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Abstract
Hydrogeochemical data are used to better understand recharge dynamics and to support a hydrogeological conceptual model in a
2-km2 watershed in a discontinuous permafrost zone in Nunavik, Canada. The watershed contains an upper (surficial) and lower
aquifer within Quaternary deposits, above and below a marine silt layer containing ice-rich permafrost mounds. The analysis is
based on water samples from precipitation, groundwater monitoring wells, ground ice in permafrost mounds, thermokarst lakes
and a perennial stream. Groundwater geochemistry in both aquifers reflects young, poorly evolved waters, with mainly Ca-HCO3

water types and lowmineralisation ranging from 11 to 158 mg/L total dissolved solids (TDS), implying short pathways and rapid
travel times of a year or less. While relatively low, TDS signatures in groundwater and surface water show increasing values
downgradient. Groundwater isotope values (δ18OH2O and δ2HH2O) are often strongly influenced by snowmelt, while those of
thermokarst lakes show evidence of evaporation. Recharge along the cuesta contributes to a transverse component of ground-
water flow within the valley with higher TDS and δ13CDIC values influenced by open-system weathering. Even where perma-
frost-free, the marine silt unit has a strong confining effect and plays a more important role on recharge dynamics than the
discontinuous permafrost. Nevertheless, the vulnerability of these types of hydrogeological aquifer systems is expected to
increase due to rapid recharge dynamics associated with the gradual loss of the confining effect of permafrost. This hydrogeo-
chemical data set will be useful as a baseline to document impacts of permafrost degradation on the hydrogeological system.
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Introduction

The impacts of climate change have been significant in north-
ern environments. Increases in air temperature, for example,
have already resulted in extensive permafrost degradation on a

global scale (Grosse et al. 2011; Romanovsky et al. 2010),
affecting northern ecosystems, landscapes, ground stability
and infrastructure, as well as indigenous populations and their
way of life (Ford 2009; Kokelj and Jorgenson 2013; Rowland
and Coon 2016).Moreover, permafrost degradation will likely
continue over the coming decades. Future climate change sim-
ulations, for example, have predicted that the global perma-
frost surface area will decrease between 37 and 81% by the
end of this century (Stocker 2014).

In addition to the impacts of climate change, northern com-
munities in Nunavik, Canada, and elsewhere in arctic and
subarctic areas, also face another challenge: ensuring good
quality drinking water for sustainable growth and economic
development (Messier et al. 2007). In this perspective,
groundwater may become a potential resource as water
trapped in permafrost ice will be released and may become
available for pumping. Furthermore, the loss of frozen confin-
ing layers will likely increase groundwater recharge (Lemieux
et al. 2016). However, the impact of permafrost degradation
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on groundwater quality and availability is still poorly docu-
mented (Cochand et al. 2019).

The impacts of permafrost degradation on the hydrosphere
will be significant, particularly on river baseflow and ground-
water flow systems (Bense et al. 2009; Boucher and Carey
2010; Carey et al. 2013; McKenzie and Voss 2013; Walvoord
and Kurylyk 2016; Walvoord et al. 2012; Woo et al. 2008; Ye
et al. 2009). However, most impact studies have focused only
on surface water, while only a few have considered ground-
water flow systems and even fewer have included groundwa-
ter geochemistry, mostly due to the high costs and challenges
of accessing northern groundwater research sites (Cochand
et al. 2019). Most groundwater studies in permafrost environ-
ments have therefore relied either on numerical modelling
(Bense et al. 2009; Bosson et al. 2013; Evans and Ge 2017;
Frampton et al. 2013; Kurylyk et al. 2016; McKenzie and
Voss 2013; Walvoord et al. 2012; Wellman et al. 2013; Woo
et al. 2008), or on indirect groundwater monitoring such as
river base flow, springs, icings and mine infiltration waters
(Callegary et al. 2013; Carey et al. 2013; Clark and Lauriol
1997; Clark et al. 2001; Douglas et al. 2013; Michel 1986;
Utting et al. 2013). While discontinuous permafrost is more
sensitive to climate warming and will degrade more rapidly
than continuous permafrost (Douglas et al. 2013), only a few
studies have directly investigated groundwater via wells or
piezometers, most of which are located in the continuous per-
mafrost zone (Alexeev and Alexeeva 2003; Cheng and Jin
2013; Claesson Liljedahl et al. 2016; Ma et al. 2017; Stotler
et al. 2011, 2009). These previous studies have shown that
geology, residence time and permafrost coverage can have
significant effects on groundwater hydrogeochemistry.

In this context, the interpretation of various natural ground-
water tracers including major ions, dissolved inorganic and
organic carbon (DIC, DOC, and their stable and radio iso-
topes), as well as noble gases, can provide valuable informa-
tion on groundwater recharge dynamics, flow paths and resi-
dence times in degrading permafrost environments (Callegary
et al. 2013; Lacelle and Vasil’chuk 2013; Utting et al. 2013).

Based on a groundwater monitoring network installed
in collaboration with the Quebec Ministry of Environment
(Fortier et al. 2017), this study aims to explore how nat-
ural groundwater tracers can help infer groundwater flow
and recharge behavior in a small watershed within the
discontinuous permafrost zone in Nunavik, Quebec,
Canada. This study will also support the development of
a conceptual model for groundwater flow in the complex
multi-layer aquifer system of the watershed (Lemieux
et al. 2020, this issue). Surface water, shallow and deep
groundwater, as well as ground ice in permafrost mounds,
are investigated to show how these compartments are con-
nected and how they may be affected by climate warming.
Finally, these results are used to evaluate if groundwater,
in similar hydrogeological contexts, could become a

suitable resource for high-quality drinking water in north-
ern communities.

Study area

The study area is a 2 km2 watershed (Fig. 1) located in the
Tasiapik Valley, close to the Inuit community of Umiujaq
(Inuktitut: , Nunavik, Canada) along the eastern
shore of Hudson Bay (56°33′ N, 76°31′ W). The site lies at
the margin between shrub tundra (birch, willow and alder) and
forest tundra (black spruce, Picea mariana) with lichens cov-
ering the topographical highs (Provencher-Nolet 2014;
Truchon-Savard and Payette 2012). All vegetation is com-
posed of C3-type plants. The climate is subarctic and the an-
nual mean air temperature between 2013 and 2017 was
−1.6 °C (Lemieux et al. 2016). The total annual precipitation
over the same period was approximately 645 mm, of which
about 50% falls as snow (Lemieux et al. 2020, this issue).

The impacts of climate change can already be observed in
Nunavik as mean annual air temperatures have increased by
about 2–3 °C since the mid-1990s compared with the 1961–
1990 reference period (Lemieux et al. 2016). Projections for
Nunavik from the Canadian Regional Climate model
(CRCM) indicate that, by 2050, the mean annual temperature
will increase by 3 °C in winter and 1.5 °C in summer, and that
annual precipitation will increase by 25% (Brown et al. 2012).

The watershed is in a discontinuous permafrost zone, with
permafrost located in mounds formed within a marine silt unit
(see next section). After the retreat of the Tyrrell Sea between
7,000 and 2,000 years BP, this silt unit was exposed to cold
temperatures, which led to aggradation of ice-rich permafrost
(Fortier et al. 2020, this issue). Previous studies have shown
that permafrost in the watershed is currently degrading due to
climate warming (Beck et al. 2015; Chouinard et al. 2007;
Fortier and Aubé-Maurice 2008).

To investigate the impact of climate change on groundwa-
ter in northern regions, the Immatsiakmonitoring network was
installed in the watershed, as part of the Quebec provincial
groundwater monitoring network (RSESQ). The Immatsiak
network consists of nine groundwater wells and three
ground-temperature monitoring boreholes distributed over
seven stations (Fortier et al. 2017; Lemieux et al. 2016).
Four shallow groundwater piezometers and a stream-flow
gauging station have also been installed at the watershed out-
let (Fig. 1).

The geology in the watershed consists of Quaternary de-
posits overlying bedrock. A three-dimensional (3D) cryo-
hydrogeological model of the Quaternary deposits has been
developed based on geophysical surveys (Banville 2016),
geological mapping, and borehole logs (Fortier et al. 2020,
this issue). A 3D perspective of the model, including vertical
cross-sections which illustrate the distribution of the cryo-
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hydrogeological units, is shown in Fig. 2. From bottom to top,
the Quaternary deposits are composed of frontal moraine de-
posits (gravel, pebble and stone, GxT), fluvioglacial sedi-
ments (sand and gravel, Gs), marine silts (Ma) that contain
the permafrost mounds, and intertidal (Mi) and littoral sands
(Mb). These Quaternary deposits are underlain by bedrock
consisting of basalts (Ri) and quartz arenite (Rs) (Fig. 2).
Further details on the Quaternary geology can be found in
Fortier et al. (2020, this issue), Lemieux et al. (2016), and
Banville (2016).

The watershed is bounded to the west by the cuesta cliffs
(Fortier et al. 2020, this issue) and to the east by the Umiujaq
Hill. Two aquifers have been identified within the watershed
(Fig. 2). A thin surficial aquifer, in the upper part of the

Quaternary sequence, is located in sands (Mi and Mb forma-
tions) and is underlain by marine silts (Ma formation). The
extent of this aquifer is limited to the upper part of the valley,
lying approximately between groundwater monitoring wells
Pz8 and Pz9 (Fig. 2). At well Pz2, this surficial aquifer is
4.5 m thick. A deeper aquifer is located in sand and gravels
(GxT and Gs formations), below the marine silt unit. This
aquifer is unconfined in the upper part of the watershed be-
tween wells Pz1–Pz8 (Fig. 1). In the lower part of the water-
shed, the aquifer is confined by the overlying marine silt unit
and the permafrost mounds (Fig. 2). The thickness of the
lower aquifer varies between 5 and 30 m—Fig. 2; see also
Fortier et al. (2020, this issue). The marine silt unit (Ma),
which varies in thickness from 0 to 30 m, also acts as a

Fig. 2 Perspective 3D conceptual model of the cryo-hydrogeological system within the watershed (from Lemieux et al. 2020, this issue)

Fig. 1 Location of the study site close to the Inuit community of Umiujaq, Nunavik, Canada
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confining layer between the upper and lower aquifers in the
upper part of the watershed downstream of well Pz8 (Lemieux
et al. 2016). A perennial stream drains the watershed in the
lower part of the watershed towards Tasiujaq Lake (Lemieux
et al. 2020, this issue), while thermokarst lakes are present
throughout the watershed, providing evidence of permafrost
degradation (Beck et al. 2015).

Water infiltrating in the upper (northern) part and in the
western portion of the watershed (through the highly fractured
cuesta ridge) recharges the lower aquifer through deep perco-
lation (Fig. 2; see also Lemieux et al. 2020, this issue).
However, for the remaining part of the watershed where the
silt layer confines the lower aquifer, the infiltrating water ei-
ther recharges the surficial aquifer or flows directly to the
stream through surface runoff. Moreover, the thick unsaturat-
ed zone beneath the silt layer in the upper part of the valley
(Fig. 2) likely acts as a capillary barrier preventing vertical
drainage of the surficial aquifer. Groundwater in the lower
aquifer below the silt layer leaves the watershed under con-
fined conditions. Artesian conditions in the lower aquifer were
observed at well Pz4 during winter, indicating vertical upward
flow toward the stream in this area. A detailed analysis of the
stream and piezometer hydrographs shows that the lower
aquifer significantly contributes to stream baseflow in winter,
but much less in summer— see Lemieux et al. (2020, this
issue) for a detailed water budget and the seasonal variation
of groundwater levels.

Materials and methods

Sampling campaign

Four summer field campaigns were conducted at the Umiujaq
research site between 2013 and 2016, usually between the end
of June and the middle of July.Water samples were taken from
precipitation, from groundwater in the upper and lower aqui-
fers, from the stream and lakes, as well as from ground ice in
several permafrost mounds. Groundwater samples were
analysed for natural tracers including major ions (Ca2+,
Mg2+, K+, Na+, total alkalinity, Br−, Cl−, F−, NO3

−, NO2
−

and SO4
2−), nutrients (NH4

+ and total inorganic P), trace ele-
ments (Al, Sb, Ag, As, Ba, Be, Bi, B, Cd, Cr, Co, Cu, Sn, Fe,
Li, Mn, Mo, Ni, Pb, Se, Si, Sr, Ti, U, V and Zn), water stable
isotopes (expressed as δ18OH2O and δ2HH2O), dissolved car-
bon phases (DIC and DOC) and their stable isotope ratios
(δ13CDIC,DOC), as well as

3H/3He (tritium/helium ratios) for
age dating. Surface-water samples were analysed for major
ions, nutrients, trace elements, water stable isotopes as well
as carbon phases and their stable isotopes. Precipitation and
ground ice were analysed for water stable isotopes. Physico-
chemical parameters including pH, electrical conductivity
(EC), water temperature, dissolved oxygen (DO) and redox

potential (ORP) were measured in the field using a multi-
parameter probe (YSI Pro Plus). Duplicates and field blanks,
respectively 10 and 1% of the samples, were taken to verify
procedure quality.

Samples were collected following standard protocols
(Blanchette et al. 2010). Major ions, nutrients, trace elements,
DIC and DOC were filtered at 0.45 μm. In addition, major
cations and trace elements were acidified using HNO3

−.
Nutrients were acidified using H2SO4, while DIC and DOC
samples were preserved using 20 μL of a concentrated HgCl2
solution. Samples for major ions, nutrients, trace elements and
water stable isotopes were stored in polyethylene vials, while
DIC and DOC samples were stored in US Environmental
Protection Agency (EPA) amber glass vials. Vials free of pre-
servative agents were rinsed three times with the sampled
water before sample collection. Vials containing preservative
agent were filled to the brim without overflowing. All vials
were carefully closed and secured using Parafilm and stored at
4 °C until analysed.

Precipitation samples were collected monthly at the
Umiujaq airport with a rain sampler (Palmex RS1;
Michelsen et al. 2018) to establish the local meteoric water
line (LMWL) for water isotopes. In addition, during the 2015
and 2016 field campaigns, event-driven sampling of precipi-
tation for major ions and water isotopes was conducted within
the watershed using a buried HDPE bottle connected to the
surface via a funnel and tubing located close to well Pz2 (Fig.
1).

Groundwater from the surficial aquifer (Fig. 2) was sam-
pled at well Pz2 and at four piezometers (Pz1405, Pz1404b,
Pz1402 and PzDP), while groundwater from the lower aquifer
was sampled at wells Pz3, Pz4, Pz5, Pz6, Pz8 and Pz9.
Groundwater sampling was based on a minimal drawdown
(low flow) procedure (Puls and Barcelona 1996) using a blad-
der pump (Solinst model 407 SS). Drawdown was monitored
during purging and sampling to ensure that it did not exceed
10 cm. Purging was considered complete when the primary
physico-chemical parameters (pH, EC, temperature, DO and
ORP) had stabilised for at least three measurements, which
were taken every 5 min. Stabilisation criteria were set to
±0.2 for pH, ±0.2 °C for temperature, ±4% for EC, ±20 mv
for ORP, and ±0.4 mg/L for DO (Blanchette et al. 2010).

Streamwater was sampled every year at the gauging station
(at the outlet of the watershed) for major ions, nutrients, trace
elements, water isotopes, as well as for DIC, DOC and their
δ13C isotope ratios.

During the 2016 sampling campaign, a more detailed study
of the upstream part of the streamwas also completed. In order
to monitor groundwater exfiltration, samples and physico-
chemical parameters were recorded at 25 points along the
stream, extending 1.9 km upstream of the gauging station.
All physico-chemical parameters and samples were collected
in the middle of the stream. To highlight changes in discharge
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along the stream, several stream gauging measurements were
carried out on July 10, 2016 using the salt dilution slug-
injection method (Moore 2004).

Among the many small lakes and ponds found within the
studied watershed, 16 were sampled for water isotopes.
Physico-chemical parameters and samples were collected
1 m from the shore in the middle of the water column.

In order to measure water isotopes of ground ice in the
permafrost mounds, a STIHL 08 S gasoline-powered au-
ger (Calmels et al. 2005) was used to drill to a depth of
5 m within three ice-rich permafrost mounds (Fig. 1). At
the three drilling sites, ground ice samples were taken
every 0.10–0.25 m depending on the drilling conditions,
core recovery and ice content. Representative samples
were thus obtained from the first 5 m of permafrost. To
prevent contamination of the isotope ratios in the perma-
frost core, drilling was performed without any water or
other drilling fluid. Samples were carefully wrapped in
airtight plastic bags and stored in a portable freezer for
transport to the laboratory where they were stored in a
chest freezer. Core surfaces were scraped clean to avoid
contamination and then melted in airtight boxes. Melted
water was then sampled for water stable isotopes.

Tracers for groundwater dating were also sampled in wells
Pz2, Pz4, Pz6, Pz8, and Pz9 (Fig. 1). 3H/3He samples were
collected during field campaigns in 2013 and 2015 using
1,000-ml HDPE bottles for 3H and diffusion samplers for
3He. Concentrations of pCO2 in water were calculated using
PHREEQC (Parkhurst and Appelo 2014), based on alkalinity,
temperature, and pH.

Hydrogeochemical analysis and data quality

Major ions, nutrients, and trace elements were analysed at
Maxxam Analytics Inc. in Quebec City. Water stable iso-
topes, as well as carbon phases and carbon isotopes were
sent to a laboratory at the Geozentrum Nordbayern at the
Friedrich-Alexander-Universität Erlangen-Nürnberg
(Erlangen, Germany) for analysis. Water stable isotopes
were analysed for δ18OH2O and δ2HH2O by an isotope
ratio infrared spectroscopy analyzer (L 1102/ICRDS,
Picarro Inc., Santa Clara, CA, USA). Raw data and
sample-to-sample memory as well as instrument drift
were corrected according to van Geldern and Barth
(2012). Results are presented herein as δ-values relative
to the Vienna Standard Mean Ocean Water (VSMOW) in
per mil (‰). The sample standard deviations (1σ) were
less than 0.1 and 1.0‰ for δ18OH2O and δ2HH2O,
respectively.

DIC and DOC and their δ13C ratios were analysed with a
OI Analytical Aurora 1030 W TIC-TOC analyzer (OI
Analytical, College Station, Texas) coupled to a Thermo
Scientific Delta V Plus isotope ratio mass spectrometer

(IRMS; Thermo Fisher Scientific, Bremen, Germany). The
standard deviations for the DIC and DOC concentration mea-
surements were each less than 0.03 mmol/L, while the 1σ
precision of the DIC and DOC isotope measurements was
better than 0.3‰. Details of coupling the OI analyzer to the
IRMS are described in St-Jean (2003) and van Geldern et al.
(2013). δ13CDIC, DOC ratios are presented herein as δ-values
relative to Vienna Pee Dee Belemnite (VPDB) in‰.

3H/3He samples were sent to the Noble Gas Lab at the
University of Utah (Salt Lake City, USA) for analysis. The
measurements were made by helium ingrowth and analysed
by a Mass Analyzers Products – Model 215–50 Magnetic
Sector Mass Spectrometer; uncertainty on 3H was ±0.3 TU.

Duplicates and blanks showed no major variations or
signs of contamination. The quality of the major ion anal-
ysis was verified with ionic balances (Hounslow 1995).
Due to the low concentrations of dissolved solids, an error
in the ionic balance of less than 10% was considered
acceptable. Five samples with an error over 10% were
discarded (Hounslow 1995) and not included in the re-
mainder of the study. Samples from wells Pz3 and Pz5
were also discarded as these wells did not seem connected
to the groundwater flow system.

Results

Major ions

Graphical representation and interpretation of major ions are
based on Piper and Stiff diagrams (Piper 1944; Stiff 1951).
Major ion hydrochemistry is particularly helpful to distinguish
the different water types present within a watershed (Back
1966).

Results of the major ion hydrochemistry are presented in
Table 1. All samples from the lower aquifer have a Ca-HCO3

water type with total dissolved solids (TDS) concentrations
ranging from 66 to 158 mg/L. Stream water samples also
present a Ca-HCO3 water type, with TDS concentrations in-
creasing from 20 to 96 mg/L, increasing from upstream to
downstream.

Water samples from the upper surficial aquifer have rela-
tively lower mineralisation (11–54 mg/L TDS) and show
water-types varying from Ca-HCO3 (four samples), Na-
HCO3 (four samples), Ca-Cl (two samples) and Na-Cl (two
samples). The hydrogeochemical signatures of the stream wa-
ter, deeper groundwater, and surficial groundwater are shown
in the Piper diagram of Fig. 3a. The Piper diagram suggests
that groundwater in the lower aquifer can be divided into two
groups. The first group corresponds to upstream wells Pz8,
Pz9, Pz6, which plot together in the Ca-HCO3 area, while the
second group is for downstream well Pz4, which plots in the
same area as stream water with generally higher SO4

2− and
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Cl− compared to the other wells. Further similarities and dif-
ferences between the hydrogeochemistry of the lower aquifer
and stream water can be noted from their Stiff diagrams (Fig.
3b). Based on the Piper and Stiff diagrams, four water types
can be identified:

1. Very low TDS groundwater in the surficial aquifer with
significant inter-annual variability

2. Water from wells Pz8, Pz9 and Pz6, with little inter-
annual variability

3. Water from well Pz4, which is more mineralized than
upgradient groundwater samples

4. Stream water

Trace elements (identified in section ‘Sampling campaign’)
were also analysed to assess the water quality for potential use
as drinking water. Within the scope of our analysis, no sam-
ples exceeded the Canadian drinking water standard (Health
Canada 2017).

Water isotopes

To develop a framework for comparison of water isotope data
within the watershed (Table 1), the LMWL was first
established based on 2 years of monthly sampling of precipi-
tation (rain and snow) at the Umiujaq airport. Eight samples
were discarded due to signs of evaporation during and after
sampling. The isotope dataset of precipitation ranges from a
maximum δ18OH2O value of −10.4‰ and a maximum δ2HH2O

value of −70.3‰ (rain, September 2015) to a minimum
δ18OH2O value of −30.7‰ and a minimum δ2HH2O value of
−235.8‰ (snow, December 2015). The linear regression for
assessing the LMWL at Umiujaq, based on 15 samples with a
coefficient of determination R2 of 0.998, is expressed as:

δ2HH2O ¼ 8:03 δ18OH2O þ 10:35 ð1Þ
which is close to the global meteoric water line, GMWL
(Craig 1961; Rozanski et al. 1993).

Except for water from the lakes, all samples are located
along the LMWL (Fig. 4). Snow is the most isotopically de-
pleted component ranging from −30.7‰ δ18OH2O (−235.8‰
δ2HH2O) to −18.8‰ δ18OH2O (−141.2‰ δ2HH2O) with an av-
erage of −22.9‰ δ18OH2O (−149.8‰ δ2HH2O). Isotopes of
snow samples taken directly from the snow cover within the
watershed in March 2015 and April 2016 are slightly above
the LMWL. This enrichment in δ2HH2O is currently difficult
to explain but may be due to post-depositional processes af-
fecting the isotope ratio, mainly sublimation of snow and
evaporation of meltwater (Christner et al. 2017).
Nevertheless, these small shifts do not affect the overall con-
clusions drawn from the isotope data set.

Measured δ-values in water samples taken from lakes in the
Tasiapik Valley watershed vary from −17.8‰ δ18OH2O

(−129.7‰ δ2HH2O) to −9.44‰ δ18OH2O (−81.5‰ δ2HH2O)
with an average of −12.8‰ δ18OH2O (−99.7‰ δ2HH2O)
(Fig. 4b). A local evaporative line (LEL) was defined from a
linear regression through the previous measured δ-values The
crossover point between this LEL and the LMWL has a value
of −15.4‰ for δ18OH2O (−113.3‰ δ2HH2O) and represents
the isotopically-weighted average of annual precipitation
(Wolfe et al. 2007).

Rain isotope ratios vary between −17.3‰ δ18OH2O

(−134.2‰ δ2HH2O) and −8.7‰ δ18OH2O (−65.2‰ δ2HH2O)
with an average of −12.6‰ δ18OH2O (−92.0‰ δ2HH2O).
Stream water has an isotope ratio varying from −17.4‰
δ18OH2O (−125.6‰ δ2HH2O) to −15.4‰ δ18OH2O (−111.0‰
δ2H) with an average of −16.4‰ δ18OH2O (−118.2‰ δ2HH2O;
Fig. 4b–c).

Groundwater samples fall in the range of local rain varia-
tions, ranging from −19.3‰ δ18OH2O (−135.9‰ δ2HH2O) to
−14.5‰ δ18OH2O (−102.4‰ δ2HH2O) with an average of
−17.5‰ δ18OH2O (−124.0‰ δ2HH2O) in the upper surficial
aquifer, and from −16.00‰ δ18OH2O (−114.7‰ δ2HH2O) to
−13.23‰ δ18OH2O (−95.3‰ δ2HH2O) with an average of
−15‰ δ18OH2O (−106.9‰ δ2HH2O) in the lower aquifer
(Fig. 4c–d).

Ground ice in two of the permafrost mounds at a depth of
5 m below the active layer has isotope values between
−15.4‰ δ18OH2O (−111.2‰ δ2HH2O) and −12.9‰ δ18OH2O

(−91.1‰ δ2HH2O) with an average of −14.4‰ δ18OH2O

(−103.0‰ δ2HH2O; Fig. 4c). These δ-values are similar to
other isotope measurements in ground ice from the wider
Umiujaq area (Calmels et al. 2008; Narancic et al. 2017).

DIC, DOC, δ13CDIC,DOC and pCO2

Characterising the carbon species in a watershed is useful for
interpreting recharge and weathering processes. DIC and
DOC concentrations in the watershed as well as their δ13C
isotope values in the stream, and in the deep and shallow
groundwater, are presented in Fig. 5a.

DOC concentrations in groundwater vary from 0.9 to
3.4 mg/L C. Measured DOC is higher in the stream, ranging
from 1.78 to 5.45mg/LC, and decreases from the upstream part
of the stream to the outlet. The δ13CDOC isotope ratio, however,
remains stable in both the stream and groundwater, with an
average ratio of −28.1‰ VPDB, which can be attributed to
the δ13CDOC value of soil in a C3-type vegetation environment.

DIC concentrations are more variable within and between
the different water compartments. Groundwater in the surficial
aquifer has the lowest DIC concentrations, ranging from 1.9 to
4.7 mg/L C, while DIC concentrations vary from 9.6 to
13.5 mg/L C in the lower aquifer (Fig. 5a). In the stream,
DIC concentrations vary between 4.9 and 10.2 mg/L C.
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The shallow groundwater δ13CDIC ratios range from −15.7
to −25.9‰VPDB,while deep groundwater has δ13CDIC ratios
between −7.8 and −17.2‰ VPDB. The stream water δ13CDIC

values are within the range of deep groundwater (from −11.1
to −14.2‰ VPDB). Mean pCO2 values for shallow and
deeper groundwater are 10–2.6 atm (Table 1), which is in the
range of dry and low organic soils (Clark 2015) and consistent
with the values presented by Kessler and Harvey (2001) for
soils of northern regions. The mean stream water pCO2 is 10

–

3.4 atm, which appears to be in equilibrium with atmospheric
values (Clark 2015). pH values in groundwater range from 6.6
to 8.8 in the lower aquifer and from 5.2 to 7.5 in the surficial
aquifer. Figure 5b shows the δ13CDIC and pH values of
groundwater samples and the PHREEQC-calculated pCO2

equilibration lines for an open system.

Dating

The 3H/3He age dating method was used to estimate ground-
water residence times in the aquifers. Unfortunately, reliable
tritiogenic 3He concentrations could not be obtained because
of significant excess air in the samples, which suggests rapid
recharge. Nevertheless, since groundwater in the watershed
has 3H (tritium) concentrations ranging from 8.4 ± 0.3 to 8.8
± 0.3 TU, it was concluded that groundwater is indeed
recharged by modern water (Clark and Fritz 1997).

Discussion

Hydrogeochemical conceptual model

A conceptual flowchart of the hydrogeochemical system of
the Tasiapik Valley watershed at Umiujaq, including compo-
nents of groundwater recharge and infiltration, geochemical

evolution and groundwater discharge, was developed based
on detailed field observations including a chemical analysis
of precipitation, groundwater, surface water and permafrost
(Fig. 6). This conceptual model is described in the following.

Surficial groundwater

In the upper part of the watershed, groundwater in the surficial
aquifer has very low TDS concentrations and shows signifi-
cant variations, both in terms of hydrogeochemical water
types and between different piezometers (Table 1; Fig. 3).
The low TDS concentrations can be explained by the short
travel times within this aquifer, while the proximity of the
watershed to Hudson Bay could explain the water-type varia-
tions. Hudson Bay is a saltwater inland sea that provides a
source of Na+ and Cl−, in aerosol form, for local precipitation
in the watershed.

Groundwater becomes enriched in CO2 during recharge
through soils (Utting et al. 2013). For the surficial groundwa-
ter, pCO2 values are around 10–2.6 atm, which is higher than
atmospheric pressure and surface water pCO2 (10–3.4 atm).
According to Clark (2015), these pCO2 values are typical for
dry and low-organic soils. Measured δ13CDOC values (Fig. 5)
also confirm the soil influence as its signature is related to C3
vegetation (Clark and Fritz 1997).

DIC concentrations in the upper surficial aquifer are lower
than in the lower aquifer, while δ13CDIC values (Fig. 5) reflect
that the soil CO2 is dominated by C3-type vegetation (Vogel
1993). Moreover, water stable isotope values in the surficial
aquifer are more influenced by snowmelt water than in the
lower aquifer (Fig. 4).

The tritium concentration of 8.6 TU measured in the
surficial aquifer can be considered as an indication of
modern recharge (Clark and Fritz 1997), which is also
consistent with the seasonal water level variations

Fig. 3 Hydrogeochemical data of
the Tasiapik Valley watershed at
Umiujaq: a Piper diagram of
groundwater from the upper
surficial and lower aquifers as
well as from stream water of the
watershed, and b Stiff diagrams
for water samples taken in 2014,
2015, and 2016 from lightest to
darkest color, respectively. For
simplicity, the Stiff diagram only
includes data from the five
monitor wells and the stream,
whereas the Piper plot also
includes the piezometers. All data
are provided in Table 1
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observed in the surficial aquifer piezometers (Lemieux
et al. 2020, this issue). Higher groundwater levels during
the snowmelt period (May–July) indicate recharge while
lower groundwater levels during the frozen period
(October–May) are associated with depletion of stored
groundwater in the absence of recharge. Well hydrographs
in the surficial aquifer show that it dries up almost
completely in winter. The observed data, including sea-
sonal variations in the well hydrographs, low TDS

concentrations, variations in the hydrogeochemical facies,
as well as the water stable isotope data, suggest a com-
plete renewal of surficial groundwater every year.
Recharge seems to originate mainly from snowmelt water
which rapidly infiltrates into low organic content soil.
Variations in hydrogeochemical water types between pie-
zometers suggest a heterogeneous aquifer with possible
small discontinuous aquifer units of littoral sand (Mb)
located within depressions of the marine silt (Ma; Fig.

Fig. 4 Stable isotopes measured
in water samples from different
sources in the Tasiapik Valley
watershed at Umiujaq: a monthly
precipitation data, b stream data, c
combined precipitation,
groundwater from the lower
aquifer, and ground ice in
permafrost, and d groundwater
from the upper and lower
aquifers. Each figure includes the
local meteoric water line
(LMWL) for Umiujaq assessed
from monthly precipitation sam-
pling at the Umiujaq airport from
July 2014 to July 2016. The
black-dashed line represents the
local evaporative line (LEL)
assessed from isotopes measured
in water samples taken from lakes
within the watershed. The grey-
dashed line represents the global
meteoric water line (GMWL),
according to Craig (1961) and
Rozanski et al. (1993)

Fig. 5 Carbon chemistry of water
samples at Umiujaq: a Carbon
phases, DOC, DIC and their δ13C
values, and b observed δ13CDIC as
a function of pH with theoretical
pCO2 evolution in an open
system. Calculated pCO2 values
are presented above each data
point

Hydrogeol J (2020) 2 :8 853–868 861



2). There is no evidence of a direct connection between
the upper and lower aquifers, which is expected since the
upper aquifer is underlain by the marine silt unit (Ma) and
by a thick unsaturated zone that likely acts as a capillary
barrier between these aquifers.

Deep groundwater

The lower aquifer is generally unconfined in the upper part of
the watershed and confined in the lower part, with seasonal
artesian conditions at well Pz4 (Fig. 2). Lemieux et al. (2020,
this issue) show that the hydrographs for wells Pz6 and Pz4 in
the confined lower aquifer in the lower part of the watershed
show significant seasonal variations between the maximum
(December–January) and minimum (May–June) water levels.
These variations result from the aquifer confinement and
proximity of these wells to the watershed discharge zone,
which leads to a funnel effect for incoming groundwater
flowing from the upper part of the valley and transversely
from the cuesta. The dominant hydrogeochemical water type
for all wells in the lower aquifer is Ca-HCO3 and the TDS
content ranges from 66 to 158 mg/L.

Measured pCO2 and δ
13CDOC values also confirm recharge

through soils with low organic matter contents that are com-
posed of C3 organic matter. Increases in DIC concentrations,
and δ13CDIC values more positive than −17‰ (Fig. 5a), can be
interpreted as the deeper groundwater representing closed-
system weathering of carbonates (Utting et al. 2013). This
interpretation is confirmed by the data shown in Fig. 5b where
only well Pz4 appears to be in an open system, at pCO2 = 10–
2.5 atm, and where calculated pCO2 and equilibration lines
appear to be in good agreement. All other samples in the lower
aquifer do not seem to correspond to open-system equilibra-
tion lines (Fig. 5b) and therefore likely belong to a closed
system. Similar approaches have been taken in other catch-
ment studies (Cronin et al. 2005). Although carbonates are
locally present in veins and fractures of the underlying bed-
rock and in sedimentary rock formations within the Nastapoka
Group (ex. along the cuesta ridge; Fortier et al. 2020, this
issue), no value for a carbon isotope end-member in carbonate
could be determined. Therefore, a closed-system scenario re-
mains likely for the lower aquifer, but clear isotope values
could not be associated with the calculated model. The appar-
ent open system for well Pz4 is surprising since it lies at the
end of a groundwater flow path and should carry a closed-
system history as in the other groundwater samples; its signa-
ture may indicate an admixture of groundwater fluxes from
other sources.

Water stable isotopes of deeper groundwater scatter close
to the weighted average of annual precipitation (Fig. 4).
Tritium concentrations vary between 8.4 ± 0.3 and 8.8 ± 0.3
TU, which is an indication of modern recharge (Clark and
Fritz 1997). Measured seasonal variations in piezometric

levels also suggest modern recharge with a 6-month delay
between the peak recharge season during snowmelt and the
higher piezometric levels measured in wells Pz6 and Pz4 in
winter (Lemieux at al. 2020, this issue). Based on these ob-
servations, groundwater in the lower aquifer appears to be
recharged by modern precipitation. Groundwater sampled in
the area can be considered as young with a poorly evolved
hydrogeochemical composition and low mineralisation. No
evidence of meltwater infiltration into the lower aquifer from
degradation of permafrost ground ice was found within the
framework of this study. This finding is consistent with the
conceptual model presented by Lemieux et al. (2020, this
issue), which indicates that in the upper part of the valley
where the permafrost-rich silt unit is present, downward
groundwater flow toward the lower aquifer is restricted by
the capillary barrier effect of the thick unsaturated zone. In
the lower part of the valley, where the lower aquifer is con-
fined, groundwater flows upward across the permafrost-rich
silt unit, from the lower aquifer toward the stream. Meltwater
from ground ice is therefore not flowing toward the lower
aquifer, but rather toward the stream.

Observed differences in groundwater hydrogeochemistry
and increases in TDS between wells Pz6 and Pz4 are
interpreted, together with open-system weathering conditions
and a more irregular well hydrograph at well Pz4 (Lemieux
et al. 2020, this issue), as indications of mixing between the
deep groundwater and another groundwater source in the
lower part of the watershed. One hypothesis for this
contribution is water infiltration through the highly fractured
surface of the cuesta with a significant recharge peak during
snowmelt that also enables rapid CO2 exchange. This is also
compatible with the conceptual model of Lemieux et al.
(2020, this issue) which suggests that groundwater from the
cuesta ridge flows toward the lower aquifer. In their 2D nu-
merical model, Dagenais et al. (2020, this issue) also assume
that flow occurs primarily within the transverse direction to-
ward the central stream and includes the cuesta ridge as an
important recharge zone for the lower aquifer. This hypothesis
could be confirmed in the future with a tracer test at the edge
of the cuesta.

Stream water

Since the hydrogeochemical composition of the stream and
groundwater at well Pz4 is similar, with slight differences that
seem primarily linked to dilution, the electrical conductivity
was measured along the stream to verify if groundwater from
the lower aquifer contributes significantly to the stream dis-
charge. The measured EC along the 630-m-long profile in-
creases from 39 to 165 μS/cm, from upstream to the down-
stream watershed outlet (Fig. 7). The measured EC profile is
influenced by a small spring that discharges into the stream, at
approximately 1 L/min. The spring has a Ca-HCO3 water
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type, 266 mg/LTDS and an EC of 425 μS/cm. The stream EC
increased from 70μS/cm at a distance of 50m upstream of the
intersection with the spring (shown in Fig. 7) to 110 μS/cm
about 50 m downstream of the intersection.

The salt dilution tests showed that discharge increases by a
factor of 5 along the stream, from 2 L/s upstream to 10.1 L/s at
the watershed outlet (Fig. 7). A small tributary that originates
at the foot of the permafrost mounds contributes about 2.5 L/s
to the total discharge. This gradual increase in stream dis-
charge provides further evidence that it is mainly fed by
groundwater from the lower confined aquifer. This is also
compatible with the findings of Lemieux et al. (2020, this
issue) who showed that a significant contribution of ground-
water baseflow from the lower aquifer contributes to the
stream discharge.

Ground ice isotope signatures in permafrost mounds

Isotope ratios of ground ice in two permafrost mounds were
analysed to provide insight into permafrost aggradation and to
find a possible tracer for meltwater of ground ice. Ground ice
at depths ranging from 1.5 to 5 m within the permafrost

mounds has δ18OH2O and δ2HH2O ratios within the range of
modern water (rain and groundwater) on the LMWL (Fig. 4).
Calmels et al. (2008) and Narancic et al. (2017) observed
similar values for ground ice at another study site located
16 km east of the watershed, in the Sheldrake River Valley.
Their site is also located in discontinuous permafrost where
seasonal or historically recent freeze–thaw events affecting the
shallow permafrost below the active layer can induce water
mixing between recently recharged groundwater and perma-
frost water. Having aggraded under colder-climate conditions,
shallow permafrost with originally depleted δ18OH2O and
δ2HH2O values can therefore become isotopically enriched
by such groundwater addition (Banville 2016; Calmels et al.
2008; Fallu et al. 2005; Kerwin et al. 2004).

Modern water infiltration into near-surface permafrost
could have been more clearly identified using 3H signatures
but such analyses were not carried out in the present study.
However, measured 3H values down to a depth of 5 m in a
lithalsa (a permafrost mound without peat cover) near the
Umiujaq watershed range from 2.5 ± 0.6 TU to 1.9 ± 0.5 TU,
which clearly indicates modern water infiltration into the su-
perficial permafrost layer (Calmels et al. 2008). Modern water

Fig. 6 Conceptual flowchart of
the hydrogeochemical system
within the Tasiapik Valley
watershed at Umiujaq
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infiltration into permafrost was attributed to seasonal water
movement affecting near-surface permafrost (Kokelj and
Burn 2003), including temperature-induced downward mois-
ture migration (Burn and Michel 1988; Cheng 1983).
Moreover, the recent marked trend to climate warming is also
inducing an increase in the unfrozen water content in perma-
frost (Calmels et al. 2008).

Implications for drinking water

The evolution of groundwater quality in degrading permafrost
environments is a growing concern, as the expected develop-
ment of northern regions will likely increase the need for new
drinking water supplies (Cochand et al. 2019). Within the
framework of this study, hydrogeochemical evolution and
weathering processes were found to be similar to those in
nonpermafrost environments. Results were also consistent
with other studies on groundwater quality in permafrost areas
(Utting et al. 2013; Williams 1970). The groundwater system
in the watershed at Umiujaq shows dynamic recharge and
high renewal rates. Significant groundwater flow rates in the
upper and lower aquifer have been measured, for example, by
Jamin et al. (2020, this issue) using the finite volume point
dilution method. Moreover, groundwater meets the Canadian
quality standards for drinking water (Health Canada 2017).
However, even if permafrost is currently degrading in this
watershed, recharge into the lower aquifer will probably not
increase significantly due to the presence of the confining
marine silt unit (Ma). This particular site might therefore not
be suitable as a water supply. Another issue also concerns the

cost of transporting water from the watershed, which is about
8 km from the Inuit community of Umiujaq (Fig. 1).

Nevertheless, these preliminary results are promising for
locating water sources in similar hydrogeological contexts in
other communities, in that their groundwater resources will
likely be of similar excellent quality and potentially good
sources of drinking water. However, in this context, particular
attention should be paid to the vulnerability of shallow
groundwater systems as rapid recharge dynamics associated
with thin soil layers and the loss of the permafrost confining
layer may increase the risk of groundwater to potential
contamination.

Conclusions and perspectives

The use of various environmental tracers, including major
ions, DIC, DOC, water and carbon stable isotopes and 3H,
has allowed a detailed characterisation of groundwater flow
behavior and quality in a watershed within a discontinuous
permafrost zone in Nunavik (Québec), Canada. Shallow
groundwater located in small isolated depressions filled with
sand, forming an unconfined aquifer, is young and poorly
evolved. This unconfined aquifer appears to be renewed every
year and is mainly recharged by snowmelt infiltration through
low-organic soil. Deeper groundwater that is partially con-
fined by a marine silt unit which has been partially invaded
by permafrost, is also recharged by modern precipitation and
is also considered young.

Fig. 7 EC-profile and discharge measurements along the stream in the Tasiapik Valley watershed at Umiujaq. The gauging station is located at the
watershed outlet
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Carbon isotope data show evidence of carbonate dissolu-
tion in a closed system. Only the downstream piezometer Pz4
shows open-system conditions, which are associated with
changes in hydrogeochemistry and piezometry. These chang-
es are interpreted as contributions from other groundwater
sources in the aquifer, possibly including infiltration through
the highly fractured cuesta ridge.

Within the framework of this study, due to the absence of a
unique isotope signature within the shallow permafrost zone,
and in part because of the short time scale of the study, it was
not possible to identify the contributions of meltwater to the
lower aquifer from degradation of permafrost ground ice.

Close to the watershed outlet, hydrogeochemical data and
discharge measurements show evidence of a significant
contribution of deep groundwater to the stream, originating
from the confined aquifer below the permafrost mounds.
These results are consistent with the conceptual model of
Lemieux et al. (2020, this issue) and the coupled groundwater
flow–heat transfer model of Dagenais et al. (2020, this issue),
which showed significant groundwater flow in the confined
aquifer below one of the downgradient permafrost mounds,
and discharge to the stream.

The LMWL for Umiujaq was determined based on 2 years
of monthly precipitation sampling and is close to the Global
Meteoric Water Line (GMWL). Although ground ice sampled
in the first 5 m in ice-rich permafrost mounds has water
δ18OH2O and δ2HH2O ratios within the range of modern pre-
cipitation, further investigations based on ice 3H content are
needed to confirm modern infiltration of water into these per-
mafrost mounds.

Although groundwater in the lower aquifer meets the
Canadian quality standards for drinking water, groundwater
from this particular site might not be suitable as a water supply
due to the confining silt layer which limits recharge, due to
limited available volumes, and the significant distance to the
Inuit community of Umiujaq. Nonetheless, in the current con-
text of permafrost degradation due to climate warming as ob-
served throughout Nunavik (Québec) and elsewhere in the
circumpolar world, the use of groundwater in degrading per-
mafrost areas should be considered for supplying drinking
water to users such as northern communities and mining com-
panies. In this perspective, particular attention to the release of
toxic elements such as mercury, which has been associated
with permafrost degradation (Schuster et al. 2018), should
also be considered in further studies. In addition, vulnerability
of this resource should be carefully evaluated, and suitable
protection areas, accounting for possible recharge through dis-
continuous permafrost, will need to be delimited for associat-
ed water supply wells, as they are in southern regions.

Processes associated with hydrogeochemical evolution of
groundwater and weathering within the Tasiapik Valley wa-
tershed are similar to those in nonpermafrost environments. At
this particular site, the discontinuous permafrost does not have

a strong confining effect. Further studies should include an-
nual surveys of groundwater quality evolution. The hydrogeo-
chemical data set from this study will be very useful as a
baseline for comparison with future studies at Umiujaq and
in similar regions to document climate-change-induced im-
pacts of permafrost degradation on hydrogeological systems.
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