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Abstract: The role of groundwater (GW) discharge on surface water (SW) quantity, quality and
temperature is known to be important. Moreover, the effect of GW contributions to river thermal
budgets is critical in natural rivers considering that water temperature plays a vital role in fish
survival during extreme heat events. The identification of zones with GW input in rivers can, thus,
help river management plans. However, detecting these zones at the watershed scale can be a
challenge. This work combines thermal infrared (TIR) imagery of rivers and water sampling for
radon measurements for better documentation of GW in rivers. The Sainte-Marguerite and Berard
Rivers, both located in Quebec, Canada, are known for their abundance of salmonids. Their water
temperature profiles were plotted using TIR imagery, and five cooling zones in the Berard River
and two for the Sainte-Marguerite River were identified in which notable GW–SW exchange was
the suspected cause. Radon concentrations measured within the cooling zones showed clear GW
contribution to SW. TIR imagery is an effective and fast way to identify GW seepage at the watershed
scale. Radon can be used as a complementary natural tracer of GW in rivers at finer scales. The
combination of both methods was shown to be reliable for the identification of GW in rivers. This can
help for a better anticipation of GW effects in management plans to deal with extreme heat waves
that are predicted to occur more frequently under future climate change scenarios.

Keywords: surface water; ground water; aerial imagery; river temperature; thermal refuge;
geochemical tracer

1. Introduction

Groundwater exchanges in rivers deliver base flow, affect water quality, mitigate water
temperature, and provide thermal refuge for fish [1]. Heat has been used as a tracer for the
identification of groundwater–surface water (GW–SW) exchange [2]. Groundwater (GW)
temperature varies less throughout the year compared to surface water (SW), such that it
can influence a river’s temperature profile, providing cool water to rivers during summer
and warm water during winter. Over the winter, warm water is important for survival of
fish from eggs to alevin [3,4]. During summer when river water temperature goes above
thermal optimal for fish and other ectotherms, they seek shelter in zones of GW seepage
known as thermal refuges [5–7]. In the context of climate change, extreme temperature
events are expected to occur more frequently in the future [8–10]. Therefore, it is important
to study the effects of GW in rivers to better understand temperature regimes and evaluate
the impact on fish habitats [11,12]. This calls for GW-related studies to be considered for a
better freshwater fishery management plan.
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Thermal infrared (TIR) imagery is an effective monitoring tool for the identification
of spatiotemporal variability of discrete thermal refuges and larger scale cooling zones
in rivers [13–15]. In addition to the identification of thermal refuges and cooling zones,
understanding the sources of these cool water patches is important to better understand
their potential response to climate change. Thermal refuges can be classified based on their
location and shape in the river and, accordingly, their source (either SW or GW) can be
identified [16,17]. In addition to these discrete thermal refuges, rivers can often exhibit
larger-scale ‘diffuse’ cooling zones [5]. The source of cold water for these larger-scale
river cooling zones can be from small or large tributaries that enter the main stem or from
GW seepage.

Identifying the exact source of cold water for these larger cooling zones by relying on
TIR imagery alone can be difficult [18], and the exact sources of cooling water inputs have
rarely been the subject of previous TIR-based studies (e.g., [15,19]). Thus, the hypothesis of
consistently higher GW seepage in large cooling zones remains unverified. The present
study combines the use of 222Rn (henceforward referred as radon) as a natural tracer for
the detection of GW in the river cooling zones to overcome the limits of the TIR imagery
method in validating this hypothesis.

Naturally dissolved radon in water was proven to be a reliable tracer for GW–SW
interaction investigation during the last two to three decades [20–22]. Radon has a short
half-life of 3.8 days, and when in water, it tends to attach to air bubbles that can escape
to the atmosphere via gas exchange. Consequently, its concentration in GW is one or
more orders of magnitude higher than SW [20,21]. Therefore, where radon concentration
in the river is high, an active exfiltration of radon-bearing GW is present [23,24]. Radon
measurement in SW and GW can be used for the identification of GW flow paths near SW
bodies, its recharge or discharge [23,25] and quantification of this infiltration or exfiltration
rate [20–22,26–29]. The objective of this study was, therefore, to verify the presence of GW
in the identified cooling zones with TIR imagery and estimate the GW seepage rate into
the river within these zones by measuring the radon concentration in SW and GW. Similar
studies have been carried out for marine environments (e.g., [30]) and lakes (e.g., [31]), but
are limited for rivers (e.g., [32]).

2. Study Area

The two rivers selected for this study are the Sainte-Marguerite River, which drains
into the Saguenay River about 12 km from the Sacre-Coeur municipality in the Côte-Nord
region of the Quebec Province, and the Berard River, which discharges into Ungava Bay in
the northern village of Tasiujaq in Nunavik, northern Quebec (Figure 1).

The Sainte-Marguerite River is in the south of the province, without permafrost
(Figure 1A) and in a continental cold and humid climate (Figure 1B) with an annual average
temperature of 3 ◦C and an average annual precipitation of 980 mm. The Berard River is in
the northern part of the province, in a discontinuous permafrost zone (Figure 1A) and in a
continental subpolar climate (Figure 1B) with an annual average temperature of −5.2 ◦C
and an average annual precipitation of 447 mm [33].
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Figure 1. Location of the two studied rivers on permafrost distribution map ((A) adapted from [34]) 
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The studied section of the Sainte-Marguerite River is from the junction of the main 
branch with the north-east branch for a length of ~40 km (Figure 2). At the Sainte-Mar-
guerite River study site, the bedrock geology consists of metamorphic rocks, mostly 
gneiss, migmatite, and orthopyroxene granitoids such as charnockite, mangerite, jotunite 
and hypersthene syenite (Figure 2). The shallow aquifer under and adjacent to the Sainte-
Marguerite River is made of fine sand and sandy silt material, which is recent and ancient 
river terrace alluvial deposit with a variable thickness of 1–30 m, underlaid with less per-
meable deltaic and prodeltaic glaciomarine sediment [36]. However, based on field obser-
vations, the near-surface riverbed material of the Sainte-Marguerite River is highly per-
meable recent river deposits made of coarse sand, gravel and boulders with a thickness of 
<5 m. 

Figure 1. Location of the two studied rivers on permafrost distribution map ((A) adapted from [34]) and
Köppen climate classification map ((B) [35]) of the Quebec Province.

The studied section of the Sainte-Marguerite River is from the junction of the main
branch with the north-east branch for a length of ~40 km (Figure 2). At the Sainte-
Marguerite River study site, the bedrock geology consists of metamorphic rocks, mostly
gneiss, migmatite, and orthopyroxene granitoids such as charnockite, mangerite, jotu-
nite and hypersthene syenite (Figure 2). The shallow aquifer under and adjacent to the
Sainte-Marguerite River is made of fine sand and sandy silt material, which is recent and
ancient river terrace alluvial deposit with a variable thickness of 1–30 m, underlaid with
less permeable deltaic and prodeltaic glaciomarine sediment [36]. However, based on field
observations, the near-surface riverbed material of the Sainte-Marguerite River is highly
permeable recent river deposits made of coarse sand, gravel and boulders with a thickness
of <5 m.

The Berard River study site covers 17.5 km downstream of Berard Lake to the river’s
mouth in Ungava Bay (Figure 3). The bedrock geology across the Berard River is a mix
of sedimentary rocks dominantly made of conglomerate, sandstone, siltstone, mudrock,
wacke and quartz arenite. Near the bay and further from the river valley, igneous rocks
dominantly made of gabbro, diorite, quartz diorite, gabbronorite, anorthosite, granite and
granodiorite are also present (Figure 3). Some bedrock formations contain a considerable
amount of iron (orange in Figure 3). Based on field observation, the shallow aquifer below
the Berard River is made of recent alluvium. From 0 to about 0.75 m depth, a hardpan
with boulders and rocks with a diameter of 1 cm to >50 cm is present. Low-permeability
deep-water fine-grained glaciomarine sediment is present underneath the shallow alluvial
aquifer [36].
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3. Materials and Methods
3.1. Aerial TIR Imagery

The details about the acquisition method and equipment regarding TIR image ac-
quisition can be found in [16,17], but information specific to this study is presented here.
The thermal imagery of the rivers was acquired with an FLIR SC660 camera attached to a
helicopter. Imagery was acquired in mid-September (the low flow season of the studied
rivers), during a warm sunny day near midday with air temperature around 20 ◦C. This
ensures maximum contrast between river water temperature and GW-fed cooling zones,
for ease of their identification. Flights were conducted at an altitude of approximately
400 m above ground, which resulted in a thermal image resolution of ~25 cm. Additionally,
the low ground speed of the helicopter lead to a good image overlap (more than 75%). RGB
images (3 cm resolution) were collected at the same time to provide visual context for the
thermal images.

River temperature profiles were generated by plotting mean river water temperature
against distance downstream. The mean river temperature of each thermal image was
calculated by averaging the temperature of three points in the river central line (details
in [18]). TIR-derived temperatures were validated using Onset HOBO MX2201 Pendant
temperature loggers installed in the river, following the approaches detailed in [16,17].

The asymptotic warming paradigm [37] states that river water temperature should
increase when moving from upstream to downstream as a function of energy exchanges
at the air–water interface. However, temperature long profiles rarely follow this trend in
nature, due partially to advection from either SW or GW exchanges. As such, large-scale
cooling zones in the order of 100–1000 m are often present in a river’s temperature profile.
For the purposes of this study, we defined a cooling zone as a section of profile with a
sustained temperature decrease of 0.25 ◦C or greater. Areas of the river temperature profile
that exhibited a temperature decrease greater than this magnitude were, thus, used to
identify the presence and length of a cooling zone. Since GW seepage can be the source of
cold water, the cooling zone’s existence is expected to be temporally persistent. Therefore,
these cooling zones were selected for further investigation regarding the presence of GW in
the rivers.

3.2. Radon Measurements

Radon is naturally produced from the decay of background uranium in soil, rock and
water. Therefore, its presence in GW depends on the lithology and aquifer geochemistry [21,38].
Thus, bedrock type has been considered for the interpretation of radon sampling results.
Additionally, water sampling was avoided during or after rainy days when the water level
was high, since radon concentration in rain is very low and dilutes the radon level in SW
and GW.

Nine sampling points on each river were considered. Selected sampling points for
radon measurement correspond to the identified cooling zones from TIR imagery analysis.
One or more sampling points inside the cooling zone were selected and one point before
or after cooling zones. The radon sampling points were selected at the center of the river,
since river temperature profile is based on three measurements points on the river center
line. In addition, as the aim was to verify the presence of GW seepage, sampling points
were located as close as possible to the bottom of the river. Radon can escape from the
water samples via gas exchange, so the samples were taken by submerging the bottles and
closing the cap under water. Moreover, samples from two shallow piezometers (depth
of about 2 m from the ground surface), installed close to the river, were also collected to
verify the difference in radon concentration in GW and SW. GW samples were collected by
the use of a peristaltic pump set to a low flow to avoid air bubbles entering the samples.
One duplicate (representing 10% of samples collected) from GW samples and one for SW
samples at each studied river were analyzed to validate the accuracy of the sampling and
measurements.
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Water samples were analyzed within 24 h of the sampling period to avoid radon
complete decay before its analysis. Radon concentration was measured by the use of an
AB-5R portable radiation monitor device [39]. Radon was first extracted into cells designed
for AB-5R by the use of a WG-1001 device [39]. The AB-5R device then counted the emitted
alpha particles from radon decay inside the cell. For each sample, five 5 min counting
cycles were considered. The counts were later translated to radon concentration in Bq/L
by applying a correction factor considering the time between the sampling event and
the analysis.

The GW flow pattern can be verified by having radon concentration in the installed
piezometers at different locations in the studied section of the river. Few SW samples were
collected near the piezometers to estimate the GW flow path [25].

Moreover, by using the mass conservation theory (Equation (1)), the fraction of GW in
the river (f ), which is the ratio of GW seepage flow rate (Qg) (m3/s) to river discharge (Qs)
(m3/s), can be approximated by Equation (2), where radon concentration in GW and in SW
at the study site are Cg (Bq/L) and Cs (Bq/L), respectively, and Cb (Bq/L) is background
concentration, which is the concentration in SW upstream of the study area [20].

CsQs = CgQg + Cb
(
Qs − Qg

)
(1)

f =
Qg

QS
× 100% =

Cs − Cb
Cg − Cb

× 100% (2)

The mass balance theory is solved for a selected area of the river by selecting an
upstream and a downstream section. The radon concentrations used in Equation (2) should
be calibrated considering the loss of radon by gas exchange and radioactive decay [20].
The gas exchange correction factor is applied to take into account the loss of radon via
gas exchange between the upstream and downstream section. If the flow in between the
upstream and downstream section is not turbulent, the gas exchange within the zone is
negligible. The radioactive decay correction factor is to adjust the radon concentration
loss for the sampling time difference between upstream and downstream sections. If the
sampling of these two sections is carried out relatively simultaneously, the correction factor
is very small and the results are not different from the case if the two samples are taken
at the same time at the upstream and downstream sections. Therefore, calibration factors
were not applied in this study as a simplification. Instead, we considered Cb as the radon
concentration in the upstream warming zone, Cs as the radon concentration in the cooling
zone (average if multiple sampling within the zone is present) and Cg as the average radon
concentration in the shallow piezometers on shore.

The results of GW seepage flow rates from radon mass balance methods were then
compared to GW seepage measured by seepage meters in the Sainte-Marguerite River
(Figure 4). Seepage meters measure the amount of GW gained or lost from the isolated
section of the riverbed by the barrel. Several seepage meters were installed on the riverbed
close to the location of piezometers for a duration of 6 to 24 h. By knowing the amount of
water in the plastic bags (V) (m3), the duration of the measurement (t) (s) and area of the
barrel (A) (m2), the vertical GW flow rate (q) (m/s) into the river can be calculated from
Equation (3) [40].

Moreover, the horizontal GW flow rate can be calculated by using the mean hydraulic
conductivity (k) (m/s) of the riverbank material from slug tests in the piezometers close
to the river shore and the hydraulic gradient (i) (m/m) between the piezometer and river
water levels with the Darcy equation (Equation (4)).

q =
V
At

(3)

q = ki (4)
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4. Results
4.1. River Temperature Profile

The river temperature profile from TIR imagery of the Sainte-Marguerite River shows
two cooling zones, named S1 and S2, which have a length of two and seven kilometers,
respectively. These cooling zones cover approximately 22.5% of the studied river length
(Figure 5).
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Figure 5. Scatter plot showing temperature profile of Sainte-Marguerite River and columns showing
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The Berard River temperature profile shows five cooling zones with a length varying
between 665 m and 2365 m and a total length of 7.8 km, which is 46% of the total studied
length of the river (Figure 6).
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4.2. Radon Measurements

Four of the nine sampling points on the Sainte-Marguerite River were in cooling zones
and five in warming (or temperature stable) zones. The identified cooling zones in this
river are lengthy, thus, multiple sampling points in them were selected to have at least
one point for every two kilometers. The measured radon concentration in the cooling
zones varies between 0.33 Bq/L and 0.41 Bq/L, with an average of 0.35 Bq/L, while for the
warming zones, the concentration range was 0.09 Bq/L to 0.34 Bq/L with an average of
0.25 Bq/L (Figure 7). This difference in average values was meaningful based on t-tests
(Figure 8). The average radon concentration for GW samples of the Sainte-Marguerite River
was 6.23 Bq/L.
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Figure 8. Box and whisker plot of radon concentration for cooling and warming zones of Sainte-
Marguerite River showing significant difference at 95% confidence level t-test.

Six sampling points are located in the cooling zones of the Berard River and three in
warming or stable zones. One sampling point in each cooling zone and one in each warming
zone in between the cooling zones were selected. However, in B2 (second most downstream
zone), two sampling points were selected, one before and one after the entrance of the
large tributary to the main stem. This aids in the assessment of the effect of mixing of
the tributary and the main stem water on the measured radon concentration. The radon
concentration for points in cooling zones ranges between 0.57 Bq/L and 0.93 Bq/L, and the
average was 0.76 Bq/L, while the concentration of points in warming zones has a range
between 0.38 Bq/L and 0.60 Bq/L, with an average of 0.51 Bq/L (Figure 9). This difference
in average values was significant based on t-tests (Figure 10). The GW samples had an
average radon concentration of 10.85 Bq/L.

The radon concentration in the piezometers and river were compared to identify GW
seepage into the rivers. For the Sainte-Marguerite River, the piezometers are located in a
large-scale cooling zone of the river (S1) on the north-east (left) bank of the river, where
GW seepage to the river was expected due to the slope of the riverbank (Figure 11). The
geometric average hydraulic conductivity (k) of riverbank materials based on slug tests
in the two piezometers is about 0.0011 m/s (0.002 m/s for PS1 and 0.0006 m/s for PS2).
The pressure head difference between these two piezometers was about 7 cm at the time of
measurements, considering the distance between two piezometers of 13 m the horizontal
hydraulic gradient (i) was 0.0054 m/m. The GW temperature was about 5 ◦C, while the
river water temperature was about 12 ◦C.

The radon concentration in the piezometer further from the river (PS2 in Figure 12)
was higher than the one close to the river (PS1 in Figure 12), which is prone to dilution
and mixing with SW. Moreover, the radon concentration in the river from SS1 to SS3
decreases. This shows that GW seepage reduces by moving from the left riverbank to the
right riverbank.
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Piezometers on the Berard River were installed in a warming zone on the left (south-
west) bank of the river (Figure 13). However, this location was a cold GW-fed side channel,
which was identified through TIR imaging (Figure 14A). The hydraulic conductivity of
riverbank material is about 0.003 m/s based on slug tests in piezometer PB1. PB2 was not
used for hydraulic conductivity measurements since it is located on a sand and gravel bar
in between the main stem and side channel and is not representative of riverbank material.
The GW level in PB1 was 1 cm higher than the SW level at the time of measurements.
Considering the distance between PB1 and side channel shoreline, 5 m, the horizontal
hydraulic gradient was 0.002 m/m. The GW temperature was about 1 ◦C, while the river
water temperature was about 11 ◦C in the main branch and 7 ◦C in the side channel. GW
seepage is more noticeable in the upstream section, and the temperature difference with the
main stem is about 5 ◦C, while the difference is lower and near 3.5 ◦C further downstream
(Figure 14A). To confirm the effect of radon on sampling location, several SW and GW
samples were collected from piezometers at this site (Figure 14B). Radon concentration in
the main stem was 0.60 Bq/L and within the range of other SW measurements of the river.
However, the concentration in GW of the piezometers and side channel was more than ten
times higher. The concentration upstream of the side channel, where GW discharges, was
19.33 Bq/L, which is close to the measured value of 21.27 Bq/L in piezometers at the shore
of the river at a depth of about 1.8 m below ground level. This confirms that the source of
cold water in this channel is GW. The radon concentration at the downstream section of the
side channel was 8.30 Bq/L. The measured radon concentration in the piezometer located
between the side channel and the main stem (PB2 in Figure 14B) was 15.44 Bq/L.
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Based on Equation (2) and simplifications mentioned in the methodology section,
the fraction of GW in the river was calculated for the identified cooling zones (Table 1),
except for the first and last cooling zones of the Berard River (B1 and B5). The upstream
(background) concentration for B1 was not measured due to difficulty of sampling in the
deep lake. The radon concentration in the B5 cooling zone is lower than the upstream
hotter section, and Equation (2) considers this section a GW-losing section.

Table 1. Calculated fraction of GW in the identified cooling sections of the rivers.

River Cooling Zone Cg (Bq/L) Cb (Bq/L) Cs (Bq/L) f (%)

St-Marguerite S1
6.23

0.34 0.41 1.1
S2 0.29 0.34 0.9

Berard

B1

10.85

- 0.93 -
B2 0.38 0.72 3.2
B3 0.57 0.79 2.1
B4 0.57 0.88 3.0
B5 0.60 0.57 -

The average GW seepage compared to river discharge is about 1% and 2.75% for the
studied section of the Sainte-Marguerite River and Berard River, respectively.

The river flow rate was 6.5 m3/s in the first cooling zone of the Saint-Marguerite River.
Thus, a 1.1% GW fraction translates into a 0.07 m3/s GW flow through the riverbed between
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the two most upstream sampling sites in this river (values of 0.34 Bq/L and 0.41 Bq/L in
Figure 7). The length of the river between these two sampling points is about 5.75 km, and
the average width of the river is 18 m, which gives a GW seepage velocity of 6.9 × 10−7 m/s
through the riverbed sediments in this section. This GW seepage velocity is very close
to the measured GW seepage with seepage meters of 6.45 × 10−7 m/s. This value is an
extrapolation of the measured GW discharge by seepage meters to the same river reach.

The river flow rate of the Berard River a bit downstream of piezometer installation
site was about 18.5 m3/s. Considering the same flow rate for the B4 cooling zone, the 3%
GW fraction results in a GW seepage rate of 6.2 × 10−6 m/s, which is a rough estimation
due to the simplifications.

Verification of the GW seepage fraction with seepage meters was only carried out for
the first cooling zone of the Sainte-Marguerite River. Installation of seepage meters for
other cooling zones of the Berard and Sainte-Marguerite Rivers was not possible due to
accessibility issues, high water depth and the riverbed being covered with pebbles and
boulders. However, the horizontal GW flow toward the river was calculated with the
Darcy equation (Equation (4)). The calculated Darcy flow (q) was 5.9 × 10−6 m/s and
6 × 10−6 m/s for the Sainte-Marguerite and Berard River, respectively.

5. Discussion
5.1. TIR Imaging Method

TIR imaging analysis is a fast and reliable method for evaluating river temperature
profiles (e.g., [41]) over large spatial scales, compared to in-river techniques such as fiber-
optic DTS (e.g., [42]). River temperature profiles clearly showed large-scale cooling zones
in rivers. However, the exact source of cool water (GW or SW) cannot be detected in some
cases. For example, the first cooling zone of the Berard River is located after a lake, and so
its presence could ostensibly have been attributed to this; similarly, a large tributary (1 ◦C
colder) enters the main stem in the middle of second cooling zone, potentially obfuscating
the source of this cooling zone. Conversely, other small tributaries in the Berard River
were clearly not the source of cooling zones as the lack of riparian vegetation meant that
these tributaries, clearly visible in TIR images at a temperature similar to the main stem,
were not responsible for cooling of the observed magnitude. On the other hand, the same
observation could not be made for the Sainte-Marguerite River, since the riparian canopy
renders small tributaries almost invisible in TIR images. While measuring the temperature
of each individual tributary entering the main stem is a possible solution to verify if they
provide cool water to the main stem, as is the installation of piezometers along the river to
measure GW temperature, these options are time consuming, difficult to achieve depending
on accessibility and partially negate the benefits of using TIR. Therefore, while TIR (and,
more broadly, temperature) can be useful as a tracer for identifying the source of cool
zones in rivers (e.g., [15,18,19,43]), it cannot conclusively highlight GW–SW exchanges.
Therefore, comparison and combination with another method such as radon measurement
is advantageous.

5.2. Radon Measurements

The average radon concentration of cooling zones was higher than the average radon
concentration in warming zones for both the Sainte-Marguerite and Berard Rivers. The
difference was significant based on 0.05 significance level t-tests, and the calculated p
values were 0.032 and 0.014 for the Sainte-Marguerite and Berard Rivers, respectively.
Additionally, radon concentration was generally higher in cooling zones compared to
neighboring warming zones. The only exception is the concentration in the last cooling
zones of the Berard River near the bay (B5 in Figure 6), which could be due to different
reasons such as the influence of sea water that can lower radon concentration or the
influence of igneous rock underlying this section with lower radon potential. Moreover,
by looking at Figure 6, it can be seen that the measured 0.60 Bq/L radon concentration
is not actually in a warming zone and rather in a zone with constant temperature (zone
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between B4 and B5), which can be a sign of GW seepage in this section that offsets the
atmospheric warming of the river channel. Higher radon concentration can be a proof
that the assumption of higher GW seepage in cooling zones was correct and the identified
cooling zones were GW-fed.

The timing of sampling was shown to be very important, as it was observed in
previous studies that radon concentration can change depending on the season and river
water level (e.g., [25,26]). In this study, two sets of samples were collected for both the
Sainte-Marguerite and Berard Rivers. The first set was collected in a relatively high flow
rate after rainy days. The radon concentrations in these samples were very low and almost
not detected since radon concentration in rain water is almost zero. The results from these
samples were not used for further analysis and are not presented in this article. Sampling
after rainy days should be avoided since the water in the river will be mainly runoff and
the GW effect in the river cannot be detected with radon concentration. This is also true for
TIR surveying, which should not be carried out after rainy days.

The assumption was that a higher measured radon concentration is present in the
cooling zone since there is a discharge of radon/uranium-rich GW with a lower temperature.
However, the higher measured radon concentration could be due to a higher radon content
in the bedrock [44,45]. To verify if this was not the case, the type of bedrock at each sampling
point in the river was evaluated.

Water samples from the Sainte-Marguerite River were collected in a metamorphic
bedrock setting with six samples on orthopyroxene granitoids (light green in Figure 7) and
three downstream on gneiss (orange in Figure 7). These bedrock units are a mix of several
rock types. Orthopyroxene granitoids contain mangerite and monzonite, which are igneous
intrusive rocks with a moderate silica content. The higher the silica content in bedrock, the
higher the potential for this type of rock to be a radon source [46]. High silica content tends
to precipitate uranium in the bedrock, and the uranium will emit radon during its decay. In
the Canadian Shield, 69 dwellings that were built over monzonite were sampled for radon
concentration in air of their basement. The average radon concentration of these indoor
radon measurements was 0.28 Bq/L, which highlighted monzonite as a major radon source
in Quebec [46]. Gneiss is acidic-granitic bedrock and might be associated with a high level
of radon. Based on this information, it is possible to have more radon in a gneiss unit than
in monzonite. However, this effect was not clear in the Sainte-Marguerite River case. The
two sampling locations downstream have very low radon concentrations. The effect of
bedrock is limited since the water level was very low and concentration loss can occur by
gas exchange.

It was complicated to estimate if a bedrock unit is prone to radon emission for the
Berard River, since multiple rock types are merged together into larger bedrock units in the
available geological maps (Figure 9). However, the results of radon measurements at the
selected study site on the Berard River showed that the depth and location of piezometers
can reveal interesting results about GW seepage and mixing with SW. The measured radon
concentration in the piezometer located between the side channel and the main stem (PB2
in Figure 14B) was lower than the one measured in the piezometer on the riverbank (PB1 in
Figure 14B) and upstream of the side channel (SB1 in Figure 14B). This could be the result
of GW mixing with SW of the main stem in the hyporheic zone below the ground surface.

The inferred fraction of GW in the rivers of this study using the radon concentration
method seems low (<3%). However, it did not seem out of range and close to the lower
calculated value in similar studies [20,21,26–29]. Methods with natural tracers such as
radon for the quantification of GW–SW exchange can have large uncertainties [47]. In this
study, the shallow depth of sampling for both GW and SW, human error, the presence of
air bubbles in samples and lack of correction factors can be reasons for the low measured
values. The shallow depth of piezometers means water at this depth is in contact with the
unsaturated zone (i.e., air) and can lose radon through gas exchange. At the river sampling
locations, the rivers were shallow, although the samples were taken close to the riverbed.
As a consequence, it is possible for radon to escape due to gas exchange. Samples were
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taken by submerging the bottles in water and closing the cap, which can introduce errors if
samples were not airtight or air bubbles were present. Therefore, to minimize the impact of
such potential errors, we focused on the identification of GW in rivers by comparing radon
concentration at different locations instead of quantifying the exchange rate with a radon
mass balance calculation. The quantification of the fraction of GW in the river is accurate
when all required measurements needed for the calculation of correction factors are feasible
(i.e., when it is possible to have a reliable evaluation of the thickness of the stagnant film,
the average depth of the stream and the velocity of the stream water at location of each
SW sampling point for radon [20]). Nonetheless, the calculated GW seepage rate with
radon mass balance was not far from the seepage meter measurements extrapolated to the
same river reach for the cooling zone in the Sainte-Marguerite River where the seepage
meters were installed. However, the calculated GW discharge rate with radon mass balance
and seepage meters was lower than the calculated flow with the Darcy equation at the
river cross section of both rivers where piezometers were located. The calculated GW flow
for the Berard River from the radon mass balance (6.2 × 10−6 m/s) and Darcy equation
(6 × 10−6 m/s) are relatively close and in the same order of magnitude. The GW flow for
the Sainte-Marguerite River from radon mass balance (6.9 × 10−7 m/s) and seepage meters
(6.45 × 10−7 m/s) were close, but they were one order of magnitude lower than the GW flow
calculated with the Darcy equation (5.9 × 10−6 m/s). The riverbed material at the Sainte-
Marguerite River study site was shown to be anisotropic, with ten times higher horizontal
hydraulic conductivity compared to vertical hydraulic conductivity. A higher GW flow
of one order of magnitude when calculated with the Darcy equation and piezometric
data characteristics of horizontal flow compared to seepage meters providing vertical flux
measurements is not unrealistic. Moreover, the location of the piezometers was known to
be an optimal GW discharge zone, either based on TIR imagery or hydrodynamics of the
river cross section (sloped riverbank and presence of permeable material). Additionally,
the piezometers were placed in a location with loose material to facilitate the manual
installation. As a result, the measured hydraulic conductivity with slug tests was relatively
high for the material intercepted by the piezometers. Thus, the calculated Darcy flow with
this method is likely overestimated since maximum parameters are considered for a section
in which there can be important subsurface heterogeneities. Therefore, we suggest the use
of seepage meters, which give a direct seepage rate of the riverbed at different locations,
for validation of the flow rate from radon mass balance. Moreover, the installation of
seepage meters can be easier than piezometers. This appears to be a better alternative than
calculating the Darcy flow from limited piezometer data, which may have overestimated
the GW flow in our study cases. Installing seepage meters in different locations within the
cooling zone is suggested for better and complete validation of the radon mass balance
method, although it is time consuming.

This study was focused on the shallow GW system close to the river since sampling
points for GW were in piezometers at about 2 m depth. Shallow piezometers next to rivers
have been used in previous similar studies to show the GW–SW exchange (e.g., [23,25]).
Choosing this depth of investigation for GW was appropriate because the recorded water
level with pressure loggers inside piezometers was above the river water level and the
screens of piezometers were in the saturated zone. Therefore, the samples collected from
piezometers were representative of GW. Moreover, since the alluvial aquifer below these
rivers is not deep and is underlaid by a low permeable layer, there is limited connection of
the river to the deep GW system. However, deep observation wells would be required for
better characterization of the GW to the river and the consideration of the deep GW system
expected to supply radon.

The AB-5R radon measurement device is portable and allowed us to analyze the
samples in the field without the need for fast shipment of samples for laboratory analysis,
which is required to avoid radon decay in collected samples before analysis. However,
the number of required cells for the AB-5R device was limited (three). Each cell should
be cleaned by air and rest for 24 h before the next use. The resulting analysis time for
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water samples was about 3 days. A larger number of samples would imply a longer
period between the first and last sample measurements, which could result in different
weather and river flow conditions. The weather and river flow conditions were almost
the same by limiting the sampling of the river to three consecutive days, which allowed
us to better compare radon concentration along the river. In any cases, having more GW
and SW samples can improve our interpretation of GW–SW exchange with a better spatial
resolution. This would require either more AB-5R cells or sending samples to an external
lab for analysis. Furthermore, repeating radon measurement at the same locations can
provide better reliability and may reveal a temporal variability of GW seepage into the
river [25].

6. Conclusions

TIR imaging is effective and fast in identifying river temperature anomalies and a
useful tool for generating river temperature profiles. Simple sampling requirements and
fast analysis (with proper equipment) associated with radon measurements make it an
efficient method for application to large-scale studies. Radon measurements can, therefore,
constitute a useful complementary technique for TIR to verify if GW is the source of cool
water in a river. Based on results of radon measurements, it was verified that all cooling
zones were the result of GW seepage. Combining the TIR and radon measurements for
pinpointing the sampling locations that show more interest regarding GW influence can
be effective since SW sampling at various points of rivers can be difficult due to limited
accessibility and difficulty of analysis of a high number of samples. Unlike TIR imagery,
which gives indicative results, radon measurements can provide quantitative measures of
GW–SW exchange. In this study, the river discharge was not measured at different sampling
sites and the exact GW seepage flow cannot be calculated. Nevertheless, calculated values
give an approximation of GW flow to the river compared to river discharge or hyporheic
exchange. The combination of TIR imagery and radon measurements can give reliable
results for the identification of zones with high potential of GW–SW interaction. To obtain
better results from radon mass balance calculation and improve the future implementation
of this method, it would be ideal to have measurement of river flow at different cross
sections of a cooling zone (at least two at the start and the end), installation of several
seepage meters within the cooling zone and installation of piezometers next to the river at
different locations of the studied river reach. In this way, the correction factors that were
not used in this study could also be taken into account. Moreover, the GW–SW exchange
rate could be calculated with a thermal budget analysis by installation of piezometers with
temperature data loggers next to the river at different locations for different sections of
rivers, providing another comparative method. These steps were not applicable in this
study due to the nature of the selected rivers. Deep water and high flows made a wide-
scale installation of seepage meters impossible. The presence of hardpan with boulder and
rocks in the top soil prevented the manual installation of piezometers. The remoteness of
the rivers and lack of drilling equipment did not allow deep observation wells. In such
difficult environments for field instrumentation, modeling can be a solution for better
understanding of GW–SW interaction. Models can be built based on available data and
can then be calibrated based on field measurements. In future works, a coupled GW–SW
model of flow and heat transfer for the studied rivers will be built to quantify the GW–SW
exchange rate and its spatiotemporal variation to anticipate the changes in river water
temperature and the effects on fish species, which are important for local communities.
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