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(57) Module for measuring groundwater flux and op-
tionally solute flux comprising a fluid circuit loop having
an abstraction connection and a discharge connection
for connecting with a groundwater well respectively at
two ends of a column of fluid in said groundwater well;
an input line for receiving a volume of tracer, said input
line being fluidly connected to the fluid circuit loop up-
stream from the discharge connection, and comprising
an injection pump for injecting said volume of tracer
through the discharge connection in the groundwater
well; an output line for extracting a volume of fluid, said
output line being fluidly connected to the fluid circuit loop
downstream from the abstraction connection; a first
measuring unit for measuring a tracer concentration in
the fluid, said measuring unit being fluidly connectable
to the fluid circuit loop between the abstraction connec-
tion and the discharge connection. System comprising
such module and method for measuring groundwater flux
with such module.
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Description
FIELD OF THE INVENTION

[0001] The invention relates to the field of groundwater flux measurement, to modules, systems and methods for flux
measurement.

STATE OF THE ART

[0002] Thecharacterization of contaminated aquifers usually relies on the local (point) measurements of concentrations
of pollutants in the ground and in groundwater using different sampling techniques and comparing it with environmental
standards. Such local or point sampling is necessary but it does not allow identifying the dynamics of contamination,
namely the quantity of pollutant actually moving through the aquifer and posing a risk of dispersion. Only by multiplying
the pollutant concentration by the groundwater flux is the pollutant flux calculated, i.e. the quantity of pollutant effectively
moving, what enables to quantify the environmental risk of pollution effectively.

[0003] Usual measurements are performed by applying the Darcy’s law based on aquifer hydraulic conductivity esti-
mations and hydraulic gradient measurements. It is further known to use a so-called dilution method to measure the
groundwater flux. In such a dilution method, a tracer is injected into a groundwater well instantaneously at the beginning
ofthe experiment and the evolution of concentration of the tracer in the well water is monitored with time. The groundwater
flow crossing the well screens (here after called transit flow rate) causes a dilution of the tracer over time. Hence,
groundwater flow can be quantified by measuring the rate of tracer concentration decline with time. If the groundwater
flux is high, the concentration will decrease rapidly, and vice versa. However, such techniques provide only an estimate
of groundwater flux at a given time which is not representative of the dynamics of groundwater flow in the aquifer. Such
methods also suffer from a poor sensitivity to changes in groundwater fluxes.

[0004] Using a mass-balance model for well-aquifer interaction developed by Brouyeére (Brouyére, S. 2001, Doctoral
Thesis, Université de Liége), Brouyére, S. 2003, Modelling tracer injection and well-aquifer interactions: A new mathe-
matical and numerical approach, Water Resources Research, 39, 3), Brouyére at al. improved such conventional method
by developing a so-called Finite Volume Point Dilution Method (FVPDM) (Brouyére etal, J. of Contaminant Hydrogeology,
95,2008, 121-140). The FVPDM differs from the conventional dilution method in that the tracer is injected continuously,
at a controlled low flow rate, and for a certain period of time. This improved method allows for a measurement of
groundwater flow under steady-state flow conditions, i.e. as long as the groundwater flow does not vary during the
measurement.

[0005] Jamin & Brouyére. further improved the FVPDM by adapting the calculation when FVPDM is performed over
along period of time. This allows to measure transient groundwater flows conditions (Jamin & Brouyére. J. of Contaminant
Hydrology, 218, 2018, 10-18).

[0006] However, such methods suffer from limitations such as a long stabilization time needed before the measure
can be interpreted. This is particularly the case when the groundwater flow is slow. In such cases, the stabilization time
may be up to 50 or 100 hours. In addition, there is a limit imposed by the transit flow rate of the groundwater well, which
is usually not known before the FVPDM measurement. This limit can be explained as follows: the more we inject in the
well, the more disturbance is created on the transit flow rate. A transit flow rate is considered to be the flow rate of
groundwater across the well, usually in a horizontal direction when a well usually is bored in a vertical direction. From
a certain injection flow rate (referred to as the critical injection flow rate) and for injection rates higher than this critical
injection flow rate, water pounding and radially diverging flow conditions are created around the tested well (Brouyeére,
S. 2001, Doctoral Thesis, Université de Liege, chapter Ill). In such a case, water leaving the well across the well screen
is only injected water, the transit flow rate across the well is cancelled and groundwater fluxes prevailing in the aquifer
in the vicinity of the tested well cannot be measured. This means that the tracer injection rate should remain lower than
a certain level (which is usually unknown prior to the FVPDM measurement), for the FVPDM experiment to be successful.
It also means that the injection flow rate defined in the experimental setup must deliberately be set low to increase the
chances of a successful FVPDM experiment. Because of such a limit in the injection rate, it is impossible to decrease
the stabilisation time.

[0007] To solve or alleviate one or more of the above-mentioned problems, a solution was sought and an improved
method for groundwater flux measurement was developed, with a module for performing such measurement.

SUMMARY OF THE INVENTION
[0008] Particularly, the invention aims at providing an improved Fast-FVPDM method and a module capable of a faster

measurement of groundwater flux, such as with reduced stabilisation time. The invention also aims at providing a module
capable of monitoring the changes in groundwater flux over the measurement period.
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[0009] To this aim, according to a first aspect of the present invention, there is provided a module for measuring
groundwater flux comprising:

- afluid circuit loop having an abstraction connection and a discharge connection for connecting with a groundwater
well respectively at two ends of a column of fluid in said groundwater well;

- aninput line for receiving a volume of tracer, said input line being fluidly connected to the fluid circuit loop upstream
from the discharge connection, and comprising an injection pump for injecting said volume of tracer through the
discharge connection in the groundwater well;

- an output line for extracting a volume of fluid, said output line being fluidly connected to the fluid circuit loop down-
stream from the abstraction connection;

- first measuring unit for measuring a tracer concentration in the fluid, said measuring unit being fluidly connectable
to the fluid circuit loop between the abstraction connection and the discharge connection;

wherein the output line comprises an extraction pump for extracting a volume of fluid.

[0010] The abstraction connection is thus a connection configured for the in-take of fluid from a column of fluid of a
well. The fluid is brought in a circulation loop, until the discharge connection. The discharge connection is a connection
configured to inject fluid to the column of fluid of the well.

[0011] The groundwater flux measurement or transit flow rate measurement with such a module is advantageously
faster than with the experimental setup of the prior art. By extracting a volume of fluid with an extraction pump in the
module, water pounding in the well is avoided. This allows the tracer to be injected at a higher flow rate and therefore
it increases the renewal of the water in the well, reducing the time required for stabilization and ultimately reducing the
time required for groundwater flux measurement, such as by a factor 2 to 10, for example by a factor 6.

[0012] The volume of fluid extracted by the extraction pump may be lower, equal or higher than the volume of tracer
injected. The volume of fluid extracted may advantageously be such that it does not disturb the transit flow rate. Advan-
tageously, the volume may be adapted to the type of measurement desired. If a measured signal is preferably obtained
through a high concentration of tracer or a high concentration of solute, it will be preferred to have a higher extracted
volume. This renders the module easily adaptable to different situations. The ratio of volume of fluid extracted to the
volume of tracer injected is preferably at least 1/100, more preferably at least 1/50 or at least 1/10. For example, a flow
rate of fluid extracted may be higher than a flow rate of fluid injected, typically - when extracting during the same period
of time as injecting - resulting in a higher volume of fluid extracted than a volume of fluid injected, e.g. in case of a
relatively long well and/or of a well with a relatively low transit flow rate. Then, the circulation flow rate is correspondingly
low, resulting in relatively long distribution time of the injected fluid over the well. In such circumstances, one may consider
extracting more volume than injected for a reliable measurement. Alternatively, the flow rate of the extracted fluid can
be lower than the flow rate of the injected fluid as long as the critical injection flow rate is not exceeded. This allows for
some flexibility in use of the module in the field, where the circumstances are typically less controlled than in a laboratory
environment.

[0013] Advantageously, the volume of fluid extracted by the extraction pump may be equal to the volume of tracer
injected via the input line. As such, it can be ensured that at all times during the use of the module on the well, the transit
flow across the well remains, thus allowing reliable measurements.

[0014] In the context of this disclosure, the wording equal means that a volume of fluid extracted differing from a
volume of tracer injected by less than 10 %, preferably by less than 5 %, even more preferably by less than 3 %.
[0015] When the module is connected to a groundwater well, the injection pump and the extraction pump may for
example be programmed and/or configured and/or calibrated at the same flow rate and be started simultanenously,
thereby enabling an equal volume to be injected (i.e. a volume of tracer injected by the injection pump) and extracted
(i.e. a volume fluid extracted by the extraction pump). By operating the pumps at the same RPM and preferably simul-
taneously, it can be controlled that the flow rate of fluid extracted can be the same as the flow rate of tracer injected. As
such, it can be ensured that the transit flow across the well remains, allowing reliable measurements to be possible
during use. As explained above, when too much fluid, tracer or any other fluid, is injected in a well, at a certain injected
flow rate, i.e. the critical injection flow rate, there is no transit flow across the well anymore, and no reliable measurements
can be done. Similarly, when there is too much fluid extracted out of the well, at a certain extraction flow rate, i.e. the
critical extraction flow rate, there is no transit flow rate over the well anymore and reliable measurements are not possible
any more. Since the critical injection flow rate and the critical extraction flow rate are usually not known to the operators
before measurements are done, operators can now use the module without having the concern of accidentally exceeding
the critical injection flow rate and/or the critical extraction flow rate.

[0016] Alternative uses may comprise the injection pump and the extraction pump being programmed at different flow
rate to either increase the tracer injection or the groundwater extraction according to the needs. Advantageously, it may
be programmed that the flow rate of the extraction pump has a minimum value such that the difference between the
flow rate of the injection pump and the flow rate of the extraction pump results in a value lower than the critical transit
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flow rate, when the later is known.

[0017] The first measuring unit for measuring a tracer concentration in the fluid is preferably fluidly connectable to the
fluid circuit loop upstream from the connection of the fluid circuit loop with the input line. Hence, the first measuring unit
measures the tracer concentration in the fluid having circulated in the groundwater well.

[0018] The module enables to simplify the interpretation of the measurements, such as by avoiding a complex calcu-
lation. When the volume of fluid extracted is equal to the volume of tracer injected, the mass balance may be simplified.
[0019] The measurement with such module enables to capture small changes of groundwater fluxes over time. For
example, the module of present invention may be able to detect groundwater flow variations 3 times smaller than the
FVPDM monitoring method and may capture changes of groundwater flux up to 6 times faster.

[0020] The measurement with such module may be adapted to steady state and transient flow conditions. In particular,
it improves the temporal sensitivity of the method to groundwater flow variations under transient flow conditions.
[0021] The module further enables a continuous monitoring of the groundwater flux, contrary to the prior art classical
dilution methods that intrinsically are of short times, such as during a period from several hours to several days or weeks.
[0022] Themoduleisadvantageously easy to operate. The fluid circuit loop may be easily connected to the groundwater
well. The injection pump and the extraction pump may be easily switched on and off independently allowing to use the
module for classical point dilution method and traditional FVPDM monitoring to be performed in addition to the present
Fast-FVPDM method.

[0023] The module may advantageously be compact and/or transportable. The fluid circuit loop, the measuring unit(s)
and the pumps may for example be integrated in a container. The input line and the output line may for example be
accessed through dedicated holes in the container. The module is for example in a container of a volume of about 4 to
1000 L, preferably about 50 to 200 L.

[0024] A column of fluid may be a given interval in a groundwater well on which the measurement is performed.
[0025] The module may further comprise an initial measuring unit for measuring an injected tracer concentration, said
initial measuring unit being fluidly connectable to the fluid circuit loop.

[0026] The presence of an initial measuring unit is advantageous when measurement is done over a long period of
time, such as more than 24h, such as one week for example or more. The tracer concentration in the tracer tank may
indeed vary for different reasons such as for example a chemical degradation or a variation of temperature. It also
enables to measure a relative concentration between the first measuring unit and the initial measuring unit. It may further
give an indication on a status of the first measuring unit. It may further enable to compare data between the first measuring
unit and the initial measuring unit. By providing the initial measuring unit, the tracer concentration can be measured
initially, preferably before the tracer enters the fluid circuit loop. The measurement can be performed by sampling or can
be performed in-line.

[0027] The initial measuring unit is preferably located on the input line of the module. Such an initial measuring unit
located on the input line may enable to obtain the tracer concentration before such tracer is circulated in the fluid circuit
loop. By providing the initial measuring unit in the input line, the measurement of the tracer concentration can be done
inline, such as in a continuous way. The initial measuring unit may also be located in the tracer tank.

[0028] The fluid circuit loop of the module may further comprise a bypass between the initial measuring unit and the
first measuring unit to calibrate said first measuring unit with said initial measuring unit. Such a bypass may facilitate
the comparison of data between the initial and the first measuring units. The first measuring unit measures the tracer
concentration in the fluid returning from the well. By calibrating the first measuring unit with the initial measuring unit via
the bypass, it can be obtained that both measuring units show the same values for the same concentrations. This allows
for a more accurate and/or more reliable measurement of the concentration.

[0029] The fluid circuit loop of the module may further comprise a first valve located downstream of the initial measuring
unitand a second valve located upstream of the first measuring unit. The first valve and the second valve advantageously
render the module easy to operate. The first valve and the second valve may be different or the same. For example, the
first valve and/or the second valve may be a 3-way valve. It enables to move easily from one operation to a second
operation of the measurement.

[0030] The bypass of the fluid circuit loop may preferably be connected to the first valve and to the second valve. This
enables to circulate the fluid through the bypass or not by switching one or more of the appropriate valve(s).

[0031] The module may comprise further valves such as for example at the abstraction connection and/or at the
discharge connection. For example, a tap may be foreseen at one or more of such connections for example to avoid
spilling of groundwater or to control or to adjust the hydraulic pressure within the circulation loop or control the mixing
flow rate.

[0032] The abstraction and/or discharge connection may directly connect the fluid circuit loop to the column of fluid,
thus each connection is brought to one end of the column of fluid, or may indirectly connect the fluid circuit loop to the
column of fluid. An indirect connection may be a connection through to tubing or hoses going into the well, thus the
connection with the column of fluid may be at the end of a tubing or hose.

[0033] The module may advantageously comprise a second measuring unit for measuring a solute concentration in



10

15

20

25

30

35

40

45

50

55

EP 4 220 241 A1

the fluid, said second measuring unit being fluidly connectable to the fluid circuit loop. Such a second measuring unit
enables to combine the measurement of groundwater flux with the measurement of any solute concentration and solute
mass fluxes in groundwater, such as in an aquifer.

[0034] In the context of this disclosure, the wording solute means any chemical species dissolved in the groundwater
appart form the tracer used to measure the groundwater flux. Such solute may be a nutrient (nitrate, phosphate ...), a
metallic species, an ion, a hydrocarbon or any other dissolved chemical of interest in groundwater.

[0035] The second measuring unit is preferably located in the fluid circuit loop downstream from the first measuring
unit and upstream from the discharge connection. Such a configuration allows to first measure the concentration of the
tracer, then to measure the solute concentration, prior to discharging the volume of fluid through the extraction pump.
Alternatively, the second measuring unit can be integrated to the first measuring unit, providing a single measuring unit
for measuring the tracer concentration and the solute concentration. Such integrated measuring unit may be provided
with a single sensor allowing to measure both concentrations, or with two sensors with a sensor measuring its associated
concentration.

[0036] By connectable, it is understood that any of the measuring units are directly connected to the fluid circuit loop,
such as with a hose connection, or are indirectly connected, such as through a removable connection line, or are
connectable through any possible intermediate means. It can be understood that the initial and first measuring unit will
be chosen as a function of the nature of the tracer, while the second measuring unit will be chosen as a function of the
nature of the solute.

[0037] The module may further comprise means for controlling a flow rate of the extraction pump. Alternatively, or
additionally, the module may further comprise means for controlling a flow rate of the injection pump. The volume of
fluid extracted is for example evaluated by a flowrate control based on a flowrate measurement. The flow rate control
may be for example on the pump itself or may be through a tap and a flow meter connected to the fluid circuit loop 1. A
flow meter may for example be a pulse counter or an RPM (rate per minute)-control of the pump. Advantageously, the
extraction pump is controlled to run synchronously with the injection pump. For example, the injection pump and the
extraction pump can be of the same type. When both pumps then run at the same RPM (rate per minute), the flow rate
of the extraction pump can be understood to be the same as the flow rate of the injection pump. Thus, control of the
flow may be done via control of the RPM of the pump. Alternatively and/or additionally, flow rate sensors can be provided
upstream of the extraction pump to measure the flow rate and to control the operation of the extraction pump.

[0038] Optionally the fluid circuit loop may also comprise at least one manometer to measure the pressure in the fluid
circuit loop, such as for example between a pump and a valve. By measuring the pressure in the fluid circuit loop,
pressure variations can be detected. It can thus be controlled that the pressure is constant within the circuitloop, especially
when using injection and/or extraction pumps whose flow rate are pressure sensitive.

[0039] According to a second aspect, there is provided a system for measuring groundwater flux comprising a module
as recited above and a circulation pump for circulating the fluid in the groundwater well, said circulation pump being
connectable to the abstraction connection of the module. Advantageously, the circulation pump will homogenize the
fluid in the tested well and mix the tracer with such fluid. Advantageously, the circulation pump is provided in the well,
to more efficiently mix the injected tracer with the fluid in the well.

[0040] Preferably the circulation pump of the system is a submersible pump. The submersible pump is preferably
placed at the lower level of the column of fluid in the groundwater well.

[0041] The column of fluid may be a tested interval on which the measurement is performed. Hence the lower level
of the column of fluid may be different from the lower level of the groundwater well.

[0042] Advantageously, the abstraction connection of the fluid circuitis lower in the well than the discharge connection,
the discharge connection may be higher in the well column. As such, there is sufficient distance between the discharge
connection and the abstraction connection to allow some mixture of the injected tracer with the well fluid. By placing the
circulation pump at the abstraction connection, which is at the lower end of the well, optimal mixing of the tracer with
the well fluid can be obtained. However, it is understood that the circulation pump can be provided at the discharge
connection, which may be at an upper end of the well.

[0043] The system for measuring groundwater flux may further comprising a control unit for controlling at least the
first measuring unit. It can be used to control sequences of the measurement, for example, and measurement at a given
injection/extraction flow rate, then atanotherflow rate to obtain a second steady state, then a stop ofthe injection/extraction
and a simple dilution etc.

[0044] The system may further comprise a processing unit for calculating groundwater fluxes fromthe raw data recorded
by one or more of the measuring unit(s) from the module. In an embodiment, the processing unit can be integrated to
the control unit.

[0045] Advantageously, the module may include means for remote data transmission, such as for example telemetry
for real-time data transmission, preferably wireless transmission.

[0046] According to a third aspect, there is provided a method for measuring groundwater flux comprising the following
steps:
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- providing a groundwater well forming a column of fluid;

- providing a module according to the first aspect;

- circulating the fluid in the fluid circuit loop of the module with a circulation pump;

- injecting a volume of tracer in the groundwater well with the input line of the module through the discharge connection
of the module;

- measuring a tracer concentration in the fluid coming from the abstraction connection with the first measuring unit
of the module;

- extracting a volume of fluid with the output line of the module with the extraction pump of the module.

[0047] The groundwater well may for example be a screened well.

[0048] Preferably, the volume of fluid extracted by the extraction pump is equal to the volume of tracer injected via
the input line.

[0049] In some embodiments, the measurement of tracer and/or solute concentration may be performed in the ground-
water well itself.

[0050] In some embodiments, the column of fluid is a given interval which may be varied in length and or in vertical
position along the groundwater well during the method. The measurement can be performed on one or more columns
of fluid or intervals. A measurement on two or more intervals can be performed subsequently with such method.
[0051] Preferably, the steps of extracting a volume offluid and injecting a volume oftracerare performed simultaneously.
By doing such steps simultaneously, one may control the flow rate of the injection pump of the module and the flow rate
of the extraction pump of the module and hence obtain the equal volumes of injected tracer and extracted fluid. By
performing the steps simultaneously, it can be more easily controlled that the same volume of fluid is extracted as the
volume of tracer injected, allowing the well to remain stable, thus reducing the stabilisation time.

[0052] The method may further comprise a step of measuring an injected tracer concentration. Such step enables to
obtain an initial tracer concentration when performed at the start of the method. The initial tracer concentration is the
concentration of the tracer injected into the fluid circuit, prior to injection. It thus enables to compare the injected tracer
concentration with the measured tracer concentration, atany time during the method. Such comparison gives an indication
of the tracer concentration in the well, which in turn gives an indication of the transit flow rate of groundwater across the
well, namely the groundwater flow. As such, by measuring the tracer concentration of the well fluid, an indication of the
groundwater flow, i.e. flux, can be obtained. In particular, the ratio between the tracer concentration measured in the
well and the injection tracer concentration gives an indication of the groundwater transit flow rate, later converted to
groundwater flux. Namely, when the groundwater flux is relatively high, this ratio is low as a consequence of a high
tracer dilution. Conversely, when the groundwater flux is low the ratio is high, due to a lesser dilution of the injected tracer.
[00563] The method may further comprise a step of measuring a solute concentration in the fluid. This is advantageous
to obtain an information about pollutants in the groundwater well. Advantageously, the method enables to measure a
solute concentration at the same time as measuring a flux of the groundwater well. This further contributes to obtain
information about solute mass flux and about the dynamics of pollution in an aquifer for example.

BRIEF DESCRIPTION OF THE DRAWINGS
[0054] The invention will be detailed with respect to the following figures.

Figure 1 is a schematic view of a system according to the invention.

Figure 2 is a schematic view of a flow scheme of a module according to the invention.

Figure 3 is a further schematic view of a system according to the invention, showing the terms used in the mass
balance equation.

Figure 4 is a graph representing the measured tracer concentration normalized according to the injected tracer
concentration as a function of time.

Figure 5 is a graph representing the measured tracer concentration normalized according to the injected tracer
concentration and the correspond flux as a function of time.

Figure 6 is a graph representing the measured solute concentration as a function of time.

DETAILED DESCRIPTION OF THE INVENTION

[00565] The present invention will be further elucidated with reference to figures of exemplary embodiments. Corre-
sponding elements are designated with corresponding reference signs. It is noted that the figures are schematic repre-
sentations of embodiments of the invention, and are not to scale.

[0056] It is clear to the person skilled in the art that the invention is not limited to the embodiments described above.
Many alternatives are possible within the scope of protection as formulated in the claims hereafter.
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[0057] For the purpose of clarity and a concise description, features are described herein as part of the same or
separate embodiments, however, it will be appreciated that the scope of the invention may include embodiments having
combinations of all or some of the features described. It may be understood that the embodiments shown have the same
or similar components, apart from where they are described as being different.

[0058] In the claims, any reference signs placed between parentheses shall not be construed as limiting the claim.
The word 'comprising’ does not exclude the presence of other features or steps than those listed in a claim. Furthermore,
the words 'a’ and 'an’ shall not be construed as limited to 'only one’, but instead are used to mean ’at least one’, and do
not exclude a plurality. The mere fact that certain measures are recited in mutually different claims does not indicate
that a combination of these measures cannot be used to an advantage. Many variants will be apparent to the person
skilled in the art. All variants are understood to be comprised within the scope of the invention defined in the appended
claims.

[0059] Figure 1 presents a system for measuring groundwater flux according to one embodiment of the invention, with
module 100 schematically represented by dashed line. As can be seen in Figure 1, the system for measuring groundwater
fluxmay comprise a fluid circuitloop 1 having an abstraction connection 2 and a discharge connection 3. Both connections
are connected to a groundwater well 4. Said groundwater well 4 may be formed by means of boring for example and
inserting a screen 7 to retain the ground. Said screens are well-known for groundwater well. They can be metallic screens
or plastic screens. The diameter of the screen can be for example from about 40 mm to about 200 mm, for example
about 50 mm. The screened area of the well is forming a fluid column 5 having an upper end 8 and a lower end 4. The
height of the fluid column may be from about 50 cm to about 20 meters, for example about 5 meters. The fluid column
5 may be a water column. The level of the ground is represented by 9 in the Figure 1.

[0060] The abstraction connection 2 may be for example at the lower end of the fluid column 5, as illustrated in Figure
1, in that case the discharge connection 3 is at the upper end of the fluid column as illustrated. In other cases, the
connections may be inversed. At the abstraction connection 2, fluid is abstracted out of the well into the fluid circuit loop
1. At the discharge connection 3, fluid is inserted into the well out of the fluid circuit loop 1. The fluid circuit loop 1 can
be part of a module 100, as illustrated in Figure 1 and Figure 2. In an embodiment, the module 100 can be comprised
in a housing for transportation purposes. The abstraction connection 2 and/or the discharge connection 3 may be
embodied as valve connections at or near a housing of the module 100. Then, a hose or pipe can be connected to the
valve connections 2, 3 and can be inserted into the well 4. In another example, the hoses or pipes to be inserted into
the well are fixedly connected to the fluid circuit loop 1 and can be e.g. folded into the housing of the module for
transportation and unfolded for use. Then, the abstraction connection 2 and the discharge connection 3 is at a lower
end of such hoses and/or pipes. The abstraction connection 2 may be connected with a mixing pump 6 for mixing the
fluid column 5. The mixing pump 6 may be submersible pump, as illustrated in Figure 1. It may also be a surface pump
connectable to the fluid circuit loop, a centrifugal pump, a peristaltic pump, a bladder pump, a foot valve, as long as the
chosen pump allows a sufficient mixing flow rate and an ascent of the water to the surface. The aim of the mixing pump
is to enable a mixing of the fluid in the fluid column. The mixing pump may be provided separated from the module.
[0061] By flux measurement is meant a value with units of length, for example in meters, over a unit of time, for example
in minutes.

[0062] By fluid is meant the water naturally present in the ground with all its potential constituents, as well as a mixture
between such water and an injected fluid as will be described hereafter. The water volume within the well is constantly
mixed using the mixing pump 6 to ensure homogenous tracer distribution within the well as well as its circulation to the
surface.

[0063] Figure 1 also shows a tracer 11 that may be present in a tracer tank 12 and that may go through an input line
10 said input line 10 being located upstream from the discharge connection 3. The flow of the fluid is represented by an
arrow tip. In the input line, an injection pump 15 may be present, for injecting said tracer 11 through the discharge
connection 3 in the groundwater well 4. The flow rate of injection at injection pump is measured and noted as Qj,;. The
flow rate of the mixing pump 6 is preferably at a higher level than Qj,;, thereby pushing the fluid in the fluid circuit loop
1 from abstraction connection towards discharge connection. During use, the fluid going towards the discharge connection
3 may be a mixture of fluid from the groundwater well and fluid from the input line, such as a tracer solution 11.

[0064] A tracer as referred herein may include any substance that can become dissolved or suspended in water, or
attached to a water molecule, and recovered or measured from a water sample. Groundwater tracers may be intentionally
introduced (applied tracers) or naturally occurring substances (natural tracers). Examples of applied tracers are fluores-
cent dyes such as rhodamine WT (red), eosin (green), uranine (green), naphtionate and amino G acid (UV), and optical
brighteners (various colors). Alternatively, soluble ions such as chloride, low level radioactive compounds, bacterial
phage, microspheres etc. may be used.

[0065] Figure 1 also shows an output line 20 for extracting a fluid, said output line 20 being connected to the fluid
circuit loop 1 and located downstream from the abstraction connection 2. In the output line 20, an extraction pump 25
is present, in order to extraction a volume of fluid that is advantageously equal to the volume of fluid injected. The fluid
extracted is coming from the abstraction connection 2 of the well and may be a mixture of water and tracer solution.



10

15

20

25

30

35

40

45

50

55

EP 4 220 241 A1

When in use, a flow rate Q. of the extraction pump 25 may advantageously be set so that it is equal to the flow rate of
the injection pump, namely Qj,;. Optionally, the module may include a check valve on the fluid circuit loop 1 upstream
from the input line 10, so as to prevent backward flow of fluid in the fluid circuit loop towards the output line 20.

[0066] The module further comprises a first measuring unit 30 for measuring a tracer concentration of the fluid returning
from the well, said first measuring unit 30 being fluidly connectable to the fluid circuit loop 1 between the abstraction
connection 2 and the discharge connection 3. The first measuring unit 30 is chosen to be able to measure a concentration
of a tracer in the fluid. In one example, the tracer may be a fluorescent marker and the measuring unit may be a
fluorometer. In another example, the tracer may be a colorant and the measuring unit may be a light absorption sensor.
In yet another example, the tracer may be a saline tracer and the measuring unit may be an electrical conductivity sensor.
[0067] Optionally the module may comprise a second measuring unit 40 for measuring a solute concentration. The
measuring unit 40 may be placed in the fluid circuit loop so that the module may measure a concentration in a solute.
[0068] Optionally, the measurement of tracer concentration and/or the solute concentration may be performed by
locating the first measuring 30 and/or the second measuring unit 40 directly within the fluid column 5 between the upper
end 8 and the lower end 4.

[0069] Figure 2 presents a schematic view of a flow scheme of a module 100 according to one embodiment of the
invention. Such module with limits indicated by the dotted line 100 may be included in a container for example, for easy
transportation to the field where the measurement will be done. The module may for example be placed in a volume of
110 L.

[0070] The fluid circuit loop 1 is delimitated by, on the left side of Figure 2, the input line 10 and the output line 20 and
on the right side of the figure by the abstraction connection 2 and the discharge connection 3. Valves 26 and 36 may
be optionally added on the fluid circuit loop to respectively control the flow and/or the pressure on the abstraction
connection 2 and the discharge connection 3. Two pumps are illustrated in this figure: the injection pump 15 which is
present upstream from the discharge connection 3 and the extraction pump 25 which is present downstream from the
abstraction connection 2. The mixing pump is not illustrated. When in use, the flow rate of the mixing pump will ensure
the circulation of fluid from the abstraction connection 2 towards both the output line 20 and the first measuring unit 30
which is connected to the fluid circuit loop between the abstraction connection 2 and the discharge connection 3. In this
illustrated embodiment, the first measuring unit 30 is located in the fluid circuit loop 1 and is positioned before the
connection of the fluid circuit loop 1 with the inputline 10. The fluid flows through the first measuring unit 30 goes towards
the discharge connection 3. After flowing through the first measuring unit 30, the fluid is mixed with the tracer solution
(shown in figure 1) coming from the input line 10. Circulation of fluid in the loop is optimized thanks to the control of the
flow rate of the pumps. In particular, the flowrate of the extraction pump Q. is advantageously equal to the flowrate of
the injection pump Q;,; which is smaller than the flow rate of mixing pump Q-

[0071] The output line 20 is preferably connected with the fluid circuit loop 1 upstream from the connection of the fluid
circuit loop with the input line 10 so that a volume of fluid may be extracted through said outline upstream from the
injection of a fluid through said input line 10.

[0072] In the embodiment of Figure 2, an optional bypass 17 is present. Such bypass is connected to the fluid circuit
loop 1 by an entry valve 16 and an exit valve 18. Such valves may for example be three-way valves. This enables to
easily choose when the fluid uses this bypass or not. The bypass may for example be used to measure an initial
concentration of a tracer before starting the measure in the groundwater well. The tracer goes through the input line 10
towards the bypass 17 and then towards the first measuring unit 30 where a concentration may be measured, before
being extracted through the output line 20.

[0073] The fluid circuitloop 1 may comprise an initial measuring unit 31 to enable a measure of the tracer concentration
in the input line, such as in the injection solution. Such initial measuring unit may be placed for example just after the
tracer tank 12 on the input line. This is advantageous when measurement is done over a long period of time, such as
more than 24h, such as one week for example or more. The tracer concentration in the tracer tank may indeed vary for
different reasons such as for example a chemical degradation or a variation of temperature. It also enables to measure
a relative concentration between the first measuring unit 30 and the initial measuring unit 31, and therefore allows for
an interpretation of the results relative to the injected tracer concentration with a greater precision. It may further give
an indication on a status of the first measuring unit 30 or a comparison of data.

[0074] The fluid circuit loop 1 may further comprise a second measuring unit 40 that is configured to measure solute
of interest in the groundwater well, such as pollutants for example. It may give an indication of the concentration of such
pollutant(s) or solute(s) in the groundwater well.

[0075] The presentinvention also provides for a method for groundwater flux measurement. The method makes use
of the module or the system as recited above. The method may involve several steps. The method involves an injection
of a tracer and an extraction of a fluid through an extraction pump. The volume of fluid extracted is advantageously equal
to the volume of tracer injected. Preferably, the injection and the extraction are performed at a controlled flow rate. During
the experiment, the fluid column of the tested well is circulated or agitated to ensure a homogeneous repartition of the
tracer mass into the well. The tracer concentration is measured through a first measuring unit. Optionally, a measurement
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of the concentration of one or more of a selected solute may be performed. Such optional measurement may advanta-
geously be performed simultaneously. It may be done by using a second measuring unit. The second measuring unit
may be a selective probe for example or may be a semi quantitative equipment.

[0076] By measurement, one means a temporary or a continuous measurement. A continuous measurement of a flux
is also referred to as a flux monitoring.

[0077] As an illustrative example, the method may include one or more of the following steps:

[0078] Optionally, a preliminary step of a groundwater flux measurement may be the dimensioning i.e. the definition
of the parameters of the experimental setup such as one or more of the following: i) the tracer concentration in the tracer
solution, ii) the injection flow rate, iii) the extraction flow rate, iv) the circulation flow rate, v) the duration of the measurement.
This dimensioning can for example be done using flowcharts disclosed in the publications: Brouyére et al, J. of Contam-
inant Hydrogeology, 95, 2008, 121-140 and Jamin et al. J. of Contaminant Hydrology, 218, 2018, 10-18.

[0079] An example of dimensioning may be a 50 mm diameter well, screened on 1 meter height, a mixing volume of
5.239 L, an apparent groundwater flux of 10-5 m/s, an injection rate Qinj lower than 0.2 times the critical flow rate (nQt)
of the well for the classic FVPDM measurement, a stabilized tracer concentration lower than 0.85 times the injection
concentration.

[0080] Optionally, a next step may be to measure the tracer concentration in the tracer solution and to calibrate the
tracer concentration in the first measuring unit 30 and the initial measuring unit 31 when present. One possible way to
do this, is to set valves 16 and 18 so that the fluid goes through the bypass 17. The extraction pump 25 is switched on.
The tracer solution is then pumped from the tank, enters the fluid circuit loop 1, passes through the measuring units 31
and 30, and is finally extracted from the loop in the output line 20. This action is maintained long enough to have a stable
signal on both initial and first measuring units. The injected tracer concentration is noted as Ctinj. Such calibration may
also be performed without the bypass 17 for example by using a tracer concentration measurement unit immersed in
the tracer tank 12.

[0081] Optionally, another step may be to measure the tracer background concentration in the groundwater well under
test. The tracer background concentration may be defined as any presence of the tracer in the well before starting its
injection. The tracer background concentration is for example a concentration of the tracer in the well before starting its
injection. Such step may also optionally be performed to measure the solute background in the well. The solute background
may be defined as any presence of a solute of interest in the well before starting its injection. The solute background is
for example a concentration of a solute of interest in the well before starting its injection. To do this, the abstraction
connection 2 may be connected to the lower level of the fluid column 5 of the well 4. The connection may be directly or
may be through a hose, one end of the hose being connected to the abstraction connection 2 of the module 100 and
the second end of the hose being placed at the lower level of the fluid column in the well. This may be done for example
by positioning an end of hose of the fluid circuit loop at a lower end of the well. The discharge connection 3 is then
connected to the upper level of the fluid column. As for the abstraction connection, the connection may direct or through
a hose. This may be done for example by positioning an end of hose of the fluid circuit loop at an upper end of the well.
The valves 26 and 36 are opened and the circulation is started with the circulation pump 6. The aim is to homogenize
the concentrations of tracer and optionally of solute over the entire height of the fluid column of the well and to allow the
measurement of concentration at the first measuring unit 30 and optionally at the second measuring unit40. This operation
is maintained until the concentrations of tracer and solute measurements are stabilized. Additional pumps may also be
provided to accelerate the operation.

[0082] A next step may be the measuring (and/or monitoring) of the groundwater flux and optionally the solute flux.
To do this, the abstraction connection 2 may be lowered to the lower level of the fluid column 5 at the bottom of the well
4 and connected to the fluid circuit loop 1. This may be a direct connection or a connection through a hose. The discharge
connection 3 may be connected to the well with the end at the upper level of the fluid column. If not yet done, the valves
26 and 36 are opened and the circulation is started with the circulation pump 6. The purpose of this circulation is to
homogenize the tracer concentration and optionally the solute concentration over the entire height of the fluid column
in the well and to allow concentration measurements to be taken at the first measuring unit 30 and optionally the second
measuring unit 40. Valves 16 and 18 are set so that the fluid does not enter the bypass 17. The injection pump 15 and
the extraction pump 25 are switched on simultaneously. The flow rate of the injection pump Q;; and the flowrate of the
extraction pump Q. are advantageously set to an equal value and such values are preferably recorded. The pumps
are kept running during the whole monitoring time or at least when the stabilization of the tracer concentration in the
well Ct,, and optionally the solute concentration in the well CS,, are reached.

[0083] The result of such measurement are times series of Qjj, Qeyt, Cliyy, Ct,, @and CS,, that may be interpreted into
groundwater and optionally solute fluxes using a mass balance equation.

[0084] The calculation will now be further detailed, with the following terms, also represented in Figure 3.

eso= length of the well screen [L]
r,~ radius of the well [L]
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h,~= length of the fluid column [L]

Q= tracer injection flow rate [L3/T]

Qg fluid extraction flow rate [L3/T]

Q;,= groundwater flow rate entering the well [L3/T]

Q,,+~ groundwater flow rate exiting the well [L3/T]

QfF natural groundwater transit flow rate passing through the well when Q;, = Q,; [L3/T]
Q.= critical tracer injection flow rate above witch the FVPDM experiment is failed [L3/T]

"t"i = injected tracer concentration [M/L3]

Cl%l = tracer concentration initially present in the groundwater [M/L3]

C‘E’ = tracer concentration in the well, exiting the well to the aquifer and extracted during the experiment [M/L3]
isnj = injected solute concentration [M/L3]
fn = solute concentration initially present in the groundwater [M/L3]

C\f’: = solute concentration in the well, exiting the well to the aquifer and extracted during the experiment [M/L3]

The water mass balance is then represented by equation 1.

Omhy, 1
9t Qinj + Qin — Qout = Cext [1]
When h,, is constant;
Qinj + Qin = Qoue + Qexe 2]

Qer = 1Qy [3]

The tracer mass balance for a constant groundwater flux under steady state conditions is represented by equation 4.

acs
”hwrmzz ot Qinjcitnj + Qincitn - Qoutc\g/ - Qextc\fv 4]

ct,=0
And the analytical solution assuming ~in
Qinj*in
- (t=to)
t _ Qinjcitnj_(Qinjcitnj_(Qinj"'Qin)C\gz,o)e mThw iy
Cw(t) = — [5]
QLn]+QLn
With
L . Qinj_Qext) _ Qinj_Qext (Qinj_Qext)
Qi = O sin <arcos( _— ) ——arcos ST [6]
t = time [T]
to = initial time [T]

t
Cwo - initial tracer concentration in the well [M/L3]

10
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As long as

|Qinj_Qext| < 1 [7]
Q¢

When equilibriumis reached (tracer concentration stabilized in the well), the concentration is obtained through equation 8.

CE (stabily = 2ni%ni 8]
w Qinj+Qin

The tracer mass balance for a variable groundwater flux under transient state conditions is represented by equation 9.

dhy acs
C\fvﬂrw2 ot + hwﬂrwz "ot = QinCitn - Qoutc\ff + QinjCitnj - Qextc\fv [9]
With
—_ 2 dhy,
Qout = Qinj + Qin — Qext — Ty Tt [10]
20Cy _
hy 7y Fr QinjCinj — QinjCw — QinCy [11]

Solved using an finite difference scheme over the time step At =t 4 - t, with :

Qin = WQinni1 + (1 —@)Qinn [12]

6C‘E; = AC\Z — ClﬁlTH'l_C\ﬁ’n [13]

at At (tn+1—tn)

Ohw _ Ahy _ hwnsi—hwn [14]

at At (tn+1_tn)
Cy = wc\fvn+1 +(1- w)C\fvn [15]

by = why 1 + (1 = @)hy  [16]
t

in = Supposed to be 0
Qinj Qext Cinj = known and controlled at all in the experimental setup

t
hy, Cw = know at all time, measured during the experiment
o =[0,1]

and

AC
~hy T 24 Qin jCinj—QinjCi—(1-0)CyQin

Qinn+1 = wC [17]

11
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[0085] In particular, the time series of the measured tracer concentration in the well gives an indication of the transit
flow rate of the groundwater through the well, thus an indication of the flux can be given. As such, via an indirect
measurement, namely measuring the tracer concentration over time, the groundwater flux can be obtained.

[0086] Thanks to the extraction pump 25 connected to the fluid circuit loop, the hydraulic load on the well is suppressed.
This allows the tracer to be injected at a higher flow rate and therefore increases the renewal of the water in the well,
ultimately reducing the time required for stabilization by a factor of 2 to 10.

[0087] Figure 4 is an illustration of such stabilization time. Curve a) shows the time needed to reach stabilization of
the tracer concentration Ct,, relative to the injected tracer concentration Ctinj for present invention, namely 120 minutes
while curve b) is a comparison with prior art method FVPDM, with 600 minutes required before stabilization. Hence time
was reduced by about a factor 5 in this example. Time required for stabilization was calculated taking into account a 50
mm diameter well, screened on 1 meter height, a mixing volume of 5.2 L, a measured groundwater flux of 10-5 m/s, an
injection rate lower than 0.2 times the critical flow rate of the well for the classical FVPDM measurement and a stabilized
tracer concentration lower than 0.85 times the injection concentration.

[0088] Figure 5 is an illustration of the greater sensitivity to groundwater flow variations with the present invention
compared to the prior art. For the same groundwater flux, therefore the same transit flow rate Qt that fluctuates with
time (curve a) and an optimized design, the amplitude of the tracer concentration variations recorded during a monitoring
testaccording to presentinvention (curve c) is more than three times greater than the amplitude of the tracer concentration
variations recorded during a FVPDM monitoring test according to the prior art (curve b). Hence, with the same sensor,
the method of the present invention will be able to detect groundwater flow variations 3 times smaller than the FVPDM
monitoring method.

[0089] As recited above, in addition to the measurement of groundwater flux, the module of present invention enables
a direct measurement of the solute concentration with an optional second measuring unit 40. It is therefore possible to
calculate the solute flux through a well.

[0090] Figure 6 illustrates an example of solute measurement with the present method (curve a) and with the prior art

s
FVPDM method (curve b). The solute concentration CW is obtained in a similar way as the tracer concentration, using
the mass balance equation. A solute measurement with the present module is advantageously performed at the same
time of the flux measurement. Since the method of presentinvention induces a higher dilution of the groundwater entering
the well than the prior art FVPDM method, the detection limit of a solute in a well according to present invention will be
higher than in a FVPDM measurement, all other parameters being equal. Stabilization time is also reduced for such a
solute measurement.

Claims
1. Module (100) for measuring groundwater flux comprising:

- a fluid circuit loop (1) having an abstraction connection (2) and a discharge connection (3) for connecting with
a groundwater well (4) respectively at two ends of a column of fluid (5) in said groundwater well (4);

-an input line (10) for receiving a volume of tracer (11), said input line being fluidly connected to the fluid circuit
loop (1) upstream from the discharge connection (3), and comprising an injection pump (15) for injecting said
volume of tracer (11) through the discharge connection (3) in the groundwater well (4);

- an output line (20) for extracting a volume of fluid, said output line being fluidly connected to the fluid circuit
loop (1) downstream from the abstraction connection (2);

- a first measuring unit (30) for measuring a tracer concentration in the fluid, said measuring unit (30) being
fluidly connectable to the fluid circuit loop (1) between the abstraction connection (2) and the discharge con-
nection (3);

wherein the output line (20) comprises an extraction pump (25) for extracting a volume of fluid.

2. Module (100) according to claim 1 wherein the volume of fluid extracted by the extraction pump (25) is equal to the
volume of tracer injected via the input line (10).

3. Module (100) according to claim 1 or 2 further comprising an initial measuring unit (31) for measuring an injected
tracer concentration, said initial measuring unit (31) being fluidly connectable to the fluid circuit loop (1).

4. Module (100) according to claim 3 wherein the fluid circuit loop (1) further comprises a bypass (17) between the
initial measuring unit (31) and the first measuring unit (30) to calibrate said first measuring unit (30) with said initial

12
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measuring unit (31).

Module (100) according to claim 3 or 4 wherein the fluid circuit loop (1) further comprises a first valve (16) located
downstream of the initial measuring unit (31) and a second valve (18) located upstream of the first measuring unit(30).

Module (100) according to claim 5 wherein the bypass (17) is connected to the first valve (16) and to the second
valve (18).

Module (100) according to any of the previous claims further comprising a second measuring unit (40) for measuring
a solute concentration in the fluid, said second measuring unit (40) being fluidly connectable to the fluid circuit loop (1).

Module (100) according to any of the previous claims wherein the second measuring unit (40) is located in the fluid
circuit loop (1) downstream from the first measuring unit (30) and upstream from the discharge connection (3).

Module (100) according to any of the previous claims further comprising means for controlling a flowrate of the
extraction pump (25).

System for measuring groundwater flux comprising a module (100) according to any of the previous claims and a
circulation pump (6) for circulating the fluid in the groundwater well, said circulation pump (6) being connectable to
the abstraction connection (2) of the module (100), preferably the circulation pump is a submersible pump.

System according to claim 10 further comprising a control unit for controlling at least the first measuring unit (30).
Method for measuring groundwater flux comprising the following steps:

- providing a groundwater well (4) forming a column of fluid (5);

- providing a module (100) according to any of claims 1 to 9;

- circulating the fluid in the fluid circuit loop (1) of the module (100) with a circulation pump (6);

- injecting a volume of tracer (7) in the groundwater well (4) with the input line (10) of the module (100) through
the discharge connection (3) of the module (100);

- measuring a tracer concentration in the fluid coming from the abstraction connection (2) with the first measuring
unit (30) of the module (100);

- extracting a volume of fluid with the extraction pump (25) of the module (100).

Method according to claim 12 wherein the volume of fluid extracted by the extraction pump (25) is equal to the
volume of tracer injected via the input line (10).

Method according to 12 or 13 wherein the steps of extracting a volume of fluid and injecting a volume of tracer are
performed simultaneously.

Method according to claim 12 to 14, further comprising a step of measuring a solute concentration in the fluid.

13
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