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Abstract 

The objective of this thesis is to quantify seasonal source water contributions to the Athabasca 

River in Alberta Canada. A secondary objective was to evaluate a novel method for reconstructing the 

isotopic composition of streamflow over the ice-on period and utilize this data to quantify source water 

contributions to winter streamflow. Quantifying source water contributions to streamflow is important 

because the Athabasca is a large, snow-dominated catchment where climate change is expected to 

impact the quantity and timing of source waters. The water resources in the Athabasca River Basin (ARB) 

are essential in supporting communities, the economy and ecosystems in the province of Alberta. This 

includes water needs of municipalities, oil sands operations and sensitive ecosystems, such as the Peace 

Athabasca Delta, an internationally recognized protected area. While the lower reaches of the 

Athabasca has been the subject of many studies, stable water isotope analysis has been limited in the 

upper portion of the ARB leaving a knowledge gap around existing snow and glacial melt water 

resources. This research focuses on the Upper and Middle reaches of the Athabasca and includes a 

subset of data for the McLeod catchment, which is nestled in the Middle Athabasca. To assess source 

water contributions three synoptic studies were undertaken to collect stable water isotope samples 

over a hydrological year from August 2016 to August 2017. This dataset was supplemented by winter 

streamflow data calculated using a novel method that reconstructs the isotopic composition of winter 

streamflow using river ice stratigraphy. The reconstruction of streamflow in the ARB produced accurate 

results as validated against streamflow sampling obtained over the same time period. This method also 

resulted ice-water fractionation values that were in alignment with the existing literature. While these 

results support the future use of this emerging methodology, additional studies will be required to 

better define the limitations to this methodology. Source water contributions to streamflow were 

calculated for all field samples and reconstructed values using hydrograph separation. This allowed the 
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relative contributions of snowmelt, glacial melt, groundwater and evaporatively enriched surface 

waters, such as from lakes and wetlands, to be quantified. The results from this analysis have 

established a spatially explicit, baseline understanding of the major contributions of seasonal and annual 

source waters in the region. Observed patterns included an accumulation of surface water downstream 

in the ARB and annual source water cycling in the McLeod catchment, that aligned with results found in 

other studies in the Mackenzie River Basin. Trends differed in 2016 and 2017 but were linked to 

differences in temperature and precipitation over the two years. While this research has established 

baseline source water information across the Upper and Middle Athabasca, future studies to conduct a 

higher temporal and spatial resolution sampling of streamflow and source waters across the catchment 

are recommended. 
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Chapter 1. Introduction 

1.1 Introduction 

This Chapter describes the research problem followed by an outline of the research objectives 

and thesis structure.  Key background information and an overview of the study area provide context for 

why the research objectives are important. This thesis uses stable water isotopes (SWI) as a method to 

label source waters with the aim of quantifying the proportion of each source water in streamflow 

seasonally.  A detailed novel analysis was undertaken over the winter months to capture the record of 

winter streamflow from ice cores. The Upper and Middle Athabasca River Basin was selected as the 

study area for this work as the snowmelt-dominated basin is sensitive to climate change, which could 

negatively impact key economic and environmental systems under future climate change scenarios, 

posing a challenge for water management. To date, there has been limited research using this 

methodology in the Upper or Middle Athabasca River Basin. This has resulted in a gap in our collective 

understanding of the seasonal impact of source waters on streamflow in the basin, requiring baseline 

conditions to be better understood.  

1.2 Background 

1.2.1 Snow-dominated catchments 

Snow and glacial melt are essential water resources in the northern hemisphere and 

mountainous regions globally; however, due to the warming climate these resources are becoming 

reduced and the timing of snow and glacial melt entering streamflow is shifting. Water from snowmelt-

dominated catchments directly supports 1/6th of the world’s population (Center for International Earth 

Science Information Network [CIESIN], 2004), with many people outside of these catchments susceptible 
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to the indirect effects of reduced water resources (Barnett et al., 2005) as mountain areas contribute 

32% of global discharge (Meybeck et al., 2001). The Intergovernmental Panel on Climate Change (IPCC) 

has high confidence that global glacier extent is declining and that snowmelt is occurring sooner, 

affecting the seasonality of streamflow in snowmelt-dominated catchments and ultimately, the quantity 

of water available (IPCC, 2022). Warming trends are more pronounced in cold regions of the northern 

hemisphere, with the greatest warming occurring in winter months (Aygün et al., 2020).  While 

elevational warming trends are not still completely understood, warming typically occurs faster at 

higher elevations, creating further impacts on mountainous regions (Pepin et al., 2022, Rangwala et al., 

2015). Between 1967 and 2012, snowmelt in the northern hemisphere decreased by 1.6 % per decade in 

March and April and 11.7% per decade in June, and the largest reduction of snowpack is now occurring a 

month sooner than in previous decades (IPCC, 2015). Climate models are projecting the ratio of rainfall 

to total precipitation will increase in the northern hemisphere, reducing the snowpack further (Aygün et 

al., 2020, IPCC, 2022).  

1.2.2 Water management 

Climate change impacts on water resources are varied and of significant concern when assessing 

water management strategies. The most recent IPCC (2022) indicated high confidence that there would 

be reduced water resources in snowmelt-dominated catchments and that these events would have 

negative effects on human systems and ecosystems. This can be linked to the occurrence of earlier peak 

runoff caused by climate change, which is often too large to be captured and stored by reservoirs, 

leading to reduced availability of water resources later in the dry season (Barnett et al., 2005). Climate 

change scenarios also predict larger, more frequent forest fires and hydro-climatic extremes, such as 

floods and droughts; this is expected to lead to anthropogenic changes in behavior, such as increased 

energy demands during extreme high and low temperatures (Eum et al., 2017; IPCC 2022; Prowse et al., 

2006; Voutchkova & Miller, 2017). In snowmelt-dominated regions, baseline and modeled future 
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conditions for annual snow and glacial melt are needed by water resource managers to determine 

strategies for water use and storage, including balancing allocations for anthropogenic uses (such as 

domestic use, industry, agriculture, tourism, recreation and hydropower) and water requirements for 

ecological processes (Prowse et al., 2009; Voutchkova & Miller, 2017). 

1.3 Study area 

1.3.1 the Athabasca River Basin 

The Athabasca River Basin is a large snowmelt-dominated basin, that provides key economic and 

environmental benefits. The Athabasca River Basin is the largest unregulated river in Alberta and the 

ARB covers approximately 24% of the province (Athabasca River Basin Research Institute, 2022). The 

headwaters for the Athabasca River are located in the Columbia Icefield, on the Eastern slopes of the 

Canadian Rocky Mountains. From the headwaters, the Athabasca River flows 1500km northeast, 

eventually draining into the Arctic Ocean. The ARB itself is home to approximately 170,000 residents 

who live in largely rural areas; the region has fourteen Indigenous reserves, one city, twelve towns and 

twenty-two municipalities (Athabasca River Basin Research Institute, 2022). 

The Athabasca watershed is divided into three segments: the Upper, Middle and Lower 

Athabasca. The Upper Athabasca has mountainous terrain which is largely protected, being situated 

mostly within the boundaries of Jasper National Park. The Middle Athabasca begins at the forested 

foothills of the eastern Canadian Rocky Mountains before flowing through urban and agricultural areas. 

This section of the Athabasca has three main tributaries: the McLeod, Pembina and Lesser Slave Rivers. 

The Lower Athabasca begins at the City of Fort McMurray and contains what is referred to as the 

Canadian oil sands. The Athabasca River terminates at Lake Athabasca before draining into the Peace 

Athabasca Delta (PAD). The PAD is located within Wood Buffalo National Park, an area recognized for its 

global significance and designated a World Heritage Site by the United Nations Educational, Scientific 
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and Cultural Organization. This recognition is due to the unique characteristics of the PAD: it is a large 

inland freshwater delta, with salt plains, many migratory bird species and free-roaming wood bison 

(UNESCO World Heritage Centre, 2022). 

The Athabasca River is vital to economic and domestic activities in the region, including 

agriculture, forestry and recreation, tourism, electrical power generation and oil sands operations 

(Cheng et al., 2017; Eum et al., 2017; Prowse et al., 2009; Rood et al., 2015). Approximately 5% of the 

annual flow from the Athabasca River is allocated to water resource users, the largest of these being the 

oil sands operations, which received over 2% of the annual flow from the Athabasca River in 2016 

(Government of Alberta, 2017). The Canadian oil sands are the third-largest crude oil reserve globally, an 

integral source of revenue for the province of Alberta that generates approximately 11% of Canada’s 

greenhouse gas emissions (Canadian Association of Petroleum Producers, 2022). Water allocations for 

the Athabasca River have grown nine times faster than the provincial average, seeing 88% growth in an 

11-year period, largely linked to oil sands operations (Environment Alberta as cited in Wolfe et al., 

2011). Furthermore, the oil sands water usage is expected to increase alongside increases in water 

usage for livestock, agriculture, commercial, municipal and habitat enhancement projects (AMEC Earth 

& Environmental, 2007).  

1.3.2 Athabasca River Basin climate 

The climate in the ARB is largely categorized as humid continental or subarctic, following the 

Koppen classification, with Tundra conditions over the glaciated areas of the catchment. Over the past 

100 years, the temperature over the ARB has generally increased, with the greatest warming occurring 

downstream and during the winter months (Cheng et al., 2017). The mean precipitation in the 

watershed is 460 mm, which has generally declined between 1958 and 2009 (Peters et al., 2013). 

Approximately 70% of precipitation falls as rain and the precipitation maximum occurs in the summer, 
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although water volume is net negative due to high evaporation at this time (Bawden et al., 2014; 

Canada, 2016).  

Streamflow in the ARB peaks in June or July, following peak snowmelt in late April or May and 

low flow conditions occur in December (Burn et al., 2004). Historically, there has been a decreasing 

trend in mean streamflow (Bawden et al., 2014; Burn et al., 2004; Peters et al., 2013; Schindler & 

Donahue, 2006; Zhang et al., 2001). This has been linked to reductions in precipitation (Peters et al., 

2013) and reductions in snow accumulation in elevations below 2500m, which have been found to be 

vulnerable to loss of snowpack (Newton et al., 2019). This has led to measurable changes in local flow 

patterns, with discharge into Lake Athabasca being reduced by 21% between 1960 and 2010 (Rasouli et 

al., 2013). In addition, ice cover formation has also shifted from late October, now occurring in early 

November, with breakup typically occurring at the end of March or early April (Pietroniro et al., 1998; 

Hutchison and Hicks, 2007; Prowse et al., 2007; She et al., 2009).  

The projected climate changes in ARB are expected to result in changes to the hydrology of the 

basin. Temperature is projected to increase significantly in the ARB, resulting in warm, drought-like 

summers (Bonsal & Cuell., 2017; Cheng et al., 2017; Lima & Wrona, 2019; Zhou et al., 2018). Warming 

winter temperatures are expected to shift a portion of precipitation, which currently falls as snowfall, to 

rainfall; this would lead to an increase in snowmelt and snow ablation over the entire watershed, with 

the reductions being most pronounced in the high elevations of the Upper Athabasca (Dibike et al., 

2018b). This is projected to decrease snow cover duration by up to 50 days and reduce water storage 

held in the headwaters as snow (Dibike et al., 2018b). Future streamflow is projected to increase by 

approximately 25% in the winter, resulting in an earlier, larger freshet, with decreases in the late spring 

and summer flows of approximately 50% (Eum et al., 2017, Dibike et al., 2018, Leong and Donner, 2015).  
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1.3.3 Athabasca River Basin water management 

Climate change poses a serious threat to the stability of water resources in the ARB and 

increased industrialization coupled with population growth will only further pressure the system, 

threatening to reduce the water needed for ecosystem services. The ARB is predicted to experience 

more frequent hydro-climatic extremes due to climate change, such as flooding, drought and wildfires, 

while energy and water consumption are both expected to increase (Prowse et al., 2006; Cheng et al., 

2017). Cumulative impacts from increasing water withdrawals for municipal and industrial use as well as 

municipal sewage discharge have already been raised as a concern (Lima & Wrona, 2019; Noble et al., 

2014). Proper water management is necessary to ensure the social, economic and environmental needs 

of the ARB can all be met.  

Drought is of particular concern for the ARB, as snow accumulation and melt maintain summer 

streamflow, sustaining industrial activities and aquatic habitats (CEMA, 2006). Long-term droughts, 

lasting greater than six months, could impact the viability of the oil and gas industry and negatively 

impact aquatic ecosystems (Cheng et al., 2017; Dibike et al., 2018; Lima & Wrona, 2019). In assessing 

the future water management options for the ARB, Leong & Donner (2016) found that due to an 

increased frequency of drought, additional water storage will be required to maintain industrial water 

usage.  If water storage is not expanded in the ARB future conditions are likely to result in interrupted 

production of oil and gas or reduced ecosystem function (Leong & Donner, 2016). The reliance on water 

use for natural resource production in the ARB, in combination with the sensitive ecosystem 

downstream in the PAD downstream, creates a complex system for the management of water resources 

(Milly et al., 2008; Prowse et al., 2006; Rood et al., 2015; Wolfe et al., 2008.). 

Water use in Alberta is regulated under the Alberta Water Act. The Water Act regulates water 

through regional land use plans, water management plans, water conservation objectives and water 
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allocation orders. When none of these regulatory instruments have been implemented, the Surface 

Water Allocation Directive is used (Boutillier, 2022). In the ARB, the Lower Athabasca Regional Plan and 

the Lesser Slave Basins Water Management Plan are both in effect; areas not covered in these plans 

would be managed using the Surface Water Allocation Directive, with the exception of surface water in 

Jasper National Park, which is regulated under the Canada National Parks Act. Recent stakeholder 

engagement on sustainable watershed management in the ARB was conducted by Marcotte et al. 

(2020), resulting in water management strategies and recommendations for policymakers, including 

establishing targets for streamflow needs. All stakeholders agreed that it was important to ensure that 

both ecosystem health and water quality were maintained or improved while providing sufficient flow 

for cultural activities, such as navigation and ensuring certainty for industrial development. 

1.4 Stable water Isotopes 

All elements have isotopes; an isotope indicates the number of neutrons present in the nucleus 

for a chemical element. Isotopes can be stable or radioactive, which indicates degradation over time. 

Water molecules are formed from largely stable isotopes ( 1H, 2H,160, 170, 180), with 3H being radioactive. 

The most common stable water molecules are 1H2
160.  The different numbers of neutrons isotopes have 

produces differing masses, which results in preferential evaporation and nucleation patterns. This 

property can be used to identify where water has come from and the processes that water has 

undergone. Due to this, isotopes can be regarded as tracers, which allow water sources to be identified 

and quantified in mixtures. 

1.4.1 Stable water isotopes research in cold regions 

For decades tracers have been commonly used to quantify water sources in cold regions 

(Colbeck, 1977; Obradovic & Sklash, 1986). Stable water isotopes (SWI) have been used as a tracer in a 

range of scales, from micro to continental, and across a variety of ecosystems, including remote areas 
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where other methods are not feasible (Birks & Gibson 2009; Edwards et al., 2004).  SWI are an ideal 

tracer as they occur naturally and are conservative and their values change systematically through water 

cycle phase changes (Birks & Gibson 2009). The ability to differentiate water based on the processes it 

has undergone allows SWI to be used for identifying different source waters in streamflow (such as 

surface water, snowmelt, glacial melt and groundwater) and quantifying the proportions of each water 

source in a sample (Gibson et al., 2005). Therefore, SWI represents a key method for researching 

environmental change and supports many applications, such as water resource management, including 

the advancement of our understanding of hydrological processes and pathways, forecasting of water 

availability during extreme conditions, such as floods and droughts, and exploring impacts related to 

climate change (Aggarwal et al., 2005; Gibson et al., 2021).  

SWI studies in snowmelt-dominated catchments typically utilize data collected over one or two 

hydrologic years, allowing annual variability in streamflow to be characterized by a series of temporal 

“snap-shots”. Sampling typically occurs in spring to capture peak snowmelt and late summer to capture 

peak glacial melt contributions to streamflow (Cable et al., 2011; Marchina et al., 2014; Sun et al., 2016; 

Williams et al., 2016). In glacially-fed headwater catchments, either glacial melt and/or snowmelt make 

up high contributions to streamflow in summer low-flow conditions (Cable et al., 2011; Fan et al., 2014; 

Fan et al., 2016; Jeelani et al., 2016; Kong & Pang, 2012; Marchina et al., 2014; Penna et al., 2014; Sun et 

al., 2016; Williams et al., 2016). Downstream of the headwaters, streamflow often becomes more 

evaporatively enriched in heavy isotopes due to water sources that have been contained in reservoirs or 

due to the velocity of streamflow becoming reduced by plains or deltas (Marchina et al., 2014; Rock & 

Mayer, 2007; Sun et al., 2016). 
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1.4.2 Stable water isotope research in the Athabasca River Basin   

There has been limited work done on the Upper and Middle Athabasca utilizing SWI. The 

isotopic signature of the meltwater from the Athabasca Glacier has been collected in two recent studies; 

with results showing similar values over multiple years (Arendt et al., 2015; Robbins 2019). In addition, 

four sites within the Upper and Middle Athabasca were sampled every 1-12 months between 2013 and 

2019 as part of Canada’s first baseline stable isotope dataset for rivers (Gibson et al., 2020). 

Downstream in the Lower Athabasca extensive hydrological research has been conducted, with the 

focus of SWI studies being groundwater and surface water pathways (Birks et al., 2017; Birks et al., 

2019; Gibson et al., 2011; Gibson et al., 2016). SWI analysis is also conducted through the Joint Oil Sands 

Monitoring Program,  which was established in 2011 by the Governments of Canada and Alberta to 

monitor surface water quality and quantity, air quality and biodiversity of the Lower Athabasca River 

between Fort McMurray and Lake Athabasca (Government of Alberta, 2022). To date neither  snow or 

glacial melt contributions to streamflow have been explored in the Lower Athabasca. 

Outside of the ARB SWI isotopes studies in the region have focused on small mountainous 

catchments in southern Alberta (Miller et al., 2017; Rock & Mayer, 2007), and large northern basins, 

specifically the Mackenzie River Basin and the Liard River Basin (Gibson et al., 1999; Gibson et al., 2002; 

Hitchon & Krouse, 1972; St Amour et al., 2005; Yi et al., 2010; Yi et al., 2012).  

1.4.3 Gaps identified for stable water isotopes research 

SWI have been used extensively in hydrological research, however, research has largely focused 

on headwater regions and small catchments.  Larger catchments can provide insight into large-scale 

hydrological patterns but research has been previously limited due to the increased complexity of these 

systems. This has resulted in calls for additional research in larger catchments with less existing 

instrumentation (Aggarwal et al., 2005; Gibson et al., 2005; Hemming et al., 2007). In response to this 
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knowledge gap, Gibson et al., (2020) and Gibson et al., (2021) completed the first Canada-wide study 

and isotope data set, which is applicable to a variety of water management purposes. However, future 

work is still needed as many large catchments have not been studied and do not have records of 

baseline conditions.  

In addition, there is a need to better understand the hydrological conditions during ice-on 

periods, the duration of time when rivers are cover in ice lasting from ice formation to break-up, as 

winter warming trends are leading to shifting hydrological patterns (Prowse and Beltaos, 2002). SWI 

research is limited during ice-on conditions, due in part to the difficulty associated with reaching remote 

areas in winter conditions and sampling streamflow below ice cover. River ice stratigraphy, while not 

extensively tested, is promising as a proxy of hydrologic conditions over the ice growth period in cold 

climates where the winter temperatures stay consistently below zero (Gibson & Prowse, 1999, 2002). 

Cold temperatures preserve a seasonal record of streamflow in the ice record and, by combining this 

with the ice growth rate, a timeline of the conditions when the layers of ice formed can be recreated. To 

date, limited studies have used SWI collected from river ice cores to reconstruct winter streamflow and 

no work has been done to advance this method in decades (Gibson and Prowse,1999; 2002), and only a 

single study has utilized the streamflow record from this method to calculate source water contributions 

to streamflow (St Amour et al., 2005). This methodology presents a potential solution to data gaps in 

hydrological studies during the ice-on period and would allow source water contribution of winter 

streamflow to be calculated.  
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1.3 Research objectives 

To address the gaps identified for stable water isotopes research the primary objectives of this thesis are 

to: 

1) Assess an emerging methodology that reconstructs the isotopic composition of winter 

streamflow through river ice stratigraphy. This objective was met by: 

○ Following the methodology set out in Gibson and Prowse (1999; 2002), ice cores were 

collected and the isotopic composition of winter streamflow was reconstructed; 

○ The reconstruction of winter streamflow was compared to a time series of streamflow 

collected over the same time period; and 

○ The effectiveness and limitations of this methodology was assessed. 

2)  Analyze the seasonal source water contributions to streamflow across a large catchment where 

minimal studies have taken place, exploring spatial, seasonal and annual trends. This objective 

was met by: 

○ Conducting seasonal sampling across the Upper and Middle Athabasca Watershed and 

the McLeod, a sub-catchment in the Middle Athabasca, including sampling source 

waters; and 

○ Examining the seasonal source water contributions for trends in the three catchments. 

1.4 Thesis structure 

This thesis consists of 4 chapters. Chapter 1 provides an introduction to this thesis, which 

provides context and outlines research objectives. This includes background on the importance of 

studying snow-dominated catchments, the value of utilizing stable water isotopes as a tool to study 

these regions and includes extensive background on the study area. Chapters 2 and 3 are positioned as 

two stand-alone manuscripts. Chapter 2 assesses an emerging methodology where river ice stratigraphy 
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is used to reconstruct the isotopic composition of streamflow over the ice-on period. Chapter 3, pulls 

from the results of Chapter 2 and analyzes seasonal source water conditions in the Upper and Middle 

Athabasca River Basin, examining spatial, seasonal and annual trends. Due to the stand-alone nature of 

Chapters 2 and 3, information may be repeated materials between chapters. Chapter 4 is a summary 

and conclusion to this thesis that addresses how the objectives have been met and with suggestions for 

future research.  
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Chapter 2. Reconstructing the isotopic composition of winter 

streamflow using ice cores in the Athabasca River Basin, Alberta, 

Canada 

Abstract 

During ice growth, river ice stratigraphy is an archive that preserves the stable isotope signature 

of streamflow, offset by the respective ice-water fractionations. This archive makes ice cores useful for 

reconstructing the isotopic composition of streamflow throughout the ice-on period. A chronology of 

the isotopic variability of streamflow can indicate when shifts in source waters have occurred and also 

allows for a time-series of source water contributions to be calculated. Prior preliminary studies utilizing 

this method have realized accurate results when compared to those obtained by O’Neil (1968), who 

experimentally determined values for fractionation for the Liard–Mackenzie River Basins, though they 

assumed a constant value for ice-water fractionation (Gibson et al., 1999; 2022). In this study, the 

Athabasca River, a large river in Alberta, Canada and the McLeod River, a tributary of the Athabasca 

River, were sampled to assess the accuracy of reconstructing the isotopic composition of streamflow 

using a constant value for ice-water fractionation. This allowed for site-specific changes in the isotopic 

composition of streamflow to be obtained which indicated shifts in source water contributions. Routine 

streamflow samples over the ice growth period were utilized as a means to capture the variability in 

fractionation. The average apparent fractionations (α180ice-water = 1.00294  and α2H ice-water = 

1.0181) were comparable to the existing literature (Gibson et al., 1999; 2022; O’Neil, 1968) and the 

variation in fractionation was found to be minimal (+/- 0.48 ‰ δ180 and +/- 2.8 ‰ δ2H), indicating 

equilibrium fractionation was occurring. During the initial ice growth period, non-equilibrium 

fractionation (2.34 ‰ δ180, 12.5 ‰ δ2H) was recorded during the coldest conditions, which 
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corresponded with the most rapid ice growth. Additionally, in some cases, the oldest samples of 

congelation ice contained melt from snow and white ice, a factor which would not have been 

distinguishable from shifts in source water contributions without comparative streamflow samples, 

indicating the limitations of this methodology. This research suggests using a constant value for water to 

ice fractionations appears to be adequate, except for early during the ice archive, a topic where future 

research is recommended. Site-specific changes in the isotopic composition of streamflow on the 

McLeod River indicated that surface water contributions were reduced following freeze-up, increasing 

the relative contribution of groundwater. In comparison, on the Athabasca River, increased 

contributions of evaporated surface water occurred during periods when temperatures were above 

zero. 

2.1 Introduction 

In cold regions, during periods when temperatures are consistently below freezing, river ice 

forms in a systematic manner that results in a stratigraphy, which creates an archive of streamflow 

conditions. This archive is captured, moving down the water column as the ice grows, preserving the 

isotopic signature of streamflow, offset by the respective ice-water fractionations (Eicken et al., 2005; 

Gibson & Prowse, 1999, 2002). When the ice-water fractionations are known, this methodology has the 

potential to be used for reconstructing the isotopic composition of streamflow for the ice-on period 

when other sampling methodologies may be difficult or limited (Gibson & Prowse, 1999, 2002). The use 

of Stable Water Isotopes (SWI) to study river ice stratigraphy has been proven to provide insight into the 

variability of streamflow (Gibson & Prowse, 1999), determine when shifts in source waters occurred 

(Gibson & Prowse, 1999, 2002) and facilitate source water calculations (St Amour et al., 2005). However, 

the use of this methodology has been limited requiring further research.  
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The isotopic fractionation of water to ice in ideal conditions produces predictable isotopic 

values. To provide accurate results, congelation (black) ice, ice which forms moving down the water 

column and is often clear in nature, is the preferred archive over white ice, which has a more complex 

genesis and appears cloudy of “white” in colour. Sampling is targeted to areas distanced from tributary 

outflows, mid-river and excludes shallow rivers (Gibson & Prowse, 2002). The fractionation of water to 

ice is also affected by the rate of ice growth, where fractionation during slow growth in late winter is 

most predictable (Prowse, 1995). In comparison with experimentally determined reference values for 

fractionation of moving freshwater (O’Neil 1968), studies in the field have proven to return accurate 

results (Gibson & Prowse, 1999, 2002). These studies assumed constant values for fractionation over the 

ice growth period, using a single sample of streamflow per site to calculate fractionation. This suggests 

that the isotopic composition of winter streamflow, in particular late seasonal growth, can be 

reconstructed using river ice stratigraphy. This requires that the properties of ice be taken into 

consideration in order to improve sample selection during slow growth; in particular, avoiding samples 

that may have been mixed with other water sources (i.e. snow) while also ensuring that the ice can be 

properly dated. It is worth noting that the accuracy of assuming constant values for fractionation has yet 

to be rigorously tested.  

To assess the use of river ice stratigraphy as a methodology to reconstruct the isotopic 

composition of winter streamflow, it was recommended that a complete season of isotope data from 

streamflow be collected, in conjunction with ice cores, to verify that the fractionations of water to ice 

are consistent throughout the growth period (Gibson & Prowse, 2002). In this study, that work has been 

performed: the Athabasca River, a large river in Alberta, Canada and the McLeod River, a tributary of the 

Athabasca River, were used to assess the accuracy of reconstructing the isotopic composition of 

streamflow from river ice stratigraphy based on constant values for fractionation. This was verified using 

routine streamflow samples over the ice growth period to monitor variability in fractionation.  
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2.2 Theory 

2.2.1 Stable Water Isotopes in Ice Formation  

SWI concentrations are expressed as δ²H and δ18O values in permil (‰). Due to difficulties in 

absolute measurement of small concentrations of rare SWI, isotopic values are expressed instead by 

comparing abundance ratios (R):  

18 16/R O O=  or 
2 1/H H        (2.1) 

of the rare and common isotopic species in the sample and standard, whereby the delta value is 

calculated as:  

δ = (Rsample / Rstandard -1) · 1000 (‰)    (2.2) 

The standard used for characterizing water is typically Vienna Standard Mean Ocean Water (VSMOW), 

such that isotopic delta values for water are typically negative (i.e., heavy isotope depleted) compared 

to ocean water, which is close to 0 ‰ for most continental waters. 

Once an isotope becomes part of a water molecule, aggregate isotope concentrations only 

change through one of two main processes. One is the mixing of different water sources, where the new 

value is a proportionate mixture of the sources. The second process is through fractionation, which 

occurs when water changes state through either evaporation, condensation, freezing or in situations 

where it does not change state but undergoes diffusion.  Fractionation is a separation of isotopic species 

resulting from the slight variation in mass between water molecules incorporating different isotopes: 

heavier molecules typically are less mobile and have higher binding energies, requiring more energy for 

separation, causing lighter isotopes to evaporate and heavier isotopes to condense preferentially. 

During fractionation, the partitioning of SWI between two states can be expressed using the 

fractionation factor ( )  
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αA-B = (1000 + δΑ) / (1000 + δB)     (2.3) 

The isotopic separation or offset between water in the two states can be expressed using the 

fractionation constant (ε), where δA is the isotopic value of a sample that has changed state and δB is 

the isotopic value of the sample before its state has changed.  

 A-B = (αA-B - 1) · 1000       (2.4) 

In cold regions, fractionation occurs during the formation of ice cover, with heavier isotopes 

being preferentially incorporated into ice over lighter isotopes (Ferrick et al., 2002; Gibson & Prowse, 

2002). The isotopic offsets between water and ice have been found to be between 2.84 and 3.0‰ for 

δ180 and between 17.9 and 19.5 ‰ for δ2H (Gibson & Prowse, 2002; O’Neil, 1968). Four variables affect 

the isotopic signature of ice cover (Gibson & Prowse, 2002). The first is the base isotopic composition of 

the original water in the streamflow. Second is the amount of partitioning that occurs during 

fractionation when water changes state. This is controlled by the speed of ice growth and the conditions 

of the boundary layer just below the ice. Third is the reservoir effect, which is caused when water 

becomes trapped and freezes in isolation from flowing river water. As a result, ice in the remaining 

water becomes continually depleted of heavy isotopes due to Rayleigh distillation. This can be avoided 

by sampling ice cores in deep rivers to avoid locations where the ice has frozen to the river bottom. The 

fourth and final variable is post-freeze-up complexities, where conditions occur after ice has formed, 

such as the accumulation of snow on the ice surface or melting and refrezing of the top layer of ice. This 

can result in the ice being formed from a mixture of water sources, i.e. snow and ice,  and often presents 

as white ice. 
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2.2.2 Ice formation and growth 

The formation and growth of ice is dependent on river turbulence, water temperature, and 

precipitation that occurs during freezup. Ice forms first at the calm margins before expanding towards 

the middle of the river. In more turbulent flows, ice forms first as frazil ice that grows and accumulates, 

eventually bridging the river, trapping frazil from upstream to form an ice cover. This will occur faster in 

shallow rivers than in deep rivers, as water in shallow rivers cools at a quicker rate, allowing frazil to 

form and grow. Ice cover may not occur in highly turbulent areas, such as rapids, as a layer of ice cannot 

form on the surface. In calm conditions, transparent congelation ice will form; this is sometimes referred 

to as either black or blue ice. If water temperature remains consistent, the ice growth rate down the 

water column will slow as the ice gets thicker due to the insulating effect of ice, preventing loss of heat 

to the atmosphere. Similarly, snow accumulation on top of the ice adds insulation, thereby slowing 

growth. However, snow accumulation may also depress river ice and result in flooding, which could 

allow white ice to form. White ice can also form during frazil accumulation and slushing from snow 

melting on top of the ice. White ice is common in temperate areas where more snow accumulates over 

the cold period. White ice formed in this way will exhibit a mix of isotopic signatures, making it difficult 

to use in isotopic analysis.   

Ice growth is commonly calculated using the Stefan equation (5), a simplified equation derived 

from Ashton (1986):  

hi= γ(Df )1/2        (2.5) 

where ice thickness hi, is calculated using the accumulated sum of freezing degree days (Df) and the 

coefficient γ.
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2.3 Study area 

The Athabasca River is the largest unregulated river in Alberta, originating at the Columbia 

Glacier before flowing northeast across Alberta for 1500 km. The middle reaches of the Athabasca 

watershed begin at Whitecourt and end at Fort McMurray (figure 2.1). Within the study area, there 

were three locations chosen to be studied:  

1. The McLeod River, a tributary to the Athabasca River, at the Town of Whitecourt;  

2. the Athabasca River, at the Town of Athabasca; and,  

3. the Athabasca River, at Fort McMurray.  

The sample site at Fort McMurray is upstream from the inflows of the Horse and Clearwater 

Rivers and is in an area that experiences severe ice jams (Beltaos, 2019). These locations typically have 

average daily temperatures below freezing between the months of November and March (Environment 

Canada1, 2018). Notable hydrologic features within the study area include wetlands that become more 

abundant between the Town of Athabasca and Fort McMurray, the Grand Rapids, and two large water 

bodies: Lesser Slave Lake and Lac La Biche.  

In the Middle reaches of the Athabasca River is Lesser Slave Lake, a prominent water body that 

likely experiences strong evaporative effects which may lead to evaporative enrichment of SWI in the 

summer months. The isotopic composition of the outflow of Lesser Slave Lake has the potential to 

influence the isotopic value of streamflow in the Athabasca River at Athabasca, especially if the isotopic 

composition of the two river differs significantly. However, Lesser Slave Watershed encompasses 1,160 

km2 and has relatively large run off volumes entering the lake from the surrounding foothills (Lesser 

Slave Watershed Council, 2018). This likely results in a reduced evaporatively enriched isotopic 

composition of Lesser Slave Lake.  The numerous wetlands in the middle reaches of the Athabasca also 
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undergo evaporative enrichment of SWI in the summer months. During cold conditions, wetlands and 

the pathways connecting them to the Athabasca may freeze, limiting their influence on the isotopic 

composition of the Athabasca River. However, during warmer conditions there is the potential that 

these pathways may unfreeze, allowing this source water to more easily reach streamflow. This is 

especially likely in areas with rapids where ice cover may not form over the winter creating a pathway 

where surface meltwater can easily enter streamflow.  

Source waters to the Athabasca River include surface water (e.g., lakes and wetlands), snowmelt 

and groundwater. Due to the different hydrological processes associated with the formation of these 

source waters, they will each have distinctive isotopic signatures. Surface water undergoes evaporation, 

which removes the lighter molecules to create a more positive isotopic value with a shallower slope 

than the Global Meteoric Water Line (GMWL) in a plot of δ180 and δ2H, often referred to as delta-delta 

space. This also results in greater proportional changes in δ2H than δ 180, which is commonly measured 

as a “d-excess” value. Isotopically, snow is typically  falls close to the slope of the GMWL and is more 

negative than liquid precipitation as it forms under colder conditions. Groundwater is dependent on 

local factors, such as topography and geology, but is often largely recharged by snowmelt or heavy 

precipitation, receiving water sources that have experienced only limited evaporation (Fan et al., 2014; 

Penna et al., 2014; Yang et al., 2011). Due to this it may appear similar isotopically to the GMWL. 

2.4 Methods 

2.4.1 Field collection 

Between October 2016 and February 2017, SWI samples were collected from in situ streamflow 

at two of the sampling locations on a weekly to monthly basis. The water treatment centre for the Town 

of Whitecourt collected eighteen samples from the McLeod River, before the convergence with the 

Athabasca River. The Aspen Regional Water Services Commission, which conducts water testing, 
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collected nine samples from the Athabasca River at the Town of Athabasca. At both sites, river water 

was collected from locations away from upstream tributaries and was pumped into the facility before 

being collected. Samples were collected in 30 ml HDPE bottles and were stored in the refrigerator 

following USGS protocols to ensure preservation of samples until isotope analysis was done in March 

2017 (USGS, 2017).  

 From March 2nd to 4th 2017, vertical ice cores were collected from the McLeod and Athabasca 

Rivers at three locations. Ice cores were collected at this time to maximize the winter record. Locations 

for ice core samples were chosen to be near where streamflow samples had been collected and at the 

Athabasca River, above Fort McMurray, to analyze the impact the Grand Rapids have on the isotopic 

composition of streamflow. In the collection of river ice, smooth reaches were selected at least 20m 

from shore to maximize the likelihood that the ice was preserving the seasonal record and the water 

under the ice was well mixed (Gibson & Prowse 2002). When collecting an ice core at Fort McMurray 

there was clear evidence of ice jams that had been released from upstream. To select the best sample, a 

flat section of the river was sampled that appeared to be undisturbed.  

Ice cores were collected using a battery-powered titanium ice auger (figure 2.2). Once collected, 

ice cores were quickly removed from the auger to prevent them from freezing inside the barrel. At Fort 

McMurray, the auger needed to be warmed briefly at room temperature to allow the ice core to be 

removed. To prevent contamination, ice cores were processed on a dry tarp, using dry gloves and a dry 

saw blade. Materials were exchanged or dried when they got wet. Between each core, the auger was 

also completely dried. The ice cores ranged from 71 to 85 cm long and were separated into sections 0.5 

to 10 cm in length. Sections averaged 4.25 cm and were selected through natural breaks whenever 

possible or through manual cuts using a miter box (figure 2.2). Once separated, samples were visually 

classified into congelation and white ice, measured, bagged, photographed and labeled (figure 2.2). 

Samples were melted at room temperature (Gibson & Prowse, 2002) before 1.5 ml of each sample was 
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pipetted into 2 ml vials for isotope analysis; this was stored in the fridge for several days until isotope 

analysis could take place. For quality control, a secondary core was collected at Athabasca and 

duplicates were collected for 11% of the samples.  

2.4.2 Isotope analysis 

 SWI are expressed in permil (‰) relative to Vienna Standard Meteoric Waters (VSMOW). 

Isotope analysis was conducted in March 2017. SWI samples from streamflow were processed at the 

InnoTech Alberta Isotope lab at the Vancouver Island Tech Park. Here, a Thermo-Fisher Delta V 

Advantage IRMS with HDevice and Gasbench was used. Samples from the ice cores were processed at 

the Isotope Science Lab at the University of Calgary. This facility uses a Los Gatos Research (LGR) DLT-

100, an instrument that employs Off-Axis Integrated-Cavity Output Spectroscopy (OA-ICOS). Both 

facilities have instrumental uncertainty of +/- 0.2‰ δ180 and +/- 1.0 ‰ δ2H. In lab duplicates were 

conducted for the streamflow samples and had a maximum standard deviation of 0.13 ‰ δ180 and 0.5 

‰ δ2H. Duplicates from the field had a maximum difference of 0.65‰ δ180 and 1.8‰ δ 2H. To test any 

difference in results between the two labs, nine samples from a synoptic survey of the Athabasca River 

in May 2017 were sent to both labs. This resulted in a maximum difference of 0.3 ‰ δ180 and 1.2‰ δ2H 

when comparing the samples sent to both facilities, which is reasonably comparable while it is slightly 

outside of the range of instrumental uncertainty. 

2.4.3 Ice thickness analysis 

Ice thickness over the ice growth period was calculated using the Stefan formula. Average daily 

temperature data were obtained from nearby meteorological stations, Athabasca AGCM and Fort 

McMurray A (Environment Canada2, 2018). Hourly temperature data were not available for Whitecourt 

so ANUSPLINE data were used. ANUSPLINE data is interpolated, gridded climate data, generated using 

thin-plate smoothing splines and input into ANUSPLINE climate modeling software, a process commonly 
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used when location-specific data are not available (McKenney et al., 2011). The Stefan coefficient for 

snow-covered rivers ranges from 14 to 17. However, this range for the coefficient was found to under-

predict ice thickness in comparison to the field measurements. This is a common concern of the Stefan 

formula from previous studies (Comfort & Abdelnour, 2013). To improve this measure, white ice 

thickness was removed from the total ice thickness measured in the field, as the Stefan formula only 

calculates vertical ice growth and the coefficient for snow-covered Rivers and lakes was used (17 and 

21).  

 Utilizing the values for daily ice thickness (both loss and gain) generated by the ice growth 

model (averages displayed in table 2.1), the ice cores collected in the field and the corresponding 

isotopic data were matched to the dates when the ice was predicted to have formed. The fractionations 

of water to ice were calculated by comparing the isotopic values obtained from routine streamflow 

sampling to the ice core data on the corresponding date. 

 

Table 2.1: Key measurements calculated from the ice growth model of the ARB. The first few days of ice 
growth were found to be likely exaggerated as early ice growth produced by this method can be 
inaccurate and were excluded from the below calculations. 

Location Average daily ice growth 
(cm) 

Maximum daily ice growth 
(cm) 

Accumulated ice loss 
(cm) 

Whitecourt 5.51 17.25,  14.93 

Athabasca 4.92 16.75 15.85 

Fort McMurray  7.11 24.98 9.12  
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2.5 Results and discussion 

2.5.1 Isotope analysis 

When the SWI values from the streamflow and the ice cores samples are plotted in delta-delta 

space (figure 2.3), the water-ice fractionation relationship can be seen clearly. Streamflow samples have 

a linear relationship with congelation ice, where the congelation ice has a more positive isotopic 

signature due to fractionation. At each of the sampling locations congelation ice displayed minimal 

variation over the ice growth period with a range of +/- 1.00 ‰ δ180 and +/- 6.0 ‰ δ2H. 

When collecting ice core samples for Fort McMurray, all of the ice samples were initially 

recorded as white ice. Typically, white ice has not been used in reconstructing streamflow, however, the 

reliability of this ice was tested and similar results/patterns to “black ice” cores collected at Fort 

McMurray and ice core samples from the Athabasca River upstream of this location were found. Due to 

the proximity of Fort McMurray to the Grand Rapids, the dominance of white ice is attributed to having 

been formed in conditions with turbulent water flow. This explanation for the ice formation process was 

supported by the clear evidence of ice jams at Fort McMurray. The single sample that remained 

classified as white ice for Fort McMurray was the oldest ice sample. This sample had a distinctive 

difference from the rest of the ice core, suggesting that it was formed from post-freeze-up complexities 

such as flooding or snow incorporation. While there were no streamflow samples collected at Fort 

McMurray, the similarities of the ice core samples to those collected upstream at Athabasca indicate 

that the ice at Fort McMurray is a fairly accurate representation of streamflow for Fort McMurray. The 

application of this methodology, using white ice samples that have formed through distinctive processes 

which would capture the ice archive, offers a larger use case for this methodology than was originally set 

out by Gibson & Prowse (1999, 2002). 
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When looking at the SWI analysis, white ice exhibited two distinctive groups that form through 

two different processes (figure 2.3). The first group of white ice has SWI values that are situated 

between the streamflow and congelation ice samples. These white ice samples were all collected from 

the oldest ice at Athabasca and are likely formed by the accumulation of frazil ice. The sampling location 

at Athabasca was just upstream of a large bend in the river, which may have resulted in frazil 

accumulation. The Water Survey of Canada also collects ice samples at a location 500m upstream of the 

location selected for this study (Environment and Climate Change Canada, 2018); this potentially 

indicates that moving upstream would reduce the amount of frazil captured as white ice. The second 

group of white ice samples had a more negative SWI value when compared to streamflow and are 

further away from the GMWL. These white ice samples are likely formed by snow on ice that had melted 

and refrozen, as snow on the upper layer of ice is common (Gibson & Prowse, 2002). White ice samples 

were removed from the data set and not used in reconstructing the isotopic composition of streamflow. 

However, the white “snow” ice samples were utilized to estimate the isotopic value of the snow that 

formed them. 

2.5.2 Ice-water fractionation 

average offset between ice and water was calculated as δ180ice = 1.00294 δ180water and δ2H ice 

= 1.0181 δ2H water (figure 2.4). These differences were found to be comparable to α values obtained 

from the existing literature (table 2.2). Note that these offsets imply that systematic fractionation has 

occurred between water and ice upon freezing, whereby ice has become enriched in the heavy isotopic 

species compared to the formation water. 
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Table 2.2: Reported values for enrichment of water to ice, collected experimentally from moving fresh 
water and in the field from rivers in Northern Canada.  

Author Method εeff 
δ180 (‰) 

εeff 
δ2H (‰) 

Number of 
samples 

O’Neil, 1968 Experimental 3.0 +/- 0.1 18.7+/- 0.7 2 
Gibson & Prowse, 1999 Field Study 2.94 +/- 0.33 19.5+/-1.6 14 
Gibson & Prowse, 2002 Field Study 2.84+/- 0.34 17.9+/- 3.9 20 

My results Field Study 2.94+/-0.48 18.1+/- 2.8 32 
 

The ice-water separation slopes ranged from 1.00341 to 1.00258‰ for δ180 and 1.0209 to 

1.0158‰ for δ2H. By site, the average ice-water fractionation was 1.00301 for δ180 and 1.0184 for δ2H 

for Whitecourt and 1.00287 for δ180 and 1.0178 for δ2H for Athabasca. The calculated ice-water offset in 

this study was within the range of values recorded in the literature from both experimental and field 

studies (table 2.2). The calculated ice-water separation for δ180 was identical to the value calculated by 

Gibson and Prowse (1999) and δ2H was similar to Gibson and Prowse (2002). The range of error for δ180 

( +/-0.48 ‰) was larger than the values recorded in the existing literature, while the range of error for 

δ2H (+/- 2.8 ‰) fell within the range of error from previous studies. The range of error in the ice-water 

separations for this study is likely increased from natural levels because streamflow samples, which 

capture a moment in time, are being compared to ice samples that integrate both a range of time and 

conditions, while also being ‘proxy’ dated based on an approximate ice growth model. However, the 

variability in isotopic separation is roughly 2-2.5 X the analytical uncertainty of 0.2‰ δ180 and 1.0‰ δ2H, 

and still provides a useful potential constraint on overwinter changes in the isotopic composition of 

streamflow. This finding appears to suggest consistent fractionation conditions and supports use of the 

methodology applied previously by Gibson and Prowse (1999, 2002) to reconstruct overwinter 

streamflow from limited ice core data collected in late winter. 

The calculated ice-water fractionation values were applied to the SWI values of the congelation 

ice, to provide a reconstruction of the isotopic composition of streamflow at each site (figure 2.5). 
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Isotopic measurements from streamflow over the winter, as well as samples taken in August 2016, prior 

to freeze-up, and in May 2017, following break-up (displayed in pink), provide a guideline for the 

possible range of the reconstructed isotopic composition of streamflow. At Whitecourt, the 

reconstructed isotopic composition of streamflow from congelation ice is within the range of the winter 

streamflow that was sampled, with the exception of one sample. At the Town of Athabasca, the 

reconstructed isotopic composition of streamflow from congelation ice has less variation than 

Whitecourt and fits within the range of winter streamflow, with the exception of two samples. All three 

of the reconstructed streamflow values that did not fit within the range of winter streamflow samples fit 

between the range of the streamflow samples collected in August 2016 and May 2017. This indicates 

that these reconstructions are likely to have accurately represented the isotopic composition of 

streamflow and that the limited winter sampling of streamflow did not capture the entire range of 

values. As streamflow was only collected at Fort McMurray in May 2017, streamflow values from the 

Town of Athabasca are used as proxies for this location.  

The calculated ice-water fractionation value for the SWI was also applied to the “snow” ice to 

provide a reconstruction of the isotopic composition of the snow that formed this ice (figure 2.5). Using 

this methodology, the snow at Whitecourt was approximated to be -22.59‰ δ180 and -175.5‰ δ2H and 

the snow at Fort McMurray was approximated at -21.43‰ δ180 and -169.7‰ δ2H. Both of these values 

are relatively close to the GMWL and reflect similar values for snow as samples collected in May 2017 

which can be found in Chapter 3 of this thesis. 

2.5.3 Reconstructing the isotopic composition of streamflow using ice cores 

By comparing the measured isotopic composition of streamflow to the reconstructed isotopic 

composition of streamflow over time, the accuracy of the reconstruction can be assessed (figure 2.6). 

Error bars are set to the instrumental uncertianty of 0.2 ‰ δ180 and 1.0 ‰ δ2H to highlight the potential 



33 

 

range in instrumental error. Overall, the reconstructed isotopic composition of streamflow overlaps with 

the measured isotopic composition of streamflow for the majority of the samples. Athabasca only had 

one sample where the reconstruction did not overlap, Whitecourt has two streamflow samples for each 

isotope that do not overlap and Fort McMurray has two δ180 and four δ2H samples that do not overlap.  

Of the reconstructed samples that did not overlap with the measured values for streamflow, the 

largest difference was +/- 0.94 ‰ δ180 and +/- 4.7 ‰ δ2H at Athabasca. This sample was in core 2 at 

Athabasca, with core 1 accurately reconstructing streamflow within the margin of instrumental error. 

This discrepancy in core 2 occurs at the start of the ice record and may be due to a portion of snowmelt 

being incorporated into the ice while it was forming. In comparison, the streamflow samples that don’t 

overlap with the reconstructed values from Whitecourt and Fort McMurray were likely partially caused 

by the thickness of the ice samples, producing an average value that reduces variability in the 

reconstruction. This occurs when each sample is an average rather than a direct sample. This is 

especially evident in the late winter samples at Fort McMurray. The reconstructed streamflow at Fort 

McMurray has the largest percentage of samples that do not overlap with measured streamflow: 22% of 

δ180 samples and 44% of δ2H samples. As streamflow was not collected directly in Fort McMurray this 

result is not unexpected. However, in Fort McMurray three of the four samples that do not overlap for 

δ2H and one of the corresponding δ180 samples have more negative isotopic compositions than 

streamflow and occur in the second half of the ice-on period where ice cover should be established. As 

streamflow in Fort McMurray is expected to have a larger contribution of evaporatively enriched source 

waters than Athabasca, these four samples are considered to be a reliable reconstruction of streamflow. 

Following this assumption only the oldest streamflow sample and reconstructed ice value for Fort 

McMurray would not overlap. Overall, 6.25% of the total streamflow samples from Whitecourt and 

Athabasca do not overlap with the reconstruction, not taking into consideration the sample from core 2 

at Athabasca. This suggests that using this method of streamflow reconstruction produces accurate 
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results when streamflow samples contaminated with post freeze-up complexities have been removed. It 

is recommended that smaller sections of ice cores be utilized to increase the precision of the 

reconstruction of streamflow. 

At Whitecourt, the overall trend was that the isotopic composition of streamflow became more 

negative early in the winter before leveling off in January (figure 2.6). There were two brief negative 

shifts in the reconstruction of streamflow that are not reflected in the measured isotopic composition of 

streamflow. The decline and leveling off of the isotopic composition of streamflow corresponds with 

freeze up, as surface water inputs become reduced during this time and the relative contribution of 

groundwater increases. The first brief negative shift in the reconstruction of streamflow occurs in the 

oldest congelation ice sample that was collected. This sample, while physically resembling congelation 

ice, isotopically appears to be a mixture containing roughly 25% of snowmelt that has melted and 

refrozen. The second shift occurring between December 6-9th aligns with the coldest air temperature 

and the fastest ice growth. Due to rapid ice growth during this time period, it is likely that fractionation 

was reduced from 2.94 to 2.34‰ δ180 and from 18.1 to 12.5 ‰ δ2H. If this updated fraction value is 

used the reconstruction would align with streamflow. It is unlikely that this shift is caused by a change in 

source water contributions, an event with approximately 56 % snowmelt would need to occur. This 

seems unlikely due to the extremely cold temperatures at this time.  

At Athabasca, the reconstructed isotopic composition of streamflow remains relatively constant 

over time (figure 2.6). There are two exceptions to this; the oldest samples at the start of the ice growth 

period in core 2 and several positive shifts in streamflow that occurred near the end of the ice growth 

period that were not captured in the reconstructed isotopic composition of streamflow. Examining the 

start of the ice growth period, the oldest samples of core 2 appear to be a mix of the white ice in the 

sample above and streamflow; the 2 samples have roughly 69% and 56% white ice mixed with 

streamflow. Examining the end of the ice growth period, the positive shifts in the measured isotopic 



35 

 

composition of streamflow are observed in January between the 15th to 18th, 27th to 29th and February 

12th to 17th. These time periods correspond with temperatures above 0°C. In response to these events, 

streamflow becomes more positive for both δ180 and δ2H, with δ180 remaining positive for a period of 

time following the event. This indicates an increased contribution of an evaporated water source during 

these positive shifts. However, the reconstructed isotopic composition of streamflow does not capture 

these positive shifts. This is potentially due to the lack of ice growth during these warm periods, which 

would mean the increase in surface water contribution was not captured. In addition, ice samples during 

this time accounted for large periods of time and additional precision would have been gained from 

collecting smaller ice segments. 

Insight about source water contributions to the Athabasca River between Athabasca and Fort 

McMurray is gained from comparing the reconstruction of streamflow at Fort McMurray to the 

streamflow data collected from Athabasca (figure 2.6). Between Athabasca and Fort McMurray are the 

Grand Rapids, several tributaries including Lac La Biche, and numerous wetlands. The Grand Rapids 

prevent the Athabasca River from freezing up completely and create a pathway for snow and other 

source waters to enter the river directly. In addition, evaporatively enriched source waters accumulate 

as you move downstream. This may allow evaporatively enriched surface water from upstream to be 

incorporated into the ice cover in Fort McMurray once temperatures have dropped. This combination of 

the pathways for source waters to enter streamflow and the accumulation in evaporation sources likely 

accounts for why the reconstructed streamflow at Fort McMurray reacts more abruptly to changes in 

source waters in comparison to Athabasca. Following warm temperatures, the reconstruction of 

streamflow at Fort McMurray aligns with the streamflow samples for Athabasca. This indicated that 

evaporatively enriched water sources were captured in the river ice stratigraphy. This pattern was 

captured despite Fort McMurray having the largest ice segment samples of all three sites. If smaller 
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segments were collected it is likely that Fort McMurray would see additional variability, which would 

exceed what was measured in the streamflow at Athabasca.  

2.5.4 Recommendations for future work 

The preliminary results from this study support the use of this methodology as a proxy for 

streamflow sampling when streamflow sampling is not feasible during the ice-on period. In future 

studies, it is recommended that thinner sections of ice be collected. This would provide greater 

precision in the values obtained from each ice section, and in turn result in a higher resolution for the 

time-series created from the reconstruction of the isotopic composition of streamflow. During the ice 

core extraction, it would also be beneficial to collect SWI samples from both streamflow and snow as 

has been done by previous studies (Gibson & Prowse, 1999, 2002). In addition, it is recommended that 

the oldest congelation ice samples be scrutinized as a mixture of snow and streamflow was found in 

several of the locations sampled. 

While this methodology appears promising, several uncertainties still remain, which could be 

the focus of future research. This includes utilizing high-frequency streamflow sampling to better access 

the accuracy of this methodology at capturing high variability in winter conditions. In addition, further 

studies should explore the accuracy of this methodology under various ice growth conditions such as 

early ice growth, growth under extremely cold periods, ice growth in locations with turbulent conditions 

and in more temperate climates where temperature fluctuations are commonly above 0°C, resulting in a 

lack of ice growth and potential for ice loss.  

This methodology provides an inexpensive, high-resolution solution to collecting a record of 

winter streamflow in comparison to traditional techniques that may require multiple visits to remote 

locations in undesirable weather conditions. By collecting additional source water data, this 

methodology could be used to calculate the contribution of each source water to streamflow over the 
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ice growth period and the flow origins. In addition, this methodology could be used to generate multi-

year streamflow records, which could provide insights for monitoring the hydrological regime of the 

river and allow relationships between source waters and warming temperatures to be established. To 

date, this methodology has only been implemented in Northern Canada. However, this methodology 

could be used in cold regions globally. This methodology is limited in temperate areas where 

temperatures frequently fluctuate above 0°C during the ice-on periods, as warm conditions lead not 

only to a lack of ice growth but potentially also a loss of this ice archive. 

2.6 Conclusion 

In conclusion, this study furthers the methodology of Gibson and Prowse (1999, 2002) by 

demonstrating its efficacy as a tool to reconstruct the isotopic composition of streamflow using river ice 

stratigraphy. The ice-water fractionation values calculated over the study period aligned with values 

determined by previous studies, supporting the idea that use of a single point in time calculation for ice-

water fractionation could be sufficient when additional sampling is not plausible. In comparing the 

reconstructed isotopic composition of winter streamflow with the measured isotopic composition of 

streamflow, 93.75% of samples appeared to be reliable supporting the accuracy of this methodology. 

However, it is recommended that to capture higher precision in streamflow smaller ice segments be 

collected in future studies. 

Site-specific changes in the middle reaches of the Athabasca watershed provided insight into the 

processes involved in ice formation and shifts in source water contributions. The reconstruction of 

streamflow at Whitecourt became progressively more depleted over time, likely due to the reduced 

influence of surficial waters, increasing the relative contribution of groundwater. The reconstruction of 

streamflow at Fort McMurray indicated that evaporatively enriched source waters were contributing to 

the isotopic composition of streamflow during periods when temperatures were above 0°C. This 
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indicated that surface waters from lakes and wetlands were being captured in the ice column. In 

comparison, this effect did not occur in the streamflow reconstruction at Athabasca, despite the 

streamflow samples capturing this trend.  

This methodology offers a promising solution to collecting a winter streamflow record when 

sampling is not feasible in cold climates, where temperatures do not frequently exceed 0°C during the 

winter months. Greater uptake of this methodology could allow multi-year records of winter streamflow 

to be easily produced, providing data sets that could assist in assessing how source water contributions 

to streamflow shift under warming winter conditions.  
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Figure 2.1: The Upper and Middle Athabasca watershed with source water locations for glacial melt, surface water, and winter sampling 
locations indicated.  The isotopic composition of glacial melt, groundwater and snowmelt are displayed in ‰ δ18O. 
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Figure 2.2:  Steps in the collection of ice core samples. A)  The use of an auger to collect an ice core, 
B) the ice core after it had been removed, beside a metre stick for reference, C) a section of ice core 
separated by either a natural break or manual cut. 
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Figure 2.3: Delta-delta space displaying the isotopic values of the ice and streamflow samples collected during this study. The Global 
Meteoric Water Line is displayed as a solid line for reference.  
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Figure 2.4: The range of fractionation found for both δ2H and δ18O calculated using the isotopic 
values of congelation ice and streamflow that corresponded by date. Fractionation had a range of 
1.00341 to 1.00258 for δ18O and1.0209 to 1.0158 for δ2H. Lines depict minimum, maximum and 
average values (shown above). 

 



45 

 

 

Figure 2.5: Delta-delta space for A) is Whitecourt, B) is Athabasca and C) Fort McMurray. 
Streamflow samples were not collected in Fort McMurray directly, with the exception of May 2017, 
due to this samples from Athabasca are displayed above for Fort McMurray. The GMWL is displayed 
as a solid line for reference. 
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Figure 2.6: A comparison of the isotopic values of streamflow (black) and the reconstruction of 
streamflow (grey core 1, blue core two). Temperature and the ice growth model are also include. 
Error bars were determined using the values for instrumental uncertainty of 0.2 δ18O and 1.0 δ2H. 
The values of streamflow for Fort McMurray are displayed as a dotted line as data from Athabasca 
was used. 
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Chapter 3. Assessing seasonal source water contributions in the 

Athabasca River Basin, Alberta, Canada 

Abstract 

The Upper and Middle reaches of the Athabasca River provide essential water resources for 

economic and environmental water needs in the Province of Alberta. While the Lower reaches of the 

Athabasca are the subject of many studies, stable water isotope analysis has been limited in the Upper 

and Middle Athabasca, leaving a gap in the understanding of how snow and glacial melt resources are 

translated into the freshwater supply. The McLeod, a sub-catchment in the Middle Athabasca was also 

analyzed to provide a comparison to the larger more complex Athabasca catchments. This analysis used 

hydrograph separation to explore source water trends in streamflow for snowmelt, glacial melt, 

groundwater and evaporatively enriched surface waters, such as lakes and wetlands, over a hydrological 

year from August 2016 to August 2017. Synoptic sampling campaigns were targeted to time periods 

when each source water would be at its highest contribution to streamflow.  The results from this 

analysis provide a baseline understanding of spatial, seasonal and annual source water trends in the 

region. Key spatial trends included an accumulation in surface water downstream in the catchment, a 

result found in other studies in the region, and the identification of key inflows where snowmelt 

composes a high proportion of streamflow. Key seasonal trends included confirmation of dominant 

source waters and the importance of evaporatively enriched water sources to streamflow during low 

flow conditions. Analysis of annual trends identified that the source water proportions in the McLeod 

formed a cyclical pattern as seen in other catchments in the region. However, the Middle Athabasca did 

not display a cyclical pattern due to low source water variability over the year.  Key differences in the 

source water trends in 2016 and 2017 were also noted. These differences were linked to temperature 
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and precipitation, where the conditions in 2016 resulted in a greater amount of glacial ablation and a 

shorter period when streamflow was fed by snowmelt. In comparison, the conditions in 2017 resulted in 

a larger snowpack which remained a key portion of streamflow in the Upper and Middle reaches of the 

Athabasca into the late summer.  Maintaining snowpack into the late summer also reduced glacial 

ablation, resulting in glacial melt being a lower proportion of streamflow in 2017 in comparison to 2016. 

This analysis also demonstrated that the proportion of snowmelt could be traced from the headwaters 

of the Athabasca River to the outflow of the Middle Athabasca and that under some conditions, glacial 

melt proportions could also be traced into the Middle Athabasca despite the complexities of this large 

catchment. While this research offered a baseline into trends across the Upper and Middle Athabasca, 

future studies which could provide higher resolution sampling of streamflow and source waters across 

the catchment are recommended. 

3.1 Introduction 

Snow and glacial melt are essential water resources in the northern hemisphere and 

mountainous regions globally; however, due to the warming climate these resources are becoming 

reduced and the timing of snow and glacial melt entering streamflow is shifting.  The Intergovernmental 

Panel on Climate Change (IPCC) has high confidence that global glacier extent is declining and that 

snowmelt is occurring sooner, affecting the seasonality of streamflow in snowmelt-dominated 

catchments and ultimately, the quantity of water available (IPCC, 2022). Warming trends are more 

pronounced in cold regions of the northern hemisphere, with the greatest warming occurring in winter 

months (Aygün et al., 2020).  While elevational warming trends are not still completely understood, 

warming typically occurs faster at higher elevations creating further impacts on mountainous regions 

(Pepin et al., 2022, Rangwala et al., 2015). Between 1967 and 2012 snowmelt in the northern 

hemisphere decreased by 1.6 % per decade in March and April and 11.7% per decade in June, and the 
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largest reduction of snowpack is now occurring a month sooner than in previous decades (IPCC, 2015). 

Climate models are projecting the ratio of rainfall to total precipitation will increase in the northern 

hemisphere, reducing the snowpack further (Aygün et al., 2020, IPCC, 2022).  Due to the decreasing 

snow accumulation in the winter, followed by a shift to an earlier peak runoff, snowmelt-dominated 

regions are the areas most sensitive to warming temperatures (Barnett et al., 2005).  

The most recent IPCC report indicated high confidence in the link between reduced water 

resources in snowmelt-dominated catchments and resulting negative effects on human systems and 

ecosystems (IPCC, 2022). This can be linked to the occurrence of earlier peak runoff caused by climate 

change, which is often too large to be captured and stored by reservoirs, leading to reduced availability 

of water resources later in the dry season (Barnett et al., 2005). Climate change scenarios also predict 

larger, more frequent forest fires and hydro-climatic extremes, such as floods and droughts; this is 

expected to lead to anthropogenic changes in behavior, such as increased energy demands during 

extreme high and low temperatures (Eum et al., 2017; IPCC 2022; Prowse et al., 2006; Voutchkova & 

Miller, 2017). In snowmelt-dominated regions, baseline and modeled future conditions for annual snow 

and glacial melt are needed by water resource managers to determine strategies for water use and 

storage, including balancing allocations for anthropogenic uses (such as domestic use, industry, 

agriculture, tourism, recreation and hydropower) and water requirements for ecological processes 

(Prowse et al., 2009; Voutchkova & Miller, 2017).  

Having a baseline of the relative magnitudes of contributions from different source waters is key 

to making water management decisions. Stable water isotopes (SWI) have been used as a tracer in a 

range of scales, from micro to continental, and across a variety of ecosystems, including remote areas 

where other methods are not feasible (Birks & Gibson 2009; Edwards et al., 2004).  SWI are an ideal 

tracer as they occur naturally and are conservative and their values change systematically through water 

cycle phase changes (Birks & Gibson 2009). The ability to differentiate water based on the processes it 
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has undergone allows SWI to be used for identifying different source waters in streamflow (such as 

surface water, snowmelt, glacial melt and groundwater) and quantifying the proportions of each water 

source in a sample (Gibson et al., 2005). Therefore, SWI represents a key method for researching 

environmental change and supports many applications, such as water resource management, including 

the advancement of our understanding of hydrological processes and pathways, forecasting of water 

availability during extreme conditions, such as floods and droughts, and exploring impacts related to 

climate change (Aggarwal et al., 2005; Gibson et al., 2021).  

SWI have been used extensively in hydrological research, however, research has largely focused 

on headwater regions and small catchments. Larger catchments can provide insight into large-scale 

hydrological patterns but research has been previously limited due to the increased complexity of these 

systems. This has resulted in calls for additional research in larger catchments with less existing 

instrumentation (Aggarwal et al., 2005; Gibson et al., 2005; Hemming et al., 2007). In response to this 

knowledge gap, Gibson et al., (2020) and Gibson et al., (2021) completed the first Canada-wide study 

and isotope data set, which is applicable to a variety of water management purposes. However, future 

work is still needed as many large catchments have not been studied and do not have records of 

baseline conditions.  

The objective of this study is to determine the proportions of seasonal source waters in the 

Upper and Middle Athabasca Watershed and explore spatial, seasonal and annual trends. This will be 

accomplished using stable water isotopes (SWI).  This work builds on the winter streamflow dataset 

obtained in Chapter 2. In addition, this study will also compare trends from the Athabasca River to a 

smaller sub-catchment, the McLeod River. Results from this study will provide information on current 

seasonal source water proportions as a baseline for water resource managers. 
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3.2 Theory 

3.2.1 Source water characteristics 

In snowmelt-dominated catchments, streamflow is often dependent on source waters from 

headwaters, typically precipitation-derived snow and glacial melt, which mixes with groundwater and 

enriched surface water bodies downstream. Precipitation in liquid form is episodic, while snow and ice 

are stored and released continuously as snowmelt (a mixture of winter precipitation) and glacial melt (a 

mixture of long-term precipitation). Groundwater is typically recharged by precipitation or seasonally by 

snow and glacial melt, as dependent on local factors such as topography and geology, which means 

groundwater is composed of water sources that have undergone limited evaporation (Fan et al., 2014; 

Penna et al., 2014; Yang et al., 2011). Evaporation occurs in surface water bodies such as lakes and 

wetlands, where water has relatively long residence times (Yi et al., 2010).  

3.2.1.1 Isotopes in precipitation  

Precipitation exhibits a linear relationship between the SWI 18O and 2H, which has been 

averaged globally to form the Global Meteoric Water Line (GMWL), δ²H = 8 δ18O + 10 (Craig, 1961). 

Variation in regional or local precipitation can also be expressed by local meteoric water lines (LMWL) 

(Kendall & McDonnell, 1998). Isotopic values for precipitation are highly variable over space and time 

depending on the SWI composition of the original water source and the frequency of evaporation and 

condensation of the precipitation (Kendall & McDonnell, 1998). Due to this, air masses originating from 

different locations can produce significantly different isotopic values for precipitation over the same 

area (Kendall & McDonnell, 1998). Fractionation of SWI is influenced by temperature, with colder 

temperatures resulting in an increased depletion of SWI as less evaporation occurs (Kendall & 

McDonnell, 1998). This can be seen seasonally with winter precipitation being more depleted than 

summer precipitation by approximately 0.5‰ per °C for δ18O (Dansgaard, 1964; Edwards et al., 2004). 
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Altitude effects can also be observed where the isotopic composition for precipitation becomes more 

depleted as altitude increases due to orographic effects at a rate of ~0.28 ‰ δ18O per 100m for 

elevations below 5,000 m (Poage & Chamberlain, 2001). In snowmelt-dominated catchments, an 

altitude effect is common due to the higher elevations present in mountainous headwaters (Dalai, 

Bhattacharya & Krishnaswami, 2002; Jeelani et al., 2016; Meier et al., 2013; Ramish &Sarin, 1992). In 

addition, as air masses pass over mountain ranges they become increasingly depleted as the heavy 

isotopes condense first at lower elevations, leaving a higher ratio of light isotopes to precipitate out at 

higher elevations. 

3.2.1.2 Isotope Fractionation of surface water 

 In surface water, fractionation occurs during evaporation or freezing. Under evaporative 

conditions, lighter isotopes will evaporate out of the water first, leaving a higher ratio of heavier 

isotopes. This creates an evaporatively enriched source water, where the isotopic composition has a 

shallower slope on a plot of δ180 and δ2H, often referred to as delta-delta space when compared to 

precipitation. This is because 2H fractionates more strongly than 18O during evaporation. Regionally, 

water with similar inputs but differing amounts of evaporation will lie on a Local Evaporation Line (LEL), 

which has a linear relationship between δ18O and δ2H (Gibson et al., 2005). The LEL typically has a slope 

between 4 and 6 in Canada, depending on the atmospheric conditions such as humidity and 

temperature (Edwards et al., 2004). In large catchments where inputs from multiple bodies of water are 

present, the isotopic composition for streamflow becomes more positive as you move downstream due 

to the cumulative effects of evaporatively enriched water mixing with streamflow (Yi et al., 2010).  

3.2.1.3 Mixing of source waters 

The isotopic composition of streamflow over space and time changes proportionately due to the 

inflows of different source waters. The proportions of inflows can be measured, where for example the 
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change in the isotopic composition of the main channel above and below a tributary is proportional to 

the volume of water entering from the tributary relative to the isotopic composition of the tributary. In 

cold regions experiencing seasonal variability, a cyclical pattern in the isotopic composition of 

streamflow may occur (St. Amour et al., 2005). The seasonal cycle can be simplified to the following 

processes which influence the isotopic composition of streamflow. During the winter, when ice cover is 

present, streamflow is largely composed of groundwater. When spring freshet begins, the isotopic 

composition of streamflow shifts to become more negative due to the influence of snowmelt. Following 

the freshet, warm temperatures evaporatively enrich the signature of surface water bodies, which mix 

with streamflow and create a more positive isotopic composition. Finally, streamflow returns to being 

largely composed of groundwater during the winter when ice cover reduces the influence of evaporative 

sources to streamflow and the cycle begins again. 

3.2.2 Seasonal collection of stable water isotopes 

SWI studies in snowmelt-dominated catchments often report on one to two hydrologic years, 

where annual variability in streamflow is captured in "snap-shots". Due to the importance of snowmelt 

contributions to streamflow during the spring melt, and glacial melt during late summer, the times 

commonly studied are spring and late summer (Cable et al., 2011; Marchina et al., 2014; Sun et al., 

2016; Williams et al., 2016). In glacially-fed headwater catchments, either glacial melt and/or snowmelt 

typically make up high contributions to streamflow in summer low-flow conditions (Cable et al., 2011; 

Fan et al., 2014; Fan et al., 2016; Jeelani et al., 2016; Kong & Pang, 2012; Marchina et al., 2014; Penna et 

al., 2014; Sun et al., 2016; Williams et al., 2016). Downstream of the headwaters, streamflow can 

include evaporatively enriched water sources when water was held in reservoirs, or the velocity was 

slowed by plains or deltas (Marchina et al., 2014; Rock & Mayer, 2007; Sun et al., 2016). 
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Hydrological research during ice-on periods is underrepresented in the literature. A better 

understanding of this time period is becoming increasingly imperative as winter warming trends are 

leading to shifting hydrological patterns (Prowse and Beltaos, 2002). The limited research available 

during ice-on conditions is in part due to the difficulty associated with reaching remote areas in winter 

conditions and sampling streamflow below ice cover. River ice stratigraphy, while not extensively tested, 

is promising as a proxy of hydrologic conditions over the ice growth period in cold climates where the 

winter temperatures stay consistently below zero (Gibson & Prowse, 1999, 2002). Cold temperatures 

preserve a seasonal record in the ice and, by combining this with the ice growth rate, a timeline of the 

conditions when the layers of ice formed can be reconstructed. To date, SWI collected from river ice 

cores have been used with success when compared to experimental results (Gibson and Prowse,1999; 

2002). In Chaper 2 of this thesis, this methodology is further tested with the results supporting this 

methodology as a potential solution to data gaps in hydrological studies during the ice-on period. 

Further work would allow source water contributions of winter streamflow to be calculated. 

3.2.3 Hydrograph separation 

In order to partition a streamflow sample into the various source waters it is composed of 

hydrograph separation is a methodology that is frequently used. SWI are the most used tracers in 

hydrograph separation (Birks & Gibson 2009), as source waters are naturally isotopically labeled. This is 

due to the systematic fractionation source waters have undergone during the hydrologic processes they 

underwent to reach their current location, which results in source waters typically differing isotopically 

from one another (Gibson et al., 2016). Using multiple tracers allows for the use of more source waters 

to be included in the analysis as well as more complex hydrograph separation techniques (Klaus & 

Mcdonnell, 2013). Electrical conductivity is commonly used in combination with stable water isotopes 

(Jeelani et al., 2016; Lambs 2000; Penna et al., 2014).  
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Hydrograph separations utilizing stable water isotopes have been widely used in a variety of 

environments and catchment sizes to improve our understanding of hydrologic systems (Gibson et al., 

2005). In snow and glacialmelt-dominated catchments, the majority of analyses to partition sources to 

streamflow is done using both a two and three-component hydrograph separation (Fan et al., 2014; 

Jeelani et al., 2016; Kong & Pang, 2012; Williams et al., 2016). Studies of larger catchments rarely 

quantify sources to streamflow, instead opting to simplify this process by looking at trends and 

comparing the value of streamflow to the value of source waters (Lambs et al., 2012; Marchina et al., 

2014; Meier et al., 2013), or to provide overall general values for the river or region (Fan et al., 2014; 

Fan et al., 2016; Sun et al., 2016). This is because large catchments are complex, reflecting the 

cumulative influence of a variety of hydrological processes (Gibson et al., 2005). 

3.3 Study area 

The Athabasca River Basin (ARB) is a large snowmelt-dominated basin, that provides key 

economic and environmental benefits. The Athabasca River is the largest unregulated river in Alberta, 

with the ARB covering approximately 24% of the province (Athabasca River Basin Research Institute, 

2022). The headwaters for the Athabasca River are located in the Columbia Icefield, on the Eastern 

slopes of the Canadian Rocky Mountains. From the headwaters, the Athabasca River flows 1500km 

northeast, eventually draining into the Arctic Ocean. The ARB itself is home to approximately 170,000 

residents who live in largely rural areas; the region has fourteen Indigenous reserves, one city, twelve 

towns and twenty-two municipalities (Athabasca River Basin Research Institute, 2022). 

The Athabasca watershed is divided into three segments: the Upper, Middle and Lower 

Athabasca. This study will focus on the Upper and Middle reaches of the ARB (figure 3.1). The Upper 

Athabasca has mountainous terrain, including alpine glaciers and is largely protected within the 

boundaries of Jasper National Park terminating at the Town of Whitecourt. The Middle Athabasca begins 
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with forested foothills, many of which contain coal, before flowing through urban and agricultural areas. 

This section of the Athabasca has three main tributaries: the McLeod, Pembina and Lesser Slave, two 

large water bodies: Lesser Slave Lake and Lac La Biche and many wetlands which become more 

numerous as you move downstream. There are also several moderately sized urban centers (population 

8,000-10,000) in the Middle Athabasca, these include Hinton, Edson and Whitecourt. Overall, the study 

area is composed largely of forested areas (37%) and wetlands (32%), with developed areas accounting 

for less than 1% of the area.  

The Lower Athabasca, which is excluded from this study, begins at the City of Fort McMurray 

and contains the Canadian oil sands. The Athabasca River terminates at Lake Athabasca before draining 

into the Peace Athabasca Delta (PAD). The PAD is located within Wood Buffalo National Park, an area 

recognized for its global significance through a World Heritage Site designation bestowed by the United 

Nations Educational, Scientific and Cultural Organization (UNESCO). This recognition is due to the unique 

characteristics of the PAD, as it contains a large inland freshwater delta, salt plains, many migratory bird 

species and free-roaming wood bison (UNESCO World Heritage Centre, 2022).  

The Athabasca River is vital to economic and domestic activities in the region including 

agriculture, forestry and recreation, tourism, electrical power generation and oil sands operations 

(Cheng et al. 2017; Eum et al. 2017; Prowse et al., 2009; Rood et al. 2015). Approximately 5% of the 

annual flow from the Athabasca River is allocated to water resource users (Government of Alberta, 

2017). Water needs are expected to increase for industry, agriculture, commercial, municipal and 

habitat enhancement projects (AMEC Earth & Environmental, 2007). However, Climate change poses a 

serious threat to the stability of water resources in the ARB and increased industrialization coupled with 

population growth will only further pressure the system, threatening to reduce the water needed for 

ecosystem services.  
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Over the past 100 years, the temperature over the ARB has generally increased, with the 

greatest warming occurring downstream and during the winter months (Cheng et al., 2017). 

Temperature is projected to increase significantly in the ARB, resulting in warm, drought-like summers 

(Bonsal & Cuell., 2017; Cheng et al., 2017; Lima & Wrona, 2019; Zhou et al., 2018). Warming winter 

temperatures are expected to shift a portion of precipitation, which currently falls as snowfall, to 

rainfall; this would lead to an increase in snowmelt and snow ablation over the entire watershed, with 

the reductions being most pronounced in the high elevations of the Upper Athabasca (Dibike et al. 

2018b). This is projected to decrease snow cover duration by up to 50 days and reduce water storage 

held in the headwaters as snow (Dibike et al. 2018b). In addition, ice cover formation has also shifted 

from late October, now occurring in early November, with breakup typically occurring at the end of 

March or early April (Hutchison and Hicks, 2007; Pietroniro et al., 1998; Prowse et al., 2007; She et al., 

2009).  

Streamflow in the ARB peaks in June or July, following peak snowmelt in late April or May and 

low flow conditions occur in December (Burn et al., 2004). Historically, there has been a decreasing 

trend in mean streamflow (Bawden et al., 2014; Burn et al., 2004; Peters et al., 2013; Schindler & 

Donahue, 2006; Zhang et al., 2001). This has been linked to reductions in precipitation (Peters et al., 

2013) and reductions in snow accumulation in elevations below 2500m, which have been found to be 

vulnerable to loss of snowpack (Newton et al., 2019). This has led to measurable changes in local flow 

patterns, with discharge into Lake Athabasca being reduced by 21% between 1960 and 2010 (Rasouli et 

al., 2013). Future streamflow is projected to increase by approximately 25% in the winter, resulting in an 

earlier, larger freshet, with decreases in the late spring and summer flows of approximately 50% (Eum et 

al., 2017, Dibike et al. 2018, Leong and Donner, 2016).  

The ARB is predicted to experience more frequent hydro-climatic extremes due to climate 

change, such as flooding, drought and wildfires (Prowse et al., 2006; Cheng et al. 2017). Drought is of 
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particular concern for the ARB, as snow accumulation and melt maintain summer streamflow, sustaining 

industrial activities and aquatic habitats (CEMA, 2006). Large-scale droughts could impact the viability of 

the oil and gas industry and negatively impact aquatic ecosystems (Cheng et al., 2017; Dibike et al., 

2018; Lima & Wrona, 2019). In assessing the future water management options for the ARB, Leong & 

Donner (2016) found that additional water storage will be required to maintain industrial water usage, 

as future conditions are likely to result in interrupted production of oil and gas or reduced ecosystem 

function.  

To date there has been limited work done on the Upper and Middle Athabasca utilizing SWI. The 

isotopic signature of the meltwater from the Athabasca Glacier has been collected in two recent studies; 

with results showing similar values over multiple years (Arendt et al., 2015; Robbins 2019). In addition, 

four sites within the Upper and Middle Athabasca were sampled every 1-12 months between 2013 and 

2019 as part of Canada’s first baseline stable isotope dataset for rivers (Gibson et al., 2020). 

Downstream in the Lower Athabasca extensive hydrological research has been conducted, with the 

focus of SWI studies being groundwater and surface water pathways, but to date neither  snow or glacial 

melt contributions to streamflow have been explored in the Lower Athabasca (Birks et al., 2017; Birks et 

al., 2019; Gibson et al., 2011; Gibson et al., 2016).  

3.4 Methodology 

3.4.1- Field collection 

Synoptic SWI sampling campaigns, each occurring over three days and covering up to forty-three 

study sites were conducted in and around the Athabasca watershed in August 2016, May 2017 and 

August 2017. Sampling in May 2017 and August 2017 expanded sampling from August 2016 to include 

Lac La Biche and the Athabasca River at Fort McMurray. Sampling was done to target the main channels 

and major tributaries of the Athabasca and McLeod Rivers. Sampling was timed to capture seasonal 
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highs of snowmelt in May and glacial melt in August, which were identified in the headwaters of the 

Athabasca River by Arendt et al. (2015).  

Time-series of SWI samples were collected from streamflow at two locations between October 

2016 and February 2017. The water treatment centre for the Town of Whitecourt collected eighteen 

samples from the McLeod River, before the convergence with the Athabasca River. The Aspen Regional 

Water Services Commission collected nine samples from the Athabasca River, at the Town of Athabasca. 

In March 2017 ice cores were collected at Whitecourt, the Town of Athabasca and Fort McMurry (figure 

3.1). Utilizing a novel methodology presented by Gibson and Prowse (1999, 2002), a reconstruction of 

the isotopic composition of the winter streamflow was generated from the ice cores using the calculated 

ice-water fraction value. More details on the collection of this data and associated analysis can be found 

in Chapter 2 of this thesis. 

All samples of river water were collected in 30 ml Scintillation Vials following the USGS (2017) 

and IAEA (2017) sampling procedures. Sampling locations with fast-moving water and away from 

convergences of tributaries were selected to ensure the samples would be fully mixed and 

representative of streamflow. In the winter, river water was collected after it had been pumped into 

testing facilities. Following USGS recommendations, samples were stored at ambient temperature in the 

summer as they were processed within one week of collection. Samples were stored in the refrigerator 

for up to five months in the winter before processing (USGS, 2017). In May and August of 2017, a YSI 

probe was used to provide electrical conductivity (EC) measurements as a secondary tracer, in 

conjunction with the SWI sampling. However, EC was not found to have distinctive values for each of the 

source waters and was therefore not included in this analysis. 

Previous studies determined that the source water types in the region were glacial melt, 

snowmelt, groundwater and surface water (Arendt et al. 2015; Birks et al., 2017; Birks et al., 2019; 
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Gibson et al., 2011; Gibson et al., 2016; Robbins 2019). SWI were not collected for glacial melt from the 

terminus of the Athabasca glacier as these values were recently reported over multiple years by Arendt 

et al. (2015) and Robbins (2019). In May 2017, six snow samples were collected in the study area (figure 

3.1). One of these samples, which was collected near Athabasca Falls, was removed from this analysis as 

isotope analysis indicated river water had contaminated the sample. During the SWI analysis, one of the 

samples collected in May 2017 at the Athabasca Glacier was also classified as 100% snowmelt. Snow 

samples were collected in tightly sealed bags and allowed to melt at an ambient temperature before 

SWI samples were collected and electrical conductivity was measured. In August 2017, three 

groundwater SWI samples were collected in the Upper and Middle Athabasca from wells (figure 3.1). 

One of these samples, collected from the McLeod River Provincial Recreation Area, was removed from 

the analysis as there were concerns that this sample was contaminated by river water. This was 

supported by isotopic analysis and a water drinking ban enforced on the water from this well. In the 

collection of groundwater samples, wells were purged until a stable reading for temperature and 

electrical conductivity was reached. Surface water was not directly collected, but tributaries from large 

water bodies were sampled, such as Lesser Slave River and Lac La Biche River. SWI analysis confirmed 

that evaporation had occurred at both of these locations. Aside from snowmelt, other forms of 

precipitation were not included as source waters in this study. To ensure other forms of precipitation 

were not key source waters, sampling was conducted following periods with little to no precipitation.  

3.4.2 Isotope analysis 

 Stable isotopes are expressed in permil (‰) relative to Vienna Standard Mean Ocean 

Waters (VSMOW). Stable water isotope samples collected from streamflow, groundwater and snowmelt 

were processed at the InnoTech Alberta Isotope lab at the Vancouver Island Institute of Technology, 

using a Thermo-Fisher Delta V Advantage IRMS with HDevice and Gasbench. Instrumental uncertainty 

was reported as +/- 0.2‰ 18O and +/- 1.0 ‰ 2H. In lab duplicates from streamflow, samples had a 
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maximum Standard deviation of 0.1‰ 18O and 0.6‰ 2H. Duplicates from the field accounted for 13% of 

total samples and had a maximum difference of 0.20 ‰ 18O and 0.43 ‰ 2H. Additional information on 

the isotope analysis for the ice can be found in Chapter 2 of this thesis. 

3.4.3 Partitioning of source waters  

The Athabasca is a large, complex watershed with seasonal variation. Due to this complexity, 

when partitioning streamflow into source waters a combination of both two and three-component 

hydrograph separations were used based on the identification of source waters for each site. 

Hydrograph separations were conducted for each synoptic survey and the winter period. For each 

synoptic survey, the study area was broken up into the Upper Athabasca, Middle Athabasca and 

McLeod. The following equations conceptualize hydrograph separation in the Athabasca River:  

𝑄𝑇 = 𝑄1 + 𝑄2 + 𝑄3 … 𝑄𝑛   Where 𝑄𝑇 = 1      (3.1)   

1 = 𝑄𝑀 + 𝑄𝑆 +  𝑄𝐺 + 𝑄𝐿                                                                                                   (3.2) 

where total streamflow (QT) is the sum of all the proportion of each of the source waters and 

equal is to 1 (equation 1). This can be rearranged to include the source waters from this study, glacial 

melt (M), snowmelt (S), groundwater (G) and surficial water (L), where the total streamflow is equal to 1 

(equation 2). For this study, of the ARB glacial melt and surface water values were static across the 

analysis, while the values for snowmelt and groundwater varied regionally based on the locations of the 

samples collected in the field.  

Two-component separations utilized a single tracer, 18O (O), where the two-component 

separation is similar to equation 1 but the proportion (Q) is replaced with a tracer (O) (equation 3). By 

rearranging equation 3 the proportions of both of the source waters can be calculated (equations 4 & 5).  
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𝑂𝑡 = 𝑂1 + 𝑂2                                                                                                                        (3.3) 

𝑂1
𝑂𝑇

= 𝑂𝑇−𝑂2
𝑂1−𝑂2

                                                                                                                           (3.4) 

𝑂2
𝑂𝑇

= 𝑂𝑇−𝑂1
𝑂2−𝑂1

                                                                                                                           (3.5) 

 

Three-component separations require two tracers and utilized 18O (O) and 2H (H) as the tracers. 

Three-component separations are similar to equation 1, where the proportions (Q) are replaced with 

both tracers (O & H) (equations 6,7,8). By rearranging and substituting the equations the proportion of 

each source water can be calculated (equations 9,10,11) (Jelinii 2016).  

 

𝑂𝑇 = 𝑄1𝑂1 + 𝑄2𝑂2 + 𝑄3𝑂3                                                                                              (3.6) 

𝐻𝑇 = 𝑄1𝐻1 + 𝑄2𝐻2 + 𝑄3𝐻3                                                                                             (3.7) 

𝑂𝑇𝐻𝑇 = 𝑄1𝑂1𝐻1 + 𝑄2𝑂2𝐻2 + 𝑄3𝑂3𝐻3                                                                          (3.8) 

𝑄1 =
𝑂𝑇𝐻2−𝑂𝑇𝐻3+𝑂2𝐻3−𝑂2𝐻𝑇+𝑂3𝐻𝑇−𝑂3𝐻2

𝑂1𝐻2−𝑂1𝐻3+𝑂2𝐻3−𝑂2𝐻1+𝑂3𝐻1−𝑂3𝐻2
                                                                         (3.9)  

𝑄2 =
𝑂𝑇𝐻3−𝑂𝑇𝐻1+𝑂1𝐻𝑇−𝑂1𝐻3+𝑂3𝐻1−𝑂3𝐻𝑇

𝑂1𝐻2−𝑂1𝐻3+𝑂2𝐻3−𝑂2𝐻1+𝑂3𝐻1−𝑂3𝐻2
                                                         (3.10)     

𝑄3 =
𝑂𝑇𝐻1−𝑂𝑇𝐻2+𝑂1𝐻1−𝑂1𝐻𝑇+𝑂2𝐻𝑇−𝑂2𝐻1

𝑂1𝐻2−𝑂1𝐻3+𝑂2𝐻3−𝑂2𝐻1+𝑂3𝐻1−𝑂3𝐻2
                                                         (3.11) 

In utilizing hydrograph separation to quantify each source water several assumptions are made: 

1) the source waters are significantly different from one another, 2) the values for source waters are 

constant over space and time and 3) contributions from other sources are negligible (Klaus & Mcdonnell, 
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2013). These assumptions cause some limitations on the data being generated as they cannot always be 

fully met. Despite this, hydrograph separation has been proved to provide highly valuable results 

globally in a variety of environments (Gibson et al., 2005). 

3.4.4 Source water identification 

In determining which source waters were likely to be present at each site the study area was 

broken down into the Upper Athabasca, Middle Athabasca, the McLeod and tributaries of these three 

catchments. In the Upper Athabasca, the main channel had the potential to be composed of glacial melt, 

snowmelt and groundwater. In the tributaries of the Upper Athabasca, the same three source waters 

were used, however, some tributaries did not come from glaciated areas and was therefore removed as 

a source water for these locations. The Middle Athabasca had the same potential source waters as the 

Upper Athabasca, with the addition of surface water. Glacial melt was removed as a source water for 

the Middle Athtbasca for August 2016 and winter 2016-2017. This was due to higher than possible 

proportions of streamflow at these locations, that increased in proportion moving downstream away 

from a glacial source. These values could not be explained by the local hydrology and were removed as 

errors that were likely caused by low spatial data for the source waters. The tributaries in the Middle 

Athabasca, the McLeod and the tributaries of the McLeod had the potential to be composed of 

snowmelt, groundwater and surface water.  

In determining the SWI composition for source waters for hydrograph separation, the following 

procedure was used. The SWI composition of glacial melt used the value reported by Arendt et al. 

(2015). Two groundwater samples were used in calculating the SWI composition for groundwater. The 

sample collected in the Upper Athabasca was used as the SWI composition of groundwater in the Upper 

Athabasca tributaries in the Upper Athabasca and for the upper three samples in the McLeod River. The 

sample from the Middle Athabasca was used for the SWI composition of groundwater for tributaries of 
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the Middle Athabasca and the Mcleod. Finally, an average of the two groundwater samples was used for 

samples of the Athabasca River in the Middle Athabasca and the lower portion of the McLeod River. The 

value for surface water was selected from Lac La Biche in 2017 as this was the most evaporatively 

enriched sample in the study. 

The SWI composition of snowmelt across the ARB was highly variable when compared to the 

other source waters. In the Upper Athabasca there were two potential values for snowmelt. The most 

commonly used value came from a sample of meltwater collected at the Athabasca Glacier in May 2017. 

The value of this sample was 0.59‰ δ180, which was more depleted than a snowmelt sample collected 

in the Upper Athabasca further downstream at Beauty falls. The sample of meltwater was selected as 

one of the source water values for snow as it came from a higher elevation and was more depleted, 

which provided a more diverse range of values for source waters, which is preferential for hydrograph 

separation. For select samples in the Upper Athabasca, a secondary snowmelt value was used where 

snowmelt was likely present but the hydrograph separation was not capturing this. This secondary 

snowmelt value was also collected at the Athabasca Glacier but was not as isotopically depleted as the 

other snowmelt sample had a difference of +3.95‰ δ180. In the McLeod, three snowmelt samples were 

collected and were averaged for the source water value. This averaged value was also used for the 

tributaries in the Middle Athabasca. For the main channel of the Middle Athabasca, the source water 

value from snowmelt was calculated by averaging the snowmelt value for the McLeod with the more 

common snowmelt value from the Upper Athabasca. 

3.4.5 Limitations in source water values 

This methodology has several limitations linked to the low resolution of source water data 

collected. Source water samples were assumed to be consistent across multiple seasons and large areas. 

In addition, limited source water sampling occurred over time and a low density of source water 
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samples were collected, reducing the accuracy of SWI values for source waters. This is especially true for 

snowmelt, where the limited samples that were collected showed a high degree of variability, even for 

samples collected at similar elevations. Due to the large size of the ARB and the low density of source 

water sampling, the calculated proportions of source waters in streamflow should be viewed as 

approximations and not true values. Smaller-scale analysis of the ARB would require high-resolution 

sampling to have a more accurate calculation for source water contributions to streamflow.  

3.5 Results and Discussion 

3.5.1 Key trends 

During the three synoptic surveys, a key trend that emerged was that in general the isotopic 

composition of streamflow became more positive downstream in both the Athabasca and McLeod 

Rivers, where distance is measured along the flow path (figure 3.2). This is caused by the mixing of 

tributaries entering the main channel, as the tributaries to the Athabasca and McLeod often have a 

more positive isotopic composition than the main channels. This is supported by a study of the 

Mackenzie River that indicated similar patterns (Yi et al., 2010). The exception to this occurs in the 

headwaters of the Athabasca and McLeod Rivers, where samples were taken from the main channel do 

not always have a more negative isotopic concentration than the samples downstream of them and 

tributaries do not always have a more positive signature. This likely occurred due to the high presence of 

snowmelt in the headwaters, which has a high degree of variation, the lack of isotopically enriched 

surface water sources, and the lower volume of water in the main channel which allows the mixing of 

inputs to more easily affect the overall signature. For example, in August 2017, the first samples in the 

Athabasca River are more positive than the following samples. These samples were taken from above 

and below Sunwapta Lake, which is located in front of the Athabasca Glacier and potentially had a 

higher percentage of glacier melt giving them a more positive isotopic composition than the following 
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downstream samples, which are likely derived from a larger percentage of snowmelt. Similarly, in the 

headwaters of the McLeod River in August 2016 and May 2017, the most upstream sample has a more 

positive signature than those directly downstream. Samples from neighbouring catchments to the 

headwaters of the ARB had similar SWI values. This indicated that neighbouring headwater basins 

source waters have undergone similar processes. 

3.5.2 Trends in the Upper Athabasca, Middle Athabasca and McLeod 

Displaying the isotopic composition from each of the three synoptic surveys on a map and using delta-

delta space plots allowed spatial and seasonal trends to be observed (figures 3.3- 3.5). During all three 

surveys, streamflow samples in the delta-delta plots appear to be mostly contained between the source 

waters glacial melt, snowmelt, groundwater and evaporatively enriched surface water. Groundwater 

appears central in all of the plots and therefore likely contributed a large component of the water 

samples collected. Of the three synoptic surveys, May had the most negative isotopic composition, 

which appears to be due to the prevalence of snowmelt at this time. 

The Upper Athabasca had several samples of interest that require discussion (figure 3.4). In 

May, two of the streamflow samples were more negative than the snow samples collected. These 

samples likely had high concentrations of snowmelt, resulting in more negative SWI values due to the 

limited sampling and high variation present in snowmelt. Only two snowmelt samples were collected 

from Upper Athabasca, which varied by +/-1.56‰ δ180 and +/-4.95‰ δ2H, demonstrating the high 

variability of snowmelt in the region. This is especially evident as the two samples collected had similar 

elevations and snowmelt from different elevations would demonstrate even greater variation due to 

orographic effects (Poage & Chamberlain, 2001). This also explains why the streamflow in the Upper 

Athabasca had higher variability in May than in August of 2016 and 2017. In August 2016 and 2017, 

some of the samples in the Upper Athabasca are above the GMWL, indicating the presence of glacial 
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melt. The samples from the Upper Athabasca in August 2016 and 2017 had the least variation of any of 

the regions or time periods sampled; this is likely due to the limited input of source waters at this time, 

including a lack of highly evaporated source water and limited snowmelt.  

Reviewing the spatial and seasonal trends for the Middle Athabasca, there was a more positive 

isotopic composition for the tributaries than the Athabasca River (figure 3.4). This is linked to the 

presence of large water bodies and wetlands and is supported by the lower slopes these samples have in 

the delta-delta plots indicating evaporation has occurred. In August 2016 and 2017, all of the tributaries 

indicate evaporation, however, in May 2017, the only site which appears to exhibit traits of evaporation 

is Lac la Biche. This indicated that Lac la Biche may be supplied by evaporative source waters 

maintaining a high isotopic concentration over the winter months. Further multi-year sampling from this 

location would be required to confirm this. 

Reviewing the spatial and seasonal trends for the McLeod indicated that streamflow in May 

appears to be largely composed of groundwater and is shifted down the GMWL due to the presence of 

snowmelt (figure 3.5). In comparison, streamflow in August 2016 and 2017 appears to be largely 

composed of groundwater and is shifted towards the evaporative water source. Samples in 2017 have a 

shallower slope in comparison to 2016, indicating evaporation was likely more prevalent at this time. 

3.5.3 Source water contributions 

Source water contributions to the Upper Athabasca, Middle Athabasca and the McLeod were 

calculated for each of the three synoptic sampling surveys and are displayed both as ternary plots and as 

how source waters change moving downstream from the headwaters of the rivers (figure 3.6-3.8). 

Overall, in each of the three regions, groundwater made up the largest portion of streamflow, 

contributing over 50% of groundwater at 79% of the sites sampled. General seasonal and spatial trends 

can also be observed for each of the source waters. Glacial melt in the Athabasca is the highest in 
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August in the headwaters and became a smaller contributor to streamflow downstream. Snowmelt is 

the highest in May. Surface water is the highest in August and became a larger contributor to 

streamflow as you move downstream. 

3.5.3.1 Upper Athabasca  

The Upper Athabasca was composed of the source waters groundwater, snowmelt and glacial 

melt (figure 3.6). Snowmelt was present in every sample in the Upper Athabasca for all three surveys. In 

May 2017, the headwaters had the highest percentage of snowmelt, which decreased moving 

downstream in the Athabasca to less than 1% at Athabasca after Jasper, where the percentage of 

snowmelt began to increase again into the Middle Athabasca. This is linked to the high proportion of 

snowmelt in the tributaries downstream of Jasper. In August 2016, the proportion of snowmelt 

generally decreased moving downstream with the exception of the samples at the Athabasca Icefield 

and at Athabasca falls. In comparison, in August 2017 snowmelt follows a similar pattern to May 2017, 

with the contribution of snowmelt increasing after Jasper.  

Glacial melt in the Upper Athabasca was present in 29% of the samples in May (figure 3.6). At 

this time, the maximum proportion of glacial melt is 13% of streamflow at the Athabasca Glacier Icefield. 

Downstream of the icefield, the proportion of glacial melt generally decreased until it is zero percent at 

Athabasca after Jasper. In August 2016 and 2017, glacial melt contributed to all of the samples in the 

Upper Athabasca except for the two tributaries that were determined not to be fed by glacial melt prior 

to the analysis. Glacial melt contributions to the Athabasca River in the Upper Athabasca averaged from 

23% for August 2016 and 19% for August 2017. Glacial melt contributions in tributaries were generally 

lower than the main channel at similar distances downstream. This resulted in a general decreasing 

trend in glacial melt moving downstream on the Athabasca River. 
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3.5.3.2 Middle Athabasca  

The Middle Athabasca was composed of groundwater and a combination of snowmelt, glacial 

melt and surface water (figure 3.7). In the Middle Athabasca, snowmelt was present in all the May 2017 

and August 2017 sites, except for the three most downstream tributaries in August 2017. In May 2017, 

snowmelt in the Athabasca River ranged from 15-37% and generally increased until Athabasca at Blue 

Ridge and then decreased moving as you move downstream. This increase may be due to the inflows 

from the McLeod tributary and inflows from the Sakwatemau River, which was not sampled. The 

following decreasing trend occurred due to tributaries downstream of Blue Ridge having a lower 

proportion of snowmelt than the Athabasca River. In August 2017, snowmelt peaked at 17% at the 

Athabasca River just upstream of the McLeod and then decreased to a low of 7% at Athabasca at the 

town of Athabasca before it increased to 13% at Fort McMurray. This increase in Fort McMurray seems 

unlikely and may be due to a lack of resolution in source water data in this location. 

In the Middle Athabasca, glacial melt was present in the most upstream sites on the Athabasca 

River in August 2017 and decreased moving downstream. At this time glacial melt peaked at 11% on the 

Athabasca before the McLeod River. This is an increase of 1% from Athabasca at Hinton from the Upper 

Athabasca and likely occurred due to the shifting of source water values for the calculations between 

the Upper and Middle Athabasca. This minor increase in glacial melt moving downstream should be 

interpreted as the Athabasca maintaining a similar glacial melt contribution between these two 

locations. Downstream of the Athabasca at McLeod the contribution of glacial melt is reduced to 4% and 

2% at the sites on the Athabasca River upstream of the Town of Athabasca. This shows that, while the 

proportion of glacial melt can be monitored in the Middle Athabasca, it made up a minor contribution of 

streamflow at this time. Glacial melt was removed as a source water for August 2016 due to inaccuracies 

around this analysis as outlined in the methodology. 
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Surface water in the Athabasca River was present in all samples from all three sampling periods, 

except for the three most upstream samples in August 2017. Surface water peaked at 22% in August 

2016, 21% in May 2017 and 35% in August 2017. Samples from the Athabasca River had an increasing 

proportion of surface water moving downstream. This is due to an increasing proportion of surface 

water in tributaries as you move downstream, which is higher than the proportion of surface water in 

the comparable sites on the Athabasca River. While August 2016 and 2017 are not directly comparable 

as sampling was extended further downstream in August 2017, a comparison of the two time periods 

shows all the sites from August 2017 had a higher proportion of surface water than August 2016, when 

surface water was present. A comparison of May 2017 and August 2017 also found that August 2017 

had a higher proportion of surface water than May 2017 in all sites where surface water was present. In 

May 2017, Athabasca at Blue Ridge also had a slight increase in surface water which may be linked to 

inflows from the Sakwatemau River. The Sakwatemau River includes an outflow from Carson Lake but 

was not sampled. In August 2017, there is a proportion of surface water in all sites on the Athabasca 

River. However, these are not being identified in the hydrograph separation due to the complexity of 

streamflow at this time with both snowmelt and glacial melt being present in samples in the Middle 

Athabasca. One tributary, Lac La Biche, maintains a high proportion of surface water in May, indicating 

that this site remains isotopically enriched over the entire year. This is supported by the SWI 

composition of this site. However, the proportion of surface water is exaggerated as the source water 

value for surface water is based on the sample collected at Lac La Biche in August 2017. 

3.5.3.1 McLeod  

The McLeod was composed of groundwater, snowmelt and surface water (figure 3.8). In May 

2017, the proportion of snowmelt on the McLeod River ranged from 27-48%. Snowmelt peaked in the 

middle of the catchment prior to the inflow of larger tributaries. The proportion of snowmelt decreased 

moving downstream from this location as the tributaries in the McLeod had a lower proportion of 
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snowmelt than the McLeod River. August 2016 and August 2017 differed from one another. In August 

2016, snowmelt is not present in any of the samples collected. By comparison in August 2017, snowmelt 

is present in eight of the nine samples collected. At this time, the proportion of snowmelt on the 

McLeod River ranged from 0-27%. Snowmelt in the upper portions of the McLeod River were fairly 

limited (<5%), but generally increased moving downstream. This is not supported by mixing with 

tributaries on the McLeod as tributaries in the lower portion of the catchment has a lower proportion of 

snowmelt than the McLeod River. This may indicate that additional source waters were not being 

captured. However, this trend follows a similar pattern in the Upper Athabasca where snowmelt was 

higher in August 2017 than in 2016 and is likely not an error.  

Surface water was present in streamflow for all sites during all three of the sampling periods in 

the McLeod. The average contribution of snowmelt was 14% in August 2016, 9% in May 2017 and 20% 

in August 2017. In August 2016 and August 2017, the proportion of surface water increased 

downstream. In May 2017, surface water generally increased moving downstream but stayed at a 

consistent value for most of the catchment. In August 2016, the proportion of surface water in the 

tributaries increased moving downstream. The inverse to this occurred in August 2017, with the most 

upstream tributaries having the highest proportion of surface water. However, in August 2017, surface 

water made up a larger proportion of the streamflow in the McLeod River than in August 2016. This may 

indicate that wetlands or other inflows are adding enriched water sources to streamflow. 

3.5.4 Winter source water trends 

SWI data from the 2016-2017 winter on the Athabasca River at the Town of Athabasca and Fort 

McMurray, and Whitecourt on the McLeod River provided additional source water information (figure 

3.9). Delta-delta plots and ternary plots were used to display the source water composition of 

streamflow at these three sites. Source waters were determined to be groundwater, snowmelt and 



72 

 

surface water. Groundwater made up a large portion of streamflow for all of the samples. In 

comparison, snowmelt was not a common component of winter streamflow and was only present in 

three samples, one for Athabasca and two for McLeod. These samples came from the direct streamflow 

sampling and not the reconstruction of winter streamflow. This indicated that snowmelt entered 

streamflow during warmer periods when ice was not forming.  

Surface water was present in all of the samples from all three locations. This indicated that an 

evaporative signature persisted in streamflow throughout the winter. Looking at the two locations on 

the Athabasca, evaporation became greater moving downstream in the catchment, with more 

evaporation at Fort McMurray than at the Town of Athabasca. This is supported by the delta-delta plots 

which have progressively lower slopes than the GMWL as you move downstream from Whitecourt to 

Fort McMurray, indicating increased evaporation has occurred. In Chapter 2, which analyzed the winter 

record, changes in the SWI composition in water were also tied to warming events at both Athabasca 

and Fort McMurray. These warming events created a more evaporation signature in streamflow.   

 Variability in source water contributions was higher for the McLeod River than the sites on the 

Athabasca River. This is likely due to the larger volume of streamflow in the Athabasca River than in the 

McLeod. In comparison, the McLeod is considerably smaller and may have variations in flow if 

tributaries freeze or unfreeze shifting the water sources downstream.  

3.5.5 Source water contributions compared to weather conditions in the ARB 

SWI analysis in August 2016 and August 2017 showed both years had key differences in the 

proportions of source waters. Using historic climate data from Environment and Climate Change Canada 

(2022), temperature and precipitation data were compared for 2016 and 2017 in the ARB.  In the Upper 

Athabasca, temperature was generally higher than average between December 2015 to April 2016, and 

in the Middle Athabasca between October 2015-August 2016 and April 2017 to September 2017. In 
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comparison, in the Upper Athabasca, temperatures were generally lower than average between 

November 2016 to May 2017, and in the Middle Athabasca between December 2016 to April 2017. In 

the Upper Athabasca, precipitation was generally greater in 2016 than in 2017 during the months of 

May, July, August and December. In the Middle Athabasca, precipitation was generally greater in 2016 

than in 2017 between November to March, May and August. In 2017, precipitation in the Middle 

Athabasca was greater than in 2016 between January to March.  

The weather in the ARB can be summarized as follows: the winter and spring freshest of 2015-

2016 were warmer than average and less precipitation was observed than in 2017; this was followed by 

a wetter summer than in 2017. In comparison, the winter and spring freshest of 2016-2017 were colder 

than average and more precipitation was observed than in 2016, which was followed by a dryer summer 

in the Upper Athabasca than in 2016. This would likely result in more ablation of glacial ice in the 

summer of 2016 than in 2017, as the snowpack would be depleted faster and additional summer 

precipitation would lead to further melt. In comparison, 2017 should have received a larger snowpack 

which would have reduced glacial melt and lasted longer into the summer. The wetter summer of 2016 

would have also dampened the isotopic composition of surface water making it less evaporatively 

enriched. All three of these trends were reflected in the analysis of source water contributions.  

3.5.6 Annual source water trends 

Annual patterns in the SWI composition and source water contributions to streamflow were 

examined for both the Athabasca River at the Town of Athabasca (figure 3.10) and the McLeod River at 

Whitecourt (figure 3.11). This data set included the synoptic sampling in August 2016, May 2017 and 

August 2017, as well as streamflow from winter 2016-2017. In the Liard, a large river also in the 

Mackenzie River Basin, St Amour et al., (2005), found that seasonal changes in source waters resulted in 

a cyclical pattern. Looking at the delta-delta plot, the SWI composition of streamflow for the Athabasca 
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in the winter and August samples are clustered together. This suggests that there is very little variation 

in late summer and winter streamflow at this site. However, in May the isotopic composition of 

streamflow is more isotopically depleted due to the presence of snowmelt. In the ternary plot of Figure 

3.10 this is confirmed. May 2017 has the highest proportion of snowmelt for all samples and August 

2016 has very similar source water proportions to the average of winter 2016-2017 samples. In 

comparison, August 2017 does not resemble average winter streamflow but there are some similarities. 

At this time, there is a slightly higher proportion of snowmelt than in the single winter sample where 

snowmelt was present. However, surface water was not the highest at this time, as a sample from 

winter streamflow has a higher proportion. It was expected that the Athabasca would show cyclical 

patterns. However, the low variation at Athabasca and key differences between the August 2016 and 

August 2017 streamflow prevented a pattern from forming after this single hydrological year. Longer-

term research would be required to test if cyclical patterns exist at this location or for the Athabasca 

River more broadly.   

The McLeod displayed a more cyclical pattern in delta-delta space (figure 3.11). Due to the 

damped SWI signal in 2016, the proportion of surface water is lower than 2017, however, a cyclical 

pattern can still be observed. Over winter, contributions from surface water and snowmelt were 

decreased, increasing the proportional contribution of groundwater in streamflow. There is some 

variation over the winter period as warm conditions allow snowmelt and surface water to enter 

streamflow. In May 2017, snowmelt entered streamflow, depleting the isotopic signature to its lowest 

annual contribution. In August 2017, lakes and wetlands became more evaporatively enriched and 

contributed a larger portion of streamflow. This cycle is expected to repeat for each hydrologic year but 

further studies would be required to confirm this.  
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3.6 Conclusion  

This study explored spatial, seasonal and annual trends in source waters across the Upper and 

Middle sections of the ARB, a large snowmelt-dominated catchment in Alberta, Canada, over one 

hydrological year. Additional analyses were undertaken to explore trends from the larger regions of the 

ARB to one of the sub-catchments, the McLeod. The source waters identified in the ARB included 

groundwater, glacial melt, snowmelt and evaporatively enriched surface waters, such as lakes and 

wetlands. The proportions of these source waters in streamflow were calculated using hydrograph 

separation so trends could be analyzed.  

Spatial, seasonal and annual trends in the source waters of the ARB were observed. Spatial 

trends included increasing surface water contributions to streamflow downstream for both the McLeod 

and Athabasca Rivers, due to the accumulation and increased density of water bodies and wetlands 

downstream. In addition, there was a decreasing glacial melt downstream due to a larger distance from 

the glaciated headwaters. Snowmelt did not have a consistent trend, but inflows that contributed high 

proportions of snowmelt were identified on the Athabasca downstream of Jasper and upstream of Blue 

Ridge.  

Seasonal trends in source water contributions allowed confirmation that the proportion of 

glacial melt in streamflow was the highest in August, the proportion of snowmelt in streamflow was the 

highest in May and the proportion of surface water was highest in August. In addition, during the winter, 

surface water continued to be an integral source water to streamflow. Annual source waters trends 

were analyzed and it was found that the source waters in the McLeod follow a cyclical pattern where 

streamflow is depleted in May due to snowmelt, enriched in August due to the influence of surface 

water and generally resembles groundwater over the ice on-period. The Athabasca had limited 

variability over the hydrologic year so no cyclical patterns were observed.  
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Differences between August 2016 and 2017 were also linked to temperature and precipitation. 

The 2015/2016 winter was warmer and dryer leading to a reduced snowpack, which was followed by a 

wet summer. This led to a larger proportion of glacial melt in streamflow, reduced snowmelt in 

streamflow and dampened surface water inputs. In comparison, the winter of 2016/2017 was colder 

and wetter with a dryer summer, which would allow a larger snowpack to form and be maintained into 

the summer. This resulted in a larger proportion of snowmelt in 2017, a reduced proportion of glacial 

melt and surface water becoming more evaporatively enriched. This also demonstrated that under some 

conditions, glacial melt proportions could be traced to the Middle Athabasca.  

While this analysis provided insight into how water sources change spatially, seasonally and 

annually across the region, and provides evidence of the efficacy of the methodology, the low density of 

sampling sites and limited scope of the source water sampling program limits the claims that can be 

made prior to follow up investigations being conducted. In particular, further reconnaissance surveys 

and research are needed to assess source water isotopic signatures and their variability in greater detail.  
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Figure 3.1: The Upper and Middle Athabasca watershed with source water locations for glacial melt, surface water, and winter sampling 
locations indicated.  The isotopic composition of glacial melt, groundwater and snowmelt are displayed as δ18O values as units permil.



84 

 

 

Figure 3.2: A snapshot of each of the synoptic surveys on both the Athabasca River and McLeod River, where the isotopic composition in 
δ18O values of streamflow is displayed over space moving from the headwaters (left) downstream. Tributaries from the Middle Athabasca 
and the McLeod are labeled to provide a spatial reference. 
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Figure 3.3: A study area-wide view of the δ18O and δ2H values of streamflow in August 2016. Delta-delta plots display the isotopic 
composition of streamflow and the source water samples which could be impacting each of the three catchments.  
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Figure 3.4: A study area-wide view of δ18O and δ2H values of streamflow in May 2017. Delta-delta plots display the isotopic composition of 
streamflow and the source water samples which could be impacting each of the three catchments.  
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Figure 3.5: A study area-wide view of δ18O and δ2H values of streamflow in August 2017. Delta-delta plots display the isotopic composition 
of streamflow and the source water samples which could be impacting each of the three catchments. 
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Figure 3.6: The proportion of source waters in each of the samples collected in the Upper 
Athabasca. This analysis is shown as a ternary plot, where the contribution of all three source 
waters is indicated. In addition, the proportion of source waters are shown over space moving 
downstream from the headwaters. Dashed lines extending to the right of the graphs indicate the 
progression of a source water into the Middle Athabasca 
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Figure 3.7: The proportion of source waters in each of the samples collected in the Middle 
Athabasca. This analysis is shown as a ternary plot, where the contribution of all three source 
waters is indicated. In addition, the proportion of source waters are shown over space moving 
downstream from the headwaters. 
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Figure 3.8: The proportion of source waters in each of the samples collected in the McLeod. This 
analysis is shown as a ternary plot, where the contribution of all three source waters is indicated. In 
addition, the proportion of source waters are shown over space moving downstream from the 
headwaters. 
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Figure 3.9: The samples collected over the winter of 2015-2016 are shown as a ternary plot, where the contribution of all three source 
waters is indicated. In addition, delta-delta plots for each of the three sampling site provide an overview of the isotopic composition of the 
samples compared to the isotopic composition of the source waters at each site.
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Figure 3.10: Annual patterns for streamflow of the Athabasca River at the Town of Athabasca are shown. The data in delta-delta space 
provides an overview of the isotopic composition of the samples compared to the isotopic composition of the source waters at each site. 
The ternary plot identifies the source water contribution of all of the samples at various times of the year. Trends over time are identified 
in a time series of source water contributions.  
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Figure 3.11: Annual patterns for streamflow of the McLeod River at the Town of Whitecourt are shown. The data in delta-delta space 
provides an overview of the isotopic composition of the samples compared to the isotopic composition of the source waters at each site. 
The ternary plot identifies the source water contribution of all of the samples at various times of the year. Trends over time are identified 
in a time series of source water contributions. 
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Chapter 4. Conclusions and recommendations for future research 

4.1 Summary of thesis objectives 

This thesis aimed to provide more knowledge on the source water contributions to streamflow 

in the Athabasca River Basin (ARB), a large snowmelt-dominated catchment with key ecological and 

economical value, where stable water isotope (SWI) studies have been limited. A key piece of analysis to 

meet this aim was the novel utilization of ice cores as a record that could allow a reconstruction of the 

isotopic composition of winter streamflow following the method described by Gibson and Prowse (1999; 

2002). This was included with other seasonal (spring and late summer) synoptic surveys across the 

Upper and Middle ARB and provided insight into trends for source water contributions spatially, 

seasonally and annually across the basin.  This data set and the trends that were analyzed could have 

applications for local water resource managers; however, future work is still required. 

 

The primary objectives of this thesis were to: 

1) Assess an emerging methodology that reconstructs the isotopic composition of winter 

streamflow through river ice stratigraphy. 

2) Analyze the seasonal source water conditions across a large catchment where minimal 

studies have taken place, exploring spatial, seasonal and annual trends. 

 

The aim of Chapter 2 of this thesis was to meet objective one. Building on the methodology laid 

out by Gibson and Prowse (1999; 2002), the isotopic composition of streamflow was successfully 

reconstructed at three locations in the ARB. The ice-water fractionation calculated was in alignment 

with experimental values and values collected in the field (Gibson & Prowse, 199; 2002; O’Neil, 1968), 
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and results supported that a single streamflow would be sufficient to use this methodology. A 

comparison of the isotopic reconstructions of streamflow to the time-series of winter streamflow 

demonstrated close alignment between the two data sets when congelation ice had formed at all three 

locations. The occurrences for when this methodology had lower accuracy were (1) during extremely 

cold temperatures early on in the ice growth record, as temperature impacts water-ice fractionation 

rates; and (2) in the oldest samples at the surface of the ice which visually appeared to be congelation 

ice but isotope analysis indicated these samples were a mixture of streamflow and snowmelt or frazil 

ice. Overall, this methodology performed well, indicating there would be value in researching this 

methodology further in a variety of conditions and environments. 

The aim of Chapter 3 of this thesis aims was to meet objective two. Spatial, seasonal and annual 

trends were explored using the synoptic datasets collected in the ARB alongside the record of winter 

streamflow produced in Chapter 2 providing new insights into the hydrology of the ARB. Spatial trends 

included an increase in the proportion of surface water as you move downstream as seen in other 

studies in the region (Yi et al., 2010). Seasonal trends confirmed that in general snowmelt peaks in 

spring, glacial melt peaks in late summer and groundwater was dominant over the winter. Annual trends 

indicated that the source waters in the McLeod follow a cyclical pattern, which was similar to the annual 

cycling of source waters on the nearby Liard River reported by St Amour et al., (2005). The Athabasca 

was not found to have a clear annual pattern due to the low variability of the samples over the course of 

the year. In addition, an analysis of August 2016 and August 2017 was completed which identified key 

differences in source water contributions that were linked to differences in weather conditions across 

these two years. Longer-term research over various locations on the Athabasca would be required to 

determine patterns for the annual cycling of source waters. Further insight into the catchment could 

likely be obtained if a higher spatial resolution of source waters, specifically snowmelt and groundwater, 

was collected and if further data to better understand the complexity of the region was available. For 
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example, one of the goals of this assessment was to calculate snow and glacial melt contributions 

throughout the Upper and Middle Athabasca as this had not been included in previous SWI studies in 

the region (Birks et al., 2017; Birks et al., 2019; Gibson et al., 2011; Gibson et al., 2016). However, glacial 

melt contributions could not be calculated for all the sites and time periods studied due to the 

complexity of this catchment. 

4.2 Recommendations for future studies 

In assessing Gibson and Prowse's methodology for reconstructing winter streamflow using river 

ice stratigraphy (1999; 2002), it was found that the reconstruction was largely accurate. However, 

several variables would benefit from being studied further. These include studying how effective this 

methodology is when using thinner sections of ice cores as a higher resolution data set for winter 

streamflow when compared to a high-frequency time-series of streamflow samples. Future research 

could also explore how effective this methodology is under various ice growth conditions, such as early 

ice growth, growth under extremely cold periods and ice growth in locations with turbulent conditions. 

In addition, future studies should extend this methodology to catchments outside of the Mackenzie 

River Basin, where all of the existing studies have taken place.  

The analysis of the source water contributions to the Upper Athabasca, Middle Athabasca and 

the McLeod identified key trends but future work is needed. A key area for future research could be 

collecting a higher resolution data set of source water values in the catchment over space and time. This 

study had limited source water samples collected which limited the scope and accuracy of the analysis 

that was conducted. This is especially needed in determining the value for snowmelt due to the high 

variability of snowmelt and large elevation changes in this catchment. A higher resolution data set may 

allow future studies to more accurately capture snow and glacial melt contributions to the Middle 

Athabasca and further downstream. Future studies should also take a multi-year approach. This could 
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allow the seasonal cycling in the Athabasca to be better understood and could capture long-term trends 

such as decreasing source waters over time which would be valuable information for water resource 

managers. 
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Appendices 

Appendix A: Field notes and isotopic results 

A.1 Chapter 2 

Table 1: Field notes and isotopic results for the ice core collected from the McLeod River in Whitecourt 

(54⁰08’20.9” N 115⁰41’56.3” W), on March 2nd.  Isotope analysis was conducted at the Isotope Science 

Lab at the University of Calgary. 

Label Thickness 

from Bottom 

(cm) 

Break type  

(N-Natural, 

M-Manual) 

Ice Type 

(B-Black, W-White, 

 S-Snow ice) 

Length of 

segment 

(cm) 

δ 180 

(‰) 

δ 2H 

(‰) 

D- 

excess 

WC000 0-5 M B 5 -15.94 -131.6 -4.08 

WC005 5-10 N B 5 -16.02 -131.8 -3.64 

WC010 10-12.5 N B 2.5 -15.88 -131.5 -4.46 

WC012.5 12.5-17.7 M B 5 -15.95 -131.6 -4.00 

WC017.5 17.5-22.5 N B 5 -15.85 -130.6 -3.80 

WC022.5 22.5-27 M B 4.5 -15.72 -129.5 -3.74 

WC027 27-31.5 N B 4.5 -15.68 -128.8 -3.36 

WC031.5 31.5-32.5 N B 1 -16.12 -132.0 -3.04 

WC032.5 32.5-35 N B 2.5 -16.18 -133.4 -3.96 

WC035 35-39 N B 4 -16.60 -135.1 -2.30 

WC039 39-43 N B 4 -15.67 -128.7 -3.34 

WC043 43-48 N B 5 -15.31 -127.7 -5.22 

WC048 48-55 N B 7 -15.11 -125.8 -4.92 

WC055 55-56.25 N B 1.25 -16.10 -131.3 -2.50 

WC056.25 56.25-62.25 N S 6 -19.72 -160.6 -2.84 
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Table 2. Field notes and isotopic results for the two ice cores (approximately 1 meter apart), collected 

from the Athabasca River, in Athabasca (54⁰ 43’.4” N, 113⁰17’02.4 W), on March 3rd. Isotope analysis 

was conducted at the Isotope Science Lab at the University of Calgary. 

Label Thickness 

from Bottom 

(cm) 

Break type  

(N-Natural, 

M-Manual) 

Ice Type  

(B-Black, 

W-White) 

Length of 

segment 

(cm) 

δ 180 

(‰) 

δ 2H 

(‰) 

D-excess 

1AT000 0-2.7 N B 2.7 -14.76 -124.2 -6.12 

1AT002.7 2.7-8.7 M B 6 -14.75 -123.9 -5.90 

1AT08.7 8.7-10.7 N B 2 -14.66 -123.4 -6.12 

1AT010.7 10.7-15.2 N B 4.5 -14.91 -125.1 -5.82 

1AT015.2 15.2-20.7 M B 5.5 -14.60 -124.0 -7.20 

1AT020.7 20.7-27.1 N B 6.4 -15.00 -125.2 -5.20 

1AT027.1 27.1-33.1 N B 6 -14.58 -123.0 -6.36 

1AT033.1 33.1-35.1 N B 2 -14.66 -123.0 -5.72 

1AT035.1 35.1-38.1 N B 3 -14.65 -122.8 -5.60 

1AT038.1 38.1-40.6 N B 2.5 -14.80 -123.4 -5.00 

1AT040.6 40.6-41.6 N B 1 -14.73 -124.1 -6.26 

1AT041.6 41.6-46.6 N B 5 -14.76 -123.5 -5.42 

1AT046.6 46.6-52.8 N W 6.2 -15.56 -128.9 -4.42 

1AT052.8 52.8-53.8 N W 1 -15.75 -129.4 -3.40 

1AT053.8 53.8-60 N W 6.2 -16.37 -132.9 -1.94 

1AT060 60-68 M W 8 -15.73 -129.7 -3.86 

1AT068 68-76 N W 8 -15.74 -131.8 -5.88 

2AT000 0-1.5 N B 1.5 -14.72 -124.0 -6.24 

2AT001.5 1.5-6.5 M B 5 -14.73 -123.9 -6.06 

2AT006.5 6.5-11.5 M B 5 -14.68 -123.4 -5.96 

2AT011.5 11.5-14.7 N B 3.2 -15.03 -125.1 -4.86 

2AT014.7 14.7-21.1 N B 6.4 -15.02 -125.5 -5.34 

2AT021.1 21.1-25.9 N B 4.8 -14.64 -123.1 -5.98 

2AT025.9 25.9-28.7 N B 2.8 -14.63 -122.5 -5.46 
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2AT028.7 28.7-35.2 N B 6.5 -14.89 -123.6 -4.48 

2AT035.2 35.2-37.2 N B 2 -14.98 -123.9 -4.06 

2AT037.2 37.2-38.7 N B 1.5 -14.69 -122.9 -5.38 

2AT038.7 38.7-42.2 N B 3.5 -14.85 -123.6 -4.80 

2AT042.2 42.2-29.2 N B 7 -15.48 -127.1 -3.26 

2AT049.2 49.2-53.2 N B 4 -15.70 -128.6 -3.00 

2AT053.2 53.2-55.2 N W 2 -16.32 -132.4 -1.84 

2AT055.2 55.2-57 N W 1.8 -17.16 -137.1 0.180 

2AT057 57-57.5 N W 0.5 -16.55 -134.0 -1.60 

2AT057.5 57.5-59 N W 1.5 -15.81 -129.4 -2.92 

2AT059 59-63.7 M W 4.7 -15.68 -128.2 -2.76 

2AT063.7 63.7-69.2 N W 5.5 -15.74 -127.8 -1.88 
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Table 3. Field notes and isotopic results for the ice core collected from the Athabasca River, above Fort 

McMurray (56⁰43’10.5” N, 111⁰24’34.0 W), on March 4th. Isotopic analysis was conducted at the Isotope 

Science Lab at the University of Calgary. Note the core was frozen in ice core barrel and briefly warmed 

up in the vehicle to remove it. 

Label Thickness 

from Bottom 

(cm) 

Break type  

(N-Natural, 

M-Manual) 

Ice Type 

(W-White, 

S-Snow ice) 

Length of 

segment 

(cm) 

δ 180 

(‰) 

δ 2H 

(‰) 

D-excess 

FM000 0-6 M W 6 -14.66 -122.9 -5.62 

FM006 6-12 N W 6 -14.34 -121.0 -6.28 

FM012 12-22 M W 10 -14.61 -122.2 -5.32 

FM022 22-30 N W 8 -15.03 -124.4 -4.16 

FM030 30-38 N W 8 -15.20 -125.6 -4.00 

FM038 38-40.5 N W 2.5 -15.20 -125.3 -3.70 

FM040.5 40.5-42.5 N W 2 -15.34 -125.8 -3.08 

FM042.5 42.5-50.3 N W 7.8 -15.04 -124.1 -3.78 

FM050.3 50.3055 N W 4.7 -15.06 -124.3 -3.82 

FM055 55-57.3 N W 2.3 -14.62 -122.9 -5.94 

FM057.3 57.3-60.9 N W 3.6 -15.02 -124.1 -3.94 

FM60.9 60.9-63.7 N W 2.8 -14.94 -123.3 -3.78 

FM063.7 63.7-67.5 N W 3.8 -14.97 -123.8 -4.04 

FM067.5 67.5-68.5 N W 1 -15.28 -125.3 -3.06 

FM068.5 68.5-70.1 N W 1.6 -14.91 -123.0 -3.72 

FM070.1 70.1-72.1 N W 2 -15.09 -125.5 -4.78 

FM072.1 72.1-76.6 N W 4.5 -14.40 -122.2 -7.00 

FM076.6 76.6-78.7 N W 2.1 -14.76 -123.7 -5.62 

FM078.7 78.7-82.3 N S 3.6 -18.55 -154.7 -6.30 
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Table 4. Winter streamflow samples collected from the McLeod River in Whitecourt ( 54⁰ 07’ 59.11’ N, 

115⁰ 42’ 15.28’ W), by the Town of Whitecourt.  Isotope analysis was conducted at the InnoTech Alberta 

Isotope lab at the Vancouver Island Tech Park. 

Sample ID δ 2H δ 180 D-excess δ2H δ 180 

 (‰) (‰)  stdev stdev 

 Mcleod River 10/25/16 -140.3 -18.13 4.77   

 Nov.9, 2016 Mcleod River -139.2 -18.01 4.86   

 14 Nov 2016 10:40 Mcleod River -139.6 -17.75 2.37   

 Mcleod River Nov 21/16 11:30 -141.1 -17.91 2.23   

 Mcleod River Nov. 28/16 -141.4 -17.92 1.90   

 dec.5, 2016 Mcleod River -144.0 -18.72 5.77   

 dec. 12, 2016 Mcleod River -144.4 -18.49 3.45 0.2  

 Mcleod River Dec. 20/16 5:15 -147.2 -19.05 5.25   

 Dec 27th, 16 Mcleod River 8:20 -148.4 -19.06 4.08   

 Jan 2, 2017 Mcleod River -148.0 -19.18 5.52   

 Jan 9, 2017 Mcleod River -147.0 -18.48 0.91   

 Jan 16, 2017 Mcleod River -147.5 -19.03 4.73   

 Jan 23, 2017 Mcleod River -147.4 -18.62 1.58  0.13 

 Mcleod River Jan. 30, 2017 -146.6 -18.98 5.26 0.0  

 Feb. 6, 2017 Mcleod River -146.9 -18.86 3.97   

 Mcleod River Feb 13 2017 -147.0 -19.08 5.57   

 Feb. 21, 2017 Mcleod river -147.6 -18.86 3.32 0.2  

 Mcleod River Feb 27, 2017 -147.1 -19.13 5.90 0.3  
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Table 5. Winter streamflow samples collected from Athabasca River in Athabasca (54° 43.412’ N, 113° 

17.247’ W), by the Aspen Regional Water Services Commission. Isotope analysis was conducted at the 

InnoTech Alberta Isotope lab at the Vancouver Island Tech Park. 

Sample ID δ 2H δ 180 D-excess δ2H δ 180 

 (‰) (‰)  stdev stdev 

 ARWSC Nov 22,2016 1:55 PM -137.2 -17.45 2.40 0.5  

 ARWSC Nov 29,2016 11:30 AM -137.9 -17.42 1.46   

 01/03/17 ARWSC 1245 PM -140.9 -17.95 2.71   

 ARWSC Jan 17, 2017 8:45 AM -139.0 -17.66 2.27   

 ARWSC Jan 23, 2017 10:00 AM -139.4 -17.50 0.58   

 ARWSC Jan 30, 2017 10:00 AM -139.2 -17.29 -0.92   

 ARWSC Athabasca Feb 9, 2017 -139.4 -17.76 2.68 0.2 0.09 

 ARWSC Feb 14, 2017 10:00 AM -137.8 -17.40 1.43   

 ARWSC Feb 25, 2017 10:10 AM -140.7 -17.65 0.49   
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A.2 Chapter 3 

Table 6. Site locations and field notes for the stable water isotope surveys of the Athabasca River Basin in August 2016, May 2017 and August 

2017. Coordinates were taken from the vehicle and not directly at the sampling location. 

Site ID Coordinates  Location Notes 

N W 

JT-01 52⁰50.0 116⁰17.0 Swift River at Valemont  Headwaters to the Fraser 

JT-02 52⁰59.7 119⁰23.8 Robson River Headwaters to the Fraser 

JT-03 52⁰55.2 118⁰42.2 Moose River Headwaters to the Fraser 

JT-45 52⁰51.1 118⁰36.3 Fraser River Headwaters to the Fraser 

JT-04 52⁰12.8 117⁰13.9 Glacial melt stream  Athabasca icefield  

JT-05 52⁰12.8 117⁰13.9 Sunwapta Lake Athabasca icefield  

JT-06 52⁰12.8 117⁰13.9 Inflow to Sunwapta Lake Athabasca icefield  

JT-53 52⁰12.7 117⁰14.1 Inflow Sunwapta Lake under bridge Athabasca icefield 

JT-07 52⁰10.3 117⁰04.4 Saskatchewan River Headwaters to the Saskatchewa River, JT-54 Duplicate 

JT-08 52⁰14.7 117⁰15.7 Sunwapta River Headwaters to the Athabasca 

JT-09 52⁰16.0 117⁰17.3 Tangle Creek No glacial melt   

JT-10 52⁰19.7 117⁰19.9 Beauty Creek JT-44 Duplicate 
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JT-11 52⁰25.0 117⁰23.8 Jonas Creek  

JT-12 52⁰28.6 117⁰30.2 Sunwapta Falls  

JT-14 52⁰40.0 117⁰53.0 Athabasca Falls  

JT-15 52⁰43.5 117⁰55.6 Whirlpool River  

JT-16 52⁰46.5 118⁰01.9 Astoria River  

JT-17 52⁰48.0 118⁰02.8 Portal Creek  

JT-18 52⁰51.7 118⁰05.1 Miette River No glacial melt 

JT-19 52⁰56.7 118⁰01.8 Malgine River  

JT-20 52⁰55.9 118⁰02.0 Athabasca After Jasper  

JT-21 53⁰00.9 118⁰04.7 Snarring River JT-55 Duplicate 

JT-22 
53⁰08.5 117⁰58.7 Rocky River  

JT-23 53⁰22.6 117⁰42.0 Athabasca before Hinton JT-24 Duplicate 

JT-25 53⁰01.3 117⁰19.7 White Horse River Headwaters to the McLeod, JT-46 Duplicate 

JT-26 53⁰04.3 117⁰16.7 McLeod River  

JT-27 53⁰18.0 117⁰16.7 McLeod at North Camp  

JT-28 53⁰27.7 116⁰37.1 McLeod before Areth  

JT-29 53⁰25.1 116⁰18.4 Erith River also referred to as the Embarrass river on some maps 
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JT-30 53⁰35.8 116⁰18.9 McLeod At Edson JT-47 Duplicate 

JT-31 53⁰35.9 116⁰16.2 Wolfe Creek  

JT-32 
53⁰39.8 116⁰17.3 Edson River JT-56 Duplicate 

JT-33 53⁰42.6 115⁰59.5 McLeod at Riverside Park  

JT-34 54⁰09.0 115⁰42.1 Athabasca before McLeod  

JT-35 54⁰08.4 115⁰41.9 McLeod aver agri ditch New location in May 2017  

JT-36 54⁰08.0 115⁰42.2 McLeod before Athabasca  

JT-37 54⁰09.5 115⁰23.4 Athabasca after McLeod  

JT-38 54⁰43.3 113⁰17.1 Athabasca in Athabasca JT-39 Duplicate 

JT-40 55⁰13.8 114⁰08.9 Lesser Slave River JT-48 Duplicate 

JT-41 55⁰04.5 114⁰05.8 Athabasca at Hondo  

JT-42 
55⁰40.0 114⁰12.2 Pembina River JT-43 Duplicate 

JT-49 55⁰04.8 112⁰35.0 La Biche River  JT 50 Duplicate 

JT-51 56⁰43.3 111⁰24.5 Athabasca at Fort McMurray JT-52 Duplicate 
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Table 7. Tracer results for the stable water isotope surveys of the Athabasca River Basin in August 2016, 

May 2017 and August 2017. Tracers include  δ²H (‰), δ18O (‰), temperature (⁰C) and electrical 

conductivity (μS/cm). Bad sample quality is indicated by *. Isotopic data collected over the winter of 

2016-2017 can be found in appendix 2. 

Site ID August 2016 May 2017 August 2017 

 δ²H 

(‰) 

δ18O 

 (‰) 

δ²H 

(‰) 

δ18O 

(‰) 

EC 
(μS/cm) 

Temp  

(⁰C) 

δ²H 

(‰) 

δ18O 

(‰) 

EC 
(μS/cm) 

Temp  

(⁰C) 

JT-01 -143.54 -18.99     -154.09 -19.97   

JT-02 -147.91 -19.41     -141.11 -16.99   

JT-03 -146.01 -19.28     -143.18 -18.28   

JT-04 -153.36 -20.47     -153.22 -20.30 0.06 1.41 

JT-05 -153.62 -20.28 -174.69 -22.70 0.12 9.27 -154.87 -20.25 0.18 8.00 

JT-06 -153.32 -20.35 -163.46 -21.47 0.27 10.12 -155.47 -20.78 0.12 7.62 

JT-07 -151.69 -20.16 -160.28 -20.98 0.16 5.36 -152.93 -20.26 0.07 1.73 

JT-08 -156.10 -20.67 -170.54 -22.27 0.21 1.59 -154.47 -20.44 0.09 4.61 

JT-09 -157.28 -20.41 -163.72 -21.26 0.41 6.33 -163.57 -21.13 0.39 7.84 

JT-10 -154.16 -20.28 -160.37 -20.92 0.29 9.26 -159.57 -20.95 0.24 11.38 

JT-11 -154.50 -20.24 -179.25 -23.16 0.14 2.68 -161.09 -21.00 0.11 10.82 

JT-12 * * -165.91 -21.35 0.21 7.01 -157.67 -20.76 0.16 7.31 

JT-14 -151.57 -19.99 -158.19 -20.55 0.20 12.24 -155.66 -20.51 0.15 10.41 

JT-15 -146.82 -19.48 -150.55 -19.36 0.18 10.28 -149.97 -19.84 0.13 10.99 

JT-16 -148.57 -19.40 -162.12 -20.78 0.15 1.88 -152.68 -20.03 0.11 12.33 

JT-17 -151.99 -19.89 -166.50 -21.51 0.26 2.50 -160.67 -21.10 0.24 11.43 

JT-18 -147.06 -19.37 -156.45 -20.07 0.25 10.71 -155.72 -19.99 0.25 12.46 

JT-19 -153.92 -20.11 -159.13 -20.51 0.27 6.53 -158.48 -20.68 0.24 12.10 

JT-20 -149.25 -19.85 -155.47 -19.98 0.20 7.75 -153.73 -20.26 0.16 12.72 

JT-21 -147.70 -19.38 -163.94 -21.09 0.24 4.42 -154.96 -20.31 0.22 12.71 

JT-22 -151.46 -19.69 -164.44 -21.34 0.33 3.82 -158.83 -20.61 0.43 13.98 

JT-23 -150.58 -19.85 -156.59 -20.06 0.40 10.45 -155.23 -20.32 0.23 16.99 

JT-24 -150.46 -19.66         

JT-25 -147.61 -19.19 -164.36 -21.21 0.38 4.02 -156.17 -20.21 0.53 6.97 

JT-26 -145.85 -19.32 -166.18 -21.37 0.45 3.38 -154.05 -20.11 0.63 8.16 

JT-27 -142.95 -18.69 -170.10 -21.66 0.18 1.86 -150.74 -19.30 0.47 11.90 

JT-28 -142.73 -18.54 -162.76 -20.70 0.21 6.12 -148.93 -18.76 0.44 16.82 

JT-29 -139.46 -17.80 -159.72 -20.43 0.15 4.89 -145.37 -17.86 0.38 15.11 

JT-30 -139.97 -17.87 -158.76 -20.18 0.19 8.70 -146.17 -18.27 0.41 17.27 

JT-31 -131.74 -16.88 -153.39 -19.34 0.14 8.04 -138.24 -17.03 0.38 16.25 
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JT-32 -135.77 -17.21 -156.59 -19.94 0.21 7.00 -143.09 -18.03 0.40 16.37 

JT-33 -136.86 -17.65 -157.09 -19.94 0.19 8.50 -143.62 -17.83 0.42 18.83 

JT-34 -145.86 -19.03 -157.38 -20.07 0.25 10.33 -153.99 -20.04 0.28 16.59 

JT-35 * * -155.89 -19.85 0.21 9.61 -142.27 -17.52 0.51 18.61 

JT-36 * * -156.75 -19.86 0.19 10.32     

JT-37 -141.63 -18.36 -157.26 -19.99 0.22 8.41 -152.25 -19.67 0.30 17.01 

JT-38 -136.73 -17.67 -149.43 -18.90 0.23 13.11 -142.24 -17.87 0.30 18.44 

JT-39 * *         

JT-40 -120.49 -14.67 -140.34 -17.55 0.10 8.62 -116.90 -13.56 0.20 18.10 

JT-41 -139.70 -17.99 -154.40 -19.69 0.21 11.28 -151.18 -19.49 0.29 19.03 

JT-42 -126.18 -15.74 -151.91 -19.21 0.23 12.89 -124.68 -14.40 0.37 20.17 

JT-43 -126.05 -15.67         

JT-44   -160.10 -20.85   -159.18 -20.95   

JT-45   -154.18 -20.10 0.14 6.55 -150.87 -19.78 0.12 10.32 

JT-46   -164.08 -21.31       

JT-47   -158.54 -20.13       

JT-48   -140.26 -17.71       

JT-49   -117.71 -13.50 0.24 14.54 -111.32 -12.52 0.27 16.58 

JT-50   -117.28 -13.44   -111.30 -12.61   

JT-51   -146.44 -18.46 0.22 12.27 -140.35 -17.42 0.31 18.15 

JT-52   -146.55 -18.59   -140.43 -17.43   

JT-53       -155.53 -20.41 0.30 13.83 

JT-54       -152.73 -20.06   

JT-55       -154.72 -20.26   

JT-56       -142.84 -18.01   
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Table 8. Source water site locations, and tracer results from the Athabasca River Basin. Tracers include  δ²H (‰), δ18O (‰), temperature (⁰C) and 

electrical conductivity (μS/cm). Snowmelt was collected in May 2017 and groundwater was collected in August 2017. 

Source water 
type 

Site 
ID 

Coordinates  Location δ²H        δ18O EC  Temp Notes 

N W  (‰) (‰) (μS/cm) (⁰C) 

 
Snowmelt 

JT-80 

 

52.665 

 

-117.886 
Athtbasca Falls -137.37 -16.96 0.035 18.9 

Sampled contaminated by streamflow 

Snowmelt JT-82 52.322 -117.324 Beauty Falls -144.95 -18.75 0.015 20.07  
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Appendix B: Duplicates and errors values 

B.1 Chapter 2 

Table 9. Error values for ice core and winter streamflow samples. Where VITP denotes the InnoTech 

Alberta Isotope lab at the Vancouver Island Tech Park and U Calgary denotes the Isotope Science Lab at 

the University of Calgary. 

Errors δ 180 

(‰) 

δ 2H 

(‰) 

Precision and Accuracy 0.2 1 

VITP max standard deviation 0.13 0.5 

Difference between VITP and U Calgary 0.3 1.2 

Ice core field duplicates 0.65 1.8 

 

 

Table 10. Comparison of isotope samples that underwent analysis at both the InnoTech Alberta Isotope 

lab at the Vancouver Island Tech Park and at the Isotope Science Lab at the University of Calgary. 

Samples were collected May 2017.  

Sample 

ID 

VITP U of Calgary Difference 

δ 180 (‰) δ 2H (‰) δ 180 (‰) δ 2H (‰) δ 180 (‰) δ 2H (‰) 

JT-10 -20.92 -160.37 -20.66 -159.99 -0.26 -0.38 

JT-11 -23.16 -179.25 -20.94 -164.43 -2.22 -14.82 

JT-19 -20.51 -159.13 -20.30 -157.94 -0.21 -1.19 

JT-20 -19.98 -155.47 -19.81 -155.03 -0.17 -0.44 

JT-90 -16.96 -137.37 -16.93 -138.41 -0.03 1.04 

JT-91 -22.11 -173.10 -21.93 -172.50 -0.18 -0.60 

JT-92 -18.75 -144.95 -18.54 -144.57 -0.21 -0.38 

JT-93 -25.49 -199.75 -25.50 -199.36 0.01 -0.39 

JT-94 -26.60 -208.96 -26.62 -208.26 0.02 -0.70 

JT-95 -23.67 -184.11 -23.53 -183.17 -0.14 -0.94 
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Table 11. Comparison of field duplicates accounting for 16% of total ice core samples and 11% of all ice 

core and winter streamflow samples combined. Isotope analysis was conducted at the University of 

Calgary. Note all duplicates were taken from Fort Murray core in random order. 

Sample 

ID 

Original core Duplicates Difference 

δ 180 

(‰) 

δ 2H 

(‰) 

δ 180 

(‰) 

δ 2H 

(‰) 

δ 180 

(‰) 

δ 2H 

(‰) 

FM006 -14.34 -121 -14.24 -121.1 -0.1 0.1 

FM012 -14.61 -122.2 -14.42 -122 -0.19 -0.2 

FM022 -15.03 -124.4 -14.93 -124 -0.1 -0.4 

FM030 -15.2 -125.6 -15.16 -125.2 -0.04 -0.4 

FM050.3 -15.06 -124.3 -14.83 -123.1 -0.23 -1.2 

FM055 -14.62 -122.9 -15.18 -123.9 0.56 1 

FM060.9 -14.94 -123.3 -15.07 -122.9 0.13 -0.4 

FM063.7 -14.97 -123.8 -15.23 -123.7 0.26 -0.1 

FM067.5 -15.28 -125.3 -15.28 -126 0 0.7 

FM072.1 -14.4 -122.2 -15.05 -124 0.65 1.8 

FM078.7 -18.55 -154.7 -18.88 -155.3 0.33 0.6 
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B.2 Chapter 3 

Table 12. Stable water isotope field duplicates collected across over the  Athabasca River Basin in August 

2016, May 2017 and August 2018. Instrumental uncertainty was reported as +/- 0.2‰ 18O and +/- 1.0 ‰ 
2H. In lab duplicates from streamflow, samples had a maximum Stdev of 0.1‰ 18O and 0.6‰ 2H. 

Duplicates from the field accounted for 13% of total samples and had a maximum difference of 0.20 ‰ 
18O and 0.43 ‰ 2H. Bad sample quality is indicated by *. 

Site ID Sampling 
campaign 

Difference  Notes 

δ²H (‰) δ18O (‰) 

JT–07 August 2017 0.19 0.20  

JT-10 May 2017 0.27 0.07  

JT-10 August 2017 
0.19 0.20 

 

JT-21 August 2017 
0.25 0.04 

 

JT-23 August 2016 
0.12 0.19 

 

JT-25 May 2017 
0.27 -0.10 

 

JT-30 May 2017 
0.22 0.05 

 

JT-32 August 2017 0.25 0.02  

JT-38 August 2016 * * Poor sampling methodology 

JT-40 May 2017 0.08 -0.16  

JT-42 August 2016 0.13 0.06  

JT-49 May 2017 
0.43 0.06 

 

JT-49 August 2017 0.02 -0.09  

JT-51 May 2017 -0.11 -0.13  

JT-51 August 2017 -0.07 0.00  
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Appendix C: Calculations  

C.1 Chapter 2 

Table 13. Calculations for the isotopic fractionation of the streamflow(water) to ice, where the ice was dated using an ice growth model. 

Date Location Ice 

δ 180 (‰) 

Water 

δ 180 (‰) 

Apparent 

fractionation 

Ice 

δ 2H (‰) 

Water 

δ 2H (‰) 

Apparent 

fractionation 

11/21/2016 WC -15.11 -17.91 1.00285 -125.8 -141.1 1.0178 

11/28/2016 WC -15.31 -17.92 1.00265 -127.7 -141.4 1.0160 

12/05/2016 WC -15.67 -18.72 1.00311 -128.7 -144.0 1.0179 

12/12/2016 WC -15.68 -18.49 1.00286 -128.8 -144.4 1.0183 

12/20/2016 WC -15.72 -19.05 1.00339 -129.5 -147.2 1.0207 

12/27/2016 WC -15.85 -19.06 1.00327 -130.6 -148.4 1.0209 

01/02/2017 WC -15.85 -19.18 1.00340 -130.6 -148.0 1.0204 

01/09/2017 WC -15.95 -18.48 1.00258 -131.6 -147.0 1.0180 

01/16/2017 WC -16.02 -19.03 1.00307 -131.8 -147.5 1.0185 

01/23/2017 WC -16.02 -18.62 1.00265 -131.8 -147.4 1.0183 

01/30/2017 WC -16.02 -18.98 1.00302 -131.8 -146.6 1.0173 

02/06/2017 WC -16.02 -18.86 1.00290 -131.8 -146.9 1.0177 

02/13/2017 WC -15.94 -19.08 1.00320 -131.6 -147.0 1.0181 

02/21/2017 WC -15.94 -18.86 1.00298 -131.6 -147.6 1.0187 
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02/27/2017 WC -15.94 -19.13 1.00325 -131.6 -147.1 1.0182 

11/29/2016 ATHA -14.85 -17.42 1.00262 -123.6 -137.9 1.0166 

01/03/2017 ATHA -15.02 -17.95 1.00299 -125.5 -140.9 1.0179 

01/17/2017 ATHA -14.68 -17.66 1.00303 -123.4 -139.0 1.0181 

01/23/2017 ATHA -14.68 -17.50 1.00287 -123.4 -139.4 1.0186 

01/30/2017 ATHA -14.68 -17.29 1.00266 -123.4 -139.2 1.0184 

02/09/2017 ATHA -14.73 -17.76 1.00309 -123.9 -139.4 1.0180 

02/14/2017 ATHA -14.73 -17.40 1.00272 -123.9 -137.8 1.0161 

02/25/2017 ATHA -14.73 -17.65 1.00297 -123.9 -140.7 1.0196 

11/22/2016 ATHA -14.76 -17.45 1.00273 -123.5 -137.2 1.0158 

11/29/2016 ATHA -14.80 -17.42 1.00267 -123.4 -137.9 1.0168 

01/03/2017 ATHA -14.60 -17.95 1.00341 -124.0 -140.9 1.0197 

01/17/2017 ATHA -14.75 -17.66 1.00296 -123.9 -139.0 1.0176 

01/23/2017 ATHA -14.75 -17.50 1.00280 -123.9 -139.4 1.0180 

01/30/2017 ATHA -14.75 -17.29 1.00258 -123.9 -139.2 1.0178 

02/09/2017 ATHA -14.75 -17.76 1.00307 -123.9 -139.4 1.0180 

02/14/2017 ATHA -14.76 -17.40 1.00269 -124.2 -137.8 1.0158 

02/25/2017 ATHA -14.76 -17.65 1.00294 -124.2 -140.7 1.0192 
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Table 14. Summary statistics from the calculated isotopic fractionation of water to ice for each site 

 δ 180 apparent fractionation δ 2H apparent 

fractionation 

average max min averag

e 

max min 

All 1.00294 1.00341 1.00258 1.0181 1.020

9 

1.015

8 

Whitecourt 1.00301 1.00340 1.00258 1.0184 1.020

9 

1.016

0 

Athabasca 1.00287 1.00341 1.00258 1.0178 1.019

7 

1.015

8 

Fort McMurray 1.00292 1.00348 1.00245 1.0190 1.021

4 

1.015

5 

           

 

Table 15. Using the average isotopic fractionation the isotopic composition of streamflow was calculated 

for each ice core section sampled. 

Site Ice 
δ 180 (‰) 

New value 
δ 180 (‰) 

Ice 
δ 2H (‰) 

New value 
δ 2H (‰) 

WC -15.94 -18.82 -131.6 -147.0 
WC -16.02 -18.90 -131.8 -147.2 
WC -15.88 -18.76 -131.5 -146.9 
WC -15.95 -18.83 -131.6 -147.0 
WC -15.85 -18.73 -130.6 -146.1 
WC -15.72 -18.61 -129.5 -145.0 
WC -15.68 -18.57 -128.8 -144.3 
WC -16.12 -19.00 -132 -147.4 
WC -16.18 -19.06 -133.4 -148.8 
WC -16.6 -19.48 -135.1 -150.5 
WC -15.67 -18.56 -128.7 -144.2 
WC -15.31 -18.20 -127.7 -143.2 
WC -15.11 -18.00 -125.8 -141.3 
WC -16.1 -18.98 -131.3 -146.7 

ATHA -14.76 -17.65 -124.2 -139.8 
ATHA -14.75 -17.64 -123.9 -139.5 
ATHA -14.66 -17.55 -123.4 -139.0 
ATHA -14.91 -17.80 -125.1 -140.7 
ATHA -14.6 -17.49 -124 -139.6 
ATHA -15 -17.89 -125.2 -140.8 
ATHA -14.58 -17.47 -123 -138.6 
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ATHA -14.66 -17.55 -123 -138.6 
ATHA -14.65 -17.54 -122.8 -138.4 
ATHA -14.8 -17.69 -123.4 -139.0 
ATHA -14.73 -17.62 -124.1 -139.7 
ATHA -14.76 -17.65 -123.5 -139.1 
ATHA -14.72 -17.61 -124 -139.6 
ATHA -14.73 -17.62 -123.9 -139.5 
ATHA -14.68 -17.57 -123.4 -139.0 
ATHA -15.03 -17.92 -125.1 -140.7 
ATHA -15.02 -17.91 -125.5 -141.0 
ATHA -14.64 -17.53 -123.1 -138.7 
ATHA -14.63 -17.52 -122.5 -138.1 
ATHA -14.89 -17.78 -123.6 -139.2 
ATHA -14.98 -17.87 -123.9 -139.5 
ATHA -14.69 -17.58 -122.9 -138.5 
ATHA -14.85 -17.74 -123.6 -139.2 
ATHA -15.48 -18.37 -127.1 -142.6 
ATHA -15.7 -18.59 -128.6 -144.1 

FM -14.66 -17.55 -122.9 -138.5 
FM -14.34 -17.23 -121 -136.6 
FM -14.61 -17.50 -122.2 -137.8 
FM -15.03 -17.92 -124.4 -140.0 
FM -15.2 -18.09 -125.6 -141.1 
FM -15.2 -18.09 -125.3 -140.9 
FM -15.34 -18.23 -125.8 -141.3 
FM -15.04 -17.93 -124.1 -139.7 
FM -15.06 -17.95 -124.3 -139.9 
FM -14.62 -17.51 -122.9 -138.5 
FM -15.02 -17.91 -124.1 -139.7 
FM -14.94 -17.83 -123.3 -138.9 
FM -14.97 -17.86 -123.8 -139.4 
FM -15.28 -18.17 -125.3 -140.9 
FM -14.91 -17.80 -123 -138.6 
FM -15.09 -17.98 -125.5 -141.0 
FM -14.4 -17.29 -122.2 -137.8 
FM -14.76 -17.65 -123.7 -139.3 

 

 

Table 16. Using the average isotopic fractionation a potential isotopic composition of snow was 

calculated for the white ice sample  

Location Ice 

δ 180 (‰) 

New value 
δ 180 (‰) 

Ice 

δ 2H (‰) 

New value 
δ 2H (‰) 

WC -19.72 -22.59 -160.6 -175.5 

FM -18.55 -21.43 -154.7 -169.7 
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Table 17. Using a comparison of the ice core and streamflow samples at Whitecourt non-equilibrium 

fractionations were calculated.  

Sample Ice 
δ 180 (‰) 

streamflow 
δ 180 (‰) 

Fractionation Ice 
δ 2H (‰) 

streamflow 
δ 2H (‰) 

Fractionation 

31.5 -16.12 -18.57 1.00250 -132 -144.3 1.01437 
32.5 -16.18 -18.59 1.00246 -133.4 -144.3 1.01274 
035 -16.6 -18.64 1.00208 -135.1 -144.1 1.01052 

 

 

Table 18. The percent of new (snow or white ice) and old water (streamflow) in the uppermost 

congelation ice samples was calculated when samples did not isotopically resemble the streamflow 

samples that were collected at this time. 

Site Sample New water Old water 
(‰) 

Mixing (%) 

ID δ 180 (‰) source δ 180 (‰) New water 
 δ 180 (‰) 

Old water 
δ 180 (‰) 

WC 055 -18.98 Snow -22.59 -17.75 25.49 74.51 
ATHA 42.2 -18.59 White ice -19.09 -17.45 69.15 30.85 
ATHA 49.2 -18.37 White ice -19.09 -17.42 56.44 43.56 
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Appendix D: Additional figures 

D.1 Chapter 2 

 

Figure 1. The isotopic composition and D-exess of the ice cores and streamflow are displayed vertically 

to highlight trends over the thickness of the core, where A) is Whitecourt, B) is Athabasca and C) is Fort 

McMurray. The dotted line at Athabasca displays a difference between where the white ice ends 

between the two cores. Note the water samples displayed at Fort McMurray was collected upstream at 

Athabasca.  
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Figure 2. The site-specific range of fractionations found for both δ2H and δ18O for A) Whitecourt and B) 

Athabasca. Calculated using the isotopic values of congelation ice and streamflow that corresponded by 

date.  
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Figure 3. A comparison of the isotopic values of streamflow (black) and the reconstructed isotopic 

composition of streamflow (grey) displaying only the dates when streamflow was directly collected for 

A) Whitecourt, B) Athabasca, and C) Fort McMurray. Error bars were determined using the values for 

instrumental uncertainty of 0.2 δ18O and 1.0 δ2H. The values of streamflow for Fort McMurray are 

displayed as a dotted line as data from Athabasca was used. 
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A.2 Chapter 3 

 

Figure 4. Distribution of landcover classifications1 over the Athabasca watershed. Similar landcover classifications have been displayed in the 

same colour to identify areas where wetlands, agriculture and forests are located.  

 

1Natural Resources Canada. (2006, January 1). Land cover. Open Government Portal. Retrieved September 2017, from 
https://open.canada.ca/data/en/dataset/4f46b49e-7852-5f05-9328-a67ec67f52cb  
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Figure 5. St. Amour et al., 20052 conception of the cyclical nature of the annual isotopic composition of streamflow in the neighbouring Liard 

Watershedue, due to seasonal source water contributions to streamflow. 

 
2 St. Amour, N. A., Gibson, J. J., Edwards, T. W., Prowse, T. D., & Pietroniro, A. (2005). Isotopic time-series partitioning of streamflow components 
in wetland-dominated catchments, lower Liard River basin, Northwest Territories, Canada. Hydrological Processes, 19(17), 3357-3381. 
doi:10.1002/hyp.5975 
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Appendix E: Photographs  

E.1 Chapter 2 

 

 

Figure 6. The sampling location on the Mcleod River at Whitecourt (54⁰ 08.4’ N, 115⁰ 41.8’ W).  
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Figure 7. The sampling location on the Athabasca River at Athabasca (54⁰ 43.3’N, 113⁰ 17.1’W). 
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Figure 8. The sampling location on the Athabasca River at Fort McMurray (56⁰ 43.3’N, 111⁰ 24.5’W ). 
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Figure 9. Safety Equipment utilized  including: A) floater suit, B) Ice rescue bag. 

 

A 

B 
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Figure 10. Ice cores were collected using an ice auger to drill into the ice. 
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Figure 11.  Ice samples were processed in the field by A) dividing samples using a miter box, followed by 

B) dividing sampled into individual bags and photographing them for later analysis. 

 

A 

B 
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Figure 12. Horizontal profile of the Whitecourt ice core after it was removed from the ice auger. 
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Figure 13. Horizontal profile of the first Athabasca ice core after it was removed from the ice auger. 
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Figure 14. Horizontal profile of the second Athabasca ice core after it was removed from the ice auger. 

 

Figure 15. Horizontal profile of the Fort McMurray ice core after it was removed from the ice auger. 
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Table 19. Ice core sections from Whitecourt beginning at the base (streamflow) and moving towards the 

service of the ice with measurements in cm. 

_____________________________________________________________________________________ 
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Table 16. Ice core sections from Athabasca (core 1) beginning at the base (streamflow) and moving 

towards the service of the ice with measurements in cm.  

__________________________________________________________________________________ 
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Table 20. Ice core sections from Athabasca (core 2) beginning at the base (streamflow) and moving 

towards the service of the ice with measurements in cm.  

__________________________________________________________________________________ 
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Table 18. Ice core sections from FortMcMurray beginning at the base (streamflow) and moving towards 

the service of the ice with measurements in cm.  

_____________________________________________________________________________________ 
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E.2 Chapter 3 

Table 21. Sampling locations across the Athabasca River Basin in August 2016 and August 2017*. 

Site ID                    Photograph 

JT-1 

 

JT-2 
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JT-3 

 

JT-5 

 



150 

 

JT-6 

 

JT-53* 
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JT-7 

 

JT-8 
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JT-9 

 

JT-11 
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JT-12 

 

JT-14 
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JT-15 

 

JT-16 
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JT-17 

 

JT-18 
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JT-19 

 

JT-20 
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JT-21 

 

JT-22 
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JT-23 

 

JT-25 
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JT-26 

 

JT-27 

 



160 

 

JT-28 

 

JT-29 
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JT-30 

 

JT-31 
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JT-32 

 

JT-33 

 



163 

 

JT-34 

 

JT-35 
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JT-36 

 

JT-37 
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JT-38 

 

JT-40 
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JT-41 

 

JT-42 
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JT-49* 
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Table 6. Sampling locations across the Athabasca River Basin in May 2017 

Site ID                    Photograph 

JT-5 

 

JT-27 
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JT-51 
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Figure 16. Columbia Icefield in August 2016 (A) and May 2017 (B). 

 

A 

B 
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Figure 17. Reduced visibility at Site JT-7 due to the wildfire smoke in August 2017 

 

 
Figure 18. The convergence of the Athabasca (A) and McLeod (B) Rivers. 

A 

B 
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Figure 19. Sampling was made possible due to field assistants Brandi Newton August 2016 (A), Dave and 

Maddy Barrett March 2017 (B), Dave Barrett May 2017 (C)  and Hayley O’Neil August 2017 (D).  

 

 

 

 

 

 

 

 

A 

B 

D C 
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Appendix F: Sampling instructions sent to partners 

 

Figure 20. Sampling instructions sent to the Whitecourt Water Treatment Centre and the Aspen 

Regional Water Services Commission, for their collection of weekly isotope samples over the winter of 

2016/2017. 
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Appendix G: Parks Canada Sampling Permit 
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