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Highligths

e For non-perfect mixing conditions, classical FVPDM overestimates groundwater
fluxes

e A new discrete model considering the recirculation flow rate is introduced

e The new model allows simulating the tracer distribution along the well axis

e Providing better estimates of groundwater fluxes

Abstract

The Finite Volume Point Dilution Method (FVPDM) is a single-well tracer experiment
which has been successfully used in many hydrogeological contexts to quantify groundwater
fluxes. During continuous injection of tracer into a well, the tracer concentration evolution
measured within the tested well directly depends on the groundwater flow crossing the well
screens. Up to now, the FVPDM mathematical formulation used to simulate the tracer
concentration evolution measured in the tested well assumed perfect homogenization of the
tracer along the tested interval, which is a reasonable assumption in many cases. However,
when FVPDM are performed in long-screened boreholes or in very permeable aquifer
materials, the recirculation flow rate imposed to ensure mixing is suspected to be too low to
perfectly homogenize the tracer. In order to assess the effect of non-perfect mixing on FVPDM
results, we introduce here a new discrete model that explicitly considers the recirculation flow
rate. The mathematical developments are validated using field measurements, and a sensitivity
analysis is proposed to assess the effect of the mixing flow rate on tracer concentration
homogenization within the well. Results confirm that, when the recirculation flow rate applied
is not high enough compared to the groundwater flow rate, the tracer distribution is not uniform

in the tested interval. In this case, the use of the classical analytical solution, commonly used to
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interpret the concentration evolution leads to highly overestimated groundwater fluxes. The
discrete model introduced here can be used instead to properly estimate groundwater fluxes and
assess the tracer distribution within the tested interval. The discrete model offers the possibility

of interpreting field measurements conducted under non-perfect mixing conditions and

increases the range of fluxes that can be investigated through FVPDM.,

Keywords

Finite Volume Point Dilution Method ; Non-Perfect Mixing; Improved FVPDM model;

Tracer Distribution within the well;

Nomenclature

Experiment parameters

fw Inner radius of the well
Escr Well screen length
hw Height of the water column
Vi, = r2h,,, water volume in the
well
O Recirculation rate (or mixing
reere flow rate)
Qinj Injection rate

Tracer concentration
Tracer concentration in the

Cin injection solution

Tracer concentration in the
Cw

water

Tracer concentration in the
Co aquifer and within the well at

initial time

Flow parameters
Effective Darcy flux in the
Go aquifer
Ow Distortion coefficient
= a,,qq4, Apparent Darcy flux in
Gepr the borehole
= 2 Ty€scrQapp, transit flow rate

Q under ambient conditions
Qer = 1Q,, critical injection rate

in Transit flow rate under injection
Q conditions

[L]

[L]

[L]
[L7]
[L5T]

LT

M L]

M L]

M L]

LT

LT
(LT
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Discretized domain

Az Vertical size

Nz Number of elementary cells Az;
At Calculation time step

Nt Number of elementary cells At;

Subscript indicating that the
corresponding quantity is

) evaluated at t=t;

j=12.. Nt

Number of elementary cells Az;in
NZscr

the screened section

i Subscript i=1,2,...,Nz

Time required for the tracer to

b reach depth z;

Non-dimensional formulations

C*= ¢
Cinj

. @

Q" =—
QCT

* t - T;
b= l/Twi

Time needed to replace the water

Tw at the critical injection rate
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1. Introduction

Characterizing groundwater fluxes is essential in many hydrogeological studies, especially
to understand contaminant transport and behavior, to investigate groundwater/surface water
interactions or else in geothermal applications and in geotechnical engineering. In this context,
tracer dilution tests have been widely developed and applied to quantify groundwater fluxes
(Hall, 1993; Novakowski et al., 1995, 2006; West and Odling, 2007; Drost et al., 1968; Lewis
et al., 1966; Pitrak et al., 2007; Hatfield et al., 2004; Halevy et al., 1967). Among single-well
techniques, the Finite Volume Point Dilution Method (FVPDM), that is a generalization of
classical point dilution tests, was developed and validated (Brouyére, 2003; Brouyere et al.,
2008). FVPDM tests are performed by continuously injecting a tracer into the well (at the top
of the well or of the tested interval) and monitoring the evolution of the tracer concentration
into the same well (Figure 1). The water within the tested interval is continuously mixed through
a mixing pump ensuring a homogeneous distribution of the tracer within the tested interval. By
doing so, the water is extracted with a pump placed at the bottom of the tested interval and
reinjected at the top of the tested interval. During the experiment, the tracer concentration within
the well first increases before stabilizing and reaching a plateau. Brouyere et al. (2008)
demonstrated that the tracer concentration evolution (and stabilization) depends on the
concentration of the injected water (Cinj), on the tracer injection flow rate (Qinj) and on the flow
rate of the groundwater crossing the screen of the injection well (Q¢"). A part of the injected
tracer is carried out of the well by the groundwater flow. Therefore, the higher the groundwater
fluxes, the higher the tracer dilution and the lower the tracer concentration remaining in the

well.

Measured concentrations can be easily reproduced using the analytical solution introduced
by Brouyeére et al. (2008) by calibrating the only unknown parameter at steady-state (when
concentration is stabilized) : the Darcy flux in the aquifer. The application of FVPDM in many
hydrogeological contexts — to characterize groundwater/surface water interactions (Dujardin et
al., 2014), fractured aquifer (Jamin et al., 2015), permafrost zone (Jamin et al., 2020), complex
sandy aquifer (Goderniaux et al., 2010; Brouyére et al., 2008) or shallow alluvial aquifers
(Wildemeersch et al., 2014) — demonstrated the robustness and reliability of the method to
provide accurate groundwater fluxes estimates. In addition, since the tracer concentration is
sensitive to changes in groundwater flow, the method was also successfully applied under

transient groundwater flow conditions (Jamin and Brouyeére, 2018; Jamin et al., 2020, 2015).
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Figure 1. Principle of the FVPDM method (modified from Brouyere et al. (2008))

Analytical and numerical solutions classically used to interpret FVPDM tests (Brouyere,
2003; Brouyeére et al., 2008; Jamin and Brouyeére, 2018) and to model the tracer concentration
evolution within the tested interval (hw in Fig. 1) rely on the assumption that the mixing flow
rate is high enough to ensure a uniform repartition of the tracer mass in the water column. In
practice, it can be technically difficult to apply a mixing rate high enough to make sure the
tracer concentration is homogenous in the well, as observed by Jamin and Brouyere (2018) who
performed FVPDM tests under pumping conditions in a high hydraulic conductivity aquifer.
They observed a nonlinear evolution of the groundwater flux with the pumping rate suggesting
that the mixing flow rate applied during the experiment was too low compared to the
groundwater transit flow rate (passing through the well screen). Their results suggested that
under high groundwater transit flow rate, a significant portion of tracer may be carried out of
the well before reaching the mixing pump located at the bottom of the tested interval. Therefore,
in case of non-perfect mixing, higher tracer concentrations may be found at the top of the tested
interval than at the bottom. Such issues are suspected to appear when FVPDM are conducted
in long-screened wells, in very permeable aquifer materials or else in fractured or heterogeneous

aquifer, as it has been observed for other tracer dilution tests (Poulsen et al., 2019).
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Yet, the question of the effect of the mixing flow rate (or recirculation flow rate) on
tracer concentration distribution within the tested interval has never been assessed until now.
In this context, we introduce here a new discrete FVPDM model which allows simulating tracer
concentration profiles in depth along the tested interval. Contrary to classical solutions
commonly used to interpret FVPDM tests (Brouyere et al., 2008), this discrete model explicitly
considers the recirculation flow rate, which allows assessing the distribution of tracer
concentration along the tested interval. This aims to assess the influence of this parameter on
the tracer distribution along the tested interval and to propose a solution to interpret FVPDM

tests performed under non-perfect mixing conditions.

In the next sections, the new discrete FVPDM model developed to simulate tracer
concentration profiles depending on mixing flow rate is introduced. Then, we rely on field data
to illustrate the adequacy and relevance of the discrete model to interpret FVPDM results and
quantify groundwater fluxes. In the end, a sensitivity analysis is proposed in order to assess the
effect of the mixing flow rate on tracer concentration homogenization within the well and on

the estimation of groundwater flux using the FVPDM method.

2. Material & Methods
2.1. Presentation of the discrete model

The analytical solution classically used to interpret FVDPM tests, developed by Brouyere
et al. (2008), relies on a model based on mass balance equations. Their approach consisted of
considering that the variation of tracer mass (and thus concentration) measured over time
within the whole tested interval (Figure 1) depends on the tracer mass entering within the
tested interval and on the tracer mass leaving the interval. For the discrete model introduced
in this paper, a similar approach is developed expect that the tested interval is discretized into
a multitude of elementary cells. Thus, the mass balance approach is applied for each cell,
which allows simulating the tracer concentration evolution in each cell and provides tracer
concentration profiles. Moreover, contrary to the “classical” solution/approach (this term
refers to the approach developed by Brouyere et al. (2008) from now), the discrete model is
built to take into account the mixing applied within the interval which means that the

recirculation flow rate is integrated in mass balance equations.
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2.1.1. Discrete Numerical Model

For the discrete model developed here, the domain (the volume of water) is discretized
into i elementary cells with vertical size Az (i=1, 2, ..., Nz) as shown in Figure 2a. Time is
discretized into Nt time steps At (j=1,2,...,Nt). Mass balance equations are written for each
elementary cell considering that the mass of tracer changes over time depending on flow rates

entering and leaving the cell i and on their respective concentrations in tracer.

The approach consists in defining, for each cell, entering and leaving flow rates. To do so,
space is divided into two parts: the screened interval discretized into Nzsr cells and the tube
interval (no screens) discretized into Nz-Ngscr cells (Figure 2a). This allows considering the
effective geometry of the well and adapting the model for each experimental setup.

In the tube interval (Figure 2a, b and c), only vertical flow circulation occurs, meaning that
flow rate terms accounting for water and solute transport within the tubewell are the injection
flow rate Qinj and the recirculation flow rate Qrecirc (ensured by the mixing pump in the bottom
of the tested interval). In the screened interval (Figures 2a, d and e), besides the recirculation

flow rate, flow rate terms include exchanges between the well and the test aquifer system
(transit flow rate). Thus, the transit flow rate Qi‘i corresponding to the flow crossing the well

under injection conditions for each interval i is included in the mass balance equations. The

detailed mass balance equations written for each cell are detailed in Appendix A.

Once mass balance equations are defined, it is possible to numerically evaluated each

equation through the forward difference expression approximant of At (Appendix A). Then, the
concentration of tracer Cw can be calculated for each cell and each time step Cv’;,’l.. The initial

conditions are Cvlv,i = Co (the tracer concentration at j = 1 corresponds to the tracer concentration

in the aquifer and in the well at initial time, before tracer injection).

The tracer concentration evolution at top of the well (i = 1), where the tracer injection takes
place (Fig. 2b), can be modelled following:

i1 . i1 . .
VwiC\{vz = VWl'C\{v,l + [Qrecirc Cd/,Nz - Qrecirc C\{v,1 + QinjCinj - Qinjc\{v,l] At (1)

With Vi is the volume of each cell and given by V,,; = mr2 Az, with ry the inner radius of

the well. Cinj corresponds to the tracer concentration in the injection water (tracer tank in



147
148

149
150

151

152

Article submission to Journal of Contaminant Hydrology

Figure 1) and ¢/t corresponds to the tracer concentration in the water pumped in the bottom

w,Nz

of the well (i = Nz) at j-1 and reinjected in its top at j.

Then, the tracer concentration evolution within the tube interval for i > 2 (Fig. 2c) is

modelled following:
VwiCJv-,'_il = VwiC‘{v,i + [Qrecirc C\{v,i_1 - Qrecirc C\{v,i + Qinjc\{v,i_1 - QinjC\{v,i] At (2)
At the top of the screened interval (Fig. 2d), the tracer concentration evolution is given by:
Vwic\{v-;l = VwiC\{v,i
+ [Qrecirc C\{v,i_1 - Qrecirc Cdv,i + an,iCo - Qtin_icdv,i + QinjC‘{v,i_1 (3)
~ QunjiChi — (Qinj — Qinj,i)CJv,i] At
And elsewhere in the screened interval (Fig. 2¢) by:
1 .
Vwic\{v-;‘ = VwiCdz,i

+ [Qrecirc C\{v_i_1 - Qrecirc C\{v,i + Q?} CO - ffll C\{v,i + Qinj,i—l C\{v,i—l (4)
— Qinji Coyi — Qunjim1 — Qinj,)Co ] At
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Figure 2. Scheme of the discrete model. In this new approach, the tested well is discretized into i cells (a)
and mass balance equations are applied depending on flow rates and their respective tracer
concentrations entering and leaving each cell (b,c,d and e).

2.1.2. Flow rates in the screened interval

In the screened interval (Figure 2a), the injection flow rate is distributed along the screen

according to the distribution of flow transiting along the screen under ambient conditions (Qt.i).
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Here, in order to study the mixing within the well, homogeneous flow conditions are assumed
along the screen, which means that the portion Q;,;; of the total injection flow rate leaving the
screen is calculated following:

Qinj
Nzge,

Qin ji= (5)

Brouyere (2003) proposed a solution to calculate the transit flow rate Qi“ crossing the

well screen under injection conditions. Here, instead of calculating the transit flow rate over the
tested interval (Brouyeére, 2003), the transit flow rate under injection conditions is calculated
for each cell i :

i Qcri < <Qinji>> Qinj,i ( <Qinji))
M — — sin|( arccos ~ |- ~ | 2 arccos | —— 6
bt T ch,i 2 ch,i ( )

The transit flow rate depends on the importance of the injection rate compared to the critical

injection rate Qcr. The term Qcr corresponds to the injection rate above which the transit flow
rate Q is cancelled (radially diverging flow prevails), making the flow estimation impossible

(Brouyeére et al., 2008). Qcris calculated for each cell i following:
Qcri =T Q= 211, Az Qapp,i @)

with gapp,i the apparent Darcy flux measured for each interval Az. The estimation of the effective
Darcy flux qq in the aquifer requires evaluating the value of flow distortion coefficient aw (Drost
et al., 1968; Brouyere, 2003), that expresses 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 (qq,, = @,,q4)- In this study, we focus on estimating

the apparent Darcy flux, also called the apparent groundwater flux.

2.1.3. Space discretization

The numerical scheme (Equation A-Erreur! Source du renvoi introuvable.) is
applicable when the Courant-Friedrich-Levi (CFL) stability condition is satisfied. It requires
that sizes of Az and At have to be fixed so that the non-dimensional Courant Number Cr does
not exceed 1. Here, Cr is expressed as:

_ Qrecirc At

Cr = —<1 8
r mr2 Az ®)

With the ratio Q“f”'”/w2 accounting for the vertical flow velocity into the well.
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2.1.4. Tracer distribution along the screened interval

In the case of perfect mixing, the tracer distribution is homogeneous all along the tested
interval. In contrast, for the case of non-perfect mixing, lower tracer concentrations are expected
at the bottom of the tested interval. Thus, the ratio of concentrations between the bottom and
the top of the tested interval, called Ryx, can be used to assess the importance of tracer
concentration gradient within the interval. When the ratio Ryt — 1, the concentrations at the
bottom and on the top of the screen tend to be equal, meaning that the tracer concentration tends
to be homogenous in the screened interval. In ideal cases (if the recirculation flow rate is
sufficient to ensure the perfect homogenization of the tracer), Ry: should reach 1. Conversely,
the ratio Ry decreases when significant differences in concentrations are observed between the
bottom and the top of the tested interval. Thus, lower ratio values can be associated to non-
perfect mixing conditions, meaning that the tracer distribution is non uniform along the tested
interval. In practice, this means that a significant portion of the tracer mass would be
preferentially carried out of the well and lost before reaching the mixing pump located in the

bottom of the well.

The ratio Ry is thus defined as the ratio between the value of the tracer concentration
stabilization at the bottom of the tested interval and the value of the tracer concentration
stabilization at the top and can be calculated using:

N
Nz Qinj - (l - 1) NZl:C]T + Qrecirc

R _ Cw,stab,Nz _
b/t B CW stab,Nz—Nzg+1 B . Qén . Qinj
i=Nz—Nzscr+2 Nz + Qinj -@{-1) Nz + Qrecirc
scr scr

©9)

Note that the mathematical developments used to calculate the ration Rux (EQ. 9) are provided

in Appendix B.

2.1.5. The inverse approach

Besides simulating tracer concentration profiles depending on flow and experimental
conditions, the purpose of developing a discrete model is to be able to interpret field data and
estimate groundwater fluxes for both perfect and non-perfect mixing conditions. To do so, the
discrete model is coded in MATLAB® and an inverse approach is used to estimate the
optimal value of groundwater flow accounting for tracer concentration evolutions measured in

the field. Note that the tracer concentration is measured within the recirculation loop (Fig 1)

10
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and the associated tracer evolution stands for the tracer evolution at the bottom the tested

interval (to the level of the pump).

First, the tested interval is discretized into i elements of size Az depending on the
geometry of the tested well and the time is discretized into Nt time steps At. Az and At are
chosen so the Courant Number (Eq. 8) does not exceed 1. Then, Equations 1, 2, 3 and 4 are
used to model the tracer concentration evolution along the water column. Calculations are
made over a large range of groundwater flow rates. For each value of groundwater flow rates
tested, the RMSE (Root-Mean-Square Error) between the concentration evolution modelled in
the bottom of the well (i = Nz) using the discrete model and the tracer concentration measured
in the field is calculated. Then, the nonlinear optimization function fminsearch, based on the
Nelder-Mead simplex algorithm (Lagarias et al., 1998), automatically determines the value of
groundwater flow rate associated with the minimal value of RMSE, which allows estimating
the optimal value of groundwater flow accounting for the measured tracer concentration
evolution. In complement, the same approach can be used to interpret the field data using the
classical model (Brouyere et al., 2008) in order to validate the inverse approach applied here

and to compare both models.

2.2. Field application

The adequacy and relevance of the new FVPDM discrete model was tested and illustrated
using the field measurements presented by Jamin and Brouyére (2018). The aim of this study
was to monitor transient groundwater fluxes in the alluvial aquifer of the River Meuse near
Liege (Belgium), where subsurface is characterized by an important vertical heterogeneity
related to the presence of different layers of alluvial deposits inducing variable hydraulic
properties with depth (see Wildemeersch et al. (2014) for more details). In their study, Jamin
and Brouyere (2018) observed that the mixing flow rate applied during the experiment was too
low compared to the groundwater transit flow rate, which affected the groundwater flow
estimate. We propose here to test this assumption by reinterpreting their measurements with the
discrete model and to compare the associated results (groundwater fluxes estimates) with the

one obtained using the classical approach.

2.2.1. Description of FVPDM tests

Jamin and Brouyere (2018) performed two FVPDM tests simultaneously in a single borehole
(Pz19), equipped with two internal piezometers. The first piezometer (Pz19_shallow) is
screened over 0.9 m-length in the upper part of the aquifer (at 4.1 m-depth) constituted of fine

11
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sandy gravels. The second piezometer (Pz19_deep) is screened over 1.8 m-length in the lower
part of the aquifer (at 7.95 m-depth) consisting of coarser gravels and pebbles. Previous studies
showed that the mean hydraulic conductivity for the alluvial aquifer varies between 2x107 and
1.2x10"t m.s and that the hydraulic conductivity is higher in the lower part of the aquifer than

in the upper part (Brouyeére, 2001; Wildemeersch et al., 2014).

Transient flow conditions were imposed by pumping groundwater at different rates for more
than 36 hours in a pumping well located at 5 m from Pz19. The pumping rate schema applied
over time at the pumping well, including phases with no pumping to approach ambient
groundwater flow conditions, is detailed in Figure 3a. Table 1 presents experiment parameters
for each FVPDM test.

Jamin and Brouyere (2018) applied the classical approach developed by Brouyere et al.
(2008), assuming the perfect homogenization of the tracer, to interpret the tracer concentration
evolution measured in the bottom of each piezometer during the tracer injection. Concerning
the FVPDM conducted in Pz19_shallow, a linear evolution of the measured groundwater flux
with the pumping rate has been found, which is logical and consistent (the higher the pumping
rate, the higher the flux). However, for the FVPDM conducted in Pz19 deep, this linear
relationship was not observed, which was surprising. To explain this, the authors made the
assumption that the mixing flow rate applied during the experiment conducted in Pz19_deep
could have been too low compared to the groundwater transit flow rate passing through the well
screen. Indeed, for Pz19 shallow (linear relation), the maximum groundwater transit flow rate
was estimated to be 5.26x10° m3.s™%, while for Pz19_deep the maximum groundwater transit
flow rate was estimated 70 times higher (3.80x10* m2.s%). In both cases, the recirculation flow
rate applied was Qrecirc = 1.9x10* m3.s™1, which means that for Pz19_deep the recirculation flow
rate was much lower than the transit flow rate estimated. Thus, a significant portion of the tracer
mass is suspected to be preferentially carried out of the well and lost before reaching the mixing
pump located in the bottom of the well, meaning that the flow estimated in Pz19_deep could be

overestimated.

Table 1Details about the experiment are available in Jamin and Brouyére (2018)

Pz19 shallow Pz19 deep
Depth of the screen [m] 4.1 7.95
Screen length escr [M] 0.9 1.8
Inner radius of the well ry, [M] 0.0254

12
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Height of the water column hy, [m] 2.05 6.93
Water volume in the well Vi [m?] 4.9x10° 1.53x107
Tracer Sulforhodamine B Uranine
Injection rate Qinj [M3.s] 5.71x107 3.23x10°
Tracer concentration in the injection water Cip; 500 950
[ppb]

Recirculation rate Qrecirc [mB.S—l] 1.9X10-4

2.2.2. Application of the new discrete model and objectives

We propose here to test the effect of the non-perfect mixing on FVPDM results by
reinterpreting the field measurements with the discrete model and to compare the associated
results (groundwater fluxes estimates) with the one obtained using the classical solution. Firstly,
for Pz19 _shallow, results of Jamin and Brouyere (2018) suggested a perfect homogenization of
the tracer along the tested interval. Therefore, groundwater fluxes estimates with the new
discrete model obtained here are expected to be similar to the one obtained with the classical
approach as proposed in Jamin and Brouyére (2018). Studying this “perfect mixing” should
allow validating the use of the discrete model as well as the associated inverse approach that
allows finding the optimal value of groundwater flow accounting for the measured tracer
concentration evolution. Secondly, the assumption of non-perfect mixing will be tested using
the discrete model by simulating concentration profiles within the tested interval for Pz19_deep.
By comparing groundwater fluxes estimates obtained with both the classical and the new
discrete model, we aim to assess the effect of the recirculation rate on tracer distribution within

the well.

Parameters used to implement the discrete model are similar as the one used in Jamin and
Brouyere (2018) (Table 1). For Pz19_shallow, hw was discretized in 64 elementary cells
(Az = 0.032 m) with 29 cells in the screened interval. For Pz19_deep, hw was discretized in 125
elementary cells (Az = 0.055 m) with 33 cells in the screened interval. For both cases, At was
fixed at 0.1 sec. Thus, Courant numbers were respectively 0.03 and 0.05 for Pz19_shallow and
Pz19 deep, ensuring the stability of computations. The inverse approach previously described
was applied to estimate groundwater fluxes from tracer concentration evolutions for both the

new discrete FVPDM model and the classical model.

2.3. Sensitivity analysis

In order to generalize the results obtained with the discrete model, a sensitivity analysis was
performed to assess the effect of recirculation flow rate and of injection flow rate on results of
13



296
297

298
299
300
301
302
303
304

305

306
307
308
309
310
311

312

313

314
315

316

317

318

319
320
321
322

323
324

Article submission to Journal of Contaminant Hydrology

FVPDM tests. This aims to define limits of the method, advantages of the discrete model and

to address recommendations about the use of FVPDM in different flow conditions.

Just as proposed by Brouyere et al. (2005, 2008), sensitivity analysis was made using
nondimensional variables for the sake of generality. To do so, concentration terms were
normalized according to the concentration in the tracer fluid Cinj, while flow rate terms were
normalized according to the critical injection rate Qcr. As a reminder, Qcr corresponds to the
injection rate above which the transit flow rate Q is cancelled (radially diverging flow prevails),
making the flow estimation impossible. Thus, normalized tracer concentration in the well is

C» = Cy/Cinj and normalized injection and recirculation rates are respectively Qg,; =

Qinj/ch and Q:ecirc = Qrecirc/ Qcr-

In the classical approach, Brouyere et al. (2005) proposed to normalize time t using Tw,
corresponding to the time needed to replace water in the tested interval (Vw) at the critical
injection rate (Qcr). Such approach requires assuming an instantaneous mixing of the tracer
within the tested interval, which is not applicable for the discrete model in which recirculation
flow rate is considered and tracer repartition within the well modelled. In this case, normalizing

time requires considering the solute transport in depth depending on Qinj and Qrecirc, Which can

Z; T

be expressed using a lag time parameter t; = , corresponding to the time required

Qinj + Qrecirc
for the tracer to reach depth zi. Therefore, time was normalized suchas t; = b= /T , Where
wi

Twi corresponds to the time needed to replace the water in each cell at the critical injection rate
(Twi=VwilQcri).-

3. Results

3.1. Field application

3.1.1. Reproduction of field data

Figure 3 presents the interpretation of the FVPDM tests performed by Jamin and Brouyeére
(2018) in the alluvial aquifer of the River Meuse. These results correspond to optimal values of
groundwater fluxes estimated using the inverse approach either with the classical model or the
discrete model.

Figures 3b, ¢ and d focus on the experiment conducted in the piezometer Pz19 shallow.
Field data are very well reproduced with both models for all steps of pumping rates applied

14
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(Figure 3b). Likewise, groundwater fluxes estimates are very similar with both models (Figure
3c-d) and the linear relationship between pumping rate and groundwater fluxes is verified with
both models (Fig. 3d) and the consistency and similarity of results obtained with both models

allow validating the discrete model.

Figures 3e, fand g focus on the experiment conducted in the piezometer Pz19_deep. Figures
3e compares the tracer concentration evolution measured in the bottom of the well during the
experiment (blue line) with modelled tracer concentration evolutions (the yellow line being
associated to the classical approach and the green line to the discrete model). Once again, field
data can be very well reproduced with both models, with RMSEs between field data and
modelled data of 0.29 ppb for both cases. However, contrary to results obtained for
Pz19_shallow, groundwater fluxes estimated with the classical model are significantly different
and systematically higher than groundwater fluxes estimated with the discrete model (Figure
3f). Using the classical approach, apparent Darcy fluxes are estimated between 5.98x10* and
4.5x107° m.s (Q:t between 5.47x107° and 4.11x10™* m3.s™) whereas the discrete model estimates
apparent Darcy fluxes between 5.28x10* and 2.39x10° m.s? (Q: between 4.83x10™° and
2.19x10* m3.s?). Interestingly, the higher the pumping rate (and groundwater fluxes), the
higher the difference on the fluxes estimates. When pumping at 50 m2.h, difference on fluxes
estimates reaches 81.6 %. However, the difference still remains important for lower fluxes since
under ambient groundwater flow conditions (phases with no pumping), the difference on

estimated fluxes is 24 %.

Figure 3g shows groundwater fluxes evolution with pumping obtained with each model.
While the classical model predicts an exponential relationship between calculated groundwater
fluxes and pumping rates (in accordance with results of Jamin and Brouyére (2018)), the
discrete model predicts a linear relationship between both. Results suggest that each 10 m3.h
increment at the pumping well corresponds to an increment of 3.06x10“ m.s* (i.e. 26.5 m.d?)
in the apparent groundwater flux measured in Pz19 deep (in Pz19_shallow each 10 m3h?
increment at the pumping well is associated to an increment of 1.77x10° m.s? (i.e. 1.5 m.d%)

in the apparent groundwater flux).
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Figure 3. a) Pumping rates applied during the experiment in the pumping well located near the piezometer
Pz19. Figures b, ¢c and d focus on the interpretation of the FVPDM test performed in Pz19_shallow using
either the classical model (yellow curves) or the discrete model (green curves). Figure b presents tracer
concentration evolutions measured (brown line) and modelled. Figure ¢ present associated groundwater
fluxes estimates with both models. Figure d presents the evolution between pumping rate and groundwater
fluxes. Likewise, figures e, f and g focus on the interpretation of the FVPDM test performed in Pz19_deep.

3.1.2. Simulation of tracer concentration profiles

In order to better understand why the classical model can not be applied for the deeper

piezometers, the tracer concentration profiles at the end of the first stage of pumping are

simulated using the discrete model (Figures 4a and 4c). For both piezometers, the shapes of

concentration profiles with depth are similar, with uniform concentrations in the tube and a
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concentration decrease with depth in the screened interval. However, the ratio Ry (between the
concentration at the bottom and the concentration at top of the screen) is 0.98 for the shallow
piezometer (Figure 4a) while 0.37 for the deep piezometer (Figure 4c). This means that the

tracer gradient is 2.6 times more important in the deep piezometer than in the shallow one.

Thus, for Pz19_shallow, even if the tracer concentration is not strictly homogeneous in
the screened interval, the concentration difference between the top and the bottom of this
interval is relatively low. Therefore, tracer concentration evolutions are relatively similar all
along the screen and both models (discrete and classical) predict similar tracer concentration
evolutions over time (Figure 4c). Conversely, for Pz19 deep, a significant difference of
concentrations is observed between the top and the bottom of the screen (blue lines, Figure 4d).
If the classical model is used in this case, the tracer concentration measured at the bottom of
the interval is reproduced (yellow line), which necessarily requires to consider a higher value
of groundwater flow. That is why, in the case of non-perfect mixing conditions, the classical
approach leads to overestimate the effective value of groundwater fluxes.

In addition, both models show significant differences concerning tracer concentration
evolutions before tracer concentration stabilizes (transient stage). A significant time lag is
observed between the injection start and the start of concentration rise with the discrete model
(while the concentration instantaneously starts increasing with the classical approach). Then,
with the discrete model, the tracer concentration increases stepwise. Blue lines show
oscillations (sequential plateaus) at the beginning of the experiment due to the water reinjection
on top of the well and to the non-instantaneous homogenization of the tracer within the well.
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Figure 4. a) Tracer concentration profiles modelled for t = 13.28 hours for Pz19_shallow using the discrete
model considered the optimal value of groundwater fluxes estimated (1.00x10*m.s?'). b) Tracer
concentration evolution over time modelled in Pz19_shallow for the first stage of pumping considering the
optimal value of groundwater fluxes (1.00x10* m.s™) obtained with both models. ¢) Tracer concentration
profiles modelled for Pz19 deep using the discrete model considered the optimal value of groundwater
fluxes estimated (2.10x10° m.s1). b) Tracer concentration evolution over time modelled in Pz19_deep for
the first stage of pumping considering optimal values of groundwater fluxes (3.54x10-3 m.s* for the classical
model - solid yellow line - and 2.10x10% m.s* for the discrete model - blue lines). The dotted yellow line
corresponds to the tracer concentration evolution modelled with the classical model by considering the
optimal value of groundwater fluxes estimated with the discrete model (2.10x10° m.s%).
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3.2. Sensitivity analysis

3.2.1. Non-perfect mixing domain

Figure 5a shows the value of the ratio Ro: (ratio between the stabilized tracer
concentration at the bottom of the tested interval and the stabilized tracer concentration on the
top of the tested interval) depending on Q... and Qp,;. This allows evaluating if
concentrations are uniform along the screened interval according to flow conditions. This plot
is established using Equation 9 and nondimensional variables, so results are independent of the
screened interval length. Figure 5b shows the difference between fluxes estimated using the
classical model and fluxes estimates using the discrete model depending on flow and
experimental conditions. To obtain this plot, concentrations profiles were first simulated for
different values of Qy,;r. and Qy,; using the discrete model. Then, concentrations evolutions
modelled at the bottom of the screened interval are interpreted using the classical model.
Associated estimated values of groundwater fluxes are compared with effective values of
groundwater fluxes. This approach aims to define in which conditions the classical model is

well suited to interpret field measurements.

As underlined in Figure 5, results can be divided into two domains depending on the
value of Q;,.iyc- First, for large values of Q;..;,. (> 5), the difference of concentrations within
the screened interval is < 5% (Figure 5a), meaning that the concentration can be considered
uniform in the tested interval. Therefore, data interpretation is similar regardless of the model
applied (discrete or classical), with differences on groundwater fluxes estimates < 3.5 % (Figure
5b). Inthis case, results are similar for any value of @, ;. Conversely, for lower values of Q; ;.
(< 5), concentrations can not be considered uniform along the tested interval and the lower the
value of Q;,.;. the more important the gradient of the concentration with depth (Figure 5a).
Therefore, the use of the classical model (that only considers perfect mixing and
homogenization of the tracer) to interpret field measurements can induce significant
discrepancies on groundwater fluxes estimates (Figure 5b). The classical approach
systematically overestimates groundwater fluxes with errors > 50 % as soon as Qi < 0.5
and errors 100% for Q;, ;. < 0.3 (meaning that the estimated fluxes are at least twice more
important than effective fluxes). Besides, results show that, for low values of Q... the value

of Q;,; has also significant effects on tracer distribution and thus on groundwater fluxes

estimates. Thus, errors on fluxes estimates are higher for lower values of Q;,,;.
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Figure 5a also allows defining the limit of the FVPDM method. Indeed, the limit of the
method is reached as soon as the ratio Ru reaches 0, which means that the tracer never reaches
the bottom of the well (at least at a concentration which is below detection limit) and data

interpretation becomes impossible. This limit is reached when Q.. < 0.04 for @, ;= 0.01 or
when Q7cirec < 0.02 for Q7,;= 0.05. Note that when Q;,,;= 0.1, this limit is never reached,

meaning that the tracer systematically reaches the bottom of the screen. In this case, the

injection flow rate is necessarily high enough to allow the tracer to reach the bottom, even a
small portion.

(a) Q*TECil'C <5 l Q*recirc >5 (b) Q*rccirc <3 | Q*recirc >3
1 | [///" T | T T - I T
0.8 — 107} = M
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. 067 = Q=01
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Figure 5. a) Value of the ratio Ro depending on Q:‘ecirc and Q;nj (Q;ecirc = Qrecirc/ch; Q;nj = Qinj/ch)
b) Difference between fluxes estimated using the classical model and fluxes estimates using the discrete
model depending Q;..;. and Q;,;. For both plots, the vertical line demarcates the perfect mixing domain
(Q;ecirc>5) from the non-perfect mixing domain (Qy¢circ<5).

3.2.2. Tracer homogenization within the wellbore

Figure 6 shows the effect of the recirculation rate on tracer concentration evolutions at

different depths. In complement to Figure 5, it allows visualizing the effect of Q;, ;.. and Q;,,;
on concentration profiles. It clearly confirms that the higher the value of Q... the better the
tracer homogenization within the well. Thus, for Q;,.;.= 20 tracer concentration evolutions
are very similar regardless the depth considered with a ratio R;,,,0f 0.985 and 0.988 for Q;,; =
0.03 and 0.1 respectively (Fig 6c and f). For lower values of Q... the tracer concentration
gradient in the well is way more important. For instance, the ratio R, . reaches 0.261 for
Qrecire = 0.2 and Q;,,; = 0.03 and significant differences in tracer concentration evolutions are

observed within the tested interval (Fig 6a). Note that the ratio R,, ; is systematically higher for
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Qin; = 0.03 than for Q;,; = 0.1, in agreement with results presented in Figure 5a. This means

that higher injection rates contribute to better mixing within the tested interval.

Figure 6 also shows that results obtained with both approaches are similar for large
values of Q..;-.. For lower values of Q,,.;..(Fig 6a, b, d and e), the classical approach does
not reflect the tracer concentration distribution but describes the average concentration. Indeed,
the stabilized concentration obtained with the classical model corresponds to the mean of

stabilized concentrations obtained along the screened interval with the discrete approach.
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Figure 6. Effect of Q;..ir and Qj,; ON tracer concentration evolutions observed at different depths of the
screened interval. Figures a, b and c are associated to @;,; = 0.03 and to values of @y equals to 0.2, 2.5
and 20 respectively. Figures d, e and f present results for @z,; = 0.1.

4. Discussions

Results show that mixing within the tested interval depends on the recirculation flow rate
compared to the groundwater flow rate crossing the well screens (Qrzcirc)- When Q- .circ > 5,
the recirculation flow can be considered high enough compared to groundwater fluxes to ensure
the homogenization of the tracer within the tested interval. In this case of perfect-mixing
conditions, the concentration evolution measured in the bottom of the well can be interpreted
either with the classical model developed by Brouyeére et al. (2008) or with the discrete model

presented here. Groundwater fluxes estimates will be similar with both models (with differences
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on estimates less than 5%). This was experimentally validated through FVPDM tests performed
in the alluvial aquifer of the River Meuse. For the shallow piezometer (Pz19_shallow), data
interpretation (with both models) led to estimate Q¢ varying between 1.44x10° and 7.79x10”’
m3.sT meaning that the values of Q;,.;,. during the experiment varied between 13.2 and 244.
Note that, since the classical model is easier to implement, its use should be preferred in case

of perfect-mixing conditions.

Conversely, for non-perfect mixing conditions (Qyecirc <5), results demonstrate the
importance of using the discrete FVPDM model introduced in this paper to interpret
concentration evolution curves. Indeed, the classical model may lead to high overestimates of
groundwater fluxes, as demonstrated with the interpretation of data collected in piezometer
Pz19 deep. In this case, the value of Q... Vvaries between 0.27 and 1.25 during the
experiment. Such values suggest the recirculation flow rate is not high enough to ensure the
homogenization of the tracer within the tested interval. It leads to large errors on fluxes
estimates while using the classical model (between 14 and 82 %), in accordance with results
presented in Figure 5h. Whereas the classical model is only applicable when Q;.i« > 5, the
discrete model allows estimating fluxes even if experimental conditions are not ideal (Qzcirc
< 5). In piezometer PZ19 deep for instance, considering the groundwater fluxes reached
(2.26x10* m*.s1) when pumping at 50 m3.h%, the recirculation flow rate should have been
around 128 L.min* (against 11.4 L.min™) to ensure the homogenization of the tracer and to

make possible the use of the classical model, which is hardly feasible in practice.

Concerning the measurements made in piezometer PZ19_deep, groundwater flow estimates
remain relatively high, compared to the one obtained in piezometer PZ19 shallow. These
results are in good agreement with the fact that higher values of hydraulic conductivities are
found in the lower part of the aquifer (Wildemeersch et al., 2014). However, in case of very
high groundwater flow, non-laminar flow could occur. Since, the Darcy’s law is not applicable
for non-laminar flow (Fourar et al., 2004; Quinn et al., 2011), this could explain why a non-
linear relationship has been initially found between the groundwater flux and the pumping rate.
However, by considering the maximal groundwater flux estimated with the discrete model, it
can be assumed that the flow is laminar if the mean pore size diameter of the porous media is
lower than 5 mm. In this case, the Reynolds number is lower than 10, which ensures laminar
flow (Bear, 1972). The mean pore size diameter of the porous media has never been measured

in the field but the lower part of aquifer consists of coarse gravels filled with sand and silt.
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Knowing that, it is consistent to assume that the mean pore size diameter is lower than 5 mm,
Moreover, the fact that a linear relationship between the groundwater flux and the pumping rate
with the improved model tends to confirm that laminar flow effectively occurs.

Likewise, the discrete model also allows modelling the time lag that can exists between the
injection start and the concentration rise. This time lag is not simulated with the classical
approach since the mixing is assumed to be instantaneous in the tested interval. For the classical

model, the time required to reach 99% of the stabilized concentration is estimated to be
Viw
Qinj+Q"

In 0.01, which implies the concentration stabilization is reached simultaneously

everywhere within the tested interval. In case of non-perfect mixing conditions, the time

required to reach 99% of the stabilized concentration is estimated to be

- ‘f,“l”" In 0.01 (from Equation A-9). This involves that the time required to reach
Qinj,itQri+CQrecirc

the steady-state increases with depth, which is perfectly consistent, and that the higher the

recirculation flow rate, the shorter the stabilization time.

Lastly, this study also allows discussing the limits of FVPDM to investigate groundwater
fluxes. Thus, although the discrete model allows interpreting FVPDM tests while experimental
conditions are not ideal (Q.i. < 5), the limit of the method is reached for very low values of

Qrecirc (< 0.4 for Q;,; = 0.01 or < 0.01 for Q,; = 0.05). In this case, the recirculation flow rate

is so weak compared to the groundwater flow rate that the tracer completely dissipates in the

tested interval and the measured concentration at its bottom is zero (Figure 5).

5. Conclusion

The discrete FVPDM model introduced in this paper allows assessing the vertical
transport of the tracer along the well axis by explicitly considering the recirculation flow rate
in the interpretation of FVPDM tests. This study shows that, when performing FVPDM in the
field, it is essential to accurately consider the value of the recirculation flow rate compared to
the groundwater flow rate crossing the well screens. Neglecting the recirculation flow rate
during field data interpretation can lead to significant overestimates of groundwater fluxes.
While the perfect repartition of the tracer is classically assumed when interpreting FVPDM, it
can be technically difficult to apply and maintain a mixing flow rate higher than groundwater
transit flow rate without significantly perturbating the flow pattern around and within the

tested well. The discrete model introduced here allows interpreting FVPDM conducted in
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non-perfect mixing conditions and thus increases the range of fluxes that can be investigated
with FVPDM tests.

Non-perfect mixing conditions can be encountered in very permeable aquifer materials, as
highlighted in this paper, but also when tests are performed in long-screened wells. Moreover,
the discrete model can also be used to simulate vertical variations of groundwater flow or
preferential horizontal flow paths, since the groundwater flow value is set for each cell of the
domain. Therefore, the discrete model offers new perspectives for the characterization of
groundwater flow, including the possibility of investigating heterogeneous and fractures

aquifers.
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Appendix A

The domain (the volume of water) is discretized into i elementary cells with vertical size
Az (i=1, 2, ..., Nz) as shown in Figure 2a. Mass balance equations are written for each
elementary cell considering that the mass of tracer M, diluted into each volume of water Vi,

changes over time depending on flow rates entering (X Qentering,i ) and leaving the cell i

(X Qreaving,i ) and their respective concentrations in tracer Copteringi aNd Creqing,i

dM; dCy;
W = Vwi 7 = Z Qentering,i Centering,i - z Qleaving,i Cleaving,i (A-1)

Note that mass balance equations are written assuming that density effects, that could be
induced by the presence of the tracer in the water, are negligible. Indeed, density effects can be
neglected if density changes compared to the density of the water are lower than 2%
(Dassargues, 2018). This condition is verified if the tracer injected during FVPDM tests has a

concentration lower than 2000 ppb.

In the tube interval for i=1:Nz-Nzs (Figure 2a, b and c), only vertical flow circulation

occurs, meaning that flow rate terms accounting for water and solute transport within the
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tubewell are the injection flow rate Qinj and the recirculation flow rate Qrecirc (ensured by the
mixing pump in the bottom of the tested interval).
The tracer injection point takes place at top of the well (i =1). Flow entering the cell

includes the recirculation flow rate Qrecirc and the injection flow rate Qinj and tracer

concentrations associated with these flow rates are ¢/~ and Cinj respectively (Figure 2b). Cinj

w,Nz
corresponds to the tracer concentration in the injection water (tracer tank in Figure 1) and C,f,;\,lz
corresponds to the tracer concentration in the water pumped in the bottom of the well (i = Nz)
at j-1 and reinjected in its top at j. The tracer concentration reinjected at j=1 is Co, corresponding
to the initial tracer concentration in groundwater and within the well at initial time. Thus, the
mass balance equation applied for i =1 and j > 2 (Figure 2b) is given by:

dcC, ; . , '
Vi —d‘:'l = [Qrecirc C\,{/,le — Qrecirc C\{v,l + QinjCinj — QinjC\{v,l] (A-2)

Likewise, the mass balance equation is written for each cell within the tube interval for
I > 2 (Figure 2c) following:

dCy . . . ,
VWI, _d‘;:v,l = [QreCiTC C‘f\/,l—l - Qr‘eCiTC CJV,I + anJC\‘/]V,l—l - anJC\‘/]V,l] (A-3)

For each cell i, the tracer concentration calculated for i-1 (C‘{,’i_l) Is used to set the tracer

concentration entering in the volume Vi and associated with both the recirculation flow rate

Qrecircand the injection flow rate Qin;.

In the screened interval (Figures 2a, d and e), besides the recirculation flow rate, flow

rate terms include exchanges between the well and the test aquifer system (transit flow rate).
Thus, the transit flow rate Qinl corresponding to the flow crossing the well under injection

conditions for each interval i is included in the mass balance equations. The injection flow rate
is distributed along the screen and a portion Q;,;; of the total injection flow rate (Qinj) leaves
the screen at each cell.

Considering this, the mass balance equation is established for the screened interval for

I = Nz - Nzgr +2 : Nz (Figures 2e) following:

dCy,;

_ J Jj in in ~J
- [Qrecirc Cw,i—l - Qrecirc CW,i + Qt,i CO — Ui Cw,i

. . . (A-4)
+ Qinj,i-1 Cli—1 = Qinji Cops — (Qinji—1 — Qinj,i)Cdv_i]
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And for i = Nz-Nzr + 1 (Figures 2d , screen top) following:

dCy ;

= [Qrecirc C\i/,i—l - Qrecircc\{\',,i + Qén,iCO - Qtin‘ic\{\',,i + Qinjc\{;,i_1 (A-5)
- Qinj,icd;,,i — (Qinj — Qinj,i)C\f;,,i]
Mass balance equations previously defined (Eq. A-2, A-3, A-4 and A-5) can be numerically
evaluated through the forward difference expression approximant of At:
- .
dCy,; _ Gy, (t+At)—-Cy, (O) Cvjvt - Cvjv,i (A-6)

~

dt At At

Thus, the concentration of tracer Cw can be calculated for each cell and each time step C‘{,’i.The

initial conditions are Cvlv_l- = Co (the tracer concentration at j =1 corresponds to the tracer

concentration in the aquifer and in the well at initial time, before tracer injection).
Appendix B

To calculate the ratio Ruy, it is possible to analytically solve the first order linear differential
Equation A-4 (the mass balance equation applied along the screen). By considering the initial
condition Cw; (t = to) = Co, the concentration evolution can thus be expressed for each cell i

located in in the screened interval as:

Cw,i(t)
_ (Qout,i +Qrecirc) _
_ Cw,i—l(Qinj,i—l + Qrecirc) + (CO(Qout,i + Qrecirc) - Cw,i—l(Qinj,i—l + Qrecirc)) e Vwi (ko) (A-7)
(Qout,i + Qrecirc)
Where

Qout,i = QL% + Qunjy iz (A-8)

Considering Co=0 (tracer concentration in the aquifer and within the well at initial time is

negligible), Equation A-7 becomes:

_ (Qout,i +Qrecirc)(t_t0)
Cw,i—l(Qinj,i—l + Qrecirc) 1—e Vwi

(Qout,i + Qrecirc)

(A-9)

Cw,i (t) =

Using Equation A-9, the stabilized concentration expected for t— oo for each cell i can be

expressed as:
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_ (Qout,i +Qrecirc)(t_t0)

Cw,i—l(Qinj,i—l + Qrecirc) + (1 —e Vwi ) (A'
CW,stab,i — tlim _ Cw,stab,i—l(Qinj, i-1 + Qrecirc) 10)

- (Qout,i + Q‘recirc) (Qout,i + Qrecirc)

In the case of homogeneous flow conditions along the screen, Q;y; ;—1 can be expressed as:

Qinj,i-1 = Qmmj —({—1) NZl:C]r (A-11)
Meaning that:
Qo = 2t Qi — (= 1) (A-12)
oubt NZscr m] NZscr

Following Equations A-10, A-11 and A-12, the ratio between the stabilized tracer concentration
for cell i and the stabilized tracer concentration for cell i-1 is given for homogeneous flow
conditions by:
Qunj — (= D2t Qo

mnj NZSCT recirc

Cw,stab,i—l Qout,i + Qrecirc én + Q o (i _ 1) Qinj + Q ]
stcr inj stcr recirc

Cw,stab,i _ Qinj, i-1t Qrecirc _

(A-13)

Equation A-13 means that the stabilized concentration for each cell i depends on the stabilized
concentration of the upper cell (i-1). This implies that the tracer concentration progressively
declines along the screened interval. Using Equation A-13, it is therefore possible to predict the
profile of stabilized concentrations along the screen depending on the recirculation flow rate.
Then, the ratio Ry (between the stabilized tracer concentration at the bottom of the tested
interval C,, stap,nz @nd the stabilized tracer concentration at the top of the tested interval

Cw,stab,Nz—Nz...+1) €an be calculated by integrating the Equation A-13 along the total length of

the tested interval, which leads to the Equation 16 presented in the main manuscript.
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