Received: 3 October 2017

Accepted: 20 February 2018

DOI: 10.1002/hyp.11483

RESEARCH ARTICLE

WILEY

Hillslope water tracks in the High Arctic: Seasonal flow
dynamics with changing water sources in
preferential flow paths

Michel Paquettel?

1 Department of Geography, University of
Montreal, 520 Ch. de la Cote-Ste-Catherine,
Montreal, QC H2V 2B8, Canada

2 Centre for Northern Studies (CEN), Pavillon
Abitibi-Price, Université Laval, 2405 rue de la
Terrasse, Québec, QC G1V 0A6, Canada

S Department of Biology and Takuvik Joint
International Laboratory, Université Laval,
1045, av. de la Médecine, Québec, QC G1V
0A6, Canada

Correspondence

Michel Paquette, Department of Geography,
University of Montreal, 520 Ch. de la Cote-
Ste-Catherine, Montreal, QC H2V 2B8,
Canada

Email: michel.paquette@umontreal.ca

Funding information

Networks of Centres of Excellence program
ArcticNet; Indigenous and Northern Affairs
Canada; Northern Scientific Training Program;
Natural Resources Canada; Natural Sciences
and Engineering Research Council of Canada;
Fond de Recherche du Québec-Nature et
Technologie (FRQNT); Centre d'études
nordiques (CEN); Canadian Foundation for
Innovation: Canadian Northern Studies Trust;
Canada Research Chair program

1 | INTRODUCTION

| Daniel Fortier”? | Warwick F. Vincent®?®

Abstract

Preferential subsurface flow paths known as water tracks are often the principal hydrological path-
ways of headwater catchments in permafrost areas, exerting an influence on slope physical and
biogeochemical processes. In polar deserts, where water resources depend on snow redistribution,
water tracks are mostly found in hydrologically active areas downslope from snowdrifts. Here, we
measured the flow through seeping water track networks and at the front of a perennial snowdrift,
at Ward Hunt Island in the Canadian High Arctic. We also used stable isotope analysis to deter-
mine the origin of this water, which ultimately discharges into Ward Hunt Lake. These measure-
ments of water track hydrology indicated a glacio-nival run-off regime, with flow production
mechanisms that included saturation overland flow (return flow) in a low sloping area, throughflow
or pipe-like flow in most seepage locations, and infiltration excess overland flow at the front of the
snowdrift. Each mechanism delivered varying proportions of snowmelt and ground water, and iso-
topic compositions evolved during the melting season. Unaltered snowmelt water contributed to
>90% of total flow from water track networks early in the season, and these values fell to <5%
towards the end of the melting season. In contrast, infiltration excess overland flow from snow-
drift consisted of a steady percentage of snowmelt water in July (mean of 69%) and August
(71%). The water seeping at locations where no snow was left in August 2015 was isotopically
enriched, indicating a contribution of the upper, ice-rich layer of permafrost to late summer dis-
charge during warmer years. Air temperature was the main driver of snowmelt, but the effect of
slope aspect on solar radiation best explained the diurnal discharge variation at all sites. The water
tracks in this polar desert are part of a patterned ground network, which increases connectivity
between the principal water sources (snowdrifts) and the bottom of the slope. This would reduce

soil-water interactions and solute release, thereby favouring the low nutrient status of the lake.
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faster rate in sloping terrain, mainly because of higher hydraulic gradi-

Hillslopes are a basic unit of natural hydrological systems, and run-
off-generating interactions between precipitation and geomorpholog-
ical features are a fundamental process that determines hillslope flow
paths. In periglacial areas, the active layer thermal regime restricts
water infiltration and circulation to shallow depths, and the heteroge-
neous distribution of snow creates spatial and temporal variations in
water supply (McNamara, Kane, & Hinzman, 1998; Woo, 1983;
Woo, Heron, & Steer, 1981; Woo & Young, 2003). In addition,

hydrological phenomena affecting shallow groundwater operate at a

ents and flow velocities, and these rates can be exacerbated by either
local or widespread high hydraulic conductivity materials (Quinton &
Marsh, 1999; Woo, Yang, Xia, & Yang, 1994). This combination of
variable water inputs, shallow flow paths, topography, and material
properties can create preferential flow paths such as water tracks,
which often dominate hillslope hydrology in periglacial regions.
Water tracks are subsurface flow pathways of diverse morphol-
ogy, usually in permafrost areas, whose principal hydrological role is
to carry snowmelt water and sometimes rainfall downslope as subsur-

face flow (Gooseff, Barrett, & Levy, 2013; Kane, Hinzman, Benson, &

Hydrological Processes. 2018;1-13.
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Liston, 1991; Mcnamara et al.,1998; Rushlow & Godsey, 2017). Water
tracks have been the object of study mostly in Alaska and Antarctica,
yet they have been reported in other parts of the periglacial domain,
albeit sometimes under other terminologies (Curasi, Loranty, & Natali,
2016; Nicholson, 1978; Woo & Xia, 1995). Their importance in the
periglacial landscape extends beyond that of a simple hydrological
pathway, as they play specific roles in heat transfer and active layer
development (Gooseff et al., 2013; Hastings, Luchessa, Oechel, &
Tenhunen, 1989; Levy & Schmidt, 2016; Paquette, Fortier, Mueller,
Sarrazin, & Vincent, 2015; Paquette, Fortier, & Vincent, 2017), solute
transport (Levy, Fountain, Gooseff, Welch, & Lyons, 2011), and nutrient
and carbon cycling (Ball & Levy, 2015; Cheng et al., 1998; Mcnamara,
Kane, Hobbie, & Kling, 2008; Oberbauer, Tenhunen, & Reynolds,
1991). They also play a role in the development of the landscape, acting
as an immature drainage network (Mcnamara, Kane, & Hinzman, 1999),
as moisture provider for slow mass wasting processes (Verpaelst,
Fortier, Kanevskiy, Paquette, & Shur, 2017), or as indications of denu-
dation by leaching of fine material (Paquette et al., 2017).

Water tracks in polar desert landscapes are known to be preferen-
tial pathways for the water flowing from snowdrifts towards the bot-
tom of the slopes (Paquette et al., 2017). These pathways mainly
take the shape of gravel lag conduits and patterned ground, playing a
hydrological role similar to soil pipes by locally increasing underground
hydraulic conductivity. Specifically at Ward Hunt Island, a high latitude
location at the northern tip of Canada, water track networks have been
identified as principal flow paths linking hillside snowdrifts to the
ultraoligotrophic (Villeneuve, Vincent, & Komarek, 2001) waters of
Ward Hunt Lake. Geomorphologically dependant flow paths and flow
regimes greatly influence water quality and characteristics, exerting a
fundamental control on limnological conditions (Quesada et al.,
2006), and although the water track morphology has been described
in detail, their hydrological regime remains to be investigated. Specifi-
cally, little is known about the degree of interaction between water
track flow and soil water. The objectives of the present study were
to determine the discharge regimes, including delivery time and flow
generation mechanisms, and the origins of the water coming from
water tracks and seeping at the bottom of a polar desert slope. Our
overall aim was to define hydrological functioning of water tracks on
hillslopes, and their role as the primary link between precipitation

and downstream systems in the High Arctic polar desert environment.
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FIGURE 1

2 | STUDY SITE

Northern Ellesmere Island is a partly glaciated, alpine landscape at the
northern edge of the Canadian High Arctic. Aridity limited ice advance dur-
ing the Wisconsinian, a portion of the landscape therefore pre-dates the
last glacial maximum and could have escaped glaciations for as much as
>400,000 years (Lemmen & England, 1992). Among these areas, Ward
Hunt Island is located 6 km off the northern coast of Ellesmere Island
(Figure 1). It features hills with rounded summits, and their slopes are man-
tled by patchy glacial drifts veneer and frost-shattered, colluvial debris. The
studied hillslope is located at the foot of such a hill (Walker Hill, elevation:
436 m above sea level (a:s.l), whose eastern slope follows a concave-up
profile with slope angle values ranging from 29.5° in the upper middle slope
to 3.5° at the toe. The middle section of the slope, just above the maximum
change of slope and Holocene sea levels of >62 m a.s.l. (Lemmen, 1988),
harbours two rows of annual snowdrifts which quickly become the only
remaining snowmelt sources after a few days of thawing. The geology of
Walker Hill is primarily carbonates (Trettin, 1991), and bedrock exposures
are rare on the studied sections. Surface material is a patchwork of glacial
drift and gelifracted bedrock. The mean annual air temperature is
-17.8 °C (1995-2016), with only July having a positive mean, of 1.5 °C
(CEN, 2016). Further descriptions of the physiography, geomorphology,
and ecology of Ward Hunt Island and of the hillslope in the present study
are given in Vincent et al. (2011) and Paquette et al. (2017).

3 | METHODS

The lower slope of Walker Hill exhibits surface run-off and alluvial
reworking of sediments at discrete locations, mostly at the front of snow-
drifts and at the bottom of the slope, where water tracks merge and
seepage occurs (Paquette et al., 2017). These locations were chosen to
investigate hydrological regimes of water tracks, as the seepage allows
direct water sampling and measurement of discharge. Measurements
were performed for the greater part of the snowmelt season in 2013
and 2016, and some discrete measurement were also made in 2014
and 2015. A total of three cutthroat flumes were installed (A, B, and C,
Figure 1); Seep A was positioned at the downslope end of a relatively flat
wetland, where sorted polygons were the main surface landforms. Seep
B was located where a network of water tracks merged and seeped,

and Seep C was located at the front of a perennial snowdrift. The flumes

(a) Location of Ward Hunt Island in the Arctic Archipelago. El = Ellesmere Island; Bl = Banks Island, DI = Devon Island. (b) Topography of

Ward Hunt Island (30-m isolines), with location of the studied slope section. SILA = weather station; WHL = Ward Hunt Lake. (c) The lower slope of
Walker Hill, showing the measurement sites. The picture was taken after an unusually warm early summer, and snowmelt was already well

advanced
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placed at those three locations were snuggly fitted into the ground and
equipped with a Hobo U20 water pressor sensor (accuracy of
+0.14 cm; Onset, Bourne, USA). Water levels (h,, cm) were obtained from
absolute pressures through barometric compensation and were then
used to calculate free flow discharge (Qy, cm® s™%) using the equation:

Qs = KpCrhyf, (1)

where K¢is a free flow correction factor calculated from the specific dimen-
sions of the flume, C is the free flow coefficient, and n is the free flow
exponent, both of which can be extracted from tables depending on the
flume standard dimensions (Siddiqui, Lashari, & Skogerboe, 1996).
Although care was taken that no water flowed underneath the flumes,
which was successful at Seeps B and C, the coarse nature of the sediments
at Seep A still allowed some subsurface flow. In 2016, another U20 was
placed in a stilling well in the middle of a water track seepage (Dé). Dis-
charge values for this location were calculated using a rating curve obtained
by the discrete measurements method detailed below (n = 16, R? = .87).

Discrete discharge measurements were used to monitor flow in
other seeps of similar morphology to B (D2, D3, D4, and, D7) and in
a vegetation-covered water track (WT20). They consisted of dilution
and tracer gaging tests using a NaCl mixture and an electrical conduc-
tivity probe. Discharge (Q) was then calculated as

Q=

v
= @

G
o
where V is the volume of the injected solution, t is the amount of time taken
for the passage of the tracer slug, C; is the concentration of the injected
solution, and C,, is the mean concentration of the slug (Whiting, 2005).
These measurements were performed daily when possible (usually in the
afternoon) and sometimes twice a day in the morning and in the afternoon.
Two pairs of stilling wells were installed, upslope from Seeps A and
B, and equipped with a U20 water level logger. Each pair occupied a
different position, either the “coarse” or “fine” grain-size sections of
patterned grounds networks, where water flowed as determined in
Paquette et al. (2017). As water is expected to travel preferentially
through the coarse sections, the paired sensors provided flow direc-
tion, either towards the coarse or the fine sections. Thaw depth was
measured 4 times at each well during the monitoring period, and wells
were repositioned deeper when thaw depth increased. In the case of
Seep B, wells were not placed directly upslope from the flume, as dis-
turbances would have affected other experiments, but rather in the
adjacent patterned ground subwatershed where soil pits were made
previously (Paquette et al., 2017). The wells at Seep B could not there-
fore be used to monitor any water pulse through the system, as the
specific source and the pathways would have differed at this site.
Meteorological variables were measured at the SILA weather sta-
tion located on the north shore of the island (outside of the watershed)
and recorded on a CR10X data logger (Campbell Scientific, Edmonton,
Canada). Air temperature was measured with a thermistor in a solar
radiation shield, snowmelt was measured as snow height change using
a Sonic SR50 sensor (Campbell Scientific, Edmonton, Canada) posi-
tioned over a snowdrift, and incoming solar radiation was collected
using a LI-200 (Li-Cor Biosciences, Lincoln, USA). Hourly solar radia-

tion was corrected to account for the slope angle (mean = 18.5°) and

aspect (mean = 75.1°), both determined from the random sampling
(5% of data points) of a digital elevation model of Walker Hill.

Water sampling for deuterium and 2O concentrations was per-
formed discretely every few days in 2013 and for a few days in 2014
and 2015. In 2016, samples were taken at least twice a day, in the
morning and in the evening (estimated time of high and low flow con-
ditions) at Seep A, and often a third time at midday at Seep B. In order
to measure the daily variation in water sources at Seep B, isotopes
were sampled every hour for 24 hr in 2016. Precipitation was sampled
by digging snow pits and collecting snow at 10-cm depth intervals.

Isotopic signatures of soil water were determined by melting ice in
cores of the frozen active layer collected during mechanical coring opera-
tions, using a portable earth-coring system. Permafrost samples were col-
lected the same way, by drilling to a maximum of 3-m depth in the
ground. Cores were thawed in sealed and vacuumed plastic bags, from
which water was then drained. Snowpack composition was sampled by dig-
ging snow pits in snowdrifts and by sampling every 10 to 20 cm. Fresh
snow and rainfall samples were also collected during precipitation events,
and the fallen amounts were measured using a metric rain gauge, read twice
a day at 0700 and 1900 hr. All isotopic measurements were made with an
LGR isotope analyser at the Facility for Biogeochemical Research on Envi-
ronmental Change and the Cryosphere of Queen's University. Accuracy of
the measurement was better than 0.25%o for 220 and 1.5%o for deuterium.

The relative contributions from snowmelt and soil water (active layer
ice) to discharge were estimated using a two-component separation tech-
nique (Carey & Quinton, 2005; Sklash & Farvolden, 1979) using 80 as a
tracer. The fractional contribution from each source was calculated as

Q_ (G7-C3) @)
Qr (Ch-C3)

where Q; is the contribution from snowmelt, Qy is the total run-off, cr is
the concentration of the observed tracer in the run-off, and ¢; and ¢, are
the concentrations of the tracer in snowmelt and in active layer ice,
respectively. Uncertainty resulting from Equation 3 (W) can be attributed
to analytical error in the measurement of ¢; and to the standard error of
the mean calculated for each end member and was calculated by applying
the method described by Genereux (1998):

2 2
Cr-Cq C,-Cr { 1 r
Wi, = | [———=5We, | + | =2"SWe, | + | ——Wc, | .
" $[(C1_C2)2 CZ} LCT‘Cz)2 Cl} (C1-Cy) @

(4)

where W represents the uncertainty for the variables specified by the sub-
scripts. Part of the snowmelt water refreezes during the snowmelt process,
and isotopic fractionation will therefore occur, modifying the values of the
modelled contribution. The relationship between initial water §20 isotopic
composition (8,), the composition of the ice (5;), and of the residual water

(6) freezing in an open system was calculated as in Lacelle (2011):

8 = 8 + IN(0ti-y)-1000- Inf + In(@tj-yy)-1000, (5)

6w = 60 + Ej-w In f7 (6)

where In(q; - ) ® 1000 equals 3.018 for 520 and 15.228 for §2H, whereas
& _ , equals 3.022 and 15.345, and f is the residual fraction of water
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(Lacelle, 2011; O'Neil, 1968). Statistical analysis was performed using R
3.1.1 (R CoreTeam, 2014), and wavelet analysis of the bivariate time series
was accomplished using the WaveletComp package (Roesch &
Schmidbauer, 2014).

4 | RESULTS

4.1 | Discharge regimes

The discharge regimes of all monitored sites showed a diurnal cycle
that began a few days after the onset of snowmelt (Figures 2 and 3).
Positive air temperatures led to rapid rises in discharge in all seeps,
whereas the returns to freezing temperatures were associated with
extended recessions. The year 2013 was a relatively cold year when
comparing with Ward Hunt climatic conditions (Paquette et al., 2015,
Figure 2a). The melting season began in late June, but steady >0 °C
temperatures only occurred starting in mid-July. In contrast, summer
2016 began quite early and remained steadily warmer, except mainly
for a blizzard that occurred from June 23 to 25, which filled up all
the flumes and the seeps with snow and interrupted water flow
(Figure 3a,d,h). Because of warmer climatic conditions, accumulated
snowmelt had already reached more than 100 cm on July 1, compared
with 15 cm on the same date in 2013 (Figures 2b and 3b).

The timing and magnitude of flow conditions differed between the
two years. In 2013, steady discharge only began on July 6, and peak
discharges at all sites were registered during the night of July 16 to
July 17. Prior to this period, the melting season was steadily

interrupted by cold spells where snowmelt was minimal (Figure 2c,d).

In contrast, 2016 had steady discharge very early on, starting on June
10 at Seep A (Figure 3i) and on June 9 at Seep B (Figure 3h), and both
reached their peak discharge a few days later, on June 13. The flume at
Seep C remained covered by snow until later in June but also began
registering high discharge values early in the season as compared with
2013 (Figures 3h vs. 2d). Its highest discharge, however, was recorded
much later than in the other seeps, on July 3, and was coincident with a
peak of air temperatures above 10 °C for several hours.

Greater overall daily discharge was recorded in 2016, with daily
peak discharge regularly exceeding those occurring in 2013 (Table 1).
Maximum discharge was reached in 2013 at Seep A, which had by
far the largest discharge measurements of all seeps, ranging about an
order of magnitude above the others. Seep B saw the opposite of Seep
A, as the largest discharge registered in 2013 was exceeded on seven
occasions during 2016, and Seep C recorded similar maxima in both
years. The 2016 monitoring period was long enough and had the
appropriate timing to record flow recession to base levels or to the
end of flow in Seeps A, B, and D6 (Figure 3h,i).

Discretely measured discharge of active seeps located around B
and D6 provided an account of the spatial variation (Figure 3j). Seeps
typically possessed discharge values smaller than those of Seep B,
which was also the first to become active in the season. D4 showed
the greatest relative value early in the season of 0.40 L s™%, followed
closely by D3 and D7. Seep D2 registered some discharge early in
the season but quickly dried up before the June 23 snowfall. WT20,
short for water track 20, did not seep but rather flowed through a
gravel conduit underneath a cover of mosses (see Paquette et al.,
2017 for details on water track morphology). It maintained low dis-
charges (mean of 0.03 + 0.016 L s™%) even during warm events but

Air Temp (°C)
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Snowmelt (cm)

- O N b O ©0O
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0.8
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FIGURE2 Meteorological and hydrological data from 2013. Blue areas have positive air temperatures, whereas white areas are below freezing. (a)
Air temperature; (b) rainfall (black), snowfall (blue) and daily snowmelt, T = trace; (c) discharge in Seep A; (d) discharge in Seeps B and C



PAQUETTE ET AL.

o wr(a)
g 5[
£ oot -
£ 5 . . . ‘ s . . ) s E
£ 4.I|- III L B B | III T U RE BN BN B RE BE AN | |I Iv- T T LAN MLAN M T T g E
£ [ (b) 10 §
g 2 15 2
|l ’
P I I PR P Pt O Y VR S o . . .
[ WS
5 -
z c -
s () - L
> 25 L Lo . .
3 50’(d)l L . L oo Mo ‘ . A, L
£
—_ 0 [
£
8 2f
£
2 40|
o
60 1 L L ! !
Ho
(©) w E
=
{40 &
[s]
. . . . 60
oF
G
S 20t
£ 30
g 4w}
50 ( )| L 1 1 ! =R
¢ T
{20 &
£
{40 &
[s]
. . . . . 60
1 1(h) ——— FlumeB
— FlumeC
08 [ D6
06 [
04 [
02 [
0 L h
) 6 ‘(I)
=
5 4r
s
ol A\ A
e 0 h A [\[\ {\ L L L (\ AN AN L L = L L
()] 5 A 500
400
0.8 [ . D-3 .
s p4 300 o .
N
06 | WT20 200 « °
° D7 100 -
04 - Flume B 0 fgamet= 7 °
g:' 8 Allothers ° o o° 00:00 12:00  24:0(
02 i et e
& =3 L} 8 a3 ° ° aa ¢
0 L .. wt T ®,, L | a0 s.2."% s " 1 L
06/09 06/13 06/17 06/21 06/25 06/29 07/03 07/07 07/15 07/19
Date (2016)

FIGURE 3

WILEY——2

Meteorological and hydrological data from 2016. Blue areas have positive air temperatures, whereas white areas are below freezing. (a)

Air temperature; (b) rainfall (black), snowfall (blue) and daily snowmelt, T = trace; (c) active layer thawing front depth; (d) water level (blue line), thaw
front depth (dotted line and dots), and depth to the bottom (broken line) of a well upslope from Seep A, in the fine section of patterned ground; (e)
same as (d) but in the coarse section of patterned ground; (f) water level (blue line), thaw front depth (dotted line and dots), and depth to the bottom
(broken line) of a well, in a water track upslope from Seep B; (g) same as (f) but in the intertrack section; (h) discharge in Seeps B and C and at Site
Dé; (i) discharge in Seep A; (j) discharge in other seepage sites, the rectangle is enlarged in the insert on the right

TABLE1 Discharge values (in L s™%) in 2013 and 2016

Seepage site Mean Maximum
2013 2016 2013 2016
0.93 0.89 7.39 6.97
B 0.06 0.16 0.47 0.90
0.13 0.48 0.94 1.00
D6 0.06 0.21

reached its maximum capacity (0.06 L s™2), and water was at times seen
flowing on top of the vegetation. Flow in D7 increased later in the sea-
son, and its highest levels (0.33 L s™%) were recorded during the second
week of July. The recorded values even surpassed the discharge from

Seep B during this period, when it became the most active of all seeps
in the area. The monitoring of D3, D4, and WT20 performed over
15 hr on June 26 showed a rise of the hydrograph simultaneous with
Seep B, followed by recession.

The timing of daily maximum and minimum discharges vary only
slightly between sites, unlike the discharge amplitude which can vary
by more than an order of magnitude. All locations typically experienced
low flow conditions in the early morning and peaking flow levels late in
the afternoon or during the evening. Iterative, multiple regressions
were performed on 2016 discharge measurements, using air tempera-
tures and slope-corrected solar radiation as explanatory variables
(Table 2). The iteration consisted of using discharge values with a delay

of between 0 and 23 hr, to correct for a potential time delay between
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TABLE 2 Partial correlation (r values) between discharge at each
seepage site and meteorological variables. Delays of O to 23 hr were
applied to discharge measurements

Partial correlation coefficient (r)

Meteorological variable A B C D6

Air T Min .09 .03 .31 .23
Max 29 25 .54 .53
Mean 19 .13 A7 43
SD .07 .09 .07 .09
Delay® 7 6.5 6 10

Radiation Min -.14 -.28 -.40 -.24
Max 43 48 24 42
Mean 17 .13 -.05 .10
SD .20 27 21 24
Delay® 11 12 12 15.5

2delay in hours at maximum correlation.

environmental variables and discharge. All data showed a relatively
small standard variation in the Pearson correlation coefficient (r) for
air temperature compared with radiation. A and B showed a discharge
with a stronger correlation to radiation, whereas C and Dé variations
were more correlated to air temperatures. Overall, discharge is always
positively related to air temperatures, while the diurnal radiation
regime on the slope created a time-sensitive correlation with
discharge. Wavelet analysis of the time series measured the strength
of the diurnal signals of the variables. Air temperatures did not vary
according to a 24-hr period (average p value of .358), but radiation
showed a strong diurnal variation (average p value < .05), caused
mainly by the effect of slope angle and aspect. Cross-wavelet analysis
of radiation and discharge showed a strong coherence over daily
periods, most of all when temperatures were above 0 °C (Figure 4).
The cross analysis also provided a measure of time delay when both
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FIGURE 4 Coherence (dotted line) between solar radiation and
discharge variation in Seeps A, B, C, and D6 and delays (full line)
between their respective cycles, as determined from wavelet analysis.
Also shown are the slope and coefficient of determination (R?) applied
to the delay

time series cycles best overlapped. Time delays were over 6 hr in every
case and increased during the season in all locations except C. The
delays reached more than 16 hr in A, 14 hr in B, and more than
18 hr in the case of Dé. At Seep C, time delays went from 12 to
approximately 8 hr at the end of the monitoring period.

Wells installed upslope from Site B showed contrasting water level
behaviour between the coarse and the fine sections of the patterned
grounds (Figure 3f,g). The coarse section (water track section, Figure 3f)
exhibited water levels that behaved almost identically to the hydrograph
of Seep B. They peaked and collapsed rapidly during diurnal episodes,
with the highs occurring at a mean of 104 min after B peaked (o = 59,
n = 18). This delay could be an artefact caused by placing the well
upstream another subwatershed next to B, to avoid disturbing sediments
concentrations which were monitored in another study. Water levels
often rose to the surface or near surface early in the season, but peaks
became rarer and weaker as the season went on. In the fine section
(intertrack section, Figure 3g), levels were much steadier, rarely rising
closer than 0.3 m from the surface. Small amplitude peaks sometimes
followed the main peaks in the coarse well, but the biggest peak occurred
just after the onset of snowmelt following the June 23-25 snowfall.

The wells upslope from Seep A had a more correlated response
between them (Figure 3d,e). The coarse sediment well (Figure 3e) had
the most variable behaviour, with amplitudes exceeding those in the finer
sediment well (Figure 3d). Its level often rose to the surface during high
discharge periods, and the rise occurred slightly earlier than in the finer
well. Both wells maintained a high water table throughout the monitored

period, which had begun to drop by the end of the monitoring record.

4.2 | Water isotopes

Our isotopic measurements of snowpack and collected precipitation are
the only recent values that can be used to establish a local meteoritic
water line (LMWL) for Ward Hunt Island and vicinity. The Global Net-
work for Isotopes in Precipitation database includes §*20 and 8D values
for monthly means at Alert, Nunavut, spanning 5 years from 1989 to the
end of 1993 (International Atomic Energy Agency/World Meteorological
Organization, 2017), LMWL of
8D = 7.68 + 0.12 * §'80 + 3.37 + 3.82 (n = 58, r? = .99). Rainfall may

be more frequent at Alert than at our site, as total June-July

providing an

precipitation averaged 42 mm at Alert but only 9 and 9.6 mm in 2013
and 2016, respectively on Ward Hunt Island. The reduced major axis
regression Ward Hunt LMWL was
6D =783 +0.23 * 60 + 1.15 + 6.24 (n = 55, r* = .95). The slope of

the ordinary least squared regression was not significantly different from

calculated for the

the global meteoritic water line (Craig, 1961, F value = 1.81, p =.182) or
from the LMWL of Alert (F value < 0.01, p = .952, Figure 5).

Water stable isotope values for of 60, 6D, and d-excess of
precipitation and ground ice are presented in Table 3. Permafrost ice
had the heaviest ratios, close to sea water in some cases, followed by
rainfall, active layer ice, and snow. Snow and active layer ice isotopic
compositions were used for end-member values in the mixing model,
as rainfall amounts were small and permafrost ice, by definition, could
not be a contributor of run-off before the active layer has thawed
completely. They were applied to isotopic compositions, as shown in

Figure 6, which combines all samples of surface run-off taken between
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FIGURE 5 Isotopic composition of precipitation on Ward Hunt Island
displaying snowfall (light blue), rainfall (dark blue), the global meteoritic
water line (black dotted line), and the local meteoritic water line (red
broken line)

2013 and 2016. Standard error of the mean for snow (0.63) and active
layer ice (0.35) along with the average analytical error of the samples
(0.15) amounted to uncertainty values averaging (+standard deviation)
8.0% (+2.2%). A seasonal trend is visible in all locations, as June values
plot much closer to the snow mean end member, whereas July and
August values plot progressively closer to the active layer ice average
ratio, even surpassing it during low flow conditions in August 2014, a
few days prior to freeze back. Samples plot mostly along or slightly
to the left of the LMWL, except for Seep A samples which plot on
the evaporative side of the line. Two-component mixing results for

Seep B are presented in Figure 7 as fractions of snowmelt contribution
to discharge. High values with large variation are found early in the
season, as snow is still present in the vicinity. A significant (F
value = 285.6, p < .001) decreasing trend in direct snowmelt contribu-
tion appears as the thawing season progressed and as snowdrifts
became the only contributors of snowmelt, and late data suggest an
increasing contribution from soil water or active layer ice (Figure 7a).
Details of a 60-hr period including the hourly sampling period did not
show any clear trend that can be associated with either the rise or fall
of discharge (Figure 7b). The mixing model results for all analysed
seeps, combining samples taken from 2013 to 2016, are presented in
Table 4. All seeps showed a drop of snow contribution during the year,
except for Seep C which still possessed relatively large Q1/QT values

even in early August.

5 | DISCUSSION

5.1 | Hydrological regime of water tracks

The water track seeps on Ward Hunt Island exhibited large diurnal
variations in discharge but, except for Seep A, did not show any
pronounced seasonal peak. Snowmelt water delivery in the seeps
was dependant on air temperature, but the diurnal variation in
discharge appeared to be controlled by the hourly variations in incident
solar radiation, indicating the importance of slope aspect on snowmelt
at high latitudes when summer temperatures hover just above 0 °C. In
addition to strong diurnal cycles, the seeps did not return to baseflow
conditions; instead, the recessions were interrupted by a new discharge

TABLE 3 Measured isotopic composition of water sources at Ward Hunt Island

8'%0 8D d-excess
Source n Mean SD Min Max Mean SD Min Max Mean SD Min Max
Precipitation
Rain 12 -214 3.5 -25.8 -15.9 -167.5 23.7 -203.0 -133.5 3.5 6.5 -7.8 12.8
Snow 43 -28.3 4.1 -37.7 -22.4 -219.7 33.5 -299.7 -178.5 6.5 8.9 -15.6 31.0
Soil water
Active layer ice 15 -22.6 1.3 -24.6 -19.1 -176.4 9.0 -195.3 -156.7 4.5 4.5 -4.2 10.8
Permafrost ice 83 -16.2 7.1 -27.1 -1.2 -124.9 55.1 -203.7 -30.9 4.4 8.6 -30.7 27.1
-170 A
. ol
[ .‘ o o°
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TABLE 4 Monthly proportion of snowmelt water (Q1/QT) in run-off for each seep. Values include all years

June July August

Mean SD Min Max Mean SD Min Max Mean SD Min Max
Seep A 0.49 0.12 0.23 0.66 0.24 0.12 0.13 04 - - - -
Seep B 0.66 0.2 0.34 0.9 0.33 0.12 <0 0.52 0.04 0.14 <0 0.33
Seep C 0.71 0.33 0.22 >1 0.69 0.06 0.39 0.85
All seeps (11) 0.77 0.27 0.51 0.89 0.20 0.09 0.08 0.30

event when incident radiation rose again. The influence of slope character-
istics on energy input has long been identified as important for snowmelt
production (Dunne & Black, 1971), however, Hardy (1996) noted a less
prominent role of radiation compared with air temperature for discharge
in nearby Taconite Inlet (inflow to Lake C2). Our findings indicate that a
combination of steep topography and slope aspect can play a similar role
to sunset in the energy balance at polar latitudes. The importance of solar
radiation for snowmelt production had been similarly shown by measure-
ments and models for other high latitude locations (Hoffman, Fountain, &
Liston, 2014; Woo, Yang, & Young, 1999; Young & Lewkowicz, 1990;
Young, Woo, & Edlund, 1997), as well as in alpine conditions in the subarc-
tic (Quinton, Carey, & Goeller, 2004). It has also been demonstrated in
boreal forest and tundra environments (Dunne, Price, & Colbeck, 1976;
Hamlin, Pietroniro, Prowse, Soulis, & Kouwen, 1998), with a day-night
regime. Based on the classification of northern hydrological regimes by
Church (1974), water tracks showed a proglacial regime but within a nival
catchment. Seep A was more similar to a nival regime, as it peaked
intensely during both season. The reaction of individual seeps to the pro-
duction of snowmelt varies, with three distinct mechanisms for run-off
generation: saturation overland flow (return flow), throughflow (or pipe

flow), and infiltration excess overland flow (Hortonian overland flow).

5.2 | Flow regime in sloping sections: Throughflow

In Seep B, pulses of water transited through the coarse sections of pat-
terned ground with only minimal interaction with surrounding soils, where
fluctuations in water table were muted. This preferential flow path was also
suggested by the absence of a pattern in the isotopic composition of run-
off as the hydrograph rose and fell during a 24-hr period. In addition, the
mixing model results showed a strong event water component, especially

early in the season. This type of flow is similar to throughflow and pipe

flow, and these were likely the dominant mechanisms of flow generation
in the water track networks leading to Seep B. Because Dé and other seeps
(D3, D4, D7, and WT20) behaved similarly, it may be that all the lower
slopes seeps and their water track networks behaved in the same way.
However, as was shown by the delay between water pulses in Seep B
and its wells, the exact timing and intensity could vary depending on the
water track network configuration and location. When water flowed pref-
erentially in coarse material of a hydraulic conductivity up to seven orders
of magnitude greater than the surrounding soils, it could flow through the
slope with little dependence on antecedent moisture conditions in these
surrounding soils. The downstream movement of water in the fine-grained
portion is limited, however, because of the extremely low hydraulic con-
ductivity of the soil (107> m d™%). The moisture in this portion of the ground
cannot contribute to the downstream system, except if it was to return to
the coarse-grained section when snowmelt inputs (and hydraulic head)
diminish in the coarse section. This did not seem to occur in the wells at
Seep B. These water tracks might therefore be considered as losing
streams even before they emerge, as they contribute to local groundwater
recharge instead of depending on groundwater levels to be able to flow.
Similar underground stream-like flow is known in alpine and
periglacial landscapes. On steep and bare alpine slopes underlain by
permafrost, the presence of gelifracts and coarse slope deposits can
favour infiltration and rapid subsurface flow (Woo et al., 1994). Large
spatial variations in hydraulic properties of soils have also been docu-
mented in periglacial areas in the past, notably by Hodgson and Young
(2001) and by Quinton, Gray, and Marsh (2000) and Quinton and
Marsh (1998) who found a three- to six-fold increase in k values in
interhummock areas. Similar to the data from the coarse sediment well
at Seep B (Figure 3f), these areas were also highly responsive to daily
variations in snowmelt and were by far the greatest contributors of
snowmelt water at the plot scale. However, the run-off generation



PAQUETTE ET AL.

WILEY——2

process was different in Seep B than in these locations, where a water
table rise was necessary in order to activate these preferential flow

paths of highly conductive peat.

53 |
flow

Flow regime in flat areas: Saturation overland

Seep A rarely exhibited continuous flow; its discharge regime rather
indicated a fill and spill behaviour, or a return flow produced by
saturation overland flow, much like in southern low-lying wetlands.
This explains the relatively low direct contribution of snowmelt to
discharge, which showed a good amount of mixing with pre-event
water even early in the season. The relatively flat, sorted polygon
network upstream from the seep location experienced elevated water
tables prior to discharge events. The polygonal network experiencing
water table fluctuations acted as a variable source area as defined by
Dunne, Moore, and Taylor (1975). The shallow gravel pathways of the
coarse-grained portions of the patterned ground network formed the
preferential drainage network, which was mainly underground as is
usually the case for water tracks. In 2013, the extended low
temperatures caused a lack of sufficient water input from the upslope
snowdrifts, preventing flow conditions from filling the network and
producing run-off. Flow ceased completely during the season, as the
thawing of the active layer increased the amount of water necessary
to saturate the area. The different flow dynamics between these
water tracks and those upslope from Seep B and other seeps could
be explained by the low slope of the area (<3°) compared with the
other networks (<9.7°), which prevented the formation of a large
hydraulic gradient.

The conceptual framework for run-off generation for Arctic tundra
landscapes described by Quinton and Marsh (1999), Carey and Woo
(1999, 2001), and Carey (2003) could extend to this area. In our case,
however, the interhummock peat network of their framework is
replaced by the gravel networks of the polar desert polygonal terrain.
This polyvalence of their framework underscores the hydrological
importance of microtopography and soil surface properties, even in

very different periglacial landscapes.

5.4 | Flow regime in front of snowdrifts: Infiltration
excess overland flow

Seep C, located at the front of a large perennial snowdrift, had a unique
behaviour among the monitored seeps. It showed the greatest annual
variation in mean discharge, but maximum discharge remained similar
in 2013 and 2016. In addition, it showed a relatively high correlation
between discharge and air temperature while also maintaining a high
amount of event water contribution during late summer and a
diminishing delay between maximum radiation and maximum dis-
charge. This hydrological signature indicates that the direct link with
the event water source (the snowdrift) increased as the season
progressed, indicative of infiltration excess overland flow. A negative
slope relationship for the delay against melt season progression was
also measured by Dunne et al. (1976), Lewkowicz and French (1982),
and Lewkowicz and Young (1990a) who observed that thinner snow

covers had the fastest response time to daily maximum energy input,

as meltwater waves take less time to cross thinner snow covers and
can create more efficient flow pathways during the season. Seep C
showed a contrasting pattern, with the negative slope of its delay
between maximum energy input and maximum discharge being oppo-
site to that measured in the other seeps, where delays increased as the
season progressed. The steady high proportion of event water in Seep
C throughout the season also differed from the other seeps, which
registered a diminishing contribution of event water over the course
of the season. The increased lag in other seeps could be explained by
the increased thickness of the active layer, which obstructs event
water flow and force it to travel through less conductive, sandier
sediments at depth. It could also result from the increased distance
to snowdrifts, as snowdrifts on the lower slopes of Walker Hill melted
before snowdrifts at higher altitudes, further delaying the arrival of the

meltwater wave.

5.5 | Ground ice contribution to run-off

Water in each of the seeps (except in Seep C) had an isotopic signature
close to that of active layer ice late in the season, and some seeps
began discharging again in August 2015, when snowdrifts had already
disappeared for a few days. These waters probably came from the
thawing of the ice-enriched transient layer, as defined in Shur, Hinkel,
and Nelson (2005). Summers were colder in 2013 and 2014 (55.2 and
55.3 melting degree days, respectively; CEN, 2016), and no seepage
was detected during fieldwork in August 2014. These summers would
have increased transient layer ice content, due to a thinner active layer,
as is usually the case during colder years (Shur, 1988). In contrast, 2015
had nearly twice as many melting degree days (105.1), which should
have caused the melting of some of the ice in the transient layer.
Ground ice is usually not identified as an important contributor to
streamflow in polar desert (Woo & Steer, 1983). However, late-season
ionic enrichment of streamflow has been measured and attributed to
ground ice melt in at least one other High Arctic locations
(Lamhonwah, Lafreniére, Lamoureux, & Wolfe, 2017). In addition,
similar late-season seeps in the McMurdo Dry Valleys, Antarctica,
had also been attributed to the melt of ground ice, which was initially
formed during snowmelt periods in colder years (Harris, Carey, Lyons,
Welch, & Fountain, 2007). Overall, even without the late summer
contributions of ground ice, seeps and water tracks that were not in
the downslope vicinity of a snowdrift experienced a modification in
their contributing source during the season. This indicates that ground
ice was present in the active layer on the coarse, steep slopes of this
polar desert. An extended warm season would therefore increase
water availability, reducing water stress for plants and increasing

inputs into the lake.

5.6 | Mixing model uncertainties

Isotopes are one method of performing hydrograph separation to mea-
sure event water contribution but are subject to known shortcomings.
In regular hydrograph separation, “new” water will usually come from a
time-specific rainfall event and will mix with the “old” water present in
the soil just prior to the beginning of the event. In our case, the definition

of event or new water and pre-event or old water is not straightforward,
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because every day produces an event, yet 24-hr old water does not fall
clearly in the old water category. It is possible that a fraction of snowmelt
water remains in the soil and is only mobilized after a day or two or during
low flow period, yet because of the low potential for evapotranspiration
caused by thin or absent vegetation cover and by low energy inputs (tem-
peratures and radiation) between events, this water would possess an iso-
topic composition close to snowmelt water and might not be detected as
Pre-event water. This rationale justifies the construing of Pre-event water
as water present in the soil during freeze back, that is, active layer ice.

The only indication of a potential evaporative effect was from the
data at Site A, which plotted either close to or clearly to the right of the
LMWL. These individual points taken through multiple events cannot
be used to create an evaporation line, as they are not sampled in a
standing water body and are separated by various inputs of event
water, which might not possess the same original isotopic composition.
This interpretation however is consistent with the fill and spill behav-
iour indicated by the hydrograph shape and by the wells data and sug-
gests an extended transit time for meltwater compared with other
seeps measured in this study. In the case of Seep A, identification of
any event water is less clear, as the 880 values of snowmelt were
likely modified during its transport as groundwater.

Another difficulty in interpretation is that snowmelt signature is
not equal to the signature of the snowpack or to fresh snow. The &
D to &0 relationship of the snowmelt will typically show a lower
slope than the snowpack, which also possess a lower slope than fresh
snow (Lee, Feng, Posmentier, Faiia, & Taylor, 2009; Zhou, Nakawo,
Hashimoto, & Sakai, 2008). This could explain why June values in
Seeps B and C and in other seeps plot to the left of the LMWL early
in the season (late in the season as well for C) as the slope of the seeps
ratios (7.4) is significantly lower than the LMWL (F value 13.8,
p < .001). This process is caused by fractionation during refreezing in
the snowpack (or in the soil), as part of the water is turned back to
ice. The residual water (8,,) will therefore always plot to the left of
the MWL. In our case, the difference between run-off and the LMWL
is typically <1%o.. Using Equations 5 and 6 and the average snow signa-
ture of -28%. and -220%., this difference would be compensated
with a refreezing of <30% of the snowmelt water as it travels through
the snowpack and the cold soil. Taking into account the average 5§20
residuals of the reduced major axis regression used for the LMWL (0.8
%o), only a small fraction (7%) of the snowmelt needs to be refrozen
either in the snowpack or in the soil in order to obtain values that
are outside the residual range of the LMWL. High Arctic snowpack
can develop substantial ice layer at their base or within the snow layers
(Lewkowicz & Young, 1990b; Woo & Heron, 1981), and Marsh and
Woo (1984) have demonstrated that between 28% and 46% of the
surface melt can refreeze in the snowpack prior to the onset of snow-
melt run-off. The required range of 7-30% of refreezing is therefore
reasonable, particularly for thick snowdrifts as encountered on the
slopes of Walker Hill, or for the predominantly subsurface flows that
refreeze in the active layer.

The signature of freeze-out fractionation and evaporative frac-
tionation is sometimes undistinguishable in cold environments
(Throckmorton et al., 2016), which brings into question the inter-
pretation of evaporative enrichment based on the isotopic signa-

tures at Seep A. Using Equation 5 with the mean snow signature,

the enriched samples from Seep A (the cluster to the right of the
LMWL) also plotted close to the first ice that would have formed
after a 10% refreezing of this snow (6i = -25.3%0, -206.4%o.)
&; = -25.3%0, -206.4%0. However, these samples were from the
early melting season, and without a process by which the re-frozen
ice would reach the seep before the residual water, they must be
interpreted as evaporative enrichment.

The refreezing of snowmelt within the pack causes snowmelt
isotopic compositions to show a depleted (more negative) signature
early in the season, which leads to the overestimation of snowmelt
contributions. This is followed by an enrichment in *80 and the over-
estimation of groundwater mixing as the season progresses (Cooper,
Solis, Kane, & Hinzman, 1993; Obradovic & Sklash, 1986; Taylor, Feng,
Williams, & Mcnamara, 2002). Taylor et al. (2002) used literature
values to identify an average increase of the isotopic ratio by 3-5%o
during the snowmelt season. In our study, the difference between
the end member 8§20 ratios is only 5.7%o and would be reduced to
3.2%o by the end of the season in the case of a 5%o seasonal increase.
Applying such a 3%. to 5%o linear correction to the snowmelt average
value to the data presented in Figure 7a gives Q1/QT ratios (standard
deviation) of 0.58 (0.09) to 0.55 (0.08) for June and 0.46 (0.07) to 0.54
(0.11) for July, compared with original values of 0.64 (0.14) in June and
0.39 (0.05) in July. These corrected values diminish the seasonal
variability in snowmelt contribution and the role of groundwater
mixing later on.

The percentage of event water yielded by the water track
seeps (weighted for discharge) over the entire season was 48% at
Seep A and 60% at Seep B. These values are among the highest
recorded values for northern catchments according to a compilation
by Taylor et al. (2002), where values exceed 50% steadily in only 6
out of 20 studies. They are also higher than values reported for a
subarctic watershed, where event water contribution averaged
between 10% and 32%, and never reached higher than 55% for a
single event (Boucher & Carey, 2010). In Svalbard, only glacier-fed
rivers had meltwater steadily dominating the discharge (Blaen,
Hannah, Brown, & Milner, 2014), with the rest of the inputs domi-
nated by groundwater. In this polar desert landscape, a combination
of nivation processes and soil sorting has allowed the establishment
of a drainage pattern dependant on the characteristics and pro-
cesses of this cold environment, consistent with the cryo-condition-
ing of cold region landscapes (Berthling & Etzelmdller 2011). Local
accumulations of thick snowdrifts dominate snowmelt hydrology,
and micromorphology of the slopes and soil organization dictate
flow paths and meltwater delivery, together enhancing the struc-
tural connectivity of the landscape (Bracken et al., 2013; Bracken
& Croke, 2007; Turnbull, Wainwright, & Brazier, 2008). Feedbacks
and the effects of flow paths on water quality and on slope evolu-
tion remain to be evaluated, but water tracks can act as the domi-
nant carriers of snowmelt water through polar desert slopes. In this
particular case, the efficient transfer of water to Ward Hunt Lake is
a result of enhanced connectivity between the snowdrifts and the
water body. These findings imply that water is rapidly conducted
through the slopes with little opportunity for soil-water biogeo-
chemical interactions, which would help explain the low nutrient

status of the lake.
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6 | CONCLUSIONS

Polar desert water tracks in the High Arctic can be efficient downslope
carriers of snowmelt. Their run-off generation mechanisms depend on
slope profile and on soil organization and are different from the front
of a snowdrift, showing some, albeit limited, interaction with the sur-
rounding soils. Early season run-off in the seeping water track net-
works of Ward Hunt Island was dominated by residual snowmelt
water from refreezing snowpack, whereas late season water had the
isotopic signature of residual snow, ice and soil water. The water tracks
differ from snowdrift seeps, which are dominated by snowmelt water
throughout the season. Although seeps dry up once snowdrifts have
melted, some seeps were reactivated at the end of a warm summer.
These had an isotopic signature that was heavier than active layer
ice, towards that of permafrost ice, indicating a possible contribution
from the thawing of the ice-rich transient layer. Together, the cold
region processes of snowdrift and patterned ground formation have
shaped the hydrology of this polar desert slope to enhance downslope
connectivity, creating efficient pathways for evacuating water while
minimizing interactions with the soil. Defining the hydrological regime
of the water tracks draining the western slope of Ward Hunt Lake
watershed provides a key step towards linking the limnological condi-

tions of the lake to the characteristics of its watershed.
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