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Abstract

Examination of the pathways that water takes from the terrestrial catchment to the stream 

is the foundation of runoff hydrology. In the past, previous research in subarctic 

environments has highlighted the role of permafrost and organic soils in controlling 

freshet and summer runoff. This thesis advances on prior work by studying the runoff 

hydrology and hydrochemistry of a 7.6 km2 subarctic, subalpine catchment for the 2006 

melt and freshet period, with a particular focus on methods of determining runoff sources 

and areas. The thesis objectives are to (1) explore the efficacy of a range of natural 

hydrochemical tracers at the catchment outlet to delineate snow water (new water) from 

groundwater (old water) during the snowmelt period, and (2) employ a spatial sampling 

of streamflow hydrometric and hydrochemical properties during the post-melt summer 

season to reveal streamflow contributing areas and runoff pathways. The study 

catchment, Granger Basin (GB), is part of the Wolf Creek Research Basin (WCRB) in 

Southern Yukon Territory, Canada. GB is above tree line with shrub and tundra 

ecosystems and is underlain with discontinuous permafrost. For the snowmelt period, 

new and old water sources were evaluated using two-component chemical hydrograph 

separation using 5180 , 82H, Cf, and Specific Conductivity (SpC). Results from 8180 , 82H 

and Cl' suggest that old water that exists prior to melt within the catchment was the 

dominant source of water to the stream whereas SpC indicates that snowmelt water 

dominated. Freshet was initiated by the main melt period, and was shown by a rise in the 

hydrograph accompanied by a spike in new water contribution. Old water contributions 

increased along with active layer depth as the soil thawed. Error analysis suggested that 

for melt, only 8lsO and 82H are suitable tracers as CF had unacceptably large errors

ii
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(despite reasonable values), and that SpC does not differentiate between new water and 

shallow old water. For the summer period, spatial (synoptic) sampling was used to 

determine which of four sub-basins controlled streamflow generation. Manual samples 

were taken at approximately five day intervals from 11 stations that were evenly 

distributed upstream from the first measurement point at the outlet. Water samples were 

tested for major ionic species common to natural waters, as well as SpC and water 

temperature. Hydrometrically, all areas of the basin contributed runoff to the stream. 

Hydrochemical and water temperature data revealed that areas underlain with significant 

permafrost had more dilute waters compared with areas at lower elevations where deeper 

groundwater sources were important contributors to streamflow. The role of deep 

groundwater in this environment has not previously been identified as an important 

runoff source, highlighting the role of spatial analysis in determining the geographic 

areas that contribute water to the stream.

iii
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1

1 Introduction

This thesis explores the geographical areas that contribute water and solutes to a 

subarctic, subalpine stream in the discontinuous permafrost region of Southern Yukon 

Territory, Canada. Water in a stream at a given point between or during snowmelt or 

rainfall events may originate from only a small fraction of the total catchment area, 

termed contributing area (Dunne and Black 1970). These contributing areas are dynamic 

over space and time depending on the local topography, soils (including frozen ground 

status), vegetation, and antecedent wetness (Marsh and Woo 1981; Devito et al. 2005). In 

cold regions, contributing areas that are active during a given season (i.e. snowmelt) may 

become inactive later in the year as the catchment dries or soils thaw (Carey and Woo 

2001a; Spence and Woo 2003).

Understanding which areas of the catchment are providing water to the stream at a given 

time is of large practical and scientific importance. For example, the transport of 

contaminants from terrestrial to aquatic systems depends upon which areas are linked 

directly to the drainage network. Furthermore, accurate prediction of flood forecasting 

requires appropriate characterization of the catchment and its controls on runoff. Finally, 

in the face of recent climate warming in the subarctic, large changes in hydrology may be 

expected from the melting of discontinuous permafrost (Hinzman et al. 2006). To 

understand this change, it is necessary to understand how contemporary systems operate 

in the heterogeneous subarctic where change is expected first.
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The study is located in the Wolf Creek Research Basin (WCRB) in subarctic Yukon 

(Figure 1.1). This basin was chosen because of its prior history as a multidisciplinary 

research basin and its large diversity o f landscape types that allow ecosystem contrasts to 

be studied in close proximity (Pomeroy and Granger 1999). For the purposes of this 

master’s thesis, a sub-basin of the WCRB termed Granger Basin (GB) was used for 

sampling and research (Figure 1.2). GB is a headwater basin of the WCRB above treeline 

consisting mainly of shrub and tundra vegetation, is underlain with discontinuous 

permafrost, and has an area of 7.6 km2, of which the stream length is approximately 3 km 

in length at peak flow.

Typically, studies that examine runoff pathways and contributing areas measure 

discharge, solute and/or isotopic data at the catchment outlet, ignoring internal variability 

and treating the catchment as a “black box”. This occurs despite the fact that different 

source water flow paths and residence times can result in similar runoff volumes and 

chemical composition at the outlet (McGlynn and McDonnell 2003). While studies have 

investigated sub-catchments as components of a larger basin (Brown et al. 1999; 

McGlynn et al. 2004; Soulsby et al. 2004; Rodgers et al. 2005a) and the influence of 

basin topology and topography at varying spatial scales (Robinson et al. 1995; 

Soulsby et al. 2003a), a detailed examination of the point at which hydrochemical and 

hydrometric signatures change within a catchment have only been recently explored 

(Soulsby et al. 2004).
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Figure 1.1: Map of the Yukon and location in Canada. Wolf Creek Research Basin is 
location ~15 km south of Whitehorse, shown with a red circle (source: Atlas of Canada 
online).

The research in this thesis is both unique and innovative as it uses spatial, temporal and 

hydrochemical approaches not typically used in combination to provide greater insight 

into catchment functioning than research previously conducted in this, and most other, 

environments. Whereas previous studies have focused on detailed study of a few storms 

(Brown et al. 1999; McGlynn and McDonnell 2003; Uhlenbrook and Hoeg 2003; Carey 

and Quinton 2005), during one season (Leenders and Woo 2002; Taylor et al. 2002;
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Figure 1.2: Photo of GB in the summer looking upstream. Mount Granger is in the 
background with the perennial snowpack visible on the north facing slope.

Carey and Quinton 2004; Laudon et al. 2004), or on a long time scale of low frequency 

measurements (Carey and Woo 1999; Uhlenbrook et al. 2002; Rodgers et al. 2005a), this 

research utilized both high frequency hydrometric/hydrochemical data along with spatial 

sampling of both solutes and isotopes for one snowmelt and summer season. The focus is 

not on individual events, but how different areas of the basin act to influence streamflow 

and the pathways that water takes to reach the stream. Most studies of streamflow 

contributing areas and runoff generation have been based on hourly or sub-hourly 

hydrometric measurements combined with weekly or monthly hydrochemical 

measurements (Kirchner et al. 2004). However, by utilizing automated chemical analysis 

sensors at 15 minute intervals, previously elusive chemical fluxes during baseflow is 

observed. In addition, the suitability of different chemical tracers in determining runoff 

sources are assessed.
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1.1 Research Objectives

This thesis utilizes both hydrometric and hydrochemical data to define runoff 

pathways and basin contributing areas for Granger Basin during one snowmelt and 

summer season. It is unique from previous studies due to its sampling approach, which 

attempts to examine the upstream hydrometric and hydrochemical processes typically 

defined by studies at catchment outlets. Spatial delineation of intra-basin processes is an 

emerging area of runoff hydrology to which this thesis will contribute. The general 

objectives of the thesis work are to:

i. explore the efficacy of a range of natural hydrochemical tracers at the

catchment outlet to delineate snow water from groundwater during the

snowmelt period, and

ii. employ a spatial sampling of streamflow hydrometric and hydrochemical

variables during the post-melt summer season to reveal geographic

contributing areas and runoff pathways.

1.2 Thesis Structure

This thesis consists of six chapters, including this introduction. The second chapter is a 

discussion of runoff hydrology, followed by a detailed site description and field methods 

in Chapter 3. Chapter 4 presents hydrograph separations at the discharge outlet during 

freshet followed by a discussion of the results found. The spatial/synoptic approach of 

studying the contributing areas is presented in Chapter 5. Chapter 6 summarizes the key 

findings from the thesis research.
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2 Background

2.1 General Context

Determination of the sources, flow pathways, magnitude and timing of water as it travels 

from the terrestrial system to the stream network is of critical importance as it affects 

water quantity and quality. In general, the area of hydrology that examines the transfer of 

water from the terrestrial to aquatic system is termed runoff (or in some cases hillslope) 

hydrology. The quest for accurate streamflow prediction underlies much of runoff 

hydrology, as concerns such as pollutant transport and flood forecasting are important for 

human health and accurate water resource management (Dingman 2002). However, 

runoff hydrology is focussed on understanding processes that operate within watersheds, 

which is distinct from forecast hydrology that largely concerned with prediction.

Globally, interest and research in runoff hydrology is being driven by many factors, such 

as land use and climate change. Recently, there has been increased interest in predicting 

streamflow in ungauged basins, with the understanding that improved science must be the 

basis for improved prediction (Sivapalan et al. 2003). In circumpolar areas, increased 

development associated with resource extraction and the potential consequences of a 

warming climate, such as degrading permafrost, have large potential impacts upon runoff 

hydrology through changes to the natural system (Hinzman et al. 2005). However, in 

circum polar regions, there continues to be a poor understanding o f  runoff processes  

because of low scientific capacity (Shiklomanov 2002). This chapter will review runoff 

hydrology with particular emphasis on processes that operate in the cold regions of the 

Subarctic where the research program was carried out.
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Runoff is defined as water arriving at a discharge zone from rain, snow, or other surface 

water inputs (Dingman 2002). A discharge zone is any area where surface water collects, 

such as a stream or river. Before water enters a stream, it has opportunity to be 

intercepted and transpired by vegetation evaporated directly from the soil, or remain in 

storage for an indeterminate period of time. The transfer of precipitation to runoff is 

highly variable, both spatially and temporally in three ways: 1) variable input rates in 

space and time, 2) the time required for a drop of water to travel from its point of 

infiltration in the watershed to the stream (i.e. residence time), and 3) the pathway 

utilized by a drop of water to reach the stream measurement point (i.e. runoff 

mechanism).

Historically, watersheds are envisioned as “black boxes” or more appropriately signal 

processors, whereupon an input (precipitation) is transformed within the watershed (black 

box) to an output (runoff), and the shape of this transfer function (the hydrograph) 

encapsulates all the processes operating with the basin (Kendall et al. 2001). While this 

approach has traditionally been employed in flood forecasting and water management, it 

does not provide much information about what occurs within catchments; and simply 

provides information about how they transfer their water. One of the greatest challenges 

for hydrologists is the level of natural spatial heterogeneity that occurs within 

catchments, which complicates analysis of how water is transferred within the basin and 

what signals are preserved in streamflow (Carey and Woo 1999; McGlynn et al. 2002; 

McCartney et al. 2006). Understanding how physiography, soils, vegetation, climate and
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other physical conditions of the watershed act to combine to influence both the quantity, 

and more recently quality, of water in the stream has been a large focus of runoff 

hydrology in the last decade, as hydrologists have attempted to “peer into the black box”.

2.2 Permafrost Runoff Hydrology

Permafrost is ground at or below 0°C for two or more consecutive years, while ground 

frost occurs seasonally (Williams and Smith 1988). The majority of permafrost in Canada 

exists north of the mean annual -1°C isotherm, and includes continuous, widespread 

discontinuous, sporadic discontinuous, alpine, sub-sea, and glacier ice (Prowse 1990). A 

small area of the southern Yukon, including the Wolf Creek Research Basin, is in the 

sporadic discontinuous region. This region is characterized as having between 10 to 50% 

permafrost coverage (Atlas of Canada 2003). In these permafrost areas, the uppermost 

soil layer is called the active layer, which is the near-surface ground that freezes in the 

winter and thaws in the summer. In most permafrost areas in Canada, the active layer 

ranges from 0.3 to 1.0 m thick (Williams and Smith 1988). The general effect of ground 

frost and permafrost is that they restrict percolation, effectively inhibiting deep drainage 

(Kane and Stein 1983). Several studies of runoff hydrology in the subarctic region have 

highlighted the role of permafrost as a largely impermeable barrier to downward 

percolation (Slaughter et al. 1983; Chacho and Bredthauer 1983; Carey and Woo 1998; 

1999; Quinton et al. 2005; Petrone et al. 2006).

Streamflow in the subarctic exhibits flashier flows in basins dominated by permafrost 

compared with more moderate responses from basins with only seasonal frost (Slaughter 

et al. 1983). Dingman (1966; 1971) noted that the summer hydrographs have longer
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recession limbs than those in temperate regions and hypothesized that the properties of 

organic soils on permafrost-underlain hillslopes control stormflow properties. Chacho 

and Bredthauer (1983) observed that non-permafrost areas in central Alaska yield 

virtually no near-surface runoff, and that a large portion of catchments, including some 

permafrost zones, do not contribute to runoff. Metcalfe and Buttle (1999) examined 

differences in sub-basin water balance in a boreal forest catchment with discontinuous 

permafrost and noted large differences in fluxes controlled by variations in snowpack 

properties, rainfall characteristics, ground thaw depths and storage properties.

Carey and Woo (1998; 1999; 2001a) explored the water balance of a range of hillslopes 

within the WCRB, noting that intra-basin variability in water balance characteristics are 

large, with permafrost, organic soils and basin physiography playing an important role in 

which areas of the catchment contribute to runoff during freshet and later in the summer. 

McCartney et al. (2006) completed a distributed water balance for the snowmelt period in 

Granger Basin (the focus catchment of this study). The main findings were that shrub 

vegetation and bare ground preferentially contribute water to the stream due to the 

increased snow holding capacity of the shrubs and reduced infiltration capacity of the 

bare ground.

Utilizing streamflow hydrochemistry and stable isotopes, McLean et al. (1999) and Carey 

and Quinton (2004, 2005) again suggested that areas and catchments with seasonal frost 

contributed less water to the stream than those with permafrost, although permafrost 

runoff is more dilute with respect to dissolved ions. Petrone et al. (2006) in Subarctic
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Alaska demonstrated how high water tables and shallow flow paths reduced the potential 

for chemical reactions between the discharging water and frozen mineral soil.

At the catchment scale, the processes whereby water reaches the stream are complex. In 

most cases, cold region hydrologists have transferred concepts developed for temperate 

environments and modified them to explain runoff and catchment response in areas 

where snow and ice play an important role. Lewkowicz and French (1982) suggest wet 

conditions are maintained downslope from snowpacks in the high Arctic, demonstrating 

the applicability of the partial area concept of runoff generation which suggests that only 

certain areas of the catchment contribute water to the stream (Betson 1964). Dingman 

(1973) extended upon the variable source area concept (Hewlett and Hibbert 1967) to 

describe runoff in the subarctic forests of Alaska. There, catchment wetness represented 

through the position of the water table is shown to control the extent of the near-stream 

areas that contribute to streamflow during summer rainfall events.

Near Inuvik, NWT, in hummocky permafrost terrain, with a peat cover that exhibits large 

vertical variability in hydraulic conductivity, Quinton and Marsh (1999) presented a 

framework for runoff generation based on the variable source area concept. There, the 

extent of the contributing area is related to the water table position within the peat layer. 

When the water table recedes in late summer, the source area for streamflow becomes 

quite small as runoff production is limited by the enlargement of the soil storage capacity 

due to ground thaw. When the saturated zone rises to the surface, water from areas away 

from the stream can flow rapidly through the porous organic soils and along the inter
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hummock cracks to contribute to streamflow. Carey and Woo (2001a) expanded on the 

work of Quinton and Marsh (1999) using recession analysis and showed that near-stream 

zones contribute runoff throughout the year, whereas hillslopes often become decoupled 

from the streamflow response. McCartney et al. (2006) evoked the variable source area 

concept in GB, although vegetation and soil type, not wetness, were used to explain what 

areas of the catchment contribute to runoff during freshet.

Studies of runoff processes at the hillslope and plot scales report a wide range of 

mechanisms and pathways of lateral water movement. In the Canadian high Arctic, the 

presence of late-lying snowbanks and frozen soils are important in generating surface and 

subsurface flows throughout the short thaw season (e.g. Woo and Steer 1982; Lewkowicz 

and Young 1990) resulting in runoff regimes similar to those found in glacierized basins 

(Marsh and Woo 1981). In more southerly areas of continuous and discontinuous 

permafrost, the widespread presence of highly permeable organic soils limits the 

occurrence of overland flow (Dingman 1973; Slaughter and Kane 1979; Hinzman et al. 

1993; Quinton and Marsh 1999; Carey and Woo 2001b). Subsurface flow in organic soils 

is the primary mode of water delivery from hillslopes to streams, although soil 

irregularities and preferential pathways such as soil pipes (Carey and Woo 2000), water 

tracks (Kane et al. 1989) and mineral earth hummocks (Quinton and Marsh 1998) 

complicate runoff.

Carey and Woo (2001b) present a conceptual model of runoff processes at the hillslope 

scale that combines the properties of the soil profile with the position of the frost table.
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During melt, the water table is at or near the surface and within the porous organic layer, 

rapidly delivering meltwater to the stream either through the matrix, or in preferential 

pathways such as soil pipes (Carey and Woo 2000). As thaw progresses, runoff declines 

and the phreatic surface drops atop the frost table into less permeable organic and mineral 

layers, increasing subsurface residence time and decreasing runoff rates. By the end of 

summer and early fall prior to freeze, the water table can be several decimeters from the 

surface and completely within the mineral layers. During winter, lateral flows become 

negligible until spring thaw when meltwater infiltrates the frozen organic soils, raising 

the water table back to the surface and initiating runoff. Although not explicitly stated in 

the paper, this is similar to the transmissivity feedback mechanism (Bishop et al. 2004). 

Transmissivity feedback is a non-linear threshold response mechanism where rapidly 

infiltrating event water causes the water table to rise to the highly conductive layers near 

the soil surface where it is rapidly conveyed to the stream. Transmissivity feedback is 

observed in a wide variety of environments as there is a near-universal decline in 

saturated hydraulic conductivity with depth (Bishop et al. 2004, Brown et al. 1999, Buttle 

1994, Laudon et al. 2001, Rodhe 1981).

Unlike temperate environments, much of the runoff research in permafrost regions over 

the past several decades has been primarily hydrometric (i.e. Dingman 1973; Lewkowicz 

and Young 1990; Quinton and Marsh 1998, Carey and Woo 2001a, Spence and Woo 

2003). Hydrometric studies refer to the measurement and recording of lake and river 

water levels and river and stream flows without any measure of their chemistry. This 

contrasts with temperate environments, where a combination of isotopic and
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hydrochemical methods have been used together to conceptualize runoff processes 

through identification of sources, residence times and pathways of water as it moves from 

the catchment to the stream (e.g. Maule and Stein 1990; Maloszewski and Zuber 1992; 

Bonell 1993; Buttle 1994; Brown et al. 1999; Soulsby et al. 2004).

Hydrochemical composition of water is altered through interaction with inorganic and 

organic material during mixing. As dissolved chemical constituents in soil vary with 

residence time and depth of infiltration, hydrochemical analysis will aid in determining 

geographic source and flow pathways of water (Uhlenbrook and Hoeg 2003). Typically, 

stable isotopic ratios of water (82H, S180 ) incorporated within the water molecule as 

H2180  and are used to define the sources of water as they do not alter during

chemical reactions, whereas dissolved solutes provide information on flow pathways (e.g. 

Hooper and Shoemaker 1986; Maule and Stein 1990; Rice and Homberger 1998; Hoeg et 

al. 2000; Ladouche et al. 2001) (Figure 2.1).

Using this integrated information, conceptual models of runoff generation have been 

developed for a wide variety of global environments (e.g. Bonell et al. 1998; Gibson et al. 

2000; McGlynn et al. 2002).
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Figure 2.1: Schematic showing the difference between the measurement of chemical 
properties and isotopic signature. Naturally-occurring chemicals elucidate the 
contribution from surface and subsurface water, as the depth of percolation determines 
the chemical signature of runoff water. Isotopic signature can delineate the residence time 
in the catchment due to fractionation during evaporation and condensation.

In permafrost catchments, pre-event (often termed "old") water stored within the basin 

dominates summer stormflow hydrographs generated by rainfall (McNamara et al. 1997; 

Carey and Quinton 2005), but there remains uncertainty and conflicting evidence as to 

whether this pre-event water is the principal contributor to the freshet hydrograph when 

large volumes of meltwater are released and streamflow rises to its maximum annual 

flows (Obradovic and Sklash 1986; Cooper et al. 1991; 1993; Gibson et al. 1993; 

McNamara et al. 1997; Metcalfe and Buttle 2001; 2004; Carey and Quinton 2004). While 

some research indicates that pre-event water is the primary source of streamflow during 

melt (Gibson et al. 1993; Metcalfe and Buttle 2001; Carey and Quinton 2004), other 

studies suggest that freshet is supplied predominantly or almost completely by meltwater 

inputs (Cooper et al. 1991; 1993; Obradovic and Sklash 1986; McNamara et al. 1997). 

The reason for this variability is unclear, yet issues of temporary storage (Bowling et al.
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2003) and variable hillslope and catchment responses, particularly in areas of 

discontinuous permafrost (Chacho and Bredthauer 1983; Carey and Woo 1999; 

McCartney et al. 2006), may explain some uncertainty. Variability in permafrost soil 

properties related to ice content may also allow a broad range of responses. Furthermore; 

the past practice of obtaining a meltwater isotopic signature from snow-cores (e.g. 

Cooper et al. 1991; Gibson et al. 1993) will cause a systematic error in hydrograph 

separations due to fractionation during melt (Taylor et al. 2002). Finally, there has yet to 

be an assessment as to what affect the selection of different tracers has on new and old 

water contributions.

With regards to streamflow hydrochemistry, there have been few studies in permafrost 

settings that investigate dissolved constituents as a method to infer runoff pathways. In 

subarctic Alaska, MacLean et al. (1999) and Petrone et al. (2000; 2006) reported that, for 

the summer period, permafrost-dominated catchments had higher concentrations of 

dissolved organic carbon (DOC), but lower solute concentration and flux than an adjacent 

watershed that was nearly permafrost-free. The differences in hydrochemistry reflected 

different flow pathways, as the permafrost-dominated catchment restricted flow to the 

organic-rich active layer, enriching water in DOC. In the adjacent catchment with low 

permafrost distribution, water was able to infiltrate deeper into the mineral soils where 

DOC was adsorbed and solutes were dissolved due to greater contact time with mineral 

soil exchange sites. Carey (2003) reported annual DOC fluxes from the catchment 

utilized in this study and showed that the largest stream DOC concentration and mass 

flux was during freshet and derived primarily from permafrost-underlain slopes where the
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water table resided within the DOC-rich organic horizon. A further study by Carey and 

Quinton (2005) also reported how summer rainstorms lowered streamflow specific 

conductivity (SpC) and increased DOC; yet in combination with isotope data the 

dominant summer runoff pathway was identified as flow through the mineral substrate, 

not the surface organic layer.

2.3 Chemical Hydrograph Separation (CHS)

The most common way of utilizing hydrochemical and hydrometric data to infer sources 

and pathways is the application of chemical hydrograph separation (CHS), which seeks to 

separate discharge into its baseflow and near-surface flow components. Buttle (1994) 

reviews the critical elements of chemical hydrograph separation. The first is the time 

source, which refers to the event and pre-event components for analysis; frequently 

termed “new” water and “old” water in literature. Event water is rain falling or snow 

melting during the event of interest, and pre-event water is water present in the watershed 

prior to a given event (Obradovic and Sklash 1986). The second component is the runoff 

mechanism, which deals with the process of water arriving at a stream through operation 

of one of the physical mechanisms described in the streamflow generation literature. 

Geographic sources, or historical inputs, generally distinguish among different 

possibilities of where the water was located before arriving at the stream.

For snowmelt, two-component CHS is the most common method used to distinguish melt 

water from water previously residing in the catchment (Rodhe 1998; Maule and Stein 

1990; Gibson et al. 1993; Carey and Quinton 2004; Laudon et al. 2004). It is derived
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from mass-balance equations for water and tracer fluxes within a basin, and assumes the

total streamflow (QT) is equal to the sum of all new and old water:

Q t  Q new  Q o ld [2 .1]

Where Qt is the total runoff in the stream, Qnew and Q0id are the runoff components. 

According to this same theory, total streamflow (Qt) as well as chemical concentration 

(CT) is the sum of all inputs:

Where CV is the total concentration of the observed tracer at tt. These two equations can 

be combined to find the ratio of old water contributing to a stream, thus:

The two-component hydrograph is useful when separating the contribution of pre-event

separate groundwater reservoirs. For this reason, some researchers are moving towards 

using multi-component separations (Carey and Quinton 2005; Uhlenbrook et al. 2002). 

Six assumptions are used for hydrograph separation studies (Buttle 1994, Carey and 

Quinton 2004) for both hydrochemical parameters and isotopic signature. They are:

i. The tracers used to delineate components are conservative, or stable, in that 

they undergo no chemical reactions.

ii. All components have significantly different concentrations from at least one 

tracer, meaning that the inputs studied must also have significantly different 

composition.

new [2.2]

> =  l e i  — Cnew V T new
[2.3]

Q t

water from event water, but is limited to how it can explain the contribution from
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iii. Tracer concentrations during an event in all components are temporally 

constant or their variations are known or considered negligible.

iv. Tracer concentrations in all components are spatially constant or treated as 

different components or considered negligible.

v. Contributions of water from the vadose zone must be negligible or the value 

of soil water equals groundwater. In order to avoid confusion, this assumption 

is only important for a two-component hydrograph separation, when the 

measured contributors are either event water or pre-event water and there is 

no distinction for the depth of percolation of the groundwater. If a more 

detailed analysis is undertaken, significant differences must exist between 

different levels of groundwater.

vi. Unmeasured components must have equal tracer concentrations to the event 

water or they don’t contribute significantly.

Several areas of hydrograph separation have been identified for further exploration. In 

particular, expansion of the spatial extent for studies holds promise for more detailed 

analysis of streamflow source. Although there is considerable evidence that the 

measurement of naturally-occurring chemical tracers in catchments is an accurate tool for 

elucidating water sources (Taylor et al. 2002, Uhlenbrook et al. 2002, Uhlenbrook and 

Hoeg 2003, Carey and Quinton 2005, Gibson et al. 2005), chemical fluxes controlled by 

runoff characteristics at points along a stream are poorly understood. Using chemical 

tracers for hydrologic studies requires background knowledge on the activity and reaction 

rates. In order to satisfy the requirements for a hydrograph separation, all chemicals must
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be conservative. Due to the large amount of opportunities for reactions with soils, 

vegetation, and other chemicals, the selection of tracer should be scrutinized (Rice and 

Homberger 1998).

Stable isotopes of water by nature satisfy the first assumption for hydrograph separation, 

in that they are stable and do not react at the earth’s temperature (Gat 1996). The key to 

using isotopes as a tracer is that they undergo fractionation during condensation and 

evaporation, resulting in differences between event and pre-event water. As lighter 

isotopes are preferentially evaporated, it is also possible to separate contributing water 

based on residence time in the catchment (Taylor et al. 2002). During snowmelt, there 

may be some initial fractionation due to incomplete mixing, but will tend towards 

isotopic equilibrium as meltwater percolates through the snowpack (Taylor et al. 2002). 

Fractionation is a function of time of meltwater and snow contact and the isotopic 

layering of the snowpack (Rodhe 1981). As well, rain falling on snow can alter isotopic 

composition. For these reasons, fractionation does not give a unique relationship between 

isotopic composition of snowpack and meltwater at the same time, and meltwater tends to 

be more enriched than the snowpack (Rodhe 1998).

However, the largest issue arising from the use of chemical hydrograph separation is that 

classical uses for evaluating streamflow sources provide a limited and restrictive view of 

streamflow generation. The mass-balance equations are instantaneous; they are measured 

at one point at a given time. The reason for this arises from single-point measurements, 

which reports the isotopic composition and chemical concentration at one point of the
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stream. It does not tell the “story” of the processes that led to that one point and doesn’t 

enable study of the processes within the catchment. Studying each catchment at the 

proper experimental scale could increase the spatial understanding of the experimental 

design. Conversely, the combination of chemical and isotopic tracers have provided 

much more insight into contributing areas and runoff processes (Buttle 1994; Carey and 

Quinton 2004; Obradovic and Sklash 1986; Ogunkoya and Jenkins 1991; Rice et al. 

2001).

2.4 Spatial (Synoptic) Sampling

There is an abundance of literature that questions the correlation between catchment and 

experimental scale, as little is known about the effect of catchment size on the relative 

source and flowpath contributions to streamflow (Silvapalan et al. 2003; McGlynn et al. 

2004; Soulsby et al. 2004). Hoeg et al. (2000) reported that further research is required 

for hydrograph separations in small scale basins (<10 km ) with extensive consideration 

of the spatial variability along with the integration of spatially distributed runoff 

components. Buttle (1994) also noted that further spatial understanding is required to 

“avoid pitfalls associated with the inference of intra-basin processes solely on the basis of 

basin outputs.” For example, larger proportions of valley floor saturated areas accounted 

for larger volumes of saturated overland flow consistent with greater event water flow 

(Brown et al. 1999), but there is no information on how this phenomenon correlates with 

basin size.

A new methodological approach to process understanding is one that is inherently 

geographical: to map out which areas of the basin are contributing to the changes in
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streamflow chemistry in the basin (Soulsby and Dunn 2003; Soulsby et al. 2003b; 2004). 

By sampling waters in a distributed nature, this provides information about the ecosystem 

processes that lead to runoff mechanisms and soil water characteristics. This is unlike 

chemical hydrograph separation, which in effect treats the catchment as a "black box". In 

contrast to sampling at the outlet, this method is highly labour intensive as it requires 

traversing the entire length of the catchment in a short period of time during periods that 

are representative of the flow conditions. In the Scottish Cairngorm Mountains, Soulsby 

et al. (2004) used this spatial sampling method to examine the hydrochemical behaviour 

of nested catchments to identify the significance of different hydrological processes in 

runoff generation at a range of spatial and temporal scales. By using extensive spatial 

hydrochemical surveys, they were able to map streamflow hydrochemistry onto a GIS of 

geology, soils, topography and vegetation. These results provided unique conceptual and 

numerical model validation that would not have been possible with sampling only at the 

outlet. While recognizing that this method will miss a lot of event-specific variability in 

streamflow characteristics, the new emphasis on spatial information will provide 

additional information.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 2

3 Field and Laboratory Methods

3.1 Introduction

This study investigates the runoff processes in a small, subarctic watershed located in 

Wolf Creek Research Basin (WCRB) in Southern Yukon Territory. Streamflow and 

hydrochemistry were studied from 5 May to 25 July, 2006 at the basin outlet and at 11 

incremental locations upstream along the channel. This chapter describes the field 

location and relevant physical characteristics of the study area. Field methods and 

laboratory analysis are also described.

3.2 Subarctic Region

The subarctic region covers approximately 30% of Canada, bordered by closed-canopy 

boreal forest to the south and treeless arctic tundra to the north (Atlas of Canada 2003). 

The term subarctic represents a northern region of high latitude and cold temperature 

which lies between 50°N and 70°N latitude. Subarctic areas are characterized by hardy 

vegetative species, rugged mountainous areas, and wide, treeless expanses. The Wolf 

Creek Research Basin has been classified into three main ecological zones based on 

vegetation: the boreal forest zone, subalpine shrub zone, and alpine tundra zone 

(Francis et al. 1998). This study is located in the subalpine shrub zone. Vegetation such 

as white spruce (Picea glauca (Moench) Voss), bog birch (Betula glandolosa Michx.), 

willow species (Salix spp. L.), bearberry (Arctostaphylos uva-ursi (L.) Spreng), and 

wildflowers such as crocus (Anemone patens) and fireweed (Epilobium angustifolium L.) 

dominate this area.
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The subarctic climate offers extreme seasonal temperature variations: from -40°C in 

winter to +30°C in summer. The solar angle is low in high latitudes, and a winter with 

continuous snowcover lasts around 5-6 months. Summers are typically short, lasting 

between one and three months of the year and must have a 24-hour average temperature 

of at least 10°C to fall into the subarctic category in the Koppen Climate Classification 

(Atlas of Canada 2003). Sub-zero temperatures can occur during any month in many 

areas of the subarctic. As much as one-third to one-half of the precipitation falls as snow, 

and ground temperature fluctuations are greatly affected by depth and distribution of 

snowfall (Williams and Smith 1988). Permafrost and ground frost distribution also 

contribute to the heterogeneity of mountain ecosystems. Permafrost is widespread in 

subarctic soils, either as discontinuous (10-90% coverage), or as continuous 

(> 90% coverage). Permafrost is defined as ground that is at or below 0°C for two or 

more consecutive years, whereas ground frost, or seasonal frost, is frozen for the winter 

months only (Williams and Smith 1988).

3.3 Study Area

Hydro-climatic research has been ongoing in areas of the WCRB since 1993. Previous 

studies have centred on hydrology/climatology, permafrost, biodiversity, and 

environmental quality. The research projects central to the proposed thesis work include 

those relating ground thermal regimes (Carey and Woo 1999; Lewkowicz and Ednie 

2004; Carey and Woo 2005; Quinton et al. 2005), soil runoff processes (Carey and Woo 

2000; 2001b; Leenders and Woo 2002), and stream hydrochemical response (Carey 2003; 

Carey and Quinton 2004; 2005). Considering that the above studies have examined 

runoff processes for small spatial extent (i.e. plots and hillslope studies), this study aims
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to provide a more detailed spatial representation of runoff pathways and contributing 

areas to the stream throughout the course of one hydrological season.

WCRB covers approximately 192 km2 and is located -15 km south of Whitehorse, 

Yukon, Canada (Figure 3.1). Geologically, WCRB is composed primarily of sedimentary 

material of sandstone, siltstone, limestone, and conglomerate. Varying depths of organic 

soils overlay a mantle of glacial till that is between a few centimetres up to 10 m in 

thickness. Basin hydrology, geology, and ecology are summarized in Pomeroy and 

Granger (1999). Environment Canada reports mean annual precipitation of 247 mm for 

Whitehorse, YT; 145 mm of which is snowfall. Pomeroy and Granger (1999) estimate 

that Whitehorse records underestimate WCRB precipitation by approximately 25%.

This research programme is focused on the Granger Basin (GB), a 7.6 km watershed 

(Figure 3.1) in the west-central region of WCRB. Granger Creek roughly flows East from 

the base of Mount Granger (2080 m elevation) to a monitoring station approximately 

3 km downstream at peak discharge. Average summer (April to September) discharge for 

the creek is approximately 0.15 m3 s'1. To the west of the creek is a long slope with a 

gradient of approximately 15°, and to the east is a large plateau. Vegetation is thickest in 

the riparian zone near the stream, and at lower elevations near the outlet. Dominant 

species present are willow species (Salix spp. L.) mixed with birch (Betula L.) and a few 

scattered white spruce (Picea glauca (Moench) Voss). At the higher elevations upstream 

and on the eastern plateau, grassland vegetation is found along with species such as bog 

birch (.Betula glandolosa Michx.), bearberry (Arctostaphylos uva-ursi (L.) Spreng), and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 5

wildflowers such as crocus {Anemone patens) and fireweed {Epilobium angustifolium L.). 

The western plateau and at the base of Mount Granger is a tundra landscape with a 

variety of mosses and lichens.

1 km

Contour interval 30 m

Figure 3.1: Granger Creek and location in Northern Canada (source: Carey and 
Quinton 2004, page 311)

A road entering the basin crosses the stream at the outlet, which is a wide, flat area with a 

rocky base. The channel gets progressively narrow and deep moving upstream until the 

headwaters where a large, persistent snowpack drains into a shallow area that is more 

stagnant and mud-bottomed.

Streamflow is predominantly from West to East, and due to differences in exposure and 

elevation provides a wide range of snow distribution, melt time, and ground frost 

characteristics. A study by Lewkowitcz and Ednie (2004) which estimated the permafrost
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extent in WCRB using the Basal Temperature of Snow (BTS) method revealed that all 

four permafrost classifications of isolated patches, scattered and widespread 

discontinuous, and continuous permafrost are present in the basin (Figure 3.2). The 

probability of permafrost increases upstream (along with elevation), and it is estimated 

that permafrost is present in 43 -  90% of the basin area (Lewkowicz and Ednie, 2004).

 100 m  c o n to u r
Perm afrost Probability

BBB0.1 -0.2 
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Figure 3.2: WCRB probability of permafrost by BTS method under deep snow 
conditions. The black square shows the area of Granger Creek, (source: Lewkowitcz and 
Ednie 2004, page 73)

3.3.1 Sub-basin Drainage Areas

GB was segmented into four sub-basins representing different geographical areas that 

contribute to runoff, with tall shrub and organic soils more predominant in GB_01, 

shorter shrubs in GB 02 with a transition to tundra soils in GB 03 and finally rocky 

outcrops and steep slopes in GB_04 (McCartney et al. 2005). Arc Map 9.0 was used to
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modify an existing 30 m digital elevation model (DEM) of Granger Basin to delineate the

boundary and area of the sub-basins and GB.

► Flow direction

I__________ I I Meters
1,080 1,620 2,160

Figure 3.3: Contributing areas to each of the four sub-basins, shown by the purple lines. 
Each sub-basin is labelled, with white stars representing the four outlets: GB 01, GB02,  
GB 03, and GB 04. Other stars are used to represent upstream sampling locations.

Table 3.1 presents the individual and cumulative sub-basin areas contributing to the 

outlet. Individually, GB 01 has the smallest drainage areas, and GB 02 is the largest. 

The drainage area for GB 03 is that of GB 03 and GB 04 until 9 July, at which time 

GB 04 was installed.

Sub-basin Area Cumulative Areas
GB 01 1.1 km2 GB 01 7.6 km2
GB 02 2.9 km2 GB 02 6.5 km2
GB 03 1.5 km2 GB 03 3.6 km2
GB_04 2.1 km2 GB_04 2.1 km2

Table 3.1 Total area contributing to each monitoring station in Granger basin. Note that 
the cumulative area to GB 01 is the entire extent of the basin.
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3.4 Field Methods

The field season commenced on 5 May, 2006 and ran through 25 July, 2006. During that 

time, a high resolution temporal and spatial monitoring program was undertaken with 

detailed water sampling and testing along the length of the stream. In addition, soil, 

ground and rain water samples were collected. A schematic of the sampling areas is 

shown in Figure 3.3, and geographic coordinates are included in Table 3.2.

Station Coordinates Measurements
Latitude Longitude

Stream Sam pling
GB 01 60° 32.797J 135° 11.07'W • Datasonde 15 minute measurements

• Starflow 15 minute depth measurementsGB 02 60° 33.0574 157° 11.56'W
GB 03 60° 32.9674 164° 12.82'W • Minisonde 15 minute measurements

• Quanta measurement once a weekGB 04 60° 32.89'N 167° 13.73'W
GB A 60° 32.9174 159° 11.36'W

• Quanta measurement once a week
• Manual water sample once a week
• Streamflow gauging once a week

GB B 60° 33.0774 160° 11.87'W
GB C 60° 33.0274 161° 12.15'W
GB D 60° 32.9574 162° 12.45'W
GB E 60° 32.9274 165° 13.13'W
GB F 60° 32.9374 166° 13.49'W
GB H 60° 32.9074 169° 13.81'W
GB I 60° 32.8574 170° 14.06'W

Soil
North side 60° 32.8474 168° 11.21'W • Extraction once a week
South side 60° 32.8474 168° 11.21'W

Ground
Location a 60° 32.8574 171° 11.17'W • Extraction once a week
Location b 60° 32.8374 172° 11.18'W

Rain 60° 33.0374 154° 11.44'W • Extraction as required

Table 3.2: Geographic coordinates and measurement details of sampling locations in 
Granger Basin.

3.4.1 Stream Discharge

Prior to the stream being ice-free, baseflow discharge measurements were calculated 

twice daily using the salt dilution method (Dingman 2002). Non-iodized rock salt was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 9

dissolved in a bucket of streamwater to a dilution of 50 g / litre. The salt dilution was 

added to the stream via slug injection 30 m upstream of the measurement point to ensure 

complete mixing. The time required for the salt to reach the measurement point and 

5 second intervals of conductivity were measured at the end of the reach using a 

stopwatch and the portable Hydrolab Quanta water quality meter.

Saltwater dilutions were carried out twice a day for three days following stream ice 

break-up for comparison to manual discharge measurements. A Swoffer model 2100 

current meter was used to measure discharge at GB 01 through GB 04 as the channel 

became ice-free. The procedure for the current meter involves discharge measurements 

taken at 10 cm intervals at 60% of the stream depth from the water surface. Average 

discharge is found by summing the discharge readings of the 10 cm segments (Dingman 

2002). Manual discharge measurements were taken once daily (with a few exceptions) 

during freshet (19 May to 20 June) at GB 01 and then approximately every five days 

thereafter at the four sub-basin outlets.

Continuous discharge at GB 01 was determined from a combination of salt dilution and 

discharge data provided by the Yukon Territorial Government. At GB 01, discharge 

during the open water period was calculated using a stage-discharge relationship 

consisting of a stilling well with a float connected to an electronic logger maintained by 

the Yukon Territorial Government. A stable stage-discharge relationship has existed for 

this catchment since 1998.

3.4.2 Spatial Stream Monitoring
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Four main monitoring stations were established at the sub-basin outlets at GB01,  

GB 02, GB03,  and GB 04 (Figure 3.3) for the purposes of upstream discharge 

measurements. Additionally, water samples were taken every five days from stations 

located sequentially 200 m upstream from GB 01 (Figure 3.3, location coordinates in 

Table 3.2) through GB 04. The stations in between were named GB_A through GB_F; 

GB_H and GB_I for a total of 12 stations. Stations GB 04 and GB_G were the same 

location. These stations were laid out on foot using a hand-held Garmin GPS as the 

stream became ice-free. Samples were taken daily during freshet period from 19 May to 

20 July, then every five days afterwards at each station (01 to 04, A to I) as available. 

Nalgene 60 mL sample bottles were flushed twice, filled to capacity, and stored in 

coolers. Concurrently, water level and discharge measurements were taken from the 

Creek at the four automated stations. The following Table 3.3 outlines selected 

characteristics of each sampling location in GB.

Location Position Features
Dominant
Vegetation Elevation

Predicted
Permafrost

Organic
Layer

GB01
At the 
study area 
outlet

Fairly 
shallow and 
open.

Willow and 
grasses 1450 m 30 - 40 % -5 0  cm

GB_A
~200m 
upstream 
of last 
station

Wide and 
flat.

Willow and 
grasses 1470 m 30 - 40 % ~50 cm

GB_02
~200m 
upstream 
o f last 
station

Deep and 
narrow.

Willow and 
grasses 1485 m 60 - 70 % -5 0  cm

GB_B
~200m
u p s tre a m
of last 
station

D e e p  a n d
narrow.

W il lo w  a n d  
grasses 1500 m 60 - 70 % ~50 cm

GB_C

~200m 
upstream 
of last 
station

Deep and 
narrow, just 
downstream 
of a split in 
the stream.

Willow and 
grasses 1515m 60 - 70 % -5 0  cm
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Location Position Features
Dominant
Vegetation Elevation

Predicted
Permafrost

Organic
Layer

GB_D
~200m 
upstream 
of last 
station

Deep and 
narrow, just 
upstream of a 
split in the 
stream.

Willow and 
grasses 1530 m 70 - 80% -30 cm

GB03

~200m 
upstream 
of last 
station

Fairly
shallow and 
open.

Grasses and 
wildflowers 1560 m 80 - 90 % -30 cm

GB_E
~200m 
upstream 
of last 
station

Fairly 
shallow and 
open.

Grasses and 
wildflowers 1580 m 80 - 90 % -30 cm

GB_F
~200m 
upstream 
of last 
station

Very wide 
and open. Grasses 1590 m 80 - 90 % Sparse

GB04

~200m 
upstream 
of last 
station

In a stagnant 
area
downstream 
of the Lake 
leading into 
GC.

Grasses 1590 m 80 - 90 % Sparse

GB_H
~200m 
upstream 
of last 
station

Very shallow 
and narrow. Grasses 1590 m >90 % Sparse

GB_I
The
furthest
point
upstream.

Very shallow 
and narrow, 
dried up as 
the season 
progressed.

Grasses 1590 m >90 % Sparse

Table 3.3: Observed characteristics of sampling stations along the stream channel.

Outlet stations GB01 to G B 0 4  were photographed at the time of installation, and are 

presented in the following photos.
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Figure 3.4: Outlet location GB01 looking downstream. Air temperature is measured by 
CR10X datalogger inside the white enclosure. Stilling well and logger are located in the 
metal culvert and blue enclosure.

Figure 3.5: Outlet location G B 0 2  looking upstream. Note similar vegetation as GB01.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.6: Outlet location G B 0 3  looking upstream. Vegetation is predominantly grasses 
and scattered shrubs.

Figure 3.7: Outlet location G B 0 4  looking downstream. Very little vegetative cover, and 
is predominantly rocky outcrops.
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3.4.3 Additional Water Sampling

Soil, ground, rain, and lake water samples were collected on a semi-regular basis from 

locations in GB. Soil water was collected from four suction lysimeters positioned on the 

north and south sides of the creek. Each side had one shallow lysimeter (-30 cm) and one 

deep (-50 cm, or to the depth of organic soil). The amount of water collected from the 

ceramic cup depends on material type, hydraulic conductivity, suction value of the soil, 

and suction applied to the lysimeter. For this application, suction was applied to the 

maximum suggested suction of 85 cb before leaving them for the measurement period. 

Despite the high suction applied, very little soil water was available for extraction. Data 

from these surveys are included in Appendices A, B, and C, but were not analyzed for the 

purposes of this thesis.

3.5 Snow Surveys

In order to quantify water input from the late-season snowpack, snow surveys were 

conducted on five transects in the basin. Depth was measured using a G3 240 cm 

Avalanche Tech Probe, and snow water equivalent (mm of water) was measured every 

five locations using a Mount Rose snow core (I.D. 4.12 cm). The snow core is an 

aluminium tube of known volume that is pushed into an undisturbed snowpack to retrieve 

a continuous snow core from the snow surface to the ground surface. The snow tube was 

tared and weighed for every sample. The reading from the weight of the snow tube is 

calibrated to be equivalent to mm of water in the snowpack.
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ALASKA
(US-A.)

Creek

1 km

C ontour interval 30 m

Figure 3.8: Snow transects in the basin. Note that the transect locations and length are not 
to scale.

Five transects of 12 points each were surveyed upstream for an estimation of the amount 

of snowfall contribution to freshet at the outlet. The five transects are approximately 

50 m in length and cross over the stream in the centre. The snow water samples were 

collected along transect 4 for the duration of the monitoring in this area. These five 

transects are labelled 1 to 5 on Figure 3.8. Geographic coordinates for the north and south 

points of the transects are given in Table 3.4.
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Transect Coordinates Measurements
Latitude Longitude

Transect 1
North 60° 32.8674 146° 11.34'W

South 60° 32.9074 147° 11.24'W
Transect 2

North 60° 32.88N 145° 11.39'W

South 60° 32.93N 144° 11.29'W
Transect 3 • Snow depth measured at 1 m intervals

• Snow water equivalent (mm water)North 60° 32.9PN 142° 11.46'W
South 60° 32.9574 143° 11.32'W measured every 5 stops (5 m)

Transect 4
North 60° 32.9574 141° 11.49'W

South 60° 32.9874 140° 11.38'W
Transect 5

North 60° 33.0074 138° 11.52'W

South 60° 33.0474 137° 11.44'W

Table 3.4: Geographic Coordinates of the north and south points of each transect.

3.6 Laboratory Analysis

3.6.1 Chemical Analysis

All water samples collected were analyzed for standard cation and anions using a

DIONEX LC25 chromatography oven and CD20 conductivity detector in the water 

chemistry laboratory at University of Toronto Mississauga campus. Ion data is supplied 

in Appendices A and B. Samples were prepared with 0.2 pm of filtered sample water. For 

every sixteen samples, there was one replicate, one blank, and one level standard check. 

The detection system requires 20 mM of eluent made up of 1.0 M MSA methane- 

sulphonic acid and carrier liquid. Species evaluated include Chloride (CF), Bromide (Br ), 

Nitrate (NO3'), Phosphate (PO43 ), Sulphate (SO42'), Sodium (Na+), Potassium (K+),
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Magnesium (Mg+), and Calcium (Ca+). The species with the most contiguous data sets 

were Cl', SO42", Na+, Mg+, and Ca+. The analytical detection limit measured from 

replicates was +/- 0.07 mg/L.

3.6.2 Isotopic Analysis

Selected water samples were analysed for isotopes of hydrogen ( H, deuterium, D) and

oxygen (I80 ) in measurements per mil in the Hatch Stable Isotope Laboratory at the

University of Ottawa. Analysis was done using the ThermoFinnigan Gasbench +

DeltaPlus XP isotope ratio mass spectrometer. Isotopic data is provided in Appendix C.

Samples were prepared by adding activated charcoal and electrolytic copper to

immobilize dissolved organic compounds and sulphur, respectively. After 24 hours,

t 2
0.2 mL of water was pipetted into an Exetainer to be used to determine both 8 H and 

8180. For the D samples and internal standards, Hokko beads were added to the Exetainer 

vials before being flushed with a gas mixture of 2% helium (H2). Then, the Exetainers 

were left to equilibrate at 25°C for a minimum of 1.5 hours. Analytical precision is +/- 

2.0%o. The S180  samples and internal standards were flushed with a gas mixture of 2% 

CO2. Then, the Exetainers were left to equilibrate at room temperature for a minimum of 

18 hours. Analytical precision as measured by the equipment was +/- 0.15%o.
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4 The Influence of Tracer Selection of Freshet Chemical Hydrograph 

Separation (CHS)

4.1 Introduction

The previous chapters have provided a background of the study site and a review of the 

literature to emphasize the importance of coupling hydrometric and hydrochemical data 

to provide an improved understanding of runoff processes. This chapter examines the use 

of conservative tracers to decipher the pre-event and event water contributions for 

streamflow during the freshet period (19 May to 20 June) using two-component chemical 

hydrograph separation (CHS). The differences among the tracers will be assessed and 

results compared with other CHS studies in permafrost environments. Additionally, the 

implication of the CHS for Subarctic runoff processes will be discussed.

4.2 Rationale

Water that rapidly enters a stream in response to hydrological inputs (snowmelt or 

rainfall) is termed event (or new) water. This differs from pre-event (or old) water, which 

is made up of water that resides in the catchment prior to the hydrologic input (Buttle 

1994). Pre-event water enters the stream slowly from persistent inputs such as 

groundwater and maintains streamflow in between precipitation events, whereas event 

water has typically been prescribed as water that contributes to hydrograph peaks during 

freshet and rainstorms. In the path of water to the stream, the opportunity for chemical 

reactions alters the strength and composition of certain dissolved ions, imparting pre

event water with a different chemical signature from the more dilute event water (Petrone 

et al. 2006). With regards to stable isotopes of water, snowmelt and rainwater may have
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distinct ratios compared with water residing in the catchment (Gat 1996). These distinct 

values and ratios allow for the use of CHS, which is a mass-balance approach that 

assumes conservative mixing to determine the amount of event water versus the amount 

of pre-event water contributing to the stream (Hinton et al. 1994). For this study, two- 

component CHS are performed from select chemicals and isotopes at the outlet of GB 

(Equation 2.3), and a comparison of results and their efficacy as a tracer assessed.

CHS literature has shown that the main component of streamflow is typically the pre

event (or groundwater) contribution (Bishop et al. 2004; Brown et al. 1999; Rodhe 1981, 

Sklash and Farvolden 1979; Uhlenbrook and Leibundgut 2000), even in northern 

catchments with varying amounts of snow and permafrost (Cooper et al. 1991, Laudon et 

al. 2004, McNamara et al. 1997, Obradovic and Sklash 1986). In GB, Carey and Quinton 

(2004; 2005) reported that rainfall water contributes less than 10% of stormflow in the 

summer, whereas meltwater accounts for approximately 20% of freshet water. Carey and 

Quinton (2004) for freshet cite a displacement mechanism that pushes old water out of 

soils as new water enters. This study advances that of Carey and Quinton (2004) in that it 

utilizes additional tracers to compute CHS, shedding light on the robustness of the 

method and the underlying assumptions commonly used. In addition, it provides valuable 

multi-year data for CHS, which has not previously existed in permafrost environments 

where inter-annual variability in hydrological fluxes is often large (Carey and Woo 

1999).
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4.3 Results 

4.3.1 Climate

Air temperature was taken from the CR10X datalogger panel temperature situated at 

GB01  monitoring station (photo shown in Figure 3.4, and data in Figure 4.1). While this 

is not a precise measure of air temperature, comparison with a weather station from 

previous years displays the same trend, and indicates an average error of 5°C. 

Precipitation measurements for the Whitehorse area were obtained from the Environment 

Canada weather station at the Whitehorse Airport (Figure 4.2), which may underestimate 

precipitation in the basin by approximately 25%. It is important to note that, on average, 

air temperature is between 5 to 10°C cooler at G B0 1 than the Whitehorse Airport, and 

many of the precipitation events recorded as rain at Whitehorse fell as snow in GB.

Air temperature gradually rose after the onset of the study, with two notable large 

decreases in average daily air temperature during the freshet period on 28 May (0°C) and 

5 June (2°C), and large warming on 12 June (15°C), the warmest day of the study season.

There were three precipitation events under 5 mm during freshet, on 3, 15, and 17 June, 

and one just over on 27 May (6.4 mm). Snow measurements from Whitehorse airport 

data were negligible, although rain recorded until 19 May was observed as snow in GB. 

Rain recorded on 5 June was observed as slushy snow in GB, and slushy snow observed 

on 24 May in GB was not recorded at all at Whitehorse Airport. The largest precipitation 

event of the season was 23 mm on June 28. In total, 74 mm of precipitation was recorded 

at Whitehorse during the study period.
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Figure 4.1: Temperature measurement from CR10X data logger panel at GB01.
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Figure 4.2: Precipitation measured from Environment Canada weather station at 
Whitehorse airport, approximately 15 km north of the study site.
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4.3.2 Snowmelt

Snow water equivalent (SWE) is the depth of water, expressed in mm, that exists within 

the snowpack. SWE was measured using a calibrated Mount Rose snow core every five 

depth measurements at the same points along transects 1-5. Figure 4.3 illustrates the 

average decrease in depth (4.3a) and SWE (4.3b) throughout the season.

Snow depth decreases gradually from the beginning of the measurement season on 9 May 

to 6 June (Figure 4.3a), when all snow along the transects was gone. It is important to 

note that the transects placed in the basin (Figure 3.4) were all placed downstream of 

station GB 02, so when measurements record zero, there was still snowpack higher in the 

basin. SWE measurement on 20 May increased from 148 to 160 mm (Figure 4.3b) which 

was caused by a 2.5 mm precipitation event on 19 May (Figure 4.2). Following this SWE 

rapidly declined, indicating that in the lower basin the majority of melt occurred in the 

short period between 20 May and 6 June. There were no other significant precipitation 

events during the snowmelt season.
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Figure 4.3: (a) Snow depth and (b) SWE for transects 1 to 5 during melt with standard 
deviation error bars displayed.

4.3.3 Discharge

Discharge was measured at GB_01 from 5 May to 25 July using both salt dilution and the 

stage-discharge relationship (Figure 4.4). The term freshet is used to describe the period 

of rapidly increased discharge in the creek following snow and ice melt. The spring 

freshet can som etim es last several w eek s, and is defined here as the 19 M ay to 20 June 

period when strong diurnal patterns in streamflow were no longer observed (Figure 4.4). 

At the onset of the study, discharge was approximately 10 L s' 1 as determined from 

under-ice measurements via salt dilution. Beginning on 19 May, the channel at GB 01
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became ice free and discharge rapidly increased over 10 days to approximately 431 L s'1 

on 29 May, and is seen as the first peak in Figure 4.4. The second peak was on 5 June at 

425 L s'1 and the final on 12 June at 452 L s '1. After the third peak, flow began to decline 

and diurnal fluctuations became dampened continuously until 28 June when a large 

rainstorm of 23.4 mm resulted in a large increase in streamflow to freshet levels. 

Following this, streamflow again declined with minor increases from episodic rainfall. At 

the end of the study period on 31 July, discharge was approximately 200 L s '1.
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Figure 4.4: Discharge at GB01 as measured by salt dilution and a stage-discharge 
relationship.

4.4 Freshet Hydrochemistry

Figure 4.5 illustrates the increase in Cl' at GB01  during the beginning of the freshet 

period, and the subsequent peaks in mass throughout the season. Meltwater (new water) 

has a higher Cl" concentration than exists in streamflow prior to melt, as the main source
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of Cl' is meteoric deposition. Prior to melt, Cl' was approximately 0.1 m gL'1 with the 

exception of an anomalous spike on 9 May of 0.40 mg L'1. On 14 May, Cl' started to rise 

and peaked on 21 May at 0.61 mg L'1. Cl" declined by 5 June, which is before the end of 

freshet, but coincides with the time when much of the basin is snow-free. After the 

gradual decline to baseflow levels, there were three notable peaks on 10, 12 June, and 18 

July of 0.33, 0.29, and 0.30 mg L'1, respectively. There was a smaller peak at GB 01 of 

0.12 mg L'1 on 25 June.
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Figure 4.5: C f sample results from GB 01 for the measurement period.

Figure 4.6 shows the 15-minute measurement of SpC at GB 01 during the study period. 

Before snowmelt, values at GB 01 were between 80 and 86 pS cm'1 until melt when 

values dramatically declined. There were three principal minima associated with 

snowmelt dilution of stream water, the first was 13.6 pS cm' 1 on 18 May, then the lowest
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value of 12.1 pS cm'1 on 3 June, followed by another dip on 11 June with 14.2 pS cm'1. 

Readings increased until another dip on 29 June of 22.0 pS cm'1, which was associated 

with a rainfall event, then gradually increased from 30 to 50 pS cm'1 as the summer 

progressed.
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Figure 4.6: 15-minute SpC measurements at GB_01.
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4.5 Stable Isotopes

Stable isotopes of water (oxygen 18, lsO; and deuterium, 2H) were measured in 

conjunction with Cl' and SpC. Isotope data is presented in Appendix C, and pre-event and 

event values are presented in Table 4.1. The unique capacity of isotopes to undergo 

fractionation (as discussed in Chapter 2) results in different sources of water having a 

distinct isotopic signature, as groundwater becomes more enriched from evaporation or as 

the snowpack melts and refreezes during the winter. Early season snowpack water from 

the same location was used in this study to minimize the amount of spatial and temporal 

variability. McCartney et al. (2006) reported that snowpack variability for stable isotopes 

was greater than intra-basin variability, regardless of elevation or distance form large 

water bodies. Figures 4.7 and 4.8 of 8180  and 82H measurements show a depleted (more 

negative) signal during freshet, dropping to the lowest value on 25 May, then returning to 

the baseflow levels by 9 June.

The baseflow values from 5 - 1 1  May of S180  remain around -21.3%o before dropping to 

the lowest value on 25 May, which is -22.95%o. 8lsO values then become less depleted 

and return to the baseflow level, coinciding with snowmelt in the basin. There are a 

greater number of samples for the pre-freshet period (5 to 14 June), and is shown by the 

denser cluster of sampling points at that time. Still, the range of values in this timeframe 

remains betw een -21.32 to -21.86%o. Post-freshet, S 180  ranged from -20.94 to -21.4%o, 

and the range for the entire sampling period was between -2 1 .01%o and -22.95%o
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Figure 4.7: 8180  values from automated station locations along Granger Creek.

82H results show the same overall trend as 8lsO, although the post-freshet values are less 

depleted than the baseflow component overall. The range of baseflow measurements is -

169.02 and -169.53%o, then drops rapidly to the lowest value on 25 May, of -181.45%o. 

The rapid rise in values after this date show a less depleted signature than baseflow. 

Values from 5 June to 14 June (pre-freshet period) displayed a higher spread, and ranged 

from -1 64 .76  to -169.45%o. Post-freshet, 82H values ranged from -164 .04  to -165.54%o, 

with an overall range of -1 64 .04  to 181.45%o. The range of 82H values is much greater 

than that o f  8 180 .
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Figure 4.8: 5 H values from automated station locations along Granger Creek.

4.6 Selection o f End Members for Chemical Hydrograph Separation (CHS)

In this study, the tracers used for CHS are S180 , 82H, Cf, and SpC, with end-members 

presented in Table 4.1. Of these, the most commonly used natural tracers for snowmelt 

are 8lsO and 82H (Brown et al. 1999, Buttle 1994, Hinton et al. 1994, Gibson et al. 1993; 

2005, Rice and Homberger 1998, Rodgers et al. 2005) as they are ubiquitous and for 

snowmelt, conservative, and typically provide a distinct pre-event and event water signal. 

As discussed in Chapter 2, the value of the pre-event water must be significantly different 

than the event-water value to be used for a successful CHS. For snowmelt, this is 

typically satisfied as meltwater is depleted compared with groundwater (Gat 1996), as 

groundwater has been subject to evaporation. C1‘ is another ion commonly used in CHS 

as it is present in precipitation and groundwater and has limited chemical interaction with 

plants and soils (Dingman 2002, Ogunkoya and Jenkins 1991, Rice and Homberger 1998,
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Uhlenbrook and Hoeg 2003). Unlike other chemical species, Cl' often has a greater value 

in precipitation than groundwater as a significant source of Cl' is airborne sea salt that is 

incorporated into precipitation upon condensation. Specific conductance, SpC, while not 

strictly conservative, is a measure of the ionic strength of the water and has been used in 

permafrost environments as a tracer (McNamara et al. 1997) and in GB for summer 

rainstorms (Carey and Quinton 2005). Because specific conductivity measures the 

electrical conductivity of water, it is a good indicator of ionic activity and concentration 

which is largely dependent upon ion mass, however, elements whose ionic forms 

contribute to the measurement may not all be conservative (Rodhe 1991).

8lsO 82H Cl SpC
Pre-Event Value -20.94 -164.04 0.05 87.0

(Lowest value 
from baseflow) 7-  0.03 %o 7-  0.36 %o 7-  0.09 mg L'1 7-  0.02 pS cm'1

Event Value -24.26 -186.16 1.06 2 . 0

(Average snow) 7-  1.71 %o 7-  13.7 %o 7-  1.45 mg L'1 7-  1.41 pS cm"1

Analytical Error 
(from split 
samples)

7-  0.008 %o +/- 0 . 0 0 2  %o 7-  0.065 mg L'1 7-  1.000 pS cm'1

Table 4.1: Pre-Event and Event water values with relative error for each measurement for 
the four hydrographs presented below. Error values for SpC reading are taken from 
published error of measurement device.

The pre-event contribution was taken as the lowest value of the selected tracer to reflect 

baseflow, which is a common practice as it is difficult to obtain an accurate old water 

chemical signature due to spatial heterogeneity (McNamara et al. 1997). This procedure 

also ensures that pre-event water will not exceed 100% of the streamflow. Event water 

was taken as the average measurement of snow water from the early-season snowmelt 

between 9 and 24 May on the north-facing slope. The late-season snowmelt water was 

not used in the calculation as the bulk of snowmelt had occurred and as melt progresses,
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the isotopic ratio of the meltwater changes due to increased molecular exchange with 

atmospheric water (Rodhe 1991). The stream water component was measured from water 

samples taken during the field season and, in the case of SpC, from the automated station 

at GB01.  Manual snow water measurements for SpC were taken with a handheld device 

that contained the same SpC probe as the automated station.

4.6.1 Chemical Hydrograph Separations (CHS)

Figures 4.9 and 4.10 present streamflow discharge and the four CHS determined via 

Equation 2.3 and utilizing the end members in Table 4.1 along with the streamflow 

hydrochemistry presented in Figures 4.5 through 4.8. While there are similarities among 

the stable isotopes and C f in terms of source water contributions and timing, SpC has a 

very different trend, which is closely coupled with streamflow discharge.

For 5180 , the event-water fraction prior to freshet in early May is approximately 13-20% 

of streamflow (Figure 4.9a, 4.10a). Just before the onset of freshet, new water begins to 

increase to approximately 26% on 18 May. By 20 May, new water as determined via 

5180  was 30% and rose to a maximum of 61% on 25 May while the discharge 

hydrograph was still ascending. At the point of peak discharge, new water accounted for 

approximately 46% of streamflow. There was a 6-day interruption in water sampling 

between 14 and 20 June, at which date new water had declined to values recorded near 

pre-freshet at approximately 6% of discharge. Despite two secondary peaks during 

freshet when flows were near peak levels, 5I80  values suggest that from then on, most of 

the water was displaced groundwater (pre-event water) as opposed to snowmelt (event) 

water (Figure 4.10a). Table 4.2 summarizes the total fraction of new and old water for the
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19 May to 20 June freshet period. For the freshet period, CHS with 8180  suggests that 

24% of water that entered the stream was snowmelt water, whereas 76% of the water was 

old water (groundwater) that existed within the catchment prior to melt.
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Figure 4.9: Stacked graphs of discharge, with a second line showing new and old water 
amounts as determined by a) Sl80 , b) 8 2H, c) Cl', and d) SpC
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Figure 4.10: New and old water fractions as determined by a) 8lsO, b) 82H, c) Cl', and d) 
SpC. Old water makes up the remainder of the fraction, i.e. new water + old water =1.0

New Water Old Water
5I80 24% 76%
82H 24% 76%
Cl 14% 86%
SpC 75% 25%

Table 4.2: Average New and Old water values for each tracer over the measurement 
period.
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It is expected that 82H separations would be very similar to S180  considering their 

incorporation within the water molecule (Gat 1996). However, there were notable 

systematic differences throughout the freshet period that were not associated with biases 

in the selection of end-members. New water was approximately 23% of streamflow prior 

to the onset of freshet (Figure 4.9b, 4.10b), suggesting that some snowmelt water within 

the basin had reached the basin outlet prior to a notable rise in the streamflow 

hydrograph. This new-water contribution increased to approximately 55% prior to the 

sudden hydrograph rise on 25 May, and then increased to 79% on 25 May, 4 days prior to

I o
peak discharge (Figure 4.10b). As with 8 O, values declined markedly between 14 June 

and resampling on 20 June. Following this, values of event-water decline to < 10 % of

•y
streamflow. For the freshet period, CHS with 8 H provides that 24% new water 

compared with 76% as old water (Table 4.2), which, despite differences, achieves the 

same weighted average as S180 .

Cl" CHS (Figure 4.9c, 4.10c) follow the same general trend as the isotopic tracers with 

increasing new water prior to freshet and decline thereafter. Despite one anomalous value 

of 35% on 9 May (Figure 4.10c), values of new-water contribution were < 10% until 14 

May when new-water rose to 19% and increased to a maximum value of 55% on 21 May, 

8 days prior to peak discharge on 29 May. Values of new water ranged from 

approximately 19 to 50% between 22 May and 29 May, and then declined to 

approximately 4% from 30 May to 4 June when sampling was interrupted. After 5 June, 

CHS with Cl" suggests new-water was < 10%, although there were two spikes -  10 June 

and 12 June, with 28% and 24%, respectively -  within the data that cannot be associated
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with streamflow or precipitation events. For the period 4 May to 20 June, CHS with Cl' 

indicates that new water contributed 14% of flow compared with 86% old water (Table

4.2).

New and old-water fractions determined with SpC (Figure 4.9d, 4.10d) are anomalous 

compared with the other three tracers, suggesting that most of the water for the freshet 

period is event-water. Prior to 19 May, event-water is < 10 % and then begins to show 

small diurnal trends rising steadily to 18% by 19 May when flows begin to rise 

significantly. Following this, SpC declines dramatically as the ionic concentration of the 

stream declines, and CHS provides event-water fraction as high as 88% on 3 June. 

Furthermore, unlike the other tracers, event-water contributions do not decline during the 

second and third flow peaks during freshet and values of new-water remain above 60 % 

for the later period of freshet when other tracers suggest a strong decline in new-water. 

Clearly, SpC follows an inverse trend to discharge, thus resulting in an event-water 

signature that is closely coupled to discharge. For the freshet period, CHS with SpC 

provides a new-water contribution of 75% and an old water contribution of 25% (Table

4.2).

4.6.2 Uncertainty

Determination of new and old water contribution to a basin is often unresolved, as errors 

included in the analysis are augmented by catchments that may have high temporal and 

spatial heterogeneity (Uhlenbrook and Hoeg 2003). This section discusses the errors 

associated with the CHS in section 4.6.1 based on the assumption that the parameter 

measured is a function of several components, each with uncertainty independent of the
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others (Generoux 1998). This uncertainty is quantified using the Gaussian standard error 

equation for two-component hydrograph separations (Generoux 1998):

W,fpe
C„ ~ C 7 CT C p 

(cp ~ ct ) 2
+

1

ic p ~ c >)
w„ [4.1]

Where W represents the uncertainty in the variable specified and C refers to the tracer 

concentration. The subscripts p, e, T, and /  refer to the pre-event component, event 

component, streamflow concentration, and fraction of total streamflow due to a 

component, respectively. The addition of these three parameters yields the uncertainty 

related to each separation analyzed.

For pre-event water (Cp), uncertainty was taken as the variance around the pre-event 

baseflow value prior to freshet. For the event-water (Ce), the standard deviation from the 

mean was calculated from the snowmelt water values, and for streamflow error (C7), 

error was estimated as the percentage deviation between sample replicates, or in the case 

of SpC, published analytical error was added to an estimated error to account for spatial 

and temporal variability of meltwater following Carey and Quinton (2004). Total error 

and their respective components are shown in Table 4.3.
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8lsO s2h Cl SpC
c p -20.94 -164.04 0.05 87.0
Wp 7-  0 . 0 0 2  %0 7-  0.05 %o 7-  0.69 mg L"1 7-  0.02 pS cm1
Ce -24.26 -186.16 1.06 2 . 0

We 7-  0.07 % 7-  0.07 %o 7-  1.37 mg L"1 7-  0.70 pS cm"1
CT Sample values Sample values Sample values G B 01 values
W t 7-  0 . 0 1  %o 7-  0 . 0 1  %o 7-0.01 mg L"1 7-  0.01 pS cm"1
Error 15.2% 5.7% 2525.3% 7.5%

Table 4.3: Values used in uncertainty analysis.

The b180  estimated error for the separation used is 15.2%, and 5.7% for 82H (Table 4.3). 

Error associated with the C1‘ separation is much higher at 2525.3%. Higher error values 

can be caused by small differences between the pre-event value and the streamflow value 

or between event and pre-event values, which both result in a small margin of error for 

separation analysis. Additionally, a high range in values for a tracer component will 

increase the uncertainty variable and will result in a higher error value. In this case, C f 

readings commit to all of these criteria. At times, the pre-event and streamflow values 

were similar. As well, pre-event values were all approximately 0.1 mg L' 1 except for one 

measurement of 0.4 mg L"1 on 9 May (Figure 4.5). The event value also had a large 

associated error, as the first snowmelt reading measured over 3 mg L"1, whereas the rest 

were below 0.5 mg L '1. One other source of error is precipitation during the melt period 

that differs from the groundwater signature. Rain was observed at GB on 19 May, and 

although the chemical composition is unknown, it is unlikely that it affected Cf readings 

without an effect on 5l80  and 82H. Error associated with the separation using SpC as a 

tracer is 7.5%, which is much closer to those of 8180  and 82H.
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4.7 Discussion

Snowmelt is the dominant hydrological and hydrochemical event in permafrost 

catchments, transferring much of the annual precipitation to the stream over a period of 

several weeks (Woo 1986). As observed in GB, a distinct hydrochemical signature is 

imparted to streamflow from snowmelt waters, which can be used along with CHS to 

assess the relative influence of event and pre-event water to streamflow. Snowmelt and 

runoff are not synchronous, as a notable rise in hydrograph occurred on 19 May, although 

> 70% of the SWE from the snow transects remained. This large volume of water must 

be stored within the catchment, either infiltrating into the soils or stored in surface 

depressions. However, before a notable rise in the hydrograph, streamflow 

hydrochemistry begins to change, particularly with regards to the stable isotopes and Cf, 

suggesting water is reaching the stream via deeper subsurface pathways despite only 

small responses in streamflow. Conversely, SpC begins to decline with the initial rise in 

streamflow. As SpC of meltwater changes with soil contact time, often dramatically 

during the initial period with mineral soils (Pilgrim et al. 1979), the decline in SpC 

suggests that meltwater is reaching the stream through near-surface pathways with little 

interaction with the mineral substrate.

Due to distinct isotopic Cl' and SpC signatures between snowmelt and pre-event water, 

two component CHS is a useful tool to evaluate the relative contributions of meltwater 

and water that previously existed within the catchment (Gibson et al. 1993; Laudon et al. 

2002; Taylor et al. 2002; Carey and Quinton 2004). Despite this, there is considerable 

variance in magnitude and timing of meltwater inputs across GB, and conclusions must
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be drawn with caution considering variability and the simplifying assumptions in this 

study. Despite differences in the absolute values, CHS suggests that for 5180 , 52H and Cl' 

, event-water began to rise prior to discharge, and then reaches its maxima before peak 

freshet and declines throughout the remainder of the freshet period. This initial rise in 

event-water fraction prior to peak freshet points to an initial breakthrough of stored 

meltwater that has likely accumulated in basin soils. Figure 4.4 indicates that 22-29 May 

is the period of peak melt, further supporting high event-water contributions at this time, 

despite only small increase in discharge. After this initial breakthrough, additional 

meltwater infiltrates, mixes and displaces water within catchment soils, resulting in a pre

event signal later in the freshet period. By 5 June, the transects (although not the entire 

catchment) are snow free, suggesting that most of the event-water has been transferred 

from the snowpack to the soils and additional inputs of water will mix with the rapidly 

thawing soils.

The SpC trend is anomalous to the other three tracers. Rice and Homberger (1998) 

outline three reasons as to why a multi-component study may result in disparate 

separations, where: 1) there is a problem with the hydrograph separation technique, 

where one tracer behaves non-conservatively; 2) sampling error occurred; and/or 3) data 

were not suitable for hydrograph separation, such that tracer concentrations from two 

components were too similar. It has been noted by a number of researchers (Carey and 

Quinton 2005; Pilgrim et al. 1979; Rodhe 1991) that SpC does not act conservatively in 

the environment and in certain cases may not a reliable new water end member. 

However, the extremely high event-contributions with SpC may, in part, be explained by
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runoff mechanisms in GB. Carey and Woo (2001) and Carey and Quinton (2004) suggest 

that during melt, the bulk of snow water is transferred to the stream through the near

surface unfrozen organic layer where it does not interact with frozen mineral soils at 

depth. If snowmelt infiltrates into the organic layer, its SpC would not significantly 

change as SpC from organic soil water is of similar ionic strength (Carey and Woo 2004). 

Any water that is displaced from the organic layer will have a low SpC, and although 

strictly speaking is "old water", will have a new water SpC signature. The fact that water 

from the mineral layer and organic layer have distinct SpC values (yet not S180 , 52H and 

Cf) suggest that two-component CHS hydrograph separation should not be used with 

SpC data in this environment. However, whereas 8lsO, 82H and Cf provide the sources of 

water, SpC is particularly valuable in elucidating the pathway of runoff.

Uncertainties associated with event and pre-event fractions of total streamflow are 

associated with systematic errors in the isotope and chemical signatures, and the 

estimated accuracies for separation components (Table 4.3) are similar to those reported 

by other researchers during snowmelt (Metcalfe and Buttle 2001; Laudon et al. 2004; 

Carey and Quinton 2004) with the exception of C f, which has error well beyond what is 

acceptable for CHS. Random errors associated with spatial variability are difficult to 

quantify and the assumption that only two reservoirs exist within a catchment at this scale 

is suspect. There have been relatively few, and conflicting, reports of hydrograph 

separation in a permafrost setting during melt (Obradovic and Sklash 1986; Cooper et al. 

1991; 1993; Gibson et al. 1993: McNamara et al. 1997; Metcalfe and Buttle 2001; Carey 

and Quinton 2004). Results from this study using 8lsO, 82H and Cf indicate that the bulk
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of meltwater delivered to the stream during freshet is old water that existed in the 

catchment prior to melt. Using S180  in the same area, Carey and Quinton (2004) 

estimated 21%, which compares well with results reported here and is within the range 

expected from natural variability. McNamara et al. (1997) in the Upper Kuparuk River 

basin in Alaska found that old water contribution was 68%, and Metcalfe and Buttle 

(2001) in central Manitoba reported 73% old water. Despite the role of frozen ground as a 

semi-impermeable barrier, meltwater is able to infiltrate, mix and displace pre-event 

waters; particularly in the organic layer.

The separations done with Sl80 , 82H and Cl' provide similar results despite the 

differences in tracer behaviour. The high relative error associated with the Cl- separation 

does not deem it as an appropriate tracer in this study. Additionally, it is assumed that the 

isotopic tracers used are more appropriate than SpC for this application based on the non

conservative nature of SpC and the similarity of .snow water value to that of shallow 

groundwater. For these reasons, the high temporal frequency of automated SpC 

measurements was not notes as an advantage over the five-day sampling interval of the 

rest of the water samples. In future studies, it may be prudent to collect higher frequency 

samples of tracers that are more conservative, such as isotopes of water.
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4.8 Summary

Several key findings from the CHS arose, including:

i. 6180  and 52H are appropriate tracers for 2-component CHS, giving values of 

86% old water. This conclusion is based upon the agreement of the two 

tracers in the amount of old water contribution and support in literature 

(Sklash and Farvolden 1979; Cooper et al. 1991; Lauden et al. 2004;).

ii. C f is not a suitable tracer due to the high relative error of 2525.3%, which 

indicates that there is not sufficient separation between end-members. This 

occurs despite the fact that C f returned similar results to the isotopic 

separation and would not be revealed without error analysis.

iii. SpC is not a suitable tracer for 2-component CHS because snowmelt water is 

not distinct from water in the organic layer. However it does provide evidence 

that flow through the organic layer is the principal method of runoff 

generation during melt; a conclusion that supports previous concepts of runoff 

generation.

iv. The rise in event-water contribution prior to peak freshet is associated with 

the main melt period. This is water that is infiltrating without mixing 

significantly with frozen/thawed soils and reaching the stream.

v. Once the snow is gone and ground thaw is occurring rapidly (as during peak 

freshet), there is ample opportunity for water to mix, or old water is displaced 

to the stream by infiltrating snow-water.
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5 Basin-Scale Runoff Controls

5.1 Introduction

Chapter 4 explored the use of chemical hydrograph separations (CHS) at the outlet of GB 

to elucidate the contribution of new and old water during freshet and assess the efficacy 

of commonly used isotopic and chemical tracers. It was found that the main snowmelt 

period coincided with the initial rise in the hydrograph and a pulse of new water, and the 

old water contribution to the stream increases once the snow melted and ground thaw 

commenced. This chapter explores the use of synoptic (spatial) sampling at regular 

spatial and temporal intervals along the stream channel in order to determine the relative 

flow contribution and runoff pathways in GB for the post-freshet (summer) period.

5.2 Geographical Source Analysis

Previous studies of stream hydrochemistry typically focus on water at the basin outlet, or 

at a specific measurement point, neglecting changes in water chemistry along the stream 

length. However, previous research has shown that intra-basin processes are highly 

variable, and that the basin physiography has a large impact upon runoff processes and 

pathways. For example, in a mountainous environment, both Welsch et al. (2001) and 

McGuire et al. (2005) demonstrate that flow path distance and gradient to the stream play 

an important role in water residence time. McGlynn and McDonnell (2003) highlight the 

role of the near stream (riparian) area as a major contributor to runoff in a wet 

mountainous catchment. In areas with frozen ground, soil frost inhibits percolation 

(Shanley et al. 2002; Laudon et al. 2004; Petrone et al. 2006), a process which is 

amplified in permafrost environments where deep drainage is significantly inhibited; 

resulting in near-surface flow pathways in both porous organic soils and preferential
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pathways (Quinton and March 1999; Carey and Woo 2000; Carey and Woo 2001b). 

Previous research in permafrost and most other environments on flow pathways and 

runoff mechanisms typically arises from small-scale plot and slope studies (i.e. 

Lewkowicz and Young 1990; Carey and Woo 1998; 1999; Quinton and Marsh 1999; 

Quinton et al. 2001; Spence and Woo 2003) or from measurement of hydrometric and 

hydrochemical characteristics at the basin outlet (Chacho and Bredhauer 1983; Cooper et 

al. 1991; Gibson et al. 1993; McNamara et al. 1997; Carey and Quinton 2004; 2005). 

However, these approaches are limited as at the slope and plot scale, it is difficult to 

extrapolate detailed findings to the entire basin because of large intra-basin variability 

(Carey and Woo 2001a). Conversely, studies of flows from the basin outlet, which are by 

far the most common in runoff hydrology, ignore intra-basin processes and treat the 

catchment as a homogenous unit.

In this chapter, a new approach is taken whereby hydrometric data is combined with 

other hydrochemical and water properties to explore directly the intra-basin variability in 

runoff hydrology. It borrows from the work in the Cairngorm Mountains in Scotland 

(Soulsby et al. 2004), and in Nanjing, China (Kendall et al. 2001), both of which provide 

a geographical picture of runoff, sacrificing temporal detail for an improved spatial 

picture. This approach is informally termed geographical source analysis.

5.2.1 C on tribu ting  A re a  R u n o f f

Discharge measured via current metering at GB 01, GB 02, GB 03 and GB 04 

throughout the post-freshet period (20 June to 25 July) showed that flows gradually 

increased downstream as would be expected, indicating that the stream is influent along
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its entire reach (Figure 5.1). Flows were at a maximum in June while snow was still 

present in the catchment and declined through 25 June, increasing on 30 June in response 

to a large precipitation event at the end of June (Figure 4.2). Following this, flows 

gradually declined throughout the summer. Stations GB 01, GB 02, and GB 03 were 

less than half on 24 July than they were on 14 June. Discharge measurements at GB 04 

did not commence until 7 July as the channel was ice-covered until this time. Although 

there is a continuous increase in flow downstream, the relative abundance of water at 

each station appears to change throughout the study period. For example, on 14 June, 

GB 02 had 82% of the GB 01 flow, whereas on 24 July, it had 89%. Alternatively, at the 

onset of measurement, GB 03 had 76% of GB_01 flows, whereas at the end on 24 July 

had only 38%.

300

250 -
GB_01 
GB_02 
GB_03 
GB 04

v "  2 0 0  -

50 -

June 10 June 20 June 30 July 9 July 19 July 29

Date
Figure 5.1: Manual discharge measurements from each of the stations post-freshet.
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In order to provide a spatial understanding of contributing areas to runoff in GB, the 

amount of water from each sub-basin was normalized for sub-basin area. Discharge at 

each sub-basin outlet was divided by the area of the sub-basin and converted to mm d'1 of 

runoff. For the dates before G B 0 4  was installed (14 to 30 June), the sub-basin to G B0 3 

was assumed to be the entirety of the basin above it. Figure 5.2 shows the contribution to 

discharge of each sub-basin. GB 01 runoff decreased in half from 4 mm d'1 on 14 June to 

2 mm d'1 on 20 June, then returned to 3 mm d'1 by 25 June. Runoff stayed just below 

2 mm d' 1 until the large spike of 3.5 mm d'1 on 18 July. Overall, the average runoff from 

GB 01 was 2 mm d '1. Weighted runoff at GB 02 remained below the other stations for 

most of the measurement period, starting below 1 mm d'1 and never increasing above 

2 mm d'1. The average runoff of 1 mm d"1 is the lowest of all stations. The highest runoff 

of over 4 mm d’1 was measured on 14 June at GB 03, which included both GB 03 and 

GB 04 areas. When measurements at GB 04 began, values dropped and reached a low of 

2 mm d'1 by 20 June then remained near 1 until the end of the season. The average runoff 

from GB_03 was just under 2 mm d '1, although it was markedly lower when GB 04 areas 

were not included. Runoff from GB-04 remained constant around 2 mm d'1 from 7 July 

through 18 July, until the last measurement on 24 July of 1 mm d’1. The average runoff 

from GB_04 was similar to that of the aggregated GB 03; just under 2 mm d '1. Overall, 

runoff from GB 02 was the only area to increase at the end of the season.
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Figure 5.2: Runoff normalized for sub-basin area. Note that GB 03 includes both GB 03 
and GB_04 areas prior to 7 July when GB 04 became ice-free.

5.2.2 Water Temperature

Water temperature is often used as a first-order estimate to discriminate areas where 

groundwater is contributing to the stream as it mitigates downstream temperature 

increases (Dunne 2002). Streamflow temperatures exhibit, on average, an increase in 

temperature downstream as the season progresses; with some notable divergences (Figure

5.3). Throughout the summer season, GB 04 is the coldest point, caused by its location 

near a perennial snowpack and consequent groundwater inflow. Higher temperatures at 

GB_H and GB I are due to the very shallow nature of the stream at these points. It is not 

until GB 04 that the stream forms a deep (> 20 cm) continuous channel. For the first 

three measurements (8, 14 and 19 July), temperatures rise from 2°C to almost 5°C 

between GB 04 and GB 03 and then remain steady or decline slightly to point B and 

then increase at GB 02 and once again decline slightly flowing downstream to GB 01.
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GB does not become systematically warmer as the season progresses. However, by 25 

July stream temperature is warmer at all locations. Warmer stream temperatures on 25 

July are likely associated with warming air temperature during this period.

oo_^
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"< Flow direction
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4

July 8 
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July 25

2
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C D GB3 E F GB4 HGB1 A GB2 B

Location
Figure 5.3: Water temperature measurements from each of the stations post-freshet.

5.3 Hydrochemical Observations

5.3.1 A n io n s  a n d  C ations

Major ions reported in this study for the post-freshet period above instrumentation 

detection levels are: Sodium (Na+), Potassium (K+), Magnesium (Mg+), Calcium (Ca+), 

Sulphate (SO 42 ), and Chloride (CF), which are the most common ions present in fresh

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 9

water systems (Jensen 2003). Figure 5.4 shows the time series of all measured ion 

concentrations by date at the sub-basin outlets. All ion data is presented in Appendices A 

and B. Values for Na+ range from 1.12 to 2.38 mg L'1 -  the lowest reported on 30 June at 

GB03,  and the highest on 19 July at GB 01. K+ values are in the range of 0.1 to 

0.47 mg L' 1 on 25 June at GB 03 and 19 July at GB_01, respectively. The range of Mg+ 

values are from 0.74 to 2.3 mg L'1. The lowest value is at GB 03 on 30 June, and the 

highest at GB_01 on 25 July. Values for Ca+ are in the range of 2.37 mg L'1 at GB 03 on 

30 June to 6.79 mg L'1 on 25 July at GB 01. SO42' values range from 1.38 to 3.85 mg L '1, 

on 30 June at GB 03 and 25 July at GB_02. Cl' values range from 0.05 to 0.3 mg L'1, the 

low value being at GB 01 on 20 June and the high at GB 01 on 19 July. Many ion 

readings on 19 July did not follow the trend of the other measurements. For example, at 

GB 01, Na+, K+, and Cl' have a large spike on 19 July, whereas there is a dip for the ions 

Mg+ and Ca+ on the same date. The Na+, Mg+, and Ca+ graphs display similar patterns for 

the four stations. The majority of high values were located at GB_01 for all species.

When presenting the ion data by location (Figure 5.5), there is a clear upstream drop in 

ion concentration for almost all measurements. The exception is Cl', where there is no 

discemable trend. Spatially, there is a spike of ion concentration at GB_04 in all cases, 

which is sometimes joined with a spike at GB_H at the end of the season. Including the 

samples from the additional stations, the range in values of Na+ is 0.08 to 2.47 mg L'1 at 

GB 03 on 30 June and at GB_H on 25 July. K+ values range from 0.01 to 0.47 mg L'1, 

the lowest at GB_E at 30 June, and the highest still at GB 01 on 25 July. Values for Mg+
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Figure 5.4: All ions measured by date in the basin.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

O)
E

 •-------- July 6
 o   July 14
 v July 19
 a   July 25

2.0  -

Flow direction
0.8 -

0.6  -

0.5

m
E

0.4 - 

0.3 - 

0.2 -  

0.1 -  

0.0

T“ 2 . 0  -

A —

o . . .

CD 1.5 - r '
b

+ 1 . 0  -o>
2 0.5 -

0.0

8 1
7 -

g  4 -
+ <o 3 -

O  2  - 
1 -

0 J

\

5

4  ------------ -A------------ A -------------A-

r - ~ - 1_i

A ------------- A -

2

1

0 -
0.35 -I 
0.30 - 

T 0.25 -
o> 0 .2 0  -
E 0.15 -

' o  0 . 1 0  -
0.05 - 
0.00 J

-*< Flow direction
/ /  X V o v

D GB3 GB4 HC E FGB1 A GB2 B

Location

Figure 5.5: All ions as measured downstream.
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range from 0.04 to 2.3, at GB_E on 10 June and at GB 01 on 25 July remains the highest. 

Ca+ values range from 0.17 mg L'1 at GB_E on 30 June, and the highest still at 

6.79 mg L'1 on 25 July at GB01.  SO42' ranges from 0.44 to 3.94 mg L'1 on 6 July at 

GB_I and at GB_A on 25 July. Cf values remain in the same range when the other eight 

are added to the graph, with 0.05 mg L'1 on 20 June at GB01 to 0.3 mg L'1 on 19 July at 

GB01.

Masses of ions present as measured by chemical analysis in the laboratory were totalled 

for each of the automated stations and normalized for discharge to illustrate the total 

accumulation of ions downstream in GB (Figure 5.6). This was completed by multiplying 

the discharge measured at a location by the sum of ions measured at a point. For example, 

GB01  discharge (L s '1) multiplied by mass of ions (mg L'1) results in a mass flux (mg s' 

') at each location.
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Figure 5.6: Mass flux of ions measured at the sub-basin outlets.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

The temporal trend is consistent among all sub-basins, although at different total masses. 

Total major ion mass flux at GB01 ,  GB02,  and GB 03  decrease from the first 

measurement point on 14 June until 25 June as freshet ends. Station GB01  starts at 

2397 mg s'1 at the beginning of the season, and decreases below 2000 mg s' 1 until 30 June 

and 6 July, when mass flux rises above 2000 mg s’1. The values then decrease to 

1363 mg s'1 by the end of the measurement period. Ion mass flux at G B 0 2  is 1789 mg s’ 

1 on 14 June, and decreases on 20 and 25 June to 1569 mg s’1 and 1025 mg s'1, 

respectively. Mass flux increases in the same fashion as GB01 on 30 June and 6 July to 

1605 mg s'1 and 1836 mg s'1, respectively. Values then decrease to 972 mg s'1 by the end 

of the measurement period. Ion mass flux at the start of the measurement period at 

G B 03  is 971 mg s'1, then decreases below 400 mg s'1 on 20 and 25 June. Ion mass flux 

increases to nearly 800 mg s'1 on 30 June and 6 July, then decreases to 299 mg s' 1 by the 

end of the season. The ion flux at G B 0 4  starts at 624 mg s' 1 on 6 July and steadily 

decreases to 259 mg s'1.

Spatially, ion mass flux increases downstream (from G B 0 4  to GB01).  The larger gap 

between G B 0 2  and G B 0 3  coupled with the smaller gap between G B 0 3  and G B 0 4  

demonstrates that GB_03 is supplying less mass of ions than the other sub-basins. For 

example, on 6 July, G B 0 2  makes up 85% of the ion mass of GB_01, whereas G B 03  is 

much lower with 37%, and G B 0 4  is 29%. The GB 03  sub-basin is dominated by 

permafrost and has largely small birch and moss/lichen vegetation compared with the 

higher willow/birch vegetation and decreased permafrost in G B 0 2  and GB01,  which in
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part explains the lower ion contribution from this sub-basin (McLean et al. 1999). GB_04 

has distinct characteristics as it is dominated by alpine vegetation, steep slopes, rock 

outcrops and the measurement point is located downstream of a perennial snowpack.

Sample data were combined with the area of the basin in order to get a weighted 

contribution of ion flux for each contributing sub-basin (Figure 5.7) expressed in 

mg s'1 km’2. Ion mass flux was divided by contributing area of the sub-basin (Figure 3.3 

and Table 3.2) at each of the stations to obtain the ion contribution by area. This 

measurement is used to evaluate the ion contribution normalized for each sub-basin area. 

At the beginning of the measurement period, the contribution in the GB01 sub-basin 

drops the most, from 552 mg s'1 km '2, then has the highest spike, to 715 mg s'1 km ’2. 

GB 02 varies throughout the season, but follows a general trend along with GB03.  

G B 0 3  is the lowest contributor of all the stations, despite starting the season just below

the concentration of GB02,  at 269 mg s' 1 km '2. G B 0 4  has high ion concentration

1 2throughout the study period, even higher than GB 01 on 6 July, with 297 mg s’ k m ' 

versus. 291 mg s’1 k m ’2 at GB 01. The gradual decline at GB 03 and GB_04 as the 

season progresses is opposite of the rise at GB 02 and GB 01. On 14 July, GB 01, 

GB 02, and GB 04 measure the same ion contribution.
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Figure 5.7: Major anions and cations normalized for sub-basin area.

5.3.2 Specific Conductance

Specific Conductance (SpC) is the ability of water to conduct an electrical current, 

calibrated to 25°C (Rodhe 1991). It is often used as a first-order estimate to evaluate 

areas of the basin that are contributing subsurface flow to the stream. SpC is related to the 

type and concentration of ions in solution and is used to approximate the dissolved-solids 

content of the water (McNamara et al. 1997). In the same fashion as the ion data, Figure

5.8 shows SpC by date, and Figure 5.9 by location.

The temporal trend of SpC measurements (Figure 5.8) is similar for stations GB01,  

GB02,  and GB03.  From the first measurement on 14 June, SpC increases until the peak 

for all three stations on 25 June. The values are 46, 44, and 26 pS cm'1 for GB01,
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GB_02, and GB03,  respectively. The following record on 30 June revealed > 50% 

decrease at the three stations, followed by a steady increase until 14 July, where the 

values at G B 0 3 began to decline. Values at GB 04 remain in the range of 36 pS cm'1 on 

25 June, to 31 pS cm'1 on 24 July. A similar trend is shown in these data as for the ion 

trend normalized for contributing area (Figure 5.7). SpC at G B 0 4  is anomalous as it 

does not follow the same temporal trend of the other three stations, and higher values 

than those of G B 0 3  are displayed. Additionally, SpC is greatest at GB01  followed by 

G B 0 2  and GB04.  The lowest vales of SpC, representing the water with the lowest ionic 

strength, occur at the G B 0 3  sub-basin outlet. SpC has an inverse relation with 

decreasing discharge, as summer periods of high flow correspond with low SpC. This 

highlights the diluting role of rainfall events on streamwater.
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Figure 5.8: Post-freshet SpC measurements at sub-basin outlets.
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SpC by location shows the temporal trend of increasing SpC as the season progresses, 

and a spatial trend of a general increase moving downstream. Measurements from 14 July 

are the most sporadic with respect to the other dates. The spatial trend is interrupted by 

high values at stations G B 0 4  for all four dates, and at GB_H on 8 and 14 July. The later 

measurements at GB_H, on 19 and 25 July, display SpC values over double those of the 

early season, and in line with the increase at GB04.  Lower values at GB I follow the 

declining trend of the other stations. The highest recorded value is 51 pS cm'1 at GB01 

on 25 July, and the lowest is 6 pS cm"1 at GB_I on both 6 and 14 July

60

50 - Flow direction

o .

July 8 
July 14 
July 19 
July  25

GB1 A GB2 B C D  GB3 E F GB4 H

Sampling Location 

Figure 5.9: Post-freshet SpC measurements by stream location.

5.4 Discussion

Most commonly, studies of runoff generation focus on the basin outlet, without 

examining intra-basin variability in both hydrometric and hydrochemical parameters. 

However, when examining intra-basin parameters, new information is obtained that may
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provide for conflicting views of current conceptual models of flow generation (i.e. 

Soulsby et al. 2004). For Granger Basin, Carey and Woo (2001b) and Carey and Quinton 

(2004; 2005) provide hydrometric and hydrochemical data which suggests that flow 

through the organic layer during melt dominates the freshet hydrograph, while deeper 

flow through the mineral soil atop permafrost dominates summer rainfall response. For 

all seasons, they hypothesized that runoff was controlled by permafrost-underlain areas, 

and that basin areas with only seasonal frost contribute little or no water to the stream. 

This paradigm has been applied to other subarctic environments (Petrone et al. 2006), yet 

data from this thesis presents evidence that this conceptual model of runoff generation, 

while perhaps applying at smaller scales such as the plot or the slope (Carey and Woo
•j

1998; 1999; Quinton et al. 2004), does not apply uniformly across the 7.6 km catchment.

By segmenting the basin into components based upon different elevations (and hence 

vegetation and permafrost zones), the differences in sub-basin responses are highlighted. 

With regards to streamflow, water accumulates in a systematic manner down the channel 

(Figure 5.1). However, when normalized for sub-basin area (Figure 5.2), the lowest 

elevation area (GB_01) of the basin, with presumably the least amount of permafrost, is 

contributing the most water. Conversely, the GB 02 sub-basin contributes little water on 

a square kilometre basis, the reasons for which are not clear, but may be related to the 

changes in vegetation which result in wetter areas being associated with taller willow 

vegetation that are predominant in GB 01 (McCartney et al. 2006). GB 03 and GB 04 

both contribute significant amounts of water to the channel, although there is some 

uncertainty associated with errors typical in the measurement of discharge. Regardless,
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all sub-basins contribute water to the stream, with the lowest elevation contributing the 

most. This contribution occurs despite the high presence of permafrost and perennial 

snowpack located in G B 0 3  and GB04,  respectively.

If all areas of the basin are contributing to flow, there are likely differences in flow 

pathways associated with differences in permafrost and the soil profile. In subarctic 

Alaska, it has been reported that areas with large amounts of permafrost have large 

hydrometric fluxes and low solute concentration as water travels in the organic soil atop 

permafrost to the stream. Conversely, in catchments with low permafrost disposition, 

infiltration and percolation allow water to enter mineral soils where ion exchange and 

chemical reactions occur (McLean et al. 1999; Petrone et al. 2006). In this way, 

catchments with significant permafrost coverage have more dilute water compared with 

catchments without permafrost (i.e. higher elevations, Figure 3.2).

While the total ion mass flux increases downstream, it does not occur in a systematic 

manner (Figure 5.6). When normalized for sub-basin area and flow, G B 0 3  contributes 

much less in terms of major ions compared with the other sub-basins (Figure 5.7). This 

supports the observations of McLean et al. (1999) and Petrone et al. (2006) regarding the 

perched flow pathways in permafrost soils. Despite contributing slightly less water than 

other sub-basins on average, it contributes dramatically less in terms of solutes. This is 

further supported by the SpC measurements (Figure 5.9) which show a strong dilution 

signal at the transition from sub-basin G B 0 4  to GB03.  Stream temperature (Figure 5.2) 

shows its greatest increase in sub-basin GB03,  which at first seems counter-intuitive
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considering the widespread presence of permafrost. However, water in the active layer is, 

on average, warmer than that of deep groundwater, which has temperatures near 0°C in 

this environment (Carey and Woo 2001b). In summary, geographic sampling of 

hydrometric and hydrochemical data reveals that the G B 0 3 sub-basin is dominated by 

supra-permaffost flow similar to that outlined as the dominant runoff mechanisms for this 

basin (Carey and Woo 2001b; Carey and Quinton 2004; 2005).

In contrast to GB03,  GB01 and G B 0 2  contribute a large amount of solutes to the 

stream while continuing to contribute water. The increase of ion mass (and SpC) 

downstream in GB01  and G B 0 2  with only a limited increase in stream temperature 

(Figure 5.2) suggest that deeper groundwater flow, or perhaps even intra and sub

permafrost groundwater (Woo 1986; van Everdingen 1990) are the predominant runoff 

mechanisms in these sub-catchments. The role of deeper groundwater in alpine 

environments remains an area of considerable uncertainty due to the lack of deep wells, 

and hence inferences must be made based on hydrochemical parameters (Hood et al.

2006). Evaluating the dominant runoff mechanisms operating in G B 0 4  is complicated 

due to the presence of ice in the channel until July, the lack of a deep defined channel, 

and the presence of a perennial snowpack and stagnant pond in the sub-basin. However, 

thin and rocky soils without a notable organic layer in this sub-basin results in normalized 

ion mass similar to GB01  and GB02,  suggesting that here again, groundwater and 

deeper flow is the predominant runoff pathway. Water temperature is a less useful 

variable in G B 0 4  due to the shallow nature of the channel and low flows which allow 

the stream to warm quickly.
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Unlike previous work in GB, this research casts considerable uncertainty as to the role of 

supra-permaffost water flowing through the organic and mineral layers, particularly in the 

summer period, as the predominant runoff mechanisms. The role of deeper groundwater 

in alpine and headwater systems in permafrost remains largely unstudied (van 

Everdingen 1990; Kane et al. 2006), yet data from the summer period of 2006 suggest it 

is potentially an important source of stream water, particularly baseflow. As individual 

summer storms were not studied (c.f. Carey and Quinton 2005), there is some uncertainty 

as to what role the different runoff mechanism play in stormflow generation.

5.5 Summary

Spatial sampling of stream hydrometric and hydrochemical revealed several new findings 

previously unreported in this environment. The addition of a geographic sampling 

approach with more traditional outlet-based methods is recommended to provide 

maximum understanding of flow systems in this, and most likely other, environments. 

Key findings include::

i. The stream is influent along the entire length, accumulating water mass along 

all sub-basin reaches regardless of differences in permafrost and vegetation.

ii. The G B 0 3  basin supplies significantly less mass of ions, despite only 

slightly lower flow contributions. This suggests that runoff in this sub-basin is 

dominated by supra-permafrost flow through shallow organic soils, resulting 

in limited mixing with geologic material.

iii. Stream temperature and SpC are useful rapid measures of flowpath 

contributions to the stream. In areas without notable stream temperature
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increases, deeper groundwater flow acts to cool water temperatures. In areas 

of the basin with supra-permafrost flow, SpC is less than areas where 

groundwater flow predominates,

iv. Unlike previous studies (Carey and Woo 2001b; Carey and Quinton 2004; 

2005; Quinton et al. 2005), deep groundwater is identified as a significant 

source of flow to the stream during the summer period. Whereas previous 

studies have identified permafrost regions and zones of major runoff 

contribution, data from this thesis suggests that flow pathways above 

permafrost, and deeper regional flow beneath, both control streamflow. The 

exact deep flow mechanisms are difficult to resolve due to the lack of deep 

wells and a detailed subsurface map of permafrost thickness.
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6 Conclusions

This study examined the sources and pathways of runoff generation in a 7.6 km

subarctic basin using chemical hydrograph separations (CHS) and spatially distributed

water sampling. The comparison of end members for CHS during melt revealed that the

18nature of tracers used is likely more important than the measurement frequency. 8 O, 

82H, and Cl' samples were taken at intervals greater than 1 day, whereas SpC 

measurements were recorded every fifteen minutes throughout the measurement period.

i  o

8 O, 8 H, and Cl’ all indicated old water dominance of greater than 75% overall, while 

SpC was opposite with new water contribution of 75% for freshet. The use of Cl' as a 

tracer is suspect due to the large error associated with the separation, caused by small 

differences in component concentrations, although values compare well with isotopic 

separations. Additionally, SpC does not behave as a conservative tracer during melt as 

water within the organic layer and mineral layer (both classified as old water) have very 

different SpC values (Carey and Quinton 2004), with organic layer water having values 

near that of snow. However, SpC data does provide evidence that freshet runoff is largely 

dominated by the displacement of old water flowing through the organic layer, an 

observation supported in the literature (MacLean et al. 1999; Quinton and Marsh 1999; 

Carey and Woo 2001a; Metcalfe and Buttle 2001; McCartney et al. 2006).

Peak freshet was delayed from the main melt period by approximately two weeks. New 

water contributions to the stream were greatest during the main melt period, not peak 

freshet; suggesting that meltwater at this time is reaching the stream rapidly through 

surface and near-surface pathways. After snowmelt and as the ground thawed,
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percolation is no longer restricted and old water contribution to streamflow increased as 

meltwater displaces soil and groundwater within the soil (primarily within the organic 

layer).

Following freshet, a spatially-distributed flow and hydrochemical analysis took place 

during the summer months. Segregating the basin into four sub-basins and normalizing 

discharge and ion flux for area revealed that runoff volume in the basin was not 

determined by permafrost extent, although runoff chemistry was affected by the presence 

of permafrost and the runoff mechanism. In areas of the basin underlain with significant 

permafrost, water had little opportunity to percolate and mix with geologic media 

resulting in relatively dilute waters. Conversely, in areas where deeper flow paths 

predominated, a larger mass flux of ions to the stream occurred. Unlike previous research 

in this environment (Carey and Woo 2001a; Carey and Quinton 2004, 2005; Quinton et 

al. 2004), spatial sampling suggests that deep groundwater is a significant contributor to 

streamflow in the summer months, and that the current conceptual system of permafrost- 

underlain areas controlling runoff generation (c.f. Slaughter and Kane 1981; Carey and 

Woo 2001a) needs to be revisited, particularly for alpine environments.

In summary, the spatially distributed sampling approach coupled with hydrograph 

separations at the stream outlet provide insight into basin functioning not previously 

explored. Notable advances are that only isotopic tracers are appropriate common end- 

members for CHS during freshet, and that synoptic methodology provides an extremely 

useful tool to look inside the “black box” of the catchment. It is suggested that future
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research in runoff hydrology strive to combine traditional basin-outlet measures with 

frequent spatial sampling. However, logistical constraints in cold-regions make this 

proposition challenging. Future research in this environment should focus on the use of 

stable isotopes in the summer to discern if there are significant differences in signatures 

among sub, intra and supra-permafrost groundwater.
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Appendix A -  Anion Data

Location Type Date Sampling Time Chloride (mg/L) Sulphate (mg/L)
GBOl Creek 4-May 1036 0.09 5.13
GBOl Creek 5-May 1256 0.09 5.03
GB 01 Creek 6-May 1030 0.1 5.08
GBOl Creek 7-May 1134 0.1 5.08
GBOl Creek 7-May 1135 0.11 5.03
GBOl Creek 8-May 1044 0.12 5.08
GBOl Creek 9-May 1205 0.4 5.04
GBOl Creek 10-May 1056 0.1 5.1
GBOl Creek 11-May 1135 0.11 5.05
GBOl Creek 12-May 1120 0.12 5.1
GBOl Creek 13-May 1111 0.13 5.09
GBOl Creek 14-May 1127 0.24 4.94
GBOl Creek 18-May 1425 0.36 4.62
GBOl Creek 19-May 1120 0.53 4.42
GBOl Creek 20-May 1106 0.48 3.58
GBOl Creek 21-May 1135 0.61 3.68
GBOl Creek 22-May 1104 0.48 2.69
GBOl Creek 24-May 1055 0.56 1.71
GBOl Creek 25-May 1139 0.32 1.23
GBOl Creek 26-May 1038 0.24 0.85
GBOl Creek 27-May 1145 0.35 0.67
GBOl Creek 28-May 1229 0.26 0.65
GBOl Creek 29-May 1143 0.3 1.38
GBOl Creek 5-Jun 1441 0.09 1.66
GBOl Creek 6-Jun 1045 0.09 2.03
GBOl Creek 7-Jun 1009 0.1 2.27
GB 01 Creek 8-Jun 948 0.15 2.49
GBOl Creek 9-Jun 1131 0.11 2.24
GBOl Creek 10-Jun 1134 0.33 2
GBOl Creek 11-Jun 1012 0.08 1.34
GBOl Creek 12-Jun 1056 0.29 1.88
GBOl Creek 13-Jun 1117 0.06 1.62
GBOl Creek 14-Jun 1035 0.07 2.02
GBOl Creek 20-Jun 1442 0.05 3.18
GBOl Creek 25-Jun 1421 0.12 3.58
GBOl Creek 30-Jun 1303 0.06 2.72
GBOl Creek 8-Jul 1019 0.05 3.19
GBOl Creek 14-Jul 941 0.07 3.35
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Location Type Date Sampling Time Chloride (mg/L) Sulphate (mg/L)
GB_01 Creek 19-Jul 930 0.3 3.49
GBOl Creek 25-Jul 1012 0.11 3.76

GB_A Creek 7-Jun 1442 0.11 2.47
GB_A Creek 10-Jun 1712 0.31 0.8
GB_A Creek 14-Jun 1020 0.07 1.98
GB_A Creek 20-Jun 1412 0.09 3.28
GB_A Creek 30-Jun 1417 0.15 2.68
GB_A Creek 8-Jul 1038 0.06 3.16
GB_A Creek 14-Jul 1012 0.05 3.42
GB_A Creek 19-Jul 942 0.09 3.63
GB_A Creek 25-Jul 1036 0.05 3.94

G B 0 2 Creek 6-Jun 1436 0.11 2.11
G B 0 2 Creek 7-Jun 1531 0.12 2.44
G B 0 2 Creek 8-Jun 1439 0.16 2.5
G B 0 2 Creek 9-Jun 1418 0.08 2.19
G B 0 2 Creek 10-Jun 1651 0.35 0.71
G B 0 2 Creek 11-Jun 2025 0.07 0.86
G B 0 2 Creek 12-Jun 1009 0.27 1.76
G B 0 2 Creek 13-Jun 1025 0.07 1.49
G B 0 2 Creek 14-Jun 944 0.09 1.95
G B 0 2 Creek 20-Jun 1326 0.08 3.22
G B 0 2 Creek 25-Jun 1446 0.06 3.63
G B 0 2 Creek 30-Jun 1800 0.07 2.37
G B 0 2 Creek 8-Jul 1101 0.06 3.2
G B 0 2 Creek 14-Jul 1042 0.05 3.38
G B 0 2 Creek 19-Jul 953 0.05 3.6
G B 0 2 Creek 25-Jul 1056 0.06 3.85

GB_B Creek 7-Jun 1621 0.08 2.32
GB_B Creek 10-Jun 1638 0.29 0.62
GB_B Creek 14-Jun 933 0.07 1.72
GB_B C re e k 2 0 -J u n 1241 0 .0 7 3 .1 4

GB_B Creek 25-Jun 1541 0.08 3.68
GB_B Creek 30-Jun 1539 0.06 2.32
GB_B Creek 6-Jul 1121 0.09 3.14
GB_B Creek 14-Jul 1108 0.06 3.34
GB_B Creek 19-Jul 1007 0.08 3.55
GB_B Creek 25-Jul 1113 0.09 3.93
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Location Type Date Sampling Time Chloride (mg/L) Sulphate (mg/L)

GB_C Creek 10-Jun 1447 0.12 0.77
GB_C Creek 14-Jun 923 0.08 1.68
GB_C Creek 20-Jun 1231 0.17 3.08
GB_C Creek 25-Jun 1555 0.07 3.6
GB_C Creek 30-Jun 1553 0.07 2.16
GB_C Creek 6-Jul 1137 0.06 3.02
GB_C Creek 14-Jul 1120 0.09 3.24
GB_C Creek 19-Jul 1016 0.12 3.47
GB_C Creek 25-Jul 1124 0.08 3.81

GB_D Creek 10-Jun 1531 0.18 0.65
GB_D Creek 14-Jun 909 0.08 1.54
GB_D Creek 20-Jun 1221 0.13 2.87
GB_D Creek 25-Jun 1611 0.07 3.42
GB_D Creek 30-Jun 1604 0.09 1.94
GB_D Creek 6-Jul 1151 0.11 2.83
GB_D Creek 14-Jul 1134 0.07 3.01
GB_D Creek 19-Jul 1030 0.07 3.24
GB_D Creek 25-Jul 1139 0.07 3.65

G B 0 3 Creek 10-Jun 1550 0.09 0.42
G B 0 3 Creek 11-Jun 1959 0.12 0.65
G B 0 3 Creek 12-Jun 905 0.07 0.89
G B 0 3 Creek 13-Jun 936 0.2 0.84
G B 0 3 Creek 14-Jun 833 0.07 1.1
G B 0 3 Creek 25-Jun 1641 0.07 2.36
G B 0 3 Creek 30-Jun 1622 0.06 1.38
G B 0 3 Creek 8-Jul 1207 0.18 2.13
G B 0 3 Creek 14-Jul 1148 0.06 2.34
G B 0 3 Creek 19-Jul 1040 0.06 2.46
G B 0 3 Creek 25-Jul 1218 0.1 2.68

GB_E Creek 24-Jun 1433 0.27 2 .3 2

GB_E Creek 30-Jun 1714 0.16 1.22
GB_E Creek 6-Jul 1245 0.09 2.11
GB E Creek 14-Jul 1243 0.15 2.31
GB_E Creek 19-Jul 1058 0.18 2.44
GB_E Creek 25-Jul 1239 0.1 2.7
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Location Type Date Sampling Time Chloride (mg/L) Sulphate (mg/L)

GB_F Creek 24-Jun 1501 0.09 2.38
GB_F Creek 30-Jun 1714 0.09 1.13
GB_F Creek 6-Jul 1245 0.08 2.14
GB_F Creek 19-Jul 1109 0.08 2.4
GB_F Creek 25-Jul 1252 0.08 2.63

G B 0 4 Creek 24-Jun 1526 0.08 2.3
G B 0 4 Creek 30-Jun 1742 0.13 3.6
G B 0 4 Creek 8-Jul 1324 0.18 3.61
G B 0 4 Creek 14-Jul 1311 0.08 2.76
G B 0 4 Creek 19-Jul 1119 0.09 3.5
G B 0 4 Creek 25-Jul 1304 0.15 3.69

GB_H Creek 8-Jul 1335 0.09 0.62
GB H Creek 14-Jul 1335 0.12 0.95
GB_H Creek 19-Jul 1125 0.1 1.57
GB_H Creek 25-Jul 1315 0.06 2.1

GB_I Creek 8-Jul 1400 0.19 0.44
GB_I Creek 14-Jul 1346 0.07 0.44
GB_I Creek 19-Jul 1135 0.1 1.22
GB_I Creek 25-Jul 1326 0.15 0.51

Trans#4 Snow 9-May n/a 3.24 0.28
Trans#4 Snow 14-May n/a 0.26 0.09
Trans#4 Snow 20-May n/a 0.38 0.07
Trans#4 Snow 24-May n/a 0.37 0.03

Gauge Rain 8-Jul n/a 0.22 0.4
Gauge Rain 14-Jul n/a 0.19 0.97
Gauge Rain 25-Jul n/a 0.23 0.59

Lcn A Ground 30-Jun 1300 0.15 1.3
Lcn A Ground 3-Jul n/a 0.12 1.13
Lcn A Ground 8-Jul n/a 0.18 1.1
Lcn A Ground 14-Jul n/a 0.11 1.12
Lcn A Ground 19-Jul n/a 0.11 1.01
Lcn A Ground 25-Jul n/a 0.07 0.99
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Location Type Date Sampling Time Chloride (mg/L) Sulphate (mg/L)

Lcn B Ground 14-Jul n/a 0.73 0.84
Lcn B Ground 19-Jul n/a 0.46 0.73
Lcn B Ground 25-Jul n/a 0.05 0.75

NW Lake 14-Jun 1401 0.11 1.6
NW Lake 19-Jul 1146 0.12 1.83
NW Lake 25-Jul 1338 0.28 2.36

Lcn 1 Soil 30-Jun 1900 0.37 2
Lcn 1 Soil 3-Jul n/a 0.13 1.32
Lcn 1 Soil 8-Jul n/a 2.2 7.48
Lcn 1 Soil 14-Jul n/a 0.6 3.72
Lcn 1 Soil 19-Jul n/a 0.26 3.19
Lcn 1 Soil 25-Jul n/a 0.2 2.86

Lcn 2 Soil 3-Jul n/a 0.17 0.86
Lcn 2 Soil 8-Jul n/a 0.85 3.89
Lcn 2 Soil 14-Jul n/a 0.19 2.52
Lcn 2 Soil 19-Jul n/a 0.13 2.48
Lcn 2 Soil 25-Jul n/a 0.14 2.53

Lcn 3 Soil 30-Jul n/a 0.36 1.8
Lcn 3 Soil 3-Jul n/a 0.17 1.38
Lcn 3 Soil 8-Jul n/a 1.97 6.83
Lcn 3 Soil 19-Jul n/a 0.93 5.72

Lcn 4 Soil 3-Jul n/a 0.52 3.17
Lcn 4 Soil 8-Jul n/a 7.46 18.62
Lcn 4 Soil 19-Jul n/a 6.38 9.62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9 9

Appendix B -  Cation Data

Sampling Sodium Potassium Magnesium Calcium
Lcn Type Date Time (mg/L) (mg/L) (mg/L) (mg/L)
GBOl Creek 4-May 1036 2.65 0.26 3.41 10.47
GBOl Creek 5-May 1256 2.62 0.28 3.51 10.94

GBOl Creek 6-May 1030 2.64 0.28 3.56 10.99
GBOl Creek 7-May 1134 2.57 0.27 3.54 10.75
GBOl Creek 7-May 1135 2.69 0.3 3.75 11.41
GBOl Creek 8-May 1044 2.62 0.31 3.54 10.86
GBOl Creek 9-May 1205 2.87 0.36 3.61 11
GBOl Creek 10-May 1056 2.71 0.31 3.72 11.25
GBOl Creek 11-May 1135 2.6 0.29 3.62 10.94
GBOl Creek 12-May 1120 2.71 0.33 3.75 11.3
GBOl Creek 13-May 1111 2.77 0.35 3.79 11.1
GBOl Creek 14-May 1127 2.61 0.48 3.73 11.26
GBOl Creek 18-May 1425 2.44 0.6 3.6 10.79
GBOl Creek 19-May 1120 2.6 0.8 3.73 11.15
GBOl Creek 20-May 1106 2.1 0.98 3.08 9.19
GBOl Creek 21-May 1135 2.15 1.07 3.11 9
GB_01 Creek 22-May 1104 1.62 1.24 2.34 6.89
GBOl Creek 23-May 1055 1.37 1.74 2.12 6.29
GBOl Creek 24-May 1139 1.27 1.83 1.95 5.75
GBOl Creek 25-May 1038 0.96 1.6 1.58 4.58
GBOl Creek 26-May 1145 0.69 1.51 1.23 3.64
GBOl Creek 27-May 1229 1.14 1.08 1.05 3.06
GBOl Creek 28-May 1143 0.95 0.89 0.97 2.88
GBOl Creek 29-May 1441 1.29 0.99 1.39 3.91
GBOl Creek 5-Jun 1045 1.16 0.38 1.25 3.63
GB 01 Creek 6-Jun 1009 1.27 0.35 1.46 4.29
GBOl Creek 7-Jun 948 1.42 0.38 1.54 4.61
GBOl Creek 8-Jun 1131 1.56 0.38 1.64 4.5
GBOl Creek 9-Jun 1134 1.46 0.34 1.48 4.47
GBOl Creek 10-Jun 1012 1.53 0.48 1.3 3.97
GBOl Creek 11-Jun 1056 1.03 0.24 0.71 1.45
GB 01 Creek 12-Jun 1117 1.43 0.45 1.25 3.3
GBOl Creek 13-Jun 1035 1.12 0.21 1.05 3.02
GBOl Creek 14-Jun 1442 1.3 0.21 1.23 3.69
GBOl Creek 20-Jun 1446 1.88 0.27 1.76 4.96
GBOl Creek 25-Jun 1421 2.08 0.35 1.92 5.82
GBOl Creek 30-Jun 1303 1.69 0.19 1.57 4.78
GB 01 Creek 6-Jul 1019 1.89 0.15 1.82 5.43
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Lcn Type Date
Sampling

Time
Sodium
(mg/L)

Potassium
(mg/L)

Magnesium
(mg/L)

Calcium
(mg/L)

GB_01 Creek 14-Jul 941 2 0.17 1.97 4.63
GB_01 Creek 19-Jul 930 2.38 0.47 1.41 2.69

GB 01 Creek 25-Jul 1012 2.24 0.22 2.3 6.79

GB_A Creek 7-Jun 1442 1.43 0.39 1.58 4.77
GB_A Creek 10-Jun 1712 1.32 0.27 0.62 2.01
GB_A Creek 14-Jun 1020 1.23 0.21 1.19 3.63
GB_A Creek 24-Jun 1412 1.79 0.24 1.65 5.12
GB_A Creek 25-Jun 1442 1.94 0.22 1.97 5.72
GB_A Creek 30-Jun 1417 1.75 0.26 1.49 4.62
GB_A Creek 6-Jul 1038 1.88 0.16 1.77 5.44
GB_A Creek 14-Jul 1012 1.9 0.15 1.89 5.82

GB_A Creek 19-Jul 942 2.03 0.15 1.98 6.07

GB A Creek 25-Jul 1036 2.16 0.18 2.26 6.78

G B 0 2 Creek 6-Jun 1436 1.22 0.35 1.37 4.14
G B 0 2 Creek 7-Jun 1531 1.37 0.33 1.52 4.03
G B 0 2 Creek 8-Jun 1439 1.47 0.37 1.47 4.27
G B 0 2 Creek 9-Jun 1418 1.31 0.3 1.32 4.06
G B 0 2 Creek 10-Jun 1651 1.28 0.3 0.56 1.82
G B 0 2 Creek 11-Jun 2025 0.72 0.18 0.67 1.44
G B 0 2 Creek 12-Jun 1009 1.13 0.24 1.11 3.13
G B 0 2 Creek 13-Jun 1025 0.99 0.19 0.9 2.75
G B 0 2 Creek 14-Jun 944 1.14 0.19 1.08 3.27
G B 0 2 Creek 20-Jun 1326 1.69 0.22 1.61 4.69
G B 0 2 Creek 25-Jun 1446 1.94 0.24 1.76 3.93
G B 0 2 Creek 30-Jun 1800 1.51 0.18 1.32 3.91
G B 0 2 Creek 6-Jul 1101 1.79 0.17 1.66 4.96
GB 02 Creek 14-Jul 1042 1.82 0.15 1.9 5.47
G B 0 2 Creek 19-Jul 953 1.92 0.32 2.07 5.47
GB 02 Creek 25-Jul 1056 1.99 0.2 1.9 4.38

GB_B Creek 7-Jun 1621 1.29 0.35 1.06 2.46
GB_B Creek 10-Jun 1638 1.21 0.23 0.47 1.57
GB_B Creek 14-Jun 933 1.09 0.23 0.57 1.21
GB_B Creek 20-Jun 1241 1.54 0.19 1.3 4.09
GB_B Creek 30-Jun 1539 1.38 0.17 1.06 3.42
GB_B Creek 6-Jul 1121 1.62 0.17 1.32 4.15
GB_B Creek 14-Jul 1108 1.64 0.15 1.39 4.41
GB_B Creek 19-Jul 1007 1.75 0.18 1.46 4.67
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Lcn Type Date
Sampling

Time
Sodium
(mg/L)

Potassium
(mg/L)

Magnesium
(mg/L)

Calcium
(mg/L)

GB B Creek 25-Jul 1113 1.88 0.19 1.63 5.15

GB_C Creek 10-Jun 1447 0.68 0.19 0.53 1.77
GB_C Creek 14-Jun 923 0.99 0.17 0.84 1.96
GB_C Creek 24-Jun 1231 1.59 0.26 1.24 3.96
GB_C Creek 25-Jun 1555 1.69 0.2 1.4 4.37
GB_C Creek 30-Jun 1553 1.37 0.17 0.95 3.16
GB_C Creek 6-Jul 1137 1.6 0.15 1.23 3.96
GB_C Creek 14-Jul 1120 1.63 0.2 1.31 4.26
GB_C Creek 19-Jul 1016 1.7 0.18 1.38 4.51
GB C Creek 25-Jul 1124 1.82 0.15 1.51 4.95

GB_D Creek 10-Jun 1531 0.74 0.26 0.47 1.62
GB_D Creek 14-Jun 909 0.95 0.17 0.76 2.05
GB_D Creek 24-Jun 1221 1.5 0.22 1.1 3.59
GB_D Creek 25-Jun 1611 1.55 0.18 1.2 3.93
GB_D Creek 30-Jun 1604 1.26 0.16 0.78 2.57
GB_D Creek 6-Jul 1151 1.54 0.18 1.07 3.59
GB_D Creek 14-Jul 1134 1.53 0.15 1.12 3.73
GB_D Creek 19-Jul 1030 1.57 0.17 1.17 3.91
GB D Creek 25-Jul 1139 1.62 0.16 1.22 4.12

GB03 Creek 10-Jun 1550 0.49 0.16 0.4 1.35
GB03 Creek 11-Jun 1959 0.69 0.22 0.48 1.19
GB03 Creek 12-Jun 905 0.74 0.14 0.59 1.78
GB03 Creek 13-Jun 936 0.83 0.18 0.53 1.74
GB03 Creek 14-Jun 833 0.87 0.14 0.62 1.99
GB03 Creek 25-Jun 1641 1.44 0.1 1.11 2.94
GB03 Creek 30-Jun 1622 1.12 0.14 0.74 2.37
GB03 Creek 6-Jul 1207 1.51 0.32 0.97 3.15
GB03 Creek 14-Jul 1148 1.41 0.14 1.01 3.18
GB03 Creek 19-Jul 1040 1.45 0.14 1.05 3.23
GB 03 Creek 25-Jul 1218 1.5 0.16 1.14 3.26

GBE Creek 24-Jun 1433 1.55 0.27 0.94 3.07
GBE Creek 30-Jun 1714 0.08 0.01 0.04 0.17
GBE Creek 6-Jul 1245 1.39 0.17 0.88 3.01
GBE Creek 14-Jul 1243 1.47 0.23 0.9 3.1
GBE Creek 19-Jul 1058 1.58 0.27 0.92 3.2
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Lcn Type Date
Sampling

Time
Sodium
(mg/L)

Potassium
(mg/L)

Magnesium
(mg/L)

Calcium

GB E Creek 25-Jul 1239 1.52 0.18 0.98 3.36

GB F Creek 24-Jun 1501 1.46 0.17 0.86 3.17
GB F Creek 30-Jun 1714 0.97 0.13 0.54 1.95
GB F Creek 6-Jul 1245 1.39 0.14 0.81 2.98
GB_F Creek 19-Jul 1109 1.37 0.14 0.82 3.1
GB F Creek 25-Jul 1252 1.44 0.14 0.86 3.23

GB 04 Creek 24-Jun 1526 1.3 0.15 0.83 3.03
GB 04 Creek 30-Jun 1742 1.79 0.24 1.26 4.16
GB 04 Creek 6-Jul 1324 1.83 0.3 1.23 4.1
GB 04 Creek 14-Jul 1311 1.38 0.16 0.9 3.24
GB04 Creek 19-Jul 1119 1.65 0.19 1.15 3.94
GB 04 Creek 25-Jul 1304 1.82 0.24 1.24 3.97

GB H Creek 8-Jul 1335 0.99 0.13 0.19 0.45
GB H Creek 14-Jul 1335 1.32 0.19 0.76 2.36
GB_H Creek 19-Jul 1125 2.05 0.19 1.53 4.1
GB H Creek 25-Jul 1315 2.47 0.14 1.99 5.03

GB I Creek 8-Jul 1400 0.66 0.17 0.16 0.41
GB I Creek 14-Jul 1346 0.7 0.11 0.25 1.02
GB I Creek 19-Jul 1135 1.5 0.14 0.65 2.13
GB I Creek 25-Jul 1326 1.47 0.23 0.86 2.73

Trans#4 Snow 9-May n/a 2.65 0.64 0.19 0.88
Trans#4 Snow 14-May n/a 0.26 0.24 0.08 0.41
Trans#4 Snow 20-May n/a 0.2 0.25 0.04 0.07
Trans#4 Snow 24-May n/a 0.2 0.31 0.02 0.06

Gauge Rain 24-Jun n/a 0.11 0.17 0.11 0.3
Gauge Rain 8-Jul n/a 0.12 0.42 0.14 0.33
Gauge Rain 14-Jul n/a 0.27 1.52 0.2 0.44
Gauge Rain 25-Jul n/a 0.13 2.24 0.23 0.51

Lcn A Ground 30-Jun 1300 3 0.37 1.7 4.91
Lcn A Ground 3-Jul n/a 3.09 0.42 1.73 5.69
Lcn A Ground 8-Jul n/a 3.11 0.42 1.82 6.09
Lcn A Ground 14-Jul n/a 2.97 0.39 1.73 5.86
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Lcn Type Date
Sampling

Time
Sodium
(mg/L)

Potassium
(mg/L)

Magnesium
(mg/L)

Calcium
(mg/L)

Lcn A Ground 19-Jul n/a 2.98 0.42 1.85 6.14
Lcn A Ground 25-Jul n/a 3.08 0.33 1.88 6.31

Lcn B Ground 14-Jul n/a 4.21 0.79 3.23 9.83
Lcn B Ground 19-Jul n/a 3.83 0.47 2.88 8.91
Lcn B Ground 25-Jul n/a 3.46 0.17 2.9 8.92

NW Lake 14-Jun 1401 0.95 0.13 0.36 1.35
NW Lake 19-Jul 1146 1.15 0.13 0.33 1.27
NW Lake 25-Jul 1338 1.4 0.34 0.34 1.39

Lcn 1 Soil 30-Jun 1900 5.93 1.3 2.33 6.92
Lcn 1 Soil 3-Jul n/a 4.41 0.79 2.05 6.03
Lcn 1 Soil 8-Jul n/a 2.98 2.49 2.86 6.94
Lcn 1 Soil 14-Jul n/a 2.54 0.61 1.55 3.52
Lcn 1 Soil 19-Jul n/a 2.48 0.48 1.16 1.94
Lcn 1 Soil 25-Jul n/a 2.47 0.44 1.5 2.73

Lcn 2 Soil 3-Jul n/a 3.49 0.74 1.49 3.72
Lcn 2 Soil 8-Jul n/a 2.26 1.18 2.02 4.64
Lcn 2 Soil 14-Jul n/a 1.84 0.55 1.52 3.43
Lcn 2 Soil 19-Jul n/a 1.76 0.38 1.48 3.36
Lcn 2 Soil 25-Jul n/a 1.81 0.38 1.48 3.36

Lcn 3 Soil 30-Jul n/a 4.06 1.4 2.22 4.82
Lcn 3 Soil 3-Jul n/a 2.93 0.84 1.77 4.08
Lcn 3 Soil 8-Jul n/a 2.05 4.99 2.67 6.6
Lcn 3 Soil 19-Jul n/a 2.32 4.1 1.98 5.1
Lcn 3 Soil 25-Jul n/a 2.61 4.54 1.75 4.66

Lcn 4 Soil 3-Jul n/a 3.41 2.64 1.96 5.4
Lcn 4 Soil 8-Jul n/a 3.8 4.15 4.97 11.42
Lcn 4 Soil 19-Jul n/a 6.31 5.92 2.48 6.19
Lcn 4 Soil 25-Jul n/a 3.81 2.86 1.99 4.72
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Appendix C -  Isotope Data

Location Type Date Sampling Time 82H x 1000 5180  x 1000
GBOl Creek 5-May 1256 -169.02 -21.33
GBOl Creek 8-May 1044 -169.53 -21.34
GBOl Creek 11-May 1135 -172.41 -21.38
GBOl Creek 14-May 1127 -172.03 -21.62
GBOl Creek 18-May 1425 -173.79 -21.8
GBOl Creek 19-May 1120 -173.6 -21.92
GBOl Creek 22-May 1104 -176.25 -22.43
GBOl Creek 25-May 1038 -181.45 -22.95
GBOl Creek 28-May 1143 -179.49 -22.8
GBOl Creek 29-May 1441 -177.16 -22.46
GBOl Creek 5-Jun 1045 -169.45 -21.5
GBOl Creek 6-Jun 1009 -165.61 -21.32
GBOl Creek 7-Jun 948 -165.82 -21.28
GBOl Creek 8-Jun 1131 -167.32 -21.59
GBOl Creek 9-Jun 1134 -168.04 -21.86
GBOl Creek 10-Jun 1012 -165.52 -21.43
GBOl Creek 11-Jun 1056 -166.4 -21.46
GBOl Creek 12-Jun 1117 -164.76 -21.53
GBOl Creek 13-Jun 1035 -169.25 -21.53
GBOl Creek 14-Jun 1442 -165.44 -21.5
GBOl Creek 20-Jun 1446 -154.9 -21.15
GBOl Creek 25-Jun 1421 -163.55 -21.18
GBOl Creek 30-Jun 1303 -165.54 -21.4
GBOl Creek 6-Jul 1019 -164.52 -21.1
GBOl Creek 14-Jul 941 -165.16 -21.3
GBOl Creek 19-Jul 930 -165.36 -20.94
GB 01 Creek 25-Jul 1012 -164.04 -21.27

GB_A Creek 7-Jun 1442 -166.87 -21.37
GB_A Creek 10-Jun 1712 -166.22 -21.4
GB_A Creek 14-Jun 1020 -166.86 -21.44
GB_A Creek 6-Jul 1038 -166.24 -21.08
GB A Creek 25-Jul 1036 -165.11 -21.16

GB02 Creek 6-Jun 1436 -165.23 -21.27
GB02 Creek 7-Jun 1531 -165.24 -21.41
GB02 Creek 8-Jun 1439 -166.95 -21.54
GB02 Creek 9-Jun 1418 -165.12 -21.74
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Location Type Date Sampling Time 82H x 1000 8lsO x 1000
GB02 Creek 10-Jun 1651 -164.56 -21.36
GB02 Creek 11-Jun 2025 -163.01 -21.55
GB 02 Creek 12-Jun 1009 -165.87 -21.45
GB02 Creek 13-Jun 1025 -165.67 -21.5
GB02 Creek 14-Jun 944 -164.15 -21.42
GB02 Creek 6-Jul 1101 -164.6 -21.02
GB 02 Creek 25-Jul 1056 -163.92 -21.16

GB B Creek 7-Jun 1621 -164.07 -21.31
GB_B Creek 10-Jun 1638 -164.44 -21.27
GB_B Creek 14-Jun 933 -167.28 -21.42
GB_B Creek 6-Jul 1121 -163.65 -21.11
GB B Creek 25-Jul 1113 -162.54 -21.18

GB C Creek 10-Jun 1447 -162.95 -21.25
GB_C Creek 14-Jun 923 -164.16 -21.34
GBC Creek 6-Jul 1137 -161.14 -21.16
GB C Creek 25-Jul 1124 -163.61 -21.29

GB_D Creek 10-Jun 1531 -165.69 -21.27
GB_D Creek 14-Jun 909 -167.67 -21.37
GB_D Creek 6-Jul 1151 -161.78 -21.13
GB_D Creek 25-Jul 1139 -163.95 -21.32

GB03 Creek 10-Jun 1550 -165.51 -21.32
GB03 Creek 11-Jun 1959 -163.85 -21.54
GB03 Creek 12-Jun 905 -168.41 -21.51
GB 03 Creek 13-Jun 936 -163.08 -21.54
GB 03 Creek 14-Jun 833 -167.44 -21.47
GB03 Creek 6-Jul 1207 -163.37 -21.02
GB 03 Creek 25-Jul 1218 -163.72 -21.14

GB E Creek 6-Jul 1245 -161.37 -21.16
GB E Creek 25-Jul 1239 -163.84 -21.1

GB_F Creek 6-Jul 1245 -161.77 -21.29
GB F Creek 25-Jul 1252 -161.52 -21.22

GB04 Creek 6-Jul 1324 -164.76 -21.01
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Location Type Date Sampling Time 82H x 1000 8lsO x 1000
GB 04 Creek 25-Jul 1304 -163.08 -21.15

GB_H Creek 8-Jul 1335 -163.68 -21.35
GB H Creek 25-Jul 1315 -160.89 -20.67

GB_I Creek 8-Jul 1400 -164.1 -21.47
GB I Creek 25-Jul 1326 -154.73 -19.32

Trans#4 Snow 9-May n/a -201.25 -26.24
Trans#4 Snow 14-May n/a -182.83 -23.81
Trans#4 Snow 20-May n/a -189.13 -24.81
Trans#4 Snow 24-May n/a -171.44 -22.18

Gauge Rain 30-Jun n/a -188.35 -23.86
Gauge Rain 25-Jul n/a -123.03 -14.27

Lcn A Ground 30-Jun 1300 -170.51 -22.14
Lcn A Ground 3-Jul n/a -167.86 -22.06
Lcn A Ground 8-Jul n/a -171.41 -22.13
Lcn A Ground 14-Jul n/a -169.12 -21.99
Lcn A Ground 19-Jul n/a -170.29 -21.9
Lcn A Ground 25-Jul n/a -168.5 -21.95

Lcn B Ground 14-Jul n/a -165.34 -21.7
Lcn B Ground 19-Jul n/a -166.34 -21.7
Lcn B Ground 25-Jul n/a -170.88 -21.8

NW Lake 14-Jul 1401 -161.42 -20.72
NW Lake 19-Jul 1146 -157.82 -20.21
NW Lake 25-Jul 1338 -158.37 -20.08

Lcn 1 Soil 30-Jun 1900 -168.37 -21.78
Lcn 1 Soil 3-Jul n/a -167.49 -21.77

Lcn 1 Soil 8-Jul n/a -161.14 -20.8
Lcn 1 Soil 14-Jul n/a -159.36 -20.81
Lcn 1 Soil 19-Jul n/a -160.5 -20.6
Lcn 1 Soil 25-Jul n/a -161.53 -20.62
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