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Abstract

Structural and hydrodynamic characteristics of karst aquifers are mostly deduced from studies of
global responses of karst springs (hydrographs, chemical or isotopic composition). In this case,
global response is often used to make inferences with respect to infiltration and ground water
flow processes as well as on the hydrodynamic parameters. Obviously, the direct verification of
these inferences is very difficult. We have used an indirect method of verification, introducing well
defined theoretical karst structures into a finite element model and then analysing the simulated
global response according to the currently accepted interpretation schemes. As we know what we are
introducing into the numeric model, the consistency of the interpretation may be checked immedi-
ately. The results obtained in the hydrogeological study of two Karst basins in the Swiss Jura and
from 2-D and 3-D numerical simulations show the difficulty of finding structural parameters and
hydrodynamic behaviour from statistical methods alone, i.e. correlation analyses discharge-
discharge and precipitation—discharge. In effect, our first results show that the form of the correlo-
grams depends on several factors besides the structure of the karst aquifer: (i) on the form of the
floods, in other words the contrast between quick flow and base flow, (ii) on the frequency of
hydrological events during the period analysed and (iii) on the type of infiltration processes, in
other words the ratio of diffuse infiltration to concentrated infiltration. Obviously, the variability of a
karst hydrograph is a result of a combination of these factors. Distinction between them is not always
possible on hydrographs, and therefore on correlations (discharge—discharge and precipitation—
discharge).
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1. Introduction

The karst aquifer is represented by interconnected karst conduits with a high hydraulic
conductivity, and high flow velocities. The karst network is immersed in a low hydraulic
conductivity medium with slow flow velocities, and is connected to a main exsurgence, the
karst spring. These aquifers are characterized by a heterogeneous and discontinuous
porosity and large spatial variability of hydraulic parameters such as porosity, storage
coefficient and hydraulic conductivity (e.g. Schoeller, 1967; Kirdly, 1975; Atkinsson,
1977). According to Kirdly et al. (1995), the duality of karst aquifers is a direct conse-
quence of this structure and can be reduced to three factors: (i) duality of the infiltration
processes (diffuse or slow infiltration into the low hydraulic conductivity volume and
concentrated or rapid infiltration into the channel network), (ii) duality of the ground
water flow field (low flow velocities in the fractured volume and high flow velocities in
the channel network) and (iii) duality of the discharge conditions (diffuse seepage from the
low hydraulic conductivity volume and concentrated discharge from the channel network
at the karst spring). It is because of this major heterogeneity that specific methods for karst
aquifer study are used. These inherent complexities have led to the use of global responses
for the characterization of physical aspects of karst aquifers and thus its hydrodynamical
behaviour. In most cases, the inferences are based on the difference response separation
method or on the analysis of transfer functions between input and output, i.e. the karst
aquifer is considered to be a black-box. Bonacci (1987, 1993), Soulios (1991) analysed
directly the form of the whole discharge flow recession, which is influenced by the size and
the hydrodynamical characteristics of a karst system. Other authors used the hydrograph
component separation with different models to obtain some information about the
behaviour of the aquifer (e.g. Forkasiewicz and Paloc, 1967; Drogue, 1972; Mangin,
1975; Bonacci, 1993; Padilla et al., 1994). Other studies employing time series analysis
in karst hydrology include the works of Knisel (1972), Brown (1973), Ozis and Keloglu
(1976), Dreiss (1982), Jakeman et al. (1984) and Mangin (1984). These authors have
chosen to investigate karst aquifers on the basis of the whole hydrograph with statistical
methods (i.e. the analysis of transfer functions between input, rainfall and output, spring
hydrograph, obtained by black-box or gray-box models). A summary of methods of
quantitative karst aquifer studies is given by Ford and Williams (1989) and Kresic
(1993). Kirdly and Morel (1976) and more recently Eisenlohr et al. (1997) have shown
that some interpretations from hydrograph separation give non-unequivoqual results for
studied karst aquifers.

The aim of this paper is to use numerical simulation of ground water flows to test the
sensitivity of some statistical methods in ground water flow interpretation, i.e. auto-
correlation discharge—discharge and cross-correlation rainfall—discharge.

2. Materials and methods
The basic principle of the statistical methods that we wish to test is to treat the karst

aquifer as a filter that lets the entry signal information more or less pass. The method uses
analysis and compares entry signals (rainfall) and output signals (hydrograph). The



information of the signals can be treated individually (auto-correlation analysis) or by
comparison to one another (cross-correlation analysis). With these statistical methods the
karst system includes the soil cover, non-karst terrains, the unsaturated part of the aquifer
and the saturated zone connected to the principal output, the karst spring.

2.1. Statistical interpretation of the karst hydrograph

In this method, the analysed object is represented by the entire spring flow hydrograph
and the corresponding precipitations extending from a few months to several years. The
hydrograph is transformed into a discretized time series of N terms (x,...x;...xy) for which
we calculate m auto-correlation coefficients (rg...r,...r,). It is advised to take m = N/3
(Mangin, 1984) or m = N/2 (Box and Jenkins, 1974), but other values may be used, for
example m = 2N/3. The auto-correlation coefficients are given by:
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where X is the arithmetic mean of the X, values and k = 0,...,m. The choice of ¢, the time
after which the record is analysed, influences the results (Mangin, 1984). In this case, t,
has been systematically taken as the beginning of a hydrological cycle or flood, and in all
cases at the end of a recession period.

The graph of the r, values is the correlogram (discharge—discharge) and its shape
gives information about the memory effect, the karstification and the ground water
flow reserves of the karst aquifer (e.g. Mangin, 1984; Padilla and Pulido-Bosch, 1995).
The number of days required for the correlogram to reach values less than or equal to
r; = 0.2 gives this information: the faster the drop in the auto-correlation function the
weaker the.ground water flow reserves in an aquifer and hence an active karst net-
work. Inversely, a strong memory effect will convert a strong discharge into a major
stocking of the ground water flow reserves of an aquifer. In a analysis of rainfall and
spring discharge data using auto-correlation and spectral analysis, Mangin (1984)
added further depth to his interpretation of the Pyreneean karst aquifers. The contrasting
reactions of three systems (Aliou, Baget and Fontestorbes) to recharge show that the speed
of decline of the three correlogrammes is different: most rapid for Aliou and much more
even and gradual for Fontestorbes. The memory effect can thus be gauged to be very great
in the Fontestorbes system, but short in the case of Aliou. Mangin (1984) interprets this
memory as a reflection of storage in the system at the time of recharge, undrained reserves
being considerable in the Fontestorbes basin but slight in the case of Aliou. The cross-
correlation between rainfall and spring discharge gives an idea about the impulsive
response of the karst system, as well as about the quality of drainage and the ground
water flow reserves of the aquifer. The results of these statistical analysis equally allow a
classification of karst aquifers between two extreme case: (i) initial state of a poorly
drained aquifer with large ground water flow reserves and (ii) final state of a well-
developed and connected karst network causing maximum drainage of low permeability
volumes of the aquifer and thus leaving lofv ground water flow reserves (see e.g. Mangin,
1984; Padilla and Pulido-Bosch, 1995).
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Fig. 1. Location of the catchment area of the Areuse Spring and the Serriére Spring (Canton of Neuchitel,

Switzerland).

3. Application of auto-correlation (discharge-discharge) to two Swiss karst aquifers

The correlatory analysis (discharge—discharge) have been applied to two karst aquifers
of the Swiss Jura for an 8 year period. These aquifers are situated in the western Swiss Jura
(47° latitude, 6° longitude) (Fig. 1). The Areuse spring drains the ground waters of two
synclines with a catchment area of 130 km®. The Serriére spring drains the ground water of
one syncline with a catchment of 80 km”. The limits of the aquifers are relatively sure,

Table 1

Hydrogeological characteristics for the Areuse and Serriere aquifers

Areuse Spring

Serriére Spring

Catchment area (km?)

Mean altitude of the basin (m)

Main aquifer

Mean annual rainfalls (mm)

Outflow deficit (mm)

Average dlscharge (m s7)

Min. discharge (m” s~ )

Max. discharge (m s )

Hydraulic conductivity measured (m s
Porosity measured (%)

Ground water flow reserves (lO6 m")

130

1115

Malm

1520

330

4.9

03

51

1x10°-5x 107
4.5

38 (over 10 years)

88

1060

Malm

1350

440

2.5

0.2

11
2x107-5%x107
4.5

14 (over S years)
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Fig. 2. (a) Hydrographs for the Areuse (——) and Serriére (- - -) Springs for the hydrological cycle 1984—1985.
The average daily discharges are obtained from the federal limnimetric stations (canton of Neuchitel, Switzer-
land). Daily rainfall for the same period at the climatic station of Ponts-de-Martels (canton of Neuchitel). (b)
Auto-correlations (discharge—discharge) of the Areuse and Serriere Springs for 8 hydrological years (daily

values, 1982-1989), m = 400; auto-correlations (precipitation—precipitation) at the Ponts-de-Martels station
(daily values, 1982-1989), m = 400.



based on lithological, structural, and geomorphological elements and numerous tracer
tests (Kirdly, 1973). The aquifers are in Jurassic limestone, (350 m of Malm), underlain
by the quasi-impermeable marls (200 m of Argovien). The Areuse and Serriére basins are
separated by the Noiraigue basin, which is 4—6 km wide. Table 1 groups some of the
hydrogeological characteristics of these two basins. This information has been taken from
the works of Tripet (1973), Mathey (1976) and Burger (1992).

Fig. 2(a) shows that the general forms of the observed hydrographs are comparable. The
two basins are subjected to the same climatic regime. The discharge rates of the Areuse
Karst Spring are more than four times larger than those of the Serriére Karst Spring. After
the peak flood, the decrease in discharges is more rapid for the Areuse Spring. After this
fast fall (quick flow), the discharge fall off more steadily (base flow). The contrast between
this sharp drop and the stable recession period is less pronounced for the karst spring of the
Serriére. Drogue (1972) and Kirdly and Morel (1976) have shown that this contrast
beetwen quick and base flow is a feature of karstic aquifers.

Fig. 2(b) shows that the Areuse correlogram drops more quickly than that for the
Serriére. The auto-correlation function reaches the r; = 0.2 level after k = 9 days for the
Areuse and k = 27 days for the Serriere. Statistical explanation indicates that the basin of
the Areuse spring alters the entry signal very little. The correlogram falls quickly and
oscillates around a value of r, = 0 as for the precipitation correlogram. This interpretation
indicates that the Areuse basin has smaller ground water flow reserves than those of the
Serriére and a larger drainage network. These qualitative interpretations do not match
knowledge of field hydrogeology (Tripet, 1973; Mathey, 1976; Burger, 1992) (Table 1).
The ground water flow reserves of the Areuse are effectively a factor of two larger than at
the Serriére basin. Furthermore, many tracer tests carried out in these two basins have
shown high flow velocities which are typical of high permeability zones (Burger, 1992).

In order to study the influence of the forms of the karst spring hydrograph, (see e.g.
Kirdly and Morel, 1976; Ford and Williams, 1989; Eisenlohr, 1995; Eisenlohr et al., 1997)
on statistical analysis, finite element numerical simulation of ground water flows has been
used (Kirdly, 1985, 1988; Kirdly et al., 1995). Four theoretical karst basins have been
constructed (Figs. 3-5, and 7). The simulated hydrographs have been analysed by statis-
tical methods: auto-correlation analysis discharge—discharge and cross-correlation
recharge—discharge. The consistency of the interpretations of the correlation analyses
can be immediately checked as we know the hydrogeological parameters used in the
four models K and S, and the structure of the drainage system. The aim is to show the
influence of several parameters in the form of simulated hydrographs on the correlograms
and thus to restrict interpretations.

4. Description of computer codes

The computer codes FEN1 and FEN2 have been derived from the computer code
FEM301 (Kirdly, 1985), which was previously developed at the Center of Hydrogeology
of Neuchatel and submitted to several rigorous verification tests under the international
HYDROCOIN project (O.E.C.D., 1988). FENI and FEN2 simulate steady state or tran-
sient, 1-D, 2-D or 3-D saturated ground water flow by the finite element method. The
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elements. The thickness of the theoretical aquifer is 50 m, (b) Discretisation of fractured limestone volume.

programs allow for the incorporation of 1-D, 2-D or 3-D linear or quadratic elements
within a three dimensional network and are particularly well suited for analysing regional
ground water flow systems in highly heterogeneous geologic media (e.g. fractured or karst
aquifers). The saturated, constant density, transient ground water flow is represented by

the equation (Bear, 1979; de Marsily, 1986)

SS%};+div(—[K]-gr;d h)+0=0
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where §; is the specific storage (m™), K is the hydraulic conductivity tensor (m s, ks
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Fig. 4. Finite element network for the variant Mod4. The thin lines represent the boundaries of quadratic finite
elements. The thickness of theoretical aquifer is 50 m.



Mod3 (2-D geometry)

karst channel
(high hydraulic
conductivity)

I , fractured limestone
I I I ‘ (low hydraulic

conductivity)
S

.

N ] karst spring_- " 1000m ’1\‘
= Nt

Fig. 5. Finite element network for the variant Mod3. The thin lines represent the boundaries of quadratic finite
elements. The thickness of theoretical aquifer is SO m.

the hydraulic head (m) and Q represents the general source term (infiltration, well discharge).
The finite elements formulation of the governing partial equations is done by the Galerkin
method, yielding a set of linear equations. Assembling and solving of the system of linear
equations is based on the frontal elimination technique of Irons (1970), which is a particularly
useful modification of the Gauss elimination procedure. The frontal method is very efficient
for very large 3-D problems and allows the modeller to rapidly introduce changes in the
geometry of the model. The original code FEM301 and the frontal method are described
in detail by Kirdly (1985). The time dependent problem is solved in FEN2 by using the
robust Crank-Nicholson implicit time-stepping scheme. In this paper, the high hydraulic

Table 2
Hydrogeological parameters used for the models, (1) epikarst 2-D, (2) epikarst with 261 nodes

Modl Mod2 Mod3 Mod4

Catchment area (kmz] 6 12 12 12
Thickness of aquifer (m) 500 50 50 50
Hydraulic conductivity:

1-D element (ms™") 100 10 10 10

2-D element (ms™") 1x107%(1) 1x10°° 1x107° 1x10°°
3-D element (ms™") 5% 107 — - =
Storage coefficient:

1-D element 5% 107 5x107° 5% 107 5% 107
2-D element — 5% 107 5x 107 5% 107
3-D element 1% 107 — — —
Number of nodes 1428 (2} 1617 1617 1617
Number of elements 232 648 648 648

1-D element 56 264 264 264

2-D element 60 (1) 384 384 384

3-D element 116 — — e

Concentrated infiltration injected
into 1-D elements (%) (0.50,100) 20 20 20




conductivity channel network is simulated by 1-D quadratic line elements, which are
immersed between 2-D and/or 3-D quadratic elements representing the low hydraulic
conductivity fractured limestone volumes (Figs. 3, 4, 5 and 7). Table 2 shows the
model characteristics and parameters used in the numerical simulation of ground water
flow in the four basins.

The discretisation of the models in finite element is too coarse. However the obtained
results seem quite acceptable, although a finer discretization would have been preferable
(Kirdly et al., 1995). The hydraulic conductivities X are realistic: from 1 X 10%t05x 107
m s™' for the low hydraulic conductivity fracturated volumes (2-D and 3-D elements) and
from 10 to 100 ms™' for the high hydraulic conductivity karst channels (1-D element).
Linear Darcy’s law is used through the models for both the channel network and the low
hydraulic conductivity fractured volume. The specific storage coefficients S, are kept
artificially low in order to accelerate the evolution of the simulated hydraulic head and
flow field (Kirdly et al., 1995). In the channel network the values of S introduced in the
2-D models are ten times higher than in the lower hydraulic conductivity fractured
volumes and 500 in the 3-D model. Finally, it must be emphasized that in both models
we have used a very simplified karst channel network. In real systems the karst network is
hierarchically organized, with lower and higher order branches having lower and higher
hydraulic conductivity values. In the models described above (Table 2) all branches of the
karst network are the same order of magnitude and have the same hydraulic conductivity.
Despite these deliberate simplifications, the form of the simulated hydrographs is repre-
sentative of a flood observed at the karst spring (compare Figs 2(a) and 10(a)).

5. Results of the numerical simulations of ground water flows in a karst aquifer
5.1. 2-D numerical simulation of flood hydrograph

We have compared the hydrodynamic responses of the different models, Mod2, Mod3
and Mod4, for a variable recharge lasting 24 hr. The recharge is triangular, going from 0 to
amaximumof 3x 107" m*s”' mZin 12 hr (Fig. 6(a)). In the theoretical karst aquifer, the
ground water levels and the spring discharges are calculated at each time step (Az =1 hr).
The model aquifers are rectangular (4 x 3 km). Karst conduits leading to the spring are
distributed within the fractured rock volume. Throughout the simulation, we can distin-
guish very slow flows, which correspond to slow velocities in the fractured volume and
rapid flows in the karst network. Recharge creates a steady rise in velocity and at each
confluence, we see a sharp increase in the flow velocity.

Fig. 6(a) shows the simulated responses of the three basins over a period of 1200 hr.
Two main characteristics come out of this figure: (i) the model responses Mod2 and Mod3
are similar despite the differing karst network geometries, (ii) the response of Mod4,
whose karst network density is higher is different from that of Mod2 and Mod3. The
high amplitude of the flood as well as the form of the recession curve (see discharge from 0
to 250 hr and from 500 to 1200 hr) is characteristic of a well drained aquifer with a dense
karst network. At the end of the simulation, the state of the karts ground water in the
fractured limestone volumes of low permeability shows that the ground water flow
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reserves of Mod4 are smaller than Mod2 and Mod3. (Note that in these different models,
the values of K and S, are identical. The same is also the case for the infiltration rate,
directly drained by the karst network).

In order to analyse the influence of base flow discharge on the form of the correlogram,
we have studied the simulated hydrograph from Mod4 for three different time intervals
chosen randomly (Fig. 6(a)). These intervals are respectively 400 hr of simulation (length
A-B), 750 hr (length A-C) and 1200 hr (length A-D). Fig. 6(b) shows the correlograms
which correspond to these three intervals. The more or less rapid drop in the auto-correlation
function is linked to the length of the recession period analysed. The bigger the length
of the base flow considered, the slower the fall of the autocorrelation function. We
achieve r, = 0.2 after k = 1 day for the segment analysed (A-B) and k = 6.5 days
for segment (A-D). The length of the base flow will principally depend on the frequency
of the flood peaks present in the series analysed and then, on the frequency of rainfall
events.

Let us consider the statistical explanation once more. The traditional interpretation
of the correlograms of Fig. 6(b) shows two important, different hydrogeological
behaviours. The correlogram (A-B) drops sharply, a characteristic of an aquifer with a
well developed karst network and small ground water flow reserves. Correlograms (A-C)
and (A-D) show a gentle drop in the auto-correlation function, a characteristic of small
karstified aquifers with high ground water flow reserves. These interpretations show that for
the same karst aquifer, i.e. drainage structure and ground water flow reserves, the shape of
the correlogram can give varied information according to the frequency of hydrological
events.

REPRESENTATION OF THE EPIKARST IN THE
FINITE ELEMENT MODEL

dashed lines : karst channels
thin solid lines : quadratic Finite Elements
length of syncline : 3km width of syncline: 2km

Fig. 7. Finite element network for the variant Mod1. The thin lines represent the boundaries of quadratic finite
elements. The thickness of the theoretical aquifer is 50 m.
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The analysis highlights that it is not only the quick flow-base flow contrast (see Areuse-
Serriére example) that influences the correlogram but also the length of base flow considered
in other words, the frequency of hydrological events. This last factor depends on the global
configuration of the whole karst aquifer and on rainfall events. As the correlogram depends
on the events represented in the record, the rise of floods and their amplitudes will also
change it, but less so (Eisenlohr, 1995).
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Fig. 8. (a) Mod| simulated spring discharge for different proportions of infiltration directly drained into the Karst
channel network (after Kirély et al., 1995). (b) Auto-correlation (discharge—discharge) for the simulated floods of
Mod1, m = 80. (c) Auto-correlation (discharge—discharge) for the simulated hydrographs of Mod 1. m = 130.
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5.2. 3-D Numerical simulation of discharge evolution

Using a 3-D model, we show another key factor for the form of a hydrograph, and, thus a
priori for the form of a correlogram. A 3-D model was used (Kirdly et al., 1995) capable of
distributing the infiltration of the main aquifer in a variable manner (from 100% diffuse
infiltration to 100% concentrated). This theoretical karstic syncline is drained by a network
ending at a spring, which is a unique output (Table 2, Fig. 7). Fig. 8(a) depicts the intensity
of the infiltrations for three input events, of a duration of 24 hr each. During the first and
second event the infiltrations are distributed over the whole syncline. During the third
event, infiltration takes place only on a small stripe in the middle part of the model,
representing about 30% of the total infiltration area. The volume of the total infiltrations
remains the same in each variant, but the proportion of the diffuse and concentrated
infiltrations will change from one variant to another. Fig. 8(a) presents three simulated
hydrographs for the spring for different infiltration rates drained directly by the karst
network. Obviously, the simulated hydrographs are different, notably in their extreme
discharges. Analyzing the floods individually, Fig. 8(b) shows that the mode of infiltration
also influences the form of the correlogram. The auto-correlation functions reach r, = 0.2
after 49 hr for 100% concentrated infiltration, after 57 hr for 50% and after 65 hr for 0%
concentrated infiltration directly drained by the karst network. Note that the drainage
structure is the same for the three simulated hydrographs. This example also shows that
the size of the ground water flow reserves does not depend solely on the degree of
karstification of the aquifer, i.e. its drainage structure, but also on the mode of infiltration,
In the fractured limestone volumes of the 3-D model, the karst ground water levels in a
recession period are clearly higher when the infiltration is 100% diffuse. Nevertheless,
with 100% concentrated infiltration, the karst network can recharge the volumes of rock
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with a weak hydraulic conductivity throughout periods of high waters. This inversion of
the gradient between the Karst network and the low hydraulic conductivity zones changes
the state of the ground water flow reserves of the aquifer.

Fig. 8(c) shows the correlograms over the whole simulation period. (i.e. nearly 400 hr).
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Fig. 8(c) shows that the discharge—discharge correlograms for these three different simu-
lated hydrographs (0, 50, and 100% of concentrated recharge) have similar behaviour. We
explain this result as being due to a very high frequency of flood for the duration of the
simulation. The information given by the correlogram can be strongly modified by a high
frequency of floods.

We come back to the example of a real aquifer to show that the frequency of flood has an
effect on the form of the correlogram that we cannot ignore. Two hydrological cycles
(1963-1964 and 1973-1974) of the Areuse Spring have been analysed (Fig. 9(a)). The
frequency of hydrological events is higher for the 1973-1974 cycle than for 1963-1964.
The discharge—discharge correlograms are given in Fig. 9(b). The auto-correlation function
of the 1973-1974 cycle reaches r, = 0.2 after 3.5 days and after 18.5 days for the 1963—
1964 cycle that has the lowest flood frequency. This figure clearly shows that for the same
karst aquifer, the higher the frequency of the flood, the faster the fall off of the correlogram.

5.3. 2-D Numerical simulation of discharge evolution

We have shown using 2-D and 3-D models the influence of several parameters on the
form of the hydrographs and thus on the correlograms. The sensitivity of statistical
interpretation (discharge—discharge and precipitation—discharge) was undertaken by
simulating hydrographs over several years. A daily recharge over five years 1984—1989
(Bultot et al., 1992) was injected to theoretical karst basins Mod2 and Mod4 (Table 1, Figs.
3 and 4). The hydraulic parameters introduced in the models, K and S, and the infiltration
mode are identical for Mod2 and Mod4.

Fig. 10(a) depicts two simulated hydrographs for 1985 only. The hydrographs differ in
the amplitude of the flood but equally in the values of the discharges in recession period.
The flood frequency is the same for both hydrographs. The differences in the simulated
hydrograms are only due to the karst network density. The low hydraulic conductivity
surfaces are 1000 m* and 250 m? for Mod2 and Mod4 respectively.

Let us now examine the interpretation of these simulated hydrographs using statistical
explanation. Fig. 10(b) shows that the auto-correlation function of Mod4 drops faster than
that of Mod2. The correlogram for Mod4 reaches r, = 0.2 after 16 days, whilst for Mod2, it
takes 30 days. The statistical interpretation shows that Mod4 has a larger karstic network
and lower ground water flow reserves than Mod2. In this case, the statistical interpretation
fits with the hydrogeological parameters used in the models presented. The same results
have been obtained for the cross-correlation (recharge—discharge, Fig. 10(c)).

6. Summary and conclusion

The first results of the 2-D and 3-D numerical simulations of the theoretical karst basins
show that the hydrogeological interpretations made from statistical analysis do not solely
depend on the drainage density of the karst network and therefore, the size of the ground
water flow reserves. In other words, the relationships correlogram form—degree of
karstification of the aquifer—regulatory capacity, are not always correctly deduced. In
spite of the limitations inherent in the 2-D and 3-D models, the simulations clearly show
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the need for good hydrogeological information about an karst aquifer before using
statistical methods. The climatic regime—storm frequency and spatial and temporal
distribution of rainfall, the particular infiltration mechanisms of karst, meaning the ratio
between diffuse and concentrated infiltration have a major influence on the form of the
hydrograph and the correlogram. Without sufficient hydrogeological knowledge we find it
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Fig. 10. (a) Spring discharge simulated for the variants Mod2 and Mod4 over a recharge rate of S years. The

recharge record is taken from Bultot et al. (1992). The figure shows only part of the simulated hydrograph. (b)

Auto-correlation (discharge—discharge) for hydrographs of variants Mod2 and Mod4, m = 600. (¢) Cross-correla-
tion (recharge—discharge) for the hydrographs of variant Mod2 and Mod4, m = 600.
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Fig. 10 (continued)

difficult to blindly accept comparative results between very different karst aquifers from
differing climatic regimes. This knowledge can come from analysis of spring response
variability. For example, White (1988) takes into account some exceptional points of the
hydrograph to characterize a karst aquifer: a measure of the ‘flashiness’ of the response is
given by the ratio of peak to base flow, O, /QOpase flow, for individual storms or for the
annual peak discharge. Several time parameters can be extracted. The lag time, 1, is the
length of time between the storm pulse and the peak in the discharge hydrograph, and the
time for return to base flow is 7g. Bonacci (1987, 1993) combined natural and forced
responses (discharge from karst springs and hydrodynamic characteristics from wells) to
derive some information.

Otherwise, the numerical simulation results we present show that cross-correlation can
serve as characteristic operator for the precipitation—discharge relationship. The advan-
tage of the method is that from a rectangular input (one mainly used daily precipitation) we
have a reasonable form to the relationship between precipitation and discharge.

Finally, these statistical methods (including decomposition of the hydrographs) are
acceptable and reccomended if we wish to predict characteristic discharges, to show trends
or even global water resource management; but, we must be careful if we want to get struc-
tural and hydrodynamic characteristics of karstic aquifers. The limit of these statistical
interpretations is principally linked to the fact that the global response of the karst system
is a function of a multitude of variables which make the interpretation problematic.
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