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Abstract

In its 2010 General Plan, the City of Iqaluit identified the Niaqunguk River as a supplemental potable-water source. Knowl-

edge about subsurface flows, one of the major sources of water for rivers during the baseflow period, is still limited in per-

mafrost environments. Groundwater flow paths and their connections with surface water remain difficult to predict due to

the dynamic state of the active layer in the surrounding alluvial plain and under the river bed. This paper presents a detailed

methodology that aims to address the gap in knowledge about the interaction between subsurface flow and active-layer

thaw. During the 2016 summer thaw period, water levels were continuously recorded in 28 piezometers installed across a

hillslope-stream toposequence. By carefully analyzing piezometer water levels in response to rainfall inputs, it was possible

to identify preferential routing and storage of water across the hillslope, and to determine how the hydrological dynamics of

the study site responded to, or were associated with, the spatial-variable evolution of the frost-table topography. To deter-

mine the proportion of different water sources contributing to flows, a total of 148 water samples were collected from

groundwater wells, streamflow, lake water and rainfall for chemical analysis (i.e., electrical conductivity, stable isotopes in

water and dissolved organic carbon). End-member mixing analysis will be used to confirm the proportion of groundwater

and other sources (e.g., precipitation, surface runoff) contributing to streamflow. The results of this research will be used to

assess the relative importance of subsurface flow to Arctic river systems and to determine how anticipated climate-related

changes are likely to impact these systems.

Résumé

Dans son Plan général qui a paru en 2010, la communauté d’Iqaluit désignait la rivière Niaqunguk en tant que source d’eau

potable complémentaire. L’état des connaissances au sujet de l’écoulement souterrain de l’eau, soit une des principales

sources d’eau pour les rivières pendant la période de débit de base, est faible en ce qui a trait aux milieux touchés par le

pergélisol. Les voies d’écoulement de l’eau souterraine et leurs rapports avec l’eau superficielle sont difficiles à prévoir en

raison de la nature dynamique de la couche active dans la plaine alluviale environnante et sous le lit de la rivière. La présente

étude décrit en détail les méthodes utilisées en vue de combler les lacunes au niveau de l’état des connaissances au sujet de

l’interaction entre l’écoulement souterrain et le dégel de la couche active. Au cours de la période de dégel de l’été 2016, les
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niveaux d’eau ont été enregistrés en continu au moyen d’un réseau de 28 piézomètres installé à travers une toposéquence

située dans un ruisseau sur une pente de colline. Une analyse détaillée des niveaux d’eau enregistrés suite aux précipitations

a permis d’identifier la voie empruntée de préférence par l’eau et les aires de stockage le long de la pente, ainsi que la façon

dont la dynamique de l’hydrologie de la région à l’étude réagissait, ou tout au moins était associée, à l’évolution de la vari-

able spatiale de la topographie de la table de gel-dégel. Afin de définir la proportion des sources d’eau distinctes contribuant

à l’écoulement, 148 échantillons ont été recueillis provenant de puits d’eau souterraine, de ruisseaux, de lacs et de

précipitations aux fins d’analyses chimiques (conductance spécifique, isotopes stables en solution aqueuse et carbone

organique dissous). Le recours à l’analyse de mélange de membres extrêmes permettra de confirmer la proportion d’eau

provenant de sources souterraines ou d’autres sources (par ex. les précipitations et l’écoulement superficiel) qui contribue à

l’écoulement fluvial. Les résultats acquis permettront en outre d’évaluer l’importance relative de l’écoulement de l’eau

souterraine dans les systèmes fluviaux arctiques et de déterminer dans quelle mesure les changements prévus liés au climat

sont susceptibles d’avoir une incidence sur ces systèmes.

Introduction

Surface waters are abundant in the Arctic landscape, but

transportation constraints and critical low flow during sum-

mer complicate the management of water resources (White

et al., 2007). In response to population growth and the inad-

equacy of the current water source (Lake Geraldine), the

City of Iqaluit has identified the Niaqunguk (commonly

known as Apex) River as a supplementary water source

(City of Iqaluit, 2010). In 2015, an extensive period of low

flow (<1 m3/s), from the end of July to the end of August,

underlined the need to better understand the water sources

and flow dynamics at work in the Niaqunguk River water-

shed to ensure sustainable management of the river. This re-

search project, which involved Queen’s University, Carle-

ton University, the Université de Montréal and the Nunavut

Research Institute, aims to improve understanding of both

the quality and quantity of water in the Niaqunguk River

watershed.

In the context of a warming climate, it has been suggested

that groundwater pathways and contributions to surface

water will increase due to permafrost degradation (Connon

et al., 2014). However, groundwater fluxes and their contri-

bution to surface water remain difficult to predict due to un-

certainties about the temporal variation of thaw depths (i.e.,

frost-table depths). As the frost table in Arctic environ-

ments acts as an impermeable boundary, frost-table depth is

a key factor influencing how water is routed from hillslope

recharge areas to lakes and streams (Semenova et al.,

2013). Although studies using sophisticated instruments

and elaborate field-research design have been conducted to

understand the role of bedrock topography on groundwater

flow in southern watersheds (Rodhe and Siebert, 2011; van

Meerveld, 2015), relatively little research on Arctic

groundwater dynamics has taken place during the first de-

cade of the 2000s (Woo et al., 2008). Furthermore, most of

the recent research investigating shallow groundwater-

flow processes in permafrost environments has been model

based and the results of that research need to be confirmed

by field-based inquiry (Bring et al, 2016). A few studies

(e.g., Quinton and Marsh, 1998; Carey and Woo, 2002)

have demonstrated that microtopography, the ground

freeze-thaw cycle, and the properties of soil and surficial

deposits can significantly influence subsurface drainage on

Arctic hillslopes. Others have addressed the relationship

between water storage and variable active-layer thawing

(Quinton et al., 2005; Wright et al., 2009). Improved

knowledge of active-layer dynamics is key to a better un-

derstanding of hydrological processes at work in perma-

frost landscapes (Bring et al., 2016). In a pioneering study,

Woo and Steer (1983) examined the variation of subsurface

flow patterns and active-layer thaw depths on two

hillslopes near Resolute, Nunavut. The authors observed a

change in runoff flow patterns due to an increase in the ac-

tive-layer thawing depth, and thus water-storage capacity,

which highlighted the need for a better understanding of the

interaction between these two processes. No subsequent field-

based study seems to have employed a similar methodology

to investigate the relationship between subsurface flow pat-

terns and active-layer thawing dynamics. Characterizing

the relationship between these two subsurface processes is

essential to acquiring the fundamental knowledge needed

to develop models that can predict active-layer thawing dy-

namics. Approaches that combine detailed spatiotemporal

characterization of subsurface flow patterns with chemical

analysis to track variable water sources will lead to a better

understanding of flow-path development and hydrological

connectivity during the active-layer thawing period (Woo

et al., 2008). This knowledge is essential to predict the way

in which climate change and alterations to permafrost will

impact the hydrology of Arctic rivers.

As part of this research, instruments were installed on a

hillslope-stream toposequence, where subsurface flow is

constrained by the presence of the frost table; this stream is

a tributary of the Niaqunguk River. The purpose of the

study was to provide a detailed characterization of the pat-

terns of water flow and storage at this site during the active-

layer thaw period in order to assess how different thaw

depths and soil characteristics influence hydrological con-

nectivity across the hillslope-stream toposequence and to
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investigate the influence of hydrological processes on the

evolution of frost-table depths during the summer thawing

period. This knowledge will help to determine the relative

importance of subsurface-flow contribution to Arctic river

systems and the impacts of climate-related changes. Four

specific research objectives were identified

• track the flow and storage of suprapermafrost ground-

water across and within a hillslope consisting of

glaciofluvial and organic deposits during the active-

layer thawing period;

• characterize the physical processes governing the rout-

ing of shallow groundwater and the influence of this

subsurface flow on active-layer development;

• assess the relative importance of different water sources

(rain, groundwater, lake, overland flow) contributing to

the flow of a tributary stream at the foot of the studied

hillslope; and

• theorize on the role of distinct hydrogeomorphic fea-

tures in controlling surface and subsurface runoff into

the Niaqunguk River watershed.

Study site

The Niaqunguk River is a fourth-order stream located north-

east of the City of Iqaluit (latitude 63°45’N, longitude

68°33’W) and draining an area of 58 km2. The hydrological

network comprises three main tributaries with a fourth-or-

der segment downstream of their confluence. Elevations

range between sea level at the river outlet in the neighbour-

hood of Apex and 360 m at the headwaters. The topography

of the watershed is characterized by longitudinal bedrock

hills trending northwest that have been smoothed by glacial

erosion. An end moraine forms the eastern border of the

watershed and a wide variety of Quaternary deposits (e.g.,

till blanket and veneer, glaciofluvial deposits, boulder

fields) are found throughout the watershed (Hodgson,

2005). Figure 1a shows the distribution of surficial deposits

in the southern half of the watershed (T. Tremblay, unpub-

lished data, 2016), which is situated in the continuous per-

mafrost zone where the active layer is on average 1.35 m

thick under natural ground. Streamflow season typically

begins in May and ends in October. Based on data from

1973 to 2010, total mean precipitation for the months of

July and August is 52 and 70 mm, respectively, whereas the

mean annual total is 404 mm, with snow accounting for

57% (Environment Canada, 2016). Total precipitation for

the months of October 2015 to September 2016 was

495 mm and mean precipitation for July and August was

132 and 57 mm, respectively. The 2016 thawing season be-

gan on April 26 and the thawing index on September 31

was 703 degree-days C.

The field study was undertaken predominantly in a sub-

watershed (0.41 km2) centrally located within the Niaqun-

guk River watershed, approximately 6 km north of the City

of Iqaluit. Figure 1b shows the topography and hydrologi-

cal network of the subwatershed, as well as the location of

the piezometer installation, the water sample sites and the

flow- or water-level–monitoring stations. The stream

draining this subwatershed discharges into the middle

branch of the Niaqunguk River. This site is located outside

of the area covered by the 1:15 000 surficial geology map of

Iqaluit (Allard et al., 2012) and a detailed surficial geology

map (T. Tremblay, unpublished data, 2016) of the study

site. The most recently published surficial geology map of

this area (Hodgson, 2003) is a small-scale map (1:100 000)

that identifies till blanket as the only surficial deposit type

within this subwatershed. Alarger scale map of the surficial

geology of the area will be presented in this study. This

study site was chosen because the surficial geology of this

subwatershed is representative of the surficial geology of

the Niaqunguk watershed. To characterize subsurface

flow-path dynamics at this site over the thawing season, a

network of piezometers was installed at the foot of a con-

vergent (bowl-shaped) hillslope. The hillslope is almost en-

tirely (~90%) covered by organic material of varying thick-

ness, with turf hummocks found predominantly in the

upslope area (often covering boulder deposits). Turf hum-

mocks consist of an accumulation of organic material cov-

ered by living vegetation (van Everdingen, 1998). The size

of the turf hummocks within the hillslope study site varies

from small (<20 cm wide by <20 cm high) to large (~1 m

wide by ~50 cm high).

Methodology

Water-table monitoring

A total of 38 piezometers were installed in the hillslope

study site on July 8, 2016 (Figure 2a); they were placed

from the foot of the hillslope (at the streambank) to 60 m

upslope and were distributed across an area ~30 m wide.

Water levels were recorded continuously in 28 piezome-

ters; manual water level measurement were conducted in 5

piezometers and 5 piezometers were used for water sam-

pling. During piezometer installation, terrain features were

taken into account such that piezometers were not placed

directly in turf hummocks, in which it was assumed that

groundwater could not be stored due to the high hydraulic

conductivity of the organic material (peat; Quinton et al.,

2008). The piezometer installation was designed to help

characterize the groundwater-flow direction in the mineral

deposits below the surface organic layer. Where the water

table comes in contact with the surface organic layer (which

has a higher hydraulic conductivity), flow patterns may

change and be concentrated in overland flow channels or

preferential flow paths between turf hummocks, which are

more influenced by local surface topography than by the

characteristics of the underlying mineral deposits. How-

ever, spot water-level measurements were conducted under

14 turf hummocks seven times throughout the summer to
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Figure 1: Location of the study area in the Niaqunguk River watershed, showing a) the surficial geology of the southern
portion of the watershed (T. Tremblay, unpublished data, 2016); b) the topography and hydrological network surround-
ing the hillslope study site, and the location of the different measurement and sampling sites.



verify that the water table was not locally influenced by the

microtopography of the turf hummocks.

Piezometers were constructed of schedule 80 polyvinyl

chloride (PVC) tubing (3.7 cm in diameter) cut to lengths of

1 or 1.5 m. A solid PVC drive point was fitted to the bottom

of each PVC tube. Each piezometer had a screen length of

14 cm at the bottom end of the tube and 20 holes of 1 cm in

diameter were pierced through the walls of the tube. A

Nitex® nylon 50 µm mesh was fitted to the interior of the

screened section to prevent the infiltration of fine sediment

into the piezometer.

A small hand auger was used to install the piezometers,

which would be advanced weekly with a hammer to the

depth of the frost table until they penetrated no further.

Each time the piezometers were repositioned, the vertical

hydraulic head directly above the frost table and the depth

of the active layer were measured. The relatively high den-

sity of piezometers across the downslope portion of the in-

strumented hillslope (one piezometer per 16 m2) and across

the entire hillslope (one piezometer per 34 m2) is compara-

ble to previous studies that investigated variation of

groundwater-flow directions on hillslopes (Rodhe and

Siebert, 2011; van Meerveld, 2015). The piezometers were

installed in such a way as to help determine the influence of

surficial and frost-table microtopography on groundwater-

flow patterns at the hillslope scale. The triangle surface tool

of the ArcGIS 3D Analyst module (Esri, 2010) was used to

generate a triangulated irregular network (TIN) to interpret

the water levels between three adjacent piezometers and to

derive flow directions based on the slope surfaces of the

triangles. Figure 2b shows the TIN triangles formed be-

tween piezometers.

Groundwater levels in 28 piezometers were measured at

20 min intervals using vented-pressure sensors installed at

the bottom of each piezometer. Readings from each pres-

sure sensor were recorded using either a CR1000 or CR10

datalogger manufactured by Campbell Scientific. Addi-

tionally, the water level in each piezometer was routinely

measured with an electronic water-level dipper with a mea-

surement accuracy of ±1 mm (Figure 3).

The water-level sensors were built using a model

MPXV5100GC6U 1 cm micropressure transducer manu-
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Figure 2: Schematic illustration of the studied hillslope in the Niaqunguk River watershed, showing a) the location of the 38 piezometers,
thermistor and frost-table measurements; b) the triangulated irregular network (TIN) used for analysis of the surface topography, the
groundwater levels and the frost-table depths; surface topography (1 m) is derived from a Topo to Raster tool for ArcGIS 10.2 (Esri, 2013) in-
terpolation of 1000 elevation values measured using a total station. The sampling method was based on the characterization of slope break
and microtopography (i.e., turf hummocks, boulder).



factured by NXP that was fitted with three 22-gauge copper

wires to route the power supply and allow communication

with the dataloggers. The pressure transducers were each

fitted with a flexible tube 3.2 mm (1/8 in.) in diameter that

was vented to atmosphere to establish the difference be-

tween air and water pressure at the sensor. The venting

tubes were connected to desiccant reservoirs to prevent

condensation within the vent tube that would negatively

110 Canada-Nunavut Geoscience Office

Figure 3: a) Schematic illustration of a groundwater-level measurement setup, in which is shown the venting tube (1), the desiccant reser-
voir (2), the pressure sensor (3), the copper cable (4), the data logger (5), and the piezometer (6). b) Graphs representing the relation be-
tween water level–outputted voltage, voltage–temperature and water level–temperature, respectively, and c) an example of the multiple-
regression model used to predict water level.



impact sensor function. The laboratory tested accuracy of

the sensors at 25°C was ±3 mm of water level over a range

of 0 to 0.7 m.

The relation between the voltage output of the sensor and

the water pressure at the sensor, and the relationship be-

tween the water pressure and the water level in the piez-

ometer are both linear. A linear relationship also exists be-

tween the air temperature and the cable resistivity.

Outputted voltage from the pressure transducer is tempera-

ture compensated, but the relationship between air temper-

ature and cable resistivity needs to be accounted for to con-

vert the voltage recorded by the loggers to an accurate

measure of water level within the piezometer. To associate

a given water level in the piezometer to a given voltage out-

put of the sensor, approximately 20 water-level measure-

ments were recorded with the electronic water-level dipper

in each piezometer and a multiple-regression analysis was

performed to account for voltage and temperature as

descriptive variables to derived water level. The resulting

equation is

h = a + (b1 ∗ V) + (b2 ∗ T)

where h is the water level, V is the voltage recorded at the

logger, T is the air temperature and a, b1 and b2 represent the

constant factors acquired from the regression for every

sensor.

To evaluate the horizontal hydraulic conductivity over the

hillslope, falling-head tests were performed in each

piezometer on August 21, 2016. Water levels during the

tests were recorded every 10 seconds for the first three

hours and every 20 minutes thereafter, if the water level

hadn’t reached the initial level within the first three hours.

These measurements will be used to examine the influence

of surface and frost-table topography, and the physical

properties of the subsurface (i.e., soil type, hydraulic con-

ductivity) on subsurface flow patterns, as well as to exam-

ine how subsurface flow patterns may have evolved during

the active-layer thaw period.

Active-layer depth and deposits properties

Various techniques were used to establish frost-table

depths across the hillslope during the active-layer thaw pe-

riod. The depth of the frost table was measured using a

graduated metal rod that was pushed into the soil until it

would penetrate no further. Thaw depths were also mea-

sured at each piezometer throughout the summer. Figure 2a

illustrates frost-table–depth measurement stations (n = 29).

To complement these measurements, additional stations

were located in the centre of the TIN triangles (i.e., points

roughly equidistant from the nearest three piezometers). As

the instrumented hillslope is characterized by heteroge-

neous organic cover, frost-table measurements were also

made in turf hummocks or dry organic deposits (n = 15), ar-

eas with thin organic material cover (n = 8) and inter-hum-

mock preferential flow paths (n = 21). These additional

measurement points provided insight into the influence of

these surface features on thawing depths.

Thermistors were installed 5 cm below the surface of turf

hummocks (n = 7) and bare ground inter-hummock flow

paths (n = 8) to assess the influence of air-heat conduction

on the thawing depths in areas with different surficial char-

acteristics. By comparing the probed thaw depths to tem-

perature-modelled thaw depths at thermistor locations, the

influence of air temperature and flow accumulation on the

extent of the active-layer thawing can also be compared.

Soil temperature and frost-depth probe measurements at

thermistor locations were undertaken from July 20 to

August 26.

Using a handheld concrete core drill, five soil cores were

extracted at depths below the frost table on August 3. Two

of these coring sites were located in turf hummocks and the

remaining three, in inter-hummock channels. The coring

was conducted adjacent to the hillslope study area (Fig-

ure 1b) so as not to interfere with the routing of flow in the

study site. However, saturation conditions, vegetation, de-

posits and slopes at the coring locations were comparable to

the adjacent locations on the instrumented hillslope.

Overland flow, stream discharge and
meteorological measurements

To establish the relative contribution of surface and

subsurface flow from the instrumented hillslope to the

stream in the study site and the relative contribution of the

stream to the Niaqunguk River, the discharge or water level

at five locations in the subwatershed area was monitored

(Figure 1b). A v-notch weir was installed in the stream down-

stream of the hillslope and gauging sites were established

on the main channel of the Niaqunguk River upstream and

downstream of the confluence with the tributary stream

draining the subwatershed (Figure 1b). At each of these

sites, water levels were monitored continuously from July 4

to August 26. Using data loggers manufactured by Onset

(model HOBO® U20), Global Water (model WL16) and

Solinst Canada Ltd., water levels were recorded every

15 minutes in the lake situated 100 m upstream of the in-

strumented hillslope (Figure 1b). During the final two

weeks of the study period (August 14–26), a second v-

notch weir was installed at the foot of the hillslope to quan-

tify overland flow.

Other data collected included rainfall data measured using

a tipping-bucket rain gauge (Figure 1a) located ~3 km

south of the instrumented hillslope (M. Richardson and

K. Smith, unpublished data, 2016) and meteorological data

(e.g., daily precipitation, temperature; Environment and

Climate Change Canada, 2016) available from the Iqaluit

Airport meteorological station operated by Environment
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Canada. The air temperature and relative light intensity at

the instrumented hillslope were measured and logged at

20 min intervals using an Onset HOBO® temperature data

logger placed in a vented radiation shield, and an Onset

HOBO® Pendant temperature/light data logger placed

horizontally on a raised platform.

River, stream, lake and groundwater sampling

From July 7 to August 26, water samples were collected for

chemical analysis at ten locations in the study area (Fig-

ure 1b). On the hillslope, five groundwater sampling

iezometers were installed in inter-hummock channels (n =

3) and in hummocks (n = 2), and pushed downward to the

depth of frost table throughout the summer. Water in the

piezometers was sampled using a bailer sampler. An

instream sampling location was situated immediately

downstream of the hillslope. Water samples were also col-

lected in the Niaqunguk River at both the upstream and

downstream gauging sites and from the lake identified as

Lake 1 located along the subwatershed stream just up-

stream of the hillslope. Samples of overland flow at the foot

of the hillslope were also collected during the last two

weeks of August, when the overland-flow contribution was

monitored at the second v-notch weir. These samples will

be analyzed for electrical conductivity, stable isotopes

(ä18O and ä2H) and dissolved organic carbon. End-member

mixing analysis will be used to determine the proportion of

each different water source (e.g., precipitation, runoff and

groundwater) contributing to flow to each location in the

study site during the thaw season.

Deposit delineation

Terrain surveys were conducted to characterize the spatial

distribution of surficial deposits and hydrogeomorphic ter-

rain features within the subwatershed study site and at vari-

ous locations throughout the southern half of the

Niaqunguk River watershed. In the area shown on Fig-

ure 1a, field mapping with a handheld GPS device was used

to verify the delineation of detailed surficial geology units

northeast of Iqaluit derived from high-definition satellite

images and DEM interpretation (T. Tremblay, unpublished

data, 2016). Pedons were used to characterize the stratigra-

phy and grain-size characteristics of the deposits. These

vertical sections were also used to confirm the accuracy of

frost-table depth measurements obtained with probing in-

struments. Within the subwatershed study site, specific at-

tention was given to delineating the surface-water network

and locating the interface between different deposit types.

Deposit delineation is essential as it will not only provide

information on the spatial organization of the deposit units

within the watershed but also help in assessing the struc-

tural hydrological connectivity, which will show how

different contiguous deposit types can be linked together

and affect the course of water in the watershed.

Subwatershed-scale flow-accumulation modelling

To investigate surface-water flow paths within the sub-

watershed, a flow-accumulation model based on a DEM at

1 m resolution was generated using the Arc Hydro tools for

ArcGIS 10.2 (Djokic et al., 2011). The DEM was derived

from WorldView-1 satellite imagery (Short et al., 2013). To

generate the flow-direction model, the deterministic eight-

node (D8) algorithm was used, based on DEM grid-eleva-

tion values ranging from 150 to 240 m in the subwatershed

area. This grid was then used to produce the surface-flow

accumulation network. A first iteration of the model was

based only on topography, followed by a second run of the

model that involved a 1 m lowering of the spatial resolution

of the DEM elevation values to account for the well-

drained boulder deposits. This second iteration of the

model was undertaken to better reflect the hydrological

influence of the well-drained boulder fields within the

study area.

Results and discussion

Evolution of groundwater flow

The instrumented hillslope was snow free for the entire pe-

riod of the study, although there was snow on the relatively

steep north-facing slope located on the streambank oppo-

site the hillslope study site. There were eight rainfall events

during the study period; total precipitation for each event

ranged from 1.2 to 80.5 mm. The total amount of precipita-

tion during the month of July was 132 mm, greater than

twice the mean monthly rainfall/precipitation for July as re-

corded over the last 20 years at Iqaluit Airport (5 km south-

east of the study site; Environment and Climate Change

Canada, 2016). Up to 80% of the hillslope remained satu-

rated during the last two weeks of July and during rainfall

events, overland flow was observed in the central portion of

the hillslope. During a rain-free period that occurred be-

tween July 28 and August 10, no overland flow was ob-

served. A heavy rainfall event toward the end of August

resaturated the hillslope and overland flow was also ob-

served at approximately the same location where it had

been observed earlier in the season.

The hillslope piezometer network equipped with pressure

transducers specifically designed by the authors for this

study provided a continuous record of water levels in 23

piezometers over the course of the study period (July 8 to

August 26, 2016). Preliminary analysis indicates that water

levels in the piezometers ranged from 3 to 105 cm above the

frost table, which represents a saturation of 1 to 100% of the

fractional active-layer thickness. Positive hydraulic-head

values relative to ground surface were also observed at

multiple locations across the hillslope during the summer.

Based only on the spot water-level measurements (n = 20)

collected from the piezometers located on the hillslope, the

highest average hydraulic head (+2.9 cm) occurred on
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July 23, one day after the most important rainfall event

(80 mm) of the summer. The lowest average hydraulic head

(-6.9 cm) on the hillslope was observed on August 5, no

doubt due to the fact that only very small rainfall events

(<1 mm) occurred between July 27 and August 5. An inter-

polation of the relative elevations of the water-level mea-

surements in the piezometers compared to the ground sur-

face of the hillslope shows that on July 23 (Figure 4a)

positive hydraulic-head values were present on almost all

the hillslope, except small areas mid-slope and downslope

(see paler shades of blue). Hydraulic head values on Au-

gust 5 (Figure 4b) were significantly lower and were nega-

tive or below ground surface (bgs) in all the piezometers.

On July 23, higher gradients were observed in piezometers

4, 6, 10, 11 and 19, which were located close to an overland

flow that formed in the middle of the hillslope during im-

portant rainfall events (>30 mm) on July 13–18 and 21–22,

and on August 22–25. Hydraulic heads observed on Au-

gust 5 suggest that subsurface flow was concentrated in the

middle of the hillslope, where higher relative water levels

were observed.

Piezometer water levels in response to rainfall inputs will

be analyzed in detail to determine not only if there was pref-

erential routing and storage of water across the hillslope,

but also how the hydrological dynamics of the study site re-

sponded to, or were associated with, the spatial-variable

evolution of the frost-table (i.e., frost-table topography) at

this site (see below). Of the 38 piezometers installed, 28

were equipped with pressure transducers, of which 23

(80%) remained functional throughout the entire study pe-

riod. Given the relatively modest cost (~$40) of the compo-

nents required to build the sensor relative to that of a com-

parable, commercially available water-level sensor (~$500),

a modified version will be used in subsequent studies. Sen-

sor failure was attributed to inadequate sealing of the sensor

housing and malfunction was due to water penetration; fu-

ture versions will be constructed using a higher quality

sealant. In addition, pairing the sensors with wireless tech-

nology to eliminate some of the drawbacks (e.g., tempera-

ture influence on wire resistivity, placement constraints due

to wire lengths) associated with direct wiring of the sensors

to a datalogger could prove useful.

Active-layer, deposits and subsurface-flow
relations

Measurements of frost-table depth made throughout the

study period revealed that the extent of frost-table lowering

varied substantially across the hillslope. The median frost-

table depth on July 8, 2016 was 37 cm (range of 24 to

53 cm) bgs, whereas the median frost-table depth on Au-

gust 24, 2016 was 81 cm (range of 54 to 126 cm) bgs. A

model of frost-table topography derived from the interpola-
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Figure 4: Interpolation using ArcGIS 10.2 (Esri, 2013) of the hydraulic head relative to ground surface, based on punctual water-level mea-
surements taken in the Niaqunguk River watershed study-site piezometers (33) on a) July 23 and b) August 5.



tion of the depth to frost-table measurements at the

piezometer locations using the Topo to Raster tool for

ArcGIS 10.2 for these two dates is shown on Figure 5a and

b. Frost-table topography was generally more subdued at

the beginning of the study period (early thaw period) then at

the end of August, when it is close to maximum thaw depth

(Quinton et al., 2005). For both dates, the observations in-

dicate that the active layer was deeper on the western side

and the upper portion of the hillslope; an accentuated deep-

ening was observed in these locations by late August. The

active layer also remained shallower in two isolated areas

downslope and upslope throughout the study period. The

western side of the hillslope, where the deepest thawing

was observed (August 24), was also associated to lower hy-

draulic head than the middle and eastern part of the

hillslope (Figure 4a, b). The upper part of the deepest ac-

tive-layer area corresponded to the origin of the overland

flow path on the hillslope, where it was centrally located

and extended continuously to the foot of the slope and into

the stream. The relatively small downslope area where the

active layer remained shallow was characterized by the ac-

cumulation of organic material, which could possibly make

the overland-flow path divert toward the east from the mid-

dle of the hillslope at this height.

Cores samples collected under an inter-hummock channel

downslope (active-layer depth of 93 cm), a hummock mid-

slope (active-layer depth of 82 cm), an inter-hummock

channel mid-slope (active layer depth of 77 cm) and a hum-

mock upslope (active-layer depth of 62 cm) on August 25

revealed that the surficial layer of the soil contained a high

proportion (90%) of organic matter and vegetation. Core

samples further revealed that organic matter accumulation

under hummocks was much thicker (15–18 cm) compared

to inter-hummock areas of the hillslope (2–3 cm). Beneath

the surface organic cover, within the mineral deposit, a pro-

gressive decrease in the amount of organic material content

was observed, transitioning to a mineral deposit with minor

organic debris close to the frost table. Core analysis re-

vealed that the subsurface of the hillslope is mainly charac-

terized by fine-grained sand to silt.

Preliminary analysis of the samples recovered from the

area adjacent to the studied hillslope suggests that an ice-

rich transient layer is not present below the hillslope active

layer; core characteristics are summarized in Table 1. Vi-

sual analysis of the cores showed that grain size varies from

coarse-grained sand to silt, but appears to be predominantly

fine-grained sand. At the time of coring, frozen organic de-
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Figure 5: Interpolation using ArcGIS 10.2 (Esri, 2013) of the frost-table depths based only on the measured thawing depths at the
Niaqunguk River watershed piezometer locations on a) July 8 and b) August 24.



posits were only observed under the turf hummock (core

no. 5), between 57 and 84.5 cm bgs; other cores mainly con-

sisted of mineral deposits. Gravimetric ice-content analysis

showed that the proportion of ice-content in the cores was

consistent with porosity values of fine-grained sand (i.e.,

0.25–0.50; Sliger, 2015).

Subwatershed surface-water flow

The flow-accumulation model presented in Figure 6a is

based on the topographic flow-direction D8 algorithm of

the Arc Hydro tool (Djokic et al., 2011) applied to a 1 m

DEM (Short et al., 2013). The model confirmed that surface

flow paths in the watershed are driven by factors other than

surface topography. The first iteration of the model based

only on the surficial topography directed the flow to the

lower cell of the neighborhood (n = 8). This model identi-

fied a southwestern drift of the flow paths at the outlet of the

Lake 1 located in the middle portion of the watershed,

which doesn’t correspond to the observed and mapped tra-

jectory of the flow. This lack of accuracy can be attributed

to the well-drained boulder field at the lake outlet; because

the abundant pore space offers a high-velocity flow path for

the water, the elevation values of this unit cannot be used

for hydrological modelling (Figure 6a). The second itera-

tion of the model, which involved a slight lowering (1 m) of

the DEM pixel elevation values associated with well-

drained boulder areas, better reflected the real trajectory of

channelized surface-water flows from the previously iden-
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Table 1: Characteristics of the cores of frozen material sampled under turf hummocks and
the inter-hummock channel adjacent to the studied hillslope in the Niaqunguk River
watershed.

Figure 6: Map of the hillslope study site in the Niaqunguk River watershed, showing a) the flow-accumulation models based on topography
only and taking into account the influence of surficial deposits; b) the surficial geological deposit types within the subwatershed. The num-
ber 1 was assigned to the lake upstream of the monitored hillslope. Abbreviation: Gfc, glaciofluvial deposit in contact with ice.



tified lake outlet that flow toward the northwest. More in-

vestigations are required to better characterize the depth of

boulder-field units that have little or no matrix material to

provide a better estimation of the actual elevation values

that should be used in a topography-based hydrological

model. The flow-accumulation area identified in the sec-

ond model also shows that flow accumulations correspond

to the second category of boulder-field units (boulders, or-

ganic material and hummocks), which is subject to reduced

flow velocity compared to well-drained boulder areas (Fig-

ure 6a). Advanced characterization of the surficial geologi-

cal units based on their hydrological characteristics should

allow for a much better understanding of the influence of

these units on hydrological processes within the Niaqun-

guk River watershed.

Deposit characterization

Nine different surficial geological deposit types were iden-

tified within the study site subwatershed (Figure 6b). The

dominant deposit types within the subwatershed were till

blanket (1–10 m thick; 38%), glaciofluvial sediments

(22%) and boulders covered with organic material and a

few turf hummocks (11%). The most recent surficial geol-

ogy map of the area identified this area as 100% till blanket

(Hodgson, 2003). The northwestern part of the subwater-

shed is dominated by glaciofluvial deposits consisting of

sand and gravel, and morphologically similar to the

perched deltas identified elsewhere in the Niaqunguk River

watershed (e.g., Hodgson, 2005). A thick deposit of till

mantles the eastern portion (0.24 km2) of the watershed.

This deposit is associated with a terminal moraine identi-

fied in Hodgson (2005) and Allard et al. (2012), and which

delineates the entire eastern extremity of the Niaqunguk

River watershed. Till veneer <1 m thick is present over a

rolling bedrock ridge in the southern portion of the

subwatershed. The instrumented hillslope is located in a

boulder field covered with organic deposits and turf

hummocks, and situated within a glaciofluvial deposit unit

(Figure 6b).

In areas with relatively moderate to high gradients (5–10°),

the boulder deposits are generally well drained (Figure 7a).

Although vegetation can be seen, no accumulation of or-

ganic matter fills the void spaces between boulders, thus

leaving abundant interconnected pore spaces (i.e., prefer-

ential flow paths). Well-drained boulder deposits can be

distinguished from glaciofluvial or till units by the absence

of finer matrix material between the boulders. The other

class of boulder field (i.e., boulders with organic deposits

and hummocks) is associated with lower slope gradients,

pore spaces that contain mineral and organic material, and

is an important flow-accumulation area. The presence of

boulders is evident but there is also an accumulation of min-

eral and organic material between or over the boulders. The

presence of turf hummocks and saturated organic matter

are other features that often characterize this unit (Fig-

ure 7a).

Deposit characterization and importance of
further investigation

The presence of permafrost significantly influences the

routing and storage of water by reducing the infiltration

rate and soil water-storage capacity, and by altering the sur-

face and subsurface drainage patterns during the summer-

time flow period (Connon et al., 2014). Differential thaw

depths within the active layer can be expected throughout

the Niaqunguk River watershed due in part to the mosaic of

distinct surficial geology deposit types that covers the wa-

tershed. Ground truthing of the detailed surficial geology

mapping conducted during the 2015–2016 field season

(T. Tremblay, unpublished data, 2016) generally confirmed

the delineation of deposit types based on high-definition

satellite images and DEM-derived interpretation (Fig-

ure 7b).

Field observations indicated that the glaciofluvial deposits

within the study site with relatively small flow-accumula-

tion areas are often characterized by dry surficial condi-

tions with a deeper active layer than deposits covered with

thick organic material or vegetation. Till is a dominant unit

in the watershed and, in areas where the till cover is shallow

(till veneer), water storage is likely to be limited; however,

overland flow should be an important source of water dur-

ing heavy rainfall events (Figure 7b). Where thick till cover

is present, subsurface flow should be concentrated in water

tracks, which form in places with significant upslope accu-

mulation areas (Figure 7a). Deeper thaw below water

tracks is likely to enhance flow-accumulation processes, as

shown by the higher wetness conditions that prevail in

water tracks compared to adjacent areas (McNamara et al.,

1998).

In low-lying areas of the watershed, where flows are con-

centrated, accumulations of organic deposits were often

found (Figure 7a). These deposits exercise a distinct con-

trol on subsurface flows. The slow rate of decomposition in

the Arctic leads to an accumulation and a compaction of the

organic matter at the interface with the mineral layer; con-

sequently, the hydraulic conductivity exponentially de-

creases with depth (Quinton, 2008). Previous studies indi-

cated that when the water table comes in contact with the

surficial layer (e.g., -0.1 m bgs) of an organic deposit,

subsurface-flow velocities can be significant (10–1000 m/d;

Carey and Woo, 2002). These deposits, which can contain

an ice-rich transient layer between the permafrost and the

active layer, are likely to be characterized by a shallower

active layer that limits subsurface flow to the surficial or-

ganic layer (Figure 7b). Where this ice-rich transient layer

forms, the ice must melt before the thawing front can ad-

vance to a lower depth and thus the latent heat consumed in

this process is dependent on the amount of ground ice
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Figure 7: Examples in the Niaqunguk River watershed of a) delineation and characterization of surficial deposit types and b) ad-
ditional mapped hydromorphic features.



(Woo, 2012). As previously suggested, glaciofluvial boul-

der fields are likely to have an important influence on the

patterns and rates of groundwater discharge into surface

waters.

Economic considerations

Preliminary results of this study highlight the importance of

developing an improved understanding of the role of

surficial geology deposit types and hydrogeomorphic unit

types (e.g., hummocky organic cover, water track) in con-

trolling surface and subsurface runoff in the Niaqunguk

River watershed. The lack of high-resolution surficial de-

posit maps for this area limits the ability to understand hy-

drological dynamics at the watershed scale. This type of de-

tailed knowledge is necessary to assess the relative

importance of subsurface flows into Arctic river systems

and to determine how climate-related changes are likely to

impact these systems. As part of an ongoing collaborative

research project investigating the environmental controls

on runoff into the Niaqunguk River, this research should

also contribute to improved decision making regarding the

use of the Niaqunguk River as a potential source of potable

water for the City of Iqaluit.

Conclusions

This study presented a detailed methodological approach

for characterizing hillslope-scale hydrological dynamics

during the active-layer thaw season. It involved the contin-

uous measurement of groundwater levels using an instru-

mented piezometer network in combination with routine

monitoring of the active-layer depths across the instru-

mented-hillslope study site. This type of approach has

seemingly never been implemented at this spatiotemporal

resolution in an Arctic environment. The resulting high-

resolution mapping of surficial deposits conducted at the

subwatershed scale highlights the need for detailed knowl-

edge about the hydrogeomorphic and hydrogeological

characteristics of the landscape to better understand how

water is routed from hillslope recharge areas to the

Niaqunguk River and its tributaries.
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