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Abstract

The quantiﬁcation of mass transfer through auxiliary karst
systems is addressed by using a speciﬁc point dilution
long-term tracer test. The physical functioning of such
systems is usually only inferred by hydrodynamical and
environmental tracer data, whose interpretation often
relies on invalidated assumptions. The new approach is a
way for experimentally validating or complementing the
classical approaches. The lake of Fontaine de Rivîre is an
auxiliary karst system in the Frasnian limestones of the
Ourthe Valley in Belgium. Its particular conﬁnement was
studied by conjunctional use of natural responses and
single-point dilution tracer test, with an injection of 41 g
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of uranine on 22 March 2017. The tracer test was
monitored during one year using fluorometers, water and
charcoal samplings at ﬁve points in the lake and six points
at the surface (no connection having been established
outside). A slow flow (in the order of magnitude of
1 m/h) of the lake could be observed and some mixing
processes identiﬁed. The dilution of the tracer along the
year indicates an average discharge of only 0.16 l/s. This
low discharge is compatible with the high conﬁnement of
the lake also proved by its high homogeneity and stability
(temperature and conductivity). However, the level fluctuations are apparently not compatible with this renewal,
and especially with the low rate of dilution of the tracer
observed during winter in the lake. This can thus be
explained by pressure transfers from the surroundings,
without necessarily high fluxes of water. The delays
for the responses have also been quantiﬁed by
cross-correlations for the whole period of monitoring
from 2007 to 2018.
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Introduction
Since the early steps of hydrogeology, the question of the
groundwater origin has always been generating a lot of
controversies. At the beginning of the twentieth century, after
recognizing the precipitations as the origin, the main question
was changed to how water flows, and is stored, into the soil
and subsoil, and on the role that ﬁssures, especially those
enlarged into karstic conduits, can play for these flows, from
the inﬁltration processes unto the emergence of groundwater
in the springs (Martel 1921). Several decades later, the
duality of diffuse and conduit flow became the main topic of
research for karst aquifers (Mangin 1975; Müller 1981;
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Worthington 2003), while multiple porosity behaviours were
also recognized in many other aquifers. One should say that,
and this remains valid today, most of the hydrogeological
questions can be reduced to a main question about the relationship between the structure of voids and groundwater
flows in between them. So, deﬁnitely, the early question of
flow was not so trivial. What probably makes the difference
nowadays is that an increasing number of methods and
innovative instruments have been implemented in hydrogeology, providing data to answer the above question and to
allow for better management of groundwater resources (exploitation, protection, remediation, etc.).
Mangin (1994), Jeannin (1996), Bakalowicz (1999) and
Kiraly (2003) emphasized the role of a hierarchical structure
for karstic flows, and they identiﬁed the role of these
“somewhat hidden” auxiliary systems (the so-called
annex-to-drain systems of the French terminology) in the
functioning of karst aquifers.
However, a direct insight into these auxiliary systems
seems not so common (or not often recognized as such) and
their knowledge is mainly limited by the small panel of
experimental techniques than can be implemented inside the
systems. Bakalowicz et al. (1994), as well as Marsaud
(1996), already attempted high-rate pumping tests in such
system with quite good connection with the main karst
conduits. Meus (1997) experienced a continuous tracer test
in the same system. Dewaide et al. (2017) have used
fluorescent dye tracing to assess where the main flow was
occurring, and how it was exchanging with low flow water,
in large karst conduits. Nevertheless, most of the knowledge
about such systems, in most of the carbonate aquifers, is
usually coming from indirect measurements using spring
hydrographs, natural tracers (temperature, chemistry or isotopes), water levels, where boreholes or caves exist, or any
combination of those tracers (Grasso et al. 2003).
In this study, we took advantage of a “windowing” on an
underground lake, with undetected connection with any
transmissive conduit. Such system could be considered as an
extreme auxiliary system, offering the unique opportunity to
experiment artiﬁcial tracers in conditions where natural
tracers only would have normally been used, and to make a
comparison between both methods. This artiﬁcial tracer test,
as such, can thus be considered as a border case for natural
tracing.
This long-term tracer test is also quite uncommon since it
could only be qualiﬁed “from the interior”, according to a
single-point dilution method (Novakowski et al. 1995),
without any surface breakthrough of the tracer, and thus
without any residence time distribution available for the
interpretation, as it is usually the case for tracer tests
(Guizerix et al. 1990).
The speciﬁcity of the dynamics of the lake and its
exceptionally weak connectivity to the neighbouring parts of
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the aquifer helped us a lot in interpreting long-term water
level and temperature variations, as well as thermal and CO2
exchanges with the cave atmosphere.
Several methodologies experimented here revealed
themselves promising tools for long-term experimentation,
among others the point dilution tracer test method, the video
recording of the tracer plume, the passive sampling of uranine with charcoals or its long-term measurement with
fluorometers. But, for any of these methods, as for many
techniques in hydrogeology indeed, the major concern
remains the repeatability (or reproducibility) of long-term
measurements. Today in hydrogeology, too much data series
are unfortunately not fully comparable, and, however, they
are compared.
The importance, for the protection of ecosystems, of the
relation between flowpaths of groundwater, residence time
and exposure conditions has been largely emphasized by
Abbott et al. (2016), who recall that suitable tracers must be
applied according to the flow, transport and reactive processes. Karst aquifers are probably the most challenging
environment where natural and artiﬁcial tracers (Mangin
et al. 1976; Gaspar and Oraseanu 1987; Dörfliger 2010) can
be calibrated together inside the system itself, thus reducing
the uncertainties that are inherent to the single use of natural
tracers or to systemic lumped parameters approaches.
However, this task is made particularly difﬁcult by the high
and often unpredictable heterogeneity of karstic features.

Context
The experimental site is situated along the Ourthe River,
25 km south of Liège, near the city of Hamoir, on the
southern flank of the synclinorium of Dinant (Fig. 1a).
The cave of Fontaine de Rivîre (Fig. 1b, c) is a maze
cave, about 1.1 km long, mostly structurally controlled by
bedding and diaclases, ending by a quite unusual lake with
crystalline water which has always been fascinating the
generations of cavers. The lake is 50 m long, 25 m wide,
with a funnel shape blocks boulder bottom, whose volume
has been estimated to 19,400 m3 (which is also approximately the volume of the air above the lake). The thickness
of the limestones below the surface is estimated to be 80 m.
The hall of the lake, about 15 m high, is known for its
speleothem wall deposits which are correlated to the successive levels of the Ourthe River.
The cave was discovered in 1968 by the CPL (Centre de
Prospection Liégeois). It was early closed and more recently,
in 1997, it was given the protective status of a CSIS (Cave of
Scientiﬁc Interest).
It was formed in Frasnian limestones and dolomites of the
Lustin formation (Boulvain et al. 1999, Fig. 1a, b), in
pseudo-vertical inverse position, striking NE-SW, as the
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Fig. 1 Situation of the studied area and tracer test. a General situation
with geological (after Marion and Barchy in press) and Lidar
background. The green arrows indicate connections proven by previous
tracer tests. b Situation of the tracer test in the Fontaine de Rivîre cave.
1: centre of the lake—injection point and fluorometer 1; 2: Vineyards
gallery—fluorometer 2; 3 to 6: corners; 7: Fontaine de Rivîre spring; 8:
stream; 9: stream at confluence; 10: Ourthe River; BAR: Barvaux

formation; NEU: Neuville formation; LUS: Lustin formation; MHR:
Mont d’Haurs formation; FRO: Fromelennes formation. The meteorological station of Ouffet is outside of the map (to the North) just a few
kilometres from the cave. c Lake of Fontaine de Rivîre (photograph
P. De Bie). The green arrow indicates the position of the injection point
(3 m depth) and the fluorometer 1 (12 m depth). The red arrow is for
fluorometer 2 (2 m depth)

general structural trend of the area (Dusar and Gullentops
1989; Marion and Barchy in press). The Lustin formation is
limited by a fault bringing the limestones of the Mont
d’Haurs and Fromelennes formations (of Givetian age) to the
south.
The Fontaine de Rivîre spring flows out of the Fromelennes limestones some 100 m south of the entrance of the
cave, with which it is now demonstrated that there is no
connection. A shale layer is, however, separating the two
systems.
A tracer test was done by Nys in 1929, from the Inzegottes swallow hole. This tracing was repeated in 1968 by
the speleological association Centre de Prospection Liégeois.
More recently (Meus 2006), in May 2006, both Filot and
Inzegottes swallow holes were traced in the frame of a study
for the restoration of the waterworks of Péchet 1 and 2 in
Hamoir. An exclusive connection between the swallow holes
and the Fontaine de Rivîre spring was established in each
case, with transit velocities, in high stage of May 2006, of 52
and 73 m/h, respectively. However, no connection was ever

found towards the lake in the cave, though the lake was
carefully controlled by charcoal detectors.
Godissart (1994) found that the temperature of the
atmosphere above the lake was higher than the average of
the other Belgian caves, that is to say 11.6 °C instead of
9.2 °C. He found that the stationarity of this temperature
could be due to the stationarity of thermal fluxes from the
lake itself. The author also assumes some regulation
exchanges of CO2 between the lake and the air above that
indicate an important conﬁnement with a saturation of water
regarding the calcite equilibrium. This conﬁnement would
be in accordance with the lack of a good connection between
the lake and the surrounding aquifer.
Godissart also made several altimetric measurements with
a tube level to ﬁnd that the spring of Fontaine de Rivîre was
4.5 m higher than the normal level of the lake.
Ek and Godissart (2009) have recorded the evolution of
the concentration of CO2 in the air above the lake. They
measured an increase in CO2 lower than in the majority of
the other caves studied in Belgium. The concentration in
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2014 (Godissart, oral communication based on a last measurement done by O. Stassart) was around 10,000 ppm, that
is to say twice the concentration measured in 1970. Despite
the fact that measurements with such an interval should of
course be considered with special care, and that continuous
monitoring of the CO2 has not been done until now, we can
make the assumption that the speciﬁc conﬁnement of the
lake should also be responsible for a great stability of the air
above, and thus a good coherence with climatic trends. The
main intriguing questions about the lake have always been
where water was coming from, where it was going to, and
even whether it was moving somewhere, and perhaps during
which period of the year. The great stability of the
physico-chemical parameters (water temperature and conductivity), even when signiﬁcant fluctuations of the water
level occur, together with the latest questions, were the main
reasons motivating the tracer test described in this work.

Methods
A pressure and temperature probe (In Situ, TROLL 500) was
installed at the beginning of 2007 in the water of the main
gallery leading to the lake (point 2 on Fig. 1b, c). This probe
was doubled by a second probe between 2010 and 2014.
In 2008, a topographic survey was made with the support
of the Geotechnical Direction of the Public Service of
Wallonia (DGO1-61) using a differential GPS outdoor and a
level tube improved by a TROLL pressure probe at the end
for the underground levelling. The survey conﬁrmed the
higher level of the Fontaine de Rivîre spring (+121.92 m a.s.
l. for the reference) compared to the lake (+119.46 m a.s.l.
for the reference bolt where the support of the probe is
attached, the lake being 1.22 m lower than the reference at
that time on 26.10.2008 at 16:25). The confluence of the
Fig. 2 Progression of the tracer
plume towards WSW (processed
from camera recordings)
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spring stream with the Ourthe River (point 9 on Fig. 1b) is at
118.30 m a.s.l.
The tracer used for the test was a liquid uranine
(FLUORESCEIN LT SOLUTION 67%—Alpasud). The
fluorescence efﬁciency of the tracer was calibrated against a
reference uranine (FLUORESCEIN SODIUM—Fisher
Chemicals) also used for calibration of the fluorescence
spectrophotometer (Hitachi F-2500), and the content was in
fact 41%. Two ﬁeld fluorometers (GGUN-FL30 from
Albillia) were recording three fluorescence signals (with an
excitation LED at 470 nm for uranine detection), turbidity,
temperature and conductivity. The data of these fluorometers
were stored with TRMC-5 (Tetraedre) dataloggers.
The installation of the tracing material was made one
week before the test, to avoid any flow disturbance of the
lake during the injection. The injection tube was suspended
at 3 m depth in the middle of the lake (point 1 on Fig. 1b, c).
One of the fluorometer probes was suspended at the vertical
of the injection point, at about 12 m depth. The other
fluorometer was immersed at the same approximate depth in
the main gallery (point 2 on Fig. 1b, c).
The injection of 61 g of uranine (149 g of product) was
made on 22.03.2017 at 14:53, in approximately 1.5 min,
with a Knf 12 V membrane pump (100 ml/min) with a
pressure regulator of 3 bars at the end of the injection line.
The sampling interval of the fluorometers was set to
1 min during the day of the injection and then to 15 min
until the end of the test on 4 February 2018.
Pictures of the tracer plume (Fig. 2) were taken every 5 s
during 8:40 by a GoPro Hero camera (120° angle) ﬁxed at
the top of the chamber. Light was provided by ﬁve spots
(4700 lm) distributed around the lake just above the surface
and powered by a generator outside the cave.
Carbon detectors (charcoal activated ref. 1.02514.5000,
granularity 1.5 mm, from Merck) were placed at the four
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corners of the lake (points 3, 4, 5 and 6 in Fig. 1b) and close
to the fluorometer in the main gallery (point 2 in Fig. 1b, c).
They were replaced with intervals between 2 weeks and
more than 1 month. The water of the lake was sampled for
laboratory analyses at the same place and interval as the
detectors.
Outside sampling was also done at the Fontaine de Rivîre
spring (point 7 on Fig. 1b), along its stream in front of the
cave entrance (point 8 on Fig. 1b), in the stream just before
its confluence with the Ourthe River (point 9 on Fig. 1b),
along the right bank of the Ourthe River (point 10 on
Fig. 1b) and at the overflows of the Péchet 1 and 2 waterworks (Fig. 1a).
The analyses of uranine were performed with a Hitachi
F-2500 fluorescence spectrophotometer. All intensities at
uranine wavelengths (490/591 nm) were corrected according
to instrument long-term stability using a solid standard
(Gaigalas et al. 2001) made of epoxy resin with addition of a
fluorescent dye (epodye) in a PS supporting cell. Fluorometer intensities were calibrated according to water sample
concentrations.
Extraction from charcoals was made by a solution of
KOH 5%Vol in pure ethanol, followed by spectrofluorimetric quantiﬁcation with the same calibrated fluorescence
spectrophotometer.
Rainfall and level of the Ourthe (intervals of 1 h) were
provided by DGO2 (Public Service of Wallonia), rainfall
from the station of Ouffet situated a few kilometres from the
cave, and level from the station of Hamoir (Fig. 1a).

Results
Tracer Test
Though the injection was as smooth as possible, the injection (at a depth of 3 m) created a mushroom cloud. It
appeared rapidly that a deal of the tracer was sinking towards
the bottom of the lake while a main cloud (plume) started a
very slow horizontal displacement (Fig. 2) towards WSW, in
the direction of the main gallery (Wineyards gallery) and the
Ourthe Valley.
The fluorometer situated 9 m below detected the tracer
after 12 min, reaching directly the maximum concentration
of 2.991 ppm (Fig. 3a). The cloud was ﬁlmed during 8.4 h.
At the centre of the lake, the breakthrough of the tracer
remained quite chaotic (Fig. 3a, b), what can be partially due
to a limited diffusion inside the cell of the fluorometer. It
took about one month (Fig. 4) to reach a more homogeneous
behaviour flowed by a slow concentration decrease. The
breakthrough was more regular at point 2 situated at about
30 m downwards the injection point. The ﬁrst arrival was
21.12 h after the injection, which gives a maximum velocity

Fig. 3 Breakthrough of uranine. a Recorded during the ﬁrst hours by
the fluorometer at the centre of the lake (point 1 on Fig. 1b, c). The
fluorescence was measured with excitation at 525 nm to work around
the saturation at 470 nm. b Recorded during the ﬁrst 13 days by the
fluorometers at the centre of the lake (point 1 on Fig. 1b, c) and in the
main gallery (point 2 on Fig. 1b, c)

Fig. 4 Breakthroughs of uranine recorded during the whole experiment (fluorometer at the centre of the lake and manual sampling until 4
February 2018, fluorometer in the main gallery until 22 July 2017),
compared with altitude of the lake and daily precipitations
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of 1.42 m/h. The peak was reached after 104.78 h (a
velocity of 0.29 m/h). Assuming a section of 187.5 m2 and a
uniform velocity, this would give a flux of 54.4 m3/h
(15 l/s). Soon after the peak, there was a change in the
behaviour of the tracer which followed an asymptotic trend
to a linear decrease until the end of the test on 4 February
2018 (Figs. 3b and 4). We make the hypothesis that this
change can be due to a change in the flow regime of the lake,
which was until then under the influence of the high stage of
mid-March, and whose effect ﬁnally ceased at the beginning
of April, without any rain event (see responses of the lake
below). One can also consider that the start of the linear
trend, with the same concentration at the centre of the lake
and in the gallery, would correspond to a complete mixing of
the tracer in the lake and eventually connected water.
Knowing the concentration at that moment (around 2 ppb),
the 61 g injected would uniformly reach a volume of
30,500 m3 which is slightly higher than the estimated volume of the lake. The additional volume involved can be
stored in some inaccessible conduits, or due to an underestimated volume, but this also means that the lake is not
connected to any other relevant volume of water in its
vicinity, and it is in agreement with the initial hypothesis of
the conﬁnement of the lake. We assume that we observed a
transitional regime of the lake with a convective component
at the beginning of the experiment (displacement of the
plume of tracer) followed by a diffusive phase afterwards.
Anyway, this diffusive phase is a challenge for understanding. Molecular diffusion lonely cannot explain the initial
evolution of the plume of the tracer. Using for instance the
value of the diffusion of fluorescein in water given by Culbertson et al. (2002), 4.25  10−6 cm2 s−1 at 25 °C, even
with a correction of the effect of temperature, and using an
approximated Fick’s law, the mean displacement of the
tracer should be less than 1 cm after 8 h, while the real
displacement was in reality several metres during that time.
The concentration decreased regularly after complete
mixing in the lake, so that we should assume the dilution by
a given volume of external water (or another unknown
effect, any degradation of uranine being not supposed to
occur in the absence of light and presumably low microbiological activity, and long-term adsorption being not known
as well). If we look at the behaviour of the tracer during the
period of recharge in autumn and winter (Fig. 4), no variation can be seen at any moment (it even seems to stabilize at
the end of the experiment). This is quite contradictory with
the influence of the recharge noticed at the beginning of the
test. If we assume the lake rising several times by one to two
metres, this would allow for the renewal of the lake of
minimum a quarter of its initial volume. So, the concentration should have decreased by at least a factor 4. This was
not the case during the recharge period, and we should
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normally assume another mechanism for the rising of the
lake (see the lake responses hereafter). We should remark
here that this factor 4 would be the same as the factor of
dilution that the tracer effectively underwent, but in this case
during the whole year. This volume of dilution corresponds
to an average annual discharge of the lake of about 0.57 m3/
h (0.16 l/s). This value is 100 times lower than what was
calculated according to the velocity of the tracer at the
beginning of the tracer test.
Water (Fig. 5a) and charcoals (Fig. 5b) sampled in the
gallery and in the four corners of the lake are complementing
the measurements made by the fluorometers. Water concentrations show that the tracer is progressively more
homogeneous in the whole lake along time. The ﬁrst sampling on 3 April shows that the upward side of the lake
(points 4 and 5 on Fig. 1b) contains less tracer, according to
the initial displacement towards SW and the lake which was
not yet homogenized. The analyses of the samples of 2 July
must not be taken into account because they may have
suffered an instrumental problem (a lamp default).
Dunn (1961) and later Lallemand and Paloc (1964) suggested the charcoal method as a convenient sampling technique for fluorescent tracers in hydrogeology. Regarding the
fluorescein, Mathey (1971) also tested the method at the
laboratory scale only. Smart and Simpson (2002) reported a
ﬁeld study on the problem of the background (and the
potential use of charcoals for sampling fluorescent compounds). Nevertheless, the charcoal method is nowadays
despised (Mondain and Muet 2008) due to the possible
errors when it is misused (for instance without spectral
determination) or not validated through other sampling
methods. In this study, we intended to test the ability of the
method for a quantitative approach, for uranine speciﬁcally,
at ﬁeld scale, long-term scale also, and with relatively
well-controlled conditions. The concentrations of uranine in
the eluents of the charcoal bags immersed in the lake are
shown in Fig. 5b. The analyses conﬁrm the lower fluxes of
uranine upwards at the beginning of the experiment. They
also demonstrate that the duration of the immersion is a
determinant factor. While the amount of desorbed uranine
decreases after the injection with 2 weeks sampling interval,
a longer sampling interval (above 1 month) gives again
higher concentrations, proving a complex kinetic of ﬁxation
that could take longer than assumed before. Our own
experience of this technique let us believe that the quite high
dispersion of the results may be due to insufﬁciently controlled parameters (thus reproducibility) during the analytical
process of extraction. The method would obviously require
further validation tests to become more reliable for fluorescent dye traces.
We will close this section by mentioning that, despite
regular samples and conjunctional use of water and charcoal
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Natural Responses

Fig. 5 Concentrations of uranine. a In water samples collected in the
main gallery (point 2 on Fig. 1b, c) and at the four corners of the lake
(points 3 to 6 on Fig. 1b during the experiment, compared with
fluorometer measurements (ﬁrst part from fluorometer in the gallery,
second part from the fluorometer in the centre). b In the eluent of active
charcoal detectors collected in the main gallery (point 2 on Fig. 1b,
c and at the four corners of the lake (points 3 to 6 on Fig. 1b) during the
experiment, compared with fluorometer measurements (ﬁrst part from
fluorometer in the gallery, second part from the fluorometer in the
centre)

samples for precise detection, uranine could never be found
outside, nor in the Fontaine the Rivîre spring (theoretically it
was however impossible), nor in the Ourthe (where it can
underflow at extremely low concentrations), nor in the
Péchet waterworks. These results are obviously not surprising after what was observed in the lake.

The apparent contradiction between the lake level variation
and its high stability regarding any other parameter motivated the tracer test. The temperature in particular (Fig. 6)
was showing a continuous increase since the beginning of its
recording in 2007.
Despite the speciﬁcation of 0.1 °C accuracy, obviously,
the probe TROLL always kept a better sensitivity. This was
proved by a second probe installed at the same point
between 2010 and 2014, as well as by the temperature
recorded by the fluorometers during the tracer test. The
decennial increase of 4.6 °C seems compatible with the
trend of 4 °C recorded at the meteorological station of Uccle
for the mean annual temperature during the years before
2016 (Climat.be 2018). The advantage of the signal of the
lake of Fontaine de Rivîre is obviously the total absence of
background noise. This conﬁrms the role of ﬁlter that cave
environments (and aquifers) may play in a precise determination of climate change. So, caves would not only represent
a tool for palaeoclimate studies but also for the present
evolution. The same idea as for temperature can be advanced
concerning CO2 concentrations in such a cave. The records
of temperature in the lake show that it was increasing
exponentially until the years 2010–2011. Since then, the
temperature follows a more linear trend. Meus et al. (2014)
already noticed a break in 2010–2011 in temperature and
hydrologic behaviour of several karst springs in Belgium.
The fluctuations of the lake do not signiﬁcantly affect the
temperature, what is in agreement with the very low renewal
of the lake indicated by the tracer test. Sometimes, some
fluctuations of the temperature can be observed during the
most important risings of the lake but their amplitude of a few
thousandths of degree is probably not signiﬁcant in that case.
We can also already observe (Fig. 6) a strong apparent
correlation (not only from an event point of view but also
regarding the amplitudes) between the level of the lake and
the level of the Ourthe River recorded downward the site.
A closer look at the responses of the lake (Fig. 7) conﬁrms the link between the level of the river and that of the
lake with a given lag and damping of the pulses. This process could be statistically quantiﬁed for the whole period of
observation (2007–2018), using correlation analyses (Mangin 1984).
The simple correlograms shown (Fig. 8a), processed with
R software, using a lag of 1 h (data regularly interpolated),
indicate a quite high memory effect of lake level, and a lower
memory of the levels in the Ourthe River. The
cross-correlograms were also computed (Fig. 8b) between
assumed causes and the responses. It shows maxima of
responses to rainfall of 32 and 104 h, respectively, for the
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Fig. 6 Time series of the water
temperature of lake, altitudes of
lake and Ourthe River in Hamoir,
and rainfall in Ouffet

Fig. 7 Temperature of lake,
altitudes of lake and Ourthe River
in Hamoir, and rainfall in Ouffet
for the period from 20 February
until 1 May 2017. The insert
shows the semi-diurnal
fluctuations

level of the Ourthe and the level of the lake. The delay
between the level of the Ourthe and the level of the lake is
only 34 h, with a quite high correlation. This indicates most
probably a causal relation between both levels and it gives us
one additional element to understand the recharge of the
lake. We assume that the main cause of the variations of the
level of the lake is not only the recharge by water itself
(through inﬁltration or exchanges with high transmissivity
karst conduits), but it would be mainly due to a complex

transfer of pressures from the neighbouring water table, with
very low exchanges of matter indeed.
Another key for understanding the conﬁnement of the
lake can be the tidal variations that are clearly seen on the
level recordings during undisturbed periods (insert on
Fig. 7) where cyclic fluctuations of about 1 cm are detected.
A Fourier analysis was computed with the Origin software
for the levels of the lake. Four frequencies went out of the
spectrum (Fig. 9).
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carbonate environments (springs, boreholes, Delvaux and
Steisel 2009). The conﬁnement of the lake of Fontaine de
Rivîre is suggesting us that a detailed analysis of the tidal
and barometric effects would be useful to understand how a
conﬁned auxiliary system is exchanging energy with its
surroundings.

Conclusion

Fig. 8 a Simple correlograms of rainfall and water levels.
b Cross-correlograms between rainfall and levels, and between levels
of lake and Ourthe

Fig. 9 Fourier analysis of water levels of the lake with gravitational
semi-diurnal and diurnal frequencies

These are very close to the four main gravitational lunar
and solar periodicities mostly known as responsible for tidal
effects in Belgium (respectively, K1 at 1.00278, O1 at
0.92963, M2 at 1.93288 and S2 at 2.00000, Van Ruymbeke
et al. 2007). Such periodicities have been found in other

Single-point dilution tracer test offers an interesting alternative where classical tracer tests are no more relevant,
especially for the most conﬁned auxiliary systems of many
karst aquifers. In most of these aquifers, the volume of low
flow water can be far higher than inside active conduits,
while playing a crucial role for the sustainability of the
aquifer.
Such a tracer test was successfully achieved using a low
quantity of uranine in the lake of Fontaine de Rivîre. The
expansion of the tracer could be followed at different time
scales during 1 year, using video recordings, fluorometer
measurements, as well as water and charcoal samplings.
A slow flow (in the order of magnitude of 1 m/h) of the
lake could be detected and some mixing processes identiﬁed.
However, this flow probably decreased very early after the
injection. The dilution of the tracer along the year indicates a
mean discharge of the lake of about 0.16 l/s.
The behaviour of the tracer, together with the natural
responses of the lake, indicates that the system is not
physically ﬁlling and emptying during high stages. The
fluctuations of the level of the lake are due to pressure
transfers from the surrounding water table regulated by the
base level of the Ourthe Valley, with a mean time delay of
32 h.
From a methodological point of view, this research is also
a contribution to tracer sampling techniques, among others
the video monitoring and the active charcoal sampling for
which a quantitative validation could be done for the ﬁrst
time at a ﬁeld scale.
Thanks to its high conﬁnement, the lake is also a real
ﬁlter for climatic responses (temperature, CO2, etc.) at the
condition that long-term recordings could be gained by
insuring a good reproducibility. This lake could thus become
an efﬁcient observatory to understand both climatic evolution and resources of aquifers.
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