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Abstract For good management of groundwater resour-
ces, and to comply with European and national regula-
tions, a detailed understanding of an aquifer’s hydraulic
setting is required. In order to better characterize a sandy
aquifer that is affected by diffuse pollution (Brévilles
spring catchment, Val d’Oise, France), and to quantify the
transfer time in the saturated zone, a multi-tracer test
involving a new technique, the ‘finite volume point
dilution method’, has been performed in natural flow
conditions. In November 2005, injections of four different
tracers took place in four piezometers involving different
locations and depths in the aquifer. Recovery of the tracers
was observed at two different places near the aquifer
outlet. A particularly long and unusual monitoring
exercise (27months) demonstrated the existence of several
different velocities within the sandy layer, which seems to
be linked to the decrease of hydraulic conductivity with
depth. The new insight and parameter quantification
brought by interpretation of these tests contribute to a
better characterization of the saturated zone. The
particularly long-term monitoring exercise also gives
new information to understand and forecast the trend
and persistence of groundwater contamination by
pesticides in the catchment.
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Introduction

According to the United Nations Environment Program
(Morris et al. 2003), perhaps as many as two billion people
over the world depend directly upon aquifers for drinking
water. Groundwater often constitutes the only available
resource in arid zones, but is also largely used in more
temperate climates, like in many European countries
(France, United Kingdom, Denmark, Switzerland, Belgium,
etc.), where drinking water is partly or dominantly supplied
by groundwater.

In this context, good management of groundwater
resources is of major importance, and some governments
have formalised specific regulations in this respect. In
Europe, the objective set by the European Water Framework
Directive (EU 2000) is to achieve a “good quantitative and
chemical status” for all groundwater bodies by 2015 at the
latest. The Directive requires that European Union Member
States study any evolutionary trends of groundwater
conditions, such as decrease of mean groundwater levels or
increase of nitrate and pesticides concentrations (EEA 1999;
Barbash et al. 2001; IFEN 2004; Gilliom et al. 2006), and be
in the position to explain possible cases of non-achievement.
At the national level, some regulations also exist to protect
groundwater resources, including the setup of protection
areas around groundwater abstraction zones, for example.

To comply with these European and national regu-
lations, a detailed understanding of each aquifer’s
hydraulic setting is required. A classical hydrogeological
approach to characterize flow and transport processes in
aquifers is to carry out field tests, including tracer
experiments to study contaminant transfer times, sorption
and degradation in realistic conditions (Rugge et al. 1999;
Broholm et al. 2001). However, these tracer experiments
are generally not stretched to their limits. The screens of
injection wells usually intercept a large thickness of the
studied aquifer so that it is impossible to differentiate
some hydraulic properties vertically. Additionally, sam-
pling periods are usually very limited because these
operations take time and are cost consuming.
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To overcome these limitations and to characterize a sandy
aquifer in the Brévilles Spring catchment (Val d’Oise,
France), an original approach involving multi-tracer tests
was performed in natural groundwater flow conditions. This
catchment is located in an agricultural area where pesticides
have been intensively monitored since 2000 and where the
persistence of atrazine at the catchment outlet, seven years
after the last application, remains to be explained (Morvan
et al. 2006; Baran et al. 2007). The approach includes the
application of the new ‘finite volume point dilution method’
(FVPDM; Brouyère et al. 2008) which enables better control
of the tracer entrance from the injection well into the aquifer.

The objectives of these multi-tracer tests were (1) to
estimate contaminant travel times from several locations
in the catchment to the Brévilles spring, (2) to identify
transport processes affecting the fate of solutes in the
saturated part of the aquifer and to quantify associated
parameters (transport effective porosity, dispersivity etc),
(3) to highlight vertical variations in groundwater fluxes,
related to vertical variations in grain-size distribution and
hydraulic conductivity.

Study area

The sandy aquifer of the Brévilles spring is located at
Montreuil-sur-Epte in the Val d’Oise, about 70 km north-
west of Paris, France (Fig. 1). The area is characterised by

intensive agricultural activities, resulting in nitrate and
pesticides contamination of groundwater. At the Brévilles
spring, the concentration of atrazine in water has exceeded
the tolerance for drinking purpose (0.1 μg/l), and water
withdrawals for public distribution have been interrupted
since 2001 (Morvan 2004). Atrazine is still detected at the
spring although the last application was performed in
April 1999 (Baran et al. 2007).

The aquifer associated with the Brévilles spring is
mainly located in the Cuisian sandy formation (Cenozoic–
Eocene) limited at its base by impermeable clay and at the
top by Lutetian limestone and marl (Cenozoic–Eocene).
These sands are medium sands in the upper part of the
formation to very fine sands in the lower part. Due to
the topography and the structure of the geological
layers, the sandy aquifer can be regarded as isolated
and hydrogeologically independent (Figs. 1 and 2).
Along the western border of the aquifer, a spring line is
observed along the outcropping limit between the sands
and the clays. The aquifer extends over approximately
11.6 km², and the Brévilles spring, whose catchment
covers approximately 4 km2 in the central part of the
aquifer, constitutes its main outlet. In order to contin-
uously measure water flow rates, a gauging station
(Fig. 1) has been installed 200 m downstream from the
spring. Throughout the year, the water flow rate is
significantly greater at this station (∼21–28 l/s) than at
the spring itself (∼6–8 l/s). The discharge ratio between

Fig. 1 The Brévilles test site
(injection area)
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the two springs is relatively constant throughout the
year. This indicates that the spring itself does not drain
the total thickness of the aquifer. Based on topo-
graphical and geological considerations, it is probable
that the spring drains groundwater coming from the
upper part of the sandy layer only. Groundwater from
the lower part of the aquifer discharges diffusively
through a wet zone between the spring and the gauging
station (Gutierrez and Gigleux 2005). In the catchment,
permeability tests, isotope dating techniques and sam-
pling programmes have established a stratification of
the water table that could imply a different functioning
between the upper and lower part of the sandy aquifer
(Baran et al. 2007).

Material and methods

Injection and monitoring
Four tracer experiments were conducted between injection
wells and the Brévilles spring. The monitoring of the
tracer concentration was performed at two different levels:
(1) monitoring of the tracer entry in the aquifer by
measuring the tracer concentration in the injection wells,
during and just after the injections themselves, and (2) a
‘traditional’ monitoring of tracer recovery at the outlet of
the aquifer.

The first monitoring of the tracer concentration in the
injection well was performed in order to apply the
FVPDM concepts (Brouyère et al. 2008), which enables
better control of the tracer input in the aquifer and
estimates groundwater fluxes locally (i.e. in the vicinity
of the injection wells). The tracer solution is injected in
the well at a low flow rate. The variation of the tracer
concentration in this well is continuously measured thanks
to a water circulation system that ensures concentration
homogeneity in the injection well and prevents the tracer
fluid from settling at the bottom of the well. Using an
analytical solution, the FVPDM allows modelling of the

tracer concentration variation during and after tracer
injection. The variation of the tracer concentration
depends on the concentration of the injected tracer, on
the tracer injection flow rate and the flow rate of
groundwater crossing the screens of the injection well
due to natural groundwater flow conditions in the aquifer.
The experimental conditions being fully controlled (i.e.
injection flow rate, injection concentration, dimensions of
the injection well), the only parameter to be calibrated is
the Darcy flux which governs the groundwater flow rate
across the screens. This can be done by comparing
calculated concentrations with those measured in the
injection well. Once the Darcy flux is calibrated, the
FVPDM analytical solution can be used to simulate
the real tracer input into the aquifer during the tracer
injection, during the tracer flush and after the injection
operations. This verifies a posteriori whether injection
conditions influence the breakthrough curves at the outlet
of the aquifer (Brouyère et al. 2005). For each of the four
experiments performed in the Brévilles spring test site,
two to four successive steps with increased injection rates
were performed, after which the remaining quantity of
tracer was injected as a pulse injection to finalize the tracer
injection in a reasonable time. After this tracer injection, a
subsequent flush with clear water was also performed in two
of the four piezometers. The types and quantities of tracers
used for these injections are summarized in Table 1.
Relatively large quantities of tracers were used to increase
chances of detecting potential tracer arrival at the outlet of
the aquifer. Depending on each experiment, total time of
tracer injection and flush varies between 2 and 5 h
approximately (Table 1).

To increase the chances of recovery at the outlet of the
aquifer and to dissociate arrivals from lower and upper parts
of the aquifer, samples were collected at the Brévilles spring
and at the level of the gauging station, 200 m downstream
the spring (Figs. 1 and 2). Instantaneous samples were
collected, using automatic samplers, for more than 800 days
at both locations, with a time step gradually increased from

Fig. 2 Geological cross sections (see Fig. 1)

Table 1 Main characteristics of the tracer experiments

Piezometer PZ4 PZ19 PZ17b PZ17c

Distance to the spring 187 m 223 m 245 m 245 m
Tracer Lithium Li+ Sulforhodamine B Iodide I– Uranine
Quantity 6.6 kg 10 kg 19.2 kg 5 kg
Injection duration 139 min 272 min 205 min 158 min
Concentration of the injected fluid 41.3 kg/m³ 102.0 kg/m³ 120.0 kg/m³ 111.1 kg/m³
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6 h just before the injections (8 November 2005) to 10 days
until the end of the sampling campaign (21 February 2008).

Characteristics of the injection piezometers
The four piezometers selected for performing the tracer
tests are located approximately 200 m upstream from
the spring. Piezometer nest PZ17 is composed of three
piezometric boreholes, 2 m apart. The three boreholes
are screened at different levels of the aquifer (Fig. 3),
respectively in the Lutetian limestone (PZ17a) and in
the upper (PZ17b) and lower part (PZ17c) of the
Cuisian sands (Gutierrez et al. 2005). Tracer tests were
carried out in PZ17b (iodide I–) and PZ17c (uranine)
only to highlight and quantify vertical variations in
aquifer properties and groundwater fluxes in the sandy
layer aquifer, to compare transport behaviour in the
lower and upper parts of the sand formation, and to
identify possible vertical interactions. Piezometers PZ4
and PZ19, where lithium and sulforhodamine B were
respectively injected, were selected to give information
on the north-eastern part of the spring catchment. The
two piezometers tap different depths in the aquifer: PZ4
is screened in the lower part of the sand layer, between
68 m asl (above sea level) and 77 m asl, where the flow
is assumed to be slower, because of a higher clay
content. PZ19 is screened between 69 and 81 m asl
across the whole thickness of the sandy aquifer.

Results and discussion

FVPDM results
Figure 4 shows the injection steps, the experimental tracer
concentration variation in each injection well, and the
simulated concentrations adjusted with the FVPDM
analytical solution. Calibrated Darcy fluxes for all injec-
tion wells are presented in Table 2. They are consistent
with the a priori estimations of Darcy fluxes obtained
using the results of pumping tests and the application of
Darcy’s law between the injection point and the spring.
However, it should be pointed out that the FVPDM
provides a local (point) estimation of Darcy flux, while the
application of Darcy’s law provides a mean estimated
Darcy flux that integrates a larger volume of aquifer
(corresponding to the distance between the injection well
and the spring, over which the piezometric gradient is
calculated) and a mean hydraulic conductivity. Figure 5
presents the theoretical cumulative input function of tracer
in the aquifer, calculated using the calibrated analytical
solution. The cumulative input function is calculated from
the beginning of the test during more than 800 min (13.3 h),
including the low flow-rate injection steps performed for the
FVPDM analysis, the rapid injection of the remaining
quantity of tracer (PZ4, PZ17b and PZ17C) and the clear
water flush (PZ19 an PZ17C).

The evolution of the cumulative mass of tracer in the
aquifer indicates that 90% of the injected tracer mass had
entered the aquifer a maximum of 6 h after the end of the
tracer injection. Compared to the transit times (several
days, see later) of the tracer from the injection points to
the Brévilles spring, this is very short and the injections
can, thus, be considered as pulses. Therefore, tracer
settling in the well cannot be invoked as a possible reason
to explain the non-detection of tracers at the spring or
atypical shapes of breakthrough curves.

Tracer breakthrough curves and recoveries
A summary of the tracer tests carried out at Brévilles
together with the observed tracer arrivals is presented in
Fig. 6. Iodide I– and uranine, injected in PZ17b and
PZ17c, appeared at the spring respectively 4 and 16 days
after injection. Lithium Li+ and sulforhodamine B,
injected in PZ4 and PZ19, were never detected, neither
at the spring nor at the gauging station. Iodide I– and
uranine concentration breakthrough curves at the spring
and at the gauging station are presented at Fig. 7.
Concentrations are plotted after subtraction of the back-
ground concentrations and normalized according to the
injected mass of tracer. Recovery factors at the spring and at
the gauging station are calculated according to water-flow
rate at both locations. The main characteristics of break-
through curves are summarized in Table 3. Generally,
breakthrough curves show very irregular shapes with
successive peaks of concentration, far from “traditional”
Gaussian curves expected for a porous media and a short
pulse. As stated before, the FVPDM analysis shows that
such irregular peaks can not be explained by the influence ofFig. 3 Nested well Pz17 (Pz17 a-b-c)
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injection operations. It is possible that rainfall had inter-
mittent dilution impacts on concentration values. This could
particularly be the case at the gauging station which also
receives run-off water from slopes, which could significantly
dilute the sample during some intensive rainfall events.
However, if rainfall events and variations in flow rates can
explain some irregularities at the daily frequency, they can
not explain the general shape of the breakthrough curves,
and the long-term irregularities in tracer recovery are
probably essentially related to the complexity of ground-
water flow and transport mechanisms in the aquifer. Finally,
the water-flow rates at the Brévilles spring and the ground-
water levels at PZ17 present almost constant time series.
Elsewhere in the catchment, all recharge fluxes are smoothed
by the thick unsaturated zone, and groundwater-levels time
series only present multi-annual variations which are not
correlated with the concentration breakthrough curves
variations. Consequently, these natural variations of hydro-
dynamic conditions in the saturated zone can not explain the
irregular shape of the breakthrough curves.

PZ17b tracer test (iodide)
For iodide I–, the recovery factor is equal to 55% at the
spring after 800 days. At the gauging station, measured

concentrations are very close to the background concen-
tration. Although concentration peaks can still be detected,
the concentration signal-to-noise ratio is too low to
perform any reliable calculation of the recovery factor
with these data. However, no significant peak different
from those observed at the spring can be identified at the
gauging station, and it can be assumed that iodide was
released exclusively at the spring. The iodide concen-
tration is less important at the gauging station because of
dilution related to the increase in water-flow rate between
the spring and the gauging station.

The complex tracer restitution observed cannot be
explained by simple advective and dispersive mecha-
nisms. The tracer being of anionic type, “classical”
sorption processes are difficult to invoke for explaining
such a strong retardation. The bimodal shape of iodide
restitution at the spring suggests two different tracer
velocities within the aquifer. It is likely that a non-
negligible part of the iodide tracer has travelled along less
pervious pathways or that it has been retarded by “large-
scale” dual-porosity effects through temporary capturing
in less pervious horizons. The shape and nature of the
geological layers might provide an important clue. At
PZ17, the Lutetian limestone is of marly nature and
probably of very low permeability. However, a thin layer

Fig. 4 Injection flow rates,
and monitored and modelled
tracer concentrations in the
injection wells. Cinj concen-
tration in the injection fluid,
Cw concentration in the well,
Cw* non-dimensional concen-
tration in the well

Estimated flux through the screen
(Darcy’s law between PZ and the spring)

Estimated flux through the screen (FVPDM method)

PZ4 1.13×10–5 m/s 9.8×10–6 m/s
PZ19 1.53×10–5 m/s 1.0×10–5–3.0×10–5 m/s
PZ17b 1.97×10–5 m/s 2.5×10–5 m/s
PZ17c 0.62×10–5 m/s 1.0×10–5–4.0×10–5 m/s

Table 2 Results obtained using the FVPDM method
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of glauconitic sand, located underneath (around 12 m
depth), coarser than the fine sand which constitutes the
main formation, has probably a significantly higher
hydraulic conductivity than the rest of the aquifer. Therefore,
it is schematically conceivable that, once injected in Pz17b,
the tracer took two different pathways: the upper pathway
where the hydraulic conductivity is high, and the middle
pathway corresponding to the middle part of the aquifer with
a hydraulic conductivity which is ten times lower.

PZ17c tracer test (uranine)
After 830 days, the recovery factor for uranine is equal to
32% at the spring and 42% at the gauging station (Fig. 7).
The 10% difference in recovery factor between the two
sampling locations suggests that a part of the tracer
discharged into the river between the spring and the
gauging station. The graphic analysis of the uranine
concentration and recovery curves (Fig. 7) confirms this
analysis. Between 100 and 150 days after injection, a peak
of uranine is observed at the gauging station, while the
uranine concentration is almost zero at the spring.

Similarly, between 300 and 500 days, the recovery factor
increases faster at the gauging station than at the spring.

Considering that a part of the uranine injected in the
lower part of the aquifer (PZ17c) is recovered at the
Brévilles spring, which is assumed to drain the upper part
of the aquifer (Fig. 2), this assumption of a strict
groundwater stratification should be reconsidered in the
vicinity of the spring. Indeed, in a strictly horizontal flow,
uranine injected in PZ17c should not have appeared at the
spring. Therefore, this demonstrates the occurrence of
vertical flow within the aquifer in the vicinity of the
spring, with groundwater from the bottom of the sandy
aquifer (very fine sand) reaching upper levels (fine or
medium sand, see Figs. 2 and 3). The existence of vertical
interactions is also corroborated by geochemical and
isotopic measurements which indicate that the Brévilles
spring constitutes a mixture of water from different origins
(Baran et al. 2007; Brenot et al. 2008).

The multiple peaks which are visible on the concen-
tration breakthrough curves are probably due to the
existence of different tracer velocities or retardation
effects within the aquifer, as stated for the iodide tracer
test, superimposed to the effects of vertical interactions
between lower and upper sand levels. These vertical
interactions bring additional complexity and may explain
why the uranine breakthrough curves are even more
irregular, compared to the iodide breakthrough curves.

Fig. 6 Summary of tracer
tests carried out at Brévilles

Fig. 5 Tracer input function in the aquifer at wells PZ4, PZ19,
PZ17b and PZ17c. Cinj concentration in the injection fluid, Cw
concentration in the well, Cw* non-dimensional concentration in
the well

R
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Fig. 7 Normalized concentration (by quantity of tracer injected) breakthrough curves and recovery factors of iodide and uranine at the
spring and at gauging station
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The first arrivals of uranine reached the spring four
times later than iodide. Additionally, the cumulative
recovered mass for the two tracers (Fig. 7) clearly
evidences velocity differences between uranine, injected
in the lower part of the aquifer, and iodide, injected in the
upper part of the aquifer. Iodide breaks through quickly,
with two distinct arrivals. In comparison, the cumulative
mass curve of uranine indicates that there is no significant
tracer recovery before 300 days. Although uranine is
known to be more sensitive to sorption than saline tracers
(Smart and Laidlaw 1977, Kasnavia et al. 1999), its
properties under a pH value around 7.2 should not result
in such a difference. Even if uranine pathways are not
exclusively taking place in the lower part of the aquifer,
due to vertical interactions, the lower velocity of uranine
is more in agreement with the idea of decrease in grain-
size distribution and hydraulic conductivity with depth.

PZ19 and PZ4 tracer tests
Tracers injected at PZ4 and PZ19 (lithium and sulforhod-
amine B, respectively) were never detected at the spring
and at the gauging station. Several points should be
considered to understand the absence of recovery: the
application of the FVPDM and the monitoring of the
concentration variation in the injection wells have con-
firmed that the tracer did not remain in the well; other tests
such as pumping tests also showed that these wells are not
clogged.

The question whether the mass of tracers used for these
experiments (6.6 kg of lithium and 10 kg of sulforhod-
amine B) would be enough to appear at the spring above
detection limit may be considered. A simple comparison
can be made using the maximum concentration peaks
observed for the tracer experiments performed in PZ17b
and Pz17c. Using the same ratio between the maximum
concentration observed at the spring and the tracer

quantity injected in PZ17c, the maximum concentration
of lithium (PZ4) would be of approximately 16 ppb,
which is close to the detection limit of 10 ppb. Although
hydraulic conditions are probably different between
PZ17c and PZ4, this simple comparison suggests that
lithium could have arrived at the spring at concentrations
lower than the detection limit. This reasoning is, however,
not valid for sulforhodamine B injected in PZ19. Even
considering the most restrictive ratio between tracer quantity
and maximum concentration (associated to the peaks
observed during the first year for PZ17c experiment), the
extrapolated maximum concentration would be 4.4 ppb,
which is far above the detection limit of 0.01 ppb for this
fluorescent tracer. Therefore, for these two experiments, the
quantity of tracer injected is probably not a sufficient reason
to explain the absence of recovery. Sorption of the tracers in
the aquifer is also possible, for example on the finer particles
of sand which can induce greater retardation effects (macro-
scale dual-porosity effects).

Finally, the existence of a fault zone has been evidenced
by a geophysical survey in the close vicinity of the two wells
(Fig. 1), and could have a strong influence on groundwater
flows in this area. This fault could, for example, act as a
barrier or contribute to diverting the tracers to a remote
location. The upstream compartment is down shifted.
Consequently, the lower part of the aquifer faces the clay
layer and the upper part faces the very fine and less
permeable sands (Fig. 2). Groundwater flow, particularly in
the lower part, is seriously slowed down by the barrier effect
created by the clay layer. Isotope analysis showed that PZ4
water, which comes from the lower part of the aquifer, had
no tritium (nor nitrate or pesticides). PZ4 water is therefore
older than 1960, which indeed is a sign of very slow velocity.
On the other hand, nitrate, pesticides and tritium were
detected at PZ19 in the same range as PZ17b. Water from
PZ19 and PZ17b shows geochemical and isotopic signatures
more similar to the spring water (Brenot et al. 2008).

Table 3 Main characteristics of uranine and iodide breakthrough curves

Uranine Iodide
Spring Gauging station Spring Gauging station

First arrival Time (days) 16 16 4 4
Calculated velocity (m/day) 14.3 14.3 57 57

Peak 1 Modal time (days) 35 35 25
Modal concentrationa 9.2×10–2 ppb 1.8×10–2 ppb 4.3×10–3 ppm
Calculated velocity (m/day) 6.5 6.5 9.1

Peak 2 Modal time (days) 164 131 271
Modal concentrationa 0.44 ppb 0.16 ppb 4.6×10–3 ppm
Calculated velocity (m/day) 1.4 1.8–3.4 0.8

Peak 3 Modal time (days) ∼410 ∼410
Modal concentrationa 1.49 ppb 0.46 ppb
Calculated velocity (m/day) 0.6 0.6–1.1

Peak 4 Modal time (days) ∼750 ∼750
Modal concentrationa 2.43 ppb 0.56 ppb
Calculated velocity (m/day) 0.3 0.3−0.6

Recovery factor after 800 days 32% 42% 55%
Background value 0.027 ppb 0.092 ppb 0.008 ppm 0.008 ppm

ppm parts per million; ppb parts per billion
aModal concentration per kilogram of tracer injected
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No certain conclusion can be made to explain the
absence of recovery of the tracers injected at PZ4 and
PZ19. Nonetheless, this absence clearly shows that the
hydrodynamic of groundwater on the north-eastern part of
the Brevilles spring is far more complex than previously
assumed.

Modelling tracer breakthrough curves

To complete the conceptual interpretations and hypotheses
formulated in the previous section, first attempts of adjust-
ment of analytical solutions on the concentration break-
through curves were performed using the software CATTI
(computer aided tracer test interpretation; Sauty et al. 1992).
The objective is not to obtain accurate values of transport
parameters, which is of course not possible with this
simplistic model in the complex Brévilles environment, but
to identify the successive peaks, differentiate them with
basic characteristics, and illustrate how the tracer tests results
could be used in subsequent analyses. To obtain more
accurate parameter values, more sophisticated approaches
such as three-dimensional numerical models have to be
used. This opportunity is further discussed in the next
section. In this study, one-dimensional models, parameter-
ized with the transport effective porosity ne, Darcy flux Vd

and the longitudinal dispersivity D, have been used and
adjusted on each concentration peak of the uranine and
iodide breakthrough curves. Results are presented in Tables 4
and 5; Figs. 8 and 9. The first peak was adjusted by
considering the Darcy flux value calculated with Darcy’s law
applied between the injection well and the spring (Table 2).
This value is indeed more representative of the mean
hydraulic conditions between the well and the spring,
compared to the value given by the FVPDM which gives a
local (point) estimation of Darcy flux. The subsequent
concentration peaks were adjusted considering the effective
porosity estimated for the first peak as constant, and by
varying Darcy flux and dispersivity. This is justified given
that the occurrence of multiple concentration peaks is likely
due to variation of Darcy fluxes within the aquifer, rather
than to variations of the effective porosity. Additionally, it is
not possible to adjust analytical solutions on the late
concentration peaks, keeping Darcy flux constant and the
effective porosity value in a physically acceptable range. For
iodide, injected in the upper part of the aquifer, the effective
porosity is estimated at 24%, and Darcy flux varies from

2.0×10–5 m/s for the first peak to 2.7×10–6 m/s for the
second peak. For uranine, injected in the lower part of the
aquifer, the adjustment of analytical solutions was performed
on the breakthrough curve at the gauging station to take into
account the whole quantity of uranine recovered. This also
enabled working with a breakthrough curve for which
variability is less pronounced and where peaks are more
visible. The effective porosity is estimated at 10% and Darcy
flux varies from 6.2×10–6 to 4.0×10–7 m/s for the first to the
fourth peak. Differences between parameters calculated with
the breakthrough curves of iodide and uranine, injected in
the upper and lower part of the aquifer, respectively, are in
accordance with the idea of a grain-size distribution and
hydraulic conductivity decreasing with depth.

General conclusions and perspectives

The tracer test campaign performed at the Brévilles
spring test site is remarkable in several aspects. The
monitoring and the recovery of tracers at the catchment
outlet are particularly long (approximately 3 years).
This constitutes an exception among tracer tests which
are generally limited in time and in budget. The case of
the Brévilles spring tracer test campaign allows one to
demonstrate that a shorter monitoring exercise, stopped
for instance after the first peak, would have led to a
complete misunderstanding of transport processes in the
aquifer. Additionally, the methodology used to perform
the tracer-test campaign performed at Brévilles takes the
benefits of several techniques that allow multilateral
complementary information to be compared and added.
The simultaneous injections of tracers in several
locations and depths of the saturated zone enable study
of the transport processes in different parts and levels of
the aquifer. Monitoring the tracer concentration at
several locations, at the level of the aquifer outlet,
increases the probability of recovery and increases the
ability to dissociate arrivals from different parts of the
aquifer. Using the FVPDM provides better control of
the injections, and allows one to further estimate the actual
tracer input function in the aquifer for comparison with
transfer times and breakthrough curves, and to give local
(point) estimates of Darcy fluxes around the injection wells.

The multi-tracer test campaign performed at the
Brévilles spring site, has provided interesting data and
new insight for the understanding of the hydrodynamic

Table 5 Parameters adjusted on the uranine breakthrough curves

Peak 1 Peak 2 Peak 3 Peak 4

Darcy flux 0.62×10–5 m/s (from pumping test and Darcy’s law) 1.9×10–6 m/s 6.8×10–7 m/s 4.0×10–7 m/s
Effective porosity 0.10 0.10 0.10 0.10
Dispersion 20 m 4 m 4 m 3 m

Peak 1 Peak 2

Darcy flux 2.0×10
–5

m/s (from pumping test and Darcy’s law; Table 2) 2.7×10
–6

m/s
Effective porosity 0.24 0.24
Dispersion ∼20 m ∼13 m

Table 4 Adjustment of theo-
retical curves on the iodide
breakthrough curve - adjusted
parameters
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functioning of the Brévilles sandy aquifer. The experi-
ments evidenced the complexity of transport in the
saturated zone, with very long residence times in the
aquifer and recovery of the tracer in multiple peaks.
Additionally, the recovery of the tracer at the outlet of
the aquifer is quite low which corroborates the idea of
strong retardation effects such as tracer adsorption or
immobile porosity effects. The results also confirm the
stratification of hydraulic properties, with transfer times
being longer in the lower part of the sand layer, and the
occurrence of vertical transfers between the lower and
middle part of the sand aquifer in the proximity of the
catchment outlet. Finally, the absence of recovery of the
tracers injected north-east of the Brévilles spring shows
that the hydrodynamic functioning of this area is more
complex than previously assumed. The presence of a
fault may have an important role and needs to be further
studied.

The methodology applied for the tracer test campaign
performed in the Brévilles spring test site offers some
perspectives in terms of additional measurements and
techniques that could be useful to corroborate or invalidate
some hypotheses expressed during the analysis of tracer

test results. Geochemical or isotopic measurements give
information about the age and origin of water and may
help to explain the absence of tracer recovery. Batch or
column experiments in a laboratory would give informa-
tion on how tracers are susceptible to sorption on the
particles of the aquifer. Finally, additional tracer tests
performed in both sides of the assumed fault zone may
also help clarify its specific influence on tracer recovery at
the outlet of the aquifer.

In a more global context, the results of the Brévilles
spring tracer experiments provide valuable information for
the management of the catchment, where groundwater is
contaminated by nitrate and pesticides. Conclusions drawn
on the hydrodynamic functioning and on transport processes
in the sandy aquifer offer new insight for understanding the
trend of groundwater contamination. Considering that
pesticides applications were performed many times during
more than 30 years on this site, the demonstration that a
single short injection of a solute in the saturated zone may
generate a complex signal over several years observed at the
spring, explains, partly, the complexity of the atrazine time-
series observed at the spring and its persistence in ground-
water of that catchment.

Fig. 8 Adjustment of theo-
retical curves using CATTI
(iodide breakthrough curve at
the spring)

Fig. 9 Adjustment of theo-
retical curves on the uranine
breakthrough curves at the
gauging station using CATTI
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In this context, there is a real need for tools that are
able to make some projections and help decision makers
for agricultural and water management at the catchment
scale. Three-dimensional spatially distributed and physi-
cally based numerical models can simulate groundwater
flow and solute transport in complex environment such as
the Brévilles spring aquifer. The integration of the
interpretations made in this study in conceptual models
and the use of the recovery breakthrough curves obtained
at Brévilles spring to calibrate flow and transport
parameters of the numerical model would provide a useful
and powerful tool to project the evolution of the pesticides
contamination for the following years and decades. This
tool could also be used to test various scenarios of land
use and agricultural practices in relation to groundwater
quality.
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