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Abstract

Permafrost thaw is a complex process resulting from interactions between the atmosphere, soil, water
and vegetation. Although advective heat transport by groundwater at depth likely plays a significant
role in permafrost dynamics at many sites, there is lack of direct measurements of groundwater flow
patterns and fluxes in such cold-region environments. Here, the finite volume point dilution method
(FVPDM) is used to measure in-situ groundwater fluxes in two sandy aquifers in the discontinuous
permafrost zone, within a small watershed near Umiujaq, Nunavik (Quebec), Canada. The FVPDM
theory is first reviewed, then results from four FVPDM tests are presented: one test in a shallow supra-
permafrost aquifer, and three in a deeper sub-permafrost aquifer. Apparent Darcy fluxes derived from
the FVPDM tests varied from 0.5x10 to 1.0x10° m/s, implying that advective heat transport from
groundwater flow could be contributing to rapid permafrost thaw at this site. In providing estimates
of the Darcy fluxes at the local scale of the well screens, the approach offers more accurate and direct
measurements over indirect estimates using Darcy’s law. The tests show that this method can be
successfully used in remote areas and with limited resources. Recommendations for optimizing the

test protocol are proposed.
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1. Introduction

Permafrost in the northern hemisphere covers an area of approximately 23 x 10° km?, which
represents more than two times the area of countries like Canada or United States, and is likely to
decrease by 30 to 75 % over the next century due to climate change (Grosse et al. 2011; Slater and
Lawrence 2013). Onshore and offshore effects of permafrost degradation have already been observed
in Alaska (USA), northern Canada, Sweden, Siberia and Tibet since the early 1990s (Romanovsky et al.
2010). Although increasing atmospheric temperatures is the known cause, permafrost thaw is difficult
to predict since it is a very complex process resulting from the non-linear interaction between the
atmosphere and ground surface including soils, snow cover, vegetation, surface water and

groundwater.

Prior to about 2010, only heat conduction had been taken into account in most of the numerical
models used for simulating permafrost dynamics and to forecast permafrost degradation. Numerous
authors have shown, however, that groundwater flow and heat transport by advection through
subsurface flow systems should be considered in order to better understand and predict permafrost
dynamics (e.g. Wright et al. 2009; Rowland et al. 2011; de Granpré et al. 2012; McKenzie and Voss

2013; Frampton and Destouni 2015; Kurylyk et al. 2016).

Validation of these models is fundamental since the accuracy of their predictions can be compromised
by non-linear coupling and feedback loops. For instance, since thermal conductivity increases with soil
water content, groundwater flow through an initially unsaturated porous medium will promote heat
transport and permafrost thaw. Thawing permafrost also releases water, which in turn promotes heat
transport, creating a positive feedback loop (Wright et al. 2009). Permafrost thaw also increases the
hydraulic conductivity and effective porosity of the soil, allowing groundwater flow and groundwater
recharge through an active flow layer (Briggs et al. 2014). Although this effect was shown in numerous
field and numerical studies (Walvoord and Strieg, 2007; St Jacques and Sauchyn 2009; Lyon and

Destouni 2010; Ge et al. 2011; O’Donnell et al. 2012), the consequences of this enhanced recharge and
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groundwater flow on permafrost thaw itself have rarely been examined. The heat carried by
groundwater advection is thus likely to increase the rate of permafrost thaw leading to additional

feedback processes.

Although groundwater flow and advective heat transport has been found to be important for
understanding permafrost dynamics, there is a lack of groundwater tracer data and direct
measurements of groundwater parameters such as hydraulic head and hydraulic conductivity for
determining flow patterns and groundwater fluxes in permafrost environments (Bense et al. 2012).
The challenge to find suitable permafrost sites which are suitably instrumented with groundwater
monitoring wells, difficulties in accessing these sites, as well as high costs for field work in northern
regions are the main factors which limit the availability of field observations. Existing monitoring wells
are often insufficient to allow the assessment of representative hydraulic gradients and realistic

groundwater flow rates (Ireson et al. 2013).

In most hydrogeological studies, groundwater (Darcy) fluxes are usually calculated indirectly using
Darcy’s law which requires access to a network of groundwater monitoring wells sufficiently dense to
provide acceptable measurements of the hydraulic gradient and hydraulic conductivity, the latter
usually obtained from a pumping test or slug test. Although quite simple, this approach only provides
a mean Darcy flux (on the scale of the well spacing) and can yield fluxes with significant margins of
error due to uncertainties in the hydraulic gradient and hydraulic conductivity (Bright et al. 2002;

Devlin and McElwee 2007).

A crucial need thus exists for more reliable and direct methods to measure groundwater fluxes in the
north, and using single-well techniques where possible. Available single-well techniques include both
passive and direct measurements. For example, passive methods for measuring groundwater flux
include passive flux meters (PFMs, ex. Hatfield et al. 2004) and the iFLUX sampler (iFLUX, 2018).

However, passive cartridges applied with these methods have only been developed for 2 and 4 inch
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(50 and 101 mm) wells and could not be easily adapted for this specific field site which uses 1.5 inch

(38 mm) wells.

Direct measurement methods such as the colloidal borescope (Kearl 1997), acoustic Doppler
flowmeter (Wilson et al. 2001) and In-Well PVP (Osorno et al. 2018) have discrete vertical sampling
points that allow measuring local flow velocities which can be significantly different than the average
water flux along the entire length of the well-screen. Furthermore, the three cited systems have
respective diameters of 1.7, 3 and 2 inches (43, 76 and 50 mm), which prevent their use in 1.5 inch
(38 mm) wells. Among the other available methods of direct measurement of groundwater fluxes, the
Finite Volume Point Dilution Method (FVPDM; Brouyére et al. 2008) is a promising candidate since it is
not limited by the diameter of the piezometer and it has been successfully applied in a variety of

geological settings (Goderniaux et al. 2010; Jamin et al. 2015).

In Nunavik (Quebec, Canada), which lies north of the 55° parallel within the province of Quebec,
permafrost thaw and groundwater availability are critical issues (Fortier et al. 2011; Lemieux et al.
2016). Buteau et al. (2010) studied a typical permafrost mound located in a small watershed near the
Inuit community of Umiujaq in Nunavik using a heat conduction model. However, they were only able
to reproduce observed temperatures within the permafrost by applying an unreasonable geothermal

heat flux twice the value expected in this study area.

Recent investigations at the Umiujaq site (Lemieux et al. 2016; Fortier et al. this issue; Lemieux et al.
this issue) have shown that an aquifer is located below the permafrost mounds in the lower part of the
watershed, in which groundwater flow could be inducing significant advective heat transport and thus
could be contributing to permafrost thaw. To help better understand the controlling parameters on
permafrost dynamics in this type of periglacial environment, numerical models of groundwater flow
and advective-conductive heat transport, accounting for freezing and thawing, have been developed
(Dagenais et al. 2017; Dagenais et al. this issue; Parhizkar et al. 2017). A critical component of these

models is the groundwater flow rate (Darcy flux) in the aquifer below the permafrost mounds. Indeed,
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supported by long-term records of temperature within one of these permafrost mounds, the modelling
results suggest that advective heat transport is an important mechanism driving permafrost dynamics

(Dagenais et al. 2017; Dagenais et al. this issue).

Since this studied watershed only hosts a few piezometers which are not ideal for determining
representative hydraulic gradients, a direct method for determining groundwater fluxes was needed.
The aims of this study were therefore: (1) to provide a direct measurement of the in-situ groundwater
Darcy flux using the Finite Volume Point Dilution Method (FVPDM) in four piezometers within the
studied watershed in the discontinuous permafrost zone of Nunavik (Quebec), Canada, and (2) to
evaluate the application of the FVPDM in harsh conditions with limited accessibility and on-site
resources. To the authors’ knowledge, this is the first application of this technique in a northern
environment, in particular within a sub-permafrost aquifer. Moreover, the measured groundwater
fluxes within the sub-permafrost aquifer in this watershed are used to constrain numerical modelling
of advective-conductive heat transfer and to assess the impacts of groundwater flow on permafrost

dynamics (Dagenais et al. this issue).

After a brief description of the environmental context, the experimental setup adopted for the FVPDM
experiments is detailed. The results are then presented and discussed. Finally, a series of
recommendations are formulated for the optimization of FVPDM measurements in remote

environments.
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2. Study area

Located along the eastern shore of Hudson Bay, the Inuit community of Umiujaq lies within the
discontinuous permafrost zone in Nunavik (Quebec) (Fig. 1). The study site is within a 2 km? watershed
located in the Tasiapik Valley, between the village of Umiujag and the northern end of Lake Tasiujaq,
into which it drains. Within this valley, two aquifers, one surficial and one deep, lie above the bedrock

(Fortier et al. this issue; Fig. 2 and 3).

The thin and unconfined surficial aquifer is found in a Quaternary unit of littoral and intertidal sands
which overlies a unit of silty marine sediments deposited during the postglacial marine transgression
of the Tyrell Sea. The thickness of the surficial sand unit is greatest in the upper part of the valley where
it can be 10 m thick, but this unit is very thin in the lower part of the valley. The silty marine sediments
vary in thickness from 10 m in the central part of the valley up to 20 m in the eastern downgradient
part of the valley. Being frost-susceptible, the freezing of silty sediments under cold-climate conditions
forms ice-rich permafrost mounds which are scattered across the valley (Fig. 2 and 3). These raised
periglacial landforms due to the localized frost heaving have an approximate diameter of a few tens of

meters and a maximum thickness of around 25 m.

The deep aquifer is found in the coarse-grained fluvioglacial/moraine sediments unit overlying the
bedrock (Fortier et al. this issue). While unsaturated in the upper part of the valley, this unit becomes
saturated in the lower part of the valley. This aquifer is also unconfined in the upper part of the valley,
and becomes confined below the layer of frozen silts in the lowermost part of the valley, where
artesian conditions may occur in late fall and early winter. The hydraulic conductivity of this aquifer is

relatively high and can reach 1 m/d (1.2 x 10 m/s) (Lemieux et al. 2016).

The Tasiapik Valley hosts the Immatsiak sub-network which is part of the provincial network of
groundwater monitoring wells commissioned by the Government of Quebec to assess the impacts of
climate change on groundwater resources (Government of Quebec 2018). The Immatsiak sub-network

is composed of several shallow and deep piezometers installed at seven monitoring sites during the
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summer of 2012 (Fig. 2). The piezometers are oriented along a transect parallel to the axis of the valley

from north-west to south-east (Fig. 2 and 3).
2.1 Piezometer details

Direct groundwater flux measurements were performed in four piezometers in the Tasiapik Valley
watershed: three in the deep aquifer (piezometers Pz4, Pz6, and Pz9), and one in the shallow aquifer
(piezometer Pz2) (Fig. 2 and 3). All piezometers are made of PVC tubing with inside diameters of 1.5
inches (38 mm) (Table 1). The deep aquifer piezometers were installed by first drilling down to the
contact between the glacial deposits and bedrock, then drilling continued from 2 to 3 m into the
bedrock to confirm the bedrock contact. The piezometer screen was then installed from the bottom
of the drill hole in the bedrock up to a height of 5 m which implies that only about half of the
piezometer screen was in contact with the fluvioglacial sediments aquifer. Two tested piezometers in
the deep aquifer, Pz4 and Pz6, are located in the lower part of the valley while piezometer Pz9 is
located in the steepest part of the valley where higher groundwater fluxes are expected (Fig. 3). The
deep aquifer piezometers Pz4, Pz6, and Pz9 were drilled to depths of 33.3, 35.4 and 38.3m,
respectively (Fig. 3; Table 1). For these three piezometers, the depth to the water table relative to
ground surface at the moment of the direct groundwater flux measurements in summer 2016 was 3.4,
12.7, and 31.78 m, respectively (Fig. 3; Table 1). Finally, one measurement was carried out in the
piezometer Pz2 which is located in the shallow aquifer in the upper part of the valley (Fig. 2 and 3).
The depth of this piezometer is 4.65 m and the water table was 2.95 m below ground surface during
the experiments (Table 1). This last piezometer was selected because advective heat transport within
perched aquifers or shallow flow zones can also have an important effect on the dynamics of the
underlying permafrost (Dagenais et al. this issue; Evans and Ge 2017; Frampton et al. 2013; Jiang et al.

2012).
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3. Methodology

3.1 Theory of the FVPDM for flux measurements

For the experiments using the single-well point dilution method (PDM), the concentration evolution of
an injected tracer is related to the intensity of the groundwater Darcy flux. The standard PDM involves
a single instantaneous injection of tracer in the tested well and monitoring the decrease in tracer
concentration over time due to dilution by groundwater flowing through the well screen. During the
experiment, the water column inside the well is mixed to ensure a homogeneous distribution of the
tracer mass. The Finite Volume Point Dilution Method (FVPDM) (Brouyere et al. 2008) is a
generalization of the PDM where a continuous injection of the tracer into the well is used instead of
only a single instantaneous injection of tracer. The FVPDM provides very good accuracy for

measurements of steady state groundwater flow (Jamin et al. 2015).

The typical evolution of tracer concentrations in a well being tested using the FVPDM can be
summarized as follows (Jamin and Brouyére 2018). At the beginning of the test, when the tracer
injection starts, the tracer concentration within the tested well increases until the groundwater and
tracer mass fluxes reach equilibrium. This first phase is the initiation phase in which the duration
depends mainly on the groundwater flow rate passing through the well screen and on the mixing
volume. The time to reach this stabilization is longer for larger mixing volumes and slower groundwater

velocities.

A FVPDM test can be directly interpreted using the following analytical solution (Brouyére et al. 2008):

Qunj + Q¢
v,

(t—ty)
w

Qo iy — (Quny Cong — (Quny + @) Cuo) e
Cw(®) = Qinj + Q¢ (1)

where C,(t) [ML?3] is the tracer concentration in the well at time t [T], Gy [ML?] is the tracer
concentration in the injected tracer fluid, C, o [ML?] is the tracer concentration in the well at initial

time to [T], Qin; [L3T] is the tracer fluid injection flow rate, V,,[L?] is the volume of water in the injection
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well, and Q; [L3T!] is the (transit) flow rate of groundwater through the well screen during the FVPDM

test.

If the groundwater velocity in the aquifer does not vary with time, and the tracer injection is long
enough, the tracer concentration in the tested well will stabilize at a given value C,, ., proportional to
the steady-state Darcy flux. This concentration plateau ensures good accuracy of the groundwater flux
measurement because at this moment of the experiment, the tracer concentration in the well only
depends on the groundwater flux and no longer depends on the mixing volume (see equation 16 in

Brouyeére et al. 2008).

The groundwater flux measured by the FVPDM is a direct in-situ measurement of the groundwater flux
at the well screen. The accuracy of the results only depends on the quality of the field equipment, and
particularly on the accuracy and stability of the tracer injection flow rate and measurements of tracer
concentration in the well. The classical PDM measurements are also presented herein since the PDM-
derived groundwater fluxes were used as an estimate of the first local groundwater flux allowing an
optimal design of the full FVPDM experiment. The PDM is less accurate than the FVPDM because the
PDM also depends on the accuracy of the estimated mixing volume (V,,) (see Brouyeére et al. 2008 and
Jamin et al. 2015 for more details), but the PDM test takes much less time to perform. Since the
classical PDM can be considered as a specific case of the FVPDM where no tracer is injected during the
monitoring phase of the test, the relationship between observed concentration in the well and

groundwater flux during a PDM can be obtained from Eq. 1 by specifying Q;,; = 0, thus:

Q
-y (t —¢to)
Cu®)=Cyox e ™ (2)

The transit flow rate (Q,) is calculated from a plot of In ( C,(t) / C.0) as a function of time, where the
slope of this relationship is Q;/ V., (Drost et al. 1968). The geometry of the well and circulation loop

allows to estimate the mixing volume V,, and to calculate Q..

10
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This last parameter Q; is directly related to an apparent Darcy flux g, [LT] by the cross-sectional area
Sw [L?] perpendicular to groundwater flow (Equation 3). This cross—sectional area can be easily
calculated by multiplying the well screen length (e.) [L] by the diameter of the well (2 r,,) [L], provided
that the entire screen lies within a homogeneous porous medium. As for all other single well
groundwater flux measurements, the apparent Darcy flux g,p, [LT], is related to the effective Darcy
flux in the aquifer gp by a flow distortion coefficient a,, that accounts for the convergence or divergence
of the flow field in the vicinity of the borehole (Drost et al. 1968). Thus the apparent Darcy flux qapy, is

given by:

Q¢ Q:

Qapp = AwAD =3, = 37 o (3)

The flow field distortion coefficient a,, can be calculated on the basis of geometrical properties of the
piezometer tubing and borehole, and on the hydraulic conductivities of the aquifer, of the filter pack
and of the piezometer screen (Drost et al. 1968; Klammler et al. 2007; Verreydt et al. 2015). For the
piezometers used in this study, only limited information was available on the hydraulic conductivity of
the piezometer screen and of the sand filter pack. Consequently, the authors did not attempt to
calculate what would be a dubious estimate of a,,. At best, and with reasonable assumptions, a,, can
be considered to be in the range of 1.8 to 2.4. Hereafter, the term Darcy flux will refer implicitly to the

apparent Darcy flux.
3.2 Experimental setup

The general setup for a FVPDM experiment consists of two pumps and one detector (Fig. 4). One pump,
which can be a submersible pump or a surface pump depending on the depth to the water table, is
used to mix the water column in the well, while the second pump is used to inject the tracer fluid into
the well at a controlled low flow rate. Good accuracy and precision on the tracer injection flow rate is

important since it controls the accuracy of the groundwater flux estimate. A detector is used to

11
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quantify the tracer concentration, preferably installed in the well or at the surface, and in-line with the

circulation loop to monitor the evolution of tracer concentration over time.

Three types of pumps were tested in the piezometers of the studied watershed to mix the water
column: a submersible pump (Supernova 36 SDEC France), a peristaltic pump (Waston Marlow 520 SN-
REL) and a bladder pump (Solinst 407 Integra 1”). The circulation loops were made of either 10/13 mm
or 4/6 mm nylon tubing. At the surface, a GGUN FL30 fluorometer was connected in line with the
circulation loop to monitor the evolution of tracer concentrations (C,) in the tested piezometer. An
electromagnetic dosing pump (Magdos LT, Lutz-Jesco, GmbH) was connected to the loop to inject a
fluorescent dye tracer (Uranine CAS n° 518-47-8). Finally, the circulation loop was returned down into
the piezometer as far as the top of the groundwater level for experiments carried out on Pz2 and Pz9,
or at the top of the water column when limited by a packer at Pz4 and Pz6. Groundwater levels were
manually monitored during each experiment. Details of the experimental setup applied for each

experiment are given in Table 1.
3.3 Interpretation of dilution tests

The results of the PDM experiments were interpreted using the exponential decrease of the tracer
concentration (Equation 2); the calculation of a linear regression of the logarithm of the tracer
concentration data as a function of time provided the slope of the relationship between these variables

equal to the ratio Q,/ V... The corresponding apparent Darcy flux was then calculated using Equation

The effective length of the piezometer screen (es,) used to determine the cross-sectional flow area
(Sw) is defined as the portion of the screen exposed within the glacial deposits. The part of the screen
in contact with the bedrock underlying the glacial deposits was assumed to have no influence on

groundwater flow through the test well.

For the FVPDM test, the groundwater fluxes were calculated by using a least square optimization to fit

the analytical solution (Equation 1) to the experimental data. The accuracy of the fit of the analytical

12
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solution to the experimental data was evaluated by a Bayesian approach proposed by Jamin et al.
(2015). A set of 500 groundwater flux values (gp) and mixing volumes (V,,) are first defined between
realistic minimum and maximum limits. Each pair of gp and V,, values was then used in Equation 1 with
the corresponding parameters of the experimental setup to model the evolution of tracer
concentration versus time. The sum of the residuals between the model and the observations was
used to compute a probability density function. From each probability density function, the uncertainty

of the fit of the Darcy flux was then defined by the confidence intervals of 5 and 95%.
3.4 Operational challenges

The FVPDM experiment offers a direct measurement of groundwater flux, independent of any
measurement of aquifer parameters such as hydraulic conductivity or water levels. Nevertheless, the
design of an FVPDM experiment requires an a priori estimate of the groundwater flux to optimize the
tracer injection flow rate and injected tracer concentration (Brouyere et al. 2008). For the experiments
in the piezometers of the Tasiapik Valley watershed, the first challenge was that the Darcy flux
estimates in the aquifer were highly uncertain because of the limited number of piezometers where
measurements of hydraulic conductivity had been performed, and because of the irregular spatial
distribution of piezometric head measurements. The results of the a priori estimate of the Darcy flux
in the vicinity of the tested piezometers, based on hydraulic gradients and hydraulic conductivity
measured with slug tests (Fortier et al. 2014), are given in Table 2. At piezometer Pz2 in the shallow
aquifer, the mean Darcy flux was estimated to be about 0.07 m/d using groundwater levels measured
in four nearby piezometers in July 2014, 2015 and 2016. For piezometers Pz4 and Pz9 in the deeper
aquifer, the estimated mean Darcy fluxes were 0.008 and 0.017 m/d, respectively. At piezometer Pz6
(also in the deeper aquifer), the estimated Darcy flux is one order of magnitude higher (0.49 m/d)
compared to the other piezometers located in the same fluvioglacial aquifer. However, the difference
could be due to an over-estimation of the hydraulic conductivity following the slug tests performed in

2014 (Fortier et al. 2014).

13
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As detailed in Brouyeére et al. (2008), increasing the tracer injection flow rate (Q;,;) close to the critical
flow rate (Q,) decreases the time needed to reach the stabilized concentration plateau, insuring better
accuracy of the experiment. A two-step procedure was thus used to conduct a FVPDM test with the
optimal injection parameters, i.e. with an optimized tracer injection flow rate as close as possible to
the critical injection flow rate (Q.) and injected tracer concentration. The first step consisted of a
classical PDM test, which was designed using the estimated Darcy flux from the observed heads and
hydraulic conductivity. For this first PDM, the mixing volume was calculated based on the geometry of
the piezometer (diameter and height of the water column) and on the diameter and length of the
circulation loop tubing. The PDM-based estimate of the groundwater flux around the tested

piezometer was then used to optimize the full FVPDM test.

The second challenge was related to the geometry of piezometers Pz4, Pz6 and Pz9, which had short
screen lengths (4.58 - 6.09 m) located at the bottom of deep boreholes (33.27 - 38.30 m deep). The
shallow water levels in these piezometers implied that the water columns were very high relative to
length of the screens. The mixing volume (V,,) was thus large, relative to the estimated groundwater
flux across the small screens, leading to very long stabilization times for the FVPDM test. To illustrate
the order of magnitude of the stabilization time, the dimensioning of a classical FVPDM test in
piezometer Pz4 using the available data (V,, =40, gp = 0.008 m/d, S,, = 0.074 m?) led to estimated test
durations of 90 days. Such a long test would have been impossible given the limited availability of a
continuous power supply for the pumps, and the high cost of conducting a very long test in a remote
area such as Umiujag. In order to reduce the mixing volume, a custom-made double-flexible joint
packer was built for isolating the screened section of the piezometers. This packer was installed in
piezometer Pz4 at the top of the piezometer screen, reducing the mixing volume by 80 % and thus
reducing the estimated stabilization time to less than 12 days. In piezometer Pz6, the packer reduced
the mixing volume by 58 %. In piezometers Pz2 and Pz9, no packers were required for the FVPDM tests

since the groundwater levels at these two piezometers were close to the top of the screen.
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The last field-related challenges of performing FVPDM experiments at this test site were the difficult
accessibility to the piezometers and the lack of a permanent power supply. Each FVPDM experiment
had to run on a light portable electric generator for at least 24 hours. This limitation was overcome by
using low electrical consumption pumps and by adaptation of an external fuel tank to the generator,
increasing its autonomous operational range from 3 to 22 hours. The experiment could thus run

autonomously and only needed manual filling of the fuel tank once or twice a day.
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4. Results

The results of the point dilution experiment carried out in the four piezometers are presented in
Figures 5 to 8, with the parameters of the PDM/FVPDM experimental setup provided in Table 1. For
piezometers Pz2, Pz4, and Pz6, the results of the classical PDM test are first presented which are then
followed by results from the FVPDM experiments. For piezometer Pz9, only a PDM experiment was

performed due to the limited available time.
4.1 Piezometer Pz2

A classical point dilution experiment was first performed in piezometer Pz2 to quickly estimate the
transit groundwater flow rate through the piezometer screen and to optimize the dimensions of the
full FVPDM experiment. After a brief injection of Uranine, the tracer concentration was monitored in
the tested piezometer for 5 hours (Fig. 5a). Considering a theoretical mixing volume of 7.9 |, calculated
from the diameter and height of the water column and from the diameter and length of the circulation
loop tubing, the estimated groundwater flow rate through the piezometer screen was 16.6 ml/min,

which corresponds to a Darcy flux of 0.415 m/d.

The full FVPDM experiment was then performed over a period of 22 hours (Fig. 5b). Unfortunately, the
pump used for mixing the water column in the piezometer overheated and failed 3 hours after the
beginning of the tracer injection, preventing stabilization of the tracer concentration. The
experimental setup was only repaired 12 hours later, which at least allowed monitoring the decrease
in tracer concentrations. Notwithstanding these difficulties, the test results could be processed and
interpreted, vyielding an adjusted mixing volume of 9.411 and an estimated Darcy flux of

0.776 £ 0.012 m/d.
4.2 Piezometer Pz4

A dilution experiment was performed in piezometer Pz4 over a period of 5.5 hours (Fig. 6a).

Considering a theoretical mixing volume of 12.9 |, the estimated groundwater flow rate through the
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well screen was 36.7 ml/min, which corresponds to a Darcy flux of 0.720m/d. The mixing volume was

limited by a packer installed at a depth of approximately 30.5 m.

The results of the full 30-hour FVPDM experiment, including a tracer injection period of 21 hours, are
shown in Fig. 6b. No problems were encountered during this experiment. Based on the interpretation,

a mixing volume of 8.51 | and a Darcy flux of 0.577 + 0.006 m/d were derived for piezometer Pz4.
4.3 Piezometer Pz6

The dilution experiment in piezometer Pz6 lasted for 5.2 hours. Considering a theoretical mixing
volume of 12.6 |, a volumetric groundwater flow rate of 57.7 ml/min was determined (Fig. 7a) which
corresponds to a Darcy flux of 1.74 m/d. The mixing volume was limited by a packer installed

approximately at 28.5 m deep.

The transit flow rate determined by the PDM test in this piezometer was slightly higher than in the
other piezometers, allowing for a faster stabilization of the concentration during the FVPDM
experiment. It was thus decided to apply two consecutive tracer injection flow rates for the FVPDM
experimental setup in order to observe two stabilized tracer plateaus for a better accuracy on the
interpreted Darcy flux (Fig. 6b). The full FVPDM experiment was conducted flawlessly over a period of
28 hours. The calculated Darcy flux in piezometer Pz6 is 0.733 £ 0.003 m/d and the adjusted mixing

volume is 9.63 I.
4.4 Piezometer Pz9

Due to the piezometer setup, limited available time, and available pumps, only a PDM experiment was
performed in the piezometer Pz9. Indeed, only a bladder pump and a peristaltic pump were available
for this last experiment. After a brief injection of Uranine lasting for 20 minutes, the decrease in
Uranine concentrations was monitored over a period of 3 hours (Fig. 8). The mixing volume was
estimated at 7.56 | and the calculated Darcy flux in the piezometer Pz9 was 0.840 m/d. No uncertainty

analysis was possible since only a PDM experiment was performed in this piezometer.
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5. Discussion

Based on the FVPDM experiments performed in four piezometers in the Tasiapik Valley watershed,
groundwater fluxes vary from 0.58 to 0.84 m/d which are significantly higher than initial estimates
based on Darcy’s law of 0.01 to 0.49 m/d using monitored water levels from previous years. It is also
important to note that the Darcy fluxes measured by dilution tests in the piezometers are apparent
Darcy fluxes which might overestimate the actual Darcy flux in the aquifer by a factor 1.8 to 2.4
according to the estimated flow field distortion coefficient. The Darcy flux for each tested piezometer
was also estimated using groundwater levels measured at the time of the FVPDM experiments (Table
2). In piezometer Pz2, the Darcy flux calculated using Darcy’s law and water levels from July 2017 is 11
times lower than the flux measured in the FVPDM experiment. In piezometers Pz4 and Pz9, the same
estimates are respectively 72 and 48 times lower than the Darcy flux measured by the FVPDM
experiments. On the other hand, the Darcy law-estimated groundwater flux in piezometer Pz6 is very
close to the flux calculated from the FVPDM experiment. However, these results based on a simple
application of Darcy’s law are questionable due to the abnormally high value of hydraulic conductivity
found at this location. These significant differences highlight the benefits of direct groundwater flux
measurements. In this case, the number of available piezometers and their spatial distribution only
provided a rough under-estimate of the hydraulic gradient for calculating fluxes based on Darcy’s law.
An explanation of this underestimation could be that the piezometers used to estimate the Darcy flux
based on hydraulic gradients are not aligned along the main groundwater flow direction. Inaccurate
hydraulic conductivity values determined from the slug tests could also explain the underestimation

of the groundwater flux.

Groundwater fluxes within the deep aquifer decrease along the flow direction from piezometer Pz9 to
Pz4, toward Lake Tasiujag. This distribution of groundwater fluxes is consistent with the

hydrogeological setting. The groundwater fluxes are higher near piezometer Pz9 where the deep

18

ScholarOne support: (434)964.4100

Page 18 of 40



Page 19 of 40 Hydrogeology Journal

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

aquifer is inclined with a steep water table, while they are lower near piezometer Pz4, where the water

table is much flatter. In piezometer Pz6, the Darcy flux has an intermediate value of 0.733 m/d.

The Darcy flux in the unconfined perched aquifer in the upper part of the valley in piezometer Pz2 is
relatively high (0.776 m/d) with regard to the overall topography of this upland area. This could be
explained by the fact that this piezometer is located beside a permafrost mound that forms a local
topographical high, about 2-3 m above the surrounding land elevation. Due to the dome shape of the
mound, groundwater flows radially away from the mound which likely induces a higher than expected

groundwater flux.

The maximum error in the calculated Darcy flux is about +1 %. This high accuracy is due to the good
experimental data, very low noise levels in the tracer concentration measurements and careful and
frequent calibration of the fluorometer and tracer injection pumps. The duration of all FVPDM
experiments was around 20 hours, which is relatively long for a single groundwater flux measurement.
As mentioned in Jamin and Brouyére (2018), measuring groundwater fluxes lower than 0.1 m/d using
the FVPDM technique may be challenging due to the long test duration required. However, in this
study, a long-duration experiment allowed a long stabilized tracer concentration plateau, which

significantly increased the accuracy of the results.

Several issues can be noted regarding the interpretation of the tests. First, the mixing volume adjusted
by the interpretation of the FVPDM experiment is different from the theoretical mixing volume
calculated based on the geometric properties of the well and of the circulation loop. For instance, for
piezometer Pz2, the adjusted mixing volume is 20 % greater than the theoretical mixing volume. This
difference could arise since some of the water present in the filter pack around the internal tubing of
the piezometer is likely involved in the mixing volume. For piezometers Pz4 and Pz6, the adjusted
mixing volume is 28 and 17 % less than the theoretical mixing volume. Packers were used in both of
these piezometers for reducing the mixing volume. This volume might have been underestimated due

to inaccuracy in the installation depth of the packers (1.1 | per meter depth error), and due to the
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volume of the submersible pump used to mix the water (approximately 0.4 l), which was not taken

into account, and which would therefore reduce the current mixing volume.

Furthermore, at each tested piezometer, the Darcy fluxes determined from the PDM experiments
differ from those determined from the FVPDM experiments. This difference in fluxes between the two
methods is likely due to the difference in mixing volumes considered in both cases. The PDM results
were interpreted using a geometrically based theoretical mixing volume, while the Darcy fluxes
assessed from the FVPDM experiments are independent of the mixing volume estimation. If the PDM-
based Darcy fluxes had been calculated using the actual mixing volume adjusted for the interpretation
of the FVPDM experiments, the results would have been closer to the FVPDM-based Darcy fluxes. An
accurate estimation of the mixing volume is therefore critical for the interpretation of a PDM

experiment.

Even if the accuracy of the groundwater fluxes depends on the accuracy of the fluorescent dye tracer
concentrations, the piezometer setup also induces some uncertainties. These uncertainties originate
from the installation depths of piezometers Pz4, Pz6, and Pz9 which are screened about half in the
bedrock and half in the moraine sediments, each characterized by different hydraulic properties. For
the interpretation of the dilution experiments, it was assumed that groundwater is only flowing within
the moraine sediments and the flow cross-section area (S,,) thus only corresponds to the length of the
piezometer’s screen in the moraine sediments. This hypothesis was supported by a visual inspection
of the rock cores sampled during drilling, which revealed massive structure with only few fractures.
However, groundwater flow might also occur within these fractures. Because the flow cross-section
has a direct impact on the groundwater flux assessment, choosing a flow section twice the actual value
would have reduced the calculated flux by one-half. Since all piezometers in the deep aquifer have
about the same configuration, the relative differences between the fluxes would have remained the
same, but the absolute value would have changed. For piezometer Pz2, this is not an issue since this

piezometer is only screened in the sandy sediments.
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The equipment failure during the FVPDM experiment performed in piezometer Pz2 provided new
insights for carrying out further FVPDM experiments. As a long-duration measurement, the FVPDM
experiment requires flawless operation of all equipment, including the power generator, mixing pump,
injection pump and tracer detector. Another aspect to consider is the power supply which should be
able to run autonomously and flawlessly during the entire experiment, and be able to withstand the
energy consumption of the pumps. The third critical point of the setup is the choice of robust and
reliable pumps, particularly in such harsh and remote environments. In this study, the only available
pump for mixing the water column was a peristaltic sampling pump, which is not designed to run
continuously for several hours. Finally, the setup in the field should be secured against any disturbance
either due to weather conditions (e.g. wind, rain or freezing temperatures in the tracer injection tank),
animals or vandalism. The experimental setup could also be improved by integrating the equipment
(pumps, detectors, hoses and connections) into a single portable unit, easily handled during transport
and field operations. Nevertheless, the dilution experiment in piezometer Pz9 showed that even with
limited equipment and time, it is possible to perform a valuable and accurate direct measurement of

groundwater flux.

It is acknowledged that groundwater fluxes measured with the PDM and FVPDM experiments are only
representative for the specific period of measurement in the field, while the magnitude of these fluxes
may change throughout the year, especially in this type of environment where the ground is frozen
almost seven months per year. As an example, water level variations up to 12 m were observed in
piezometer Pz6 over a single year (2012-2013, Lemieux et al. this issue). Such transient changes in the

flow system could be followed by repeating the FVPDM experiments over the different seasons.

The groundwater fluxes obtained from the FVPDM tests are critical independent data for constraining
groundwater flow and heat transport models, and for estimating general thermal balances at the
Umiujaq site. They can be used, for example, to estimate the relative contribution of convective heat

transfer in the confined aquifer to heat transfer by conduction alone. One measure of this contribution
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is the Peclet number, defined as Pe = AL qp 9 / k, where AL is a characteristic length (m), g, is the Darcy
flux (m/s), 9 is the porosity and k is the thermal diffusivity (m?/s). The Peclet number is a dimensionless
ratio between the heat transport by convection and by conduction. Assuming AL corresponds to the
depth of the confined aquifer below the permafrost (~20 m), a porosity of 0.35, a thermal diffusivity
of 8 x 107 m?/s (Dagenais et al, this issue), and using the observed mean Darcy flux of 3.3 x 10® m/s
(Go = Gapp / @, = 0.6 / 2.1 =0.29 m/d), the Peclet number is about Pe =29, which indicates a heat
convection-dominated system. The important role of convective heat transport on permafrost

degradation was confirmed in the numerical model of Dagenais et al (this issue).
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6. Conclusions

The use of the FVPDM has provided reliable estimates of groundwater fluxes in a shallow supra-
permafrost aquifer and in a deep sub-permafrost aquifer beside and below permafrost mounds in the
discontinuous permafrost zone in Nunavik (Quebec), Canada. Measured apparent groundwater fluxes
range from 0.577 to 0.840 m/d with respective accuracies varying from +0.003 to +0.012 m/d, which
are consistent with the hydrogeological settings. These data are important since no groundwater fluxes
are currently available in this type of periglacial environment. Moreover, these data are essential for
constraining numerical models of advective-conductive heat transfer to better understand permafrost

dynamics (see Dagenais et al. this issue).

During the PDM and FVPDM experiments carried out in four piezometers within the Tasiapik Valley
watershed at Umiujaqg, several major challenges were encountered such as small screen/borehole
length ratios, small borehole diameters and harsh conditions in a remote environment. Nevertheless,
all challenges were overcome, proving the versatility of the method. A key component of the successful
application of these point dilution methods was the use of borehole packers for isolating the
piezometer screen, which significantly reduced the duration of the experiments. Based on the
experience gained from these experiments, robust equipment should be used and commercially

available groundwater sampling pumps should be avoided.

Although the point dilution methods used in this study were useful to assess groundwater flux, the
direction of groundwater flow remains unknown. Groundwater flow direction is valuable information
for study sites such as the Tasiapik Valley watershed at Umiujag where only a few boreholes are
available and which are not optimally configured for standard application of Darcy’s law. Ongoing

development of the point dilution method should resolve this issue in the near future.
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. Type of Tubing Tubing Bedrock Screen Effective  Water Packer Circulation Circulation TheF)retlcaI L Mhxing N T'?cef Injected  Flow
Piezometer dilution radius  depth  depth length  Screen level depth  loop length  loop radius M8 Mixing pump  flow Injection pump injection  tracer surface
P P g length* depth P pleng P volume rate flow rate  conc. area
[m] [m] [m] [m] [m] [m] [m] [m] [m] U] [I/min] [ml/min] _[ppb] [m?]
PDM 0.019 457 n.r. 1.52 1.52 2.955 n.n. 80 0.005 0.008 Peristaltic 3.500 Electromagnetic n.a. 188.0 0.058
Pz2
FVPDM 0.019 4.57 n.r. 1.52 1.52 2.955 n.n. 80 0.005 0.008 Peristaltic 3.500 Electromagnetic 47 1627.7 0.058
PDM 0.019 3536 32.72 4.58 1.94 3.400 29.59 80 0.005 0.012 Peristaltic 2.015 Electromagnetic  n.a. 1627.7 0.074
Pz4
FVYPDM 0.019 3536 32.72 4.58 1.94 3.400 2959 80 0.005 0.012 Peristaltic 2.015 Electromagnetic 45 1736.7 0.074
PDM 0.019 3327 29.90 4.64 1.27 12.690 27.74 80 0.005 0.012 Submersible  5.400 Electromagnetic n.a. 195.4 0.048
Pz6
FVYPDM 0.019 33.27  29.90 4.64 1.27 12.690 27.74 80 0.005 0.012 Submersible  5.400 Electromagnetic 50/29.9 195.4 0.048
Pz9 PDM 0.019 3830 34.09 6.09 1.88 31.785 n.n. 80 0.002 0.008 Bladder 0.258 Electromagnetic n.a. 188.0 0.072

Table 1: Details of the experimental setup for the point dilution method (PDM) and finite volume point dilution method (FVPDM) experiments near Umiujagq.

n.r. = not reached. n.n. = not needed. n.a. = not applicable. *Effective screen length is the part of the piezometer screen within the fluvioglacial sediments

aquifer.
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. ) Measurements based on PDM experiments
. Estimated Darcy flux based on hydraulic .
Hyraulic " - - Measurements based on FVPDM experiments
. gradient and hydraulic conductivity

Piezometer conductivity . . .

calculated Theoretical mixing Estimated Estimated Adjusted Adjusted Adjusted Uncertainty

from slug tests | 2014 2015 2016 2017 volume R L transit flow

transit flow rate Darcy flux mixing volume rate Darcy flux on Darcy flux

(m/d] (m/dl  [m/d] (m/dl (m/a) [0 [1/min] (m/d] m [1/min] (m/d] [m/d]
Pz2 4.25 0.066 0.075 0.070 0.070 7.90 0.017 0.415 9.41 0.031 0.776 +0.012
P24 0.85 0.007 0.008 0.009 0.008 11.88 0.037 0.716 8.51 0.030 0.577 +0.006
P26 13.82 0.500 0.487 0.486 0.506 11:68 0.058 1.719 9.63 0.025 0.733 +0.003
P29 0.27 0.018 0.017 0.016 0.017 7.56 0.042 0.840

Table 2: Estimates of the groundwater flux based on Darcy’s law using hydraulic conductivity and hydraulic gradient. Hydraulic conductivity was measured

using slug tests (Fortier et al. 2014). Results of the PDM and FVPDM measurements show an apparent Darcy flux much higher than expected.
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FIGURE CAPTIONS:

Fig. 1: Maps of Canada and permafrost extent and types in Nunavik (Quebec; Allard and Lemay 2012).
The experiments were carried out near Umiujag, an Inuit community located on the east coast of
Hudson Bay, in the discontinuous permafrost zone, in Nunavik (Quebec), Canada. The studied 2 km?
watershed is located near Umiujaq at the northern end of Lake Tasiujaqg, into which it drains.

Fig. 2: Map of the Quaternary deposits in the Tasiapik Valley. Location of the piezometers and cross-
section in the Tasiapik Valley. Projected coordinate system: NAD 1983 MTM Zone 9.

Fig. 3: Cross-section of Quaternary deposits in the Tasiapik Valley (see Figure 2 for location). The upper
sediment layers are composed of littoral sands and marine silts invaded by permafrost. The uppermost
sand layer contains an unconfined perched aquifer. A deep aquifer is found in the coarse-grained
fluvioglacial sediments at depth overlying the bedrock. Among the four tested piezometers, three are
located in the deep aquifer while one is in the surficial aquifer. Note: for piezometers Pz4, Pz6, and
Pz9, only the part of each screen that is located in the deep aquifer is considered representative of the
flow system for the calculation of groundwater fluxes. The Darcy fluxes measured within the
piezometers installed in the fluvioglacial sediments decrease along the flow direction of the Tasiapik
Valley toward Lake Tasiujaqg.

Fig. 4: Experimental setup of the FVPDM. The water volume within the well is constantly mixed using
a pump and circulated to the surface, where a tracer is injected using a dosing pump. Tracer
concentration in the loop is monitored using a field fluorometer placed in-line. A packer was installed
in piezometers Pz4 and Pz6 to limit the mixing volume, hence shortening the time required for the
FVPDM experiment.

Fig. 5: Experimental results in piezometer Pz2 (see Figures 2 and 3 for location). (a) The first PDM
dilution experiment provided a groundwater transit flow rate estimate of 15.2 ml/min passing through
the piezometer screen. (b) The estimated groundwater flux is 0.78 m/d. A failure of the mixing pump
prevented the measurement and stabilization of the tracer concentration during the FVPDM
experiment. (C,* = normalized Uranine tracer concentration C,, / G;)
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Fig. 6: Experimental results in piezometer Pz4 (see Figures 2 and 3 for location). (a) The first dilution
experiment provided a groundwater transit flow rate estimate of 36.7 ml/min passing through the
piezometer screen. (b) The measured groundwater flux is 0.58 m/d. (C,,* = normalized Uranine tracer
concentration Cy, / Civ;)

Fig. 7: Experimental results in piezometer Pz6 (see Figures 2 and 3 for location). (a) The first dilution
experiment provided a groundwater transit flow rate estimate of 57.5 ml/min passing through the
piezometer screen. (b) The measured groundwater flux is 0.73 m/d. (C,,* = normalized Uranine tracer
concentration Cy, / Ciy;)

Fig. 8: Experimental results in piezometer Pz9 (see Figures 2 and 3 for location). The dilution
experiment provided a groundwater flux estimate of 0.84 m/d. (C,* = normalized Uranine tracer
concentration C,, / Cin;)
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Fig. 1: Maps of Canada and permafrost extent and types in Nunavik (Quebec; Allard and Lemay 2012). The
experiments were carried out near Umiujaq, an Inuit community located on the east coast of Hudson Bay, in
the discontinuous permafrost zone, in Nunavik (Quebec), Canada. The studied 2 km2 watershed is located
near Umiujaq at the northern end of Lake Tasiujaq, into which it drains.
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Fig. 2: Map of the Quaternary deposits in the Tasiapik Valley. Location of the piezometers and cross-section
in the Tasiapik Valley. Projected coordinate system: NAD 1983 MTM Zone 9.
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Fig. 3: Cross-section of Quaternary deposits in the Tasiapik Valley (see Figure 2 for location). The upper
sediment layers are composed of littoral sands and marine silts invaded by permafrost. The uppermost sand
layer contains an unconfined perched aquifer. A deep aquifer is found in the coarse-grained fluvioglacial
sediments at depth overlying the bedrock. Among the four tested piezometers, three are located in the deep
aquifer while one is in the surficial aquifer. Note: for piezometers Pz4, Pz6, and Pz9, only the part of each
screen that is located in the deep aquifer is considered representative of the flow system for the calculation
of groundwater fluxes. The Darcy fluxes measured within the piezometers installed in the fluvioglacial
sediments decrease along the flow direction of the Tasiapik Valley toward Lake Tasiujaq.
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Fig. 4: Experimental setup of the FVPDM. The water volume within the well is constantly mixed using a
pump and circulated to the surface, where a tracer is injected using a dosing pump. Tracer concentration in
the loop is monitored using a field fluorometer placed in-line. A packer was installed in piezometers Pz4 and

Pz6 to limit the mixing volume, hence shortening the time required for the FVPDM experiment.
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Fig. 5: Experimental results in piezometer Pz2 (see Figures 2 and 3 for location). (a) The first PDM dilution
experiment provided a groundwater transit flow rate estimate of 15.2 ml/min passing through the
piezometer screen. (b) The estimated groundwater flux is 0.78 m/d. A failure of the mixing pump prevented
the measurement and stabilization of the tracer concentration during the FVPDM experiment. (Cw* =

normalized Uranine tracer concentration Cw / Cinj)
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Fig. 6: Experimental results in piezometer Pz4 (see Figures 2 and 3 for location). (a) The first dilution
experiment provided a groundwater transit flow rate estimate of 36.7 ml/min passing through the
piezometer screen. (b) The measured groundwater flux is 0.58 m/d. (Cw* = normalized Uranine tracer
concentration Cw / Cinj)
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Fig. 7: Experimental results in piezometer Pz6 (see Figures 2 and 3 for location). (a) The first dilution
experiment provided a groundwater transit flow rate estimate of 57.5 ml/min passing through the
piezometer screen. (b) The measured groundwater flux is 0.73 m/d. (Cw* = normalized Uranine tracer
concentration Cw / Cinj)
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Fig. 8: Experimental results in piezometer Pz9 (see Figures 2 and 3 for location). The dilution experiment
provided a groundwater flux estimate of 0.84 m/d. (Cw* = normalized Uranine tracer concentration Cw /
Cinj)
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