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Abstract 

In the summer of 2010, fieldwork was conducted in the Robertson Valley, 

Canadian Rocky Mountains, Alberta to assess the magnitude and controls of microbial 

nitrification in proglacial till and in supraglacial, subglacial, and proglacial streams.  

Seasonal precipitation and glacial and proglacial runoff was sampled for hydrochemical 

and stable isotope analyses (δ18O and δ15N of nitrate [NO3
-]).  Lower Ca:Mg ratios, 

higher mean Σmajor ions, and an increased importance of reactions with slower dissolution 

kinetics in subglacial streams and proglacial seeps indicated waters here experienced 

longer rock-water contact time than in dilute supraglacial streams.  Additionally, waters 

emanating from longer residence time flowpaths acquired substantial NO3
- from 

nitrification reactions.  Using δ18O-NO3
- in a simple end-member mixing model, the 

fraction of NO3
- derived from microbial nitrification was estimated to be 44 to 56% in the 

two subglacial streams, and greater than 80% in proglacial seeps. These results show that 

atmospherically-derived nitrogen (N) in this glacial valley undergoes substantial 

biological cycling prior to export in surface runoff.  Water flowing from the east 

subglacial stream (RE) received a larger portion of its melt from a sediment-rich, slow 

drainage system and had a higher proportion of nitrified NO3
- compared to the west 

subglacial stream (RW), where runoff was similar in composition to supraglacial runoff, 

indicating that the nature of subglacial flowpaths is an important factor in determining the 

amount of microbially-cycled nutrients that are exported from a glacier.  Sixteen 34-day 

in situ soil incubations revealed that net mineralization and net nitrification occurred at 

all four sampling sites in the glacier forefield along a 1.6 km chronosequence; however, 

there was no significant difference among these rates with time since deglaciation or 
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temperature.  Instead, net mineralization and net nitrification rates were significantly 

correlated (p < 0.05, n = 16) with measured physical and chemical soil variables, 

including total organic carbon, total N, bulk density, pH, and clay content, suggesting that 

substrate availability is a larger control on N-cycling processes than time since 

deglaciation.  High variability in inorganic soil N pools and N-cycling rates indicates that 

there are likely hot spots of biogeochemical activity within glacial till.   
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Chapter 1:  Introduction 

Alpine environments are particularly sensitive to changes in water and chemical 

fluxes due to limited soil and vegetation cover, a short growing season, large areas of 

exposed bedrock, and a rapid hydrologic flush of water and solutes during snowmelt 

(Williams and Tonnessen, 2000).  Furthermore, they are currently facing pressure from 

two major consequences of global change: increased atmospheric deposition of inorganic 

nitrogen (N), and changes in climate leading to glacier recession (Williams et al., 2011). 

Through agricultural activities and the combustion of fossil fuels, humans have 

been rapidly transforming the global N cycle (Galloway et al., 2008).  These alterations 

have doubled the rate of N input into the terrestrial N cycle since the industrial 

revolution, and rates are expected to continue to increase through the early 21st century 

(Vitousek et al., 1997).  Enhanced N deposition can cause major biological and 

biogeochemical shifts in relatively pristine ecosystems, including increased primary 

productivity, changes in aquatic and terrestrial species composition, higher inorganic soil 

N pools, increased stream nitrate (NO3
−) concentrations, accelerated microbial N-cycling 

processes, and N saturation (Campbell et al., 2000; Wolfe et al., 2003; Burns et al., 2004; 

Baron et al., 2005).  Indeed, many high-elevation alpine ecosystems in Europe and the 

USA are approaching or are at N saturation (Marchetto et al., 2004; Campbell et al., 

2000).  

Glaciers have generally been retreating since the end of the Little Ice Age (LIA) 

c.1850 in the Canadian Cordillera (Moore et al., 2009) and worldwide (Lemke et al., 

2007), and recent global climate change has accelerated the rate and extent of glacial 
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melting at both high elevations and high latitudes (Dyurgerov and Meier, 2000; Beniston, 

2003).  The long-term hydrological effect of glacier thinning and recession is a decline in 

streamflow from glacier-fed catchments (Jansson et al., 2003); however, the 

biogeochemical effects have been less studied and are therefore less clear (Hood and 

Berner, 2009; Lafrenière and Sharp, 2005).  Glacier recession has also led to substantial 

land-cover changes in alpine regions, exposing glacial sediments where ice once lay.   

Subglacial (beneath the glacier) microbially-mediated reactions are increasingly 

being identified as significant components of weathering, solute acquisition, and 

biogeochemical cycling of N and other nutrients in alpine environments (Sharp et al., 

1999; Tranter et al., 2002; Wynn et al., 2007; Hodson et al., 2010).  Furthermore, glaciers 

also contribute to the quality of downstream aquatic ecosystems; for example, the 

presence of glaciers in a catchment more strongly influenced NO3
- concentrations in 26 

high-elevation alpine lakes than any other geomorphic or biogeographic characteristic 

(Saros et al., 2010).  As a result, there has been a call for research to more fully 

investigate how the hydrological and biogeochemical cycles of glaciated mountain 

landscapes respond to increased inorganic N deposition and changes in climate, two 

major drivers of global change (Williams et al., 2011).   

Glaciers cover 2,300 km2 in the Canadian Rocky Mountains, and are rapidly 

receding (Moore et al., 2009).  Furthermore, rates of N deposition in this region may be 

comparable to those in the US Rocky Mountains, where N deposition is altering 

ecosystem function (Campbell et al., 2000; Baron et al., 2005; Lafrenière and Sinclair, 

2011).  Additionally, the expansion of urban centres, of the transportation sector, and of 

industry (including the Athabasca Oil Sands Region, Alberta) in western Canada is 
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expected to result in regional increases in anthropogenic emissions of N oxides 

(Schindler et al., 2006, Ahern and Shaw, 2010).  However, there has been limited 

research into the regional effect of N deposition or alpine N cycling in the Canadian 

Rocky Mountains (Murphy et al., 2010).   

To address the need for continued investigations into N cycling in alpine regions, 

particularly in western Canada, the aim of this research was to identify the magnitude of 

microbial N cycling in the supraglacial (on top of the glacier), subglacial, and proglacial 

(in front of the glacier) environments of a temperate glacial valley within the Canadian 

Rocky Mountains, and to identify potential controls on this activity.   

The Robertson Valley (115˚20’W, 50˚44’N), located within the Canadian Rocky 

Mountains in Peter Lougheed Provincial Park, Kananaskis Country, Alberta, was the 

study site for this research.  The temperate Robertson Glacier is located in the north-

facing col at the southeast end of the deeply incised glacial valley, and terminates on an 

undulating till plain.  A large moraine, located approximately 1.5 km downvalley from 

the glacier terminus represents the most recent Holocene advance of the Robertson 

Glacier, during the LIA in mid- to late 19th century, after which the glacier retreated to its 

current position (Beierle et al., 2003).  Two streams drain from beneath the terminus of 

the Robertson glacier and merge approximately 300 m down valley, forming the larger 

proglacial stream that flows the length of the valley.  

During the summer of 2010, precipitation (snow and rain), subglacial meltwater, 

supraglacial streams, water seeping from glacier till, and proglacial till, were sampled for 

chemical and isotopic analysis.  The goals of this study were: 
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1) To utilize hydrochemical and isotopic methods to determine the amount of 

nitrification in supraglacial, subglacial, and proglacial waters of the Robertson 

Valley. 

2) To establish the role that rock-water contact time and subglacial flow path play in 

the nitrification of catchment waters. 

3) To quantify net N mineralization and net nitrification rates within the fine-grained 

sediments of the glacier forefield using in situ soil incubations. 

4) To examine the relationship between soil age, other measured physical and 

chemical soil properties, and N-cycling rates along a chronosequence of the 

glacier forefield. 

Chapter 2 of this thesis reviews the hydrology, hydrochemistry, and N-cycling 

dynamics of alpine glaciers and glacier forefields.  Specifically, it highlights the 

hydrological and biogeochemical processes occurring in supraglacial, subglacial, and 

proglacial environments, and discusses predicted nutrient responses to receding glaciers. 

Chapter 3 uses the environmental isotopes of NO3
- and hydrochemistry from 

catchment waters with varying rock-water contact time to identify what proportion of 

stream NO3
- is from nitrification.  Given the importance of sediment-rich environments to 

microbial abundance (Sharp et al., 1999; Skidmore et al., 2000; Foght et al., 2004), it is 

anticipated that runoff flowing through subglacial drainage and through proglacial tills 

will have the strongest evidence for microbial cycling of N of waters within the 

catchment.   

Chapter 4 focuses on microbial N cycling within the sediment of the glacier 

forefield.  Four sampling sites were chosen along a 1.6 km chronosequence, with distance 



5 

 

from the glacier representing time since deglaciation.  Larger soil inorganic N pools and 

higher N-cycling rates are expected in the oldest soils that have had longer for soil 

development.   

Together, these results will quantify the amount of microbial N contributed to 

water and soil within a glaciated alpine valley in the Canadian Rocky Mountains.  

Furthermore, it will provide a greater understanding of the controls on microbial N 

processes in these sensitive environments, which is the first step in understanding how 

these environments will respond to environmental change. 
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Chapter 2: Literature Review 

2.1 INTRODUCTION 

The distinct microbial ecosystems identified in supraglacial (on top of the 

glacier), subglacial (beneath the glacier), and proglacial (in front of the glacier) regions in 

glaciated alpine valleys have attracted substantial attention due to their role in mediating 

multiple biogeochemical cycles, including that of nitrogen (N) (Hodson et al., 2008; 

Brankatschk et al., 2011).  However, these regions currently face, and will continue to 

face, tremendous environmental changes including increased atmospheric N deposition 

due to projected increases in industrial- and agricultural-N emissions, changes in 

temperature and precipitation from climate change, and glacial recession (Schindler et al., 

2006; Kundzewicz et al., 2007; Lemke et al., 2007).  As a result, a better understanding 

of the role that microbes play in N cycling in oligotrophic glacial environments will help 

us predict how these changes may affect the biogeochemical cycling and export of N 

from these regions.   

The following review will focus on the hydrology, hydrochemistry, and N-cycling 

dynamics of alpine glaciers and glacier forefields.  Specifically, it will highlight the 

hydrological and biogeochemical processes occurring in supraglacial, subglacial, and 

proglacial environments, and discuss predicted nutrient responses to receding glaciers. 

2.2 ALPINE GLACIERS AND GLACIER FOREFIELDS 

2.2.1 Alpine glaciers 

Glaciers form where the yearly accumulation of snow is greater than the loss of 

snow by ablation, resulting in the metamorphosis of snow into ice, and the subsequent 
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flow of ice down valley.  Morphologically, glaciers within mountain regions are defined 

as either (a) cirque glaciers: flowing ice masses restricted to amphitheater-shaped bowls 

in valley headlands; (b) valley glaciers: ice masses that flow down valley beyond the 

cirque; or (c) mountain ice sheets: large valley glaciers that expand to form broad sheets 

covering all but the highest peaks (Ritter et al., 2002).  Most glaciers within the Canadian 

Rocky Mountains have a temperate or warm-based thermal regime, as geothermal 

heating, air temperature, and the weight of overlying ice generally maintain ice 

temperatures at the pressure melting point (Paterson, 1994).  This results in a layer of 

liquid water at the glacier bed, allowing for higher ice-flow velocities and bed erosion 

than in polar or cold-based regimes, where ice is frozen to the underlying bedrock, 

resulting in limited ice movement and erosion.  This liquid water also provides a viable 

habitat for microbial life (Hodson et al., 2008).  A temperate glacier may, however, be 

characterized by ‘cold’ ice in its higher sections, or at the thin margins (Paterson, 1994).     

Despite some minor glacier advances that occurred during cool and wet decades 

in the twentieth century (e.g. precipitation-driven advances of glaciers in New Zealand 

and western Scandinavia in the late 1990s), glaciers have generally been retreating since 

the end of the Little Ice Age (LIA) c.1850 in the Canadian Cordillera (Moore et al., 2009) 

and worldwide (Lemke et al., 2007).  Recent global climate change has accelerated the 

rate and extent of glacial melting at both high elevations and high latitudes (Dyurgerov 

and Meier, 2000; Beniston, 2003).  The general retreat of glacier tongues in northwest 

North America was considerable from 1850 through the 20th century (Figure 2.1; Lemke 

et al., 2007).  A slow down in retreat was observed from the 1970s to the 1990s, while 

rates increased again since the 1990s.  Net glacier mass balances in the Canadian Rocky 
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Mountains during the last 40 years were predominately negative, and despite spatial and 

temporal variability, wastage is accelerating (Meier et al., 2003; Schindler and Donahue, 

2006).  Substantial glacial thinning and area loss has also occurred recently; for example, 

an average of 1.5% area decrease was observed between 1961-1998 in a study of 36 

glaciers distributed globally, while Athabasca Glacier in the Canadian Rocky Mountains 

lost 57% of its area between 1870 and 2000  (Barry, 2006).   Due to continued warming, 

this retreat is expected to continue in mountain glaciers globally (Kundzewicz et al., 

2007). 

Figure 2.1: Large-scale regional mean length variations of glacier tongues.  The NW 

America regional class is mainly comprised of the Canadian Rocky Mountains.  From 

Lemke et al., 2007.  Reprinted with permission from the International Panel on Climate 

Change.   
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2.2.2 Glacier forefields 

Such substantial reductions to the mass, length, and area of glaciers have resulted 

in significant land-cover change within mountain environments: melting ice within alpine 

valleys has exposed large areas of glacier forefields.  Defined as the land area exposed 

since the glacier maximum of the LIA, glacier forefields typically consist of relatively 

bare terrain that can extend for many kilometers along valley bottoms in alpine 

environments (Matthews, 1992). 

This proglacial landscape typically consists of exposed bedrock and till, which is 

an unsorted mix of heterogeneous sediment that has been transported and deposited by a 

glacier (Ritter et al., 2002).  The physical characteristics of the till depend on the parent 

bedrock and the nature of glacier deposition, and subsequent reworking of till by 

weathering and glaciofluvial processes can result in a variable and heterogeneous 

landscape (Matthews, 1992; Sattin et al., 2009).  Weathering of these deposits can lead to 

soil formation, and microbial and vegetation primary succession, although the rate of 

succession is quite variable.  For example, 50% of soil pockets in the perhumid forefield 

of Mendenhall Glacier in Alaska contained vegetation only eight years after deglaciation 

(Sattin et al., 2009), while other forefield sites, including areas in the Peruvian Andes and 

Svalbard, are relatively plant-free after more than 20-years since exposure (Hodkinson et 

al., 2003; Nemergut et al., 2007).  

In studies of glacier forefields, the term ‘soil’ is used broadly to describe material 

including undeveloped glacial till within a few meters of the glacier margin (Schmidt et 

al., 2008), fine substrates within a talus slope (Bieber et al., 1998), and more developed 

and vegetated material (Brankatschk et al., 2011).  Forefield soils are typically 
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oligotrophic, with organic carbon (OC), total N, and available phosphorus pools 10 to 

100 times lower than in more developed soils (Sattin et al., 2009; Lazzaro et al., 2010). 

2.3 GLACIAL HYDROLOGY 

2.3.1 Subglacial hydrology 

Glaciers store precipitation on a variety of timescales.  Snow that is transformed 

into glacial ice is stored within the glacier for many decades or centuries, while winter 

snowfall that melts in the summer experiences only seasonal storage (Jansson et al. 

2003).  Melt at the glacier surface flows through crevasses to the ice-bed interface, 

bringing with it nutrients and solutes from snowmelt and organic matter held within the 

snow (Hodson et al., 2008).  The configuration of the subglacial drainage governs the 

distribution and flow of water and solutes beneath the glacier, with implications for 

subglacial hydrochemistry (Fountain and Walder, 1998; Tranter et al., 2005).   

Two categories of subglacial drainage have been identified in temperate glaciers 

(Fountain and Walder, 1998).  Subglacial drainage during winter and spring is in the form 

of distributed drainage patterns, which consist of linked cavities or extensive films of 

water beneath the entire bed.  This distributed system is able to collect and store basal 

melt from the entire subglacial surface, but is slow and hydraulically inefficient at 

transporting water, resulting in long rock-water contact times (Hubbard and Nienow, 

1997).  As the snowline melts up glacier during the summer, higher volumes of melt 

increase flow rates and subglacial water pressure, which expands the cavities into 

hydraulically efficient channels, capable of moving large volumes of water in short-time 

frames with limited rock-water contact time.  Over the course of the melt season, this 
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channelized system moves up glacier at the expense of the distributed system (Figure 2.2; 

Hubbard et al., 1995).  A channel marginal zone connects the distributed and channel 

drainage systems.  This zone is a vertically confined, debris-rich sediment layer that 

exists between the two drainage systems, and is equivalent to the hyporheic zone in 

streams and rivers (Hubbard et al., 1995; Tranter et al., 2005).  High water pressures 

within subglacial channels can move water into the sediments in the channel marginal 

zone (Hubbard et al., 1995).  Because high rock-water contact environments, like the 

channel marginal zone, provide a more favourable habitat for microbial life (see section 

2.4.1.2), channelized flow can transport important nutrients from the glacier surface to 

subglacial microbial communities via the channel marginal zone (Hodson et al., 2008).  

Glacier motion on bedrock releases comminuted sediments containing 

geochemically reactive minerals, such as carbonates and sulphides, and also organic 

matter. These sediments likely mix with water first in the distributed areas of subglacial 

drainage, as this covers a large portion of the subglacial zone and water there has a long 

residence time (Tranter et al., 2005). However, the distributed drainage system is water-

full and cut off from direct access to the atmosphere, resulting in low amounts of 

dissolved atmospheric gases.  Water in subglacial channels is connected to the 

atmosphere and has such a short residence time that these waters typically have higher 

levels of dissolved gases. The differences in storage time, rock-water contact time, and 

sediment and gas availability between the distributed and channelized portions of the 

subglacial drainage system play a large role in both inorganic and organic subglacial 

solute acquisition (see section 2.5.1). 
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Figure 2.2:  Seasonal development of the subglacial drainage system beneath an alpine 

glacier.  As the melt season advances through June (a), July (b), and August (c), the 

seasonal snow cover retreats up-glacier.  The development of a hydraulically efficient 

subglacial channelized drainage system follows this retreat, at the expense of the 

distributed system.  From Brown, 2002.  Reprinted with permission from Elsevier. 
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2.3.2 Glacier bulk meltwater 

By storing large volumes of precipitation during winter and releasing it in 

subsequent summers as melt, alpine glaciers provide a key source of water to downstream 

environments at times when melt from the seasonal snowpack has been depleted (Stahl 

and Moore, 2006).  For example, in the Canadian Rocky Mountains, low snow 

accumulation in the 1997-1998 El Niño event led to decreased flow in a nival-fed river, 

whereas flow in a nearby glacier-fed stream increased due to enhanced glacier ice melt 

from the low snow cover (Lafrenière and Sharp, 2003).   

Outflow from temperate glaciers exhibits diurnal patterns in discharge volumes 

due to daily variations in solar radiation inputs and resulting meltwater from ice and snow 

(Gurnell et al., 1994).  This diurnal signal evolves over the course of the melt season 

(Fountain, 1996).  Early in the melt season, the delay of meltwater by travel through the 

snowpack helps to dampen the diurnal effects of solar radiation on meltwater runoff 

(Fountain, 1996).  However, as the season progresses, the snowpack thins and retreats up 

glacier, exposing bare ice with a lower albedo than snow.  The exposed ice produces 

higher melt volumes, and due to the absence of snowpack to delay flow, results in rapid 

delivery of meltwater over the glacier and higher diurnal discharge amplitudes (Fountain, 

1996).  A switch to a more efficient channelized subglacial drainage pattern as the 

snowpack retreats upglacier also transports water through the glacier faster, increasing 

the diurnal signal (Hubbard et al., 1995). 

As the annual mass balance of a glacier shifts from positive to negative, as have 

many alpine glaciers in recent decades, the short-term impact is an increase in the amount 

of discharge (Casassa et al., 2009). Initial changes to the glacier involve glacier thinning 
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and a raising of the equilibrium line, which provides excess glacial melt (Figure 2.3). 

However, the long-term impact of prolonged negative mass balance is a decrease in 

glacier area by wastage, resulting in a smaller glacier surface that contributes less 

discharge.  Most glacierized basins in British Columbia and Alberta have already passed 

this initial increase in discharge and are displaying negative streamflow trends (Stahl and 

Moore, 2006; Demuth and Pietroniro, 2003). 

 

Figure 2.3:  Schematic representation of the long-term effect of (a) negative glacier net 

mass balance on (b) glacier volume and (c) run-off.  Changes to glacier volume response 

lag changes to net mass balance due to the time required to remove ice by melting.  Run-

off initially increases during the first part of the response period when the glacier is 

thinning; however, once glacier area decreases by mass wastage, discharge decreases.  

From Jansson et al., 2003.  Reprinted with permission from Elsevier. 
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2.3.3 Hydrology of glacier forefields 

Main water inputs to the glacier forefield are derived from snowmelt, rainfall, 

glacier melt, and active layer melt in areas of permafrost. The initial route followed by 

glacier melt water along a forefield is determined by the general form of the bedrock 

surface and the glacially-deposited landforms exposed by recent deglaciation (Matthews, 

1992).  However, a braided channel pattern typically forms on glacier forefields in 

response to the high bedload transport, non-cohesive channel banks, and variable 

discharge in glacier-fed streams (Fahnestock, 1963).  Precipitation and active-layer melt 

contribute to groundwater, which drains throughout the summer along a topographic 

gradient to the proglacial floodplain via ephemeral streams or seeps (Wadham, 2006).   

In addition to glacier runoff, meltwater from the proglacial snowpack also 

contributes to streamflow in the forefield, both directly by overland flow and via the 

subsurface.  A conceptual model of hydrological flow paths within alpine catchments, 

based on hydrochemical tracer studies in Colorado, indicates that during the initial stage 

of snowmelt, meltwater infiltrates surficial deposits, flushing out subsurface pre-event 

water that had been stored overwinter into surface streams (Mast et al., 1995; Liu et al., 

2004). Snowmelt stored within or flowing through the subsurface can undergo substantial 

interaction with the soils, talus, or till (Mast et al., 1995; Campbell et al., 2002).  As 

snowmelt peaks, tills become saturated and overland flow of snowmelt increasingly 

contributes to streamflow.  However, once melt subsides, subsurface inputs to streams 

become important yet again, with summer rainfall contributing to streamflow and to the 

recharge of the subsurface (Figure 2.4; Liu et al., 2004).  This model indicates that that  
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Figure 2.4:  Three-component mixing diagram for streamflow using sodium and δ18O-

H2O as tracers for three catchments (a: Boulder Brook; b: Fern Creek; c: Big Thompson 

River) in the Colorado Rocky Mountains.  At all locations, rain, snow, and subsurface 

components each contributed to streamflow, with higher subsurface contributions before 

and after peak snowmelt.  From Sueker et al., 2000.  Reprinted with permission from the 

American Geophysical Union.   
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surface water and groundwater interactions are important to alpine stream quantity and 

quality (Liu et al., 2004).  

In proglacial environments with an active layer, the glacial bulk meltwater stream 

and the proglacial active layer groundwater system are coupled in the near-channel zone.  

Diurnal increases in glacial bulk meltwater can deliver water from main proglacial 

channels into near-channel sediments, which then drains back to the main channel as 

discharge in the channel wanes (Wadham, 2006).  However, this channel-groundwater 

coupling is much smaller in proglacial environments with no active layer, as less complex 

topography and smaller groundwater reservoirs lead to little interaction between glacial 

meltwaters and proglacial sediments (Fairchild et al., 1999) 

Subsurface flow contributes substantially to alpine streamflow and lakes (Sueker 

et al., 2000; Hood et al., 2006).  At Lake O’Hara in the Canadian Rocky Mountains, 30-

74% of the outflow from the glacially-fed lake was from groundwater inputs for two field 

seasons (Hood et al., 2006).  Within six alpine/subalpine basins in Rocky Mountain 

National Park, Colorado, 37-89% of streamflow between May and October was 

contributed by subsurface flow (Sueker et al., 2000).  Subsurface flow contribution 

increased with coverage of surficial material (including alluvium, colluvium, landslide 

deposits, till, talus and rock glacier) and decreased with basin slope (Sueker et al., 2000).  

Glacial deposits can possess multiple, disconnected groundwater flow paths, as the 

heterogeneous and unconsolidated sediments lead to complex subsurface storage and 

drainage (Roy and Hayashi, 2009).  
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Rock glaciers and ice-cored moraines can also be present on the glacier forefield 

landscape and melt from these features can likewise contribute to alpine stream quantity 

and quality (Krainer and Mostler, 2002; Lukas et al., 2005; Williams et al., 2007). 

2.4 MICROBIAL COMMUNITIES IN GLACIAL ENVIRONMENTS 

Glaciers and their forefields constitute extreme environments for life (Rothschild 

and Mancinelli, 2001; Williams et al., 2007).  Alpine regions are exposed to severe and 

variable climatic conditions, with large diurnal air temperature fluctuations, high winds, 

cold winter temperatures, heavy winter snowfall, and rapid melt in spring (Matthews, 

1992; Beniston, 2006).  Extreme conditions are present in proglacial, subglacial, and 

supraglacial environments.  Proglacially, the oligotrophic, cold soils of glacier forefields 

have little microbial biomass and are analogous to high-latitude polar soils (Ley et al., 

2004).  Subglacial environments are permanently dark, constantly cold, and oligotrophic, 

with pockets or periods of anoxia (Hodson et al., 2008).  On a glacier’s surface, closed 

cryoconite holes may restrict gas exchange but allow for photosynthesis, creating unique 

and extreme conditions (Hodson et al., 2008).  However, despite the seemingly 

inhospitable conditions of these environments, multiple studies in the last 15 years have 

begun to document the presence and activity of microbial populations above and beneath 

glaciers and in proglacial sediments, areas formerly considered to be ‘abiotic’ and 

‘barren’ (e.g. Sharp et al., 1999; Skidmore et al., 2000; Sigler and Zeyer, 2002).  

Despite the cold winter temperatures of alpine regions, liquid water can be present 

year round, allowing microbial populations to survive over winter in these environments.  

Water acts as a cryoprotector and transports nutrients, solutes and organic matter required 
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for microbial activity from supraglacial snowmelt to subglacial environments (Sharp et 

al., 1999).  Basal water present beneath temperate glaciers keeps subglacial sediment 

unfrozen and provides a viable habitat for microbial communities (Sharp et al., 1999).  In 

glacial forefields, the thermal properties of snow insulate the soil beneath it from extreme 

winter temperatures. Both vegetated and unvegetated talus soils at 3750 m in Colorado 

were insulated by a heavy snowpack that kept soil temperatures above -3oC all winter, 

despite air temperatures as low as -31oC (Ley et al., 2004).  Liquid water can occur 

within soil at these temperatures and metabolic activity of bacteria has been documented 

down to -20oC in frozen soil (Rivkina et al., 2000; Ley et al., 2004).  Thus, despite harsh 

conditions, the presence of liquid water facilitates microbial communities in glacial 

environments.    

2.4.1 Structure and controls of microbial communities 

2.4.1.1 Supraglacial environments 

Supraglacial environments, including snow, medial moraines, cryoconite holes, 

and supraglacial streams, can harbour diverse ecosystems, dominated by heterotrophic 

bacteria, phototrophic bacteria and algae, and fungi (Hodson et al., 2008 and references 

within).  Microbes are likely transported to the glacier by wind and water from nearby 

aquatic and terrestrial sources, or attached to minerals or organic matter from avalanching 

rock debris (Wharton et al., 1985; Deguillaume et al., 2008; Burrows et al., 2009). 

Cryoconite holes, vertical cylinders of meltwater on the glacier surface containing fine, 

dark debris, sustain a larger diversity of life than supraglacial snow (Hodson et al., 2008).  

Sediment in cryoconite holes held higher numbers of bacteria than coarser medial 
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moraines or supraglacial kames, indicating that fine sediment with a high water content is 

a more suitable habitat for bacteria (Stibal et al., 2006).  Using in situ incubations and 

ground photographic surveys, rates of C fixation within open cryoconite holes on an 

Arctic glacier were estimated at 5.1 to 6.3 kg C km-2 yr-1, indicating that supraglacial 

photosynthesis plays an important role in C cycling within glacier environments (Hodson 

et al., 2007).  Multiple factors, including phosphorus, OC and temperature, were 

determined to co-limit bacterial growth in cryoconite holes (Säwström et al. 2007). 

2.4.1.2 Subglacial environments 

Culturable microbial populations in debris-rich basal ice and subglacial sediments 

include aerobic chemoheterotrophs; chemoautotrophs such as nitrifiers; photoautotrophs 

such as N-fixers; and anaerobic bacteria such as methanogens and nitrate (NO3
-), iron, 

and sulphate reducers (Skidmore et al., 2000; Foght et al., 2004; Boyd et al., 2011).  

Subglacial bacteria have been identified primarily as psychrophilic (Skidmore et al., 

2000) and psychrotolerant (Foght et al., 2004).  However, low species richness within 

subglacial environments suggests that only a small set of microbes are capable of 

surviving in these extreme environments (Skidmore et al., 2005). 

As seen in supraglacial environments, subglacial bacterial populations have been 

positively correlated with sediment abundance (Sharp et al., 1999), and larger bacterial 

populations and greater colony diversity have been found in subglacial sediments than in 

ice (Sharp et al., 1999; Foght et al., 2004), indicating that sediments provide an 

environment favourable for microbial growth.  Glaciers erode and comminute bedrock, 

creating subglacial sediment and making the reactive minerals and organic matter held 
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within it available to microbes (Wadham et al., 2004).  Microbial communities may 

derive energy from the oxidation of minerals or OC held within the sediments (Sharp et 

al., 1999).  Parent bedrock also plays a role in sediment availability: sedimentary bedrock 

is more easily erodible than harder material, resulting in thicker and more widespread 

subglacial sediment deposits and creating more suitable habitats for microbes (Wadham 

et al., 2010b).  Microbial populations were also more abundant in finer-grained subglacial 

sediment than in coarse-grained sediment (Sharp et al., 1999).  Negatively-charged clay 

particles retain organic matter, nutrients, and water more than larger particles, all of 

which are vital for microbial life and activity (Schlesinger, 1997). 

Parent bedrock also exerts a control on community composition through its 

mineralogical composition.  In addition to nutrients dissolved in water, microbial 

populations can utilize solid-phase minerals in their metabolism (Aller and Rude, 1988; 

Shock et al., 2009).  Minerals from soil, pristine aquifers, and subglacial sediments have 

been shown to select for distinct bacterial communities (Boyd et al., 2007; Carson et al., 

2009;Mitchell et al., 2009).  Specifically, microbial communities developed on pyrite 

were most similar to those associated with subglacial sediments in an alpine valley in the 

Canadian Rocky Mountains when compared to other minerals, despite abundant silicates 

in the catchment bedrock (Mitchell et al., 2009).  Metabolism of Fe and S likely results in 

pyrite having a stronger influence on microbial composition and structure compared to 

other mineral phases with no metabolic substrate. 

Skidmore et al. (2005) identified two types of factors that influence the 

composition of microbial communities in subglacial environments.  Physical factors, 

including consistently low temperatures, a lack of light, and high mineral substrate 
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availability, tend to be consistent among subglacial environments, whereas chemical 

factors, such as bedrock lithology, solute composition, and C sources, are more site-

dependent.  The presence of species (such as β-proteobacteria) common to multiple high-

elevation lakes and subglacial sediments (Foght et al., 2004; Skidmore et al., 2005; 

Nemergut et al., 2007; Sommaruga and Casamayor, 2008), suggest that these are 

‘cosmopolitan’ species, controlled by physical factors that are common to the diverse 

locations.  Species endemic to a given subglacial environment are typically considered to 

be controlled by local chemical factors. 

2.4.1.3 Glacier forefield environments 

Molecular gene surveys, microscopy, and clone libraries have been used to 

determine the types of microbes that colonize recently deglaciated terrain and to 

hypothesize the relationship between community structure and function (Sattin et al., 

2009).  Just as in subglacial environments, microbes within the glacier forefield are 

diverse and have the potential to perform a wide variety of functions, including N 

fixation, nitrate reduction, denitrification, nitrification, and sulfur oxidation and reduction 

(Lazzaro et al., 2010).   

Multiple studies have shown that microbial succession occurs in recently 

deglaciated soils, prior to plant succession (Schmidt et al., 2008; Nemergut et al., 2007; 

Deiglmayr et al., 2006).  Soil age has a significant effect upon microbial community 

structure and function (Noll and Wellinger, 2008).  Bacteria in youngest soils have close 

relatives to those found in rock and ice environments, indicating that subglacial 

environments likely act as a source for these soil microbes (Schmidt et al., 2008).  Older 
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soils tend to have species more closely related to common soil bacteria (Nemergut et al., 

2007).   

Shifts in microbial function and activity along a glacier forefield soil 

chronosequence indicate succession of microbial communities.  N-fixing bacteria are 

typically not seen in soils deglaciated within a couple of years (Schmidt et al., 2008; 

Sattin et al., 2009; Brankatschk et al., 2011) or are not active if present (Boyd et al., 

2011).   However, within as little as four years, N-fixing populations and rates can 

increase significantly, along with increases in soil N and C pools and photosynthetic 

microbial populations (Nemergut et al., 2007; Schmidt et al., 2008; Sattin et al., 2009).  

Ammonification was also shown to be an important function in initial soils in Swiss 

glacier forefield, while nitrification and denitrification were dominant in older soils with 

closed plant cover (Brankatschk et al., 2011).  These results suggest that the 

photosynthetic, mineralizing and N-fixing populations that initially colonize recently 

deglaciated terrain help to increase the nutrient levels of the soil and facilitate ecological 

succession (Schmidt et al., 2008).  These populations can also act to stabilize the soil 

(Schmidt et al., 2008). 

Literature on the controls of proglacial microbial communities is fairly limited.  

However, a study of communities in six glacier forefields found that both physical and 

chemical factors acted on communities, although physical factors (such as hours of 

sunshine and rainfall) were more important for communities in younger, 10-year old 

soils, where more cosmopolitan species were found (Lazzaro et al., 2009).  Chemical 

factors (such as extractable sulphate and phosphate concentrations) were more important 

for communities in older, 70-year old soils.  Chemical factors may act more strongly in 
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combinations, as factors such as pH are strongly related to soil organic matter and ion 

retention (Lazzaro et al., 2009).  However, along the chronosequence of one Swiss 

glacier, despite steep environmental gradients such as pH, organic C content, and 

extractable sulphate concentrations, only soil age and water content had significant 

controls on the structure and composition of the microbial communities (Noll and 

Wellinger, 2008).  Different groups of microbes can also react to different controls: the 

biomass of a group of general heterotrophs (glutamate mineralizers) was regulated by C 

inputs within talus soils, while a more specialized group (salicylate mineralizers) was 

regulated by temperature, with highest biomass in the summer (Ley et al., 2004). 

Snow cover in the glacier forefield also exerts multiple controls on microbial 

populations (Brooks and Williams, 1999).  Firstly, the timing and duration of the 

snowpack affects soil insulation, as early developing snow cover insulates soils sooner 

and protects soils from severe freeze-thaw events, while soils with short duration snow 

cover can remain frozen through much of the winter (Brooks and Williams, 1999).  The 

second control of snow cover on alpine soil microbial activity is that it can control the 

amount and seasonality of C inputs (Brooks and Williams, 1999; Ley et al., 2004).  

Without an early snow cover, microbial and plant cells within soil can freeze and lyse, 

providing a large labile C source for heterotrophic activity (Brooks and Williams, 1999).  

Organic matter that accumulated in a winter snow pack and was released during spring 

snowmelt provided the largest input of labile C of the year to unvegetated talus soils in 

Colorado, which corresponded to the highest microbial biomass of general heterotrophs  

(Ley et al., 2004).  Thus, the depth and duration of the snow pack influences microbial 

activity in glacier forefields. 
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2.4.2 Variability of microbial communities and functions 

The majority of studies that have investigated microbial communities in glacial 

environments have been based on samples from one point in time and at limited 

locations.  Future work in this field will likely begin to focus on variability of 

communities and their functions, both spatially and temporally.  Micro-scale 

heterogeneity in sediment and bedrock composition and organic matter content both 

proglacially and subglacially can create micro-niches or ‘hot spots’ of microbial activity 

(Lazzaro et al., 2010; Darrouzet-Nardi and Bowman, 2011).  Subglacial hot spots can 

also arise from localized inputs of nutrient-rich supraglacial melt to parts of the 

subglacial drainage system (Bhatia et al., 2006).  The seasonal changes of C inputs, of air 

and soil temperature, and of subglacial drainage patterns can result in temporal niches, or 

‘hot moments’ (Ley et al., 2004; Bhatia et al., 2006), with different microbial functional 

groups being more active at certain times of the year (Tranter et al., 2005).  However, 

while our understanding of glacial and proglacial microbial communities and their 

controls is still in its infancy, it is apparent that in all parts of alpine environments, 

microbes have the ability to modify nutrient cycles and hydrochemistry.   

2.5 GLACIAL HYDROCHEMISTRY 

2.5.1 Influence of microbial communities on subglacial solute acquisition 

In the traditional model of subglacial solute acquisition, solutes were initially 

thought to be derived through purely abiotic and inorganic chemical reactions between 

meltwater and subglacial sediments or bedrock (Tranter et al., 1993).  Evidence of the 

presence of active microbes in subglacial environments, as well as hydrochemical and 
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isotopic studies of bulk meltwater, have since shown that microbial communities play an 

important role in mediating weathering reactions (Sharp et al., 1999; Bottrell and Tranter, 

2002; Wadham et al., 2004; Lafrenière and Sharp, 2005; Hodson, 2006; Wynn et al., 

2006; Wynn et al., 2007).  This has led to a paradigm shift in the understanding of how 

chemical weathering reactions occur subglacially, necessitating a new model of solute 

acquisition that incorporates both abiotic and biotic reactions (e.g. Tranter et al., 2002; 

Tranter et al. 2005).   

In the new model of solute acquisition, the first reactions thought to occur 

between snow and ice melt and glacial sediment are carbonate and silicate hydrolysis 

(Equations 2.1 and 2.2, Table 2.1).  These abiotic reactions can occur within the 

distributed drainage system, as reactive minerals are present and no gases are required in 

these reactions (Tranter et al., 2005).  Within the channelized drainage system, 

carbonation of silicates and carbonates occurs within large arterial channels, particularly 

at low flow (Equations 2.3 and 2.4; Tranter et al., 2002). 

Following hydrolysis in the distributed drainage system, SO4
2- is microbially 

oxidized by the limited O2 present through coupled sulphide oxidation – carbonate 

dissolution (SOCD; Equation 2.5), and organic C within the bedrock or in subglacial 

sediments is microbially oxidized (Equation 2.6).  These reactions use up the limited 

dissolved O2 available trapped in air pockets within cavities in the distributed drainage 

system.  These reactions, coupled with the long residence time of the distributed drainage 

system, can drive certain areas of the bed toward anoxia; if sufficient organic C is 

present, full anoxia could be reached (Tranter et al., 2005).  With this change in 

subglacial geochemistry, a suite of microbially-mediated redox reactions can occur  
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Table 2.1:  Equations describing the principal geochemical weathering and 

biogeochemical reactions in subglacial environments 

Equation 2.1.  Carbonate hydrolysis 

              Ca1-x(Mgx)CO3(s) + H2O(l)               (1-x)Ca2+ + xMg2+  + HCO3
- + OH-  

Equation 2.2.  Feldspar hydrolysis 

              KAlSi3O8(s) + H2O(l)               HAlSi3O8 + K+ + OH- 

Equation 2.3.  Carbonation of feldspar surfaces 

              CaAl2Si2O8(s) + 2CO2(aq) +2H2O(l)                Ca2+ + 2HCO3
- + H2Al2Si2O8(s) 

Equation 2.4.  Carbonation of calcite 

              Ca1-x(Mgx)CO3(s) + CO2(aq) + H2O(l)               (1-x)Ca2+ + xMg2+  + 2HCO3
- 

Equation 2.5.  Sulphide oxidation coupled to carbonate dissolution (SO-CD) 

              4FeS2(s) + 16 Ca1-x(Mgx)CO3(s) + 15O2(aq) + 14H2O(l)                 

 
              16(1-x)Ca2+ + 16xMg2+ + 16HCO3

- + 8SO4
2- + 4Fe(OH)3(s)  

Equation 2.6.  Oxidation of OC 

              Corg(s) + O2(aq) + H2O(l)                 CO2(aq) + H2O(l)                 H+ + HCO3
- 

Equation 2.7.  Sulphide oxidation using Fe3+ 

              FeS2(s) + 14 Fe(OH)3(s) + 4CaCO3(s)              

 
              15Fe(OH)2(s) + 4Ca2+ + 2SO4

2- + 4HCO3
- + 4 H2O(l)  

Equation 2.8.  Sulphide oxidation using NO3
-/Denitrification 

              14NO3
- + 5FeS2(s) + 4H+                 7N2(g) + 10SO4

2- + 5Fe2 + 2H2O(l)          

Equation 2.9.  Denitrification 

              4NO3
- + 5C(s) + 2H2O(l)                 2N2(g) + 4HCO3

- + CO2(g) 

Equation 2.10.  Sulphate reduction 

              SO4
2- + 2CH2O(s)                H2S(g) + 2HCO3

- 

Equation 2.11.  Methanogenesis 

              2CH2O(s)                CO2(aq) + CH4(aq) 

 

within anoxic portions of the distributed drainage system, including sulphide oxidation 

using Fe3+ (Equation 2.7; Bottrell and Tranter, 2002) or NO3
- (Equation 2.8; Wynn et al., 

2006), denitrification (Equations 2.8 and 2.9; Wynn et al., 2006), sulphate reduction 
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(Equation 2.10; Wadham et al., 2004), and potentially methanogenesis if sufficient 

anoxic conditions exist (Equation 2.11; Tranter et al., 2005; Boyd et al., 2011).  

The ability of microbes to use terminal electron acceptors other than O2 in anoxic 

environments allows for this large number of microbially-mediated reactions to occur 

within the anoxic, long residence time, debris-rich distributed drainage system (Tranter et 

al., 2005).  Microbial activity likely occurs within the channel marginal zone as well, 

because oxygenated water containing nutrients and organic debris can be flushed into this 

debris-rich zone from the adjacent channels during times of high discharge (Figure 2.5;  

Figure 2.5:  A conceptual model showing the cross-section of a subglacial channel, and 

highlighting the relationship between energy and nutrient sources beneath a glacier, and 

the microbial niches that can occur.  From Hodson et al., 2008.  Reprinted with 

permission from the Ecological Society of America. 
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Tranter et al., 2005).  CO2 generated in the microbial oxidation of organic C can drive 

further carbonation reactions, linking biotic and abiotic means of solute acquisition  

 (Wadham et al., 2010b).  Microbial activity is likely limited within the channelized 

drainage system due to short rock-water contact time and flushing of sediment, although 

localized activity could occur within sediment pockets on channel floors (Tranter, 2005).   

Few studies have quantified the amount of solute acquired by microbially-mediated 

reactions; however, those that have (summarized in Table 2.2) indicate that substantial amounts 

of total solute flux is derived from a variety of these reactions.  Although further work can be 

done to better quantify and constrain the role of each reaction in solute acquisition, it is 

apparent from these sources that microbial communities are capable of significantly affecting 

the flux of solutes and nutrients from a glacier and are an intricate part of subglacial solute 

acquisition and biogeochemical cycling. 

2.5.1 Bulk meltwater hydrochemistry 

Glacier hydrochemistry in the Canadian Rocky Mountains has not been widely 

studied; however, the chemical composition of runoff from three glaciers in the Canadian 

Rocky Mountains are given in Table 2.3.  The dominant ions within these streams, as 

with most glacial streams, are Ca2+, Mg2+, HCO3
-, and SO4

2-, which are solutes typically 

generated from rock weathering (Tranter, 2006).  Glacial streams are usually more dilute 

and have higher Ca2+:Si and SO4
2-:HCO3

- ratios than global mean river water, as glaciers 

preferentially weather sulphides and carbonates (Tranter, 2006). 
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Table 2.2:  Quantification of the amount of solute in glacier runoff that is produced 

microbially 

Chemical 
Reaction 

Equation  Amount of solute from 
microbial origin 

Glacier location and 
type 

Source 

Sulphate reduction  10 10% of total annual DIC 
is produced microbially 

Arctic, polythermal Wadham et al., 
2004 

Sulphate reduction 10 14% of total annual SO4
2- 

load is removed 
microbially 

Arctic, polythermal Wadham et al., 
2004 

Sulphate reduction 
and oxidation of 
organic C 

10 and 6 ~50% of total solute flux Arctic, polythermal Wadham et al., 
2010a 

Oxidation of 
organic C 

6 19-65% of total HCO3
- is 

generated microbially 
8 glaciers of varied 
location and type 

Wadham et al., 
2010b 

Carbonation 
reactions  

3 and 4 14-37% of total solute is 
acquired using microbial 
CO2 as a proton source 

8 glaciers of varied 
location and type 

Wadham et al., 
2010b 

Nitrification 14 68% of NO3
- Arctic, polythermal Wynn et al., 

2007 
Nitrification 14 3 times atmospheric 

inputs 
Antarctic, outlet 
glacier of ice cap 

Hodson, 2006 

Nitrification and 
sulphide oxidation 

14 and 7 Up to 85% of the NO3
-  

and 65% of the SO4
2- 

Antarctic, outlet 
glacier of ice cap 

Hodson et al., 
2010a 

Methanogenesis 11 9-51 fmol of CH4 per g 
dry sediment per day 

North American 
Alpine, temperate 

Boyd et al., 
2010 

 

Table 2.3:  The concentration of major ions in glacial runoff from glaciers within the 

Canadian Rocky Mountainsa 

Glacier Ca2+ Mg2+ Na2+ K+ Si+ HCO3
- SO4

2- Cl- NO3
- 

Robertsonb 960-1120 290-310 3.7-36 5.8-9.2 3.0-5.4 890-920 380-520 1.7-25 - 
Bowc 830-1590 410-1250 7.7-20 3.7-7.1 - 1020-1820 221-1060 1.6-8.7 3.7-8.1 

Saskatchewand 640 300 20 - - 780 91 8.5 3.0 

a Concentrations are reported in µeqL-.  A single figure indicates a mean, while two figures indicate a 
range. 
b From Sharp et al., 2002 
c From Lafrenière and Sharp, 2005 
d From Fairchild et al., 1994 
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Stream concentration typically varies inversely with discharge, with streamflow 

during the day diluted by ice and snow melt (Brown, 2002). 

2.5.2 Glacier forefield hydrochemistry 

Due to an abundance of comminuted glacial debris, glaciofluvial reworking, and 

active microbial populations, the glacier forefield has the potential for high geochemical 

and biogeochemical activity (Wadham, 2006).  Shallow groundwaters within the glacier 

forefield are likely oxic during unsaturated conditions.  Waters entering into the 

proglacial zone during high discharge in glaciofluvial channels will react with sediment 

in the similar manner as in the subglacial channel marginal zone (Tranter, 2005).  More 

readily solubilized minerals, like sulphides, sulphates, and carbonates, are weathered 

first, via SOCD (Equation 2.5; Anderson et al., 2000).  These minerals become depleted 

over time in proglacial sediments; therefore, weathering of silicates is more dominant in 

progressively older terrain (Anderson et al., 2000).  

2.6 NITROGEN-CYCLING DYNAMICS IN GLACIAL VALLEYS 

2.6.1 The nitrogen cycle 

A number of microbial processes affecting the N cycle occur within water and 

sediments both subglacially and in unvegetated areas of a glacier forefield.  Microbial 

reactions that introduce reactive N into the system include the biological fixation of N2 

gas, which converts unreactive, atmospheric N2 into ammonium (NH4
+); and 

ammonification, which converts organic N into NH4
+.  During ammonification, organic N 

in the form of protein is broken down into amino acids by microorganisms.  Amino acids 

and other N-bearing compounds are then deaminated, whereby the N-containing amino 
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group (-NH2) is removed, leading to the production of NH3 or NH4
+ (Kätterer, 2001).  

This NH4
+ can be assimilated by microbes or fixed onto clay minerals (Schlesinger, 

1997).  It can also be oxidized to NO3
- in a multi-step process termed nitrification. 

Nitrification can be summarized as two partial oxidation reactions that proceed 

separately: 

1) the oxidation of NH3 to NO2
-, often by ammonia-oxidizing bacteria such as 

Nitrosomonas spp, which can be divided into three steps: 

Step 1:  NH3 + O2 + 2H+ + 2e-            NH2OH + H2O      
Step 2:  NH2OH + H2O           NO2

- + 5H+ + 4e- 

Step 3:  0.5 O2 + 2H+ + 2e-     H2O 
 
The total reaction can be written as: 
 
Equation 2.12     NH3 + 1.5 O2             NO2

- + H+ + H2O 
 
 

2) the oxidation of NO2
- to NO3

-, often by nitrite-oxidizing bacteria such as 

Nitrobacter spp (Kendall, 1998), which happens in two steps:  

Step 1:  NO2
- + H2O            NO3

- + 2H+ + 2e-    
Step 2:  0.5 O2 + 2H+ + 2e-           H2O 
 

The total reaction is written as:  
 

Equation 2.13     NO2
- + 0.5 O2            NO3

-  

The total nitrification reaction (Equation 2.12 plus Equation 2.13) is: 

Equation 2.14    NH3 + 2O2             NO3
- + H+ + H2O    

Chemoautrotrophic bacteria are the dominant nitrifiers in subglacial and 

proglacial sediment; however, nitrifying archaea have also been detected (Boyd et al., 

2011; Brankatschk et al., 2011).  Nitrification provides a means of deriving metabolic 
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energy for the chemoautotrophs involved, and also produces acidity (Kendall, 1998). In 

other environments, heterotrophic nitrifiers, including fungi and anaerobic bacteria, have 

also been identified (Kätterer, 2001). The NO3
- produced can be utilized by soil microbes 

or reduced to NH4
+ during assimilatory nitrate reduction to be used for microbial growth 

(Schlesinger, 1997).  NO3
- is much more soluble and therefore more mobile than NH4

+ 

and can also be exported by runoff.  As well, NO3
- can be lost from the system in a 

gaseous form through denitrification, or dissimilatory nitrate reduction.  This occurs in 

anoxic environments, where NO3
- is used as an electron acceptor in respiratory 

metabolism, producing N2 gas (Equations 2.8 and 2.9).  Dissimilatory nitrate reduction 

from the oxidation of either organic matter (Equation 2.8) or sulphur (Equation 2.9) is 

possible.   The term N mineralization refers to the conversion of organic N to inorganic N 

and typically refers to the sum total of both ammonification and nitrification.   

2.6.2 Sources of nitrogen to alpine ecosystems 

2.6.2.1 Atmospheric deposition 

A major source of N to alpine ecosystems is atmospheric deposition, in the form 

of wet deposition (snowfall and rainfall) and dry deposition (particulate and gaseous N 

compounds).  Within the Canadian Rocky Mountains, few stations exist at high altitude 

that measure both winter and summer precipitation and fewer still have intensively 

studied precipitation chemistry or atmospheric deposition (Lafrenière and Sinclair, 2011).   

Snowfall at measured sites within the Bow Valley, in the Canadian Rocky 

Mountains accounted for an estimated 55-85% of annual precipitation between 2001 and 

2010 (Lafrenière and Sinclair, 2011).  Volume-weighted mean snowpack NO3
- and NH4

+ 
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concentrations measured at Robertson and Haig Glaciers in the Canadian Rocky 

Mountains were within the low range of snowpack concentrations from multiple sites in 

the US Rocky Mountains and the European Alps (Table 2.4).   

Table 2.4:  Volume-weighted mean snowpack NO3
- and NH4

+ concentrations from 

various high-elevation sitesa 

 NO3
- NH4

+ Sourceb 
Canadian Rocky 
Mountains 

2.5 – 2.9 1.2 – 1.8 1 

US Rocky 
Mountains, 1991-
1994 

5.4 – 12.0 3.0 – 12.6 2 

US Rocky 
Mountains, 1992-
1999 

2.5 – 19 (9.6) 0.5 – 11 (4.3) 3 

European Alps (5.3) (2.3) 4 
a Concentrations are reported in µeqL-1.  Two figures indicate a range, while a single figure in brackets 
indicates a mean 
b 1, Lafrenière and Sinclair, 2011; 2, Hidy, 2003; 3, Clow et al., 2002; 4, Kuhn et al., 1998 

 

Although data for dry N deposition is sparse, it is considered to be an important 

source of atmospheric N (Fenn et al., 2003; Holland et al., 2005).  Dry N deposition was 

equivalent to 47% of wet N deposition in alpine and subalpine watersheds in the 

Colorado Front Range (Campbell et al., 2000).  Significant amounts of particulate 

nitrogen (PN) and dissolved organic nitrogen (DON) were measured in the snowpack of 

two high arctic glaciers during winter (3–8 kg DON-N km-2 and 7–26 kg PN-N km-2), 

suggesting that dry deposition of N and DON may be important sources to nutrient 

budgets in alpine regions (Hodson et al., 2005).  
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Estimated total annual wet inorganic N deposition in 2006 at a site in the 

Canadian Rocky Mountains was 1.8 – 3.1 kg ha-1 (Lafrenière and Sinclair, 2011).  The 

single study of long-term NO3
- deposition in the Canadian Rocky Mountains, based on 

lake sediment records, indicates that N deposition has doubled in 15 years from 2 to 4     

kg ha-1 yr-1 (Schindler et al., 2006).  NOx emissions in western Canada increased by 29% 

between 1985 and 2000, and rapid development of the Athabasca Oil Sands in 

northeastern Alberta is expected to cause enormous regional increases of N emissions to 

the atmosphere (Schindler et al, 2006).  Currently, values of N deposition in the Canadian 

Rocky Mountains are within the range of those in the US Rocky Mountains, where high 

and increasing N deposition is causing N saturation, NO3
- export, and alterations to 

ecosystem functions (Williams et al., 1996b; Wolfe et al., 2003; Lafrenière and Sinclair, 

2011).  Alpine ecosystems in Europe and USA have demonstrated more advanced N 

saturation than more robust lower-altitude ecosystems exposed to higher atmospheric N 

deposition (Nanus et al., 2008). 

2.6.2.2 Bedrock 

N can be held within bedrock in the form of sedimentary organic matter, NH4
+ 

minerals, or NO3
- minerals (Holloway and Dahlgren, 2002).  Additionally, NH4

+ can be 

bound to negatively-charged clay particles as surface exchange ions.  This N can be 

released and mineralized during weathering, allowing it to enter microbial pathways for 

N metabolism.  Weathering in regions with N-rich bedrock has been shown to raise 

median stream and soil NO3
- concentrations (Holloway and Dahlgren, 2002).  
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Comminuted glacial sediment could thus potentially contribute N to subglacial 

environments in areas with N-rich bedrock. 

2.6.3 Nitrogen-cycling dynamics 

2.6.3.1 Supraglacial environment 

Assimilation of NH4
+ within the supraglacial snowpack has been documented on 

an Antarctic glacier, at 1-2 orders of magnitude lower than rates in temperate snowpacks 

(Hodson, 2006).  The lower rates were attributed to the low debris content of the 

snowpack (Hodson, 2006).  N2 fixation, however, was not detected in a supraglacial 

snowpack, despite the pink staining of the snow indicative of algae, and the presence of 

nifH, a gene biomarker for N2 fixing organisms (Boyd et al., 2011).  

Although NH4
+ is present in supraglacial snowpacks, alpine snowpacks amended 

with NH4
+ have failed to stimulate nitrification, indicating that this process does not 

occur readily within the snowpack (Williams et al., 1996a).  The lack of snowpack 

nitrification is considered to be due to insufficient microbial populations within 

snowpacks (Brooks et al., 1993).  It is therefore assumed that any nitrification occurs 

following snowmelt, in an environment other than the supraglacial snowpack.  

Supraglacial streams have short travel times, limited contact with sediment, and 

an ice-water interface, resulting in much lower solute levels than in typical streams, 

where water flows through sediments or soil prior to entering the stream (Scott et al., 

2010).  Supraglacial streams have limited net uptake of N and little primary productivity 

(Scott et al., 2010).  Isotopic ratios of N and oxygen in streamflow on an Arctic glacier 

were comparable to those in snowmelt, indicating that nitrification had not occurred 
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within the stream (Wynn et al., 2007).  However, in an Alaskan supraglacial stream, 

where sediment was observed to accumulate within lower flow reaches, additions of 

NH4
+ resulted in the in-stream production of NO3

- along the stream (Scott et al., 2010).  

Thus, nitrifying bacteria may be present within the water or sediments of supraglacial 

streams.   

N-cycling processes within cryoconite holes depend upon the type of hole.  Ice-

covered holes on Antarctic glaciers close the hole off from atmospheric gases, preventing 

N fixation, and typically have net NO3
- uptake (Hodson et al., 2008).   However, open 

holes on Arctic glaciers allow for N fixation by cyanobacteria, and subsequent 

mineralization can result in net NO3
- production within these holes (Hodson et al., 2008).   

2.6.3.2 Subglacial environment 

There is growing hydrochemical and isotopic evidence that atmospheric N is 

being cycled within glacier systems prior to being exported.  Within a subglacial 

distributed drainage system, certain areas can be anoxic, and therefore allow NO3
- to be 

used as an electron donor in the process of denitrification (Wynn et al., 2007; Equations 

2.8 and 2.9).  Low or below detection NO3
- concentrations, in conjunction with low 

concentrations of dissolved oxygen (D.O.) and SO4
2-, indicate anoxic conditions where 

both NO3
- and SO4

2- can be reduced.  These conditions have been seen in Midre 

Lovénbreen, a polythermal high arctic glacier in Svalbard (Hodson et al, 2005; Wynn et 

al., 2006).  

Isotopic data provide another means of assessing whether denitrification is indeed 

occurring subglacially.  In microbially-mediated reactions, microbes preferentially utilize 
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lighter isotopes, resulting in isotopically lighter products compared to the heavier 

substrate (Kendall et al., 2007).   Thus, if denitrification is occurring subglacially, this 

fractionation will result in the enrichment of δ15N of the remaining NO3
- (Figure 2.6).   

δ15N-NO3
- in initial subglacial runoff during anoxic and distributed drainage conditions  

Figure 2.6: Typical values of δ15N-NO3
- and δ18O-NO3

- derived or nitrified from various 

sources.  Atmospheric δ18O-NO3
- data are divided into the ranges observed for samples 

analysed using either the denitrifier method or the AgNO3 method; both are typically 

isotopically distinct from the typical range of δ18O-NO3
- values produced by nitrification 

of NH4
+ or organic matter.  The two arrows indicate typical slopes for data resulting from 

denitrification of NO3
- with initial δ15N = +6‰ and δ18O = -9‰.  From Kendall et al., 

2007.  Reprinted with permission from Wiley.  
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was enriched relative to later, oxic flow and supraglacial melt at Midre Lovénbreen 

(Wynn et al., 2006).  Thus, denitrification has been inferred to occur subglacially during 

anoxic conditions from both hydrochemical and isotopic data. 

Despite evidence of denitrification being the cause of low NO3
- concentrations in 

bulk runoff early in the melt season (Wynn et al., 2006), studies have also shown ‘excess’ 

NO3
- (annual NO3

- runoff yields greater than atmospheric inputs) in Arctic (Wynn et al., 

2007), Antarctic (Hodson, 2006), and alpine glaciers (Tockner et al., 2002), indicating 

that some NO3
- production must be occurring.  This excess is on the order of three times 

that of atmospheric deposition at the cold-based Tuva glacier in the Antarctic (Hodson, 

2006).  High NO3
-/Cl- ratios in bulk late season runoff in these studies indicated that NO3

- 

is being derived in excess of atmospheric deposition, as Cl- is considered to be a 

conservative tracer with a solely, atmospheric source.  When a subglacial stream (MLSG) 

first outburst at Midre Lovénbreen in 2002, high silica (Si) concentrations were indicative 

of the long rock-water contact times of a distributed drainage system, and the initial 

negative “excess NO3
-” values were suggestive of denitrification (Figure 2.7; Wynn et al., 

2007).  However, following a switch to an aerated subglacial discharge with lower 

residence time at day 184, high excess NO3
- and deficit NH4

+ concentrations (relative to 

atmospheric inputs) suggested that atmospheric NH4
+ was being converted to NO3

-

through the two-step microbial process of nitrification (Figure 2.7; Equation 2.14). 

Microbial NO3
- produced through nitrification can be identified using isotopic 

techniques, as the δ18O of microbial NO3
- is unique from that of atmospheric NO3

-  
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Figure 2.7:  Time series of (a) excess NO3
-, (b) deficit NH4

+, and (c) Si concentrations in 

three major proglacial streams at Midre Lovénbreen glacier during the 2002 observation 

period.  From Wynn et al., 2007.  Reprinted with permission from Elsevier. 
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(Figure 2.6; Kendall et al., 2007).  NO3
- in snowmelt at Midre Lovénbreen had a high 

δ18O ratio of +64‰, typical of atmospheric NO3
- (Wynn et al., 2007).  However, NO3

- 

produced by nitrification was calculated to yield δ18O of -0.3‰, due to its incorporation 

of oxygen atoms from water and atmospheric O2, which have lighter isotopic ratios.  

Therefore, to produce the average δ18O-NO3
- ratio of +20.3‰ measured in bulk 

subglacial runoff, 68% of the NO3
- was inferred to have been derived from microbial 

nitrification, while only 32% the NO3
- came directly from the atmospheric source 

insnowmelt (Wynn et al., 2007).  Because the δ18O ratio of NO3
- in supraglacial streams 

was comparable to the high δ18O-NO3
- ratios of snowmelt, there was no evidence of 

nitrification of snowpack NH4
+ occurring supraglacially, leading the authors to infer that 

nitrification must be occurring subglacially.   

There are many possible sources of N for nitrification.  Annual NO3
- production 

was greater than the loss of NH4
+ from the glacial system at Midre Lovénbreen, such that 

the subglacial nitrification of snowmelt NH4
+ only accounted for 83% of the excess NO3

- 

(Wynn et al., 2007).  Other posited NO3
- sources include the mineralization of organic 

matter transported to the glacier bed, or the oxidation of organic N or NH4
+ held within 

bedrock (Wynn et al., 2007). Therefore, it is possible for NO3
- to be mineralized and 

nitrified from snowpack NH4
+, bedrock, or subglacial organic matter. 

The hydrochemical and isotopic data supporting subglacial microbial N-cycling 

(Lafrenière, 2010) is reinforced by a study of the subglacial microbial assemblage at a 

temperate glacier in the Canadian Rocky Mountains (Boyd et al., 2011).  A diversity of 

microorganisms likely supported by the redox transformation of inorganic N compounds 
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was detected at this site.  Nitrifiers and nitrate reducers (denitrifiers) were both present 

and active within subglacial sediments, while diazotrophs (N-fixers) were present, but 

biological N-fixation activity was not detectable.  Furthermore, the maximum rate of 

nitrification during laboratory incubation was 15x higher than that of nitrate reduction, 

suggesting that nitrification is the dominant N-cycling process at this location.  

Significant surpluses of DON and PN in subglacial runoff were observed in the 

nutrient budget at a polythermal Arctic glacier, providing evidence that major organic 

and particulate N pools may exist beneath the polythermal glacier (Hodson et al., 2005).  

Organic N may also be derived from ‘young’ organic matter associated with supraglacial 

cryoconite holes, or from ‘old’ organic matter held within bedrock and over-ridden soils 

(Hodson et al., 2005).  Organic N is poorly understood in glacial systems; however, this 

observation indicates that organic and particulate pools may be significant in glacial 

nutrient budgets.   

The occurrence of both subglacial denitrification and nitrification results in a 

decoupling of N dynamics from other snowpack solutes, due to changes in subglacial 

hydrology (Hodson, 2006).  During winter, spring, and early summer, anoxic conditions 

in the distributed subglacial drainage result in enriched isotopic values and low NO3
- 

concentrations characteristic of denitrification.  However, as flow rates increase, more 

oxic conditions in channelized subglacial drainage allow the nitrification of snowmelt 

NH4
+ and other NH4

+ sources to occur, resulting in the increase of NO3
- concentrations 

and a decrease in NH4
+ concentrations.   

Given the switch in the dominant N-cycling process over the course of a melt 

season, the timing of atmospheric loading of N can be important to the biogeochemical 
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cycling of N within glaciers.  A high NO3
- and NH4

+ rain event on Midre Lovénbreen 

glacier in June, when subglacial drainage was still distributed, resulted in the microbial 

assimilation of some inorganic N and the denitrification of some NO3
- during subglacial 

storage (Hodson et al., 2010b).  Had this event occurred later in the season when 

nitrification was the more dominant cycling process, the event could have had a larger 

impact on the N in bulk runoff by producing excess NO3
-.  The occurrence and timing of 

individual deposition events greatly influences glacial N fluxes, leading to the inter-

annual variability of these fluxes (Hodson et al., 2006). 

2.6.3.3 Glacier forefield environment 

Multiple lines of evidence have shown that N is actively cycled within sediments 

and soils of glacier forefields and alpine valleys (Campbell et al., 2002; Williams et al., 

2007; Hodson, 2006; Bieber et al., 1998).  Using in situ soil incubations, quantifiable 

rates of mineralization and nitrification in alpine valleys have been measured in Colorado 

during summer in talus fines, on top of a rock glacier, and within alpine tundra (Table 

2.5).  While rates in unvegetated material were lower than in vegetated environments, 

they were still close to or within the range of those in alpine tundra, indicating that N 

cycling within the unvegetated glacier forefield can produce mobile NO3
- and be a source 

of N to alpine surface waters (Bieber et al., 1998).   

Mineralization of organic matter is also possible during winter under alpine 

snowpacks, as the thermal insulation from the snow allows liquid water and microbial 

activity to exist (Brooks et al., 1996).   In alpine tundra at Niwot Ridge, Colorado, rates  
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Table 2.5:  Comparison of NO3
- and NH4

+ pools, mineralization rates, and nitrification 

rates in talus fines, rock glacier sediments, and alpine tundra in the Colorado Front 

Rangesa 

Substrate Study 
location 

NH4
+ pool 

 
NO3

- pool 
 

Mineralization 
rate  

Nitrification 
rate  

Referenceb 

Unvegetated 
talus fines 

Green Lakes 
Valley 

1.53 0.42 0.13 0.0087 1 

Vegetated talus 
fines 

Green Lakes 
Valley 

5.93 0.62 0.62 0.26 1 

Unvegetated 
rock glacier 

Green Lakes 
Valley 

0.33 0.04 - 0.01 2 

Vegetated  
rock glacier 

Green Lakes 
Valley 

4.65 0.80 - 0.14 2 

Alpine tundra Niwot Ridge 

 
4.10 1.30 0.15-0.78 0-0.30 3, pools  

4, rates 
a Units for pools in mg N kg-1, units for rates in g N m-2 mo-1 
b 1, Bieber et al., 1998; 2, Williams et al., 2007; 3, Williams, 1996; 4, Fisk and Schmidt, 1995 

 

of net mineralization were higher during winter than during the growing season, and 

production of inorganic N in snow-covered soils was significantly greater than N from 

snowmelt inputs (Brooks et al., 1996; Williams et al., 1996a).  N mineralization rates 

depend on the depth and duration of the snowpack, as earlier and deeper snow cover 

create warmer soil temperatures, resulting in higher mineralization rates (Brooks and 

Williams, 1999; Schimel et al., 2004).  However, warm soil temperatures in this type of 

snowpack (Figure 2.8; Zone III) also allow for greater heterotrophic activity and thus 

higher microbial immobilization of inorganic N in both snowmelt and soil, leaving little 

NO3
- available for export to surface water (Brooks and Williams, 1999).  In contrast, 

years with late and light snowfall (Figure 2.8, Zone I) can produce higher amounts of 

NO3
- within the soil available for export, as frozen soils prevent large heterotrophic 

communities from developing subnivially and microbial immobilization during thaw is 
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less.  Thus, the amount and duration of the alpine snowpack exert control on subnivial 

microbial activity, which in turn affects the amount of N that is mineralized in alpine 

soils and the amount of NO3
- that is available for export to surface waters (Brooks and 

Williams, 1999).  

 

 

Figure 2.8:  A conceptual model of the control of snow cover on subnivial heterotrophic 

activity in alpine catchments at mid-latitudes.  Snow cover-duration increases along the x 

axis, while winter heterotrophic activity and NO3
-
 leachate increase along the y axes.  

From Brooks and Williams, 1999.  Reprinted with permission from Wiley.  
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Microbial biomass and vegetation cover also exert a control on the amount of 

NO3
- available for export (Williams et al., 1997).  Although unvegetated subtalus soils 

and well-developed alpine tundra soils in Colorado had comparable KCl-extractable NO3
- 

and NH4
+ concentrations, lower microbial biomass and vegetation cover within the 

former suggested that more of the NO3
- produced within the subtalus soils would be 

available for export, due to less microbial immobilization and plant uptake (Williams et 

al., 1997).  Additionally, during melt of a deep snow cover, low pH and anoxic soil 

conditions, plus a supply of NO3
- released from melt and over-winter mineralization, 

combined with microbial respiration are hypothesized to provide the appropriate 

conditions for denitrification, allowing for measured gaseous loss of N during snowmelt 

(Williams et al., 2004).  Spatial and temporal distributions of vegetation, microbial 

biomass, and snow cover within glacier forefields thus exert strong controls on the 

biogeochemical cycling of N and NO3
- export.  The equilibrium between inputs of 

atmospheric N from snowpack and N mineralization in soils, and losses from 

denitrification and immobilization in soils determines the flux of NO3
- in runoff 

(Lafrenière and Sharp, 2005).   

The flow of water through sediment and soil allows water to acquire the NO3
- 

stored and cycled within it.  Strong covariance between dissolved Si (indicative of high 

rock-water contact environments) and the production of excess or non-snowpack NO3
- 

within the bulk meltwater of a cold-based Antarctic glacier suggests that longer flow 

through sediment rich ice-marginal talus and moraine can acquire microbially-nitrified 

NO3
- (Hodson, 2006).  High NO3

- concentrations in soil water (19 µeqL-1) within an 
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Arctic glacier forefield were thought to be derived from nitrification within the active 

layer and progressively enriched the NO3
- content of overland flow and proglacial runoff 

over the summer as thaw deepened (Hodson et al., 2002).  NO3
- concentrations of 

outflow of seven rock glaciers in the central US Rocky Mountains were significantly 

higher than in reference alpine streams; nitrification within soils on top of the rock glacier 

supplied the NO3
- found in outflow during July, while internal ice melt with high NO3

- 

concentrations was hypothesized to be the NO3
- source in the fall (Williams et al., 2007).  

Proglacial sediments and soils thus provide a source of microbially-cycled NO3
- to alpine 

streams.   

Overwinter storage of water in shallow groundwater also allows for significant 

cycling to occur within alpine valleys (Campbell et al., 2002).  Within the Loch Vale 

alpine watershed, δ18O-NO3
- isotope ratios from the alpine stream and from shallow 

groundwater sampled from talus springs that drain to the stream indicated that more than 

half of the N in atmospheric deposition was stored and cycled in shallow groundwater 

storage before being nitrified and exported to streams (Campbell et al., 2002).  Little to 

no NH4
+ remained within these waters, indicative of assimilation by plants or microbes, 

nitrification to NO3
-, or some combination of these (Campbell et al., 2000).  As initial 

snowmelt flushes out shallow groundwater stored overwinter to the valley stream, NO3
- 

within the stream was primarily microbial during the spring (Figure 2.9).  However, as 

snowmelt progressed through the summer, higher proportions of atmospheric NO3
- were 

observed in the stream from direct inputs from snowmelt.  Once snowmelt waned in fall, 

stream inputs were again mainly from shallow groundwater and δ18O-NO3
- isotope ratios  
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Figure 2.9:  δ18O-NO3
- (‰) versus NO3

- concentration (µeqL-1) in Andrews Creek, 

1995-1997.   δ18O-NO3
- ratios allow the separation of microbial and atmospheric sources 

of  NO3
-.  From Campbell et al., 2002.  Reprinted with permission the American 

Geophysical Union. 

 

showed a strong microbial signature once more, with over 75% of stream NO3
- derived 

from a microbial source (Figure 2.9; Campbell et al., 2002). 

Microbial cycling of N within the soils and subsurface of small alpine catchments 

was therefore determined to be the primary source of stream NO3
- over the melt season 
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and these processes are thought to be extremely important for NO3
- export from alpine 

valleys (Campbell et al., 2002).  This is consistent with studies in other alpine catchments 

(Hodson et al., 2002; Williams et al., 2004), as well as in undisturbed, forested 

catchments (Ohte et al., 2004; Pardo et al., 2004; Burns and Kendall, 2002).  Storage of 

precipitation and seasonal changes to flowpaths within alpine catchments both have a 

profound control on the amount and timing of NO3
- export, highlighting how both 

biogeochemical and hydrological processes control the cycling of N within a glacier 

forefield.   

2.6.4 Predicted nutrient responses to climate change in glacial ecosystems 

As climate continues to warm, global acceleration of glacier loss over the next 

few decades will also continue (Meehl et al., 2007).  In northwestern North America, the 

expected temperature change is ~0.5-1˚C for the period 2011-2030 and up to 5˚C by the 

end of the twenty-first century relative to 1980-1999 (Meehl et al., 2007; Matulla et al., 

2009).   Precipitation is expected to increase by ~10% in the winter and decrease by the 

same amount in the summer (range for A1B from the fourth assessment report of the 

IPCC; Matulla et al., 2009).  As a result, projected summer ablation in the Canadian 

Rocky Mountains is expected to be greater than it was at the time the glacier retreated 

from its maximum LIA position (Matulla et al., 2009).  Even under steady–climate 

scenarios, modeled glacier area in British Columbia is expected to decline (Stahl et al., 

2008).   

Glacial ecosystems are sensitive to climate-driven environmental changes, 

including changes to the hydrological regime, changes to the basal thermal regime, and 
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changes in glacier extent (Yde et al., 2011).  Hydrological changes result from sustained 

negative glacier mass balance, which eventually leads to decreases in glacier runoff 

(Jansson et al., 2003).   

Changes to the basal thermal regime can also result from glacier thinning; small 

temperate or polythermal glaciers in the High Arctic may change to a cold-based thermal 

regime if the ice thickness is insufficient to maintain the basal temperature at the pressure 

melting point (Yde et al., 2011).  This would limit subglacial drainage and reduce the 

accessibility of water-transported nutrients to these subglacial ecosystems.  Accelerated 

melt of the supraglacial snowpack can also result in changes to the basal thermal regime.  

The melt of the snowpack upglacier is the driving factor in the switch from a distributed 

subglacial drainage system to a channelized one; warmer temperatures, or a switch in 

precipitation from snow to rain may hasten this yearly switch (Nienow et al. 1998; 

Bingham et al., 2005).  As previously described, different microbial reactions occur 

within each drainage system, so climate-driven changes to the basal thermal regime can 

alter subglacial nutrient cycling.  

 Changes in glacier extent result in a switch from previous subglacial 

environments to proglacial environments, where the environmental conditions are very 

different.  Soil development, and microbial and plant succession typically occur along a 

glacier forefield as the glacier retreats (Matthews et al., 1992; Yde et al., 2011).  Low 

availability of C and N is thought to be a limiting factor for microbial activity in newly 

deglaciated sediments; however, soil N pools typically increase as the proglacial 

ecosystem ages, likely due to a growing community of N-fixing bacteria such as 

Cyanobacteria (Nemergut et al., 2007).  
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Evaluating how changing glacier coverage affects the export of N in streams is 

inherently difficult, due the long timeframe over which these changes may occur.  

However, those that have investigated this topic have overcome this difficulty by 

comparing co-located glacial and non-glacial catchments (Lafrenière and Sharp, 2005), or 

by using a space-for-time substitution (Hood and Berner, 2009).  In the latter approach, 

observed changes among watersheds with different glacial coverage are interpreted to 

represent changes that may occur within one watershed over time as a glacier recedes.  

As land cover shifts from glacier ice and unvegetated sediment to forest during 

glacier recession, dissolved organic carbon (DOC) concentrations within streams are 

expected to increase, as more water is flushed through forest soils, exporting soluble 

organic matter (Hood and Berner, 2009).  DON has also been shown to increase within a 

watershed with decreasing glacier coverage; however, DON became a less dominant 

component of dissolved organic matter (DOM; Hood and Berner, 2009).  N-rich DOM 

within the streams of more heavily glaciated catchments is likely derived from 

supraglacial and subglacial microbial populations (Hood and Berner, 2009).   

Within six catchments in southeastern Alaska, dissolved inorganic nitrogen (NO3
- 

and NH4
+; DIN) also increased with decreasing glacier coverage (Hood and Berner, 

2009).  The colonization of recently deglaciated terrain by N-fixing plants that increase 

soil N pools and enhance mineralization rates, such as Dryas drummondii and Alnus 

sinuate (Matthews, 1992), was thought to lead to higher DIN concentrations (Hood and 

Berner, 2009).  However, the opposite was found within the Canadian Rocky Mountains, 

where lower stream NO3
- concentrations were measured in a non-glaciated catchment 

compared to a co-located glaciated one (Lafrenière and Sharp, 2005).  This observation 
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was attributed to the non-glaciated catchment acting as an N sink, due to a larger area of 

vegetated soil that immobilized and retained NO3
-.  The glaciated catchment, on the other 

hand, contained primarily unvegetated and poorly developed soils with lower N-retention 

capacity.  Thus, nutrient responses to glacier recession may not be consistent and may 

vary depending on the location and type of vegetation that grows, and the scale at which 

the change is being studied.  

2.7 CONCLUSION 

Glacial ecosystems play an active role in nutrient cycling, as indicated by the 

production of NO3
- in excess of atmospheric inputs to glacier regions, by the 

mineralization of organic matter with limited immobilization, and by the nitrification of 

NH4
+ from precipitation during over-winter storage.  This role was highlighted in a study 

of 26 alpine watersheds in the US Rocky Mountains, where the presence of glaciers in a 

catchment more strongly influenced NO3
- concentrations in high-elevation lakes than any 

other geomorphic or biogeographic characteristic (Saros et al., 2010).   

Glacial environments thus play a role in the timing and magnitude of N fluxes to 

downstream aquatic ecosystems.  In light of current glacier recession rates (Kundzewicz 

et al., 2007) and predicted increases in N deposition (Vitousek et al., 1997), continuing to 

develop our understanding of the variability and magnitude of current N-cycling 

processes within glacial environments is imperative for predicting how the system may 

respond to environmental change.    

While nutrient budgets and detailed studies of N cycling have been conducted on 

Arctic and Antarctic glaciers, there is a dearth of information on the biogeochemical 



55 

 

cycling of N within glacier environments in mid-latitude temperate glaciers, particularly 

within the Canadian Rocky Mountains. Additionally, mineralization and nitrification 

rates have not been quantified in glacier forefields in the Canadian Rocky Mountains, and 

no studies of these rates have taken place along a glacier forefield chronosequence or 

with newly deglaciated sediment in any location.  There is therefore a need to understand 

how process rates may change within a valley in this region as glaciers continue to recede 

and N deposition continues to increase.    
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Chapter 3: Hydrochemical and isotopic evidence for microbial nitrate 

production within subglacial, supraglacial, and proglacial waters of a 

glaciated alpine catchment, Robertson Valley, Alberta 

3.1 ABSTRACT 

Microbially-mediated reactions are increasingly being implicated in 

biogeochemical cycling in subglacial environments.  This study uses hydrochemical and 

isotopic approaches to assess the amount of microbial nitrification in supraglacial, 

subglacial, and proglacial streams in the Robertson Valley, Canadian Rocky Mountains.  

The natural abundance of nitrogen and oxygen isotopes in nitrate (NO3
-) can be an 

effective tool in determining the source of nitrate in streams, as the two main sources of 

NO3
-, atmospheric deposition and microbial nitrification, typically have distinct δ18O-

NO3
- values.  The mean δ18O-NO3

- values of snow (+75.9‰) and rain (+50.2‰) were 

isotopically distinct from the calculated δ18O-NO3
- range of microbial nitrification (-7.3 

to -5.0‰).  Catchment waters fell within the range of these two sources.  The mean 

δ18ONO3 values for the east (RE) and west (RW) subglacial streams were +30.3‰ and 

+38.9‰, respectively, while the average mean δ18O-NO3
- for water seeping from 

proglacial till was +4.5‰.  Using a simple end-member mixing model, the estimated 

fraction of stream NO3
- derived from microbial nitrification was 44 to 56% in the 

subglacial streams, and >80% in the proglacial seeps, indicating that atmospherically-

derived N undergoes substantial biological cycling prior to export in surface runoff.  No 

isotopic evidence for denitrification was observed during the sampling period.  In 

subglacial streams and proglacial seeps, longer rock-water contact time resulted in higher 
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mean Σmajor ions and an increased importance of reactions with slower dissolution kinetics, 

such as dolomite carbonation and sulphide oxidation reactions.  Additionally, δ18O-NO3
- 

was significantly lower in water with longer with rock-water contact time, indicating that 

water flowing through longer residence time flowpaths acquired more NO3
- from 

nitrification reactions.  Water flowing subglacially to RE received a larger portion of its 

melt from a sediment-rich and slow drainage system that was conducive to nitrification as 

compared to RW, resulting in a higher proportion of nitrified NO3
- in RE.  Subglacial 

flowpaths therefore play a role in determining the amount and forms of microbially-

cycled nutrients that are exported from a glacier.  

3.2 INTRODUCTION 

Studies of glacial environments have increasingly demonstrated that microbes are 

present and active in these landscapes (Sharp et al., 1999; Skidmore et al., 2000; Foght et 

al., 2004), that microbes mediate reactions that mediate drive subglacial solute 

acquisition (Tranter et al., 2002; Bottrell and Tranter, 2002; Wadham et al., 2004), and 

that these reactions are intricately linked to the cycling of nutrients such as nitrogen (N) 

(Hodson, 2006; Wynn et al., 2006; Wynn et al., 2007; Hodson et al., 2010).   

Evidence for both nitrification and denitrification have been observed within 

glacial environments.  At a High Arctic polythermal glacier, hydraulically inefficient 

subglacial drainage paths, typical during winter, spring and early summer, have little 

contact with the atmosphere and promote anoxic conditions that are suitable to 

denitrification (Wynn et al., 2006).  However, when flow rates through ice and sediments 

increase during the summer melt season, environmental isotopes and hydrochemistry 
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suggest that nitrification is the more dominant biogeochemical reaction involving N 

(Wynn et al., 2007).  Nitrification is also evident in waters emanating from ice-marginal 

moraines and till in cold-based glaciers in both the High Arctic and Antarctica (Hodson et 

al., 2005; Hodson et al., 2010).  The subglacial flow path and drainage configuration are 

therefore a factor in the type and amount of biogeochemical reactions that occur (Tranter 

et al., 2005).   

Subglacial flow dynamics are important, because these control the contact time 

between rock or sediments and water, which influences the magnitude of biogeochemical 

N cycling.  Little to no nitrification has been observed in supraglacial streams on glaciers 

in the High Arctic and Alaska (Wynn et al., 2007; Scott et al., 2010), where there is very 

limited rock-water contact.  However, the hydrochemical analysis of water draining an 

Antarctic glacier indicated that water derived from long-residence time flow paths were 

characterized by higher levels of nitrified nitrate (NO3
-) (Hodson, 2006).  Sediments 

provide a favourable environment for microbial growth, and larger bacterial populations 

and higher diversity have been found in subglacial sediments and debris rich glacier ice 

than in clean glacier ice (Sharp et al., 1999; Skidmore et al, 2000; Foght et al., 2004), 

indicating that longer contact times between sediments and water should impart a larger 

microbial signature to solutes in subglacial waters. 

The role of glaciers in N cycling in the Canadian Rocky Mountains has not been 

studied to date, despite the facts that glaciers cover 2300 km2 in this region (Moore et al., 

2009), and that rates of N deposition may be comparable to those in the US Rocky 

Mountains, a region where N deposition is altering ecosystem function (Campbell et al., 

2000; Baron et al., 2005; Lafrenière and Sinclair, 2011).  Preliminary research of 
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subglacial sediments from a valley within the Canadian Rocky Mountains indicate that 

microbial nitrifiers and denitrifiers are both present within sediment; however their net 

effect on subglacial and proglacial N cycling within the valley is yet unknown (Boyd et 

al., 2011).    

The objective of this study is to test the hypotheses that (a) N is being microbially 

cycled within a temperate alpine glacial valley within the Canadian Rocky Mountains, 

and (b) that this cycling is mitigated by rock-water contact time and subglacial flow path.  

Given the importance of sediment-rich environments to microbial abundance, it is 

anticipated that runoff flowing through subglacial drainage and through proglacial tills 

will have the strongest evidence for microbial cycling of N of waters within the 

catchment.   

The hydrochemistry (dissolved ions and dissolved organic matter [DOM]) and 

environmental isotopes (δ15N and δ18O of NO3
-) from seasonal precipitation, supraglacial 

streams, subglacial streams, and runoff seeping from proglacial tills are used to identify 

the sources of water to runoff and to compare N cycling among water with varying rock-

water contact time.  The environmental isotopes of NO3
- are effective for this purpose as 

the two main sources of NO3
- (atmospheric and microbial nitrification sources) are 

typically isotopically distinct (Kendall et al., 2007). Together, the data in this study 

provide the first evidence for microbially-mediated N cycling within temperate glacier 

drainage systems in the Canadian Rocky Mountains. 
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3.3 SITE DESCRIPTION 

The Robertson Glacier (115o20’W, 50o44’N) is located within Peter Lougheed 

Provincial Park, Kananaskis Country, Alberta, in the Canadian Rocky Mountains (Figure 

3.1).  The glacier, which is approximately 3 km in length, is oriented SE to NW and 

spans an elevation range of approximately 2400 to 2900 m above sea level (asl).  The 

glacier lies within a steep-sided valley and terminates on a undulating till plain, although 

glacially-smoothed bedrock is present within the valley.  Bedrock in the Robertson valley 

is Upper Devonian in age.  Formations include the Pedrix and Mount Hawk, Palliser, and 

Sassenach formations and consist of calcareous shale, limestone, dark shale, and 

sandstones (McMechan, 1998).  

Two streams (RW and RE) drain from beneath the terminus of the Robertson 

glacier and merge approximately 300 m down valley, forming the larger proglacial 

stream that flows the length of the valley (Figure 3.1).  Past studies of the two principal 

subglacial streams, Robertson East (RE) and Robertson West (RW), have shown 

differences in chemistry and discharge, which are suggestive of dissimilarities in the 

character of the subglacial drainage systems that feed these two streams (Sharp et al., 

2002; Boyd et al., 2011; M. Lafrenière, unpublished data).  Sharp et al. (2002) inferred 

that RE was fed by a complex drainage system, including components with different 

mean residence times.  Channelized drainage provided more dilute water during peak 

flow, while a distributed drainage system fed RE during lower flows resulting in more 

concentrated water and ions from slower geochemical reactions.  Conversely, high solute 

concentrations and low solute variability indicated that RW was primarily fed by a 

distributed subglacial drainage system (Sharp et al. 2002).  
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Figure 3.1:  (a) Site map of sampling locations within Robertson Valley, 

Canadian Rocky Mountains, Alberta.  The base map was prepared from 

National Topographic System (NTS) 1:50,000 maps 82J/14 and 82J/11 (© 

Department of Natural Resources Canada. All rights reserved).  (b) 

Photograph of glacier terminus and forefield highlighting Robertson East 

(RE) subglacial stream, Robertson West (RW) subglacial stream, and 

Robertson Lower proglacial stream sampling locations.  S1-S4 indicate 

sampled proglacial seeps.  E, W1, and W2 indicate sampled supraglacial 

streams. Photo is taken looking northwest. 
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Supraglacial channels drain surface melt.  The majority of the supraglacial streams flow 

down the east side of the glacier, and disappear into a large moulin near the east margin.  

Supraglacial channels on the east side of the glacier are much larger and more incised 

than those on the west; supraglacial sampling locations are shown on Figure 3.1.  

Subsurface water was observed to seep from the till in multiple locations along the 

glacier forefield.  The location of seeps that were sampled (S1, S2, S3, and S4) are 

indicated in Figure 3.1.   

3.4 METHODS 

3.4.1 Sample collection 

3.4.1.1 Local meteorological data 

An automatic weather station (AWS), located just above treeline at 2100 m asl 

and approximately 2 km away from the glacier terminus, provided local meteorological 

data (Figure 3.1).  Shielded air temperature was recorded with a CS500 temperature        

(± 0.5°C) and relative humidity probe, precipitation was recorded with a TE525 tipping 

bucket gauge (0.2 mm resolution), and snow depth was recorded using an SR-50 sonic 

ranging sensor (±1 cm). All variables were logged using a Campbell Scientific CR1000 

datalogger. 

3.4.1.2 Atmospheric deposition (snow and rain) samples 

Snow samples used to characterize the chemistry of bulk (wet and dry) deposition 

were collected at two locations (~2000 and 2275 m asl) in the Robertson Valley on April 

6, 2010 (Figure 3.1).  Unfortunately, avalanche conditions prevented sampling directly on 
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the Robertson Glacier.  Both snow pits were dug to the ground and cleaned with a clean 

plastic shovel prior to sampling.  A full Tyvek clean suit and gloves were worn during 

sampling to prevent contamination.  Snow temperature, density, and chemistry were 

measured at 10 cm intervals along the face of the pit.  Samples for snow density were 

taken using a fixed-volume (102.2 +/- 0.1 cm3) stainless steel cutter, placed into Ziploc 

bags, and kept frozen until weighed (±1 mg).  Snow water equivalent (SWE) depth was 

determined by multiplying the density of each layer by the thickness of each layer.  Snow 

samples for dissolved ion analysis were taken from each 10 cm horizon using a clean 

stainless steel tool and collected in 125-mL high density polyethylene (HDPE) bottles 

that were cleaned (rinsed five times with deionized (DI) water) prior to sampling.  The 

full depth of the snow pit was sampled for analysis of the stable isotope composition of 

NO3
- in the bulk snowpack.  The bulk sample was collected in a quintuple DI-rinsed 1-L 

HDPE bottle using a clean plastic scoop.  All snow samples were kept frozen until 

analysis. No more than 48 hours before analysis, dissolved ion samples were thawed at 

room temperature and filtered through a 0.45 µm Supor (PES) membrane filter using a 

glass syringe. 

Volume-weighted mean snowpack concentrations at each site were calculated as 

the sum of the concentration of the analyte in each later multiplied by the fraction of the 

total snowpack SWE of the layer. Volume-weighted mean rainfall concentrations at each 

site were calculated as the sum of the concentration of the analyte in each sample 

multiplied by the sample volume, divided by the total rainfall volume at the site. 
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Rain samples were collected from the Robertson Valley on an event basis 

between June 22 and August 9, 2011 using bulk (wet plus dry) precipitation collectors 

(Lafrenière and Sinclair, 2011). Duplicate precipitation collectors were placed at three 

locations within the valley: i) at the AWS, ii) in front of the glacier terminus (~2350 m 

asl), and iii) on the glacier (~2500 m asl; Figure 3.1).  Bulk rain samples were funneled 

into 1-L HDPE bottles covered with blackout material to protect samples from ultraviolet 

radiation.  Evaporation of rain samples was minimized by the small funnel bottom 

diameter (3 mm).  Also, a plastic ping-pong ball rested directly on the funnel opening 

between rain events, further reducing the amount of evaporation.  Only data from fresh 

samples (collected within 24 hours of the rain event) are included in this paper.  Samples 

were poured into polyethylene bottles rinsed five times with DI water and kept dark and 

cool in the field until they could be frozen.  Prior to analysis, samples were filtered as 

described for the snow samples above.   

3.4.1.3 Catchment water samples (subglacial streams, supraglacial streams, 

and seeps)  

Stream gauging stations were set up at both subglacial meltwater streams, RE and 

RW, approximately 10 m downstream from the glacier terminus (Figure 3.1).   Water 

level in both streams was gauged continuously at 5 min intervals between July 1 (RE) or 

July 10 (RW) and August 7, 2010.  RE was gauged using a vented YSI 600 LS 

multiparameter level sonde, with temperature, pressure and conductivity (Yellow 

Springs, OH).  RW was gauged using a HOBO U20 water level logger, which measured 

stream temperature and absolute pressure (Onset, Bourne, MA). A second HOBO logger, 

located onshore 2 m away from RW, recorded changes in barometric pressure to allow 
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for barometric compensation of the RW stream logger.  Flow measurements at each 

stream, taken at varying stage heights with a Swoffer velocity meter (Seattle, WA), were 

used to calculate instantaneous stream discharge using the velocity-area method 

(Dingman, 2002).  Continuous stream discharge for each stream was then calculated 

using rating curves based on the stage and discharge relationship (RE: r2 = 0.97, n = 15; 

RW: r2 = 0.81, n = 13).   

Meltwater samples from RE and RW were collected 16 times between June 23 

and Aug 5, 2010, with the majority of samples taken just prior to or just following 

minimum stream discharge (see section 3.5.3.1).  Three samples were also collected from 

the proglacial stream at Robertson Lower (RL), a section of the stream adjacent to the 

AWS (Figure 3.1).   

Samples were collected in 1-L opaque HDPE bottles and field filtered within 4 

hours of collection.  pH and electrical conductivity (EC) were measured using an Orion 4 

Star pH/conductivity meter and probes (ThermoFisher Scientific, Waltham, MA) 

designed for low conductivity samples.  Subsamples for analysis of dissolved ions and 

isotopes were vacuum filtered in a polycarbonate filtration unit using a 0.45 µm Durapore 

polyvinylidene fluoride (PVDF) filter membranes, and then subsequently filtered through 

a 0.22 µm PVDF filter using a second filtration unit.  Filtration units were tripled rinsed 

with DI water and sample between each use.  In the field, filtered subsamples were stored 

dark and on ice and then frozen upon return to the lab at the University of Calgary 

Biogeoscience Institute’s Barrier Lake field station.  Subsamples for analysis of dissolved 

organic carbon (DOC) and total dissolved nitrogen (TDN) were vacuum filtered using a 
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glass filtration apparatus fitted with a pre-combusted GF/F (0.7 µm) glass fiber filter.  

The glass filtration unit was rinsed daily with 30% hydrogen peroxide and triple rinsed 

with DI water and sample between each use.  Filtrate was collected in pre-cleaned 40-mL 

amber glass vials with Teflon-lined septa, kept in the dark and on ice while in the field, 

and kept refrigerated until analysis.  Vials for DOC and TDN analysis were acidified with 

12N HCl to a pH of ~2 upon return to the laboratory at Queen’s University.   

Water seeping from till was sampled at four locations (S1, S2, S3, and S4) along 

the glacier forefield (Figure 3.1).  Sample sites were selected to act as a chronosequence, 

with seeps furthest from the glacier flowing through till that has been deglaciated for the 

longest time.  Although sites S2 and S3 were less than 20 m apart, both sites were 

sampled because they were on opposite sides of a gully and the large difference in 

discharge and water temperature between the two sites (see photographs in Appendix A), 

described in section 3.5.1, indicated the water source or the nature of the flow path of 

these seeps were different.  Field observations and high in situ EC measurements at all 

sites confirmed that the seeps were not being fed directly by snowmelt.  All sampled 

seeps were flowing by July 6, 2010, and were sampled 5 times between July 14 and 

August 4. Instantaneous discharge estimates were made at each sampling event by 

attempting to capture the flow using aluminum foil and by measuring the time required to 

fill a container of known volume.  However, due to difficulty in fully containing the flow, 

such estimates can only be used to compare the order of magnitude of discharge between 

seeps.  Seep samples were collected, filtered, and stored in the same manner described for 

subglacial stream samples.  
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Supraglacial streams were sampled on the east and west sides of the glacier 

(Figure 3.1).  Due to the orientation of the glacier, snow melted on the east side of the 

glacier first.  As a result, the largest and most incised channel sampled was on the east 

side (Supra E), and was sampled three times between July 16 and August 4, 2010 

(Appendix B).  The west side of the glacier was sampled at the westernmost edge of 

exposed ice occurring on July 25 (Supra W1) and on August 4 (Supra W2).  Both of these 

locations were closer to the glacier terminus than Supra E and consisted of small rivulets 

running over the glacier surface.  Rock particles (ranging from less than 1 mm in 

diameter to large rocks >10 cm) covered the ice surface at W1 and W2; however, the W2 

location was much more debris-laden (see Figure C in Appendix B).  Supraglacial stream 

samples were collected, filtered, and stored in the same manner described above for 

subglacial stream samples, except for the following differences.  Due to the low 

concentrations of dissolved ions in the supraglacial water, subsamples for dissolved ion 

analysis were field filtered through a disposable 0.45 µm Supor (PES) membrane filter 

using a plastic syringe to prevent contamination between samples.  Also, the 1-L 

subsamples collected for isotopic analysis were not field filtered as samples contained 

low amounts of suspended sediments.  

3.4.2 Sample processing and analysis 

Dissolved anion (Cl-, NO2
-, SO4

2-, NO3
-) and cation (Na+, K+, NH4

+, Mg2+, Ca2+) 

concentrations of precipitation (snow and rain) and stream (subglacial, seeps, and 

supraglacial) samples were determined simultaneously by liquid ion chromatography on a 

Dionex ICS 3000 ion chromatograph (Sunnyvale, CA).  The instrument was equipped 
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with an ASRS ULTRA II suppressor and IonPac AS18 analytical column for anions, and 

a CSRS ULTRA II suppressor and IonPac CS12A-5µm analytical column for cations.  

Anions were measured with a 23-40 mM potassium hydroxide (KOH) eluent gradient for 

subglacial and seep samples, at a 1.0 ml/min flow rate.  Anions of precipitation and 

supraglacial samples were measured with a 16-40 mM KOH eluent gradient.  Cations 

were measured isocratically with 20 mM methanesulphonic acid (MSA) eluent for 

subglacial and seep samples at a 0.5 ml/min flow rate.  Cations of precipitation and 

supraglacial samples were measured isocratically with 16 mM MSA eluent.  The sample 

injection loop volumes were 490 µL (cations) and 1011 µL (anions) for dilute water 

(supraglacial, snow, and rain), and 50 µL (cations) and 125 µL (anions) for more 

concentrated samples. 

 DOC and TDN were analysed for all subglacial streams, seeps, and supraglacial 

samples.  Analysis was conducted on a Shimadzu TOC-VCPH analyzer, using a high 

sensitivity platinum catalyst and a total nitrogen module (TNM-1 unit).  DOC was 

measured as nonpurgeable organic carbon (NPOC) while TDN was measured as nitrogen 

monoxide determined by chemiluminescence.  

Measurement precision was determined as the standard error of duplicate samples 

(Kretz, 1985).  For major dissolved ion analysis of seeps and subglacial stream samples, 

precision was better than 2.5% or ± 0.01 µeqL-1 for all analytes with the exception of 

NH4
+ (0.04 µeqL-1) and Ca2+ (37 µeqL-1) for seep samples and NH4

+ (0.03 µeqL-1) and 

Ca2+ (11 µeqL-1) for stream samples.  For precipitation and supraglacial samples, the 

precision for major dissolved ions was better than 10% µeqL-1 for all analytes except for 
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NO2
- (0.02 µeqL-1), K+ (0.14 µeqL-1), Cl- (0.24 µeqL-1), and Na+ (0.33 µeqL-1). Precision 

was ± 0.01 mg C L-1 (3%) for DOC and ± 0.004 mg N L-1 (5%) for TDN, based on 9 

duplicate analyses.  

Method detection limits were determined as three times the standard deviation of 

replicates of the lowest reproducible standard, plus the average of any non-zero 

concentrations measured in laboratory blanks.  Detection limits were 0.09 mg C L-1 (n = 

34) for DOC and 0.02 mg N L-1 (n = 34) for TDN.  For subglacial and seep samples, 

detection limits were better than 0.1 µeqL-1 for NO2
-, Na+, NO3

-, and SO4
2-; better than 

0.5 µeqL-1 for Cl-, K+, NH4
+, and Mg2+; and better than 1 µeqL-1 for Ca2+.  For 

precipitation and supraglacial samples, detection limits were better than 0.5 µeqL-1 for  

Cl-, NO2
-, SO4

2-, and NO3
-; better than 1 µeqL-1 for Na+, K+, NH4

+, and Mg2+; and better 

than 3 µeqL-1 for Ca2+.  A detailed table of detection limits for dissolved ions is presented 

in Appendix C. 

Dissolved inorganic nitrogen (DIN) was calculated as the sum of N derived from 

nitrate (NO3
--N), nitrite (NO2

--N), and ammonium (NH4
+-N) determined by ion 

chromatography.  Dissolved organic nitrogen (DON) was calculated as TDN – DIN.  

Bicarbonate (HCO3
-) was calculated as the charge balance of major ions (Σcations-Σanions), 

as the error on the charge balance is typically less than the error on titrations (Hodson et 

al., 2010). 

The dual isotopes of NO3
-, δ15N and δ18O, of bulk snow, rain, and stream samples 

were determined at the Isotope Science Laboratory at University of Calgary using the 

denitrifier method (Sigman et al., 2001; Casciotti et al., 2002).  Bacteria (Pseudomonas 
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aureofaciens, ATCC# 13985) lacking the nitrous oxide reductase reduced the NO3
- in 

each sample to nitrous oxide (N2O), but prevented the sample from further reducing to 

N2.  The N2O gas was analysed on a Finnigan Mat Delta+XL mass spectrometer, which 

permits the simultaneous determination of δ15N-NO3
- and δ18O-NO3

- from one sample.  

Isotopic values are reported in parts per thousand (‰) relative to standards of 

atmospheric N2 for δ15N- and Vienna Standard Mean Ocean Water (VSMOW) for δ18O-: 

δ15N (‰) = (15N/14Nsample)/(15N/14Nstandard -1) x 1000 

δ18O (‰) = (18O/16Osample)/( 18O/16O standard -1) x 1000 

Only samples with [NO3
-] > 1.6 µeqL-1 (hereafter, all concentrations will be 

denoted by [ ]) could be analysed using this method.  Analytical precision of lab 

standards was 0.5‰ for δ15N-NO3
- and 1.0‰ for δ18O-NO3

- at 1 standard deviation (n = 

10). 

A subset of samples were also analysed for δ18O of H2O (at Queen’s University’s 

Facility for Isotope Research).  δ18O of H2O samples were analysed on a DELTAplusXP 

Stable Isotope Ratio Mass Spectrometer in continuous flow mode and values are reported 

relative to VSMOW.  Data reported are precise to 0.25‰.  

3.4.2.1 Statistical analysis 

Data used for statistical analysis were first assessed for normality using the 

Shapiro-Wilk test and for homogeneity in variance (i.e., homoscedasticity) using the 

Levene test.  Comparisons of the mean δ18O-NO3
- in precipitation and subglacial streams 

were made using Welch’s t-tests to account for uneven variances in the data sets.  

Additionally, linear regressions were used to compare the relationship between δ18O-
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NO3
- and [NO3

-], δ15N-NO3
- and [NO3

-], and δ18O-NO3
- and Ca:Mg in catchment waters.  

All statistical analyses were conducted using JMP (SAS Institute Inc., Cary, NC) and an 

α-level of 0.05 was used to assess significance.   

 

3.5 RESULTS 

3.5.1 Hydrometeorology 

Discharge in RW was approximately an order of magnitude higher than in RE over the 

entire sampling season (Figure 3.2).  Minimum daily discharge occurred between 

approximately 09:00 and 12:00, typically occurring later at RW.  Peak discharge occurred 

in late afternoon or early evening.  Flow at RE had a more consistent diurnal pattern.  

Although RW was not gauged until July 10 due to a snow-filled channel, field 

observations indicated that flow prior to this date was very low, consistent with flow at 

RE. 

Water temperature and estimated minimum discharge varied dramatically among 

the proglacial seeps (Table 3.1).   Due to difficulty in fully containing the flow during 

discharge measurement, the values presented are considered to be minimum estimates of  

flow and should only be used to compare the order of magnitude of discharge between 

seeps.  

Flow estimates were low at S1, S2, and S4, while flow was estimated to be 1-2 

orders of magnitude higher at S3.  Highest estimated discharge and lowest temperatures 

were observed at S3, while lowest estimated flows and highest temperatures were 

measured at S2, located only 20 m away.    
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Figure 3.2:  Time series of total daily rainfall (a) and average hourly temperature (b) in 

the Robertson Valley and mean hourly discharge of c) RE and d) RW.  Note the 

difference in scale between discharge for RE and RW. 
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Table 3.1:  Range of estimated minimum discharge (Qmin) and average in situ 

temperature (Tavg) at proglacial seeps within the Robertson Valley. 

 
Distance from 

glacier terminus Qmin Tavg 
 m mL s-1 ˚C 

S4 550 10-30 6.3 
S3 1250 300-900 1.6 
S2 1270 1-5 12.6 
S1 1750 1-10 8.2 

 

3.5.2 Atmospheric deposition 

The chemistry of the bulk snowpack sampled in the Robertson Valley was 

relatively consistent between the two sampling sites (Figure 3.3).  NO3
- was the largest 

form of DIN in the snowpack at both 2000 and 2275 m asl (5.3 and 4.9 µeqL-1, 

respectively), followed by NH4
+ (3.2 and 2.7 µeqL-1, respectively).  Concentrations of  

Figure 3.3:  Mean weighted ion concentrations for end of winter snowpack and fresh 

summer rainfall concentrations. 
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lithic cations, Ca2+ and Mg2+, were substantially higher at 2275 m asl than at 2000 m asl 

(Figure 3.3). Carbonate minerals are abundant within the Robertson Valley, and dust and 

particles from till were noticeable in the lower half of the snowpack at this location, 

indicating that wind-blown sediment introduced a lithogenic signature to the snowpack 

chemistry at this site.  Higher [Ca2+] and [Mg2+] have been recorded in the Robertson 

Valley within the proglacial snowpack relative to the supraglacial snowpack, as exposed 

sediment is more readily available in the proglacial region (Lafrenière and Sinclair, 

2011).  The data presented here suggest that variability in lithic ions within the snowpack 

can occur within the proglacial region as well.   

Mean volume-weighted rainfall concentrations of all analytes other than Na+ were 

higher at all three collection sites than in the end of winter snowpack at Robertson Valley 

(Figure 3.3; Appendix D).  Rain:snow ion concentration ratios were typically between 1-

2, except for NO3
-, K+, and NO2

-, which had high rain:snow concentration ratios (2.3, 6.0 

and 13.8 respectively), and Na+, where concentrations were higher in snow than rain 

(ratio of 0.5; Appendix D).  Similar to the snowpack, NO3
- was the largest form of DIN in 

summer rainfall and mean volume-weighted rainfall concentrations of NO3
- ranged from 

12.0 to 16.6 µeqL-1 across the valley.   

Atmospheric NO3
- (from snowpack and fresh rain) had high δ18O-NO3

- values 

(+39.9 to +76.9‰) and low δ15N-NO3
- values (-6.5 to -1.2‰) (Figure 3.4; see also data 

table in Appendix E).  The isotope values for the two snow samples fell within the typical 

δ18O-NO3
-
- range for atmospheric NO3

- (Figure 3.4; Kendall et al., 2007). The isotope 

ratios in rain samples were much more variable than in snow and the δ18O-NO3
- ratios 
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(+39.9 to +62.3‰) were usually more depleted than the range expected (+60 to +95‰) 

for atmospheric NO3
- using the denitrifier method (Figure 3.4; Kendall et al., 2007). 

3.5.3 Chemical and isotopic variability among catchment waters 

3.5.3.1 Hydrochemistry of catchment waters 

A summary of mean concentrations of dissolved ions and DOM in the supraglacial 

streams, RE, RW, RL, and seep samples is provided in Table 3.2 and Figure 3.5.  A more 

detailed comparison of the seasonal hydrochemical and isotopic data for RE and RW is 

provided in section 3.5.4.   

Figure 3.4:  Stable isotope values of NO3
- from precipitation, streams, and seeps.  

Typical δ18O-NO3
- ranges for atmospheric and nitrified NO3

- using the denitrifier method 

are shown in gray (Kendall et al., 2007). 
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The east supraglacial stream (E) and the west supraglacial stream sampled at W1 

were the most dilute of all water sampled in the catchment (mean Σmajor ions = 222 and 194 

µeqL-1, respectively), while total solute concentration was highest at the seeps (mean 

Σmajor ions = 2759 to 5875 µeqL-1).  Supra W2, the supraglacial stream that flowed over 

large quantities of supraglacial debris, had mean Σmajor ions on the order of those at RE and 

RW.  The mean ionic composition of water changed systematically with total solute 

concentration (Figure 3.5), such that Ca2+ and HCO3
- dominated the chemistry of the 

most dilute water, while Mg2+, SO4
2-, and K+ became more important as total solute 

concentration increased.   

Ca:Mg ratios were highest in the Supra E and Supra W1 and lowest in the seeps 

(Table 3.2), indicating that a higher proportion of solute was derived from calcite in the 

supraglacial streams than from dolomite.  As dolomite dissolves more than an order of 

magnitude slower than calcite (Chou et al., 1989; Fairchild et al., 1994a), this ratio can be 

used to infer rock-water contact time (Fairchild et al., 1994b).  Thus, Ca:Mg ratios 

suggest that rock-water contact time was shortest in Supra E and Supra W1 and longest in 

the seeps.  

Average [SO4
2-] were 1-2 orders of magnitude higher in RE, RW, RL, and seeps 

than in precipitation (Figure 3.3 and Table 3.2).  The sulphate mass fraction (SMF), 

calculated according to Equation 3.1, indicates the extent to which sulphide oxidation or 

bicarbonate-bearing reactions are driving chemical weathering (Wadham et al., 1998).   

Equation 3.1   SMF  = [SO4
2- ]

[SO4
2- ] + [HCO3

- ]



Table 3.2:  Summary statistics for mean concentrations of dissolved major ions and DOM of supraglacial stream, subglacial stream, RL, and 

seep samples1   

 major ions Cl- SO4
2- NO3

- HCO3
- Na+ NH4

+ K+ Mg2+ Ca2+ SMF Ca:Mg DOC DON 

Supra W1 (n=1) 194 (-) 0.40 (-) 2 (-) 1.09 (-) 94 (-) b.d. 0.89 (-) b.d. 6 (-) 90 (-) 0.02 (-) 16.4 (-) 0.56 (-) 0.04 (-) 

Supra W2 (n=1) 1504 (-) 0.96 (-) 253 (-) 0.75 (-) 498 (-) 1.32 (-) b.d. 1.35 (-) 85 (-) 664 (-) 0.34 (-) 7.8 (-) 0.32 (-) b.d. 

Supra E (n=3) 222 (112) 0.31 (0.12) 2 (1) 1.53 (0.72) 107 (22) b.d. 0.69 (0.23) b.d. 11 (1) 99 (21) 0.02 (0.01) 9.1 (1.9) 0.34 (0.10) 0.03 (0.03) 

RW (n=10) 878 (350) 0.95 (0.54) 128 (68) 4.21 (2.40) 306 (115) 1.89 (1.04) 0.81 (1.16) 2.31 (0.92) 113 (42) 322 (133) 0.28 (0.09) 2.9 (0.7) 0.34 (0.13) 0.01 (0.02) 

RE (n=10) 1016 (222) 0.63 (0.18) 122 (61) 2.35 (1.40) 382 (58) 1.59 (0.40) 0.54 (0.70) 2.78 (0.96) 126 (40) 377 (75) 0.23 (0.07) 3.2 (0.8) 0.43 (0.12)2 0.04 (0.03)2 

RL (n=3) 2190 (211) 1.68 (0.33) 385 (81) 7.12 (1.50) 701 (97) 4.50 (0.15) 0.52 (0.26) 5.60 (0.42) 423 (31) 655 (76) 0.35 (0.07) 1.6 (0.1) 0.37 (0.16)3 0.07 (0.09)3 

S4 (n=5) 5875 (393) 2.22 (0.48) 1750 (121) 6.18 (0.46) 1179 (151) 7.86 (0.36) 0.20 (0.11) 28.7 (1.9) 1676 (64) 1240 (138) 0.60 (0.04) 0.7 (01) 0.41 (0.12) b.d. 

S3 (n=5) 3045 (341) 1.59 (0.14) 604 (33) 9.33 (1.26) 908 (143) 8.81 (0.83) b.d. 8.51 (0.81) 867 (84) 640 (114) 0.40 (0.03) 0.7 (0.1) 0.40 (0.12 0.01 (0) 

S2 (n=5) 3261 (451) 1.77 (0.33) 717 (96) 6.74 (1.84) 904 (169) 6.31 (0.63) 0.20 (0.10) 9.90 (1.33) 939 (119) 680 (190) 0.44 (0.04) 0.7 (0.2) 0.30 (0.09)3 b.d.3 

S1 (n=5) 2759 (726) 1.72 (0.41) 255 (85) 18.1 (4.5) 1105 (278) 11.31 (2.44) 0.20 (0.19) 7.76 (1.38) 900 (226) 440 (147) 0.18 (0.02) 0.5 (0.1) 0.40 (0.09)3 b.d.3 
1 Dissolved ion concentrations are in μeqL-1; DOC and DON concentrations are in ppm.  Numbers in brackets are standard deviation, n = number of samples.  b.d. = 

below detection limit.  SMF = sulphate mass fraction (SO4
2-/( SO4

2- + HCO3
-).  major ions = sum of major cations and anions 

2 n = 9 
3 n = 2 
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                  Figure 3.5:  Stiff diagrams (a) and summary table (b) of the mean ionic composition of catchment waters. Units are in µeqL-1. 
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Environments where sulphide minerals are in low abundance or where hydrolysis 

or carbonation reactions are dominant drive SMF values <0.5, while waters where 

sulphide oxidation is coupled with carbonate dissolution should have a SMF of 0.5, and 

sulphide oxidation coupled to silicate weathering or carbonate precipitation should result 

in waters with SMF > 0.5 (Tranter et al., 2002; Wadham et al., 2004). The low average 

SMF at Supra E and Supra W1 (SMF = 0.02) was typical of supraglacial waters, where 

sulphide minerals are in low abundance (Wadham et al., 2004).  

Notable hydrochemical differences existed among the four seeps sampled within 

the Robertson Valley (Table 3.2).  The seep closest to the glacier terminus, S4, had a 

much higher total solute concentration compared to all other seeps, with substantially 

higher [SO4
2-], [Ca2+], [HCO3

-], [Mg2+], and [K+].  The highest average SMF (0.60) was 

also registered at S4, although the Ca:Mg ratio was identical to S2 and S3.  S1, the seep 

furthest from the glacier, had the highest average [NO3
-] of any catchment water         

(18.1 µeqL-1), and the lowest average Ca:Mg ratio, [SO4
2-], and SMF of the seep waters. 

As was the case for precipitation, [NO3
-] were always larger than [NH4

+] in 

stream and seep samples (Table 3.2).  Mean [NO3
-] was lowest in the supraglacial 

streams (0.75-1.53 µeqL-1) and highest in the seeps (6.2-18.1 µeqL-1), generally 

increasing with decreasing Ca:Mg.  Mean [NH4
-] concentrations were very low in all 

samples within the catchment (<1 µeqL-1), although [NH4
+] at RW and RE in June were 

up to 4 µeqL-1 (see section 3.5.4.2).  All seep samples were depleted in NH4
+ relative to 

snow and rain.  [NO2
-] was below detection in all stream and seep samples, other than in 

the first three subglacial stream samples (see section 3.5.4.2). 



91 

 

In contrast to the inorganic solute composition among sites within the catchment, 

dissolved organic matter (consisting of DOC and DON) concentrations were relatively 

consistent across sites (Table 3.2).  Mean [DOC] were low at all sample sites, ranging 

between 0.32 and 0.56 ppm.  Low DOC concentrations and variability have been reported 

in other glacial streams (Lafrenière and Sharp, 2004; Hood and Berner, 2009).  Low 

mean [DON] were also present in the supraglacial stream, subglacial streams, and RL 

(0.01 to 0.07 ppm), while only 1 in 14 seep samples among the 4 sites had any detectable 

DON (Seep 2; August 4, 2010; 0.02 ppm).  

3.5.3.2 Natural abundance isotopic values of NO3
- 

The stable isotope values of NO3
- for all catchment waters are displayed in Figure 

3.4 and summarized in Appendix E.   The single supraglacial isotope sample (from Supra 

E) was the most enriched in δ18O-NO3
- of all the catchments waters (+57.6‰) and had a 

δ15N-NO3
- of -3.9‰.  The supraglacial water was more depleted in δ18O-NO3

- than the 

snow samples, but fell within the δ15N-NO3
- and δ18O-NO3

- of rain.   

In undisturbed (i.e. away from agricultural or industrial N sources) snow-fed or 

glacier-fed catchments, the δ18O-NO3
- of stream NO3

- is typically distinct from that of 

precipitation (Campbell et al., 2002; Pardo et al., 2004; Piatek et al., 2005; Wynn et al., 

2007).  In the Robertson Valley, the δ18O-NO3
- signature of RW (mean = +38.9‰) and 

RE (mean = +30.3‰) were distinct from the δ18O-NO3
- signature of snow (mean = 

+75.9‰; Figure 3.4) and the supraglacial sample (+57.6‰).  The separation in δ18O-

NO3
- values between rain (mean = +50.2‰) and the subglacial streams RE and RW, 

while not as large as at other sites, was still statistically significant based on a Welch’s t-
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tests (Figure 3.4; RE: F1, 12.0 = 20.1, p < 0.001; RW: F1, 8.1 = 30.4, p < 0.001).  As is 

typically seen in studies of undisturbed catchments (e.g. Campbell et al., 2002; Pardo et 

al., 2004; Piatek et al., 2005), δ15N-NO3
- values in the streams were not distinct from 

atmospheric deposition, as the δ15N-NO3
- range of the subglacial streams RE and RW 

overlapped with those of snow and rain (Figure 3.4).   

Samples from the proglacial RL site (mean δ18O-NO3
- = +17.0‰; mean δ15N-

NO3
- =  -1.8‰) were more depleted in δ18O-NO3

- than the subglacial streams, but not as 

depleted as the seeps (Figure 3.4).  Values of δ15N-NO3
- and δ18O-NO3

- in seep samples 

(mean δ18O-NO3
- = +4.5‰; mean δ15N-NO3

- =  +0.6‰) were isotopically distinct from 

those in atmospheric deposition (Figure 3.4).  The seeps were the most enriched in δ15N-

NO3
- and most depleted in δ18O-NO3

- of all the catchment waters, with S1, the seep 

furthest from the glacier, having the most depleted δ18O-NO3
- (mean δ18O-NO3

- = -6.7‰) 

and the most enriched δ15N-NO3
- (mean δ15N-NO3

- = +2.5‰) signature of all samples.  

The isotope values of NO3
- in seep waters also had the lowest variability of all the 

catchment waters (Appendix E).  

When all catchment waters are considered, δ18O-NO3
- values were significantly 

negatively correlated with [NO3
-] (r2 = 0.57, p < 0.0001), while δ15N-NO3

- values were 

positively correlated with [NO3
-] (r2 = 0.56, p < 0.0001; Figure 3.6). 

3.5.4 RE and RW subglacial streams 

The subglacial meltwater streams, RE and RW, which drain the Robertson Glacier, were 

sampled at a higher frequency than the other catchment waters within the valley in order 
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to try to ascertain changes and differences in the dominant water sources and/or nature of 

the subglacial drainage feeding each stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6:  Relationship between [NO3
-] and δ18O-NO3

- (r2= 0.57)  (a) and δ18O-NO3
-  

(r2 = 0.56) (b) in catchment waters in the Robertson Valley, Alberta. 
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3.5.4.1 Diurnal variations in hydrochemistry 

Four samples were taken from each of RE and RW over a 24-hour time period on 

July 23rd to 24th, 2010 (Figure 3.7).  Minimum discharge on July 24 occurred between 

9:40 and 10:25 am at RE, and occurred approximately one hour later at RW, at 11:05.   

Due to the glacier orientation and the steep valley walls, sunlight hits the east side of the 

glacier earlier in the morning than the west side.  Once sunlight hits the glacier, the 

initiation of melt results in rapid increases in flow at both streams; however, the response 

was much faster at RE than at RW.  Three hours after minimum discharge, flow at RW 

had increased less than 1.7x, while RE had a five-fold increase in discharge (Figure 3.7 

a).  RE also showed a larger diurnal discharge variation; peak discharge at RE was 18 

times that of minimum flow, while the ratio of peak to minimum flow at RW was only 

2.2.   

In both streams, minimum ionic concentrations occurred during peak flow (Figure 

3.7 a-c), as higher volumes of snow and ice melt diluted solutes and passed quickly 

through the glacier system, resulting in high Ca:Mg ratios (shorter rock-water contact 

times) and low SMF ratios (less sulphide oxidation Figure 3.7 d).  In addition to the 

larger diurnal response in discharge described above, RE also exhibited a larger diurnal  

response in hydrochemistry.  Concentrations of major ions at RW remained relatively 

stable over the 24-hour period and showed only slight increases during minimum 

discharge, while ionic concentrations at RE increased up to two-fold during low flow 

(Figure 3.7 b-c).  Diurnal responses of DOM were consistent at both sites, with increases 

at low flow (Figure 3.7 e). 
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Figure 3.7:  Graphs of 24-hour period (July 23-24) at RW (left hand side) and RE (right 

hand side) in showing changes in (a) discharge, (b) NO3
-, Cl-, Na+, and K+, (c) SO4

2-, 

HCO3
-, Ca2+ and Mg2+, (d) SMF ratio and Ca:Mg ratio, and (e) DOC and DON.  Note 

difference in y-axis scale for discharge graphs. 
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3.5.4.2 Seasonal hydrochemical variations 

Major ion and DOM concentrations for RE and RW during the sampling period are given 

in Figure 3.8.   Samples shown within this time series were collected approximately mid 

day between 10:38 and 13:21, with the exception of the first two samples at each stream, 

which were taken at ~15:30.  Discharge graphs indicate that sampling typically occurred 

just prior to or directly following minimum daily discharge (Figures 3.2 and 3.7).  The 

ion concentrations of the first two samples in each time series (June 23 and June 25) are 

therefore expected to be lower than if sampling had occurred earlier, as concentrations 

typically declined as discharge increased in the afternoon. 

[DIN] was higher at RW than at RE for the entire period (Figure 3.8 a-b).  [NO3
-] 

were high in each stream during the first three samples, peaking on June 23 (9.3 µeqL-1) 

at RW and on June 25 at RE (5.1 µeqL-1).  Similarly, [NO2
-] and [NH4

+] in each stream 

declined to below detection after the first three samples.  δ18O-NO3
- became more 

depleted over the sampling period in both RE and RW (Figure 3.9).  δ18O-NO3
- at RW 

decreased from +45.1 to +31.4‰ between June 23 and August 5, while δ18O-NO3
- at RE 

decreased from +34.0 to +22.4‰ between June 23 and July 19. 

As observed for the 24-hour sampling, dissolved ion concentrations show a 

stronger inverse linear relationship with discharge at RE than at RW over the sampling 

period (RE: r2 = 0.74, p = 0.0002; RW: r2 = 0.43, p = 0.0156).  Samples taken during 

higher discharge (June 25, July 10, and July 29) had lower concentrations of dissolved 

ions and higher ratios of Ca:Mg, while the opposite was true of samples taken during low 

discharge (July 3, July 24, and August 5) (Figure 3.8 c-i).  The increase in solute  
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Figure 3.8:  Time series for RE (closed symbols) and RW (hollow symbols): (a)  [NO3
-] 

and [NH4
+], (b) [NO2

-], (c) [Cl-], (d) [HCO3
-], (e) [SO4

2-], (f) discharge during sampling 

period, (g) [Ca2+], (h) [K+], (i) SMF ratio and Ca:Mg ratio, and (j) [DOC] and [DON].  

Note difference in scale for (f). 
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concentration during low flow was most pronounced for SO4
2-, Ca:Mg, and SMF (Figure 

3.8 e, i) and also for Mg2+ and K+ (not shown). For solutes other than DIN, 

concentrations were typically higher at RW for the first samples.  However, following 

July 10, RW solute concentrations were equal or lower to those at RE.  DON 

concentrations and the SMF ratios in the two streams showed consistent seasonal 

patterns, while DOC was higher in RE between July 19 and July 29 (Figure 3.8 i,j). 

Figure 3.9:  Time series of δ18O-NO3
- for RE, RW, and rain, and discharge for RE.  Rain 

from all three samplers within Robertson Valley is displayed. 

 

3.6 DISCUSSION 

3.6.1 NO3
- in precipitation 

Differences in δ18O-NO3
- were observed between snow (mean δ18O-NO3

- =  

+75.9‰) and rain (mean δ18O-NO3
- = +50.2‰) (Figure 3.4).  Similar differences 
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between rain and snow were seen in studies in Greenland, New Hampshire, and Colorado  

(Campbell et al., 2002; Hastings et al., 2004; Pardo et al., 2004).  While seasonal 

variations in NOx source contributions have been proposed to explain the difference 

between isotopic signatures in rain and snow (Pardo et al., 2004), other investigations 

using the denitrifier method have determined that these seasonal differences are likely 

due to seasonal changes in atmospheric oxidation chemistry instead (Hastings et al., 

2003; Hastings et al., 2004; Elliot et al., 2009).  In wintertime, HNO3 is primarily the 

result of a hydrolysis reaction between H2O and N2O5.  As many as five out of six of the 

oxygen atoms for the two HNO3 molecules formed during this reaction are derived from 

O3, which has a high δ18O typically between +90 and +122‰ and results in heavy δ18O-

NO3
- values for winter precipitation  (Hastings et al., 2003).   

However, during the warmer and longer days of summer, N2O5 is thermally and 

photolytically unstable, leading to a change in the predominant HNO3 formation 

pathway, whereby HNO3 is produced as a result of the oxidation of NOx (Hastings et al., 

2003).  During summer, photolysis of water vapour produces maximum concentrations of 

hydroxyl radicals (OH), a powerful oxidizing agent, so during this time, HNO3 is 

primarily the result of the oxidation of NO2 by OH.  In this reaction, only two of the 

oxygen atoms in HNO3 are derived from isotopically heavy O3, while the remaining 

oxygen atom from the hydroxyl radical reflects the isotopic composition of water vapour 

in the troposphere, which is typically less than zero (Hastings et al, 2004).  As such, the 

higher proportion of oxygen from OH in summer reduces the δ18O of the HNO3, 

resulting in lower mean δ18O-NO3
- values in summer precipitation than in winter. 
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Bulk rainfall δ18O-NO3
- values measured here (mean δ18O-NO3

- =  +50.2‰) were 

lower than those observed in wet deposition across the U.S. Rocky Mountains (+71 to 

+78‰; Nanus et al., 2008) and lower than the typical range for atmospheric NO3
- 

(Kendall et al., 2007).  Although actual isotopic values of sources can lie outside of the 

ranges described by Kendall et al. (2007), the lower values measured in the Robertson 

Valley could also be due to the inclusion of dry deposition as well as wet deposition. 

Little is known about the δ18O composition of dry deposition, which includes gaseous 

and aerosol N species (Kendall et al., 2007).  Elliott et al. (2009) found that wet and dry 

deposition in NE U.S. exhibited similar spatial and temporal variations in δ18O-NO3
-, 

including the seasonal variability described above.  However, larger ranges were 

observed for particulate δ18O-NO3
- (+45.2 to +92.7) than for gaseous δ18O-NO3

- (+51.6 to 

+94.0), suggesting that the amount of a particular N species in deposition may affect the 

overall isotopic composition of dry deposition.  Therefore, it is likely that the inclusion of 

dry deposition in our bulk precipitation catchers resulted in lower δ18O-NO3
- rain values 

than have typically been seen in other studies.  

3.6.2 Effect of rock-water contact time on the chemistry of runoff 

In the dilute supraglacial streams (Supra E and W1), mean concentrations of most 

dissolved major ions were of the same order of magnitude as those in the snowpack, 

suggesting that snowmelt directly provided the majority of solutes to the supraglacial 

streams (Figure 3.3 and Table 3.2).  However, relatively higher [Ca2+] and [HCO3
-] 

within these supraglacial streams indicate that some limited amount of solute was 

acquired from the dissolution of carbonate dust contained within the snowpack, 
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consistent with the higher [Ca2+] values seen in the more sediment-laden snowpack at 

2275 m asl (Figure 3.3).  Supra W2, the supraglacial stream flowing through large 

amounts of supraglacial debris, acquired much higher mean Σmajor ions, and had lower 

Ca:Mg and higher SMF than the other supraglacial streams with more limited sediment 

contact (Figure C in Appendix B). 

The [Cl-] within the subglacial streams, RE and RW, were consistent with those in 

snow, indicating that Cl- in subglacial streams was acquired from snow and ice melt 

(Sharp et al., 2002).  However, as mean Σmajor ions and mean concentrations of all other 

dissolved ions were higher in subglacial streams than in the dilute supraglacial streams, 

the solute within RE and RW is inferred to be derived predominantly from subglacial 

weathering reactions or from supraglacial streams flowing through large volumes of 

debris (Table 3.2; Sharp et al., 2002).  Similarly, the majority of solutes in seep waters 

are assumed to be derived from biogeochemical weathering reactions within proglacial 

till rather than from snowmelt, as the mean concentrations of all dissolved ions (except 

Cl- and NH4
+) were many times higher in all seeps than in snow (Figure 3.3 and Table 

3.2).  

The mean ionic composition of catchment waters within the Robertson Valley 

suggests that solute is acquired in a staged process consistent with that proposed by 

Tranter et al. (2002) and Sharp et al. (2002).  Previous analysis of the meltwater 

chemistry of RE and RW found three stages of subglacial weathering reactions: (1) an 

initial and rapid stage involving the carbonation of calcite, fueled by dissolved CO2, and 

producing Ca2+ and HCO3
-; (2) a second stage where both calcite and dolomite are 
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carbonated, driven increasingly by acidity generated by sulphide oxidation; and (3) a 

final stage involving sulphide oxidation-driven acid hydrolysis of dolomite, as well as 

calcite precipitation and K-silicate weathering (Sharp et al., 2002, Mitchell et al., 2009).  

The order of these reactions is controlled by the relative dissolution kinetics of the major 

minerals contained within local bedrock.  

The mean ionic compositions of catchment waters summarized in Figure 3.5 

follow this progression of solute acquisition, with dilute supraglacial waters characterized 

by the shortest rock-water contact time (as evidenced by the Ca:Mg ratio) dominated by 

ions from the initial and rapid weathering stages (Ca2+ and HCO3
-).  The importance of 

carbonation reactions to the dilute supraglacial streams is also evident in the extremely 

low SMF values (Table 3.2).  In subglacial streams and till seeps, longer rock-water 

contact time resulted in higher mean Σmajor ions and an increased importance of dolomite 

carbonation and sulphide oxidation reactions relative to carbonate carbonation, as 

evidenced by higher SMF values and increased proportions of ions derived from later 

stages of weathering: SO4
2-, K+, and Mg2+.  

Thus, as rock-water contact time increased, catchment waters acquired more 

solutes, particularly from reactions with slower dissolution kinetics.  Furthermore, N 

dynamics within the waters changed with rock-water contact time.  Mean [NO3
-] were 

lowest in the dilute supraglacial streams, where solutes are acquired primarily from snow 

and ice melt with little rock-water contact; higher in the subglacial streams, where solutes 

are derived more from subglacial sediments; and highest in waters with the highest rock-

water contact time, the till seeps (Table 3.2).  As mean [NO3
-] were higher in the 
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subglacial streams and till seeps than in the supraglacial streams, it is inferred that some 

NO3
- production must be occurring within subglacial and proglacial sediments 

(Lafrenière and Sharp, 2005; Wynn et al., 2007).  Low [NH4
+] in the seeps relative to 

other catchment waters and [DON] below detection in all seeps suggests that NO3
- is 

being mineralized from organic N or nitrified from NH4
+ (Hodson et al., 2005; Wynn et 

al., 2007).  The following analysis of the stable isotopes of NO3
- provides further insight 

into the magnitude of microbial cycling of N within the catchment waters of the 

Robertson Valley.  

3.6.3  Isotopic evidence of nitrification within catchment waters 

The dual isotopes of NO3
- (δ15N-NO3

- and δ18O-NO3
-) have been successfully 

used in multiple environments to determine the relative contributions of NO3
- sources to 

streams (Mayer et al., 2002; Barnes et al., 2008).  This is because different sources of 

NO3
- typically have isotopically distinct signatures (Kendall et al., 2007).  In undisturbed 

snow-fed environments, NO3
- in surface water and groundwater originates from two main 

sources: atmospheric deposition, and NO3
- produced by nitrification (Campbell et al., 

2002; Pardo et al., 2004). As is typically seen in these streams (e.g. Piatek et al; 2005; 

Barnes et al., 2008), the small range and overlap in δ15N-NO3
- values between 

precipitation, stream, and seep samples in the Robertson Valley indicate that δ15N-NO3
- 

alone cannot be used to quantify or identify sources of NO3
- (Figure 3.4).  However, since 

the δ18O-NO3
- values of subglacial streams and seeps are isotopically distinct from that of 

precipitation (Figure 3.4), it is possible to use δ18O-NO3
- to separate atmospheric and 
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nitrified NO3
- contributions to streams and seeps using a simple two end-member mixing 

model (Barnes et al., 2008; Equation 3.2). 

Equation 3.2   

The mean δ18O-NO3
- of snow (+75.9‰) was used as the δ18O-NO3

-
 of the 

atmospheric end-member for the mixing model (Figure 3.4).  The end-member value for 

the δ18O-NO3
- for microbial nitrification was calculated assuming that during 

nitrification, two of the three oxygen atoms in NO3
- are derived from soil O2 and one is 

derived from water (Aleem et al., 1965; Andersson and Hooper, 1983; Equation 3.3).  

The δ18O-H2O collected from subglacial streams and seeps ranged from -21.0 to -19.2‰ 

(Appendix F) and, assuming a δ18O-O2 value of +23.5‰ for atmospheric O2, the 

theoretically expected δ18O-NO3
- value for NO3

- from microbial nitrification for this 

study ranges from -6.2 to -5.0‰.  However, the lowest δ18O-NO3
- measured in Robertson 

Valley was at S1 (-7.3‰) and was below this expected range for nitrification.  This may 

indicate that more δ18O-H2O is incorporated into NO3
- molecule during nitrification than 

is assumed in Equation 3.3 (Casciotti et al., 2002).  For the purpose of this study, the 

lowest measured δ18O-NO3
- value, -7.3‰, was therefore taken to be the low end-member 

for the δ18O of NO3
- from microbial nitrification (after Barnes et al., 2008).  

Equation 3.3   δ18O-NO3
- = (0.33 x δ18O-O2) + (0.66 x δ18O-H2O) 

 
The estimated proportions of NO3

- derived from nitrification in water sampled in 

the Robertson Valley are given in Table 3.3.  Note that these estimates are likely upper 

!18Ostream !!
18Oatm

!18Onitrification !!
18Oatm

= fnitrification
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limits, because if rain (mean δ18O-NO3
- =  +50.2‰), which was more depleted in δ18O-

NO3
- than snow, contributed NO3

- to runoff, this would lower the atmospheric end-

member and reduce the estimated percentage of NO3
- derived from nitrification.  The 

impact of rain on isotope samples from the subglacial streams is further described in 

section 3.5.4. 

Table 3.3:  End-member calculations determining the percentage of NO3
- derived from 

nitrification.  The atmospheric NO3
- end-member was calculated as the mean δ18O-NO3

- 

value for snow samples (+75.9‰), while the nitrified NO3
- end-member ranges from a 

minimum δ18O-NO3
- of -7.3‰ (minimum measured seep sample) to a maximum of -

5.0‰ (calculated maximum from δ18O-H2O)1. 

  Mean 
δ18O-NO3

- 
(‰) 

% from nitrified NO3
- 

Site n Min Max 

Supra E 1 57.6 22 23 

RW 16 38.9 44 ± 3 46 ± 3 

RE 4 30.3 55 ± 11 56 ± 11 

RL 3 17.0 71 ± 15 73 ± 15 

S4 5 9.5 80 ± 1 82 ± 1 

S3 5 7.1 83 ± 1 85 ± 1 

S2 5 8.2 81 ± 1 84 ± 1 

S1 5 -6.7 99 ± 1 100* ± 1 

n = number of samples 
* denotes calculation yielded a percentage greater than 100% 
1 Values after ‘±’ are 95% confidence intervals (see Phillips and Gregg, 2001) 
 
 

Some limited nitrification appears to have occurred within the eastern supraglacial 

stream, as 22-23% of NO3
- within the stream had been nitrified (Table 3.3).  Few studies 

have investigated natural abundance of NO3
- isotopes in supraglacial streams.  However, 

a nutrient addition experiment, whereby NH4Cl was added to a supraglacial stream in 



106 

 

Alaska, resulted in increased NO3
-/Cl- ratios within the stream, indicating an estimated 

aerial stream-bed nitrification rate of 1.6 µmol m-2 min-1 (Scott et al., 2010).  Conversely,  

δ18O-NO3
- values from a High Arctic supraglacial stream were not significantly different 

from lysimeter snowmelt, indicating that there was no microbial source of NO3
- to 

supraglacial meltwater (Wynn et al., 2007).  These contrary reports are not surprising 

given that substantial spatial and temporal variability in discharge, hydrochemistry, and 

sediment bedload have been observed in supraglacial streams (Fortner et al., 2005; 

Karlstrom et al., 2010; Scott et al., 2010).  In addition to research in supraglacial streams,  

archaea related to those thought to contribute towards elevated nitrification in freshwater 

sediments have been found within cryoconite holes on some glaciers (Cameron et al., 

2011).   Thus, further research is warranted to determine the magnitude and variability of 

microbial reactions within supraglacial streams and cryoconite holes. 

The isotopic composition of NO3
- indicates that substantial nitrification occurred 

within subglacial sediment; our model reveals that approximately half of the NO3
- in 

subglacial streams RE and RW was the product of nitrification reactions (44-46 ± 3% and 

55-56 ± 11%, respectively) (Table 3.3).  This is slightly lower than the estimated 68% 

nitrified NO3
- within the subglacial discharge of a High Arctic polythermal glacier found 

by Wynn et al., (2007).  Although few glacial studies have used δ18O-NO3
- in a mixing 

model to estimate the microbial proportion of NO3
-, these findings are consistent with 

glacial hydrochemistry studies that have reported ‘excess’ NO3
-, or NO3

- production, 

within subglacial meltwaters (Tockner et al., 2002; Hodson et al., 2005).  Similar isotopic 

studies in forested catchments have found that most of NO3
- within streams had been 
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nitrified (Pardo et al., 2004; Burns and Kendall, 2002); subglacial environments are thus 

capable of microbially-producing NO3
- in proportions consistent with environments that 

are much more biologically and biogeochemically active.   

The NO3
- isotopes indicate that seep waters contained the highest proportion of 

NO3
- derived from nitrification, within the catchment (Table 3.3).  Between 80-85 ± 1% 

of NO3
- at S2, S3 and S4 was derived from nitrification reactions, while all of the NO3

- at 

S1 is assumed to have been subject to nitrification.  In springs from talus deposits in the 

U.S. Rocky Mountains, large microbial contributions of NO3
- have also been identified 

based on similarly high [NO3
-] and low δ18O-NO3

- values (Campbell et al., 2002).  

Within the Robertson Valley, samples with higher [NO3
-] displayed a more nitrified 

isotopic signature (Figure 3.6a); the high [NO3
-] measured at the seeps are thus consistent 

with NO3
- generated by nitrification.   

The water sampled at RL (~2 km downstream from the glacier terminus) indicate 

that 71-73 ± 15% of NO3
- was derived from microbial nitrification, a much higher 

proportion than measured in the subglacial streams exiting the terminus (Table 3.3).  The 

higher percentage of nitrified NO3
- at this location in the stream likely comes from a 

combination of seep contributions (which are highly nitrified) and in-stream nitrification 

(Mulholland et al., 2000; Scott et al, 2010). 

There was no evidence to suggest that denitrification, the dissimilatory reduction 

of NO3
- to a gaseous product, was occurring in any of the catchment waters during the 

sampling period.  When denitrification occurs, δ18O-NO3
- and δ15N-NO3

- enrichments are 

typically associated with a decrease in [NO3
-], as microbes preferentially use the lighter 
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isotopes in the remaining NO3
- pool during this process (Kendall et al., 2007).  However, 

this was not observed within catchment waters sampled within the Robertson Valley, as 

there was a positive correlation of δ15N-NO3
- with [NO3

-] (Figure 3.6b).  The high δ15N-

NO3
- values are attributed to enrichment of the residual NO3

- pool during the uptake of 

atmospheric NO3
- by biota, conversion to organic N, mineralization to NH4

+, and 

subsequent oxidation back to NO3
- during nitrification (Barnes et al, 2008).  Thus the 

enrichment of only δ15N-NO3
- does not suggest denitrification. 

The isotopic composition of NO3
- therefore indicates that nitrification is a key 

biogeochemical process occurring beneath the Robertson Glacier and within proglacial 

tills, leading to NO3
- production and subsequent export from the valley.  Figure 3.10 uses 

the Ca:Mg ratio to make a direct link between high rock-water contact time environments 

and the production of microbial NO3
-, as signified by δ18O-NO3

- values.  The positive 

correlation between δ18O-NO3
- values and Ca:Mg ratios was significant (r2  = 0.75, p < 

0.0001), suggesting that water flowing through longer residence time flow paths acquired 

more NO3
- from nitrification reactions.  This finding is consistent with observations from 

an Antarctic glacier, where a strong covariance was seen between silica concentrations (a 

proxy for rock-water contact time) and non-snowpack [NO3
-] in waters draining from 

talus and moraines flanking the glacier (Hodson et al, 2006).   

Nitrification of NH4
+ from snow and glacial ice was demonstrated to be the main 

source of excess NO3
- at a High Arctic polythermal glacier, with smaller contributions 

from the mineralization of organic N and potentially from rock-derived NH4
+ released 

during weathering reactions (Wynn et al., 2007).  Although it is not possible for us to  
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Figure 3.10:  Positive correlation (r2 = 0.75) between δ18O-NO3
- and Ca:Mg ratio in the 

catchment waters of Robertson Valley, Alberta. 

 

unequivocally determine or quantify the dominant source of the nitrified NO3
-, the fact 

that the lowest [NH4
+] and [DON] within the catchment occurred in the seeps, the waters 

with the highest [NO3
-] and largest proportion of NO3

- from nitrification, supports the 

hypothesis that both snowpack NH4
+ and DON are providing the NH4

+ to drive the 

nitrification process in this environment.  δ15N analysis of NH4
+ and DON in these waters 

would offer more conclusive evidence of the source of the NO3
-; however, because of the 

extremely low concentrations of NH4
+ and DON in our waters, we were unable to collect 

sufficient material to permit these analyses for this study.  Note also that although NH4
+ 



110 

 

released from N-rich sedimentary bedrock has also been shown to contribute [NO3
-] to 

adjacent streams (Holloway and Dahlgren, 2002), laboratory simulations of bedrock from 

the Robertson Valley indicated that rock-derived NH4
+ is not likely to be a major driver 

of subglacial or proglacial nitrification at this location (Robbins, 2007).   

The isotopic data suggesting nitrification in the streams and seeps shown here are 

consistent with a recent microbiological study of subglacial sediment at Robertson 

Glacier (Boyd et al., 2011).  Both nitrifiers and nitrate reducers (denitrifiers) were present 

and active within the subglacial sediment; however, the maximum rate of nitrification 

during laboratory incubation was 15x higher than that of denitrification.  Thus, while 

denitrifying microbes are present beneath the Robertson Glacier, they are not nearly as 

active as nitrifiers, resulting in the demonstrated isotopic signature of net nitrification.   

3.6.4 Influence of glacial and subglacial hydrology on nitrification 

Although the mean isotopic composition of NO3
- at RE and RW provides 

evidence of nitrification occurring within both subglacial streams, the observed 

differences in discharge and hydrochemistry between the two streams suggest the two 

streams are fed by different types of subglacial drainage systems (Figures 3.7 and 3.8).  

This section discusses the implications of glacial hydrology on the cycling of N. 

The flashy, variable flow and hydrochemistry observed at RE suggest that this 

stream is fed by a complex drainage system involving waters with different residence 

times.  During low flow, RE is characterized by longer rock-water contact times and 

higher solute concentrations than RW, particularly of those solutes acquired during later 

stages of weathering (Mg2+, SO4
2-, and K+).  Such waters likely drain subglacially 
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through a distributed drainage system, where inefficient flow allows for longer periods of 

rock-water contact and solute acquisition (Tranter et al., 2005).  However, during higher 

flow, the dilute waters with short rock-water contact times observed at RE are indicative 

of meltwater inputs from a well-developed channelized system, allowing dilute 

supraglacial meltwater to pass quickly through the glacier with little time for solute 

acquisition.   

This strong diurnal response in discharge and hydrochemistry is suggestive of 

high connectivity between the supraglacial and subglacial systems draining to RE (Figure 

3.7; Sharp et al., 2002).  Before the melt season begins at temperate glaciers, supraglacial 

and subglacial systems are typically isolated from one another, resulting in subglacial 

drainage that is unaffected by diurnal temperature cycles (Fountain and Walder, 1998). 

However, once supraglacial snow is removed, moulins and subglacial channels are 

created by the large volumes of icemelt and link the two systems; subglacial streams 

typically exhibit strong diurnal signals at this point (Lafrenière and Sharp, 2003; Willis et 

al, 2002).  Due to the orientation of Robertson Glacier, snow melts earliest at the east side 

of the glacier, exposing ice there sooner than on the west (Figure 3.11); field observations 

indicate that large moulins were also present on the east side of the glacier only (Figure A 

in Appendix B).  Thus, the supraglacial surface, hydrochemistry and discharge at RE 

suggest there were sufficient meltwater inputs to allow for a well developed channelized 

system to drain into RE. 

The hydrochemistry time series data for RW showed noticeable differences from 

RE (Figure 3.8).  The [DIN] and [Cl-] were highest in both streams in the first two 

samples (between June 23rd and 25th), at concentrations higher than seen in snow or in  
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Figure 3.11:  Extent of supraglacial snowpack melt on Robertson Glacier on (a) July 14, 

(b) July 25, and (c) August 9, 2010.  Photos were taken facing south.  Snow melts from 

east to west across the glacier, exposing large amounts of supraglacial debris, particularly 

on the western side of the glacier.  

a RE 

a RW 

(a) 

(b) 

(c) 

July 14, 2010 

July 25, 2010 

August 9, 2010 



113 

 

supraglacial melt sampled later in the season (Figures 3.3 and Table 3.2).   Chemical 

fractionation of solutes in snowpack during initial melt phases typically results in 50-80% 

of solute species being eluted in the first 30% of meltwater (Kuhn et al., 2001).  This 

concentration of solutes results in an ionic pulse that can contribute high concentrations 

of NO3
-, NH4

+, and other solutes to snow-fed streams (Campbell et al., 2002; Williams et 

al, 2007).  Thus, the chemistry suggests that concentrated supraglacial snowmelt inputs 

dominated streamflow at RE and RW during the earliest part of the sampling season.  

However, mineral solutes at RW were higher than at RE during this time.  Supraglacial 

weathering is capable of releasing large amounts of solutes, as observed by the high 

mineral solute concentrations acquired from supraglacial debris at Supra W2 (Table 3.2).  

Supraglacial melt draining to RW at this time had longer contact time with sediments 

than the melt draining to RE, and likely had a mineral solute composition similar to that 

observed in the Supra W2 sample. 

The high mineral solute concentrations at RW on July 3rd, coupled with the low 

observed discharge, suggest that a flushing of solute rich baseflow occurred from a 

distributed subglacial meltwater system, with limited snowmelt inputs at that time.  

Snowmelt may have been limited by the large temperature drop around this date (Figure 

3.2).  However, following July 3, mineral solute concentrations in RW dropped off to 

values equal to or lower than those in RE, indicative of a large dilution of baseflow by 

snow or icemelt.  Variability in RW hydrochemistry following July 3 was very low and 

RW did not exhibit the strong diurnal signal in discharge and hydrochemistry as seen at 

RE (Figures 3.7). The large volumes of flow to RW appear to dampen the diurnal signal 

that is so apparent at RE, and the supraglacial-subglacial connectivity via large meltwater 
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channels does not appear to be as significant at RW during the sampling period.  This is 

consistent with field observations indicating that snow lingers on the west side of the 

glacier much longer than on the east side (Figure 3.11) 

Thus, the results indicate that the largest source of water to RW after July 3 is 

likely concentrated snowmelt (i.e. similar to Supra W2) running off the terminus, with a 

minimal amount of subglacial waters contributed from a distributed drainage system, 

with limited englacial connection between the two.  RW drains from beneath snow and 

ice at the glacier terminus, hence field observations support that some of the water 

draining into RW must have at least limited contact with subglacial drainage.  

Previous studies at Robertson Glacier have observed differences in meltwater 

hydrochemistry compared to this study (Sharp et al., 2002; Boyd et al., 2011).  In contrast 

to this 2010 study where solute concentrations in RE were typically greater than those in 

RW, samples from 2008 indicate that mineral solute concentrations at RW were between 

3 and 20x higher for individual solutes than at RE (Boyd et al., 2011). These results 

suggest that RW is now receiving a lower proportion of flow from subglacial drainage 

than in the past.  Additionally, higher mean solute concentrations observed in 1999 at 

RW relative to RE, coupled with low solute variability, led Sharp et al. (2002) to propose 

that RW was fed entirely by a distributed drainage system during the sampling period.  

Lafrenière (2010) also observed during 2007 and 2008 that RW received a higher 

proportion of flow from subglacial drainage than the RE. Thus, these changes in 

meltwater hydrochemistry after 2008 suggest that the Robertson Glacier has recently 

been subject to large subglacial drainage reconfiguration, which has altered not only the 

chemical composition of the waters, but N-cycling processes as well.   
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These noted differences between subglacial drainage to RE and RW have 

implications on N cycling.  Given that water at RW was found to have drained primarily 

subglacially in past studies, it was expected that NO3
- at RW would display a stronger 

nitrification signature than at RE.  However, despite lower [NO3
-] at RE (Figure 3.8), 

δ18O-NO3
- values at this stream indicate a greater proportion of nitrified NO3

- than at RW 

(Figure 3.9).  As the majority of water draining into RW is interpreted to be sourced from 

supraglacial melt with limited subglacial connection, the high [NO3
-] at RW with a more 

atmospheric signal is likely from prolonged elution from as snow melted progressively up 

the glacier.  Although the supraglacial stream samples showed high levels of mineral 

dissolution are possible, NO3
- isotopes indicate that only limited microbial nitrification 

was occurring there (Figure 3.4).  Hence, it appears that although solute acquisition and 

biogeochemical weathering occurs in supraglacial environments, it is fairly limited 

relative to subglacial environments.   

The δ18O-NO3
- signal at both RW and RE suggest higher amounts of NO3

- were 

derived from nitrification over time (Figure 3.9); however, it is important to consider how 

the variable isotopic signature of rainfall observed in the Robertson Valley may have 

influenced certain stream samples (Campbell et al., 2002).  For example, isotopically 

depleted NO3
- in rainfall on July 3 may have caused the depleted δ18O-NO3

- values at RE 

and RW relative to previous samples.  However, there was no noticeable increase in 

discharge in response to this small rain event, suggesting that rainfall runoff inputs were 

likely not a large factor on this date, and did not deplete the δ18O-NO3
- values at RE and 
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RW (Figure 3.2).  The depleted values on July 3rd are consistent with a flushing of solute 

rich baseflow on this date, as described above.   

Furthermore, NO3
- was much more depleted in δ18O on July 19 at RE then on any 

other date sampled, despite rainfall that day being more enriched than on July 3 (Figure 

3.9).  Although July 19th had the largest total daily rainfall during the sampling period, it 

was spread out over the 24 hour period, and there was no noticeable change in discharge 

in response to this event (Figure 3.2).  Discharge at RE on July 19 was relatively low, 

with high concentrations of mineral solutes, a peak in [NO3
-], and long rock-water 

contact times (Figure 3.8).  This depletion in δ18O-NO3
- at RE on July 19 is therefore 

attributed to slow drainage through the distributed drainage system, allowing for 

substantial solute acquisition and nitrification.  Moreover, the most depleted δ18O-NO3
- 

value measured at RW occurred on August 5, when no rainfall had occurred for 2.5 days.  

Therefore, the depletion in δ18O-NO3
- at RE and RW over the sampling period suggests 

an increasing contribution of subglacial meltwater contributions, rather than a strong 

response to summer rainfall events.  An interesting note is that even in the first two 

samples in June, which were dominated by snowmelt, there were sufficient rock-water 

interactions during drainage to both streams to deplete δ18O-NO3
- values by over 30‰ 

relative to mean snow δ18O-NO3
-, and by over 12‰ (RW) and 23‰ (RE) relative to the 

east supraglacial stream.  

3.7 CONCLUSION 

Together, the data presented here provide the first evidence of the importance of 

net nitrification in supraglacial, subglacial and proglacial streams in a glaciated alpine 
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valley in the Canadian Rocky Mountains, and suggest that over half of the NO3
- in 

surface waters the Robertson Valley underwent substantial biological cycling of 

atmospherically-derived N prior to export.  This finding is consistent with a 

microbiological study of subglacial sediments from Robertson Valley, which found that 

nitrifiers had maximum laboratory incubation rates 15x higher than denitrifiers (Boyd et 

al., 2011). 

Rock-water contact time strongly influences the amount of nitrification in 

catchment waters.  Within the catchment, longer rock-water contact time resulted in 

higher total solute acquisition, particularly from those solutes derived from later stages of 

rock weathering, and higher [NO3
-] with a stronger nitrification signature.  Thus, the 

highest percentage of nitrified NO3
- occurred in the subglacial streams and seeps, as 

compared to dilute supraglacial streams with little rock-water contact.  This finding lends 

support to the concept of a subglacial ecosystem that is actively involved in 

biogeochemical cycling (Hodson et al., 2008).   

Furthermore, the distinctive flowpaths that meltwater took through the east and 

west sides of the Robertson glacier led to differences in [NO3
-] and nitrification in RW 

and RE.  Sources of water to RW flowed mainly supraglacially, with limited connectivity 

to the subglacial environment and resulted in higher [NO3
-] but lower proportions of 

nitrification relative to RE.  The strong diurnal patterns in discharge and hydrochemistry 

observed at RE are indicative of high hydraulic connectivity from the supraglacial to the 

subglacial region, where a sediment-rich environment led to higher amounts of 

nitrification.  Subglacial flowpaths therefore play a role in determining the amount of 

microbially-cycled nutrients that are exported from a glacier.  Subglacial drainage 



118 

 

systems are subject to reconfiguration, and are sensitive to changes in temperature and 

precipitation (Nienow et al., 1998; Bingham et al., 2005; Horton et al., 2006; 

Bartholemew et al. 2010); future warming may therefore alter subglacial flow paths and 

indirectly affect subglacial biogeochemical cycling and NO3
- export.      

These results highlight the importance of microbial N transformations within 

glacial ecosystems.  Microbial reactions and solute acquisition within sediments mean 

that the nutrients exported from temperate glacier valleys are markedly different from 

those deposited in the initial snowpack.  However, further glacier recession is expected to 

alter not only the hydrology of glaciers but also the output of nutrients (Hood and Berner, 

2009).  Continued research into glacial and proglacial biogeochemistry is thus needed to 

better understand potential changes in nutrient and solute export to downstream aquatic 

environments as glaciers continue to retreat.   
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Chapter 4: Nitrogen transformations in unvegetated till along a glacier 

forefield, Kananaskis Country, Alberta 

4.1 ABSTRACT 

This study quantifies the soil inorganic nitrogen (N) pools, net mineralization, and 

net nitrification rates within the forefield of the Robertson Glacier, Canadian Rocky 

Mountains, Alberta.  Till was sampled at four sites along the glacier forefield, 

representing a chronosequence with till ages ranging from ~10 and ~160 years since 

deglaciation.  Four replicate in situ soil incubations, installed at each site for 34 days in 

the summer of 2010, were used to calculate soil inorganic N pools and N-cycling rates.  

Mean inorganic soil N pools at each site ranged from 0.28 – 2.08 mg N kg-1 soil.  Positive 

net mineralization and net nitrification were detected at all sites within the Robertson 

valley chronosequence; mean N-cycling rates were of the same magnitude as values 

reported for other unvegetated alpine soils. There were no significant differences in mean 

inorganic soil N pools or N-cycling rates along the chronosequence, implying that soil 

age is not a controlling factor of N cycling within the study site.  Possible controls over 

N-cycling rates were illustrated by nonparametric Spearman rank-correlations between 

N-cycling rates and measured physical and chemical soil variables.  Net N mineralization 

was significantly positively correlated with inorganic soil N pool (rs = 0.76, p = 0.0007) 

and net nitrification (rs = 0.82, p = 0.0001).  Net nitrification was significantly positively 

correlated to total organic carbon (OC) (rs = 0.54, p = 0.03), total N (rs = 0.68, p = 0.003), 

bulk density (rs = 0.52, p = 0.039), and % clay (rs = 0.55, p = 0.029).  Both cycling rates 

were significantly negatively correlated with pH.  These correlations illustrate the 

importance of substrate availability (e.g. OC and N) in regulating inorganic N production 
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within a glacier forefield.  High variability in inorganic soil N pools and N-cycling rates 

suggest that there may be hot spots of biogeochemical activity within glacial till.  Future 

studies of glacier forelands need to address the spatial heterogeneity of N pools and 

cycling rates when predicting how N cycling within a given valley may be altered as a 

glacier recedes. 

4.2 INTRODUCTION 

Globally, many glaciers have been retreating since the end of the Little Ice Age 

(LIA), c. 1850 (Lemke et al., 2007).  This has resulted in a change in land cover within 

alpine valleys by exposing formerly ice-covered sediment.  Glacier forefields therefore 

represent primary successional ecosystems, or chronosequences of different soil 

development ages (Kandeler et al., 2006; Brankatschk et al., 2011). 

The nitrogen (N) cycle plays a central role in soil ecosystems and in particular in 

developing soils, because N as a macronutrient is essential for ecosystem development 

(Brankatschk et al., 2011).  However, studies of N-cycling processes in glacier forefields 

have been contradictory.  Genes encoding for multiple processes of the N cycle (N 

fixation, ammonification, nitrification, and denitrification) have been identified in young 

(<70 years) unvegetated soil in glacier forefields (Brankatschk et al., 2011; Boyd et al., 

2011).  At some locations, only those microbes responsible for N input (N fixation and 

ammonification) were found to be potentially active, whereas nitrifiers and denitrifiers 

(which can promote N losses) were only potentially active once closed vegetation cover 

existed (Bardgett et al., 2007; Brankatschk et al., 2011).  However, in other forefields, 

high potential nitrification rates from laboratory incubations or in situ nitrification rates 
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from field incubations have been measured in subglacial sediments, unvegetated talus 

fines, and on top of rock glaciers (Bieber et al., 1998; Williams et al., 2007; Boyd et al., 

2011).   

There is therefore much uncertainty as to how N is processed throughout glacier 

forefields, making it a challenge to predicting how N cycling within a given valley may 

be altered as a glacier recedes.  N cycling within alpine soils is of interest as export of 

nitrate (NO3
-) from soils has implications on nutrient availability and water quality in 

downstream aquatic ecosystems (Burns, 2004).  Furthermore, rates of NO3
− leaching and 

NO3
− concentrations in surface waters of the Colorado Rocky Mountains have risen since 

the mid-20th century in response to increased rates of atmospheric N deposition, and rates 

of microbial N-cycling processes have likely also accelerated in response to increased 

atmospheric N deposition (Burns, 2004).  Furthering our knowledge of N-cycling 

processes in glacier forefields will better allow us to understand how these processes may 

be altered with future environmental changes.   

In order to study changes in N cycling along a glacier forefield, tills along a 

chronosequence in a glaciated valley in the Canadian Rocky Mountains were 

investigated.  A space-for-time substitution was employed, such that the distance from 

the receding glacier is used as a proxy for soil age, with older, more developed soils 

being further from the glacier terminus (Pickett, 1989; Schmidt et al., 2008).  The term 

‘soil’ is used here to describe the undeveloped glacial till found within the valley, 

following other studies of recently deglaciated material in glacier forefields (Schmidt et 

al, 2008; Sattin et al., 2009; Brankatschk et al., 2011).   
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The primary objective of this study was to determine if any net N mineralization 

(conversion of organic N to inorganic N) and/or net nitrification (conversion of 

ammonium [NH4
+] to NO3

-) was occurring within the fine-grained sediments of the till 

chronosequence, and if so, at what rates.  Additionally, if any differences in N cycling 

along the chronosequence were detected, measured physical and chemical properties of 

the till would be used to ascertain the driving factors behind these differences.  As studies 

of other glacier forefields have found increases in evenness, phylogenetic diversity, and 

enzyme activity of soil microbial communities with soil age (Nemergut et al., 2007; 

Tsherko et al., 2003), it is hypothesized that quantifiable mineralization (ammonification 

plus nitrification) and nitrification rates should be detectable within the till, and that soil 

age should affect cycling rates such that rates would increase with increasing distance 

from the glacier (and therefore time since exposure).  

4.3 SITE DESCRIPTION 

Robertson Valley is located within the Canadian Rocky Mountains in Peter 

Lougheed Provincial Park, Kananaskis Country, Alberta, at 115˚20’W, 50˚44’N (Figure 

4.1).  The deeply incised glacial valley is oriented SE to NW, with Robertson Glacier 

located in the north-facing col at the SE end.  The glacier is approximately 3 km in 

length, with the terminus at approximately 2400 m above sea level (asl).  The glacier 

forefield is comprised of an undulating till plain, although some glacially-smoothed 

bedrock is also present in the valley.  Two large lateral moraines are located 

approximately 1.5 km downvalley from the glacier terminus.  The innermost moraine 

represents the most recent Holocene advance of the Robertson Glacier, likely during the  
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Figure 4.1:  Site map of till sampling locations within Robertson Valley, Kananaskis 

Country, Alberta.  The base map was prepared from National Topographic System (NTS) 

1:50,000 maps 82J/14 and 82J/11 (© Department of Natural Resources Canada. All rights 

reserved). 
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Little Ice Age (LIA) in mid- to late 19th century, after which the glacier retreated to its 

current position (Beierle et al., 2003).  The forefield of the Robertson Glacier is largely 

unvegetated, although scattered willows and subalpine fir seedlings do grow in pockets of 

fine-grained sediment on the LIA moraine.   

Bedrock in the Robertson valley is Upper Devonian in age.  Formations include 

the Pedrix and Mount Hawk, Palliser, and Sassenach formations, and consist of 

calcareous shale, limestone, dark shale, and sandstones (McMechan, 1998).  Climate in 

the area is characterized by long cold winters and short cool summers. 

4.4 METHODS 

4.4.1 Sampling locations 

Four soil sampling locations within the glacier forefield were taken along a 

transect extending the length of the Robertson Valley (Figure 4.1), with locations chosen 

to represent regions of progressively older till. Photographs of soil sampling locations are 

provided in Figure 4.2. The Till 1 site was located on the LIA moraine, approximately 

1670 m from the glacier terminus, and represents the oldest soil in the chronosequence.  

Patches of mosses, small subalpine fir seedlings, and small mats of the N-fixing, ground-

cover shrub, Dryas octopetela, were present at Till 1, the only sampled site where there 

was vegetation present surrounding the site.  Bierle et al. (2003) estimate the age of the 

LIA moraine to be approximately 120 to 160 years old.  Tills 2 and 3 (located at 660 and 

1190 m from the glacier terminus, respectively) represent soils of intermediate age.  Till 

4, located 15 m from the glacier terminus, represents newly deglaciated sediment, likely 

uncovered within the last five to ten years (M. Lafrenière, personal communication).   
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Figure 4.2:  Photos of till sampling sites (a) Till 1, (b) Till 2, (c) Till 3, and (d) Till 4 at the start of soil incubations on July 6 and 7.  

All photos look upvalley except for (a).  Orange flags mark soil samples and soil moisture and temperature probes.

(a) (b) 

(c) (d) 
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4.4.2 Data collection 

4.4.2.1 Local meteorological data 

Local meteorological data were provided by an automatic weather station (AWS), 

located just above treeline at 2100 m asl and approximately 2 km away from the glacier          

terminus (Figure 4.1).  Shielded air temperature was recorded with a CS500 temperature 

(± 0.5°C) and relative humidity probe and precipitation was recorded with a TE525 

tipping bucket gauge (0.2 mm resolution). All variables were logged using a Campbell 

Scientific CR1000 datalogger. 

4.4.2.2 Physical properties of till sites 

To characterize the physical properties of each site, soil temperature and 

volumetric water content (VWC) were measured at each site using ECT temperature 

sensors and 10HS soil moisture sensors, and logged using EM50 loggers (Decagon 

Devices, Inc., Pullman, WA).  Two moisture sensors (10 cm depth), and one temperature 

sensor (5 cm depth) were placed at each of Till 1 and Till 3, while three moisture sensors, 

and two temperature sensors were placed at each of Till 2 and Till 4.  Moisture sensors 

were a minimum of 50 cm apart, and temperature sensors were located 10 cm apart from 

moisture sensors.  All variables were measured and recorded at 5-minute intervals from 

July 6th to August 10th, 2010.   

To calibrate the soil moisture sensors, soil samples of a known volume (Vt) were 

taken at each till over a range of moistures during the field season; sensor moisture 

readings were noted at time of sampling.  Samples were placed into airtight Ziploc bags 

and kept refrigerated until analysis.  Five samples were collected at Till 2 and Till 4; 
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however, due to time restraints, only three samples were taken from Till 1 and Till 3.  To 

ensure a high soil moisture sample was collected, the fifth sample at Till 2 and Till 4 

were each taken after a known volume of water was poured onto the soil from where the 

sample was immediately collected.  In order to know the sensor moisture reading of this 

sample, the same volume of water was poured onto the sensor over the same timeframe, 

and the moisture reading was recorded.  Calibration samples were weighed, dried at 

105oC for 24 hours, and then reweighed, providing the mass (and volume, Vw) of water 

lost during drying.  The calculated VWC was calculated as: 

Equation 4.1    VWCcalc = Vw / Vt 

The calculated VWCs of samples were regressed against the raw sensor counts, creating a 

linear calibration function for each site.  The r2 for Till 1, Till 2, Till 3, and Till 4, were 

0.77, 0.85, 0.46, and 0.48, respectively.  Although these regression coefficients were not 

significant at an α-level of 0.05, the calibrated VWC values are not used for any 

quantitative analysis, but rather only for comparison of relative soil moisture among sites.  

These functions were applied to the soil moisture sensor outputs at each site to provide 

the calibrated VWC records.   

4.4.2.3 Sediment sampling and in situ incubations 

Four replicate in situ incubations of intact soil cores were initiated at each site on 

July 6th (for Till 2 and Till 3) and July 7th, 2010 (for Till 1 and Till 4), according to the 

protocols described by Fisk and Schmidt (1995) and Bieber et al. (1999).  In situ 

incubations allow the calculation of net mineralization (ammonification plus nitrification) 
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and net nitrification rates (see section 4.4.3.2 for a detailed explanation of these 

calculations). 

For each incubation, a 4-inch diameter, 8-cm long stainless steel core was inserted 

into the ground using a rubber mallet.  At Till 1, the only site with vegetation present, 

cores were inserted in areas free of plants.  The steel core and its captured soil were then 

extracted, and the bottom 1.1 cm of soil was removed and replaced by a fine-mesh nylon 

bag filled with ~62 g moist weight of analytical grade Rexyn-300 H-OH ion-exchange 

resin beads (ThermoFisher Scientific, Waltham, MA; Hanselman et al., 2004).  Ion-

exchange resins are polymers capable of exchanging ions within the polymer with ions in 

a solution passed through them; they are often used in studies of N transformation (e.g. 

Kjønaas, 1999). The resin bags in this study were used to quantify the amount of N 

leached from the soil core during the incubation period.  Resin bags were sealed to the 

bottom of the core with silicon glue to prevent loss of leachate along the inner core wall 

(Di Stefano and Gholz, 1986) and held in place with fiberglass mesh (Figure 4.3). 

Cores were then placed back into the initial hole (resin bag at the bottom) and soil 

was backfilled around the core.  The incubations were left in place for 34 days, after 

which the soil and resin bags were removed, placed into individual Ziploc bags, and kept 

refrigerated until analysis.  Once incubations were in place, four additional soil samples 

were taken at each site using the stainless steel cores in order to characterize the initial 

chemical composition of soils at the site.  The till within the incubation core was used to 

characterize the soils’ final chemical composition.  

Other studies using the in situ incubation method have used polyvinyl chloride 

(PVC) for their cores; however, the rocky nature of the sampling sites in the Robertson 
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Valley excluded the possibility of using PVC to collect samples.  Metal tubes used for in 

situ incubations have been shown to have no significant effect on the temperature of 

surface soils (Raison et al., 1987) or net N mineralization (Frank et al., 1994). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3:  Image of upside-down incubation core after resin bag has been glued to the 

core walls and held in place with fiberglass mesh.  Next, the core would be overturned 

and placed back in the original hole for 34 days.   

4.4.3 Sample processing and analysis 

4.4.3.1 Soil sample preparation 

Soil samples were sieved to 2 mm within 36 hours of sampling.  To calculate bulk 

density, the >2 mm fraction of each sample was rinsed, dried at 105oC for 24 hours, then 

weighed.  Assuming a rock density of 2.65 g cm-3 (which falls within the density range 
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for limestone, the largest component of bedrock at the site), the volume of the >2 mm 

fraction was calculated.  As the total volume and mass of the sample was known, the 

volume and mass of the <2 mm fraction could be ascertained (Brady and Weil, 2002).  A 

subsample of the <2 mm fraction (~10 g) was also dried at 105oC for 24 hours and 

weighed to determine the gravimetric water content (GWC) of the soil at the time of 

sampling; this was used to calculate the total dry weight of the <2 mm fraction.  Bulk 

density (BD) of the <2 mm fraction was calculated as: 

Equation 4.2 BD soil <2mm = Mass dry soil <2mm / Volume soil <2 mm 

All subsequent soil analyses were performed on the <2 mm fraction. 

4.4.3.2 Physical and chemical soil analysis 

To quantify inorganic N pools, net mineralization rates, and nitrification rates at 

each till site, 2M potassium chloride (KCl) extractions were performed on the initial and 

final soil samples, as well as on the resin (Bieber et al., 1998; Hanselman et al., 2004).  

Extractions on soil samples were performed within 72 hours of collection, while 

extractions on resin were performed within 9 days of collection.  For soil samples, the 

values for KCl-extractable NH4
+ and NO3

- were determined by weighing 10 g ± 0.1 g of 

field moist sample into individually labeled plastic specimen cups and adding 2 M KCl at 

a ratio of 7.5:1 volume KCl/soil mass.  Cups were shaken for 45 minutes, and the 

solution was then filtered through Fisherbrand Q5 filter paper into plastic vials, 

discarding the first few drops of filtrate that passed through the filter paper.  Vials were 

stored frozen until subsequent analysis.  For every twenty samples, a blank KCl solution 

was prepared in a plastic specimen cup and shaken, filtered, and analysed like a soil 
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sample.  For the ion-exchange resin bags from the incubated cores, each bag was cut 

open and resin was placed into clean individual 500-mL plastic bottles.  Resin samples 

were extracted in the same manner as described above.  Five unused bags of resin were 

also prepared as blanks to determine the amount of KCl-extractable N within resin.   

Filtrates were analysed colourimetrically on an Astoria2 Analyser (Astoria Pacific 

International, Clackamas, OR) using cadmium reduction (for NO3
-) and a phenolate 

method (for NH4
+) to determine the amount of nitrogen as nitrate (NO3

--N) and nitrogen 

as ammonium (NH4
+-N) in each sample.  Values for soil and resin extractions were 

corrected for the N contained in KCl by subtracting the blank KCl extraction values, 

while resin extractions were also corrected for the N contained in resin blanks.  All values 

are expressed on a soil dry weight basis. Detection limits for NO3
--N and NH4

+-N were 

0.01 and 0.05 ppm, respectively. 

Inorganic N was calculated as the sum of KCl-extractable NO3
- and NH4

+ in a soil 

sample.  Net mineralization during the incubation period was calculated as the difference 

between the average inorganic N in the initial samples from a given site and the inorganic 

N in each of the final samples, plus the amount of inorganic N captured by the individual 

resin bags.  Net nitrification was calculated as the average initial quantity of NO3
- in a 

soil sample at a given site subtracted from the total NO3
- in an individual final sample 

(including both the NO3
- in a final till sample and NO3

- captured in the resin bag; Miller et 

al., 2009).  All N transformation rates were divided by the number of days the 

incubations were in the ground to produce daily rate estimates (Bieber et al., 1998).   

The following analyses were performed to determine the physical and chemical 

characteristics of each till site, and to identify driving factors in any variability in N-
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cycling rates along the chronosequence.  Soil pH was ascertained by shaking ~10 g of 

field moist soil with 10 mL of deionized (DI) water for two minutes, then measuring the 

slurry using a calibrated Orion Triode probe (ThermoFisher Scientific, Waltham, MA).   

Soil grain-size distribution was undertaken using a Beckman Coulter LS 200 

particle size analyser to determine the proportion of clay in each sample.  Three replicate 

subsamples of each sample were pre-treated with 6% NaClO to remove organics and 

stored in sodium hexametaphosphate (a dispersing agent) to prevent flocculation prior to 

analysis. Each replicate was analysed three times for 60 seconds using continuous 

sonication to separate aggregate particles (McDonald and Lamoureux, 2009).  All runs of 

all replicates were averaged for the final grain-size estimate of each sample.  Grain-sizes 

were classified according to the Friedman and Sanders scale (1978). 

The amount of total N, total organic carbon (OC), and C/N in each sample was 

determined by thermal combustion in a LECO TruSpec C/N analyser (LECO 

Corporation, St. Joseph, Michigan).  Detection limits for total C and N were 0.01%.  A 5 

g soil subsample was dried at 60oC for 24 hours, then ground into a fine powder using a 

SPEX SamplePrep 8000 Series planetary ball mill (ThermoFisher Scientific, Waltham, 

MA).  For total C and N, approximately 0.2 g of the ground subsample was weighed, 

wrapped in an aluminum foil cup, and processed on the LECO TruSpec C/N.  Detection 

limits for Total C and N were 0.01%. 

For total OC, approximately 1g of each ground subsample was placed in a glass 

container and treated with repeated additions of aliquots of 2M HCl to remove inorganic 

carbon (Kennedy et al., 2005).  The subsamples were left to dry at 30oC between each 
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acid addition.  This procedure was repeated until there was no visual effervescence after 

two subsequent acid additions (Komada et al., 2008).  The acid was flushed from the 

subsample using DI water through a Fisherbrand Q5 filter paper.  The subsample was 

then rinsed from the filter paper into a clean glass vial, and subsamples were heated at 

30˚C until dry.  Approximately 0.3 g of the subsample was analysed on the LECO 

TruSpec C/N for total OC. 

The mineralogy of the till at each site was determined using x-ray diffraction 

(XRD) at the XRD Lab at Queen’s University.  The sample with the highest total N at 

each site was selected for analysis.    The sample with the lowest total N at Till 4 was also 

analysed to identify any variability in detectable minerals at the site.  1 g of each sample 

was ground in a mortar and pestle and sieved to 74 µm.  Samples were run on a Phillips 

X’Pert multipurpose diffractometer (PANalytical Inc.,Westborough, MA).  XRD analysis 

determines the presence of major minerals, with a detection limit of 0.5-1%.  Trace 

minerals below this limit were therefore not detectable.   

4.4.3.3 Statistical analysis 

To test for differences in soil variables (bulk density, pH, % clay, total N, total 

OC, C/N, inorganic N soil pools, inorganic N in resin leachate, net mineralization, and 

net nitrification) among sites, the data used for statistical analysis were first assessed for 

normality using the Shapiro-Wilk test and for homogeneity in variance (i.e., 

homoscedasticity) using the Levene test.  For data that did not meet these assumptions, 

three transformations were performed (in this order): natural log, square root, and 

inverse. 



139 

 

For data that met the parametric assumptions before or after transformations, one-

way analysis of variance (ANOVA) was used to test for differences in soil variables 

along the chronosequence, with distance from the glacier as the categorical variable. This 

approach has been used in other studies of soil chemistry along glacier foreland 

chronosequences with equally small sample sizes (i.e. n = 4, 5, or 10; Nemergut et al., 

2007; Schmidt et al., 2008; Sattin et al., 2009; Brankatschk et al., 2011).  When 

significant differences were found, Tukey’s post-hoc analysis was performed to 

determine differences between sites.   

For data that were heteroscedastic, Welch’s ANOVAs were used instead of 

ANOVAs to identify any differences in soil variables among sites.  Welch’s ANOVA 

uses an F statistic with degrees of freedom that are adjusted for unequal variances, and 

was used to assess differences in inorganic N soil pools, inorganic N in resin leachate, net 

mineralization, and net nitrification among sites.   

Two-sample t-tests (or Welch’s t-tests, if variances were uneven) were performed 

to determine differences between initial and final samples at a site for total N, total OC, 

and inorganic N pools.  Soil variables were also analysed using a correlation matrix.  

Spearman rank-correlation coefficients (rs) were used for the correlation matrix, as 

several variables (listed in the above paragraph) were nonparametric (Jackson and 

Caldwell, 1993; Björk et al., 2007).  All statistical analyses were conducted using JMP 

(SAS Institute Inc., Cary, NC) and an α-level of 0.05 was used to determine significance 

for all tests.   
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4.5 RESULTS 

4.5.1 Soil temperature and moisture 

Statistics for soil temperature and moisture are provided in Table 4.1, with 

measurement data for the period shown in Figure 4.4.  

Soil temperature within the Robertson Valley ranged from -0.2 to 31.6°C during 

the measurement period, and fluctuated on a diurnal basis following air temperature 

(Table 4.1).  However, air temperature measured at AWS during the same period reached 

a maximum of 22.3°C and a minimum of -0.2°C (Figure 4.4), indicating the soils were 

capable of attaining higher temperatures than the surrounding air (Ley et al., 2004).  Till 

4, the site directly adjacent to the glacier terminus, was the coolest site.  

 

Table 4.1:  Soil moisture and temperature at four sites along chronosequence 

Site Distance      
from 

Glacier 

Altitude VWC  
Range 

Mean 
VWC 

Temp 
Range 

Mean  
Temp 

 m m asl m3/m3 m3/m3 ˚C ˚C 
Till 4 15 2395 0.134 – 0.244 0.188  -0.2 – 20.0 6.6 
Till 3 660 2280 0.083 – 0.217 0.122  1.3 – 27.4 11.4 
Till 2 1190 2200 0.100 – 0.192 0.133  0.9 – 31.6 11.1 
Till 1 1670 2150 0.033 – 0.126 0.053  1.1 – 30.6 11.0 
VMC = Volumetric water content.      

 

Soil VWC within the Robertson Valley ranged from 0.033 to 0.244 m3/m3 during 

the measurement period (Table 4.1).  In general, soils exhibited small diurnal fluctuations  
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Figure 4.4:  Time series of (a) air temperature and precipitation in the Robertson Valley, 

and soil temperature and soil volumetric water content (VWC) at (b) Till 1, (c) Till 2, (d) 

Till 3, and (e) Till 4 during the 2010 sampling period.  Note shift in scale for VWC.   
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in moisture opposite to soil temperature (e.g. Figure 4.4c).  Desiccation during dry 

periods was punctuated by large increases in soil moisture during precipitation events.  

Total precipitation during the 34-day incubation was 66.8 mm.  In addition to being the 

coldest site, Till 4 was also the wettest.  Snow and ice melt from Robertson Glacier in 

early July provided a constant moisture source at Till 4, resulting in the large diurnal 

moisture signals between July 7th and 16th that vary directly with temperature and were 

not seen at the other sites (Port 5 in Figure 4.4e).  

4.5.2 Physical and chemical soil variables 

Four sites were sampled, corresponding to soils ranging from recently deglaciated 

to those exposed since the LIA.  The mean physical and chemical characteristics for each 

site are summarized in Table 4.2 and Figure 4.5, with data from all replicates provided in 

Table 4.3.  Vegetation was present only at the sampling site furthest down valley (Till 1; 

1670 m from glacier terminus), though there was no vegetation immediately within the 

sites cored.  Mean bulk density of soils sampled in the Robertson Valley ranged from 

1.49 to 1.94 g cm-3, similar to unvegetated talus fines in high elevation valleys in the 

Colorado Front Range (1.38 – 1.91 g cm-3; Williams et al., 1997). 

Major minerals present at all sites included quartz, calcite, dolomite, and rutile, 

consistent with the bedrock geology of the valley (Table 4.2; McMechan, 1998).  Albite, 

a felsic plagioclase feldspar mineral, was also detected at all sites except for the site 

furthest down valley, Till 1.  The clay mineral phlogopite, a magnesium mica that 

typically contains some iron, was only present at Till 4, the site closest to the glacier 

terminus.  The mineralogy is in agreement with the grain size data, as a significantly  



  

Table 4.2:  Mean physical and chemical characteristics of till chronosequence1 

 Distance      
from 

Glacier 

      Mean bulk density2 
     Initial               Final 

     Mean clay content2 

 Initial                Final 
Mineralogy3                pH 

   Initial          Final 
C/N4 

 Initial      Final 

 m g/cm3 g/cm3 % %  - -      -                           -                      
Till 4 15 1.94 (0.08)a 1.90 (0.02)a 30.34 (2.72)a 29.70 (1.92)a QCDRAP 8.3 (0.0)a 8.5 (0.0)a 45 (12) 31 (5) 
Till 3 660 1.68 (0.17)b 1.49 (0.10)c 19.95 (1.91)b 19.06 (0.57)b QCDRA 8.6 (0.1)b 8.8 (0.0)b 37 (10) 25 (2) 
Till 2 1190 1.78 (0.06)ab 1.71 (0.04)b 18.45 (1.07)c 17.29 (3.00)c QCDRA  8.6 (0.1)bc  8.8 (0.1)bc 33 (4) 31 (6) 
Till 1 1670 1.78 (0.10)ab 1.65 (0.13)bc 22.48 (1.18)b 20.68 (0.95)b QCDR  8.4 (0.2)ac 8.7 (0.0)c 47 (5) 43 (13) 

1 Values in brackets are standard deviations.  Different letters indicate values that are significantly different from one another (p < 0.05)  

2 n = 4 
3 Q = quartz, C = calcite, D = dolomite, R = rutile, A = albite, P = phlogopite 
4 C/N = ratio of Total OC/Total N (Brankatschk et al., 2011) 
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higher clay content was also detected at Till 4 relative to the other sites (initial samples: 

F3,12 = 170, p < 0.0001 ; final samples: F3,12 = 328, p < 0.0001).  

The pH of tills was slightly basic, ranging from 8.2 to 8.9, which is consistent 

with the pH of sediments from rock composed of a high calcite and quartz content 

(Lazzaro et al., 2009).  pH was significantly lower at Till 4 in the final  

samples (F3,12 = 30.9, p < 0.0001) and at Tills 1 and 4 in the initial samples (F3,12 = 11.8, 

p = 0.0007). 

Total OC and N in soil samples were significantly higher at Till 4 than at the other 

sites down valley (p < 0.0001 and p = 0.0005 respectively for final samples; p < 0.0001 

and p = 0.0035 respectively for initial samples; Figure 4.5 and Appendix G).  For total N 

and total OC, the only significant difference between initial and final samples at a given 

site was for total OC at Till 3 (p = 0.0056).  Organic C values significantly decreased 

downvalley until Till 2, and then increased at Till 1.  Total N values were over an order 

of magnitude lower than total OC; the resulting C/N ratios within the valley ranged from 

25 to 47 (Table 4.2).  Due to low total N values, there was large variation in the C/N 

ratio.  

4.5.3 Inorganic N pool sizes 

Pool sizes quantify the amount of inorganic N (NO3
- and NH4

+) available in the 

soil for assimilation by microbes or plants.  The mean amount of KCl-extractable N at the 

beginning of the incubation period ranged from 0.28 ± 0.05 mg N kg-1 soil at Till 3 to 

0.56 ± 0.12 mg N kg-1 soil at Till 1 (Figure 4.6).  Pool sizes increased at all sites  
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Figure 4.5:  (a) Mean total N and (b) mean total OC in initial and final samples along the 

chronosequence.  Error bars represent standard deviation.  Different letters above the 

initial series or the final series indicate values that are significantly different between 

sites in the same series (ANOVA, p < 0.05).  An asterisk above a site indicates significant 

increases between initial and final sampling (Two-sample t-test, p < 0.05).   

Figure 4.6:  Mean pools of inorganic N in soil along the till chronosequence in the initial 

(I) and final (F) samples.  No significant intersite differences were found along the 

chronosequence for the initial series or the final series (ANOVA, p < 0.05).  An asterisk 

indicates significant increases in mean pools at a given site between initial and final 

sampling. n = 4, error bars are 1 standard error of the mean. 
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(significantly for Tills 1 and 3) between initial and final samples, and final samples 

ranged from 0.93 ± 0.12 mg N kg-1 soil at Till 3 to 2.08 ± 0.38 mg N kg-1 soil at Till 1 

(Figure 4.6).  There were no significant difference in N pools along the chronosequence 

at a given sampling time (Initial: F3,6.26 = 2.3699, p = 0.1658; Final: F3,5.83 = 3.283, p = 

0.1026).   

N pools were primarily made up of NH4
+; KCl-extractable NO3

- was only 

detectable in 2 of the 4 replicates in the initial and final samples at Till 4, 2 of the 4  

replicates in the final Till 1 samples, and was not detectable at Tills 2 or 3 (Table 4.3). 

Site variability in N pool sizes was quite large at Till 4 (1.84 ± 1.38 mg N kg-1 

soil).  The highest KCl-extractable NH4
+ value measured within the Robertson Valley 

was from replicate B in the final Till 4 sample (5.27 mg N kg-1 soil); all other samples 

taken at Till 4 had NH4
+ values <1 mg N kg-1 soil (Table 4.3). 

4.5.4 Leachate 

KCl-extractable NO3
- was detected in soil leachate, collected by resin bags, from 

all replicates at Tills 1 and 4, and from two of the four replicates at Tills 2 and 3 (Table 

4.3).  However, KCl-extractable NH4
+ was only detected in leachate from replicates A 

and B at Till 4 (3.89 and 34.90 mg N kg-1 soil, respectively), the same two replicates with 

the highest KCl-extractable NO3
- in leachate (4.43 and 15.84 mg N kg-1 soil, 

respectively).  As noted in the previous section, replicate B at Till 4 also had the highest 

KCl-extractable NO3
- in soil.  Inorganic N in soil leachate was highly variable within 

each site and there were no significant differences in leachate N along the 

chronosequence (F3,6.28 = 3.038, p = 0.1107).  
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Table 4.3:  Replicate data physical and chemical analysis for initial and final soil samples1  

Site Initial/
Final 

Repli-
cate 

Bulk 
density 

GWC2 Clay 
content 

pH Total OC Total N Extracted 
from till 

NO3
-        NH4

+ 

 

Extracted from 
resin 

NO3
-            NH4

+ 

 

Net 
mineral-
ization 

Net 
nitrifica-

tion 

   g cm-3 % % - mg C g-1  soil mg N g-1 soil --------------mg N kg-1 soil----------------

-------- 

--mg N kg-1 soil d-1--

----------------------- Till 1 

 

Initial A 1.76 6.88 21.4 8.4 7.10 0.174 0.00 0.32 - - - - 
  B 1.66 13.89 21.9 8.2 8.35 0.174 0.00 0.54 - - - - 

  C 1.82 8.48 24.1 8.5 6.62 0.131 0.00 0.89 - - - - 

  D 1.89 10.05 22.6 8.5 7.24 b.d. 0.00 0.49 - - - - 

Till 2 

 

Initial A 1.70 7.96 19.6 8.5 5.53 b.d. 0.00 0.51 - - - - 
  B 1.79 7.59 19.0 8.6 5.68 0.188 0.00 0.50 - - - - 

  C 1.83 9.14 17.1 8.7 5.61 b.d. 0.00 0.22 - - - - 

  D 1.81 9.39 18.1 8.7 5.65 0.159 0.00 0.60 - - - - 

Till 3 Initial A 1.79 9.45 22.1 8.6 7.49 0.183 0.00 0.38 - - - - 
  B 1.79 9.58 19.1 8.6 7.30 0.169 0.00 0.19 - - - - 

  C 1.43 7.33 20.8 8.7 7.76 0.302 0.00 0.33 - - - - 

  D 1.73 10.33 17.8 8.6 7.75 b.d. 0.00 0.19 - - - - 

Till 4 Initial A 1.91 13.90 32.4 8.3 17.30 0.502 0.00 0.23 - - - - 
  B 2.01 14.33 32.8 8.2 16.40 0.452 0.00 0.26 - - - - 

  C 1.98 13.83 29.0 8.2 14.20 0.304 0.13 0.14 - - - - 

  D 1.84 14.43 27.1 8.3 16.80 0.277 0.18 0.21 - - - - 
1 b.d. = below detection 
2 GWC = gravimetric water content, measured as percentage of dry weight 
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Table 4.3 continued.1 

Site Initial/
Final 

Repli-
cate 

Bulk 
density 

GWC2 Clay 
content 

pH Total OC Total N Extracted 
from till 

NO3
-        NH4

+ 

 

Extracted from 
resin 

NO3
-            NH4

+ 

 

Net 
mineral-
ization 

Net 
nitrifica-

tion 

   g cm-3 % % - mg C g-1  soil mg N g-1 soil --------------mg N kg-1 soil--------------

---------- 

--mg N kg-1 soil d-1--

----------------------- Till 1 

 

Final A 1.77 7.01 20.6 8.7 7.06 0.175 0.12 1.52 4.13 0.00 0.15 0.12 
  B 1.68 7.03 19.4 8.8 7.41 0.126 0.09 2.05 2.76 0.00 0.13 0.08 

  C 1.47 6.99 21.5 8.7 7.63 0.166 0.00 3.10 0.89 0.00 0.10 0.03 

  D 1.68 7.61 21.3 8.7 7.45 0.276 0.00 1.44 1.04 0.00 0.06 0.03 

Till 2 Final A 1.67 7.80 18.3 8.7 6.14 0.226 0.00 1.85 0.95 0.00 0.07 0.03 
  B 1.73 8.97 18.0 8.8 5.89 b.d. 0.00 0.36 0.00 0.00 0.00 0.00 

  C 1.75 10.59 19.9 8.9 5.75 b.d. 0.00 0.27 0.00 0.00 -0.01 0.00 

  D 1.67 12.50 13.0 8.8 4.98 0.140 0.00 2.72 0.64 0.00 0.09 0.02 

Till 3 Final A 1.61 9.57 19.2 8.8 8.31 0.362 0.00 0.70 1.30 0.00 0.05 0.04 
  B 1.51 9.86 19.8 8.9 8.54 0.311 0.00 1.20 0.00 0.00 0.02 0.00 

  C 1.41 12.17 18.6 8.9 8.08 0.322 0.00 1.07 1.38 0.00 0.06 0.04 

  D 1.42 9.60 18.6 8.8 8.05 b.d. 0.00 0.72 0.00 0.00 0.01 0.00 

Till 4 Final A 1.92 11.41 30.4 8.5 16.35 0.507 0.00 0.78 4.43 3.89 0.26 0.13 
  B 1.88 11.38 27.5 8.5 16.80 0.665 0.00 5.27 15.84 34.90 1.64 0.46 

  C 1.91 10.22 32.0 8.6 16.00 0.436 0.15 0.25 1.44 0.00 0.05 0.04 

  D 1.89 11.08 28.9 8.5 15.00 0.504 0.12 0.80 1.97 0.00 0.08 0.06 
1 b.d. = below detection 
2 GWC = gravimetric water content, measured as percentage of dry weight 
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4.5.1 Mineralization and nitrification  

Mineralization is the microbially-mediated transformation of organic N into 

inorganic N.  The first step of mineralization is ammonification, or the conversion of 

organic N into NH4
+.  However, since some mineralized NH4

+ may be subject to 

nitrification, the biological oxidation of NH4
+ into nitrite with subsequent oxidation into 

NO3
-, net mineralization is typically considered to be the total of both NH4

+ and NO3
- 

production.  Positive net mineralization and net nitrification occurred at all sites within 

the Robertson Valley (Figure 4.7).  Mean net mineralization rates ranged from 0.04 ± 

0.02 mg N kg-1 soil d-1 at Till 2 to 0.51 ± 0.38 mg N kg-1 soil d-1 at Till 4.  Mean net 

nitrification was also lowest at Till 2 (0.01 ± 0.007 mg N kg-1 soil d-1) and highest at Till 

4 (0.17 ± 0.10 mg N kg-1 soil d-1).  Due to the highly variable data, no significant 

differences were found among sites for net mineralization (F3,6.04 = 3.436, p = 0.0921) or 

net nitrification (F3,6.02 = 2.180, p = 0.1911).  Net mineralization and net nitrification have 

greater variability than the measured chemical and physical soil properties (Table 4.2). 

4.5.2 Correlations between N mineralization and nitrification, and soil variables 

The correlation matrix for the soil variables and N-cycling rates showed a number 

of strong associations (Table 4.4).  Net N mineralization was significantly positively 

correlated with inorganic soil N pool (rs = 0.76, p = 0.0007), and not surprisingly, net 

nitrification (rs = 0.82, p = 0.0001).  It was also significantly negatively correlated with 

pH (rs = -0.62,  p = 0.0112).  Net nitrification was significantly correlated with all 

variables other than GWC, C/N, and the soil inorganic N pool.  Many soil variables also 

varied together.  For example, total OC was significantly positively correlated with total  
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Figure 4.7:  Mean mineralization and nitrification rates along the till chronosequence. No 

significant differences in mean rates were found among the sites.  Note: y-axis is on a 

logarithmic scale. (n = 4, error bars are 1 standard error of the mean). 

 

Table 4.4:  Nonparametric Spearman rank-correlation coefficients for net mineralization, 

net nitrification, and possible controlling variables of N cycling (n = 16)1,2 

 BD GWC pH Total 
OC 

Total 
N 

C/N % 
Clay 

Soil N 
Pool 

Net 
min. 

GWC 0.18         

pH -0.66 0.05        

Total OC 0.28 0.31 -0.48       

Total N 0.40 0.40 -0.57 0.84      

C/N 0.25 -0.40 -0.11 -0.27 -0.53     

% Clay  0.65 0.01 -0.66 0.68 0.61  0.23    

Soil N Pool -0.18 -0.17 -0.31 -0.01 -0.16 0.25 -0.01   

Net min. 0.33 0.01 -0.62 0.28 0.45 0.37 0.36 0.76  

Net nitrif. 0.52 0.08 -0.62 0.54 0.68 0.06 0.55 0.38 0.82 
1 In order, variables are bulk density, gravimetric water content, pH, total organic carbon, total 
nitrogen, ratio of total organic carbon to total nitrogen, clay content in soil, soil inorganic nitrogen 
pool, net mineralization, and net nitrification 
2 Values in bold indicate significant correlations (p < 0.05) 
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N (rs = 0.84, p < 0.0001) and % clay (rs = 0.68, p = 0.0036).  There was a noticeable lack 

of correlation between GVC and all other variables. 

4.6 DISCUSSION 

4.6.1 Quantification of inorganic N pools and leachate 

Soil inorganic N pools along the chronosequence were comparable to values 

measured in unvegetated material in other high elevation alpine soils (Table 4.5).  The 

range of mean extracatable-NH4
+ at the four sites (0.28 – 2.03 mg N kg-1 soil) was 

consistent with unvegetated talus fines and unvegetated soils on top of a rock glacier 

(Bieber et al., 1998; Williams et al., 2007).  Extractable-NO3
- at the four sites was 

undetectable in 26 of 32 replicates (Table 4.3), but ranged up to 0.18 mg N kg-1 soil in a  

 

Table 4.5:  Comparison of mean inorganic N, mean net mineralization rates, and mean 

nitrification rates in alpine soils 

Substrate NO3
- NH4

+ Mineralization  Nitrification Referencea 
 mg N  

kg-1 soil 
mg N 
kg-1 soil 

g N m-2 mo-1 

 
g N m-2 mo-1 

 
 

Unvegetated soil; 
glacier forefield 

0.0 – 0.08 0.28 – 2.03 0.004 – 0.058 0.001 – 0.023 This study 

Unvegetated talus 
fines 

0.42 1.53 0.13 0.0087 1 

Vegetated talus 
fines 

0.63 5.93 0.62 0.26 1 

Unvegetated rock 
glacier 

0.04 0.33 - 0.01 2 

Vegetated  
rock glacier 

0.80 4.65 - 0.14 2 

Alpine tundra 1.30 4.10 0.15-0.78 0-0.30 3 
a 1, Bieber et al., 1998; 2, Williams et al., 2007; 3, Fisk and Schmidt, 1995 
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replicate at Till 4, comparable to the NO3
- pool in an unvegetated rock glacier (Williams 

et al., 2007). Although soil temperatures during the incubation period reached near or 

below freezing temperatures, metabolic activity of bacteria has been documented down to 

-20˚C in frozen soil (Rivkina et al., 2000; Ley et al., 2004).  Microbial activity should 

therefore be possible within the soil temperature range measured during the incubation 

period at all sites. 

NH4
+ composed the majority or entirety of the soil inorganic N pool in replicate 

samples.  This is expected, as clay particles and organic matter have a predominately 

negative surface charge and are able to attract positively charged NH4
+ ions (Kätterer, 

2001).  Due to its negative charge, NO3
- is only weakly adsorbed to clay particles and 

remains more mobile than NH4
+.  Thus, NH4

+ remains bound to clay particles while NO3
- 

is more easily leached from the soil (Darrouzet-Nardi and Bowman, 2011).  This effect is 

mirrored in the leachate data, as all but two replicates (A and B in the final Till 4 

samples) contained no detectable NH4
+ (Table 4.3), and is consistent with the chemistry 

of water seeping from tills within the Robertson Valley (Chapter 3, this thesis).  While 

NO3
- concentrations within seep water ranged up to 1.3 mg L-1, seep NH4

+ concentrations 

were never more than 0.006 mg L-1 and were typically below detection. In a laboratory 

test, resin soaking for 24 hours in a 0.125 mg L-1 NH4
+ solution did not take up any of the 

NH4
+.  Together, this indicates that, in general, NH4

+ concentrations in leachate were too 

low to allow for any exchange onto the resin.   

There were, however, two replicates that did contain substantial amounts of NH4
+ 

in leachate (3.89 and 34.90 mg N kg-1 soil at A and B, respectively, in the final Till 4 

samples) (Table 4.3).  These samples also contained the highest NO3
- in leachate (4.43 
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and 15.84 mg N kg-1 soil at A and B, respectively).  Replicate B also contained the 

highest NH4
+ in a till sample (5.27 mg N kg-1 soil).  Replicate B likely contained high 

enough quantities of NH4
+ in the till core to allow for detectable amounts in resin.  

VWC data and field observations from Till 4 suggest that these two replicates, 

final replicates A and B, received higher snowmelt inputs from the nearby snowpack as 

compared to other replicates at this site.  The west side of the site was visibly wetter than 

the east side during the initial sampling on July 7th.  Additionally, three soil moisture 

sensors were located at Till 4.  The sensor on the west side of the site (Port 5) was the 

only one to pick up large daily increases in soil moisture between July 7th and July 16th, 

indicating that snowmelt flowed over the west side of the site (Figure 4.4e), but not 

necessarily into the collars.  Note that the range in final GVC values at Till 4 were small 

compared to other sites, and there was only a low correlation between final GWC and soil 

N pools (Tables 4.3 and 4.4).  Therefore, although higher amounts of snowmelt likely 

drained down the west side of the site, it is very unlikely that this could account for all 

the higher inorganic N measured in final replicates A and B, as compared to other 

replicates.  The high amounts of inorganic N in the till and leachate of these two 

replicates, relative to other samples at the site and along the valley, are thus considered to 

be due to natural heterogeneity, and to be similar to isolated zones of enhanced 

biogeochemical cycling known as “hot spots”.   

Biogeochemical hot spots are areas or patches that show disproportionately high 

reaction rates or pool sizes relative to the surrounding area (McClain et al., 2003).  

Spatially explicit studies have identified high variability in measurements of KCl-

extractable soil and resin inorganic N (Stenger et al., 1998; Mellert et al., 2008; 
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Darrouzet-Nardi and Bowman, 2011).  In a study of an alpine-subalpine ecosystem, hot 

spots of inorganic N were found in both vegetated and unvegetated soils; these were 

important contributors of available inorganic N at the landscape level (Darrouzet-Nardi 

and Bowman, 2011).  Although a solid understanding of the underlying mechanisms that 

produce hot spots is still lacking (McClain et al., 2003), hot spots are considered to be the 

immediate consequence of heterogeneity in resources required by microorganisms (e.g. 

soil C and N) or in abiotic environmental conditions that control microbial process rates 

(e.g. temperature, pH, moisture, redox potential (these resources and microbial controls 

are described further in section 4.6.3; Gutiérrez and Jones, 2006).  Exogenous N inputs or 

disturbance, such as animal excreta or freeze-thaw cycles, can also play a role in creating 

extreme inorganic N hot spots; however, animals are typically absent from the 

unvegetated Robertson Valley (Bogaert et al., 2000; Matzner and Borken, 2008). 

4.6.2 Quantification of mineralization and nitrification rates 

This study provides direct evidence that net mineralization and net nitrification 

occur within soils of a glacier forefield that have been exposed between ~10 and ~160 

years.  Positive net mineralization and net nitrification were detected at all sites within 

the Robertson valley chronosequence (Figure 4.7). The rates presented here are 

comparable to rates in other high-elevation alpine soils (Table 4.5).  Rates were 

converted to g N m-2 mo-1 to allow comparison to other studies.  

The range of mean net mineralization was 0.004 – 0.058 g N m-2 mo-1, which was 

lower the rate for unvegetated talus fines reported by Bieber et al. (1998).  The highest 
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mineralization rate, 0.217 g N m-2 mo-1 detected in replicate B at Till 4, was within the 

range for alpine tundra (0.15 – 0.78 g N m-2 mo-1; Fisk and Schmidt, 1995).   

Mean net nitrification within the Robertson Valley ranged from 0.001 – 0.023 g N 

m-2 mo-1; the high end of this range was larger than the values reported for unvegetated 

talus fines or an unvegetated rock glacier, although these rates were an order of 

magnitude lower than those for the vegetated counterparts (Bieber et al., 1998; Williams 

et al., 2007).  The nitrification rates given here fall well below the potential maximum 

nitrification rates of 3.92 mg N kg-1 soil d-1 produced from 4˚C laboratory incubations of 

subglacial sediments from the Robertson Glacier (Figure 4.7; Boyd et al., 2011).  

However, it is known that laboratory incubations may not accurately reflect in situ 

processes due to sample disturbance and different environmental conditions (Raison et 

al., 1987). 

The results of this study add to a growing pool of research indicating that high-

altitude unvegetated environments, despite being subject to extreme climates, are still 

biogeochemically productive and can supply nutrients to the landscape (Bieber et al., 

1998; Ley et al., 2004; Williams et al, 2007; Brankastcshk et al., 2011).  As described 

above, fine sediments and soils in these regions can contain substantial pools of inorganic 

N (Williams et al., 1997).  Unvegetated terrain in alpine valleys in the Colorado Front 

Range and the Sierra Nevada in California have been shown to contain a supply of 

inorganic N in excess of biotic demands, due to elevated levels of atmospheric deposition 

of inorganic N, high mineralization rates, and limited uptake by vegetation (Bieber et al., 

1998; Sickman et al., 2002).  Inorganic N held within high-elevation soils and sediments 
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may therefore be a source of NO3
- to alpine streams (Sueker et al. 2001; Campbell et al., 

2002; Lafrenière and Sharp, 2005; Williams et al., 2007).     

4.6.3 Controls of N-cycling rates along the glacier forefield 

Understanding how N-cycling dynamics within a glacier forefield may change as 

glacier recession continues requires an appreciation of the spatial variability in N pools 

and cycling rates across the forefield.  By sampling soils along a chronosequence in the 

Robertson Valley, this study attempted to ascertain any differences in N-cycling 

processes that may be occurring with soil age.  However, there were no significant 

differences in soil inorganic N pools, net mineralization, or net nitrification along the 

chronosequence, suggesting that soil age was not a significant determinant of N cycling 

within this valley (Figure 4.7).  Other drivers must therefore have a larger control on N-

cycling processes at this site.   

The correlation analyses shown in Table 4.4 provide an indication of the major 

variables that are associated with N-cycling rates in the Robertson Valley forefield.  Net 

mineralization was significantly positively correlated to soil inorganic N pool, while net 

nitrification was significantly positively correlated to total OC, total N, bulk density and 

% clay.  Soil C and N concentrations have been shown to be effective predictors of net 

and gross ammonification (Booth et al., 2005; Chu and Grogan, 2010), reflecting the 

basic importance of substrate availability in regulating inorganic N production.  Substrate 

availability may be an important determinant of inorganic N hot spot formation in alpine-

subalpine ecosystems, as the best observed predictor of variation in measurements of 
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inorganic N was the size of the soil organic matter (SOM) N pool (Darrouzet-Nardi and 

Bowman, 2011). 

In addition to substrate quantity (C and N concentration), substrate quality (C/N 

ratios) has also been identified as an important control for N-cycling rates.  The soil C/N 

ratios can serve as an estimate of the N yield per unit of SOM degraded; high ratios yield 

less N per unit degraded (Booth et al., 2005).  In organic soils, including tundra soil, C/N 

ratios are typically negatively correlated with net ammonification, net nitrification, and 

net mineralization (Chu and Grogan, 2010; Booth et al., 2005; Björk et al., 2007).  In this 

study, C/N ratios were positively correlated with net mineralization, albeit not 

significantly (Table 4.4).  This is likely due to the low organic matter content of the till; 

total OC values were low and total N was often at or below the limits of detection.  

N-cycling rates in this study were also significantly negatively correlated to pH 

(Table 4.4).  Varying relationships between pH and N-cycling rates have been observed: 

no relationship was found between pH and net nitrification in a study of organic soils 

from woody, grassland, and agricultural environments (Booth et al., 2005), although a 

positive relationship between pH and net mineralization was observed in tundra soils 

(Björk et al., 2007), and studies of net nitrification rates have reported that nitrification 

declines at pH <7.0 (Haynes, 1986).  Different archaeal and bacterial ammonia oxidizer 

phylotypes are selected for in soils of different pH, allowing nitrification to occur over a 

broad range of soil pH values (Nicol et al., 2008).   

Soil temperature and moisture are major environmental factors known to regulate 

the rates and patterns of N mineralization across the landscape (Binkley et al., 1994; 

Schimel et al., 2004; Miller et al., 2009).  Temperature directly controls N mineralization 
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by affecting the biochemical reaction rates, and indirectly by affecting O2 saturation in 

soils and soil water (Sierra, 1997).  Net N mineralization in laboratory incubations of 

Arctic soils was 5 to 10 times greater at 12˚C than at 5˚C (Binkley et al., 1994).  N 

mineralization has been demonstrated to be more responsive to temperature than to 

moisture (Binkley et al, 1994; Sierra, 1997).  However, given that the highest mean and 

highest individual N-cycling rates occurred at the coldest site, temperature does not 

appear to be a strong control of N cycling in this valley.  The temperature ranges at the 

four sites overlapped substantially; therefore, it is possible that temperature did not vary 

enough among the four sites to allow for distinguishable differences in N cycling. 

Soil moisture affects N mineralization directly by providing the required water for 

microbial activity, and indirectly by controlling O2 diffusion within soil and the volume 

of soil capable of supporting aerobic microbial activity (Sierra, 1997).  Net N 

mineralization rates in Arctic soils have been shown to respond strongly to changes in 

moisture; repeated watering over 30-day incubations increased mineralization rates 1.5 to 

3 times in tundra soils in Arctic Alaska (Binkley et al., 1994).  Net N mineralization and 

net nitrification in wet alpine meadow soils were also several orders of magnitude greater 

than in dry meadow soils (Miller et al. 2009).  Although there was no correlation between 

GWC and N-cycling rates, GWC at the end of the incubation period may not be 

representative of the moisture received by the sample over the entire period.   

Given that Till 4, the site closest to the glacier terminus, had the highest 

individual replicate soil inorganic N pools, as well as significantly higher clay content, 

total OC, and total N, it is not surprising that this site also had the highest individual 

replicate and mean net mineralization and net nitrification (Tables 4.2 and 4.3).  
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Nitrification has also been detected in the subglacial sediments and subglacial streams of 

the Robertson Glacier (Boyd et al., 2010; Chapter 3, this thesis), indicating that the 

environments beneath and directly in front of the glacier are suitable habitats for 

microbial N cycling.  The strong correlations listed here highlight the importance of 

substrate availability (organic C and total N) in regulating inorganic N production within 

the Robertson Valley (Booth et al., 2008).   

In addition to the substrate variables described above, mineralogy has also been 

shown to have a strong control on microbial communities (Boyd et al., 2007; Mitchell et 

al., 2009).  Metabolic reactions involving minerals are a source of redox energy for 

microorganisms (Shock et al., 2009).  In a study of genetic diversity at the Robertson 

Glacier, microbial communities associated with metabolizable-iron bearing minerals 

(pyrite, hematite, and magnetite) were more similar to subglacial sediment-associated 

communities than communities from non-metabolizable substrates (Mitchell et al., 2009).  

Till 4 was the only site with sediment containing detectable iron-bearing minerals 

(phlogopite; Table 4.2), and outcrop rock samples collected in a previous study found 

pyrite only in the Sassenach formation near the head of the valley and closest to Till 4 

(Robbins, 2007).  Thus, it appears that the strong geologic control on microbial 

composition identified in previous studies could be at play here, with the presence of 

metabolizable-iron bearing minerals contributing to the high and variable N-cycling rates 

seen at Till 4. 
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4.7 CONCLUSION 

Net mineralization and nitrification can occur in glacier foreland soils during the 

months of July and August.  Soil inorganic N pools and N cycling can occur at levels and 

rates comparable to other high-elevation unvegetated soils.  Leachate from soils in other 

alpine environments are capable of exporting waters with elevated NO3
- concentrations 

(Williams et al., 1997; Williams et al., 2007); the leaching of N and quantifiable N-

cycling rates observed here indicate that the soils of the Robertson Valley are likely a 

source of NO3
- to alpine surface waters. 

Contrary to my hypothesis, net mineralization and nitrification showed no 

significant increases along the chronosequence with soil age; the highest individual and 

mean cycling rates were, in fact, measured at the site closest to the glacier terminus (Till 

4).  However, this should not be too surprising given that we now know that several 

microbially-mediated reactions are important in subglacial environments (Tranter et al., 

2002; Bottrell and Tranter, 2002; Wynn et al., 2006; Boyd et al. 2011), hence exposure to 

light and warmer temperatures are not necessarily prerequisites for N mineralization.   

The high variability of N-cycling rates among and between sites suggests that the 

ability to recognize successional patterns of N in glacier forefield soils may be limited by 

the extreme microscale diversity of these soils (Nemergut et al., 2007).  The high 

variability in replicates of soil inorganic N pools at two samples at Till 4 are consistent 

with hot spots of inorganic N availability that have been shown to be important 

contributors to available inorganic N in alpine ecosystems (Darrouzet-Nardi and 

Bowman, 2011).  Correlation analyses indicate that certain physical and chemical 

variables of the soil, including total OC, total N, pH, bulk density, and soil inorganic N 
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pools, are strongly associated with N cycling at our study area, and suggest that the 

spatial variation of these variables throughout the valley is a more important control on 

microbial cycling of N than time since deglaciation or soil temperature.  Furthermore, 

mineralogy has been shown to exert a strong control on microbial communities in 

subglacial sediments at this site (Mitchell et al., 2009), and may also play a role in the 

cycling of N.   

As the soil inorganic N pools and cycling rates in the Robertson Valley glacier 

forefield do not vary systematically with soil age, it is challenging to predict how N 

cycling may change as glacier retreat continues.  If further retreat in the Robertson Valley 

exposes soils with variables comparable to the suitable conditions for N cycling observed 

at the glacier terminus, newly exposed sediments within the valley may also exhibit the 

high and highly variable N-cycling rates and leached N observed at Till 4.  Furthermore, 

the likely control of physical and chemical variables on N cycling makes predicting 

changes in other valleys more difficult.  In order to better understand the spatial 

variability of N cycling in glacier forefields, future studies should therefore investigate 

patterns that occur beyond a single chronosequence, and should incorporate larger sample 

sizes across different mineral substrates in order to better observe the role that microscale 

spatial variability and hot spots play in N cycling.  
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Chapter 5: Conclusion 

In the summer of 2010, precipitation, glacial and proglacial runoff, and proglacial 

till within the Robertson Valley, Alberta, were sampled for chemical and isotopic 

analysis.  The purpose of this research was to identify the magnitude of microbial 

nitrogen (N) cycling in the supraglacial, subglacial, and proglacial environments of a 

temperate glacial valley within the Canadian Rocky Mountains, and to identify potential 

controls on this activity.  Alpine regions are sensitive to environmental change, and are 

currently facing tremendous environmental changes including increased atmospheric N 

deposition due to projected increases in industrial and agricultural N emissions, changes 

in temperature and precipitation from climate change, and glacial recession (Schindler et 

al., 2006; Kundzewicz et al., 2007; Lemke et al., 2007).  A better understanding of the 

role that microbes play in N cycling in glacial environments will help us predict how 

these changes may affect the biogeochemical cycling and export of N from these regions.  

The main conclusions that can be drawn from this study include: 

1) Net nitrification occurs within the supraglacial, subglacial, and proglacial 

environments of the Robertson Valley.  Separate methods were used to identify 

this process in the catchment runoff (a simple end-member mixing model using 

δ18O of nitrate [NO3
-]) and in the proglacial till (in situ soil incubations).  These 

results are consistent with a previous microbiological study in the valley, which 

found that nitrifiers had higher maximum activity rates than denitrifiers during 

laboratory incubations of subglacial sediment (Boyd et al., 2011).  An estimated 

44 to 56% of NO3
-
 in subglacial streams and >80% of NO3

-
 in proglacial seeps has 
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been microbially altered or processed.  Soil inorganic N pools, net mineralization, 

and net nitrification rates in proglacial till were consistent with values from 

unvegetated sediments in other alpine regions that are thought to contribute NO3
- 

to stream waters.  The independent lines of evidence used in the Robertson Valley 

all emphasize the important process of microbial NO3
- production within glacial 

and proglacial environments, and indicate that atmospherically-derived N in 

glaciated valleys undergoes substantial biogeochemical cycling prior to export in 

surface runoff. 

 
2) Rock-water contact time strongly influences the amount of nitrification in 

catchment waters. Dilute supraglacial streams with little rock-water contact 

contained the lowest [NO3
-] and the lowest proportions of nitrified NO3

-, while 

proglacial seeps, which had the longest rock-water contact time (as indicated by 

low Ca:Mg ratios, high mean Σmajor ions, and high proportions of ions derived from 

later stages of weathering), had the highest [NO3
-], and had the highest 

proportions of nitrified NO3
-.  Sediments provide a favourable environment for 

microbial growth (Sharp et al., 1999); therefore, the slow passage of water 

through sediments allows for increased acquisition and export of NO3
-.   

 
3) Subglacial hydrology directly affects the amount of microbially-produced NO3

- in 

glacier runoff.  The flow of water to the east subglacial stream (RE) had direct 

connectivity between the supraglacial and subglacial regions, while water flowing 

to the west subglacial stream (RW) had limited contact with subglacial sediments.  



170 

 

The flow of water through the sediment-rich subglacial environment to RE led to 

higher proportions of nitrified NO3
- in this stream compared to RW.  Subglacial 

flowpaths, therefore, play a role in determining the amount of microbially-cycled 

nutrients that are exported from a glacier.  Subglacial hydrology is sensitive to 

changes in temperature and precipitation (Bingham et al., 2005; Bartholemew et 

al. 2010); changes in climate could therefore alter subglacial flow paths and 

indirectly affect subglacial biogeochemical cycling and NO3
- export.      

 
4) Contrary to my hypothesis, soil age was not an important factor in N cycling 

along the glacier forefield.  Soil inorganic N pools, net mineralization, and 

nitrification in proglacial till showed no significant increases along the 

chronosequence with time since deglaciation; the highest individual and mean 

cycling rates were in fact measured at the site closest to the glacier terminus.  

High variability in N pools and rates along the chronosequence suggest that hot 

spots of inorganic N availability may be important contributors to available 

inorganic N in alpine ecosystems.   Physical and chemical variables, including 

total organic carbon, total N, pH, bulk density, and soil inorganic N pools are 

significantly correlated with N cycling in the Robertson Valley.  This indicates 

that the spatial variation of these measures of substrate quantity is a more 

important control on microbial cycling of N than time since deglaciation or soil 

temperature.   

 
Glacial environments therefore play a large role in the timing and magnitude of N 

fluxes to downstream aquatic ecosystems.  In light of current glacier recession rates 
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(Kundzewicz et al., 2007) and predicted increases in N deposition (Vitousek et al., 1997), 

it is imperative that we continue to develop our understanding of the magnitude, 

variability, and controls of current N-cycling processes within glacial ecosystems in order 

to predict how these systems may respond to environmental change.    

Future research should continue to explore the use of isotopic methods to identify 

the spatial and temporal variability of subglacial nitrification, particularly with regard to 

changes in subglacial flowpaths.  A new method that should be employed in this research 

is the Δ17O technique (Michalski et al., 2004).  This technique is based on the isotopic 

enrichment of δ17O relative to δ18O in the atmosphere and provides an unequivocal 

quantification of the source from atmospheric NO3
-.  Using Δ17O in conjunction with the 

dual isotope method used in this study can provide an even more robust means of 

determining the proportions of atmospheric and nitrified NO3
- to streams.  Additionally, 

studies of N cycling in glacier forefields need to address the spatial heterogeneity of N 

pools and N-cycling rates by investigating patterns that occur beyond a single 

chronosequence, and should incorporate larger sample sizes in order to better observe the 

role that microscale spatial variability and hot spots play in N cycling.  
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Appendix A:  Site photographs of seep sampling locations 

 

 

 

 

 

 

 

 

 

Photos of seep sampling sites (a) S1, (b) S2, (c) S3, and (d) S4.  Photo of S2 was taken 
July 17th, 2010, while all other photos were taken July 14th, 2010.  Orange boxes indicate 
area where seeps emerged; red boxes indicate area of seep sampling.

(a) (b) 

(c) (d) 
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Appendix B:  Site photographs of supraglacial sampling locations 

 
 
Photos of supraglacial sampling sites (a) Supra E, (b) Supra W1, and (c) Supra W2.  Supraglacial melt on the east side of Robertson 

Glacier flows primarily in large channels that drain subglacially into moulins.  On the west side, supraglacial streams have less 

incision and flow over a variable amount of supraglacial debris. 

 

(a) (b) 

 

(c) 
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Appendix C: Method detection limits for ion chromatography analysis 

Method detection limits for major anion and cation concentrations, reported in µeqL-1.  Limits were determined from three times the 

standard deviation of replicates of the lowest reproducible standard, plus the average of any non-zero concentrations measured in 

laboratory blanks.  n = number of analyses. 

 

 
 

 

 

 

 

 

  

 

 

 

 

  n Cl- NO2
- SO4

2- NO3
- Na+ NH4

+ K+ Mg2+ Ca2+ 
Subglacial/seeps 18 0.43 0.08 0.04 0.04 0.10 0.47 0.20 0.43 0.93 
Precipitation/supraglacial  24 0.28 0.15 0.13 0.26 0.65 0.67 0.77 0.82 2.55 
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Appendix D:  Mean-weighted ion concentrations for end of winter 

snowpack and fresh summer-rainfall concentrations 

Location SWE Cl- NO2
- SO4

2- NO3
- Na+ NH4

+ K+ Mg2+ Ca2+ 
 mm −−−−−−−−−−−−−−−−−−µeqL-1−−−−−−−−−−−−−−−−−  

Snow           
  2000 m 455 1.2  b.d.1 5.5  5.3 2.3 3.2 0.6 2.0 19 
  2275 m 485 1.0 b.d. 5.0 4.9 2.0 2.7 0.6 4.1 89 

Rain           
       AWS - 1.3 0.6 6.5 12.0 1.2 4.6 3.6 4.8 19 

2325 m - 1.6 0.6 9.6 16.6 1.4 5.2 3.0 5.5 33 
2500 m - 1.7 0.5 9.7 13.0 1.8 5.1 2.8 3.3 15 

Rain:Snow2 - 1.1 13.8 1.2 2.3 0.5 1.4 6.0 1.1 1.0 
1 b.d. = below detection 
2 Precipitation ratio compares rain from AWS and snow from the 2000 m pit, the two closest sampling sites 
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Appendix E:  Summary statistics for isotopes of NO3
- a   

  ---------------δ15N------------
--- 

 ----------------δ18O-------------
--\- Site n Mean Range SD Mean Range SD 

Snow 2 -3.4 -4.0 to -2.8 0.9 +75.9 +75.0 to +76.9 1.4 
Rain 11 -3.9 -6.5 to -1.2 1.7 +50.2 +39.9 to +62.3 8.0 
Supraglacial E stream 1 -3.9 - - +57.6 - - 
Robertson West subglacial stream 16 -2.7 -4.4 to -1.4 0.9 +38.9 +31.4 to +45.1 3.0 
Robertson East subglacial stream 4 -2.0 -4.9 to +0.6 2.3 +30.3 +22.4 to +34.0 5.4 
Roberston Lower proglacial stream 3 -1.8 -1.7 to +2.0 0.3 +17.0 +12.7 to +22.5 5.0 
Seep 4 5 -0.4 -0.6 to -0.1 0.2 +9.5 +8.9 to +10.0 0.4 
Seep 3 5 0.0 -0.1 to +0.6 0.3 +7.1 +6.7 to +7.7 0.4 
Seep 2 5 0.0 -0.4 to +0.6 0.4 +8.2 +7.6 to +9.3 0.7 
Seep 1 5 +2.5 +1.8 to +3.1 0.5 -6.7 -7.3 to -5.8 0.6 
a Isotope values in ‰. 
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Appendix F:   δ18O-H2O values measured at Robertson Valley 

Site Date δ18O-H2O 
(‰) 

Robertson West subglacial stream 23 Jun 

2010 

-21.0 
Robertson West subglacial stream 05 Aug 

2010 

-19.9 
Robertson East subglacial stream 23 Jun 

2010 

-20.8 
Robertson East subglacial stream 05 Aug 

2010 

-19.2 
Seep 1 14 Jul 

2010 

-19.7 
Seep 2 14 Jul 

2010 

-19.3 
Seep 3 14 Jul 

2010 

-19.9 
Seep 4 14 Jul 

2010 

-19.4 
Mean δ18O-H2O -19.9 
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Appendix G:  Mean total nitrogen (N) and mean total organic carbon 

(OC) of till chronosequence1 

 Distance      
from Glacier 

Total OC 
     Initial                  Final 

Total N 
     Initial               Final 

 m  mg C/g soil   mg C/g soil mg N/g soil mg N/g soil 
Till 4 15 16.18 (1.37)a 16.04 (0.77)a 0.38 (0.11)a 0.53 (0.10)a 
Till 3 660 7.58 (0.22)b 8.24 (0.23)b 0.22 (0.07)b 0.33 (0.03)b 
Till 2 1190 5.62 (0.06)c 5.69 (0.50)c 0.17 (0.02)b 0.18 (0.06)b 
Till 1 1670 7.33 (0.73)b 7.30 (0.24)b 0.16 (0.02)b 0.19 (0.06)b 

1 Values in brackets are standard deviations.  For each measurement, n = 4.  Only values above 
detection are averaged.  Different letters indicate values that are significantly different from one 
another (p < 0.05) 
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