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Abstract Breakthrough tailing has been observed during
dye-tracing recovery tests in the Norville aquifer system
(chalk), France. Karst-conduit flow and transport parame-
ters were assessed using two different interpretative meth-
ods: the linear graphical method and the Chatwin method
(implemented in the Qtracer2 program). The linear graph-
ical method was used to model the observed tailing ef-
fects, which was explained by a second smaller delayed
breakthrough curve. By comparing the results of tracer-
test interpretation for the two methods, it was possible
to relate the area of this second curve to the importance
of turbulent flow in spring discharge. The more turbulent
the flow, the less important the contribution of the second
breakthrough curve and the tailing effect. The observed
tailing could possibly be controlled by hydrodynamics to
a greater extent than usually expected, the tailing effects
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being mostly attributed to diffusion phenomena. Tailing
effects were expected to increase with discharge and the
piezometric level, which would have resulted in overpres-
sure in conduits, fissure flooding, etc. Instead, breakthrough
tailing tended to disappear with increasing aquifer dis-
charge, which would support the hypothesis of there being
mostly hydrodynamic-controlled tailing effects instead of
matrix- or fissure-diffusion.

Résumé Des effets de traı̂ne (ou � effets de tail-
ing �) ont été observés sur les courbes de restitution
d’essais de traçage réalisés dans le système karstique de
Norville (Haute-Normandie, France). Les propriétés de
transport et hydrauliques ont été estimées au moyen de
deux méthodes différentes d’interprétation : la Méthode
Graphique Linéaire et la méthode de Chatwin (utilisée par
le programme Qtracer2). La Méthode Graphique Linéaire a
été utilisée pour modéliser les effets de traı̂ne observés, qui
ont été expliqués par une deuxième courbe de restitution
retardée faisant partie de la courbe totale. En comparant les
résultats des interprétations fournis par les deux méthodes,
il s’est avéré possible de relier l’aire de cette seconde
courbe à l’importance de l’écoulement turbulent dans le
système : plus l’écoulement est turbulent, plus l’aire de cette
deuxième courbe est petite et plus l’effet de traı̂ne est faible.
De tels effets, dans une grande majorité des cas expliqués
par des phénomènes de double-porosité, peuvent donc être
contrôlés par les conditions hydrodynamiques à un degré
plus important que celui communément considéré. En ef-
fet, les effets de traı̂ne observés auraient été supposés aug-
menter avec le débit et la charge dans le système, qui occa-
sionneraient des phénomènes de surpression dans les con-
duits, de diffusion dans la fissuration, etc. En réalité, le fait
que les effets de traı̂ne tendent à disparaı̂tre quand le débit
augmente soutiendrai l’hypothèse d’un contrôle hydrody-
namique largement majoritaire dans leur génération, plutôt
que d’attribuer de manière systématique cette génération
des effets de traı̂ne à des phénomènes de diffusion dans la
porosité matricielle ou fissurale.

Resumen Se ha observado ruptura de colas durante prue-
bas de recuperación con trazadores de color en el sistema de
acuı́fero carbonatado-arcilloso Norville, Francia. Se evalu-
aron flujo en conductos kársticos y parámetros de transporte
utilizando dos métodos interpretativos distintos: el Método
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Gráfico Linear y el Método Chatwin (implementado en
el programa Qtracer2). El Método Gráfico Linear se usó
para modelizar los efectos observados de colas lo cual se
explicó mediante una segunda curva de ruptura de retardo
más pequeña. Mediante la comparación de los resultados de
las pruebas de trazadores interpretadas de los dos métodos
fue posible relacionar el área de esta segunda curva con
la importancia de flujo turbulento en la descarga del man-
antial. Mientras más turbulento el flujo menos importante
la contribución de la segunda curva de rompimiento y el
efecto de cola. La cola observada podrı́a ser controlada
por la hidrodinámica en mayor medida a lo que normal-
mente se esperarı́a, con el efecto de cola la mayor parte
del tiempo atribuido al fenómeno de difusión. Se esperaba
que los efectos de cola incrementaran con la descarga y el
nivel piezométrico lo cual darı́a por resultado sobrepresión
en conductos, inundación en fracturas, etc. Sin embargo, la
ruptura de cola tendió a desaparecer con la descarga cre-
ciente del acuı́fero lo cual apoyarı́a la hipótesis de efectos
de cola con control hidrodinámico más que difusión en
matriz o fisura.

Keywords Karst . Conduit flow . Tracer . Breakthrough
tailing . Dispersivity

Introduction

According to Quinlan and Ewers (1985), “a tracer test is
much more efficient than tens of bore holes for studying
karst aquifers.” In situ tracer experiments constitute one of
the best means for characterizing the hydraulic and trans-
port properties of karstic-flow systems. The quantitative
analysis of tracer breakthrough curves can be useful for
determining the structure/function relationships of karstic
hydrosystems. Such studies constitute inverse approaches
to the issue of mass transport within karstic aquifers. The
most recent studies are helping to refine the quantitative
analysis of transport properties associated with karstic
aquifers. In most cases, these studies are based on the
use of artificial tracers (Bracq et al. 1992; Cornaton and
Perrochet 2002; Dzikowski et al. 1995; Field and Pinsky
2000; Grasso et al. 2003; Hauns et al. 2001; Maloszewski
et al. 2002; Uliana et al. 2001; Wang and Crampon 1995;
Wang et al. 1987; White 2002). Hauns et al. (2001) used
laboratory experiments to assess the influence of various
morphologies (channels, pools, rapids. . .) on the shape of
the breakthrough curve. Other studies are more focused on
the use of natural tracers such as isotopes, or major ionic
species to delineate global flowpaths, very often at a more
regional scale (Emblanch et al. 2003; Fairchild et al. 2000;
Herczeg et al. 1997; Katz and Bullen 1996; Katz et al.
1998; Lee and Krothe 2001, 2003). On the other hand,
more classical approaches have been used to identify the
overall transport properties of karst systems by use of
parameters such as electrical conductivity, turbidity, and
particle size distribution (Desmarais and Rojstaczer 2002;
Lacroix et al. 2000; Mahler and Lynch 1999; Massei et al.

2002). Other studies have considered these same aspects
in a more quantitative way from a more mechanical point
of view (Field 1997; Field and Pinsky 2000). Pinault et al.
(2001) established transfer functions for the quick-flow,
slow-flow, delayed infiltration components by linear
systems-based analysis of major ionic species time series.

All these approaches have a common objective, which
is the differentiation of the various functional compart-
ments and reservoirs involved in hydrodynamic behaviour
and mass transport. Artificial tracer tests are a relatively
easy means of studying the transport properties of karstic
aquifers. The purpose of this study is to compare two meth-
ods of breakthrough curve analysis for estimating disper-
sive parameters in a karst system in northwestern France.

Study site and methods

Geomorphological and geological settings
The Norman climate (northwestern coast of France) is typi-
cally oceanic. Average temperatures are approximately 10–
12 ◦C and average annual precipitation ranges between 600
and 1,100 mm.

The topography of the Haute-Normandie region is char-
acterized by moderate relief (<300 m). To the north of
the Seine River, the Pays de Caux plateaus are incised by
a few larger valleys with perennial streams and numerous
smaller dry valleys. The karstic chalk plateaus of the Haute-
Normandy region form part of the western edge of the Paris
Basin and dip gently (<10◦) to the east.

Structural features are characterized by a series of lin-
eaments oriented N45W. The aquifer matrix is almost ex-
clusively chalk, rich in chert and dating from the mid-
Cretaceous. Jurassic and lower Cretaceous calcareous
marls and clays outcrop along anticlines. Thick surficial
formations cover the karstified chalk and are composed of
a red clayey, silty sand, corresponding to the residue of
chalk alteration, tertiary sands, and reworked ancient loess
(Laignel 1997). The thickness of this overall chalk-covering
formation ranges from 5 to 10 m.

Hydrogeology
Groundwater moves from the uplands of the chalk aquifer
towards the lowlands via rapid drainage through karst con-
duits and via slower drainage through the fracture porosity
of chalk. The chalk aquifer constitutes a quite important
reservoir owing to its high matrix porosity—up to 42%, as
described by Masson (1978) in Maqsoud (1996). However,
the matrix permeability is quite low, with a hydraulic con-
ductivity around 10−6 m s−1 (Laignel 2003) due to poor
pore connectivity (0.5% of effective porosity according
to Calba (1980)). Discharge occurs both through springs
(mean discharge of around 10–100 L s−1) at the base of the
chalk cliffs (with several tens of major springs along the
lower Seine Valley) and through the porous alluvial aquifer
of the valley which sustains the Seine River baseflow.

The study site, the Bebec-Hannetot karst system within
the Norville karst system, is located on the north side of
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Fig. 1 a Location of the study site in the lower Seine Valley, France;
b geomorphologic three-dimensional diagram of the Bébec-Hannetot
karstic system

the Seine River, ≈40 km east of the Seine estuary (Fig. 1a).
This system is typical of the karst of the lower Seine Valley,
the spring being located at the interface between the Seine
alluvium and the karstic chalk, as is depicted schematically
in Fig. 1b. The Norville system has been widely studied and
is relatively well understood (Massei 2001; Massei et al.
2002). The boundaries of the system are well constrained,
partially due to its relatively small size (≈10 km2); it con-
sists of one main major sinkhole on the plateau where Bébec
Creek disappears underground only to resurge at Hannetot
Spring located at the base of the plateau at a place called
“Le Hannetot” in the town of Norville. Hannetot Spring is
of vauclusian type; it is an overflow spring (Field 2002) and
a barrier spring (Field 2002), resulting from the fine semi-
permeable alluvial deposits covering the chalk aquifer in
the Seine Valley. The alluvium partially blocks groundwa-
ter flow, causing a portion of the groundwater to discharge
at the springs, but the main portion flows down gradient
under the fine alluvium, the only outlet being the bed of the
Seine River. During major rain events, soil erosion causes
high turbidity in the water of Bébec Creek, which is then
introduced into the sinkhole. Thanks to several quantitative
tracer tests during the past 30 years and dissolved/particle
transport analyses (Massei 2001; Massei et al. 2003), the
Hannetot Spring is clearly identified as being the main out-
let of waters swallowed into the sinkhole.

For this reason, the site of Norville, and more precisely,
the Bébec-Hannetot karst system, has been the subject of
several tracing experiments, the aim of which is a bet-
ter understanding of the hydrological behaviour of similar
systems in the region.

Fig. 2 Residence time distribution for each tracer test (peak
areas = 1). Residence time distributions ordinates are H(t)=tracer
flux/recovered mass

Field and laboratory instrumentation
The tracer used was Na-fluorescein and commonly known
as uranine (CI Acid Yellow 73). Field equipment consisted
of ISCO 6700 automatic samplers that were installed at both
the Bébec sinkhole and Hannetot Spring. Spring discharge
was measured using a 15-min time step with an ISCO 4150
Doppler flowmeter. Water samples were analysed using a
Turner Designs Model 10-AU filter fluorometer.

Tracer experiments

Description of the four tracer tests
Four tracer tests were conducted during periods of no rain-
fall, so as to avoid a strong variability of flow rate at both
Bébec Creek and Hannetot Spring during the experiment.
The four tracer-test breakthrough curves are shown in Fig. 2
as residence time distributions, with the ordinates H(t) rep-
resenting the instantaneous measured tracer flux/total re-
covered mass. This type of representation is commonly
used for comparing tracer tests, since the area under each
curve equals 1 regardless of the tracer recovery rate. The
mean transit times (time since tracer input) have a range
of 16 to 29 h (Fig. 2). First-order observations of the res-
idence time distributions show that curves exhibit more
spread with decreasing spring discharge (Q) and that modal
times increase linearly with decreasing spring discharge.
The tracer recovery rate is always very high, regardless the
spring discharge.

Two tracer injections were implemented in January 2001
using different tracer masses. On 16 January 2001 (injec-
tion 1 in Fig. 2), 0.5 kg of uranine were injected into Bébec
sinkhole at 4.00 p.m. and was followed by 1 kg of uranine
at 8.30 p.m. (injection 2 in Fig. 2). The second injection
was basically designed to occur later coinciding with a rain
event. The aim was to automatically inject the tracer along
with turbidity so as to compare particle and solute transport.
However, due to a likely failure of the injection device pro-
gramming, the tracer was accidentally injected only 4.5 h
after the first injection, which explains the quite unusual de-
sign of this January 2001 tracer test. The global residence
time distribution was then bimodal and the corresponding
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Fig. 3 Bimodal breakthrough curve for the January 2001 tracer
experiment, represented as tracer flux. The curve is decomposed in
2 signals, each corresponding to one impulse injection of tracer (0.5
and 1 kg respectively), showing a linear behaviour of the system with
respect to mass transport

fluxes were decomposed by means of the PeakFit 4.0 soft-
ware (SPSS Inc.) resulting in a global curve consisting of
a linear combination of two curves, each corresponding to
an impulse injection (Fig. 3).

Determination of the karst-conduit parameters
by the Qtracer2 program
Tracing tests do not provide information about the whole
karst system, but rather only provide information on the
part usually referred to as the ‘tracing system’ (Molinari
1976). In the study example, the tracing system is composed
of a conduit connecting the input to the output and the
surrounding porous and fissured rock.

The Qtracer2 program (Field 2002) was first used to
estimate the volume of the tracing system, the mean
apparent velocity (Um), the Reynolds number (Nr), the
shear velocity (USHEAR) and the thickness of the viscous
sublayer against the wall of the conduit. According to Field
(1997) and Field and Nash (1997), the Qtracer2 program
provides a reasonable assessment of the flow dynamics of
many karstic hydrosystems. The hydrodynamic parameters
estimated from the four tracer tests are summarized in
Table 1. Although the values listed in Table 1 only represent
a rough approximation of the reality, their comparison can

be used to evaluate the effect of flow-rate on the hydraulic
functioning of the system. The volume of the tracing
system was around 3,000 m3. As flow rate increased,
flow-channel volume tended to increase, turbulence tended
to increase, and the thickness of the viscous sublayer
tended to decrease. The increasing channel volume, which
actually represents the volume of the tracing system,
suggests that a greater part of the system is flooded, which
can be explained by a higher water table within the chalk
aquifer (piezometric heads of 29, 33, 37 m in October
1999, February 2000 and January 2001, respectively).

Assessment of the hydrodispersive parameters
of the karst system: mathematical background
Both the Chatwin method (Qtracer2: Field (2002)) and the
linear graphical method (Wang 1987) have been used for
tracer residence time distributions interpretation and hy-
drodispersive parameter determination. Each of these two
methods are based on the analytical solution for an infi-
nite medium of the one-dimensional advective-dispersive
equation that can be written as (Wang 1987):

C(t) = W

t0.5
exp

[
P

4tm

(tm − t)2

t

]
(1)

with

W = mx

Qm
√

4π DL
(2)

where C(t) is the tracer concentration at time t, m the quan-
tity of tracer injected, x the distance from the injection
point, Qm the flow-rate, DL the longitudinal dispersion co-
efficient, P the Péclet number defined as P = xUm/DL
(where Um is the tracer mean velocity), and tm the mean
transit time is defined as tm=x/Um.

Hydrodispersive parameters by the Qtracer2
program
The Chatwin method consists of the calculation of the
dispersion coefficient based on the following equation
(Chatwin 1971):

√
ti ln

(
Cp

√
tp

Ci
√

ti

)
= x

2
√

DL
− Umti

2
√

DL
(3)

Table 1 Karst-conduit
parameters estimates by the
Qtracer2 program

Tracing Qm (l s−1) Um (m h−1) Nr Flow-channel volume
estimate (m3)

USHEAR

(m h−1)
Viscous
sublayer (mm)

Oct-1999 34 107.0 28 096 3,011 55.9 1.5
Feb-2000 47 139.8 38 777 3,360 70.2 1.2
Jan-2001 (1) 64 227.0 64 084 3,479 112.7 0.7
Jan-2001 (2) 63 173.2 55 797 3,480 78.8 1.1

Qm is the mean spring discharge, Um the mean apparent flow velocity, Nr the Reynolds number (type of
the flow regime), USHEAR is the shear velocity (i.e., against the wall of the conduit)
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where Cp is the peak concentration and tp is the modal time.
The statement of this method and its applications are de-
scribed in Chatwin (1971), Field (1997) and Field (2002).
It was developed by linearizing the one-dimensional ana-
lytical solution of the advection-dispersion equation. The
method consists of taking into account the rising limb of
the residence time distribution only (from step i to the peak
of the residence time distribution), which prevents an over-
estimation of dispersion due to the asymmetrical shapes
created by tailing effects.

Hydrodispersive parameters determined via the
linear graphical method
The linear graphical method (MGL) was used in the same
way for the interpretation of the four tracer tests. The MGL
accounts for one or more (<10) layers, which allows for
the interpretation of multiple-layer flow and transport. This
method allows the experimental points to be subjectively
accounted for during the fitting procedure so that just the
rising limb of the experimental curve can be fitted or the
entire residence time distribution can be fitted, depending
on the quality of data. Its principle is described in Wang
(1987). It is also developed by linearizing the analytical so-
lution to the one-dimensional advection-dispersion equa-
tion after having derived it. Taking the logarithm of Eq. (1)
yields:

ln (C t0.5) = ln W − P(tm − t)2

4tm t
(4)

and taking the derivative of Eq. (4) with respect to t yields:

d ln (C t0.5)

dt
= a T + b (5)

with T=1/t2, a= Ptm/4, and b=−P/4tm. Equation (5) is
solved using a numerical procedure (finite difference dis-
cretization) for the experimental pairs of the values (C,t).

Breakthrough tailing

The results of the breakthrough curves interpretation ob-
tained from the Chatwin method (Qtracer2) are shown in
Table 2. The Chatwin method suggests increasing Péclet
numbers (P=x/α) as a function of increasing flow rate and

Table 2 Hydrodispersive parameters of the Norville karstic system
calculated according to each tracer test with the Qtracer2 program

Tracing Qm (l s−1) tm (h) P α (m) Recovery rate (%)

Oct-99 34 30.8 167.6 19.7 88.2
Feb-00 47 23.6 174.3 18.9 94.4
Jan-01 (1) 64 14.5 259.4 12.7 94.6
Jan-01 (2) 63 19.1 256.3 12.9 95.4

Hydrodispersive parameters of the Norville karstic system calculated
according to each tracer test with Qtracer2
Qm=mean spring discharge, tm=mean transit time, P= Péclet num-
ber, α- dispersivity

thus decreasing dispersivity values (α), assuming a constant
length x of the system.

The four tracer tests were interpreted using the one and
two-layer modes of the linear graphical method (MGL), the
latter assuming two different layers with different transport
and dispersive parameters (flow velocity and dispersivity).
The multiple-layer mode allows the operator to account
for distinct parts (or, for example, layers in the case of
multi-layer aquifer) that may display different transport
properties. In this case they, the two-layer mode was used
to test the possibility of modelling breakthrough tailing
according to the hypothesis that flow can be separated into
two parts (turbulent core and pseudo-laminar flow due to
shear stresses against walls, or to the presence of sediment
within the conduit). The results obtained are as follows:

I. Basing the fit on the rising limb of the residence time
distributions, as was done using Qtracer2, necessarily
implies a second curve to be added to the first (which is
fitted to the rising limb) to obtain a good fit of the entire
residence time distribution as a consequence of tailing
effects. The corresponding results are summarized in
Table 3 and shown in Fig. 4a–d. In Table 3, the hy-
drodispersive parameters of the Norville karstic system
are calculated according to each tracer test via the linear
graphical method. The January 2001 residence time dis-
tributions (injections 1 and 2), which did not show sig-
nificant tailing effect, have been interpreted using both
the one- and two-layer transport model. Figure 4 shows
(a) the October 1999 tracer test: a strong tailing effect
is clearly visible; (b) the February 2000 tracer test: the
tailing effect is still fairly well expressed; (c) the January
2001 tracer test, injection 1: the tailing effect is poorly
expressed; (d) the January 2001 tracer test, injection 2:
the breakthrough curve shows similar characteristics as
for injection 1.

II. The residence time distributions for January 2001
(Fig. 4c, d; highest flow-rates of 64 and 63 l s−1

respectively) were also interpreted in the one-layer
mode which suggested good visual fits (Fig. 5a, b).
The corresponding Péclet numbers were lower than
those obtained from the Qtracer2 program and from the
two-layer mode of MGL for curve 1 (e.g., fitted on the
rising limb). Actually, the results of the January 2001
tracer tests give Péclet numbers of about 100, whereas
they are about 250 when calculated with the Qtracer2
program (see Table 2) and 188–240 for the MGL in the
two-layer mode (Table 3).

The calculation of the karst-conduit and hydrodynamic
parameters of the system with Qtracer2 showed that
drainage could be separated into two parts. Field and Pinsky
(2000) have suggested that mobile-immobile flow zones
are responsible for the evident dual-flow phenomena, but
this study demonstrates that the dual-flow phenomena can
also occur as a turbulent core drainage and a surround-
ing pseudo-laminar drainage. A plot of the Reynolds num-
ber Nr and the viscous sublayer thickness against mean
spring discharge Qm (Fig. 6) illustrates this separation of
drainage where the viscous sublayer thickness decreases as
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Fig. 4 Tracer breakthrough curves expressed as residence time dis-
tribution (ordinates H(t) in h−1) interpreted with the linear graphical
method (Wang 1987) in the 2-layer mode. CRAW, Cmodel, C1 and C2
are the measured, modelled, first and second separated curves, re-
spectively, and R2 represents the goodness of fit. Tracer test results
are shown for a) October 1999 b) February 2000 c) January 2001,
injection 1, and d) January 2001, injection 2
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Fig. 4. Continued

Fig. 5 Tracer breakthrough curves expressed as residence time dis-
tributions (ordinates H(t) in h−1) interpreted with the linear graphical
method (Wang 1987) in the 1-layer mode for a) injection 1 of Jan-
uary 2001, and b) injection 2 of January 2001. CRAW, Cmodel, C1 and
C2 are the measured, modelled, first and second separated curves,
respectively, and R2 represents the goodness of fit

Fig. 6 Reynolds number, viscous sublayer thickness and area con-
tribution of the second curve (2-layer mode) to the total residence
time distribution area, plotted against the mean spring discharge

flow-rate increases. Such a duality of flow is in agreement
with the interpretations of tracer tests by the linear graph-
ical method, which shows that the residence time distri-
butions can be separated into two curves. Tables 1 and 3
show that the values of velocity Um2 associated with the
second layer of the two-layer flow model are closer to
USHEAR than the first layer. In addition, the percentage of
contribution by the second curve to the total area of the res-
idence time distribution decreases as flow-rate increases,
which is also the case for the viscous sublayer (Fig. 6).
As flow-rate increases, the part of drainage associated with
the viscous sublayer decreases and so does the correspond-
ing solute transport component (i.e., the contribution of
the second curve to the total area of the residence time
distribution).

However, as stated above, for the highest flow-rates, the
transport parameters calculated using the one-layer MGL
exhibit significant differences with respect to those cal-
culated with Qtracer2, although a good model fit to the
residence time distributions was obtained (Fig. 5a, b). This
was not the case when experimental data were interpreted
using the two-layer model, where the dispersive parameters
obtained were the same as those calculated with Qtracer2
(Tables 2 and 3). This result would suggest that the most
reliable interpretation may be obtained by using the rising
limb of the residence time distribution only, although a good
fit may be obtained with the total curve. As a consequence,
a comparison of the results obtained with the one-layer
mode with those of the two-layer mode appears to be an
imperative requirement whenever applying the MGL.

Hydrodynamic and geomorphologic implications

Geomorphologically, the Norville karst system corre-
sponds to a well-established karst-conduit system with a
main conduit capable of assuming all the flow. A similar
penetrable system located a few hundred meters away from
Hannetot Spring is likely to provide a good representation
of the Norville system: the penetrable system displays a sin-
gle main conduit with a cross-section of around 1 m2 with
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no drastic morphological variations. The residence time
distributions were expected to be interpreted with a two-
layer model for higher flow-rate. Indeed, the dual-porosity
(or dual-permeability) phenomena could have resulted in
strong tailing effects. Such phenomena would have been
due to increasing hydraulic head (and water table elevation)
in the aquifer involving flow within weakly drained zones
(fissures) or immobile fluid regions that could progressively
release solute into the mobile flow region. Moreover, the in-
crease in conduit volume with increasing flow-rate supports
such a hypothesis. However, the observed tailing effects
correspond with low flow-rates. A dual-permeability inter-
pretation, as proposed by Maloszewski et al. (2002), based
on increasing hydraulic head, would not match the observa-
tions. Karst-conduit parameters calculated using Qtracer2
clearly indicate that drainage occurs in a dual form. A tur-
bulent flow component constitutes the drainage core with
a pseudo-laminar flow (within the viscous sublayer) devel-
oped along the conduit walls due to friction forces. Not
taking into consideration the effect of the viscous sublayer
will cause the dispersion to be underestimated (Chatwin,
1971). The interpretation of data from this study matches
these observations, since the increase in the viscous sub-
layer thickness is linked to an increase of the tailing ef-
fects on residence time distributions. So, in the same way
that flow can be considered as dual, the transport of dis-
solved tracer can be separated into two parts with each
being related to one type of flow. Turbulent core flow im-
plies strong advective transport with high Péclet numbers
(160<P<250), whereas that portion of the tracer in the
viscous sublayer (90<P<140) would be transported more
slowly. Hence, the dispersivity values calculated for the
turbulent component range from 13.7 to 21.5 m for the first
curve of the two-layer mode, which approximates those
calculated using the Qtracer2 program (12.7–19.7 m). The
dispersivity values calculated for the second component of
flow (e.g., the viscous sublayer) are higher, ranging from
23.4 to 35.5 m.

However, a 1 mm-thick boundary layer is not likely to
produce such a secondary curve; obviously, the values of
the viscous sublayer thickness computed by Qtracer2 are
not to be taken as they are. The calculated values allow
identification of a flow partitioning phenomenon which
could involve many parameters such as wall roughness,
conduit morphology, sinuosity, sediment content, etc. This
partitioning effect would produce a partitioning of mass
transport that can be modelled as a secondary transport
component corresponding to a second smaller curve result-
ing from the separation of the total breakthrough curve.
The values of USHEAR calculated by Qtracer2 support the
hypothesis: calculating the transit times corresponding to
these values gives 59, 47, 29 and 42 h for Oct. 1999, Feb.
2000, Jan. 2001 injection 1 and Jan. 2001 injection 2, re-
spectively. These USHEAR-based transit times correspond
quite well to the longer times measured on the break-
through curves of Fig. 2, which would show that the lower
velocities are actually related to a purely hydrodynamic
effect.

Conclusion

This study addresses the issue of the quantitative interpre-
tation of tracing experiments in karstic media. The inverse
approach, which consists of determining the structural and
functional properties of a system as well as the transport
processes from the results of tracer tests, should be ap-
plied with caution when attempting to quantify dispersion
properties. The two methods discussed here can, in certain
instances, produce very different results. When applied to
the entire residence time distribution, the MGL yields dis-
persivity values twice those obtained by Qtracer2 for high
flow rates despite the very good fit of the model to the
experimental data. Similar results are obtained when just
the rising limb of the residence time distribution is fitted
in the same way as was done with Qtracer2. The MGL,
because of its flexibility, enhances the quantitative analysis
of tracer residence time distributions. Nevertheless, a sys-
tematic comparison of the results obtained for a fit of the
rising limb and of the entire curve appears necessary. From
a technical standpoint, fitting the rising limb of a residence
time distribution (or of any breakthrough curve) appears
more reliable than fitting the entire curve, although a good
match is obtained at first sight.

For the Norville karstic hydrosystem and similar ones
(relatively simple residence time distributions), the meth-
ods of interpretation (one- or two-layer mode) should be
compared. Use of the MGL coupled to the Qtracer2 pro-
gram showed that:

1. These two methods, based on the analytical solution
of the one-dimensional advection-dispersion equation,
are very reliable, as previous studies have shown (Field
2002; Field 1997; Lacroix et al. 2000; Massei et al.
2002; Wang 1987), although they may sometimes lead
to slightly different results.

2. There is an improvement in the understanding of the
functioning of the Norville karstic hydrosystem, con-
sidering both the qualitative (typical karstic functioning
where flow is well organized through main conduits,
with a weak influence of rock fracturing with respect to
hydrodynamics and transport) and quantitative aspects
(evidence of a duality of flow and transport regardless
of flow-rate, and quantification of the dispersion param-
eters for each type of flow).

The coupled utilization of the MGL and the Qtracer2
program provides good results for the analysis of solute
transport properties and the structural characterization of
karstic hydrosystems. It also provides a possible model for
fitting the tailing effect of the breakthrough curves by con-
sidering the existence of the two main transport/hydraulic
behaviour components (rapid turbulent component, slower
component due to friction forces) and quantifying their re-
spective parts. It obviously demonstrates that, despite the
existence of a high-porosity medium around the conduit,
the tracing tests and breakthrough tailing can successfully
be interpreted as resulting in a flow in a single conduit only,
without any exchange with the matrix around it (especially
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considering the extremely low matrix hydraulic conductiv-
ity of chalk), contrary to the dual-porosity models generally
used. These latter models could lead to misinterpretations
of both the structure and the functioning of the hydrosys-
tems, although a good agreement was obtained between
the modelled and fitted data. Hence, the physical processes
highlighted here, obviously without resolving the global
problem of breakthrough tailing, have to be accounted for
when studying the transport processes, especially when
contaminant transport is of concern, since breakthrough
tailings may not only be explained by dual-porosity phe-
nomena.
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