
Examensarbete vid Institutionen för geovetenskaper 
ISSN 1650-6553 Nr 298 

Atmospheric Mercury Deposition 
in Alpine Snow, Northern British 

Columbia and Southwestern Yukon, 
Canada 

 
Atmospheric Mercury Deposition 
in Alpine Snow, Northern British 
Columbia and Southwestern Yukon, 
Canada 

Pia Karlsson

Pia Karlsson

Uppsala universitet, Institutionen för geovetenskaper
Examensarbete E1, 30 hp i Naturgeografi
ISSN 1650-6553 Nr 298
Tryckt hos Institutionen för geovetenskaper, 
Geotryckeriet, Uppsala universitet, Uppsala, 2014. 

High mercury (Hg) levels have been measured in fish in Kusawa 
Lake (KL), a subalpine, partly glacier-fed lake situated in the southwestern 
Yukon, Canada, but it is presently unknown where this Hg comes from. 
One possible source may be atmospheric deposition of Hg in snow and 
subsequent release by melt into the lake. In this study, the amounts of total 
Hg (THg) deposited in sampled alpine snow and glacial ice from the KL 
catchment area were measured in order to quantify this input. Samples of 
snow and glacial firn were also collected from another site (DIV) located 
on an icefield in the central St. Elias Mountains, to investigate possible 
spatial variations in Hg deposition as a function of altitude or distance from 
the Pacific Ocean. The samples were analysed for THg, major ions (incl. 
Ca2+, K+, Mg2+, Na+, NH4

+, Cl-, and SO4
2-) and stable O/H isotopes. These 

analyses were performed to obtain clues on the sources/conditions of 
atmospheric Hg deposition in snow, and identify possible relationships 
between THg and other snow chemical properties. This is the first study to 
provide data on Hg deposition in snow from this vast mountain region.  

Measured THg concentrations ranged from 0.24 to 6.17 ng L-1 in 
snow and from 0.20 to 1.57 ng L-1 in glacial ice, which are comparable 
values to those measured at other sites in the North American subarctic and 
Arctic. The calculated net accumulation rates of THg varied from 0.57 to 
0.71 µg m-2 a-1, which are relatively high compared to rates reported for the 
eastern Canadian Arctic. This could indicate that wet deposition in 
snowfall may be particularly important in promoting THg accumulation in 
mountains of the subarctic Yukon, when compared to the polar desert of 
the High Arctic.
          The stable O/H isotope data indicate that snowfall in the study area is 
primarily derived from moisture of marine origin, with only minor 
continental contributions, which points to the nearby Gulf of Alaska as the 
main source. The major ion analyses suggest a local dust source containing 
Ca2+ and SO4

2- at KL, and a local dust source containing mostly Mg2+ and
Ca2+ but also SO4

2- at DIV. High correlation between NO3
- and SO4

2- in 
snow could be due to distant pollution sources, and higher concentrations 
at DIV than KL could indicate a higher impact of these sources at higher-
altitude sites. High correlation was found among the analysed sea salt ions 
at both sites. No correlations were found between THg and major ions, 
except that relatively high THg and ionic concentrations were often found 
in the surface and bottom samples of the snowpits, which correspond to the 
current and previous summer surfaces. The higher THg concentrations in 
the summer layers suggests that Hg attaches itself to dust particles either in 
the air prior to deposition, and/or in the snowpack after deposition, thereby 
limiting migration or losses in percolating meltwater 
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Abstract   
 

High mercury (Hg) levels have been measured in fish in Kusawa Lake (KL), a subalpine, partly 

glacier-fed lake situated in the southwestern Yukon, Canada, but it is presently unknown where this 

Hg comes from. One possible source may be atmospheric deposition of Hg in snow and subsequent 

release by melt into the lake. In this study, the amounts of total Hg (THg) deposited in sampled alpine 

snow and glacial ice from the KL catchment area were measured in order to quantify this input. 

Samples of snow and glacial firn were also collected from another site (DIV) located on an icefield in 

the central St. Elias Mountains, to investigate possible spatial variations in Hg deposition as a function 

of altitude or distance from the Pacific Ocean. The samples were analysed for THg, major ions (incl. 

Ca2+, K+, Mg2+, Na+, NH4
+, Cl-, and SO4

2-) and stable O/H isotopes. These analyses were performed to 

obtain clues on the sources/conditions of atmospheric Hg deposition in snow, and identify possible 

relationships between THg and other snow chemical properties. This is the first study to provide data 

on Hg deposition in snow from this vast mountain region.  

Measured THg concentrations ranged from 0.24 to 6.17 ng L-1 in snow and from 0.20 to 1.57 ng 

L-1 in glacial ice, which are comparable values to those measured at other sites in the North American 

subarctic and Arctic. The calculated net accumulation rates of THg varied from 0.57 to 0.71 µg m-2 a-1, 

which are relatively high compared to rates reported for the eastern Canadian Arctic. This could 

indicate that wet deposition in snowfall may be particularly important in promoting THg accumulation 

in mountains of the subarctic Yukon, when compared to the polar desert of the High Arctic.  

The stable O/H isotope data indicate that snowfall in the study area is primarily derived from 

moisture of marine origin, with only minor continental contributions, which points to the nearby Gulf 

of Alaska as the main source. The major ion analyses suggest a local dust source containing Ca2+ and 

SO4
2- at KL, and a local dust source containing mostly Mg2+ and Ca2+ but also SO4

2- at DIV. High 

correlation between NO3
- and SO4

2- in snow could be due to distant pollution sources, and higher 

concentrations at DIV than KL could indicate a higher impact of these sources at higher-altitude sites. 

High correlation was found among the analysed sea salt ions at both sites. No correlations were found 

between THg and major ions, except that relatively high THg and ionic concentrations were often 

found in the surface and bottom samples of the snowpits, which correspond to the current and previous 

summer surfaces. The higher THg concentrations in the summer layers suggests that Hg attaches itself 

to dust particles either in the air prior to deposition, and/or in the snowpack after deposition, thereby 

limiting migration or losses in percolating meltwater. 
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Populärvetenskaplig sammanfattning 
 

Höga halter av kvicksilver (Hg) har uppmätts i fisk i Kusawa Lake (KL), en subalpin sjö i 

sydvästra Yukon, Kanada, som delvis får sitt vatten från omkringliggande glaciärer. I nuläget är det 

okänt var detta Hg kommer ifrån. En möjlig källa kan vara atmosfärisk avsättning av Hg i snö vilket 

senare kan föras till sjön med smältvatten. I denna studie har den totala mängden Hg (THg) avsatt i 

provtagen alpin snö och glaciäris från KLs uppsamlingsområde uppmätts för att kvantifiera detta 

bidrag. Snö- och firnprover samlades också in från en annan plats (DIV) belägen på ett isfält i centrala 

St. Elias Mountains, för att undersöka möjliga rumsliga skillnader i Hg-avsättning beroende på höjd 

och avstånd från Stilla havet. Proverna analyserades för THg, joner (inkl. Ca2+, K+, Mg2+, Na+, NH4
+, 

Cl- och SO4
2-) och stabila O/H isotoper. Dessa analyser genomfördes för att undersöka källorna och 

förhållandena för atmosfärisk Hg-avsättning i snö, och för att identifiera möjliga relationer mellan 

THg och andra snökemiska egenskaper. Detta är den första studien som tillhandahåller Hg-data i snö 

för denna bergsregion. 

Uppmätta THg koncentrationer varierade mellan 0.24 och 6.17 ng L-1 i snö och mellan 0.20 och 

1.57 ng L-1 i glaciäris. Dessa värden är jämförbara med de uppmätta på andra platser i 

Nordamerikanska subarktis och Arktis. Beräknade nettoackumulationshastigheter av THg varierade 

mellan 0.57 och 0.71 µg m-2 a-1, vilka är relativt höga jämfört med hastigheter rapporterade för östra 

kanadensiska Arktis. Detta kan indikera att våtdeposition vid snöfall kan vara av särskild betydelse vid 

THg-ackumulation i bergen i det subarktiska Yukon, vid jämförelse med de polaröknar som återfinns 

på högre latituder.  

Det stabila O/H isotopdatat indikerar att den snö som faller i dessa områden är till största del av 

maritimt ursprung med enbart små kontinentala tillskott, vilket tyder på att den närliggande 

Alaskabukten är den största källan. Jonanalyserna tyder på en partikelkälla innehållande Ca2+ och 

SO4
2- i närheten av KL och en partikelkälla till största del innehållande Mg2+ och Ca2+ men även SO4

2- i 

närheten av DIV. Hög korrelation mellan NO3
- och SO4

2- i snö kan bero på avlägsna föroreningskällor, 

och högre koncentrationer vid DIV än KL kan indikera en högre påverkan av dessa källor på platser 

belägna på högre altituder. Hög korrelation fanns mellan de analyserade havssaltjonerna på de båda 

undersökta platserna. Ingen korrelation kunde hittas mellan THg och joner, förutom att relativt höga 

THg- och jonkoncentrationer ofta hittades i yt- och bottenprover i de grävda provtagningsgroparna, 

vilket motsvarar nuvarande- och förra årets sommarytor. De högre halterna Hg i sommarlagren kan 

tyda på att Hg fäster sig vid partiklar, antingen i luften innan avsättning och/eller i snöpacken efter 

avsättning, och därigenom minskar förluster via smältvatten. 
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1 Introduction 

1.1 Context and motivation for study 
The issue of mercury (Hg) pollution in the Arctic and subarctic is a subject of great importance. 

Hg is a neurotoxin that can be transported over great distances from its emission sources through the 

air and oceans, and can therefore affect ecosystems far away from these sources (AMAP 2011). There 

are many indications that wildlife and people in the Arctic and subarctic have unusually high Hg 

levels in parts of their bodies. The northern indigenous people in the circum-Arctic are particularly 

vulnerable to Hg poisoning because of their traditional diet, which includes fish and game that may 

contain elevated Hg levels (AMAP 2003; 2011). Therefore, there is a pressing need to identify 

possible sources and pathways of Hg entering the Arctic environment.   

The subject of this thesis is to investigate the possible sources of Hg found in snow and ice in 

the catchment of Kusawa Lake, a glacier-fed mountain lake in the Yukon Territory in subarctic 

Canada. Fish in this lake have been reported to contain unusually elevated Hg levels, but the sources 

of this Hg remain unclear (Lockhart et al. 2005; Evans et al. 2005). This thesis aims to provide some 

indications of the possible source(s) of Hg entering Kusawa Lake from snow and glacier meltwater.  

 

1.2 Hg pollution in the Arctic and subarctic 
In the Earth’s crust, Hg occurs mostly as cinnabar (HgS). Geogenic Hg is primarily released in 

the environment via weathering of rocks and by volcanic/geothermal activity (AMAP 2011). However 

since the industrial revolution, 150 years ago, the amount of Hg in the air, oceans and surface 

sediments worldwide has increased, largely due to human activities. Most of the Hg presently found in 

the Arctic is from natural and anthropogenic pollution sources outside the region (AMAP 2011). The 

current state of knowledge on Hg pollution in the Arctic was recently reviewed under the Arctic 

Monitoring and Assessment Program (2011). Surface soils contain the largest Hg reservoir, which can 

interact with the atmosphere and ocean on time scales of relevance to humans (years to decades). Most 

(~ 98 %) of the airborne Hg is gaseous elemental Hg (Hg0; AMAP 2011), which can stay in the 

atmosphere for about 8-17 months (Schroeder and Munthe 1998; Selin et al. 2007, cited in AMAP 

2011, p. 20), enough time for the Hg to be transported by winds around the globe. The four largest 

anthropogenic sources of Hg are as by-products from (1) combustion of fossil fuels, especially coal, 

(2) artisanal and small-scale gold production, (3) cement production and (4) metallurgical production. 

Re-emission of Hg from environmental reservoirs (e.g., soils, ocean) is also of great importance, and a 

large part of this re-emission occurs through wildfires and other biomass burning.  

 



 

 
2 

 

During much of the past century, most Hg emissions to the atmosphere were from North America 

and Europe, but now Asia has become the biggest emitter, largely due to coal usage in energy 

production (AMAP 2011). In Canada, which is the object of this thesis, anthropogenic Hg emissions 

have decreased by 90 % since 1990 (Fig. 1). The decline was made possible through reduction of 

emissions from specific large industrial sources, the main ones being listed in Figure 2 (Environment 

Canada 2013). However, modelling studies suggest that Hg emitted from distant regions (example: 

southeast Asia) may be reaching the Canadian North by long-range atmospheric transport (Durnford et 

al. 2010). The study area of this thesis is located in the southern Yukon and northern British Colombia 

regions of Canada (see section 4.1). In 2011, the Yukon territory emitted < 0.01 t of Hg to the 

atmosphere, which is less than 1 % of total Hg emissions in Canada, natural sources excluded. In 

contrast, the province of British Colombia released, in 2011, 0.41 t of Hg to the atmosphere, which is 

11 % of total Hg emissions of Canada (Environment Canada 2013). The major natural sources of Hg 

to the environment in these regions are forest fires, weathering, erosion and volcanic activity (Indian 

and Northern Affairs Canada 2010). In Canada and Alaska, wildfires are intense during particularly 

dry/warm seasons, but may occur at any time between May and September (Jaeglé 2010). 

 

 
Figure 1: Annual Hg emissions to the air in Canada over the period 1990-2011. Emissions from natural sources 
are not included. Data from Environment Canada (2013). Reproduced in accordance with policy for third-party 
non-commercial use of graphic material. 
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Figure 2: Diagram showing the proportions of total annual national emissions of Hg to the atmosphere in 
Canada from different sectors of human activities (industrial, other). “Other sources” refers to industrial sources 
not specifically mentioned in the figure. Natural sources not included. Source: Environment Canada (2013). 
Reproduced in accordance with policy for third-party non-commercial use of graphic material. 

 
One of the possible entry pathways of Hg into the Arctic and subarctic aquatic food chain is by 

deposition from the atmosphere into snow, and subsequent melt and runoff. Hg deposition occurs at 

the snow surface, in various forms (particulate or reactive oxidized Hg). The Hg deposited at the 

surface can later be redistributed in the snowpack through melt and percolation events (AMAP 2011). 

Much of the Hg deposited can also be re-emitted back to the atmosphere by photolytic reduction to 

gaseous Hg (Durnford and Dastoor 2011). During spring snowmelt, Hg is transported from the 

snowpack by runoff. Hg carried in meltwater can impact aquatic ecosystems, by stimulating toxic 

methyl-mercury (MeHg) production (Lindberg et al. 2002; Ebinghaus 2008). MeHg can be more 

readily absorbed by aquatic biota and the amount of Hg can increase through bioaccumulation, which 

results in top predators having the highest amount of Hg and/or MeHg in their bodies. The native 

peoples in parts of the Arctic and subarctic have a diet based largely on fishing and hunting of aquatic 

fauna (fish and/or marine mammals such as seals or polar bears), which makes them a high-risk group 

for exposure to Hg. Surveys shows that many young women in the Arctic have Hg levels in their 

blood that are higher than recommended safe thresholds. This could affect the health of their children, 

because Hg has damaging neurological impacts on child development (AMAP 2011).  

In Canada, 0.5 µg g-1 is the allowed maximum Hg level (wet weight; ww) in fish for 

commercial sale, while for subsistence consumers a lower level of 0.2 µg g-1 Hg ww has been 

recommended (Health and Welfare Canada 1979, cited in Lockhart et al. 2005). Figure 3 shows mean 

Hg levels in muscle tissue of some freshwater and marine fish species across the circum-Arctic. 

Benthic feeding fishes generally contain lower levels of Hg than predator fishes (Evans et al. 2005) 

and overall freshwater species tend to have higher Hg levels than marine species. In 2 out of 22 
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investigated lakes in the Yukon, Hg values in lake trout (a predator species) were above 0.5 µg g-1 

(Lockhart et al. 2005). Hg levels in lake trout of the southern Yukon are close to safe threshold for 

consumption, but the source of the Hg is uncertain. The mean value for trout in Kusawa Lake, the 

focus of this study, is 0.24 µg g-1 ww (Evans et al. 2005). A comparison of Hg values in Kusawa Lake 

trout between 1992 and 1999 showed a two-fold increase from a mean of 0.2 µg g-1 to a mean of 0.475 

µg g-1 (Lockhart et al. 2005). However, more recent trends are not as clear. A non-significant 

decreasing trend was reported based on 4 years between 1993-2005. In 2001-2002, in particular, Hg 

levels in Kusawa Lake trout were apparently 50 % lower than in 1993 and 1999 (Evans et al. 2005). 

However, no clear overall trend was found in lake trout based on 9 years of data over the interval 

1993-2008 (AMAP 2011). In nearby southeast Alaska, young coho salmon in streams draining 

different watersheds (glaciated to wetland-rich) were reported to contain THg levels in the range 1.7-

73 ng g-1 ww. Generally, salmon from glaciated or recently-deglaciated watersheds have lower Hg 

levels than those from wetland-rich watersheds, where methylation of Hg can take place, making it 

more bioavailable (Nagaroski et al. 2014).  

THg concentration in stream sediments from the area comprising the catchment of Kusawa Lake 

are highly variable and are reported to range between 2.5 and 167 µg kg-1, averaging 24.5 ± 21 µg kg-1 

(Héon 2003). Meanwhile, Hg levels in sediments from Kusawa Lake were found to have increased 

from 19 to 40 µg kg-1, a near doubling, since the 1950s (Stern et al. 2009). The increase suggests 

increasing inputs of Hg to the lake by air or water inflow, although the sources remain uncertain. 

Alternatively, it has been proposed that increased Hg levels in the sediments could be due to an 

increase in algal scavenging by organic matter linked to greater biological productivity in the lake, 

itself driven by an observed 3.2 °C warming in this region since 1965 (Stern et al. 2009). This “algal 

scavenging hypothesis” remains debated by specialists, however.  
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Figure 3: Compilation of data on Hg levels in subarctic and Arctic fish. The blue bars represent mean levels of 
Hg at the different sampling sites, the red line marks the threshold limit of 0.5 µg g-1 ww (wet weight) for safe 
consumption. Black arrow marks Kusawa Lake and nearby sites. Reproduced from AMAP (2011), in accordance 
with policy for third-party non-commercial use of graphic material. 





      












































 

  


 





























 
 







































 







 

 
6 

 

2 Aim and objectives 
 

The overall goal of this study is to contribute to an improved understanding of the possible sources 

of Hg entering Kusawa Lake. One possibly important, but presently unquantified, source is meltwater 

from snow and glacier ice. Specifically, the thesis aims to answer the following questions: 

1) What are the concentrations and net accumulation rate of atmospheric Hg on glaciers in the 

headwaters of the Kusawa Lake catchment? 

2) What are the concentrations of Hg in ablating glacier ice in the catchment headwaters? 

3) Does the major ion (Ca2+, K+, Mg2+, Na+, NH4
+, Cl-, and SO4

2-) and stable O/H isotope (δ18O, 

δD) composition of snow provide clues on the source(s) of the Hg deposited on glaciers ? 

The information above is needed to estimate the possible flux of Hg delivered into Kusawa Lake by 

snow and glacier melt, and to clarify the source(s) of airborne Hg entering the lake. 

 

To answer the questions above, the following tasks will be accomplished: 

1) Collect snow and glacier ice samples from a few sites in the catchment headwaters of Kusawa 

Lake, and other nearby sites. 

2) Measure physical properties of the snow samples (density, electrical conductivity) 

3) Measure the total Hg (THg) concentrations in the snow samples 

4) Measure the concentrations of major ionic species in the samples (Ca2+, K+, Mg2+, Na+, NH4
+, 

Cl-, and SO4
2-). These ionic impurities can help to infer the source of the air masses from 

which snow precipitated and/or the emission sources of the impurities themselves. 

5) Measure the stable isotope ratios of O and H  (δ18O, δD) in the samples. These measurements 

can be used to infer atmospheric moisture sources or the seasonality of precipitation.  

6) Estimate the net accumulation rate of THg in the glacial snowpack using measured 

concentrations and snowfall/snow accumulation data from the region 

7) Examine the relationships between THg, major ions and stable O/H isotopes to make some 

inferences about the possible source(s) and circumstances of airborne Hg deposition in 

Kusawa Lake catchment.  

In addition, the data obtained in this study will be compared with THg data from other subarctic 

and Arctic sites to identify potential spatial variations in atmospheric Hg deposition rates. 

  



 

 
7 

 

3 Background 

3.1 Regional physiography and geology 
The study region is situated in northwestern Canada, close to the borders between the Yukon 

Territory, the province of British Colombia, and southeast Alaska. One of the two specific study areas 

is situated in the Yukon Stikine Highlands ecological region (ecoregion), and more specifically in the 

Boundary Ranges. The other study area is situated in the centre of the St. Elias Mountains ecoregion. 

The following descriptions of these two ecoregions are summarized from a report from the Yukon 

Ecoregion Working Group (2004). In this study, snow samples have been collected from several sites, 

some in the headwaters of the Kusawa Lake catchment area in the Boundary Range Mountains, and 

some from another site located in the icefields of St. Elias Mountains (Fig. 4; see methods).  

The Yukon Stikine Highlands are covered by a mixture of boreal/subalpine coniferous forest 

(35 % of the total area), boreal and mixed forest (10 %), alpine tundra (35 %), alpine rocklands and 

glaciers (15 %) and lakes (5 %). Elevation ranges from 460 to 2700 m asl, with rugged mountains with 

glaciers at higher elevations, dissected by deep valleys below. Large parts of the Boundary Ranges 

drain through the Takhini, Watson and Wheaton rivers which are tributaries of the vast Yukon river 

watershed. The bedrock geology of the British Colombia part of this ecoregion is mostly comprised of 

metasandstones. The Yukon part extends over four different terranes and therefore consists of a 

greater diversity of rocks, and over ~60 % of this region granitic intrusions are exposed. Permafrost is 

widespread at high elevations but sporadic in valleys. The region has been extensively glaciated in the 

Late Quaternary. The largest part of surficial materials and landforms presently found in this area was 

produced by glaciers during the McConnell glaciation, between ~26,000 and 10,000 years ago. The 

glaciers had their sources in the St. Elias Mountains, the eastern Coast Ranges and in the Cassiar lobe 

of the Cordilleran Ice Sheet, and generally moved in a north-northwest direction. The surface 

hydrology of the Yukon Stikine Highlands is dominated by glacier and alpine snow meltwater 

contributions. 

Kusawa Lake is located within the Yukon Stikine Highlands, 130 km from the Pacific Ocean, in 

a transition zone between two physiographic regions: the Yukon Plateau in the northwest, with gently 

rolling mountains, and the Boundary Ranges in the south-southeast, an area of rugged mountains with 

peaks up to 3000 m (Yukon Ecoregions working Group 2004). Kusawa Lake covers an area of 142 

km2, has an estimated volume of 7.7 km3, and a surface elevation of 671 m asl (Gilbert and Desloges 

2005).  It drains a 4242 km2 catchment of which 4.7 % is covered by glaciers in the Boundary Ranges, 

straddling the border of the Yukon Territory and British Colombia (Gilbert and Desloges 2005). The 

bottom of the lake is covered by sediments up to >100 m thick in places (Gilbert and Desloges 2005). 

Kusawa Lake was affected by the McConnell glaciation, 26,000 to 10,000 years ago (Yukon 

Ecoregions Working Group 2004). Mountain peaks below 1970 m in this area were eroded, and 
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moraine and kames deposited at altitudes up to ~1200 m (Kindle 1953, cited in Lowey 2002, p. 296). 

The Kusawa Lake torrent system was formed after glacial Lake Champagne drained during the 

Holocene (Lowey 2002). 

The St. Elias Mountains ecoregion consists of the Icefield Ranges, the Duke depression and the 

northern part of the Kluane Ranges (Yukon Ecoregion Working Group 2004). The Icefield Ranges, 

where one of the study areas is located, is a region of high rugged mountains surrounded by vast 

glacier systems. The St. Elias Mountains landcover is approximately 50 % glacial ice and snow, 25 % 

barren rocky uplands, 15 % alpine tundra and 10 % boreal coniferous forest. The elevation range is 

from 580 to 5220 m asl (or 5959 m if one includes the Mount Logan massif). The area contains some 

large glaciers drained by broad, braided rivers such as the White, Donjek, Duke, Slims, Kaskawulsh, 

Dusty and Alsek. The bedrock geology of the region is complex, and consists of deformed 

sedimentary and volcanic rocks of the Wrangellia and Alexander terranes. About 20 % of the exposed 

rocks in the mountains are granitic intrusions. The last major expansion of glaciers in the area was 

between 29,000 and 12,500 years ago. Less extensive local glacial re-advances occurred during 

Neoglacial time, in the last 300 years.  

 
 

3.2 Climate 
The Yukon has a subarctic continental climate with large diurnal and seasonal temperature 

differences and relatively dry air. The climate is strongly affected by northwest-southeast oriented 

orographic barriers. The nearby Pacific Ocean is a major source of moisture in the Yukon (Wahl 

2004). In the southeast, the St. Elias Mountains act as a barrier blocking the flow of air masses from 

the Pacific Ocean to the Yukon interior (Yukon Ecoregion Working Group 2004). Precipitation is 

abundant on the Alaskan slopes of the mountains and can reach 2000-3500 mm annually along the 

coast. The Yukon interior has mean annual precipitation rates of 250-300 mm at low elevations (valley 

floors) and up to 400-600 mm at higher elevations on plateaus and mountains (Wahl 2004). The mean 

annual surface temperatures in the central St. Elias Mountains is ~ -10 °C (altitude ~2600 m asl), and 

can range from -38 °C in January to 14 °C in July (C. Zdanowicz, unpublished data from weather 

autostations, 2003-2013). In the Boundary Ranges at the border of British Columbia, the mean annual 

temperature is ~ -2°C, and the range is from -20 °C in January to 10 °C in July. Storms are frequent in 

the North Pacific Ocean and strong winds (usually 30-50 km/h, occasionally over 100 km/h) from 

storm centers in the Gulf of Alaska are common in valleys with southeast-northwest orientation 

through out the region (Wahl 2004).  

The St. Elias Mountains and the Boundary Range are part of the western hydrological region of 

the Yukon. This region has the highest mean annual temperatures, precipitation and runoff for the 

whole territory. Streamflow discharge rates increase quickly in the beginning of the summer due to 
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snowmelt at lower elevations, and rise to an annual peak later in the summer (July) when snow and 

glacial ice start to melt at higher elevations (Janowicz 2004). In the Yukon Stikine Highlands, the 

snow cover generally lasts from late October to mid-April in the valley floors, and a month longer 

over the higher terrain (Yukon Ecoregion Working Group 2004). 

 

 
Figure 4: A) General map showing the location of the study region in northwestern Canada. The boxed area is 
enlarged in B), which shows the locations of the field sites near Kusawa Lake (KL sites) and in the St. Elias 
Mountains icefields (DIV site). C) Close-up of the KL sites.  
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4 Methods 

4.1 Description of study sites 
Snow and glacier ice samples for this study were collected in two different areas: (1) From a 

series of small mountain glaciers located in the Boundary Range, northern British Columbia, in the 

headwaters of Kusawa Lake (hereafter: KL sites), and (2) from a large icefield in the central St. Elias 

Mountains, southwestern Yukon (hereafter: DIV site), located approximately 220 km northwest of 

KL, near the drainage divide between the Seward-Hubbard and Kaskawulsh glacier systems and ~30 

km from the Mt. Logan massif (Fig. 4 and Fig. 5A, B). Locations of the snowpits/ice cores and the 

dates of sampling are given in Table 1. The elevation for the KL sampling sites ranges between 1400 

and 1800 m asl and the altitude at DIV is 2635 m asl.  

The DIV site was sampled (1) to obtain firn samples covering a period greater than a single 

winter, which was only possible at one of the KL sites, and (2) to get an indication of how variable Hg 

levels are in snow across this region, both as a function of altitude and distance from the Pacific 

Ocean.  

 

Table 1: Details for snow samples collected in June 2013 at three sites in the headwaters of Kusawa Lake (KL1, 
KL2 and KL3) and at one site in the St. Elias Mountains icefields (DIV). Additional, shallow ice cores were 
taken at the KL sites.  

Sample site  Snow/ice Date Latitude (N) Longitude (W) Elevation (m) 
KL1 Snowpit 20130613 60°02' 136°25' 1645 
 Ice core 20130614 60°01' 136°27' 1741 
KL2 Snowpit 20130613 59°52' 136°16' 1730 
 Ice core 20130614 59°53' 136°15' 1673 
KL3 Snowpit 20130613 59°56' 136°08' 1750 
 Ice core 20130614 59°58' 136°05' 1453 
DIV Snowpit 20130620 60°42' 139°48' 2635 

 

4.2 Snow sample collection / snowpit measurements 
Snow and glacier ice samples from the KL sites were collected on June 13-14, 2013, and those 

from DIV on June 20, 2013. The KL sites were accessed by helicopter from Whitehorse and the DIV 

site by helicopter from Haines Junction. At the KL sites, a total of 126 snow samples and 9 field 

blanks were collected for Hg and major ion analyses, conductivity measurements and water isotope 

(O, H) analyses. At the DIV site, 53 snow samples and 4 field blanks were collected. As well, 3 

shallow ice cores were drilled from glacier surfaces at the KL sites, to be analyzed for Hg. The fresh 

surface snow at DIV at the time of sampling was estimated to be no more than three days old.  
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Figure 5: A) Picture showing one of the sampling sites in the Kusawa Lake catchment area (KL1), B) Picture of 
sampling site DIV situated on a large icefield in the St. Elias Mountains. C) Close-up of a snowpit profile, (site 
KL1) showing thin ice layers and sampling intervals of THg. Photos: A, B Pia Karlsson; C Justinas Baltrenas. 

 

Physical properties of all the snowpits were observed and measured. Snow grain size was 

visually estimated, and the depth and thickness of ice layers were measured. A density cutter with a 

volume of 250 cm3 was used to obtain snow and/or firn density measurements at 10 to 20 cm intervals, 

and the snow temperature was measured at intervals of ~20 cm from the surface to the bottom of the 

pits (Fig. 5C).  

To avoid contamination of the snow samples, special precautions were taken before and during 

sampling. While sampling in the snowpits, non-particulating suits, plastic gloves and masks were 

worn. The outer layer of the snowpit being sampled was scraped clean with a clean shovel prior to 

sampling. The samples were taken with plastic scoops, cleaned before use in untouched snow. Snow 

samples for ion analyses were put in high-density polyethylene (HDPE) bottles, which had been pre-

cleaned through a sequence of soaking and rinsing with milli-Q (18 MΩ cm) water under a laminar 

flow bench (for more information see Appendix I). Samples for Hg analyses were put in 

commercially-available pre-cleaned and pre-acidified (0.4 % HCl) fluorinated polyethylene (FLPE) 

bottles, certified to be Hg-free (< 0.2 ng L-1; Brooks Rand Instruments, Seattle, USA).  Immediately 

after sampling the bottles for Hg analysis were wrapped in aluminum foil to avoid re-volatilization and 
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loss of Hg by vapor evasion resulting from photolysis (Zheng et al. 2014). Field blanks were obtained 

by exposing empty bottles to air for a few minutes at each sampling site.  

A few shallow glacier ice cores were drilled for Hg analyses. The cores were collected using a 

Kovacs Mark II fiberglass corer with an inner diameter of 9 cm (Kovacs Ice Drilling Instruments, 

Roseburg, OR, USA). The corer was pre-cleaned in untouched snow prior to drilling. The ice cores' 

diameter, length and weight were measured for density calculations. For more exact measurements the 

ends of the segments were cut straight with a stainless-steel hand saw, pre-cleaned in snow. Pieces of 

the ice cores were put in sealable, Hg-free Teflon bags (Welsh Fluorocarbon, Dover, USA), with no 

further decontamination procedures in the field.  

After returning to Whitehorse, all samples were stored in a -40 °C freezer at the research facility 

of Aboriginal Affairs and Northern Development Canada for a few days. Snow samples for major ion 

analysis were then transported frozen in insulated boxes back to Uppsala University, while snow- and 

ice samples for Hg analysis were shipped to the University of Ottawa. All samples were transported or 

shipped frozen.  
 

4.3 Laboratory procedures and analyses 

4.3.1 Conductivity measurements 

The liquid conductivity of the melted snow samples was measured to provide an indication of 

the total ionic impurity content in the snow, which can help to recognize snow layers that are 

impacted, for example, by dust deposition. A Thermo Orion model 105Aplus conductivity meter was 

used for these measurements. A standard of 1413 µS cm-1 at 25 °C was used for calibration of the 

instrument. The range settings used for the measurements was 0.0-199.9 µS cm-1. The standard 

solution should be 10-100 % of the chosen range value and therefore the standard was diluted ten 

times to reach the value of 141.3 µS cm-1. Conductivity can change with water temperature. The 

conductivity meter uses a temperature correction coefficient to compensate for such changes. The 

typical temperature correction coefficient for ultrapure water, with a temperature between 25 and 50 

°C, is 4.55 % per °C. However this value was higher than the instrument could accept and compensate 

for, and for that reason a coefficient of 2.1% °C-1 was used instead. Our measurements may therefore 

have a slight error due to the lower temperature coefficient used. The conductivity measurements were 

performed directly in the original sample bottles. The conductivity probe was rinsed before every 

measurement with new milli-Q-water. After every 10 samples, the calibration standard was re-

measured, the probe carefully rinsed and the conductivity in milli-Q-water was re-measured. 

During the first batch of measurement the instrument was calibrated at 22 °C – 133.1 µS cm-1 

(standard values before temperature compensation), which gave a calibrated standard value of 140.9 

µS cm-1, and a value of 1.1 µS cm-1 for the milli-Q-water. During the second batch of measurements 
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the calibration was made at 21 °C – 130.4 µS cm-1. This new calibration gave a value of 141.4 µS cm-1 

for the standard, and 1.1 µS cm-1 for milli-Q-water. In the second batch of samples the water 

temperature increased from 16.7 to 21.4 °C during the measurements.  The measured conductivity 

value of the standard decreased during the measurement in both batches, most probably due to 

dilution, because there was no possibility to dry the probe completely from milli-Q-water between 

each measurement.   

 

4.3.2 Major ions 

Ionic impurities found in snow can help to infer the source(s) of the air mass from which the 

snow precipitated and/or the emission source(s) of the impurities themselves (Goto-Azuma et al. 2006; 

Keene et al. 1986; Krnavek et al. 2012; Yalcin et al. 2006a,b). Common sources of major ions are sea 

salt (mainly: Na+, Cl- and some SO4
2-, Mg2+, Ca2+ and K+), dust (Ca2+, Mg2+ and SO4

2-), biogenic and 

anthropogenic N and S gas emissions which are later converted into NH4
+, NO3

- and SO4
2- in the 

atmosphere; volcanic eruptions (SO4
2- and Cl-); and forest fires (NO3

- and NH4
+); (Legrand and 

Mayewski 1997; Lefer et al. 1994). 

In this study the concentrations of 10 major ionic species (Ca2+, K+, Mg2+, Na+, NH4
+, Br-, Cl-, 

C2O4
2-, F-, and SO4

2-) were determined in snow samples by ion chromatography at the Department of 

Earth Sciences of Uppsala University. Prior to analysis, the melted samples were placed in an 

incubator to stabilize their temperature at 5 °C. Sample bottles were then taken from the incubator and 

opened under the laminar flow cabinet. Aliquots of 10 mL from of each sample were transferred to 50 

mL pre-cleaned clear polypropylene centrifuge tubes using a 1 or 5 mL pipette tip. A new tip was used 

for each sample and rinsed three times in milli-Q-water before use. The centrifuge tubes were then 

covered with aluminium foil and placed in the ion chromatograph. All snow samples were analysed by 

suppressed ion chromatography for six anions (F-, Cl-, Br-, NO3-, SO4
2- and oxalate C2O4

2-) and five 

cations (Ca2+, Na+, K+, Mg2+ and ammonium NH4
+). The analyses were performed on Metrohm model 

180 chromatograph with auto-sampler (Metrohm AG, Herisau, Switzerland). For anion analyses the 

eluent was NaHCO3 + Na2CO3. For cation analysis, it was a mixture of HNO3 and organic acid. A 

total of 97 samples were analysed in two batches of ~50, in random order. Injection volume of 

standard and blanks in the ion chromatograph were 100 µL, and injection volume of samples were 

1000 µL, and all samples were injected concentrated 10 times.  

Field blank bottles were filled with milli-Q-water and analysed in the same way as the snow 

samples. A few samples were collected in leaking bottles, and these were transferred to new bottles 

before analysis. Data from these bottles will be presented in the results, but clearly identified.  

Analytical results are reported in parts per billion (µg kg-1). Estimates of errors and detection 

limits are listed in Appendix III. The precision of results was monitored by running check samples 

together with each batch of actual samples. The errors on the checks were generally < 5 %, except for 
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F- and Br- in the second batch, which gave errors of 21.3 and 6 % respectively. Different values of F- 

and C2O4
2-, for the check samples between two batches were probably due to differences in eluent 

strength between these batches. Most of the F-, Br- and C2O4
2- results were below detection limits. For 

these reasons F-, Br- and C2O4
2- will be excluded from the discussion of results, but the data obtained 

can be found in Appendix III. 

Relatively high values for Cl- (52 µg kg-1), SO4
2- (20 µg kg-1), Na+ (41 µg kg-1), K+ (35 µg kg-1), 

were obtained in some of the KL2 field blanks, and a field blank at KL3 had high Ca2+ (28 µg kg-1). 

Much lower values, close to detection limits, were obtained in the DIV field blanks. Some ionic 

species were also present in very low amounts in many samples, at or below detection limits: Na+ (9 

samples), NH4
+ (2 samples), K+ (17 samples) and Mg2+ (20 samples).  

 

4.3.3 Total mercury (THg) analyses 

Snow and glacier ice samples were analysed for total Hg (THg; sum of all reactive Hg species) 

at the Laboratory for the Analysis of Natural and Synthetic Environmental Toxins of the University of 

Ottawa, Canada. The glacial ice cores sampled were cleaned prior to analyses. The outer layers of the 

cores were removed through a sequential melting procedure, and the remaining ice samples were then 

rinsed with double-distilled water and refrozen until analysis, as described in Zdanowicz et al. (2013). 

The concentration of THg in the melted snow or ice samples was determined by cold vapor-atomic 

fluorescence spectroscopy (CV-AFS) following the U.S. Environmental Protection Agency method 

1631 (US-EPA 2002), using a Tekran 2600 system (Tekran Instruments Corporation, Toronto, 

Canada). Analytical results are reported as mass concentration in meltwater, in units of ng THg per L 

of water (ng L-1). The established method detection limit was 0.2 ng L-1 (3σ of all blanks), and the 

precision of the method, expressed as the relative standard deviation (RSD) of replicate analyses of 

internal standards, was estimated as 20 %. The pre-cleaned, high-density polyethylene (HDPE) bottles 

in which most samples were collected were randomly tested for contamination and systematically 

gave THg below detection limits (mean = 0.10 ± 0.09 ng L-1, N = 13). Likewise the reagent-grade HCl 

used to acidify and stabilize the samples prior to analysis was tested and found to contain no 

detectable Hg (N = 7). Field blank bottles were analysed with regular samples and found to contain 

only traces of THg (0.24 ± 0.06 ng L-1, N = 10). Blank bottles, which remained sealed during field 

sampling, were also tested for THg to evaluate possible contamination during sample transport. 

Results for these bottles were also close to or below detection limits (0.19 ± 0.13 ng L-1, N = 4). In 

view of these results, no systematic blank corrections were applied to the sample THg data.  
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4.3.4 Stable O / H isotopes 

Oxygen and deuterium (O and D) were measured in this study to assist in interpreting the 

seasonality and source(s) of snowfall. Oxygen has three stable isotopes (16O, 17O, 18O), while hydrogen 

has two (1H, 2H=D). Together these isotopes can form H2O molecules of different weight and vapor 

pressure. The partial vapor pressure is higher for H16O than for the heavier molecules, HD16O and 

H2
18O. As a result the water vapor phase tends to be enriched in lighter isotopes relative to the 

evaporating water, while condensed water (precipitation) tends to be enriched in isotopically heavier 

molecules relative to vapor (Dansgaard 1964). The greater the amount of condensation, the more 

depleted the remaining vapor will be in the heavy isotopes (18O and D). Consequently, the proportion 

of isotopically heavy molecules in the water vapor (and the precipitation issued from it) will decrease 

with increasing distance from the water vapor source. In addition, the proportions of light and heavy O 

and H isotopes in snowfall vary seasonally due to temperature-sensitive fractionation effects, such that 

winter snow tends to have lighter isotopic composition than snow falling in autumn, spring or summer. 

There is also an added latitudinal effect on the isotopic composition due to the temperature gradient 

from the equator to the poles. Another process that may affect the isotopic composition of 

precipitation is fractionation during re-evaporation of precipitation from an inland (continental) source 

(Hage et al. 1975).  

Ratios of 18O:16O and H:D in water are conventionally reported using the delta (δ) notation, 

which expresses departures of the measured ratios relative to the Vienna Standard Mean Ocean Water 

(VSMOW). Equation 1 gives the definition of δ18O measured in per mille (‰) and with δ18O of 

VSMOW defined as 0 ‰. A given water sample can either be enriched (δ18O > 0) or depleted (δ18O < 

0) in 18O relative to 16O with respect to VSMOW.   

 

δ O  !" =
   !!" !!"

!"#$%&  !   !!" !!"
!"#$

!!" !!"
!"#$

  ×  10!  ‰                         (Eq. 1) 

 

At Uppsala University, after completing the conductivity measurements, ~20 mL aliquots of 

each melted snow sample were poured in 30 mL HDPE vials, and these were shipped frozen to the 

Institute of Geology at Tallinn’s University of Technology, Estonia, for water isotope analyses.  

The stable isotope ratios of O and H in the samples were determined by laser spectroscopy, 

using a Picarro model L2120-i water isotope analyser (Picarro Inc., Sunnyvale, CA). The instrument 

allows for the simultaneous determinations of 18O/16O and 2H/1H in H2O (Lis et al. 2008). Analytical 

precision by this method was estimated to be ± 0.1 ‰ and ± 1 ‰ for δ18O and δD, respectively. 
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5 Results  

5.1 Descriptive statistics 
Results of the analyses conducted on the snow and ice samples are summarized in Tables 2 to 5 and on 

Fig. 6, which provide some descriptive statistics. Specific findings are described in greater detail in the 

following sections. Full data from conductivity measurements, major ions, THg and stable O/H 

isotopes analyses are presented in Appendix II-V. 

  

Table 2: Descriptive statistics of liquid conductivity in melted snow samples collected in June 2013 in the 
headwaters of Kusawa Lake (KL sites) and in the St. Elias Mountains icefields (DIV site).  

 
 KL1 (µS cm-1) KL2 (µS cm-1) KL3 (µS cm-1) DIV (µS cm-1) 
field blank 1.2 1.5 1.1 1.2/1.5 
N 16 18 27 27 
min  1.3 1.3 1.3 1.3 
max 2.6 2.2 3.2 8.6 
mean 1.6 1.6 1.8 2.2 
std. dev. 0.3 0.2 0.4 1.5 
median 1.5 1.6 1.8 1.7 
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Table 3: Descriptive statistics of major ion chemistry for snow samples collected in June 2013 in the headwaters 
of Kusawa Lake (KL sites) and in the St. Elias Mountains icefields (DIV site). N = total number of samples. N* 
= number of samples above detection limit (DL). Some average values could be overestimated due to exclusion 
of samples below DL. When such samples exist, the minimum value above the DL is given. No results are given 
for Mg2+ at KL1 due to too many samples having values below DL. 

Sample 
site 

 

Cl- 
(µg kg-1) 

NO3
- 

(µg kg-1) 
SO4

2- 
(µg kg-1) 

Na+  
(µg kg-1) 

NH4
+  

(µg kg-1) 
K+     

(µg kg-1) 
Ca2+  

(µg kg1) 
Mg2+ 

(µg kg-1) 
KL1 N 16 16 16 16 16 16 16 

 
 

N* 16 16 16 13 16 12 16 
 

 
min 3.8 4.6 3.6 3.6 1.9 1.1 1.8 

 
 

max 88.0 85.1 73.4 41.2 31.0 28.3 52.5 
 

 
mean 24.7 22.5 17.4 14.6 8.4 6.0 9.0 

 
 

std. dev. 22.8 20.6 17.3 10.6 6.7 8.4 13.6 
 

 
median 15.3 15.7 11.8 9.6 7.2 1.9 3.0 

 
 

geo.mean 17.0 15.4 11.9 11.3 6.7 3.0 4.5 
 

          KL2 N 17 17 17 17 17 17 17 17 

 
N* 17 17 17 17 15 9 17 12 

 
min 6.8 4.9 4.9 3.3 2.4 1.2 2.0 1.3 

 
max 91.6 101.1 64.6 53.4 10.3 17.5 68.1 5.6 

 
mean 27.3 30.3 21.8 15.4 6.2 6.8 14.6 2.9 

 
std. dev. 22.1 25.0 15.6 13.1 1.9 5.7 21.1 1.3 

 
median 21.8 20.9 19.5 11.6 6.5 3.1 5.2 2.8 

 
geo.mean 20.9 22.2 16.5 11.4 5.9 4.4 6.9 2.6 

          KL3 N 27 27 27 27 27 27 27 27 

 
N* 27 27 27 25 27 26 27 23 

 
min 2.6 5.4 6.3 3.6 3.0 1.3 2.0 1.1 

 
max 223.1 71.2 63.3 150.4 35.5 72.7 60.3 8.1 

 
mean 62.1 24.5 32.9 40.3 9.5 11.2 10.7 3.3 

 
std. dev. 48.4 16.6 17.9 32.0 6.7 14.3 13.8 1.5 

 
median 62.2 20.0 28.7 28.4 8.2 6.1 6.3 3.4 

 
geo.mean 42.9 19.9 27.4 29.1 8.0 6.8 6.9 2.9 

          DIV N 27 27 27 27 27 27 27 27 

 
N* 27 27 27 23 27 23 27 27 

 
min 5.3 9.5 18.4 4.2 3.1 1.2 12.5 3.0 

 
max 134.2 415.5 261.8 87.0 15.7 123.4 756.6 126.7 

 
mean 41.3 55.3 60.2 29.2 9.3 13.5 112.2 26.4 

 
std. dev. 37.0 80.1 54.2 26.3 3.1 25.3 170.3 30.7 

 
median 29.3 35.9 43.7 19.7 9.4 3.2 38.1 15.8 

 
geo.mean 27.0 35.7 46.2 19.2 8.7 5.6 54.7 16.4 

 

Table 4: Total Hg (THg) in snow and glacier ice (GL) samples collected in June 2013 in the headwaters of 
Kusawa Lake (KL sites) and in the St. Elias Mountains icefields (DIV site). Samples with THg below DL were 
excluded in the calculations. N= total amount of samples, N*= amount of samples above DL. 

            Site 
 

KL1 
(ng L-1) 

KL2 
(ng L-1) 

KL3 
(ng L-1) 

DIV 
(ng L-1) 

GL1 
(ng L-1) 

GL2 
(ng L-1) 

GL3 
(ng L-1) 

N 19 18 27 23 12 10 10 
N* 19 18 27 23 10 9 10 
min 0.26 0.26 0.24 0.29 0.32 0.20 0.40 
max 4.53 3.84 6.14 1.89 1.05 0.93 1.57 
mean 0.85 0.94 0.80 0.65 0.58 0.41 0.74 
std. dev 1.21 1.11 1.45 0.42 0.29 0.27 0.42 
median 0.42 0.49 0.29 0.54 0.40 0.31 0.55 
geo.mean 0.53 0.62 0.44 0.56 0.51 0.35 0.66 
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Table 5: Stable O and H isotopic composition (δ18O and δD) in snow samples collected in June 2013 in the 
headwaters of Kusawa Lake (KL sites) and in the St. Elias Mountains icefields (DIV site). Minimum, maximum 
and mean ±  one standard deviation (µ ± 1σ) of δ18O and δD are given. 

  KL1 KL2 KL3 DIV 
δ18O min/max -23.1/-17.9 -26.2/-17.7 -24.7/-17.2 -29.2/-19.3 

µ ± 1σ -19.7 ± 1.6 -21.1 ± 2.6 -20.4 ± 1.7 -24.0 ± 2.3 
      
δD min/max -175/-137 -200/-132 -186/-128 -224/-142 

µ ± 1σ -149 ± 11 -160 ± 19 -153 ±13 -183 ± 19 
 

 

 

 
Figure 6: Inter-site differences of major ion chemistry and THg in snow between the Kusawa Lake headwaters 
area (KL sites) and the central St. Elias Mountains icefields (DIV site). 
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5.2 Snowpit profiles: Physical properties 
 

5.2.1 The KL sites  

On the glaciers sampled in the headwaters of Kusawa Lake, the snow depth varied between 156 

and 220 cm (Fig. 7 to 9). The snowpack at KL1 and KL2 was underlain by glacial ice, while at KL3 it 

was underlain by firn, indicating that the latter site was in the glaciers’ present-day accumulation zone. 

At KL3 a dusty snow layer was observed between the snowpit bottom and the underlying firn. At the 

time of sampling, all snowpits were isothermal (at or near 0 °C) with a relatively homogenous snow 

structure. All snowpacks contained discrete ice layers with varying thicknesses, most of them being ≤ 

3 cm. At KL2 the snowpack also included a few ice pipes and lenses. Snow densities varied between 

480 and 620 kg m-3, with local means ranging from 554 to 560 kg m-3. The KL1 and KL2 snowpits 

had the highest densities in the top (near surface) layers and the lowest at the bottom, with a weak 

gradient in-between. Generally, snow densities were quite uniform, with no strong contrast between 

different layers. Two density samples were taken from the firn in the KL3 snowpit, and had values of 

607 and 651 kg m-3. The conductivities of the melted snow samples varied from 1.3 to 2.4 µS cm-1, 

while the conductivities of the melted ice layers varied between 1.7 and 3.2 µS cm-1 (Table 2). The 

conductivities generally increased slightly from the top of the snowpack to the bottom.  

 

 
Figure 7: A profile through the KL1 snowpit, showing how conductivity, density, ion chemistry, THg and 
isotope ratios vary with depth. Each dot represents a snow sample and dots in parentheses represents samples 
with ions or THg below detection limits. Horizontal lines in the snow profiles correspond to ice layers. Crosses 
marks samples with notations, see Appendix III for explanations. The seasonal estimations on the right will be 
treated in the discussion, under section 6.1., ''Seasonal variations''. 
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Figure 8: As on Fig. 7, but for snowpit KL2. 

 

 
Figure 9: As on Fig. 7, but for snowpit KL3. 
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5.2.2 The DIV site 

The snowpit excavated in the St. Elias Mountains (DIV site) included both snow and firn (Fig. 

10). The total depth of the snowpit was 300 cm, and the depth from the surface to the estimated 

surface of the firn was 235 cm. At the time of sampling, the snowpit was isothermal (at or near 0 °C) 

with a relatively homogenous snow structure. The snowpack included four discrete ice layers, 1-3 cm 

thick. The densities of the snow ranged between 300 and 620 kg m-3, with a mean of 502 kg m-3. As at 

the KL sites, snow densities were, in general, relatively uniform, with no strong contrast between 

different layers. Three measurements were made of the density of the firn, giving values of 680, 735 

and 765 kg m-3. The liquid conductivities of the samples ranged between 1.3 and 8.6 µS cm-1. The 

layers with the lowest values (at or close to 1.3 µS cm-1) were found throughout the snowpack, while 

the layer with the 8.6 µS cm-1 value was immediately above the firn.   

 

 
Figure 10: A profile through the DIV snowpit, showing how conductivity, density, ion chemistry, THg and 
isotope ratios vary with depth. Each dot represents a snow sample and dots in parentheses represents samples 
with ions or THg below detection limit. Horizontal lines in the snow profiles correspond to ice layers. Crosses 
marks samples with notations, see Appendix III for explanations. The seasonal estimations on the right will be 
treated in the discussion, under section 6.1., ''Seasonal variations''. 

5.3 Snowpit profiles: Chemical and isotopic properties 

5.3.1 The KL sites  

Overall, concentrations of anions in the KL snowpits ranged from 2.6 to 233.1 µg kg-1, and 

concentrations of cations ranged from 1.1 to 150.4 µg kg-1 (Table 3). At all KL sites the concentration 

of major ions was generally higher in the upper half of the snowpack compared to the lower half (Fig. 

7 to 9). Exceptions from this general trend were surface or near-surface samples with relatively higher 
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concentrations of Ca2+, K+, Mg2+, SO4
2- and NO3

- at some (not all) sites. Relatively high ion 

concentrations were also found in some of the ice layers, and in some other snow/firn layers. The 

major ion concentrations were generally higher at KL3 than at KL1 and KL2, with the exception of 

NO3
-, which was highest in KL2. The largest difference was for Na+ and Cl- for which concentrations 

were about double at KL3 compared to the other sites. Variations of Cl- and Na+ followed each other 

closely in all snowpits. Very low concentrations of K+ and Mg2+ occurred at all KL sites, and at KL1 

most of the samples had Mg2+ levels below detection limit. There were generally more variations in 

ion concentrations at KL3 relative to the KL1 and KL2 snowpacks. 

The THg concentrations were generally of the same order at all KL sites, in both snow and ice 

cores. Concentrations ranged between 0.24 and 6.14 ng L-1. Geometric means for individual snowpits 

were 0.44 - 0.62 ng L-1, while arithmetic averages were 0.80 – 0.94 ng L-1. In general, THg levels were 

much higher in the top and bottom layers of the snowpits than in the rest of the snowpack. All values 

above 1 ng L-1 were either found in top or bottom snow samples. The highest values measured, 5.6 and 

6.1 ng L-1, were found in the bottom snow samples at KL3, in the dusty ice layer between the snow 

and firn. The THg values in the shallow ice cores taken at each site had geometric means between 0.35 

and 0.66 ng L-1, which is similar to those found in the snow samples. A single meltwater stream 

sample, collected at KL1, contained 0.60 ng L-1 THg.  

The δ18O and δD values in all KL snowpits range between -26.2 and -17.2 ‰, and between -200 

and -128 ‰, respectively (Table 5). Averages for individual snowpits are close to -20 ‰ for δ18O and 

around -150 to -160 ‰ for δD. The isotopic variations show a relatively smooth curve in snowpit 

KL2, with higher (less negative) values in the top- and bottom layers, and lower (more negative) 

values in the mid-depth layers (Fig. 8). A shallow dip with more negative δ values can also be seen in 

the KL3 snowpit profile, just below the mid-depth of the snowpack (Fig. 9). In the snowpit dug at the 

KL1 site the δ18O and δD are less depleted in the upper half of the snowpack compared to the bottom 

half (Fig. 7). Generally, the δ values are slightly lower in KL2 compared to KL1 and KL3.  

5.3.2 The DIV site 

The concentrations of anions at the DIV site ranged between 5.3 and 415.5 µg kg-1 and the cations 

ranged between 1.2 and 756.6 µg kg-1 (Table 3). At this site, just as at the KL sites, there were 

generally higher concentrations of major ions in the bottom half of the snowpack than in the upper half 

(Fig. 10). A discrete peak in several major ion concentrations, found at a depth of 5 cm from the snow 

surface, is associated with a sample that was collected in a leaking bottle (and subsequently transferred 

to a new bottle), and these data could reflect some contamination. A few snow samples had Na+ and 

K+ levels below detection limits. The concentrations of NO3
-, SO4

2-, Ca2+ and Mg2+ were generally 

higher in the DIV snow samples than in samples from the KL sites. As observed at KL, variations of 

Cl- and Na+ in the DIV snowpit followed each other closely, as did Mg2+ and Ca2+ levels. 



 

 
23 

 

The THg concentrations ranged between 0.29 and 1.89 ng L-1, with an arithmetic mean of 0.80 ng 

L-1 and a geometric mean of 0.56 ng L-1 (Table 4).  The highest concentrations were found in the snow 

surface samples (1.9 ng L-1) and in the second last sample above the firn layer near the bottom of the 

seasonal snow (1.2 ng L-1).  

The δ18O and δD values in the DIV snowpit were more variable than the KL snowpits, with the 

lowest (most negative) values found in the middle layers of the snow pack. Most δ18O values were 

close to -25 ‰ , while most δD values were close to -200 ‰ (Table 5). The snow at DIV appears to be 

more depleted in the heavier isotopes compared to the snow at the KL sites.  

6 Discussion 

6.1 Seasonal variations 
It is of interest to determine, if possible, what proportions of the THg accumulated in alpine 

snow in the study area are deposited in different parts of the year, as this information may help to 

identify source(s) and transport pathways of Hg to the region. To estimate how much of one year’s 

total precipitation is represented in the snowpacks that were sampled, precipitation data from 

permanent weather stations in the study region have been used. No direct precipitation records are 

available for the KL sites, so instead, data from three nearby weather stations (Fraser Camp, Blanchard 

River, Mule Creek) were obtained from Environment Canada (2014). The Fraser Camp station, in 

particular, included both snowfall and snow cover thickness data for three years. During these three 

years, snow started to fall between late September and late October, and precipitation turned into rain 

between the end of April and early May. The three weather stations mentioned above are situated 

~1000 m lower than the KL study sites, and it is estimated that snow probably starts to fall at least one 

month earlier at the KL sites. Taking this into account, the percentage of annual precipitation falling at 

the altitude of the KL sites between September 1 and the 13th of June (when snow sampling was done) 

could be estimated from the weather station data (Table 6). For these calculations, only years with at 

least 25 days of data in each month were used. The results indicate that the snowpacks sampled at the 

KL sites in mid-June probably represent between 76 and 87 % of the yearly precipitation.  

At the DIV site, multiple years of data (2003-13) on snow surface height and temperature 

changes were available from an automated weather station (AWS) installed at this site by Natural 

Resources Canada (C. Zdanowicz, unpublished data, 2013). Snow surface height changes at the site 

were measured with a SR50 sonic ranger (Campbell Scientific Canada, Edmonton, AB). 
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Table 6: Precipitation data for the weather stations Mule Creek, Blanchard River and Fraser Camp, three sites 
close to the Kusawa Lake area. The percentage of total annual precipitation that falls between the beginning of 
September (onset of snowfall) and mid-June is indicated for each station. Data from Environment Canada. 

 Precipitation (mm a-1) 1 Sep – 13 Jun   
Station Min Max Mean (µ) µ (%) Altitude 

(m asl.) 
Years of data 

(interval) 
Mule Creek 5632 6254 6042 84 884 3 years (1971-78) 
Blanchard River 3893 5308 4609 76 836 11 years (1991-06) 
Fraser Camp 5554 13941 10236 87 869 11 years (1989-06) 

 

As seen on Fig. 11, there are large differences in the pattern of snow accumulation between 

individual years. On average snow starts to accumulate at DIV between mid-July and mid-August, and 

the surface melting season starts in April or before the middle of May. The snow surface typically 

drops by 50-70 cm by June 20, and by >1 m before the onset of the following accumulation season.  

 
Figure 11: Seasonal changes in snow surface height due to winter snow accumulation and summer melt 
measured with an SR50 sonic ranger at the DIV site, from 2003 to 2012. Unpublished data provided by C. 
Zdanowicz. 

In the snow budget year when sampling was conducted (2012-13), air temperatures at DIV 

remained below 0 °C from the beginning of September 2012 until the end of May 2013, so all 

precipitation during this period is presumed to have been as snow (Fig. 12). The snowpit sampling 

took place during the melt season, so some snow from the previous winter probably melted and 

refroze deep into the snowpack. However, data from the AWS suggest that the snow sampled on June 

20 from the surface down to the previous late summer surface probably represents most of the year’s 
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accumulation. An important caveat in this assumption is that the period of net snow accumulation can 

vary a lot from year to year.  

 

 
Figure 12: Daily mean air temperature data over the period June 2012-June 2013 from an automated weather 
station operated at DIV. Note that at the time of snow sampling in the middle of June 2013, temperatures had 
fluctuated above and below 0 °C for about a month. Unpublished AWS data provided by C. Zdanowicz. 

 

The snowpits profiles have been tentatively divided into fall, winter and spring layers, based on 

the stable O and H isotope data (Fig. 7-10). A distinct seasonal pattern of δ18O and δD variations can 

be seen in the KL2 isotope data, and a more poorly-defined pattern is also observed in the KL3 

snowpit data. The relative proportions of snow accumulation in the estimated seasonal divisions at 

KL2 and KL3 were extrapolated to KL1 and DIV. This tentative division assumes that the bottom of 

the snowpits corresponds to the previous years’ late summer surface, and that the relative seasonal 

contributions to snow accumulation were the same across the region. 

At the KL sites, concentrations of major ions are generally lower in the upper part of the snow 

pack corresponding to the estimated spring. Exceptions are high values in some surface samples, and 

in a few deeper layers with discrete high values. The THg concentrations are generally lower during 

the estimated winter. At DIV it is hard to distinguish any seasonal pattern due to the large variability 

between samples taken at different depths. 

6.2 Inter-site differences 
The largest observed differences in major ion concentrations between the KL sites and DIV are 

those for Na+, Ca2+, Mg2+, Cl-, NO3
- and SO4

2- (Table 3 and Fig. 6-10). The concentrations of major 

ions in snow are very similar at KL1 and KL2, while snow at KL3 contains more Na+, Cl- and SO4
2- 

than at the other KL sites. It also contains more Na+ and Cl- than at DIV. Na+, Cl- and SO4
2- are the 

most common ions in sea salt (Pilson 2013). It is therefore likely that the snow chemistry at the KL3 

sites is more influenced by marine air masses than at the other sites. DIV contains higher 
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concentrations of Ca2+, Mg2+, SO4
2- and NO3

- than the KL sites. In contrast, the concentrations of Ca2+ 

and Mg2+ in snow are much higher at DIV than at any of the KL sites (Fig. 6). These relatively high 

Ca2+ and Mg2+ values at DIV could be due to inputs of local mineral dust. Possible important sources 

of dust in snow in the St. Elias Mountains are the large outwash flats from the glacier-fed Slims and 

Donjek rivers (Zdanowicz et al. 2006).  

In Table 7 and Fig. 13, ionic data from the KL and DIV sites are compared with published snow 

chemistry data from three other sites (Eclipse Icefield, King Col and the Mt. Logan area) situated in 

the central St. Elias Mountains. All of the snow samples from these other sites, as well as those at 

DIV, have higher SO4
2- and NO3

- concentrations than those observed at the KL sites. The St. Elias 

Mountains sites are all situated at a higher altitude than the KL sites: Eclipse Icefield is at 3017 m asl, 

while King Col and the other Mount Logan sites are between 2420 and 5340 m asl. This might 

indicate a higher influence of anthropogenic-polluted air masses at higher elevations. In the Mt. Logan 

area NO3
-, SO4

2-, Ca2+ and NH4
+ in snow showed a weak positive correlation with altitude in the 

elevation interval 2420-4135 m asl. (Goto-Azuma et al. 2006). In contrast, concentrations of Na+ and 

Cl- are lower at the St. Elias Mountain sites compared to the KL sites. This observation agrees with the 

findings of Goto-Azuma et al. (2006), to the effect that concentrations of Na+ and Cl- decrease with 

altitude, a fact which they explained as caused by the increasing remoteness from marine sources. 

Most of the Na+ and Cl- in snow in the Mt. Logan area was estimated to be from sea salt aerosols 

(Goto-Azuma et al. 2006). Differences in Ca2+ and Mg2+ might be due to relative distance from, and/or 

the mineralogy of, local dust sources (percentages of water-soluble salts, for example).  

At Eclipse Icefield, the highest Na+ and Cl- concentrations were observed during late fall and 

winter, while Ca2+, Mg2+, K+, NH4
+, NO3

- and SO4
2- had the highest concentrations in late spring to 

summer (Yalcin et al. 2006b). On Mt. Logan, δ18O, NO3
- and SO4

2- peaked in late summer/fall. NO3
- 

and SO4
2- sometimes also showed a secondary peak in winter/spring. Na+, Cl-, Ca2+ peaked in 

winter/spring, while NH4
+ generally showed a spring maximum.  
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Figure 13: A comparison of the major ion composition of snow observed at the KL and DIV study sites, and at 
Eclipse Icefield (Yalcin et al. 2006b), King Col on Mount Logan (Yalcin et al. 2006a) and other sites in the 
Mount Logan area (Goto-Azuma et al. 2006). The height of the stacked bars are based on medians of ion 
concentrations. The left bar at each site represents anions and the right one cations. 

 
To test if the observed snow chemistry differences between the two study areas (KL and DIV) 

are statistically meaningful, the Wilcoxon rank-sum test for equal medians, also called Mann-Whitney 

U test, was used. The null hypothesis for this test is that the medians of the two sample populations are 

equal. If the calculated probability p is very small, the null hypothesis can be rejected. The Wilcoxon 

rank-sum test results gave high probabilities that the median concentrations of Cl- (0.98), Na+(0.63) 

and K+ (0.81) at the KL and DIV sites are statistically similar. However the null hypothesis was 

rejected for other major ions, indicating that some meaningful differences in snow ionic chemistry 

exist between these sites.  

In contrast to major ions, no significant differences could be seen in average THg 

concentrations measured among the various sites (KL and DIV), in either snow or glacier ice samples.  

This suggests that altitude may not be an important factor in controlling Hg deposition to snow in this 

region. Zdanowicz et al. (2006), in a study of dust deposition in snow in the St. Elias Mountains, 

found that some trace metals (e.g., Pb) in snow above ~3000 m asl had their source in far-travelled 

Asian desert dust, while below 3000 m asl they likely had a predominantly local dust source. If this is 

the case at the KL and DIV sites, the THg data suggest that altogether, contributions from local dust 

might not be an important source of Hg in snow, unlike for Pb. Instead, the more homogenously-

distributed gaseous Hg in the free atmosphere could be the dominant source of Hg deposition in snow. 

Furthermore, the similarity in THg concentrations in the snow samples and the short glacier cores 
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suggest that rates of atmospheric Hg deposition may have been stable for a long time in this region, 

although the exact age of the glacial ice that was sampled is unknown. 

 

Table 7: Descriptive statistics for major ion chemistry of snow at different sites in the St. Elias Mountain 
icefields, Yukon, Canada. Data for Eclipse Icefield: Yalcin et al. (2006a), King Col: Yalcin et al. (2006b), Mount 
Logan area: Goto-Azuma et al. (2006). 

Sample 
 

Cl- NO3
- SO4

2- Na+ NH4
+ K+ Ca2+ Mg2+ 

site 
 

(µg kg-1) (µg kg-1) (µg kg-1) (µg kg-1) (µg kg-1) (µg kg-1) (µg kg-1) (µg kg-1) 
Eclipse 
Icefield N 320 320 320 320 320 320 320 320 

 
min 0.9 5.0 11.5 0.2 0.5 0.0 0.0 0.7 

 
max 54.1 271.6 566.8 67.4 37.0 19.9 951.5 114.7 

 
mean 8.7 41.5 89.3 9.0 6.1 2.3 65.3 12.6 

 
stdev 7.3 37.8 88.4 9.2 6.0 2.7 99.0 15.1 

 
median  6.4 27.9 61.5 5.7 3.8 1.6 32.5 7.5 

          King Col N 193.0 193.0 193.0 193.0 193.0 193.0 193.0 193.0 

 
min 1.1 10.5 12.5 0.2 2.3 0.0 3.6 0.7 

 
max 71.3 213.3 375.6 69.9 31.4 31.3 152.7 15.8 

 
mean 8.0 66.3 113.4 6.7 14.3 3.1 38.9 5.1 

 
stdev 6.7 48.4 72.0 7.8 6.1 3.5 26.1 3.6 

 
median  6.4 60.1 101.8 4.4 14.1 2.0 32.9 4.1 

          Mt. Logan N 411.0 411.0 411.0 411.0 411.0 411.0 411.0 411.0 
area min 1.0 5.2 4.3 1.0 0.8 0.2 2.9 1.4 

 
max 261.3 603.9 1111.1 253.4 106.1 576.2 3996.9 320.1 

 
mean 16.8 68.3 73.5 9.0 7.2 6.3 30.7 5.8 

 
stdev 30.2 66.4 84.8 20.7 8.7 41.3 225.1 20.1 

 
median 8.2 47.8 51.6 2.9 4.6 1.2 7.7 3.0 

 

6.3 δ18O – δD relationships 
The equation of the regression line in a δ18O – δD plot for precipitation can be used as a tool to 

help identify the dominant source of this precipitation. Globally, samples of meteoritic water have 

values of δ18O and δD that define a straight line with a slope of 8 and an intercept of 10 ‰, called the 

Global Meteoric Water Line (GMWL; Craig, 1961).  

 

δD= 8 δ18O + 10 ‰                                                  (Eq. 2) 

 

However, changes in the slope of the δ18O and δD regression line can occur as a result of (non-

equilibrium) isotopic fractionation in water vapor during, for example, evaporation of water from 

reservoirs in a dry continental climate (Hage et al. 1975). These changes can therefore help determine 

if the moisture source of precipitation is predominantly marine and/or of continental origin. 
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The δ18O – δD regression line for snow samples collected at the KL site is 7.4, which is only 

slightly shallower than the GMWL (slope ~8), while the δ18O – δD gradient for samples collected at 

DIV is 8.2, slightly steeper than the GMWL (Fig. 14, Table 8). In comparison, the δ18O – δD 

regression lines for precipitation collected at Mayo and Whitehorse in the Yukon continental interior 

have slopes of 6.3 respectively 6.4, noticeably lower than the GMWL (data from the International 

Atomic Energy Agency, Global Network of Isotopes in Precipitation). The similarity between the δ18O 

– δD slopes for snow at the KL and DIV sites and the GMWL suggests that most of the precipitation 

that fell at these sites during the snow accumulation period 2012-13 were from unmodified oceanic 

moisture, probably from the nearby Gulf of Alaska. The small differences in slope between KL and 

DIV could be due to some mixing of moisture evaporated from continental sources at KL. The lower 

δ18O – δD slopes for Mayo and Whitehorse indicate that the precipitation falling at these sites is, on 

average, more differentiated by kinetic fractionation processes than precipitation at KL and DIV. This 

is not surprising, considering that Mayo and Whitehorse are under the orographic shadow of the St. 

Elias Mountains and further away from the Pacific Ocean.  

Together, these results suggest that some or all of the Hg found in snow at both KL and DIV is 

transported to this region with air masses flowing in an eastward direction over the St. Elias 

Mountains and towards the Yukon interior. However if the Hg is mostly deposited in snow 

independently of precipitation (for example by oxidation of Hg0), then the O/H isotopes in snow can 

not be considered as Hg source tracers, although they do inform about the sources of air masses.  

 

Table 8: Co-isotopic (δ18O – δD) regression lines for snow samples collected in June 2013 in the headwaters of 
Kusawa Lake (KL sites) and in the St. Elias Mountains icefields (DIV site), compared with the Global Meteoric 
Water Line (GMWL) and with regression lines for precipitation at Mayo and Whitehorse, Yukon. Data for Mayo 
and Whitehorse are from the International Atomic Energy Agency, Global Network of Isotopes in Precipitation 
(IAEA-GNIP). 

Site Regression line Data interval Reference 
KL sites δD = 7.4 δ18O  – 2.2 ‰ 2012-13 This study 
DIV δD = 8.2 δ18O + 14 ‰ 2012-13 This study 
GMWL δD = 8 δ18O + 10 ‰ > 30 years Craig (1961) 
Mayo δD = 6.3 δ18O – 37 ‰ 1985-89 IAEA-GNIP 
Whitehorse δD = 6.4 δ18O – 31 ‰ 1961-66, 1985-89 IAEA-GNIP 
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Figure 14: δ18O and δD data from snow samples collected in June 2013 in the headwaters of Kusawa Lake (KL 
sites) and in the St. Elias Mountains icefieds (DIV site), plotted versus each other, together with the Global 
Meteoric Water Line (GMWL) and with the regression lines for precipitation at Mayo and Whitehorse, Yukon 
(Data from the International Atomic Energy Agency, Global Network of Isotopes in Precipitation; IAEA-GNIP). 

 

6.4 Source characterization of major ions in snow 

6.4.1 Non-sea salt contributions 

Ca2+, Mg2+ and SO4
2- are common ions in seawater and in other aerosol sources such as soil dust. 

In order to determine the relative contributions of sea spray emissions to the total ionic load of these 

ions measured in the KL and DIV snow samples, the sea salt (ss) and non-sea salt (nss) fractions of 

these ions were estimated following the method of Keene et al. (1986): 

 

nss-‐X  =  X!"#$%& −
!
! !"#$#%"&

×  Y!"#$%&                                      (Eq. 3) 

 

In this equation XSample is the concentration of ion “X” in the snow, YSample is the concentration 

of a conservative sea salt tracer ion ''Y'', and (X/Y)Seawater is the ratio of these ions in seawater. YSample 

can be either Cl- or Na+ (Krnavek et al. 2012). In this study, Cl- was chosen as sea salt tracer because 

results from calculations with both ions were similar and Cl- did not have any values below detection 

limit, unlike Na+. Mean ionic concentrations in seawater from Pilson (2013) were used for the 
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calculations. Results showed that most (≥ 75 %) of the Ca2+ and SO4
2- in both the KL and DIV snow 

samples are of non-sea salt origin (Table 9). A similar result was obtained for Mg2+ at DIV. The Mg2+ 

calculations for KL gave mostly negative results due to many low Mg2+ values. This could be an 

indication that the Mg2+ proportions at KL are very close to, or depleted, relative to those in seawater. 

The surface snow samples from the KL sites contained almost 100 % nssCa2+. 

Together, the results suggest that much of the Ca2+ and SO4
2- at both KL and DIV are from a 

non-marine source, for example soil dust. They also suggest that most of the Mg2+ in snow at DIV is 

from a non-marine source (dust ?), while at KL it could be mostly of sea salt origin. In an earlier study 

at King Col on Mt. Logan, it was found over 90 % of aerosol Na+ deposited in snow there was from 

sea salt, while most of Ca2+ and SO4
2+ were from non-sea salt sources, and Mg2+ had significant 

contributions from both source types (Yalcin et al. 2006a). The results from King Col therefore agree 

with the results presented here for the DIV site. 

 

Table 9: Estimated non-sea salt fractions of Ca2+, Mg2+ and SO4
2- in snow samples collected in June 2013 in the 

headwaters of Kusawa Lake (KL sites) and in the St. Elias Mountain icefields (DIV site). Calculations were 
made using equation 3 with Cl- as the assumed conservative ion and using seawater ionic ratios from Pilson 
(2013). 

 Sample site Min 
(%) 

Max  
(%) 

Mean 
(%) 

Geo.mean 
(%) 

Ca2+ KL 32 100 83 82 
 DIV 21 96 84 82 
Mg2+ KL     
 DIV 48 97 86 86 
SO4

2- KL 37 92 75 74 
 DIV 61 98 86 86 

 

6.4.2 Enrichments and depletions of major ions compared to seawater  

The proportions of major ions in snow relative to those in seawater can also be used to infer 

processes responsible for their deposition or modification. Krnavek et al. (2012) identify source 

fractionation and atmospheric exchange as the most important mechanisms that modify the sea salt 

ionic content in snow. During source fractionation, ions are separated before the formation of aerosols, 

an example of this process being the removal of airborne sea salt ions by precipitation. Atmospheric 

exchange can implicate the addition of ions as aerosols, or removal of ions through heterogeneous 

reactions (Krnavek et al. 2012). To distinguish between these different mechanisms, Krnavek et al. 

(2012) use log-log correlation plots where major ion concentrations are plotted against either Na+ or 

Cl- (sea salt tracers), together with a seawater dilution line for the specific ions considered. The ions 

can be either enriched or depleted compared to seawater ratios. If source fractionation is the dominant 

process, the sample data will plot above (enrichment) or below (depletion) the dilution line, but in 

both cases approximately parallel to it. However if atmospheric exchange is dominant, the sample 
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ionic data tend to plot on a curved line that deviates from the seawater dilution line at low ionic 

concentrations.  

The method of Krnavek et al. (2012) was applied to the snow samples collected at the KL and 

DIV sites. The resulting log-log correlation plots are presented in Fig. 15A-F. As expected, the sample 

data plot along the seawater dilution line for Na+ and Cl- for both the KL and DIV sites (Fig. 15A). 

Therefore it is likely that most of the Na+ and the Cl- in these samples are of unmodified sea salt 

aerosol origin. In contrast, all samples are enriched in K+ relative to seawater. The spread of the 

samples is about the same for the KL and DIV sites (Fig. 15B). Ca2+ is also enriched relative to 

seawater at the KL and DIV sites, and the enrichment is larger in snow at DIV than at the KL sites 

(Fig. 15C). At KL, the Ca2+ samples of lower concentrations plot further away from the seawater 

dilution line than those with higher concentrations, which suggests that atmospheric exchange has 

occurred, most likely by mixing of sea salt and dust containing Ca2+ (carbonates, salts, or in clay 

minerals). Mg2+ is enriched in the DIV samples while the samples from the KL sites plot close to the 

seawater dilution line (Fig. 15D). Ca2+ exists in smaller average concentrations in seawater, and often 

in larger amounts in dust, relative to Mg2+. Consequently, when Na+ concentrations are low (as in 

many KL and DIV snow samples) an enrichment in Ca2+ by mixing of dust is more easily noticeable 

than an enrichment in Mg2+. Figure 15C and D therefore suggest that the ionic chemistry of the snow 

at DIV is affected by a local dust source of both Ca2+ and Mg2+, while the ion chemistry of the snow at 

KL could be affected by a dust source containing mostly Ca2+. These results confirm earlier non-sea 

salt fraction calculations. One sample from the KL sites was found to be depleted in SO4
2- relative to 

seawater, but all other samples from both the KL and DIV sites were relatively enriched in SO4
2-, the 

DIV samples being slightly more enriched than the KL samples (Fig. 15E), as was also indicated by 

earlier non-sea salt contribution calculations. Ca2+ and SO4
2- are often associated in dust as anhydrite 

(CaSO4 or CaSO4*H2O), so it is possible that some of the nssSO4
2- in both KL and DIV are from dust. 

No seawater dilution is shown on the NO3
- versus Na+ plot because the amount of NO3

- in 

seawater is low and variable and there is no reported normalized concentration for it. However, 

correlation plots indicate that DIV samples overall have slightly higher NO3
- concentrations for the 

same Na+ concentrations as at KL (Fig. 15F). 
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Figure 15 A-F: Log-log correlation plots of different ions plotted against Na+. The black dots represent samples 
from KL and the red dots samples from DIV. The blue line represents the ratio between the investigated ion and 
Na+ in seawater (Pilson 2013).   

 

6.4.3 Correlations between major ions, and with THg 

To further investigate relationships between major ions in snow, and to determine if any of 

these ions have associations with THg, pairwise correlation coefficients were calculated using the 

Spearman rank-correlation method, which measures the statistical inter-dependence between two 

variables. Each calculated correlation coefficient (R) is associated with a probability (p) value. 

Correlation is high if R is close to 1, either positive or negative (anti-correlation). If the p-value is 
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small, for example, p < 0.05, then the correlation coefficient is statistically significantly. Samples with 

ionic concentrations below detection limits, and those collected within less than 10 cm from the snow 

surface (which are often outliers) were removed from the dataset before calculating the pairwise 

correlations. All the sample data from the KL sites were pooled together to increase statistical 

confidence in the results, which is acceptable since these sites are geographically very close to each 

other. Because the snow samples for major ions and Hg were not necessarily taken at the same depths, 

averages over common depth intervals had to be estimated. SO4
2- was included in the calculations as 

both total SO4
2- and as non-sea salt SO4

2- (nssSO4
2-). Results for all correlation calculations are given 

in Tables 10 and 11. To highlight the most meaningful pairwise correlations, variable pairs with |R| 

values ≥ 0.50 and p-values ≤ 0.05 are listed in Table 12.  

 

Table 10: Pairwise cross – correlation coefficients (R) between major ions and THg in snow samples from the 
Kusawa Lake (KL) field sites. Bold values of R are significant at the 95 % level and values in brackets are |R| > 
0.50. Subscript “a” indicates that the number of samples used in the calculations was less than 50. 

 Cl- NO3
- SO4

2- nssSO4
2- Na+ NH4

+ K+ Ca2+ Mg2+ THg 
Cl- 1 0.41 (0.73) (0.65) (0.97) 0.32 (0.57)a (0.69) (0.77)a -0.19a 
NO3

-   1 (0.76) (0.77) 0.33 0.31 0.31a (0.75)  0.26a -0.15a 
SO4

2-     1 (0.97) (0.68) 0.32 (0.51)a (0.89)  (0.74)a -0.15a 
nssSO4

2- 
      1 (0.62) 0.18 0.38a (0.83)  (0.56)a -0.15a 

Na+         1 0.24  0.57a (0.63)  (0.80)a -0.23a 
NH4

+           1  0.34a 0.41  0.40a 0.04a 
K+             1 (0.64)a 0.11a -0.12a 

Ca2+               1  (0.61)a -0.05a 
Mg2+                 1 0.08a 

THg                   1 
 
Table 11: As in Table 10, but for snow samples from the St. Elias Mountains icefields (DIV site). Bold values 
has p-value < 0.05. Bold values in brackets are |R| > 0.50. Subscript “a” indicate that the number of samples used 
in the calculations was less than or equal to 20. 

 Cl- NO3
- SO4

2- nssSO4
2- Na+ NH4

+ K+ Ca2+ Mg2+ THg 
Cl- 1 0.34 (0.59) 0.49 (0.96) -0.01 (0.53)a (0.61) (0.64) -0.28a 

NO3
- 

 
1 (0.84) (0.87) 0.13 0.11 -0.25a 0.44 0.37 -0.12a 

SO4
2- 

  
1 (0.98) 0.45 0.11 0.00a 0.49 0.43 -0.15a 

nssSO4
2- 

   1 0.36 0.15 -0.06a 0.47 0.39 -0.08a 

Na+ 
   

 1 0.06 (0.67)a (0.51) (0.58) -0.11a 

NH4
+ 

   
 

 
1 0.22a 0.30 0.20 0.30a 

K+ 
   

 
  

1 0.42a (0.52)a 0.22a 

Ca2+ 
   

 
   

1 (0.96) 0.31a 

Mg2+ 
   

 
    

1 0.25a 

THg          1 

 

None of the major ions show a strong correlation with Hg. This suggests that there are no direct 

associations in the deposition of Hg with any of the ions. Another explanation may be that the 
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matching depth intervals estimated for major ion samples and THg samples were inaccurate, which 

could mask actual correlations. On the other hand, higher concentrations of both THg and major ions 

were often found in top and bottom layers of snowpits, associated with the current and previous years' 

summer surface. These surfaces often contains higher amounts of mineral dust due to more bare soil 

surfaces being exposed in the glaciers' surroundings. The higher levels of THg and ions such as Ca2+ 

in these layers suggest that some Hg may be attached to dust particles in the air prior to deposition, or 

may become attached to dust particles in the snowpack after deposition (Huang et al. 2012).    

Tables 10 and 11 reveal strong pairwise correlations between ions associated in marine aerosols 

at both KL and DIV (example: Na+, Cl- and Mg2+). Ca2+ and Mg2+ have a much stronger correlation at 

DIV than at KL. This may be due to larger dust input at DIV than at KL, which also was suggested by 

the log-log correlation plots (Fig. 15C and D) and by the non-sea salt contribution calculations (Table 

9). SO4
2- and nssSO4

2- both have a stronger pairwise correlation with Ca2+ in KL than in DIV. As 

mentioned earlier, Ca2+ and SO4
2- are commonly associated in dust as anhydrite. At both KL and DIV 

there are strong positive correlations between NO3
- and both SO4

2- and nssSO4
2-. This association 

could be due to the impact of distant pollution sources, emitting NOx and SOX gases, for example from 

the burning of fossil fuels.  

 

Table 12: Most significant pairwise associations of ions in decreasing order of correlation strength (R). Only ion 
pairs with |R| > 0.50 are shown. Bold values indicate that correlations were > 0.50 in both the KL and DIV 
samples. 

KL DIV 
Pair |R| Pair |R| 

Cl-/Na+ 0.97 Cl-/Na+ 0.96 
SO4

2-/Ca2+ 0.89 Ca2+/Mg2+ 0.96 
nssSO4

2-/Ca2+ 0.83 NO3
-/nssSO4

2- 0.87 
Na+/Mg2+ 0.80 NO3

-/SO4
2- 0.84 

Cl-/Mg2+ 0.77 Na+/K+ 0.67 
NO3

-/nssSO4
2- 0.77 Cl-/Mg2+ 0.64 

NO3
-/SO4

2- 0.76 Cl-/Ca2+ 0.61 
NO3

-/Ca2+ 0.75 Cl-/SO4
2- 0.59 

SO4
2-/Mg2+ 0.74 Na+/Mg2+ 0.58 

Cl-/SO4
2- 0.73 Cl-/K+ 0.53 

Cl-/Ca2+ 0.69 K+/Mg2+ 0.52 
SO4

2-/Na+ 0.68 Na+/Ca2+ 0.51 
Cl-/nssSO4

2- 0.65   
K+/Ca2+ 0.64   

Na+/Ca2+ 0.63   
nssSO4

2-/Na+ 0.62   
Ca2+/Mg2+ 0.61   

Cl-/K+ 0.57   
nssSO4

2-/Mg2+ 0.56   
SO4

2-/K+ 0.51   
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6.5 THg accumulation rates in snow 
Estimates of the THg loading and accumulation rate (net flux) in snow at the KL and DIV sites 

were calculated in order to (1) help constrain possible contributions of Hg from snow and ice 

meltwater to local aquatic environments; and (2) enable comparison with similar data from other 

Arctic and subarctic sites and determine if there are any important spatial variations in the atmospheric 

Hg accumulation in snow.  

To make an estimation of the mass of Hg per unit area (the THg loading) in the snowpack, the 

geometric mean THg for each snowpit site was multiplied by the mean snowpack density and depth 

(Table 13). The fluxes were calculated and normalized to a year by dividing the estimated loadings by 

the amount of the year’s total solid precipitation which the snowpack was estimated to represent. The 

normalization to a year was made to facilitate comparisons with other data from other Arctic and 

subarctic sites, which are reported on an annual basis. The estimates of the percentage of the whole 

year’s solid precipitation represented in each snowpack were calculated as described in section 6.1.  

The estimated annual net fluxes in this study (0.57 to 0.71 µg m-2 a-1) are quite high compared 

to other studies in Arctic Canada where values ranging from 0.05 to 0.33 µg m-2 a-1 have been reported 

(Zheng et al. 2009, 2011; St. Louis et al. 2005; Zdanowicz et al. 2013). The relatively high THg fluxes 

at the KL and DIV sites may be due to the wetter local climate with high snow accumulation rates and 

densities compared to the colder, drier climate at the Arctic sites. This would in turn indicate that wet 

deposition plays an important role in controlling how much Hg is deposited in snow annually.  

 

 

Table 13: Estimated mass loadings and inferred net accumulation rates (fluxes) of atmospheric THg deposited in 
alpine snow in the headwaters of Kusawa Lake (KL sites) and the central St. Elias Mountain icefields (DIV site). 
Loadings represent the mass of THg accumulated per unit area over a period range of 9-10.5 month (KL sites) 
and 12 month (DIV site) ending in mid-June, 2013. Fluxes express the corresponding accumulation rates over a 
complete calendar year. 

Site 
 

THg geo. mean 
(ng L-1) 

Mean density 
(kg m-3) 

Depth of snow 
(m) 

THg loading 
(µg m-2) 

THg flux range 
(µg m-2 a-1) 

KL1 0.53 554 1.68 0.49 0.57 - 0.65 
KL2 0.62 560 1.56 0.54 0.62 - 0.71 
KL3 0.44 559 2.2 0.54 0.62 - 0.71 
DIV 0.56 501 2.35 0.66 0.66 
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The THg concentrations measured in this study are comparable to those observed in other 

studies done in the subarctic and Arctic (Table 14, Fig. 16). Exceptions are some of the concentrations 

obtained by Dommergue et al. (2010) at Svalbard in the Norwegian Arctic, which ranged from 1.25 to 

7.44 µg m-2 a-1. However, these relatively high values may be due to the fact that the sampling was 

conducted in a period of atmospheric mercury depletions events (AMDE), during which gaseous Hg in 

the atmosphere is deposited by fast photolytic oxidation (AMAP 2011). At Axel Heiberg Island, John 

Evans Glacier on Ellesmere Island and at Alert (Canadian High Arctic), all highest values were in the 

surface snow (St. Louis et al. 2005). Investigations in this sector of the Arctic have shown that THg 

concentrations can rise above 20 ng L-1 during atmospheric AMDE in the upper layers of snowpack, 

but most of the deposited Hg during these events is soon released back to the atmosphere via photo-

reduction (Durnford and Dastoor 2011). 
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Table 14: Range and mean concentrations of total Hg (THg) in snow measured at inland sites across the Arctic 
and subarctic. N = number of samples. (µ ± 1σ) = mean ± one standard deviation. 

Location Lat  
(°) 

Max. elev.  
(m) 

N Range 
(ng L-1) 

µ ± 1σ 
(ng L-1) 

References 

Canada       
KL1 60 1645 19 0.26-4.53 0.85 ± 1.21 This study 
KL2 59 1730 18 0.26-3.84 0.94 ± 1.11 This study 
KL3 59 1750 27 0.24-6.14 0.80 ± 1.45 This study 
DIV 60 2635 23 0.29-1.89 0.65 ± 0.42 This study 
Yukon River basin    0.41-2.3 - Wang et al. 2005 
Grinnell Ice Cap 62 845 12 0.60-2.23 1.16 ± 0.55 Zdanowicz et al. 2007 
Penny Ice Cap 67 1860 145 <0.20-3.48 0.72 ± 0.51  Zdanowicz et al. 2013 
Axel Heiberg Island   3 0.1-2.5* - St. Louis et al. 2005 
John Evans Glacier 79  3 0.2-2.6* - St. Louis et al. 2005 
Alert   3 1.2-6.2* - St. Louis et al. 2005 
       
Alaska       
Council 65  9 1.0-1.4* - Douglas and Sturm 2004 
Selawik 67  9 1.3-1.7* - Douglas and Sturm 2004 
Brooks Range 68  9 1.0-1.7* - Douglas and Sturm 2004 
Colville 69  9 0.5-1.1* - Douglas and Sturm 2004 
Atqasuk 70  9 3.3-6.2* - Douglas and Sturm 2004 
Summary of different 
studies 

    <2 Jaeglé 2010 

       
Svalbard       
Kongsvegen 78 670 10 0.5-31.0 5.9 ± 0.1 Dommergue et al. 2010 
Kongsvegen 78 670 10 <0.3-5.3 0.70 Larose et al. 2010 
Austre Lovenbreen 78 472 7 <0.2-57.4 11.1 ± 0.1 Dommergue et al. 2010 
Holtedahlfonna 79 1173 7 0.3-4.7 2.6 ± 0.1 Dommergue et al. 2010 
Holtedahlfonna 79 1173 10 0.23-1.08 0.58 Larose et al. 2010 
* Range based on means from different depth of snow pack 

 
 

 
Figure 16: Locations of North American subarctic and Arctic sites listed in Table 14.    
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7 Conclusions 
 

This study is the first to report total Hg concentrations in alpine snow and ice in the vast 

mountainous region of southern Yukon and northern British Colombia. Previously, only some limited 

THg data had been reported for the northern interior and coastal regions of Alaska (e.g., Douglas and 

Sturm 2004). The data presented in this thesis will therefore contribute to an improved knowledge of 

the spatial distribution of Hg in snow across North America, and it also provides some possible 

indications about where the Hg found in snow in the study area may originate from.  

The measured THg concentrations in snow ranged between 0.20 and 6.14 ng L-1. There were no 

significant differences in the geometric means of THg in either snow or glacial ice between the various 

study sites in the Kusawa Lake area (KL) and the central St. Elias Mountains (DIV). This might 

indicate that overall, Hg deposition in snow in the investigated area is primarily from gaseous 

elemental or reactive Hg, which should be more homogenously distributed in the free atmosphere than 

particulate forms. The highest THg concentrations in individual samples were found in surface and 

bottom layers in the snowpits. These layers are associated with the previous and current year’s 

summer surfaces. These surfaces often contain higher amounts of mineral dust due to more bare soil 

surfaces being exposed in the glacier surroundings during summer. This suggests that Hg found in 

these snow layers is attached (adsorbed ?) to dust particles in the air prior to deposition, or becomes 

attached to the dust particles in the snowpack, which may prevent some of this Hg from being released 

in meltwater that percolates into, or runs off from, the glacier.  

The δ18O-δD regression lines in snow samples from both the KL and DIV sites plot close to the 

global meteoric water line (GMWL), which indicates that precipitation at these sites is mostly from 

Pacific marine air masses, unaffected by evaporative effects observed in continental precipitation 

(example: Whitehorse). The δ18O-δD regression line for samples from KL sites was slightly shallower 

(slope = 7.4) than the line at DIV (slope = 8.2) and also shallower than the GMWL (slope = 8). This 

small difference between KL and DIV could be due to a slightly greater contribution of continentally-

derived moisture in snow at KL. The stable O/H isotope ratios were used to make tentative seasonal 

subdivisions of snowpit data. The seasonal δ18O and δD variations were only clear in one snowpit 

(KL2), and this could be due to the dominance of well-mixed moisture from the Gulf of Alaska that 

masks seasonal temperature-related fractionation in precipitation. No large differences were found 

between THg concentrations between the estimated seasonal increments in the different snowpits, 

apart from some indications of slightly lower THg levels in winter layers. However because the 

proposed seasonal divisions in the snowpits are tentative only, the differences in THg are not robust 

enough to draw any firm conclusions.  

The major ion composition of snow differed between the sites at KL and DIV. Most of the Ca2+ 

and SO4
2- (≥ 74 %) were calculated to be of non-sea salt origin at both KL and DIV. Mg2+ was mostly 
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of non-sea salt origin at DIV (86 %), but possibly more of sea salt origin at KL. Both Mg2+ and Ca2+ 

occurred in higher concentrations and were more strongly correlated in snow at DIV than at KL, 

which suggests inputs from a local dust source containing these ions at DIV. Conversely, a higher 

correlation between Ca2+ and SO4
2- in snow at KL compared to DIV may indicate inputs from a local 

dust source containing these ions, for example in the form of anhydrite. High correlations were also 

observed between major ions typically associated in seawater (Na+, Cl-) at both KL and DIV. NO3
- and 

SO4
2- correlated well in samples from KL and DIV. Higher concentrations of both NO3

- and SO4
2- at 

DIV relative to KL could indicate larger inputs of anthropogenic pollution from distant emission 

sources (derived from SOx and NOx gases) in snow at higher mountain elevations. No strong 

correlations were found between THg and any of the investigated major ions in snow (Ca2+, K+, Na+, 

NH4
+, Mg2+, Cl-, NO3

- and SO4
2-). Therefore, no simple associations could be identified between 

deposition of Hg and these ions in snow, at least in the colder half of the year (autumn, winter, spring).  

The range and mean values of THg found in the study sites are comparable to those obtained in 

other studies across Arctic Canada and in central and northern Alaska (Douglas and Sturm 2004; 

Wang et al. 2005; St. Louis et al. 2005; Zdanowicz et al. 2007, 2013). This indicates that Hg 

concentrations in solid precipitation do not differ greatly between different latitude and longitudes 

across the North American Arctic and subarctic. The estimated THg loading in snow in the study areas 

ranged from 0.49 to 0.66 µg m-2.  Normalizing these loadings to a year enabled comparison with 

annual fluxes obtained at other sites in the Arctic and subarctic. The fluxes obtained for the KL and 

DIV sites ranged from 0.57 to 0.71 µg m-2 a-1, and these are relatively high compared to THg fluxes in 

the eastern Canadian Arctic (0.05 to 0.33 µg m-2 a-1; St. Louis et al. 2005; Zheng et al. 2009, 2011; 

Zdanowicz et al. 2013). The higher annual THg fluxes in snow in northern British Columbia and 

southern Yukon could be due to higher snow accumulation rates and densities at these alpine sites 

compared to the drier, colder Arctic. This would therefore indicate that wet deposition is an important 

mechanism for determining the total amount of Hg deposited annually in snowpacks at high latitudes.  

Some suggested logical next steps in investigating Hg inputs to Kusawa Lake are to estimate the 

amounts of Hg delivered by seasonal snow and ice melt (using the data produced in this thesis), to 

sample and measure Hg concentrations in meltwater streams issuing from the glaciers in the 

catchment area, and also Hg concentrations in the different non-glacier fed streams that flow into 

Kusawa Lake. 
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Appendix I: Cleaning procedure of bottles for major ion 
samples 

 

Each bottle was first rinsed and then filled with milli-Q (18.2 MΩ m) water and left standing for 

one day under a clean air hood. This procedure was repeated three times with each bottle. After the 

last cleaning, the bottles were left drying under the clean air hood with the lids just lying loosely on 

top. When the bottles were dry, the lids were tightened and the bottles were sealed in clean plastic 

bags. Some of the bottles were tested with milli-Q-water in the ion-chromatograph. 

 

Appendix II: Conductivity data 
 
For notes on each layer see Appendix III. 
 
               

KL1 KL2 
Depth Conduvtivity Depth Conduvtivity 
(cm) (µS cm-1) (cm) (µS cm-1) 

0 1.2 0 1.5 
1 1.5 1 1.5 
1 1.7 1 1.5 

10 1.3 10 1.4 
25 1.3 15 1.4 
35 1.3 20 1.4 
50 1.5 30 1.3 
55 1.3 40 1.5 
70 1.4 50 1.6 
85 1.6 60 1.6 
95 1.6 75 1.9 
98 2.6 85 2.2 

100 1.6 95 1.7 
120 1.5 105 1.6 
135 1.5 115 1.7 
145 1.7 125 1.9 
168 1.8 135 1.8 

  145 1.5 
  156 1.9 
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KL3  DIV  

Depth Conduvtivity Depth Conduvtivity 
(cm) (µS cm-1) (cm) (µS cm-1) 

0 1.1 0 1.2 
1 1.3 0 1.5 
1 1.5 1 1.9 
3 1.3 1 1.7 

10 1.8 15 1.4 
20 1.8 25 1.3 
30 1.3 35 2.5 
36 1.9 45 1.6 
40 1.6 55 1.6 
57 1.6 65 1.4 
67 1.8 85 1.4 
77 1.4 95 1.6 
87 1.4 105 1.8 
93 1.8 115 1.9 
97 2.1 125 1.4 

107 1.6 135 1.8 
115 2.1 145 1.6 
125 2 165 3.2 
130 1.7 175 2 
137 1.7 185 1.7 
147 2 195 1.7 
148 3.2 205 1.3 
163 2 215 1.5 
170 1.8 225 8.6 
180 2.4 235 2.1 
190 2 245 2 
200 2 255 5.2 
215 1.8 265 2.4 

  275 2.4 
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Appendix III: Major ion data 
 

Detection limit = average1 of blanks + (1.65 x standard deviation of the blanks).  

 

 Anions  

Batch anions F- Cl- Br- NO3
- SO4

2- C2O4
2- 

1 

 

Error (%) n.d. 0.1 1.52 0.1 0.1 1.87 

Detection limit (µg kg-1) 0.6 0.2 0.2 3.1 1.3 2.3 

2 

 

Error (%) 21.3 0.2 6 0.1 0.1 n.d. 

Detection limit  (µg kg-1) 0.2 0.2 0.9 0.3 1.1 0.04 

 

  Cations 

Batch cations Na+ NH4
+ K+ Ca2+ Mg2+  

1 

 

Error (%) 1.2 0.8 1 0.9 0.9  

Detection limit  (µg kg-1) 3.2 

(33.9)2 

< 1 < 1 1 <1  

2 

 

Error (%) 0.5 0.7 2 0.8 0.7  

Detection limit  (µg kg-1) 2.4 <1 <1 1.5 <1  

 

 

 

                                                        
1 For calculations of the averages, blank values below detection limit were excluded. 
 
2 One of three blanks was very high (28 µg kg-1), most probably due to contamination during handling, 

since the other two blanks from the same milli-Q-water were relatively low (< 3 µg kg-1). The 

estimated detection limit excluding the presumably-contaminated blank is 3.2 µg kg-1 (including the 

contaminated blank: 33.9 µg kg-1). The needle injector in the ion chromatograph is cleaned between 

every new sample, so an occasional contaminated blank will not affect the sample results.  
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n.d = no data obtained 
Italics = data below detection limit 
Bold = Batch 1 
Normal = Batch 2 

 

 
KL1             
Depth 
(cm) 

F-  
(µg kg-1) 

Cl-  
(µg kg-1) 

Br- 
(µg kg-1) 

NO3
- 

(µg kg-1) 
SO4

2- 
(µg kg-1) 

C2O4
2-  

(µg kg-1) 
Na+  

(µg kg-1) 
NH4

+ 
(µg kg-1) 

K+  
(µg kg-1) 

Ca2+  
(µg kg-1) 

Mg2+ 
(µg kg-1) Note 

0 n.d. 2.38 n.d. 1.71 1.04 n.d. n.d. 4.50 n.d 0.31 n.d. Field blank 
1 0.65 6.27 0.05 15.61 31.36 1.62 1.16 9.73 19.30 30.46 4.12 Surface snow 
1 3.85 10.61 0.17 38.37 19.36 5.03 1.67 11.62 28.33 52.49 6.85 Surface snow 

10 0.15 15.97 0.03 5.16 5.40 0.18 9.65 4.13 0.65 1.83 0.29 	  	  
25 n.d. 8.73 0.05 6.56 4.51 0.14 3.78 7.29 0.55 2.64 0.30 	  	  
35 0.19 7.50 0.03 5.22 3.69 0.17 3.64 3.13 1.75 1.97 0.61 	  	  
50 0.13 63.21 0.15 4.65 3.64 0.06 41.22 2.84 1.91 2.12 0.53 	  	  
55 n.d. 10.00 0.19 10.21 7.09 0.11 6.16 7.06 1.10 2.86 0.41 	  	  
70 0.11 3.81 0.08 4.68 5.54 0.05 2.37 1.93 1.06 2.09 0.42 	  	  
85 n.d. 15.73 0.15 15.84 11.15 0.01 8.58 7.95 0.86 2.43 0.73 	  	  
95 n.d. 12.13 0.10 29.86 9.61 0.04 6.72 15.63 2.65 3.65 0.69 Transf.	  to	  new bottle 
98 0.75 87.97 0.43 85.14 73.36 0.56 21.58 30.95 3.08 20.09 2.84 Ice layer 

100 n.d. 19.43 0.19 25.28 12.53 0.17 12.24 7.53 1.07 3.07 0.80 	  	  
120 n.d. 38.30 0.19 12.37 16.93 n.d. 23.83 5.08 0.73 2.28 0.75 	  	  
135 n.d. 14.80 0.56 29.22 13.23 0.13 8.03 7.01 1.78 3.59 0.91 	  	  
145 n.d. 43.60 0.14 22.62 25.96 0.24 25.74 7.59 1.84 3.85 2.04 	  	  
168 n.d. 36.40 0.24 48.63 35.11 0.69 18.62 5.60 8.56 8.09 2.93 Wet snow at ice surface  
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KL2             
Depth 
(cm) 

F-  
(µg kg-1) 

Cl-  
(µg kg-1) 

Br-  
(µg kg-1) 

NO3
- 

(µg kg-1) 
SO4

2- 
(µg kg-1) 

C2O4
2-  

(µg kg-1) 
Na+  

(µg kg-1) 
NH4

+ 
(µg kg-1) 

K+ 
(µg kg-1) 

Ca2+  
(µg kg-1) 

Mg2+ 
(µg kg-1) Note 

0 0.12 52.17 n.d. 1.44 19.88 0.19 41.23 1.21 34.67 3.37 0.22 Field blank 
1 1.24 6.75 0.02 4.94 7.16 4.23 3.28 n.d. 9.21 68.10 4.03 Surface snow 
1 0.90 7.42 0.02 9.12 7.60 4.27 3.39 3.50 13.61 67.37 4.38 Surface snow 

10 n.d. 16.90 0.08 7.73 6.15 0.22 9.84 7.72 0.85 2.37 0.41 
 15 n.d. 9.50 0.13 9.90 6.58 0.06 4.90 6.95 0.64 2.88 0.58 15 cm + ice layer 

20 n.d. 12.99 0.10 9.47 4.95 0.07 7.70 7.64 1.20 2.04 0.61 
 40 n.d. 8.74 0.06 17.40 5.83 0.04 4.30 6.49 0.35 4.12 0.30 
 50 n.d. 21.82 0.11 19.53 16.24 n.d. 13.15 5.57 0.76 2.07 0.95 
 60 0.12 28.59 0.27 33.77 26.55 0.19 15.82 6.54 0.97 5.18 1.77 
 75 n.d. 17.67 0.14 76.18 32.99 0.11 8.15 5.95 0.97 5.55 1.55 
 85 n.d. 35.73 0.14 101.08 64.62 11.83 25.19 6.85 10.14 36.08 3.38 Transf. to new bottle 

95 0.11 17.68 0.14 40.19 18.92 0.13 9.85 2.43 0.71 4.94 1.47 
 105 n.d. 22.13 0.13 35.79 19.49 0.02 11.56 5.37 0.77 3.15 1.34 
 115 n.d. 23.23 0.17 31.77 27.36 0.05 12.27 7.12 1.36 5.98 2.01 
 125 n.d. 91.60 0.33 20.95 31.15 0.22 53.35 3.48 2.70 6.85 5.59 
 135 n.d. 43.02 0.30 50.09 44.92 0.44 22.10 10.27 2.11 21.25 3.26 
 145 n.d. 30.53 0.22 18.97 22.40 0.10 18.10 7.67 3.12 3.88 2.39 
 

156 n.d. 69.24 0.38 28.40 27.80 n.d. 39.50 n.d. 17.49 6.48 3.64 
Wet snow at ice surface. 
A lot of particles. 
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KL3             
Depth 
(cm) 

F-  
(µg kg-1) 

Cl-  
(µg kg-1) 

Br-  
(µg kg-1) 

NO3
- 

(µg kg-1) 
SO4

2- 
(µg kg-1) 

C2O4
2-  

(µg kg-1) 
Na+  

(µg kg-1) 
NH4

+ 
(µg kg-1) 

K+  
(µg kg-1) 

Ca2+  
(µg kg-1) 

Mg2+ 
(µg kg-1) Note 

0 n.d. 2.64 0.01 2.14 1.49 0.07 0.82 6.15 n.d 28.09 0.94 Field blank 
1 1.02 2.57 0.03 5.42 8.97 4.37 1.22 4.40 2.70 52.87 3.46 Surface snow 
1 1.31 9.01 0.06 12.02 14.45 7.95 3.61 8.46 3.01 60.28 4.43 Surface snow 
3 1.02 10.68 0.15 7.40 6.27 0.19 2.69 10.67 1.32 2.33 0.25 

 10 1.11 69.72 0.28 12.39 38.80 0.33 38.43 12.42 3.57 6.59 3.36 
 20 n.d. 47.07 0.15 20.46 28.54 0.07 28.43 10.56 22.98 7.29 2.06 
 30 n.d. 12.74 0.07 10.62 9.53 0.03 5.13 8.83 0.90 2.05 0.18 
 

36 n.d. 91.60 0.42 19.23 28.65 1.81 27.90 35.46 28.89 14.06 2.30 
Ice layer  
Transf. to new bottle 

40 n.d. 36.66 0.15 10.85 20.99 0.07 23.76 6.17 11.71 4.79 1.74 
 57 0.19 39.85 0.11 12.33 16.62 0.17 24.11 3.92 1.46 3.13 1.42 
 67 0.15 78.00 0.32 15.82 24.91 0.13 47.87 4.68 2.35 4.13 2.87 
 77 0.21 12.40 0.17 8.51 19.24 0.16 8.39 3.03 8.71 3.38 1.12 
 87 n.d. 12.92 0.12 15.42 17.05 0.14 6.58 8.20 1.75 2.25 0.44 
 93 0.18 64.36 0.33 20.01 14.54 0.15 25.58 19.76 4.63 3.05 0.85 Ice layer, cracked bottle 

97 n.d. 102.40 0.40 22.74 44.60 0.18 67.81 8.66 17.13 10.44 4.31 
 107 n.d. 33.52 0.19 15.30 22.80 0.07 20.96 4.81 6.39 5.03 1.70 
 115 n.d. 89.72 0.45 32.54 43.63 0.22 63.59 8.28 13.46 8.02 4.16 
 125 n.d. 99.40 0.41 22.10 53.14 0.08 65.25 9.74 15.20 6.30 3.82 
 130 n.d. 62.15 0.19 13.62 13.73 1.22 32.83 7.43 24.37 5.68 1.25 Ice layer  

137 n.d. 31.98 0.21 40.01 37.59 0.21 21.83 4.59 8.48 5.81 1.97 
 147 n.d. 76.25 0.30 56.61 37.01 0.19 57.94 9.46 11.20 7.24 3.83 
 

148 n.d. 223.13 0.72 71.18 57.96 1.28 150.35 23.14 72.70 25.78 4.77 
Ice layer, thawed longer 
than the other samples 

163 n.d. 74.09 0.43 29.53 47.25 0.53 45.53 6.36 3.95 7.27 4.04 
 170 n.d. 32.03 0.34 50.11 58.02 1.05 18.71 7.91 4.50 12.10 3.18 
 180 n.d. 165.51 0.61 29.74 57.90 0.05 101.88 10.20 5.72 7.83 8.10 
 190 n.d. 43.40 0.37 56.04 62.57 0.49 24.45 8.00 6.47 9.70 3.17 
 200 n.d. 85.73 0.46 25.78 63.32 0.23 53.22 5.20 3.80 5.33 4.51 
 215 n.d. 69.02 0.38 24.53 40.26 0.28 44.05 5.32 5.64 5.59 3.37 Above summer surf. 
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DIV             
Depth 
(cm) 

F-  
(µg kg-1) 

Cl-  
(µg kg-1) 

Br-  
(µg kg-1) 

NO3
-  

(µg kg-1) 
SO4

2-  
(µg kg-1) 

C2O4
2-  

(µg kg-1) 
Na+  

(µg kg-1) 
NH4

+  
(µg kg-1) 

K+  
(µg kg-1) 

Ca2+  
(µg kg-1) 

Mg2+  
(µg kg-1) Note 

0 n.d. 0.95 n.d. 0.15 0.94 0.02 0.16 0.85 n.d. 1.12 n.d. Field blank 
0 n.d. 2.17 n.d. 1.43 1.26 n.d. n.d. 4.38 n.d 1.32 n.d. Field blank 
1 n.d. 6.13 0.08 45.88 23.66 1.43 0.31 9.40 1.90 17.03 3.05 Surface snow 
1 n.d. 6.24 0.10 38.38 22.37 2.51 0.93 7.01 2.49 24.11 4.73 Surface snow 
5 n.d. 94.72 1.30 415.47 176.87 34.99 86.89 15.66 123.45 378.87 42.56 Cracked bottle, leak. 

15 n.d. 5.32 0.07 18.04 29.41 0.18 1.30 10.60 0.84 13.97 6.01 
 25 n.d. 9.71 0.15 18.34 21.07 0.26 5.52 6.51 3.93 48.32 21.22 
 35 n.d. 51.22 0.15 9.47 18.57 0.24 36.14 9.81 34.01 121.34 51.25 
 45 n.d. 47.13 0.48 21.17 31.67 0.15 33.16 8.78 26.23 36.45 13.63 
 55 n.d. 29.31 0.31 13.86 31.85 0.04 16.40 9.04 3.10 15.82 7.05 
 65 n.d. 20.20 0.23 18.81 30.20 0.06 13.21 5.60 5.24 24.38 8.77 
 85 0.10 8.20 0.33 14.26 32.99 0.25 6.93 10.64 0.88 17.85 5.10 
 95 0.38 39.41 0.64 56.28 53.01 0.06 19.68 6.71 1.46 34.72 15.78 
 105 n.d. 49.43 0.28 24.29 43.71 0.38 31.50 9.62 23.04 47.58 16.77 
 115 n.d. 13.71 0.26 68.32 59.13 0.10 4.20 9.01 0.89 12.51 3.97 
 125 n.d. 6.49 0.14 17.53 24.61 0.31 2.21 3.51 0.73 23.19 7.40 
 145 n.d. 23.89 0.42 56.56 45.08 n.d. 8.40 9.77 1.16 38.11 13.50 
 165 n.d. 42.85 0.89 214.52 261.76 1.18 10.95 11.90 2.39 188.99 45.09 
 175 n.d. 125.02 0.27 34.31 63.61 0.31 73.74 3.12 3.17 36.16 15.99 
 185 n.d. 56.17 0.29 33.41 58.67 0.49 29.63 5.49 2.12 38.97 13.59 
 195 n.d. 15.73 0.19 35.88 35.64 n.d. 6.38 11.30 1.57 27.97 8.55 
 205 0.79 16.39 0.15 24.84 31.47 0.46 8.90 7.22 2.18 37.08 14.70 
 215 n.d. 12.76 0.09 18.64 18.38 0.57 5.98 14.16 3.03 50.36 18.27 
 225 n.d. 122.23 0.77 59.25 144.25 1.83 75.45 8.91 9.73 756.62 122.48 
 235 n.d. 22.73 0.37 64.45 82.83 2.25 9.41 8.18 3.12 143.64 34.00 
 245 n.d. 51.21 0.32 36.44 50.20 0.23 31.79 10.54 9.23 90.62 30.27 Firn 

255 n.d. 134.20 0.74 43.29 104.15 1.38 87.04 10.41 12.90 517.00 126.71 Firn 
265 n.d. 44.46 0.30 48.76 70.76 1.96 26.33 13.82 8.34 153.22 33.94 Firn 
275 n.d. 59.11 0.32 43.17 60.84 2.27 43.47 14.50 26.78 133.78 28.32 Firn 
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Appendix IV: Mercury data 
 

KL1   KL2   
Depth  
(cm) 

THg 
 (ng L-1) 

Notes Depth 
(cm) 

THg 
(ng L-1) 

Notes 

 0.07 Travel blank 0 0.31 Field blank 
 0.37 Travel blank 0 0.32 Field blank 

0 0.27 Field blank 1 3.70 Surface snow 
0 0.21 Field blank 1 3.84 Surface snow 
1 4.20 Surface snow 5-10 0.50  
1 4.53 Surface snow 10-15 0.47  

0 - 10 0.55  20-25 0.40  
10-20 0.42  30-35 051  
20-30 0.55  40-45 0.49  
30-40 0.56  50-55 0.50  

50 0.32  55-60 0.26  
55-60 0.32  65-70 0.32  
70-75 0.39  75-80 0.42  
85-90 0.26  90 0.38  

95-100 0.39  100-105 0.29  
105-110 0.51  115 0.45  
115-120 0.31  120-125 0.55  

130 0.37  130-135 0.66  
135-140 0.26  140-145 0.78  
145-150 0.40  156 2.49 Slush on 

glacial ice 
155 0.44     
168 0.71 Wet snow on 

glacial ice 
   

 0.60 Meltwater     
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KL3 DIV 

Depth 
 (cm) 

THg 
(ng L-1) 

Notes Depth  
(cm) 

THg  
(ng L-1) 

Notes 

 0.20 Field blank  0.15 Field blank 
 0.20 Field blank  0.28 Field blank 

0-5 0.54  1 1.86 Surface snow 
10 0.72  1 1.89 Surface snow 
20 0.53  10-20 0.63  

25-30 0.35  20-30 0.62  
40 0.43  25-30 0.39  
50 0.26  30-40 0.39  
60 0.25  50-60 0.51  
70 0.27  60-65 0.32  
80 0.29  70-80 0.32  

90-95 0.28  85-90 0.54  
100 0.25  100-105 0.56 Under ice layer 
110 0.25  105-115 0.63  

115-120 0.24  110-120 0.33  
130-135 0.29  125-135 0.66  

140 0.26  150-160 0.48  
150 0.28  160-170 0.44  
160 0.30  170-180 0.29  
170 0.34  185-195 0.35  

175-180 0.27  200-210 0.47  
185-190 0.29  210-215 1.15  
195-200 0.28  220-230 0.74  

215 0.85 Above last year's 
summer layer 

230-240 0.74  

220 6.14 Summer layer 240-250 0.61 Firn 
220 5.61 Summer layer    

220-230 0.91 Firn    
230-240 0.52 Firn    
240-250 0.50 Firn    
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Appendix V: Stable O/H isotope data 
 
For notes on each layer see Appendix III. d = deuterium excess.  
 
 
KL1    KL2    

Depth 
(cm) 

δ18O  
(‰) 

δD  
(‰) 

d 
(‰) 

Depth 
(cm) 

δ18O  
(‰) 

δD  
(‰) 

d 
(‰) 

1 -19.78 -154.4 3.9 1 -19.36 -152.1 2.9 
1 -19.58 -152.1 4.5 1 -19.12 -149.6 3.3 

10 -18.56 -142.7 5.7 10 -20.22 -156.2 5.6 
25 -17.88 -136.9 6.1 15 -19.71 -151.1 6.6 
35 -19.38 -146.9 8.1 20 -19.60 -149.7 7.1 
50 -18.51 -139.5 8.6 30 -19.59 -150.5 6.2 
55 -18.66 -140.5 8.8 40 -19.75 -150.3 7.7 
70 -18.33 -137.9 8.8 50 -20.18 -153.5 8.0 
85 -18.95 -141.7 9.9 60 -21.37 -160.5 10.5 
95 -18.78 -142.1 8.1 75 -25.46 -194.7 9.0 
98 -19.69 -148.1 9.4 85 -26.24 -200.2 9.7 

100 -19.20 -145.2 8.5 95 -25.14 -189.7 11.4 
120 -21.33 -160.3 10.4 105 -23.59 -178.6 10.2 
135 -23.08 -174.8 9.8 115 -21.97 -159.3 16.5 
145 -20.90 -156.4 10.8 125 -21.54 -155.6 16.7 
168 -22.93 -169.3 14.1 135 -19.22 -142.2 11.5 

    145 -17.74 -132.4 9.6 
    156 -19.36 -145.6 9.3 
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KL3    DIV    
Depth 
(cm) 

δ18O  
(‰) 

δD  
(‰) 

d 
(‰) 

Depth 
(cm) 

δ18O  
(‰) 

δD 
(‰) 

d 
(‰) 

1 -19.46 -150.6 5.1 1 -23.30 -179.94 6.4 
1 -21.30 -167.5 2.9 1 -23.50 -181.24 6.8 
3 -20.93 -161.8 5.7 5 -26.99 -207.36 8.6 

10 -19.13 -142.4 10.6 15 -24.85 -193.72 5.1 
20 -20.11 -153.1 7.8 25 -25.93 -200.93 6.5 
30 -20.59 -157.2 7.5 35 -27.04 -210.64 5.6 
36 -21.56 -165.1 7.4 45 -25.55 -198.36 6.1 
40 -19.46 -143.7 12.1 55 -21.15 -162.29 6.9 
57 -19.90 -148.9 10.3 65 -22.69 -175.34 6.2 
67 -19.13 -142.4 10.6 75 -24.68 -191.02 6.4 
77 -18.37 -137.1 9.8 85 -24.54 -187.51 8.8 
87 -19.25 -145.8 8.2 95 -24.40 -180.96 14.2 
93 -19.30 -144.3 10.1 105 -25.23 -189.19 12.6 
97 -19.12 -143.4 9.5 115 -27.74 -211.34 10.6 

107 -19.10 -143.8 9.0 125 -25.11 -191.30 9.6 
115 -20.07 -150.4 10.1 135 -22.45 -170.07 9.5 
125 -21.09 -157.0 11.7 145 -26.92 -205.78 9.6 
130 -20.83 -155.3 11.3 155 -29.20 -223.55 10.1 
137 -22.78 -170.4 11.9 165 -23.61 -177.05 11.8 
147 -23.80 -178.3 12.1 175 -23.59 -179.34 9.4 
148 -24.66 -185.6 11.7 185 -25.07 -192.14 8.4 
163 -21.00 -156.9 11.1 195 -24.48 -187.24 8.6 
170 -23.27 -170.9 15.3 205 -23.28 -176.95 9.3 
180 -21.50 -154.8 17.2 215 -20.83 -154.24 12.4 
190 -19.50 -145.4 10.6 225 -20.59 -153.19 11.5 
200 -18.44 -137.0 10.5 235 -22.48 -171.01 8.8 
215 -17.21 -127.5 10.2 245 -19.26 -142.08 12.0 

    255 -20.32 -152.19 10.4 
    265 -21.63 -164.36 8.6 
    275 -23.51 -182.73 5.3 
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