29 km

3
 in 2015 and 2016 respectively (2001-2016 mean = 0.47±0.44 km

3
), 

with the most important contributions coming from the Henrietta Nesmith, Very, and Gilman 

glaciers. The Ruggles River (28.8 km) flows year-round, connecting Lake Hazen to Chandler 

and then Coneybeare fjords on the northeastern coast of Ellesmere Island. The Lake Hazen 

watershed is located within the continuous permafrost zone, and although active layer thaw 

occurs, it is hydrologically insignificant. Total precipitation for the non-glacierized area of the 

Lake Hazen watershed is ~95 mm.
51

 

Meteorological conditions at the Lake Hazen base camp were recorded hourly throughout 

the field seasons with a Campbell Scientific CR800 datalogger equipped with a Met One 014A 

anemometer, 109-L shielded air temperature probe, Young 61302 V barometer, and a Kipp and 

Zonen PQS1 photosynthetically active radiation sensor. Mean summer (approx. 6 July - 10 

August 2015-16) air temperatures were 8.02°C (range: 1.34 – 17.4°C). Snowmelt on the 

landscape and lake ice surface occurs in late May/early June, followed by a short decrease in 

runoff before melt from the glacierized area begins in late June. Rainfall during the summer 

(JJA) ablation season has been previously recorded as only ~34 mm (2008-2012 mean).
24

 During 

summer, snowfall within the watershed outside of the icefield is rare. During the period of this 

study, the ablation seasons extended from approximately 2 June to 17 August (2015), and 5 June 

to 28 August (2016). No meltwaters are discharged from the glaciers outside of this period. 

Mean annual air temperatures for 2015 and 2016 at Alert (82.5N, 62.3W) and Eureka (80.0N, 

85.9W), the closest permanent weather stations, were -14.8±1.3°C and -17.5±0.8°C, 

respectively (Environment and Climate Change Canada).  

Water samples were collected during summers 2015 (6 July to 2 August) and 2016 (2 July to 

8 August), focusing on Lake Hazen itself in 2015 and on the glacial rivers in 2016. In so doing, 

we surveyed the entirety of the arctic freshwater continuum from the glacier termini through to 

the receiving freshwater ecosystems (river and lake). 

 

Glacial rivers. Sample collection. In summer 2016, samples were collected at the Blister and 

Snowgoose rivers every 3-4 days for analysis of carbon chemistry, anions and total suspended 

solids (TSS) and weekly for cations. An additional five glacial rivers (Very, Henrietta Nesmith, 

Abbé, Gilman, Turnabout) were sampled twice during the summer by helicopter (11-13 July and 

1-2 August). Transects were completed along the Blister, Snowgoose, and Gilman rivers to 
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assess the evolution of meltwater chemistry with increasing distance from the glacier. 

Temperature, pH, dissolved oxygen and turbidity were measured with an EXO2 sonde (YSI Inc., 

Yellow Springs, OH, USA). CO2(aq) concentrations were measured in situ using a Vaisala 

GM222 0-2000 ppm CO2 probe (>99% accuracy), waterproofed with a gas-permeable PTFE 

sleeve (International Polymer Engineering, Tempe, AZ, USA), and connected to a handheld 

Vaisala GM70 meter set for in situ temperature and pressure.
52 

Probes were factory calibrated, 

but calibrations were verified prior to and following each field season using three Praxair-

certified CO2 standards ranging between 48 and 895 ppm. 

We collected unfiltered samples for analyses of CO2(aq) concentrations in pre-evacuated 

160 ml serum bottles with a 10 ml UHP N2 headspace and 8.9 g KCl preservative to kill 

biological activity.
28

 Because the samples were unfiltered, weathering reactions were able to 

proceed to equilibrium inside the bottles without CO2 exchange with the atmosphere. Hence, 

CO2 concentrations measured using this technique should not be considered in situ, but rather as 

a measure of the maximum capacity of the system for chemical weathering (termed weathering 

endpoint). Triplicate DIC and δ
13

C-DIC samples were filtered on-site with 0.45 m cellulose 

nitrate syringe filters into 12 mL glass exetainers (Labco Ltd., Lampeter, UK) with no 

headspace, and then preserved with 50 L of 2.5 mM ZnCl2. 

Immediately upon return to the Lake Hazen Field Laboratory, bulk water samples were 

filtered through pre-weighed 0.45 m cellulose-acetate filters for other suspended and dissolved 

parameters. Filters and filtrate were kept in a cool, dark place until analysis of total suspended 

solids, and dissolved constituents (SO4
2-

, Cl
-
, Ca

2+
, Mg

2+
, Na

+
, K

+
, DOC, Si) respectively, using 

accredited protocols at the Biogeochemical Analytical Service Laboratory (BASL, University of 

Alberta).  

 

Glacial runoff. Watershed areas for each of the glaciers, hereafter termed sub-watersheds, were 

delineated from the 1:50000 Canadian Digital Elevation Model (CDEM; Natural Resources 

Canada). Daily glacial runoff (kg m
-2

 d
-1

) was modeled using a surface mass balance approach 

within each sub-watershed,
53

 where runoff was calculated as the difference between daily melt 

and refreeze. Due to its size, the Blister River sub-watershed area was not highly resolved in the 

CDEM, and consequently could not be directly modeled. Areal runoff estimates from the 

Snowgoose Glacier, the next smallest glacier sampled and closest geographically, were thus 
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applied to the Blister Ice Cap area (~6 km
2
, Randolph Glacier Inventory, Version 5.0) to 

approximate discharge. Using modelled glacier runoff assumes the proglacial zone makes 

minimal contributions to either water fluxes or evaporative losses. Water stable isotope 

signatures (δ
2
H-H2O and δ

18
O-H2O) did not change between the glacier and deltas (mean 

deviation from global meteoric water line=0.39±0.02‰), validating these assumptions. 30-day 

averaged modelled runoff matched measured discharge from Lake Hazen at the Ruggles River,
38

 

providing further confidence in our use of modelled runoff volumes. Diurnal variations in 

meltwater fluxes during the ablation season are muted in High Arctic watersheds, relative to 

temperate alpine environments, due to 24 h sunlight.
54

 Given the logistical constraints imposed 

by working at the watershed scale on spatially and temporally-dynamic braided river systems in 

the remote High Arctic, we believe this to be a best available approximation of discharge. 

Glacial river valley areas were manually delineated in Google Earth Pro 7.3. All areal weathering 

and flux estimates are thus conservative, given that the valley areas are likely overestimated due 

to the resolution of Landsat imagery (30 m) and the rivers are unlikely to cover the entire valley 

floor at any given point in time. 

 

Weathering rates. Log-linear flux models relating solute concentration to glacier runoff were 

fitted using the rLOADEST package in R.
55,56

 Models were generated by pooling samples across 

all rivers and relating them to their sub-watershed specific discharge. The solute-specific model 

of best fit (Table A2-4) was used to extend the solute fluxes to the entire melt season. In all 

cases, we selected the model for which bias was minimized. Variance inflation factors between 

independent variables for all model 2 iterations were 1, indicating low multicollinearity. r
2
 was 

always > 0.95 (p << 0.05), and biases < 20%.  

For each sub-watershed, annual cation equivalent weathering rates were calculated as the 

sum of modeled sea salt-corrected loads of dissolved Ca
2+

, Mg
2+

, Na
+
 and K

+
 at the river 

deltas.
17,57

 Total Lake Hazen watershed weathering rates were calculated based on the sampled 

watersheds representing 84% of the glacierized watershed area. In 2015, the mean (n=19) sea 

salt-corrected snowpack SO4
2-

:Cl
-
 ratio was 2.78, an assumed constant contribution to glacial 

river waters through the summer.
17

 Total solute denudation rates were calculated as the sum of 

all dissolved (< 0.45 µm) crustal-derived cation, anion and Si fluxes.
22

 We adapted the solute 

provenance model of ref 
17

 and ref 
22

 because one of the main assumptions, that no SO4
2-
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originated from evaporites, could not be made. Gypsum is present throughout watershed at all 

sites, so we could not calculate the individual contribution of coupled sulphide oxidation-

carbonate dissolution (SO-CD) to HCO3
-
. Instead, we calculated a combined SO-CD/carbonate 

dissolution term. All non-sea salt or aerosol-derived HCO3
-
 was therefore crustal, an 

acknowledged overestimation of the crustal contributions to HCO3
-
. While pyrite exists in the 

watershed, SO4
2-

 concentrations are low (mean 17.6±13.3 mg L
-1

). Further, sulphide oxidation 

produces CO2 and thus is likely not significantly contributing to the CO2 dynamics observed 

herein.  

 

CO2 consumption calculations. Proglacial CO2(g) fluxes were calculated for the glacial rivers 

using the changes in DIC concentrations along the transects of the Blister, Snowgoose and 

Gilman rivers (n=5) and relating these changes to weathering stoichiometry.
14

 Every 1 mol 

increase in Ca
2+

 and Mg
2+

 between the glacier terminus and the river delta consumes 1 mol 

CO2(aq) via carbonate dissolution (equation 1, Figure 1), with Ca
2+

 concentrations corrected for 

the increase in SO4
2-

 over the same distance. Further, a 1 mol increase in SiO2(aq) consumes 2 mol 

CO2(aq) via silicate dissolution (equation 2). Although this latter ratio inherently assumes 

stoichiometric dissolution, which may not always occur in glacierized catchments,
22

 silicate 

weathering conservatively accounted for only 1.50±0.65% of the DIC increase across all 

transects. Using this approach, we accounted for 125±13.6% of the DIC increase over the length 

of the glacial rivers, validating our use of the change in DIC concentration along the river lengths 

as a metric of CO2 consumption by dissolution. To estimate DIC concentrations at the glacier 

termini on rivers and days for which transects were not completed, we applied a mean DIC 

change of 0.045±0.008 mg L
-1

 per 1 m elevation difference between the glacier terminus and the 

river delta at Lake Hazen, a remarkably consistent factor across all 5 transects, likely reflecting 

the dependence of lotic gas transfer on slope.
58

  Assuming no additional water sources to the 

rivers downstream of the glaciers, we subtracted the daily modelled DIC load at the glacier from 

the DIC load at the delta (Table A2-4). We attribute this change in DIC load to dissolution 

reactions (CO2(aq) consumption and consequent HCO3
-
/DIC production) in the rivers. The 

difference was then halved to account for the fact that 1 product HCO3
-
 results from the CO2(aq) 

and the other from the mineral (CaCO3 in equation 2). 

 



 62 

Lake Hazen (surface). Sample collection. In summer 2015, average hourly (15 min intervals) 

surface pCO2 concentrations were measured in waters near the shore at Lake Hazen base camp 

with a Vaisala GM222 0-2000 ppm CO2 probe interfaced with a Campbell Scientific CR10x data 

logger and Met One 014A anemometer.
52 

We simultaneously logged O2(aq), pH, temperature and 

turbidity with a YSI EXO2 sonde 1 meter below the water surface. To minimize equipment 

damage caused by shifting lake ice during the main melt event, there are no continuous in situ 

CO2 concentration measurements between 02:00 on July 13
th

 and 19:00 on July 22
nd

.  In 2016, 

we sampled waters along the northwestern shoreline of Lake Hazen regularly (every 1-2 days) 

for CO2(aq) (as above with the GM222 probe and handheld GM70 meter) and DIC, and weekly 

for other chemical parameters to determine the influence of the glacial rivers on water chemistry 

in nearshore environments. Water samples near the shore of Lake Hazen were collected and 

processed for dissolved constituents, weathering endpoint and TSS as described above for the 

glacial rivers. 

 

CO2 flux calculations. Gas fluxes from the surface of Lake Hazen were calculated,
59 

using the 

wind-speed derived gas exchange coefficient (kCO2),
60

 corrected for chemically enhanced CO2 

influx at high pH:
61-63

  

Flux (μmol m-2 h
-1) = kCO2

αΔCO2 (aq) 

 

where kCO2 is the gas exchange coefficient calculated using mean hourly wind speed (in m s
-1

), 𝛼 

is the enhancement factor of CO2 diffusion at high pH, and ∆CO2(aq) is the difference between the 

CO2 concentration measured in-situ and the CO2 concentration that would occur if the waters 

were at atmospheric equilibrium, calculated using Henry’s Law, and in situ temperature and 

barometric pressure. To calculate enhanced fluxes when there was no associated pH 

measurement, we applied a median enhancement factor of 18% (n= 356) to the uncorrected flux, 

a conservative estimate based on the mean (25%) and range of enhancement factors observed (2-

97%). Net ablation season CO2 exchange from the Lake Hazen surface in both 2015 and 2016 

was estimated from the measured daily flux multiplied by the daily ice-free area, extracted from 

the MODIS snow cover product (MOD10A1).
38

 For days when net daily fluxes were not 

measured, we used the mean of the previously and subsequently measured daily fluxes. To 

extrapolate the data outside of the measurement period, either the first (2-July) or last (08-Aug) 
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measured fluxes from 2016 were applied to the periods before or after measurement, 

respectively.
64

 The 2016 values were also applied to the shoulder seasons in 2015, when a 

shorter field campaign was undertaken. 

 

Lake Hazen water column (internal). Sample collection. Physical and chemical profiles of the 

Lake Hazen water column at the deepest site in the lake (267 m) were completed in May 2012-

2014 and in August 2015. Water samples were collected at 15 specific depths using a Teflon-

lined Niskin water sampler (12 L) attached to an electric winch. Water column CO2(aq) 

concentrations were measured in pre-evacuated serum bottles containing KCl, and as such, 

represent weathering endpoint concentrations (see above).
24,28

 We were unable to repeat 

sampling of the full summer water column profile in 2016 due to poor weather conditions. 

Internal CO2 consumption within Lake Hazen. CO2 consumption within the Lake Hazen water 

column was calculated by conducting a DIC mass balance budget for Lake Hazen in both 2015 

and 2016. Briefly, hydrological inputs of DIC to the lake were the sum of glacial river (described 

above, using the surface mass balance approach and LOADEST log-linear models) and snow 

meltwater inputs (described in detail in St. Pierre et al. submitted), while the sole hydrological 

output of DIC from the lake was via the Ruggles River. Ruggles River discharge was estimated 

as the sum of all hydrological inputs to the lake.
38

 The difference between DIC inputs and 

outputs thus reflects processes occurring within the water column itself, where DIC is produced 

by chemical weathering and heterotrophic respiration, or consumed by primary productivity 

which is negligible in ultra-oligotrophic Lake Hazen. We then used δ
13

C-DIC and DIC 

concentrations in the Lake Hazen water column to account for respiration contributions to DIC 

accumulation in the water column: only 12.9% of bottom water DIC (or 210 µM of the 1630 µM 

of DIC accumulated in the water column in spring 2012, based on δ
13

C-DIC = -3.8‰ and δ
13

C-

OC of organic matter = -29.0‰) could be attributed to heterotrophic respiration, with the balance 

of DIC presumably originating from weathering processes. We then applied this respiration 

constant and weathering stoichiometry (Fig. 1) to the net DIC production in Lake Hazen DIC to 

constrain the contribution from mineral weathering. 

This method for calculating the carbonate dissolution contribution to DIC accumulation 

was corroborated by calculating the difference between water column weathering endpoint and 

calculated equilibrium CO2 concentrations in late July 2015 following most of that year’s annual 
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delivery of comminuted sediments to the lake. This difference was corrected to account for the 

dilution of lake waters by glacial river waters already undersaturated in CO2. Molar differences 

between weathering endpoint and CO2 at atmospheric equilibrium were then multiplied by the 

volume of water at each depth interval,
47 

and summed to obtain a conservative estimate of 

internal net CO2 consumption via carbonate dissolution within Lake Hazen. 

 

Analytical procedures. Serum bottle CO2(aq) concentrations, representing weathering endpoint 

concentrations, were measured on the headspace of the serum bottles using a Varian Chrompack 

CP-3800 gas chromatograph, calibrated with Praxair-certified standards.
24

 DIC concentrations 

were also analyzed by gas chromatograph.
65

 Briefly, using a gas-tight syringe, a He headspace 

was injected while exchanging an equal volume (~3 mL) of sample. Acidified (85% H3PO4) 

samples were shaken for 2 hours before injecting 300 µL of the headspace into the GC for 

quantification of DIC concentrations. 

 
13

C-DIC analysis was conducted at the Environmental Isotope Laboratory at the University 

of Waterloo, using a GasBench II gas chromatograph interfaced to a Thermo Fisher Scientific 

MAT 253 isotope ratio mass spectrometer (IRMS). 1-4 mL water were injected into a He-filled 

exetainer, containing 1 mL 85% H3PO4, and shaken for 90 minutes. The evolved CO2 was 

purged from vials through a double-needle sampler into a He-carrier stream (20 mL/min). The 

headspace was then sampled using a six-port rotary valve with a 100 µL loop, programmed to 

switch at the maximum CO2 concentration in the He-carrier. The CO2 was passed to the IRMS 

through a Poroplot Q GC column (25m x 0.32mm ID, 45°C, 2.5 mL/min). A reference CO2 peak 

was used to calculate provisional delta values of the sample CO2 peak. Values obtained were the 

average of three injections. Duplicate samples were run a minimum of every 5 samples. Final 

δ
13

C values (relative to international standard Vienna PeeDee Belemnite±0.2‰) were adjusted 

for changes in linearity and instrumental drift, such that correct δ
13

C values for reference 

materials were obtained. At least three reference materials were analyzed with every 10-12 

samples.  

Molybdate-reactive silicon was determined by flow-injection analysis using a Lachat 

QuickChem QC8500 FIA Automated Ion Analyzer.
66

 Molar dissolved Si (DSi) was calculated 

using the molar mass of the Si atom.
67

 Bicarbonate (HCO3
-
) concentrations were estimated from 

measured DIC and in-situ pH with temperature-dependent K1 and K2 for freshwaters.
68

 Non-
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bicarbonate anions (SO4
2-

 and Cl
-
) were determined by ion chromatography (EPA 300.1), while 

dissolved organic carbon (DOC) was measured using a Shimadzu TOC5000A Total Organic 

Carbon Analyzer (EPA Method 415.1). Major dissolved cations (Ca
2+

, Mg
2+

, Na
+
, K

+
) were 

analyzed by inductively-coupled plasma mass spectrometry at the Canadian Centre for Isotopic 

Microanalysis (University of Alberta). Total suspended solids (TSS) were measured 

gravimetrically on pre-weighed 0.45 µm cellulose-nitrate filters.  

All analyses conducted at the BASL complied with the standards of the Canadian 

Association for Laboratory Accreditation (CALA). Relative standard deviations between 

duplicates for Na, K, Ca, Mg were 1.42±0.022%, 2.13±0.040%, 0.376±0.003%, and 

0.361±0.003%, respectively. 

 

Comparison to other geographic locales. To determine if the results obtained in Lake Hazen 

were isolated, CO2(aq) concentrations were also measured as above in the proglacial rivers 

downstream of the Kiattuut Sermiat (Greenland, 61°12’N, 45°20’W) and Saskatchewan 

(52°10’N, 117°4.6’W) glaciers. A systematic search in Web of Science using keywords “carbon 

dioxide” or “CO2”, and “glacier” was subsequently conducted. To be included in our summary, a 

study must have been conducted: (a) in freshwater; (b) by either directly measuring or 

calculating CO2 concentrations (i.e., studies inferring transient CO2 drawdown from solute 

chemistry were excluded); and, (c) at sampling sites 0.5 km or farther downstream of the glacier 

to minimize the influence of low subglacial CO2(aq) concentrations.  
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FIGURES AND TABLES 

 
Figure 3-1. Theoretical model of glacial meltwater impacts on downstream freshwater CO2(aq) 

cycling.  
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Figure 3-2. Transects of dissolved gas (CO2(aq), O2(aq)), anion (sum of HCO3

-
, SO4

2-
, Cl

-
), 

dissolved inorganic carbon (DIC), and silica (SiO2) concentrations with increasing 

distance from the glaciers along the Gilman (mean of 2 transects, 11 July and 01 

August 2016, ± 1 SD), Snowgoose (01 August 2016) and Blister (19 July 2016) 

rivers. Discharge is assumed to be constant between the glacier and river delta.
35
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Figure 3-3. Temporal variability in CO2(aq) concentrations, 𝛿13

C-DIC and modeled daily mean 

instantaneous glacial runoff in the Snowgoose and Blister rivers between 2-July and 

9-August 2016. Atmospheric equilibrium CO2(aq) and 𝛿13
C-DIC calculated from 

ambient water temperature and barometric pressure. Weathering endpoint CO2(aq) 

was measured on unfiltered samples preserved with KCl in a closed system. The 

𝛿13
C-DIC of closed system weathering of CaCO3 with atmospheric CO2 at the 

observed pH is in the range of -5 ‰ to -4 ‰.  
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Figure 3-4. Mean daily measured CO2 flux in the moat of Lake Hazen with modeled glacial run-

off during the ablation season in (A) 2015 and (B) 2016. Negative fluxes denote a net CO2 sink.  
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Figure 3-5. Spring and summer Lake Hazen water column profiles of (A) CO2(aq) saturation, (B) 

oxygen (O2(aq)) saturation, (C) bicarbonate (HCO3
-
) anion, (D) dissolved inorganic 

carbon (DIC), and (E) particulate carbon (PC) from the deepest station within Lake 

Hazen (267 m). Summer open water samples collected in late July 2015 (all depths) 

and early August 2016 (0, 15, and 250 m depths only). Spring ice-covered water 

columns averaged (mean±1 SD) from May 2012-2014 (n=4 profiles). CO2(aq) 

saturation calculated at surface barometric pressure given that waters were sub-

sampled at the lake surface from a Niskin bottle. 
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Table 3-1. Mean annual Lake Hazen watershed CO2 budgets. Terrestrial
23

 and upland aquatic data
22

 are scaled to the watershed area 

determined herein (7516 km
2
). Positive fluxes denote a net source of CO2 to the atmosphere; negative fluxes denote a net 

CO2 sink.  

 
Watershed classification Relevant 

season 

Area  g C-CO2 m
-2

 d
-1

 Mg C-CO2 yr
-1

 Total flux 

 (km
2
) (%) (± 1 SD) (±SE) (%) 

       

Small lakes and ponds 
1
 June to Aug. 145  1.93 +0.045±0.180 598 4 

Glacial rivers 
This study, 2

 June to Aug. 91  1.21 -0.376±1.20 -1020±496 6 

Lake Hazen surface 
This study, 3

 July to Aug. 544  7.23 +0.003±0.012 47.7±19.8 0 

Lake Hazen internal 
This study, 4

 June to May - - - -1340±516 6 

Net aquatic total  780 10  -1986±1700 17 

       

       

Polar semi-desert 
1
  June to Aug. 3742 49.8 +0.004±0.223 1370 9 

Meadow wetland 
1
 June to Aug. 130  1.73 -0.955±0.291 -11370 71 

Glacial ice 
5
 n/a 3074  40.9 N/A  N/A  

Net terrestrial total  6946 92  -10000 80 

       

Watershed totals  7516 
6
  100 - -10400±7170 100 

 
1
 Ref 24, net annual fluxes calculated from mean flux multiplied by scaled area. 

2
 The glacial river CO2 flux calculations presented are means of both 2015 and 2016, across the 7 glacial rivers studied, given that they represent 84% of the 

watershed glacierized area.   
3
 Seasonal flux determined from ice-free area of lake surface, as such these estimates are less than those in ref 

24
.  

4 
Internal Lake Hazen net CO2 consumption calculated from differences in weathering endpoint and atmospheric equilibrium CO2(aq) concentrations, and 

correcting for respiratory CO2 production, using bathymetry from ref 
47

.  
5
 Glacial ice may actively cycle CO2;

48
 but, this is beyond the scope of the present study.  

6 
Due to rounding, individual components, as presented here, do not add up to the watershed area (7516 km

2
), but the difference between the two is only ~1%
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Chapter 4. Climate drives catchment-wide changes in mercury cycling in the 

High Arctic’s largest lake by volume (Lake Hazen, Nunavut, 

Canada) 

 

INTRODUCTION 

Climate models predict that temperatures and precipitation in the High Arctic could increase 

by up to 8-9ºC and 35%, respectively, by 2100 (CMIP5, RCP8.5).
1
 High Arctic watersheds are 

particularly sensitive to this warming and wetting because they are extensively glaciated and 

underlain by continuous permafrost. For example, glacial mass loss in the Canadian Arctic 

Archipelago (CAA) has already tripled from 32 Gt yr
-1

 to 91 Gt yr
-1

 between 2004-2006 and 

2007-2009, and is projected to total 12400±8500 Gt by 2100,
2, 3

 with a concurrent loss of up to 

90% of near-surface permafrost.
4
    

Contaminants like mercury (Hg) have been emitted from natural (e.g., lithogenic, volcanic) 

and anthropogenic (e.g., industrial) sources over centuries or millennia. Due to prevailing 

atmospheric circulation, Hg is transported to the Arctic 
5
 where it is has historically been 

deposited and archived in glaciers and permafrost.
6-8

 The melting of glaciers and thawing of 

permafrost thus potentially contribute to downstream ecosystems not only water, sediment, and 

nutrients (e.g., 
9
), but also Hg (Figure 4-1).

8, 10, 11
  

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

biomagnifies through food webs.
12

 MeHg is of particular concern in the Arctic because 

Indigenous peoples consume high trophic level animals such as arctic char (Salvelinus alpinus) 

and marine mammals as part of a traditional diet.
13

 How will predicted increases in glacial melt 

and permafrost thaw affect the biogeochemical cycling of MeHg, and more broadly, total 

mercury (THg: all forms of Hg) downstream? This question remains unanswered, creating a 

critical gap in our understanding of the responses of both freshwater
14

 and marine
15

 ecosystems 

to climate change-induced transformations of the cryosphere.  

Using the Lake Hazen watershed on northern Ellesmere Island, Nunavut, Canada (81.8°N, 

71.4°W) as a sentinel system, we quantified MeHg and THg concentrations and fluxes across the 

Arctic freshwater continuum (snow, snowmelt, glacial rivers, permafrost thaw streams, lake 
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waters, lake outflow) (Figure 4-1). Located within Quttinirpaaq National Park, the watershed is 

ideally suited to study the effects of climate changes in the near-absence of human activities. 

~41% of the 7156 km
2 

watershed is covered by the Northern Ellesmere Icefield and its outlet 

glaciers, which flow downstream up to 42 km before draining into Lake Hazen (Figure A3-1). 

Lake Hazen is the world’s largest lake by volume (51.4 km
3
) entirely above the Arctic Circle, 

with a surface area of 544 km
2
 and maximum depth of 267 m.

16
  We integrated in situ field 

sampling with modelled estimates of glacial runoff to construct annual MeHg and THg mass 

budgets for Lake Hazen in relatively high- (2015) and low- (2016) melt years. The impact of 

recent (post-2000)
17

 increases in glacial melt on inputs of MeHg and THg to Lake Hazen was 

then modelled, highlighting the importance of climate change on freshwater fluxes of Hg in the 

High Arctic.   

 

METHODS 

Site description. The Lake Hazen watershed is in the precipitation shadow of the Grant Land 

Mountains (Figure A3-1), making it a high arctic thermal oasis.
18

 The watershed annually 

receives no sunlight between 15 October and 26 February, and 24 h daylight between 6 April and 

4 September.
19

 The watershed is classified as polar semi-desert,
20

 receiving only ~95 mm of 

precipitation annually,
21

 ~80-85% of which is deposited as snow between September and May.
22

 

Approximately 11 rivers travel between ~4 to 42 km in defined river valleys from the land-

terminating outlet glaciers of the Northern Ellesmere Icefield before reaching Lake Hazen. Small 

streams fed by snow melt, permafrost thaw and/or ground ice melt also flow into Lake Hazen, 

though the number of these is difficult to discern and may fluctuate annually, depending on 

weather. The Ruggles River is the only outflow of Lake Hazen, draining the lake year-round into 

Chandler and then Coneybeare Fjords, the latter of which opens into Nares Strait on the 

northeastern coast of Ellesmere Island. Lake Hazen itself is ultra-oligotrophic and only contains 

morphs of a single fish species, the arctic char (Salvelinus alpinus).
23

 Recent increases in 

summer glacial melt have reduced Lake Hazen’s water residence time from a historical 89 

years
24

 to ~25 years in some years.
17
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Mass balance approach. To understand the biogeochemical cycling of MeHg and THg in the 

Lake Hazen watershed, we constructed annual mass budgets as follows:
25

 

∆Storage
MeHg, THg

= ∑ OutputsMeHg, THg  - ∑ Inputs
MeHg, THg

               [1] 

The hydrological year (1 September to 31 August) begins with the onset of freeze-up in 

September, when glacial rivers cease flowing, Lake Hazen begins to freeze over, and snow 

begins accumulating (Figure 4-1). In late May/early June, snowmelt begins, a portion of which 

sublimates to the atmosphere. Snowmelt on the lake ice pools for approximately a week before 

draining into Lake Hazen through pressure fractures and drain holes. Snowmelt from the 

landscape drains into Lake Hazen in localized streams. Meltwater flow in glacial river valleys 

begins in early June with snowmelt and continues until late August with glacial melt. Lake ice 

begins melting in early June, with complete ice-off, if it occurs, between late July and late 

August.
17

  

InputsMeHg,THg into Lake Hazen included snowmelt on the lake surface, snowmelt runoff 

from the landscape, rainfall over the lake surface, glacier melt from the Northern Ellesmere 

Icefield, and non-glacial streams fed by permafrost thaw and ground ice melt. OutputsMeHg,THg 

from Lake Hazen included export of Hg via the Ruggles River and loss of gaseous elemental Hg
0
 

(GEM) to the atmosphere from ice-free regions in summer (Figure 4-1). By convention, a 

negative ∆Storage indicates that Lake Hazen is a net MeHg or THg sink (inputs exceed outputs) 

and a positive ∆Storage indicates that Lake Hazen is a net MeHg or THg source (outputs exceed 

inputs).  

Due to the logistical and financial constraints of conducting research in the Canadian 

High Arctic, we were unable to be on-site for the entire melt season in any given year.  Instead, 

field-sampling campaigns were conducted over a 4-year period from 2014-2017 (Table A3-1). In 

addition to sampling for Hg, we collected samples at all sites for analyses of basic water 

chemistry parameters (total suspended solids, TSS; particulate carbon, PC; chlorophyll a; 

sulfate) (sampling techniques described in SI; Table A3-1). Basic physical (temperature, specific 

conductivity, turbidity) and chemical (dissolved O2, pH) parameters were measured in situ with 

an EXO2 sonde (YSI Inc., Yellow Springs, OH, USA), except in snow. 
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Inputs to Lake Hazen.  

Snowmelt on the lake surface. Surface snowmelt inputs to Lake Hazen were quantified by 

multiplying concentrations of MeHg and THg in integrated snowpack samples by the areal water 

volume (AWV) of snowpacks (see Supplementary Information), determined just prior to melt in 

May 2014 and 2015. This protocol provided a maximum input because it did not account for 

photoreduction of Hg during melt. Snow was collected using an acid-washed stainless steel core 

tube.  

Site-specific AWV was quantified using the average weight of three snowpack cores and a 

water density of 1g cm
-3

 (equation 2):
26

   

 

AWV (L m-2)= 
snow weight (kg, where 1 kg = 1 L)

π(corer radius (m))
2)

       [2] 

 

Snowmelt runoff from the landscape. Snowmelt MeHg and THg inputs to Lake Hazen were 

quantified by multiplying concentrations measured in snowmelt runoff with the volume of runoff 

from the non-glacierized portion of the landscape, estimated from the ratio of sulfate (SO4
2-

) 

concentrations in snow (1.82 mg L
-1

) and snowmelt (14.9 mg L
-1

) in 2017, multiplied by the 

average AWV of the snowpack. Assuming all SO4
2-

 was conserved in the snow as it melted, and 

no further SO4
2-

 was added to runoff as it moved across the landscape, 12.2% of snowfall on the 

landscape resulted in overland flow, while 87.8% sublimated and/or evaporated.  

 

Rainfall. Hg concentrations in summer rainfall were not directly measured because rain events 

were infrequent, and the rain that did fall was insufficient for sample analysis. Therefore, we 

used 2005 summer rainfall MeHg inputs of 0.037±0.013 ng m
-2 

d
-1

 from Lehnherr et al.
27

. Due to 

prioritizing MeHg analyses in the small 2005 rainfall samples, THg concentrations were not 

quantified, so we applied a THg concentration of 14.2±9.9 ng L
-1

 from Svalbard.
28

 Summertime 

rainfall contributions (~34 mm; ref 
29

) were assumed only to be relevant over the lake surface as 

rainfall onto the landscape did not result in direct overland flow, or was incorporated into glacial 

melt and permafrost thaw discharges. 
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Glacial melt. Annual inputs of MeHg and THg from glacial melt were quantified by generating 

chemical species-specific log-linear flux models relating measured concentrations in the deltas of 

glacial river waters with daily modeled glacier-specific discharge during the melt season. Glacial 

river sampling schemes are detailed in the Supplementary Information. Briefly, 7 rivers (names) 

were sampled throughout summers 2015 and 2016, some by helicopter. Two rivers within 

walking distance of base camp (Blister and Snowgoose) were sampled weekly to understand 

temporal variation in MeHg and THg concentrations throughout the ablation season. Three-site 

transects from the glacier to the river delta were completed on the Blister, Snowgoose and 

Gilman rivers to quantify changes in Hg over space.  

We adopted a glacial surface mass balance approach to estimate runoff from each of the 

outlet glaciers (hereafter: subwatershed),
2
 assuming negligible additional water inputs or 

evaporative losses over the river lengths. Indeed, glacier melt was the only noteworthy water 

source to all rivers studied, and similar δ
18

O-H2O and δ
2
H-H2O signatures along the glacier river 

transects suggested little evaporation (Figure A3-3). Subwatershed areas for the 6 largest glacial 

rivers sampled were delineated from the 1:50,000 Canadian Digital Elevation Model (Natural 

Resources Canada). The resolution of the CDEM was too low to resolve the smaller Blister River 

subwatershed, so we estimated its area (6 km
2
 or 0.2% of total watershed glacier area) from the 

Randolph Glacier Inventory
30

 and used runoff yields from the nearby Snowgoose Glacier to 

calculate yields from Blister River.  

We used LOADEST log-linear model 2 (eqn. 3) from rloadest within the loadflex package 

in R to estimate daily glacial river fluxes of MeHg and THg from modeled glacier runoff (Table 

A3-5).
31-33

  

 

ln(load)= α
0
+ α1 ln(runoff)  +  α2ln(runoff)2 + ϵ                           [3] 

 

Statistically significant models (R
2
 >0.96, p < 0.001, Table A3-5) were generated by relating 

measured unfiltered or filtered MeHg and THg concentrations across all rivers sampled in both 

2015 and 2016 to modeled daily river-specific runoff.  
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Non-glacial streams. We sampled Skeleton Creek, which drains a network of ponds and 

wetlands fed by permafrost thaw and ground ice melt, every 7 days for concentrations of Hg 

during summers 2015 and 2016 to quantify hydrological inputs of MeHg and THg from small 

streams. Hydrological discharge from Skeleton Creek was quantified with a depth transducer and 

depth discharge curves. However, extrapolation of this one site to the whole watershed was not 

feasible as similar streams throughout the watershed are ephemeral and difficult to sample and 

gauge. 

 

Outputs from Lake Hazen.  

Ruggles River: Outputs of MeHg and THg from Lake Hazen via the Ruggles River were 

quantified by multiplying mean concentrations measured at the mouth of the river by the 

modeled daily discharge for the entire year.  The Ruggles River outflow was accessed by 

helicopter in summers 2015 (15 July) and 2016 (11, 13 July; 1 – 2 August) at the same time as 

glacial rivers. In 2016, three sites along the Ruggles River between Lake Hazen and Chandler 

Fjord were sampled to assess whether Hg concentrations changed with increasing distance 

downstream.  

Water Survey Canada measured Ruggles River discharge volume in situ from 1996 to 

2012 (station 10VK001, Environment and Climate Change Canada), but disruptions in the record 

were extensive due to sensor failure. Modeled glacial runoff from the glacierized area of the 

watershed matched measured Ruggles River discharge when it was available,
17

 so we used the 

combined modeled glacier runoff from all rivers and the snowmelt volumes to estimate Ruggles 

River discharge.  

 

Gaseous elemental mercury (GEM) efflux: GEM efflux calculations are detailed in the 

Supplementary Information. Briefly, GEM efflux was estimated by multiplying the mean GEM 

flux rate by the daily ice-free areas for Lake Hazen, obtained using the MODIS snow cover 

product (MOD10A1).
17

 However, because GEM concentrations were not measured in either 

2015 or 2016, we used mean GEM concentrations (29.1±10.7 pg L
-1

) previously measured in 

surface waters of Lake Hazen.
27
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Lake Hazen water column. To understand seasonal variations in Lake Hazen MeHg and THg 

concentrations, we sampled the water column from the ice surface in May 2014 and 2017, and 

from a boat in summers 2015 and 2016. 15 discrete depths within the water column were 

sampled at the deepest point in Lake Hazen (~267 m; 81.8°N, 70.7°W; Figure A3-1) using an 

acid-washed, Teflon-lined 12 L General Oceanics Niskin water-sampling bottle. However, due to 

inclement weather following ice-out in 2016, only 3 depths (surface, 15 m at the chlorophyll 

maximum, and bottom at 250 m) could be sampled.  

  

Annual ∆Storage of Hg in Lake Hazen.  THg deposition rates in sediments were quantified on 

two intact sediment cores collected from the deepest point in Lake Hazen in May 2013. Sediment 

core dating methods are presented in Lehnherr et al. (2018).
17

  

 

Chemical sampling and analyses.  Protocols for field sampling and processing are provided in 

the SI section. All chemical analyses (Table A3-1) were completed at the CALA-certified 

Biogeochemical Analytical Service Laboratory (BASL) using standard certified protocols. 

Standard deviations (SD) are presented throughout, except for in the mass balance budgets, 

where standard errors (SE) are used.   

Analytical protocols for the determination of MeHg and THg concentrations are detailed 

in the Supplementary Information. Briefly, MeHg concentrations in waters and solids were 

quantified in duplicate following distillation by isotope dilution using a Tekran 2700 

Methylmercury Analyzer coupled to a PerkinElmer Elan DRC-e inductively coupled plasma-

mass spectrometer (ICPMS).
34

 Water samples were analyzed for THg in duplicate by cold 

vapour atomic fluorescence spectrometry on a Tekran 2600 Mercury Analyzer (EPA Method 

1631) following oxidation by bromine chloride (0.5% BrCl). Solid samples were analyzed for 

THg in triplicate by thermal decomposition, amalgamation and atomic absorption 

spectrophotometry on a Milestone Direct Mercury Analyzer (DMA-80; EPA Method 7473).  
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RESULTS AND DISCUSSION 

Lake Hazen watershed hydrology 

Total estimated hydrological inputs to the lake were ~1.093 km
3
 in 2015 and 0.426 km

3
 in 2016. 

Maximum snowmelt inputs from the surface of Lake Hazen were 0.017±0.012 km
3
 and 

0.060±0.041 km
3
 of water in May 2014 and 2015 (Table 4-1). Non-glacierized landscape 

snowmelt contributions were negligible in 2014, and 0.067±0.046 km
3
 in 2015. Total glacial 

runoff was 3.37-times greater in 2015 (0.979 km
3
) than in 2016 (0.291 km

3
), accounting for 

86.7% and 65.9% of annual hydrological inputs into Lake Hazen in those years. Three glacial 

rivers (Henrietta Nesmith, Gilman and Very) cumulatively accounted for ~70% of glacial runoff 

into Lake Hazen. Skeleton Creek only began flowing into Lake Hazen on 18-July 2015 and 31-

July 2016 and continued flowing until after our departure. Maximum discharge from Skeleton 

Creek was 0.005 m
3
 s

-1
, compared to 377, 254 or 122 m

3
 s

-1
 for the three largest rivers. Because 

modeled glacier melt closely matched the measured Ruggles River outflow
17

, and it would take 

~70,000 thaw streams to equal the flow of the Henrietta Nesmith River alone, non-glacial water 

sources to Lake Hazen were deemed insignificant to annual hydrological budgets. Annually, 

Ruggles River discharge peaked
 
shortly after the height of glacier melt and declined gradually to 

its annual baseline flow (~ 5 m
3
 s

-1
) by November/December. Complete ice-off on Lake Hazen 

occurred around 4-Aug-2015 and 8-Aug-2016 in the two summer study years. 

 

Hg concentrations in major inputs to Lake Hazen 

Snow on the lake surface. During winter 2013-14, little snow accumulated on the landscape, 

resulting in the mobilization of exposed soils during windstorms into what little snow was there. 

Due to the anomalously small snowpack in 2014, it was not used in our budget calculations, but 

is discussed in the Supplementary Information.  

The May 2015 snowpack was more typical and uniform on the lake surface and landscape. 

Snow MeHg and THg concentrations were 0.358±0.134 ng L
-1 

and 4.73±1.02 ng L
-1 

(Figure 4-2; 

Table A3-2). Mean %MeHg in snow was 7.56±2.39%, higher but within the same order of 

magnitude as in snow at other high arctic sites (0.5-1% MeHg).
35

 Only 7-21% of the THg was 

dissolved, whereas 27-51% of the MeHg was, indicating potentially high bioavailability upon 
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melt. Snowpack loadings of MeHg and THg were 0.41±0.35 mg ha
-1 

and 5.20±3.31 mg ha
-1

 

(Tables 4-1, A3-2, A3-3). There was no difference in MeHg or THg loadings between snow 

collected from the lake surface and the adjacent landscape (p > 0.05).  

Possible sources of MeHg in snowpacks include snowpack methylation, aeolian processes 

and wet/dry atmospheric deposition. While snowpack methylation has been hypothesized,
36

 there 

is little evidence that it occurs in any significant way,
37, 38

 suggesting rather that MeHg was 

deposited to snowpacks via the latter two processes.
26

 Concentrations of particle bound MeHg in 

snowpacks could easily be accounted for by the aeolian deposition of local surface soils with 

MeHg concentrations of 0.02-2.11 ng g
-1

 (here and other sites in the Canadian Arctic 

Archipelago
39

). MeHg in snowpacks may also originate from the demethylation of 

dimethylmercury (DMHg)
39, 40

 emitted from nearby open-water coastal regions, or the simple 

deposition of MeHg in marine aerosols,
41

 but that effect weakens as one moves further inland to 

locations like Lake Hazen.
39

  

Possible sources of THg to Arctic snowpacks likewise include aeolian processes and wet/dry 

atmospheric deposition, but also atmospheric Hg depletion events (AMDEs).
26, 27

 However, 

while AMDEs can be a net source of THg to arctic coastal regions at polar sunrise,
42

 the 

potential contribution of AMDEs to THg deposition at inland regions is diminished by low 

atmospheric concentrations of the halogens responsible for the heterogeneous reactions.
43

 

Furthermore, the majority of THg deposited during AMDEs is rapidly photo-reduced and 

reemitted back to the atmosphere as GEM, with little net accumulation.
26

 Like MeHg, 

concentrations of particle-bound THg in snowpacks could be accounted for by aeolian deposition 

of local surface soils (THg = 1.64-49.0 ng g
-1

; here and other sites in the CAA
39

). Recently, dry 

deposition of GEM to snowpacks and mineral soils like those at Lake Hazen has been recognized 

as an important source of Hg in arctic terrestrial environments.
44

  

  

Glacial melt. Unfiltered MeHg concentrations in glacial meltwaters were generally low 

(0.049±0.016 ng L
-1

), whereas unfiltered THg concentrations were relatively high (9.73±6.11 ng 

L
-1

; Figure 4-2, A3-3). 84.3% and 86.8% of the MeHg and THg in glacial meltwaters were 

particle-bound, as found in other glacier-fed rivers (e.g., 
8, 45-47

). Indeed, unfiltered MeHg and 
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THg concentrations in Snowgoose and Blister rivers, which were sampled frequently, peaked at 

the height of the melt season when suspended particulate concentrations also peaked (Figure A3-

5). 

However, unfiltered MeHg and THg concentrations remained constant with increasing 

distance from the Gilman and Snowgoose outlet glaciers and the Blister Ice Cap (Figure 4-3, p > 

0.05), suggesting that the glacierized area was the primary Hg source rather than erosional 

material in proglacial river channels. Because the outlet glaciers of the Northern Ellesmere 

Icefield have cold-based margins, much of the meltwater being exported downstream is routed 

through ice-marginal channels, where it can already begin to entrain erosional material before 

exiting the glacierized area. As these rivers flow across the proglacial landscape, the braided 

glacial inflow rivers are highly dynamic and unpredictable, such that river channels may access 

or exhaust different sediment sources as they reorganize across the landscape. TSS 

concentrations increased up to 20-times downstream of the glaciers, but partitioning between the 

dissolved and bulk phases of THg did not change (i.e., the % dissolved did not change). In 

contrast, MeHg in the Gilman River became increasingly particle-bound with increasing distance 

from the glacier (F=20.5, R
2
=0.796, p<0.05).  

MeHg in glacial meltwaters may originate from the microbial methylation of inorganic Hg, 

or atmospheric deposition archived in ice. The subglacial drainage system can become anoxic,
48

 

creating ideal conditions for microbial Hg-methylators, such as sulfate-reducing bacteria, 

methanogens and iron-reducing bacteria.
49

 However, unlike beneath polythermal and warm-

based glaciers, like those in Greenland and on Svalbard with highly developed subglacial 

drainage systems (e.g.,
50, 51

), the subglacial system is thought to be poorly developed under 

northern Ellesmere Island glaciers
52

 where most runoff flows on the glacier surface and along 

ice-marginal channels (both oxic environments) prior to reaching the proglacial river channel. As 

such, the most likely source of MeHg in glacial meltwaters is from atmospheric deposition that 

was buried in glacial ice and is now being released. Indeed, the range of MeHg and THg 

concentrations in glacial meltwaters, as well as the % MeHg in the dissolved phase, were 

indistinguishable from that in snowmelt. As meltwaters moved downstream of the glacier, they 
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flowed over increasingly comminuted sediments, to which dissolved MeHg from the glacierized 

area may bind.
53

 

 

Non-glacial streams. MeHg and THg concentrations in Skeleton Creek discharge entering Lake 

Hazen were 0.025±0.003 ng L
-1 

and 1.05±0.18 ng L
-1

, of which 90.7±13.7% and 95.2±4.05% 

were dissolved, indicating potentially very high bioavailability for bioaccumulation and Hg(II) 

methylation. Although small streams like Skeleton Creek are hydrologically insignificant to Lake 

Hazen, they may become more important ephemeral features
54

 in the High Arctic as warming 

continues, like they are in Sub- and Low Arctic regions (e.g.,
55, 56

). These small, relatively warm 

streams are important habitat for juvenile arctic char
57

 and may be initial sites of MeHg uptake 

into food webs, making their biological importance disproportionately greater than their spatial 

extent on the landscape. Furthermore, highly productive shallow ponds along the shores of Lake 

Hazen are known hotspots of MeHg production, and hence may act as seasonally important 

sources of MeHg to Lake Hazen when their gravel shoreline berm breaches in high glacial melt 

years.
27, 58

 

 

Hg concentrations in the Lake Hazen water column. 

Concentrations of both MeHg and THg throughout most of the Lake Hazen water column 

were low or below our detection limits of 0.008 ng L
-1 

and 0.016 ng L
-1 

for MeHg and THg. 

However, upper water column concentrations of MeHg and THg tripled following snowmelt, 

from 0.019 to 0.065 ng L
-1

 and from 0.42 to 1.28 ng L
-1

,
 
respectively (Figure 4-4). In ultra-

oligotrophic freshwaters, snowmelt inputs of atmospherically-derived limiting nutrients 

(nitrogen, sulphur), combined with greater light penetration through ice following snowmelt, 

often initiate a spring pulse of primary and secondary productivity. In Lake Hazen, for example, 

below ice chlorophyll a concentrations increased from 0.16 µg L
-1

 to 0.29 µg L
-1 

after snowmelt 

(Figure 4-4). This springtime pulse of productivity can then initiate MeHg bioaccumulation 

through uptake by or adsorption to primary producers.
59

   

Whereas spring upper water column MeHg and THg concentrations increased following 

discharge of snowmelt under the ice, in the summer Lake Hazen bottom water THg 
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concentrations increased due to glacial melt. THg concentrations were uniform throughout the 

upper water column in summer (0-200 m; 0.161 ±0.067 ng L
-1

), but began to increase below 200 

m in parallel with particulate concentrations, reaching maximum concentrations at 250 m that 

were 4 and 7-times higher than the upper water column in low (2016) and high (2015) melt years 

(Figure 4-4). Glacial river waters were highly turbid and dense, resulting in the formation of 

temperature-independent underflows
60

 that rapidly transported glacial river waters and entrained 

material, including Hg, to the bottom of Lake Hazen.  

 

Hg concentrations in outputs from Lake Hazen. 

Ruggles River. Unfiltered MeHg (0.008±0.007 ng L
-1

) and THg (0.598±0.535 ng L
-1

) 

concentrations in the mouth of the Ruggles River were very low and comparable to those 

measured in surface waters at the nearby water column profiling site. Both MeHg and THg 

concentrations in the Ruggles River increased exponentially downstream of Lake Hazen as 

erosion and permafrost slumping along the river’s banks added substantial particulate matter to 

the river (Figure 4-3). Whereas TSS concentrations increased 20-times along the length of the 

Gilman River, TSS concentrations in the Ruggles River increased 100 to 600-times over a 

similar distance. Although hydrological contributions to arctic marine waters from individual 

small rivers like the Ruggles (3.40±1.85 km
3
 yr

-1
) are dwarfed by the 8 largest arctic rivers, 

cumulative annual discharge from the Canadian Arctic Archipelago is estimated at 202 km
3
 yr

-

1
,
61

 less than the Yenisey, Lena, Ob’ and Mackenzie Rivers (307-620 km
3
 yr

-1
), but the same as 

or more than the Yukon, Pechora, Kolyma and Severnya Dvina Rivers (103-203 km
3
 yr

-1
).

62
 Our 

results suggest that small rivers, like the Ruggles, may also be important sources of Hg to 

nearshore marine waters, particularly as their watersheds are undergoing rapid climate change-

induced glacier melt and permafrost thaw.  

 

GEM surface efflux. Annual GEM efflux from the surface of Lake Hazen was estimated at 0.208 

kg in 2015 and 0.189 kg in 2016. While this inter-annual variation is based solely on variation in 

ice phenology, GEM concentrations also likely vary throughout the summer.
27, 63

 This estimated 
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GEM efflux is equivalent to 37% or 112% of the Ruggles River exports in 2015 and 2016, 

suggesting an important loss of Hg from Lake Hazen that merits greater in-depth study.    

 

Lake Hazen MeHg and THg mass balance. 

Total MeHg and THg inputs to Lake Hazen were 0.10 kg and 17.4 kg in 2015, and 0.06 kg 

and 9.37 kg in 2016 (Table 4-1). Glacial rivers accounted for 53% (0.05 kg) or 27% (0.02 kg) of 

MeHg inputs and 94% (16.4 kg) or 89% (8.35 kg) of THg inputs in 2015 and 2016. The 3.1- and 

2.0-times higher export of MeHg and THg from glacial rivers in 2015 relative to 2016 was 

directly related to the greater glacial meltwater volumes. Subwatershed area-normalized specific 

MeHg yields for the glacial rivers ranged from 2.23 to 11.7 mg km
-2

 yr
-1

. These are the first ever 

estimates of MeHg yields from glacierized catchments. THg yields ranged between 0.61 and 

3.88 g km
-2

 yr
-1 

(Table A3-6), comparable to the range (1.4-3.1 g km
-2

 yr
-1

) reported for the 

Zackenberg River in northeast Greenland,
46

 but lower than that measured in a small glacial river 

in southern Alaska (19.9 g km
-2

 yr
-1

).
47

 Whereas glacial rivers accounted for the vast majority of 

THg inputs to Lake Hazen, snowmelt on the lake surface was much more important for MeHg, 

accounting for up to 53.9% of total inputs in 2016. Surface snowmelt MeHg and THg inputs to 

Lake Hazen were 0.03 and 0.33 kg yr
-1

, while snowmelt runoff from the ice-free terrestrial 

landscape contributed another 0.01 and 0.43 kg yr
-1

 of MeHg and THg. Rainfall MeHg and THg 

contributions to Lake Hazen were estimated to be 0.002 kg yr
-1

 and 0.26 kg yr
-1

, respectively.  

Conversely, the Ruggles River only discharged from Lake Hazen 0.01 kg MeHg and 0.65 kg 

THg in 2015 and 0.004 kg MeHg and 0.26 kg THg in 2016 (Table 4-1). Thus, Lake Hazen was 

annually a significant sink of bulk MeHg and THg, sequestering more than 90% of MeHg inputs, 

and 95% of THg inputs. The magnitude of the sink was a direct reflection of the volume of 

glacial runoff in each year and consequently, the strength of turbid underflows that facilitated 

rapid deposition of Hg-laden sediments to the bottom of the lake. Indeed, our mass balance 

budgets for Lake Hazen match well with an earlier measurement of THg sedimentation rate of 

32.6 kg yr
-1

 (based on a median post-2007 rate of 60 µg m
-2 

yr
-1

).
17
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Arctic freshwater Hg cycle sensitivity to climate change. 

We extended annual estimates of glacial MeHg and THg loadings into Lake Hazen back to 

2001 using daily modeled glacial melt and the LOADEST log-linear models. From 2001 to 2016, 

glacial inputs of total MeHg and THg to Lake Hazen increased modestly by 0.001 kg yr
-1 

and 

0.41 kg yr
-1

, while inputs of dissolved MeHg and THg only increased by 0.0004 kg yr
-1

 and 0.01 

kg yr
-1

 (Figure A3-7). However, from 2007-2012, during which time the watershed underwent a 

dramatic warming that shifted the net glacier mass balance from positive to negative,
17

 total 

MeHg and THg inputs increased by 0.004 kg yr
-1

 and 1.45 kg yr
-1

, respectively, while dissolved 

inputs of MeHg and THg increased by 0.006 kg yr
-1

 and 0.002 kg yr
-1

. In high runoff years, 

higher particulate loads strengthen the underflows and enhance sedimentation,
17

 making Lake 

Hazen a greater net Hg sink in high melt years, as clearly demonstrated by the difference in 

sequestration of THg between 2015 and 2016 and the THg deposition rates.  

While large and deep lakes are uncommon in the Arctic,
64

 Lake Hazen bears many 

similarities to High Arctic fjord systems, and is therefore an interesting analog for glacier-fed 

arctic marine systems. The turbidity underflows described here also occur in outwash fjords that 

are fed by, but not in direct contact, with glaciers.
65

 Thus, land-terminating glaciers, which 

account for 68.4% of arctic glacier area,
66

 may constitute a potentially important source of Hg to 

fjord sediments. Interestingly, despite increasing exports of largely particulate-bound Hg to 

coastal regions, coastal arctic sediments are not an important source of MeHg to the overlying 

water column.
67, 68

  However, meltwaters from marine-terminating glaciers and calved ice may 

also flow along the surface of or within the water column of receiving fjord systems, with 

flowpaths ultimately determined by differences in salinity/density between incoming meltwaters 

and receiving waters.
65

 In contrast to the underflows observed in Lake Hazen, meltwaters in 

fjords with marine-terminating glaciers may flow directly into high productivity zones (e.g.,
69

) 

within the water column, where the potential for methylation is also high
67

 with consequent 

uptake into coastal food webs.   

Even before the legal ratification of the Minimata Convention, global emissions and 

subsequent deposition of Hg declined following the implementation of pollution-control 

technologies and the gradual phase-out of Hg in commercial applications.
70

 These declines, 
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however, have been much slower in the Arctic.
71

 Based on the recent decadal increase in MeHg 

and THg exports from glacial rivers observed here, we posit that enhanced glacial melt and 

permafrost thaw predicted in the Arctic could compensate for a reduction in anthropogenic Hg 

emissions by remobilizing Hg hitherto locked in the cryosphere. Our results further highlight the 

need to examine Hg cycling at watershed scales to enable the identification of climatically-

sensitive sources and sinks of Hg, and the development of mitigation strategies for the future.   
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FIGURES AND TABLES 

 
Figure 4-1. Schematic of MeHg and THg cycles in a glacierized High Arctic watershed. Timing of key outputs (purple) and 

inputs (orange) are shown. Dashed arrows show routes of transport, solid arrows show biogeochemical 

transformation.  
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Figure 4-2. Concentrations (ng L

-1
) of total mercury (THg) and methylmercury (MeHg) 

by Lake Hazen watershed pool. Means ± 1 SD of unfiltered (bulk) and filtered 

(dissolved) THg and MeHg concentrations are shown.  
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Figure 4-3. Total mercury (THg), methylmercury (MeHg) and total suspended solids 

(TSS) concentrations along 3-site transects in the Gilman, Blister, and Ruggles 

rivers. Means (n=2) ± SD shown.   
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Figure 4-4. Lake Hazen spring before and after snowmelt (2014) and summer (2015-2016) water column profiles. THg: total 

mercury; MeHg: methylmercury; PC: particulate carbon. Mean (n=2) ± SD for THg/MeHg.   
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Table 4-1. Loadings (± SE) and mass balance budgets for total mercury (THg) and methylmercury (MeHg) in the Lake Hazen 

watershed in 2015 and 2016.  

 
Hydrological Pool Time of year Water volume (km3) Unfiltered THg (kg yr-1) Filtered THg (kg yr-1) Unfiltered MeHg (kg yr-1) Filtered MeHg (kg yr-1) 

  2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 

Inputs            
Snow on lake ice a Sept.-May/early June 0.060±0.041 0.330±0.067 0.036±0.006 0.033±0.007 0.006 

Snowmelt b Early June 0.067±0.046 0.429±0.144 n/a 0.010±0.075 n/a 

Rainfall over lake c July-Aug. 0.018 0.263±0.075 n/a 0.002±0.001 n/a 

Glacial rivers June-Aug. 0.948 0.281 16.4±8.65   8.35±1.77  0.494±0.056 0.135±0.011 0.050±0.017 0.016±0.004 0.018±0.006 0.006±0.002 

Small streams d Mid July-early Aug. n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Outputs            

Ruggles River e All year 1.093±0.02 0.426±0.02 0.653±0.338 0.255±0.132 0.319±0.035 0.124±0.015 0.009±0.004 0.004±0.002 0.009±0.005 0.003±0.002 

GEM efflux June-Aug.  - - 0.208±0.047 0.189±0.037 - - - - - - 

Lake Hazen basin f  - - -16.5 -8.92 -0.211 -0.046 -0.085 -0.057 -0.015 -0.008 
a 2015 and 2016 snowpack loadings calculated from 2015 measured concentrations and areal water volume over the lake surface (544 km2, n=19).  
b Snowmelt from glacier-free landscape, assuming 15.6% runoff (see Methods). 
c Based on mean annual (2008-2012) rainfall estimate of 34 mm29; MeHg flux estimates of 0.037 ng m-2 d-1 27 over 90 days (June, July, August); THg concentrations from Berg et al.28.  
d Small streams fed by permafrost thaw and ground ice melt figure in conceptually to the mass balance. However, given their small size and ephemeral nature, it is impossible to estimate their 

hydrological contributions to Lake Hazen, although it is likely hydrologically insignificant.  
e Ruggles River exports were roughly equivalent to glacial inputs, as shown in Lehnherr et al. 201717.  
f Net storage of THg or MeHg in Lake Hazen basin. Positive values indicate Lake Hazen is a source; negative values indicate Lake Hazen is a sink. 
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Chapter 5. General conclusions 

 

Glaciers, ice caps and ice sheets store ~87% of the world’s freshwater,
1
 and yet are rarely 

considered as an integral part of the watersheds in which they are located, despite the fact that 

they annually contribute meltwaters to downstream ecosystems. With climate change projected 

to increase glacier mass loss and therefore glacial meltwater fluxes to downstream ecosystems in 

the coming decades,
2-5

 it is imperative that we understand the changes in water quality occurring 

across glacierized watersheds. To address this knowledge gap, we conducted a multi-year (2013-

2017), whole watershed study in the Lake Hazen watershed on northern Ellesmere Island in 

Quttinirpaaq National Park, assessing freshwater quality throughout the proglacial freshwater 

network from glacial headwaters, through river valleys, a large deep lake, and out the riverine 

outflow to the nearshore coastal environment.   

The physical, chemical and biological limnology of hydrological compartments in the 

proglacial freshwater network are presented in Chapter 2. Using hydrological input-output 

budgets, we found that glacial meltwaters were annually the most important source of nutrients 

to Lake Hazen, accounting for more than 50% of hydrological inputs of all dissolved constituents 

in a given year. Budgets for all chemical constituents, except NO3
-
-NO2

-
, NH4

+
, dissolved 

inorganic carbon (DIC) and dissolved organic carbon (DOC), were approximately neutral, with 

combined snow and glacial melt inputs equal to outputs by the Ruggles River. Glacial inputs and 

loss of lake ice cover cumulatively shifted the lake water column from being phosphorus-limited 

under ice before glacial inputs to nitrogen and phosphorus co-limited or nitrogen-limited during 

the summer months. This occurred in conjunction with a shift in phytoplankton community 

composition from strictly autotrophic cyanobacteria and chlorophytes under the ice to 

mixotrophic chrysophytes and cryptophytes in open water. Turbid glacial inputs to the lake 

significantly impacted light penetration into the upper water column, favouring organisms with 

flexible metabolic strategies during the ablation season.   

By applying the land-to-ocean aquatic continuum framework for the first time in a glacierized 

watershed, we showed that nutrient (carbon, nitrogen, phosphorus) mobilization and retention 

processes throughout the proglacial freshwater continuum differ significantly from more 

temperate systems. Whereas temperate systems are dominated by the biological processes of 



 

 

101 

primary production and respiration, lower productivity glacierized High Arctic watersheds are 

largely governed by the physical and chemical processes of erosion, permafrost thaw, adsorption, 

and oxidation/reduction, preferentially mobilizing carbon and phosphorus, both of which have 

significant mineral sources, over nitrogen to downstream ecosystems.   

Carbon dioxide (CO2) dynamics across the proglacial freshwater network, with special 

emphasis on glacier-fed rivers, are presented in Chapter 3. We showed that glacier-fed rivers are 

a previously-overlooked CO2 sink at the watershed scale due to chemical weathering across the 

proglacial zone. Carbonate and silicate dissolution reactions actively consumed atmospheric CO2 

along the length of the rivers, as evidenced by a decline in in situ CO2 concentrations, in concert 

with an increase in DIC. As glacial meltwaters entered Lake Hazen, they cumulatively 

transformed the lake into a summertime CO2 sink. Due to dense turbidity currents generated by 

the glacial inflow rivers, CO2 undersaturation during the summer months was observed even at 

depth in the lake, an unusual observation for such a deep system, where heterotrophic processes 

typically dominate. Spot measurements of CO2 concentrations in rivers draining glaciers in the 

Canadian Rockies and southern Greenland suggest that this may be a globally relevant 

phenomenon, across diverse underlying geologies and locations.  

Continuous monitoring of pCO2, turbidity, O2 and discharge in these systems would be a 

logical next step in improving our understanding of this mechanism, but dynamic glacial river 

systems present unique hydrological and biogeochemical challenges requiring sometimes 

unconventional solutions. With meltwaters potentially originating from the top, edges and/or 

bottom of glaciers and large fluctuations in meltwater volumes over short periods of time across 

the poorly consolidated proglacial zone, rivers draining glacial meltwaters are extreme forms of 

braided rivers, that are difficult to both measure and model. Advances in drone and remote 

sensing technologies may help address some of these issues in the future.  

Finally, annual mercury (Hg) mass balance budgets for the Lake Hazen watershed, 

highlighting the sources and sinks of Hg across the rapidly changing High Arctic proglacial 

freshwater network, are presented in Chapter 4. We showed that Lake Hazen was a significant 

annual sink of bulk methylmercury (MeHg) and total mercury (THg) deposited to its depths by 

glacial inflows. Concentrations of MeHg and THg leaving Lake Hazen via the Ruggles River 

were low, but increased up to an order of magnitude downstream of the lake due to the erosion of 

river banks and permafrost slumping.  
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Although mass balances of the Arctic Ocean have identified rivers to be the primary source of 

Hg to the basin,
6
 these modelled fluxes have never been corroborated by in situ monitoring of the 

six largest Arctic rivers (Yenisey, Lena, Ob’, Mackenzie, Yukon, Kolyma).
7
 The much more 

abundant small Arctic rivers, like the Ruggles River, have, however, rarely been studied, even 

though their cumulative discharge is equal to or greater than that of these individual larger 

rivers.
8, 9

 Our few measurements from the Ruggles River suggest that small rivers may be 

important sources of Hg to the Arctic marine system due to the rapid changes (glacier melt, 

permafrost thaw) occurring across their watersheds in response to warming, a potential source of 

Hg which merits greater study.      

Overall, our results suggest that accelerated glacial melt will have important consequences for 

the biogeochemical cycles of carbon, nitrogen, phosphorus and mercury, among other 

compounds, across glacierized watersheds. As warming and wetting continues across the Arctic, 

permafrost thaw slumps and other active layer detachments are likely to become more prevalent 

features across these landscapes. Indeed, even over the five years of fieldwork presented in this 

thesis (2013-2017), permafrost thaw became more noticeable across the Lake Hazen watershed, 

with the appearance and subsequent enlargement of slumps. Given that glacial melt and 

permafrost thaw have largely been studied in isolation of one another, whether these processes 

will act synergistically or antagonistically is anyone’s guess, a new frontier in the study of 

multiple stressors. The results from our transects of the glacial rivers and Ruggles River 

presented herein suggest that both processes have similar effects on water quality, generally 

acting to increase particulate loads. We note, however, that the magnitude of particulate 

concentration increases across the permafrost thaw-influenced Ruggles River were much greater 

than those in the glacial rivers, suggesting that permafrost thaw may be a more efficient erosional 

mechanism than glacial melt.  

The three studies presented in this thesis were conducted as part of a multi-year, 

interdisciplinary project, one of the primary goals of which was to establish a water quality 

baseline for Lake Hazen, the world’s largest High Arctic lake by volume, by studying changes 

within Lake Hazen itself, but also throughout its watershed. Already in the relatively short period 

of time that we have been working in the watershed, there has been a phenomenal amount of 

change there. Since 2007, glacial meltwater inputs to the lake have increased 10-fold, reflected in 

sedimentation rates at the depths of the lake.
10

 While there is unfortunately little funding or 
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support for the development of ecosystem monitoring programs in Arctic, there is an incredible 

amount of information that can be gleaned from continued research at these remote sites. 

Particularly as our understanding of future global climate regulation hinges on that of Arctic 

freshwater systems,
11, 12

 interdisciplinary, watershed-scale studies are exactly what is needed. 
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Appendix 1. Supporting information for “Chapter 2. The land-to-ocean 

aquatic continuum in a glacierized High Arctic watershed: 

biogeochemical impacts of accelerated glacial melt”  

 

Supporting Figures and Tables  

 

Figure A1-1.  Nitrogen, phosphorus and carbon transects along the Gilman (left panels) and 

Snowgoose (right panels) rivers in summer 2016 (means of 2 transects ± SE). TN, 

total nitrogen; DIN, dissolved inorganic nitrogen (sum of NH4
+
, NO2

-
-NO3

-
); PN, 

particulate nitrogen; TC, total carbon; DIC, dissolved inorganic carbon; PC, 

particulate carbon; DOC, dissolved organic carbon. Transects conducted on 11-

July and 1-August. 
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Figure A1-2.  Transects of nitrogen, phosphorus and carbon concentrations along the Ruggles 

River from Lake Hazen to Chandler Fjord in summer 2016 (means of 2 transects 

± SE). TN, total nitrogen; DIN, dissolved inorganic nitrogen (sum of NH4
+
, NO2

-
-

NO3
-
); PN, particulate nitrogen; TC, total carbon; DIC, dissolved inorganic 

carbon; PC, particulate carbon; DOC, dissolved organic carbon. Transects 

sampled on 11-July and 2-August. 



 

 

126 

 

 

Figure A1-3.  Seasonal light profiles of the upper water column of Lake Hazen, measured using 

a Li-COR 1400 light meter.  
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Figure A1-4.  Redundancy analysis of phytoplankton community composition by biomass.  
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Figure A1-5. Biogeochemical sediment core profiles from the glacially influenced main deep site (S1 in Figure 2-1) and 

Abbé shallow (S2, ~44 m) in August and the following May. Concentrations in the overlying water were 

quantified on water samples collected from the top of the core tube before sectioning.
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Table A1-1. Sampling and analytical information for the Lake Hazen water column and glacial inflows. 

    Snow Snowmelt Rivers Lake Hazen water column 

    Spring Spring Summer Spring Summer 

Parameter Unit Instrument MDL 2013,15,17 2017 2015 2016 2013 2014 2017 2015 2016 

Temperature °C YSI EXO2 sonde n/a  x x x x x x x x 

pH  YSI EXO2 sonde n/a x x x x x x x x x 

Dissolved oxygen mg L-1 YSI EXO2 sonde n/a  x x x x x x x x 

Dissolved carbon dioxide µmol L-1 Varian Chrompack CP-

3800 

n/a     x x x x x 

Chlorophyll a (chl a) mg L-1 Varian Cary 50 Probe UV-

Visible Spectrophotometer 

     x x x x x 

Total suspended solids (TSS) mg L-1  0.05  x  x   x  x 

Total dissolved species (TDS) mg L-1  0.04 x x x x x x x x x 

Total nitrogen (TN) µg L-1 Lachat QuickChem 

QC8500  

7 x x x x x x x x x 

     Particulate nitrogen (PN) µg L-1  n/a x x x x x x x x x 

     Ammonium (NH4
+) µg L-1 Lachat QuickChem 

QC8500 

3 x x x x x x x x x 

     Nitrite + nitrate (NO2
- + NO3

-) µg L-1 Lachat QuickChem 

QC8500 

2 x x x x x x x x x 

Total phosphorus (TP) µg L-1 Lachat QuickChem 

QC8500 

1.4 x x x x x x x x x 

     Total dissolved phosphorus (TDP) µg L-1 Lachat QuickChem 

QC8500 

1.8 x x x x x x x x x 

Total carbon (TC)             

     Particulate carbon (PC) mg L-1  n/a x x x x x x x x x 

     Dissolved organic carbon (DOC) mg L-1 Shimadzu TOC5000A Total 

Organic Carbon Analyzer 

0.1 x x x x x x x x x 

     Dissolved inorganic carbon (DIC)1 mg L-1  n/a x   x x x  x x 

Sulfate (SO4
2-) mg L-1 Dionex DX-600 Ion 

Chromatograph 

0.04 x x x x x x x x x 

             

Dissolved silica (dSiO2) mg L-1 Lachat QuickChem 

QC8500 

0.02  x  x   x  x 

Phytoplankton         x x x x 

Zooplankton         x  x  
1 DIC in water samples were analyzed using the Varian Chrompack CP-3800; while DIC in snow samples were analyzed using a Shimadzu TOC-5000A Total Organic Carbon 

Analyzer. 
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Table A1-2. LOADEST log-linear models for glacial inflow chemical fluxes, where [C] is in mg L
-1

 and Q is discharge in 

m
3
 s

-1
. All constituents are dissolved (< 0.45 µm).  

Analyte Model R
2
 p Bias (%) 

NH4
+
 ln[NH4

+
] = 0.004lnQ

2
 + 1.17lnQ – 2.28 0.937 <0.0001 -13.9 

NO3
-
-NO2

-
 ln[NO3

-
-NO2

-
] = 0.915lnQ + 0.239 0.979 <0.0001 -3.14 

SO4
2-

(aq) ln[SO4
2-

] = 0.018lnQ
2
 + 0.903lnQ + 5.92 0.978 < 0.0001 -15.9 

dSiO2(aq) ln[SiO2] = 0.007lnQ
2
 + 0.905lnQ + 1.06 0.977 <0.0001 -0.78 

DIC ln[DIC] = 0.991lnQ + 5.07 0.996 <0.0001 15.5 

DOC ln[DOC] = 1.001lnQ + 2.29 0.973 <0.001 -1.83 
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Table A1-3. Sediment core sampling site information. 

    Years sampled 

Site (ID) Coordinates Depth 

(m) 

Large glacial influence 

(Y/N) 

Summer 

2016 

Spring  

2017 

Main deep (S1) 81.825°N, 70.715°W 255-267 Y x x 

Abbé shallow (S2) 81.842°N, 70.852°W 26-44 Y x x 

Blister deep (S3) 81.792°N, 71.469°W 251 N - x 

Blister shallow (S4) 81.805°N, 71.527°W 53 N - x 

Ruggles River (S5) 81.803°N, 70.504°W 60 N - x 

 

 

Table A1-4. Summary of parameters measured on sediment cores collected from Lake Hazen. 

 

Parameter Instrument Resolution 

(mm) 

M.D.L. Unit Summer 

2016 

Spring 

2017 

Porosity n/a 10 n/a  x x 

Dissolved oxygen (DO) Unisense FMM 0.1  mg L
-1

 x x 

pH Unisense FMM 0.1   x x 

Redox potential (RD) Unisense FMM 0.1  mV x x 

Hydrogen sulfide (H2S) Unisense FMM 0.1  µmol L
-1

 x  

Ammonium (NH4
+
) Lachat QuickChem QC8500 10 3 µg L

-1
 x x 

Nitrate + nitrite (NO3
-
-NO2

-
) Lachat QuickChem QC8500 10 2 µg L

-1
 x x 

Total dissolved phosphorus (TDP) Lachat QuickChem QC8500 10 1.8 µg L
-1

 x x 

Sulfate (SO4
2-

) Dionex DX-600 Ion 

Chromatograph 

10 0.04 mg L
-1

 x x 
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Table A1-5. Spring physical and chemical limnology of hydrological compartments of the Lake Hazen watershed (mean of n ± SE). 

 Watershed hydrological compartment 

   L.H. centre surface  

 Snow Snowmelt Before 

snowmelt 

After 

snowmelt 

L.H. bottom 

n samplings 
a
 33 3 3 1  4 

Physical      

Temperature (°C) - 1.09±0.500 0.189±0.050 0.933 3.709±0.085 

pH 7.47±0.126 7.13±0.236 7.84±0.050 7.84 7.43±0.117 

      

Gaseous      

O2 (mg L
-1

) - 14.3±0.185 15.4±0.152 8.80 10.0±0.580 

CO2 (µmol L
-1

) 
a
 - - 33.4±1.63 9.59 112±14.7 

      

Bulk/particulate      

TSS (mg L
-1

) 
a
 106±14.9 67.1±23.8 - - 162±95.2 

TN (mg-N L
-1

) 0.128±0.012 0.319±0.155 0.079±0.008 0.066 0.090±0.003 

TP (mg-P L
-1

) 0.045±0.004 0.042±0.018 1.47±0.767 0.700 0.002±0.001 

TFe (mg L
-1

) 0.222±0.081 4.12±0.011 <D.L. <D.L. <D.L. 

PN (mg-N L
-1

) 0.059±0.014 0.198±0.013 0.004±0.001 0.016 0.004±0.001 

PC (mg-C L
-1

) 2.10±0.194 1.97±0.495 0.060±0.011 0.170 0.048±0.013 

      

Dissolved (<0.45 

µm) 

     

NO3
-
 (µg-N L

-1
) 41.6±2.63 84.3±23.8 45.6±0.865 27.7±0.333 72.0±1.68 

NH4
+
 (µg-N L

-1
) 8.80±0.746 25.0±5.03 6.38±1.33 4.67±0.33 4.13±1.21 

DIN (µg-N L
-1

) 50.4±3.12 109±18.8 51.3±2.67 32.3 75.2±3.17 

DIN:TP (mass) 1.39±0.155 3.48±1.01 56.6±20.5 46.2 68.1±23.1 

TDP (µg-P L
-1

) * 2.52±0.308 - <D.L. <D.L. <D.L. 

DOC (mg-C L
-1

) 0.254±0.068 1.30±0.240 0.433±0.088 0.400 0.175±0.150 

DIC (mg-C L
-1

) 
a
 1.94±0.115 - 10.2±0.723 6.79 11.0±2.04 

SO4
2-

 (mg L
-1

) 1.12±0.100 14.9±2.25 12.0±0.254 5.58 11.3±0.297 

dSiO2 (mg L
-1

) 0.085±0.006 0.24±0.020 - - - 
a Snow means of 2013, 2015; before snowmelt mean of 2013, 2014, 2017; after snowmelt – 2014; bottom water mean of 2013, 2 x 2014, 2017. 

* Calculated from concentration factor (see methods).  
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Table A1-6. Summer physical and chemical limnology of hydrological compartments of the Lake Hazen watershed (mean of n ± SE) 

averaged between summers 2015 and 2016. 

 Watershed compartment 

 Glacial 

headwaters 

Glacial 

deltas 

L.H. 

shoreline 

L.H. centre 

surface 

L.H. 

bottom 

Ruggles 

outflow 

Ruggles at 

fjord 

n samplings 6 44 12 2 2 3 2 

Physical        

Temperature (°C) 1.04±0.130 8.01±0.42 5.00±0.537 3.23±0.371 3.46±0.04 3.75±0.286 4.00±0.127 

pH 7.33±0.162 7.86±0.08 7.59±0.157 7.81±0.16 7.83±0.08 7.87±0.13 8.06±0.483 

        

Gaseous        

O2 (mg L
-1

) 14.5±0.399 12.0±0.147 12.4±0.043* 13.6±0.055 13.2±0.160 13.7±0.221 13.9±0.442 

CO2 (µmol L
-1

) - - 22.2±0.091* 22.5±2.06 22.1±2.73 - - 

        

Bulk/particulate        

TSS (mg L
-1

) 158±94.9 562±163 18.1±14.5 1.90 14.7 1.89±0.500 365±227 

TN (mg-N L
-1

) 0.108±0.024 0.736±0.172 0.028±0.007 0.060±0.021 0.079±0.001 0.054±0.021 0.044±0.0245 

TP (mg-P L
-1

) 0.046±0.020 0.661±0.187 0.003±0.001 0.002±0.001 0.007±0.004 0.002±0.001 0.139±0.130 

TFe (mg L
-1

) 4.53±1.44 13.6±2.73 0.328±0.193 0.012±0.009 0.259±0.237 0.172±0.143 8.01±3.36 

PN (mg-N L
-1

) 0.075±0.021 0.653±0.147 0.045±0.033 0.008 0.023 0.005±0.001 0.303±0.190 

PC (mg-C L
-1

) 1.22±0.327 10.7±3.09 0.696±0.587 0.070±0.021 0.434±0.163 0.122±0.033 77.4±75.5 

        

Dissolved (<0.45 

µm) 

       

NO3
-
 (µg-N L

-1
) 19.9±3.70 57.9±5.20 15.9±3.98 27.8±2.60 39.6±3.33 12.7±8.01 31.3±11.8 

NH4
+
 (µg-N L

-1
) 5.97±0.958 17.7±6.39 2.99±0.685 1.92±0.274 5.70±1.28 4.83±1.69 13.3±5.8 

DIN (µg-N L
-1

) 25.9±3.98 75.6±8.58 18.8±3.94 28.9±3.42 44.5±5.50 17.5±9.46 44.5±6.00 

DIN:TP (mass) 1.29±0.601 8.55±4.84 6.43±1.11 22.9±12.1 8.55±4.20 13.2±6.38 2.88±2.73 

TDP (µg-P L
-1

) <D.L. <D.L. <D.L. to 3.0 9.5±2.5 11.5±5.5 <D.L. <D.L. 

DOC (mg-C L
-1

) 0.30±0 0.374±0.034 0.225±0.045 0.30±0.14 0.175±0.125 0.30±0.00 0.50±0.00 

DIC (mg-C L
-1

) 1.73±0.373 7.00±0.261 5.51±1.41 9.34±2.31 9.77±5.23 10.3±2.61 8.99±0.749 

SO4
2-

 (mg L
-1

) 3.94±0.922 17.6±2.00 6.48±1.57 10.5±0.09 10.3±0.460 7.11±2.85 9.38±2.12 

dSiO2 (mg L
-1

) 0.080±0.003 0.290±0.029 0.248±0.074 0.400 0.430 0.260±0.080 0.305±0.085 
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Table A1-7. Physical and chemical limnology of the glacial river deltas in the Lake Hazen watershed (mean of n ± 1 SD) during 

summers 2015 and 2016.  

 Blister Snowgoose Abbé Gilman H. Nesmith Turnabout Very 

n samplings 11 11 3 2 3 3 3 

Physical        

Length (km) 11.2 15.6 20.9 21.2 4.30 55.3 42.5 

Watershed area (km
2
) - 222 390 992 1274 678 1035 

Glacier area (km
2
) 6 87 204 778 1041 259 269 

Runoff (km
3
 yr

-1
)  0.016 ± 0.014 0.038 ± 0.033 0.118 ± 0.105 0.183 ± 0.153 0.053 ± 0.041 0.122 ± 0.060 

Temperature (°C) 8.90 ± 1.90 7.29 ± 1.53 5.96 ± 1.85 3.43 ± 0.281 6.27 ± 5.06 12.0 ± 0.943 10.3 ± 2.91 

pH 7.80 ± 0.446 7.67 ± 0.634 7.94 ± 0.521 8.61 ± 0.157 8.16 ± 0.303 7.85 ± 0.181 8.18 ± 0.063 

        

Gaseous        

O2 (mg L
-1

) 11.5 ± 0.61 12.0 ± 0.52 13.0 ± 0.19 14.0 ± 0.56 12.8 ± 1.76 11.2 ± 0.44 11.6 ± 1.08 

        

Bulk/particulate        

TSS (mg L
-1

) 
b
 630±292 621±390 225±21.5 1064±154 64.8±10.2 547±367 275±36.9 

TN (mg N L
-1

) 0.401 ± 0.677 0.755 ± 1.03 1.55 ± 2.05 1.65 ± 0.716 0.201 ± 0.176 1.94 ± 1.68 0.554 ± 0.200 

TP (mg P L
-1

) 0.777 ± 1.64 0.408 ± 0.353 0.927 ± 1.34 1.30 ± 0.760 0.133 ± 0.171 0.408 ± 0.353 0.185 ± 0.169 

TFe (mg L
-1

) 8.64 ± 3.27 13.4 ± 4.35 25.8 ± 16.4 47.8 ± 22.1 5.72 ± 2.01 12.8 ± 3.40 5.74 ± 1.25 

PN (mg N L
-1

) 0.454 ± 0.677 0.526 ± 0.756 1.48 ± 2.03 1.49 ± 0.710 0.148 ± 0.157 1.73 ± 1.67 0.467 ± 0.186 

PC (mg C L
-1

) 4.40 ± 6.73 15.9 ± 26.5 5.66 ± 5.26 26.3 ± 10.9 5.85 ± 6.92 10.8 ± 7.37 10.0 ± 8.39 

        

Dissolved (<0.45 µm)        

NO3
-
-NO2

-
 (µg N L

-1
) 84.1 ± 31.7 46.6 ± 19.5 22.9 ± 5.89 44.0 ± 14.9 24.5 ± 2.83 71.1 ± 26.8 56.6 ± 19.8 

NH4
+
 (µg N L

-1
) < 3.00 5.61 ± 3.76 6.50 ± 6.61 89.5 ± 17.7 7.25 ± 0.35 84.5 ± 95.6 23.5 ± 22.8 

DIN (µg N L
-1

) 85.9 ± 31.5 52.2 ± 17.2 29.4 ± 4.76 133 ± 32.5 31.8 ± 3.19 156 ± 122 80.1 ± 11.3 

TDP (µg N L
-1

) 
a
 <D.L. to 6.00 < D.L. to 5.00 <D.L. to 8.00 <D.L. <D.L. <D.L. to 11.0 <D.L. to 3.00 

DIN:TP (mass) 23.4 ± 46.9  2.28 ± 4.88 0.16 ± 0.16 0.11 ± 0.04 5.16 ± 6.61 1.36 ± 2.01 1.45 ± 1.87 

DOC (mg C L
-1

) 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.6 ± 0.1 0.3 ± 0.0 1.1 ± 0.4 0.5 ± 0.1 

DIC (mg C L
-1

) 
b
 6.79 ± 0.745 7.31 ± 1.26 5.31±0.577 6.002±0.383 4.96±0.119 8.34±0.129 9.72±0.526 

SO4
2-

 (mg L
-1

) 23.7 ± 8.89 21.2 ± 16.2 11.8 ± 3.62 10.5 ± 0.714 11.2 ± 11.4 12.8 ± 3.89 14.0 ± 5.64 

dSiO2 (mg L
-1

) 
b
 0.43 ± 0.15 0.22 ± 0.09 0.14 ± 0.00 0.16 ± 0.02 0.11 ± 0.01 0.44 ± 0.01 0.30 ± 0.01 

* TSS, total suspended solids; TN, total nitrogen; TP, total phosphorus; TFe, total iron; PN, particulate nitrogen; PC, particulate carbon. O2, dissolved oxygen; CO2, carbon 

dioxide; CH4, methane; NO3
-, nitrate; NH4

+, ammonium; DIN, dissolved inorganic nitrogen; TDP, total dissolved phosphorus; DOC, dissolved organic carbon; DIC, dissolved 

inorganic carbon; SO4
2-, sulfate; Cl-, chloride; Na+, sodium; K+, potassium; Ca2+, calcium; Mg2+, magnesium; dSiO2, dissolved silica. 

a  TDP presented as range due to fact that most measurements were below detection (<D.L.), where D.L. = 1.8 µg P L-1.   
b CO2, DIC, dSiO2 and TSS concentrations are means from 2016 only.
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Table A1-8.   Seasonal phytoplankton genus and species diversity in Lake Hazen by taxonomic group.  

 Total no. Total under ice Total open water Unique under ice Unique open water Shared 

Group Genus Species Genus Species Genus Species Genus Species Genus Species Genus Species 

Chlorophyte 10 11 8 9 8 8 2 3 2 2 6 6 

Chrysophyte 16 21 12 17 10 11 6 7 4 4 6 10 

Cryptophyte 3 7 3 4 3 5 0 2 0 2 3 3 

Cyanobacteria 6 6 4 3 2 2 4 4 2 2 0 0 

Diatom 17 23 17 20 6 8 11 13 0 2 6 8 

Dinoflagellates 3 8 2 5 3 4 0 3 1 3 2 2 

Euglenophyte 2 2 2 2 2 1 1 1 0 0 1 1 

             

Total 57 78 48 60 34 39 24 33 9 15 24 30 
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Table A1-9. Overlying dissolved O2 concentrations (1 cm overlying core ± SE), and maximum and depth-integrated oxygen 

consumption rates (in nmol cm
-2

 s
-1

) for sediment cores collected throughout the Lake Hazen basin. See Table S3 for site 

information. 

 SPRING SUMMER 

Site (ID) Overlying O2 Integrated Maximum Overlying O2 Integrated Maximum  

 µmol L
-1

 nmol cm
-2

 s
-1

 nmol cm
-2

 s
-1

 µmol L
-1

 nmol cm
-2

 s
-1

 nmol cm
-2

 s
-1

  

Main deep (S1) 104 ± 1.69 1.61 x 10
-4

 6.18 x 10
-3

 426 ± 0.59 1.10 x 10
-3

 3.81 x 10
-3

  

Abbé shallow (S2) 64.2 ± 0.76 3.63 x 10
-4

 2.69 x 10
-3

 362 ± 2.06 2.56 x 10
-3

 2.67 x 10
-3

  

Blister deep (S3) 270 ± 0.17 1.08 x 10
-3

 2.27 x 10
-3

  - -  

Blister shallow (S4) 414 ± 0.41 5.19 x 10
-4

 5.19 x 10
-4

  - -  

Ruggles River (S5) 398 ± 0.55 6.85 x 10
-4

 1.16 x 10
-3

  - -  
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Appendix 2. Supporting information for “Chapter 3. Chemical weathering in 

glacial meltwaters are creating strong downstream freshwater CO2 

sink”  

 

Supporting Figures and Tables 

 
Figure A2-1. Map of Lake Hazen watershed on northern Ellesmere Island, Quttinirpaaq National 

Park, Nunavut, Canada. Glacial sub-watersheds delineated in yellow, within 

watershed (grey) boundary. Sampling locations identified in red (glacial rivers) 

and purple (Lake Hazen), with lake bathymetry from Köck et al. 2012.
1
 

Watershed characteristics for the sampled glacial rivers and watershed area 

presented in the inset table, including sub-catchment and glacierized sub-

catchment areas, and river length. Background image from Copernicus Sentinel 2.  
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Figure A2-2. Carbon dioxide (CO2) and oxygen (O2) saturation in (A) glacial river deltas in 

2016 and (B) Lake Hazen in 2015 and 2016. Lake Hazen samples categorized as 

moat (grey) or water column (light blue); all lake samples measured after ice melt 

on 26-Jul-2015. Water column CO2 concentrations calculated at surface pressure.   
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Figure A2-3. Examples of daily instantaneous surface CO2 fluxes in µmol m
-2

 h
-1

 along the 

shoreline of Lake Hazen. Hourly fluxes averaged from CO2 concentrations taken 

at 15-minute intervals, corrected for chemical enhancement of CO2 diffusion at 

high pH, and calculated per hour using in situ temperature, barometric pressure 

and wind speed. 
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Table A2-1. Temperature, pH and components of the carbon system in the Lake Hazen watershed, glacial river deltas, Lake Hazen 

moat and water column and Ruggles River outflow. Means (n shown) ± 1 SD shown. Summer water column (0, 250 m) 

averaged over 2015 and 2016, except for 𝛿13
C-DIC (2016 only).

*
  

   Dissolved Suspended sediments 

 Temp. (°C) pH CO2(aq) (µM) Weathering 

endpoint CO2 (µM) 

DIC (µM) 𝜹13C-DIC (‰) DOC (mg L-1) % OC 𝜹 13C (‰) 

Bi-weekly (n)          

Blister (10) 7.3 ± 1.7 7.6 ± 0.43 17.8 ± 1.9 10.7 ± 8.6 565 ± 62 -2.97 ± 1.86 (n=6) 0.4 ± 0.1 1.0 -14.1 

Snowgoose (10) 9.5 ± 2.0 7.5 ± 0.6 17.9 ± 4.3 10.3 ± 10.0 609 ± 105 -1.77 ± 1.39 0.4 ± 0.1 1.4 -11.5 

Surveys (n)          

Abbé (2) 6.5 ± 2.2 7.6 ± 0.1 16.2 ± 3.4 1.0 ± 0.3 442 ± 48 -1.17 ± 0.01 0.4 ± 0.1   

Gilman (2) 3.4 ± 0.3 8.6 ± 0.2 5.5 ± 2.0 0.9 ± 0.1 500 ± 32 -3.42 ± 0.00 0.6 ± 0.1 1.4 -10.9  

H. Nesmith (2) 3.4 ± 1.2 8.1 ± 0.4 15.4 3.6 ± 4.7 413 ± 10 -2.47 ± 2.22 0.3 ± 0.0   

Turnabout (2) 12.0 ± 0.9 7.8 ± 0.1 19.1 ± 2.4 15.7 ± 13.0 695 ± 11 -1.68 ± 1.03 1.1 ± 0.4 3.7 -22.3 

Very (2) 8.7 ± 1.0 8.2 ± 0.1 12.7 1.0 ± 0.1 809 ± 44 -2.37 ± 0.67 0.5 ± 0.1 3.7 -9.4 

Lake Hazen (n)          

Moat (6) 5.1 ± 2.1 7.6 ± 0.4 23.3 ± 3.8 21.3 ± 6.0 143 ± 140 - 0.3 ± 0.1 - - 

Centre, 0 m (2)  7.8 ± 0.2 22.5 ± 0.5 - 814 0.33 (n=1) 0.3 ± 0.1 - - 

Centre, 250 m (2)  7.8 ± 0.1 22.1 ± 3.9 - 897 -0.11(n=1) 0.3 ± 0.1 - - 

Ruggles River (n=2)** 3.6 ± 0.6 7.8 ± 0.3 18.2 ± 1.3 14.9 ± 1.1 924 ± 502 0.71 ± 0.01 0.3 ± 0.0 - - 
* CO2(aq), dissolved CO2; DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; OC, organic carbon. 
**  

The Ruggles River is the outlet of Lake Hazen.  
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Table A2-2. Weathering indices in glacial rivers of the Lake Hazen watershed in 2015 and 2016. Catchment estimates based on 

glaciers studied covering 83% of watershed glacierized area. ∑C+, sub-watershed cation equivalent weathering rate. All 

rates calculated using river valley areas. Weathering yields (∑C+ weathering, dSiO2 yield, solute denudation rates) 

calculated using watershed areas; CO2 consumption rates (i.e., surface fluxes) calculated using river valley areas. 

INDEX Unit Year Abbé Blister a Gilman H. Nesmith Snowgoose Turnabout Very Watershedb 

River valley area (RV) km2 - 7.9 2.5 5.1 9.6 5.6 13.4 32.9 91.0 

River length km - 21 11 22 4.6 17 42 39 - 

Proglacial area (PG) km2 - 186 - 284 233 135 419 766 3354c 

Glacier area (GL) km2 - 204 6 708 1041 87 259 269 3078 

Watershed area (WS) km2 - 390 - 992 1270 222 678 1035 7516 

Modeled run-off km3 2015 0.061 0.002 0.20 0.29 0.026 0.082 0.17 0.82 

  2016 0.015 <0.001 0.043 0.075 0.006 0.043 0.080 0.29 

∑+ weathering meq m-2 yr-1  2015 176 - 186 213 146 131 168 170 

  2016 52.4 - 52.4 69.2 55.7 30.8 90.4 58.5 

dSiO2 yield mg m-2 yr-1 2015 22.8 - 25.2 29.1 18.4 17.2 22.3 22.5 

  2016 0.362 - 0.368 0.944 0.164 0.281 1.21 0.553 

Solute denudation t km-2  2015 8.41 - 8.72 9.92 7.03 6.24 7.98 8.05 

  2016 2.51 - 2.51 3.31 2.65 2.16 4.34 2.91 

CO2 consumption g C-CO2 m
-2 d-1  2015 0.335 0.041 1.45 1.14 0.218 0.259 0.208 0.519 

  2016 0.087 0.010 0.359 0.326 0.073 0.079 0.101 0.149 

 Mg C-CO2 yr-1 2015 106 4.07 297 438 48.8 138 274 1515 

  2016 29.5 1.10 78.7 135 17.6 45.2 143 522 
a Sub-catchment area for Blister River, not defined in Canadian Digital Elevation Model.  
b Watershed areal rates are means of the measured sub-catchment rates.  
c Watershed proglacial area defined as non-glacierized area of watershed, not covered by Lake Hazen (544 km2). 
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Table A2-3. Literature documented CO2(aq) undersaturation in glacier-fed freshwater ecosystems*.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* 
Dist., distance of sampling location from glacier; regime, presence (subglacial) or absence (cold) of under ice drainage system; CO2 (M/C), CO2 concentrations 

measured (M) or calculated (C).  
a
 Regions defined by Randolph Glacier Inventory (ref 

6
). Glacier areas extracted from World Glacier Inventory if not reported.  

b 
Minimum distance from glacier = 0.5 km.  

c 
pCO2 data not detailed, but 65% of downstream samplings reported as ‘undersaturated’.  

d 
Some values fell below atmospheric equilibrium (Figure 6 in ref 

5
). 

 

 

 

 

 

 

 

Glacier Randolph Region 
a
 Dist. 

b 
  

(km) 

Glacier area 

(km
2
) 

Geology CO2 

saturation 

Unit CO2 

(M/C) 

Ref. 

Abbé Canada Arctic North 21 204 Carbonate 68.1±9.78 % sat. M This study 

Blister Ice Cap Canada Arctic North 11 6 Carbonate 81.4±6.91 % sat. M This study 

Gilman Canada Arctic North 28 708 Carbonate 20.5±7.46 % sat. M This study 

Henrietta Nesmith Canada Arctic North 4.6 1041 Carbonate 57.0 % sat. M This study 

Snowgoose Canada Arctic North 17 87 Carbonate 77.6±19.4 % sat. M This study 

Turnabout Canada Arctic North 42 259 Carbonate 95.5±10.0 % sat. M This study 

Very Canada Arctic North 39 269 Carbonate 56.7 % sat. M This study 

Saskatchewan Western Canada 5.5 30 Carbonate 22.1 % sat. M This study 

Kiattuut Sermiat Greenland periphery 2.5 36 Granitic 34.8 % sat. M This study 

Kiattuut Sermiat Greenland periphery 1 36 Granitic 17.5 % sat. C 
2
 

Austre/Vestre Brøggerbreen Svalbard 2.5 16 Carbonate -3.55 to -3.96 Index C 
3
 

Various (Austrian Alps) Central Europe 0-1.6 0.82-19 Unknown 
c 

Text M 
4
 

Kennicott Alaska 0.5 420 Mixed 
e 

Visual C 
5
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Table A2-4. Best-fit log-linear models of major cation and anion loads in glacial rivers from rLOADEST (Runkel et al. 2015), where 

Q is discharge in m
3
 s

-1
 and [x] is the analyte load in kg d

-1
. 

Analyte Model R
2
 p Bias (%) 

Ca
2+

(aq) ln[Ca
2+

] = 0.940lnQ + 5.29 0.989 <0.0001 -5.63 

Mg
2+

(aq) ln[Mg
2+

] = 0.008lnQ
2
 + 0.956lnQ + 2.76 0.976 <0.0001 -9.00 

Na
+

(aq) ln[Na
+
] = 0.009lnQ

2
 + 1.02lnQ + 2.71 0.994 <0.0001 4.04 

K
+

(aq) ln[K
+
] = 0.987lnQ + 1.44 0.982 <0.0001 9.72 

SO4
2-

(aq) ln[SO4
2-

] = 0.018lnQ
2
 + 0.903lnQ + 5.92 0.978 < 0.0001 -15.9 

Cl
-
(aq) ln[Cl

-
] = 0.017lnQ

2
 + 1.01lnQ + 0.969 0.985 <0.0001 8.64 

HCO3
-
(aq) ln[HCO3

-
] = 0.992lnQ + 6.26 0.992 <0.0001 -8.43 

SiO2(aq) ln[SiO2] = 0.007lnQ
2
 + 0.905lnQ + 1.06 0.977 <0.0001 -0.78 

DICglacier ln[DICglacier] = 1.09lnQ + 4.90 0.963 <0.0001 -18.9 

DICdelta ln[DICdelta] = 0.991lnQ + 6.37 0.996 <0.0001 15.5 
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Appendix 3. Supporting information for “Chapter 4. Climate drives 

catchment-wide changes in mercury cycling in the High Arctic’s 

largest lake by volume (Lake Hazen, Nunavut, Canada)”  

 

METHODS 

Inputs to Lake Hazen.  

Snowmelt on the lake surface. Integrated snowpack samples were collected at maximum 

snowpack depth just prior to melt from the surface of Lake Hazen (10 paired sites) in May 2014 

and from the lake surface (10 sites) and the adjacent catchment (9 sites) in May 2015 (Table A3-

1). At each site, integrated snow core samples were collected from behind the cleaned edge of a 

snow pit using a dilute HCl-washed stainless steel corer of 4.3 cm inner diameter (ID) and the 

two person “clean hands, dirty hands” Hg sampling protocol. Snow samples for Hg analyses 

were placed into double-bagged glass jars with Teflon-lined lids (I-Chem Certified 300 Series 1-

L clear jar). Samples for water chemistry analyses were collected in large Ziploc freezer bags 

pretested for contamination. All snow samples were kept frozen until melting and processing in 

the Canadian Association of Laboratory Accreditation (CALA)-certified Biogeochemical 

Analytical Service Laboratory (BASL; University of Alberta, Edmonton AB, Canada).  

 

2014 snowpacks. Low snowpack volume, combined with frequent wind storms, created distinct 

patches of light and dark snow (see Figure A3-2) on Lake Hazen, depending on how dust drifted 

and accumulated. There was virtually no snow on the landscape in May 2014; consequently, 10 

sites were sampled on the lake ice surface only. At each of the sampling sites, adjacent light and 

dark patches were sampled separately. At light patches, integrated snowpack samples were 

collected using a cleaned 4.3 cm diameter stainless-steel corer. At dark patches, where 

snowpacks were thin due to low albedo caused by high loadings of dark particulate matter, a 

cleaned stainless-steel spatula was used to scrape integrated snowpack samples from a known 

surface area of lake ice. Samples were collected and subsequently processed as in 2015 (see main 

text). For 2014 snowpacks, % coverage of the light and dark snow packs were estimated from 3 

aerial photographs of the lake surface using ArcGIS 10.3 (ESRI 2014). Mean 2014 loadings were 

then weighted according to the mean distribution between light (44.7%) and dark (55.3%) 

snowpacks. 
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Snowmelt from the adjacent landscape.  Snowmelt runoff samples were collected from three 

channels (Blister River, Snowgoose River, Skeleton Creek) every 3-5 days between 23 May and 

1 June 2014. Snowmelt runoff, and for all water samples described hereafter collected for Hg 

analyses, were collected by dipping 250 ml amber bottles with Teflon-lined lids (Environmental 

Sampling Supply, no. 0250-0150-QC) below the water surface using the clean-hands, dirty hands 

sampling technique. Bottles were triple-rinsed with sample water, and stored double-bagged. 

Upon return to the clean room of the Lake Hazen Field Laboratory, samples were preserved with 

concentrated trace-metal grade HCl (0.5% v/v) and kept cool until shipped to the University of 

Alberta for analyses. Additional bulk water samples were collected for supporting chemistry in 

acid-washed and triple-rinsed Nalgene bottles and/or polyethylene/polyurethane Platypus™ 

bags. All samples were processed and preserved either onsite or in the Field Laboratory 

according to analyte-specific, CALA-approved standard operating procedures and kept cool until 

shipped for analyses at the BASL. 

 

Glacial melt. Seven glacial rivers (Table A3-6, Figure A3-1) were sampled in summers 2015 (7 

– 31 July) and 2016 (2 July – 5 August). The Snowgoose and Blister rivers, both within walking 

distance of the base camp, were sampled at their deltas every 5-7 days. Five additional glacial 

rivers (Abbé, Gilman, Henrietta Nesmith, Turnabout, Very; Figure A3-1) were accessed by 

helicopter once in 2015 (15 July) and twice in 2016 (11, 13 July; 1–2 August). To assess whether 

Hg concentrations changed over the length of the Blister (2015) and Gilman and Snowgoose 

(2016) rivers, we also sampled three sites between the glaciers and river deltas (n = 5 transects).  

Glacial rivers mobilize significant quantities of sediments
1, 2

, so at each site, we collected four 

samples to assess the differences between unfiltered (bulk) and filtered (dissolved) 

concentrations of MeHg and THg. Samples for dissolved MeHg and THg analyses were filtered 

through acid-washed 0.45-m cellulose nitrate filter towers (Nalgene
TM

 Rapid-Flow Filters, 

Thermo Fisher no. 126-0045) immediately upon return to the Field Laboratory. The filtrate was 

then dispensed into new bottles and acidified as above. To determine concentrations of MeHg 

and THg on suspended particles in the glacial river water, we collected bulk water samples from 

the Blister, Snowgoose, Turnabout, Very, and Gilman rivers into Whirlpak® bags. All samples 
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were frozen at the Lake Hazen base camp, and subsequently freeze-dried and homogenized prior 

to analyses. 

 

Sources of particulate Hg. Surface soils can be a potential source of local airborne particulate 

matter, Hg and nutrients. As such, we collected triplicate 5 cm long soil core samples, 2.54 cm in 

diameter, at 5 sites along a transect extending from Lake Hazen to the foothills of the Grant Land 

Mountains in July 2015. To identify other possible sources of particulate Hg in water samples, 

coal samples and floating foam (Figure A3-6) at the lake edge near Blister Creek and the Gilman 

River were opportunistically sampled in 2015 and 2016. All samples were kept frozen and 

freeze-dried just prior to analysis.  

 

MeHg and THg Analysis. For MeHg analysis, 44-46 mL of water samples were distilled at 

128°C with 200 µL ammonium pyrrolidine dithiocarbamate (APDC), while 100-200 mg of solid 

samples were soaked overnight in ~45 mL milli-Q water with 500 µL of 50% H2SO4 and 200 µL 

of 20% KCl and then distilled the following morning at 147°C. All solid samples were freeze-

dried and homogenized prior to the preparation of distillation. All samples were spiked with 

Me
201

Hg. Relative standard deviations (RSD) between duplicate samples on unfiltered (bulk) and 

filtered (dissolved) water samples were less than 25% and 15%, respectively. Duplicate samples 

with RSDs greater than 20% were run in triplicate; however, samples with high suspended 

particulate loads are inherently variable. RSD on duplicate solid samples were between <1 and 

14%, except for the coal from the Gilman River (55%). The low precision observed in this 

sample was likely due to challenges associated with matrix homogenization. Solid sample 

method accuracy and precision were assessed using reference material SQC1238 (MeHg in 

sediment with certified value of 10.0 ± 0.291 ng g
-1

, acceptable range of 5.13 to 14.9 ng g
-1

; 

Sigma-Aldrich). Mean SQC1238 concentrations using this method was 11.9 ± 0.833 ng g
-1

. 

There was no reference material for MeHg in water. Concentrations of MeHg standards (isotopic 

Me
201

Hg and bulk MeHgCl from Brooks Rand) were checked annually by Flett Research Ltd. 

(Winnipeg, MB, Canada).  

For THg analysis on water samples, relative standard deviations on unfiltered (bulk) and 

filtered (dissolved) duplicate water samples were generally less than 15%. THg concentrations 

on solid samples (coal, foam, soils, suspended sediment material) were determined using a Direct 
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Mercury Analyzer (DMA-80). Duplicate recoveries (where sufficient sample available) were 

between 2 and 36%. Mean recovery of reference material MESS-4 (marine sediment, National 

Research Council Canada) was 0.075 ± 0.002 mg kg
-1

, well within the certified range of 0.02-

0.14 mg kg
-1

.  

 

Hg
0
 efflux estimation. As we did not directly measure Hg

0
 in 2015 or 2016, we used the mean 

Hg
0
 concentrations in Lake Hazen reported in Lehnherr et al. (2012)

3
 (29.1 ± 10.7 pg L

-1
), based 

on 3 discrete samplings in 2005 (6, 12, 19-July-2005). GEM efflux was estimated by multiplying 

the mean GEM flux rate by the daily ice-free areas for Lake Hazen, obtained using the MODIS 

snow cover product (MOD10A1), as described in Lehnherr et al 
4
. Diffusive gaseous elemental 

Hg
0
 fluxes are estimated using equation 1(

5
): 

 

Flux = k(Cw - Ceq)      [1] 

Where k is the wind-speed derived gas transfer velocity (cm hr
-1

), Cw is the concentration of Hg
0
 

in the water (pg L
-1

) and Ceq is the aqueous concentration of Hg
0
 if the water were at atmospheric 

equilibrium with respect to Hg
0
, based on an atmospheric concentration of 1.7 pg L

-1 
(
6
). Flux 

calculations for Hg
0
 are described in detail elsewhere

6, 7
.  

 In 2015, we simultaneously logged water temperature with a YSI EXO 2 sonde about 30 

cm below the water surface along the shoreline of Lake Hazen and wind speed with a Met One 

014A anemometer at 1 m above the ground, interfaced with a Campbell Scientific CR10x 

datalogger at 15 minute intervals. Wind speeds were corrected to 10 m (U10) following Crusius 

and Wanninkhof (2003)
8
. In 2016, wind speed was measured continuously, but not water 

temperature, therefore we only obtained spot estimates (n=18) with sufficient information for 

calculating fluxes. Mean Hg
0
 flux rates were 0.323 ± 0.183 ng m

-2
 hr

-1
 (n=375). We then 

multiplied the mean flux rate by the daily ice-free areas for 2015 and 2016. 

 

RESULTS AND DISCUSSION 

Snow and snowmelt (2014).  In 2014, mean MeHg and THg concentrations in snow were 

1.97±2.13 ng L
-1

, 172±313 ng L
-1

, significantly higher than in 2015 (0.358±0.134 ng L
-1 

and 

4.73±1.02 ng L
-1

). MeHg and THg concentrations in the dark snow were 3.51±2.25 and 339±400 

ng L
-1

, respectively. These concentrations were greater (though not statistically significant, 
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Tables S3 and S4) than in the light snow, where MeHg and THg concentrations were 

0.579±0.200 and 21.4±9.67 ng L
-1

.  In 2014, high particulate loads in the snow (Figure A3-2) 

decreased the albedo, further concentrating the Hg through multiple spring freeze-thaw cycles
9
. 

These concentrations are much higher than those previously recorded in arctic snowpacks, even 

during atmospheric mercury depletion events (AMDEs; e.g., THg concentrations >60 ng L
-1

 
10

) 

and are likely largely a result of frequent dust storms during winter 2014. Dusts deposited to the 

Arctic can originate from distant sources
11, 12

, but we believe the 2014 dusts to be largely local, 

pursuant to our observation of a prolonged (2-3 days) dust storm in late May 2014. 

Concentrations of MeHg and THg in local soils were 0.053-0.292 ng g
-1

 and 7.42-29.9 ng g
-1

, 

respectively, and within the range of other sites in the Canadian Arctic Archipelago (0.02-2.11 

ng g
-1

; 1.64-49.0 ng g
-1

)
13

. While low, these concentrations could easily account for the Hg 

concentrations observed within the 2014 snowpacks. Snowmelt MeHg and THg concentrations 

decreased throughout the 2014 melt season from 0.292±0.145 to 0.073±0.002 ng L
-1

 and 

14.1±8.53 to 2.07±0.347 ng L
-1

, respectively, consistent with snowpack elution
9, 14

.  

 Unfiltered MeHg loadings were not statistically different between 2014 and 2015 

(0.303±0.309 mg ha
-1

 and 0.404±0.348 mg ha
-1

; t=-1.33, p > 0.05), but unfiltered THg loadings 

in 2014 were higher than in 2015 (16.0±20.8 mg ha
-1

 and 5.09±3.31 mg ha
-1

; t=2.86, p < 0.05). 

Although concentrations of both MeHg and THg were higher and more variable in the dark 

versus light snow in 2014, loadings were approximately equal between the snow types due to 

differences in snowpack volumes (dark volume << light volume).  

 

Possible sources of dissolved MeHg and THg within Lake Hazen.  Although Lake Hazen was 

an overwhelming sink of both MeHg and THg, exports of dissolved MeHg and THg to the 

Ruggles River marginally exceeded inputs. There are two possible processes by which 

partitioning between particulate and dissolved phases of Hg may occur within Lake Hazen: 1) 

particle scavenging in surface waters, and 2) particle dissolution at the redox boundary
15

. Firstly, 

foams of biological origin (∂
13

C = -26.7 ± 1.27‰; see Figure A3-5) opportunistically sampled 

along the shores of Lake Hazen had very high concentrations of MeHg (1.28±0.847 ng g
-1

) and 

THg (474±61.3 ng g
-1

). Periodicity in ultra-oligotrophic polar water bodies can lead to the 

formation of nutrient-rich, metabolically-active foams concentrating algal and cyanobacterial 

detritus
16

. These foams are hotspots of biological activity and thus may also be important highly 
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localized zones of Hg cycling; however, this has never been specifically examined to our 

knowledge. Secondly, the bottom waters of Lake Hazen become anoxic during the winter with 

active microbial respiration within the sediments (Figure 4-4). Sediment core profiles exhibit 

distinct peaks in MeHg concentrations and genes of the mer operon have been isolated from 

sediments within Lake Hazen
17

 suggesting the potential for biological transformation 

(oxidation/reduction/methylation) of Hg within the Lake Hazen sediments. 
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Supporting Figures and Tables 

 

 

 
 

Figure A3-1. Sampling sites within the Lake Hazen watershed, northern Ellesmere Island, 

Nunavut, Canada. Satellite imagery from Landsat (Google Earth).  
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Figure A3-2. Snow conditions on the Lake Hazen watershed in 2014 (left column) and 2015 

(right column). Top: Lake Hazen base camp in Quttinirpaaq National Park on May 14th in 2014 

and 2015. Middle: aerial view of lake ice surface. Bottom: close-up view of snow samples; 2014 

photo shows adjacent light (left) and dark (right) patches of snow.  

 

 

 

 

 

 

 

 

 

 

 



 153 

 
Figure A3-3. Isotopic signatures (𝛿18

O-H2O and (𝛿2
H-H2O) of glacial river samples relative to 

global meteoric water line.  
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Figure A3-4. THg and MeHg concentrations in glacial rivers. Blister and Snowgoose rivers 

sampled every 5-7 days (n=11); other rivers sampled 1-2 times per summer (n=3, but 

n=2 for Gilman). Means (± 1SD) pooled over 2015 and 2016. 
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Figure A3-5. Concentrations of unfiltered (bulk) and filtered (dissolved) total mercury (THg) 

and methylmercury (MeHg) throughout the melt season in the Snowgoose and Blister 

river deltas and along the Lake Hazen shoreline. Mean (n=2) ± 1 SD shown. Data from 

2015 and 2016 pooled.  
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Figure A3-6. Foam material collected along shoreline of Lake Hazen near the Gilman River. 
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Figure A3-7. Modeled bulk (unfiltered) total mercury (THg) and methylmercury (MeHg) inputs 

from the glacial rivers to Lake Hazen from 2001 to 2016. 
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Table A3-1. Sampling sites and parameters samples in the Lake Hazen watershed.  

 

 MeHg, methylmercury; THg, total mercury; PC, particulate carbon; TSS, total suspended sediments; chl a, chlorophyll a; sonde, sonde parameters 

(temperature, pH, turbidity, dissolved oxygen, chl a) 

*TSS only sampled in 2016. 

Sample type and site Year(s) sampled n sites Times sampled Parameters sampled 
Snow: 9 paired lake 2014 9 1 MeHg unfiltered/filtered, THg unfiltered/filtered 
Snow: 10 lake + 10 land 2015 20 1 MeHg unfiltered/filtered, THg unfiltered/filtered 
Snowmelt stream 2014 3 10 MeHg unfiltered, THg unfiltered, sonde 
GLACIAL RIVERS     
     Blister River 

       Delta 

       Transect 

 

2015, 2016 

2015 

 

1 

4 

 

11 

1 

 

MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 

MeHg unfiltered/filtered, THg unfiltered/filtered, PC, sonde 
     Snowgoose River 

       Delta 

       Transect  

 

2015, 2016 

2016 

 

1 

2 

 

11 

2 

 

MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 

MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
     Abbé River delta 2015, 2016 1 3 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
     Gilman River 

        Transect  
 

2016 
 

3 
 

2 
 

MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
     H. Nesmith River delta 2015, 2016 1 3 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
     Turnabout River delta 2015, 2016 1 3 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
     Very River delta 2015, 2016 1 3 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
Permafrost thaw stream 2015, 2016 1 5 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
Lake Hazen moat 2015, 2016 1 9 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, chl a, 

sonde 
Lake Hazen water column, spring 2014, 2017 1 45 MeHg unfiltered, THg unfiltered, PC, TSS*, chl a, sonde 
Lake Hazen water column, summer 2015, 2016 1 18 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, chl a, 

sonde 
Ruggles River, LH outflow 2015, 2016 1 3 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
Ruggles River, fjord inflow  2016 1 2 MeHg unfiltered/filtered, THg unfiltered/filtered, PC, TSS*, sonde 
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Table A3-2. Concentrations of total mercury (THg) and methylmercury (MeHg) by hydrologic pool in the Lake Hazen watershed 

(unfiltered, unless otherwise stated). LH, Lake Hazen; RR, Ruggles River. 
 

 

a 
Snow concentrations separated by sampling year due to differences in snowpack (see Methods and Tables S3, S4). 

b 
< DL, below detection limit (< 0.007 ng L

-1
). 

c 
Filtered (< 0.45 µm) concentrations.  

 

 

 

 

 

 

 Unfiltered THg (ng L
-1

) Filtered THg (ng L
-1

) 
c
 Unfiltered MeHg (ng L

-1
) Filtered MeHg (ng L

-1
) 

c
 

Pool (n) Mean Range Mean Range Mean Range 
b
 Mean Range 

Snow 2014 (19) 
a
 172 8.14-1204 2.81 0.695-8.17 2.00 0.310 - 9.10 0.362 0.073-1.23 

Snow 2015 (20) 
a
 4.73 3.03-6.54 0.612 0.245-1.25 0.350 0.138 - 0.664 0.146 0.039-0.252 

Snowmelt (10) 6.43 1.81-24.0 - - 0.148 0.068 - 0.458 - - 

Glacial river deltas (36) 9.73 0.414-73.7 0.405 0.195-0.685 0.0487 0.007 – 0.159 0.012 <DL-0.051 

Non-glacial stream (5) 1.05 0.764-1.23 1.00 0.745-1.18 0.0252 0.022 – 0.030 0.027 0.021-0.038 

LH moat (9) 2.03 0.271-9.68 0.369 0.245-0.522 0.0103 < DL – 0.036 0.007 <DL-0.011 

LH water column, spring (45) 0.246 0.022-1.92 - - 0.0118 < DL – 0.065 - - 

LH water column, summer 

(18) 

0.359 0.060-1.11 0.181 0.079-0.367 < DL 
b
 < DL – 0.012 < DL <DL-0.008 

RR, LH outflow (3) 0.598 0.171-1.20 0.292 0.261-0.323 0.007 < DL – 0.013 - < DL – 0.013 

RR, fjord outflow (2) 10.1 8.33-12.0 0.452 0.387-0.517 0.0647 0.058 – 0.071 0.011 < DL – 0.016 
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Table A3-3. Concentrations and loadings of unfiltered total mercury (THg) in snow from the 

Lake Hazen watershed in 2014 and 2015.   

 

  Concentration 

(ng L
-1

) 

Loading  

(mg ha
-1

) 

Year Snow type Mean ± 1 SD Mean ± 1 SD F/t 
*
 p-value 

2014 Light 21.4 ± 9.67 10.1 ± 5.34 
2.61 0.111 

 Dark 339 ± 400 22.6 ± 29.2 

2015 Land 4.91 ± 0.938 4.54 ± 3.09 
1.08 0.302 

 Lake 4.59 ± 1.12 5.53 ± 3.58 

2014 vs. 2015 Light/Lake   3.25 0.00265 
*
 F/t: For intra-annual comparisons, results of ANOVA are presented (F-value). For inter-annual comparison, results 

of a t-test (t-value) shown.
 

 

 

 

Table A3-4. Concentrations and loadings of unfiltered methylmercury (MeHg) in snow from the 

Lake Hazen watershed in 2014 and 2015.   

 

  Concentration 

(ng L
-1

) 

Loading  

(mg ha
-1

) 

Year Snow type Mean ± 1 SD Mean ± 1 SD F/t 
*
 p-value 

2014 Light 0.579 ± 0.200 0.268 ± 0.097 
0.690 0.409 

 Dark 3.51 ± 2.25 0.342 ± 0.449 

2015 Land 0.303 ± 0.074 0.301 ± 0.247 
0.016 0.900 

 Lake 0.387 ± 0.157 0.486 ± 0.406 

2014 vs. 2015 Light/Lake   -2.40 0.0255 
*
 F/t: For intra-annual comparisons, results of ANOVA shown (F-value). For inter-annual comparison, results of a t-

test (t-value) shown.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 161 

Table A3-5. Log-linear models from LOADEST for prediction of daily THg/MeHg (UF, unfiltered; F, filtered) fluxes in glacial 

rivers.  

 

Response Model R
2
 p Bias (%) 

THg, unfiltered ln(loadTHg, UF) = -0.001lnQ
2
 + 1.07lnQ – 11.2 0.965 <0.001 4.59 

THg, filtered ln(loadTHg, F) = 0.003lnQ
2
 + 1.02lnQ – 14.1 0.998 <0.001 4.66 

MeHg, unfiltered ln(loadMeHg, UF) = -0.004lnQ
2
 + 1.03lnQ – 16.2 0.980 <0.001 -5.10 

MeHg, filtered ln(loadMeHg, F) = -0.006lnQ
2
 + 1.02lnQ – 17.1 0.980 <0.001 3.21 

 

 

Table A3-6. Physical features (mean±1SD) of, and total mercury (THg) and methylmercury (MeHg) exports (± SE) from, the glacier-

fed river deltas draining into Lake Hazen
*
.  

' River 

length 

(km) 

Area 

(km2) 

Glacier 

area  

(km2) 

T (C) pH Runoff (km3) Unfiltered THg  

(kg yr-1) 

Unfiltered MeHg  

(g yr-1) 

2015 2016 2015 2016 2015 2016 

Blister (BC) 11.2 - 6 8.90±1.90 7.80±0.45 0.002 <0.001 0.03±0.01 0.01±0.00 0.11±0.00 0.03±0.00 

Snowgoose (SG)  15.6 222 87 7.29±1.53 7.67±0.63 0.03 0.01 0.44±0.16 0.14±0.04 1.51±0.36 0.51±0.10 

Abbé (AR) 20.9 390 204 5.96±1.85 7.94±0.52 0.06  0.02 
1.03±0.44 0.24±0.08 3.38±0.94 0.87±0.19 

Gilman (GR) 21.2 992 708 3.43±0.28 8.61±0.16 0.20  0.04 3.27±1.92 0.72±0.28 9.99±3.69 2.45±0.61 

Henrietta Nesmith (HN) 4.3 1274 1041 6.27±5.06 8.16±0.30 0.29 0.08 4.95±3.14 1.25±0.50 14.9±5.87 4.23±1.09 

Turnabout (TR) 55.3 678 259 12.0±0.94 7.85±0.18 0.08 0.02 1.38±0.64 0.39±0.14 4.48±1.32 1.37±0.31 

Very (VR) 42.5 1035 269 10.3±2.91 8.18±0.06 0.17 0.08 3.01±1.15 1.37±0.49 8.97±2.80 4.50±1.16 

Watershed - 7516 3074 - - 0.95 0.28 16.4±8.65 8.35±1.77 50.3±17.4 16.2±4.01 
* Physical parameters (T, pH) averaged (mean±1SD) over weekly samplings (n=16, 7-Jul to 31-Jul-2015 and 2-Jul to 5-Aug-2016) for SG and BC, and over 

annual samplings (n=3, 15-Jul-2015, 11-Jul-2016, 1-Aug-2016) for AR, TR, VR, HN and GR (n=2, 11-Jul-2016, 1-Aug-2016). Note that non-delta transect data 

are not included in these estimates.  
*
 River length, approx. distance between glacier and Lake Hazen following river channel; Area, sub-catchment area; Glacier area, sub-catchment area covered by 

glaciers; T, water temperature. 
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Table A3-7. Glacial sub-catchment area-normalized annual fluxes (±SE) of runoff, THg and 

MeHg in the Lake Hazen watershed. 
River Area Runoff (x10

5
 m

3 
km

-2
 yr

-1
) THg flux (g km

-2
 yr

-1
) MeHg flux (mg km

-2
 yr

-1
) 

(km
2
) 2015 2016 2015 2016 2015 2016 

Blister  - - - - - - - 

Snowgoose  222 1.18 0.297 1.96±0.73 0.61±0.20 6.78±1.63 2.28±0.47 

Abbé  390 1.56 0.381 2.63±1.14 0.61±0.20 8.68±2.40 2.23±0.48 

Gilman  992 1.93 0.435 3.30±1.94 0.72±0.28 10.1±3.72 2.47±0.61 

Henrietta Nesmith  1274 2.29 0.588 3.88±2.46 0.98±0.39 11.7±4.61 3.32±0.85 

Turnabout  678 1.20 0.350 2.04±0.94 0.57±0.20 6.61±1.95 2.02±0.46 

Very  1035 1.60 0.769 2.91±1.11 1.32±0.47 8.67±2.70 4.35±1.12 
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Table A3-8. Concentrations of THg and MeHg (ng g
-1

) in freeze-dried solid samples collected 

from throughout the Lake Hazen watershed in 2015, 2016.  

Sample type Site (n)
a
 THg (ng g

-1
) MeHg (ng g

-1
) 

Soils Various (5) 21.2±8.84 0.157±0.098 

Foam Lake Hazen (2) 474±61.3 1.28±0.847 

Coal (no amber) Blister Creek (1) 7.10  0.036±0.004 

Coal (no amber) Gilman River (1) 94.3±34.2 0.016±0.009 

Coal (with amber) Gilman River (1) 14.9±3.20 0.033±0.003 

Suspended sediment Gilman River (2) 35.2±22.4 0.109 

Suspended sediment Snowgoose River (1) 25.6±1.17 0.042±0.006 

Suspended sediment Blister River (2) 14.2±4.42 - 

Suspended sediment Turnabout River (1) 4.65 - 

Suspended sediment Very River (1) 100 - 
a
  Mean ± 1 SD shown, where n is the number of samplings. Where n=1, SD of duplicate runs is presented if 

possible. Where no SD shown, insufficient sample available for duplicate analysis. 
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