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Abstract 

 

In Arctic regions subsurface flow is often a dominant flow path of water, especially as the thaw 

depth progresses and the active layer water storage capacity increases. Subsurface flow through 

the active layer is important for water delivery to streams and can be potentially routed through 

subsurface preferential flow pathways (PFP). The majority of research on subsurface 

hydrological PFP has occurred in the subarctic where organic soils and discontinuous permafrost 

are predominant. Research on such pathways in the High Arctic where mineral soils with 

minimal organic layer dominate is limited. This thesis investigated the hydrological response 

during active layer development in a dominantly mineral soil to understand how soil subsurface 

and surface water interactions are conditioned by the presence and seasonal development of PFP 

pathways in a headwater subcatchment at the Cape Bounty Arctic Watershed Observatory, 

Melville Island, Nunavut.  Subsurface flow and PFP were examined through  cryostructure 

analysis from two active layer cores, and seasonal active layer development.  A network of 

piezometers was also installed across four land cover types (high and low hummock, mesic 

slope, polar semi-desert, and an area with established soil pipe drainage) to evaluate hydrological 

function of preferential pathways. Electrical conductivity (EC) and stable water isotopes were 

collected from piezometers to further infer subsurface water sources. Results indicate that 

drainage and saturation of soil from water in the subsurface is spatially and temporally 

heterogeneous in High Arctic mineral soils. The timing of the activation (effective drainage) and 

deactivation (termination of drainage) of subsurface water pathways was similarly heterogeneous 

across the study site. The timing and depth of the activation of pathways demonstrates that 

varying cryostructure at depth triggered the emergence of substantial water at select locations. 



iii 

 

Finally stable isotopes indicate that the source of water moving through the subsurface varies 

spatially and temporally over short distances with seasonal progressions from rain water to 

snow/ground ice, and vice versa. This knowledge provides primary observations towards 

understanding subsurface preferential flow pathways in a High Arctic catchment and the 

importance of PFP on water delivery to streams in the late thaw season.  
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Chapter 1 

Introduction 

Fresh water cycles in Arctic regions are closely linked to the presence of permafrost, and 

the seasonal and long-term changes to surface thaw present uncertainty in soil water dynamics 

and water quality change in these areas (Quinton et al., 2011). In permafrost terrain, the depth of 

the seasonally thawed active layer is often the limiting control on the storage capacity of the soil. 

As the thaw season progresses and the active layer thickens, the capacity of the active layer to 

store water increases (Kuchment et al., 2000). Thaw of the active layer releases previously 

frozen water that can then be transported, and has been found to increase hydrologic connectivity 

and drainage of a landscape through subsurface runoff contributions to streams (Quinton and 

Marsh, 1999; Carey et al., 2012; Bolduc 2015; Lildejahl et al., 2016) and by sustaining surface 

water balances (Abnizova, 2008). Additionally, seasonal active layer thaw has been shown to 

impact solute transport to streams (Cozzetto et al., 2013; Laine-Kaulio et al., 2014), and alter 

surface water biogeochemistry (Heeren et al., 2010). Combined, these processes demonstrate the 

importance of subsurface runoff for water quantity and quality in Arctic river systems. Exploring 

interactions between soil subsurface and surface water and the hydrological response during 

active layer thaw development aids in understanding the presence and seasonal development of 

preferential flow pathways (PFP). Therefore, this research also aims to demonstrate the 

hydrological function of PFP and to characterize the nature of the preferential pathway structures 

(i.e. pipes, cryostructure) in permafrost terrain in a High Arctic watershed.   
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Subsurface hydrological-permafrost links are complex and often difficult to detect, 

quantify and predict, and as such, field observations relating permafrost and hydrological change 

are limited (Frampton et al., 2013). While the most common mechanism for subsurface water 

movement is through lateral interstitial flow as a result of a perched water table (Dunne 1978; 

Weiler and McDonnell 2004), there are other possible components of the active layer that route 

water relatively rapidly through the subsurface such as PFP (e.g. soil pipes, varying hydrologic 

conductivity caused by soil type or ice content). Understanding subsurface PFP are important for 

designing monitoring programs and for developing accurate models for future hydrological 

predictions (Zhou and Lin, 2008). Subsurface PFP have been investigated in the subarctic (e.g. 

Quinton and Marsh 1998; Carey and Woo, 2000; Weiller and McDonnell, 2004; Zhou and Lin, 

2008; Carey et al., 2012), however, little research has been completed for the High Arctic. The 

different soil properties between the subarctic (thick organic surface horizons) and the High 

Arctic (primarily mineral soils with minimal organic material) make it difficult to transfer PFP 

knowledge from subarctic studies to the High Arctic.  

The primary objective of this research is to determine the presence and seasonal 

functionality of subsurface PFP in permafrost terrain of a High Arctic headwater watershed.  

This research (1) characterizes properties of preferential pathways through hydrological 

experiments to estimate key hydrologic properties, including determination of source water 

inputs, and (2) characterizes the cryostructure and active layer development in the soil to 

understand how soil subsurface PFP and surface water interactions are conditioned by 

cryostructure. 

Research was conducted at the Cape Bounty Arctic Watershed Observatory (CBAWO) 

on Melville Island, Nunavut (74°55’N, 109°35’W). The study site has been investigated for 
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climate and hydrological changes since 2003, and contains the longest comprehensive 

hydrological record in the Canadian High Arctic. This research contributes to a better 

understanding of subsurface and surface water interactions and will aid in sustaining water 

security, an important topic for northern regions and communities.   The thesis is structured as 

follows:  Chapter 2 reviews the key literature to provide a theoretical context for the overarching 

research question; Chapter 3 presents the field study results and interpretations; and Chapter 4 

outlines key conclusions and future work in the field.  
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Chapter 2 

Literature Review 

2.1 - Permafrost  

Permafrost is defined as any subsurface material that remains frozen for at least two 

consecutive years (Brown et al., 1998; Zhang et al., 1999). Permafrost covers approximately 

25% of the land surface in the world and about half of Canada (Kuchment et al., 2000), and can 

occur as continuous (covering 90-100% of an area), discontinuous (50-90%), sporadic (10-50%) 

or in isolated patches (0-10%) (Brown et al., 1998). It can range in thickness from 100-800 m in 

continuous regions, 25-100 m in discontinuous areas, and 10-50 m in sporadic areas (Anisimov 

and Reneva, 2006). Permafrost is sensitive to changes in surface conditions linked to both human 

activities and climate change (Osterkamp and Burn, 2003). As such, the growth of economic 

activities in northern regions and changes in climate are making the investigation of permafrost 

and permafrost hydrological processes highly important (Kuchment et al., 2000). 

Above the permafrost lies the active layer and the transition zone. The active layer is the 

portion of the ground that is subject to seasonal freeze and thaw conditions each year. It varies in 

thickness from tens of centimetres to metres and serves as a medium through which water and 

gas are exchanged between the soil, surface and the atmosphere (Osterkamp and Burns, 2003). 

The active layer is crucial for plant life, as well as microbial and animal communities as virtually 

all biological and chemical activities that take place in permafrost regions occur within the active 

layer (Goulden et al., 1998; Fiedler et al., 2004; Newman et al., 2015).  
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 Between the active layer and the permafrost is typically an ice-rich layer (with ice content 

often much greater than in the permafrost below) called the transition zone. The transition zone 

is a portion of the substrate that is subject to freeze-thaw transitions on a sub-decadal to multi-

centennial scale (Shur et al., 2005). The top of the transition zone is most susceptible to thaw 

when active layer thaw is deep enough to penetrate the zone, and deeper into the transition zone 

thaw becomes less frequent (Shur et al., 2005). Deeper thaw occurs in response to a climate shift, 

disturbances in the active layer, or change in surface or vegetation cover (Shur and Jorgenson, 

1998; Shur et al., 2003). As the transition zone also acts as a buffer between the active layer and 

the ice-rich permafrost, it can resist thaw and promote thermal stability of the upper permafrost 

(Smith 1988). Further, higher solute content has been observed in correspondence with areas of 

ice accumulation (Kokelj and Burn, 2005). For example, Kokelj and Burn (2003) and 

Lamhonwah et al. (2017a) found total solute concentrations to be much greater at the base of the 

active layer compared to other parts of the soil profile (Figure 2.1). With deeper active layer 

thaw expected with climate change, there is potential for these solutes to be released into surface 

waters.  
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Figure 2.1: Soil water electrical conductivity of solutes in a vertical soil profile, demonstrating 

the higher concentrations of solutes nearing the permafrost table (taken from Kokelj and Burn, 

2005). 

 

2.2 - Controls over active layer development 

Each year as the active layer freezes and thaws, the composition and development of the 

active layer changes. The majority of active layer development and hydrological influences on a 

system occur throughout the thaw season, however, Hinzman et al. (1991) note that there is 

active layer development that occurs throughout the year. Proceeding snowmelt, through heating 

by conduction and percolation of meltwater, the active layer typically begins to thaw from the 

surface downward (Woo, 1983; Woo, 2012), with active layer thaw depth varying across a 

landscape (Chaisson-Poirier et al., 2016; Woo and Steer, 1983). Through heat fluxes entering the 

ground surface (Woo, 1983), the active layer continues to thaw until it reaches its maximum 

thaw depth (Thockmorton et al., 2016). Once temperatures from the atmosphere are at freezing 

and heat starts to be lost from the soil, the active layer can also freeze from the surface 
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downward, freezing water in the active layer and influencing thaw and hydraulic conductivity for 

the following year. The active layer continues to lose heat throughout the fall and early winter 

leading to complete freezing of the active layer.  

Characteristics of the active layer are strongly dependent on local factors such as: snow 

cover, soil type and moisture, water bodies and water flow, and vegetation (French, 2007, Woo, 

2012). Given that snow is a poor heat conductor and acts as an insulating layer, thawing begins 

once snow and ice cover are largely ablated. Uneven distribution of snow can influence thaw 

depth as areas with thin snowpack become bare first, and have an earlier onset of thaw, leading 

to variations in thaw depth across a landscape. As tundra landscapes have little ground frictional 

resistance, strong winds often cause some sublimation of snow and redistribution non-uniformly, 

with accumulation typically in topographic depressions, ravines, and river valleys (Pomeroy and 

Jones, 1996; Pomeroy et al., 1997).  

The type of soil and the amount of moisture in a soil profile can influence the rate of 

active layer freezing and thawing through changes in thermal and hydraulic conductivity, and 

heat capacities. Different soil types have different thermal properties and hydraulic 

conductivities affecting the ability to conduct heat to thaw the active layer and to store and move 

water. Hinkel et al. (1997) found that ground temperatures increased from -7
°
C to -3

°
C within an 

hour once meltwater penetrated a soil pack, demonstrating the importance of the heat transfer of 

infiltrating water and the hydraulic conductivity. The thermal conductivity of soil is also partially 

dependent on the phase and amount of water that is present in a soil pack (Hinzman et al., 1991). 

Soils with greater proportions of ice content to soil have the capacity to increase the thermal 

conductivity of the soil, facilitating heat transfer deeper into the active layer and even into the 

permafrost (Carey and Woo, 1998).  
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Finally, vegetation can influence active layer development and thaw depths. Different 

vegetative surface cover can influence the heat transfer to the ground by altering the albedo from 

the typical bare-ground albedo, thus leading to either preferential warming or cooling. 

Vegetation can also alter soil porosity, drawing moisture into the ground which as discussed 

above can substantially increase heat delivery. Evaporation is then limited as water infiltrates 

into the soil and the surface can become dry and warm, which increases the insulating properties 

of soil vegetation and leaves the base of the active layer wet and cool (Woo, 2012).  

 

2.3 - Cryostructure 

The cryostructure of soil is defined by the shape and distribution of ice and mineral 

material within the soil, sediment, or bedrock (Murton and French, 1994; Gilbert et al., 2016). 

The development of cryostructure is dependent on the physical properties of the substrate, the 

moisture availability, and the way in which the permafrost was formed (epigenetic, syngenetic, 

or quasi-syngenetic), with the most important factors being grain size distribution and the 

packing of the grains, as these influence the susceptibility of the soils to frost (Gilbert et al., 

2016). There are many different forms of cryostructure that have been identified in the literature 

(Kanevskiy et al., 2013; French and Shur, 2010). Six primary forms identified by Kanevskiy et 

al. (2013) are: ataxitic, reticulate, layered, crustal, porous, and organic-matrix (Figure 2.2). An 

ataxitic cryostructure consists of an ice matrix with isolated soil aggregates suspended in ice and 

is the most common cryostructure of the upper permafrost (Figure 2.2a). Reticulate cryostructure 

has multidirectional ice lenses surrounding mineral blocks typically found in finer grained 

sediments (silt, clay, and silty sand) (Figure 2.2b). Layered cryostructure is characterized by 

parallel ice lenses (Figure 2.2c) while crustal cryostructure is defined by ice films over larger 
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particles (Figure 2.2d). A porous cryostructure consists of ice located in soil pore spaces (Figure 

2.2e), while organic-matrix cryostructure has small visible ice and is controlled by organic fibers 

in the soils (Figure 2.2f) (Kanevskiy et al., 2013). 

 

Figure 2.2: Six dominant cryostructures: A) ataxitic; B) reticulate; C) layered; D) crustal ; E) 

porous; F) organic-matrix (Kanevskiy et al., 2013). 

 

The study of cryostructure is important for permafrost regions for a variety of reasons. 

The preservation of cryostructures within the ground is influenced by climate, geologic, and 

environmental factors, allowing for structures of ice within sediment to elucidate both the 

thermal history and the origin of a substrate (French and Shur, 2010; Murton, 2013). 

Cryostructure also often reflects the local hydrology within a region (Ping, 2008), and therefore, 

may be critical in the movement of water through the subsurface. For example, well-developed 

cryostructure is often found in areas with substantial precipitation that supply adequate water for 

ice feature formation. Cryostructures, such as ice lenses and vein ice are two major ice 

formations within permafrost soils that may influence subsurface flow pathways as they can be 

large structures. 
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2.4 - Permafrost Hydrology 

Research in the field of permafrost hydrology is centered around direct and indirect 

effects of the permafrost and active layer on the properties, movement, and storage of water 

(Woo, 2012), because the role of permafrost in cold regions is a primary control on local 

hydrological processes (Woo, 1983). In permafrost terrain, the hydrologic capacity of the soil is 

often limited to the active layer and the frozen ground restricts hydrological interactions between 

the water near the surface of the permafrost (supra-permafrost) and the groundwater below the 

permafrost (sub-permafrost) (Quinton and Baltzer, 2013). Further, permafrost influences the 

water storage and drainage within the active layer as the frozen ground can cause changes in 

temperature, moisture, the surface topography, and the vegetation that can be supported in the 

cold ground conditions (Jorgenson and Oskerkamp, 2005).  

Permafrost inhibits or reduces the amount of groundwater recharge and flow that can 

occur in cold regions (Bosson et al., 2013), yet groundwater does exist and has been observed to 

contribute to surface water, especially in discontinuous permafrost areas. The processes in which 

flow is exchanged and redistributed in the permafrost are not well understood. Bosson et al. 

(2013) modeled water distribution within permafrost and note that there is a trend where the 

amount of vertical groundwater flow decreases with depth, and that there is less vertical flow in 

frozen ground compared to unfrozen ground. In areas of continuous permafrost, the exchange 

between permafrost and unfrozen ground occurs through taliks (unfrozen areas in permafrost). 

Groundwater discharge typically freezes above the ground or within the active layer throughout 

the winter, and discharges in streams, springs, wetlands or lakes and oceans in the spring and 

summer (Woo, 2012). The contributions of groundwater in continuous permafrost regions 

typically amount to less than 10%, but the rising of the saturated area within the active layer 
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plays a key role in overland flow contributions (Roulet and Woo, 1988), when water tables are at 

the surface, saturated overland flow occurs. 

The snowmelt period represents the dominant hydrological event in the Arctic (Carey et 

al., 2012), where frozen ground limits the deep percolation of snowmelt, and therefore confines 

water flow pathways to the near-surface ground and to overland flow (Quinton and Marsh, 1999; 

Carey and Woo, 2001; Thockmorton et al., 2015). The impermeable permafrost boundary is a 

key influence in how water is routed from hillslope recharge areas to channels, lakes, and 

streams.  The pathways that runoff takes (whether from snow or precipitation, are controlled by 

the depth of the active layer thaw (or the position of the frost table), and greater runoff rates 

occur when the frost table is close to the ground surface (Carey and Woo, 2001; Quinton et al., 

2009). After the majority of snowmelt occurs, residual snow continues to be the dominant source 

of runoff. Meltwater released by the snow patches are often sufficient to saturate soils on slopes 

and continue drainage into streams (with a lag affect for infiltration time) (Quinton and Marsh, 

1999).  

 

2.4.1- Subsurface hydrology in permafrost regions 

Most hydrologic activity in continuous permafrost regions occurs in or immediately 

above the active layer (Woo, 1983) highlighting the importance of the active layer (Carey and 

Woo, 1998). As Arctic areas typically have minimal overland flow (Quinton, 1997; Carey and 

Woo, 1997), subsurface flow is the dominant flow path, especially as the thaw depth progresses 

and the active layer water storage capacity increases (Quinton and Marsh, 1999). The depth of 

the frost table (or active layer thaw depth) is important in controlling the rate that subsurface 

drainage occurs on a hillslope (Quinton et al., 2005), especially as hydraulic conductivity and 
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soil moisture varies with soil depth and soil types (Quinton and Grey, 2003; Hinzman et al., 

1991). 

Subsurface flow through the active layer is important for water delivery to streams. 

Active layer thaw also releases previously frozen water, which can reach surface streams during 

the warming period and can contribute to runoff (Quinton and Marsh, 1999; Carey et al., 2012). 

Hydrologic connectivity and drainage of landscapes has been linked to increases in the release of 

previously frozen water that is transported through the active layer (Lildejahl et al, 2016), 

through subsurface runoff contributions to streams (Quinton and Marsh, 1999; Carey et al., 2012; 

Bolduc, 2015). Impacts of surface water biogeochemistry and delivery of solutes to streams have 

been linked to seasonal active layer thaw (Heeren et al., 2010; Cozzetto et al., 2013; Laine-

Kaulio et al., 2014). Combined, these processes demonstrate the importance of subsurface runoff 

for water quantity and quality in Arctic river systems 

As the thaw season progresses and the active layer thickens, the water storage capacity of 

the active layer changes, and affects the ratio of surface to subsurface flow (Kuchment et al., 

2000). Initially proceeding snowmelt, a shallow frost table reduces the storage capacity, but 

throughout the thaw season, increasing thaw depths allow for more water to be stored and moved 

through the active layer as subsurface flow (Woo and Steer, 1983). 

Throughout the thaw season, the hydrological response of soils to precipitation varies 

based on soil types. For example, Hinzman et al. (1991) found that mineral soils are not 

significantly impacted by such events while organic soils were immediately responsive such that 

they saturated and drained quickly. The differences in soil hydraulic conductivity means that soil 

stability in terms of moisture content varies throughout the summer.  
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At the end of the thaw season, the water in the active layer freezes and is stored until 

active layer thaw the following year and can act as a source of water in that year (Zhang et al., 

2000). At this time, the infiltration of water is impeded as soil pores become sealed with ice 

(Woo and Steer, 1983). 

 

2.4.2- Subsurface water flow pathways  

Throughout the thaw season as the active layer deepens, water is transported through the 

subsurface as saturated subsurface flow (Woo and Steer, 1983) or as subsurface preferential flow 

pathways (PFP).  In permafrost terrain, subsurface PFP may differ from temperate areas where 

soil macropores often dominate and are caused by plant roots and burrowing animals (Anderson 

and Burt, 1990; Sidle et al., 2001). Some advancements have been made in the study of PFP in 

Arctic regions and subsurface lateral flow has been observed in mineral soils in the summer 

months (Boike et al., 2008), yet the research is limited across both space and time. While the 

most common mechanism for subsurface water movement down a hillslope is through lateral 

subsurface flow as a result of a perched water table (Dunne, 1978; Weiler and McDonnel, 2004), 

cryostructure and the water and ice content of the active layer can influence subsurface runoff 

rates (Quinton and Baltzer, 2013).  

The amount of ice and water can alter the thermal and hydraulic conductivity of the 

active layer affecting the distribution of water within it (Quinton and Baltzer, 2013). Areas with 

large ice contents such as those with ice lenses can create and collect large volumes of meltwater 

that is released after thaw (Carey and Woo, 1998), potentially through existing PFP or as 

saturated subsurface flow. Cryostructures, such as ice lenses and vein ice, are two common ice 

structures within permafrost soils that may influence subsurface pathways. Frozen water in ice 
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wedges have also been noted to alter the hydrology of an area by increasing through connectivity 

and drainage in a landscape, thus altering the water movement in the soil (Liljedahl et al., 2016).  

Soil pipes are widespread in some settings and are important hydrologic and 

geomorphologic features (Carey and Woo, 2002). In permafrost regions, they are an important 

and efficient way to move water to stream networks (Carey and Woo, 1998; Quinton and Marsh, 

1998) and flow can be as rapid as surface flow (Quinton and Marsh, 1999). They are associated 

with areas that experience a reduction in vertical permeability in a soil profile, yet have sufficient 

permeability laterally to allow for flow above the frozen impermeable zone (Jones, 1990) and 

occur in areas where there are breaks in slopes. Quinton and Marsh (1999) observed that at 

varying elevations, rapid subsurface flow was occurring through soil pipes that were within the 

surface peat layer. In the subarctic, pipes also develop in cohesion-less soils from instantaneous 

seepage erosion when there are vertical pore pressure gradients, and when there is mechanical 

corrosion of flowing water along the boundaries of macropores (Carey and Woo, 2002). Quinton 

and Marsh (1999) describe the soil pipes as interconnected channels with diameters of 5-10 cm 

that are prevalent on hillslopes. In such regions, the pipes typically form and grow during 

snowmelt at the time when there are high hydraulic gradients and the water table is near the 

surface allowing pipes to actively transmit water (Carey and Woo 2002). As PFP can move water 

through the soils when soils are not saturated, the water table level plays a key role in 

determining when the PFP become active or not. Carey and Woo (2000) found subarctic soil 

pipes to be active during snowmelt and after intense rainstorms that raise water tables. 

Finally, land cover types can be an important factor in subsurface PFP. For example, 

Koch et al. (2017) found heterogeneity in PFP through tracer tests in the interior of Alaska in a 

boreal forest setting. They note differences in the dominant mechanism of subsurface flow to be 
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associated with changes in hydraulic head and the changes soil types in the soil. They also found 

that shallower pathways had an important role in sourcing solutes to storm runoff, while the deep 

infiltration and associated PFP were important in feeding longer and slower flow paths that 

contributed to stream base flow. Further, Quinton et al. (2000) explored the importance of inter-

hummock land cover terrain on preferential subsurface flow pathways. The high permeability of 

inter-hummock water ways allows for hummock-covered hillslopes in the High Arctic to act as a 

means of preferential drainage of a hillslope (Quinton and Marsh, 1998; 1999). The division of 

soil bulk density between areas of high and low hummocks allow for PFP to occur through the 

inter-hummock areas (Quinton et al., 2000, 2008).  

 

2.5 - Stable Isotopes as Water Source Indicators 

Determining the sources of subsurface water is critical to understanding where the water 

is coming from and how it is moving through the subsurface. Such sourcing can be done through 

the use of stable oxygen and hydrogen isotopes. The fractionation of water stable isotopes alters 

the ratios of stable water isotopes (
16

O and 
18

O) and makes a useful tool to identify sources of 

water and inferring hydrologic processes such as evaporation and mixing of water from different 

sources (Gibson et al., 2008; Craig, 1961). Water isotope tracers have been used in numerous 

northern, remote landscapes the characterize the hydrology of lakes and rivers (e.g Water isotope 

tracers have been used in numerous northern, remote landscapes to characterize the hydrology of 

lakes. Brock et al., 2008; Turner et al., 2010), and have been used to structure the hydrological 

component of aquatic ecosystem monitoring programs (e.g. Tondu et al. 2013). Isotope 

compositions are expressed as delta values as a deviation per mil (‰) from a specific isotopic 

standard which is typically the Vienna Standard Mean Ocean Water (VSMOW), an estimate of 
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the bulk composition of the present-day global ocean reservoir (Gibson et al., 2005).  Isotopes 

offer distinct advantages in that the field sampling process is simple, lab analysis is relatively 

low in cost, and they are an effective method of examining hydrological processes as they are 

altered through the physical processes of fractionation (Hoefs 1973). 

Groundwater studies have increasingly used stable water isotope tracers to label sources 

of water and the interactions of sources in the subsurface (e.g. Birks et al., 2000; Oxtobee and 

Novakowski 2002, and others). In areas of high groundwater recharge, the isotopic composition 

of groundwater typically reflects the signature of precipitation. In reservoirs where there is 

minimal recharge, groundwater may acquire signatures that reflect mean residence time and 

seasonal timing of outputs that often reflect mixing of other sources of water (Gibson et al., 

2005).   

 Isotopes have also been used in permafrost regions to distinguish the different types of 

ground ice that are present (Fritz et al., 2011; Lacelle et al., 2013). Mass balance and end-

member mixing analysis is also used throughout the literature to understand established PFP and 

to compute residence time of water in a subsurface system (Carey and Quinton, 2005). For 

example, seasonal changes of precipitation are often reflected in a shift in isotopic compositions 

(Figure 2.3). Winter precipitation is typically strongly depleted and variable in heavy-isotope 

content compared to summer precipitation, information that can be used in the determination of 

residence time of water in the subsurface (Turner et al., 2010). Further, as evaporation produces 

an isotopic signature that is typically heavy-isotope enriched (as a result of kinetic fractionation) 

as a deviation from the Global Meteoric Water Line (GMWL) (global isotopic compositions of 

precipitation along a linear trajectory), a signature of evaporation can be determined (Gonfiantini 

1986; Thockmorton et al., 2016). 
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Figure 2.3: Isotopic compositions of snow and rain samples from the Old Crow Flats, Yukon. 

The dashed arrows identify the isotopic alteration of rainfall and snowmelt due to evaporation 

(Turner et al., 2010). 

 

Thockmorton et al. (2016) provide the first study to use stable water isotope composition 

to infer the mixing of active layer surface water and subsurface pore water. They identify 

potential meteoric water inputs as winter precipitation (snow), spring rain water, summer 

precipitation, and fall precipitation, and also identify seasonal active layer ice melt as a potential 

water source. Summer rainfall appeared to be the largest contributor to water in the subsurface, 

and identify the signal of ground ice to be close to fall precipitation (water frozen at the end of 

the thaw season). 

 

2.6 - Summary 

Global climate change is an emerging issue as temperatures are expected to increase by 

up to 4.8
°
C during the 21st century (IPCC, 2013). Predicted increasing temperatures are of 

importance in Arctic regions where ecosystems are particularly sensitive to, and altered by, 
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climatic shifts (Rouse et al. 1997). Climate model projections and current trends suggest that 

permafrost will experience changes that include, but are not limited to, permafrost degradation, a 

reduction in permafrost extent, thickening of the active layer, talik formation, and thermokarst 

activity (Stendel and Christensen 2002; Lawrence and Slater, 2005; Frey and McClelland, 2009). 

Permafrost degradation can modify landscapes and influence surface and subsurface hydrology, 

soil biogeochemistry, and ecosystems on both regional and local scales (Zhang et al., 2006). 

Continuous permafrost in the High Arctic is often ice-rich, and with warming temperatures, may 

liberate water within the soil and alter the subsurface pathways through which water flows 

(Bonnaventure and Lamoureux, 2013).  

Permafrost and active layer hydrology has received vast interest and research in the past 

decade and continues to be of importance with climate change. The majority of research on 

subsurface hydrological PFP has occurred in the subarctic where organic soils and discontinuous 

permafrost are predominant, and such, research on such pathways in the High Arctic where 

mineral soils with minimal organic layer dominate is lacking within literature.  
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Chapter 3 

Development and Hydrological Response of Seasonal Subsurface Flow 

Pathways in High Arctic Mineral Soils 

Abstract 

Subsurface water movement is complex and relatively understudied in High Arctic regions. This 

research investigated the hydrological response during active layer development in a dominantly 

mineral soil to understand how soil subsurface and surface water interactions are conditioned by 

the presence and seasonal development of subsurface preferential flow pathways (PFP). Two 

active layer cores were collected prior to thaw from a headwater subcatchment in a High Arctic 

watershed and analyzed for cryostructure and ice content, and seasonal active layer development 

was quantified.  A network of 17 piezometers installed across four land cover types (high and 

low hummock, mesic slope, polar semi-desert, and an area with established soil pipe drainage). 

This analysis indicated that as the active layer advanced towards cryostructure that was ice-rich 

in the active layer cores (60-80 cm depth), the subsurface water level showed patterns of either 

drainage or a sustained high water level within and between land classes. This suggests a strong 

spatial heterogeneity of subsurface drainage across the landscape and a contributing role of 

cryostructure. Electrical conductivity (EC) of water from piezometers indicated initially high 

solute availability, and well-drained areas showed increases in EC over the season. Stable water 

isotopes in water obtained from the piezometers demonstrated a change from enriched values 

(average 
18

O ~-16.0 ‰, 
2
H  ~-125.0 ‰) to depleted values (

18
O ~-18.0 ‰, 

2
H  ~-145.0 ‰) 

as the thaw season progressed indicating a shift from recent rainfall to old water (either soil or 

snowmelt water), the opposite trend observed for surface waters. The results of this study 
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demonstrate the presence of preferential subsurface flow pathways that are heterogeneous in both 

time and space in mineral soils. 
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3.1 - Introduction 

Freshwater cycles in Arctic regions are closely linked to the presence of permafrost, and 

soil water dynamics and water quality are altered by seasonal and annual changes to surface thaw 

and active layer development (Quinton et al., 2011). Subsurface water movement is complex, 

and field observations of permafrost and hydrological change are limited in the High Arctic 

(Woo et al., 2008). Improving our understanding of the coupling of soil and surface flow can 

enhance process understanding in permafrost hydrology and the overall movement of water in 

these regions (Woo et al., 2008). 

 Subsurface flow through the active layer in Arctic soils is a potentially important flow 

pathway that is sensitive to thaw depth progression and changing storage capacity. The depth of 

the frost table (or active layer thaw depth) is important in controlling the rate that subsurface 

drainage occurs on a hillslope (Quinton et al., 2005). In addition to saturated subsurface flow, 

water can also be routed through subsurface preferential flow pathways (PFP). Work in a variety 

of Arctic settings has shown that subsurface flow has also been found to contribute water rapidly 

to streams (Quinton and Marsh, 1999; Carey et al., 2012; Bolduc, 2015), to sustain surface water 

balances (Abnizova, 2008., Abnizova and Young 2010), to increase connectivity and drainage on 

a landscape altering water balances and increasing runoff (Lildejahl et al., 2016), and to impact 

solute transport to streams (Cozzetto et al., 2013; Laine-Kaulio et al., 2014) thus altering surface 

water biogeochemistry (Heeren et al., 2010). 

Subsurface flow is complex, and many factors can lead to the formation of PFP. The 

cryostructure of soil is defined by physical properties and the distribution of ice within the soil 

(Murton and French, 1994; Gilbert et al., 2016).  As such, cryostructure ice and water content 

can influence subsurface runoff rates thus influencing subsurface flow in permafrost regions 
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(Quinton and Baltzer, 2013). The amount of ice and water can alter the thermal and hydraulic 

conductivity of the active layer, further affecting the distribution of water within its profile 

(Quinton and Baltzer, 2013). Speculatively, the formation of cryostructure during freeze up of 

the active layer contributes to porosity in the thawed soil and the development of PFP. 

  The majority of research on subsurface PFP has been conducted in the sub-Arctic with 

organic-mineral boundary interactions (e.g. Quinton and Marsh 1998; Carey and Woo 2000; 

Weiller and McDonnell 2004; Zhou and Lin 2008; Carey et al., 2012), while locations where 

mineral soils dominate such as the High Arctic have been understudied.  To address these 

knowledge gaps, the primary objective of this research was to determine the presence and 

seasonal functionality of subsurface PFP in permafrost terrain in a High Arctic watershed. This 

research investigates the hydrological response during active layer development in a dominantly 

mineral soil to understand how soil subsurface and surface water interactions are conditioned by 

the presence and seasonal development of PFP.  Further, it advances knowledge of the factors 

and processes that influence subsurface flow pathways, an important predictor of water supply 

and quality in northern regions, and provides evidence for subsurface drainage and PFP in a High 

Arctic setting. 

3.2 - Study site 

Research was conducted at the Cape Bounty Arctic Watershed Observatory (CBAWO) 

on Melville Island, Nunavut, Canada (74°54’N, 109°35’W) between June 10 and August 9, 2016 

(Figure 3.1). The CBAWO is characterized as a polar-semi desert with long cold winters, limited 

snowfall, and a short thaw season. June and July (2003-2016) mean air temperature is 3.2
°
C and 

rainfall typically occurs as moderate intensity events with a total of 29.3 mm in June and July in 

2016.  
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The CBAWO is characterized by a low elevation plateaux that rises to 100-120 m above 

sea level with dissected uplands that result in gentle slopes and rolling terrain. Hillslope drainage 

often occurs as shallow channel flow in water tracks over saturated soils (Lamoureux and 

Lafrenière, 2009). The bedrock is composed of Paleozoic sandstone, siltstone, and shale, and is 

overlain by late Quaternary glacial and early Holocene marine sediments (Hodgson et al., 1984). 

Vegetation is highly heterogeneous and includes sparse polar desert tundra communities that 

vary across the landscape primarily based on soil moisture availability (Atkinson and Treitz, 

2012). The area is non-glacierized and is underlain by thick (c. 500 m, Judge, 1973), continuous 

permafrost, and has a seasonal active layer that typically reaches 50 to 90 cm depth (Rudy et al., 

2013). Subsurface hydrological activity in this area is typically limited to June through August 

(the melt period) when the active layer thaws, allowing water to be transported through the 

subsurface.  

Research was conducted in the upper portion of the (unofficially named) Goose 

catchment (Upper Goose) (Figure 3.1). Upper Goose is gently-sloped with a total drainage area 

of 0.18 km
2
 and has a relief of ~50 m. Drainage is characterized by diffuse water tracks and the 

absence of a well-defined channel. Vegetation is classified as mesic heath and polar semi-desert 

tundra communities, typically in mineral soils with a thin (<5 cm) surface organic horizon 

(Atkinson and Treitz, 2012). A number of surface water features (ephemeral ponds, permanent 

ponds, and surface water tracks) including soil pipes acting as subsurface water outflows have 

been observed in Upper Goose at hillslope breaks (Figure 3.2).  
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Figure 3.1: (a) Location of the Cape Bounty Arctic Watershed Observatory (CBAWO), Melville 

Island, Nunavut.  (b) The Goose subcatchment in the West River watershed and (c) a detailed 

study site map of Upper Goose showing the location of surface water features, piezometer 

locations within land classes (clustered in red boxes) and land classes, active layer core sites, and 

soil stations. 
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Figure 3.2: Surface water features in Upper Goose: a) soil pipe that releases subsurface water to 

the surface; b) a deep narrow puddle with active discharge to the surface (August 5); c) ground 

depression that appears act as a drain to the subsurface (August 7); and d) ephemeral pond in the 

foreground and permanent pond in the background (August 7). 

 

3.3 - Methods 

3.3.1 - Meteorology 

Meteorological measurements were recorded hourly at two automated meteorological 

stations, MainMet and WestMet, located within, and 1.3 km N of the study site, respectively 

(Figure 3.1b). Air temperature and precipitation were measured at WestMet with an Onset UA-

003 temperature logger (accuracy ± 0.3°C) and a Davis Industrial tipping bucket gauge (0.2 mm 

tip) positioned 1.5 m above the surface. Relative humidity and temperature were recorded at 

MainMet station in 2016 using an Onset U30 logger equipped with an Onset temperature/relative 
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humidity sensor (± 0.21°C).  The precipitation record from MainMet is not used due to 

unresolved calibration issues. 

Rain water samples were collected for stable isotope analysis using a passive bulk 

precipitation collector made with a polyvinyl chloride (PVC) frame that supported a large 

polycarbonate funnel 50 cm above the ground. A small funnel was placed at the base of the large 

funnel, and was connected to a short Tygon® R-3603 tube that penetrated the septum of a 45 ml 

glass amber EPA vial suspended within a removable 1 L Nalgene bottle.  Rainwater samples 

were collected at the MainMet weather station and approximately 2 km downslope of the 

catchment near the field camp within 6 hours of the end of rainfall events.  The small funnel was 

capped with a floating ball to reduce evaporation from the sample. Additionally, snow samples 

were collected during a catchment snow survey on May 23 (Figure 3.1b), and in the study area 

during snow melt on June 16. Snow was sampled from pits, and samples were melted within the 

collection bag at room temperatures. Both snow and rain samples were syringe filtered with 0.22 

um polyvinylidene difluoride (PVDF) filters and placed into 8 or 25 ml scintillation vials 

(depending on available volume) without headspace. 

 

3.3.2. Subsurface hydrology  

A network of  approximately 1 m tall small-diameter (11 mm) piezometers was installed 

following Baxter et al. (2003) to sample four major land classes in the study area: hummock 

(both high and low); an area that was identified through ground penetrating radar (GPR) to be a 

recovered active layer disturbance (S. Lamoureux, pers. comm.  2016) – hereby known as a 

mesic slope; a polar semi-desert (PSD) region; and in close proximity to a soil pipe (Figure 3.1c). 

Four piezometers were installed in clusters in each land class across the local slope gradient.  An 
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additional piezometer was installed 2 m upslope of the soil pipe.  Piezometers were perforated 

with 4.5 mm diameter holes in the lower 150 mm and were sealed with a cork at the bottom. 

Holes were perforated with the same 4.5 mm diameter holes up the 650 mm from the base of the 

piezometers in late-July. The piezometers were installed once the active layer thaw was 

sufficient to support the piezometer on June 18 in the high hummock land class, June 19
 
for the 

mesic slope land class, June 21 for the low hummock land class, June 24 for the PSD land class, 

and July 4 for the soil pipe land class. Prior to installation, the thaw depth at each piezometer 

location was measured using a 1.5 m metal active layer probe. Following the protocol by Baxter 

et al. (2003), a metal installation driver was used to install the piezometer. Soil from around the 

immediate vicinity was then used to pack the base of the piezometers to prevent surface water 

from entering via the outside surface. A dedicated 1.5 mm diameter tube was placed in each mini 

piezometer for extracting water samples and a 125 mL Nalgene bottle was used as a well cap. 

The depth of the piezometers was adjusted 6-8 times throughout the thaw season to the 

base of the measured and recorded active layer.. The active layer probe was used to measure the 

depth of the active layer thaw in the hole that the piezometer was removed from, and the 

piezometer was then reinstalled in the same hole following the procedure above.  

Potentiometric surface (or water table) measurements were recorded with an electrical 

water level measurement unit on an opportunistic basis throughout the study period, at 1-3 day 

intervals. Using the length of the individual piezometer (100 cm), the depth in the ground, and 

the water level measurement, the potentiometric surface was calculated for each sample at each 

piezometer. Once water was detected in the piezometers, samples were extracted for electrical 

conductivity (EC) and isotopic analysis approximately every three days using a hand held 

vacuum pump and retained in a 50 mL centrifuge tube that was triple rinsed with sample water.  
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Electrical conductivity (EC) and temperature of each sample was measured using an 

Orion Star A215 benchtop pH/conductivity meter equipped with an Orion 013005MD 

conductivity cell probe.  Many samples were both volume-limited and suspended sediment-rich, 

but when sufficient volume was present, samples were filtered with a Nalgene filtration unit 

equipped with a 0.2 µm PVDF filter and placed into 8 or 25 ml scintillation vials without 

headspace. 

Additionally, soil volumetric water content (VWC) and soil temperature were measured 

and recorded at 15 minute intervals with an Em50 logger and 5TM soil moisture and temperature 

sensors (accuracy ± 3% VWC, ± 1% temperature) at two long-term stations. Station UG1 was 

recorded at depths of 5, 15, 30, 40, and 65 cm, and at 5, 15, 30, 40, and 70 cm at station UG2 

(Figure 3.1). Further, a Geokon 3400SV 100 kPa pore water pressure sensor buried at 76 cm 

depth was logged at 15 minute intervals with an Onset H22 logger in the mesic slope land class. 

Recorded values were converted to water column equivalence (kPa x 10.197) and plotted relative 

to the 76 cm sensor depth.  

 

3.3.3 - Surface hydrology  

Stage was measured and recorded at the outlet of the Goose catchment at Goose Creek 

(unofficial name) from June 13 to August 7 using a 20 cm cutthroat flume equipped with a 

Stevens Water 0-5 ft vented pressure transducer (±0.25% accuracy). Pressure was converted to 

discharge using a standard rating curve for cutthroat flumes (Q= 0.7492h
1.840

; Skogerboe et al., 

1974)) where h is the stage in feet. Electrical conductivity (EC) was measured with a Global 

Water WQ301F sensor (±1% accuracy) and both sensors in the flume logged with an Onset H22 

data logger at 10 minute intervals. 
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Water was also collected from surface water seeps for EC measurements and water 

isotope analysis to distinguish source water inputs. Additionally, continuous electrical 

conductivity measurements were recorded from the permanent pond between June 18
 
and August 

7 using a calibrated STIC logger (Gillman et al., 2017), and water samples were collected 

approximately every three days for stable water isotope analysis. The soil pipe, a deep puddle, 

and temporary pond were sampled once they emerged on July 11.  Discharge measurements 

from the soil pipe were limited by sensor failure, so a relative discharge record was maintained 

where 1 was the lowest discharge (estimated 10-20 mL/s), 2 indicated intermediate (estimated 

20-100 mL/s) and 3 was the highest discharge (estimated > 100 mL/s). 

 

3.3.4 - Active Layer Measurements 

After each piezometer was installed, an active layer probe was used to measure the active 

layer at each in the four cardinal directions at 2 m and 3 m from the piezometer site and averaged 

(8 measurements). Measurements were taken at these distances as to avoid the formation of 

vertical PFP near the piezometers. 

Further, two 7.5 cm diameter frozen active layer cores were taken on May 26 prior to 

thaw from the high hummock (81 cm long) and mesic slope (97 cm long) land classes using a 

motorized frozen ground auger and were characterized for stratigraphy and ice content.  Visible 

ice samples were chipped from the core and processed for isotopic analysis following the same 

protocol as snow. 

 

3.3.5 - Laboratory and analytical measurements 

Stable water isotope samples were transported to the Water and Ice Research Lab (WIRL, 

Carleton University, Ottawa) and were measured for the isotopic composition of oxygen (
18

O) 
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and hydrogen (D) on a Los Gatos Research (LGR) laser absorption liquid water isotope 

analyzer. The values recorded are expressed as  values that represent the deviation in per mill 

(‰) from the Vienna Standard Mean Ocean Water (VSMOW) composition of both oxygen and 

hydrogen (Craig 1961; Dansgaard, 1964). Results were calibrated using the Standard Light 

Antarctic Precipitation (SLAP) standard (-55‰ and -428‰) and USGS46 standard (-29.8 ‰ and 

-235.8 ‰). Analytical uncertainties were 0.12 ‰ for δ
18

O and 0.31 ‰ for δD. 

The local evaporation line (LEL) defines the expected isotopic evolution of surface water 

undergoing evaporation (Craig 1961). The LEL for June and July 2016 at CBAWO was 

constrained by P (the mean annual isotopic composition of precipitation) and * (the limiting 

non-steady-state isotopic composition), and passes through SSL (the isotopic composition of a 

terminal lake where evaporation equals inflow) (see Appendix table A6). The local meteoric 

water line (LMWL) is the regression of precipitation (both rain and snow samples) collected at 

Cape Bounty in 2016.  

 

3.4 - Results 

3.4.1. Meteorological conditions and active layer development 

The 2016 season was characterized as a comparatively average year in terms of 

temperature but wet in terms of precipitation compared to the 2003-16 record. The mean daily 

temperature for June and July recorded at WestMet was 4.0°C (Figure 3.3a). Total precipitation 

between these dates was the second highest since 2003, recording 49.8 mm total compared to the 

2003-16 mean of 29.3 mm. The majority of the total precipitation occurred during the late thaw 

period after July 11 and the largest event occurred on July 31 (8.2 mm).  
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Figure 3.3: a) WestMet daily mean temperature and total daily precipitation record for the 2016 

melt season. b) Mean active layer depth measurements for the piezometers in each land class 

with standard error bars. 

Two active layer cores collected from the hummock and mesic slope land class prior to 

thaw revealed varying cryostructure throughout the profiles (Figure 3.4). The high hummock 

active layer core contained a 4 cm organic layer at the surface, with the remainder composed of 

clayey loam with dispersed gravel.  The mesic slope land class contained a 2 cm organic layer 

underlain by gravelly clay-loam. Discontinuous ice lenses between 1 to 2 mm in thickness were 

present throughout both active layer cores. The high hummock core became ice rich at 64-67 cm 

with ice lenses, diagonal ice, and micro-lenticular ice, which coincided with isolated patches of 

organic matter ≤ 1.3 cm from 64 to 68 cm. The mesic core was ice rich between approximately 

87 cm and 96 cm depth with ice lenses ≤ 8 mm in thickness (Figure 3.4). 
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Figure 3.4: Graphic depiction of the active layer cores a) high hummock, b) mesic slope, 

including cryostratigraphic features. Varying size depicts changes in cryostructures in the cores. 

 

As air temperatures increased throughout the thaw season, the active layer across the 

study area progressively deepened until the maximum thaw depths were recorded on August 7 at 

the end of sampling (Figure 3.3).  With the exception of the piezometer situated near the soil 

pipe, active layer thaw depth progressed relatively uniformly across the land classes.  

 

Recorded soil temperatures indicate that the deepest thermistor at UG2 at 70 cm thawed 

on July 13 (Figure 3.5). Shallow soil temperatures reached maximum temperatures during early 

to mid-July, while deeper temperatures gradually increased throughout the thaw period.  
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Figure 3.5:  a) WestMet daily mean temperature and total daily precipitation record for the 2016 

melt season. b) Soil temperature profiles from station UG2. Results were similar to a nearby 

station UG1. 

 

3.4.2. Soil water conditions 

Subsurface water level and soil moisture 

During the snowmelt period (late June to early July), limited water depth was indicated in 

most piezometers (Figure 3.6, Figure 3.7). Immediately following completion of snowmelt, 

minimal water was detected in piezometers across all land classes and then levels abruptly 
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increased on July 11 in most piezometers. Further, the pore water pressure measured at 76 cm 

depth in the mesic slope land class increased throughout the thaw season, demonstrating that 

pore water pressure in the subsurface was sufficient to raise water above the surface at a height 

much greater than observed with piezometers (Figure 3.6c). During the remainder of the season 

the majority of sites indicated water levels just below the soil surface, while one piezometer in 

the high hummock and one near the soil pipe were notably characterized by lower or intermittent 

water level through much of the mid to late season (Figure 3.7). Following rainfall events, 

particularly the largest events, piezometers that had high water levels responded with a further 

increase in water levels, in some cases sustained in proximity to the ground surface. In the high 

hummock piezometer where water levels were not sustained throughout the season, water level 

increased briefly on July 5 during a rainfall event, subsequently decreased between mid to late 

July, and then abruptly increased again August 1 following a large rain event on July 31 (8.2 

mm) (Figure 3.7).  

 The piezometer near the soil pipe showed a reduced response to rainfall events compared 

to the majority of the other piezometers (Figure 3.7). Through several rainfall events, the water 

level at this location remained stable and low, until water levels increased briefly on July 23 and 

then continued to decrease towards the thaw depth of the active layer despite further rainfall 

events.  
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Figure 3.6: Water level measurements (bottom) and stable water isotopic composition from 

water within individual piezometers (top) with shaded grey area as the active layer thaw depth, 

and the grey bars as precipitation.  Shown are piezometers that had an increase and sustained 

water level, a) High Hummock; b) Low Hummock; c) Mesic Slope (including the grey line as 

the pore water pressure in metres); and d) Polar Semi Desert. 



36 

 

06/13/16  06/27/16  07/11/16  07/25/16  08/08/16  

D
e

p
th

 (
c
m

)

0

20

40

60

80

P
re

c
ip

it
a

ti
o

n
 (

m
m

)

0

5

10

15

20

25

30

1
8

O
(‰

V
S

M
O

W
)

-21

-20

-19

-18

-17

-16

-15

-14

High Hummock

Soil Pipe

 

Figure 3.7: Water level measurements (bottom) and stable water isotopic composition from 

water within piezometers (top) that did not maintain high water level during July and decreased 

towards the active layer (shaded grey). 

 

Within the upper active layer (5-30 cm) there was high soil moisture during the late 

snowmelt period followed by drying during early summer (Figure 3.8), and then a subsequent 

increase that remained at near-saturated conditions following a large rainfall event on July 14. 

After the July 14 rainfall, soil moisture at the surface (5, 15, and 30 cm) did not show large 

responses to any rainfall events but remained near-saturated throughout the remainder of the 

thaw season (c. 0.3 m
3
/m

3
 VWC).  Soil moisture at 45 and 70 cm depth increased continuously 

throughout the thaw season but remained lower than the surface moisture.  
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Figure 3.8: Soil moisture data from station UG2 located adjacent to the mesic slope land class 

coupled with precipitation data. Results were comparable with soil moisture from a nearby 

station.  Soil moisture data prior to thaw is not presented for each depth. 

 

3.4.3 Surface Water Hydrology 

Surface water discharge and features such as ephemeral puddles, soil pipes, and overland 

flow varied substantially during the season (Figure 3.9). Goose Creek discharge began with the 

onset of snowmelt on June 13. After peak discharge occurred on June 13, discharge receded until 

June 26 when discharge ceased. The discharge remained largely at zero (with the exception of 

July 14-15) until discharge began again on July 22 and reached a late season peak on July 31. 

The soil pipe began to actively discharge water from the subsurface on July 11, 

coincident with an abrupt increase in subsurface water levels in much of the study area, and soil 
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pipe discharge continued throughout the rest of the season (Figure 3.9). The beginning of the 

maximum discharge of the soil pipe also coincides with the resumption of downstream surface 

discharge from Goose Creek on July 23. There was also increasing amounts of surface ponding 

in the study area as the season progressed. Surface water tracks emerged across the catchment in 

late July, and a second soil pipe was activated on August 1 in close proximity to the PSD 

piezometers
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Figure 3.9: Discharge data from Goose Creek, relative discharge data from the soil pipe outlet 

(see text for details) and precipitation. 

 

3.4.4. Soil and surface water electrical conductivity 

Electrical conductivity (EC) of water from most piezometers indicated initially high 

solute availability with a rise in EC in solutes in mid-July, and then a subsequent decline 
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throughout the remainder of the season (Figure 3.10). Water from piezometers in the PSD land 

class consistently had the highest EC with a minimum value of 805 S/cm. By comparison, 

water from the soil pipe discharge showed increasing EC during the season from ~200 S/cm to 

~590 S/cm. 

 

Figure 3.10: Electrical conductivity (EC) values measured from water sampled from piezometers 

and from the soil pipe discharge. 

 

The EC from the surface water, pipes and seeps demonstrated an overall trend towards 

increased EC over the thaw season. Maximum EC (593 S/cm) in the soil pipe occurred on 

August 8 (Figure 3.10), while the pond reached 775 S/cm on August 4, and Goose Creek 

reached 110S/cm on August 3 (Figure 3.11a).   
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Figure 3.11: a) EC of the permanent pond, and Goose Creek throughout the sampling season. b) 


18

O values from the Upper Goose runoff, the permanent and ephemeral pond, and the soil pipe 

throughout the sampling season. 

 

3.4.5. Isotope Hydrology  

Water stable isotopic analysis was undertaken to distinguish different potential water 

sources during the season.  Results indicate an expected degree of separation between the 

composition of likely source waters (rain, snow, and ice) but some overlap of rain and snow 

values occurred (and were repeatable in the laboratory). Generally, values for snow were most 

depleted (
2
H ~-241.0 to -166.4 ‰, 

18
O ~-31.7 to -21.3 ‰), while values for rainfall were 

typically more enriched (
2
H ~-206.0 to -95.45 ‰, 

18
O ~-26.7 to -12.3 ‰) (Figure 3.12). The 

Local Meteoric Water Line (
2
H = 7.5 

18
O -6.7, r= 0.997, n = 24) has a similar slope to the 
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global line (
2
H = 8 

18
O +10) (Craig 1961). Although sampling strategies were consistent 

between rain samples, due to the heterogeneity of the rain isotopic values, source water end 

members must be interpreted with caution. There is confidence in the data heterogeneity as 

samples were collected using the same methodology each time, and rain samples that were 

obtained from the same event at two locations did not show substantial differences (
18

O ~2 ‰).  

The isotopic composition of active layer ice from the mesic slope ice core indicated 

generally depleted but variable values of 
2
H ~-161.8 to -216.1 ‰ and 

18
O ~-20.1 to -27.0 ‰. 

The overlap of the rain and snow, and the snow and ground ice sample isotopic composition 

limits the potential for source water separation, but general trends of progression of depletion 

and enrichment can be used to add insight to the hydrometric results. 
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Figure 3.12:  Source water values plotted along the Global Meteoric Water Line (GMWL), the 

Local Meteoric Water Line (LMWL), and the Local Evaporation Line (LEL). 

 

The stable water isotopes measured from the piezometers across all land classes (with the 

exception of the soil pipe) demonstrated a change from enriched values in early July (mean 
18

O 

~-16.0 ‰, 
2
H ~-125.0 ‰) to depleted values (mean 

18
O ~-18.0 ‰, 

2
H ~-145.0 ‰) as the 

thaw season progressed (Figure 3.6, Figure 3.7).  Isotopic values of water collected from 

piezometers in mid-July (when available) suggest that water within piezometers was 

compositionally similar to rainfall, and as the thaw season progressed, isotopic values became 

more similar to depleted sources (either soil or snowmelt water).  In general, by the end of the 

sampling season, water showed minimal isotopic influence from rainfall. 
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The isotopic signature of the surface waters followed an opposite trend from water in the 

piezometers (Figure 3.11b). As the thaw season progressed, runoff in Upper Goose, the 

permanent and ephemeral ponds, and soil pipe discharge all progressed from depleted to more 

enriched water, indicating a shift from water sourced from soil or snow water with values 

progressing from depleted to enriched (e.g., 
18

O – 22.0 ‰ to -13.0 ‰ in the ephemeral pond), 

suggesting evaporation or an increased contribution from precipitation. Notably, the soil pipe 

discharge showed initially depleted water and then subsequent enriched values throughout the 

rest of the season (Figure 3.11b).  

 

3.5. Discussion 

This study demonstrates that rapid subsurface pathways exist in High Arctic mineral soils 

and documents the seasonal response of subsurface water conditions to meteoric water inputs, 

and the impact such pathways may have on downslope streams.  Subsurface lateral flow has been 

observed elsewhere in mineralogenic soils (Boike et al., 2008), and is an important source of 

water to ponds and lakes (Koch et al., 2014). Further, subsurface flow has been linked to the 

presence of ground ice as it is both a significant storage for and source of water in the High 

Arctic (Young and Woo, 2000). As such, ground ice thaw from within the active layer has been 

noted to supply efficient water to raise pond water levels by 11 mm on a warm summer day 

(Abnizova and Young 2010). These studies demonstrate the importance of identifying subsurface 

PFP, but neglect to relate subsurface flow to the cryostructure of an area. 

 

3.5.1. Seasonal water dynamics in High Arctic mineral soils 

Seasonal soil water dynamics recorded in piezometers were for the most part similar 

across the study area. Most piezometers showed limited free soil water following snow melt, 
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followed by an abrupt increase of water levels in mid-July that then remained high during the 

remainder of the season, coincident with when active layer depth reached ice-rich cryostructure 

(~65 cm and deeper) (Figures 3.3, 3.6).  This behavior was observed in all land classes and 

suggests that these locations remained water logged due to limited subsurface hydraulic 

conductivity and thus maintaining soil saturation. In contrast, several piezometers showed water 

level recession to the thaw depth after rainfall events and demonstrate locations where 

comparatively rapid subsurface drainage occurred (Figure 3.7).  

Water from all piezometers showed a peak in EC in mid-July followed by a rapid 

decrease, and then a gradual increase in EC throughout the rest of the season. Lamhonwah et al. 

(2017a) found high solute content deeper within the active layer at the CBAWO (where cores 

presented an ice rich cryostructure) which may explain the rise in EC throughout the thaw season 

in these settings. Although there are limitations with partitioning source water contributions 

based on the isotopic data, results from the piezometers indicate increasing similarity to ground 

ice (or snow) composition as the season progressed. Therefore, the soil saturation and observed 

high water levels in piezometers appear to coincide with the deepening of the active layer and in 

particular, thaw into ice-rich depths.  Summer rainfall had a comparatively minor impact on 

subsurface water, similar to observations elsewhere by Koch et al. (2016).  Rainfall raised water 

levels in a limited way and resulted in minimal alteration to EC or isotopic composition of the 

soil water. This demonstrates that even though the 2016 thaw season had 20.5 mm more rainfall 

than the 2003-2016 long term average, impacts of increased rainfall may not have had a large 

effect on subsurface water.  
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3.5.2. Preferential subsurface flow pathways in High Arctic soils 

Results from this study provide two primary forms of evidence for the presence of 

subsurface PFP in High Arctic mineral soils. The presence and seasonal discharge pattern from 

the soil pipe, surface discharge features, and piezometers that showed localized characteristics of 

drainage are evidence for such PFP. Soil pipes are important hydrologic and geomorphologic 

features in the Low Arctic (Gibson et al., 1993; Quinton et al., 2000; Carey and Woo 2002). In 

permafrost regions, they are an efficient way to move water to stream networks (Carey and Woo, 

1998; Quinton and Marsh, 1998), and can be as rapid as surface flow (Quinton and Marsh, 

1999). Soil pipes are usually associated with areas that experience a reduction in vertical 

permeability in a soil profile such as the organic-mineral boundary in soil, yet have sufficient 

permeability laterally to allow through flow above the frozen impermeable zone and occur in 

areas where there are breaks in slope (Jones, 1990; Carey and Woo, 2002). The discharge from 

the soil pipe in this study abruptly began and then increased throughout the study period, 

indicating that there is a sustained water source to the pipe during the summer season. In this 

case, isotopic composition indicated that the water was initially sourced from ground ice 

(depleted), but then progressed to source waters from rain (enriched), suggesting the rapid 

passage of rain water through to the subsurface. The continuous drainage of the soil pipe is 

further indicative of a well-developed subsurface drainage system that maintained low water 

level conditions in the adjacent piezometers.  The extent of the subsurface drainage system 

cannot be determined from available data. 

In addition to the soil pipe, other surface water features similarly became active as the 

thaw season progressed. During snow melt, a prominent surface depression (Figure 3.2c) was 

filled with water. Water level in this feature decreased following snow melt, indicating that the 
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water had entered the subsurface. Further, water levels responded rapidly in some cases to 

rainfall inputs, demonstrating fast infiltration rates and thus further evidence of water moving 

through the subsurface, potentially in PFP.  

The second major piece of evidence for the existence of subsurface pathways is the 

piezometers that show localized characteristics of drainage. The soil pipe piezometer (used as a 

proxy for subsurface drainage) and the high hummock piezometer both exhibited decreasing 

water levels as the active layer thaw increased (Figure 3.7), indicating localized movement of 

water through the subsurface, compared to sustained late summer saturation elsewhere in the 

study area. The high hummock piezometer notably experienced a prolonged period of drainage 

once the active layer thawed into the ice-rich depths of the subsurface. The active layer core 

stratigraphy indicates that the subsurface had depths that were ice-rich, and once thaw reached 

ice-rich depths, water levels in piezometers increased and were likely a source of saturation 

which was confirmed by the isotopic composition of the water samples. As such, there is the 

potential that the ice lenses and ice veins found in the cores contributed to subsurface water 

movement and may represent a form of PFP.  Stable water isotopes from the piezometers at this 

thaw depth are consistent with ice from the cores and indicates that ice contained within the 

cryostructure is important in both sourcing water for subsurface water movement, and aiding the 

movement of water through porosity due to excess pore water pressure and through subsequent 

residual porosity (Nixon and Morgenstern, 1973).  

The timing of the activation (drainage) and deactivation (no drainage) of PFP are 

heterogeneous across the study catchment. For example, the high hummock piezometer that 

indicated subsurface drainage throughout the study period but developed sustained increased 

water levels at the end of the season (Figure 3.7). This indicates that the mechanism or pathway 
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that transported water through the subsurface away from the piezometer was not active for the 

entire duration of the study period. Thus, the timing and depth of the activation of pathways 

demonstrate that there is some factor at depth that triggered the emergence of substantial water 

and the emergence of pathways at select active layer depths (e.g. ~65 cm in the high hummock 

where large ice veins were found in the core). Cryostructure thus presents as a possible 

discontinuity of what is otherwise relatively homogeneous fine mineral soil material. When the 

ice within the active layer thawed, some of the porosity may have been retained by excess pore 

water pressures and provided a pathway for water to be transported (Figure 3.6c). However, if 

the pore water pressure declines, the pathway may dilate or even close. 

Highly localized pore water pressure as a result of active layer thaw (particularly deep 

thaw) has been previously observed to cause water to move from the subsurface to the surface at 

the CBAWO (Holloway et al. 2016). Mud ejections are the extrusion of liquefied soil material to 

the surface (Dimitrov, 2002) as a means to relieve excess pressure, and have been noted to 

correspond with increased moisture from thawing of active layer ice, and infiltration of late 

season precipitation. The addition of water inputs to the subsurface from rain or thawing 

cryostructure increases pore water pressure which results in the expulsion of the pressurized 

slurries from the subsurface to the surface as mud ejections (Holloway et al., 2016). Mud 

ejections observed by Holloway et al. (2016) are similar to subsurface preferential flow pathways 

observed in this study as they were only observed to occur during the late thaw season and 

effectively transport water from the subsurface to the surface, demonstrating the importance that 

PWP may have on the expulsion of subsurface water to the surface in different contexts.  
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  Koch et al. (2017) also noted temporal heterogeneity in PFP through tracer tests in an 

Arctic boreal forest setting associated with changes in hydraulic head and  changes in soil 

material with depth. They further found that shallower pathways had an important role in 

sourcing solutes to storm runoff, while the deep infiltration and associated PFP were important in 

generating longer and slower flow paths that contributed to stream base flow. The presence of 

buried organic matter was noted in the high hummock active layer core and is most likely from 

cryoturbation or a previous slope disturbance. As the change from fine mineral material to 

organic material is one means of changing soil hydraulic conductivity, the organic layer may be a 

possible form of PFP at CBAWO, similar to findings of Koch et al. (2017) who noted a PFP 

linked to change in soil material with depth. Further, the soil pipe from this study is characteristic 

of a deep PFP, while PFP in the piezometer in the high hummock site were noted at varying 

depths during the thaw season, indicating subsurface PFP may have impacts on contributions to 

baseflow at varying times throughout the thaw season.   

Conceptually, the activation of a cryostructure-based subsurface flow pathway can be 

considered to be dependent on thaw state, excess water in the soil, and the presence of a 

pathway. The presence of a pathway may be a temporally fixed component that depends on the 

prior cryostructure, while the thaw and excess water are temporally variable throughout the thaw 

season based on meteorological conditions. A combination of all three factors is likely required 

to sustain a subsurface preferential pathway. Results of this study demonstrate that such 

pathways may have a temporal component with pathways that may open and close during the 

thaw season. The soil pipe demonstrated a location where a pathway is activated but remained 

open for the remainder of the season (Figure 3.13a) and was sustained even with the lack of 

precipitation. By contrast, the high hummock piezometer location demonstrated an area where 
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pathways were activated in mid-July, with thaw depths at c. 55 cm, and became subsequently 

inactive as the active layer deepened to c. 75 cm, despite the presence of sustained water 

availability as indicated widely in the surrounding soils (Figure 3.13b).    

  

 

Figure 3.13: Conceptual diagrams of two types of observed subsurface preferential pathway 

conditions in the study area.  When cryostructure that allows for a PFP is present (dark grey) 

water is able to move. A) Soil pipe, where water is transported through the subsurface 
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throughout the thaw season after activation. B) High hummock where water is moved through 

the subsurface when cryostructures are present . In late July, the relatively shallow cryostructure 

effective at allowing water to move ends, and the drainage pathway becomes inactive.  

Finally, evidence for preferential subsurface drainage was present at each land class with 

the exception of the mesic slope land class. This area has been previously identified as a past 

(pre-1950 aerial photograph) active layer detachment (ALD or slope skin flow; Lamoureux and 

Lafrenière, 2009), and a potential factor in the lack of evident PFP in this zone might be 

insufficient time for development following an ALD.  While this possibility remains speculative, 

it raises the possibility that development of subsurface flow pathways in the study catchment 

may have a temporal developmental aspect that is influencing the spatial patterns of subsurface 

soil water movement. 

 

3.5.4. Subsurface preferential flow pathways and late season surface water 

discharge  

The reactivation of the Goose Creek discharge (and other creeks in the area) coinciding 

with maximum soil pipe discharge is likely indicative of how subsurface water movement is 

more broadly contributing to downslope surface water runoff in the late summer.  Past research 

has recognized the importance of downslope delivery of subsurface waters to streams (Quinton 

and Marsh, 1999; Carey et al., 2012, Lamhonwah et al., 2017b). Specifically in Upper Goose, 

solute stores from the subsurface have been identified as the primary driver of increased ion 

concentrations observed in stream runoff as solutes were flushed from the subsurface to the 

surface (Lamhonwah et al., 2017a). In 2016, as active layer depth increased, the EC of the 

discharge from the soil pipe and EC of Goose Creek increased. This demonstrates that there was 

a source of solutes in the subsurface that was again flushed throughout the thaw season that 
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increased EC in Upper Goose discharge, while increases in EC were observed downslope. This 

leads to the inference that PFP such as soil pipes were potential contributors of subsurface water 

delivery to downslope streams. This is important as subsurface water contributions can sustain 

subsurface flow in the late thaw season and contribute to runoff of a headwater stream (Woo, 

1983). This has further implications as solutes from the deep active layer may be mobilized with 

deeper active layer thaw (Keller et al. 2007, 2010). This research demonstrates that there are 

mechanisms in Upper Goose that move water effectively and relatively quickly during the late 

season (such as the soil pipe), which is an important contribution to baseflow and water quality 

characteristics. Further, it is important to note that unidentified PFP may have contributed to the 

downslope surface water runoff, so the role of each PFP is uncertain. 

  

3.6. Conclusion 

Results from a season of hydrometric and isotopic measurements in a small High Arctic 

catchment reveal the presence of localized subsurface preferential flow pathways in mineral 

soils. The movement of water through the subsurface is heterogeneous both spatially and 

temporally and is most clearly observed through the discharge of soil pipes and through varying 

drainage patterns in piezometers. Throughout the thaw season, there was a shift from surface 

sources such as rainfall, to depleted snow/soil water as the active layer thawed into ice-rich 

material (~65 cm depth).  Cryostructures in this zone may play a role in the flow of subsurface 

water as once the ice has melted and excess porewater pressure sustains porosity that acts as a 

PFP. Late season surface water features (such as ponds and a soil pipe) displayed an opposite 

trend of progressive isotopic enrichment, indicating a shift from inferred soil water/snow to 

rainfall sources. The enrichment demonstrates that the soil pipe is fed by relatively efficient 
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subsurface pathways. Further, the timing of the activation (effective drainage) and deactivation 

(termination of drainage) of subsurface water movement is heterogeneous across short distances 

(< 2 m). Finally, the absence of preferential soil drainage in a former slope failure scar suggests 

the potential that subsurface pathways develop over time and may not be present in a former 

disturbance.  Fresh water is a fundamental component in Arctic regions for the health and well-

being of northerners. With projected changes in climate, the state of water security (the quality 

and quantity of fresh water) in northern communities is not completely understood. This research 

provides information into understanding the preferential flow pathways that exist in High Arctic 

mineral soils and the impacts that PFP may have on surface water security. This research 

demonstrates the complexities of PFP and that subsurface PFP may aid in the availability of 

water to streams in the late thaw season. PFP thus have the capacity to supply solute-rich water 

in the late thaw season to downslope surface waters which can alter water chemistry and lead to 

impacts on aquatic systems and water biogeochemistry.  As Arctic communities typically rely on 

surface water as a source of fresh drinking water, it is important to understand where this water is 

coming from, how it is sustained, and the quality of water available.  
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Chapter 4 

Conclusions and Future Work 

Subsurface water movement has been observed to impact water quality and quantity downslope 

in many environments, yet little attention has been given to such processes in the High Arctic, 

particularly in areas with mineral soils. From this research conducted in the High Arctic at the 

Cape Bounty Arctic Watershed Observatory (CBAWO), three (3) major conclusions can be 

drawn: 

 

1) The movement, drainage, and saturation of soil by water in the subsurface are spatially 

and temporally heterogeneous in High Arctic mineral soils. The subsurface became 

saturated in mid-summer after snowmelt ended, and then preferential drainage was 

evident in select sites throughout a small research catchment.   

 

2) The timing and depth of the activation of pathways demonstrates that there is some factor 

at depth that triggered the emergence of substantial water and the emergence of pathways 

at select locations. The presence of a pathway may be a temporally-fixed component that 

depends on the cryostructure and residual porosity that is maintained by excess pore 

water pressure. The activation of subsurface water movement especially through soil 

pipes occurred in the mid-thaw season as compared to the subarctic where such features 

are active during snowmelt and following large rain events.  

 

3) The source of water moving through the subsurface varies spatially and temporally over 

short distances (metres). Soil water in most locations became isotopically-depleted 
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throughout the thaw season (indicating a shift from rain to soil water/snow) coinciding 

with a thaw depth that active layer cores indicated to be ice-rich (~65 cm). By contrast, 

surface water outlets became increasingly enriched over the season (from soil water/snow 

to rain).  

 The results of this study demonstrate the heterogeneity of subsurface water movement in 

both time and space. This study provides one of the few demonstrations of preferential 

subsurface water movement in mineral soils in the High Arctic and advances knowledge of soil 

water and surface water dynamics.  This provides the foundation for future subsurface PFP work 

in the High Arctic.  

Future work in this field should focus on understanding both the spatial and temporal 

patterns of subsurface hydrology in High Arctic soils. Studies should be done in both the same 

location (to test reproducibility of results) and in other locations to explore land cover, location, 

and other landscape controls. Further, as a major assumption of the study is the importance of the 

role of cryostructure, laboratory studies on the hydraulic conductivity and the importance of each 

cryostructure type on hydraulic conductivity should be completed to advance this work further.  

Additionally, tracer tests would be beneficial to aid in understanding the transit time of water 

movement through the subsurface. Finally, quantifying the discharge of the soil pipe would be 

beneficial and provide more accuracy than using a relative discharge rating.  
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Appendix 

Table A1: Coordinates of piezometers and stations 

 Latitude Longitude 

Deep narrow puddle with active discharge 74.91687 -109.569 

Soil Temperature Station 74.91746 -109.572 

Drain 74.91686 -109.569 

Mesic Slope 1 74.91758 -109.571 

Mesic Slope 2 74.91751 -109.571 

Mesic Slope 3 74.91742 -109.571 

Mesic Slope 4 74.91741 -109.572 

Goose Creek Flume 74.91216 -109.599 

High Hummock 1 74.9179 -109.573 

High Hummock 2 74.91794 -109.572 

High Hummock 3 74.91774 -109.573 

High Hummock 4 74.91765 -109.573 

Low hummock 1 74.91779 -109.573 

Low Hummock 2 74.91791 -109.572 

Low hummock 3 74.91776 -109.573 

Low hummock 4 74.9176 -109.573 

Soil Pipe 74.91648 -109.57 

Soil Pipe Piezometer 74.9164 -109.569 

Upper Goose Runoff 74.91547 -109.581 

Polar Semi Desert 1 74.91795 -109.57 

Polar Semi Desert 2 74.918 -109.57 

Polar Semi Desert 3 74.91788 -109.57 

Polar Semi Desert 4 74.91788 -109.57 
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Table A2: Active layer depth measurements (cm) from study site 

  2016

-06-

18 

2016

-06-

19 

2016

-06-

21 

2016

-06-

23 

2016

-06-

24 

2016

-06-

26 

2016

-06-

29 

2016

-07-

02 

2016

-07-

05 

2016

-07-

08 

2016

-07-

11 

2016

-07-

14 

2016

-07-

17 

2016

-07-

23 

2016

-08-

01 

2016

-08-

07 

High 

Hummock 

1 

12.1     18.1   30.8 30.0 35.0 41.6 50.1 51.1 59.3 60.4 63.9 67.6 69.1 

High 

Hummock 

2 

14.2     20.2   34.1 38.6 35.3 38.0 52.4 57.4 65.0 66.9 69.1 73.5 76.9 

High 

Hummock 

3 

21.4     26.4   37.0 42.0 45.0 49.9 54.0 62.8 73.1 75.9 78.6 79.5 80.3 

High 

Hummock 

4 

16.4         32.4 37.4 39.9 47.4 54.6 56.0 67.0 69.5 72.3 74.5 73.3 

Low 

Hummock 

1 

    21.0 20.8   28.8 35.3 36.0 46.4 51.8 57.4 64.1 63.4 69.9 70.6 70.3 

Low 

Hummock 

2 

    20.2 23.6   31.5 36.4 33.9 39.0 52.4 61.9 61.3 67.3 75.6 76.0 78.1 

Low     22.1 24.6   34.0 36.6 39.4 45.4 46.6 64.8 71.5 70.9 76.1 78.4 78.6 
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Hummock 

3 

Low 

Hummock 

4 

    19.1     37.4 42.3 40.9 52.8 56.5 58.5 65.0 64.8 68.0 76.0 74.6 

Mesic 

Slope 1 

  22.5   27.1   38.3 41.0 42.9 48.8 56.4 59.4 64.4 71.4 71.5 77.9 81.4 

Mesic 

Slope 2 

  18.4   21.1   34.1 38.9 39.9 46.3 52.4 54.3 64.3 68.3 73.3 81.1 80.0 

Mesic 

Slope 3 

  21.1   25.0   37.5 39.5 41.4 52.3 56.6 63.8 65.5 69.5 78.4 84.8 89.3 

Mesic 

Slope 4 

  22.5   26.3   38.0 41.5 43.1 49.3 56.8 63.0 67.6 66.8 75.0 75.8 80.0 

Polar Semi 

Desert 1 

        16.8 31.8 38.4 40.4 43.6 49.8 61.0 63.5 63.0 71.4 69.8 82.8 

Polar Semi 

Desert 2 

        23.4 37.3 39.9 36.9 43.3 53.0 61.8 64.1 66.3 72.1 71.8 86.5 

Polar Semi 

Desert 3 

        21.7 36.4 40.5 42.8 39.3 58.1 59.4 71.8 75.9 80.8 75.4 89.5 

Polar Semi 

Desert 4 

        22.5 36.4 33.8 37.4 37.5 52.6 61.3 65.3 72.3 79.0 73.3 87.3 

Soil Pipe                 35.5 39.5 36.6 55.5 56.0 65.6 61.8 64.5 
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Table A3: Piezometer depth and water level measurements 

* No indicates no water detected 

Piezometer Well 

Height 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

    06/18/20

16 

  06/21/20

16 

  06/23/20

16 

  06/24/20

16 

  06/26/20

16 

  

High 

Hummock 1 

106.6 15 No 15 No   15 No 35 No 

High 

Hummock 2 

105.6 25 No 25 No   25 No 39 No 

High 

Hummock 3 

106.1 25 93.9 25 93   25 93 47 96.2 

High 

Hummock 4 

106.4 18 97 18 No     18 No 42 No 

Low 

Hummock 1 

107.4     12 No 12 97 12 No 

Low 

Hummock 2 

106.6     15 98 15 97 15 98 

Low 

Hummock 3 

106.4     15 91.9 15 No 15 No 
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Low 

Hummock 4 

105.6         19 No 19 97.8 19  No 

Mesic Slope 1 106.2   22 78 22 85.2 22 85 22 87 

Mesic Slope 2 105.4   15 No 15 No 15 No 15 No 

Mesic Slope 3 106.4   24 94.1 24 95 24 94 24 93.2 

Mesic Slope 4 107.4     21 98 21 No 21 97.2 21 98.5 

Polar Semi 

Desert 1 

106.4         15 No 

Polar Semi 

Desert 2 

106.4         15 No 

Polar Semi 

Desert 3 

105.6         29 No 

Polar Semi 

Desert 4 

106.4                 22  No 

Soil Pipe 105.8           

 

Piezometer Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water Level Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

  06/27/201

6 

  06/29/201

6 

  06/30/201

6 

  07/04/201

6 

  07/05/201

6 

  

High 

Hummock 1 

35 No 39 No 36 No 36 104 36 No 
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High 

Hummock 2 

39 No 35 No 39 No 39 104 39 No 

High 

Hummock 3 

47 No 47 97.8 34 No 34 98 34 No 

High 

Hummock 4 

42  No 42 No 42 98 42 95.2 42 No 

Low 

Hummock 1 

25 99.8 25 No 25 No 36 98.5 36 No 

Low 

Hummock 2 

32 98.4 32 No 32 No 39 95 39 No 

Low 

Hummock 3 

26 No 26 No 26 No 34 No 34 No 

Low 

Hummock 4 

34 No 34 No 34 No 42 No 42 No 

Mesic Slope 

1 

43 88 43 No 43 96 51 93.2 51 No 

Mesic Slope 

2 

35 No 35 97.5 35 98.2 45 90 45 No 

Mesic Slope 

3 

44 97 44 96 44 97.4 45 89.9 45 No 

Mesic Slope 

4 

41 98.6 41 No 41 No 50 92 50 No 
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Polar Semi 

Desert 1 

15 No 33 No 33 No 48 No 48 No 

Polar Semi 

Desert 2 

15 No 42 No 42 No 46 97.5 46 No 

Polar Semi 

Desert 3 

29 No 41 No 41 No 51 94.5 51 No 

Polar Semi 

Desert 4 

22 No 40 No 40 No 51 No 51 No 

Soil Pipe         40 No 

 

 

 

Piezometer Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

  07/06/201

6 

  07/07/201

6 

  07/08/201

6 

  07/09/201

6 

  07/11/201

6 

  

High 

Hummock 1 

36 No 49 No 49 No 49 81 49 No 

High 

Hummock 2 

39 No 56 No 56 No 56 No 56 No 

High 

Hummock 3 

34 No 64 No 64 No 64 No 64 No 
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High 

Hummock 4 

42 No 51 No 51 No 51 No 51 No 

Low 

Hummock 1 

36 No 46 No 46 No 46 No 46 No 

Low 

Hummock 2 

39 No 48 No 48 No 48 No 48 No 

Low 

Hummock 3 

34 No 41 No 41 No 41 95.6 41 No 

Low 

Hummock 4 

42 No 58 No 58 No 58 No 58 No 

Mesic Slope 1 51 No 53 No 53 No 53 91.6 53 No 

Mesic Slope 2 45 No 52 No 52 No 52 No 52 No 

Mesic Slope 3 45 No 61 No 61 No 61 No 61 No 

Mesic Slope 4 50 No 56 No 56 No 56 95 56 No 

Polar Semi 

Desert 1 

48 No 57 No 57 No 57 No 57 No 

Polar Semi 

Desert 2 

46 No 55 No 55 No 55 No 55 No 

Polar Semi 

Desert 3 

51 No 55 No 55 No 55 No 55 No 

Polar Semi 

Desert 4 

51 No 61 No 61 No 61 90 61 No 
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Soil Pipe 40 No 48 No 48 No 48 No 48 No 

 

Piezometer Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Water 

Level 

Well 

Depth 

Water 

Level 

  07/12/201

6 

  07/14/201

6 

  07/15/201

6 

  07/17/201

6 

    07/21/201

6 

  

High 

Hummock 

1 

58 No 58 63.8 58 74 58 74 63.4 62 62 

High 

Hummock 

2 

65 No 65 65.4 65 88.2 65 88.2 89.9 72 53.2 

High 

Hummock 

3 

76 90.4 76 65.3 76 41.2 76 41.2 58.1 81 50 

High 

Hummock 

4 

62 No 62 87 62 81.2 62 81.2 69.2 77 70 

Low 

Hummock 

1 

57 No 57 47 57 55.4 57 49 44.6 57 43.7 

Low 62 No 62 69.9 62 85.5 62 69.4 63.9 62 61 
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Hummock 

2 

Low 

Hummock 

3 

48 93.7 48 70 48 71.4 48 69.2 55.4 58 53.9 

Low 

Hummock 

4 

62 No 62 52.9 62 74.2 62 71.4 57.5 78 55.7 

Mesic 

Slope 1 

68 92.6 68 38.1 68 51.4 68 75 52.8 71 50.4 

Mesic 

Slope 2 

62 89.4 62 79.6 62 0 62 89.4 79.5 66 74 

Mesic 

Slope 3 

61 No 61 75.6 61 89 61 80 58.2 77 47.2 

Mesic 

Slope 4 

56 No 56 77 56 75.8 56 67 48 71 41.9 

Polar Semi 

Desert 1 

63 No 63 36.6 63 61 63 85.2 88.8 85 86.5 

Polar Semi 

Desert 2 

76 96.4 76 No 76 No 76 84.41 91.6 81 84.2 

Polar Semi 

Desert 3 

56 No 56 No 56 No 56 Np 59.9 58 No 
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Polar Semi 

Desert 4 

61 89.2 61 36 61 98.6 61 74.2 88 85 81.8 

Soil Pipe 59 No 59 No 59 Np 59 92.6 No 62 No 

 

Piezometer Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

  07/23/20

16 

  07/24/20

16 

  07/26/20

16 

  07/27/20

16 

  07/29/20

16 

  

High 

Hummock 1 

62 44.9 65 48.4 65 53 65 50.4 65 57.3 

High 

Hummock 2 

72 41.5 74 46 74 52.7 74 52 74 51 

High 

Hummock 3 

81 31.1 81  81 33.2 81 33.9 81 31.5 

High 

Hummock 4 

77 40.3 78 45 78 46 78 44.4 78 43.5 

Low Hummock 

1 

57 53.2 58 47.1 58 41.3 58 38.1 58 36.3 

Low Hummock 

2 

62 37.2 60 39.8 60 39.8 60 38.1 60 35.5 

Low Hummock 

3 

58 43.7 60 47.1 60 47.1 60 45.4 60 45.3 
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Low Hummock 

4 

78 29.1 70 34 70 34 70 32 70 31.3 

Mesic Slope 1 71 31.5 68 38 68 42.1 68 40.2 68 38.5 

Mesic Slope 2 66 52.3 74 58.8 74 47.8 74 45.8 74 43.2 

Mesic Slope 3 77 24.9 79 28.7 79 27.4 79 24.8 79 25.5 

Mesic Slope 4 71 33.4 73 73 73 34.5 73 32 73 26.3 

Polar Semi 

Desert 1 

85 21.9 88 28.1 88 36 88 37.6 88 40 

Polar Semi 

Desert 2 

81 32.9 83 43.5 83 49.5 83 49 83 49.4 

Polar Semi 

Desert 3 

58 52.8 58 64.3 58 70.5 58 70.4 58 68.6 

Polar Semi 

Desert 4 

85 24.8 85 37.4 85 46.9 85 47 85 49.2 

Soil Pipe 62 56 60 91 60 0 60 92.3 60 91.7 

 

Piezometer Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

  07/30/2016   08/01/2016   08/03/2016   08/04/2016   

High Hummock 

1 

65 49.6 67 49.8 67 42 67 44.9 

High Hummock 74 60.3 74 31.7 74 37.9 74 40.9 
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2 

High Hummock 

3 

81 46.4 84 18.4 84 26.5 84 28.9 

High Hummock 

4 

78 45.5 84 36.2 84 41 84 43.6 

Low Hummock 1 58 56.8 59 48.2 59 37.1 59 37.5 

Low Hummock 2 60 41.1 70 30.9 70 30.2 70 32.6 

Low Hummock 3 60 46.9 61 18.4 61 46 61 47.9 

Low Hummock 4 70 45.5 74 36.2 74 25.9 74 26.4 

Mesic Slope 1 68 46.1 78 31 78 34 78 35.5 

Mesic Slope 2 74 57.5 73 34.7 73 37.8 73 40.9 

Mesic Slope 3 79 27.4 79 24.9 79 27.4 79 29.5 

Mesic Slope 4 73 30.6 76 29.7 76 34.7 76 35 

Polar Semi 

Desert 1 

88 48.9 89 18 89 19 89 26 

Polar Semi 

Desert 2 

83 63.5 92 20 92 21.1 92 31.7 

Polar Semi 

Desert 3 

58 61.6 61 43.5 61 47.3 61 54.4 

Polar Semi 

Desert 4 

85 64.5 88 23.4 88 25 88 33.8 

Soil Pipe 76  76 83.5 76 0 76 0 
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Piezometer Well 

Depth 

Water 

Level 

Well 

Depth 

Water 

Level 

  08/06/2016   08/07/2016   

High Hummock 

1 

67 49.5 67 48.8 

High Hummock 

2 

74 49.5 74 48.8 

High Hummock 

3 

84 36.4 84 34.5 

High Hummock 

4 

84 46 84 43.3 

Low Hummock 1 59 60.9 59 56.1 

Low Hummock 2 70 47.2 70 42.8 

Low Hummock 3 61 46.1 61 44.4 

Low Hummock 4 74 31.6 74 30 

Mesic Slope 1 78 35.5 78 36.1 

Mesic Slope 2 73 41.5 73 41.6 

Mesic Slope 3 79 35.5 79 34.5 

Mesic Slope 4 76 40.5 76 38.3 

Polar Semi 

Desert 1 

89 25.6 89 19.8 
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Polar Semi 

Desert 2 

92 38.6 92 39.3 

Polar Semi 

Desert 3 

61 45.4 61 55.6 

Polar Semi 

Desert 4 

88 44.6 88 38.5 

Soil Pipe 76 No 76 89 
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Table A4: Electrical conductivity measurements from piezometers (uS/cm). 

Well 06/18/20

16 

06/19/20

16 

06/23/20

16 

06/26/20

16 

06/30/20

16 

07/04/20

16 

07/06/20

16 

07/12/20

16 

07/13/20

16 

07/14/20

16 

High 

Hummock 1 

93.78          

High 

Hummock 2 

         74.28 

High 

Hummock 3 

       114.3  258.8 

High 

Hummock 4 

                    

Low 

Hummock 1 

         204.5 

Low 

Hummock 2 

         99.04 

Low 

Hummock 3 

       84.5  287.6 

Low 

Hummock 4 

                  312.2 

Mesic Slope 

1 

       172.7  258.8 
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Mesic Slope 

2 

       181.4  350 

Mesic Slope 

3 

         363.3 

Mesic Slope 

4 

                  162.5 

Polar Semi 

Desert 1 

         2498 

Polar Semi 

Desert 2 

          

Polar Semi 

Desert 3 

          

Polar Semi 

Desert 4 

              805   1252 

Soil Pipe               214.5   264.9 

Pond 32.09  41.33 78.78 132.6 154.6 147.1 207.5 221.7  

UG Runof  242 60.19 80.16  55.6     

Ephemeral 

Pond 
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Well 07/15/20

16 

07/18/20

16 

07/19/20

16 

07/21/20

16 

07/24/20

16 

07/29/20

16 

08/01/20

16 

08/02/20

16 

08/04/20

16 

08/06/20

16 

08/07/20

16 

High 

Hummoc

k 1 

 202  118.8     150.3   

High 

Hummoc

k 2 

 124.5  96.62  137.6   125.8   

High 

Hummoc

k 3 

316.2 430    232.3   234.5   

High 

Hummoc

k 4 

                      

Low 

Hummoc

k 1 

185.8 494.7  320.9  158.8   348.5   

Low 

Hummoc

k 2 

     147.1   213.8   

Low 

Hummoc

k 3 

   134.8  278.8      
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Low 

Hummoc

k 4 

  432.9   376.4   295.7           

Mesic 

Slope 1 

   251.7  262   218.4   

Mesic 

Slope 2 

 430.2  349.6  323.3   136.6   

Mesic 

Slope 3 

 738.8  676.1  544.7   296.9   

Mesic 

Slope 4 

  453.5   299.2   238     324.1     

Polar 

Semi 

Desert 1 

2723 2896    1487   2813   

Polar 

Semi 

Desert 2 

 2849    1449      

Polar 

Semi 

Desert 3 

           

Polar 

Semi 

Desert 4 

  1761             1375     
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Soil Pipe 298 296.4   289.2 267.4 378.4   505.7 583.9   592.7 

Pond  219.6  193.6 196.2  387.9  362.6 360.5 372.1 

UG 

Runoff 

          303.8 

Ephemer

al Pond 

  308   270.8   366.3     493.3   519.8 
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Table A5: Water isotope data for rain 

 

Location Date 
2
H 

18
O Location Date 

2
H 

18
O 

MainMet 

Precipitation 

16/6/2016 -132.0 -17.4 WestRiver 

Precipitation 

06/28/2016 -109.1 -12.9 

MainMet 

Precipitation 

06/28/2016 * * WestRiver 

Precipitation 

07/13/2016 -99.3 -12.6 

MainMet 

Precipitation 

07/04/2016 -95.5 -11.4 WestRiver 

Precipitation 

07/14/2016 -104.3 -12.6 

MainMet 

Precipitation 

07/05/2016 * * WestRiver 

Precipitation 

07/16/2016 -119.0 -15.1 

MainMet 

Precipitation 

07/13/2016 * * WestRiver 

Precipitation 

07/18/2016 -106.6 -14.0 

MainMet 

Precipitation 

07/14/2016 * * WestRiver 

Precipitation 

07/18/2016 -103.1 -12.9 

MainMet 

Precipitation 

07/17/2016 * * WestRiver 

Precipitation 

07/19/2016 -102.8 -12.8 

MainMet 

Precipitation 

07/18/2016 -111.6 -14.9 WestRiver 

Precipitation 

07/22/2016 -142.8 -18.2 
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MainMet 

Precipitation 

07/21/2015 * * WestRiver 

Precipitation 

07/23/2016 -206.0 -26.7 

MainMet 

Precipitation 

07/23/2016 -190.6 -24.4 WestRiver 

Precipitation 

07/31/2016 -179.5 -23.9 

MainMet 

Precipitation 

07/31/2016 * * WestRiver 

Precipitation 

07/31/2016 -184.4 -24.3 

MainMet 

Precipitation 

08/01/2016 * * WestRiver 

Precipitation 

08/01/2016 -180.3 -23.6 

MainMet 

Precipitation 

08/03/2016 -95.9 -12.3     

* Sample was taken but not used 

 

Table A6: Isotopes data from piezometers 

  07/14/2016 07/15/2016 07/16/2016 07/18/2016 

  
2
H 

18
O 

2
H 

18
O 

2
H 

18
O 

2
H 

18
O 

High Hummock 1 -126.3 -16.1       -138.2 -17.7 

High Hummock 2 -128.1 -16.5          

High Hummock 3    -144.0 -18.5    -141.9 -18.1 

High Hummock 4 -129.8 -16.5             
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Low Hummock 1 -128.7 -16.7         -144.6 -18.9 

Low Hummock 2          -138.1 -18.2 

Low Hummock 3 -146.8 -17.9          

Low Hummock 4 -129.0 -16.3         -150.7 -19.1 

Mesic Slope 1 -125.8 -14.1 -142.4 -18.1       

Mesic Slope 2 -126.2 -15.5          

Mesic Slope 3          -145.6 -17.7 

Mesic Slope 4             -150.1 -19.5 

Polar Semi Desert 1 -121.4 -14.6 -132.6 -17.1 -137.9 -17.5 -144.7 -18.9 

Polar Semi Desert 2          -138.8 -18.1 

Polar Semi Desert 3             

Polar Semi Desert 4 -119.1 -13.6             

 

  07/21/2016 07/29/2016 08/02/2016 08/04/2016 

  
2
H 

18
O 

2
H 

18
O 

2
H 

18
O 

2
H 

18
O 

High Hummock 1 -139.2 -18.0          

High Hummock 2    -140.7 -17.6  -18.5 -144.0   
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High Hummock 3    -141.9 -18.7       

High Hummock 4 -141.9 -18.1 -141.8 -17.6         

Low Hummock 1 -145.5 -18.9       -18.4 -142.5   

Low Hummock 2 -134.2 -17.3     -18.7 -143.3   

Low Hummock 3        -18.4 -149.5   

Low Hummock 4     -139.9 -18.1   -18.8 -145.3   

Mesic Slope 1 -141.9 -18.3          

Mesic Slope 2 -145.5 -18.7 -142.9 -18.4       

Mesic Slope 3 -147.6 -18.6 -151.3 -19.5       

Mesic Slope 4 -126.2 -16.3 -145.4 -18.5         

Polar Semi Desert 

1 

            

Polar Semi Desert 

2 

            

Polar Semi Desert 

3 

            

Polar Semi Desert 

4 

            -168.1 -19.5 
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Table A7: Isotope data from surface seeps 

 

Soil Pipe   Pond   

Date 
2
H 

18
O Date 

2
H 

18
O 

07/14/2016 -145.2 -18.4 06/18/2016 -179.2 -22.4 

07/15/2016 -148.0 -19.0 06/23/2016 -174.5 -22.4 

07/18/2016 -146.3 -19.4 06/26/2016 -167.2 -20.0 

07/21/2016 -152.5 -20.2 06/30/2016 -153.3 -16.9 

07/24/2016 -142.1 -18.6 07/04/2016 -151.7 -18.4 

07/29/2016 -140.9 -18.3 07/06/2016 -150.3 -18.6 

08/02/2016 -136.3 -17.1 07/12/2016 -143.7 -17.3 

08/04/2016 -137.5 -17.7 07/15/2016 -136.7 -16.0 

08/07/2016 -130.1 -15.0 07/18/2016 -129.8 -15.5 

   07/21/2016 -126.7 -14.0 

   07/24/2016 -128.2 -14.3 

   07/29/2016 -128.9 -15.3 

   08/02/2016 -127.6 -14.7 

   08/04/2016 -131.8 -16.7 

   08/07/2016 -130.5 -16.2 
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Ephemeral Pond  Runoff   

Date 
2
H 

18
O Date 

2
H 

18
O 

07/18/2016 -140.5 -17.8 06/19/2016 -162.9 -20.8 

07/21/2016 -142.7 -18.7 07/04/2016 -159.4 -20.1 

07/24/2016 -140.5 -18.7 07/23/2016 -165.8 -21.2 

07/29/2016 -137.5 -17.9 07/26/2016 -152.0 -17.8 

08/04/2016 -138.4 -17.7 08/07/2016 -122.4 -15.2 
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Table A8: Local evaporation line calculation parameters. 

Term Definition Value Reference 

h (%)  Relative humidity 93% MainMet meteorological station, 

Cape Bounty, NU - June and 

July average  

T (k)  Temperature 276.5  MainMet meteorological station, 

Cape Bounty, NU - June and 

July average 

P (
18

O, 
2
H) (‰)  Mean annual isotopic 

composition of 

precipitation 

-22.65, 

 -178.35 

Waterisotopes.org  

PS (
18

O, 
2
H) (‰)  Isotopic composition of 

ice-free season 

precipitation 

 -16.5,  

-129.19 

Average isotopic composition of 

precipitation from rain catchers 

at Cape Bounty, NU 

* (
18

O, 
2
H) (‰)  Limiting non-steady-

state isotopic 
composition 

- 14.59, 

 -121.23 

δ* = (hδA+εK+ε*/α*)/(h-εK- 
ε*/α*) 
Gonfiantini (1986) 

* (
18

O, 
2
H) (‰)  Equilibrium liquid-

vapour isotope 

fractionation 

1.01, 1.107 For δ18O  

1000lnα* = -7.685+6.7123(103/T) 

1.6664(106/T2)+0.35041(109/T3)  

For δ2H   

1000lnα* = 1158.8 (T3/109)-

1620.1(T2/106)+794.84(T/103)-

161.04+2.9992 (109/T3)  
*T = Temperature in Kelvin -  

Horita and Wesolowski (1994)  

K (
18

O, 
2
H)  (‰) Kinetic isotope 

separation factor 

0.00099, 

0.00089 
For δ

18
O  

εK = 0.0142(1-h) 

For δ
2
H 

εK = 0.0125(1-h) 

Gonfiantini (1986) 

* (
18

O, 
2
H) (‰)  Equilibrium separation 

between liquid and 

vapour phases 

0.0114, 

0.1066 

ε* = α*-1 
Gonfiantini (1986) 

AS (
18

O, 
2
H) (‰)  Isotopic composition of 

ambient atmospheric 
moisture of the ice-free 
season 

 -27.6, 

-213.0 

δAS= (δPs-ε*)/α* 
Gonfiantini (1986) 

SSL (
18

O, 
2
H) 

(‰)  

Isotopic composition of 

a terminal lake where 

evaporation equals 

inflow 

 -15.2, 

-125.7 

δSSL = α*δP(1 – h + εK) + α*hδA + 
α*εK + ε* 
Adapted from Gonfiantini 

(1986)  used P instead of 1 
 


