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Abstract

Considering the importance of characterizing groundwater flow for assessing recharge and contaminant transport, this study
investigates the potential of two field methods to estimate groundwater fluxes in consolidated aquifers. To accomplish this,
both the finite volume point dilution method (FVPDM) test and active distributed temperature sensing (Active-DTS) measure-
ments were conducted in a single piezometer in a chalk aquifer. The FVPDM is a single-well tracer experiment, that provides
a measurement of the groundwater flow rate across the tested piezometer. Whereas the Active-DTS method was performed
by deploying a fiber-optic (FO) cable outside the piezometer within the gravel filter. The Active-DTS method provided high
spatial resolution and local groundwater flux estimates along the heated section. Numerical simulations were used to assess
the distortion of the groundwater flow field induced by the presence of the well, demonstrating that the groundwater flux is
maximum within the well screen, where the FVPDM test was conducted. In the immediate vicinity of the well, where the
heated FO cable was installed, the groundwater flux is lower, and the flow pattern consisted of converging and diverging flow
lines. Therefore, the position of the heated FO cable relative to the flow direction is critical and can have a significant impact
on the estimation of the groundwater flux. Thus, even if the deployment of the FO cable within the gravel pack minimizes
convective effects and opens up interesting perspectives to estimate vertical heterogeneities, this approach may be limited if
the position of the FO cable relative to the flow direction is not well known.
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Introduction of groundwater flux may be necessary for assessing con-

taminant transport and planning remediation (Devlin and

Quantifying groundwater fluxes is essential in geothermal
and geotechnical engineering for assessing recharge and con-
taminant transport. The most commonly used approach to
estimate groundwater fluxes is based on Darcy’s law, which
depends on independent estimates of the hydraulic conduc-
tivity of the aquifer and the hydraulic gradient. However,
this approach provides a spatially averaged estimate of the
groundwater flux, whereas local and direct measurements
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McElwee 2007). Thus, efforts have been made in the past
decades to develop and propose field methods that provide
direct estimates of groundwater fluxes.

In this context, point dilution methods (PDMs) have been
developed to estimate groundwater flow rate by injecting a tracer
(saline or dye) into a piezometer (Drost et al. 1968; Novakowski
et al. 2006; Pitrak et al. 2007; Fahrmeier et al. 2020). Among
PDMs, the finite volume point dilution method (FVPDM) is a
single-well tracer experiment that involves continuously inject-
ing a tracer into a piezometer (Brouyere et al. 2008). During
tracer injection, groundwater flow carries the tracer out of the
piezometer. Therefore, the higher the groundwater flux, the
lower the remaining tracer mass in the piezometer. The FVPDM
provides a measurement of the groundwater flow rate along the
tested interval (screened length of the piezometer) based on the
evolution of tracer concentration. FVPDM tests are performed
within piezometers and can be applied in any hydrogeological
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setting, including both consolidated and unconsolidated aquifers
(Brouyere et al. 2008; Goderniaux et al. 2010; Wildemeersch
et al. 2014; Dujardin et al. 2014;

Jamin et al. 2015, 2020a). Furthermore, the FVPDM is
also well-suited for monitoring transient groundwater flow
conditions (Jamin and Brouyere 2018; Jamin et al. 2020b).

Likewise, thermal response tests have been widely devel-
oped to estimate groundwater fluxes. Active-DTS measure-
ments rely on distributed temperature sensing (DTS) tech-
nology, which provides temperature measurements at high
spatial and temporal resolution along a Fiber-Optic (FO)
cable (Bense et al. 2016). For Active-DTS measurements,
the FO cable is electrically heated, and the temperature
elevation measured during heating directly depends on the
water flux (Read et al. 2014). The term “Active” refers to
the application of an artificial heat source, while the term
“Passive-DTS” is commonly used when recording natural
temperature variations. The ideal scenario is when Active-
DTS is applied in saturated, unconsolidated materials, such
as at the groundwater-stream interface (Simon et al. 2022;
Banks et al. 2022) or in sandy aquifers (Bakker et al. 2015;
des Tombe et al. 2019). In these cases, the FO cable is in
direct contact with the porous media. It can be assumed that
the installation of the cable does not disrupt the water flow,
and an analytical solution can be used to simulate the meas-
ured temperature increase during heating. This approach has
proven to be efficient in estimating groundwater flux with
low uncertainties (Simon et al. 2021).

However, performing Active-DTS measurements in consoli-
dated materials can be challenging. The application of Active-
DTS in open boreholes is limited due to thermally driven con-
vection effects caused by active heating (Sellwood et al. 2015a,
b; Klepikova et al. 2018). To minimize convection effects, and
also to prevent vertical flow within the borehole, some studies
have proposed sealing boreholes with flexible borehole liners
(Coleman et al. 2015; Maldaner et al. 2019; Munn et al. 2020);
however, the installation of borehole liners is time-consuming
and does not fully prevent convective effects from occurring
within the liner (Pehme et al. 2007). It is also possible to use
grout, such as sand, to seal the borehole once the FO cable is
installed (Selker and Selker 2018; Maldaner et al. 2021; Zhang
et al. 2023); however, in this case, the borehole can no longer
be used for other applications.

As the sealing of the borehole is not ideal, it is possible
to deploy a heated FO cable outside the well, as proposed by
del Val et al. (2021). They applied this approach in a sandy
aquifer, which means that the FO cable was in direct contact
with both the screen tube and the porous media. Likewise,
Godinaud et al. (2023) proposed installing the FO cable out-
side the well, within the gravel that fills the space between
the well and the aquifer. In both cases, Active-DTS meas-
urements are conducted in a fully saturated porous media,
which is a necessary condition to use the analytical solution
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validated by Simon et al. (2021) and estimate the ground-
water flux. This configuration is also effective in preventing
convective effects. The main issue with this configuration is
that the presence of a well induces converging and diverg-
ing flow lines in the vicinity of the well (Drost et al. 1968;
Kearl 1997; Klammler et al. 2007; Verreydt et al. 2015),
which implies that when the FO cable is deployed outside
the well, its position relative to the direction of groundwater
flow may be a critical point. This critical point has been
discussed for Active-DTS tests conducted in open boreholes
(Sellwood et al. 2015a) but never studied when the FO cable
is deployed outside the well.

Studies often rely on the use of a single method to assess
groundwater flux, and the available methods are rarely com-
pared. In this study, both FVPDM and Active-DTS meas-
urements are performed in a consolidated aquifer, within a
single piezometer. Concerning Active-DTS, the method is
applied by deploying the heated FO cable outside the well
and filling the space between the well tube and the aquifer
with gravel, which allowed for a discussion of the benefits
and limitations of such an approach. Then, the groundwa-
ter flux estimated using the FVPDM is compared with the
estimates obtained from Active-DTS measurements. The
comparison between two field methods may be challenging,
especially due to the measurements not necessarily being
integrated over similar time and spatial ranges. Indeed,
FVPDM provides an estimate of the groundwater flow rate
across the piezometer, while Active-DTS measurements pro-
vide local and distributed estimates of groundwater fluxes
occurring within the filter pack. This provides a discussion
on the relative effects of the borehole on the flow field and,
consequently, on the representativeness of groundwater flux
measured in boreholes.

Materials and methods
Background
FVPDM

The finite volume point dilution method (FVPDM) is a sin-
gle-well tracer experiment that involves continuous injec-
tion of a tracer (saline or dye) into a piezometer (Brouyere
et al. 2008). The approach allows for the measurement of
the groundwater flow rate crossing the screen. A recircu-
lation loop is used to ensure the uniform distribution of
the tracer within the tested interval. This loop involves
installing a mixing pump at the bottom of the tested inter-
val and reinjecting the pumped water at the top (Fig. 1b).
A portion of the injected tracer mass is transported out of
the well by the groundwater as it flows through the pie-
zometer. Thus, in the case of steady-state flow conditions,
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Fig. 1 Experimental setup of a the Active-DTS experiment; b the FVPDM test

the concentration of the tracer within the well initially
increases during the tracer injection before stabilizing and
reaching a plateau at later times. The higher the groundwa-
ter flux, the lower the tracer concentration reached during
the stabilization stage, as the tracer becomes more diluted
by the groundwater flow through the well screen. The
increase in tracer concentration within the tested interval
depends on several factors, including experimental param-
eters such as the concentration of the injected water (Cjy;)
and the tracer injection flow rate (Q;,;). Additionally, it is
influenced by the flow rate of the groundwater crossing the
screen of the injection well (Q,i“).

Brouyere et al. (2008) introduced an analytical solution
for modelling the evolution of tracer concentration evolution
(Cy) [M'L™'] measured within the tested interval:

_ (Qin:‘/“:Q;n) (t—to)

Cinjinj + [Co(Qunj + Q") = Cinj Qi €

C, (1) = :
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In Eq. (1), Cy,; and C,, are the tracer concentrations M'L]
of the injected water and of the water in the well at #, respec-
tively. Q;; is the injection flow rate, while Qi“ is the flow rate of
groundwater crossing the screen of the injection well [L3T ],
resulting from the hydraulic gradient in the aquifer. The term
V,,, corresponds to the volume of water in the injection well [L?]
and depends on the height of the water column 4, [L'] and on
the radius of the piezometer r,, [L'] (V,, = nr,*h,,).

The transit flow rate Qi“ crossing the well screen under
injection conditions (Q. ; > 0) is given by Brouyere (2003):

inj

in _ . Qinj Qinj 2 Qinj
Q" = Qsin [arc cos(th >] ~ o [ arc COS(TQ,)] 2)

For data interpretation, Eq. (1) is first used to reproduce
the tracer concentration measured in the field by assessing
the optimal value of Qi“. The method allows for the esti-
mation of Q/", which is the groundwater flow rate occur-
ring through the well under injection conditions. However,
the purpose of the test is to assess the groundwater flux
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occurring under natural flow conditions. For doing so, Eq.
(2) can be used to calculate the transit groundwater flow
rate Q, [L*T™'], which corresponds to the groundwater flow
rate occurring through the well under natural flow condi-
tions (no tracer injection, Q;,; = 0).

Then, the value of the apparent Darcy flux g,,, can be

calculated, depending on the well screen length e, [L],
as follows:

g
T ®

wscr

Using the value of g,,,, the Darcy flux components [LT]
at the well radius can be evaluated in a (r,6) coordinate sys-
tem centered on the well by (Bidaux and Tsang 1991):

G (7> 0) = —qypp OO 4)

Active-DTS

Another approach that can be used to estimate groundwater
fluxes is to perform active distributed temperature sensing
(Active-DTS) measurements. The DTS technology provides
distributed temperature measurements along fiber optic (FO)
cables at high spatial and temporal resolution. The highest-
performing DTS systems available provide temperature
measurements every second at a 0.125-m sample spacing.
In Active-DTS, the FO cable is heated while the thermal
response (temperature elevation) is continuously monitored

ATPM()C’ y)
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during the heating period. Active-DTS, when conducted in
fully saturated porous media, allows for the estimation of the
groundwater flux at a high spatial resolution with relatively
low uncertainty (Read et al. 2014; Simon et al. 2021).

During the heating period, the observed thermal response
can be divided into three stages (Simon et al. 2021; del Val
et al. 2021). First, during a short period, the temperature
increases rapidly due to heat storage and conduction through
the FO cable. Then, when the injected heat reaches the porous
material, the conduction-dominant stage begins, during which
a gradual increase in temperature is observed. The heat propa-
gation through the porous media is then controlled by con-
duction. The temperature elevation depends on the thermal
properties of the porous media, particularly its thermal con-
ductivity. The higher the thermal conductivity, the lower the
temperature increase resulting from the heat injection. Finally,
at later times and under flow conditions, the temperature ele-
vation stabilizes, depending on the groundwater flux. This
corresponds to the advection-dominant stage, during which
the advective groundwater flow dissipates the heat injected
into the porous media. Thus, the higher the groundwater flux,
the lower the temperature increase resulting from the heat
injection. Under no-flow conditions, the temperature contin-
ues to increase over time and does not stabilize.

As validated by Simon et al. (2021), the temperature ele-
vation ATpy; [©'] observed during both the conduction-dom-
inant and the advection-dominant stages can be modelled
using the moving instantaneous line source model (MILS),
initially introduced by Carslaw and Jaeger (1959):

v &)

With Eq. (5), the thermal response can be modelled all
along the line source considering an initial thermal equilib-
rium (AT = T — T,). The coordinates x and y correspond to
the distance [L!] from the heat source, located at x = 0 and
y=0. p,c,, and pc are the volumetric heat capacities of water
and of the rock-fluid matrix, respectively [L™'T>M'©7'].
D,, the thermal diffusivity coefficient [L*T '], corresponds
to the ratio between pc and 4, the bulk thermal conductiv-
ity [L'TM'©7]. Q is the constant and uniform heating rate
power [L'TM'] and g is the uniform and constant groundwa-
ter flux in the x-direction (or specific discharge) [L'T~']. The
interpretation of the temperature elevation ATp,,; allows inter-
pretation of the thermal conductivity A and the groundwater
flux g for each measurement interval along the heated section.

Simon et al. (2021) validated a two-step method for inter-
preting the thermal response measured during the heating
period. In the first step, the temperature elevation measured
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during the conduction-dominant stage is modelled using the
MILS model (Eq. 5), considering no groundwater flux (g = 0).
This step provides an estimate of the thermal conductivity of
the porous media surrounding the FO cable, as the groundwa-
ter flux does not control the temperature rise during this stage.
In the second step, the MILS model can be used to reproduce
the entire thermal response. Since the groundwater flux con-
trols the behavior of the temperature at later times, this second
step allows for estimating the value of the groundwater flux.
This approach can be applied to each measurement interval
located along the heated section, providing high spatial resolu-
tion estimates of both thermal conductivities and groundwater
flux values. If there is no temperature stabilization observed at
the end of the heating period, this means either that there was
no flow at the interval of measurement (only conduction domi-
nated the heat propagation and the temperature kept increas-
ing) or that the heating period was not long enough to reach
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the advection-dominant stage. In this case, it is not possible
to estimate the effective groundwater flux and the maximum
flux occurring (gy;,,,) is estimated instead. The value of gy,
corresponds to the value of flux below which the measured
temperature increase is identical regardless of the value of
flux considered. In other words, for any value of g > g;;,,, the
advection-dominant stage would be reached, and thus the start
of the temperature stabilization period. Considering the large
amount of data to be interpreted, the ADTS Toolbox (Simon
and Bour 2023), an open-access program, can be used for auto-
matically interpreting Active-DTS measurements.

Field application
Experiment site

The experiment was conducted as a part of the CASPER
project, which aims to develop an integrated approach for
managing pollution risks in peri-urban groundwater catch-
ments (Brouyere et al. 2022). The research site is located
within the municipalities of Hornu and Boussu in Wal-
lonia, Belgium. A network of piezometers is used to moni-
tor contaminant mass fluxes within the chalk aquifer of the
Mons basin and evaluate the pollution levels impacting the
pumping wells that are used for distributing drinking water.
Piezometric maps of the area show that groundwater flows
from south to north. The hydraulic conductivity of the chalk
aquifer varies, ranging between 1 X 10> m s™! for the coarse
chalk and 10”7 m s! for fine chalk. The chalk of the Mons
Basin is highly fractured and shows faults with metric to
decametric spacing. This can greatly increase the hydraulic
conductivity of the aquifer, reaching 1 X 10~ m s™! in the
fractured areas. Fractures are primarily found at the top of
the chalk formation.

The experiment is conducted in piezometer P4 within the
Lower Cretaceous chalk aquifer of the Mons basin. P4 was
hammer-drilled in November 2022 and features internal and
external diameters of 50 and 63 mm, respectively. The exter-
nal diameter of the borehole along the screened interval is
135 mm. The geological logging of the piezometer shows the
presence of brown sand up to 11.5 m depth then clay to 16.5 m
depth. Between 16.5 and 20.5 m, the subsurface consists of a
mixture of chalk and tuffeau stone (limestone) with flint. From
20.5 m and to the bottom of the piezometer (42 m), the chalk
formation is highly fractured. The piezometer is screened
between 36 and 42 m depth (Fig. 1), where it is assumed that
the groundwater flow is dominated by fractures. Both meth-
ods (FVPDM and Active-DTS) were performed in the same
piezometer, but measurements were made 1 day apart. As
constant piezometric levels were measured during the 2 days
of experiments, it is assumed that similar groundwater flow
conditions were present for both experiments.

FVPDM test

Figure 1b shows the experimental setup used for the FVPDM
test. The tracer was injected at 36 m depth and the mixing
pump was installed at the bottom of the piezometer (42 m).
Thus, the tested interval (6 m) matched with the length of
the screens. A packer was installed at 36 m-depth to isolate
the tested interval. This allowed for a reduction in the mix-
ing volume and the time required to achieve stabilization of
tracer concentration (Brouyere et al. 2005). The tracer (KCI)
was continuously injected for 4.15 h (Q;,,; =5 X 109 m?s™).
As the tracer concentration cannot be directly measured in
the field, the electrical conductivity was measured instead.
This approach is consistent because there is a linear rela-
tionship between the concentration of KCI and electrical
conductivity (Yun et al. 2009). The tracer consisted of 500
g of KClI dissolved in 100 L of tap water. A conductivity
temperature depth (CTD) probe was used to verify that the
injected tracer concentration (Cjy; = 9.05 mS cm™!) remained
constant over time. The tracer concentration (C,,) was meas-
ured within the recirculation loop using a HACH HQ40d
Probe with a precision of 0.5 mS cm™'. The recirculation
flow rate applied within the tested interval was constant over
time and was Q =1.58%x10%m’s.

recirc

Active-DTS

During the installation of piezometer P4, a 3.8-mm diameter
Fiber-Optic (FO) cable including 4 multimode 50/125-pym
fibers were deployed outside the piezometer tube (Fig. 1a).
The space between the tube and the borehole wall was filled
with gravel (grain size = 2—-4 mm) along the screened inter-
val (6 m) and with bentonite above. Thus, the FO cable
was installed within the gravel pack, which helps to mini-
mize convection effects. The FO cable was deployed to be
attached to the well screen every 2 m and aligned with the
general flow direction observed on regional piezometric
maps. In this configuration, the FO cable was perpendicular
with respect to horizontal groundwater flow.

Measurements were carried out with an AP Sensing inter-
rogator unit (DTS N4386B), which provided temperature
measurements every 25 cm at a 30-s sampling interval. The
spatial resolution of the measurement provided by the DTS
unit is 50 cm; however, in practice it was probably higher,
ranging from 75 cm to 1 m (Tyler et al. 2009; Simon et al.
2020). Data calibration was performed by installing PT100
probes (with an accuracy of +0.1 °C) in the two calibration
baths, with 15 m of FO cable deployed in each. The cold
calibration bath was filled with ice, while the warm cali-
bration bath consisted of water heated with an immersion
heater, which automatically regulated the temperature of the
water (30 °C).
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A 25-m section of this cable was electrically isolated
(Fig. 1a), and a Heat Pulse Control System (Silixa) was
used to inject electricity through the FO cable. Thus, the
FO cable was directly heated, and only one cable was used
as the heating line source as well as to monitor the distrib-
uted temperature. As the hydraulic gradient in the aquifer is
low (~0.002 m m™), a relatively small groundwater flux is
expected. For low groundwater flux values, longer heating
periods are recommended. Long heating periods allow for
reaching temperature stabilization, reducing uncertainty in
estimating groundwater flux (Simon et al. 2021). The cable
was heated for 5 h at a rate of 15.6 Wm™'. Likewise, Simon
et al. (2021) suggested injecting an electrical power between
15 and 35 Wm™!, which is sufficiently high to improve meas-
urement resolution and reduce errors in flux estimates.

The temperature increases measured along the heated
section were interpreted with the ADTS Toolbox (Simon
and Bour 2023), which relies on the use of the MILS model
(Eq. 5). In this case, the application of this model assumes
the infinite horizontal extent and the homogeneity of the
aquifer, and that the flow is strictly horizontal and perpen-
dicular to the FO cable.

Numerical model

The presence of wells induces distortion in groundwater
flow. This means that converging and diverging flow lines
occur near the well (Drost et al. 1968; Kearl 1997; Klammler
et al. 2007; Verreydt et al. 2015). It implies that the ground-
water flux in the aquifer differs from the groundwater flux
within the gravel filter and also differs from the groundwater
flux through the well screen. Thus, for Active-DTS meas-
urements, the position of the FO cable within the gravel
pack, relative to the flow direction, may be a critical point.
Therefore, to facilitate a more accurate comparison of both

Fig.2 Scheme of the numeri-
cal model built with COMSOL
Multiphysics in order to assess

No-flow condition

methods and to evaluate the effect of the FO cable position
of flux estimates, a numerical model was relied on for this
study. The idea was to simulate the flow distortion, which is
the effect of the gravel pack and the well screen on ground-
water flow patterns. It should allow for the comparison of
the groundwater flowing through the well screen with the
groundwater flux in the aquifer, as well as the assessment of
the flow distribution around the well.

To account for these distortions, groundwater flow pat-
terns through the borehole were modelled using COMSOL
Multiphysics®. The free and porous media flow module was
used to estimate water flux through a two-dimensional (2D)
model (COMSOL Multiphysics 2020). The aquifer and the
gravel filter (radius: 0.076 m) were implemented as porous
media with different values of permeability (Fig. 2). As the
shape of the screen cannot be easily modelled in a 2D model,
the screen (thickness = 0.0046 m; internal radius = 0.0254
m) was also implemented as a porous medium with a high
value of hydraulic conductivity. The center of the domain
corresponds to the well, where water was implemented as
the material (Density p = 1,000 kg m™; Dynamic viscosity
i =1x 107 Pas). The value of groundwater flux within
the aquifer, as considered in the numerical model, was cali-
brated based on the estimated value of groundwater flux
obtained from the FVPDM. By considering a value of g =
2.46 x 10° m s7! in the aquifer, the water flux simulated
within the well is in good agreement with the flux estimated
with the FVPDM test (as described in the following).

It is worth noting that the values of hydraulic conduc-
tivities (aquifer and gravel) set in the numerical model are
approximate estimates. Therefore, the numerical model does
not aim to precisely reproduce the effective groundwater
fluxes. The model is used to assess the flow field and its
distortion around the well. The aim is to understand how
representative the estimates of groundwater flux are with
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Fig. 3 Interpretation of the FVPDM test. The grey area reflects the
uncertainty of the measurements and accounts for the resolution of
the conductivity probe

each method, compared to the actual groundwater flux in
the aquifer.

Results

Groundwater flow rate measurement
with the FVPDM

Figure 3 shows the evolution of the normalized tracer con-
centration C,” = C,/Ci,; measured within the well during
the FVPDM test (blue dots). The tracer concentration pro-
gressively increases until it stabilizes at CW* =~ 0.65 after
approximately 4 hours. The red curve corresponds to the
modelled tracer concentration evolution considering a value
of groundwater flow rate Q, = 5.46 X 10 m?s7!, which is
the optimal value that provides the best fit for field data.
By considering the uncertainty of the conductivity probe
(resolution 0.1 mS cm™), it can be found that the value of

Q, may vary by +6% (grey area). Note that the recirculation
flow rate is sufficiently high compared to the groundwater
flow rate to ensure the perfect mixing of the tracer within the
tested interval. This means that Eq. (1) is well-suited for the
interpretation of measurements (Simon et al. 2023).

Using Eq. (3), it is possible to calculate the apparent
Darcy flux at g,,, = 9.58 X 10° m s7!. Due to the flow
distortion induced by the well (converging flow lines occur-
ring near the well), the Darcy flux components are not equal
around the well radius and can be calculated from Eq. (4)
(Fig. 4). The location of the maximal flux around the well
depends on the flow direction (at © = 0 and 6 = & when
the axis [0, «] is oriented in the flow direction). For /2 <
O < 3n/2, the Darcy flow component is positive, indicating
that the flow converges towards the well. On the contrary,
for 3n/2 < © < 57/2, the Darcy flow component is negative,
indicating that the flow diverges from the well. Perpendicu-
lar to the flow direction (for © = n/2 and for © = 31/2), the
Darcy flow component is zero, indicating that there is no
flow entering or leaving the well screen at these points. Note
that the groundwater flux calculated using Eq. (2) corre-
sponds to the maximum value of the Darcy flux components
around the well (Fig. 4).

Groundwater flux measurements from Active-DTS

Along the heated section, located along the screened inter-
val (from 73.4 to 79.4 m from the DTS unit), two types of
thermal response curves were recorded. First, for certain
measurement points, the temperature stabilization was not
achieved by the end of the heating period (Fig. 5a). This
means either that there was no flow at the point of measure-
ment (only conduction dominated the heat propagation and
the temperature kept increasing), or that the heating period
was not long enough to reach the advection-dominant stage
(stabilization). In this case, it is not possible to estimate
the effective groundwater flux; however, it is still possible

Fig.4 Darcy flux components Gapp <_1
around the well calculated using
Eq. (4). The y-axis is oriented in
the flow direction. Yellow areas —_
correspond to the surface where I 0.5}
the flux component is at least g
90% of the absolute value of the m\/
maximum flux. o o
—
X
<
g 0.5
>
-1

0 /2

s 37tl/ 2 21
0 (rad)
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Fig. 5 Examples of temperature a d=755m b d=78 m
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to estimate the maximum flux occurring, g;;,, (2.07 X 107
m s~ for this example). Secondly, for most measurement
points, the temperature stabilized at later times (Fig. 5b). In
this case, it is possible to estimate the value of the ground-
water flux (7.92 x 10° m s! for this example). Note that the
heating duration applied only enabled recording the begin-
ning of the temperature stabilization period; however, this
is sufficient as the data interpretation can be done as soon as
the transition between the conduction-dominant period and
the advection-dominant period is observed. In both cases,
the thermal conductivity was estimated by calculating the
slope of the temperature increase measured during the con-
duction-dominant period (CD), during which the tempera-
ture increase is independent of the groundwater flux.

The temperature data is particularly noisy because the
performance of the DTS unit used was not optimal for the
selected sampling (25 cm) and acquisition time (30 s). The
data could be smoothed to reduce the noise. However, it
was decided to interpret the raw temperature signals, and
the uncertainties on thermal conductivity and groundwa-
ter flux estimates were calculated based on this noise. To
calculate the uncertainties, the groundwater flux was esti-
mated for an average temperature increase AT, as well as
for AT = +0.4 °C and AT = -0.4 °C (with a noise level of
~0.8 °C). This provided minimal and maximal estimates of
the groundwater flux.

Figure 6 presents the results of the interpretation of
Active-DTS measurements for each measurement point

Fig. 6 Interpretation of the a _ b c <

Active-DTS measurements col- 36— . t=5 h,rs 36 — . 36 ' * 9= Qim

lected along the heated section

deployed within the gravel (6

m at the bottom of the well). 37t 37t 37+t 1

The distances correspond to the

distance from the DTS unit, the i i L 1

bottom of the well is at 79.2 m. 38 38 38

a Temperature elevation profiles /é\

measured at the end of the < 30 39+t 39} .

heating periods (5 h); b Profile f‘:

of estimated values of thermal o

conductivities; ¢ Profile of Q 40 [ 40 [ 40 [ 1

. A

estimated values of groundwater

fluxes 41t 41°¢F 41+ ]
421 421 421 1

10 13 16 | 2 3 0 0.5 1
o -1 -1 - -1
AT (°C) A(Wm' K™ g x10° (ms™)
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located along the screen. At the end of the heating period,
the temperature elevations AT obtained along the heated sec-
tion deployed within the gravel varied between 9.6 and 16.5
°C (Fig. 6a), with higher temperature elevations measured
in the upper part of the screen (up to 37.8 m depth). Note
that during the experiment, the mean temperature above the
screen was 11.8 °C and did not vary significantly over time
with a standard deviation of 0.05 °C. The data interpretation
first provided estimates of the thermal conductivity of the
surrounding material for each measurement point (Fig. 6b).
Low values of thermal conductivity (<1.5 W m~' K™ were
found in the upper part of the screen, between 36.5 and 37.5
m depth, while higher values (~1.7 W m~! K™') were found
in the lower part of the screen, from 38 m depth.

The thermal conductivity of saturated gravel varies
between 1.6 and 2 W m~! K™! (Stauffer et al. 2013), which
is consistent with the values estimated in the lower part of
the screen section. However, similar values of thermal con-
ductivity would be expected throughout the screen because
the same material (gravel) was used to fill the space between
the aquifer and the screen. The lower values of thermal con-
ductivity found in the upper part could potentially be due to

C
0.1
. 0.08}
g
= 0.06f g
on =
g 1)
5 E
S 0.04] 3
< s,
0.02¢

0
0 02 04 06 08 1
GW flux x107° (m s™)

a mixture of gravel and bentonite. The thermal conductivity
of bentonite ranges between 0.5 and 0.8 W m™' K. This
mixture may have occurred during the filling of the part of
the well above the screen with bentonite, as no sand was
added above the gravel to reduce the bentonite flowing into
the gravel pack. However, this interval (~2 m) may be too
long to assume that the low values of thermal conductivity
are solely attributed to the mixing of bentonite and sand.
Concerning groundwater flux in the gravel pack, esti-
mates vary between 2.5 x 10°and 7.92 X 10° m s}, with a
mean value of 4.9 X 10° m s™!. For five measurement points
(represented by blue dots), temperature stabilization was not
achieved at the end of the heating period, which means that
either there is no flow at these measurement points or that
the heating period was not sufficient to reach temperature
stabilization. Note that the time required to reach tempera-
ture stabilization depends on the thermal conductivity value.
Here, the five measurement points where the temperature
stabilization was not achieved correspond to locations where
the values of thermal conductivity are the highest. This result
is consistent since the higher the thermal conductivity, the
longer the time required to reach temperature stabilization
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Fig. 7 Groundwater (GW) flux in a the flow field near and within the well; b modelled along the x-direction for y = 0 (center); and ¢ modelled

along the arc A, around the well screen where the FO is installed
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(Simon et al. 2021). A longer heating duration may have
allowed the temperature to stabilize; however, in this case,
it is not possible to estimate the effective groundwater flux
and, the value of g;,, was calculated as the maximum flux
occurring (¢ < g}, (Simon and Bour 2023).

Groundwater flow pattern around the well

Figure 7 shows the results of the numerical modelling. The value
of groundwater flux estimated through the FVPDM was used to
calibrate the value of groundwater flux within the aquifer consid-
ered in the numerical model. Thus, by considering a value of g
=25%10°ms " inthe aquifer, the water flux simulated within
the well (Fig. 7a) is in good agreement with the groundwater
flux estimated with the FVPDM test (q,,, = 9.8 X 10°ms™).

The numerical modeling allows for assessing the distribution
of groundwater flow near and within the well. The groundwater
flow direction is orthogonal to the y-axis at the boundaries of
the model but converges towards the well in the center of the
model domain. The gravel filter and the well both have higher
hydraulic conductivities relative to the aquifer, which means that
the groundwater flux is higher near and within the well along
the x-direction for y = 0 (Fig. 7a,b). Around the well screen
(Fig. 7c), the groundwater flux is also highly variable. The
groundwater flux is maximum along the horizontal flow line (y
=0 flow line). The presence of the well induces converging and
diverging flow lines, which implies that the groundwater flux is
zero on both sides of the well screen (points A and B).

Discussion

Groundwater flux estimates

In regards to interpreting the groundwater flux estimates
derived from the two methods, it is critical to understand

what each method measures and therefore represents.
Groundwater fluxes estimated using both FVPDM and
Active-DTS correspond to apparent values of groundwater
fluxes as opposed to the effective groundwater flow through
the aquifer. The gravel filter and the well both have higher
hydraulic conductivities than the aquifer, which results in
the groundwater flux being higher near and within the well
(Fig. 7a,b).

The heated FO cable is deployed outside the well
screen (Fig. 8a). This approach therefore accounts for a
local measurement of the groundwater flux that occurs in
the gravel. The presence of the well induces converging
and diverging flow lines, which impact the groundwater
flow pattern around the well (Fig. 7). As the Active-DTS
method provides local measurements, Fig. 7 shows that
the estimated groundwater flux is maximum when the FO
cable is aligned with the centered and horizontal flow line
and attached to the well screen (Fig. 8a). This point will
be further discussed in the following.

The FVPDM method (Fig. 8b) allows for the measure-
ment of the groundwater flow rate occurring through the
well screen. The measurement integrates all groundwater
flux components entering the well. The apparent ground-
water flux is calculated using the measured groundwater
flow rate (Eq. 3). Using Eq. (4), it is possible to calculate
the Darcy flux components at the well radius (Fig. 8c). It
is interesting to note that the value of the apparent ground-
water flux, which is calculated from the measured ground-
water flow rate, corresponds to the maximum Darcy flux
component found at the well radius for & =t and 6 =0
(see yellow points in Fig. 8b).

A direct comparison of results is difficult due to the
groundwater flux estimated with the FVPDM reflecting
the integrated average of groundwater flow rate inside the
well screen whilst Active-DTS measurements provide an
estimate of the groundwater flux outside the well screen
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Fig.8 Flow patterns around the injection well in natural flow condi-
tions. For Active-DTS measurements, the FO cable (red point) was
deployed outside the piezometer screen (a) and allowed for the meas-
urement of the local groundwater flux. The FVPDM experiment (b)
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allowed for the measurement of the groundwater flow rate through the
piezometer screen. Yellow points depict the location of the maximum
Darcy flux components found at the well radius (from Fig. 4)
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at point. Along the x-direction (for y = 0), the ground-
water flux is higher inside the well than outside the well
(Fig. 7b). This means that, even if the FO cable is aligned
with the horizontal flow line and attached to the well
screen, the groundwater flux estimated with the FVPDM
is necessarily higher than the groundwater flux estimated
with Active-DTS measurements, which is in perfect agree-
ment with field results. The groundwater flux calculated
with the FVPDM (q,,, = 9.8 X 107° m s7') is approxi-
mately double the mean groundwater flux estimated from
Active-DTS measurement (~5 X 10 m s™).

Due to the flow distortion caused by the well, both the
FVPDM and the Active-DTS method offer estimates of the
“apparent” groundwater flux. For the FVPDM, the effective
Darcy flux g, in the aquifer, which represents the “true”
groundwater flux in the aquifer, can be estimated using the
flow distortion coefficient a,, (Drost et al. 1968; Brouyere
2003). This coefficient corresponds to the ratio between the
apparent water flow rate crossing the screen section and the
theoretical (or effective) flow rate that would transit across
the same section in the absence of the well (g,,, = @qq)-
Drost et al. (1968) proposed a formula to estimate the dis-
tortion coefficient, which can be applied to any point dilu-
tion method result or any measurement method that pro-
vides estimates of the groundwater flow rate crossing the
screened section. The value of the coefficient depends on the
radius and the permeability of the aquifer, the screens, and
material(s) used in the filter zone(s). Considering the uncer-
tainties in permeability estimates, using the flow distortion
coefficient only provides a rough estimate of the effective
groundwater flux in the aquifer. Concerning Active-DTS
measurements, only the use of a numerical model can pro-
vide an estimate of the effective groundwater flux in the
aquifer. At present, there is no formula available for estimat-
ing the ratio between the apparent groundwater flow rate
in the filter zone and the effective groundwater flux in the
aquifer. It should be feasible to propose a formula such as the
one suggested by Drost et al. (1968), but this formula would
require validation through laboratory experiments.

About Active-DTS measurements

The results of Active-DTS measurements are consistent
with the groundwater flux simulated by the numerical model
(Fig. 7). The maximum value of groundwater flux, modelled
at point C, is ~8 x 10° m s™' which is consistent with the
maximum groundwater flux estimated from Active-DTS
measurements (~41 m depth). However, the groundwater
fluxes estimated elsewhere along the heated section are
lower. This can be attributed to subsurface heterogeneities,
such as the presence of fractures, which can cause prefer-
ential pathways at different depths and vertical variations in
horizontal groundwater flux. However, this result can also

be attributed to changes in the position of the FO cable in
space. Numerical simulations show that the maximum value
of groundwater flux is only found at point C, where the cable
crosses the central and horizontal flow lines. Elsewhere
within the gravel pack, groundwater fluxes are significantly
variable in space (in both the x and y directions) due to the
distortion of the flow field near the well. Consequently, the
groundwater flux measured through Active-DTS measure-
ments depends on both the position of the FO cable within
the gravel pack in relation to the flow direction (Fig. 7c),
and the distance between the FO cable and the well casing
(Fig. 7b). Note also that the interpretation of Active-DTS
measurements relies on the assumption that the groundwa-
ter flow is perpendicular to the FO cable. This assumption
can be questioned, especially when the approach is used in
boreholes with a long screened section, where the vertical
flow component within the gravel filter may be significant
compared to the horizontal flow component. Further devel-
opments should be done to fully address the influence of
the nonperpendicular flow on the heating response along
the heated FO cable.

Here, the FO cable was installed based on the general
flow direction observed on regional piezometric maps. In
theory, the FO cable is assumed to be installed at point C,
aligned with the horizontal flow line and attached to the well
screen. In practice, the precise groundwater flow direction
near the well is not known and it is impossible to determine
the exact position of the FO cable. This lack of knowledge
may explain the vertical variability of measured groundwater
flux (Fig. 6¢).

The position of the FO cable is thus a critical point for the
application of Active-DTS in boreholes. These results are in
good agreement with the results of Sellwood et al. (2015a),
who conducted Active-DTS measurements in an open bore-
hole and showed that the location of measurement within the
borehole relative to the borehole center is a potential source
of error in borehole flow rates. Here, the installation of the
FO cable outside the well screen is an efficient approach
to minimize convective heat transfers and avoid the use of
borehole liners, which can be time-consuming to install.
However, this approach is also constraining and technically
challenging because it requires controlling the position of
the cable around the well. Note also that it was assumed in
this study that the casing and the screen are centered in the
borehole. In practice, this might not be the case, and the
position of the casing and the screen relative to the center of
the borehole might also affect the flow distortion and, thus,
the results of Active-DTS measurements.

Calculation of the porous-medium Rayleigh number
(Nield and Bejan 2013) confirmed that free thermal convec-
tion should be negligible in the present case. This means that
the installation of the FO cable outside the well within the
gravel pack is an efficient approach to minimize convective
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effects. However, the interpretation of the data collected near
the boundary conditions of the investigated section should
be carefully discussed. The temperature profile measured
during the heating period (Fig. 6a) shows the highest tem-
perature increases at the top of the screen. As the imperme-
able bentonite layer above the gravel filter was also heated,
this could have induced a vertical temperature flux from the
bentonite layer towards the gravel, which may have contrib-
uted to a part of the temperature increase measured at the top
of the gravel layer. This hypothesis cannot be experimentally
validated, but it remains consistent as the value of AT meas-
ured after 5 h of heating is similar in the bentonite layer and
at the top of the gravel layer. Likewise, the minimal tempera-
ture increase measured at the bottom of the gravel layer may
be attributed to the vertical heat dissipation into the bedrock
beneath the borehole (Wu et al. 2023). If vertical heat trans-
port occurs within the gravel pack near the boundary condi-
tions, the use of the MILS model is not appropriate because
this model does not account for temperature transport along
the line source. For further applications of the method, it is
recommended to truncate the measurement points located
at the top and bottom of the investigated heated section to
remove the potential effect of boundary conditions.

The results show that, based on current knowledge,
deploying a single FO cable outside a well screen, as done
in this study or by del Val et al. (2021) and Godinaud et al.
(2023), is not sufficient to accurately assess the groundwater
flux in the aquifer. As the installation of the cable and the
flow direction are generally uncertain, it is difficult to deter-
mine whether the variability in groundwater fluxes measured
along the heated section is due to subsurface heterogeneities
or changes in the position of the FO cable. The flux com-
ponent around the well is highly variable (Fig. 4), and the
area where at least 90% of the maximum flux can be reli-
ably measured is quite limited. It should also be noted that
the location of the FO cable in relation to the flow direction
should also be considered when the borehole is sealed (Cole-
man et al. 2015; Selker and Selker 2018; Maldaner et al.
2019, 2021; Munn et al. 2020; Zhang et al. 2023). This is
because the presence of the sealed well inevitably causes a
local distortion.

Conclusion and perspectives

In this study, two single-well tracer experiments for estimat-
ing groundwater fluxes in a chalk aquifer were compared.
Firstly, the FVPDM provided an estimate of the groundwater
flow rate through the well screen, whereas the Active-DTS
method provided distributed and local estimates of ground-
water fluxes through the gravel filter, outside the well screen.
The main advantage of the FVPDM is that it can be applied
to existing piezometers; however, investigating subsurface
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heterogeneities with the FVPDM requires the use of pack-
ers which is particularly time-consuming. Likewise, unlike
Active-DTS, the FVPDM is not well-suited for boreholes
with long screened sections, and the physical and chemical
properties of the groundwater (such as density, turbidity,
etc.) can impact the accuracy of FVPDM results.

Concerning Active-DTS measurements, the position of
the FO cable is a critical point due to the high flow dis-
tortion around the well. Further investigations should be
conducted to more accurately evaluate the impact of flow
direction in relation to the position of the FO cable. For
now, it is still challenging to determine whether the spatial
variations in groundwater flux measured along the heated
section are caused by subsurface heterogeneities or by shifts
in the position of the FO cable. To better control this, a solu-
tion could be to install multiple heated FO cables around
the well screen or to wrap the FO cable around it. Such a
configuration would also allow for a better assessment of
the flow direction.

Consequently, assessing the position of the FO cable
related to the flow direction is absolutely necessary for the
right interpretation of Active-DTS measurements performed
in wells. This ensures that the groundwater flux estimate
is representative of the aquifer groundwater flux value,
which is an important result as it shows that the use of the
Active-DTS method outside the well may be questioned if
the position of the FO cable relative to the groundwater flow
is uncertain. However, if the position of the FO cable related
to the flow direction is well known, the Active-DTS method
may provide valuable insights for the characterization of
groundwater flow dynamics. In this case, the approach is
efficient for characterizing the distribution of groundwater
flux and its vertical variability at high spatial resolution. To
minimize convective heat transfers, the heatable FO cable
must be installed in direct contact with a porous medium. In
this study, installing the FO cable outside the well screen and
filling the space between the aquifer material and the screen
with gravel was proposed. This approach avoids the need to
seal the borehole or use flexible borehole liners. With this
configuration, and if the position of the FO cable is well
known, the well can be used for other applications such as
measuring pollutant concentrations and assessing contami-
nant mass fluxes, which is essential for characterizing pol-
luted sites. In addition, the permanent installation of an FO
cable allows for repeated surveys under different hydrologi-
cal conditions, as well as a more detailed characterization of
the spatial and temporal variability of mass fluxes.

This study clearly shows the advantages and limitations
of each method. It emphasizes that, while both methods aim
to estimate the groundwater flux, the results of the estimates
depend on the experimental conditions, including the spatial
resolution of measurements. This study questions the ability
to measure groundwater flux in the field and highlights the
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difficulty of obtaining a representative estimate of ground-
water flux. Lastly, results show that both methods are com-
plementary. While the FVPDM allows for the assessment
of the groundwater flux in short screens, Active-DTS meas-
urements provide distributed estimates of flux and can be
applied in long-screened boreholes or highly permeable
aquifers. Both methods are well-suited for assessing the
mass fluxes of contaminants, which is a crucial element in
the management of polluted soils.
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