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Abstract 

The objectives of this research are to better understand: (1) how Arctic watersheds respond 

in terms of hydrological processes to deepening active layers, (2) what the short and long-

term changes are to surface water chemistry in watersheds impacted by thermal and 

physical permafrost disturbances, (3) which key factors control permafrost chemistry and 

runoff solute loads, and (4) where in the Canadian Arctic are changes to surface water 

chemistry expected to be the most pronounced with continued climate warming. 

 

During exceptionally warm and wet summers, deep ground thaw enhances the infiltration 

and storage of rainfall and has the potential to solubilize inorganic ions previously stored 

at depth in the transient layer. Subsequent mid to late- summer rainfalls act as a 

hydrological flushing mechanism, mobilizing solutes from the subsurface thus 

substantially increasing ion concentrations in surface runoff.  

 

Exposure and mobilization of soluble ions in near surface soil because of physical 

permafrost disturbance is shown to be a key control over dissolved ion concentrations. 

Runoff in a disturbed catchment showed increased total dissolved solute (TDS) 

concentrations and seasonal TDS fluxes, and changes to the relative composition of 

individual ions in an undisturbed catchment. Impacts in the disturbed watershed persisted 

for the seven years after disturbance, consistent thaw of the solute-rich transient layer and 

upper permafrost. Thermal perturbation increased TDS concentrations and seasonal fluxes 

in runoff for up to two years as ions released from ground thaw were available for flushing 

in subsequent summers. 
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Bulk ion concentrations in near-surface ground ice differ across the Canadian Arctic by 

several orders of magnitude. Regional differences in bulk ionic concentrations in transient 

layer and near-surface permafrost ground ice are controlled by geomorphic factors such as 

elevation, surficial geology and landscape history. Highly localized factors that control 

drainage (e.g., ground ice content and soil texture) appear to influence the solute storage 

patterns in ground ice. Low elevation coastal areas may be more at risk to water quality 

impacts from permafrost degradation compared to higher elevation, inland areas. 

 

Contributions from this research are critical for anticipating changes to water quality, 

aquatic systems, community water supplies and land-ocean transfers in the Canadian 

Arctic. 
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Chapter 1: Introduction 

Over the past decade, there has been increased scientific focus on the Canadian Arctic due 

to the growing body of evidence that warming surface temperatures – an increase by 

~2.3°C from 1948 to 2016 representing nearly three times the mean rate of global warming 

– have produced substantial changes to the cryosphere (the frozen water part of the Earth 

system), including to permafrost (AMAP, 2017; IPCC, 2019; Wang et al., 2019). 

Permafrost is defined as ground that remains at or below 0°C for at least two consecutive 

years (Grosse et al., 2011). It is estimated that nearly half of Canada is underlain by 

permafrost which is spatially distributed throughout the High, Low and sub-Arctic regions 

at variable depth and thermal conditions across differing landscapes (Figure 1.1) (AMAP, 

2017; Gruber, 2012). Permafrost is divided into four regions based on the proportion of 

coverage: continuous (90 to 100%), discontinuous (50 to 90%), sporadic (10 to 50%) and 

isolated (0 to 10%) (Figure 1) (Brown et al., 1997; Obu et al., 2019). Generally, permafrost 

in Canada follows a latitudinal gradient with higher proportions of coverage that increase 

with latitude towards the North Pole. 

 

Research indicates that permafrost is sensitive to changes in climatic conditions, 

particularly to warming air temperatures, which have been modelled to continue increasing 

across the circumpolar north (AMAP, 2017; Biskaborn et al., 2019; IPCC, 2019). Current 

climate change has already impacted permafrost temperatures across the Canadian Arctic, 

with an observed temperature increase of 0.3 to 0.5°C per decade since 1978 recorded at 

Alert, Arctic Bay, Pond Inlet and Resolute Bay, Nunavut (Derksen et al., 2018; Biskaborn 

et al., 2019). The Canadian High Arctic is especially sensitive as warming air temperatures 
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are amplified by the loss of sea ice, resulting in the warming of the Arctic Ocean as part of 

a positive feedback process (Holland and Bitz, 2003; Serreze et al., 2000). 

 

Key impacts of warming temperatures across the Arctic that have been studied extensively 

include the deepening of the active layer (the zone lying above the permafrost that thaws 

annually), more frequent thawing into the transient layer (the soil zone directly above the 

permafrost table and subject to occasional thaw in exceptionally warm years), thawing of 

ground ice and degrading/loss of permafrost (Osterkamp, 2007; Woo et al., 2007; Schuur 

et al., 2008; Derksen et al., 2018). The loss of permafrost and the deep thaw of active layer 

soils, along with increased summer precipitation, has triggered widespread thermal 

disturbances such as the development of thermokarst terrain (Bowden et al., 2008; Gooseff 

et al., 2009) and thermal perturbation (Lafrenière and Lamoureux, 2013), and the formation 

of physical disturbances such as active layer detachment slides and retrogressive thaw 

slumps (Kokelj and Lewkowicz, 1998, 1999; Fortier et al., 2007; Lantz and Kokelj, 2008; 

Lamoureux and Lafrenière, 2009; Kokelj et al., 2015).  

 

There is still uncertainty with how permafrost disturbances impact hydrological systems, 

particularly in terms of the magnitude (i.e., the degree to which freshwater chemistry is 

changed depending on the type of disturbance), recovery trajectory (i.e., the length of time 

it may take a system to recover from chemical changes following disturbance) and scaling 

(i.e., the variability of chemical across different landscapes and regions) (Tank et al., 2020).  
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This research represents a major expansion of the investigative scope focussed on 

hydrochemical changes in the Canadian Arctic from a warming climate with regards to 

temperature extremes (data collection and field observations in 2012 which represents one 

of the warmest summers recorded within the last two decades in the western Canadian High 

Arctic), temporal scale (utilization of a multi-year record stretching from 2006 to 2014) 

and spatial scale (comparison of potential hydrochemical changes from nine study sites 

across the High, Low and sub-Arctic).  

 

As part of this introduction chapter, hydrological processes in permafrost environments 

will be detailed (1.1 Permafrost Hydrology), followed by the descriptions of the two broad 

categories of permafrost disturbances mentioned herein (1.2. Thermal and Physical 

Permafrost Disturbances) and a brief review of literature of hydrochemical changes in 

permafrost watershed associated with climate change (1.3 Hydrological and 

Hydrochemical Changes from Permafrost Disturbance). These discussions are aimed to 

set the context for the work presented in this thesis and to better frame the research 

motivations and objectives. 

1.1 Permafrost Hydrology 

Several key climate and landscape-controlled factors, including ice content, 

presence/extent of permafrost, and glacial history, distinguish runoff generation in 

permafrost regions from temperate and humid watersheds (Tank et al., 2020). Runoff 

regimes in permafrost watersheds are typically dominated by the rapid melt of snow and 

ice during the short winter-summer transition period, giving rise to a prominent freshet, or 

flood (Carey and DeBeer, 2008; Carey et al., 2013). In the Canadian Arctic, depending on 
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annual meteorological conditions, the peak rapid snowmelt period usually occurs in mid to 

late spring (late May or early June) with periods of high air surface temperatures resulting 

in the initiation of earlier melt conditions (Woo et al., 2008). Although total annual 

precipitation has historically been low (<250 mm per year in most of the Canadian 

Archipelago), 25% to 75% of total runoff can be concentrated in only a few days during 

the spring freshet in a permafrost watershed (French, 2007; Woo, 2012).  

 

Runoff in permafrost has been typically characterized by surface flow; meltwater released 

by the snowpack is usually sufficient to saturate downslope soils due to a shallow thawed 

depth (active layer), causing overland flow and a short lag between melt and stream flow 

(Quinton and Marsh, 1999; Petrone et al., 2007; Figure 1.2A). It is generally assumed that 

where permafrost is present, the frost table acts as a hydraulic confining layer, preventing 

the downward percolation of water (Carey and Woo, 2001; Wright et al., 2009). These 

conditions lead to extreme differences between seasonal maximum and minimum 

streamflow rates (French, 2007). Drainage processes in organic-covered terrains are 

distinct from those of other permafrost regions (Quinton et al., 2000). For example, 

minimal surface flow is experienced due to the high water-holding capacity of porous 

organic soils. Thus, meltwater can percolate through organic soil and move rapidly 

downslope because of the high hydraulic conductivity in the porous organic matter in these 

soils (Koch et al., 2014; 2017; Wright et al., 2019). At sites where there are poorly 

developed organic layers, active layer saturation can lead to the rapid transmission of water 

downslope through preferential overland flow paths once surface depressions have been 

filled (Coles and McDonnell, 2018; Chiasson-Poirier et al., 2020). 
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For both organic and non-organic terrain environments (i.e., landscapes dominated by 

mineral soils and/or bedrock), melting snow patches result in reduced flows continuing 

after the principal snowmelt period, with characteristic diurnal stream flow peaks (Quinton 

and Marsh, 1999). During the remainder of the summer, flow steadily decreases as snow 

is exhausted (Figure 1.2B). Low flows are periodically interrupted by peaks from summer 

storms that can flush out older “pre-event” water stored in the subsurface during the spring 

freshet (French, 2007; Kane et al., 2008; Blaen et al., 2014). 

 

Characteristic of permafrost regions is the dynamic and transitory nature of water table 

positions. Shallow subsurface runoff can be greatly enhanced during snowmelt in the event 

of a near-surface perched water table being formed in the active layer (Quinton and Marsh, 

1999; Carey and Woo, 2001; Wright et al., 2009). The presence of capping organic soils 

also allows rapid redirection and transmission of water along near-surface pathways 

because of the water table within the upper soil layer (Quinton et al., 2000; Carey and Woo, 

2001; Carey and Quinton, 2005). Flow mechanisms such as fill-and-spill, ephemeral soil 

pipes and inter-hummock flow channels can predominate under certain saturated 

conditions, causing high spatial and temporal variability in flow rates and flow paths 

(Quinton and Marsh, 1999; Carey and Woo, 2000; 2002; Wright et al., 2009; Williams et 

al., 2013). 

 

Hydrological processes in permafrost environments play a key role in the delivery of 

solutes, as well as nutrients and sediments, throughout Arctic watersheds (Bring et al., 

2016). Rainfall dominated runoff in the mid- to late- summer, when active layers are 
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reaching maximum depth, is a critical flushing mechanism of the active layer and a major 

control on dissolved fluvial fluxes (Malone et al., 2013; Lafrenière and Lamoureux, 2013; 

Kokelj et al., 2013, 2015). Runoff response depends on factors such as the timing of rainfall 

(i.e., early versus late summer precipitation), seasonal active layer development (i.e., active 

layer depth; Coles and McDonnell, 2018), and antecedent soil moisture conditions (Favaro 

and Lamoureux, 2014). Arctic watersheds, particularly in the High Arctic, have typically 

been dominated by snowmelt derived fluxes of water (Woo and McCann, 1994; Lewis et 

al., 2012; Woo, 2012). However, this system of snowmelt dominated surface runoff system 

is predicted to shift to a system whereby baseflow and rainfall become the dominant runoff 

sources due to the increase in intensity, duration, and frequency of summer rain events, and 

the deepening of the active layer as a result of warming air surface temperatures (AMAP, 

2017; IPCC, 2019). Not only is the source and mechanisms of runoff predicted to change 

in permafrost environments with degrading permafrost (Bense at al., 2009; Wright et al., 

2009), but hydrological and geomorphic connectivity to and from areas of permafrost 

disturbance (thus representing new pathways of flow) are also part of an altered 

hydrological system in the Arctic (Lamoureux et al., 2014). Because runoff processes, 

including sources and pathways, can vary substantially within and between Arctic 

watersheds due to spatial variability in hillslope structure (Chiasson-Poirier et al., 2020), 

understanding process‐based hydrological dynamics of permafrost hillslopes is critical 

towards understanding how climate change will impact the hydrological and chemical 

regimes of Arctic rivers (Tetzlaff et al., 2015). 
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1.2 Thermal and Physical Permafrost Disturbances 

Thermal disturbances (also referred to as thermal perturbation) refers to the alteration of 

soil thaw extent and deeper active layer development due to changing climatic conditions 

such as radiative and/or convective energy exchanges, and typically define exceptionally 

warm years in the Arctic (Lafrenière and Lamoureux, 2019). One of the key consequences 

to thermal disturbance of a permafrost environment is thaw into the transient layer and/or 

near-surface permafrost (Shur et al., 2005). The formation of thermokarst terrain is one 

possible result of thermal disturbance. The term thermokarst terrain describes the features 

and landforms (such as thermokarst lakes, thermo-erosional gullies, drained lake basins, 

collapsed peatlands, collapsed pingos, sinkholes and pits) that involve depression of the 

land surface as a result of the melting of ground ice (Figure 1.3A) (Gross et al., 2013; 

Kokelj and Jorgenson, 2013). Because thermal disturbances typically occur regionally 

across a landscape, they have a greater potential to impact permafrost landscapes in terms 

of spatial extent compared to other more localized physical disturbances such 

hillslope/mass movements (Lamoureux and Lafrenière, 2017). However, some 

thermokarst is localized and thus may not be hydrologically connected to other areas of a 

watershed (Belshe et al., 2013). 

 

Physical disturbances refer to localized mass movements, representing a displacement or 

rearrangement of the active layer constituents such as soil, unconsolidated sediment and 

vegetation, in an ongoing or permanent manner (Lewkowicz, 2007; Lafrenière and 

Lamoureux, 2019). Examples of physical disturbances include active layer detachments 

(ALDs) and retrogressive thaw slumps (RTSs). ALDs are mass movements restricted to 
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the active layer, forming due to high pore-water pressures and a reduction in the effective 

shear strength at the base of the active layer (Figure 1.3B) (Lewkowicz, 2007; French, 

2017). High pore-water pressures typically result from the rapid thaw of ice-rich sediments, 

ground ice and/or saturation during major rainfall events (Harris and Lewkowicz, 2000; 

Lamoureux and Lafrenière, 2009). Compared to shallow ALDs, RTSs are a deeper and 

larger physical disturbance that develop, often along streams and coastlines, and expand 

inland to form large arcuate scars.  Ongoing loss of ice and soil failure are capable of 

sustained ice thaw (Figure 1.3C) (Burn and Lewkowicz, 1990; Lantuit and Pollard, 2008; 

Rudy et al., 2015). If terrain is sufficiently ice‐rich and air temperatures are warm, the 

slump headwall may continue to retreat upslope by several meters in a single thaw season 

and may be active for years to decades (Lantz and Kokelj, 2008). 

1.3 Hydrological and Hydrochemical Changes from Permafrost Disturbance 

Typically, the active layer extent (frost table depth) limits the depth for percolation, 

facilitating surface runoff and restricting subsurface flow processes to the thawed near 

surface soil (Woo, 2012). However, deeper active layer thaw, ground ice melt and 

permafrost degradation have the potential to alter landscape structure, flow paths and 

contribution of runoff sources during summer thaw period, thus impacting runoff volumes 

(Bense at al., 2009; Wright et al., 2009; Quinton et al., 2011; Frampton et al., 2013; 

Walvoord and Kurylyk, 2016). For example, permafrost degradation has been linked to 

increased groundwater contributions to stream discharge during the baseflow period in the 

Yukon River Basin, Canada (Walvoord and Striegl, 2007) while ice wedge degradation has 

been observed to increase runoff across lowland tundra Arctic landscapes (Godin and 

Fortier, 2012; Liljedahl et al., 2016). Connon et al. (2014) reported increases of annual 
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runoff in the lower Liard Valley, NWT over the period of 1996 to 2012 due to increase of 

plateau runoff contributing areas and a change in the relative proportions of the major land 

cover types including peat plateaus, channel fens and flat bogs. There have also been 

increased winter and spring discharge reported in major Eurasian Arctic rivers (Lammers 

et al., 2001; Peterson et al., 2002; Serreze et al., 2002; Yang et al., 2002), increased mean 

annual stream flow in the Northwest Territories (St. Jacques and Sauchyn, 2009), and 

increased discharge from the Mackenzie River system to the Arctic Ocean (Rood et al., 

2017) linked to a warming climate. Yet other studies have reported declines in discharge 

flowing into the Arctic Ocean from North American rivers (Déry and Wood, 2005; 

McClelland et al., 2006) and into the Hudson, James, and Ungava Bay systems (Déry et 

al., 2005). These discrepancies highlight the need for continued research, particularly at 

localized scales, to better determine the factors that control the subsurface storage and 

runoff of water in Arctic watersheds and how a warming environment alters such 

processes. 

 

Permafrost disturbance has also been shown to alter surface water chemistry of Arctic 

watersheds. Displacement of active layer soils from physical disturbances can expose 

soluble ions previously stored in the deep active layer (Kokelj and Lewkowicz, 1999; 

Bowden et al., 2008; Kokelj et al., 2009; Lamoureux and Lafrenière, 2009; Lafrenière and 

Lamoureux, 2013; Louiseize et al., 2014). Physical disturbance can further expose ground 

ice typically found in the transient layer (Shur et al., 2005; French and Shur, 2010). The 

thaw of exposed ground ice can introduce a new source of runoff that, along with snowmelt 

and rainfall, acts as a flushing mechanism to mobilize solutes into surface waters (Kokelj 
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et al., 2013; Malone et al., 2013). RTSs and fire-induced active layer deepening near the 

Mackenzie River delta in the western Canadian Arctic has significantly increased ionic 

concentrations of lake water (Kokelj et al., 2009). The warming of active layer soils 

(thermal perturbation) and deep ground thaw can also generate high solute concentrations 

in surface runoff as soluble-ion-rich soils previously frozen and stored near the permafrost 

table become accessible to flushing, resulting in impacts to surface water quality (Kokelj 

and Burn, 2005; Quinton and Carey, 2008; Lafrenière and Lamoureux, 2013). As a result 

of climate warming, increased ion concentrations have been reported for the Yukon River 

and Tanana River in the Yukon River Watershed of the Western Arctic (Toohey et al., 

2016), while alkalinity has increased in the Mackenzie River over recent decades (Tank et 

al., 2016).  

 

The occurrence of both physical disturbance and thermal perturbation is expected to 

increase in the Arctic with continued climate warming (Lewkowicz and Harris, 2005; 

Vincent et al., 2013). However, there are still uncertainties concerning the hydrological 

mechanisms and runoff water sources and pathways that transport previously stored solutes 

to the surface following thermal and physical permafrost disturbance events, hence the 

need for additional, process-driven research. Furthermore, as previously mentioned, there 

remains uncertainties regarding the impact magnitude, recovery trajectories and locational 

differences in terms of hydrochemical changes from permafrost disturbance in Arctic 

watersheds. 
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1.4 Research Motivation and Objectives 

The motivation for this research stems from the linkages between climate change, water 

availability and quality, and human and ecosystem health in the Canadian Arctic. 

Understanding the impacts to surface water chemistry with continued permafrost thaw and 

degradation, and the mechanisms that control these changes, are critical for anticipating 

changes to surface water quality, aquatic systems, community water supplies, and land-

ocean transfers in the Canadian Arctic (Bowden, 2010; Thienpont et al., 2012; Vonk et al., 

2015; Roberts et al., 2017; Zolkos et al., 2019). Predictive modelling based on knowledge 

of what controls surface water chemistry and where changes are most likely to be observed 

are important towards informing appropriate adaptive policies and strategies with the goals 

and preparing and protecting vulnerable populations and ecosystems (Spence et al, 2020). 

 

The overarching objectives of the research presented in this doctoral thesis are to better 

understand: (1) how Arctic watersheds respond in terms of hydrological processes such as 

infiltration, storage and runoff  to deepening active layers; (2) what the short and long-term 

changes are to surface water chemistry, specifically solute concentrations, in watersheds 

impacted by thermal and physical permafrost disturbances; (3) which key factors control 

permafrost chemistry and runoff solute loads; and (4) where in the Canadian Arctic are 

changes to surface water chemistry expected to be the most pronounced with continued 

climate warming. 

 

Based on the identified research gaps and uncertainties presented herein, the research has 

been structured around three sets of more detailed research objectives presented in three 
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manuscript chapters that have been developed in a manner whereby a holistic, systems-

thinking approach has been taken to better understand how hydrological systems in Arctic 

watersheds will respond to a warming climate. 

 

Chapter 2: The key objectives of this chapter were to determine: (1) the consequences of 

deep ground thaw on infiltration and water storage; (2) whether hydrological flushing of 

stored water from a series of rain events impacts solute loads; and (3) how an Arctic 

watershed will respond, in terms of runoff processes and solute loads, to continued 

warming in subsequent years. I achieved these objectives by assessing the hydrochemical 

responses to permafrost thaw by use of major ion and water isotope composition of surface 

waters and sources of hillslope runoff (snowmelt, soil water, and rain) sampled during one 

of the warmest and wettest summers in the past decade at the Cape Bounty Arctic 

Watershed Observatory (CBAWO), Melville Island, NU (2012). 

 

Chapter 3: The key objectives in this study were to determine: (1) the multi-year impacts 

of physical disturbance and thermal perturbation on the extent of ground ice contribution 

to runoff in High Arctic catchments; (2) the multi-year impacts on surface water chemistry 

(specifically total dissolved solute (TDS) concentration, seasonal TDS fluxes, relative 

composition of individual ions, and ion concentration variability) following physical 

disturbance and thermal perturbation; and (3) the trajectories and recovery times (i.e., the 

return to a pre-disturbed state) of impacts on surface water chemistry in a stream system 

following physical disturbance and thermal perturbation. 
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I evaluated the impact of both physical and thermal permafrost perturbation by assessing 

the major ion and water isotope composition of surface waters sampled at adjacent 

undisturbed and disturbed High Arctic catchments at the CBAWO for an 8-year period 

(2006 to 2014). I measured the soluble ion concentrations and isotope composition of 

active layer and permafrost to assess the contribution of thawed ground ice to surface 

runoff and the impacts on ion concentrations in runoff following water transport through 

soils when ALDs or thermal perturbation occurs. 

 

Chapter 4: The key objective of this chapter was to assess the potential for hydrochemical 

impacts of near-surface permafrost thaw from a set of locations across the Canadian Arctic, 

thus representing a spatial scaling-up of research from a single watershed to multiple 

watersheds. 

 

To achieve this objective, I developed a profile for each permafrost core showing changes 

in the anion and cation concentrations of ground ice and pore ice from the transient layer 

into the upper permafrost for comparison between different study locations and regions – 

20 cores from nine locations in the High-, Low- and sub-Arctic. This research approach 

has allowed me to investigate how the physical and geographical properties of ground ice 

(i.e., ice volume, elevation of where the core was sampled, proximity to coastline, surficial 

geology and soil type) may control trends in solute composition and distribution across the 

study locations, and make predictions about which regions and/or locations may be most 

susceptible to hydrochemical impacts of surface waters based on the projected trend of 

warming 
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1.5 Study Sites 

The majority of the research (Chapters 2 and 3) was conducted at the Cape Bounty Arctic 

Watershed Observatory (CBAWO), located on the south-central coast of Melville Island, 

Nunavut (74°54’N, 109°35’W), in the Canadian High Arctic. Founded in 2003 in response 

to a lack of sustained hydrological research in the High Arctic, the CBAWO has become 

one of the most comprehensive hydrological research facilities in Arctic Canada 

(Lamoureux and Lafrenière, 2017). Research from the collective work of more than 100 

individual researchers and community members here has produced the longest and most 

comprehensive (water quality, sediment) hydrological records (2003 to 2019) anywhere in 

the High Arctic. 

 

The CBAWO is composed of paired watersheds - the West River watershed (8.0 km2) and 

the East watershed (11.6 km2) (unofficial names). The nested-headwater and paired 

watershed approach allows us to investigate how hydrological response change with 

increasing scale of the catchment areas. Since these catchments have been affected by a 

varying degree of active layer detachment slides (Lamoureux and Lafrenière, 2009), we 

are able to study how permafrost disturbance influences surface runoff in terms of 

hydrochemistry (organic and inorganic solutes) and suspended sediment (e.g., Louiseize et 

al., 2014; Favaro and Lamoureux, 2015; Grewer et al., 2016; Fouché et al., 2017; Wang et 

al., 2018; Beel et al., 2020). Additional information about CBAWO including details about 

research instruments, dataloggers and analytical methods, and station coordinates can be 

found in Appendix A and Appendix B. 
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Cape Bounty is characterized by a polar desert climate (mean annual temperature of  

-17.5°C) with limited precipitation and runoff (< 150 mm year-1). The non-glaciated 

landscape is underlain by continuous permafrost (~500 m thick) with mean active layer 

thickness between 0.7 and 1.0 m (Lamoureux and Lafrenière, 2017). The surficial geology 

of Cape Bounty consists of unconsolidated early Holocene marine and Late Glacial 

sediments overlying Devonian sandstone and siltstone sedimentary bedrock (Hodgson et 

al., 1984). The West and East Rivers have a seasonal flow regime. Channel runoff typically 

begins in early to mid-June during the spring freshet, with flow cessation occurring in late-

August to early-September during freeze-up.  

 

Chapter 4 includes data from permafrost cores collected as part of the NSERC ADAPT 

program (Vincent et al., 2017) from nine locations across the three main regions in the 

Canadian Arctic - Cape Bounty, NU and Bylot Island, NU in the High Arctic, Daring Lake, 

NWT, Beaver Creek, YT and Arviat, NU in the Low Arctic, and Churchill, MB, Vallée 

des Trois, QU, Sheldrake River Valley, QU and Sasapimakwananisikw River Valley, QU 

in the Subarctic. Information about these research sites, including geographical 

coordinates, elevation, surface characteristics, surficial geology, bedrock, permafrost 

extent and depth to permafrost are detailed in Chapter 4. 

1.6 Research Significance 

This research substantially improves our understanding of the long-term (multi-year) 

impacts that physical and thermal permafrost disturbances have on the hydrochemistry of 

freshwater systems in the Canadian Arctic, and adds to our knowledge of the processes and 

factors that drive these hydrochemical changes and their spatial variability. Incorporating 
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such processes and factors into future field study design and modelling efforts is critical to 

predicting hydrological changes and water quality impacts across the circumpolar north. 
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Figures 

 
 

Figure 1.1. Maps showing (A) the High, Low and sub-Arctic regions in Canada and (B) 

the approximate boundaries of permafrost coverage in Canada. Unrestricted use base maps 

acquired from GeoBase Canada (2017). Permafrost coverage boundaries informed from 

Meltofte (2017) and Obu et al. (2019). 
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Figure 1.2. (A) Snowmelt dominated High Arctic landscape characterized by a shallow 

active layer and overland flow. Photo taken early June 2012. (B) Decreased surface flow 

shown on the same High Arctic landscape due the absence of snowpack. Flow is 

predominantly baseflow. Photo taken early July 2012. Photo credit: D. Lamhonwah.   

 

 
 

Figure 1.3. (A) Terrain on Herschel Island, YT characterized by thermokarst lakes formed 

by widespread permafrost thaw. Photo credit: S.F. Lamoureux. (B) An active layer 

detachment in the High Arctic at Cape Bounty, NU. The disturbance is located on an upland 

slope with fractured soil (foreground) and exposed marine clay in the scar zone (mid-

ground). Photo credit: Lamoureux and Lafrenière, 2017. (C) Retrogressive thaw slump 

near Churchill, MB. Photo credit: S.F. Lamoureux. 
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Chapter 2: Evaluating the Hydrological and Hydrochemical Responses of a High 

Arctic Catchment During an Exceptionally Warm Summer 

Published as: Lamhonwah, D., Lafrenière, M.J., Lamoureux, S.F., and Wolfe, B.B. (2017). 

Evaluating the hydrological and hydrochemical responses of a High Arctic catchment 

during an exceptionally warm summer. Hydrological Processes, 31(12), pp.2296-2313 

Abstract 

The Arctic has experienced substantial warming during the past century with models 

projecting continued warming accompanied by increases in summer precipitation for most 

regions. A key impact of increasing air surface temperatures is the deepening of the active 

layer, which is expected to alter hydrological processes and pathways. The aim of this study 

was to determine how one of the warmest and wettest summers in the past decade at a High 

Arctic watershed impacted water infiltration and storage in deeply thawed soil, and solute 

concentrations in stream runoff during the thaw period. In June and July 2012 at the Cape 

Bounty Watershed Observatory (CBAWO), we combined ground thaw measurements with 

major ion concentrations and stable isotopes in surface waters to characterize the 

movement of different runoff sources: snowmelt, rainfall and soil water. Results indicate 

that deep ground thaw enhanced the storage of infiltrated water following rainfall. Soil 

water from infiltrated rainfall flowed through the thawed transient layer and upper 

permafrost, which likely solubilized ions previously stored at depth. Subsequent rainfall 

events acted as a hydrological flushing mechanism, mobilizing solutes from the subsurface 

to the surface. This solute flushing substantially increased ion concentrations in stream 

runoff throughout mid- to late July. Results further suggest the importance of rainfall and 
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soil water as sources of runoff in a High Arctic catchment during mid- to late summer as 

infiltrated snowmelt is drained from soil following baseflow. Although there was some 

evaporation of surface water, our study indicates that flushing from solute stores in the 

transient layer was the primary driver of increased ion concentrations in stream runoff, and 

not evaporative concentration of surface water. With warmer and wetter summers projected 

for the Arctic, ion concentrations in runoff (especially in the late thaw season), will likely 

increase due to the deep storage and subsurface flow of infiltrated water, and subsequent 

flushing of previously frozen solutes to the surface. 

 

Key words: Arctic; active layer; permafrost thaw; solutes; runoff; climate change 

2.1 Introduction 

The Arctic has experienced substantial warming during the past century, accelerating in 

recent decades (IPCC, 2013). Climate models project that this warming trend will continue 

and will be accompanied by increases in summer precipitation for most regions in the 

Arctic (ACIA, 2005; IPCC, 2013). Increased air surface temperatures in the High Arctic, 

are amplified by the loss of sea ice and resulting in the warming of the Arctic Ocean 

(Serreze et al., 2000; Holland and Blitz, 2003). One of the key impacts of increasing air 

surface temperatures is the deepening of the active layer, the zone lying above the 

permafrost that thaws annually (Zhang et al., 1997; Osterkamp, 2007; Woo et al., 2007). 

Typically, the shallow active layer above the impermeable permafrost limits the depth for 

percolation, facilitating surface runoff and restricting subsurface flow processes to the near 

surface thawed soil (Woo, 2012). However, increased air surface temperatures and deeper 

ground thaw are expected to alter surface and subsurface hydrological processes (Woo et 
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al., 1992; Michel and van Everdingen, 1994; Rouse et al., 1997). Due to the sparse 

hydrologic network, the short duration of observations and the lack of complementary 

hydrologic and meteorological data, there is uncertainty about the potential impacts that a 

warming climate will have on hydrological processes (Woo et al., 2008). Furthermore, the 

magnitude and direction of impacts have been shown to vary from region to region 

(McClelland et al., 2006). Permafrost degradation has been linked to increased 

groundwater contributions to stream discharge during baseflow in the Yukon River Basin, 

Canada (Walvoord and Striegl, 2007). Ice-wedge degradation has been shown to alter the 

water balance of lowland tundra across the Arctic landscape and increase runoff volumes 

(Liljedahl et al., 2016). Studies have reported substantial increases in winter and spring 

discharge for the major Eurasian Arctic rivers (Lammers et al., 2001; Peterson et al., 2002; 

Yang et al., 2002; Serreze et al., 2002), mean annual streamflow in the Canadian Northwest 

Territories (St. Jacques and Sauchyn, 2009), and discharge from the Mackenzie River 

system to the Arctic Ocean (Rood et al., 2016) due to warming conditions. Other studies 

have reported small declines in discharge flowing into the Arctic Ocean from North 

American rivers (Déry and Wood, 2005) and substantial declines into the Hudson, James 

and Ungava Bay systems (Déry et al., 2005) due to recent changing conditions. Overall, it 

appears there is considerable variability and uncertainty in how discharge responds to 

permafrost thaw. Permafrost thaw has also been shown to alter surface water chemistry as 

solutes and nutrients previously stored in the frozen ground are flushed into freshwater 

systems (Bowden et al., 2008; Kokelj and Burn, 2003; Quinton and Carey, 2008; Lafrenière 

and Lamoureux, 2013; Abbott et al., 2014). However, there are still uncertainties 

concerning the hydrological mechanisms, and runoff water sources and pathways that 
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transport solutes and nutrients to the surface during deep ground thaw. Research suggests 

that increased ionic concentrations in surface water could impact microbial activity, aquatic 

food webs and vegetation growth, thus altering the ecological functioning of lakes, rivers 

and soils in the Arctic (Swadling et al. 2000; Jansson et al. 2007; Bowden 2010). 

 

To address several of the aforementioned gaps in knowledge, we assessed the 

hydrochemical responses to permafrost thaw by use of major ion and water isotope 

composition of surface waters and sources of hillslope runoff (snowmelt, soil water and 

rain) sampled during one of the warmest and wettest summers in the past decade at Cape 

Bounty, NU, a High Arctic catchment (Favaro and Lamoureux, 2014). We aim to 

determine: (1) the consequences of deep ground thaw on infiltration and water storage, (2) 

whether hydrological flushing of stored water from a series of rain events impacts solute 

loads, and (3) how an Arctic watershed will respond, in terms of runoff processes and solute 

loads, to continued warming in subsequent years. This research is part of a broader 

investigation of the response of hydrological systems in high latitude permafrost 

watersheds to persistent temperatures above the historic normal associated with changing 

climate. 

2.2 Study Area 

The Cape Bounty Arctic Watershed Observatory (CBAWO) is located on the south-central 

coast of Melville Island, Nunavut, in the Canadian High Arctic (74°55’N, 109°35’W; 

Figure 2.1). The observatory consists of paired watersheds unofficially named the ‘West’ 

and ‘East’ rivers, respectively, which flow into downstream lakes. The area is non-

glacierized and is underlain by continuous thick permafrost. Typical summer active layer 
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depth is 50 to 70 cm (Lafrenière et al., 2013). The bedrock is composed of highly weathered 

sandstone, siltstone and shale and overlain by late Quaternary glacial and early Holocene 

marine sediments, the latter present up to c. 70 to 90 m above sea level (Hodgson et al., 

1984).  

 

The climate at Cape Bounty is that of a polar desert, characterized by long cold winters, a 

short thaw period (June to August) and typically dry conditions with low-frequency, 

modest intensity rainfall events in the summer (Favaro and Lamoureux, 2014). 

Hydrological activity is limited to snowmelt in early to mid-June, initial runoff in mid-June 

and a nival freshet that terminates in early July (Lamoureux and Lafrenière, 2009). Initial 

flow in the West River and in the tributaries typically begins in early to mid-June, with 

peak discharge occurring only a few days later (Lewis and Lamoureux, 2010). The 

subsequent baseflow period is intermittently interrupted by streamflow responses to late 

season rainfall events (Lafrenière and Lamoureux, 2013; Favaro and Lamoureux, 2014). 

The refreeze period for the surface begins in mid-to late August. 

 

Detailed field monitoring and sampling in 2012 was undertaken in the West River 

watershed at the upper half of the Goose catchment (Upper Goose), a gently-sloped 

location with a relief of ~50 m and total drainage area of 0.18 km2 (Figure 2.1). This 

catchment was chosen for study because it is undisturbed by recent thermokarst, unlike 

most of the neighbouring catchments that have been impacted by active layer detachment 

(ALD) slides (Lamoureux and Lafrenière, 2009). Vegetation cover is sparse and includes 

mesic heath and polar semi-desert tundra communities (Gregory, 2011). 
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2.3 Methodology 

2.3.1 Field and Laboratory Methods 

Stage was measured at the outlet of Upper Goose from 10 June to 26 July 2012, with a 

10.16 cm (4 inch) cut-throat flume (Figure 2.1) equipped with an Onset U20 water-level 

logger (±0.05 % accuracy) recorded at 10-minute intervals. Discharge was calculated using 

a standard equation for the dimension of the installed flume (Skogerboe, 1974). Electrical 

conductivity (EC) was recorded using a GlobalWater WQ301 conductivity sensor (±1 % 

accuracy full scale), located 1 m downstream from the flume and logged at a 10-minute 

interval with an Onset H22 logger. 

 

The MainMet meteorological station (Figure 2.1) was equipped with an Onset U30 logger 

to measure hourly air temperature with an Onset temperature/relative humidity sensor (± 

0.21°C accuracy) and hourly barometric pressure with an Onset barometric pressure sensor 

(±0.15 kPa, 1.5 mb accuracy). Precipitation was measured daily with a Davis Industrial 

Tipping Bucket (0.2 mm/tip) at the WestMet meteorological station (located approximately 

2.5 km northwest of MainMet) equipped with an Onset UA-003 logger (Figure 2.1). 

Relative humidity (%) was calculated from water vapour density as measured using an LI-

6252 open-path infrared gas analyzer (IRGA) at a flux tower installed approximately 150 

m northeast of the flume (Figure 2.1). 

 

Seasonal ground thaw was measured manually using a 1.5 m metal probe capable of 

penetrating thawed soil to the depth of the frost table. From mid- to late summer (17 June 

to 18 July), measurements were made over a 100 m transect (10 points spaced 10 m apart) 
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every 3 to 4 days (Figure 2.1). One-way ANOVA (analysis of variance) was applied to 

ground thaw measurements using JMP (v.10) data analysis software to test if thaw depths 

were statistically different across the transect for three time periods: early to mid-baseflow 

(18 June to 25 June), late baseflow extending into the cessation of stream flow (29 June to 

6 July), and immediately before and during the rainfall period (8 July to 18 July). 

 

Frozen active layer and shallow permafrost soils were sampled during the first week of 

June using a motorized auger to recover a 160 cm core (Figure 2.1). The depth of the 

transient layer (the soil zone near the permafrost table subject to occasional thaw in 

exceptionally warm years; Shur et al., 2005) and the upper permafrost boundary of the 

sampled core was determined by cryostratigraphic descriptions following previous 

research (e.g., Pollard and French, 1980; Kokelj and Burn, 2003; Shur et al., 2005; French 

and Shur, 2010). These studies have reported that the transient layer is characterized by an 

ice-rich zone. Immediately below is the upper permafrost, typically buffered from thaw by 

the overlying ice-rich transient layer (Shur et al., 2005). 

 

The frozen core was subsequently split bilaterally using a chisel in a freezer room. The 

exposed inner face was sub-sampled every 5 to 10 cm using a hollow stem diamond coated 

drill bit. Approximately 20 to 25 g of sample was collected at each targeted depth. 

Subsamples were thawed in plastic conical tubes, dried for 24 hours in an oven (110°C), 

and then weighed. Core samples were then hydrated with 18 MΩ deionized water (4 mL 

water per 2 g soil) to extract soluble ions following Kokelj and Burn (2005). Immediately 
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following hydration (without letting sediments settle), the water extracts were filtered at 

room temperature using 10 mL plastic syringes equipped with 0.22 μm PVDF filter disks. 

 

Four snow pits of varying depths (maximum depth of 132 cm) were dug at Goose and a 

neighbouring subcatchment on 6 June to sample snow for chemical analyses (Figure 2.1). 

Rainwater was collected during three separate rainfall events (9, 19, 24 July) using bulk 

precipitation catchers constructed from large funnels supported by polyvinyl chloride 

(PVC) frames. The spout of each catcher was attached to a small funnel draining into an 

amber vial to minimize evaporative loss. During mid- to late July, soil water was collected 

from two 30.5 cm (12-inch) vacuum lysimeters (Soilmoisture Equipment Corp. model 

1920F1) installed at 40 and 70 cm below the surface (Figure 2.1). In situ clay-rich sediment 

was used during lysimeter installation to seal and isolate the sampling zone. 

 

Surface water samples were collected from early June to late July at three locations along 

the main stream running through the catchment: the Upper Goose flume (Figure 2.2A), 200 

m upchannel from the flume (Figure 2.2B), and the inlet to a perennial pond (Figure 2.2C). 

Water was also collected at a shallow surface ephemeral pond (~1.5 m in length, maximum 

depth of ~25 cm) that appeared during the nival runoff period and following the rainfall 

events towards the end of summer (Figure 2.2D). Most surface samples were collected 

using 1L high-density polyethylene (HDPE) bottles and filtered using a reusable 

polysulfone vacuum filtration unit with 0.22 μm polyvinylidene difluoride (PVDF) filter 

membranes. During episodes of low flow, samples were collected using 30 mL plastic 

syringes and filtered with a 0.22 μm PVDF filter disks. All samples were filtered within 1 
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to 2 hours of collection, stored in 25 mL HDPE scintillation vials, and placed on ice in 

coolers until returned to the laboratory where they were refrigerated until analysis. 

2.3.2 Analytical Methods 

The stable isotope composition of oxygen (δ18O) and hydrogen (δD) in water were 

measured on a Los Gatos Research laser absorption liquid water isotope analyzer (LGR-

LWIA). The stable isotope composition of O and H are expressed as δ-values, representing 

deviations in per mil (‰) from the Vienna Standard Mean Ocean Water (VSMOW) 

composition for oxygen and hydrogen (Craig, 1961; Dansgaard, 1964): 

 

(1) δsample = [(Rsample/Rstandard)-1] x 103 

where R is the 18O/16O or 2H/1H ratio in the valuesample and standard.  

 

Results of δ18O and δD analysis were calibrated using the Standard Light Antarctic 

Precipitation (SLAP) standard (-55.5 ‰ and -428 ‰) and USGS46 standard (-29.8 ‰ and 

-235.8 ‰). Analytical uncertainties were ±0.2 ‰ for δ18O and ±0.8 ‰ for δD (<5 %) based 

on the known ‰ values of standards, and calculated as accuracy (%) = [(known ‰ (n 

standard)/measured ‰ (n standard))/known ‰ (n standard)]. 

 

Anion (Cl- and SO4
2-) and cation (Na+, K+, Mg2+ and Ca2+) concentrations (ppm) were 

quantified by liquid ion chromatography using simultaneous injection with a dual pump, 

Dionex ICS-3000 system. Anions were measured with a gradient elution of 11–40 mM 

KOH eluent flowing at 1.0 ml min-1 through an AS18 analytical column and an ASRS 300 

suppressor. Cations were quantified by isocratic elution using 16 mM methane sulfonic 
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acid (MSA) flowing at 0.5 mL min-1 through a CS12A-5 analytical column and a CSRS 

300 suppressor. Detection limits, calculated as three times the standard deviation of 

replicates of the low level standards, were < 0.01 mg L-1 for most ions, except for Mg2+ 

(0.02 to 0.03 mg L-1) and Ca2+ (0.04 to 0.05 mg L-1). The analytical uncertainties, 

determined by the mean standard error of replicate samples, were between 0.003 to 0.03 

mg L-1 (Table 2.S1). 

2.3.3 Isotope-Based Mixing Model 

To estimate the contribution of new water (i.e., rainfall event water) and old water (i.e., 

soil water) to runoff following each precipitation event, a two-component mixing model 

was used. The mixing model assumes that: (1) streamflow at any time is the sum of old 

water and new water, (2) the tracers are conservative in nature, and (3) there is a significant 

difference in the tracer concentrations of each component (Sklash et al., 1976). In this 

study, the stable isotope compositions of water (δD and δ18O) were used as conservative 

tracers. The time (t) dependent mass balance equations for the model are expressed as 

(McNamara et al., 1997): 

 

(2) Qs(t) • Cs(t) = Qo(t) • Co(t) + Qn(t) • Cn(t) 

(3) Qo(t) = Qs(t) • [(Cs(t) – Cn(t)) / (Co(t) – Cn(t))] 

 

where Q is discharge, C is tracer composition, s is total water in stream flow, o is the old 

water component and n is new water component. 
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A common method for estimating the composition of the old water component is to assume 

that the stream water during the low flow periods represents an integrated sample of the 

old water in the basin (McNamara et al., 1997). Therefore, the average δD and δ18O of 

stream water during the estimated baseflow period (17 June to 4 July) was used for the old 

water component when modeling source contribution for the 9 July event. The average δD 

and δ18O of soil water collected from vacuum lysimeters (40 and 70 cm below ground) 

prior to the start of 18 and 25 July rainfall events (14, 18 July, and 23, 25 July, respectively) 

were used for the old water component for these latter two rainfall runoff events. The 

average δD and δ18O of collected rainwater for each rainfall event was used for the new 

water component, while the δD and δ18O of surface water collected during each rainfall 

event was used for total water. 

2.3.4 Isotope-Based Evaporation Calculations and Source Water Determination 

The Local Evaporation Line (LEL) for Cape Bounty was determined by calculating the 

linear regression between δP (mean annual isotope composition of precipitation) and δ* 

(limiting isotope enrichment of a water body approaching complete desiccation) (Table 

2.1). δP was estimated based on the intersection between the Local Meteoric Water Line 

(LMWL), and the linear regression of all 2012 stream water samples that plotted off the 

LMWL on a δD vs. δ18O graph (thus indicating evaporative enrichment). The LMWL is 

the linear regression of all precipitation samples (snowpack and rainfall) collected at Cape 

Bounty in 2012. 

 

E/I (evaporation relative to inflow ratio), which represents the relative importance of 

evaporation on surface water, and δI (isotope composition of source water) were 
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determined for all sampled surface water. Both E/I and δI are derived using the coupled-

isotope tracer approach developed by Yi et al. (2008), based on the linear resistance model 

of Craig and Gordon (1965) (Table 2.2). These modeling approaches have been used at 

other sites for determining lake hydrological conditions in northern freshwater landscapes 

(e.g., Brock et al., 2009; Wolfe et al., 2011; Turner et al., 2014). Here, models have been 

parameterized to fit the Goose stream system for Cape Bounty meteorological conditions 

during summer 2012. Modifications include the use of mean hourly June and July 

temperatures in 2012 to define T (temperature) when calculating α* (equilibrium liquid-

vapour fractionation factors for oxygen and hydrogen), and the use of mean hourly June 

and July relative humidity in 2012 to define h (relative humidity) when calculating δSSL, 

εK (kinetic separation), and δE (isotope composition of evaporated vapour). 

2.4 Results 

2.4.1 Meteorological Conditions and Ground Thaw Measurements 

Summer 2012 was characterized by unusually warm and wet conditions compared to 

previous melt seasons at CBAWO (Favaro and Lamoureux, 2014; Figure 2.3A). The mean 

temperature in June 2012 was 3.5°C and along with 2008 (also 3.5°C), represents the 

warmest June in recorded history at the study site (2003 to 2012). The mean temperature 

in July 2012 was 8.8°C and represents the third warmest July in the recorded history 

(Favaro and Lamoureux, 2014). The period between 29 June and 9 July was characterized 

by high air surface temperatures (13.5°C average over these ten days with a maximum of 

19.7°C on 30 June). Total monthly rainfall for July was 19.2 mm. On 9 July, an 8.6 mm 

rainfall event occurred. Subsequent lower magnitude events occurred on 18 July (1.6 mm), 
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22 July (0.8 mm) and 25 July (5.8 mm). The warm period starting at the end of June resulted 

in rapid ground thaw with mean and maximum depths measured at 60 and 72 cm, 

respectively, by 8 July (Figure 2.3B). By 18 July, mean ground thaw depth was 75 cm with 

maximum depth recorded at 98 cm. ANOVA results indicate that ground thaw depth across 

the transect was statistically different between the early to mid-baseflow period (18 June 

to 25 June; p = 0.0015) and the late baseflow period extending into the cessation of stream 

flow (29 June to 6 July; p = 0.0012); however, there was no statistical difference in 

immediately before and during the rainfall period (8 July to 18 July; p = 0.0658). This 

suggests that there was greater variability in ground thaw along the transect (10 points 

spaced 10 m apart) in the earlier summer season compared to the later season. 

2.4.2 Stream Discharge and Electrical Conductivity 

During the nival runoff period, maximum discharge (~58 m3 hr-1) occurred on 13 June 

(Figure 2.3C). Throughout this period, diel discharge was highly variable (amplitude 

maximum of ~40 m3 hr-1), with lowest flow occurring in the later morning (11:00 to 13:00) 

and peak flow occurring later in the late afternoon (16:00 to 18:00). Stream EC peaked at 

~40 µS cm-1 on 10 June during the nival runoff period (Figure 2.3C). Reduced discharge 

starting on 13 June prevented EC measurements until later on in the summer when 

discharge was reinitiated by rainfall. 

 

The baseflow period was estimated to start on 17 June based the approximate inflection 

point on the falling limb of the final nival discharge peak (Corzo and Solomatine, 2007). 

Maximum discharge was recorded as ~15 m3 hr-1 during this period. Peak flows occurred 

in the early afternoon (13:00 to 15:00) and lowest flow occurred in the mid-morning (8:00 
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to 9:00). The amplitude of diurnal discharge during baseflow (maximum of ~5 m3 hr-1) 

decreased substantially compared to the nival runoff. Discharge at the flume ceased on 3 

July. 

 

Field observations indicate that the 9 July rainfall (8.6 mm) started in the morning at 

approximately 9 AM. The duration of the lag-to-peak (the time between the start of this 

rainfall event and the increase to stream peak discharge) was approximately 22 hours 

(Figure 2.3C). Maximum stream discharge during this event was ~21 m3 hr-1 and produced 

a runoff ratio (discharge/precipitation) of 0.53. Prior to the morning start of the 9 July 

rainfall, the EC sensor was repositioned in the stream channel so that it was fully 

submerged to record properly. During peak rainfall at 12:00, EC declined sharply (~30 µS 

cm-1) starting at 12:00, approximately 3 hours after the start of rainfall. On 10 July, EC 

increased steadily starting at ~15 µS cm-1 and reached a maximum of ~100 µS cm-1. The 

elevated EC was sustained until discharge ceased on 11 July. 

 

The next large discharge peak (13 m3 hr-1) occurred on the evening of the 18 July rain event 

(1.6 mm). Field observations indicate that this rain event started in the early morning at 6 

AM, thus the duration of lag-to-peak was estimated to be approximately 14 hours. 

Discharge was sustained at an average of 10.5 m3 hr-1 for nearly 70 hours before any 

noticeable decrease was observed (Figure 2.3C). The runoff ratio for the 18 July event was 

very high (3.95). This lower magnitude rainfall was followed by a much more substantial 

increase in stream EC (maximum of ~450 µS cm-1) compared to the 9 July event (maximum 

of ~100 µS cm-1).  



33 
 

From 19 July until mid-afternoon on 22 July (16:00), EC appeared to vary inversely with 

recorded discharge (Figure 2.3D). A low magnitude rainfall event on 22 July (0.8 mm) 

increased discharge from 5 to 15 m3 hr-1, which was sustained for 30 hours (Figure 2.3C). 

EC also increased immediately with the increase in discharge (~580 µS cm-1) and was 

sustained until the following rainfall. There was a sharp rise in discharge in the early 

morning of 24 July (increase of ~20 m3 hr-1), which occurred within hours of the start of 

the rain event based on field observations. Discharge reached a maximum of ~56 m3 hr-1 

on the evening of 24 July. This discharge peak was the second highest over the course of 

the thaw season and was comparable to the maximum discharge produced during the nival 

period. The runoff ratio for this last rain event was 1.48. There was a sharp decrease in EC 

at the start of the 24 July event followed by a sharp increase later in the day when maximum 

seasonal EC was reached (~600 µS cm-1). 

2.4.3 Isotope Hydrology and Modelling 

Isotopic analyses indicate that there is a clear separation of the two meteoric sources of 

hillslope runoff: snow and rainfall. As expected, snowpack melt water isotope values were 

low (δ18O of -36 to -26 ‰, δD range of -280 to -190 ‰) and rain water was much higher 

(δ18O range of -20 to -14 ‰, δD range of -150 to -100 ‰) (Figure 2.4). Based on these 

data, a Local Meteoric Water Line was constructed (δD = 7.686*δ18O−0.23, r = 0.998. n = 

25), which plotted very close to the Global Meteoric Water Line (δD = 8*δ18O+10; Craig, 

1961). Soil water, the third presumed runoff source, had a narrow δ18O range of -20 to -18 

‰ and δD range of -150 to -130 ‰ (Figure 2.4). 
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Surface water flowing through the flume was subject to the least evaporative isotopic 

enrichment over the entire summer as indicated by samples collected during the nival and 

baseflow periods plotting along the LMWL and late summer samples plotting closest to 

the LMWL compared to all other locations (Figure 2.5). Surface water collected 200 m 

upchannel from the flume and at the inlet to the pond underwent evaporation starting in the 

baseflow period and into the late summer as indicated by samples plotting below the 

LMWL (Figure 2.5). Of all the surface water sampled, waters collected in the late season 

at the ephemeral pond plotted closest to δSSL along the LEL, indicating the highest 

evaporative enrichment compared to locations along the stream (Figure 2.5).  

 

Discharge sources were estimated at two locations along the stream (at the flume and 200 

m upchannel; Figure 2.1) using δ18O and δD values and a two-component mixing model. 

Results indicate that stream water was mostly composed of new water (>75 %) during and 

the day following the 9 July rainfall (Figure 2.6A, 2.6B). However, during the 18 July 

rainfall and on 19 July, the proportion of old water contributing to stream flow increased 

substantially (an increase of ~35 to 70 %), indicating that infiltrated rainwater from the 

previous event was stored and subsequently moved to the surface. Old water contribution 

to stream flow was still considerable during the 24 July rainfall, however, lower than the 

previous event (decrease of ~5 to 10 %) (Figure 2.6A, 2.6B). 

 

Calculated δDI values of early nival period surface waters (11 and 12 June) collected at all 

sampling locations (-205 to -180 ‰) were within or very close to the isotopic range of the 

sampled snowpacks (-280 to -190 ‰), indicating that snowmelt was the primary runoff 
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source during this time (Figure 2.7). δDI increased substantially (15 to 50 ‰) at the 

ephemeral pond, inlet to the pond and 200 m upchannel in mid-June, and continued to 

increase throughout the baseflow period until cessation of flow at each sampling location. 

In contrast, δDI decreased at the start of baseflow at the flume, and increased gradually 

after 26 June. Once surface flow was initiated along the stream and the ephemeral pond 

reappeared following the first July rainfall, δDI at all locations (-150 to -130 ‰) were 

within the range of sampled rain and soil water (-150 to -100 ‰ and -150 to -130 ‰, 

respectively). 

 

E/I ratios of surface water at all sampling locations generally increased throughout the late 

nival and baseflow periods, with ratios increasingly gradually at the flume, and more 

sharply at 200 m upchannel from the flume and the inlet to the pond (Figure 2.7). Of the 

three stream sampling locations, E/I ratio reached a seasonal maximum (0.30) at the inlet 

to the pond during the late baseflow period. Following the 9 July rainfall, E/I decreased 

compared to baseflow at 200 m upchannel and at the inlet to the pond (~0.1 and 0.23, 

respectively), whereas the ratio increased slightly at the flume compared to baseflow 

(~0.08). Following the 18 July rainfall, E/I increased at the flume and 200 m upchannel 

(both ~0.1 and 0.15, respectively), but decreased at the inlet to the pond (~0.2). Overall, 

effects of evaporation were low for the three stream locations during the sampling period. 

E/I was highest for summer 2012 at the ephemeral pond on 14 July (~0.45) and 18 July 

(~0.55). 
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2.4.4 Soluble Ion Concentrations in Soils 

Visual cryostratigraphic assessment of the frozen soil core suggests that the full transient 

layer and upper permafrost was sampled. The transient layer was estimated to start at ~70 

cm below ground where large granular ice and ice lenses were observed, and extending to 

~100 cm (Figure 2.8). The approximate depth of the permafrost table was estimated to be 

100 to 110 cm below ground in the ice rich-zone containing silty-sandy sediment. The 

concentrations of individual soluble ions were relatively constant within the upper 70 cm 

of the soil (the typical active depth), except for SO4
2-, which increased slightly at 60 cm 

(Figure 2.8A). Within the transient layer, there were sharp increases in concentrations of 

SO4
2-, Mg2+, and Ca2+ with depth, and a slight increase in K+ concentration near the 

permafrost table (~100 cm). Into the permafrost (below ~110 cm), ion concentrations 

decreased slightly until the 160 cm depth where there were sharp increases in Cl-, SO4
2-, 

Ca2+ and Mg2+. The ratio of SO4
2- concentrations relative to all other ions increased with 

depth towards the permafrost table, with the highest ratios occurring in the transient layer, 

especially SO4
2-:Na+, SO4

2-:Cl- and SO4
2-:K+ (Figure 2.8B) (also reported by Lamhonwah 

et al., 2016). Over the entire length of the frozen soil core (12 to 160 cm below ground), 

correlation coefficient calculations indicate that most ions were positively correlated with 

one another (>0.50), with the exceptions of SO4
2- and Cl- (0.49), SO4

2- and Na+ (0.16), and 

SO4
2- and K+ (0.49) (Table 2.S2). 

2.4.5 Surface Water Chemistry 

In general, ion concentrations in surface water at all four sampling sites were lower in the 

nival period compared to the rainfall period (Cl-, SO4
2-, Na+, K+, Mg2+, and Ca2+) (Figure 
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2.9). Throughout the nival period, ion concentrations in water collected at the flume and 

200 m upslope from the flume decreased slightly (<5 mg L-1). During baseflow, ion 

concentrations in runoff at the flume continued to decrease until steadying towards the end 

of June, while concentrations in runoff 200 m upslope from the flume and at the inlet to 

the pond increased gradually throughout the baseflow period. Increases of all ion 

concentrations at each site were the sharpest following each of the three rainfalls in July, 

especially the 18 July event. Throughout the summer, ion concentrations sampled at the 

flume were substantially lower compared to the two upslope sampling locations (Figure 

2.9). Overall, the highest ion concentrations in surface water was measured at the 

ephemeral pond (Figure 2.9). At this location, concentrations of Cl- (~540 mg L-1), Na+ 

(~180 mg L-1), Mg2+ (~110 mg L-1) and Ca2+ (~85 mg L-1) reached seasonal maximums 

following the 18 July rainfall. The seasonal maximum SO4
2- concentration (~450 mg L-1) 

was measured at the inlet to the pond on 16 July (Figure 2.9). 

 

Ion concentration ratios (SO4
2-:Cl-, SO4

2-:Na+ and SO4
2-:K+) in surface waters sampled at 

all locations, with the exception of the ephemeral pond, were generally higher in the later 

summer (early to mid-July following rainfall) compared to earlier in the season during the 

nival and baseflow periods (Figure 2.10). SO4
2-:K+ increased the most as ground thaw 

progressed over the summer, especially in water collected at the flume and 200 m 

upchannel following the second rainfall on 18 July (Figure 2.10). 

2.5 Discussion 

Summer 2012 marked the highest June mean temperature (3.5°C) and third highest July 

mean temperature (8.8°C) on record at CBAWO based on a ten-year meteorological data 
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set (Favaro and Lamoureux, 2014). High temperatures resulted in deep ground thaw depth 

reaching 100 cm by late July (Figure 2.3B). Typical active layer depth at CBAWO has 

been reported to be 50 to 70 cm by late summer (Lafrenière et al., 2013), but has reached 

depths of c. 100 cm in unusual warm years like 2007 (Lamoureux and Lafrenière, 2009). 

Thus, 2012 represented an atypical year in terms of ground thaw at CBAWO. The 

investigation of stream chemistry and stable isotope composition during this exceptionally 

warm summer provides insight into the impacts of deep ground thaw and substantial 

rainfall on localized hydrological and hydrochemical responses in an undisturbed, High 

Arctic catchment. Our study directly addresses the uncertainties related to how a warming 

climate resulting in deeper ground thaw will impact soil water and runoff dynamics such 

as infiltration and water storage, and surface water chemistry (specifically soluble ion 

concentrations). 

2.5.1 Soil Water and Runoff Dynamics in an Unusually Warm Summer 

Deep seasonal ground thaw and permafrost degradation have the potential to substantially 

impact subsurface hydrological processes in the Arctic (Lawrence and Slater, 2005; Shur 

and Jorgenson, 2007; Woo et al., 2008). Results from this study indicate that a deep ground 

thaw can enhance the storage of infiltrated water in thawed soil following rainfall. From 

late June to early July 2012, high air surface temperatures at Cape Bounty resulted in the 

rapid ground thaw, with maximum depth measured at 72 cm on 8 July (Figure 2.3). The 

rainfall event on 9 July (8.6 mm) resulted in a low runoff ratio (0.53), indicating that a 

substantial volume of rain water from this event was stored in the thawed soil and did not 

contribute to runoff (Figure 2.3). The majority of water that did contribute to surface flow 

on 9 July was event water based on new versus old water separation modelling of isotope 
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data (Figure 2.6), suggesting overland flow when the infiltration capacity was temporarily 

reached during the periods of most intense rainfall, despite substantially deep ground thaw 

(60 to 75 cm). 

 

Our study builds upon previous research conducted at CBAWO in 2012 by Favaro and 

Lamoureux (2014) that emphasized the importance of antecedent soil conditions in relation 

to infiltration and storage of rainfall. A minimal runoff response in the West River 

following the 9 July 2012 rainfall event was likely a result of substantial soil moisture 

losses during the antecedent period characterized by trace rainfall and sustained high levels 

of incoming solar radiation (Favaro and Lamoureux, 2014). The minimal runoff response 

along with a rapid increase in soil moisture in the active layer (volumetric water content 

rise from ~0.35 to ~0.35 m3 m−3 at a subsurface depth of 10 cm) during the rain event 

indicated that the majority of rainfall infiltrated into the ground, analogous to what we 

report occurred in Upper Goose that same year. Conditions in 2012 contrast to those in 

2009 when the period prior to a major rainfall event (>25 mm) was characterized by cool 

temperatures and intermittent low-level rainfall. The conditions in 2009 increased soil 

moisture and reduced potential soil water storage, resulting in rapid soil saturation during 

the initial hours of the major rainfall and substantial runoff measured in the West River, 

unlike 2012 when runoff following the first rainfall event (9 July 2012) was negligible 

(Favaro and Lamoureux, 2014).  

 

The storage and subsequent flushing of infiltrated water during deep ground thaw is further 

reinforced by results from the source water mixing model. The majority of runoff following 
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the 18 and 24 July rainfall events was composed of old water (i.e., soil water) whereas the 

majority of runoff following the 9 July event was composed of new water. Old vs. new 

water separation was done at two sampling locations (the flume and 200 m upchannel; 

Figure 2.5) because of differences in ability to constrain the old water component. For the 

9 July event, there was higher confidence in constraining old water (i.e., isotope 

composition of baseflow) at the flume because flow appears to have underwent less 

evaporative enrichment compared to farther upstream. Because the old water component 

for this event was estimated to be the average δD and δ18O of the baseflow period, as is 

commonly done (e.g., McNamara et al., 1997), there initially was some concern that the 

range of isotope values was too large and not isotopically distinct enough from the new 

water component (rainwater) for the model to perform adequately. The ranges of δD and 

δ18O of surface water collected at the flume during baseflow were -200.15 ‰ to -161.74 

‰ (mean = -185.96 ‰; n = 8) and -25.81 ‰ to -20.68 ‰ (mean = -24.11 ‰; n = 8), 

respectively. The sensitivity of the model response was tested by using the most depleted 

sample (lowest δD and δ18O values) and most enriched sample (highest δD and δ18O 

values) collected during the baseflow period to establish a range of old vs. new water 

separation during the 9 July rain event. When these changes were applied, results still 

indicate that the majority of runoff was new water. The range of new water contribution on 

9 July was 76.7 to 93.1 % using δD as a tracer and 97.7 to 99.4 % using δ18O as a tracer, 

while the range of old water contribution was 6.9 to 23.3 % using δD as a tracer and 0.6 to 

2.3 % using δ18O as a tracer. For separation of old vs. new water during the 18 and 24 July 

rainfall events, we were able to better constrain old water (i.e., isotope composition of soil 
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water) at the inlet to the pond due to close proximity of the lysimeters located in the upper 

reaches of the catchment. 

 

Our study that suggests old water typically dominates stormflow in the mid- to late summer 

is supported by previous research in permafrost regions. At the Apex River on southern 

Baffin Island, it was reported that 60 % of runoff was composed of old water (Obradovic 

and Sklash, 1986) while at the Upper Kuparuk River in northern Alaska, summer 

stormflow was composed of 79 to 81 % old water (McNamara et al., 1997). For summer 

rainstorms at Wolf Creek, Yukon Territory, water from mineral soil dominated the 

stormflow hydrograph (62 to 93 %) (Carey and Quinton, 2005). However, the 

aforementioned studies were from permafrost regions much lower in latitude compared to 

CBAWO and located where summer air surface temperatures are higher and active layer 

thaw is generally deeper (typical thaw depth of 30 to 100 cm, 25 to 100 cm and several 

decimeters to >100 m, respectively, for the Apex River, Upper Kuparuk River and Wolf 

Creek; Obradovic and Sklash, 1986; McNamara et al., 1997; Carey and Quinton, 2005). 

Because permafrost restricts infiltration and other subsurface processes due to the 

impermeable frozen ground, the water storage capacity has been generally thought be 

limited where active layer depths are shallow (Roulet and Woo, 1988; McNamara et al., 

1997). Along with Favaro and Lamoureux (2014), our study represents one of the first 

reported cases of deep (~100 cm) soil water storage and the domination of old water 

contribution to runoff during stormflow following unusually warm summer conditions in 

the High Arctic. Water storage in the active layer under deep thaw conditions was expected 

due to the permeable layer of silty clay sediment mixed with interspersed gravel (70 to 100 
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cm below ground), overlain by a gravel matrix layer (60 to 70 cm below ground) (Figure 

2.8). 

 

Our study also suggests the dependency of mid- and late summer runoff on rainfall and soil 

water as hydrological inputs in the High Arctic environment. The δDI of surface water 

collected along the stream on 18 July (Figure 2.7) was within the isotopic range of rainfall 

and isotopically distinct from snowpack (Figure 2.4). This indicates that the displaced old 

water following the 18 July rainfall was not snowmelt water that was infiltrated into the 

ground and stored during the baseflow period, but instead was mostly stored soil water 

retained from the initial rainfall on 9 July. The nival period has typically been regarded as 

the most critical time in the summer season for solute mobilization due to the high 

availability of runoff from snowmelt (Petrone et al., 2006; Quinton and Pomeroy, 2006; 

McNamara et al., 2008; Boucher and Carey, 2010). Our results indicate that following the 

nival and baseflow periods, very little snowmelt water actually remains in the active layer 

as soil water. Once snowmelt water has been depleted, the movement of solute would need 

to depend on another source of water, thus highlighting the importance of input from mid- 

and late summer rainfall. 

2.5.2 Deep Seasonal Ground Thaw and Solute Flushing 

Although there was some evaporation of surface water in the mid- to late summer 2012 at 

CBAWO due to sustained high air surface temperatures, evaporative enrichment was not 

the primary driver of continued increases to ion concentrations in stream runoff following 

the first rainfall (Figure 2.9). The spatial differences in evaporative enrichment along the 

Upper Goose stream (Figure 2.5) can be explained by differences in the transit time of 
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surface water flow at each sampling location. At the flume and 200 m upchannel, surface 

flow over a steeper slope was more channelized compared to diffuse flow over a shallower 

slope at the inlet to the pond. While the highest E/I ratios (Figure 2.7) are associated with 

the timing in the season where ion concentrations in stream waters are also the highest 

(Figure 2.9), not all ion concentration ratios (SO4
2-:Cl-, SO4

2-:Na+ and SO4
2-:K+) increased 

together proportionately (Figure 2.10). Results indicate that ephemeral surface ponds can 

undergo substantial evaporation in warm summers, which can increase solute loads at a 

very localized scale. However, there appears to be little impact on overall stream ion 

concentrations from these ponds. Unlike water sampled along the stream, solute 

concentration ratios in water collected from the ephemeral pond increased proportionately 

with increased ion concentrations (Figures 2.9 and 2.10), indicating continual evaporative 

concentration. The δDI and sharp increase of E/I indicate that the source of ephemeral pond 

in mid- to late summer was ponded rainwater that underwent very high degree of 

evaporation (Figure 2.7). There was no evidence to suggest any substantial and/or continual 

flow from the ephemeral pond to the stream in 2012. If there was a contribution, E/I and 

Cl- concentrations in stream waters (especially at 200 m upchannel, which is directly 

downslope from the ephemeral pond), would have sharply increased on 18 and 19 July 

(Figures 2.7 and 2.9), but this was not the case. Instead of evaporative enrichment, we 

suggest that continued increases in ion concentrations in stream water (particularly in the 

late summer) is due to the movement of soluble ions, previously stored in frozen soils, to 

the surface. 
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Deep seasonal ground thaw impacts surface water chemistry when soluble ions stored in 

the transient layer and upper permafrost are released by thaw and made available for 

flushing (Figure 2.8). The storage of soluble ions at depth is similar to what has been 

reported for other Arctic watersheds, and was likely a result of ions being exsolved ahead 

of the freezing front during a climatically warmer period. Near Inuvik and across multiple 

sites in the Mackenzie Delta, NWT, Canada, total soluble cation concentrations were 

shown to increase with depth towards the permafrost table, and was attributed to the 

exclusion of dissolved ions from ice as the freezing front progresses downward (Kokelj 

and Burn, 2003; 2005). If permafrost degradation occurs, soluble ions can become 

accessible to flushing and mobilized into surface waters, thus increasing solute 

concentrations and impacting hydrochemistry (Stottlemyer, 2001; Petrone et al., 2007; 

Frey et al., 2007; Keller et al., 2007). At Upper Goose in 2012, the highest ion 

concentrations in stream waters were recorded in mid-July (Figure 9) and coincided with 

thaw into the transient layer (Figure 2.3). The increase of ion concentrations in stream 

waters, especially SO4
2-, reflects the increased concentration of soluble ions in the transient 

layer that were made accessible by ground thaw (Figure 2.8A). This suggests subsurface 

flow of infiltrated rainwater through the transient layer subsequently flushed soluble ions 

to the surface. Furthermore, a substantial increase to SO4
2-:K+, and more moderate 

increases to SO4
2-:Cl- and SO4

2-: Na+ along the stream in mid- and late July compared to 

earlier in the summer (Figure 2.6) reflects the increased ion ratios observed in the transient 

layer (Figure 2.8B). 
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Ion concentrations in runoff appear to be greater when there is available water in the late 

summer, such as stormflow, that can flush accessible ions from the deep subsurface and 

move them to the surface (Dugan et al., 2009; Lewis et al., 2012). Solutes are generally 

supply limited and therefore the continued mobilization of soluble ions from soil is 

necessary to sustain ion fluxes in surface water. It is presumed that the mechanism for 

solute flushing to the surface is downslope subsurface flow through the soil matrix and 

eventual exfiltration into the stream channel following infiltration, soil saturation and a rise 

in the water table (Woo and Young, 2003; Woo, 2011). Several studies have suggested 

that, besides snowmelt, rainfall is a major water source capable of generating 

biogeochemical fluxes in Arctic nival catchments (Judd and Kling, 2002; McNamara et al., 

2008; Townsend-Small et al., 2011; Balasubramaniam et al., 2015). Ion concentration 

increases in surface water along the Upper Goose stream coincide with re-initiation of 

runoff following each of the summer rainfall events (Figure 2.3). The sharpest increases in 

ion concentrations and EC followed the 18 July rainfall which displaced the stored soil 

water from the 9 July event, indicated by the high runoff ratio (3.95; Figure 2.3) and 50 to 

90 % old water contribution (Figure 2.6). Infiltrated water from 9 July likely provided the 

antecedent conditions for solute flushing during the next rainfall event by solubilizing ions 

in the transient layer and reducing soil moisture storage in soils (Figure 5). Ion flushing 

following rainfall can persist for several days as indicated by the steady increase of stream 

EC during the gradual waning discharge from 19 to 22 July, suggesting the continual 

movement of soluble ions from the subsurface to the surface (Figure 2.3).  
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The presence of ground ice and ice-rich soil (>75% ice) likely prevented the thaw and 

release of stored solutes found deeper in the upper permafrost (i.e., high soluble ion 

concentrations found at 160 cm below ground; Figure 2.8A). It is presumed that even 

during summers with exceptionally high air temperatures, solute stores at these depths 

(below 160 cm at CBAWO) would likely remain frozen because ground ice can buffer 

thaw (Guodong, 1983; Kokelj and Burn, 2003). Thus, deeper solute stores buffered by ice-

rich permafrost will probably remain inaccessible to flushing unless a physical disturbance 

mechanism (e.g., active layer detachment slide, retrogressive thaw slump, thermokarst 

activity) removes the active layer, bringing ice and solutes closer to the surface (Bowden 

et al., 2008; Kokelj et al., 2009; Lafrenière and Lamoureux, 2013; Lamhonwah et al., 

2016). 

2.5.3 Future Runoff Given Projected Climate Change 

Runoff and solute mobilization in Arctic catchments has typically been considered to be 

dominated by snowmelt in the nival period, however this may change as the seasonal active 

layer thickens and major rainfall events become more frequent (Woo et al., 1992). Results 

from our study and Favaro and Lamoureux (2014) suggest that deep ground thaw 

accompanied by low soil moisture can increase storage potential in soils, consequently 

attenuating runoff and reducing runoff ratios following rainfall (Figure 3). However, our 

study also suggests that if a system is properly primed (i.e., deep thaw along with limited 

storage water potential due to high soil moisture), rainfall events can repeatedly flush soil 

water containing solutes previously stored in the transient layer, and substantially impact 

surface water ion concentrations in stream runoff (Figure 2.9). Global climate models (e.g., 

AMAP, 2011; IPCC, 2013) and regionally downscaled predictions for the Canadian High 
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Arctic (e.g., Lewis and Lamoureux, 2010) suggest that moisture availability under warmer 

scenarios is likely to increase summer rainfall and runoff, thus enhancing solute flushing 

and mobilization (McNamara et al., 2008; Townsend-Small et al., 2011; Dugan et al., 2012; 

Lewis et al., 2012). Deeper seasonal ground thaw into the near surface permafrost 

associated with climate warming (ACIA, 2005; IPCC, 2013) increases the availability of 

soluble ions previously stored in frozen ground (Stottlemyer, 2001; Petrone et al., 2007; 

Frey et al., 2007; Keller et al., 2007; Kokelj et al., 2009). Therefore, with the projected 

higher incidence of major rainfall events, increased runoff and deeper thaw, it is presumed 

that ion concentrations in surface runoff will increase (especially in the late season) due to 

the deep storage and movement of infiltrated water, and subsequent flushing of previously 

frozen solute stores to the surface. 

 

Previous research suggests that deep ground thaw and flushing of solute stores can impact 

surface water chemistry for several years following warm summer temperatures and 

thermal perturbation of soils (Keller et al., 2010; Lafrenière and Lamoureux, 2013; 

Lamhonwah et al., 2016). TDS concentrations and normalized TDS fluxes in the Goose 

catchment waters at CBAWO increased two years after thermal perturbation in 2007 (the 

warmest July on record; Favaro and Lamoureux, 2014), despite shallower ground thaw and 

cooler temperatures in 2008 and 2009. This suggests that soluble ions made accessible by 

the deep thaw in 2007 were available for enhanced flushing over the next two years. 

Furthermore, following deep ground thaw, increases to TDS concentrations and solute 

fluxes occur on a catchment-wide scale unlike impacts that physical disturbances (i.e., 

active layer detachments) have on water chemistry which occur on a very localized scale 
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(Lafrenière and Lamoureux, 2013). An eleven-year surface water chemistry record was 

investigated from Toolik Lake, Alaska, a watershed where ground thaw depth has been 

assumed to be increasing (Keller et al., 2010). Based on increasing elemental ratios over 

time (87Sr2+/86Sr2+, Ca2+/Na+, and Ca2+/Ba2+) of surface waters and supporting soil 

chemistry data, results indicated that a trend of increasing thaw had occurred between 1994 

and 2004 despite some years being cooler than others. 

 

Although there is some sense of the impact trajectory on water chemistry following deep 

ground thaw, there is still uncertainty about the length of time it takes for solutes stored in 

the transient layer and upper permafrost to be completely removed from the system. 

Currently, there are no studies that address this gap in research besides slope disturbance 

research from the Fosheim Peninsula, Ellesmere Island. Kokelj and Lewkowicz (1999) 

suggest that following the development of a solute-rich active layer in exposed marine 

sediments following slope disturbance, it will take several decades for soluble Na+ to be 

removed from soils with repeated flushing before high Na+ concentrations in runoff return 

to pre-disturbed levels. The removal of stored solutes in the context of our study is 

presumed to depend on two key factors: (1) adequate ground thaw for previously frozen 

solutes to become accessible for flushing during a warm summer or in subsequent summers 

(the process of enhanced flushing), and (2) a source of water to act as a flushing mechanism 

(McNamara et al., 2008; Petrone et al., 2007; Frey et al., 2007; Lewis et al., 2012; 

Lafrenière and Lamoureux, 2013). Thus, the absence of one of these factors may impede 

flushing and possibly prolong the removal of stored solutes in the transient layer and upper 

permafrost.  
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2.6 Conclusions 

Results from a High Arctic catchment during an exceptionally warm summer indicate that 

deep ground thaw enhances the storage of infiltrated rainwater and attenuates runoff. Soil 

water from infiltrated rainfall can solubilize ions previously stored in the transient layer 

and upper permafrost that become accessible by thaw. Subsequent rainfall events can then 

flush solutes to the surface and increase ion concentrations in stream runoff. Results further 

suggest the importance of rainfall and soil water as hydrological inputs in the mid- to late- 

summer as infiltrated snowmelt is removed from soil following baseflow. Although there 

can be considerable evaporation of surface water in a warm summer, the primary driver of 

increase ion concentrations in stream runoff in our study is flushing of stored solutes, not 

the evaporative concentration of surface water. As the Arctic continues to warm and with 

increases in rainfall projected for most permafrost regions, it is likely that ion 

concentrations in runoff (especially in the late season) will increase due to the deep storage 

and movement of infiltrated water, and subsequent flushing of previously frozen solutes to 

the surface. Incorporating these processes into modeling efforts will be critical to predict 

the hydrochemical impacts of climate warming on permafrost watersheds. 
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Figures and Tables 

 
 

Figure 2.1. (A) Location of the Upper Goose catchment in the West River Watershed at 

the Cape Bounty Arctic Watershed Observatory (CBAWO), Melville Island, Nunavut 

Canada. (B) The detailed map of the study area shows the surface water sampling locations 

and the transect used for ground thaw measurements during summer 2012. 
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Figure 2.2. Photographs identifying surface water sampling locations during summer 2012 

at the Upper Goose catchment, Cape Bounty, Melville Island, Nunavut Canada: (A) Upper 

Goose flume, (B) 200 m upchannel from the flume, (C) inlet to the Upper Goose pond, and 

(D) an ephemeral pond located upslope from the flume. Photo credit: D. Lamhonwah. 
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Figure 2.3. (A) Air surface temperature measured at the MainMet meteorological station 

and total daily rainfall measured at the WestMet meteorological station. (B) Active layer 

depth measured along a 10-point transect (18 June to 18 July, 2012). Lines in box and 

whisker plots represent mean ground thaw depth for that date. (C) Seasonal discharge and 

electrical conductivity (EC) measured at the Upper Goose flume. (D) Seasonal discharge 

plotted with electrical conductivity. Curved arrow shows decreased flow (m3 hr-1) with 

increased EC over time from 19 to 22 July, 2012. 
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Figure 2.4.  δ18O versus δD of runoff sources (end-members). The Local Meteoric Water 

Line (LMWL) is the linear regression of all precipitation samples. GMWL is the Global 

Meteoric Water Line (δD = 8δ18O +10; Craig, 1961). AL (disturbed catchment 

neighbouring Goose), CMP (base camp) and G (Goose) are locations at CBAWO where 

snowpack samples were collected (see Figure 2.1). 
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Figure 2.5.  δ18O versus δD of surface water sampled at four locations in Upper Goose (10 

June to 24 July, 2012) plotted with the Local Meteoric Water Line (LMWL) and calculated 

Local Evaporation Line (LEL). Key threshold values along the LEL include δ* (the 

limiting isotope enrichment of a water body approaching complete desiccation) and δSSL 

(the steady-state isotope composition of a terminal basin (i.e., closed-drainage) where 

evaporation equals inflow) (Gonfiantini, 1986). 
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Figure 2.6. (A, B) Old versus new water separation following three mid- to late summer 

rainfall events in July 2012 at Cape Bounty, NU shown with (C) ground thaw depth, and 

(D) discharge (measured at the flume) and rainfall. δ18O and δD of surface water and 

hillslope runoff source waters were used for the two-component water balance mixing 

model. 



56 
 

 
 

Figure 2.7. (A to D) E/I ratios and δDI (isotope composition of source water) of surface 

water sampled at four locations in Upper Goose (10 June to 24 July, 2012) shown with (E) 

ground thaw depth, and (F) discharge (measured at the flume) and rainfall. 
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Figure 2.8. (A) Soluble ion concentrations and (B) soluble ion concentration ratios plotted 

with depth from a frozen soil core sampled in early June 2012 from the Upper Goose 

catchment. Ground thaw depth at the time of sampling was <10 cm. 
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Figure 2.9. (A to D) Major anion and cation concentrations of surface water sampled at 

four locations in Upper Goose (10 June to 24 July, 2012) shown with (E) ground thaw 

depth, and (F) discharge (measured at the flume) and rainfall. 
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Figure 2.10. (A to D) Ion concentration ratios of surface water sampled at four locations 

in Upper Goose (10 June to 24 July, 2012) shown with (E) ground thaw depth, and (F) 

discharge (measured at the flume) and rainfall. 
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Table 2.1. Values used to calculate the local evaporation line (LEL) for Cape Bounty, NU. Model has been parametrized for 

meteorological conditions (air surface temperatures and relative humidity) recorded in June and July 2012. 

 

Term Definition Value(s) Reference/Definition 

T Temperature (K) 278.85 
MainMet meteorological station, mean hourly data from 

June to July 2012, Cape Bounty NU 

h Relative humidity (%) 73.3 
Flux tower, mean hourly data from June to July 2012, 

Cape Bounty NU 

α* Equilibrium liquid-vapour fractionation factor (18O) 1.0112 
1000lnα* = -7.685 + 6.7123(103/T) - 1.6664(106/T2) + 

0.35041(109/T3) [Horita and Wesolowski, 1994] 

α* Equilibrium liquid-vapour fractionation factor (D) 1.1030 

1000lnα* = 1158.8(T3/109) - 1620.1(T2/106) + 

794.84(T/103) - 161.04 + 2.9992(109/T3) [Horita and 

Wesolowski, 1994] 

εK Kinetic separation (18O, D) 0.0038, 0.0033 εK = CK (1 - h) [Gonfiantini, 1986] 

CK Enrichment values (18O, D) 0.0142, 0.0125 Constant [Gonfiantini, 1986]  

ε* Equilibrium separation (18O, D) 0.0112, 0.1030 ε* = α* - 1 [Gonfiantini, 1986] 

δ* 
Limiting isotope enrichment of a water body approaching 

complete desiccation (δ18O, δD) 
-7.3%, -88.4% 

δ* = (hδAS + εK + ε*/α*) / (h - εK - ε*/α*) [Gonfiantini, 

1986] 

δSSL 
Steady-state isotope composition of a terminal basin 

(δ18O, δD) 
-11.8%, -116.3% 

δSSL = α*δI (1 - h + εK) + α*hδAS + α*εK + ε* 

[Gonfiantini, 1986] 

δAS 
Isotope composition of ambient atmospheric moisture 

(δ18O, δD) 
-27.4%, -208.7% δAS = (δPS - ε*) / α* [Gibson et al., 2008] 

δPS 
Isotope composition of summer rainfall 

(δ18O, δD) 
-16.5%, -127.2% 

Average isotopic composition of rain water collected 

from wet precipitation catchers, July 2012, Cape 

Bounty NU 

δP Isotope composition of precipitation (δ18O, δD) -23.8%, -182.0% 

Estimated based on the intersection between the LWML 

and the linear regression of all Cape Bounty 2012 

stream water samples that plotted off the LWML (δD 

vs. δ18O graph) 
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Table 2.2. Values used to calculate the E/I ratio of surface water samples collected during the summer of 2012 at Cape Bounty, 

NU. Model has been parametrized for meteorological conditions (air surface temperatures and relative humidity) recorded in 

June and July 2012. 

 

Term Definition Reference/Equation 

δSW Isotope composition of surface water (δ18O, δD) Surface water samples, June to July 2012, Cape Bounty NU 

δE Isotope composition of evaporated vapour (δ18O, δD) 
δE = ((δSW - ε*) / α* - hδAS - εK) / (1– h + εK) [Craig and Gordon, 1965; 

Gonfiantini, 1986; Yi et al., 2008] 

δI Isotope composition of source water (18O, D) 

Point of intersection between the GMWL and the Cape Bounty LEL, which 

extends between δSW and δE [Craig and Gordon, 1965; Gonfiantini, 1986; Yi et 

al., 2008] 

E/I Evaporation to inflow ratio Ε/Ι = (δI - δSW) / (δE - δSW) [Yi et al., 2008] 

 

Supplementary material 

 

Table S1. Mean, minimum and maximum concentrations (mg L-1) for individual ions in stream and surface water sampled at 

Upper Goose (10 June to 24 July, 2012). Mean standard error (SE) of analysis (i.e., uncertainty) is also shown for each analyte.  

 

 Cl- 

(mg L-1) 

SO4
2- 

(mg L-1) 

Na+ 

(mg L-1) 

K+ 

(mg L-1) 

Mg2+ 

(mg L-1) 

Ca2+ 

(mg L-1) 

Mean 79.4 66.8 39.4 1.4 20.1 15.5 

Minimum 2.7 0.6 2.2 0.2 1.1 0.9 

Maximum 540.7 452.0 182.4 6.8 107.1 80.2 

Mean SE 0.02 0.03 0.01 0.003 0.01 0.03 
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Table S2. Correlation coefficients for soluble ions concentration (mg 100 g-1 soil) with depth from a frozen soil core sampled in 

early June 2012 from the Upper Goose catchment. Highlighted pairings are not correlated with one another (correlation 

coefficient < 0.50).  

 

Pairing 
Correlation 

coefficient 

Cl-/ SO4
2- 0.49 

Cl-/ Na+ 0.73 

Cl-/K+ 0.72 

Cl-/Mg2+ 0.87 

Cl-/Ca2+ 0.87 

SO4
2-/Na+ 0.16 

SO4
2-/K+ 0.49 

SO4
2-/Mg2+ 0.76 

SO4
2-/Ca2+ 0.74 

Na+/K+ 0.83 

Na+/Mg2+ 0.61 

Na+/Ca2+ 0.58 

K+/Mg2+ 0.75 

K+/Ca2+ 0.72 

Mg2+/Ca2+ 0.99 
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Chapter 3: Multi-year Impacts of Permafrost Disturbance and Thermal 

Perturbation on High Arctic Stream Chemistry 

Published as: Lamhonwah, D., Lafrenière, M.J., Lamoureux, S.F., and Wolfe, B.B. (2016). 

Multi-year impacts of permafrost disturbance and thermal perturbation on High Arctic 

stream chemistry. Arctic Science, 3(2), pp.254-276. 

Abstract 

Permafrost disturbances (such as active layer detachment (ALD) slides) and thermal 

perturbation (deep ground thaw from high soil temperatures) alters Arctic surface water 

chemistry. However, the potential multi-year impacts on water chemistry and the ultimate 

recovery time are not well understood. This study evaluates the impacts on surface waters 

and recovery following disturbance of a High Arctic catchment in 2007 from ALDs. We 

measured ion concentrations and stable isotopes in surface waters collected between 2006 

and 2014 from paired catchments - one disturbed and the other not. 2007 and 2012 were 

exceptionally warm and represent unusual thermal perturbation for both catchments. 

Results indicate that the exposure and mobilization of soluble ions in near surface soil is a 

key control over dissolved ion concentrations and composition following ALDs. Runoff in 

the disturbed catchment shows increased total dissolved solute (TDS) concentrations and 

seasonal TDS fluxes, and changes to the relative composition of individual ions in surface 

water. These impacts persisted for the seven-year study duration after disturbance, and are 

consistent with the thawing of the solute-rich transient layer and upper permafrost. Thermal 

perturbation increased TDS concentrations and seasonal fluxes in runoff for up to two years 
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as ions released from ground thaw appear to be available for flushing in subsequent 

summers. 

Key words: permafrost disturbance; permafrost thaw; solutes; streamflow; active layer 

detachment 

3.1 Introduction 

There is growing evidence that climate warming in the Arctic (IPCC, 2013) has resulted in 

permafrost degradation (Fortier et al. 2007; Isaksen et al. 2007; Jorgenson et al. 2010) and 

deepening of the seasonal active layer, the surface layer of the ground in permafrost terrain, 

subject to seasonal freeze and thaw conditions (Zhang et al. 1997; Osterkamp 2007; Woo 

et al. 2007; Woo 2012). The loss of permafrost and the deep thaw of active layer soils, 

along with increased summer precipitation, has triggered widespread thermokarst 

development (Bowden et al. 2008; Gooseff et al. 2009), and the formation of permafrost 

disturbances such as active layer detachment slides (ALDs) and retrogressive thaw slumps 

(Kokelj and Lewkowicz 1998; Kokelj and Lewkowicz 1999; Fortier et al. 2007; 

Lamoureux and Lafrenière 2009). These physical landscape disturbances displace 

vegetation and thawed soils downslope along ice-rich permafrost at the base of the active 

layer, exposing mineral soils in the scar zone, creating incised channels and transverse 

ridges at the surface, and amassing soils at the base of the slope (Lewkowicz and Harris 

2005a; Lewkowicz 2007; Lamoureux et al. 2014). Observations indicate that when the 

organic soil mat is displaced during an ALD, this layer can be folded and deformed while 

being moved downslope and become partially incorporated into exposed, inorganic 

mineral soil (Lipovsky et al. 2006). 
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Studies have shown that the downslope displacement of active layer soils from physical 

disturbances can expose soluble ions previously stored in the deep active layer (Kokelj and 

Lewkowicz 1999; Bowden et al. 2008; Lamoureux and Lafrenière 2009; Kokelj et al. 2009; 

Lafrenière and Lamoureux 2013; Louiseize et al. 2014). Ion-rich soils near the permafrost 

boundary have been attributed to progressive removal of solutes from the active layer by 

advection and convective transport of soluble materials along thermal gradients in near-

surface permafrost during the freezing process (Kokelj and Burn 2003; 2005). 

Additionally, physical disturbance can expose ground ice typically found in the transient 

layer, the soil zone directly above the permafrost table and subject to occasional thaw in 

exceptionally warm years (Shur et al. 2005; French and Shur 2010). The thaw of exposed 

ground ice can introduce a new source of runoff which, along with snowmelt and rainfall, 

act as a flushing mechanism to mobilize solutes into surface waters (Kokelj et al. 2013; 

Malone et al. 2013). 

 

The warming of active layer soils (thermal perturbation) and deep ground thaw can also 

generate high solute concentrations in surface runoff as soluble ion-rich soils previously 

frozen and stored near the permafrost table become accessible to flushing, resulting in 

impacts to surface water quality (Kokelj and Burn 2005; Quinton and Carey 2008; 

Lafrenière and Lamoureux 2013). The occurrence of both physical disturbance and thermal 

perturbation are expected to increase in the Arctic with continued climate warming (Woo 

et al. 1992; Lewkowicz and Harris 2005b; Vincent et al. 2013). Research suggests that 

water quality impacts directly related to disturbances (such as ionic concentrations in 

surface water) could impact microbial activity, aquatic food webs and vegetation growth, 
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thus altering the ecological functioning of lakes, rivers and soils in the Arctic landscape 

(Swadling et al. 2000; Jansson et al. 2007; Bowden 2010). 

 

Despite the number of studies that have documented the occurrence of physical 

disturbances and thermal perturbation across the Arctic, there is uncertainty about the 

intensity and legacy of impacts on surface water chemistry over the course of several years. 

Moreover, there is uncertainty concerning how ground ice often found near the base of the 

active layer may contribute to surface runoff and mobilize accessible ions following 

physical disturbance and during warm years. We sought to evaluate the impact of both 

physical and thermal permafrost perturbation by assessing the major ion and water isotope 

composition of surface waters sampled at adjacent undisturbed and disturbed High Arctic 

catchments for an 8-year period (2006 to 2014). We measured the soluble ion 

concentrations and isotope composition of active layer and permafrost to assess the 

contribution of thawed ground ice to surface runoff, and the impacts on ion concentrations 

in runoff following water transport through soils when ALDs or thermal perturbation 

occurs. 

 

The key objectives of this paper are to determine: (1) the multi-year impacts of physical 

disturbance and thermal perturbation on the extent of ground ice contribution to runoff in 

a High Arctic catchment, (2) the multi-year impacts on surface water chemistry 

(specifically total dissolved solute [TDS] concentration, seasonal TDS fluxes, relative 

composition of individual ions, and ion concentration variability) following physical 

disturbance and thermal perturbation and (3) the trajectories and recovery times (i.e., the 
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return to a pre-disturbed state) of impacts on surface water chemistry in a stream system 

following physical disturbance and thermal perturbation. Results provide a framework for 

evaluating the impacts of permafrost slope disturbance formation and accelerated warming 

of soils on downstream hydrochemistry in Arctic watersheds, and provides insights into 

determining the expected biological and ecological impacts from permafrost disturbances 

and thermal perturbation. 

3.2 Materials and Methods 

3.2.1 Study Area 

Research was carried out at the Cape Bounty Arctic Watershed Observatory (CBAWO) 

located on the south-central coast of Melville Island, Nunavut, in the Canadian High Arctic 

(74°55’N, 109°36’W; Figure 3.1). CBAWO consists of paired watersheds unofficially 

named the ‘West River Watershed’ and ‘East River Watershed’, which flow into 

downstream lakes. The bedrock is composed of weathered marine sandstone and siltstone 

of the Griper Bay, Hecla Bay and Weatherall formations. (Christie and McMillan 1994). 

Bedrock is overlain by late Quaternary glacial and early Holocene marine sediments, the 

latter found to ~75 m above sea level (Hodgson et al. 1984).  The area is non-glacierized 

and underlain by thick, continuous permafrost. Typical active layer depth has been reported 

to be between 50 and 70 cm by late summer (Lafrenière et al. 2013). Hydrological activity 

at CBAWO begins with snowmelt and nival runoff in early to mid-June that terminates in 

late June or early July (Lewis et al., 2012). Stream flow in smaller headwater catchments 

usually ceases early to mid-July, and is only reinitiated following rainfall (Lamoureux and 

Lafrenière 2009). The refreeze period typically begins in mid-to late August. 
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Field sampling was conducted from 2006 to 2014 at two headwater catchments in the West 

River Watershed: Ptarmigan (PT), with a drainage area of 0.213 km2 and Goose (GS), with 

a drainage area of 0.179 km2 (Figure 3.1). The timing of collection and number of samples 

collected were dependent on the start and duration of runoff as well as the duration of each 

field season, but generally started in early June (early summer period, snow on the ground) 

and concluded by mid- to late July (late summer period, snow-free). Three ALDs formed 

at PT in late July 2007 and collectively occupy approximately 11.8% of the total catchment 

area (Lamoureux et al. 2014). These slope disturbances were triggered by a major rainfall 

event (>25mm/day) that followed an extended period of elevated air surface temperatures 

(15°C mean over eight days) (Lamoureux and Lafrenière 2009). The disturbances 

displaced vegetation downslope, exposed mineral soils at the surface of scar zones and 

formed well-defined incised stream channels after several years (Figure 3.2A). Prior to 

disturbance, surface flow in PT was diffuse due to the absence of surface channels. Field 

observations post-disturbance indicate most of the thin organic layer (<10 cm) remained 

intact as it moved towards the toe of the disturbance forming minor ridges and fractures, 

with no evidence of widespread mixing into the exposed mineral soil (Lamoureux and 

Lafrenière 2009). Limited ground ice (< 30 cm thickness exposed) previously located in 

the deep active layer or upper permafrost was exposed to the surface following the ALD 

(Lamoureux and Lafrenière 2009), however there is no clear indication of a contribution 

from thawed ground ice to local hydrology. In contrast, GS remained undisturbed for the 

duration of the study period and is characterized by diffuse water tracks and the general 

absence of well-defined channels resulting in diffuse flow throughout the catchment 
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(Figure 3.2B). In undisturbed areas of PT and GS, the primary vegetation classes are wet 

sedge, mesic heath and polar semi-desert tundra communities, which varies according to 

soil moisture regime (Gregory 2011). Sampling was also conducted at the smaller Loose 

Goose (LG) catchment (drainage area of 0.012 km2) in 2006 and 2007 with the intention 

of using the surface water chemistry data as a baseline for long-term response to physical 

disturbance (Figure 3.2C). LG contains a partially revegetated ALD that formed prior to 

the first aerial photographs in 1950 and provides an indication of 60+ years of recovery 

(Lamoureux et al. 2014). 

 

3.2.2 Field and Sample Processing Methods 

Air temperature was recorded hourly at MainMet station (located at the northeast boundary 

of GS) with a Unidata Prologger (2006 to 2011) equipped with a Humerel 2500H sensor 

(±0.2°C accuracy) or an Onset U30 logger (2012-14) equipped with an Onset 

temperature/relative humidity sensor (±0.21°C accuracy). Precipitation was recorded 

hourly at MainMet station from 2006 to 2010 and WestMet station from 2011 to 2014 

(located approximately 2.5 km northwest of MainMet) with a Davis Industrial Tipping 

Bucket (0.2 mm/tip) equipped with an Onset UA-003 logger. June and July mean air 

temperatures and rainfall at CBAWO was compared with the climate record from the 

Mould Bay, NWT weather station (1961 to 1990, 76°14’N, 119°20’W) located 

approximately 300 km northwest (Environment Canada 2015).   

 

Stream stage was measured at 10 minute intervals with Onset U20 water level loggers 

(±0.05%) using either stilling wells in the stream channel (2007 and 2008) or 8 inch (20.3 



70 
 

cm) cutthroat flumes (2009 to 2014). Flumes were not removed after each field season and 

remained at the same location in the streams every year. Discharge was calculated using 

rating curves developed for each season from manual discharge measurements obtained at 

60% of the stream depth in 2007 and 2008 (Lafrenière and Lamoureux 2013), and by 

calibrated standard equations for the flumes (Skogerboe 1974). Total discharge (mm) for 

each catchment was calculated by summing total daily runoff and dividing by the area of 

the respective catchment. Hydrometric measurements were not carried out in the 2006, 

2011 and 2013 seasons. 

 

As an indication of thermal perturbation of soil during summer 2012, GS ground thaw 

depth was measured manually using a 1.5 m metal probe capable of penetrating thawed 

soil to the depth of the frost table. From 17 June to 18 July, measurements were made over 

a 100 m transect (10 points spaced 10 m apart) every 3 to 4 days (Figure 3.1). 

 

Surface water samples for ion concentration and stable isotope composition analyses were 

collected at the inlet of the GS and PT flumes during the summers of 2006 to 2014, with 

the exception of 2011 and 2013 when no sampling was conducted. The location of flumes 

in both catchments were identical throughout the study period. LG surface water samples 

were collected at a flume installed in 2006 and 2007 approximately 200 m upstream from 

the West River.  Generally, samples were collected daily in the morning (low flow) and 

afternoon (high flow) during snowmelt, and once daily in the afternoon when discharge 

variations decreased as snowmelt waned.  In most years, flow began in early to mid-June, 

and ceased with the exhaustion of snow in early July. Sampling frequency increased 
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following rainfall events when surface discharge was usually observed for several days. 

Grab samples of surface water were collected directly from the stream using 1 L high-

density polyethylene (HDPE) bottles, which were triple rinsed with sample prior to 

collection, and filtered within 1 to 2 hours by vacuum filtration with 0.22 μm 

polyvinylidene fluoride (PVDF) filter membranes. Processed samples were stored in 25 

mL scintillation vials and refrigerated until analysis. Samples were analyzed 4 to 10 weeks 

after collection. 

 

To characterize the isotope composition (δ18O and δD) of ground ice for the purpose of 

assessing potential contribution of thawed ground ice to surface runoff, a frozen soil core 

(12P06) was collected mid-July 2012 in PT ~10 m upslope of an ice-rich ALD headscarp, 

the slope marking the initiation point of the disturbance. The active layer, which had 

developed to a depth of 47 cm at the time of coring, was discarded and not sampled. The 

total length of the frozen core was 63 cm and spanned depths from 47 to 110 cm. The ice 

in this core was sampled in a freezer room, at -15 to -13 °C. Two ice-rich zones in the core 

(ice content estimated to be >50%) were selected for sampling: 60 to 82 cm and 92 to 110 

cm depth below ground. Each section was sampled at 3 to 5 cm intervals using a 2 cm 

diameter diamond hole saw bit attached to an electric hand drill. The outer ~0.5 cm of each 

sample was removed using an ice chisel and discarded, and the remaining ice was placed 

in sealed conical tubes, thawed overnight, and then centrifuged (3300 to 4000 RPM) to 

separate water from the soil. All of the water samples were immediately syringed filtered 

with 13 mm 0.22µm PVDF filter discs, and stored in 2 mL glass crimp top vials with Teflon 

septa caps and sealed with Parafilm. 
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A motorized auger was used to sample a 160 cm frozen soil core (12P05) in GS prior to 

melt in 2012 (first week of July) to characterize soluble ion concentrations with depth with 

the purpose of assessing water flow through soil in the transient layer and upper permafrost. 

In the laboratory, the frozen core was split bilaterally using a chisel in a freezer room, and 

the exposed inner face was sub-sampled every 5 to 10 cm using a diamond coated drill bit. 

Approximately 20 to 25 g of sample was collected at each targeted depth. Following Kokelj 

and Burn (2005), subsamples were thawed, dried for 24 hours in an oven (110°C), and then 

weighed. Core samples were hydrated with 18 MΩ deionized water (4 mL water per 2 g 

soil) to extract soluble ions. Immediately following hydration (without letting sediments 

settle), the water extracts were filtered at room temperature using 10 mL plastic syringes 

equipped with 25 mm 0.22 μm PVDF filter disks. 

3.2.3 Analytical Methods 

The stable isotope composition of oxygen (δ18O) and hydrogen (δD) in water were 

measured on a Los Gatos Research laser absorption liquid water isotope analyzer (LGR-

LWIA). The stable isotope composition of O and H are expressed as δ-values, representing 

deviations in per mil (‰) from the Vienna Standard Mean Ocean Water (VSMOW) 

composition for oxygen and hydrogen (Craig 1961; Dansgaard 1964): 

 

(1) δsample = [(Rsample/Rstandard)-1] x 103 

where R is the 18O/16O or 2H/1H ratio in the sample and standard.  

Results of δ18O and δD analysis were calibrated using the Standard Light Antarctic 

Precipitation (SLAP) standard (-55.5‰ and -428‰) and USGS46 standard (-29.8‰ and -
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235.8‰). Analytical uncertainties were ±0.2‰ for δ18O and ±0.8‰ for δD (<5%) based 

on the known ‰ values of standards, and calculated as accuracy (%) = [(known ‰ (n 

standard)/measured ‰ (n standard))/known ‰ (n standard)]. To estimate evaporative 

enrichment of surface waters (Turner et al. 2014), deuterium excess (d) was calculated as 

(Craig 1961; Dansgaard 1964): 

 

(2) d (‰) = δD – 8 • δ18O 

 

Anion (F-, Cl-, Br-, SO4
2-, NO2

-, NO3
-) and cation (Li+, Na+, K+, Mg2+, Ca2+) concentrations 

(ppm) were quantified by liquid ion chromatography using simultaneous injection with a 

dual pump, Dionex ICS-3000 system. Anions were measured with a gradient elution of 

11–40 mM KOH eluent flowing at 1.0 ml min-1 through an AS18 analytical column and an 

ASRS 300 suppressor. Cations were quantified isocratically using 16 mM methane sulfonic 

acid (MSA) eluent flowing at 0.5 ml min-1 through a CS12A-5 analytical column and a 

CSRS 300 suppressor. Detection limits, calculated as three times the standard deviation of 

replicates of the low level standards, were < 0.01 mg L-1 for most ions, except for Mg2+ (16 

to 33 µg L-1) and Ca2+ (39 to 53 µg L-1). The analytical uncertainties, determined by the 

mean standard error of replicate samples, were between 5 to 20 µg L-1 for all ions, except 

for NO2
- (3 to 150 µg L-1). Total dissolved solute (TDS) concentration was calculated by 

summing all the anions and cations. The only major ion not quantified by lab instruments 

was bicarbonate (HCO3
-). HCO3

- concentration was estimated by charge balance using: 

(3) HCO3
- (mg L-1) = [Σ cations - Σ anions (mEq/L)] • HCO3

- (g/Eq) 

where the molar mass of HCO3
- is 61.0168 g/mol 
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Silicon (Si) was not included in TDS because previous research has shown ion 

concentrations to not be significant in Cape Bounty surface waters (mean concentration of 

43.8 µg L-1 in West River measured in 2004; Stewart and Lamoureux (2011)). Daily TDS 

fluxes were calculated by multiplying sample solute concentrations (or mean 

concentrations) by daily mean discharge. Seasonal TDS flux (kg) was calculated as the 

sum of daily fluxes for the period of flow. Both catchments are compared in terms of area 

and volume-normalized TDS fluxes (kg mm-1). 

3.2.4 Statistical Analyses 

Principal component analysis (PCA) and other analyses were performed using the software 

package JMP (ver. 10)). Prior to running the PCA, the ion concentration and stable isotope 

data were standardized by subtracting each value by the mean of the distribution and then 

dividing by the standard deviation of the distribution. Euclidean distance was performed 

with XLSTAT-Pro (ver. 2014.6) as a means to test the relative similarity between different 

ion concentrations and stable isotopes values for individual years and to compare these to 

pre-disturbance values. The similarity threshold (the value that all years were compared to) 

was based on Euclidean distance values of 2007 GS samples (undisturbed) and 2007 PT 

samples (pre-disturbance). One-way ANOVA (analysis of variance) was applied to the ln-

transformed Euclidean distance results to test for the significance of similarity between ion 

concentrations of GS and PT waters post-disturbance. Two-way ANOVA (Standard Least 

Squares personality) was applied to test for significance of similarity between late summer 

(7 July onward) stable isotope composition (δD) of surface waters from 2006, 2009, 2012 

and 2014 in each catchment, and between both catchments. Serial (or temporal) correlation 



75 
 

was not important during the ANOVA because the isotope composition in surface waters 

at a particular site in one year does not necessarily influence isotope composition in 

subsequent years. A Tukey HSD post hoc test was applied to each ANOVA to make 

multiple comparisons of similarity. 

3.3 Results 

3.3.1 Annual Meteorological Conditions, Discharge and Ground Thaw Depth 

Mean June and July temperatures for the entire sampling period were above the historic 

averages, with the exception of 2014 (Figure 3.3). July 2007 and 2012 were both 

exceptionally warm months (mean monthly temperatures of 10.3°C and 7.8°C, 

respectively) (Figure 3.3). July 2008, 2009 and 2012 represented the wettest months during 

the study period (27.4, 66.8 and 19.2 mm, respectively), with monthly total rainfall above 

the historic average.  

 

Stream discharge was higher in PT compared to GS for each year (Table 3.1). For both 

catchments, the lowest discharge was recorded in 2007 (15.6 mm for GS and 39.3 mm for 

PT), while the highest discharge was recorded in 2010 (113.2 mm for GS and 145.5 mm 

for PT). Ground thaw depth was not measured systematically prior to 2012. In 2012, 

persistently warm air surface temperatures prior to July 15 advanced the mean ground thaw 

depth to 70.8 cm by mid-July (Table 3.2). Thaw depths continued to deepen and was an 

average of 73.6 cm by the end of the 2012 sampling season.  
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3.3.2 Stable Isotope Composition of Ground Ice in Transient Layer and Upper 

Permafrost 

The depth of the transient layer and the upper permafrost boundary of the sampled ice cores 

were determined by cryostratigraphic descriptions provided in previous research (e.g., 

Pollard and French 1980; Kokelj and Burn 2003; Shur et al. 2005; French and Shur 2010). 

The transient layer of core 12P06 was determined to be at a depth of ~60 to 85 cm as 

indicated by the high ice content (>50%), and underlain by the upper permafrost (below 85 

cm) where silty clay sediment and gravel content increases (Figure 3.4A). 

 

The isotopic range of ground ice sampled in the frozen soil core was -18.2 to -14.7‰ for 

δ18O and -141.7 to -114.1‰ for δD (Table 3.3). At 60 to 82 cm below ground in the 

transient layer, water/ice becomes isotopically enriched with depth (~1.3‰ and 10‰ 

increase in δ18O and δD, respectively, over ~20 cm) (Figure 3.4A). Below 95 cm in the 

permafrost, water/ice generally becomes isotopically depleted with depth (~1.5 ‰ and 

11‰ decrease in δ18O and δD, respectively, over ~15 cm). 

3.3.3 Soluble Ion Concentrations in Active Layer and Permafrost Soils 

For core 12P05, the transient layer was estimated to start at ~70 cm below ground where 

large granular ice and ice lenses were observed, and extending to ~100 cm (Figure 3.4B). 

Immediately below this ice rich-zone is silty-sandy sediment (100 to 110 cm), which was 

determined to be the approximate depth of the permafrost table. The concentrations of 

individual soluble ions were constant within the upper 70 cm of the soil (the typical active 

depth), with the exception of SO4
2-, which increased slightly at 60 cm (Figure 3.4B). 
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Beyond the typical active layer depth and into the transient layer, there were sharp increases 

in concentrations of SO4
2-, Mg2+, and Ca2+ (mg/100 g soil) with depth, and a slight increase 

in K+ concentration near the permafrost table (~100 cm) (Figure 3.4B). Below the transient 

layer into the permafrost (below ~110 cm), ion concentrations decreased slightly until the 

160 cm depth where there are sharp increases in Cl-, SO4
2-, Ca2+ and Mg2+.  

3.3.4 Surface Water Stable Isotope Compositions (2006 to 2014) 

The stable isotope composition (δD) of GS and PT surface waters appeared to show little 

variation throughout the sampling period when each year is compared (Figure 3.5). The 

greatest difference in mean δ18O and δD between the two catchments was 1.4‰ (2010) and 

9.5‰ (2012), respectively (Table 3.S4). There was a general trend of surface water 

enrichment during each summer, with the exception of GS 2008 where surface waters 

became relatively depleted from mid- to late June before subsequent enrichment in early 

July (Figures 3.5A and 3.5B). When isotope composition of year-to-year time periods are 

compared, there was little difference in the early summer (1 June to 20 June) (Table 3.S4). 

Late summer (7 July onward) surface waters in both catchments were substantially 

enriched (~1.5 to 6‰ δ18O, ~10 to 40‰ δD) in 2009 and 2012 compared to 2006 and 2014 

(Table 3.S4). 

3.3.5 Surface Water Chemistry (2006 to 2014) 

Total dissolved solute (TDS) concentrations in GS and PT stream waters were similar in 

2006 and early 2007 when both catchments were undisturbed (<50 mg L-1 over the entire 

summer with no sudden increases) (Figure 3.5C and 5D). In 2008, the season immediately 

following the formation of ALDs at PT, there was a sharp rise in TDS concentrations 
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starting in late June and continuing until July when flow ceased (maximum of ~330 mg L-

1). Maximum concentrations in 2008 for GS remained below 55 mg L-1. The difference in 

TDS concentrations between the two catchments was sustained post-disturbance with the 

exception of 2010 when concentrations appeared similar. TDS concentration differences 

were most notable in July 2009 and 2012, two months characterized by warm and wet 

conditions. TDS concentrations reached a sampling period maximum of ~950 mg L-1 

during mid-July 2012 in PT, and ~200 mg L-1 for GS the same year. By 2014, 

concentrations in GS and PT surface waters decreased to <50 mg L-1 and <100 mg L-1, 

respectively. Concentrations were lowest in both catchments in 2010, one of the driest 

summers during the sampling period (maximum of ~10 mg L-1 in GS and PT). 

 

For all years (including the pre-physical disturbance period), seasonal TDS fluxes for PT 

were higher than GS (between ~2 and 6 kg mm-1). Seasonal TDS fluxes were substantially 

different between GS and PT in 2009 and 2012 (17 kg mm-1 and 36 kg mm-1, respectively) 

(Figure 3.6). Fluxes were the lowest in both catchments in 2010, with PT concentrations 

lower than pre-disturbance levels (< ~6 kg mm-1).  

 

The relative composition of major cations (Na+, Mg2+ and Ca2+) in surface waters of both 

catchments appeared to be similar during the sampling period (Figure 3.7). The relative 

composition of major anions (Cl-, SO4
2- and HCO3

-) were similar in 2006 and 2007 (pre-

disturbance).  When both catchments are compared in 2009, 2010 and 2014, there was a 

higher proportion of Cl- and SO4
2- in PT compared to Cl- and SO4

2- in GS (+10 to 20%) 
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(Figure 3.7). The proportion of SO4
2- in PT was also higher than GS in 2012 (+15.5%), 

while Cl- was 5% lower. 

 

To determine a baseline for long-term response to physical disturbance, solute loads for 

GS (undisturbed) and LG (old, partially recovered disturbance) were compared. TDS 

concentrations in 2006 and 2007 for these two catchments were similar both years, with 

LG containing overall higher concentrations in 2006 (maximum difference of ~20 mg L-1) 

and lower in 2007 (maximum difference of ~8 mg L-1) (Figure 3.S1). The relative 

composition of major anions and cations in surface waters of GS and LG for 2006 and 2007 

were also similar when each year is compared separately (difference of < ~5% for Cl-, 

SO4
2-, HCO3

-, Mg2+, Ca2+) with Na+ ~10% higher in GS (2007) (Figure 3.S1). 

3.3.6 Statistical Analysis of Stable Isotope Composition and Surface Water Chemistry  

The two primary principal components (PC1 and PC2) explained 51.0% and 20.6%, 

respectively, of the variance in the stable isotope composition and surface water chemistry 

in the two catchments from 2006 to 2014 (Figure 3.8A). PC1 scores had high positive 

loadings (>0.75; Wold et al. 1987) with the major ions Mg2+, Cl-, Na+, SO4
2-, Ca2+ and K+, 

while PC2 scores were controlled by the stable isotope composition (Table 3.S1). The two 

components showed a pronounced separation between GS and PT samples, with the PT 

samples located much further along the PC1 axis reflecting higher ion concentration. 

Notable outliers occurred for PT samples from 2009 and 2012. In general, PC1 scores for 

PT indicate an increase in the variability of ion concentrations post-2007 following ALD 

formation (Figure 3.8B). The variability in the PC1 scores was highest for PT and were 

especially pronounced in 2009 and 2012, the two years characterized by warm and wet 
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summers (Figure 3.8B). PC2 scores did not show a discernable pattern over time and 

indicate that the variability of stable isotope composition was similar for both catchments 

throughout the sampling period, as also depicted in Figures 3.5A and 3.5B. However, when 

only late summer (7 July onward) isotope composition were compared with two-way 

ANOVA, there was a significant difference (p value <0.05) between GS/PT 2009 and 2012, 

and GS/PT 2006 and 2014 (Table 3.S2). 

 

Euclidean distance measures indicate that stream water concentrations of individual ions 

between both catchments were dissimilar in years following the formation of ALDs (Figure 

3.9). Distances for all years were above the established similarity threshold (based on 

distance values of samples for 2007, a pre-disturbance year). The years that showed the 

greatest distance between catchments (and therefore the least similarity) were 2009 and 

2012. One-way ANOVA indicates that the distance of major ion concentrations (Cl-, SO4
2, 

Na+, Mg2+ and Ca2+) between GS and PT were significantly different (p value <0.05) in 

2012 compared to 2007, 2010 and 2014 (Table 3.S3). Euclidean distances for isotope 

composition between catchments indicate that no temporal trends were evident. 

3.4 Discussion 

The multi-year stream chemistry and stable isotope composition investigation at CBAWO 

provides unique insights into the impacts of permafrost disturbance and thaw on stream 

water chemistry. Comparison of an undisturbed and disturbed catchment in the permafrost 

landscape from 2006 to 2014 reveal that there are several key controls over chemical 

impacts to surface water. With the exception of Keller et al. (2010), there is an absence of 

multi-year records associating changes to surface water chemistry with permafrost 
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disturbance and thermal perturbation. Our study fills a major knowledge gap concerning 

the trajectories and recovery times (i.e., the return to a pre-disturbed state) of impacts on 

stream water chemistry following both of these disturbances, building upon other studies 

who have investigated more immediate and shorter-term chemical impacts on surface water 

from permafrost thaw (e.g. Kokelj and Lewkowicz 1999; Kokelj and Burn 2003; Bowden 

et al. 2008; Quinton and Carey 2008). 

3.4.1 Water Sources in a Physically Disturbed and Thermally Perturbed Catchment 

When compared to the historic record, the period from 2006 to 2014 at Cape Bounty was 

characterized by high air temperatures and summer rainfall (Figure 3.3). A direct impact 

of these warm and wet conditions was the physical disturbance (ALD formation) in the PT 

catchment in 2007 (Lamoureux and Lafrenière 2009). Following disturbance, it was 

expected that thaw of exposed ground ice from the previous deep active layer and 

permafrost would contribute meltwater to hillslope runoff (Lewkowicz 2007; Lantz and 

Kokelj 2008, Lacelle et al. 2010). Permafrost core results from this study (Figure 3.4A) 

indicate that a shift towards increased ground ice contribution to runoff following 

disturbance in PT should have resulted in an increase in δD in surface waters. This expected 

shift towards isotopically-enriched runoff would be especially pronounced in PT towards 

the late summer because: (1) the availability of ground ice increases with thaw into the 

deep active layer late in the thaw season (Figure 3. 4A) and (2) high discharge rates during 

the nival period (Quinton and Pomeroy 2006; Boucher and Carey 2010) when meltwater 

was isotopically depleted would have likely masked any contribution from isotopically-

enriched ground ice contribution from a shallow active layer (Figure 3.5).  
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The significant difference (p value <0.05) between isotope composition in late summer 

surface waters in GS/PT 2006 and 2014 (cooler summers) compared to GS/PT 2009 and 

2012 (warmer summers) (Table S2), suggests that there was likely ground ice meltwater 

contribution to runoff in both the disturbed and undisturbed catchment during years when 

thaw was inferred to be deep. An alternate explanation for the more isotopically-enriched 

surface water in 2009 and 2012 is a higher rate of evaporation in these warm years. If this 

were the case, runoff in the undisturbed catchment should have been more enriched than 

the disturbed catchment due to the more diffuse and shallow surface flow, thus the higher 

potential for evaporation (Figure 3.2). However, late summer surface waters were more 

isotopically enriched in PT relative to GS in 2009 and 2012 (Table S4), suggesting that 

there may have been more ground ice contribution to surface runoff in the disturbed 

catchment because of increased ice exposure following ALD formation. 

 

The contribution to runoff from exposed ground ice (formerly stored in deep active layer 

and near the permafrost table) following ALD development is presumed to be limited in 

comparison to the high volumes of runoff generation following massive ice exposure from 

retrogressive thaw slumps, a comparatively deeper and large physical disturbance than 

ALDs (Burn and Lewkowicz 1990; Lantuit and Pollard 2008; Rudy et al 2015). In the 

Lower Mackenzie and Peel River watersheds of northwestern Canada, large thaw slumps 

exposed massive ice previously stored in the permafrost at 2 to 5 m below ground (Kokelj 

et al. 2013; Malone et al. 2013). Meltwaters from this exposed ice introduced a new source 

of runoff, which acted as the primary hydrological flushing mechanism that mobilized 

stored solutes into surface waters. Thus, ALDs by virtue of being shallow, may not have 
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as significant an impact on water sources compared to deeper, larger-scale physical 

disturbances (i.e., retrogressive thaw slumps) where higher volumes of ice are present. 

Unlike shallow ALDs, thaw slumps can degrade permafrost to depths several meters or 

more and impact surface water chemistry at a scale of >100 km2 (Malone et al. 2013). 

3.4.2 Impacts of Physical Disturbance on Hydrochemistry 

Solutes stored in the deep active layer and transient layer (Figure 3.10) can be exposed 

with physical disturbances that displace active layer soil material downslope, substantially 

impacting surface water chemistry (Kokelj and Lewkowicz 1999; Bowden et al. 2008; 

Lamoureux and Lafrenière 2009; Kokelj et al. 2009; Lafrenière and Lamoureux 2013). The 

storage of soluble ions in deep active layer and upper permafrost soils at CBAWO (Figure 

3.4B) is similar to what has been reported in other Arctic watersheds. Near Inuvik, 

Northwest Territories, Canada, total soluble cations concentrations increase with depth 

towards the permafrost table (Kokelj and Burn 2003). Soluble SO4
2- concentrations in 

upper permafrost found in the lower Mackenzie Valley, Canada, are up to two orders of 

magnitude greater than in the overlying active layer (Kokelj and Burn 2005). Following 

the physical removal of the active layer from physical disturbance, a new soluble ion-rich 

active layer is developed from the former transient layer and upper permafrost. As a result, 

soluble ions become more accessible to flushing from infiltrating water. 

 

Results of this study indicate that enhanced solute transport occurred immediately the year 

after physical disturbance. In 2008, TDS concentrations in PT were considerably higher 

than in GS starting mid-June (Figure 3.5). This indicates that there was surface flow and 
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likely shallow subsurface flow in PT, presumably from snowmelt waters, above and 

through the former transient layer in the new 2008 active layer. 

 

Impacts to surface water chemistry can be recurrent for several years as a result of a new 

solute-rich active layer following physical disturbance (Kokelj and Lewkowicz 1999; 

Bowden et al. 2008). At CBAWO, post-disturbance TDS concentrations, fluxes, and ion 

concentration variability in PT surface waters were persistently higher than GS waters and 

were maintained throughout the seven years of study (Figure 3.5, 3.6 and 3.8). The 

increased seasonal flux of Ca2+, Mg2+ and especially SO4
2- in post-disturbance surface 

waters reflect the increased availability and high concentrations of these ions in the former 

transient layer (Figure 3.4B). Although impact of physical disturbance on stream solute 

loads have been shown to persist for upwards of seven years (Figure 3.8), changes are 

largely localized to surface water flowing through the disturbances (Lewis et al. 2012; 

Lafrenière and Lamoureux 2013). Hence, the impacts from ALDs are expected to be 

confined to the area of disturbance, and the magnitude of the impacts on TDS scale with 

the channelization of the disturbance (Lafrenière and Lamoureux 2013). 

 

The elevated solute loads in runoff from a disturbed catchment appear to be greater in a 

year when thaw is deeper (Figure 3.10), consistent with other studies (Kokelj and Burn 

2003; Quinton and Carey 2008). The exceptionally warm temperatures in summer 2012 at 

CBAWO resulted in active layer depth reaching as deep as 1 m towards the end of summer 

(Table 3.2). As a result, a pool of soluble ions previously stored below 1.4 m (Figure 3.4B) 

likely became accessible to flushing, which would explain the ion composition of PT 
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surface waters. The increased TDS concentrations in late summer (Figure 3.5) and high 

seasonal SO4
2-, Ca2+, and Mg2+ fluxes (Figure 3.6) in surface waters all reflect the soluble 

ion concentrations at depth. Moreover, the significant dissimilarity (p value >0.05) between 

ion concentrations in 2012 compared to cooler years when shallow thaw was inferred 

(2007, 2010 and 2014) is further indication that stored solutes become accessible to 

flushing with deep thaw (Table 3.S3). 

 

Solute loads in runoff from the disturbed catchment also appear to be greater when there is 

available water in the late summer, such as stormflow, to flush accessible ions from the 

deep subsurface to the surface (Dugan et al. 2009; Lewis et al. 2012). Solutes are generally 

supply limited and hence continued mobilization is necessary to sustain fluxes in surface 

water. Previous research has suggested that, next to snowmelt, rainfall is a major water 

source capable of generating biogeochemical fluxes in Arctic nival catchments (Everett et 

al. 1989; Judd and Kling 2002; McNamara et al. 2008; Townsend-Small et al. 2011). The 

major rainfall event (>25 mm day) in July 2009 and above average total rainfall in July 

2012 at CBAWO provided sufficient water for ion mobilization, resulting in a sharp 

increase in TDS concentrations in PT runoff in mid-July (Figure 3.5). TDS concentrations 

were the lowest in 2010 (Figure 3.5), a warm summer when ground thaw was presumed to 

be deep, but accompanied by limited rainfall (Figure 3.3). Isotope composition similarity 

analysis suggests that the increased solute loads in post-disturbance surface water during 

years with deep thaw (e.g., 2009 and 2012) may also be partly driven by the contribution 

of water from thawed ground ice acting as a flushing mechanism of exposed ions (Table 

S2). The proportion of thawed ground ice contribution to surface runoff relative to 
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stormflow is unclear because sampled ice and rainfall in 2012 have similar isotope 

compositions (Tables 3 and 4). 

 

This study indicates that there were no clear signs of solute composition recovery (i.e., a 

return to pre-disturbance conditions) even after seven years following ALD formation. In 

particular, the composition of SO4
2- and Cl- in PT surface waters have not returned to pre-

disturbance levels by 2014 (Figure 3.7). The continued pattern of increased major ion 

dissimilarity in both catchments further indicates that disturbance has perturbed the 

availability and sources of major ions (Figure 3.9). The recovery of PT surface water 

chemistry is potentially predicted by the chemistry records from LG, a catchment disturbed 

by ALDs more than 60 years ago. Ion composition in LG surface waters is similar to that 

in GS, suggesting eventual chemical recovery but perhaps only after decades following 

ALD stabilization (Figure 3.S1). Research from the Fosheim Peninsula, Ellesmere Island, 

Canada, suggests that following slope disturbance and the development of a new active 

layer in exposed marine sediments, it will take several decades for soluble Na+ to be 

removed from soils with repeated flushing before elevated Na+ concentrations in runoff 

return to pre-disturbed levels (Kokelj and Lewkowicz 1999). 

 

Additional factors such as increased soluble-ion accessibility from deeper ground thaw, 

and major rainfall events and thawed ground ice that act as flushing mechanisms of ions, 

appear to enhance solute loads in surface waters, possibly prolonging the recovery of a 

disturbed system (Figure 3.10). Though the occurrence of major rainfall events has been 

historically uncommon in this region in the Canadian High Arctic (Environment Canada 
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2015), models have projected their increased frequency with climate change (IPCC 2013). 

The increase in summer thaw depths recorded across the Arctic (IPCC 2013) has been 

directly linked to subsurface ice melt and permafrost degradation (Jorgenson et al. 2006; 

Bowden et al. 2008). Given that several physical landscape factors (e.g., slope stabilization 

and ground thaw depth) and hydrometeorological factors (e.g., precipitation events and 

runoff availability; Favaro and Lamoureux 2014) directly control solute loads in a 

disturbed catchment, the chemical recovery of a stream system after physical disturbance 

can be expected to follow a complex trajectory. 

3.4.3 Impacts of Thermal Perturbation on Surface Water Chemistry 

Thermal perturbation impacts surface water chemistry when soluble ions stored in the 

transient layer and upper permafrost are released by deep thaw and made available for 

flushing (Figure 3.10). Several studies have reported that permafrost degradation yields 

increases to major ion solute concentrations in surface waters (Stottlemyer 2001; Petrone 

et al. 2006, Petrone et al. 2007; Frey et al. 2007; Keller et al. 2007). The 2012 thermal 

perturbation at CBAWO, indicated by deep and rapid ground thaw (Table 2), is associated 

with the highest TDS concentrations and solute fluxes measured for both catchments. 

Solute loads were considerably lower in GS, likely because soluble ion-rich soils were 

stored at depth in the transient layer, unlike PT where the pool of ions was brought closer 

to the surface due to disturbance (Figure 3.4B). Nonetheless, surface water solute loads 

(especially SO4
2-) were still highest in the undisturbed catchment in 2012 compared to 

previous years, and can be explained by deep ground thaw (Table 2), which made soluble 

ions stored at depth accessible to hydrological flushing. Similar to what was observed at 

PT, the above average total rainfall in July 2012 likely acted as the primary hydrological 
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flushing mechanism in GS, accompanied in part by flushing from thawed ground ice as 

supported by isotope composition similarity analysis (Table S2). 

 

Thermal perturbation continues to impact surface water chemistry for at least two years 

following deep ground thaw. As initially reported by Lafrenière and Lamoureux (2013), 

TDS concentrations and normalized TDS fluxes in GS and PT surface waters increased 

two years after thermal perturbation in 2007, despite shallower ground thaw in 2008 and 

2009. The relative (year over year) flux increases were greater for the undisturbed 

catchment, indicating that thermal perturbation (and not physical disturbance), was the 

dominant factor controlling the solute loads at CBAWO from 2007 to 2009 (Lafrenière and 

Lamoureux 2013). Moreover, runoff response in 2009 (Table 3.1) was substantial 

following a major rainfall event in July indicating that rain played a role in solute load 

response that year (Figures 3.3 and 3.6). Enhanced flushing may have occurred again in 

2014 following thermal perturbation in 2012. Despite the shallower ground thaw in 2014 

(inferred by cooler air temperatures), TDS flux in both catchments was similar to flux 

recorded in warmer years (e.g. 2008 and 2010) (Figure 3.6). However, with surface water 

chemistry data for 2013 unavailable, we cannot say with certainty that enhanced flushing 

was the case in 2014. Even though hydrochemical impacts from thermal perturbation 

continue for several years in contrast to physical disturbances that impact surface waters 

for up to seven years, previous research suggests that following deep ground thaw, 

increases to TDS concentrations and solute fluxes occur on a catchment-wide scale 

(Lafrenière and Lamoureux 2013). Therefore, thermal perturbation has a greater overall 
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potential contribution to ion loads compared to ALD formation where changes are 

localized. 

 

There are few multi-year records associating changes to surface water chemistry with 

permafrost thaw that results from this study can be compared with to further assess 

recovery trajectory. Keller et al. (2010) investigated an eleven-year stream chemistry 

record from Toolik Lake, Alaska, a watershed where ground thaw depth has been assumed 

to be increasing. Based on increasing elemental ratios (87Sr2+/86Sr2+, Ca2+/Na+, and 

Ca2+/Ba2+) of surface waters and increasing proportions of carbonate weathering products 

with depth into the soil, results indicated that a trend of increasing thaw had occurred 

between 1994 and 2004. This suggests that over an eleven-year period, ground thaw 

continued to impact surface water chemistry in a stream system even though some years 

were presumed to be cooler than others. 

3.5 Conclusion 

With continued warming of the Arctic, the frequency of permafrost disturbance (such as 

ALDs), degradation and thermal perturbation (deep ground thaw) are expected to increase. 

Results from this study indicate the multi-year consequence of these changes to surface 

water solute loads and distinguishes the impact of types of permafrost change. Physical 

disturbance resulted in higher solute concentrations and seasonal fluxes, along with 

changes to the relative composition of individual ions (especially an increase in SO4
2-) and 

increased variability in ion concentration in surface waters for seven years following ALD 

formation in the PT catchment. These changes appear to be linked to exposure of soluble 

ions in near surface soils that were previously stored in the transient layer and upper 
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permafrost. Results from a catchment containing a stabilized ALD (which represents 60+ 

years of disturbance recovery) indicates that the solute concentrations of a stream system 

should eventually recover. However, as supported by the findings of previous studies, it 

may take decades for solute concentrations to return to pre-disturbance levels and would 

depend on the exposure of soluble ions with subsequent episodes of deep thaw, rainfall 

and/or the time it takes soluble ions to be completely flushed from the soil. 

 

Thermal perturbation, as observed in the undisturbed GS catchment, can increase TDS 

concentrations and solute fluxes for at least two years following deep ground thaw as 

soluble ions released from a single episode of thermal perturbation appear to be available 

for enhanced flushing in subsequent years. This impact is expected to be widespread across 

the catchment and thus thermal perturbation may have a more important overall 

contribution to solute composition, relative to physical disturbance, which is localized. 

Runoff from rainfall is an important control on solute transport and mobilization for 

thermal and physical permafrost disturbances. Thawed ground ice in late summer can also 

act as a flushing mechanism of ions in both an undisturbed and disturbed catchment, 

however the role of flushing from this source may be limited to how much ice is made 

accessible or exposed from thermal and physical disturbance. Collectively, results from 

this study improve our understanding of the key controls on the response of stream solute 

loads to permafrost disturbance and warming, and provide the first indication of the 

potential persistence impacts on surface water chemistry. 
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Overall, the understanding of how water systems recover from thermal perturbation would 

greatly benefit from additional multi-year studies, which should include ground thaw depth 

and surface water chemistry monitoring to better assess recovery trajectory. This type of 

research is critical because the occurrence of permafrost degradation is expected to increase 

throughout the Arctic (IPCC 2013), therefore increasing the need to better model 

hydrochemical impacts on permafrost watersheds. 
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Figures and Tables 

 
 

Figure 3.1. Locations of the two primary study catchments Goose (GS; undisturbed) and 

Ptarmigan (PT; disturbed) in the West River Watershed, Cape Bounty, Melville Island, 

Nunavut in the Canadian High Arctic. Loose Goose (LG) catchment is also shown on the 

map and represents a site sampled for stream chemistry baseline conditions (2006-07). 

Catchment names are referred to in the text by the abbreviations indicated on the figure. 

ALD mapping represents conditions as of 2014. Ground thaw depth transect represented 

measurements made in 2012. 
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Figure 3.2. (A) The disturbed Ptarmigan (PT) catchment is characterized by well-defined 

channels incised into mineral soil. (B) The undisturbed Goose (GS) catchment is 

characterized by diffused flow and the absence of well-defined channels. (C) The Loose 

Goose (LG) catchment contains a partially revegetated ALD and provides an indication of 

60+ years of physical disturbance recovery. Photograph credit:  S.F. Lamoureux. 
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Figure 3.3. Summer meteorological conditions during the study period, Cape Bounty, NU, 

Canada. Historic mean monthly air temperatures and rainfall totals from Mould Bay 

Environment (Canada 2015) are denoted by the dashed lines. 
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Figure 3.4. (A) δD and δ18O (‰) of deep active layer and upper permafrost ice from a core 

sampled ~10 m upslope from an ALD headscarp. During time of sampling (mid-July 2012), 

ground thaw depth was 47 cm. (B) Soluble ion concentrations (mg/100 g soil) plotted with 

depth from a frozen soil core sampled in 2012 from an undisturbed area of the West River 

Watershed. During time of sampling (early June 2012), ground thaw depth was ~10 cm.  
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Figure 3.5. Summer record (2006 to 2014) of δD (‰) and total dissolved solutes (TDS) concentrations (mg L-1) of runoff for an 

undisturbed (GS) (A, C) and disturbed (PT) (B, D) catchment. Plots connected by lines represent periods of continuous flow. Triangle 

plots represent surface water flowing through a slope disturbance. 2011 and 2013 data are not available. A portion of the 2009 δD record 

for PT is missing due to insufficient sample volumes for analysis. 
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Figure 3.6. Seasonal TDS and individual ion fluxes (kg mm-1) of surface waters for an: 

(A) undisturbed catchment (GS), and (B) disturbed catchment (PT). The catchments are 

compared in terms of area and volume-normalized TDS fluxes (kg mm-1). Stacked bars for 

each year represents the seasonal total dissolved solute (TDS) flux. The dashed line 

represents the timing of physical disturbance in PT. 2006, 2011 and 2013 records are not 

included due to unavailable discharge and chemistry data. 
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Figure 3.7. Relative composition of major anions (Cl-, SO4
2-, HCO3

-) and cations (Na+, Mg2+, Ca2+) in surface waters of an undisturbed 

catchment (GS) and disturbed catchment (PT, post-2007). Triangular plots represent water flow through a physical disturbance while 

circular plots represent flow over a non-disturbed hillslope. 2011 and 2013 records are not included due to unavailable data. 



99 
 

 
 

Figure 3.8. (A) Plots and eigenvalues, and loading graph based on PCA of surface water 

sampled at the GS and PT catchments from 2006 to 2014. Light shaded plots represent 

early summer samples (1 June to 20 June), the mid-shaded plots represent mid-summer 

samples (21 June to 7 July), and the darkest shade plots represents late summer samples (7 

July onward). (B) Box-and-whisker plot showing principal component scores of GS and 

PT by year. PC1 scores are controlled by the major ions Mg2+, Cl-, Na+, SO4
2-, Ca2+ and 

K+. The inset in the PC1 score plot for GS shows the same data but at a different scale. PC2 

scores are controlled by stable isotopes (δD and δ18O) and d-excess. The dashed red lines 

in PT score plots represent the timing of physical disturbance in the catchment. 
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Figure 3.9. Similarity index comparing major ion concentrations from surface waters at  

undisturbed versus disturbed catchments. 2007 was used as the similarity threshold because 

both catchments were undisturbed during this year (during time of data collection). 

 



101 
 

 
 

Figure 3.10. Conceptual diagram showing the relationships between late summer air 

surface temperatures and precipitation, relative thaw depth (not to scale), proximity of thaw 

to the solute rich transition layer, and impacts on solute transport. 
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Table 3.1. Total discharge (mm) during the study period for GS and PT catchments. 2006, 

2011 and 2013 are not included due to unavailable data. 

 
 GS (mm) PT (mm) 

2007 15.6 39.3 

2008 33.8 54.4 

2009 83.8 103.5 

2010 113.2 145.5 

2012 68.9 74.3 

2014 42.0 98.8 

 

 

Table 3.2. 2012 ground thaw depth (cm) measurements. 

 
 Mean (cm) Median (cm) Min. (cm) Max. (cm) 

18-Jun 22.2 21.5 11 31 

21-Jun 26.3 27 13 35 

25-Jun 33.6 30.5 25 43 

29-Jun 43.7 43.5 32 50 

2-Jul 48.3 49 40 60 

5-Jul 56.4 57 42 70 

8-Jul 64.4 61.5 59 72 

12-Jul 66.5 67.5 60 78 

15-Jul 70.8 70 60 88 

18-Jul 73.6 71 62 100 

 

 

Table 3.3. Stable isotope composition (δD and δ18O) of ground ice samples collected in 

2012 at the GS and PT catchments. 

 
Ground ice δ18O (‰) δD (‰) 

Mean -16.6 -129.8 

Median -16.5 -129.5 

Min. -18.2 -141.7 

Max. -14.7 -114.1 
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Supplementary Material 

 

 
 

Figure 3.S1. (A) Total dissolved solutes (TDS) concentrations (mg L-1) in surface waters 

of an undisturbed catchment (GS) and a previously disturbed catchment (LG) that has 

recovered over a period of 60+ years. (B) Relative composition of major anions (Cl-, SO4
2-

, HCO3
-) and cations (Na+, Mg2+, Ca2+) in surface waters of GS and LG. 
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Table 3.S1. Loading values based on PCA of surface water sampled at the GS and PT 

catchments from 2006 to 2014. Values in bold show the variables that control each score.  

 
 PC1 PC2 

Mg2+ 0.975 0.113 

Cl- 0.952 0.185 

Na+ 0.931 0.142 

SO4
2- 0.922 0.153 

Ca2+ 0.785 0.061 

K+ 0.747 0.324 

NO3
- 0.681 0.441 

F- 0.545 -0.162 

δD 0.495 -0.812 

δ18O 0.485 -0.852 

NO2
- 0.171 0.007 

d-excess -0.307 0.812 
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Table 3.S2. Two-way ANOVA (Standard Least Squares personality) results testing the 

similarity between stable isotope composition (δD) of late summer (7 July onwards) 

surface waters from 2006, 2009, 2012 and 2014 in each catchment (GS and PT), and 

between both catchments. 2007, 2008, 2010, 2011 and 2013 records are not included due 

to unavailable chemistry data. All paired levels with a significance value (p) <0.05 are 

considered to be significantly different (in bold). * Levels not connected by same letter are 

significantly different. 

 

 

Level* 
Least Sqr. 

Mean 
  

PT 2009 -122.62 A  

PT 2012 -128.44 A  

GS 2012 -134.21 A  

GS 2009 -136.06 A  

GS 2014 -154.00  B 

PT 2014 -158.64  B 

GS 2006 -165.20  B 

PT 2006 -167.34  B 

 
Level - Level p-Value 

 
Level - Level p-Value 

GS 2006 GS 2009 <.0001* 
 

GS 2006 PT 2006 1 

GS 2006 GS 2012 <.0001* 
 

GS 2006 PT 2009 <.0001* 

GS 2006 GS 2014 0.2320 
 

GS 2006 PT 2012 <.0001* 

GS 2009 GS 2012 0.9998 
 

GS 2006 PT 2014 0.9353 

GS 2009 GS 2014 <.0001* 
 

GS 2009 PT 2006 <.0001* 

GS 2012 GS 2014 0.0001* 
 

GS 2009 PT 2009 0.0531 

PT 2006 PT 2009 <.0001* 
 

GS 2009 PT 2012 0.6051 

PT 2006 PT 2012 <.0001* 
 

GS 2009 PT 2014 <.0001* 

PT 2006 PT 2014 0.8026 
 

GS 2012 PT 2006 <.0001* 

PT 2009 PT 2012 0.9425 
 

GS 2012 PT 2009 0.2804 

PT 2009 PT 2014 <.0001* 
 

GS 2012 PT,2012 0.9275 

PT 2012 PT 2014 <.0001* 
 

GS 2012 PT 2014 0.0002* 
    

GS 2014 PT,2006 0.1214 
    

GS 2014 PT 2009 <.0001* 
    

GS 2014 PT 2012 <.0001* 
    

GS 2014 PT 2014 0.9708 
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Table 3.S3. One-way ANOVA results comparing the variance between similarity indices 

of ion concentrations (Mg2+, Cl-, Na+, SO4
2-, Ca2+ and K+) between GS and PT catchments. 

The mean difference is significant at the 0.05 level. All (J) years with a significance value 

(p) <0.05 are considered to be significantly different compared to the (I) year (in bold). 

 

(I) year (J) year 
Mean diff. 

(I – J) 
Sig. (p) (I) year (J) year 

Mean diff. 

(I – J) 
Sig. (p) 

2007 2008 -1.710 0.144 2010 2007 0.727 0.885 

2009 -1.889 0.084 2008 -0.983 0.690 

2010 -0.727 0.885 2009 -1.162 0.525 

2012 -3.078 0.001 2012 -2.350 0.017 

2014 -0.929 0.737 2014 -0.202 1.000 

2008 2007 1.710 0.144 2012 2007 3.078 0.001 

2009 -0.179 1.000 2008 1.367 0.349 

2010 0.983 0.690 2009 1.188 0.502 

2012 -1.367 0.349 2010 2.350 0.017 

2014 0.781 0.851 2014 2.148 0.035 

2009 2007 1.889 0.084 2014 2007 0.929 0.737 

2008 0.179 1.000 2008 -0.781 0.851 

2010 1.162 0.525 2009 -0.960 0.711 

2012 -1.188 0.502 2010 0.202 1.000 

2014 0.960 0.711 2012 -2.148 0.035 

 

 



107 
 

Table S4. Mean stable isotope composition and seasonal ranges (δD and δ18O) of surface waters in GS and PT catchments. Early summer 

is defined as 1 June to 20 June, mid-summer as 21 June to 7 July, and late summer as 7 July onward. Time periods where data is 

unavailable is denoted with n.d. (no data). 

 

 

δ18O (‰) GS mean PT mean 
GS early 

summer 

PT early 

summer 

GS mid- 

summer 

PT mid- 

summer 

GS late 

summer 

PT late 

summer 

2006 -21.6 -21.8 n.d. n.d. -23.9 to -21.9 -22.8 to -22.0 -22.1 to -18.6 -23.5 to -19.5 

2007 -21.6 -21.1 -23.9 to -20.5 -24.4 to -21.4 -22.8 to -18.6 -21.3 to -18.3 n.d. n.d. 

2008 -23.1 -23.7 -22.8 to -21.3 -26.2 to -24.2 -25.4 to -22.0 -24.9 to -19.9 n.d. n.d. 

2009 -19.5 -19.3 -24.7 to -20.5 -24.3 to -20.0 -22.4 to -19.3 -21.3 to -17.8 -19.6 to -15.5 -19.0 to -13.5 

2010 -20.0 -21.4 -23.6 to -21.5 -25.2 to -21.0 -22.5 to -16.9 -22.1 to -18.7 -16.1 to -13.3 n.d. 

2012 -20.9 -19.9 -25.8 to -22.6 -27.4 to -18.3 -22.5 to -19.0 -19.3 to -17.3 -17.9 to -15.1 -17.5 to -13.8 

2014 -20.9 -21.9 n.d. n.d. -24.0 to -21.5 -24.0 to -21.1 -21.1 to -17.5 -20.9 to -18.9 
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Chapter 4: Potential Hydrochemical Change from Thawing of Canadian 

Permafrost 

Abstract 

Thawing permafrost from climate warming has resulted in the mobilization of previously 

stored solutes frozen in ground ice to surface waters and has led to changes in freshwater 

chemistry. However, there is a limited understanding of how water quality impacts from 

thawing permafrost might differ regionally across Canada due to sparse permafrost data 

sets. This study examines anion and cation concentrations in transient layer and near-

surface permafrost ground ice from 20 permafrost cores collected at nine study locations 

from across the Canadian Arctic to assess the potential for solute mobilization with near-

surface permafrost thaw based on the physical and geographical properties of ground ice. 

Our goal was to identify which locations and/or regions may be most susceptible to 

hydrochemical changes and water quality impacts in surface waters as a result of the 

projected warming. Results indicate that bulk ion concentrations in ground ice differ across 

the Canadian Arctic by several orders of magnitude. Regional differences in bulk ionic 

concentrations in transient layer and near-surface permafrost ground ice are a function of 

geomorphic factors such elevation, surficial geology and landscape history, particularly 

permafrost aggradation under an emerging marine coastline during the postglacial period. 

Furthermore, highly localized factors such as ground ice content and soil texture which 

control drainage appear to influence the solute storage patterns in ground ice. The 

variability of bulk ionic concentrations and solute storage in permafrost ground ice 

observed in our study suggests that hydrochemical impacts as a result of thermal and 
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physical disturbance to permafrost from projected future air temperature increases will not 

be uniform across Arctic Canada. Due to enhanced ion storage in near-surface permafrost, 

low elevation coastal areas such as the Hudson Bay Lowlands and near-coastal sites in the 

High Arctic may be more at risk to impacts from permafrost degradation, compared to 

higher elevation, inland areas such as the interior Taiga Shield or Boreal Cordillera. 

 

Key words: Arctic, Canada, permafrost, climate change, thaw, hydrochemical 

4.1 Introduction 

In the past decade, there has been increased scientific and public interest focussed on the 

Arctic due to growing evidence that warming surface temperatures have produced changes 

to the cryosphere, including to permafrost (AMAP, 2017; IPCC, 2019). Permafrost is 

defined as ground that remains at or below 0°C for at least two consecutive years (Grosse 

et al., 2011). It is estimated that nearly half of Canada is underlain by either continuous or 

discontinuous permafrost, thus there is potential for widespread physical impacts from 

warming temperatures (AMAP, 2017). Warming of Artic regions has resulted in extensive 

permafrost degradation and thermokarst development (Bowden et al. 2008; Fortier et al. 

2007; Gooseff et al., 2009; Isaksen et al., 2007; Jorgenson et al., 2010), the triggering of 

permafrost disturbances such as active layer detachment slides (ALDs) and retrogressive 

thaw slumps (RTS) (Kokelj and Lewkowicz, 1999; Fortier et al., 2007; Lamoureux and 

Lafrenière, 2009), and the deepening of the seasonal active layer across entire landscapes 

(Zhang et al., 1997; Osterkamp, 2007; Woo et al., 2007; Åkerman and Johansson, 2008; 

Lewkowicz and Way, 2019). The occurrence of both physical disturbance and deeper thaw 
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(thermal perturbation) are expected to increase in the Arctic with continued warming 

(Vincent et al., 2013; Lamoureux and Lafrenière, 2017; Lewkowicz and Way, 2019).  

 

Increasing attention has focused on the impacts of changing permafrost on freshwater 

chemistry and aquatic ecosystems at large scales across entire watersheds and landscapes. 

Many Arctic lakes and rivers contain relatively low ion concentrations because catchment 

runoff is rapidly transported through a comparatively shallow and nutrient-poor active 

layer while the contribution from deep ground water is considered negligible (Quinton and 

Marsh, 1999). However, studies in the Canadian Arctic have shown that soluble ions 

previously stored in solute-rich layers of the transient layer and near-surface permafrost 

(Kokelj and Burn, 2003; 2005; Subedi et al., 2020) are being moved to surface waters 

following permafrost thaw stemming from the increased thickness and/or the removal of 

the active layer during physical disturbance (Lafrenière and Lamoureux, 2013; 

Lamhonwah et al., 2016). The active layer is the layer of ground that thaws on a seasonal 

basis whereas the transient layer is the soil zone directly above the permafrost table subject 

to occasional thaw in exceptionally warm years (Shur et al., 2005; French and Shur, 2010). 

At the Cape Bounty Arctic Watershed Observatory (CBAWO) in the Canadian High 

Arctic, thermal perturbation and active layer detachments following warm summers 

increased major anion (Cl- and SO4
2-) and cation (Na+, K+, Mg2+, and Ca2+) concentrations 

in hillslope runoff over multiple years at the (Lafrenière and Lamoureux, 2013; 

Lamhonwah et al., 2016) and has led to a 3 to 5-fold increases in SO4
2- concentrations in 

large downstream lakes (Roberts et al., 2017). Similarly, research near the Mackenzie 

River delta in the western Canadian Arctic has shown that permafrost disturbance in the 
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form of RTS and fire-induced active layer deepening can significantly increase ionic 

concentrations (Cl-, SO4
2-, Mg2+ and Ca2+) of lake water (Kokelj et al., 2009). Increased 

ion concentrations have also been reported for the Yukon River (SO4
2-, PO4

3-, Na+, Mg2+, 

Ca2+) and Tanana River (Na+, Mg2+ and Ca2+) in the Yukon River Watershed of the Western 

Arctic (Toohey et al., 2016), and inorganic carbon (as alkalinity) has also increased in the 

Mackenzie River over recent decades (Tank et al. 2016). It is anticipated that future 

increases in air temperature and precipitation as rainfall, as projected by the 

Intergovernmental Panel on Climate Change (IPCC), will further enhance the release of 

major ions stored at depth in Canadian permafrost (AMAP, 2017; Lafrenière et al., 2017; 

Colombo et al., 2018; IPCC, 2019). 

 

Despite increased scientific attention and several site-specific studies, Spence et al. (2020) 

remains as one of the only published studies that examines the vulnerability of water 

resources (specifically surface water chemistry and water budget) from permafrost thaw in 

the Canadian Arctic at a regional scale. The limited regional-scale research is due to the 

sparsity of data available across the Canadian Arctic, particularly permafrost chemistry, 

required for surface water vulnerability modelling (Tetzlaff et al., 2018). To address the 

knowledge gap concerning regional differences in surface water impacts in permafrost 

watersheds from a changing climate, the key objective of this research is to assess the 

potential for hydrochemical impacts of near-surface permafrost thaw from a set of locations 

across the Canadian Arctic. To achieve this, we developed a profile for each permafrost 

core showing changes in the anion and cation concentrations of ground ice and pore ice 

from the transient layer into the permafrost for comparison between different study 
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locations and regions – 20 cores from nine locations in the High, Low and sub-Arctic. This 

research approach has allowed us to investigate how the physical and geographical 

properties of ground ice (i.e., ice volume, elevation of where the core was sampled, 

proximity to coastline, surficial geology and soil type) may control trends in solute 

composition and distribution across the study locations, and make predictions about which 

regions and/or locations may be most susceptible to hydrochemical impacts of surface 

waters based on the projected trend of warming. 

 

Our research aims to build on the current understanding of the potential impacts on surface 

water chemistry following permafrost thaw in the Canadian Arctic. Understanding the 

impacts to surface water chemistry with continued permafrost thaw and degradation is 

critical for anticipating changes to surface water quality, aquatic systems, community water 

supplies, and land-ocean transfers in the Canadian Arctic (Bowden, 2010; Thienpont et al., 

2012; Vonk et al., 2015; Roberts et al., 2017; Zolkos et al., 2019; Spence et al., 2020). 

4.2 Methodology 

4.2.1 Study Locations 

The permafrost cores for this project were collected as part of the NSERC ADAPT program 

(Vincent et al. 2017) and were obtained from locations in the three Canadian territories 

(Nunavut, Yukon and Northwest Territories) and two provinces (Manitoba and Quebec) 

(Figure 4.1). The three study locations in Quebec - Vallée des Trois, Sheldrake River 

Valley and Sasapimakwananisikw River Valley - are part of the Kuujjuarapik region 

(Nunavik, Northern Arctic Quebec). The High, Low and sub-Arctic regions in Canada are 
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represented along with data from the three zones of permafrost distribution – continuous 

(90 to 100%), extensive discontinuous (50 to 90%), and sporadic discontinuous (10 to 50%) 

(Heginbottom, 1995; Vincent et al, 2017) (Table 4.1). The most northern locations are Cape 

Bounty (74.91°N) and Bylot Island (73.15°N), while the most southern location is 

Sasapimakwananisikw River Valley (55.22°N). There is also a range of site elevations with 

Beaver Creek having the highest elevation (700 m asl), and Arviat and Churchill having 

the lowest elevations (5 and 15 m asl, respectively) (Table 4.1). Surface characteristics 

across study sites also vary in terms of surface characteristics, vegetation cover, bedrock 

and surficial geology (Tables 4.1 and 4.2). 

4.2.2 Field and Sample Processing Methods 

Permafrost cores from each of the study locations were sampled by different field research 

teams using a motorized auger and following the ADAPT Permafrost Drilling with 

Recovery standard protocol (ADAPT, 2013). This protocol includes a visual assessment 

and recording of ground ice content and structure, and soil description with depth. Note 

that the ADAPT protocol also includes replicate samples (samples taken in proximity to 

one another <10 m apart and assumed to be physically homogenous) at each coring 

location. Replicate cores available for this study are designated by letters for cores of the 

same site and number (e.g., CH1.1A and CH1.1B are replicates) (Table 4.1). Core depths 

across all study locations ranged from 110 to 305 cm below ground surface (Table 4.1). 

Core segments were packaged on-site in plastic bags, logged and photographed. Each 

segment was labelled with a unique identifier (core ID) (Table 4.3). The frozen core 

segments were transported in coolers to the Centre for Northern Studies (Centre d'études 

nordiques, CEN) at Université Laval (Quebec City, QC) and stored in a freezer (-15 to -
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13°C) prior to subsampling. Active layer pore ice was only available from four sites where 

cores were collected at the end of winter: Cape Bounty, Bylot Island, Daring Lake and 

Arviat. Ice from the transient layer and upper permafrost were collected from all study 

areas. Cryostratigraphic descriptions provided by previous research (e.g., Kokelj and Burn, 

2003; Shur et al., 2005; French and Shur, 2010) were used to guide the interpretation of 

the transient layer and upper permafrost boundary of each core. 

 

In the freezer room at CEN, each core was sampled with a mitre saw at sampling intervals 

of 20 to 35 cm, logged and photographed. Each sample was 4 to 6 cm in diameter. The saw 

blade was cleaned with ethanol and rinsed with deionized water before processing a core 

from a different site. Samples were packaged in Whirl-Pak bags, placed in coolers packed 

with ice, and transported frozen to Queen’s University (Kingston, ON). In a freezer room, 

the sub-sectioned cores were split bilaterally using an ice chisel (cleaned with ethanol and 

triple-rinsed with deionized water between each core) to expose the inner face of the core. 

Sample was collected from the inner face with the chisel, placed in a 50 mL conical tube, 

sealed, thawed overnight (12 hours at room temperature), and centrifuged at 3300 RPM for 

3 minutes to separate water from sediment and/or organic material. Water was collected 

using a 5 mL plastic syringe, filtered with a 0.22 μm PVDF syringe filter, capped and sealed 

in 5 mL autosampler vials to minimize headspace, and refrigerated. Remaining core 

samples (not used for chemical analyses) were used to calculate bulk density (soil and ice-

water) and subsequently corrected to determine ice density per unit of soil volume (g cm-

3) (Vardy et al., 2000). Gravimetric water-ice content was calculated after placing samples 

in a drying oven at 70°C for 48 hours. Ice density was then determined by subtracting the 
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water fraction from the bulk density. Where pore ice was not present in core sections, 

sampling was not carried out. 

4.2.3 Analytical and Statistical Methods 

Anion (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-,) and cation (Na+, NH4
+, K+, Mg2+, Ca2+) 

concentrations (ppm or mg L-1) were quantified by liquid ion chromatography using a 

Dionex ICS-3000 system. Anions were measured with a gradient elution of 11–40 mM 

KOH eluent flowing at 1.0 ml min-1 through an AS18 analytical column and an ASRS 300 

suppressor. Cations were quantified by isocratic elution using 16 mM methane sulfonic 

acid (MSA) flowing at 0.5 mL min-1 through a CS12A-5 analytical column and a CSRS 

300 suppressor. Most samples were diluted 10× with deionized water; exceptions were 

Daring Lake 1A 83 to 88 cm and 95 to 100 (diluted 30×), all Churchill samples (diluted 

100×) and all Arviat samples (diluted 1000×). Detection limits, calculated as three times 

the standard deviation of replicates of the low-level standards, were < 0.01 mg L-1 absolute 

concentrations for all ions, except for Mg2+ (<0.03 mg L-1) and Ca2+ (<0.06 mg L-1). Note 

that the detection limits with dilution for all ions (except for Mg2+and Ca2+) is 0.1 mg L-1 

for 10× dilutions, 0.3 mg L-1 for 30× dilutions, 1 mg L-1 for 100× dilutions and 10 mg L-1 

for 1000× dilutions. The analytical uncertainties, determined by the mean standard error of 

replicate samples (calculating the standard deviation of replicate concentrations and 

dividing this value by the square root of the sample size), were between 0.005 to 0.04 mg 

L-1. For this study, summed ion concentration (mg L-1) was calculated as the sum of all 

measured anions and cations (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-, Na+, NH4
+, K+, Mg2+, 

Ca2+). Although F- and Li+ concentrations were quantified, these analytes were typically at 

or below detection for most samples, and were removed from the data set. Trace element 
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analysis, including quantification of Fe2+, Fe3+, Al3- and Si- concentrations were not 

included in this study. Ion mass for each core was calculated by multiplying ice density 

with the summed ion concentration at each sampling depth. Ice density and bulk ionic 

concentrations were assumed to be homogenous between each sampling point. Principal 

components analysis (PCA) and K-Means clustering analyses were performed using the 

software package JMP (ver. 10). Prior to running the PCA and K-Means clustering, data 

(anion and cation concentrations) were normalized by subtracting each value by the mean 

of the distribution and then dividing by the standard deviation of the distribution. The 

estimation method for PCA was set as the program default which is the restricted maximum 

likelihood (REML) method. The number of clusters (K) for K-Means clustering was 

selected as 5 based on results from Elbow method (Kodinariya and Makwana, 2013); this 

method involved calculating the total within-cluster sum of square (WSS) for K = 1 through 

10, plotting the curve of WSS according to the number of Ks, and determine the location 

of a bend (knee) in the plot which was observed to be 5. 

 

Bicarbonate (HCO3
-) can be a major component in permafrost watersheds (Cooper et al., 

2008), however the ion chromatographic methods used for our study did not permit the 

quantification of this ion. Although, HCO3
- can be estimated by charge balance (Lewis et 

al., 2012; Lamhonwah et al., 2017), when charge balance percentages were calculated 

results indicated that the HCO3
- contribution to the charge balance to be >80% for the 

majority of Beaver Creek and Darling Lake samples, and some of samples from the 

Kuujjuarapik region.: 
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(1)  (100 * [Σ cation - Σ anion / Σ cation + Σ anion]) 

 

This demonstrates that the available data is likely insufficient for an accurate HCO3
- 

estimation, either due to missing analytes or simply because the other major ions represent 

less than 20% of the total. The mostly likely source of missing anions are organic acids 

that are often found in wetland environments released from wetland plants (Eimers et al., 

2008; Qualls et al., 2009). Organic acid anions could make important contributions to the 

total anion load especially at the sampling sites in Beaver Creek, Darling Lake and the 

Kuujjuarapik region that are located in ice-rich peatlands. Thus, only the sum of the major 

anions and cations that were quantified were reported in our study as opposed to reporting 

total dissolved solutes. 

 

To determine the cumulative summed ion mass for each core (mg cm-1 of depth), the 

following formula (2) was used: 

 

(2)  Σ (D*C) 

 

Where D is the ice content (ml cm-1 of depth) calculated as 1.0 ml cm-1 of depth = 

1.0 g cm-3 ice density per unit of soil volume, and C is the summed ion 

concentration (mg ml-1) per cm of depth 
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4.3 Results 

4.3.1 Cryostratigraphic Assessment 

The cryostratigraphic assessment of the cores showed that active layer depths are generally 

shallower at higher latitude locations and deeper at lower latitude locations (Table 4.3). 

The notable exceptions are SAS (sub-Arctic) where the active layer was estimated to be 

relatively shallow at 40 cm maximum due to the thick ice-rich peat, and Cape Bounty (High 

Arctic) where the active layer was estimated to be relatively deep at 70 cm due to the low 

moisture, mineral-rich soils (Bonnaventure and Lamoureux 2016; Fisher et al. 2016). 

Transient layer is generally thickest at low and sub-Arctic locations (range of 30 to 50 cm) 

compared to the two High Arctic sites (Cape Bounty and Bylot Island) whereby thickness 

is <20 cm. Ground ice extent and characteristics vary across all study locations (Table 4.3). 

Most of the study locations (Cape Bounty, Arviat, Churchill, Sheldrake River Valley and 

Sasapimakwananisikw River Valley) contained cores with ice-rich transient layers and 

permafrost, whereas the cores from Daring Lake and Vallée des Trois were ice-poor 

throughout (Table 4.3). 

4.3.2 Measured Ion Concentrations in Ground Ice 

Given the broad range of measured anion (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-) and cation 

(Na+, NH4
+, K+, Mg2+, Ca2+) concentrations in ice across all study locations, sites have been 

separated into “low concentration” (<100 mg L-1) and “high concentration” (>200 mg L-1) 

to facilitate comparison (Figure 4.2). Low concentration sites include Bylot Island, Daring 

Lake, Beaver Creek, Vallée des Trois, Sheldrake River Valley and Sasapimakwananisikw 

River Valley. The maximum anion concentrations (summed anion values) at each site 
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range from ~45 to ~95 mg L-1 with the highest concentrations observed at Bylot Island. 

Maximum summed cation concentrations range from ~20 to ~80 mg L-1 with the highest 

concentrations observed at Daring Lake. High concentration sites include Cape Bounty, 

Arviat and Churchill. Maximum ion concentrations at these sites are several orders of 

magnitude higher than for the low concentration sites, ranging from ~250 to ~12,000 mg 

L-1 for anions, and ~200 to ~10,000 mg L-1 for cations with the highest concentrations (both 

anions and cations) observed at Arviat. When measured anions and cations from the 

transient layer and upper permafrost ground ice from all study locations are included in K-

Means clustering analysis, Arviat and Churchill (clusters 1, 2, 3 and 5) show a clear 

separation (Figure 4.3).  

 

The two primary principal components (PC1 and PC2) explain 43.4% and 16.8%, 

respectively, of the variance in the anion and cation composition for all study locations, 

excluding Arviat and Churchill.  These last two locations were excluded from the PCA 

analysis because the high concentrations of each ion relative to all other sites skewed the 

statistical analysis (Figure 4.4). All samples from the active layer were also removed due 

to gaps in data (i.e., some study locations contain active layer samples while others did 

not). PC1 scores have high positive loadings (>0.75) for Mg2+, PO4
3-, Br- and Ca2+, while 

PC2 scores are controlled by major anions Cl- and SO4
2- and to a lesser extent Na+. When 

samples are distinguished between the transient layer and permafrost, elevation, region, 

surficial geology and soil type, the most pronounced separation was evident for surficial 

geology (marine sediments vs. glaciofluvial sediments; Figure 4.4E). Sample separation 

based on region (High Arctic vs. Low Arctic vs. sub-Arctic) is also pronounced (Figure 
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4.4D). A substantial difference between PC2 scores (Cl- and SO4
2-) within 

separated/colour-coded plots are shown, with the broadest range and highest PC2 scores 

belonging to mid-elevation, High Arctic sites containing mineral, marine sediments (Figure 

4.5).  

 

For the Arviat and Churchill sample sets, the two primary principal components (PC1 and 

PC2) explain 71.1% and 11.4%, respectively, of the variance in the anion and cation 

composition (Figure 4.6).  Note that all samples taken from the active layer were also 

removed due to gaps in data. PC1 scores had high positive loadings (>0.75) and were 

controlled by Mg2+, Cl-, Na+ Ca2+, Br- and SO4
2-, while PC2 scores were a function of 

nitrogen species: NH4
+, NO2

- and NO3
-. When plots are colour-coded, there is a pronounced 

separation shown in both the permafrost layer and region plots (Figure 4.6), with the 

highest and broadest PC1 scores belonging to ice found in Low Arctic (Arviat) permafrost 

(Figure 4.7).  

 

Plotting Cl- and SO4
2- molar concentration (mol L-1) ratios versus total Cl- and SO4

2- (mg 

L-1) to determine marine influence for the low elevation sites (high ion concentration Arviat 

and Churchill) and mid elevation sites (lower ion concentration Cape Bounty and Bylot 

Island) indicates a trend towards higher Cl-/SO4
2- ratios with higher ion concentrations 

(Figure 4.8). 

4.3.3 Hydrochemical Trends with Depth 

There is also considerable variability in the trends of ion concentrations with depth across 

all study locations, even for sites within the same region. For example, when Cape Bounty 
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and Bylot Island (High Arctic) are compared, the summed ion concentration in ice for CB-

12P06 are highest at the margin between the lower active layer and upper ice-rich transient 

layer (~450 to 500 mg L-1) and gradually decreases into the permafrost (below 150 mg L-

1) (Figure 4.9A). However, at Bylot Island (core BY-2.2), there is minimal change in the 

ion concentrations within the active layer and transient layer, with an increase (~10 to 150 

mg L-1) only shown from 115 to 150 cm below ground in the permafrost (Figure 4.9B). 

 

The cores sampled at Darling Lake (Figure 4.10) and Beaver Creek (Figure 4.11), both of 

which are in the Low Arctic, demonstrate differences in the patterns of ion concentration 

with depth between what were meant to be replicate cores taken <10 m apart from the same 

soil and vegetation setting at the same study location. For instance, core DL1-A shows a 

substantial increase in ion concentration at the base of the transient layer (up to 600 mg L-

1) whereas the nearby DL1-B does not (Figure 4.10). Otherwise the cores are similar, with 

minimal change through the active layer and permafrost. The ion concentrations in both 

the BC-1.1A and BC-1.1B cores from Beaver Creek, which were also meant to represent 

replicates, are generally highest in the transient layer and upper permafrost (maximum of 

~50 mg L-1) then decline gradually, whereas concentrations increase with depth into the 

permafrost for the BC-2.1A (up to ~80 mg L-1) core (Figure 4.11). 

 

Cores from Arviat (Figure 4.12) and Churchill (Figure 4.13), all of which contain high 

organic matter content and ground ice volumes, and represent the highest summed ion 

concentrations of all the study locations, show distinct trends of increasing ion 

concentrations from the transient layer into the permafrost. From the base of the transient 
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layer to the base of the core in both Arviat cores (1A and 1B), the summed ion 

concentration in both increases from ~5000 to 17000 mg L-1 (Figure 4.12). Of the Churchill 

cores, the most substantial increase is shown in CH-1B (which was meant to be a replicate 

of CH-1A), whereby concentrations increase from ~500 to 3000 mg L-1 (Figure 4.13). 

 

Cores from Kuujjuarapik (Figures 4.14 to 4.16) are examples of how the trend in total ion 

concentrations in ice with depth differs between study sites within a similar geographic 

location but varying elevations and surface characteristics (Table 4.1). Ion concentrations 

from the Vallée des Trois (320 m asl; heath tundra) cores are higher in the mid to lower 

transient layer (maximum of 150 and 60 mg L-1, respectively) compared to the permafrost 

zone (Figure 4.14). In contrast, two cores from the Sheldrake River Valley (185 m asl; 

palsa peatland) sampled in the same landscape but at a distance of ~18.5 m apart show 

minimal change in ion concentrations with depth from the transient layer to the ice-rich 

peat moss and clay-rich permafrost (Figure 4.15). The replicate cores from the 

Sasapimakwananisikw River Valley (105 m asl; palsa peatland) show a gradual increase 

of ion concentrations with depth; from the base of the transient layer to the case of the core 

in the ice-rich peat moss permafrost, total ion concentrations increase from ~30 to 85 mg 

L-1 (SAS-A) and ~50 to 120 mg L-1 (SAS-B) (Figure 4.16). 

 

The trend in the cumulative summed ion mass with depth varies substantially between sites 

(Figure 4.17). Most locations show a linear or near-linear increase over the entire length of 

the core from the transient layer to the extent of permafrost sampled; examples include 

DL1-B (Figure 4.17C), BC-1.1A and BC-1.1B (Figure 4.17D), and SAS-A (Figure 4.17G). 
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The BY (Figure 4.17B) and VDT-1 (Figure 4.17B) cores are examples of where the 

increase in cumulative ion load is comparatively minimal (<1 mg cm-1) over 100 cm depth, 

while AR and CH (Figure 4.17H and 17I) show an increased summed ion mass of two to 

three magnitude with depth, reaching a maximum of 1400 mg cm-1 at 190 cm. The 

inflection points of the exponential increase in cumulative summed ion mass for the Arviat 

and Churchill cores ranges between 30 to 60 cm below the transient layer. A similar 

exponential increase in cumulative ion mass is also shown in some cores from other 

locations such as BGB-B (Figure 4.17E) and SAS-B (Figure 4.17G), however inflections 

points here appear be deeper below the transient layer (compared to Arviat and Churchill), 

ranging between 70 to 130 cm. 

4.4 Discussion 

4.4.1 Regional and Local Controls Over Ground Ice Chemistry in Near-Surface 

Permafrost 

Considerable variability was observed in bulk ion concentrations at the nine study 

locations, indicating that ground ice chemistry across the Canadian Arctic differs, at times 

by several orders of magnitude. The differences in bulk ion concentrations between 

locations appear to be controlled by geomorphic factors such as elevation and surficial 

geology rather than differences strictly conforming to a gradient with shifting latitude, 

thermal regimes (active layer/transition layer depth or extent), and/or permafrost extent. 

The results support that sites within near- and former marine environments generally 

contain higher bulk concentrations of ions in ground ice compared to sites that are further 

inland. Arviat and Churchill, which contain the highest bulk ion concentrations of all sites 
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(Figure 4.2) and represent the clear outliers in the data set (Figure 4.3), are both 

characterized by low elevation (5 to 15 m asl) and glaciomarine mineral parent material. 

PCA analyses indicate that the variability in ion concentration across the remainder of the 

sites appears to be driven by latitude, altitude and surficial geology. The high PC2 scores 

(which reflect Cl-, SO4
2- and Na+ concentrations) and molar concentration ratios (Cl- and 

SO4
2-) of ground ice from Arviat and Churchill indicate more of a marine influence 

(demonstrated by higher Cl-/SO4
2- molar concentration ratios; Riley and Tongudai, 1967) 

when compared to mid elevation sites such as Cape Bounty and Bylot Island (30 to 40 m 

asl) (Figure 4.8). 

 

Regional landscape history, particularly permafrost aggradation under an emerging marine 

coastline during the postglacial period, likely explains the difference in ground ice 

chemistry and ion loads observed between near coastal (low elevation) and more inland 

(comparatively higher elevation) locations. Following the end of the Last Glacial 

Maximum (LGM; ca. 12 to 7 kyr BP), permafrost began to form upon uplift of coastal 

areas from the seafloor due to isostatic rebound resulting in differential durations of 

subaerial exposure between low elevation, near coastal sites and higher elevation inland 

sites (Dyke, 2004). Churchill and Arviat are both low elevation sites characterized by late 

stage emergence compared to sites like Cape Bounty and Bylot Island where elevations are 

modestly higher, thus indicating a longer post-transgression, subaerial period compared to 

much of the western edge of the Hudson Bay Lowlands (McLaren and Barnett, 1978; 

Klassen, 1993; Dyke, 2004). A longer post-transgression, subaerial period may have 

resulted in a longer period ion flushing from the subsurface by infiltrating snowmelt water 



125 
 

and/or rainfall (Malone et al., 2013; Kokelj et al., 2013, 2015). In the coast regions of 

Hudson Bay, as previously submerged glaciomarine sediments were elevated (uplifted) 

into the tidal zone, they were subject to radiational cooling and the development of 

permafrost in the subsurface as a result of a negative seasonal energy balance in relation to 

incoming radiation (Hansell et al., 1983; Dyke, 1988; Hunter, 1988). This permafrost 

aggradation model for coastal environments explains the strong marine influence in ground 

ice sampled in Churchill and Arviat (higher Cl-/SO4
2- molar concentration ratios) as 

permafrost is formed within newly exposed glaciomarine sediments, and also explains why 

ion concentrations (and Cl-/SO4
2- ratios) are substantially higher at these study locations 

compared to all other locations (i.e., coastal areas) in our study. 

 

Our results indicate a considerable difference in trends of solute storage and cumulative 

storage with depth in near-surface permafrost ground ice across study sites (pan-Arctic 

scale) and even between locations within the same study site (regional scale). Localized 

controls, such as moisture accumulation, movement of solutes by groundwater and varying 

permafrost tables, likely drive the differences seen in the vertical patterns of solute 

accumulation in active layer and near-surface permafrost. Research from the Mackenzie 

Delta and Inuvik, NWT indicates that solutes are redistributed with water along thermal 

gradients and solute enrichment of near-surface permafrost with respect to the overlying 

active layer is greater at medium- to high-ice-content sites than the solute enrichment at 

sites underlain by low-ice content permafrost, suggesting that ground ice may be a sink for 

soluble nutrients (Kokelj and Burn 2003; 2005). Moreover, solutes may also be moved 

deeper into the soil profile in association with a degrading permafrost table during extreme 
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warm years with subsequent aggradation of the permafrost table resulting in a 

freezing/trapping zones of ionic enrichment at depth (Kokelj and Burn, 2005; Subedi et al., 

2020). Although there is a difference in methodology between our study and Kokelj and 

Burn (2003; 2005) and Subedi et al. (2020)  to arrive at results (i.e., we measured ion 

concentrations in ground ice instead of soluble ion concentrations in soils), there is general 

association between ice-rich soil and an enhanced ion storage in the cores from Cape 

Bounty (Figure 4.9A), Bylot Island (Figure 4.9B), Arviat (Figure 4.12), Churchill (Figure 

4.13), Sheldrake River Valley (BGR-2; Figure 4.15) and Sasapimakwananisikw River 

Valley (Figure 4.16), all of which contain higher ice volumes compared to the other study 

locations. A degrading permafrost table associated with years of deeper thaw, followed by 

refreezing, at these ice-rich locations may account for increased ion storage with depth into 

the near-surface permafrost, particularly at Arviat and Churchill where increases are by 

orders of magnitude (Figures 4.12 and 4.13). 

 

Variations between replicate cores in terms of their vertical patterns of solute accumulation 

indicate that subtle differences in highly localized factors, such as moisture, flushing, 

and/or drainage, must exist in to explain these chemical variations. The replicate cores 

sampled at Daring Lake (Figure 4.10) and Beaver Creek (Figure 4.11) are similar in terms 

of total loads for their respective study locations, however the patterning of solute 

accumulation appears different when replicates are compared, particularly for Daring Lake; 

DL-1A shows a significant increase in summed ion concentrations at the base of the 

transient layer while DL-1B does not. Kokelj and Burn (2005) reported a significant 

variation between vertical storage of solutes in permafrost cores spaced 3 to 13 m apart in 
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the Mackenzie Delta region, NWT; the authors also suggested that variations in permafrost 

chemistry were associated with subtle differences in relief, drainage, soils and ground-ice 

conditions over a spatial scale of 1 to 10 m. The local-scale differences observed in our 

study are likely driving the variations in replicates, however additional field study 

including sampling at a fine resolution and a greater sample size to understand variability 

would be required to better constrain what site specific characteristics could explain the 

observed differences in chemistry. Thus, these differences in solute storage patterns in 

replicate cores, indicate we cannot assume homogeneity of storage strictly based on 

vegetation, soil and landscape features due to the influence of factors such as soil moisture 

is likely to have on storage (Kokelj and Burn 2003; 2005). Localized differences in solute 

storage patterns may result in differing impacts if both sites experience a similar degree of 

thawing. For example, if DL-1A and DL-1B experience thawing to the base of the transient 

layer, the total amount of ions released would be different due to differences in summed 

ion concentrations (Figure 4.10) and cumulative ion mass (4.17) between each replicate 

cores; results suggest that there would be a release of nearly twice the mass of ions in DL-

1B compared to DL-1A. 

4.4.2 Potential Regional Hydrochemical Changes 

Our results suggest that due to enhanced ion storage in near-surface permafrost, low 

elevation coastal areas such as the shores of the Hudson Bay Lowlands (e.g., Churchill and 

Arviat) and near-coastal sites in the High Arctic (e.g., Cape Bounty and Bylot Island) may 

experience greater hydrochemical changes from permafrost degradation, compared to 

higher elevation, inland areas such as the interior Taiga Shield (e.g., Daring Lake) or 

interior Boreal Cordillera (e.g., Beaver Creek). Our results which have identified the 
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Hudson Bay Lowlands as experiencing greater hydrochemical impacts from permafrost 

degradation is also identified by Spence et al. (2020) as one of two regions in the Canadian 

Arctic (the other region being the western Northwest Territories) with the highest water 

resource vulnerability. Coastal sites such as Churchill and Arviat, not only contain high 

bulk ion concentrations, but the total mass of ions in ground ice at coastal sites increases 

by several orders of magnitude with depth (Figure 4.17). 

 

Although deepening active layers may expose the elevated concentrations of solutes stored 

in near-surface permafrost ground ice to thaw, solutes stored at depth may be buffered 

against thaw due to the latent heat required for melt in ice-rich permafrost (Kokelj and 

Burn, 2003). Thus, when assessing risk to hydrochemical changes, it is important to 

consider the volume and extent of localized ground ice as a countering factor to subsurface 

solute storage. For example, at Arviat and Churchill where the inflection point of the 

exponential increase in summed ion mass is observed at 30 to 60 cm below the transient 

layer (Figure 4.17), there would have to be enough latent heat to melt into the ice-rich 

permafrost for the depth of exponential ion mass increase to be exposed. It is also important 

to consider permafrost temperatures – permafrost in the lower latitude sites in the Hudson 

Bay Lowlands are relatively warmer than permafrost in the higher latitude sites in the High 

Arctic, thus it would take a higher degree of thermal energy to thaw colder permafrost 

(Bonnaventure and Lamoureux, 2013; Global Terrestrial Network for Permafrost, 2020). 

Therefore, sites most at risk for hydrochemical changes contain high solute loads in ground 

ice, moderate ice content, and warm permafrost relative to other locations. 
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Coastal locations are increasingly subject to physical processes such as shoreline erosion, 

retreat and slumping triggered by warming temperatures and sea level rise (Lantuit and 

Pollard, 2008; Lantuit et al., 2011; 2012; St-Hilaire-Gravel et al., 2012; Overduin et al., 

2014; Fritz et al., 2017), further suggesting that near-coast, low elevation sites (e.g., Arviat 

and Churchill) may be more susceptible to thaw and solute mobilization, and therefore 

more at risk to more pronounced water quality impacts. It is important to note that research 

focusing on large-scale coastal slumping driven by warming temperatures are generally in 

the Canadian Arctic (e.g., Herschel Island, YT and Resolute Bay, NU; Lantuit and Pollard, 

2008; St-Hilaire-Gravel, et al. 2012) that are topographically different than the Hudson Bay 

Lowlands; Arviat and Churchill are rockier and contain lower relief compared to the hillier 

Lowlands which are typically characterized by higher amounts of ground ice and glacial 

sediment. As mentioned, potential for hydrochemical change depends on the volume and 

extent of localized ground ice as a countering factor to subsurface solute storage and the 

type of surficial material which appears to control solute concentrations. Large hillslope 

disturbance triggered by increasing air surface temperatures such as retrogressive thaw 

slumps and active layer detachments can also create conditions where solute-rich ground 

ice is exposed at or proximal to the surface, thus increasing the potential for solute-

mobilization (Kokelj et al., 2013, 2015; Malone et al., 2013; Lacelle et al., 2015; 

Lewkowicz and Way, 2019). With regards to active layer detachments, which have become 

increasingly common particularly in the High Arctic, research indicates that there are 

several landscape attributes that are relevant for active layer detachment initiation, with 

one key factor being hillslopes below the marine limit (Rudy et al., 2017). Thus the 

combination of elevated of solute storage in the transition zone, deeper permafrost and 
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elevated permafrost disturbance susceptibility (Rudy et al., 2017) in near-coastal locations 

in the High Arctic (such as Cape Bounty and parts of Bylot Island), are at greater risk for 

hydrochemical change and water quality impacts. 

 

Coastal and near-coastal Arctic areas are also susceptible to landscape-scale processes such 

as thermal perturbation (i.e., enhanced thaw) and thermokarst (leading to peatland collapse 

and thermal erosion gullies in wetland areas), resulting in active layer thickening, ground 

ice exposure and permafrost degradation (Burn, 2002; Kokelj et al., 2002; Jorgenson et al., 

2006; Bowden et al., 2008; Bowden, 2010; Godin and Fortier, 2012). Research has 

suggested that thermal perturbation can drive widespread solute release at a catchment-

wide scale (Lafrenière and Lamoureux, 2013; Lamhonwah et al. 2017). Even if there is 

moderate solute storage in near surface permafrost in near-coastal areas (summed ion 

concentrations in the hundreds of mg L-1 as with the case of Cape Bounty and Bylot Island, 

both of which are located within 20 to 25 km from the coastline; Figure 4.7), the cumulative 

downstream impacts to stream and lake water chemistry can be substantial within a few 

years following thermal perturbation (Lamhonwah et al., 2016; Roberts et al., 2017). 

Research has also shown enhanced solute and nutrient delivery into streams and lakes from 

thermokarst features (Kokelj et al., 2005; Bowden et al., 2008; Harms et al., 2013; Kokelj 

et al., 2013; Lafrenière and Lamoureux, 2013; Louiseize et al., 2014; Abbott et al., 2015). 

Recent mapping indicates that the coastal areas in the Hudson Bay Lowlands contains some 

of the highest spatial coverage of thermokarst (60 to 100% regional coverage) in all the 

Circumpolar North (Olefeldt et al., 2016), further highlighting the risk for Arviat and 

Churchill as suggested by our study. The spatial coverage of thermokarst is considerably 
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higher in the Hudson Bay Lowlands when compared to many of our other study locations, 

for example 10 to 30% coverage in the eastern Taiga Shield (Kuujjuarapik region) and 30 

to 60% coverage for much of the interior Taiga Shield (Daring Lake) (Olefeldt et al., 2016). 

Kokelj et al., (2005) found that if thermokarst covered as little as 2% of a watershed area 

draining to a lake, there could be significant and long-term (decadal scale) influences on 

lake chemistry. Abbott et al. (2015) reported that though solute concentrations return to 

post-thermokarst feature concentrations once most features have stabilized, for some 

feature types such as thermo-erosion gullies and thaw slumps, elevated carbon, inorganic 

nitrogen and sulfate concentrations persisted for multiple years, suggesting that aquatic 

disturbance by thermokarst for these solutes may be long-term. 

4.4.3 Future Impacts of Surface Water Chemistry Given Projected Permafrost Thaw 

We expect that changes to surface water hydrochemistry in the Canadian Arctic from 

permafrost thaw will have important implications for water quality and are expected to 

impact land to water solute transfer, aquatic systems and community water supplies. There 

are several studies that have demonstrated increased solute concentrations flushed from 

permafrost soils into adjacent to aquatic systems (e.g., Kokelj et al., 2005, 2009; Frey et 

al., 2007; Keller et al., 2010; Malone et al., 2013; Roberts et al., 2017), but there are few 

published studies providing evidence of how increased solutes have affected important 

drinking water supplies for northern communities, and/or the health and/or composition of 

freshwater aquatic species over time in permafrost environments. Following a gully 

thermokarst feature in North Slope, Alaska that impacted a tundra stream by increasing 

dissolved solutes and sediment loading, rates of ecosystem production and respiration, and 

benthic chlorophyll a in the impacted reach of the stream was significantly lower during 



132 
 

the driest of the three summers after disturbance (Larouche et al., 2015). Thaw slumps in 

the Mackenzie Delta Region have significantly increased dissolved ion content and lower 

dissolved organic concentrations (DOC) resulting in enhanced macrophyte development 

and higher abundance of benthic macroinvertebrates (Mesquita et al., 2010; Moquin et al., 

2014) and higher abundance and diversity of periphytic diatoms (Thienpont et al., 2013). 

Research from Cape Bounty indicates that increased flushing of ions from near-surface 

permafrost soils associated with warming temperatures and catchment-scale thermal 

perturbation has favoured Arctic Char populations in two freshwater lakes; changes were 

observed over a two-year period suggesting that impacts to ecosystems can happen over a 

relatively short period (Roberts et al., 2017). The connections between changes to 

hydrochemistry and resulting impacts on aquatic ecosystems demonstrates the need for 

concurrent hydrochemical and biological studies. With regards to impacts to community 

water supplies, changes to freshwater hydrochemistry, particularly increased solute 

concentrations (e.g., Na+ and/or elevated Ca2+/Mg2+ (hardwater)) in municipal water, is a 

compounding challenge for Arctic communities with poorly developed infrastructure, high 

energy costs, legacy contamination, limited quantity of potable water for much of the year 

and accelerating warming temperatures (Alessa et al., 2008; Ford et al., 2010; Medeiros et 

al., 2016).  

 

The variability of solute storage in permafrost ground ice observed in our study suggests 

that hydrochemical change and water quality impacts as a result of thermal and physical 

disturbance to permafrost from projected future air temperature increases are likely to not 

be uniform across Canada in terms of magnitude (i.e., increase to solute concentrations) or 
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the nature of the impact (i.e., chemical composition of thawed ground ice moving into 

surface water systems). Moreover, there is variability in terms of how different regions in 

the Canadian Arctic will be impacted by climate change (i.e., increased air surface 

temperatures, changing precipitation patterns, degree and magnitude of thermal and/or 

physical permafrost disturbance) makes predicting impacts to the chemistry of lakes, rivers 

and streams across the Canadian permafrost landscape challenging (AMAP, 2017). Our 

research represents an important step towards improved understanding of the controls on 

and constraining the spatial variability of ground ice chemistry. This baseline knowledge 

is a necessary requirement to the development of predictive models of hydrological 

changes and water quality impacts across the circumpolar north, similar to what has been 

done with, for example, organic carbon and mercury storage in permafrost soils (Tarnocai 

et al., 2009; Hugelius et al., 2013; Schuster et al., 2018). 

 

The results of our study can be used to guide targeted field sampling to facilitate integrated 

research which combines ground ice chemistry results with permafrost modelling to help  

better understand hydrochemical impacts from permafrost thaw. A key approach to 

understanding the factors that drive ground ice chemistry is permafrost core sampling over 

a grid or transect (similar to Koklej and Burn, 2005) while focussing sampling at study 

sites where surrounding landscape features are homogenous (e.g., characterizing bulk ion 

concentrations in a particular soil type of a particular region) and also at sites located at 

landscape margins (e.g., the transition areas between biomes). Data sets developed in this 

manner can be used to refine models such as The Canadian Water Resource Vulnerability 

Index to Permafrost Thaw (Spence et al., 2020) by enhancing the spatial resolution of 



134 
 

existing sub-indices such as permafrost conditions and also introducing new sub-indices 

(i.e., additional model parameters) such as ground ice chemistry. Data sets developed in 

this manner can also be used for multivariate analyses to better determine how landscape 

features (e.g., topography, slope, soil type, drainage, soil texture, vegetation cover and 

type) in different Arctic regions may influence solute storage within a watershed or 

between sub-catchments. In light of evidence from replicate cores, homogeneity of solute 

storage cannot be assumed based on vegetation, soil and landscape features;  researchers 

should therefore aim to characterize localized factors such as soil moisture, flushing and 

drainage when sampling near-surface permafrost for chemical analysis (Kokelj and Burn, 

2005). Permafrost modelling should also be utilized to simulate the thermal regime and 

thaw processes at ice-rich sites to assess potential latent heat requirements that may buffer 

thaw as to better predict the potential release of stored solutes with increasing air 

temperatures. A modelling approach whereby model parameters include detailed field 

sampling that accounts for landscape and localized factors, mapped distributions of 

physical and thermal permafrost disturbances and robust results from regional climate 

models, is important towards developing a better understanding of hydrochemical change 

with continued climate warming of the Canadian Arctic.   

4.5 Conclusions 

Our study has demonstrated that bulk ion concentrations in ground ice differ across the 

Canadian Arctic by several orders of magnitude, suggesting that hydrochemical impacts as 

a result of thermal and physical disturbance to permafrost from projected future air 

temperature increases are likely to not be uniform. Results suggest that geomorphic factors 

such elevation, surficial geology and regional landscape history are important factors that 
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drive chemical differences in ground ice across different study locations. However, results 

further suggest that localized factors, likely including moisture, flushing and soil drainage, 

influence the solute storage patterns in ground ice. Therefore, although the range of bulk 

ion concentrations in soils and sediments may be within the same range across a region 

with similar elevation, surficial geology and/or landscape history, homogeneity regards to 

solute storage patterning with depth cannot be assumed from site to site within that region.  

 

Collectively, our results help to guide future research directions and lines of investigation, 

namely additional studies focused on how landscape features and highly localized factors 

across different regions in the Canadian Arctic influence solute storage in ground ice to be 

able to better design field experiment sampling protocol (e.g., sampling location and 

frequency) to inform models to predict impacts to surface water chemistry following 

presumed permafrost thaw.  
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Figures and Tables 

 

 
 

Figure 4.1. Permafrost coring study locations across the Canadian Arctic. Locations are of 

part of the ADAPT – Arctic Development and Adaptation to Permafrost in Transition – 

research site network. The Hudson Bay Lowlands ecozone is shown due to the significance 

in our study representing the region whereby highest ion concentrations in ground ice were 

observed. Unrestricted use base map acquired from GeoBase Canada (2017). Map 

boundaries informed by Meltofte (2017). 
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Figure 4.2. Range of summed anion (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-) and cation (Na+, NH4
+, K+, Mg2+, Ca2+) concentrations measured 

in ground ice/pore water sampled from permafrost cores at each sampling site. Data includes ice from the active layer, transient layer, 

and upper permafrost. Sites have been separated into two groups, high and low concentration, due to differences in concentration scales.  
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Figure 4.3. K-Means clustering analysis which includes measured anions (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-) and cation (Na+, NH4
+, 

K+, Mg2+, Ca2+) concentrations from the transient layer and upper permafrost ground ice at all study sites. The five clusters are 

characterized by site and total measured ion range (mg L-1). 
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Figure 4.4. (A) Plots and eigenvalues based on principal components analysis (PCA) of transient layer and permafrost samples from 

all sites except for Arviat and Churchill. Active layer samples have been removed due to data gaps. Plots are colour-coded to show 

differences in: (B) transition layer vs. permafrost, (C) elevation, (D) region, (E) surficial geology and (F) soil type. 
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Figure 4.5. PC1 and PC2 scores for principal components analysis (PCA) of transient layer and permafrost samples from all sites except 

for Arviat and Churchill. Active layer samples have been removed due to data gaps. Plots have been separated based on (A) transition 

layer vs. permafrost, (B) elevation, (C) region, (D) surficial geology and (E) soil type. 
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Figure 4.6. (A) Plots and eigenvalues based on principal components analysis (PCA) of transient layer and permafrost samples Arviat 

and Churchill. Active layer samples have been removed due to data gaps. Plots are colour-coded to show differences in: (B) transition 

layer vs. permafrost and (C) region. 
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Figure 4.7. PC1 and PC2 scores for principal components analysis (PCA) of transient layer and permafrost samples from Arviat and 

Churchill. Active layer samples have been removed due to data gaps. Plots have been separated based on (A) transition layer vs. 

permafrost and (B) region. Plots were not separated based on elevation, surficial geology and soil type because Arviat and Churchill are 

both similar for these criteria (low elevation, glaciomarine surficial geology, organic soils). 
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Figure 4.8. Cl- and SO4
2- molar concentration (mol L-1) ratio plotted with summed Cl- and SO4

2- concentrations (mg L-1) in transient 

layer and upper permafrost ground ice for low to mid-elevation study sites. 
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Figure 4.9. Sum of measured ion concentrations (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-, Na+, NH4
+, K+, Mg2+, Ca2+) in ground ice/pore water 

from permafrost cores sampled at (A) Cape Bounty, NU and (B) Bylot Island, NU plotted with depth and subsurface characteristics (ice 

content, soil type/texture). Error bars for anion and cation concentrations are shown as red lines. 
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Figure 4.10. Sum of measured ion concentrations (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-, Na+, NH4
+, K+, Mg2+, Ca2+) in ground ice/pore 

water from permafrost cores sampled at Daring Lake, NWT plotted with depth and subsurface characteristics (ice density and soil 

type/texture). Error bars for anion and cation concentrations are shown as red lines. Note that both cores were meant to be replicate 

samples. 

 



146 
 

 

Figure 4.11. Sum of measured ion concentrations (Cl-, NO2
-, Br-, 

SO4
2-, NO3

-, PO4
3-, Na+, NH4

+, K+, Mg2+, Ca2+) in ground ice/pore 

water from permafrost cores sampled at Beaver Creek, YT plotted 

with depth and subsurface characteristics (ice density and soil 

type/texture). Error bars for anion and cation concentrations are 

shown as red lines. Note that cores BC-1.1A and BC-1.1B were 

meant to be replicate samples. 
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Figure 4.12. Sum of measured ion concentrations (Cl-, NO2
-, Br-, 

SO4
2-, NO3

-, PO4
3-, Na+, NH4

+, K+, Mg2+, Ca2+) in ground ice/pore 

water from permafrost cores sampled at Arviat, NU plotted with 

depth and subsurface characteristics (ice density and soil 

type/texture). Error bars for anion and cation concentrations are 

shown as red lines. Note that cores AR-1A and AR-1B were meant 

to be replicate samples. 



148 
 

 

Figure 4.13. 

Sum of measured 

ion concentrations 

(Cl-, NO2
-, Br-, 

SO4
2-, NO3

-, PO4
3-, 

Na+, NH4
+, K+, 

Mg2+, Ca2+) in 

ground ice/pore 

water from 

permafrost cores 

sampled at 

Churchill, MB 

plotted with depth 

and subsurface 

characteristics (ice 

density and soil 

type/texture). 

 

Error bars for anion 

and cation 

concentrations are 

shown as red lines. 

Note that cores CH-

1A and CH1-B, and 

CH-3A and CH-3C 

were meant to be 

replicate samples. 
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Figure 4.14. Sum of measured ion concentrations (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-, Na+, NH4
+, K+, Mg2+, Ca2+) in ground ice/pore 

water from permafrost cores sampled at Vallée des Trois, QC plotted with depth and subsurface characteristics (ice density and soil 

type/texture). Error bars for anion and cation concentrations are shown as red lines. 
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Figure 4.15. Sum of measured ion concentrations (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-, Na+, NH4
+, K+, Mg2+, Ca2+) in ground ice/pore 

water from permafrost cores sampled at Sheldrake River Valley, QC plotted with depth and subsurface characteristics (ice density and 

soil type/texture). Error bars for anion and cation concentrations are shown as red lines. 
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Figure 4.16. Sum of measured ion concentrations (Cl-, NO2
-, Br-, SO4

2-, NO3
-, PO4

3-, Na+, NH4
+, K+, Mg2+, Ca2+) in ground ice/pore 

water from permafrost cores sampled at Sasapimakwananisikw River Valley, QC plotted with depth and subsurface characteristics (ice 

density and soil type/texture). Error bars for anion and cation concentrations are shown as red lines. Note that both cores were meant to 

be replicate samples. 
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Figure 4.17. 

Cumulative summed ion mass 

(Cl-, NO2
-, Br-, SO4

2-, NO3
-, 

PO4
3-, Na+, NH4

+, K+, Mg2+, 

Ca2+) expressed as mg cm-1 of 

depth in ground ice/pore water 

sampled from permafrost 

cores at each sampling site. 

The shaded area represents the 

transient layer for each core. 
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Table 4.1. Locational information and surface characteristics of permafrost core sampling sites. 

 

 

 

 

Study site 
Arctic 

region 
Ecozone 

Approx. coordinates 

of study site 

 (lat., long.) 

Approx. 

elevation of 

sampled cores 

(m asl) 

Surface characteristics 

Cape Bounty, NU (CB) High 
Northern 

Arctic 

74.916, 

-109.583 
40 

Marine clay. 50 to 70% cover of graminoids (5 to 15 cm) and forbs (5 to 10 cm), with 5 to 25% cover of 

moss. 

Bylot Island, NU (BY) High 
Arctic 

Cordillera 

73.150, 

-80.004 
30 Mesic tundra. Hummocky terrain. Study site located on a moraine which sits on marine clay. 

Daring Lake, NWT (DL) Low Taiga Shield 
64.866, 

-111.550 
430 Wet sedge fen. Thick organic soil horizon (30 cm). Dominated by sedges and moss. 

Beaver Creek, YT (BC) Low 
Boreal 

Cordillera 

62.336, 

-140.832 
700 

Slightly decomposed peat, silty peat and silt. Small black spruces (0-1 m high), moss, lichens, shrubs 

(Labrador tea, bear berries, birches). 

Slightly decomposed peat, silty peat and silt. Open forest of black spruces (0-10 m high), moss, lichens, 

shrubs (Labrador tea, bear berries, willows). 

Arviat, NU (AR) Low 
Hudson Bay 

Lowlands 

61.108,  

-94.061 
5 Sandy and organic soil rich in pebbles and cobbles. Mosses and grasses. Ice center polygons on a tidal plain. 

Churchill, MB (CH) Sub 
Hudson Bay 

Lowlands 

58.727, 

-93.836 
15 

Peat plateau (polygons and wedges), hummocky, gently sloping northward, open tundra, lichens and shrubs, 

no trees. 

Frozen peat mound/plateau, polygons and wedges, hummocky, gently sloping northward, mound is ~1-2 m 

above surrounding landscape, several lakes around ''puddle'' and ''freesbee'', trees (forest toundra), spruce 
mainly. 

Vallée des Trois, QU (VDT) Sub Taiga Shield 
56.547, 

-76.461 
320 

Heath tundra: includes a structural vegetal growth from lichenaie to low shrubs, medium shrubs, high shrubs 

and trees. Marine sandy-silt and silty-sand. 

Sheldrake River Valley, QU 

(BGR)  
Sub Taiga Shield 

56.610, 

-76.215 
185 

Located on a top of palsas in peat soil. Valley contains many lithalsas and palsas which are surrounded by 

wetlands, deciduous shrubs (betula glandulosa) and bare soil (peat). 

Sasapimakwananisikw 

River Valley, QU (SAS) 
Sub Taiga Shield 

55.226, 

-77.695 
105 

Palsa peatland with thermokarst ponds. Shrubs and lichen, eroded peat. 

Palsa peatland with thermokarst ponds. Lichen, eroded peat. No shrubs. 
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Table 4.2. Surficial geology and geological bedrock information for permafrost core sampling sites. 

 

 
 

Study site 
Surficial Geology 

(Geological Survey of Canada 2018) 
Description of bedrock and/or surficial geology  Sources 

Cape Bounty, NU W: Weathered bedrock or regolith - 
Undifferentiated (all) 

The bedrock is composed of weathered marine sandstone and siltstone of the Griper Bay, Hecla Bay, 
and Weatherall formations. Bedrock is overlain by late Quaternary glacial and early Holocene marine 

sediments, the latter found to ~75 m above sea level.  

Hodgson et al. 1984. 
Christie and McMillan 1994 

Lamhonwah et al. 2016 

Bylot Island, NU GFp: Glaciofluvial sediments - 

Outwash plain sediments (all) 

Tb: Glacial sediments - Blanket 
(unspecified) 

The two plains that stretch out on either side of the Cordillera belong to the Arctic Lowlands 

physiographic region. The southern plain is comprised of poorly consolidated sandstone and shale from 

the Lancaster Formation of the Cretaceous and Tertiary periods. Soil texture consists of sand, pebbles, 
and gravel.  

Bostock 1970 

Miall et al. 1980 

Maxwell 1980 
Fortier and Allard 2004 

Daring Lake, NWT GFr: Glaciofluvial sediments - Esker 

(all) 

O: Organic deposits - 
Undifferentiated deposits (all) 

The region is characterized by numerous Canadian Shield outcrops and occasional eskers that were 

formed toward the end of the most recent glacial period. A hydrologically driven mosaic of vegetation 

types including dry heath tundra, dwarf birch tundra, and inundated wet sedge tundra occurs within the 
lowlands and gentle slope depressions between the eskers and outcrops near Daring Lake. 

Rampton 2000 

Nobrega and Grogan 2008 

Grogan 2012 

Beaver Creek, YT GFp: Glaciofluvial sediments - 
Outwash plain sediments (all) 

The Beaver Creek experimental site is located in an abandoned floodplain now colonized by muskeg 
vegetation. The silty floodplain deposits cover lodgement till. 

Stephani et al. 2008 
Stephani, Fortier and Shur 2010 

Arviat, NU GMn: Glaciomarine sediments - 

Littoral and nearshore sediments (all) 

The bedrock exposed in Arviat is Proterozoic dark grey paragneiss with lenses of quartz forming low 

whalebacks carved by ice flow during and after the last glacial maximum (LGM). A thin veneer of ice-
contact deposits (glacial till) is present over much of the landscape as well as thicker till forming ribbed 

moraines in some areas. Evidence of ice flow and recession is also revealed by the many east-trending 

eskers. 

Aylsworth and Shilts 1989 

Forbes, Bell, James and Simon 2013 

Churchill, MB GMn: Glaciomarine sediments - 
Littoral and nearshore sediments (all) 

The surficial geology is made up of marine and glaciomarine sands and gravel deposits of the 
postglacial Tyrrell Sea. The only exception are local kame and esker sands that form prominent ridges 

of Late Wisconsinan age, as well as prominent ridges composed of aphanitic greywacke of Pre-

Quaternary age along the coastline or Silurian dolomitic limestone further inland. The landscape is 
underlain by glaciomarine sediments and bedrocks consisting of Silurian dolomitic limestones. 

Dredge 1992a 
Dredge 1992b 

Viehberg and Pienitz 2017 

Vallée des Trois, QU R: Bedrock - Undifferentiated (all) 

GMn: Glaciomarine sediments - 
Littoral and nearshore sediments (all) 

The bedrock geology of the area includes Precambrian granites and gneisses overlain by Quaternary 

glacial, glaciofluvial and marine deposits. The region was submerged by the postglacial Tyrrell Sea 
until ca. 6000 cal. BP following the last regional deglaciation ca. 8000 cal. BP that left thick deposits of 

marine silts and clays in valleys. These poorly drained valley floors covered with marine clay induced 

the development of wetlands with peat plateaus supporting trees and shrubs (ca. 5000 cal. BP). 
 

Allard and K.-Seguin 1987 

Pienitz et al. 1991 
Saulnier-Talbot et al. 2007 

Narancic et al. 2016 

Sheldrake River Valley, 

QU 

R: Bedrock - Undifferentiated (all) 
GMn: Glaciomarine sediments - 

Veneer (all) 

Sasapimakwananisikw 
River Valley, QU 

R: Bedrock - Undifferentiated (all) 

GMn: Glaciomarine sediments - 

Littoral and nearshore sediments (all) 
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Table 4.3. Transient layer, depth to permafrost and ground ice descriptions of permafrost cores based on qualitative assessments of 

cryostratigraphy following sample recovery. 

 

Study site Core ID 
Replicate 

samples 

Extent of 

permafrost + 

Estimated transient 

layer depth (cm) 

Estimated depth to 

permafrost (cm) 

Max. sampling 

depth (cm) 
Ground ice description 

Cape Bounty, NU CB-12P06  
90 to 100%; 

continuous 
70 to 90 90 115 

Occasional pore ice in active layer; ice rich layer (>50%) at the active 

layer and transient layer margin; ice rich (>50%) permafrost 

Bylot Island, NU BY-2.2  
90 to 100%; 
continuous 

30 to 48 48 156 
Ice-rich organic matter; occasional ice veins and layers in the transient 
layer; ice poor in upper permafrost, but higher content with depth 

Daring Lake, NWT 

DL-1A 

X 
90 to 100%; 

continuous 

52 to 96 96 145 
Ice-rich active layer (>25%), occasional ice layers found in transient layer 

and permafrost 

DL-1B 45 to 85 85 190 
Ice-rich active layer (>25%), occasional ice layers found in transient layer 

and permafrost 

Beaver Creek, YT 

BC-1.1A 

X 
90 to 100%; 

continuous 

32 to 78 78 235 
Ice-poor in active layer; microlenticular ice in transient layer; ice poor in 

upper permafrost, but massive ice found below depth of 120 cm  

BC-1.1B 22 to 68 68 128 

Ice-poor in active layer; lenticular and porous ice in transient layer; ice 

lenses and veins in upper permafrost; massive ice (>75%) below depth of 
110 cm  

BC-2.1A  38 to 50 50 254 
Ice-poor in active layer; microlenticular and nonvisible porous ice in 

transient layer and upper permafrost; ice-poor below depth of 120 cm 

Arviat, NU 

AR-1A 
X 90 to 100%; 

continuous 

30 to 70 70 213 Ice-rich (>70%) throughout transient layer and permafrost 

AR-1B 30 to 70 70 203 Ice-rich (>70%) throughout transient layer and permafrost 

AR-6A  40 to 70 70 143 Ice-rich (>70%) throughout transient layer and permafrost 

Churchill, MB 

CH-1A 

X 

90 to 100%; 

continuous 

40 to 80 80 217 
Ice-rich (>50%) active layer and transient layer; ice-poor permafrost 

below depth of 180 cm 

CH-1B 30 to 70 70 195 
Ice-rich (>50%) active layer, transient layer and upper permafrost; ice-

poor below depth of 180 cm 

CH-3A 
X 

31 to 70 70 205 
Ice-rich (>50%) active layer, transient layer and upper permafrost; ice-

poor below depth of 170 cm 

CH-3C 32 to 70 70 140 Ice-rich (>50%) active layer, transient layer and permafrost 

Vallée des Trois, QU 

VDT-1  50 to 90%; 

extensive 

discontinuous 

140 to 180 180 305 Ice-poor in active layer, transient layer and permafrost 

VDT-2  130 to 170 170 291 Ice-poor in active layer, transient layer and permafrost 

Sheldrake River 
Valley, QU 

BGR-1  50 to 90%; 

extensive 

discontinuous 

35 to 75 75 305 
Ice-poor active layer and mid-way into transient layer; ice-rich (>25%) 
throughout remainder of transient layer and into permafrost 

BGR-2  70 to 110 110 283 
Ice-poor upper active layer; ice-rich (>25%) throughout remainder of 
active layer, and into the transient layer and permafrost 

Sasapimakwananisikw 

River Valley, QU 

SAS-A 

X 

10 to 50%; 

sporadic 
discontinuous 

35 to 75 75 282 
Ice-rich (>50%) active layer, transient layer and upper permafrost; less ice 

below 270 cm in the form of lenses 

SAS-B 40 to 80 80 298 
Ice-rich (>50%) active layer, transient layer and upper permafrost; less ice 

below 200 cm in the form of lenses 
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Chapter 5: Conclusions 

5.1 Research Objectives Summary 

The overarching objectives of research presented in this thesis were to better understand: 

(1) how Arctic watersheds respond in terms of hydrological processes such as infiltration, 

storage and runoff  to deepening active layers; (2) what the short and long-term changes 

are to surface water chemistry, specifically solute concentrations, in watersheds impacted 

by thermal and physical permafrost disturbances; (3) which key factors control permafrost 

chemistry and runoff solute loads; and (4) where in the Canadian Arctic are changes to 

surface water chemistry expected to be the most pronounced with continued climate 

warming. The impetus for these objectives came from the need to better understand the 

impacts of continued permafrost thaw and degradation on surface water chemistry, and the 

mechanisms that control these changes, knowing that this knowledge is critical for 

anticipating changes to surface water quality, aquatic systems, community water supplies, 

and land-ocean transfers in the Canadian Arctic (Bowden, 2010; Thienpont et al., 2012; 

Vonk et al., 2015; Roberts et al., 2017; Zolkos et al., 2019). Summaries of my main 

research conclusions are presented in the following section. 

5.2 Study Summaries and Key Conclusions 

Research in Chapter 2 evaluated how an exceptionally warm and wet summer at a High 

Arctic watershed impacted the hydrology and surface water chemistry – specifically solute 

concentrations in stream runoff – during the thaw period. During June and July 2012 at the 

Cape Bounty, NU, seasonal ground thaw measurements were combined with 
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measurements of major ion concentrations and stable isotope composition in surface waters 

to characterize the movement of different runoff sources (snowmelt, rainfall and soil 

water), thus helping to inform how hydrological processes may be altered due to warm and 

wet conditions. Results indicated that deep thaw enhanced the storage of infiltrated water 

following rainfall. Soil water from infiltrated rainfall flowed through the thawed transient 

layer and upper permafrost which solubilized ions previously stored at depth in the 

transient layer. Subsequent rainfall events acted as a hydrological flushing mechanism, 

mobilizing solutes from the subsurface to the surface. Solute flushing was shown to 

substantially increased ion concentrations (Cl-, SO4
2-, Na+, K+, Mg2+ and Ca2+) in stream 

runoff throughout mid- to late July. Flushing from solute stores in the transient layer was 

the primary driver of increased ion concentrations in stream runoff, and not evaporative 

concentration of surface water based on stable isotope data modelling. Results further 

suggested the importance of rainfall and soil water as sources of runoff in a High Arctic 

catchment during mid- to late- summer as infiltrated snowmelt is drained from soil 

following baseflow. The importance of rainfall and soil water as sources supports the 

perspective that peak runoff in High Arctic watersheds may not be dominated by snowmelt 

during the nival period, thus suggesting a shift from a snowmelt-controlled environment to 

a pluvial-controlled environment with shifting precipitation regimes.  

 

Chapter 3 builds upon Chapter 2 by adding a temporal dimension to the research. Research 

here evaluated the impacts on surface waters and recovery following disturbance of a High 

Arctic catchment in 2007 from active layer detachments (ALDs). Ion concentrations and 

stable isotopes in surface waters, collected between 2006 and 2014 from paired catchments 
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at Cape Bounty, NU, were measured. The two paired catchments represented a control (one 

undisturbed) and one disturbed, thus providing the opportunity to compare chemistry 

between two catchments that were proximal but characteristically different in terms of 

geomorphology. Furthermore, 2007 and 2012 were exceptionally warm years and 

represented thermal perturbation events that affected both catchments. Results indicated 

that the exposure and mobilization of soluble ions in near surface soil is a key control over 

dissolved ion concentrations and composition following ALDs. Runoff in the disturbed 

catchment showed increased total dissolved solute (TDS) concentrations and seasonal TDS 

fluxes, and also showed changes to the relative composition of individual ions in surface 

water (i.e., disturbance had not only changed the concentrations of each measured solute, 

but also changed the relative contribution of each, particularly Cl-, SO4
2-, HCO3

-, Na+, Mg2+ 

and Ca2+, towards TDS). It was shown that these chemical impacts in the disturbed 

watershed persisted for the seven-year study duration after disturbance, and are consistent 

with the thawing of the solute-rich transient layer and upper permafrost. Thermal 

perturbation on the other hand increased TDS concentrations and seasonal fluxes in runoff 

for up to two years as ions released from ground thaw appeared to be available for flushing 

in subsequent summers. Thus, this research has helped better our understanding of recovery 

times from different types of disturbance (physical versus thermal), fulfilling one of the 

major uncertainties in permafrost research. 

 

Chapter 4 further builds upon the previous chapters with the aim of assessing the potential 

for hydrochemical impacts of near-surface permafrost thaw for locations across the 

Canadian Arctic. This study adds an unprecedented spatial dimension and unique data set 
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to the literature by examining profiles for 20 permafrost cores from nine locations in the 

High, Low and sub-Arctic showing changes in the anion and cation concentrations (Cl-, 

NO2
-, Br-, SO4

2-, NO3
-, PO4

3-, Na+, NH4
+, K+, Mg2+, Ca2+) of ground ice and pore ice from 

the transient layer into the upper permafrost. Results indicate that bulk ion concentrations 

in ground ice differ across the Canadian Arctic by several orders of magnitude, with the 

highest concentrations being found in the Hudson Bay Lowlands (study locations of 

Churchill, MB and Arviat, NU). Results also bring my thesis to a full circle by addressing 

one of the outstanding questions from Chapter 2 regarding what controls permafrost 

chemistry. Results from Chapter 4 indicated that the regional differences in bulk ionic 

concentrations in transient layer and near-surface permafrost ground ice are controlled by 

geomorphic factors such elevation, surficial geology and landscape history, particularly 

permafrost aggradation under an emerging marine coastline during the postglacial period. 

Furthermore, highly localized factors which control drainage such as ground ice content 

and soil texture appears to influence the solute storage patterns in ground ice. The observed 

variability of bulk ionic concentrations and solute storage in permafrost ground ice 

suggests that hydrochemical impacts from thermal and physical disturbance to permafrost 

from future air temperature increases will not be uniform across the Canadian Arctic. Low 

elevation coastal areas such as the shores of the Hudson Bay Lowlands and near-coastal 

sites in the High Arctic may be more at risk to impacts from permafrost degradation, 

compared to higher elevation, inland areas such as the interior Taiga Shield or interior 

Boreal Cordillera, due to differences in ion storage in near-surface permafrost. 



160 
 

5.3 Implications and Future Work 

Collectively, contributions from research described within this thesis will improve our 

understanding of the long-term, multi-year impact physical and thermal permafrost 

disturbances have on the hydrochemistry of freshwater systems in the Canadian Arctic, and 

add to our knowledge of the processes and factors that drive these hydrochemical changes. 

While this research provided novel research contributions to Arctic watershed hydrology 

and hydrological changes from a warming environment, it also identifies potential future 

avenues of study. This thesis can be used to stimulate future research in the following ways: 

• This research has indicated that deep thaw and high-intensity mid- to late- summer 

precipitation events increases solute loads in High Arctic surface water runoff 

(Chapter 2), and that physical and thermal disturbances can increase solute 

contributions and change relative composition of individual ions in surface runoff 

(Chapter 3). The literature could use additional clarity on the implications of 

chemical changes to surface water chemistry towards freshwater ecosystems. This 

recommended research approach should involve collaboration between 

hydrologists, hydrochemists, biologists and ecologists to monitor the abiotic and 

biotic changes to freshwater systems over time in an integrated manner (e.g., 

Larouche et al., 2015, Mesquita et al., 2010, Moquin et al., 2014, Thienpont et al., 

2013, Roberts et al., 2017). Moreover, the literature could use additional clarity 

regarding the implications of surface water chemistry changes towards community 

water supplies (e.g., Na+ and/or elevated Ca2+/Mg2+ [hardwater]). This could best 

be addressed by collaboration between community planners, water engineers and 



161 
 

others who deal with the provision of fresh water in Arctic communities work with 

hydrologists and hydrochemists in a collaborative manner. 

• This research indicates that chemical impacts in a physically disturbed watershed 

can persist for seven years after disturbance while thermal perturbation can result 

in chemical changes for up to two years (Chapter 3). While these results do give us 

a better sense of what to expect in terms of impact and recovery trajectories, 

however conclusions reflect the High Arctic environment. There are still questions 

surrounding if the length of time it takes for solutes stored in the transient layer and 

upper permafrost to be completely removed from the system in a High Arctic 

watershed may differ substantially from a watershed in a lower latitude 

environments characterized by different permafrost coverage, permafrost 

temperatures, average active layer depth, surficial geology, etc. Though some 

studies address recovery times in different watersheds (e.g., Keller et al. (2010) 

investigated an eleven-year stream chemistry record from Toolik Lake, Alaska), 

additional research is needed to better compare and contrast impact trajectories for 

different Arctic regions for the purpose of helping communities prepare for the 

potential short and long-term changes to water quality. 

• We suggest, based on our research, that geomorphic factors (including elevation, 

surficial geology and regional landscape history) are important factors that drive 

chemical differences in ground ice across different study locations while localized 

factors (including moisture, flushing and soil drainage, influence the solute storage 

patterns in ground ice) (Chapter 4). To further understand what may control ground 

ice chemistry at a local scale, it is recommend that future studies conduct 



162 
 

permafrost core sampling over a grid or transect while focussing sampling at study 

sites where surrounding landscape features are homogenous (e.g., characterizing 

bulk ion concentrations in a particular soil type of a particular region) and also at 

sites located at landscape margins (e.g., the transition areas between biomes, 

permafrost coverage areas, surficial geology coverage). Data sets developed in this 

manner can be used to refine models such as The Canadian Water Resource 

Vulnerability Index to Permafrost Thaw (Spence et al., 2020) by enhancing the 

spatial resolution of existing sub-indices such as permafrost conditions and also 

introducing new sub-indices (i.e., additional model parameters) such as ground ice 

chemistry. Data can be used for multivariate analysis to better determine how 

landscape features in different Arctic regions may influence how solute storage 

within a watershed or between sub-catchments.  

• Lastly, this research has suggested that low elevation coastal areas such as the 

shores of the Hudson Bay Lowlands and near-coastal sites in the High Arctic may 

be more at risk to hydrochemical impacts from permafrost degradation, compared 

to higher elevation, inland areas such as the interior Taiga Shield or interior Boreal 

Cordillera (Chapter 4). These conclusions have been based on the differences in ion 

storage in near-surface permafrost between locations. It is recommended that 

permafrost modelling be utilized to simulate the thermal regime and thaw processes 

at ice-rich sites to assess potential latent heat requirements that may buffer thaw as 

to better predict the potential release of stored solutes with increasing air 

temperatures. 
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5.4 Reflections 

The study of Arctic environments has become an important field of research over the past 

two decades due to the climate change impacts seen firsthand by indigenous communities, 

researchers and travelers to the Innuit Nunangat (homeland of the Inuit in Canada). The 

Arctic has long considered to be the “canary in the coal mine”, for understanding risks to 

human populations and ecosystems by providing advanced warning of impacts from 

climate and environmental change. However, that canary has long since passed. As a 

scientist, I conduct and communicate research in an objective manner. As a global citizen, 

I advocate for renewed policies and practices to slow the rate of climate change so that the 

most vulnerable communities are granted more time and resources to adapt. Both my 

fascination of and care for the natural world fuels my drive to contribute knowledge in an 

effort to prompt action. My genuine hope for this thesis, and my main motivation for 

doctoral research in the first place, is that the knowledge I have contributed will be used to 

help future generations reduce vulnerability to climate change and build adaptive capacity 

to the projected impacts that lie ahead. 
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Appendix A: Cape Bounty Arctic Watershed Observatory (CBAWO) Overview 

Map and Field Station Coordinates 

 

 

Figure A1. Overview of the Cape Bounty Arctic Watershed Observatory (CBAWO). Map 

shows the network of meteorological, soil, and permafrost stations support that 

hydrological research (Lamoureux and Lafrenière 2018). 

  

Table A1. Geographical coordinates (Projection NAD 27 Zone 12 X) of research 

infrastructure at the Cape Bounty Arctic Watershed Observatory (CBAWO). 

 
Feature Northing Easting 

West River stream gauging station 540675 8313189 

East River stream gauging station 543077 8312306 

Goose stream gauging station 540762 8314043 

Loose Goose stream gauging station 540946 8314166 

Ptarmigan stream gauging station 540597 8314704 

ALD05 stream gauging station 540687 8314278 

Big Slide stream gauging station 540479 8314728 

Caribou stream gauging station 540366 8315241 

MainMet meteorological station 541695 8314710 

WestMet meteorological station 539729 8316500 

EastMet meteorological station 543088 8316509 

Flux tower 541434 8314574 
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Appendix B: Field Instruments, Dataloggers and Analytical Methods 

 

Table B1. Field Instruments, dataloggers and analytical methods used at the Cape Bounty 

Arctic Watershed Observatory (CBAWO), 2006 to 2014. 

 

Parameter Instrument 
Instrument 

Accuracy 
Datalogger 

Year(s) 

Used 
Analytical method 

Air pressure 

Omega-

PRTEMP101 
0.4% 

Omega-

PRTEMP101 
2006 

n/a 
Onset Hobo U20 0.3% Onset Hobo U20 2007 to 2011 

Onset CM50 0.4% Onset CM50 2011 to 2014 

Air temperature 

Onset H8 0.2°C Onset H8 2006 Solar radiation 

shielded, 1.5 m 

above surface 
Onset UA-003 0.1°C Onset UA-003 2007 to 2014 

Rainfall Davis Industrial 0.2 mm tip 

Onset Hobo 

Event 
2006 

1.5 m above surface 

Onset UA-003 2007 to 2014 

Discharge (Q) Swoffer 2100 1% n/a 2006 to 2014 Velocity-area 

Water Level 

(Stage) 

Omega OM_CP 

Level 1000 
0.2% 

Omega OM-CP 

Level 1000 
2006 

Stage-Q rating 

curve; 4-inch and 8-

inch cutthroat 

flumes used 
Onset Hobo U20 0.3% Onset Hobo U20 2007 to 2014 

Electrical 

Conductivity 

(EC) 

Global Water 

WQ301 
1% Onset Hobo H22 2006 to 2014 n/a 

Major Ion 

Concentrations 
Dionex ICS-3000 

0.010 mg L-1 

for most 

analytes 

 

< 0.01 mg L-1 

for most ions 

 

~0.02 to 0.03 

mg L-1 for 

Mg2+ 

 

~0.04 to 0.05 

mg L-1 for 

Ca2+ 

n/a 2006 to 2014 

Liquid ion 

chromatography for 

anion and cation 

concentration 

analyses; HCO3
- 

determined by 

charge balance 

 

0.45-μm 

nitrocellulose 

membrane filters 

(2006 to 2007) 

 

0.22-μm 

polyvinylidene 

fluoride filters 

(2008 to 2014) 

Stable Isotope 

Ratios 

Los Gatos 

Research (LGR-

LWIA) 

±0.2‰ for 

δ18O and 

±0.8‰ for δD 

n/a 2006 to 2014 

Laser absorption 

liquid water isotope 

analyzer for δ18O 

and δD analyses 

 

Calibrated using 

SLAP (-55.5 ‰ 

[δ18O], -428 ‰ 

[δD]) and USGS46 

(-29.8 ‰ [δ18O], -

235.8 ‰ [δD]) 

standards 

 


