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PREFACE 

,L'evolution de l'hydrogeologie appliquee a resulte d'incitations variees et elle a suivi des 
cheminements differents, en partie independants, qui ont tendu a confluer, sans cependant 
se confondre entierement. Parallelement au progres de l'hydrogeologie appliquee a la pros
pection et a !'exploitation des eaux souterraines - l'hydrogeologie des ressources en eau -
se sont developpees une hydrogeologie du genie civil et des travaux publics (tres liee a la geo
technique), une hydrogeologie miniere (problemes d'exhaure, de denoyage de gisements), 
une hydrogeologie petroliere (liee au developpement de l'hydrodynamique des gisements 
d'hydrocarbures), une hydrogeologie agricole (liee aux problemes de drainage)." 

Cette large vision du champ d'application de l'hydrogeologie due a J. Margat (Progres re
cents des techniques de l'hydrogeologie.- Annales des Mines, 1974) situe bien l'objectif du 
present ouvrage. La premiere Monographie preparee par la Commission de l'Hydrogeologie 
du Karst en 19751), se voulant etre une revue des aspects theoriques et fondamentaux de la 
science des eaux souterraines en milieu carbonate, le besoin d'un complement consacre aux 
aspects pratiques s'est fait sentir. La Commission a opte pour la presentation de ces aspects, 
sous la forme de ,cas exemplaires". 

Il est rapidement apparu que le champ des applications de l'hydrogeologie karstique est vas
te et que les solutions adoptees dans chaque domaine de problemes dependent des caracte
res propres et de l'echelle du complexe aquifere, lesquels sont tres divers. Un choix a ete ne
cessaire et c'est ainsi que les themes suivants ont ete retenus: 

1. Evaluation des ressources en eau. 

2. Captage et utilisation de !'eau des aquiferes karstiques. 

3. Problemes lies a l'environnement dans le Karst. 

En chacun de ces chapitres, les exemples decrits s'efforcent de refleter la diversite des condi
tions locales, dans les principales regions karstiques du globe. 

Le praticien se heurte frequemment a des difficultes prosalques qui ne retiennent pas ( ou pas 
suffisamment) !'attention des theoriciens. Ces difficultes designent cependant souvent des 
problemes ,vrais" qui devraient jalonner la voie des recherches fondamentales. Ace titre-la, 
le present ouvrage est riche en enseignements. Chacun des chapitres comporte une introduc
tion dans laquelle les auteurs degagent l'essentiel des problemes que rencontrent les prati
ciens et analysent les reponses donnees. 

,Entre les !ignes" de chacun des exemples presentes, le lecteur avise recueillera des informa
tions d'importance decisive sur les problemes reels que soulevent les interventions de toutes 
natures sur les eaux souterraines karstiques. Souvent, les cas etudies se rapportent a des en
vironnements karstiques faisant figure de types (calcaires paleozoi:qnes a tertiaires, plaines et 
forts reliefs) et sont lies a des enjeux economiques considerables. 

On ne saurait done trop recommander a tous les praticiens concernes de lire attentivement 
!'ensemble de cet ouvrage. 

1) Hydrogeology of Karstic Terrains. Intern. Union of Geological Sciences, Ser. B, Number 3, Paris 1975. 
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Tous les membres de la Commission de l'Hydrogeologie du Karst ont participe activement a 
la preparation et a la mise au point de l'ouvrage. Beaucoup d'entre eux se soot efforces d'ob
tenir des articles d'autres collegues de leur pays. A tous ces collaborateurs, j'exprime ma 
grande reconnaissance pour leurs contributions et pour la comprehension avec laquelle ils 
ont accepte l'exercice difficile de les presenter sous une forme tres condensee. 

La revision definitive de nombreux textes et figures a ete faite par MM. H. Paloc, Ph. E. La 
Moreaux et W. Back, qui n'ont menage ni leur temps, ni leur peine. M. E. Romijn s'est char
ge de la revision des figures. Je les en remercie specialement. 

Qu'il me soit permis enfin de rappeler ici la memoire de notre tres regrette Secretaire Gene
ral de l'AIH, M. Louis Dubertret, decede en 1979. L'interet constant qu'il a porte a la Com
mission !'a incite a partager, malgre ses multiples occupations, la tache d'editeur de cet Ou
vrage. Les conseils qu'il nous prodigues ont ete precieux. Il a redige egalement une presenta
tion tres complete des problemes de la retenue de Quaraoum au Liban qui est publiee dans 
son integralite (2.17). 

Neuchatel, le 18 juillet 1983 Prof. A. Burger 
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Chapitre 1 

EVALUATION OF WATER RESOURCES 

Introduction 

by C. F. Boni, P. Bono, V. S. Kovalevsky 

1. General Approach 

Studying and estimating karst water resources are important aspects of hydrogeological inve
stigations in karst areas. Karst rock usually has a high water yield because of the large per
centage of infiltration by precipitation (up to 80%) and intensive fracturing and karstifica
tion. Karst spring discharge can exceed 3-5m3 /sec and ground water discharge can reach 30 
liters per second per square kilometer. These large flow rates gave rise to intensive IJSe of 
karst water for water supply in many countries. Quantitative determination of karstic water 
resources is critical for planning its optimum use and development, forecasting possible inun
dations to mines and quarries and exploitation of mineral deposits within karst terrains. 

In spite of the centuries-old use of Karst water, the methods of approach to estimation of 
karst water resources are not yet adequate. This is due, on one hand, to the fact that karst 
hydrogeological investigations were historically conducted as general geological and geogra
phical studies of karst as a phenomenon or process. On the other hand, the inadequacy is also 
due to the difficulties in mathematical modelling associated with natural karst conditions. 
These difficulties arise from extremely variable permeability of karstic rocks both areally 
and with depth, often over very short distances. Investigations performed in recent years 
based on statistical-probability and analytical calculations, and on the construction of analog 
and digital models show the quantitative hydrogeological estimations are possible and can 
produce satisfactory solutions to different practical problems. Experience with such estima
tions shows their accuracy directly depends on the degree of detail incorporated and, conse
quently, on how well the mathematical model used for calculation reflects the natural hydro
geological situation. The complexity of the natural conditions demands the use of different 
estimation in which it is possible to confirm the results of calculations and correct them, if 
necessary. For example, hydraulic and hydrodynamic calculations can be corrected by esti
mating the total water balance of this area; analog and digital models can be corrected by 
comparison to the existing groundwater, to exploitation experience or by the data from ob
servations of natural and disturbed ground water regimes. 

Thus, estimating karst water resources and forecasting ground-water inflow to mines or 
quarries are complex problems which usually include: 

1. the study of the regularity of karstification and fissuring of rocks and the estimation of 
the associated parameters for calculation; 

2. the study of the balance and regime of ground water, the total water balance of the area, 
and the interrelationship of surface and ground water; 

3. the study of existing ground water exploitation as a basis for specifying hydrogeological 
parameters and estimating boundaries of the mathematical model. 

Regularity of karstification and fissuring of rocks is studied through analysis of the regional 
lithologies, structures, geomorphic features and paleohydrogeological conditions. These me
thods are used to determine the peculiarities and genesis of the karst. Such an analysis is im
portant for the selection of appropriate methods and extent of exploration, for substantia
tion of the mathematical model, for establishing permissible drawdowns and water withdra
wals, and for finding possible interrelationships between surface and ground waters under 
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natural and disturbed conditions. Establishing regularities in the changes of fissuring and 
karstification, and therefore the drainage in permeability properties areally and with depth is 
the most important aspect. Chaotic changes in permeability dependent on the location of oc
casional fissures or their interchange and on paleohydrogeological conditions, regular in
creases in the degree of karstification from watershed divides towards valleys and facies va
riations of rock composition may all be established. Investigation methods to determine 
karst pecularities and variable permeability properties of karst massifs are discussed in the 
first volume of the present monograph 3>. 

The study of karst water regime and balance is performed for the following different purpo
ses: determination of natural recharge and ground water resources; estimation and forecast 
of possible seasonal and long-term variability of these resources, and mine water inflows; de
termination of hydrogeologic parameters regarding various types of voids in the massif such 
as large channels and caverns, large and small fissures and pores; specification of hydro geo
logical parameters for solution of reverse steady-state problems on models and for the study 
of ground water origins including estimating the variability of ground water quality with time. 
Ground water resources are assumed to be assured of recharge through infiltration by preci
pitation, seepage from river and water reservoirs, and leakage from adjacent aquifers. The 
natural ground water resources, estimated from springs or ground water flow using the river 
hydrograph separation method, or others (Ground water studies, 1972 2l are measured for 
possible exploitation for an unlimited period. 

In arid and Coastal areas, where surface run-off is absent or springs discharge directly to the 
sea, the balance method is used for estimating natural resources of karst water. Data on pre
cipitation infiltration, evaporation, condensation, surface run-off, and ground-water exploi
tation are typically included in the total water balance equation. Karst water resource balan
ce estimates are used as a basis for specification of safe yield values, calculated by hydrogeo
logical and hydraulic methods. Examples are presented in topics 1.1, 1.2, 1.3, 1.5. 

It should be emphasized that karst water resource balance estimations become very complex 
under closed or partially closed conditions, where a thick mantle of unconsolidated sedi
ments exists in which a considerable quantity of moisture is lost both by saturation of this 
zone and by evapotranspiration from it. It is often difficult to delineate regional balance in 
regions and to estimate area! water yield and recharge of rocks by using ground-water level 
observations. This method can be used successfully in small aquifers with homogenous cha
racteristics. 

An important factor of assuring safe yield in karst reservoirs is the variability in the release 
of natural ground water resources. The large saturated zone of karst aquifers, sometimes 
tens to hundreds of meters thick, is an important regulator for the compensation of irregular 
seasonal and long-term ground-water recharge. The development of karst aquifer resources 
below the base level during low-periods, if the recharge of the used water resources in the 
following water abundant period is assured, makes it possible to appreciably increase 
the average water withdrawals. Associated with this problem is not only the estimation of 
storage and drainage possibilities of the aquifers, but also the study of the probable duration 
of storage development and of the recharge of aquifers. The first part of this problem is sol
ved either on the basis of analytical calculations using drilling and pumping test data or ex
ploitation pumping data, i. e., empirically selecting optimal water withdrawal rates. The se
cond part is solved on the basis of time series analysis and statistical - probability calcula
tions using data of long-term stationary ground water regime observations (see topics 1.2, 
1.5, 1.9, 1.10). 

Surface and ground water regime observations in karst terrains are also useful for estimation 
of minimal spring discharge in connection with water supplies for settlements, industrial 
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plants, and rural populations and for forecasting possible minimal, average, and maximal an
nual ground water level and discharge values. It should be emphasized that forecasting is pos
sible only when essential factors determining ground water regime are studied and quanti
tatively estimated, i.e., when the regularities of formation of kar~ water regime and balance 
are understood. For many situations, both natural and artificial factors should be considered 
simultaneously in the prediction. Forecasting regimes formed under the influence of natural 
conditions alone appears to be consistently reliable up to a one to two years maximum, even 
under the most favorable conditions. This is primarily due to poor prediction of major re
gime-forming meteorological factors and to limited duration of existing observation series, 
which is often insufficient for optimum statistical-probability analysis. Therefore, long-term 
forecasts of regime conditions for periods over one year often produce only within order of 
magnitude the trend of the variability of karst water levels and discharges (see topics 1.19, 
1.20). 

Forecasts of the regime, which are made under the influence of planned economic activities, 
are as a rule, more reliable and, as it was pointed out above, are made on the basis both of 
analytical calculations and, more often, models. The advantage of modelling in comparison 
to analytical calculations is that it overcomes to a considerable degree the difficulties con
nected with the heterogeneity of the structure and karstification of rocks and also of the va
riety of types of boundary conditions. 

In addition, modelling allows, with the solution of reverse and inverse problems, the critical 
specification of the hydrogeological calculation scheme, hydrogeological parameters and 
ground water balance components by using results of observations of the ground water re
gime under natural conditions and under the influence of water withdrawal. 

Analog and digital modelling is used for estimation of the safe yield of karst water and for 
prediction of water inflow to mines and quarries. The solution of such problems are tho
roughly discussed in the literature. Some principal methodological approaches to the solu
tions of these problems are also described (Hydrology of Karst Terrains, 1975 3). The results 
of using analog modelling for estimation of safe yield of karst water for one of the closed car
bonate structures in Kazahkstan, USSR, and the central part of Italy, and also for specifica
tion of hydrogeological parameters and water inflow to two mines in the USSR are given in 
topics 1.17 -1.21. 

Important to the study of ground water resources both by analytical calculations and by mo
dels is the consideration of variability of hydrogeological parameters (transmissivity and wa
ter yield) with time, due to the expansion of fissures and voids in the massif in the process of 
limestone solution under the influence of increasing ground water gradients as a result of in
creasing withdrawal. Models and calculations which consider the above variations allow us to 
estimate quantitatively and study the process of karstification on the basis of mass transfer 
theory in the water-rock system and have a practical aspect. We are able to predict the possi
ble degree of agitation during the karst process under the influence of intensive water with
drawal and thus characterize its possible effect on the environment, such as an occurrence of 
sinkholes and the like (see topic 1.16). 

2. Practical Approach 

Methods for evaluation of water resources used in scientific research are based, in general, 
on the quantitative determination of the various elements of the ,hydrogeological balance"; 
such a determination is made generally in representative basins, chosen for this purpose, well 
equipped and kept under observation for a long time. However, even in such favorable con
ditions, it is very difficult to calculate the hydrogeological balance, and the results obtained 
are not always satisfactory. Even the various methods of forecast and modelling of the aqui-
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fer regime recently developed require a good knowledge of basic hydrogeological parame
ters, which are generally difficult to determine in a wide and non-homogeneous basin. 

Evaluation methods generally used in applied research are aimed at solving practical prob
lems in a rather short time and with limited research means. Therefore, a complete balance 
estimation with scientific accuracy, in most cases, is impossible and even unnecessary. On the 
contrary, an evaluation as accurate as possible of exploitable surface and ground water re
source is indispensable for all practical operations. From the technical point of view, criteria 
generally followed in establishing exploitable resources are based on the safeguard of natural 
balance, i.e. the exploitation rate must not exceed the average recharge. From the economic 
point of view, it is always necessary to evaluate both the safe yield and the cost of capture 
and distribution plants to check if the yield will be sufficient to solve the problem concerned 
and if the type of plant is more profitable as compared to other possible solutions before con
struction commences. 

In this chapter we take into consideration the results of works discussing the problem of re
source estimation following very difficult methods, depending on the problems arising dur
ing the research, available means, scientific tradition of the involved country, etc. Works ha
ve been divided into two groups: in the first group are works using regional balance evalua
tion methods, in the second one are works which follow other methods. Before examining 
the two groups of work, we will briefly discuss the theoretical principaples of water resource 
evaluation of karstic terrains. 

2.1 Estimation of Exploitable Resources: Pecularities of Karst 

Here we do not take into consideration the inflow and outflow evaluation methods as well as 
other evaluation methods of resources and reserves of a hydrogeological basin. We will only 
briefly describe the peculiarities of karstic basins, which must be taken into consideration 
when estimating exploitable resources. 

From the point of view of resource quantity, karst terrains differ from other types of rocks 
because of their high infiltration capacity and their characteristic feature of secondary per
meability. On the one hand, the high infiltration capacity assures to karst aquifer an average 
recharge much larger than to non-karstic rocks; on the other hand, the rapid flow in the karst 
network and the consequent high variability of the discharge regime make a complete and ra
tional utilization of karstic water resources very difficult. Resource evaluation in karst areas 
therefore, cannot neglect the regime analysis and the possibility of regulating the discharge. 

From the point of view of resource estimation, the permeability of karstic rocks which is very 
variable both in horizontal and vertical directions makes resource evaluation by pumping 
tests difficult, which are generally performed in aquifers having interstistical permeability. 
However, in karst areas, the permeability network allows a concentration of ground water 
flow toward well-localized places where it is possible to measure aquifer discharge with a li
mited number of measuring stations. On the contrary, in aquifers with interstical permeabili
ty, water generally emerges in widespread and undefined areas where it usually joins surface 
run-off. The characteristic morphology and irregular permeability distribution in karstic re
gions discourage exploitation of karst aquifers by wells and compel one to locate evaluation 
studies and capture plants near natural springs. 

In the study of exploitable resources, we can consider two cases employing different evalua
tion methods: 

a) evaluation of average ground-water recharge coming from an area having well-defined 
boundaries; the study consists of evaluating the average infiltration capacity of the area 
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concerned. In this case, it is always necessary to know the boundaries of the hydrogeolo
gical basin or ,system" and to calculate the ground-water balance, even approximately. 
This problem is dealt with in the paragraph concerning resource evaluation by means of 
balance calculation: 

b) evaluation of exploitable ground-water resources existing in a certain area without taking 
into consideration their origin and provenance; in this case, it is not necessary to know 
the boundaries of the hydrogeological basin and to calculate the balance; it will be suffi
cient to calculate the safe yield. This problem is dealt with in the paragraph concerning 
resource evaluation by different methods. 

2.2 Resource Evaluation by Means of Balance Calculation 

This type of approach is possible only if favorable conditions occur. Balance evaluation is 
based, as well known, on: 

1) definition of a reference area and of a reference time period and 

2) calculation of recharges and discharges during the considered period. Inside the concer
ned area, stored resources may exist and their variation in the considered period must be 
taken into consideration in the balance. 

In karstic regions, it is sometimes possible to find favorable situations, which allow an easier 
evaluation of hydrogeologic parameters necessary for calculating at least approximately ex
ploitable resources. Favorable situations concern the possibility of choosing a particular type 
of ,reference surface", which makes the measurement of ground-water flow easier. In fact, 
carbonate rocks, because their permeability varies from that of other rocks, make it possible 
to recognize hydrogeological structures having well-defined boundaries. Leaving the idea of 
hydrogeological basin aside, the region can be divided into different ,systems", each one 
made of a karst structure limited by the borders, by well-defined lithological and permeabili
ty limits, which can reduce underground exchanges to neglectable values. Each ,system" 
may include one or many hydrogeological basins (having not well defined boundaries) which 
feed one or many discharge places. Delimitation of single hydrogeological basins is not ne
cessary for the purpose of calculating the average balance of the whole ,system". 

The existence of well-defined permeability limits outcropping at the borders of structures ex
cludes the possibility of underground exchanges with nearby ,systems" and causes the out
flow of all surface and ground water at the borders of the ,system". It is therefore possible to 
measure along the limits of the structure both surface and underground flow. The possibility 
of evaluating separately the two different types of circulation depends on local conditions. 

Ground water outflow is very often gathered in a small number of springs scattered at the 
borders of the ,system" and therefore is completely separated from the surface flow. In 
other cases, a karst structure is crossed by a river acting as a base level in which ground water 
discharges. 

In a ,system" it is always possible to measure rather accurately with a small number of sta
tions ground water discharge feeding springs or base-level rivers. We can consider the mea
surable discharge as ,exploitable discharge". 

The approximate balance of the ,system" can be therefore expressed in a very simple way: 

P = Ey + L 

where Pis the sum of all types of all types of precipitation on the surface plus surface water 
entering the system, if any; Ey is exploitable yield, evaluated by measuring the total dischar
ge leaving the system; Lis the sum of all types of losses not measurable and not utilized (eva-
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poration, run-off lost along the slopes of the structure, discharges of small springs whose ex
ploitation is not profitable, etc.). 

The comparison of the balance obtained in different ,systems" of the same hydro geological 
region, allows us to evaluate the average exploitation discharge and to detect possible evalua
tion mistakes or abnormal situations (loss into the sea, undetected underground exchange 
through the borders of the ,system", etc.). 

This method of rough evaluation of water resources in karstic areas differs from the theoreti
cal schemes generally followed by is perhaps more suitable for practical requirements, espe
cially in the occasion of regional preliminary studies. 

This method has been followed (topic 1.3) in studying the preliminary balance of a karstic re
gion with an area at 5,000 km2 in Central Italy where several hydrogeological ,systems" 
have been recognized. This method allows approximate evaluation of both the average infil
tration capacity and exploitable resources. 

Quite different is the method used in determining the balance in Crimea (topic 1.1): all ele
ments of the balance have been calculated except ground-water discharge, which has been 
calculated by substraction. This method gave good results and is suitable to sea-loss evalua
tion. 

In topic 1.2 resource calculation is mainly based on the evaluation of storage capacity of a 
karst reservoir which acts as a regulator of surface-water flow. 

2.3 Resource Evaluation by Different Methods 

The most frequent method is to determine exploitable resources by means of a capture plant 
on a karst spring. High variability of water discharge is one peculiarity of karst; the problem 
is therefore to use a capture system which can exploit completely the available resources by 
regulating the discharge. The first step in this type of research is the study of the spring's na
tural regime and the possibility of determining the recession curve of discharge and stored 
resources. This problem is discussed in topic 1.8. When the regime of the spring and the va- · 
riation with time of stored resources is established, the problem of regulating the discharge 
has been solved. We will examine some particular aspects of this subject, which is treated in 
several topics. 

The theoretical possibility of regulating the discharge depends on the hydrogeological situa
tion. Two cases exist (figure 1.1). 

case A: the base-level (generally in spring) is at the same or at a lower level than the aqui
fer bottom; there are no permanent reserves of ground water in the aquifer. 

case B: the aquifer bottom lies lower than the base-level; there are permanent reserves 
within the aquifer. 

In case B, it is possible to regulate the discharge, exploiting the permanent reserves by wells 
during low-water periods. The recovery of reserves occurs naturally during the subsequent 
high-water period. 

In case A, we can theoretically regulate the discharge only by creating permanent reserves 
inside the aquifer. It is also possible to obtain this result by lifting the natural base-level by 
artificial means. This operation, of course, is more difficult and more expensive. 

After choosing the system to regulate the discharge, it is necessary to evaluate the exploita
ble yield. This matter is discussed in detail in some topics. We will consider here general prin
ciples followed in these works. 
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Figure 1.1 -Two examples of karstic aquifers without (A) and with (B) permanent reserves of ground 
water. 

Exploitable yield is in general determined by two complementary methods: analysis of the 
discharge regime and evaluation of storage coefficient of karst reservoirs. After having stu
died the spring regime and its average discharge on the basis of discharge analysis, produc
tion and observation wells are drilled to reach the permanent reserves stored between the ba
se level and the aquifer bottom. During the low-water period, tests are carried out to measu
re the fluctuations of the piezometric surface following prolonged pumping. Pumping test in
terpretation, using the non-equilibrium method, allows us to calculate the storage capacity of 
the aquifer and the drawdown of the piezometric surface at the end of the exploitation pe
riod, as compared to the volume of exploited permanent reserves. 
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Hydrograph analysis of karstic springs allows the evaluation of the amount of flow, in excess 
of the exploitable discharge, during the high-water period, and therefore the evaluation of 
the aquifer's capacity to recover the exploited permanent reserves and to raise the piezomet
ric level. This evaluation can be directly verified and modified, if necessary, by controlling 
the changes in the piezometric surface during the recharge periods. The exploitable yield can 
be better defined by means of a suitable mathematical analog model. 

Localization of capture plants: Production wells must be placed in an area where: 

1) aquifer permeability is rather high in order to obtain maximum flow from a minimum 
number of wells; 

2) aquifer thickness must allow drawdown able to collect lateral water losses. 

Better conditions are generally found in the vicinity of the principal springs where karst net
work is more developed. 

Reliability of hydrological data: The evaluation of average discharge and the analysis of the 
recession curve is only possible when data over a long observation period are available. If 
not, it is advisable to be very cautious and to consider the possibility of ,critical cases". 

Chemical characteristics: Frequently, during pumping in low-water periods, a variation of 
chemical characteristics of water occurs (topic 1.4 and 1.9). The risk is higher when spring 
water has an anomalous concentration of chlorides and sulphates as compared to other karstic 
springs of the region. 

Interference problems: It is possible that capture of a karst aquifer by means of wells interfe
res with nearby springs and wells causing a decrease in their discharge. 

Special Cases 
Some special cases are discussed in topics 1.12, 1.13 and 1.16. 

In topic 1.16, the study of hydraulic characteristics of the karstic network is discussed. The 
purpose of the study is the use of the karst network to drain surface water in an urban area. 

Topic 1.12 examines the case of an aquifer in which it is impossible to determine the specific 
capacity by means of pumping tests because of the high transmissibility. To solve this pro
blem the authors follow a method to determine effective porosity by analyzing directly the 
,carrots" and the walls of the well. Results are satisfactory. 

Topic 1.13 examines the problem of delimitation of the hydrogeological basin of a spring. 
,Pulse-train analysis" gives good results where it is not possible to use chemical tracers. This 
method is certainly very interesting, but it can be used only in very favorable conditions in 
which a dam is available. 

Examples of hydrogeological investigations presented here do not fully show the various 
aspects of the problem of estimating karst water resources, which deserves additional consi
deration when the following factors are taken into account: 

1) the various possibilities in both the actual types of karst storage conditions and of appli
cation and calculation of hydrogeological equations pertinent to those conditions, 

2) differences information of the natural water resources and the various methods for esti
mating those resources and the safe yield of ground water under different natural condi
tions, 
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3) the differences in determination of hydrogeological parameters of karst massifs and, 
therefore, of digital model. 

It becomes apparent that the forecasting of the karst water regime at different times by the 
use of various methods is not adequately dealt with here. Although they are brief, the ex~ 
amples cited reflect, to a certain extent, the character and the level of present-day hydro geo
logical investigations of karst terrain in different countries and contain references to publica
tions, in which the above problems are discussed in greater detail and will therefore be useful 
to the readers. 
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1.1 
EVALUATION OF THE KARST-WATER BALANCE 

OF THE SOUTHWESTERN UPLAND CRIMEA 

by V. N. Dublyanskii, V. D. Pribluda, and A. A. Kodzhaspirov 
(USSR) 

The determination of karst water development prospects and the evaluation of the regional 
ground-water resources are interrelated. The most promising water-balance method for 
upland regions is the proposed independent determination of all the hydrologic elements 
(Borevskii et a!, 1976), as combined in the following equation: 

XV+ xh + Kcsr + Kcfk = z + Y,, + Y,,, + yd 

where Xv = vertical precipitation, Xh = horizontal precipitation, Kcsr = condensation in soil 
and rock, Kcfk =condensation in fissured karst storages, Z = evapotranspiration, Y,, =sur
face runoff, Y,,, = surface run-off from large springs, Yct =deep water discharge (flow re
charging other aquifers, submarine discharge). 

During the period 1958-1976, the authors performed detailed karst hydrogeological and wa
ter balance investigations (Dublyanskii, 1977). A balance basin with an area of 150.5 square 
kilometers was delineated on the basis of the geological survey at a scale of 1:50,000, a karst 
survey at a scale 1:25,000, speleological investigations and indicator experiments. 

From the North, East, and South, the basin is bounded by impermeable uplifts. Partial flow of 
groundwater to carbonaceous sediments of Oxfordian, Kimeridgian, and Tithonian ages is 
observed in the West. 

A model diagram of the hydrodynamic zonation of the Southwestern Upland Crimea inclu
des the following elements (figure 1.2): An aeration zone with a thickness of 200-700 me
ters, where karst water formation occurs from infiltration, inflow, and condensation; a sub
zone of surface runoff absorption in the middle part of the slopes where concentrated inflow 
recharge takes place. A zone of seasonal water level fluctuations with a thickness of 10-100 
meters, where the water is recharged by inflow from the zone af aeration and condensation, 
and a lower spring belt where water discharge occurs. In the zone of complete saturation a 
subzone of intensive flow, with a thickness of up to 200 meters, is distinguished (Dublyan
skii, 1977). 

Vertical Precipitation, Xv. A network with a density of 1 precipitation gauge per 10 square 
kilometers has been set up for precipitation recordings. Winter precipitation was corrected 
using snow survey data as shown in table 1. 

Horizontal Precipitation, Hh. During warm intervals the precipitation is in the form of dew 
(measured by M-30 dewmeter and by weighing of sod monoliths); during cold intervals the 
precipitation is in the form of hoarfrost and whitefrost (measured by precipitation gage re
ceivers, model trees, and repeated snow surveys). In one case, the water content of dew was 
0.30 mm, that of hoarfrost 0.15 mm, and that of whitefrost, 1.85 mm. The rated quantity of 
precipitation has been determined, with consideration for average recurrence. 

Table 1. The Water Balance of the Western Upland Crimea 

XV xh K z Y,, Y,,, yd 

Balance elements 1056 69 44 384 382 8 395 
mm 

Average quadratic 57 7 4 19 37 1 107 
error (mm) 
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Figure 1.2 - Model diagram of hydrodynamic zonation of the Southwestern Upland Crimea. 

A - water divide areas; 
B - sloping karst basins; 

I - aeration zone; 
la - sections of recharge by surface and groundwaters; 
11 - seasonal water level fluctuations zone; 
Ill - full saturation zone; 
Ilia - - subzone of intensive flow; 
Illb - subzone of slow flow; 
1 - impermeable uplift formation (T3 + 11); 

2 - impermeable deposits (K1); 

3 - constantly and periodically saturated karst waterbearing systems in limestones (13); 

4 - direction of groundwater flow; 
5 - karst springs 

Condensation, K. Condensation in soil and rocks, Kcw was measured in an apparatus consi
sting of two chambers 22 m 3 in volume, filled with rock waste, fragments of limestone and 
loamy debris material. Condensation in fissure karst storages, Kcfk, was determined on the 
basis of studying the microclimate of karst cavities from the relationship: 

where: Q = condensate quantity; V= total volume of fissure-karst voids in m 3 ; T = duration 
of condensation in days; I =coefficient of air circulation in times/day; e 1 and e2 = moisture 
content of air on the ground surface and underground in g/m3 (Dublyanskii, 1977). 

Evapotranspiration, z. GGI-500 standard soil pans (8 pairs, loaded with the most widespread 
varieties of soil), two GGI- 3000 water evaporation pans, and snow evaporation pans were 
used in evaporation measurements. Runoff (16 x 8 m) and water balance (2000 m 2

) plots were 
employed, and all the attendant observations (measurements of soil humidity and so on) were 
made. Evapotranspiration measurements included determining the thickness of soil under 
conditions of exposed (up to 0.1 m, 15 percent of area) and sod-covered karst (0.2 - 0. 7 m or 
more, 85 percent of area). For this purpose, a soil survey and aerial photograph interpreta
tions were performed. 
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Surface runoff, (Ysr> Ysr)· Thirteen gaging stations with weirs and recorders were employed in 
surface runoff measurements. 

Deep karst water discharge, (Y d)· Deep karst water discharge was determined by the balance 
method. The relative error was calculated from the formula: 

E=± IL.xi+IL.KI+IL.zi+IL. Yj 
X+K-Z-Y 

Thus, Y d ranged from 288 to 502 mm. Having taken the least favorable value, we get a normal 
deep karst water discharge of 110,000 m3/day. It is possible to accept the low-water deep dis
charge, with a 95% probability, as the safe economic yield. It amounts to 77.4 thousand m3/ 

day, which exceeds approximately 6 times the present water withdrawal rate. 

Balance investigations in the Southwestern Crimea are reliable enough to continue further 
search and prospecting for karst water. They also permit the estimation of the probable subma
rine discharge into the Black Sea. 
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1.2 
ANALYSE DES CONDITIONS DE FORMATION ET REEVALUATION 

DES RESERVES EXPLOITABLES EN EAU SOUTERRAINE 
D'UNE STRUCTURE 

FISSUREE KARSTIQUE FERMEE D' APRES LES DONNEES DE 
L'EXPLOITATION DU CAPTAGE 

par B. V. Borevski, G. A. Nikitina, S. V. Palkin, 
(URSS) 

Le gisement d'eau souterraine de Petit Kizil est associe a un synclinal dont le noyau, d'une 
superficie de 30 km2, est compose de calcaires du Carbonifere inferieur. La structure est en
taillee par la vallee de la riviere Petit Kizil dont le fond comporte des depots alluvionnaires 
epais reposant immediatement sur les calcaires. La partie centrale de la structure, compo
see de calcaires, constitue un bassin ferme pour les eaux fissurales et karstiques du fait que 
les roches terrigenes et effusives environnantes sont de permeabilite tres faible par rapport 
aux calcaires (fig. 1.3). Dans la vallee, ces calcaire se caracterisent par une tres haute permea
bilite: le debit des forages peut all er jusqu'a 150 Lis pour un rabattement de quelques dizai
nes de cm. Sur les flancs de la vallee et les regions de partage des eaux, l'intensite de la karsti
fication s'affaiblit brusquement. Dans la vallee principale et dans les vallons karstiques, la 
transmissivite atteint 4000 a 30000 m 2/j; sur les flancs et les !ignes de partage des eaux, elle 
n'est que de 50-100 m 2/j. L'epaisseur des alluvions varie de 5-7 a 30-40 m, la moyenne 
etant de 18 m. Elles comprennent des limons, sables, lentilles d'argile et galets a remplissage 
greseux. La teneur en fractions grossieres augmente avec la profondeur. Les proprietes de 
filtration des depots alluvionnaires sont plus faibles que celles des roches carbonatees. 

Le debit du Petit Kizil est tres irregulier durant l'annee et se caracterise par un etiage estival 
et hivernal, par des crues abondantes mais courtes au printemps et aussi par des crues pluvia
les en automne. Dans les limites du massif carbonate, le Petit Kizil re<;oit son affluent, I' Ana
lyk. Le debit plurilannuel du Petit Kizil et de l'Analyk, aux sections de jaugeage d'entree 
dans la structure, est egal a 3m3/set pour l'annee, a garantie de 95 %, il est de 1,34 m3/s. 
L'ouvrage de prise d'eau est situe a la terminaison sud de la structure et fonctionne depuis 
1934. Pratiquement, il n'y a pas de donnees sur la situation hydrologique et hydrogeologi
que. On sait seulement qu'a l'endroit de l'affleurement des calcaires dans la riviere (champ 
de prise d'eau), il y avait des sources puissantes au debit global de 120-1341/s durant l'etia
ge d'hiver 1931-1932. 

Avant 1973, des observations systematiques ne s'effectuaient que lors des prelevements 
d'eau; les donnees sur le regime du niveau et l'ecoulement de la riviere sont episodiques; les 
points de surveillance sont peu nombreux. 

En 1973, un reseau de puits de surveillance etablis dans les deux nappes a ete mis en service 
sur toute !'extension des calcaires karstifies. En meme temps, des observations systemati
ques de l'ecoulement du Petit Kizil et de sa modification, dans les limites du cone de depres
sion envahissant toute la vallee dans l'aire des calcaires, ont debute. Des postes de jaugeages 
ont ete installes le long de la riviere, en particulier a !'entree et a la sortie des calcaires. 

Les donnees sur le regime de l'ecoulement de la riviere, sur celui des variations du niveau des 
nappes souterraines et sur le volume de prelevement d'eau ont fourni !'information necessai
re a !'estimation quantitative de la formation des reserves exploitables en eaux souterraines, 
par la methode du bilan, et a la determination du prelevement optimal d'eau. Depuis 15 ans, 
cette valeur est toujours egale a 800-1000 1/s. 
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Figure 1.3: Carte hydrogeologique du gisernent de Petit Kizil 1 - nappe aquifere des alluvions; 
2 - nappe aquifere des depots fissures karstiques; roches encaissantes; 3 - assise terrigene-sedirnentaire; 
4 - assise vulcanogene-sedirnentaire; 5 - ouvrage de captage; 6- hydroisohypses de la nappe aquifere 
des depots fissures karstiques a la date du 30. 3. 1976; 7 - accidents tectoniques: a) reconnus - b) sup
poses; 8 - Station hydrornetrique. 
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Figure 1.4: Coupes hydrogeologiques (I-I et II-II - fig. 1-3): 1 - limons, limons sableux; 2 - argile 
compacte, argile sableuse; 3 - depots de sables-graviers-galets; 4 - couche d'alteration des calcaires; 
5- calcaires; 6- forage, en bas, la profondeur; 7- niveau d'eau a la date du 30. 7. 1974; 8- niveau 
des eaux souterraines a la date du 30. 3. 1976. 

La surveillance des variations du niveau des eaux souterraines, pendant les periodes a prele
vement relativement stable, montre que leur regime est caracterise par des baisses et des re
montees periodiques. Le maximum des premieres a lieu a la fin de l'etiage d'hiver et celui des 
dernieres, a partir du printemps jusqu'a l'ete. Ce regime met en lumiere les conditions de for
mation des reserves exploitables: lorsque le prelevement depasse le total de la ressource na
turelle et de !'absorption de !'infiltration fluviale, c'est le rabattement des reserves capacitai
res qui a lieu; en periode de recharge intensive, par suite de !'absorption des eaux de fonte et 
de crue, quand le gain du bilan depasse le prelevement, le niveau commence a s'elever. 
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Le caractere des variations des niveaux de la periode de 1974 a 1976 est presente sur le dia
gramme de la figure 1.5. On constate que les basses eaux de l'annee 1975 ont conditionne 
une reconstitution incomplete des niveaux. 
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Figure 1.5: Graphique du regime des eaux souterraines du gisement de Petit Kizil: niveau d'eau dans 
les forages 1, lA, 4, 5A, 7, 8A, lOA_ 12, 18A, 105. 
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Le debit d'etiage de la riviere, au-dessous de sa valeur de 800 Lis a la section de jaugeage 
d'entree, s'absorbe completement a l'arrivee dans la zone des roches carbonatees. Avec 
!'augmentation du debit de la riviere, la valeur d'observation augmente aussi, mais a cadence 
plus lente, ce qui peut etre explique par le colmatage constant du lit du Petit Kizil dont le de
bit ici atteint 4,5 - 5 m3/s. Avec !'augmentation du debit, l'eau arrive dans la plaine d'inon
dation riche en bras morts et le caractere de !'absorption de l'ecoulement fluvial change: son 
volume devient fonction de la superficie et du temps d'inondation de la plaine. Comme le de
bit de la riviere ne depasse 5 m3/s qu'au printemps ou apres les averses d'ete et d'automne a 
forte intensite, la realimentation intense des reserves exploitables a lieu au cours de ces cour
tes periodes. Les observations montrent qu'en opposition avec le lit de la riviere, la plaine 
d'inondation et les bras morts ne sont pas sujets au colmatage car la croute vaseuse se for
mant pendant la crue se desseche rapidement apres la decrue et est exposee alors a une al
teration intensive, a !'ablation eolienne et a la vegetation herbacee. 
A partir des donnees de l'ouvrage de prise d'eau, en particulier durant la periode de 1973 a 
1976, les sources principales de formation de son debit d'exploitation (Qex) peuvent etre ex
primees par !'equation suivante: 

Qab · tr 

Q Q + vrn·an 
= rn + ab · tr --:r--

ressources naturelles de l'aire de gisement comprise entre les sections de jau
geage d'entree et de sortie ( estimees d'apres l'ecoulement de la source avant le 
debut de !'exploitation du gisement a 130 Lis ou 4,1 . 106m3/an); 

absorption de l'ecoulement des rivieres Petit Kizil et Analyk; 

reserves naturelles (capacitives) d'eau souterraine dans la couche alluvionnai
re, dont le rabattement se produit pendant la periode ou le prelevement (Qex) 
n'est pas couvert par la somme Qrn + Qab. tr et la realimentation complete en 
periode ou (Qrn + Oab. tr) < Oex-

Cette equation montre que la valeur Qex peut varier selon les periodes (annees) de pluviosite 
differente, ce qu'on doit prendre en compte pour !'analyse du fonctionnement de l'ouvrage de 
captage et surtout pour !'evaluation des reserves exploitables du gisement. 

L'etude du regime d'exploitation contribue a la definition du coefficient d'emmagasinement 
des alluvions (Man), indispensable a !'estimation du volume des reserves rabattues, de lava
leur et du regime de leur realimentation, ainsi que de !'absorption de l'ecoulement fluvial 
pendant les annees de pluviosite differente. 

Le coefficient d'emmagasinement a ete defini d'apres le volume rabattu durant les periodes 
ou l'ecoulement superficiel transitaire, a la section de jaugeage d'entree, etait nul ou negli
geable et ou ses pertes se determinaient avec precision. En meme temps, on calculait le volu
me preleve durant ces periodes ainsi que les volumes de l'ecoulement transitaire absorbe et 
de l'ecoulement souterrain dans la zone du massif carbonate. La valeur moyenne de Man a ete 
estimee ainsi a 0,14. 

A partir de cette valeur et du volume evalue des depots alluvionnaires, leurs reserves capaci
tives globales ont ete estimees egales a 35 . 106m3 et les reserves specifiques pour un rabatte
ment de 1 m, egales a 1,05. 106m3• 

L'absorption du debit transitaire a ete definie d'apres les courbes de correlation entre celle
ci et le debit de la riviere. Ces courbes ont ete construites pour des debits allant jusqu'a 
5 m3 /s et plus, lorsque l'eau inonde la plaine et que les conditions d'absorption changent 
completement. 
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Etant donne que le calcul de !'absorption pendant les crues est impossible par mesure directe, 
elle a ete determinee d'apres la valeur de remplissage de la capacite alluvionnaire, d'une 
maniere analogue au calcul du coefficient d'emmagasinement. 

Les parametres obtenus a partir des donnees experimentales ont ainsi permis de reevaluer 
plus precisement les reserves d'eau souterraine exploitables dans les conditions de regime 
naturel des rivieres Petit Kizil et Analyk. 
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1.3 
ESSAI DE BILAN HYDROGEOLOGIQUE DANS UNE REGION 

KARSTIQUE DE L'IT ALIE CENTRALE 

par C. F. Boni et P. Bono1) 

Istituto di Geologia e Paleontologia 
dell'universita degli Studi di roma 

L'etude du bilan hydrogeologique est toujours une tache delicate parce qu'elle suppose la 
connaissance de donnees quantitatives difficiles a determiner. 

On a pris en consideration dix bassins hydrogeologiques repartis en quatre structures karsti
ques voisines (fig. 1.6). La surface totale est d'environ 5'000 km 2

, le volume des precipita
tions, de 6 milliards de m3/an. Le debit sources excede 100 m3/s (plus de 20 m3/s de pertes 
estimees) correspondant a environ 3,5 milliards de m3/an. 

Les conditions entrant en consideration dans !'evaluation du bilan sont, en resume, les sui
vantes: 

Les structures hydrogeologiques et les bassins partiels ont des limites assez bien definies 
par des lignes structurales et des contacts lithologiques marques. 

Les precipitations sont mesurees depuis plus de 30 ans par un reseau de stations assez ser
re, meme si les donnees en altitude elevee sont peu nombreuses. 

L'evaluation du debit des sources principales, meme si elle n'est pas encore satisfaisante, 
est facilitee par la grande regularite du regime d'ecoulement. Cette regularisation, carac
teristique de la region, se produit, peut-etre, parce que les bassins sont tres etendus et le 
karst profond, pas trop developpe. Les debits qu'il n'a pas ete possible de mesurer ont ete 
estimes et, dans l'essai de bilan, font l'objet d'un calcul separe. 

L'ecoulement de surface a ete etudie a I' aide d'observations et de mesures locales, en dif
ferents endroits de la region. Les donnees quantitives, cependant, sont encore insuffisan
tes. Dans un bassin representatif specialement equipe en zone karstique, pendant plus de 
trois ans on n'a jamais enregistre un ruissellement excedant 1 % des precipitations, meme 
a I' occasion d'averses d'intensite exceptionnelle. 11 n'en resulte pas toutefois que l'ecou-· 
lement de surface ne soit fortement influence par la lithologie et la morphologie. Tandis 
qu'il est tres limite, meme negligeable, dans le bilan annuel d'un bassin calcaire et calca
reo-dolomitique bien karstifie, au contraire il ne peut etre neglige dans un bassin dolo
mitique et de calcaires marneux, ou le karst est moins developpe. 
La valeur de l'evapotranspiration n'apparait pas dans le bilan parce que les donnees dis
ponibles n'ont permis qu'une evaluation empirique, donnant des resultats probablement 
excessifs. 

En tenant compte de ces considerations, la methode suivie pour !'evaluation du bilan a ete 
la suivante (tableau 1): 

Delimitation de la surface du bassin hydrogeologique (S) en km2 

Calcul des precipitations annuelles d'apres THIESSEN (P) en m3/an (Pv) et en mm/an 
(Ph) 

Calcul de l'ecoulement souterrain annuel moyen d'apres les debits des exutoires (Q), en 
m 3/an (Qv) 

1) Travail execute avec le support financier du Consiglio Nazionale delle Ricerche (Contra!. : 72.01082.05/ 
115.3204; 73.01008.05/115.3204; 74.00739.05/115.3204) et du Projet ,Geolazio" de la Faculte des Sciences de 
l'Universite des Etudes de Rome. 
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SCHEMA HYDROGEOLOG!OUE REGIONAL 
(C. F. BONI- P. BONO) 

N 0 

0 40 krn 
dess1nE parG.VENTURA--S RABOTTINO 

Figure 1.6 
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Figure 1.6- SCHEMA HYDROGEOLOGIQUE REGIONAL 

1. Terrains de couverture recents ( argiles, sables, vases, tufs volcaniques, travertins, etc.): Plio-qua
ternaire. 

2. Flysch argileux-arenace: Miocene superieur. 

3. Breches calcaires de falaise: Miodme moyen. 

4. Marnes et calcaires detritiques de la serie de transition ,shelf-bassin": Eocene-Miocene inferieur. 

5. Calcaires et calcaires marneux de la serie de transition ,shelf-bassin": Cretace superieur. 

6. Calcaires de la serie de ,shelf": Mesozolque. 

7. Calcaires et dolomies de la serie de ,shelf": Mesozolque. 

8. Dolomies de la serie de ,shelf": Mesozolque. 

9. Front de charriage. 

10. Faille principale. 

11. Groupes de sourcess (debit:e 2m3/s, e 2-:-4 m3/s, e 4-;-8 m3/s, e 8-:-16 m3/s) 

12. Pertes sous-marines et sous-lacustres. 

13. Limite de bassin hydrogeologique. 

14. Bassin hydrogeologique. 

15. Direction d'ecoulement des eaux souterraines. 
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Calcul, par difference, des pertes de surface P - Q = D, somme du ruissellement (R) et 
de l'evapotranspiration (E); D = R + E, exprimees en m3/an (Dv) 

Les valeurs de Qv et de Dv, rapportees a la surface du bassin, donnent !'infiltration effi
cace (Ih) et les pertes superficielles (Rh + Eh) exprimees en mm/an. 

Du point de vue geologique, on remarque des differences entre le karst de la serie du shelf 
carbonate subsident et le karst de la serie de transition shelf-bassin. 

Dans le facies du shelf, la serie calcareo-dolomitique mesozolque, puissante de 3'000 m, n'a 
aucune intercalation impermeable. La region a ete affectee par deux phases tectoniques mar
quees: la premiere, mio-pliocene, qui a produit des chevauchements et la seconde, assez re
cente, qui a provoque des effondrements. Ce type de tectonique, qui a produit des contacts 
lithologiques nets, a donne aux bassins des limites assez bien ddinies. L'infiltration efficace 
est tres elevee et le ruissellement de surface, tres limite. Les exutoires, alignes le long des li
mites lithologiques de la structure aux points d'altitude les moins eleves, donnent des debits 
remarquables, a regimes assez irreguliers. 

Dans le facies de transition shelf-bassin, la serie carbonatee, puissante d'environ 1'500 m, 
est moins pure et homogene. Les calcaires sont souvent marneux et des niveaux de schistes 
argileux et siliceux s'intercalent dans les formations kartiques. La premiere phase tectonique 
a donne origine a des structures plissees et chevauchantes, la seconde phase, d'effondre
ment, a produit de vastes depressions, souvent fermees. Les structures hydrogeologiques 
sont complexes et varices, les contours des bassins irreguliers; !'infiltration efficace est redui
te et le ruissellement plus eleve. 

Du point de vue hydrogeologique, dans les bassins partiels du shelf, on a evalue des valeurs 
d'infiltration efficace moyenne comprises entre 7 40 et 940 mm (pour des valeurs de P = 
1150-1400). La moyenne est 850 mm environ. 

Dans le facies de transition shelf-bassin, !'infiltration moyenne efficace est de 650 mm, dans 
la partie basse de la serie qui est plus calcaire, et de 4 70 mm dans les calcaires marneux (P = 
11 00-1200). 

Cet essai de bilan, qui nous a coute plusieurs annees de travail, est surement encore imprecis 
et pourra etre ameliore, surtout dans le domaine des mesures de debits. Toutefois, il interesse 
une region tres etendue, ou les imprecisions du bilan des bassins partiels sont en partie 
compensees dans le bilan general. Cela evite le risque de presenter des resultats obtenus dans 
des bassins peu etendus ou a situations tres particulieres comme representatifs du phenomene 
karstique, lequel est extremement variable et encore tres peu connu. 
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1.4 
RECHERCHES EN VUE DE L'EXPLOITATION D'UNE NAPPE 

KARSTIQUE CAPTIVE 

Expose du probleme 

par C. F. Boni et P. Bono 1) 

(Rome) 

Les ressources actuelles de la Plaine des Pontina (50 km au Sud de Rome), derivees des sour
ces kartiques, sont insuffisantes. Le but de la recherche etait d'evaluer la possibilite d'utili
ser la nappe karstique captive se developpant sous la plaine, sans trop reduire les ressources 
de la surface. 

Cadre hydrogeologique 
Geologie 
La region est constituee du massif karstique des Monti Lepini, Ausoni et Aurunci (altitude 
moyenne 700 m, max. 1500 m) et d'une vaste plaine cotiere (50 km de longueur et 20 km de 
largeur environ). La serie calcareo-dolomitique mesozolque, puissante de plus de 1500 m, 
est charriee sur le flysch argileux-arenace le long du bord Nord-oriental du relief; une phase 
tectonique de distension (Plio-quaternaire) a cause l'effondrement du cote Sud-occidental 
au-dessous de l'actuelle plaine cotiere en determinant une intense activite volcanique, au Sud 
et au Nord du relief, et hydrothermale le long des grandes failles regionales, en bordure de la 
plain e. 

Hydrologie 
Le massif est fissure et karstifie. Les precipitations annuelles moyennes sont de 1300 mm en
viron; !'infiltration efficace calculee est de 900 mm/an. La nappe karstique alimente de nom
breuses sources, alignees le long du bord Sud-occidental, sur un front de 50 km environ; le 
debit annuel moyen cumule (mesure de 1970 a 1976) est d'environ 17 m3/s (24 m3/s max. 
mensuel et 12m3 /s min. mensuel). Dans les blocs calcaires, abaisses par les failles au-dessous 
de la plaine cotiere, la nappe karstique est artesienne (fig. 1.7 et 1.8). 

Hydrochimie des eaux 
La mineralisation des eaux des sources est variable, entre 250 et 300 mg/1 et la temperature 
est comprise entre 12° et 24° C. Les eaux froides, moins mineralisees (jusqu'a 500 mg/1) ont 
la composition chimique typique des eaux karstiques; par contre, les eaux plus chaudes et mi
neralisees ont des concentrations en Cl et S04 tres elevees et un pH faiblement acide. Le chi
misme varie selon la situation structurale: les sources et les puits, meme les plus profonds 
creuses a l'interieur de la structure calcaire, debitent des eaux peu mineralisees, tandis que 
les sources et les puits situes au SW des failles de bordure, fournissent des eaux tres minerali
sees. Les anomalies hydrochimiques sont imputables a !'interaction entre le circuit karstique 
et le circuit hydrothermal. 

1) Recherches faites par le ,Compagnia Mediterranea di Prospezioni di Roma" pour le ,Consorzio per !'Area Indu
striale del Lazio (Roma-Latina)". 
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Figure 1.7- SCHEMA DE LA REGION D'INVESTIGATION 

Geologie: 
1. Depots continentaux argileux et sableux, eboulis, etc. (Quat.). 

2. Sables marins et continentaux (Quat.). 

3. Depot massif de travertin (Quat.). 

4. Tufs volcaniques (Quat.). 

5. Calcaires et marnes de la serie pelagique (Mesozolque). 

6. Calcaires et dolomies de la serie recifale (Mesozolque). 

7. Failles principales. 

.,. 
c. 

Cl> 

0 

8. Front de charriage. suite de la legende -. 
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Hydrologie: 
1. Cours d'eau perenne et canal de drainage. 

2. Lac saumatre. 

3. Groupe de sources et altitude moyenne. 

4. Forage profond (1000 m) et captage d'eau chaude (50-60° C) mineralisee, dans les calcaires meso
zolques enfouis. 

5. Forage peu profond (100 m) dans les terrains quaternaires. 

6. Forage dans la nappe des calcaires mesozolques. 

7. Courbe d'egale profondeur du toit des calcaires au-dessous des sediments de couverture plio-quater
naire. 
(D'apres J. MOUTON, 1977, modifie). 

Methode d'etude choisie 
Recherches geophysiques 
Une campagne de prospection geoelectrique (methode des resistivites) a fourni une excel
lente reconstruction des conditions structurales du toit des calcaires (fig. 1.8). Par contre, 
!'etude geophysique n'a donne aucune information valable sur le degre de permeabilite des 
calcaires enfouis. 

Forages 
Sur la base des resultats de la prospection geophysique, des puits d'etude ont ete creuses, soit 
a l'interieur du relief, soit dans la plaine c6tiere. Les forages dans les calcaires ont ete execu
tes a rotation et a circulation d'eau. Les puits ont ete tubes avec des colonnes de 350-400 
mm dans la partie superieure; la partie inferieure, aquifere, foree en diametres de 250-300 
mm, n'a pas ete tubee. 

Carottage electrique et radioactif 
Les niveaux les plus fissures et karstifies (deja sign ales par le log lithologique) sont marques 
par des pies positifs de la courbe de resistivite, tandis que la courbe de la PS et la courbe gam
ma-ray montrent des flexures negatives. Le log de resistivite s'est revele le plus utile. 

Resultats des forages 
Trois niveaux, aux caracteres hydrogeologiques differents, ont ete reconnus: 

a) de 0 a -100 m au-dessous du niveau de la mer: calcaires et calcaires dolomitiques fissures 
et karstifies, colmates par des depots d'alteration, a faible permeabilite; 

b) de -100 a -200 m au-dessous du niveau de la mer: calcaires et calcaires dolomitiques fis
sures et karstifies, permeables et satures par une nappe remarquable (reseau paleo-kar
stique d'age inconnu, affaisse sous la Plaine de Pontina par une phase tectonique d'effon
drement plus recente); 

c) au-dessous de 250 m sous le niveau de la mer: calcaires et dolomies peu fissures et non 
karstifies; permeabilite moyenne, assez faible. 
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Figure 1.8- COUPES GEOLOGIQUES SCHEMATIQUES 

1. Tufs volcaniques. 

2. Travertins. 

3. Sables. 

4. Depots argilo-sableux continentaux. 

5. Depots argilo-arenaces marins. 

6. Calcaires et dolomies. 

7. Faille principale. 

8. Ligne de partage eaux douces - eaux salees. 
(D'apres J. MOUTON, 1977, modifie). 
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Essais de debit 
Le debit des puits varie entre 30 et 100 1/s. La transmissivite a ete determinee sur tousles puits; 
sur trois puits, equipes d'un piezometre, on a determine la transmissivite et le coefficient 
d'emmagasinement. La transmissivite varie entre 3,4 · 10-2 et 9 · 10-5 m2/sec. Le coefficient 
d'emmagasinement varie entre 3,6 · 10-4 et 4,7 · 10-4 • 

Plan d'exploiation 
En utilisant un modele analogique R. C. de la nappe karstique, on a etabli que la nappe peut 
etre exploitee avec des debits variant entre 1000 et 1700 1/sec, qui donnent des rabattements 
piezometriques variant entre 0,1 et 2 m. La baisse piezometrique, limitee, ne peut pas modi
fier considerablement le debit d'etiage des plus grandes sources. 

Conclusions 
a) La methode geophysique de la resistivite a donne d'excellents resultats: le toit de la struc

ture karstique enfouie a ete reconnu en detail. 

b) Les blocs karstiques enfouis sont de remarquables aquiferes puisqu'ils sont en continuite 
avec un relief karstique affleurant. 

c) La productivite de l'aquifere depend de la presence d'un reseau paleo-karstique non col
mate par des depots d'alteration. 

d) Dans la region karstique, interessee meme par une activite hydrothermale, les caracteres 
hydrochimiques des eaux peuvent etre influences notamment le long des failles d'impor
tance regionale. 

e) Les essais de debit ont fourni de bons resultats quantitatifs, qui soulignent la variabilite 
considerable de la transmissivite et l'uniformite du coefficient d'emmagasinement. 
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1.5 
PROSPECTION ET EVALUATION DES RESERVES EXPLOITABLES 

D'EAU SOUTERRAINE D'UN MASSIF KARSTIQUE 
(GISEMENT DE BOKSITOGORSK, PLATE-FORME RUSSE) 

par V. B. Borevski et L. S. Iazvin 
(URSS) 

L'evaluation des reserves d'eau souterraine exploitables du gisement de Boksitogorsk a ete 
faite sur la base des resultats des travaux de prospection speciaux, realises en vue de !'identi
fication des ressources pour l'alimentation en eau de la region de Leningrad dont la demande 
totale est de 150 1/s. 

Le gisement est localise dans la partie nord-ouest de la plate-forme russe et associe a un pla
teau compose de roches carbonatees du Carbonifere inferieur, a karstification irreguliere. 
L'assise aquifere est constituee par une alternance de couches de calcaires et de dolomies 
aquiferes dans lesquels sont intercalees des argiles. 

L'epaisseur de certaines couches de calcaires est de 4-8 m; celle des couches intercalees varie 
de 1-2 a 5-7 m. Par endroits, les argiles sont remplacees par des sables argileux, ce qui favori
se la communication active entre les couches. L'ensemble des couches forme un seul complexe 
aquifere a structure stratifiee. L'alimentation des eaux souterraines s'effectue par infiltra
tion des precipitations atmospheriques a travers des depots quaternaires de faible epaisseur 
et par leur penetration dans les roches carbon a tees, favorisee par le developpement des phe
nomenes karstiques. La nappe d'eau souterraine, a l'ouest et au sud-ouest, commence a af
fleurer dans la vallee fluviale sous forme de suintements continus et de nombreuses sources. 
Une decharge partielle est due a l'exhaure de la carriere Podsocenskii situee sur le seuil du 
plateau karstique. 

Le site de l'ouvrage de prise d'eau a ete choisi dans une zone de fissuration et de karstifica
tion maximum. 

Dans les conditions envisagees, ou les depots aquiferes se caracterisent par une epaisseur et 
un coefficient d'emmagasinement faibles, les ressources naturelles jouent le role principal 
dans la formation des reserves exploitables. De ce fait, le probleme primordial de la prospec
tion de la region consistait en I' evaluation de ces ressources. En outre, il importait d'obtenir 
les donnees suivantes pour le calcul des prelevements d'eau: la variation des proprietes de 
filtration des depots aquiferes en plan et en couche, l'epaisseur et la profondeur de certaines 
couches aquiferes sur le site choisi, le debit possible des forages, etc. 

Pour la solution des to us ces problemes, un ensemble de travaux de prospection a ete realise, 
comprenant: 

a) I' etude du regime de la decharge des eaux souterraines au cours de l'annee: surveillance 
de l'ecoulement des sources et de l'exhaure des carrieres; 

b) !'execution de forages de 30 a 50 m de profondeur; 

c) la realisation de pompages d'essai et d'exploitation. 

Les resultats ont montre que dans l'annee, le debit des sources varie considerablement. La 
decharge de sources en etiage d'hiver, de l'annee a garantie de 95 %, est de 7800 m3/j. (Les 
mesures ont ete effectuees en 1967, correspondant, d'apres la pluviosite, a l'annee a garantie 
de 95 %).La venue d'eau dans la carriere, en etiage d'hiver, est restee pratiquement stable 
et egale a 13800 m3/j. 11 est a noter que dans la zone d'influence de l'exhaure, plusieurs sour
ces ont disparu (dont une source importante d'un debit de 3500 m3/j). 
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Figure 1.9 Schema hydrogeologique du gisement d'eau souterraine de Boksitogorsk (long. 33.49E, 
!at. 59.28N): 1 - calcaires; 2- roches sedimentaires; 3- seuil du plateau, dirige vers l'aire des roches 
carbonatees; 4 - forage de reconnaissance; 5 - direction de l'ecoulement des eaux souterraines; 6 -
station hydrometrique; 7 - zones d'exhaure de la carriere; 8 - sources; 9 - ouvrage de captage. 

Ainsi, les ressources naturelles totales, en periode d'etiage, ont ete evaluees a 21500 m3/j 
d'apres la valeur de l'ecoulement souterrain. 

Les forages et les essais ont montre que la couche aquifere inferieure est la plus favorable a 
I' exploitation, etant associee a une assise de calcaire de 4-8 m d'epaisseur dont le toit est a la 
profondeur de 20-24 m. Cette couche est caracterisee par une grande abondance en eau; les 
debits de certains forages depassent 30 1/s, avec un rabattement de 1,4 a 4 m. La charge at
teint 11 m au-dessus du toit, ce qui rend possible un rabattement important dans les couches 
sus-jacentes. 

Les travaux executes ont mis aussi en evidence une forte heterogeneite de la permeabilite 
des calcaires aquiferes: leurs coefficients de permeabilite varient de 10-20 a 100-300 m/j. l 

Dans les conditions envisagees, comme il a ete mentionne plus haut, les reserves a exploiter 
ne doivent pas depasser les ressources naturelles. Par consequent, la valeur garantie des re
serves exploitables a ete prise egale a 21500 m3/j. 
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11 importait de demontrer la possiblilite de prelevement de cette quantite d'eau par l'ouvrage 
projete. En raison de l'heretogeneite des proprietes de filtration des couches aquiferes un 
pompage puissant, dans un groupe de forages accompagnes de puits temoins, a ete execute, 
en vue de !'utilisation subsequente de la methode hydraulique d 'evaluation des reserves. Le 
pompage etait effectue dans trois forages distants de 5-7 m, avec un debit total de 961/s pour 
un rabattement maximum de 3,2 m. 11 a eu lieu dans une periode d'abaissement nature! des 
niveaux; c'est pourquoi, pour la determination du caractere du regime (permanent ou non 
permanent), les corrections de l'abaissement observe ont ete faites a partir des donnees obte
nues en periode de regime non influence (avant le debut du pompage ). L'analyse de !'infor
mation recoltee a montre que le pompage s'effectuait en regime permanent. 

Puisque les conditions hydrogeologiques permettaient d'augmenter le prelevement, le rabat
tement possible a ete calcule (a partir du debit specifique) pour une augmentation de debit 
allant jusqu'a 21500 m3/j, soit 250 1/s. 11 a ete estime a 8,3 m (a partir d'un debit specifique 
de 30 1/s), le rabattement tolerable etant de 11 m (valeur de la charge au-dessus du toit). 

Le calcul hydrodynamique approximatif de l'ouvrage de prise d'eau a ete effectue. Dans ce 
but, une couche reelle a ete schematisee en couche semi-infinie, pour la limite de laquelle le 
seuil du plateau carbonate a ete pris. Puisque le debit de l'ouvrage captant ne depasse pas la 
decharge, la condition de S = 0 aux limites a ete admise. La transmissivite a ete calculee 
d'apres les donnees des pompages dans le groupe de forages et des puits temoins. Le rabatte
ment previsionnel de 10,3 m est suffisamment rapproche de celui calcule par la methode hy
draulique. 

Dans les conditions du gisement decrit, !'attention principale doit etre attachee a !'evalua
tion des ressources naturelles totale pour laquelle !'etude du bilan est d'une grande impor
tance. Les calculs previsionnels peuvent etre effectues a !'aide de la methode hydraulique, a 
partir des donnees des pompages d'essai et d'exploitation ou a !'aide de la methode hydrody
namique si, lors du pompage, on n'a pas reussi a atteindre la stabilisation des niveaux. 
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1.6 
FORECAST OF KARST WATER LEVELS 

by E. A. Zaltsberg 
(USSR) 

The Izhorskoye Karst Plateau, located in the western half of the extremely humid Leningrad 
Region, has an area of more than 3,000 square kilometers. Absolute elevations rise to 165-
175 meters above sea level. The karst limestone and dolomite strata contains a water-table 
aquifer in which groundwater regime observations, instigated in 1932, have been continued 
to the present. To improve the hydrologic predictions, forecasting of groundwater levels have 
been made for the last 10 years along with water supply estimates and spring discharges. 

Four typical levels can be distinguished from the annual water table fluctuations: pre-Spring 
minimum H 1, Spring maximum H2, Summer-Autumn minimum H3, and Autumn maximum H 4. 

The pre-Spring minimum is usually observed in March-April; Spring maximum in April-May; 
Summer-Autumn minimum in September-October; and Autumn maximum in November-De
cember. The average coefficients of correlation, calculated from observation data for 10 
wells were: rH3/H2 = 0.87; rHiH2 = 0.87; rH4/H3 = 0.89; rH1/H4 = 0.86 (in the last case, 
H 1 and H 4 are the levels of the subsequent and precedent years). 

Excluding the first pair of water levels, close correlations are observed between the periodic 
level extremes, which can be used in forecasting. By the method of pair correlations, if the 
Spring maximum is known, it is possible to forecast the Summer-Autumn minimum; if data on 
the Autumn maximum is known, one can calculate the pre-Spring minimum, etc. (Bogachev, 
1964; Zaltsberg, 1976; Konoplyantsev and Semenov, 1974). 

Two forecast equations for the pre-Spring minimum are given in Table 1. The equations were 
composed using the data on observations until 1970. The large values of the coefficient of 
correlation r and the comparatively small Syf (I x values show that the equations closely ap
proximate the data within the observation period. To prove the forecast value of these equa
tions, they must be checked with independent data (Table 2). 

Table 1 

Coefficient Stand- Stand-
Well Regression of correla- ard de- ard er- s, 

number equation tion and its viation rorof -

standard error of mini- fore- 6} 

r±& mum levels cast 
r 6 Y (m) S, (m) 

1001 H 1 = 1.16 + 0.9777 Hxn 0.91 ± 0.04 1.14 U . .f 7 0.41 
1042 H 1 = 2.88 + 0.9463 Hxn 0.85 ± 0.07 1.66 I 0.88 0.53 
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Table 2 

Well Average Forecasting pre- Real mi- Error of 
number December spring minimum nimum level forecast 

monthly level HI HI llm 
Hxn 

1971 
1001 9.03 9.99±0.40 9.78 0.21 
1042 21.21 22.95±0.50 22.73 0.22 

1972 
1001 10.16 11.09±0.40 11.17 0.08 
1042 22.71 24.37±0.50 24.45 0.08 

1973 
1001 12.43 13.31±0.40 13.29 0.02 
1042 25.08 26.61±0.50 25.95 0.66 

1974 
1001 9.22 10.17±0.40 10.36 0.19 
1042 21.56 23.28±0.50 23.10 0.18 

Note: 1. All levels are in metres below the ground surface. 
2. The probable error of forecast for well 1001 is 0.77 m, for well 1042 is 1.12 m. 

Examination showed the errors of forecast to be smaller than their probable values. This 
confirms their forecast significance. Similar equations were obtained to forecast unconfined 
karst water levels in the region of Brno, Czechoslovakia. 

It is advisable to use the method of multiple linear correlation and the equation of the type: 

H 2 = L bX+ a 
1 J J 

to forecast the Spring maximum levels in the lzhorskoye Plateau. The methods of such calcu
lations are described by Zaltsberg, 1976; Kovalevsky, 1974; Konoplyantsev and Semenov, 
1974. The correlation analysis showed the best predictors of the Spring maximum to be the 
February average monthly level Hu and the December-March precipitation Nxn-m· The re
gression equations are given in Table 3 and their check-up in Table 4. 

Table 3 

Coefficient Stand- Stand-
Well Regression of multiple ard de- ard 

number equation correlation viation error 
6y and its of offo-

standard er- spring recast Sy 
ror R± 6 r maximum Sy(m) 

6 y(m) 

1003 H 2=6.19+0.574Hn- 0.80±0.08 1.65 1.04 0.63 
-0.016Nxu-m 

1011 H 2= 12.27+0.199Hu- 0.70±0.11 1.22 0.93 0.76 
-0.016Nxu-m 
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Well 
number 

1003 
1011 

1003 
1011 

Forecasting 
spring ma-
ximumH2 

11.72±1.00 
12.93±0.90 

12.89± 1.00 
13.28±0.90 

Table 4 

Real maxi- Error of 
mum level forecast 

Hz m 

1975 
10.69 1.03 
13.41 0.49 

1976 
11.81 1.08 
12.67 0.61 

Note: 1. All levels are in metres below the ground surface. 
2. The probable error of forecast for well 1003 is 1.11 m, for well 1011 is 0.82 m. 

Methods of pair and multiple correlation can be used to predict the average unconfined karst 
water level. The Spring maximum level, H 2, is used as a predictor in the first case, and the 
average February level, Hn and the snow water storage in the second case. 

The periodic components in long-term water level fluctuations (the Fourier analysis) are use
ful in forecasting average annual levels. In this case the forecast equation is 

I< 2-rr' 
Xt+m = Ao + ~ Ancos [ Tn (t+m)- j' n J ± 16 b 1 

where: Xt+m = the forecast value of the water level with a minimum of m years, where m = 
1-2; A 0 =the average level for the period of observations; an, Tn, j' n =the amplitude, the 
period and the initial phase of each of the periodical components; k = the number of periodi
cal components; 6 b1 =the standard deviation of the random component b 1; and 1 = 1-3. 

The method of such calculations, including evaluation of the meaning of each of the harmo
nics distinguished, was described by Zaltsberg, 1976. A forecast of average annual wa
ter levels for wells 1002 and 1009 in 1973, was made using the previously given equation and 
observation data up to 1972. The forecast values were 15.60 ± 0.70 m and 7.99 ± 0.80 m. 
The real average annual water levels for the wells were 15.57 m and 7. 72 m, thus the forecast 
errors were smaller than their probable values. 

As discussed, several different methods can be used to forecast the regime of unconfined 
groundwater levels in karst areas: the pair and multiple correlation and the Fourier analysis. The 
choice of the method depends on the formation conditions of the groundwater regime and 
on the volume of available hydrogeological and meteorological information. 
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1.7 
BASSIN KARSTIQUE DE LA REGION DE BEAUREGARD 

Cadre hydrogeologique 

par Alberic Monjoie, 
(Liege) 

Le ruisseau de Beauregard (Liege) a un cours presqu'entierement souterrain vers la riviere 
principale de l'Ourthe. La structure geologique du site consiste en un synclinal double orien
te EW et constitue par des calcaires frasniens et givetiens surmontant le Couvinien schisteux 
et supportant les schistes et psammites du Famennien (fig. 1.10). 

Figure 1-10 t1D """'"'" 
CARTE GEOLOGIGUE 

La structure presente un ennoyage E de l'ordre de 5 % voisin de la pente topographique de 
I' axe du vallon de sorte qu'elle se maintient d'E en W avec cependant un leger elargissement 
des plis vers l'aval. 

On observe de nombreux phenomenes karstiques et un reseau de grottes en bordure de 
l'Ourthe. 

Hypothese de base des etudes et travaux 

Si les phenomenes karstiques sont anciens et datent des stades successifs d'encaissement de 
la vallee de l'Ourthe, entrainant un drainage des eaux dans cette direction suivant l'ennoyage 
du synclinal, il semble qu'un karst jeune tende a se developper en raison de !'erosion laterale 
du bord S du synclinal par le meandre de l'Ourthe a Fechereux. Les recherches ont ete reali
sees en vue de !'urbanisation eventuelle de la region et notamment pour determiner les res
sources aquiferes et les modalites d'evacuation des eaux naturelles et usees. 
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Justification do choix de la methode d'etude 

Une etude geologique detaillee completee par des mesures geophysiques a permis de definir 
le bassin, les appareils karstiques et les conditions d'absorption des eaux. 

Des mesures de debit et !'utilisation de traceurs ont conduit a caracteriser l'ecoulement des 
eaux dans les deux karsts superposes. 

Description des etudes et travaux 

Apres le lever geologique detaille, la prospection geophysique a comporte 10 sondages elec
triques, 7 sondages sismiques et 2000 m de traines electriques. Sur base des resultats obte
nus, trois sondages mecaniques ont ete fores pour preciser les caracteristiques du site notam
ment en zones karstiques. 

Le jaugeage des differents ruisseaux alimentant le synclinal calcaire ainsi que des resurgen
ces a ete effectue durant plusieurs mois, en particulier durant une periode d'un mois sans 
precipitations et durant certaines periodes tres pluvieuses. De plus, des essais a la fluoresceine 
ont ete realises. 

Resultats 

Deux karsts ont ete mis en evidence: 

1 o - un karst axial, relativement ancien, bien developpe, evoluant lentement et oriente 
suivant la structure geologique 

des appareils karstiques majeurs sur la zone anticlinale centrale 

deux lignes paralleles de dolines et de petits chantoirs dont les banes calcaires separes 
par une formation calcaro-schisteuse du bord N du synclinal. 

Les vitesses de circulation observees par traceurs sont de 60 m/h pour les chantoirs actifs et 
de 30 m/ha partir des do lines et sondages. Les hydro grammes sont tres accuses et les tarisse
ments rapides. Le temps de reponse sur une distance de 2,5 km est de l'ordre de quelques di
zaines d'heures. 

2o Le karst profond s'est developpe sous le precedent et il en resulte une reactivation du 
karst superieur ancien dans la partie situee a l'amont de la zone d'erosion fluviale du mean
dre de Fechereux. 

Le seuil de reponse est de l'ordre de 3 a 5 1/sec et les temps de reponse, pour une distance 
inferieure a 1 km, soot de l'ordre de 10 a 20 jours. Les debits varient tres peu sauf apres des 
periodes de precipitations de plus de 15 jours. 

Les sondages electriques et les sondages sismiques ont permis de definir les remplissages col
luviaux (resistivite : 150 a 250 ohm.m- vitesse: 200 a 500 m/s) et argileux (resistivite: 50 a 
250 ohm.m) des dolines, !'importance des calcaires fissures et alteres (resistivite : 100 a 360 
ohm.m - vitesse : 750 a 1000 m/s) et de localiser les calcaires compacts (resistivite : 500 a 
1000 ohm.m - vitesse : 1800 a 3400 m/s). 

Les forages realises dans les dolines ainsi definies ont permis de verifier !'importance des 
remplissages et de suivre la permeabilite du massif. 
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Recommandations 

Le karst jeune inferieur contient une reserve d'eau interessante mais dont l'etude par puits 
n'a pas ete entamee, les risques de pollution etant actuellement trop importants. 

Au point de vue evacuation des eaux dans le karst superieur, un debit de 10 l!s par chantoir 
actif semble ne pas poser de probleme majeur, mais necessiterait la realisation de bassins d'o
rage. Pour des debits plus importants enregistres en periode de fortes precipitations, on a 
constate une reactivation notable des phenomenes de dissolution. 

Tableau des donnees quantitatives 

karst superficiel 

karstjeune 

vitesse 
de l'eau 

30 a 60 m/h 

qquesm/h 

Bibliographie 

temps de 
reponse 

qques 
dizaines 
d'heures 

10a20j. 

seuil de 
reponse 

ll/s 

3 a 5 1/s 

Rapport inedit du Laboratoire de Geologie et Hydrogeologie de l'Universite de Liege, no Gr.I/671 

L. CALEMBERT et A. MONJOIE, 1970 - Bassin karstique et reseau souterrain de la region de 
Beauregard (Liege - Belgique), Actes du Colloque d'hydrologie en pays calcaire, pp. 277-283, 
2 fig., 1 tabl., Besan~on. 
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1.8 
EVALUATION DES CHANGEMENTS DES RESERVES EN EAUX 
SOUTERRAINES DANS LA STRUCTURE HYDROGEOLOGIQUE 

DU COMPLEXE CALCAIRE DOLOMITIQUE DES PETITES CARPATES 
(TCHECOSLOV AQUIE) EN VUE D'UN BILAN HYDROLOGIQUE 

par E. KULLMAN 
(Bratislava) 

Justification du choix de la methode d'etude 

Pour preciser les bilans hydrologiques, on a suggere et verifie la methode de !'evaluation du 
changement des reserves dans les structures hydrogeologiques. Elle est basee sur I' etude du 
tarissement des eaux souterraines de la structure en regime non influence, et exprime par des 
courbes de tarissement. Ces courbes moyennes de tarissement, combinees avec l'hydrogram
me des eaux souterraines des structures considerees, durant la periode du bilan, perrnettent 
de faire !'evaluation du changement des reserves en eau souterraine pour ces periodes. On 
suppose que l'ecoulement des eaux souterraines, pour des periodes differentes, represente 
un volume correspondant des reserves des eaux souterraines dans la structure. 

Cadre geologique 

On a utilise la methode pour la structure hydrogeologique du complexe calcareo-dolomiti
que des Petites Carpates. Celle-ci forme un monoclinal de dolomies et de calcaires aquiferes, 
du Trias. Elle couvre une superficie de 12,88 krn2et est drainee par 17 sources, mesurees sys
tematiquement durant la periode 1957-1966 (fig. 1.11). 
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0,16 

0,12 

0,06 

0,04 

I 
I 
I 
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=> 
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" 0 
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-~-r~19~60--· --,~-1--r-~~-r~~--T-

Figure 1-11: Graphique de la variation du debit total des sources de la structure hydrogeologique con
tenant la nappe kriznansky prikrov, Petites Carpates, pour les annees hydrologiques de 19 57-1966, avec 
indication des courbes de tarissement choisies pour l'etablissement de la courbe moyenne de tarissement 
de la structure. 

Resultats 

L'evaluation du changement des reserves durant les dix annees hydrogeologiques conside
rees a ete un travail considerable. On se borne ici a donner en detail, comme exemple, I' eva
luation du changement des reserves pour l'annee hydrologique 1959. Les autres annees hy
drologiques sont donnees en forme de tables (tab. 1). 
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Figure 1-12: Decomposition de l'ecoulement souterrrain, en 1959. 

1. Ecoule~ent des eaux souterraines durant la demi-annee d'hiver, des eaux atmospheriques infiltrees 
durant cette demi-annee. 

2. Ecoulement des eaux souterraines durant la demi-annee d'ete, des eaux infiltrees durant la demi-an
nee d'hiver. 

3. Ecoulement des eaux souterraines durant la demi-annee d'ete, des eaux infiltrees durant la demi-an
nee d'ete. 

4. Transfert des reserves d'eau souterraine durant l'annee hydrologique de 1959 a l'annee hydrologi
que suivante. 

5. Courbe de tarissement 

Durant l'annee hydrogeologique 1959, l'ecoulement des eaux souterraines, au cours de la 
demi-annee d'hiver, a represente 1'655'199 m3 pour la structure hydrogeologique, soit, pour 
I' ensemble de la surface, 129 mm. Cet ecoulement souterrain a ete foumi par les eaux atmos
pheriques tombees durant la demi-annee d'hiver de l'annee hydrologique en question 
(fig. 1.12). Cependant, il represente seulement une partie des eaux atmospheriques infiltrees 
durant cette demi-annee. Une autre partie des eaux atmospheriques infiltrees a passe dans la 
demi-annee d'ete suivante, sous la forme d'une augmentation de reserve dans la structure, et a 
participe dans une mesure considerable a l'ecoulement durant cette demi-annee d'ete. La part 
des composantes individuelles dans l'ecoulement de la demi-annee d'ete a ete evaluee au mo
yen de la courbe moyenne de tarissement: 

Q, = 0,099.e-o,oo325t + o, 14 1.e-0,0341t 

(Q en m3/s; ten jours) 
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Le procede graphique de la decomposition de l'ecoulement sou terrain est illustre dans la figu
re 1-12. Comme on le voit, a l'ecoulement des eaux souterraines de la demi-annee d'ete, 
ont participe les eaux atmospheriques infiltrees des deux saisons : la partie des eaux atmos
pheriques infiltrees dans la demi-annee d'hiver, sous forme de reserves et les eaux atmos
pheriques infiltrees de la demi-annee d'ete. En outre, dans la structure hydrogeologique, il 
est reste une partie des reserves infiltrees en 1959, qui a ete transferee dans l'annee hydrologi
que suivante. Sur la base de cette decomposition, pour 1959, il resulte qu'a l'ecoulement total 
de la periode d'ete, qui represente un volume de 1'891'385 m3 , soit 147 mm, ont participe 
705'039 m3 (55 mm) d'eaux infiltrees durant la demi-annee d'hiver et 1'186'346 m3 (92 mm) 
d'eaux infiltrees durant la demi-annee d'ete. En plus de cet ecoulement de !'infiltration, il est 
reste 132'738 m3 (10 mm) dans la structure qui, sous forme d'augmentation de reserves, ont 
ete transferes dans l'annee hydrologique suivante. 

Par ce procede methodique, on a effectue la decomposition de l'ecoulement souterrain du
rant les demi-annees et les annees hydrologiques de la decennie 1957-1966. 

Les resultats obtenus sont donnes au tableau 1. Les volumes totaux ont ete transformes en 
hauteurs, en mm, par rapport a la surface totale de 12,88 km2 (voir le detail dans 
E. KULLMAN 1977). 

Il ressort de ce tableau que, pour les demi-annees hydrologiques d'hiver de la periode 
1957-1966, la part de l'ecoulement souterrain des eaux infiltrees a fluctue entre 47,6%-
75,6%. La partie restante de !'infiltration d'hiver, c'est-a-dire le 24,4% a 52,4% selon les 
annees, a alimente l'ecoulement des demi-annees d'ete suivantes, ou a passe dans les reser
ves des annees suivantes. 

Pour les demi-annees d'ete de la periode 1957-1966 (sans celles de 1962 et 1966), la part 
des infiltrations dans l'ecoulement total a ete de 27,1% a 66,4%. L'ecoulement des reserves 
transferees des demi-annees d'hiver a represente 30,8% a 72,9%. Finalement, l'ecoulement 
des reserves des annees precedentes eut lieu seulement durant les trois demi-annees d'ete 
(1957, 1958, 1960). Tandis que cette part, durant les annees 1957 et 1958 fut petite (2,8%; 
7% ), en 1961 la part des reserves des annees precedentes atteignit 18,5%. 

Pour les annees hydrologiques en tant qu'unites, il apparait qu'entre chacune d'elles, il n'y 
eut pas de tres grands transferts de reserves par rapport a !'infiltration. Le plus grand taris
sement des reserves d'eau souterraine pour Jes annees anterieures a ete enregistre en 1957: 
durant la demi-annee d'hiver, 35 mm; et durant la demi-annee d'ete, 4 mm. Cette part, dans 
l'ecoulement total de 1957, atteint 12,4%. 

Recommandations 

La methode presentee, appliquee a I' evaluation des changements de reserves en eaux karsti-
. ques d'une structure hydrogeologique calcareo-dolomitique dans les Petites Carpates, peut 
etre utilisee dans toutes les structures karstiques, en assurant la mesure continue de l'ecoule
ment total des eaux souterraines. Son application contribue a la solution des bitans hydrolo
giques dans les regions karstiques en general. 

Bibliographic 

KULLMAN, E., 1977: Hydrogeologicke a hydrodynamicke hodnotenie podzemnych v6d v puklinovom 
a puklinovo-krasovom prostredi.- Geol. Prace, Spravy 67, Geologicky ustev D. Stura, Bratislava, 181-
210. 
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1.9 
ETUDE DES POSSIBILITES DE REGULATION DU DEBIT DES SOURCES 
DE PARNICA (MALA FATRA, TCHECOSLOVAQUIE) ET OBSERVATION 

DES CHANGEMENTS DU CHIMISME DES EAUX SOUTERRAINES 

Cadre geologique - Type de karst 

par E. KULLMAN 
(Bratislava) 

11 s'agit de sources karstiques avec bassin d'alimentation dans des dolomies et des calcaires 
triasiques, epais de plus de 1000 m (fig. 1.13 ). Les eaux infiltrees penetrent a une profon
deur d'environ 300 a 400 m, en suivant un systeme de failles NNE-SSO, passent ensuite par 
des sediments jurassiques et rem on tent a la surface en trois sources, dans la vallee du Zazriv
ka. Le debit total de ces sources varie entre 0,032 m3/s et 0,44 m3/s. Leur temperature est 
constamment superieure de 10° C environ a la temperature annuelle moyenne de la region. 

Hypothese de base des etudes et travaux 

Les buts de !'etude etaient: 

a) de juger la possibilite d'une exploitation accrue des eaux souterraines durant les epoques 
d'etiage par le pompage dans des puits; 

b) de determiner !'influence de !'augmentation des prelevements sur le chimisme des eaux 
souterraines, du fait du changement des conditions hydrauliques a l'interieur du complexe 
aquifere; 

c) de verifier, lors du pompage des eaux souterraines, que la penetration des eaux de surface 
dans les eaux souterraines ne se produira pas. 

Justification do choix de la methode d'etude 

11 a ete decide d'assurer un controle systematique du debit des sources; de forer des puits dans 
la region d'emergence des sources; d'y effectuer un essai de pompage simultane en pe
riode de debit faible et de faire un controle systematique du chimisme des eaux souterraines et 
superficielles, en particulier du contenu en sulfates. Le contenu en so:;- et ses variations sont, 
dans ce cas, un bon indicateur des changements du chimisme des eaux a l'interieur du comple
xe aquifere, ainsi qu'un indicateur pour verifier le melange possible des eaux de surface avec 
les eaux souterraines. Le contenu en so:;- dans les sources, sans !'influence du pompage, varie 
dans les Iimites de 240-300 mg/1 et dans les eaux de surface (ruisseau Zazrivka), dans les li
mites de 25-40 mg/1. 

Description des etudes et travaux 

On a construit trois stations de mesure sur les sources et mesure systematiquement leur de
bit. Ensuite, deux puits ont ete fares dans la region d'emergence: MF -1 a une profondeur de 
95 m et MF-2, a une profondeur de 102,0 m. lis ont ete perces dans les calcaires siliceux for
tement karstifies du Toarcien-Aalenien, qui forment le niveau d'emergence des sources. 
Dans ces deux puits, on a effectue un essai de pompage simultane durant la periode d'hiver 
1973, qui dura 77 jours. 11 a ete commence au moment oil le debit total des sources etait de 
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0,078 m 3/s. Durant toute sa dun!e, on a pompe un debit total constant de 0,2 m3/s (fig. 1.14 ). 
Les 67 premiers jours furent sans alimentation importante des eaux souterraines par les pre
cipitations. Les sources ont tari. La baisse totale du niveau, apres 67 jours d'essai, atteignit 
4,0 a 4,2 m. Apres cette periode commen~a la recharge des eaux souterraines par la fonte des 
neiges. Pour evaluer les changements du chimisme, le contenu en S04- fut enregistre en con
tinu. 

Resultats 

Les travaux effectues ont mis en evidence d'importantes reserves d'eaux karstiques accumu
lees dans la structure hydrogeologique, ainsi que la possibilite d'augmenter le prelevement 
aux epoques d'etiage a partir des reserves souterraines accumulees dans la modeste tranche 
deprimee, de 4,0 a 4,2 m. L'observation du contenu de S04- dans les puits et dans le cours d'
eau, au cours de l'essai, a montre que ce contenu dans les eaux souterraines n'a pas baisse, ce qui 
indique qu'aucune dilution par les eaux de surface ne s'est produite. Au contraire, des change
ments detavorables, importants au point de vue de l'approvisionnement en eau potable, se 
sont produits dans le chimisme par suite de l'essai de pompage. Ces changements sont illustres 
sur la figure 2-14 donnant les resultats des observations suivies du contenu en S04- et de ses 
changements dans les puits au cours de l'essai de pompage et dans les sources avant et apres ce
lui-ci. 

En rapport avec !'augmentation et la baisse du contenu en S04- observees, s'elevait et s'a
baissait aussi la mineralisation totale des eaux karstiques. La mineralisation totale des sour
ces, avant l'essai de pompage, etait de 954-959 mg/1. En decembre 1973, elle avait atteint 
1649-1775 mg/1. En fevrier 1975, elle redescendait a 844-864 mg/1. 

Le changement important du chimisme consecutif a l'essai de pompage realise brutalement, 
s'explique par l'arrivee d'eaux souterraines plus mineralisees, enrichies surtout en sulfates, 
venant d'une partie plus eloignee de l'aquifere, dans la region de !'emergence des sources 
(voir le profil hydrogeologique ). 

Par suite de ces changements dans le chimisme des eaux souterraines, on a renonce a leur ex
ploitation et, par consequent, a leur evaluation quantitative plus approfondie. 
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Legende des figures 

Figure 1.-13 Situation et coupe hydrogeologique des sources ,Parnica" (par E. KULLMAN & M. 
POLAK, 1977). 

1. Argiles quaternaires, peu permeables. 
2. Alluvions, permeables. 
3. Roches argileuses et gres du Paleogene, entierement impermeables. 
4. Calcaires marneux, schistes et gres crayeux, peu permeables. 
5. Calcaires jurassiques fissures et karstifies, permeables. 
6. Calcaires rhetiens fissures, permeables. 
7. Schistes et gres du Keuper, impermeables. 
8. Dolomies et calcaires triasques fissures, bien permeables. 
9. Granites, pas ou peu permeables. 

10. Failles (a-decelees et supposees lors du !eve des cartes geologiques, b-interpretees des mesures geo-
physiques). 

11. Charriages (a-sur la carte; b-sur le profil). 
12. Profil hydrogeologique. 
13. Sources. 
14. Forages hydrogeologiques. 
15. Directions supposees de la circulation des eaux souterraines (dans le profil). 

Figure 1.-14 Variations du debit des sources ,Parnica" et du contenu en S04- dans les puits et dans 
les sources, conditionnes par I' essai de pompage dans les puits FK -1, FK- 2. 
A. Evolution des changements du contenu en S04- : 1- forage FK-1; 2- forage FK-2; 3- source 1; 

4 - source 2; 5 - source 3; 6 - ruisseau de Zazrivka. 

B. 7- Debit des sources 1-3; 8- quantite d'eau pompee dans les puits FK-1, FK-2; 9- evolution 
presumee du debit des sources sans l'essai de pompage. 
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1.10 
ETUDE EN VUE DU CAPTAGE ET DE L'EXPLOITATION LES 

PLUS FAVORABLES DE LA SOURCE KARSTIQUE DE JERGALY 
(VELKA FATRA, TCHECOSLOVAQUIE) 

par E. KULLMAN 
(Bratislava) 

Cadre hydrogeologique - Type de karst 

Il s'agit d'une source permanente, sortant par des failles, fissures et cavernes, d'une serie de 
couches calcaires jurassiques (Dogger-Malm) (fig. 1.-15). Ces calcaires, redresses, forment 
une zone de drainage pour les eaux souterraines d'un complexe etendu de calcaires et dolo
mies, epais de 400 a 500 m. La source montre de grandes fluctuations de debit, de 0,125 m3 is 
a 1,315 m3/s et une temperature superieure de 6,5° c a la temperature annuelle moyenne de la 
region. 
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400 

Figure 1.15 Coupe hydrogeologique de la source Jergaly 

1. Schistes du Trias inferieur, impermeables. 
2. Dolomies du Trias moyen, avec permeabilite de fissures. 
3. Calcaires liasiques, avec permeabilite karstique de fissures. 
4. Calcaires du Trias moyen, avec permeabilite karstique de fissures. 
5. Dolomies du Trias moyen, avec permeabilite karstique de fissures. 

SE 

1 F7.0!TI t:LL:iJ 

4~ 

s!Q1?1 

6~ 

70 

6. Schistes argileux, marnes schisteuses et calcaires mameux du Trias superieur-Neocomien, imper-
meables. 

7. Arenes limoneuses- Quaternaire. 
8. Faille. 
9. Ligne d'ecoulement. 
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Hypothese de base des etudes et travaux 

Le reservoir aquW:re de la source descend a une profondeur considerable au-dessous de !'e
mergence. Par des travaux de forage et des essais de pompage on a verifie: 

la possibilite de concentrer le flux des eaux souterraines dans les forages, 
!'estimation quantitative et les possibilites d'exploitation des reserves d'eau souterraine 
accumulees, dans la periode des debits minimaux de la source, et 
la methode d'exploitation economiquement optimale. 

Justification du choix de la methode d'etude 

Il a ete decide de faire des forages directement sur le point d'emergence et de realiser dans 
ceux-ci des essais de pompage de longue duree en periodes de debits faibles. L'objectif etait 
d'utiliser les resultats des essais de pompage et les resultats de mesures systematiques de la 
source sur une longue periode (1962 a 1974), en considerant les courbes de tarissement pour 
subdiviser la quantite pompee en fractions correspondant a l'ecoulement nature! et aux pre
levements sur les reserves. Sur la base de ces resultats, il est alors possible d'etablir les va
leurs du prelevement permanent en vue de !'exploitation saisonniere des reserves d'eau sou
terraines accumulees, en periodes d'etiage. 

Description des etudes et travaux 

Au cours de la premiere etape, on a perce un puits (HJ -1) de grand diametre, a une profon
deur de 46 m (0,0-6,0 Quaternaire, argile, gravier; 6,0-46,0 Dogger-Malm, calcaires a 
grains fins karstifies). L'essai de pompage a renseigne sur les possibilites de concentrer tou
tes les eaux de la source dans le puits. 

Dans ce puits, on a effectue, durant la periode d'hiver 1971 a 1972, un essai de pompage par 
siphon, permettant d'abaisser la nappe au point d'emergence de la source, de 4,5 m. La pe
riode de l'essai de pompage fut favorable: pratiquement sans precipitation. Avant l'essai, le 
debit de la source etait de 0,175 m3/s. Apres 26 jours, on a atteint une depression de 4,5 m 
avec un debit constant de 0,236 m3/s. La quantite totale pompee fut de 642.470 m3. L'ecou
lement nature! suppose de la source, determine par !'application, a cette periode, de la cour
be de tarissement moyenne obtenue par les observations de longue duree, a ete evalue a 
381.446 m 3• Le volume de la reserve d'eau souterraine pompee de la structure hydrogeologi
que jusqu'a la depression de 4,5 m s'eleve done a environ 261.000 m3. 

Le volume ainsi obtenu d'eau souterraine pompee dans la reserve de la structure etait insuf
fisant pour assurer un prelevement permanent de 0,2 m3 • 

Cependant, ces resultats servirent de base de calcul theorique de la reserve accumulee exploi
table, avec une depression de 19 m, en considerant les conditions hydrogeologiques corres
pondant a la depression de 4,5 m, comme proportionelles a l'abaissement de la nappe. De ce 
calcul theorique resulte un volume suppose de la reserve d'eau souterraine de 1.332.500 m3. 

Pour verifier cette quantite assumee, dans la region de la source, on a perce trois autres puits 
a une profondeur de 50 m. Un essai de pompage par pompes submersibles, dans ces puits, a 
ete effectue dans la periode d'hiver de 1973-197 4. On a commence au moment d'un debit 
tres faible de la source (0,157 m3/s). On s'est base sur un debit initial egal a la capacite maxi
male des pompes et, apres avoir atteint la depression de 19 m, le pompage a continue a 
depression constante. Au cours du pompage, qui a dure 54 jours, le debit initial de 0,536 m3/s, 
a diminue graduellement jusqu'a 0,257 m3/s a la fin de l'essai de pompage. Par !'interpreta
tion methodique de cet essai, on a obtenu un volume exploitable de la reserve d'eau souter-
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raine de 1.134.200 m 3 pour une depression de 19 metres. Par comparaison avec les supposi
tions theoriques basees sur l'essai de pompage precedent, ce second essai a donne un volume 
reduit d'environ 15%. 

Les resultats obtenus par deux essais de pompage ulterieurs dans des periodes differentes 
montrerent une bonne concordance avec la quantite calculee de 1.134.200 m3• On peut 
compter sur ce volume de la reserve exploitable des eaux karstiques, moye1,1nant une depres
sion de 19 m. 

Resultats 

La reserve accumulee exploitable, obtenue par I' etude des variations de longue duree dude
bit de la source pendant 13 ans, prouve que par la regulation du prelevement avec }'exploi
tation saisonniere de la quantite necessaire de la reserve accumulee d'eau souterraine rele
vee de 1.134.200 m3 exploitable, il est possible d'assurer un pr6levement maximal perma
nent de 0,25 m3/s, ce qui represente une augmentation de prelevement, en periodes d'etiage, 
d'environ 0,1 a 0,12 m3/s. 

Bibliographie 

KULLMAN, E., 1973: Le regime hydrologique des eaux karstiques des Carpates occidentales dans le rap
port des possibilites de )'augmentation de leurs debits exploitables. - Proceedings of the Xth Congress 
CBGA, Bratislava. 
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1.11 
KARST HYDROGEOLOGICAL INVESTIGATION ON BUKK MOUNTAIN 

Hydrogeological Framework 

by T. Rocker and Gy Denes1> 
(Budapest) 

Bukk Mountain, located near the cities of Miskolc and Eger in northern Hungary, has been 
the site of considerable municipal and industrial growth, and thus demand on the water sup
ply has increased continuously. For the future development of a water supply system, estimates 
are needed for the karstic water resources, recharge, subsurface flow system and the rela
tionship between sinkholes and springs. The massive Mesozoic karstic limestones of Bukk 
Mountain have been structurally disrupted by lower Triassic shales and volcanics. Sediments 
of Neogene age can be found at the border of the mountain. 

Karstification of the limestone is well developed, with active and inactive sinkholes, affluent 
springs and creek caves commonly occurring near the boundary of the karstic terrain and at 
the foot of the mountain. The uniformity of the water table in this karstic setting is disputed 
among the specialists. 

Basic Hypothesis 

The theory that Bukk Mountain has a uniform water table and karst water system, in spite of 
the fact that surficial carbonate rocks have been cut into East-West sections by impermeable 
rocks (figure 1.16), served as the basis of investigation. A draft water table map was con
structed from positions of springs above sea level and from previous speleological investiga
tions. This water level map served as a preliminary estimation of flow direction, spring re
charge and water resources. 

Methods of Study 

The complex hydrogeological investigation included use of aerial photo interpretations, tra
cer studies, geochemical analysis of water and rock samples, spring yield and temperature 
measurements, isotope estimates, and speleological studies. Geology, structure, petrography, 
surficial morphology and run-off characteristics of the mountain were studied in the field. 
More than 100 kg of uranine and 10 tons of salt were used for tracing. A drilling investiga
tion was deemed too expensive. 

Results 

Corrections were made to the results of previous tracing studies because unknown karst hy
drographical connections were discerned by this study. Caves provided important karst wa
ter table data. Spring recharges and water ages were determined by their natural isotope con
tent. The important results of the work, including karstic water volume, flow directions, hy
drogeologic connections, and average spring yields are shown on Figure 1.16a. Estimations 
were made concerning the hydraulic parameters and recharge and storage volumes of the 
karstic water system. The volume of water withdrawn from this system for industrial and mu
nicipal supplies was compared to the estimate for the infiltration to the system. Based on this 
comparison, it was concluded that 35-40 % of that infiltrated can be safely used for future 
water supply. 

l) Research Center for Water Resources Development Budapest, Hungary 
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Recommendations 

The following two variations for extending the city of Miskolc's water system are suggested: 
1) a surface water impoundment of natural karst discharge and surface run-off. The karst wa
ter discharge could reach the impoundment by a 4.5 km tunnel (figure 1. -16b ). 
2) subsurface water storage at Garadna spring (figure l.-16c), a banked karst spring, by dis
charging water 40 meters deeper than the present spring level through a tunnel. During the 
summer and autumn, karst water stored in rock fissurations would be used for the water 
supply, and it would be recharged during the wet season. This plan is thus designed for peak 
water demands, having a water-dam installed as a mean of tapping the stored water. 

The research showed that for favorable mining conditions it is necessary to provide for drai
nage, as with a system of drawdown wells placed around the deposit. Decreasing transmissi
vity of rocks with depth also showed no expected growth in forecasted inflows below the 
depth of 700 meters. 
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1.12 
MEASUREMENT OF THE SPECIFIC YIELD 

OF A CARBONATE AQUIFER 

by .J. C. Bamett*, D. B. Mclnnes**, and C. A. Waterton** 
(Australia) 

INTRODUCTION TO THE PROBLEM 

In Western Australia the unconfined valley calcrete aquifer at Millstream shown in figure 
1.17, supplies 9 million cubic meters of water per annum to coastal towns serving the iron ore 
mining centers further inland. In times of increased demand, limited withdrawal of water 
from the aquifer will be necessary. The specific yield must therefore be known, in order to 
calculate the amount of available water, and to predict aquifer response to pumping. 

Conventional pumping tests failed to give reliable specific yield values because the aquifer is 
so transmissive that drawdowns are often too small to measure. 

An unconventional approach was therefore required to analyze the problem. 

HYDROGEOLOGICAL SETTING AND TYPE OF KARST 

The calcrete forms part of a serie of Cainozoic rocks infilling a valley which is incised into 
Lower Proterozoic bedrock. 

The calcrete covers an area of over 300 km2 and has a maximum saturated thickness of 25 m. 
It contains numerous cavities, up to 0.25 m high, which are generally horizontal; they are 
best developed from 2 m above to 10 m below the water table. 

The calcrete consits of calcareous dolomite above the water table, and dolomite below it. It is 
underlain by goethite and Proterozoic bedrock, and is flanked by clay and gravel valleyfill. 

Groundwater recharge is by underflow, direct infiltration, and the Fortescue River. Discharge 
is through springs into the Fortescue River, and by westward underflow into the Robe Ri
ver catchment. The springs discharge about 36,000 m3/day; the amount of westward under
flow is as yet unknown. 

BASIC HYPOTHESIS 

The investigation was designed to obtain a reliable estimate of specific yield, which could 
not be provided by conventional pumping tests. 

METHOD OF STUDY 

The program comprised the drilling of five cored boreholes, (locations are shown on Fig. 
1.17), downhole stereoscopic col or photography, geophysical and geological logging and la
boratory investigations. It was carried out by the Public Works Department in co-operation 
with the Geological Survey of Western Australia. 

• Geological Survey of Western Australia 

** Public Works Department of Western Australia 
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Figure 1.17 Millstream aquifer investigation 1975, location of cored boreholes 

OUTLINE OF INVESTIGATION 

Field Work 

Core of 83 mm diameter was taken, using an air-foam mixture as drilling medium. Core reco
very in the aquifer section averaged 86%. 
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Gamma logs were run for stratigraphic correlation between boreholes, gamma-gamma logs 
to provide porosity values, and caliper logs to calibrate the gamma-gamma logs. 

The walls of all bores were photographed stereoscopically in color. 

Laboratory Work 

Specific yield was calculated by subtracting measured specific retention from measured po
rosity. Voids of different size ranges were mesured by centrifuging, direct measurement, or 
from photographs. 

Centrifugation was used for sections of core containing voids of less than 1 mm in any plane. 
Porosity was measured by standard laboratory methods, and specific retention was derived 
from centrifuge moisture equivalent. 

Because the relation between specific retention and centrifuge moisture equivalent has pre
viously been demonstrated only for unconsolidated materials, the centrifuge results are be
ing compared with samples allowed to drain to equilibrium under normal gravity. If verifica
tion proves impossible, centrifugation can be replaced in future programs by long-term drai
nage under normal gravity. 

Direct measurement was used for voids larger than 1 mm in sections where intact core was 
recovered. Total void area was measured directly from the surface of the core. 

Photographic measurement was used in sections where the core was lost or broken, or where 
voids were wider than the core diameter. Voids were measured from photographs projected 
onto a screen, overlain by a grid to correct for parallax. 

For the direct measurement and photographic methods, specific yield is presumed to equal po
rosity, assuming that specific retention is insignificant, and that the voids are interconnected. 
Because of the size of the voids, and their origin by solution, both assumptions are pro
bably valid. 

RESULTS 

Values of specific yield are shown on Figure 1.18. Cavities shown on the figure are those 
voids which span the core diameter, and are over 10 mm high. ,Storage per Unit Area" expres
ses the total volume of water which the aquifer could yield by gravity at each boresite, and 
combines variations in aquifer thickness and specific yield. 

Higher values of specific yield correlate well with concentrations of cavities, emphasizing the 
dominance of secondary porosity in bores 3/75, 4/75, and 5/75. 

Gamma logs were unusable for correlation because of the low radioactivity of the strata. Po
rosities calculated from gamma-gamma logs correlated well with porosities measured in the 
laboratory. 

OPERATION COSTS 

Drilling and testing cost about A S 60,000, photography cost A $ 3,500. 
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Figure 1.18 Specific yield and storage per unit area of cored boreholes GSWA 16753 
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Conclusions 

A study based on large diameter core, downhole photography and laboratory work has been 
proven as a useful approach to this and similar groundwater problems. 

For this particular study, additional bores are required to estimate accurately the specific yield 
of the aquifer as a whole. 
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1.13 
KARST HYDROLOGY OF THE TAKAKA VALLEY AND THE SOURCE 

OF NEW ZEALAND'S LARGEST SPRING 

by Paul W. Williams 
(University of Auckland, New Zealand) 

The occurrence and evolution of karst in New Zealand is described by Williams (in press). 
Karst is mainly developed in two formations: Oligocene shallow water limestones and Upper 
Ordovician marbles and limestones. Both are represented in the Tataka valley, which is loca
ted in the northwest corner of the South Island of New Zealand. The climate is sunny and 
warm (1 r C) in summer and wet and cool (7° C) in winter. Precipitation yields a runoff of 
25-100 l!s/km2

, depending on altitude and exposure. Solution of marble is estimated as 
95±19 m 3/km2/y. 

The Takaka valley is a wedged-shaped, north-south trending, fault-angle depression (figure 
1.19). Glacifluvial gravels mask the valley floor, the bedrock geology of which is therfore in
terpreted by reference to the situation on the neighboring uplands (Grindley 1971). 

Three aquifers are found in the district: (1) in Upper Ordovician marble, a massive pure for
mation more than 1000 m in thickness; (2) in Oligocene-Miocene limestones some 55 m 
thick; and 3) in Quaternary sands and gravels of variable thickness. Their geological rela
tionships are shown in Figure 1.19. Both karstic aquifers are partly artesian. Different 
groundwater bodies and different zones of recharge have been verified for these aquifers by 
environmental isotope analysis (Stewart and Williams, in press). 
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The valley is drained by the Takaka River, which derives a maJuf part of its flow from the 
Waikoropupu Springs. These are the largest springs in New Nealand, with an average flow of 
about 14m3/sand a range of 6-21 m 3/s. Their hydrology has recently been studied by Wil
liams (1977). The Springs are tidal, brackish, artesian and karstic; their waters are clear and 
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cold ( 11. 7" C), and tritium analyses suggest a groundwater age of 3-4 years. They are located 
at 14-17 m above sea-level, 2.6 km inland from the head of tide in the neighboring Takaka 
River. 

PROBLEM OF THE SOURCE OF THE WAIKOROPUPU SPRINGS 

Since the end of the last century, various geologists have suggested that the flow of the Wai
koropupu Springs originates from seepage in the upper Takaka river 16-18 km inland and at 
46-58 m above sea-level. As the connection had never been proven, the research set out: 
(1) to try to verify the hypothesized connection; (2) to investigate the nature ofthe subterra
nean system; and (3) to identify the factors controlling the sitting of the Springs. Subsequent
ly, a fourth research aim developed: that of testing the limitations of the method used for wa
ter tracing. 

The Choice of Water tracing Technique 

The use of dye for tracing the water was rejected, because tritium data suggested a flow
through time of 3-4 years for water at the Springs, and the artesian reservoir has a storage of 
about 1.5 km3. Therefore, it was decided to attempt to prove the hypothesized connection by 
employing a pulse-train analysis technique (Ashton 1966), which uses the principle that a 
known input pulse (e.g. of discharge, temperature, or water quality) will be transmitted to a re
surgence where its arrival may be monitored. A discharge pulse such as a flood peak will be 
transmitted either very rapidly as a kinematic wave under unconfined conditions. The only 
problem is that friction may so tenuate the discharge pulse over long distance travel as to 
make it unrecognisable. 

FIELD DATA ACQUISITION 

Two water level recording stations were established 20.2 km apart, the first on the upper Ta
kaka River as it leaves the mountains, immediately upstream of the reach where water losses 
occur by seepage, and the second at the outflow of the Waikoropupu Springs. 

A field experiment was then conducted in which releases of water of 7.6 m3 Is were made from 
the Cobb Dam (located in an upstream tributary valley) at a time when the natural discharge 
in the Takaka River was only 1-2m3 /s. The releases produced distinct artifical flood peaks at 
the upper Takaka recording station, and generated a very slight reaction at the Waikoropupu 
Springs 10-20 hours later. As the results were not conclusive, statistical analysis was under
taken on the time series of input and output discharge data. 

ANALYTICAL RESULTS 

A month's water level record from each station was digitised at 2 hour intervals and the data 
arrrays were cross-correlated to determine if the incoming and outgoing pulse patterns could 
be matched. The results showed a major cross-correlation peak at a lag of 24 hours; thus fur
ther support was lent to the result of the field experiment. However, the hypothesized connec
tion still was not proven, because both input and output pulse patterns could be a response to a 
third, independent factor such as rainfall. Thus the cross-correlation was repea
ted, taking input pulse data directly from the Cobb Dam power station records. Furthermore, 
because of much extraneous 'noise' in the outflow record at the Springs from tidal, preci
pitation and other effects, the Springs data were detrended and subjected to a digital band pass 
frequency filter, which removed frequencies of> 1 cycle/18h to eliminate the tidal effect and< 1 
cycle/ 144h to eliminate weekly or longer periodicities, such as due to power generating. 
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Cross-correlation of the digitally filtered output of the Springs against the water releases 
from the Cobb Dam yielded a more sharply defined correlation peak than in previous analy
ses (Figure 1.20) and indicated a pulse-through time from upper Takaka to the Springs of ab
out 10 hours. Visual confirmation of the through-puts was also obtained using the filtered re
cord (Figure 1.20). 
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Figure 1.20 A-C. Detrended and digitally filtered Waikoropupu Springs discharge data and cross-cor
relation with Cobb Dam output. 
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Figure 1.20 D. Relationship of Waikoropupu Springs output (filtered) to releases from the Cobb 
Dam, 2-9 February 1975. 

CONCLUSIONS 

The field and statistical evidence converge to demonstrate convincingly that a subterranean 
connection exists between the Waikoropupu Springs and the upper Takaka River, which 
from discharge considerations is likely to supply more than 60 percent of the flow at the 
Springs. 

The technique of discharge pulse-train analysis has been shown to be very sensitive even un
der extreme conditions of long distance, low head, low input to output discharge, high inter
nal resistance, and ,noisy" output. These results indicate the value of allying the method, 
when more conventional techniques are inappropriate, for example when temporary pollu
tion must be avoided or when through-put time is very long. Costs of the technique are also 
relatively low, requiring only the installation of water level recorders for a few months and 
access to a computer. 
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1.14 
KARST SUPERFICIEL DANS LA CRAIE DE LA HESBA YE 

Cadre hydrogeologique 

par Alberic Monjoie 
(Liege) 

Le substratum de la Hesbaye est forme par les marnes et craies du Campanien et du Maastri
chien transgressifs sur le socle primaire peneplane; a la base du Cretace, une couche d'argile 
marneuse de 10 a 20 m d'epaisseur est pratiquement impermeable. 

Au-dessus des craies, un conglomerat a silex residuel, resultant de la dissolution, est recou
vert par une epaisse couche de limon et loess quaternaires. 

La region contient une nappe de fissure concentree dans les zones plus tectonisees ou l'on re
U:ve au sommet des craies des phenomenes karstiques particulierement actifs, notamment 
des effondrements. Le processus peut etre accelere par des phenomenes anthropiques, prin
cipalement les cavites jalonnant d'anciennes exploitations de phosphate residuel en couches 
lenticulaires entre le conglomerat a silex et la craie. 

Les depressions karstiques sont generalement de faible extension (quelques metres a quel
ques dizaines de metres) mais leur densite est tres elevee dans les zones fissurees. 

Hypothese de base des etudes et des travaux 
La localisation des aires de dissolution est interessante pour le choix des zones de captage, 
pour l'etude des risques de pollution et de degats superficiels. On a constate que les effon
drements etaient notamment fonction des remontees de la nappe aquifere qui, en periode de 
forte realimentation, sature la partie inferieure des appareils karstiques. 

Justification du choix de la methode d'etude 
Le faible contraste de resistivite electrique et des vitesses sismiques des differents terrains ne 
permet pas de localiser les phenomenes karstiques sauf si les effondrements sont deja en 
cours dans les limons superficiels. 

Par contre, la prospection gravimetrique donne d'excellents resultats a condition d'employer 
un appareillage garantissant une precision de l'ordre du microgal et d'utiliser un maillage 
serre de l'ordre de 5 m de cote. 

Les anomalies sont controlees soit par forages, soit par essais de penetration 17,5 T avec bat
tage dans le conglomerat a silex. 

Description des etudes et travaux 

Du fait de la densite necessaire des mesures gravimetriques, les zones investiguees ont ete 
jusqu'a present limitees a quelques secteurs choisis notamment en raison des risques de dom
mages par effondrements. Environ 2000 points de mesure ont ete realises. Les phenomenes 
karstiques se marquent generalement par des anomalies de l'ordre de -5 a -10 centiemes de 
milligal. 
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Les sondages et essais de penetration de contr6le indiquent soit des vides, soit des karsts plus 
ou moins combles, soit des zones de craies fortement dissoutes dont le squelette reste cohe
rent mais ne presente plus qu'une faible resistance. 

Resultats 
Au sommet de la craie affectee par les phenomenes de dissolution, la permeabilite deduite 
des forages vaut en moyenne 2 a 3.10-4 m/sec et la porosite efficace depasse generalement 
10%. 

Par contre, dans les zones de craie compacte, !'eau se trouve dans quelques fissures privile
giees et la permeabilite moyenne equivalente est de l'ordre de 2 a 4.10-5 m/sec. 

La porosite efficace de !'ensemble du massif est de l'ordre de 3 a 4 %. 

Cout des operations 
Le cm1t eleve de la prospection microgravimetrique reduit generalement !'utilisation de la 
methode aux secteurs ou des objectifs economiques (genie civil, securite, ... ) autorisent les 
depenses. 

Recommandations 
La methodologie mise en oeuvre est particulierement justifee pour definir les risques d'ef
fondrement d'ouvrage ou de pollution, par exemple sous les bassins d'orage. 

Tableau des donnees quantitatives 

craie karstifiee 
craie fissuree 

permeabilite 
equivalente 

2 a 3.10-4 m/sec 
2 a4.10-4 m/sec 

Bibliographic 

porosite 
efficace 

10% 
1 a4% 

Rapports inedits des Laboratoires de Geologie et Hydrogeologie, Universite de Liege, no SEL 731, 
RB 761, 771 a 775, 781, AL 771, VOT 761, CR 731 
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1.15 
INFLUENCE DE L'EXPLOITATION DES EAUX KARSTIQUES 

SUR LA MODIFICATION DU MILIEU ENVIRONNANT 

par M.A. KHORDIKAINEN 
(URSS) 

Conditions hydrogeologiques 

Dans une des regions de la zone aride de l'URSS, le Kazakhstan, aux environs de la ville de 
Djeskazgan, un ouvrage de captage existe dans la vallee d'une riviere captant les eaux karsti
ques, dont le debit est de 900 l/s (77800 m3/j). Les eaux souterraines sont associees a une 
structure anticlinale dont le coeur est compose de gres rouges et conglomerats du Devonien 
superieur et les bords, de la formation carbonatee aquifere tournaisienne. Le captage com
prend onze forages. Huit forages sont fonces dans la vallee d'une riviere qui s'asseche sur 
une distance de 5 km et trois forages se trouvent dans un affluent gauche, sec aussi, sauf pen
dant une semaine a la fonte des neiges au printemps. Leur profondeur atteint 120 a 150 m. 
Les debits s'elevent a 70-150 l/s et les rabattements, en conditions de pompage unitaire, 
vont jusqu'a 0,5-3 m. La transmissivite des calcaires est de 1-5 · 103m2/j, la diffusivite, de 
l'ordre de 104-105m 2/j, et le coefficient d'emmagasinement, de 2,5-4%. Le niveau des 
eaux karstiques, correspondant a celui des petits bassins de la riviere est, dans les conditions 
nature lies, a 3 a 4 m sous la surface du sol. La formation des reserves en eaux souterraines est 
assuree par !'interception de l'ecoulement superficiel des crues et de l'ecoulement souterrain 
se deversant dans la riviere au voisinage de l'ouvrage de prise d'eau. L'ecoulement souter
rain est alimente par !'infiltration des precipitations atmospheriques, essentiellement durant 
l'hiver et le printemps, ainsi que par drainage a partir des terrains environnants moins per
meables. Une grande importance pour la formation des reserves exploitables du gisement 
d'eau revient au rabattement des reserves capacitaires, qui se renouvellent chaque annee, 
pendant la crue de printemps, durant en moyenne 1,5 mois. Le volume moyen pluriannuel 
ecoule vers le champ de prise d'eau est de 110 millions de m3

; le volume annuel fourni par les 
crues, consecutif au fonctionnement de l'ouvrage de captage, depend principalement de la 
duree et de l'abondance de la crue; il varie de 8-10 a 14-16 millions de m3• Ces donnees 
montrent que le fonctionnement stabilise de l'ouvrage est assure en premier lieu par !'ab
sorption de l'ecoulement periodique superficiel et par le rabattement des reserves capacitai
res. 

La vallee fluviale, dans la zone de prise d'eau, est large de 0,2 a 1,0 km. La largeur du lit est 
de 10-40 m. Apres la fin de la crue, la riviere se divise en petits bassins; un ecoulement actif 
entre eux continue aux endroits oil la vallee traverse les calcaires aquiferes. Dans la region 
de ces bassins, les roches affleurent au fond du lit. Dans les parties etroites de la vallee repo
sent des graviers et des galets de 1 a 4 m d'epaisseur, et par endroits apparaissent les calcaires. 
L'epaisseur des alluvions atteint parfois 14-15 m, mais en general, elle ne depasse pas 5-8m. 
Dans ces conditions, a partir de la surface, les limons se developpent sur 1 a 4 m, ensuite les 
sables de differente granulometrie avec les graviers. En conditions naturelles, la partie adja
cente au lit la riviere est recouverte par de la vegetation hygrophile: trichohydrophytes, 
phreatophytes et hydrophytes. Les terrasses situees au-dessus de la plaine d'inondation, por
tant des plantes ombrophiles a recouvrement de 50 a 70%, participent peu a la transpiration, 
sauf sur les bordures, oil les broussailles de Lasiagrostis splendens et de Sophora alopecuroi
des indiquent la proximite des eaux phreatiques, correspondant au flux des eaux fissurales et 
karstiques vers la riviere. Le role principal, dans la transpiration, appartient aux plantes des 
plaines d'inondation hautes et basses, ainsi qu'au lit de la riviere oil poussent le saule (Salix 
australior), l'olivier de Boheme (Eleagnus angustifolia), le roseau, la massette (Typha angu-
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Figure 1.21 
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Schema de la structure hydrogeologique et du champ de captage. 
1. Gres, conglomerats, gravellites. 
2. Dolomies. 
3. Calcaires in tensement karstifies et fissures. 
4. Calcaires siliceux. 
5. Interstratification de calcaires, gres, argillites et aleurites. 
6. Sables, graviers, limons sableux, limons. 
7. Forages: a) d'exploitation; b) d'observation. 
8. Petits bassins de la riviere desseches en conditions naturelles. 
9. Stations hydrometriques. 

10. Manifestation superficielle du karst. 
11. Limites: a) de dessechement complet des petits bassins et de la vegetation hydrophyte et phreato

phyte; b) du dessechement partiel des petits bassins et de la vegetation. 
12. Dislocation disjonctive. 
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Figure 1.22 
Profil hydrogeologique et geobotanique a travers la vallee. 

1. Sol vegetal. 
2. Limon. 
3. Argile greseuse. 
4. Depots de gres, graviers, galets a composante argileuse. 
5. Sable a granulometrie variee. 
6. Gravier, sable grossier. 
7. Calcaires karstifies et fissures. 
8. Forages; le chiffre a cote du point exprime la profondeur, en m. 
9. Mineralisation de l'eau, en mg/1. 

m K 

10. Niveau des eaux phreatiques; I. association d'Atriplex cana, Artemisia lercheana, Stipa sareptana, 
sur l'affleurement des calcaires; II. bandes allongees de Lasiagrostis splendens et de Sphora alope
curoides; Ill. association d'Artemisia pauciflora avec Sa/sola laricifolia, Eurotia ceratoides et avec 
des exemplaires de Lasiagrostis splendens, sur la terrasse I au-dessus de la plaine d'inondation; IV. 
association d' Artemisia schrenkiana avec Lonicera tatarica et Artemisia pontic a dans la haute plaine 
d'inondation; V. association d'Artemisia pauciflora avec Lonicera tatarica, eglantier (Rosaceae), 
Artemisia schrenkiana dans la basse plaine; VI. tougai de vallees de rivieres: saule (Salix austra
lior), olivier de Boheme (Eleagnus angustifolia), roseau (Ilycyrrhiza glabra), et herbes diverses, 
dans le lit de la riviere. 

stifolia) et d'autres especes (fig. 1.22). L'evapotranspiration a ete determinee sur le terrain 
par la methode de WHYTE (1932), par la methode de ponderation rapide deL. IVANOV 
(1918), ainsi que par la methode analytique indirecte de BLANEY-CRIDDLE (1954). 
D'apres ces donnees, l'evapotranspiration, durant l'annee a caracteristiques climatiques 
moyennes (humidite, radiation solaire), est de 500-550 mm; d'apres les estimations selon la 
methode de BLANEY-CRIDDLE, cette valeur augmente jusqu'a 600-620 mm. 

Influence de l'exploitation de l'ouvrage de captage sur les conditions ecologiques 

L'ouvrage de captage a commence a fonctionner en automne 1967. Pendant les annees tres 
seches (1968), quand l'ecoulement dans la riviere et l'alimentation par infiltration sont ab
sents, meme au printemps, le niveau s'abaisse a 30-35 m a partir du niveau statique. La pri
se d'eau et la baisse de niveau consecutive ont conditionne le dessechement et la disparition 
de la vegetation dans la vallee de la riviere, ainsi que la diminution rapide du debit d'evapo
transpiration. 
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Les hydrophytes, comme par exemple le saule, la massette, le roseau, ont disparu tres vite. 
Les phreatophytes, !'absinthe, le chevre-feuille tatar, l'eglantier, ont disparu partiellement 
ou bien leur port s'est amoindri. La baisse du niveau n'a pas exerce d'influence sur les tricho
hydrophytes. Cependant, a la suite de la disparition des hydrophytes et de l'amoindrissement 
des phreatophytes, ainsi qu'a la suite du drainage des alluvions et de la variation du regime 
d'humidite du sol, accompagnes du dessechement des herbages divers, le paysage de la val
lee, sur une longueur de 4 km, s'est modifie. De petits bassins sont devenus secs; !'eau a cesse 
de couler et la vegetation a disparu. 

Mais, dans le cas en question, un prejudice cause a la nature par !'exploitation de l'ouvrage 
de prise d'eau est justifie. Dans la region etudiee, l'etendue totale des vallees fluviales a 
ecoulement periodique atteint 300 km. De ce fait, le dessechement du terrain, sur une lon
gueur de 4 km, n'est pas dangereux car !'influence negative du captage ne se fait sentir ni dans 
la direction de la ligne de partage des eaux, ni en aval ni en amont de la vallee. En meme 
temps, !'obtention de 900 1/s d'eau douce de haute qualite en zone aride (la pluviometrie 
dans la region est de 200 mm, !'evaporation depasse 1000 mm) constitue un probleme dont 
la solution n'est pas simple. Ici, le profit pour l'economie nationale est sans comparaison 
avec le prejudice cause a l'environnement. Ce dernier peut etre elimine par !'irrigation du 
terrain desseche par l'abaissement des eaux souterraines, a partir du mois de mai jusqu'a la 
mi-septembre. Les calculs montrent que la quantite de 20 1/s, soit 2% du debit de l'ouvrage 
de captage y suffisent. 
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1.16 
NATURE OF A GROUNDWATER BASIN DIVIDE NEAR GEORGETOWN, 

INNER BLUEGRASS KARST REGION, KENTUCKY, USA 

by John ThrailkiiJ1l, J. W. Troesterl>, L.S. Spangler1>, and S. J. Cordiviota2> 

The Inner Blue grass Karst Region of central Kentucky covers an area of about 5600 km2 and 
is developed in nearly horizontal Ordovician (Carodocian) sedimentary rocks which are 
mainly limestone. The Region is both geographically and stratigraphically distinct from ano
ther extensive karst (a portion of which has been termed the Central Kentucky Karst) in Lo
wer Carboniferous rocks, as well as from smaller karst areas in Kentucky in Upper Ordovi
cian and Silurian rocks. 

Studies are currently underway to delineate groundwater basins within the Region. During 
one such study, a detailed investigation of a 10 km2 portion of the area was conducted in con
nection with the probable impact on groundwater of a proposed industrial site (Figure 1.23). 
An earlier report (Mull, 1968} had suggested that major flow to Royal Springs might pass be
neath the site and concern was felt that, if this were true, deep infiltration of industrial wastes 
would result in direct pollution of the spring, which serves as the water supply for the town of 
Georgetown. 

Although not shown by topographic contours (at an interval of 3.1 m), five shallow (less than 
2 m deep) do lines are present at the site, of which two had openings in their soil-filled bot
toms. Dye introduced into these emerged a few tens of meters downslope and flowed down a 
surface drainage to a swallet about 1 km north of the site (Figure 1.23). It was concluded 
from an examination of the remaining three do lines that drainage from these also emerged at 
nearby ephemeral springs, and there was no evidence that drainage from any of the dolines 
was deeper than about 3 m below the land surface or extended below the base of solutionally 
widened joints just beneath the soil-rock-interface. The altitude of the potentiometric surfa
ce in three wells immediately west of the site (Figure 1.23) ranged from 256 to 275 m with 
the lower values to the northwest (all potentiometric surface measurements were made with
in a 48 hour period). 

Dye introduced in Seng Sink, a deep doline southwest of the site, emerged at Royal Springs 
2 km distant (Figure 1.23}. This doline and three swallets 5, 9, and 12 km to the south-south
east are all nearly in a direct line to the spring. Other dolines and a reach of Cave Run are 
also on this line, which is interpreted as a major diaclase. The altitude of the potentiometric 
surface in a well south of the site (Figure 1.23) was approximately the same as Royal Springs 
(245 m). 

It is therefore concluded that a major conduit feeding Royal Springs is developed along this 
diaclase. During the study, discharges at the spring as high as 1.58 m3/s were measured with a 
current meter and flows as high as 4.2 m 3/s were estimated. Calculations using a gradient of 
.0014 (estimated from the relative altitudes of the spring and the swallet 9 km from Seng 
Sink) and a Manning Roughness Factor of 0.3 (foot-pound-second units) suggest such a con
duit must have a cross-sectional area of at least 1.5 m 2 to carry the highest flow estimated. 
The apparent velocity of the flow from Seng Sink to Royal Springs was between 1.27 and 
1.39 cm/sec, which is rapid compared to other dye trace velocities which have been determi
ned in the Region. These velocities, however, are too low for the discharge determined at the 

l) Department of Geology, University of Kentucky, Lexington, KY. 40506, USA 
Z) Kentucky Geological Survey, University of Kentucky, Lexington, KY. 40506, USA 
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Figure 1.23 Map of area. Solid lines are topographic contours with altitude in meters; hachured broken 
lines are larger do lines; heavy broken lines are faults; circles are wells with altitude of po
tentiometric surface in meters; triangles are dye introduction points; and squares are dye de
tection points. 
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spring during the trace (0.17 m3/s) if the flow were in an open conduit with the above gra
dient, suggesting that low flows are at least partially through conduits with a substantially 
higher flow resistance, follow more tortuous .Paths, or are extensively ponded. An attempt 
was made to reach the conduit through a small cave which extends down from the bottom of 
Seng Sink, but it was not possible to penetrate below about 253 m. At this level there was no 
evidence of any modification of the passage by high flows which presumably follow the near
ly horizontal conduit seven or eight meters below. 

A second diaclase is present 2 km to the west-northwest on the opposite side of the industrial 
site. It is mapped as a high-angle fault with approximately 5 m of displacement east of site 
(Cressman, 1967), and swallets in the beds of two streams divert low flows and a portion of 
flood flows underground at the point where the streams cross the diaclase (Figure 1.23). Dye 
introduced at the eastern swallet was detected in North Elkhorn Creek and the previously 
discussed dye traces from the site which emerged into surface flow subsequently went under
ground at the northern swallet and were also detected in North Elkhorn Creek. The conduit 
following this diaclase discharges at a spring of moderate size along the bank of North Elk
horn Creek and, probably, at points beneath the surface of the creek. The length of the map
ped fault and the presence of aligned dolines suggest this diaclase extends at least 3 km to 
the south-southeast of the eastern swallet, but the lack of discharge mesurements and of 
other dye traces precludes further statements regarding its nature. The potentiometric surface 
in a well located near the eastern swallet was 248 m, suggesting a lesser depth of solution than 
along the first diaclase described. 

Investigations in the inner Bluegrass Karst Region to date have not furnished any substan
tial evidence of deep conduit development underlying areas lacking indications of solutional 
activity nearer the surface. Major flow in this part of the Region is along sub-parallel diacla
ses, and it seems unlikely that a conduit exists which would cross the eastern diaclase without 
its flow being diverted by it, and the 3 m difference in potentiometric surface between the 
well on the eastern diaclase ans Royal Springs suggests a limited hydraulic conductivity 
across the site. The only evidence of any deep solution in the area between the two diaclases 
was the altitude of the potentiometric surface (256 m) in the northernmost of the three wells 
immediately west of the site, which was 10 m beneath the land surface (Figure 1.24). It was 
concluded that this reflects local deep solution beneath the small valley in which the well is 
located. The potentiometric surface in the two southern wells (275 and 259 m) was within 3 
m of the land surface. 
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1
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DIACLASE 
Figure 1.24 Cross-section of area along line shown in Figure 1. V indicates valley; D, doline; C, rail

road or highway cut. Lower limit of solution shown by dashed line. Structure and stratigra
phy from Cressman (1967). Units are members of the Lexington Limestone: Mi, Millers
burg; Ta, Tanglewood Limestone; Gr, Grier Limestone. Note 20:1 vertical exaggeration. 
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It was therfore concluded that no deep conduits carrying major flow to Royal Spring existed 
beneath the site, although surface runoff (and the drainage from some of the shallow doli
nes) west of the topographic divide drains into dolines between Seng Sink and Royal springs 
and hence to the spring. At least a portion of such flow will be on the surface, allowing its 
chemical quality to be monitored. 

These findings are of importance in attaining an understanding of the Inner Bluegrass Karst 
Region and possibly other karst regions as well. Although elsewhere in the Region the re
striction of the downstream portions of groundwater basins to narrow zones along diaclases 
does not appear to be the rule, there is evidence that regions near ground water basin divides 
have undergone little deep solution. If this proves to be generally true throughout the Re
gion, each groundwater basin will thus consist of a separate aquifer with the effects of pollu
tion being confined to the basin. Also, correlations should exist between well yield and posi
tion within the groundwater basin, and the total groundwater storage of the Region will be 
much different than if solution conduits were more uniformly distributed. 
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Cressman, E. R., 1967, - Geologic map of the Georgetown Quadrangle, Scott and Fayette Counties, 
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1.17 
ESSAI DE SIMULATION DU COMPORTEMENT HYDRODYNAMIQUE 

D'UN KARST PAR MODELE DETERMINISTE 

RECHERCHE EFFECTUEE SUR LE SITE EXPERIMENTAL 
DE LA SOURCE DU LAMALOU 

(Causse de l'Hortus - Herault- France) 

par H. PALOC et D. ffiiERY 
(Montpellier) 

1. CADRE HYDROGEOLOGIQUE 

L'etude a ete faite a l'exutoire d'un petit massif calcaire situe a la partie meridionale de la 
France. Il s'agit de calcaires bioclastiques massifs, fortement diaclases qui affleurent sur pres 
de 50 km2 : ces calcaires sont tres karstifies et le regime de la source etudiee (source du La
malou) reflete l'irrregularite des pluies: le debit de cette source varie en effet de quelques li
tres par seconde a quelques metres cube par seconde selon la periode. 

L'etude a interesse le site meme de la source et le voisinage de son reseau karstique sur 200 
metres environ a l'amont de la source. La figure 1.25 precise la morphologie, en plan et cou
pe, de ce reseau et le dispositif d'etude qui a ete mis en place. Les travaux se sont etales sur 
une periode de 2 ans. 

2. OBJECTIF DE LA RECHERCHE 

Le but de la recherche etait de determiner, sur la base d'observations de terrain, les lois phy
siques qui regissent d'une part les ecoulements dans la zone saturee (et en particulier les in
teractions entre la matrice fracturee et les conduits karstiques) et d'autre part l'alimentation 
du massif a travers la zone non-saturee. 

3. METHODE UTILISEE 

On a volontairement ecarte toute methode globale et on s'est interesse a un Volume Elemen
taire de Reference (V.E.R.) d'une dizaine de metres. L'etude a consiste en !'observation des 
reactions de ce V.E.R. a des sollicitations naturelles (precipitations) ou artificielles (pompa
ges, modification du niveau d'emergence). 

4. DESCRIPTION DES EXPERIENCES REALISEES 

Les experiences realisees sont de deux types: 
a) - Pour I' etude de la zone saturee: 

80 

. Etude fine, au moyen d'un enregistreur automatique, des variations de niveaux pie
zometriques en reaction aux precipitations. Les niveaux piezometriques etaient mesu
res en 9 points situes de 20 a 30 metres du chenal karstique principal. 
. Mesure de la permeabilite locale au moyen de pompages, d'injections et de chocs hy
drauliques (slug test) dans chacun des forages. 

. Etude des reactions des piezometres a un pompage dans le chenal karstique et a des 
variations de son niveau d'emergence. 
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FIGURE 2 - SCHEMA DE FONCTIONNEMENT 

Figure 1.26 

b) - Pour l'etude de la zone non satun!e: 
. Mesure de l'etat de saturation et de la succion dans la matrice fissuree au cours d'a
verses naturelles ou artificielles ( arrosages) . 
. Mesure du debit infiltre dans une grotte au cours de ces memes evenements de fa~on 
a etablir un bilan d'eau. 

S. RESULTATS 

Toutes les experiences realisees ont ete interpretees et ont permis la mise au point d'un mo
dele mathematique de simulation des niveaux en chaque piezometre. Un autre modele a per
mis de reproduire les debits mesures dans la grotte et les bilans d'eau mesures. 

6. BILAN DE LA RECHERCHE 

Les experiences realisees et leur interpretation ont permis de proposer un modele original 
decrivant le fonctionnement d'un karst du type de celui de l'Hortus. Le systeme est compose 
d'un reseau de chenaux karstiques interconnectes, recouverts par une zone fracturee per
chee par rapport a ce reseau. L'eau est emmagasinee dans cette zone fracturee et percole 
plus ou moins rapidement vers le reseau des chenaux (figure 1.26), elle ne peut done pas etre 
sollicitee par un pompage ou une modification de niveau d'emergence. La capacite d'un tel 
systeme se resumerait done a celle du reseau de chenaux et de fractures; elle pourrait done 
etre tres limitee et ne pas permettre d'exploitation de duree prolongee. 
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7. DONNEES QUANTITATIVES OBTENUES 

Au cours de l'etude, on a obtenu les valeurs representatives suivantes: 

a) - Zone saturee: 
permeabilite: 5.10-8 m/s 

. porosite efficace en reaction aux precipitations: 2% 
0 reaction quasi instantanee des piezometres a la pluie 

b) - Zone non saturee: 
evapotranspiration dans la limite de 90 mm 
temps de percee jusqu'a la grotte (18 metres) : 1 a 4 heures 
temps d'egouttement local: 4 a 8 heures 
temps d'egouttement global: 10 a 12 heures. 
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1.18 
MODELISATION DES SYSTEMES KARSTIQUES 

par J. A VIAS et C. JOSEPH 
(Montpellier) 

Le modele BEMER, etabli par C. JOSEPH et C. BEZES du C.E.R.G.H. a Montpellier, est 
un modele partiellement global donnant le debit en fonction des precipitations en tenant 
compte de la nature des affleurements du bassin versant. 11 est derive du modele MERO et 
comprend cinq reservoirs a fonctions complexes dont un assure la gestion de !'interface 
sol-air et un autre la gestion des reserves souterraines (fig. 1.27). L'originalite de ce modele tient 
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a ce que les trois reservoirs assurant le transfert ont une fonction de transfert modulable en 
fonction de la permeabilite estimee des terrains et ace que la fonction de production les ali
mentant peut etre modulee proportionellement a la surface des types d'affleurements sur les 
bassins versants souterrains. Ce modele permet done d'integrer certaines des caracteristi
ques essentielles du terrain, ce qui explique d'ailleurs son calage particulierement rapide. A 
titre d'exemple, applique au systeme de la Source de Vaucluse et cale sur trois ans d'observa
tions hydrometriques, l'ajustement pour les trois annees suivantes des debits observes par 
rapport aux debits calcules grace au modele est excellent (87%, fig. 1.28). Peuvent etre in
troduits, outre les precipitations, une suralimentation artificielle et des pompages dans l'ex
surgence. Il constitue done un outil particulierement efficace pour les problemes d'evalua
tion de prevision et de gestion des systemes aquiferes karstiques. 
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1.19 
MODELISATION DE L'EXPLOITATION DES EAUX KARSTIQUES 

DE LA STRUCTURE CARBONATEE D' A YDOSSKAJA 

par K. K. BISSEMBAEV A 1l 
(Moscou, URSS) 

Le gisement d'eau douce souterraine d' Aydosskoje se situe dans un brachyanticlinal, carac
teristique pour le sud-ouest du Kazakhstan central. Le noyau de !'anticlinal est constitue par 
des depots terrigenes rouges du Devonien; les flancs, par des terrains carbonates du Famen
nien-Tournaisien, dont l'epaisseur va jusqu'a 1000 m. Toute la structure est bordee par des 
depots terrigenes viseens-namuriens relativement peu permeables. Les calcaires sont disposes 
en couches inclinees ou horizontales. Dans une direction NE-SE, la structure est decoupee 
par la riviere Karakenguir dont le debit moyen pluriannuel est de 3,5 m3/s dans la region du 
gisement. 11 est a noter que 95% de l'ecoulement annuel se fait pendant 1,5-2 mois, lors de la 
crue printaniere. La transmissivite des calcaires varie entre 200 et 5000 m2/j, le coefficient 
d'emmagasinement, entre 0,013 et 0,033. Les meilleures permeabilites caracterisent les cal
caires de la zone riveraine, ou les debits specifiques des forages atteignent plus de 100 1/s. La 
mineralisation des eaux karstiques varie de 0,8 a 1,2 g/1; leur composition est sulfato-calco
sodique. Entre les rives, dans le lit de la riviere compose de graviers et cailloutis, les calcaires 
karstifies affleurent. Au contact des calcaires et des sables, dans le voisinage du forage No 6 
(fig. 1.29), l'ecoulement de la riviere, du a la decharge des eaux souterraines, se maintient 
toute l'annee et atteint a l'etiage 100-300 1/s. 

L'analyse du fonctionnement de l'ouvrage de captage montre que !'absorption de l'ecoule
ment du cours d'eau est un facteur decisif dans la formation des reserves exploitables en eau 
souterraine. Cependant, des apports d'autres origines participent a leur formation. 

Les problemes suivants ont ete resolus a !'aide de modeles analogiques: 

a) Le probleme inverse: definition de l'alimentation par infiltration et de la decharge des 
eaux souterraines dans la riviere, avant !'exploitation de l'ouvrage de captage, y compris 
l'evapotranspiration, ainsi qu'une approche precise des parametres de filtration des ter
rains aquiferes. 

b) Le probleme inverse non-stationnaire: precision des parametres de filtration, particulie
rement du coefficient d'emmagasinement; definition de la recharge des eaux souterraines 
par suite de !'absorption de l'ecoulement de crue, lors de !'exploitation de l'ouvrage de 
captage. 

c) Le probleme direct non-stationnaire: prevision (a partir des observations de 27 ans) des 
variations du niveau des eaux souterraines, avec un debit de l'ouvrage de captage de 
l'ordre de 900 1/s, en presence de l'ecoulement de la riviere (les caracteristiques hydrolo
giques de celui-ci, entre 1933-1959, ont servi d'analogie). 

Les conditions aux limites ont ete les suivantes: a) dans les conditions permanentes: le long 
de la riviere H == constante, sur !'ensemble du mode le, Q == constante; b) dans les conditions 
non-permanentes: le long de la riviere, pendant la crue H == constante, en !'absence d'ecou
lement dans la riviere, Q == constante. 

!) Institut de Recherches Scientifiques d'Hydrogeologie et de Geologie de l'Ingenieur 
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Le schema de decoupage du modele et la disposition des forages d'exploitation et d'observa
tion sont presentes sur la figure 1.29. 

A partir des resultats des conditions stationnaires, le module d'alimentation des eaux souter
raines par les precipitations atmospheriques a ete defini pour le calcaire: 1l/s/km2; pour les 
terrains en bordure et ceux du noyau de la structure: 0,25 l/s/km2 ; la decharge dans la riviere 
a ete estimee a 300 l/s. Les valeurs de transmissivite des terrains ont ete aussi verifiees (fig. 
1.29). 

Dans le cas du probleme inverse non-stationnaire, le regime de fonctionnement de l'ouvrage 
de captage a ete reconstitue sur le modele, d'octobre 1967 a decembre 1971. Cet ouvrage 
comprend 11 forages dont les debits sont de 60 a 200 lis. Le debit total est en moyenne de 
800-900 l/s. Pendant les premiers mois du fonctionnement de l'ouvrage, la riviere a ete as
sechee a cause du rabattement des reserves. Durant la premiere crue, l'ouvrage de captage 
etant en exploitation, le niveau est monte de 6,5-7 m; durant la deuxieme, de 9 m. Apres la 
troisieme crue, !'exploitation de I' ouvrage a ete arretee et le niveau d'eau s'est complete
ment reconstitue. Pendant le passage de la crue, lors du fonctionnement de l'ouvrage de cap
tage, !'infiltration a partir de la riviere s'effectuait en milieu non sature. La duree de la crue a 
ete prise egale a 60 jours. Avant et apres la crue, l'inversion de la decharge des eaux souter
raines a ete imposee selon la ligne de la riviere en conditions non perturbees: +300 l/s. Le 
debit unitaire de la riviere a ete estime a 9,3 millions de m3 durant la crue, soit 1,8 m3/s. 

Pour le probleme de la prevision, la methode de superposition a ete appliquee pour la prise 
en compte des differents volumes ecoules pendant 27 ans d'exploitation des ouvrages cap
tants: 

si 
i=n 
L 

i=1 
S; pour t = ti, j = 1,2 ... , n 

ou S rabattement global a tout instant ti, en tout point du modele; 

S1 rabattement du niveau provoque par le fonctionnement de l'ouvrage; 

S2 remontee du niveau a la suite de l'alimentation par infiltration; 
s3 remontee du niveau a la suite de !'absorption de l'ecoulement de la riviere 

(Qr)· 

On ne donnera ici que la methode d'evaluation de s3 car I' evaluation de SI et Sz n'offre au
cune difficulte. 

Lors du passage de la crue, l'alimentation a partir de la riviere a ete prise egale a 1,8 m3/s 
pendant 60 jours, dans le cas ou le volume d'ecoulement etait superieur a 9,3 millions de m3 . 

Dans le cas contraire, elle a ete prise egale au volume total de la crue. Puisque le rabattement 
du niveau sur le modele varie proportionnellement au debit, il suffit de construire les courbes 
S = /(x,y,Q nt) pour un volume donne de la crue afin d'avoir la possibilite de construire des 
courbes analogues pour n'importe quel volume de la crue, en utilisant le coefficient de pro
portionnalite. 

Les demarches ci-dessus sont illustrees sur la figure 1.30 par le diagramme des variations 
de SI au point situe au centre geometrique du modele, durant la periode analogique 
consideree (1933 -1959) pour laquelle le volume ecoule est connu d'apres les donnees de la 
station de jaugeage situee a la limite Sud du modele. Cette figure montre que lors du fonc
tionnement de l'ouvrage de captage avec un debit de 900 l/s, en regime d'ecoulement analo
gue a celui des annees 1933-1959, le rabattement au centre de la depression est de 60 m. 
Pour un debit egal a 1100 l/s, celui-ci est de 82 m. Les reserves exploitables (900 l/s) se corn-
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Figure 1.29 

Carte hydrogeologique schernatique de la structure d'Aydosskaja avec le schema de decoupage du rno

dele. 

1. Lirnites geologiques. 
2. Lirnite des secteurs a pararnetres hydrogeologiques differents. 

3. Forages d'exploitation. 
4. Chiffre au nurnerateur: transrnissivite en rn2 /j; au denorninateur: coefficient d'ernrnagasinernent. 

5. Reseau du rnodele. 
6. Riviere Karakenguir schernatisee pour le rnodele. 
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Prevision du rabattement des niveaux en un point situe au centre de la depression, sur la periode con
sideree. 

1. Pour le prelevement de 900 1/s seulement, a partir des reserves d'emmagasinement. 
2. Pour le prelevement de 900 1/s, compte tenu d'une alimentation par infiltration sur !'ensemble du gi

sement egale a 300 1/s. 
3. Position du niveau dans le forage, compte tenu de tousles facteurs de prelevement et de realimenta

tion des eaux. 
4. Position du niveau, compte tenu des memes facteurs, pour le prelevement de 1100 1/s. 

posent de: 370 1/s provenant de !'absorption de l'ecoulement superficiel; 300 1/s de la captu
re de la decharge naturelle dans la riviere et de la diminution de l'evapotranspiration et 230 
1/s, du rabattement de l'emmagasinement. 
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1.20 
PECULIARITIES OF ANALOG MODELLING WHILE 

STUDYING HYDROGEOLOGICAL PARAMETERS IN FISSURED 
AND KARSTIFIED ROCK MASSES 

by G. N. Kashkovsky, L. P. Lebedyanskaya 
(USSR.) 

Research has been conducted at the Mirgalismsay deposit, which has been under develop
ment for several decades. It is located on the south-western slope of the Central Karatau 
Mountains, in the Republic of Kazackstan, USSR and is composed of thick layered limestone, 
karstified and broken by saturated disjunctive breaches, and argillaceous dolomites of 
Famennian and Turonian Stages. The carbonate sediments attain a general thickness of 1,000 
meters. Water infiltration into the mine averages about 10,000 to 12,000 m3/hour and ground 
water recharge occurs mainly on the mountains. 

Hydrogeological field studies and a R-C (resistance- capacitance) electrical network analog 
model were employed to solve inverse problems. Before initiation of the analog modelling 
for this particular region, the following topics were examined: 

1. the possibility of a break in continuity of the groundwater flow; 

2. the influence of the groundwater recharge instability in space and time on the results of 
the modelling; 

3. the influence of the violation of the linear law of infiltration. 

Investigation of the first topic showed the upper zone of the fissured and karstified strata to 
be characterized by a sub-zone interconnected karst, which may be dozens to hundreds of 
meters thick. When the cone of depression is situated within this sub-zone, dewatering invol
ving a significant draw down results in a regional effect. 

Analysis of the second topic indicated that the ground water recharge is a significant compo
nent for regional hydrogeological modelling. Errors in calculations using low-water level va
lues of a year instead of the average annual water level values were found to be comparative
ly small (several tenths of a percent). Thus, recharge instabilities have little effect on model
ling. 

The violation of the linear law of filtration should have influence of the modelling results for 
the given conditions, according to the theoretical analysis indicating its effects are limited to 
the immediate vicinity of the discharge wells. 

Piezometric maps, plotted for periods of low-water levels served as a basis for establishing the 
inverse problems involved in modelling and in particular, for more precisely determining 
the transmissivity of the water-bearing strata. The piezometric maps were plotted using geo
physical field research, area! tectonics, filtration tests and well logging data, as well as 
groundwater recharge, discharge, regime observations, and studies of hydraulic connections 
with surface water systems and reservoirs. 

The task of solving for the transmissivity of the strata was divided into two stages: the first 
being the determination of that in the central, 100 km2 well studied area, under quasi-statio
nery flow conditions. At its boundaries, the hydraulic gradient was set (H=constant) and 
mine water inflows were assumed constant (Q=constant). Hydraulic conductivity was deter
mined by reproducing the groundwater levels on the model, and accounting for regional 
geological structure, tectonics and the heterogeneous filtration of the karstic rock masses. 

91 



Figure 1.31 Combined scheme of natural conditions of the region and the model network 

1. Paleozoic water-bearing carbonaceous deposits 
2. Mesozoic-Cenozoic deposits 
3. Northern boundary of Cretaceous deposits 
4. Karatau Range watershed divide 
5. River Valleys 

6. Model network 
7. Contours of Paleozoic sandy and clayey deposits 
8. Location of springs on the model 
9. lsolines of average annual levels (heads) obtained from results of modelling natural hydrogeological 

conditions of the region. 
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For the second stage, a regional model was used to reproduce the natural conditions of the 
4,000 km2 area (fig. 1.31) and to further forecast mine inflows. Average annual water levels 
and discharge values were used; and for the region north of the mountains, the groundwater 
recharge was preset as the second type of boundary conditions, groundwater discharge mi
nus the infiltration from rivers. Grid intervals of 0.5 x 0.5 km were used for the central re
gion and intervals up to 12 km beyond this area. 

During the first approximation stage, the transmissivity outside the central area was determi
ned according to the Libman Scheme under unsteady flow conditions. During the period of 
epignosis, the model reproduces the mine inflows and variations in the formation period and 
the shape of the cone of depression. Modelled water level decline and calculated rates of wa
ter level change in the observation wells were compared to natural ones. The water yield was 
adjusted according to the modelled and observed water level decline. This regional model 
was used for 10 to 15 year forecasts on water inflows into mines. 

Along with forecasting inflows, the model was useful in studying the formation of deep 
groundwater depressions under the influence of mine drainage. The Libman Scheme was 
again used to forecast inflows for various time periods and projected mining development 
was integrated into the model. For the initial modelling, the transmissivity previously esta
blished was used. As conditions varied with the drop in groundwater level, so did the trans
missivity of the rocks. The transmissivity fell proportionally with the decrease in permeabili
ty of the rock with depth. Thus, in modelling, it is necessary to take into account the growth 
of pressure above mines with increasing depth. This was studied by solving a number of ab
stract radial problems in cross-section. 

From the modelling, maps were constructed showing annual groundwater levels of previous 
years for each time period; average inflows into mines were found to average 13,000 m3/ 

hour at a depth of 500 meters. 

To forecast maximal inflows, the analog modelling was integrated with statistical probability 
methods, and with the results treated as a trend, and inflow fluctuations characterized by 
the total volume of water per year. Evaluation of the results indicated a maximum, or 5% 
frequency, annual discharge of 15,000 m3/hour with a standard deviation of 2,000 m3/hour. 
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1.21 
REGULARISATION DE L' AREUSE (JURA SUISSE) 

SIMULEE PAR MODELE MATHEMATIQUE. 

par L. KIRAL Y 
(Neuchatel) 

1. Situation generale et but du modele 

Le bassin de la source de l'Areuse (Jura neuchatelois, Suisse) est forme des deux synclinaux 
karstiques : de la Brevine et des Verrieres. Le premier bassin se deverse dans le second par 
l'intermediaire d'un seuil anticlinal, designe ,seuil du Bois de l'Halle". 

L'exutoire, la source vauclusienne de l'Areuse, se situe dans le flanc S du synclinal des Ver
rieres, a I' altitude de 780 m. Les deux nappes karstiques principales se trouvent dans les cal
caires du Maim superieur (Portlandien - Kimmeridgien - Sequanien), epais de 350 a 400 
metres. Lemur de l'aquifere est forme par les marno-calcaires de l'Argovien (epaisseur: 150 
a 180 m) consideres comme peu permeables. L'altitude du seuil anticlinal qui separe les deux 
bassins est de 980 m environ, maintenant le niveau de la nappe a une altitude superieure a 
1000 m dans le synclinal de La Brevine. 

Le bassin versant de la source s'etend sur 128 km2 et re~oit une lame d'eau moyenne annuel
le de 1530 mm. Le debit moyen de la source del' Areuse vaut 4,63 m3/s, avec des crues annu
elles depassant 30m3/set des debits d'etiage inferieurs a 1 m3/s (A. BURGER, 1959 et J.-P. 
TRIPET, 1972). 

Le probleme etudie est le suivant: une galerie doit traverser le seuil du Bois de l'Halle a la 
cote de 940 m environ, afin de soutirer de l'eau souterraine dans le synclinal de la Brevine. 
Le soutirage par galerie se fera en periode d'etiage de la source de l'Areuse, de fa~on ace 
que le debit total, source + galerie, soit egal a un debit constant que nous appellerons ,debit 
regularise" (QR). Le modele mathematique est destine a simuler les effets de la galerie, pour 
differents debitS regularises QR et pour differents regimes de precipitations, SUr la SOurce de 
l'Areuse, d'une part, et sur les reserves du synclinal de la Brevine, d'autre part. 

2. Remarques sur le modele 

Pour simuler le comportement du systeme regularise en ecoulement transitoire, nous avons 
utilise un modele bidimensionnel a elements finis, decrit en detail par KIRAL Yet MOREL 
(1976 a). La structure typiquement discontinue des aquiferes karstiques (,double porosite" 
et ,double permeabilite") est respectee grace a !'utilisation d'elements unidimensionnels in
troduits en sandwich entre les elements bidimensionnels: ces derniers representent les volu
mes peu permeables (roche fissuree mais peu karstifiee), tandis que les elements unidimen
sionnels simulent le reseau karstique tres permeable (figure 1.32). 

La figure 1.33 represente, tres schematiquement, le principe de la regularisation, ainsi que la 
nature des conditions imposees a l'exutoire de la galerie en fonction de l'etat de la nappe. Les 
conditions imposees au seuil du Bois de l'Halle varient aussi: le seuil est ,ferme" si la 
nappe de la Brevine est fortement rabattue par la galerie; il est ,ouvert" si le niveau de l'eau 
souterraine s'eleve de nouveau (alimentation, diminution de prelevements par la galerie). 
To us ces changements (fermeture ou ouverture du seuil, variation du debit sou tire par la gale
rie) se font automatiquement dans le programme de calcul dont !'organisation logique est 
montree par l'organigramme ci-dessous. 
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Organigramme 

FORMC: 
GRENZ: 

GALIM: 
ELSOL: 
TEST3: 

TESTG: 
VOLUM: 

calcule et assemble les coefficients des equations a resoudre. 
calcule et impose les conditions nodales variables dans le temps (alimentations, 
hauteurs). 
calcule et impose les conditions a l'exutoire de la galerie. 
resoud les equations par la methode d'elimination de GAUSS. 
teste l'etat du seuil du Bois de l'Halle et determine les changements a effec
tuer. 
teste l'etat de la galerie et determine les changements a effectuer. 
calcule et impose les infiltrations distribuees sur les elements. 

3. Hypotheses sur l'heterogeneite des proprietes physiques et des alimentations 
de l'aquifere 

Les essais de permeabilite effectues dans cinq forages profonds indiquent une permeabilite 
moyenne de K = 4·10-7 m/s pour les essais de pompage et de K = 2·10-6 m/s pour les essais 
d'injection. TRIPET (1972) construit un modele electrique sans reseau karstique et s'aper
croit que, pour simuler convenablement le niveau de la nappe mesure dans les forages, il faut 
admettre une permeabilite moyenne de l'ordre de 10-3 m/s! L'apparente contradiction entre 
les faibles valeurs de permeabilite mesurees dans les forages et la grande permeabilite ,moy
enne" que I' on doit admettre a l'echelle du bassin est due a l'effet d'echelle dans le karst (KI
RALY, 1973 et 1975), c'est-a-dire a !'existence d'un reseau karsfique connexe et de faible 
densite drainant des blocs peu permeables, mais de volumes tres importants. Cette contra
diction disparait d'ailleurs avec !'introduction d'un reseau ,fictif" dans notre modele: sur la 
figure 1.32, la grandeur de maille du reseau est de l'ordre kilometrique et la presence de ce 
reseau permet d'utiliser des permeabilites de 5·10-7 m/s pour les blocs peu karstifies, en ac
cord avec les valeurs obtenues dans les forages. Quant aux coefficients d'emmagasinement, 
nous admettons une valeur de 0,35 a 0,40 % dans les blocs peu permeables. 

Notre hypothese sur l'heterogeneite spatiale des alimentations consiste a admettre qu'une 
partie importante des eaux infiltrees se concentre deja dans la zone non-saturee (drainage 
rapide a faible profondeur, perte des cours d'eau superficiels dans les entonnoirs) et qu'elle 
arrive directement dans le reseau karstique. En imposant, par exemple, plus de 50% des in
filtrations comme ,alimentations concentrees", notre mode le simule convenablement les 
pointes de crue et les tarissements de la source. 

4. Deux exemples de regularisation 

La figure 1.34 montre deux exemples de regularisation simples. L'alimentation est donnee 
en m 3/s sur la surface totale ('"'-' 128 km2) des deux bassins. 

Dans le premier exemple, nous partons d'un debit de crue de 6,4 m3/s et nous regularisons le 
debit a QR = 0,93 m3/s. Le processus de regularisation s'enclenche 15 jours apres la pointe 
de crue et le debit de la source chute tres fortement. Au bout de 10 jours de regularisation 
environ, la source reprend un debit de tarissement plus soutenu, alors que le debit de la gale
rie se stabilise a 0,8 m3/s. Cela correspond a la fermeture du bassin de la Brevine et le debit 
de la source ne represente plus que la vidange du bassin des Verrieres. 

Dans le second exemple, on impose un debit regularise de 2 m3/s. Partant d'un debit de crue 
de 6,2 m3/s, la regularisation s'enclenche au bout de 4 jours. Les debits de la source et de la 
galerie evoluent comme precedemment, mais avec des variations plus marquees: le bassin de 
la Brevine se ferme au bout de 8 jours. 
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Figure 1.34 Exemples de regularisation 

5. Conclusions 

L'introduction d'un reseau tres permeable, meme fictif, dans le modele d'ecoulement des 
aquiferes karstiques, est indispensable si !'on veut eviter certaines contradictions apparentes 
dues a l'effet d'echelle sur la permeabilite ou si !'on veut simuler d'une fa9on acceptable !'al
lure de l'hydrogramme des sources karstiques. En effet, seul un modele avec reseau karsti
que permet de simuler a la fois la courbe de decrue non-exponentielle (correspondant a la vi
dange rapide du reseau tres permeable) et la courbe de tarissement exponentielle (due a la 
vidange lente des blocs peu permeables) des sources karstiques (voir aussi KIRAL Yet MO
REL, 1976 b). 
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CHAPITRE 2 

CAPTAGE ET UTILISATION DE L'EAU DES 
AQUIFERES KARSTIQUES 

Introduction 

par H. Paloc et B. Mijatovic 

Dans la perspective d'une mise en valeur de plus en plus intense des regions de la planete ou 
l'homme souhaite ameliorer ses conditions de vie, on doit, parmi bien d'autres choses, se pre
occuper de tirer le meilleur parti possible d'un certain nombre de caracteres specifiques des 
roches calcaires - notamment du point de vue de leur comportement aquifere - pour assu
rer des besoins varies grace a des amenagements ponctuels de divers types, adaptes aux con
ditions du site a amenager, et acceptables du point de vue economique. 

En ce qui concerne !'exploitation des eaux souterraines, les amenagements different plus ou 
moins selon qu'ils consistent a operer directement des prelevements par derivation d'ecoule
ment (ecoulement de source ou ecoulement souterrain) ou en des actions permanentes ou 
temporaires de rabattement ou de relevement de plan d'eau, en surface ou en profondeur 
pour ameliorer, a plus ou moins long terme, les possibilites d'utilisation d'un reservoir. 

11 s'agit alors: 

soit de permettre !'usage de !'eau a une cote differente de celle de l'ecoulement nature!, 
sans que l'on ait en vue d'ameliorer son debit, 

soit d'augmenter le debit nature! de l'ecoulement en abaissant le niveau de l'eau dans le 
captage pour solliciter des reserves qui ne l'auraient pas ete normalement, en retirant ain
si un benefice immediat de cet apport supplementaire, 

soit de reduire le debit de cet ecoulement en relevant son niveau dans l'ouvrage de capta
ge pour emmagasiner, dans une partie normalement aeree du reservoir, un volume d'eau 
le plus important possible, la recuperation de cette eau etant alors plus ou moins differee 
et fonction de la periode ou les besoins doivent etre satisfaits. 

Quels que soient les types d'amenagements que l'on puisse concevoir, leur realisation impli
que que l'on se soit assure simultanement au prealable: 

de la capacite du reservoir aquifere a permettre le prelevement ou le stockage envisage 
compte tenu de sa structure (fig. 1.1), de ses parametres hydrauliques, du regime des ecou
lements qui l'affectent et des caracteristiques physico-chimiques de son eau. 

de la capacite du site a amenager a assurer pleinement son role de liaison avec le reservoir 
aquifere pour que les echanges entre celui-ci et l'exterieur puissent etre assures aux de
bits, duree et qualite souhaites par l'exploitant. 

C'est done par deux approches, l'une globale, !'autre ponctuelle, effectuees conjointement, 
que l'hydrogeologue devra chercher a determiner la faisabilite et l'interet d'un amenagement 
hydraulique. 

En ce qui concerne le premier point (capacite du reservoir) on a traite dans le chapitre 1 du 
present ouvrage consacre a ,!'evaluation des ressources", des differents aspects qu'il conve
nait de prendre en compte pour apprecier correctement le potentiel en eau d'un reservoir. 
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En ce qui concerne le deuxieme point ( capacite du site), on va s'efforcer de degager ici, en 
s'appuyant sur 21 exemples d'amenagements realises, quels sont les types d'amenagements -
en fonction des objectifs que !'on cherche a atteindre - qui paraissent les plus appropries a 
chacune des conditions plus ou moins favorables offertes par les reservoirs aquiferes cal
caires. La premiere partie de ce chapitre interessera specialement les actions de preleve
ments (14 exemples), la deuxieme partie, les actions d'accumulation (7 exemples). 

1 
ACTIONS DE PRELEVEMENT 

Un des traits majeurs de la karstification des calcaires, du point de vue de leur comportement 
aquifere, est !'organisation d'un reseau souterrain d'ecoulement qui, lorsqu'il est arrive a 
maturite, realise integralement le drainage du systeme aquifere au sein duquel il se develop
pe, restituant !'eau qu'il collecte par un petit nombre de sources sinon, le plus souvent, par 
une seule (cas de la Fontaine de Vaucluse). 

Aussi, est-ce a partir de ces points singuliers que furent, des !'apparition des premieres con
centrations humaines, amenages des captages par simple derivation de la totalite ou d'une 
partie de leur ecoulement nature!: l'essentiel des travaux de captage etait alors limite dans la 
plupart des cas a !'execution d'ouvrages permettant le transit de !'eau par gravite entre le site 
de prelevement et le lieu de consommation, que separaient parfois des distances tres impor
tantes (86 km, par exemple, entre Rome et la source de Peschiera, l'une des sources captees 
par la ea pi tale de l'ltalie): les nombreux aqueducs grecs ou romains des regions mediterra
neennes en sont les plus remarquables vestiges. 

De tels captages ont longtemps ete les seuls a autoriser de gros prelevements dans des condi
tions economiques evidemment tres avantageuses. Mais en raison de l'accroissement des be
soins, de !'amelioration des connnaissances et du progres des techniques, de nouveaux mo
des de captages ont ete mis en oeuvre depuis une epoque recente en de nombreuses regions 
du monde, qui ont concerne pratiquement taus les types de roches calcaires: les enseigne
ments que !'on peut retirer de ces travaux permettent aujourd'hui, compte tenu de la diversi
te des resultats obtenus et specialement des echecs qui ont ete constates, que soient mieux 
adaptes les projets de captage aux conditions specifiques des sites a amenager, !'experience 
ayant revele combien ces conditions pouvaient etre variables d'un site a !'autre. 

Les 14 exemples selectionnes ici et un bref rappel de quelques autres cas qui no us ont paru par
ticulierement demonstratifs illustrent bien a quels types de techniques il convient d'envisager 
d'avoir recours, selon les dispositions plus ou moins favorables offertes par le reser
voir. 

Quelles sont done les conditions les plus favorables a la creation d'un captage? 

11 apparait evident que - en dehors de cas exceptionnels - les meilleurs sites de captage sont 
ceux qui permettent de mobiliser le plus grand volume possible d'eau souterraine et, plus 
specialement dans le cas d'un reservoir aquifere calcaire, ceux qui permettent d'exercer une 
influence dans ses parties les plus eloignees par rapport au point de captage. 

Il est done normal que l'on cherche a utiliser en priorite la conductivite exceptionnelle offerte 
naturellement par le reseau de drainage lorsque celui-ci se developpe pour une bonne part 
en-dessous de son exutoire perenne, c'est-a-dire dans la zone noyee permanente du reservoir 
aquifere: les sites de captage seront done installes de preference dans les parties les plus faci
lement accessibles de ce reseau c'est-a-dire soit sur le site meme de la source, soit dans le 
conduit qui l'alimente a une distance plus ou moins grande de celle-ci. 
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Mais, dans de nombreux cas - beaucoup de projets de captage se trouvant eloignes des zones 
d'emergence ou d'ecoulement dans des conduits penetrables et l'acces aces conduits n'etant 
par ailleurs que rarement permis en raison de difficultes inherentes a leur localisation - !'u
tilisation de tels sites privilegies ne sera pas permise: ce seront alors, de preference, les par
ties superficielles de karsts anciens sous couverture ou des parties du reservoir calcaire of
frant des conditions privilegiees du point de vue aquifere (niveau lithologique ou discontinui
tes d'origine tectonique le plus souvent) qui constitueront les meilleurs objectifs de recher
che. 

Plusieurs types d'amenagements permettent d'illustrer les distinctions que nous venons d'en
visager. 

1.1 Utilisation directe d'un exutoire karstique 

Captage par gravite 

Bien qu'il s'agisse du mode de captage le plus frequemment realise depuis toujours dans les 
regions karstiques nous ne l'evoquons ici que pour memoire. 11 convient toutefois d'attirer !'atten
tion sur le type de captage qui a ete choisi pour les sources de MOHLAU (cas 2.1, W. G RA
ZIADEI et J. G. ZOTL) car il constitue un bon exemple de recuperation par une galerie allant 
solliciter directement le reservoir aquifere calcaire, des ecoulements issus de ce reser
voir mais se dispersant dans une zone d'eboulis qui lui est superposee. De nombreux captages 
de ce type, parfois tres anciens, se rencontrent dans les pays du bassin mediterraneen (en Cy
renai"que notamment) qui permettent de reduire, sinon de supprimer tout a fait Ies pertes 
d'eau issues de massifs calcaires dans des eboulis de piedmont. 

Captage par abaissement de niveau 

C'est le mode de prelevement le plus courant que I' on utilise- notamment en periode d'etia
ge pour maintenir, sinon pour accroitre, le debit d'un captage a son taux habitue! de preleve
ment - sur ceux des exutoires qui offrent une disposition favorable (sources vauclusiennes 
et, plus generalement, exutoires des karsts barres comportant une reserve en eau importante 
en-dessous de leur niveau d'ecoulement). 11 est en general realise par pompage mais il peut 
aussi etre provoque par abaissement du seuil de deversement de la source. 

De telles actions peuvent etre exercees directement sur l'exutoire si la morphologic du conduit 
karstique s'y prete, ou grace a des ouvrages plus ou moins proches de l'exutoire, ouvrages dont 
le nombre et Ies caracteristiques sont determines en fonction des conditions specifiques du site 
de captage. Un grand nombre de sources sont ainsi actuellement ,surexploitees" temporaire
ment qui permettent de tirer parti de la capacite de stockage qu'offrent certaines categories de 
reservoirs. Citons en exemple le cas de la source du Lez (cas no 2.2, J. AVIAS): 
on y preleve a I'etiage plus de 1 m3/s avec pres de 7 metres de rabattement alors que son debit 
nature! ne depasserait pas 400 1/s durant cette periode. Parmi les nombreux autres cas connus, 
on peut citer celui de la source de I' Ai"n Bou Merzoug, pres de la ville de Cons tan tine (Algerie) 
ou, des 1957, on a pu exploiter 750 1/s pour un debit d'etiage estime a 450 1/s et celui de l'exsur
gence de la Clotte, en Charente (France), ou I' on preleve 1251/s avec un rabattement voisin de 
4 metres alors que son debit nature! est de l'ordre de 40 1/s. 

Divers exemples offrent un bon apen;:u quant aux autres possibilites d'exercer des actions de 
rabattement dans un conduit karstique. 
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Ces actions peuvent etre n!alisees en utilisant des ouvrages voisins de l'exutoire. Ainsi: 

dans l'exemple de la source de Djeskazgan (cas 2.3, M. A. KHORDIKAINEN) !'execu
tion de forages combinee avec celle d'un puits de pompage a permis d'accroitre notable
ment (de 3 a 10 fois selon la periode) le volume de l'ecoulement nature! initial. 

dans l'exemple de la source de Biele Vody (cas 2.4, E. KULLMAN) c'est grace a !'exe
cution de deux forages horizontaux au-dessous du niveau de la source que le captage a 
permis d'augmenter d'environ 50% le debit de prelevement. 

dans d'autres cas, ce sont des galeries qui jouent le role de drain: ainsi, dans la region de 
Mojdez (cas 2.5, B. MIJATOVIC), une galerie de 1 200 metres de long permet de deriver 
une partie de l'eau d'un reservoir aquifere karstique- normalement draine par des sour
ces sous-marines- avec un debit voisin de 100 1/s en etiage. 

Des actions de rabattement peuvent egalement etre realisees dans les conduits naturels de 
sources temporaires ou dans des cavites-regard, ainsi: 

en Floride (U.S.A.) des tests de pompage ont permis de prelever 250 1/s avec un rabattement 
stabilise voisin de 2 metres sur l'aven de Tampa et on envisage d'y capter 700 1/s (J. W. 
STEWART, 1975). 

en France, sur le site de la source des Freigeres (cas 2.6, H. PALOC et X. POUL) une 
campagne de forages a permis d'atteindre des conduits karstiques empruntes par l'ecou
lement aboutissant aux exutoires perennes du systeme situes a 3 km de la et de mettre 
ainsi en evidence l'interet de ce site pour un captage a fort debit. De meme au ,Trou du 
Drac", importante source temporaire situee a la partie meridionale de la region des 
Grands Causses, la desobstruction d'un eboulis colmatant le conduit nature! vertical de la 
source sur une quinzaine de metres de profondeur a permis d'atteindre l'ecoulement per
manent alimentant les sources perennes de la Clamouse, situees a 2,8 km de la, rendant 
ainsi possible la realisation d'un captage en ce point. 

Captage par relevement de niveau 

lndependamment de l'effet de stockage que l'on peut etre conduit a rechercher et que nous 
examinerons plus loin, l'objectif de ce type d'amenagement a ete le plus souvent jusqu'a ce 
jour, de permettre a l'ecoulement d'une source de se produire a une altitude superieure a eel
le de son niveau nature!, autorisant ainsi une derivation par gravite a la cote exigee par le 
projet: des exemples de tels relevements sont frequents, notamment en Chine ou on en de
nombrerait plusieurs centaines dans les seules provinces du Yunnam et du Guizhou et dont 
le plus important aurait une elevation de niveau d'eau de 30 metres avec un debit de 1 m3/s 
(information orale de M. YUAN DAOXIAN). 

Il convient egalement de rappeler ici l'interet que peut offrir eventuellement un tel type d'amena
gement dans les zones karstiques littorales: l'accroissement de charge de l'eau douce sur l'eau 
salee qui peut resulter de la creation d'un ouvrage dans un conduit karstique developpe 
dans la partie d'un aquifere contaminee par l'eau de mer- ouvrage ay ant pour effet de reduire 
la section d'ecoulement dans ce conduit- peut entrainer une reduction tres sensible de la mi
neralisation permettant d'envisager, de fa~on permanente ou temporaire, !'utilisation de 1'
eau souterraine. Le cas le plus celebre est celui de Port-Miou, dans la region de Marseille (Fran
ce) ou un barrage ,immerge", edifie en coulis de ciment leger et de bentonite, a permis d'obtu
rer partiellement une galerie de large section (pres de 20 m x 20 m) entierement developpee, 
dans sa partie reconnue en amont de son exutoire, en-dessous du niveau de la mer (travaux du 
Syndicat de Recherches de Port-Miou et du G.I.E. ,FRANKARST", Potie et Ricour, 1973). 
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1.2 Utilisation d'un conduit karstique en amont de son exutoire 

Dans le cas ou l'on souhaite agir dans un conduit karstique a une distance notable du site de 
l'exutoire, une telle action est, dans la plupart des cas, limitee aux seules parties du reseau 
karstique dont l'acces a ete permis a l'homme, grace notamment aux plongees souterraines. 
Il s'agit alors de situer et d'atteindre, a partir de la surface, le point que l'on s'est fixe comme 
emplacement de captage. 

Nous pouvons citer, pour illustrer la maniere dont il convient de traiter les problemes poses 
par ce type de projet d'amenagement, le cas de la source du Lez pres de Montpellier (France) 
ou !'emplacement, reconnu par plongees, qui se revele le plus apte a la realisation d'un nou
veau captage a un debit pouvant atteindre 2m3 Is, est situe a 60 metres de profondeur par rapport 
au seuil de deversement de l'exutoire et a une distance de 530 metres de ce dernier (travaux 
conduits d'octobre 1979 a janvier 1980 par le BRGM avec le concours des plon
geurs de la COMEX pour le compte de la ville de Montpellier; cas 2.2, J. A VIAS). 

Quelques annees plus tot, des methodes de recherches analogues, combinant operations de 
plongee, geophysique et forages, avaient deja ete mises en oeuvre avec succes par le BRGM 
et la Societe des Eaux de Marseille sur le site de la riviere souterraine de Port-Miou, methodes 
dont les resultats permirent !'edification du barrage precite en un point du reseau situe a 500 
metres en amont du debouche en mer de la galerie naturelle developpee sur tout son trajet 
entre 10 et 20 metres en-dessous du niveau marin. 

1.3 Utilisation d'horizons karstifies en profondeur en dehors des conduits 
karstiques 

Deux dispositions sont susceptibles de permettre !'obtention de debits importants dans des 
reservoirs aquiferes calcaires en dehors des conduits karstiques eux-memes: il s'agit, soit du toit 
karstifie d'une formation calcaire sous recouvrement, la karstification etant anterieure a 
la mise en place de ce dernier; soit d'horizons privilegies de karstification, celle-ci s'etant exer
cee au sein d'une serie calcaire mais, de fa~ton preferentielle, en certains de ses niveaux les 
plus vulnerables. 

Plusieurs exemples permettent d'illustrer l'interet de telles dispositions pour un objectif de 
captage. 

En ce qui concerne les anciennes surfaces karstifiees de roches calcaires aujourd'hui sous 
couverture, l'exemple des forages de St. Jean-de-Vedas (cas 2.7, H. PALOC et B. ROZES) 
montre combien une telle disposition est favorable: la karstification du toit du calcaire juras
sique a ete telle, avant le depot de formations detritiques du Miocene, qu'il a suffi des trois 
premiers metres de foration dans ce niveau privilegie pour obtenir les debits demandes (en
tre 40 et 60 1/s): si ces derniers etaient dans le cas precedent relativement modestes, ils peu
vent atteindre dans les paleokarsts des valeurs beaucoup plus elevees: ainsi, des forages en 
grand diametre (1 250 mm) executes dans le cadre de l'amenagement du Chott Chergui, en 
Algerie, sollicitent des calcaires senoniens karstifies sous pres de 100 metres de terrains de 
couverture, le debit respectif de chaque ouvrage pouvant atteindre 1 000 l/s avec un rabatte
ment maximal de 50 metres (F. ROSSET, 1956). 

De meme au Maroc, dans la region du Tadla, un forage petrolier implante en bordure de 
l'Oum-er-Rbia qui avait recoupe un conduit karstique de grande section a une profondeur de 
400 metres apres avoir traverse diverses formations de couverture a donne lieu, quelques an
nees plus tard, a des operations destinees a exploiter l'eau de ce conduit (tirs pour perforer le 
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tubage, nouveau forage voisin en deviation controlee, acidification): on a obtenu aux essais 
400 l/s avec 13 metres de rabattement, la temperature de l'eau etant de 29° et son niveau stati
que a quelques metres au-dessous du sol: le forage va maintenant etre utilise comme 
point de captage pour la fourniture d'eau potable et d'eau industrielle (informations orales de 
MM. DRISS BEN GUESSAB et X. POUL). 

A I' oppose, on constate que les productivites sont parfois fortement affectees lorsque predo
minent les formations argileuses dans les depots de remplissage: de nombreux travaux reve
lent ainsi I' importance, en de nombreux cas, de colmatages de reservoirs calcaires mis en pla
ce depuis leur karstification. Toutefois, il est rare que ces colmatages affectent en totalite les 
vides de la roche. Du point de vue du captage, une difficulte qui en decoule - en dehors de la 
reduction de productivite qui est souvent constatee dans de tels cas - est celle qui est liee 
aux risques de debourrage ou d'entrainement des materiaux de recouvrement, risques qui pen
vent se manifester bien apres les operations de developpement et de traitement de l'ou
vrage *. Ainsi, a Salavas (cas 2.8, B. LEMAIRE et H. PALOC) on a ete amene a reduire la 
productivite d'un ouvrage au profit de la qualite de l'eau: il s'agissait d'un karst sous une 
couverture alluviale de fine granulometrie qui exigea la mise en place d'une crepine avec 
massif filtrant pour s'affranchir des risques de colmatage de l'ouvrage. 

L'exemple des calcaires de Vise (cas 2.9, A. MONJOIE) illustre lui aussi le role aquifere 
privilegie que joue aujourd'hui un paleokarst (,fort ancien" puisque antenamurien, mais re
active par les conditions hydrologiques actuelles) et notamment dans les poches de dissolu
tion qui l'affectent et que l'emploi de la geophysique a permis de mettre en evidence. 

En ce qui concerne les horizons de karstification preferentielle, il apparait qu'ils se trouvent 
le plus souvent lies a la presence d'un facies favorable du point de vue aquifere: ainsi, la cou
che dite ,a Orbitolines" qui se trouve developpee au sein des masses calcaires a facies urgo
nien qui constituent la region des Prealpes fran~aises, determine la situation et !'extension 
de tres importants reseaux karstiques, celui du ,Trou du Glaz" notamment, dans le Massif 
de la Grande Chartreuse. 

Un tel horizon favorable a constitue l'objectif des travaux de captage exposes clans l'exemple 
des forages de Dauthunes (cas 2.10, M. BOURGEOIS et H. PALOC): !'extreme alteration 
d'une formation dolomitique intercalee entre une couche argileuse, constituant son mur im
permeable, et un calcaire tres faiblement poreux, et son developpement en profondeur plu
sieurs dizaines de metres en-dessous du niveau des ecoulements de surface, ont permis, grace 
a !'execution de cinq forages, de realiser un captage susceptible d'etre exploite a plus de 
1 000 m3/h (280 1/s). 

1.4 Autres conditions favorables de captage 

11 s'agit essentiellement des zones qui peuvent offrir un interet pour la recherche de points de 
captage en raison des discontinuites qu'elles introduisent dans le reservoir: zones de frac
turation, notamment selon les axes de structures anticlinales, failles de distension, joints, et 
specialement lorsqu'ils sont lies a des surfaces de glissement, etc .... On ne possede pas en
core de statistiques rigoureuses, compte tenu de la diversite des cas, pour apprecier les possi
bilites tres diverses qui peuvent etre revelees par les travaux (Consulter, ace sujet, R. R. Pa
risek, 1976). 

* N.B.: On ne traite pas ici de la nature et de l'interet des diverses operations qui peuvent etre mises en oeuvre sur un 
ouvrage de captage en vue d'ameliorer les conditions de son exploitation, mais il convient de souligner les resul
tats, souvent tres remarquables, qui peuvent etre obtenus dans les reservoirs aquiferes calcaires grace notam
ment a des operations d'acidification: ainsi, a-t-on constate que la productivite d'ouvrages sollicitant de tels re
servoirs pouvait etre augmentee de 10 a 100 fois selon le type de calcaire, le degre de karstification et les moda
lites de traitement, notarnment des acidifications repetees. 
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Des divers amenagements realises sur la base de !'existence de ces discontinuites, nous cite
rons l'exemple de la galerie de Zvir (cas 2.12, B. BIONDIC et V. GOATTI) qui a donne lieu, 
sur chacune des six zones fracturees qu'elle a recoupees sur 400 metres, au creusement de pe
tits puits permettant des prelevements sans rabattements excessifs; si de tels prelevements 
avaient ete operes sur un ouvrage unique, ils auraient pu, en raison de la situation littorale 
du reservoir aquifere, avoir pour consequence une contamination par !'eau de mer. 

De meme, dans la region de Trogir (cas 2.13, B. MIJATOVIC), c'est au moyen d'une galerie 
drainante de 250 metres de longueur, executee dans un karst littoral a partir d'un puits de 80 
metres, que !'on a cherche a recouper quatre failles reperees en surface et que !'on conside
rait etre des collecteurs privilegies: ceci a ete confirme par les travaux et la situation du ra
dier de la galerie permet ,d'ecremer" une partie des eaux douces superposees aux eaux sa
lees que recele le reservoir calcaire, le debit du captage pouvant depasser 100 1/s en etiage. 

Dans l'exemple de la vallee de la Brevine (cas 2.11, A. BURGER et F. PASQUIER), c'est par 
puits et galeries que !'on a cherche a capter les eaux stockees dans un synclinal calcaire fissure 
entre 50 et 80 metres sous la surface topographique. Un premier puits, profond de 160 metres, 
incline, d'ou partent deux galeries drainantes de 80 et 110 metres de longueur 
orientees de maniere a recouper un maximum de fractures, ont bien confirme !'existence d'une 
forte karstification des calcaires ainsi qu'elle avait ete observee a !'occasion de !'execution 
prealable de 5 forages de reconnaissance, mais cette karstification s'est revelee de peu d'inte
ret en raison de !'importance des colmatages sablo-argileux: les venues d'eau ne sont notables 
qu'en periode de crue liees a !'elevation du niveau piezometrique dans la zone de battement de 
la nappe; en periode d'etiage les fissures situees dans la zone saturee ne sont elle-memes que 
tres faiblement productives bien qu'un entrainement de sable limoneux laisse presager un de
colmatage progressif qui pourrait aboutir a la longue a un accroissement notable du debit ac
tuel. 

2 
ACTIONS D' ACCUMULATION 

En de nombreuses regions karstiques et plus particulierement dans celles ou les precipita
tions sont tres irregulierement reparties dans le cycle annuel tandis que les principaux besoins 
en eau doivent etre satisfaits durant les periodes seches, de grands amenagements hydrauli
ques (barrages essentiellement) peuvent etre realises ayant pour objectif de stacker superfi
ciellement ou souterrainement d'importantes masses d'eau en vue de leur utilisation ulte
rieure, modifiant ainsi le regime nature! des ecoulements. 

Bien qu'exigeant des investissements importants, sans aucune mesure en general avec ceux que 
necessitent les plus onereux des procedes de captage enonces en premiere partie du chapitre, 
de tels ouvrages de stockage ont deja ete realises en divers pays et les 7 exemples presentes 
ci-apres ont ete selectionnes pour illustrer la diversite des cas auxquels on peut avoir a faire, 
tant en ce qui concerne les objectifs que les conditions d'execution et que les resultats obte
nus par ces ouvrages. 

Ces exemples se rattachent a trois principales rubriques selon qu'il s'agit d'accumulations su
perficielles ou souterraines ou de recharge artificielle. 
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2.1 Accumulations en surface 

Les objectifs poursuivis ne sont pas, normalement, differents de ceux des amenagements rea
lises en des bassins non karstiques: lutte contre les crues, fourniture de courant electrique, 
approvisionnement en eau, tourisme, usage mixte. 

Dans le cas des regions calcaires, le probleme qui se pose est celui de l'etancheite: comme 
pour les captages, il existe en effet des dispositions plus ou moins favorables a la circulation 
de l'eau dans un reservoir aquifere. 11 s'agira done, ainsi que l'a propose R. THEROND 
(1973), de chercher a identifier, avec le plus de precision possible, les parametres de la kar
stification specifique a chaque nouveau cas etudie afin de tenter d'apprecier a priori Ies ris
ques de fuites de la retenue projetee en se reterant a !'experience des amenagements realises' 
ace jour dans le monde; outre les 16 monographies rassemblees par cet auteur et auxquelles 
nous conseillons au lecteur de se referer, nous avons retenu ici quatre exemples car ils illus
trent suffisamment la diversite des conditions hydrogeologiques des terrains calcaires. 

Dans l'exemple de la retenue de la DIESSBACH (cas 2.16, J. G. ZOTL) !'observation des 
caracteristiques chimiques des ecoulements superficiels et souterrains ainsi que Ies resultats 
d'experiences de tra'<age, ont permis de demontrer l'independance de deux systemes karsti
ques, I'un cutane et perche par rapport a !'autre, profond et draine par d'importantes sources 
de vallee: !'absence des relations hydrauliques - que l'on avait pu redouter a priori entre ces 
deux systemes - se confirma par une etancheite parfaite de la cuvette, malgre une karstifica
tion importante de celle-ci mais sur une vingtaine de metres de profondeur seulement. 

Dans l'exemple de la retenue de QUARAOUN (cas 2.17, L. DUBERTRET) c'est une dispo
sition structurale favorable qui a ete exploitee et l'ouvrage de 40 metres de hauteur qui a ete 
edifie ne realise en fait qu'une amelioration des conditions naturelles offertes par une voute 
anticlinale constituee de terrains impermeables: on a done cree une accumulation d'eau en 
surface, venant se superposer a une retenue souterraine dont la capacite de remplissage se 
trouvait attestee par la situation et le regime d'une source de trop-plein. Un traitement du 
terrain, par coulis de ciment fut neanmoins necessaire en rive droite pour supprimer un ris
que localise de contournement du barrage. 

Dans l'exemple de la retenue de BUSKO BLATO (cas 2.18, B. MIJATOVIC) en raison de 
!'extreme karstification des calcaires, il a fallu edifier plusieurs barrages et colmater de 
nombreux conduits karstiques a Ieur orifice, en surface et en profondeur, pour obtenir une 
etancheite acceptable de la cuvette: les debits de fuites ont pu ainsi etre ramenes de 8 a 1 m3/s. 
On a pu ainsi reduire considerablement les effets de crues qui provoquaient l'inondation du 
polje LIVANJSKO (I'un des plus grands poljes du monde) tout en ameliorant I'equipement hy
dro-electrique, de premier ordre, de la vallee de la Cetina. 

Enfin, dans l'exemple relatif aux trois projets de barrage d'ecretement de crue - dont deux 
seulement ont ete realises ace jour - situes dans une region calcaire de la partie meridionale 
de la France (cas 2.19, J. A VIAS), quelques indications sont fournies quant aux solutions qui 
ont ete jugees les plus adaptees aux conditions hydrogeologiques propres a chaque site: choix 
du type d'ouvrage et du dispositif de drainage notamment. 

2.2 Accumulations souterraines 

C'est la capacite de stockage de la tranche de roche situee au-dessus des niveaux piezometri
ques qui correspondent au regime des ecoulements naturels, et !'incidence plus ou moins ra
pide du relevement envisage tant en distance qu'en hauteur dans cette tranche de roche, qui 
conditionnent le succes de ces types d'amenagement: l'objectif est ici soit de stabiliser l'ecou-
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lement (pour tendre a n!gulariser !'exploitation), soit, au contaire, de le destabiliser pour 
permettre !'exploitation d'un debit maximum au moment des plus forts besoins. 

11 n'existe encore que peu de realisations de ce type; nous citerons neanmoins deux exem
ples, bien qu'ils n'aient pas fait l'objet de description de cas, qui nous paraissent tres demon
stratifs quanta la diversite des resultats qui peuvent etre obtenus selon les parametres hydrau
liques et la structure du reservoir aquifere a equiper. 

Le premier exemple (E. A. MARTEL, 1921) est celui du barrage de Dardenne, edifie en 
1911 dans la region de TOULON (France). 11 s'agit d'un barrage de 36 metres implant€ peu 
a l'aval d'une source karstique perenne, La Foux, associee a quelques sources voisines de 
trop-pJein et dont Je debit d'etiage Se reveJait insuffisant pOUJ assurer, a J'epoque, Jes besoins 
de la ville. 

Dans le souci de tenter d'assurer ces besoins en regularisant le debit de l'ecoulement souter
rain, les auteurs du projet avaient evalue qu'en raison d'une fissuration et d'une karstifica
tion importantes du calcaire, il devait etre possible de stocker une grande quantite d'eau 
dans le terrain s'ajoutant a celle qui serait retenue de fa9on apparente en surface. 

C'est ce qui fut effectivement constat€ a la suite de la creation de l'ouvrage: a chaque periode 
de crue, 1,5 millions de m3 se trouvent retenus par le barrage dont environ un tiers est stocke 
souterrainement, proportion toutefois notablement inferieure, de 3 a 4 fois, a celle qui avait 
ete prevue. 

Le deuxieme exemple (R. THEROND, 1973) est celui du barrage experimental mis en place 
par ,Electricite de France" dans le reseau karstique de Fontaine l'Eveque, une des plus im
portantes sources de France (6,5 m3/s de module interannuel d'ecoulement) et qui est au
jourd'hui noyee sous 67 metres d'eau par la retenue du barrage de Ste Croix du Verdon (Fran
ce meridionale ). 11 s'agissait, pour EDF, d'evaluer les effets que provoquerait la mise en char
ge de la source succedant a la mise en eau de la retenue, sur !'organisation et sur le regime des 
ecoulements souterrains. Les travaux qui furent alors effectues dans le conduit de l'exutoire 
permirent, a !'occasion de divers essais de serrement et de fermeture de la section habituelle de 
l'ecoulement, d'obtenir les renseignements recherches mais aussi des donnees supplementai
res quant aux possibilites de stockage offertes par le reservoir calcaire. 

Les essais ont ete conduits pour differentes valeurs de debit de la source comprises entre 2,4 
et 12,2 m3/s: pour chaque essai, !'evolution de la mise en charge en arriere de l'ouvrage com
paree au volume d'eau que la source n'ecoulait plus (volume de stockage) a permis de calcu
ler !'importance des vides pour diverses tranches du reservoir. On a ainsi constat€ que le vo
lume des vides affectes par le remplissage etait tres variable selon la hauteur d'eau dans l'a
quifere, mais qu'il restait toujours tres faible: aucune valeur d'indice de vides n'a toutefois 
ete calculee en raison de !'incertitude quant a !'extension en plan de la partie de l'aquifere 
influencee par les essais. 

Signalons enfin, un projet de stockage souterrain qui est actuellement a !'etude en Yougosla
vie concernant un reservoir aquifere calcaire proche de la ville de ZADAR (projet de PO
LICNIK). Un ecran d'etancheite realise par injection d'une tranche calcaire de 120 000 m3 

et necessitant !'execution de 32 000 metres de forage et !'utilisation de 100 kg de matiere se
che par metre, pourrait permettre une accumulation souterraine superieure a 25 millions de 
m3. Dix puits seraient alors executes en des emplacements convenables de la retenue ainsi 
formee pour permettre son exploitation a un debit pouvant etre compris entre 500 et 700 lis 
(information ecrite de M. B. MIJATOVIC). 
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Cas particuliers d'amenagement en zone littorale 

Divers amenagements, en dehors du cas de Port-Miou deja cite, peuvent etre con~us, specia
lement dans les zones littorales, pour jouer un role d'ecran entre eaux douces et eaux salees 
dont le succes sera, la encore, fonction des conditions plus ou moins favorables offertes par 
les sites concernes. 

Ainsi, grace a trois barrages edifies dans la regio'n d'OREBIC, en Yougoslavie (cas 2.14, M. 
KOMATINA), le long de la bordure d'un reservoir aquifere calcaire que venait lecher en 
trois points la Mer Adriatique, entrainant ainsi une contamination d'une partie des eaux 
douces recelees par ce reservoir, il fut possible d'ameliorer les conditions de captage et l'on 
observe, depuis la mise en place de ces ouvrages, une decontamination reguliere des eaux sou
terraines de la region. 

On peut egalement rappeler ici le role separateur entre eaux douces et eaux salees qui a ete 
obtenu par mise en place d'un barrage flottant ceinturant l'importante source littorale 
d' A YOS YEORYIOS, pres d' Argos en Grece (information orale de Mademoiselle COTSO
VINOU). 

2.3 Alimentation artificielle 

L'objectif est, la encore, d'utiliser la capacite de stockage que peut offrir une roche calcaire 
pour lui fournir une quantite d'eau supplementaire par rapport a celle qu'elle re~oit dans les 
conditions hydrologiques habituelles auxquelles elle est soumise, afin d'en retirer un benefi
ce a plus ou moins long terme. 

Deux exemples ont ete selectionnes qui exposent des realisations sortant quelque peu du do
maine habitue! des operations de recharge artificielle. 

Dans le premier exemple (cas 2.20, J. R. EDWARDS et P. E. LAMOREAUX) il s'agit d'une 
operation realisee en Floride (USA) qui associe, grace a un dispositif judicieusement etudie, 
une injection d'eau par forage dans un aquifere profond tres transmissif, avec un drainage
par ouvrages satellites alimentant le forage d'injection - d'un aquifere superficiel moins 
transmissif et se trouvant separe du premier par une couche impermeable. 

Des dispositifs un peu analogues, quoique beaucoup plus profonds, ont ete adoptes et mis en 
oeuvre depuis plusieurs annees, pour accroitre la production des champs petroliers et notam
ment en Arabie on procede a des injections d'eau a tres gros debits (plusieurs m3/s) dans les 
couches petroliferes du dome du GHA WAR grace a des batteries de forages sollicitant plusieurs 
couches aquiferes superposees aux precedentes. 

Dans le deuxieme exemple (cas 2.21, V. I. MOROZOV et A. V. LUSHCHIK), il s'agit de 
deux operations d'injection realisees classiquement, par l'intermediaire de puits, a partir 
d'eaux de surface (ici les eaux d'un canal) en deux sites de la Crimee, en URSS. L'une de ces 
operations offre un interet particulier car, etant realisee dans un reservoir karstique littoral re
celant une nappe captive dont I' exploitation par pompage etait contrariee par un accroisse
ment notable de la mineralisation de l'eau, elle eut pour consequence heureuse un report des 
limites de contamination par I' eau de mer tres au-dela de ce qu'elles etaient a l'origine: les con
ditions de captage se sont ainsi trouvees ameliorees et les observations faites permettent d'or
ganiser !'utilisation du reservoir. 
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CONCLUSION ET RECOMMANDATIONS 

Le succes d'un amenagement en region calcaire est etroitement dependant des conditions hy
drogeologiques du site a amenager, conditions qui peuvent etre tres diverses puisqu'elles re
sultent de nombreux facteurs: facies du calcaire, structure du reservoir, densite de fissura
tion, degre de karstification, pour n'en citer que les principaux. 

Selon le type d'amenagement, c'est de l'une ou de !'autre, ou des deux a la fois, des fonctions 
conductrices ou capacitives de la roche calcaire - ou d'un autre type de reservoir aquifere 
juxtapose - dont on cherchera a tirer parti. 

Ainsi, dans les operations de captage ou d'abaissement de niveau, on pourra esperer les meil
leurs resultats en sollicitant ceux des reservoirs aquiferes qui, tout en presentant une forte 
parasite utile en zone noyee, offrent le plus grand developpement de leur reseau karstique 
en-dessous du niveau d'ecoulement de leurs exutoires perennes: les ,karsts barres" seront 
done choisis de preference au ,karsts perches" mais sans oublier que meme dans de telles 
dispositions les rabattements que !'on provoque ne s'accompagnent pas toujours de !'amelio
ration de debit escomptee et cela d'autant moins que la roche est peu poreuse. 

Dans les operations de stockage ou de relevement de niveau, on retrouve semblable variabi
lite des conditions de succes qu'aggravent parfois les risques d'un changement brutal de ces 
conditions en raison d'une elevation anormale des charges hydrauliques et des effets regret
tables qui peuvent en decouler par debourrages ou detournements. 

11 faut done retenir que les terrains calcaires ne se pretent que tres inegalement aux amenage
ments. Des lors, tout hydrogeologue appele a faire un pronostic quant aux possibilites de 
reussite d'un projet que! qu'il soit, se devra de confronter en permanence les donnees reve
lees a !'occasion de tout projet analogue realise en divers sites karstiques avec celles qu'il au
ra le soin de rechercher pour que cette confrontation soit valable et qu'elle laisse la plus fai
ble part possible a !'incertitude: eclaire par cet enseignement et parses propres experiences, 
illui sera alors permis de recommander ou non la realisation de !'operation envisagee. 
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2.1 
KARSTWATER GALLERY AND HYDROELECTRIC POWER PLANT 

,MVHLAU"- THE WATER SUPPLY OF INNSBRUCK, AUSTRIA 

by W. GRAZIADEI 1> and J. G. ZOTL 2> 

1. Introduction 
The ,Solstein Kette" or ,Nordkette" north of Innsbruck (the capital of Tyrol/Austria) is 
the southernmost of four ranges into which the Karwendel Mountains (Karwendel Gebirge) 
are clearly divided. The Karwendel Gebirge itself belongs to the western part of the Nor
thern Limestone Alps, the largest karst area of the Eastern Alps. 

The ,Nordkette" is the recharge area of the former Miihlau springs, captured for the water 
supply of Innsbruck in 1887 at least by means of three conduits at different altitudes between 
1043 and 1170 m above sea level. In the period from 1942-1953 a new tapping of these 
springs by means of tunnels was carried out for hygienic and economical reasons. The prob
lem was to capture the waters of these various systems of karst springs at the same level. 

2. Geological conditions 

Concerning stratigraphy and lithology of the Nordkette the Triassic sequences are the most 
important ones. The basal stratum is sandstone (the Scythian ,Buntsandstein"), the first stra
tum of the following Anisian sequences a strongly decomposed rauhwacke. The most im
portant aquifers in the following complex of limestone strata are the Lower and Upper ,Mu
schelkalk" (Anisian), overlain by the Ladinian ,Wettersteinkalk", which reaches a thickness 
of up to 1,500 m. A complex of strata of mar!, sandstone and dolomite, the so-called ,Raibler 
Schichten" are the uppermost Triassic layers of the Nordkette (fig. 2.1 ). 

Locally and hydrogeologically important Quaternary deposits are the so-called ,Hottinger 
Breccie" of Pleistocene interglacial age as well as the glacial and river accumulations of the 
Inn valley. 

The tectonic structure of the Northern Limestone Alps is characterized by extensive nappe
type overthrusts. 

The Nordkette consists of two tectonical nappes, the ,Lechtaldecke" and the overthrust 
sheet of the ,Inntaldecke". The complex of strata dips steeply towards the north. The site of 
springs and the position of the later on constructed tunnels were strongly influenced by this 
nappe-structure. 

3. Karsthydrology and gallery construction 

An essential karsthydrological problem was the determination of the altitude of the new tun
nel system. It had to be considered how deep down karstification would still exist and thus 
there could be reckoned with an according permeablility of the Muschelkalk. The upper edge 
of the rauhwacke could be taken for the most shallow depth, as the (higher located) upper 
edge of the Hottinger Breccie with its effect of a sealing curtain in this case caused overflow 

I) Stadtwerke Innsbruck, Salurnerstra8e 11, Postfach 122, A-6010 Innsbruck/Austria. 
2) Abteilung fiir Hydrogeologie, Technische Universitiit Graz, RechbauerstraBe 12, A-8010 Graz/Austria. 
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Figure 2.1: Geologic cross-section through the area of the Miihlau 
karstwater gallery (modified after R. v. KLEBELSBERG, 
Festschrift 1953, p. 43). 1 = river ans talus deposits; 
2 = Hottinger Brekzie (breccia); 3, 4 = Raibler Schichten 
(3 = limestone and dolomite, 4 = mar! and sandstone); 
5 = Wettersteinkalk (limestone); 6 = Muschelkalk 
(limestone); 7 = rauwacke; 8 = Buntsandstein (sandstone); 
9 = overthrust; 10 = fault. 

springs, but because of its young age couldn't affect the base level of erosion, which is the 
out-cropping, water-damming rauhwacke. The varying altitudes of the spring outlets issued 
little information as neither the Hottinger Breccie nor the rauhwacke are completely leak
proof, but allowed the seepage through joints and cavities into the shallow slope area, locally 
down to the Buntsandstein basis. Especially difficult was to determine the thickness of the 
rauhwacke, the formation of which changes fast in some parts and is influenced by tectonic 
pressure, overthrust and faults. 

The new tunnel system was built at last in 1140 m above sea level. The individual tunnel 
branches manifest the - in detail - complicated geological conditions of the geological 
structure. Thus, the very aquiferous Muschelkalk was reached in the ,Wiirmbachstollen" al
ready after cutting across 20 m of Bundsandstein and 25 m of rauhwacke whereas the so-cal
led ,,Klammbachstollen'' had to be cut through 75 m ofHottinger breccie and 115 m of rauh
wacke until the Muschelkalk very aquiferous in this place, too, had been reached. 

With the construction of this tunnel system, consisting of 564 m of collecting galleries and 
1159 m of branches, the aim of tapping hygienic, best quality water in the interior of the 
mountain was achieved. The quantity of water was also satisfactory (minimum discharge 560 1/s, 
maximum 1680 l/s, fig. 2.2). The hydrographs of the last 20 years show a characteristic 
undulating course with a minimum between March and April, and the maximum value be
tween August and September. This is due to the delay in the seepage of precipitation and 
snow water during a period of approximately four months caused by the immense thickness of 
overlying limestone (up to 1000 m). Seepage of precipitation and melt water, therefore, does 
not mainly take place in big channels, open gaps, or any system of caves but through a network 
of narrow joints. 
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Figure 2.2: Karstwater discharge into the capture tunnel ,Rumer
stollen" part of tunnel system of Innsbruck water supply. 
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4. The Hydroelectric Power Plant and the Innsbruck water-supply 

The terms ,drinking-water" and ,hydro-power plant" denote that this is a combined com
munal working plant, constructed primarily for the supply of drinking water and secundarily 
- exploiting the difference in altitude between the gallery and the power station - for the 
generation of electric power. 

The rentability of this combination has never been questioned as all the technical conditions 
have been available here on a large scale. 85 % of the inhabitants of Innsbruck are supplied 
by this plant with natural water of a constant temperature of so C, without any chemical or 
bacteriological treatment and about 25 % of all inhabitants are supplied with electric cur
rent. 

Two subterranean pressure pipelines NW 600 mm lead the water to the two turbines in the Po
wer-Station. After the exploitation of energy a calm water-surface is restored and the water -
now enriched with air but by no means polluted - flows to the drinking water reser
vmrs. 
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2.2 
CAPTAGE DES SOURCES KARSTIQUES AVEC POMPAGE EN PERIODE 

D'ETIAGE. L'EXEMPLE DE LA SOURCE DU LEZ 

par J. A VIAS 
(Montpellier) 

Ce type de captage qui optimise !'utilisation des ressources entraine un abaissement du plan 
d'eau de !'emergence lors des pompages. D'ou la necessite de localiser de far;on precise le con
duit d'arrivee des eaux et les ,elargissements" qu'il peut presenter susceptibles de recevoir les 
pompes. A la Source du Lez une telle recherche a ete proposee (J. AVIAS, 1969) 
apn!s essais de pompage preliminaires a 800 1/s, puis a 1200 1/s en periode d'etiage. A cette 
occasion ont ete systematiquement testes tons les procedes d'exploration et de localisation des 
galeries profondes noyees a debouche continu en terrain karstique: 

1 o /Releves topographiques et planimetriques en plongee par ,hommes-grenouilles" qui ont 
reussi ay descendre a -75 m sous le niveau de depart (emergence), a 536 m de !'entree, a lo
caliser un siphon et a decouvrir un puits de plus de 78 m de profondeur permettant un capta
ge a plus de -30 m sous !'emergence. 

2° /Procedes geophysiques de surface 

Des essais de localisation par: 

a) cartes de resistivite (etablie par la methode du rectangle) 

b) methodes electromagnetiques MELOS (frequence d'emission lointaine 4.480 Hz) 

c) etablissement de cartes de potentiel, !'electrode emettrice etant a la source ou etant dans 
la sa lie a localiser, 

n'ont donne, apres correction d'intensite et de relief que des resultats nuls (cas de a) ou inuti
lisables (cas de b) ou utilisables en premiere approximation (cas de c); dans ce dernier cas, 
par extraction de l'anomalie residuelle, on obtient un maximum correspondant a la localisa
tion de la salle, la forme des courbes enveloppant par ailleurs le trace de la galerie. 

3°/Procedes geophysiques de surface avec emetteur place par des plongeurs dans la cavite 
choisie. Ce dernier procede est le seul qui se soit avere tres satisfaisant en utilisant une bou
cle liee a un emetteur miniaturise (alimentee par un courant altematif basse frequence de 175 
Hz) ou un barreau magnetique et en mesurant les composants duchamp magnetique au sol. 
11 a permis de localiser avec precision la verticale en surface, du site finalement retenu pour 
!'installation des pompes. 

Nouveau captage 
2m3jsec NGF 

100 

50 

G = Galerie 0 

S = Sa lie de pompage 

Figure 2.3 A 0 50 
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VUE EN PLAN 

® 
Figure 2.3 B 

4 o /Procedes permettant de determiner la forme des galeries noyees par ,sonar": Ce pro ce
de, base sur !'emission et la reception d'echos, d'ultrasons, mis en oeuvre en 1979 a permis 
de reconstituer la forme du puits naturel finalement decouvert en 1979. Le projet de captage 
finalement adopte, mis au point par la Compagnie Generale des Eaux comprend (cf. 2.3) un 
puits de 40 metres de profondeur debouchant dans une ,sane des pompes"' elle-meme reliee 
a la galerie par des forages de 23 metres de profondeur et d'ou part une galerie horizontale 
( 0 = 1,80 m) pour I' evacuation des eaux pompees jusqu'a la source. Le debit maximum pre
vu est de 2,2 m3 /seconde. 
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2.3 
EXPERIENCE DE CAPTAGE D'UNE SOURCE 

KARSTIQUE DU KAZAKHSTAN CENTRAL (URSS) 

par M. A. KHORDIKAINEN 
(URSS) 

Cadre hydrogeologique - Type de karst 

La source etudiee est situee dans la partie sud-ouest du domaine plisse du Kazakhstan Cen
tral, pres de la ville de Djeskazgan; il s'agit d'une region aride ou !'evaporation sur eau libre 
est superieure a 1000 m, alors que la hauteur annuelle des precipitations ne depasse pas 150 
a 200 mm. La region est composee d'assises metamorphisees precambriennes, de depots se
dimentaires metamorphiques du Paleozoi:que inferieur et de formations terrigenes sedimen
taires du Paleozoi:que moyen. Tous ces terrains sont plisses et affectes de dislocations. L'en
semble aquifere principal, dont les eaux souterraines sont largement utilisees pour l'alimen
tation en eau des habitants et pour les besoins de l'industrie, est constitue par une formation 
carbonatee dont I' age s'etend du Devonien superieur jusqu'au Viseen. 

Les terrains aquiferes sont des calcaires et des dolomies: leur transmissivite est de 1 a 5. 103 

m2/j; leur diffusivite de 104 a 105 m2/j; leur coefficient d'emmagasinement de 2 a 4 %. Les 
eaux se caracterisent par une mineralisation totale voisine de 0,6 g/1, un facies sulfato-hydro
carbonate-calcique-sodique, une durete globale de 6 mg equiv/1. La teneur de tous les com
posants est au-dessous du seuil des normes sanitaires. 

La formation des ressources en eau karstique est assuree principalement par !'infiltration des 
precipitations efficaces (d'hiver et de printemps, plus rarement des averses), ainsi que !'ab
sorption des eaux de crues d'une petite riviere dont la vallee se trouve dans la region envisa
gee: son ecoulement est de 30 a 40 millions de m3/an mais il cesse completement a !'issue de 
la crue de printemps dont la duree est de 1,5 a 3 semaines. 

Les calcaires et les dolomies aquiferes ont une epaisseur de l'ordre de 400 m et sont intense
ment fissures et karstifies. La karstification se manifeste par des formes differentes: spongio
site uniforme et petites cavernes dont le volume atteint parfois 1 cm3

; fissures larges de 2 a 3 
cm et plus; cavites et grandes cavernes dont le diametre atteint 0,5 a 1 m, ainsi que cela a ete 
constate a !'occasion des travaux de forage, etc. La plupart des vides et des fissures karsti
ques sont beants, mais il y a des cavites remplies par des argiles (aleurite?). L'epaisseur tota
le de la karstification n'est pas connue avec precision, mais a partir des donnees des forages 
on peut supposer qu'elle depasse 200 m. Quant aux formes superficielles du karst elles sont 
representees par des entonnoirs (dolines) et des catavothres (gouffres) qui se developpent 
largement. Les roches carbonatees presentent une structure massive et les cavites karstiques 
sont associees aux plans de stratification des calcaires. 

Caracteristiques de la source 

La source karstique (fig. 2.4) est situee en rive gauche de la vallee de la riviere a une distance 
de 30 a 40 metres du flanc de la vallee. 11 semble qu'elle se localise a !'intersection de deux 
failles locales. En conditions naturelles elle forme un petit lac d'une superficie de quelques 
dizaines de m2 dont l'eau s'ecoule par un chenal dans le lit de la riviere (11 mois par an le 
chenal est sec). Le fond du lac dont la profondeur, en conditions naturelles, est de l'ordre de 
2 metres comporte trois griffons correspondant aux points d'emergence des eaux karstiques. 
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Figure 2.4 Coupe geologique des environs de la source: 1 -gneiss granitoldes archeens; 2 - gres rouges 
et conglomerats du Devonien superieur; 3 - calcaires et dolomies de la formation aquifere du Tournai
sien; 4 - calcaires argileux, argillites du Viseen inferieur; 5 -dislocations a) reconnues, b) supposees (la 
direction du tirete indique l'inclinaison de la surface de rupture); 6- direction de l'ecoulement des eaux 
souterraines; 7 - direction de l'ecoulement dans la riviere et transport de !'eau par les tuyaux; 8 - poste 
des jaugeage sur la riviere; 9 - sources secondaires; 10 - trace de la conduite d'eau; 11 -manifestations 
superficielles du karst. 

A la fin des annees cinquante on a observe la source pendant 5 ans et on a constate que ses 
variations etaient negligeables, le debit etant compris entre 19 et 27 l/s, ce qui montre son 
haut degre de regularisation naturelle. 

En 1960 on a pompe les eaux du lac pendant un mois au debit de 55 l/s, ce qui a provoque un 
rabattement de 1,2 m. Apres l'arret du pompage le niveau initial a ete retrouve au bout de 4 
heures. Toutes les recherches effectuees ont montre que la source se caracterisait par un de
bit constant et par une bonne qualite de son eau; la temperature etait comprise entre 7 et 
l0°C. On decida alors de capter cette source et d'installer une conduite d'eau pour l'alimen
tation de !'agglomeration voisine. 
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Figure 2.5 Coupe schematique de I'ouvrage de captage. 
1 - niveau de la source en conditions naturelles; 2- niveau de la source au debit de 631/s en ecoulement 
gravitaire dans les tuyaux; 3 - niveau de la source lors du pompage au debit de 145 l!s; 5 - forages; 6 -
puits d'observation avec la robinetterie sur la conduite; 7 - transport de l'eau pour la consommation. 

Caracteristiques do captage 

L'agglomeration sus-mentionnee est situee plus en aval dans la vallee, a 9 km de la source, et il 
convenait d'ameliorer son alimentation en eau; de meme il fallait assurer les besoins d'une en
treprise miniere pour permettre le lavage des minerais. L'altitude de la bouche de la source 
etant a 14 metres par rapport aux cotes moyennes de la surface du sol dans !'agglomeration, soit 
une pente de 0,0015, il s'est avere possible de diriger !'eau par gravite a partir du captage. 
Pour la realisation de ce dernier on a procede de la fa~on suivante (fig. 2.5): a !'emplacement 
des deux griffons les plus puissants on a execute deux forages par battage au cable, d'une pro
fondeur de 60 m et 16" de diametre. lis ont ete equipes de colonnes crepinees, constituees par 
des tubes en acier perfores avec un pourcentage de perforation de 20 %. A la profondeur de 4 
metres a partir du niveau nature! d'eau dans le lac, c'est-a-dire a la profondeur de 2 metres au
dessous du fond du lac, les tuyaux de la conduite d'adduction ont ete relies aux forages. Un test 
de pompage au debit de 145 1/s et d'une duree de 20 jours a ete realise a !'air lift sur ces forages 
et a permis de constater un rabattement de 2,4 m du niveau de !'eau et l'assechement du lac. Le 
systeme de captage a alors ete mis en fonctionnement. Le rendement du captage est de 63 1/s, 
et le systeme fonctionne depuis 1965 sans diminution du debit. 
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Durant cette periode le niveau dans le lac s'est abaisse a 0,9 m (les limites de variation etant 
de 0,85 a 0,96 m) et le deversement de I' eau du lac a diminue de 2 a 4 lis, mais sans jamais 
s'arreter. 

En 1975 on a juge utile de chercher a augmenter le prelevement d'eau dans la source jusqu'a 
200 lis, ce qui a necessite de mettre en place des pompes dans les forages. A la suite de ce nou
veau prelevement le lac a ete draine completement et le niveau de l'eau dans les forages a 
ete abaisse de 4,8 m a partir du niveau nature! du lac tel qu'il etait avant le debut de !'exploi
tation. Cet abaissement important du niveau et !'accentuation de la vitesse de baisse dude
bit que l'on observait d'un palier a !'autre ont permis de constater qu'on etait proche du maxi
mum acceptable de prelevement et qu'il ne convenait pas de l'augmenter davantage: ainsi, du
rant la periode hivernale, les besoins en eau decroissant, on arrete les pompes et le captage 
fonctionne par gravite pendant les 4 a 5 mois de l'hiver. 

Les recherches et !'experience de !'exploitation des ouvrages de captage qui ont ete realises 
sur ce site ont permis de mettre au point des perspectives nouvelles d'utilisation d'eau sou
terraine karstique dans la zone aride et leur interet pour l'economie nationale. 

Bibliographie 

Khordikainen M. A., 1968 - Eaux de fractures et karstiques dans la zone de plissement brachial de 
Kenguir au Kazakhstan Central. Recueil ,Recherches hydrogeologiques regionales au Kazakhstan". 
Alma-Ata, SSSR, ,Naouka", (enrusse). 
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2.4 
CAPTAGE D'UNE SOURCE KARSTIQUE PAR FORAGES HORIZONTAUX 

EXEMPLE DE LA SOURCE BIELE VODY 
(massif de la Velka Fatra, Tchecoslovaquie) 

par E. KULLMAN 
(Bratislava) 

Cadre hydrogeologique - Type de karst 

La source de Biele Vody est une source karstique perenne sortant de dolomies, fortement fis
surees et partiellement alterees, du Trias moyen. Elle emerge sur le versant gauche a une hau
teur de 18 m au-dessus du niveau de la vallee. La localisation de la source est conditionnee par 
deux barrieres de sediments impermeables. L'une des barrieres, empechant le passage des 
eaux karstiques vers l'aval de la vallee, est formee par les calcaires marneux et les marnes du 
Neocomien, qui sont haut places derriere la faille perpendiculaire a la vallee. L'autre barriere, 
conditionnant !'emergence des eaux karstiques dans le versant, est formee par la serie de cou
ches schisteuses et greseuses impermeables du Karn qui separe les dolomies du Trias moyen 
des dolomies du Trias superieur (figure 2.6). 
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Figure 2.6 Coupe hydrogeologique de la source Biele Vody 

1 - Tufs calcaires et alluvions recentes 
2 - Calcaires, schistes, gres et marnes du Rhetien et du Lias 
3 - Dolomies du Trias superieur 
4 - Schistes et gres du Karn ( ecran impermeable) 

.£l 

"" ~ 
lJ.. 

c 
"" ~ 
lJ.. 

"' -w 
0:: 
0 
lJ.. 

5 - Dolomies fissurees du Trias moyen (reservoir aquifere de la source Biele Vody) 
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7 - Niveau d'eau avant captage de la source 
8 - Limites de variations du niveau de l'eau apres captage de la source. 
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Figure 2. 7 Variations de debits de la source Biele Vody avant captage et apres captage par forages hori
zontaux. 

Justification do choix de la methode d'etude 

11 a ete decide: 

d'executer des forages horizontaux 16 m au-dessous du niveau de la source pour qu'ils 
traversent les dolomies du Trias superieur, percent la barriere de la serie de couches schis
teuses et greseuses du Karn, et viennent capter les eaux de la source dans les dolomies du 
Trias moyen; 

d'executer des forages d'observation dans le reservoir des eaux karstiques qui constituent 
les dolomies du Trias moyen; 

de verifier !'influence de ce mode de captage sur le debit de la source et le regime de l'eau 
souterraine. 

Description des etudes et travaux 

On a d'abord realise un forage horizontal (FK-4 a) long de 98 m a l'aide d'une foreuse carot
teuse. Le forage a capte l'eau de la source avec affluence principale dans une zone broyee a une 
distance de 68 m de !'orifice du forage (figure 2.6). Enraisondu petit diametre de ce forage qui 
n'autorisait qu'un debit limite, on en a effectue un second (FK-4 b), de maniere similaire au 
premier, et long de 100,5 m. Toute I' eau de la source aainsi ete captee parces deux forages. On 
a enfin execute un forage d'observation d'une profondeur de 10,5 m. A la suite de ces travaux 
on a procede a des mesures systematiques du debit des deux forages de captage durant une lon
gue periode (cf. figure 2.7). 

Resultats 

Les forages horizontaux ont permis de capter la source dans des conditions tres avantageuses 
du point de vue economique. En outre, !'impact sur l'environnement de ce mode de captage 
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---;---+-•--- Le debit de la source apres le captaqe 

par rapport a un captage classique fut beaucoup moins severe et on a pu conserver la serie de 
couches de tufs calcaires tres remarquables qu'avait formes la source. 

Par ailleurs les mesures systematiques effectuees apres le captage confirmerent une ameliora
tion permanente du debit d'environ 20 1/s (cf. figure 2.7). 

En raison de la faible amplitude de la fluctuation comparee a !'amelioration du debit du cap
tage il a ete possible de regulariser les prelevements. 

Recapitulation des travaux effectues 

Les deux forages horizontaux ont ete executes aux diametres de 220 m et 191 mm et repre
sentent une longueur totale de £oration de 198,5 m. On a effectue une cimentation du tubage 
dans la serie de couches schisteuses et greseuses du Karn et mis en place des crepines, de 171 
mm et de 152 mm de diametre, dans les dolomies aquiferes du Trias moyen. 

Le forage d'observation, de 10,5 m de profondeur, a ete fait aux diametres de 133 et 89 mm. 
Les mesures systematiques du debit total des forages horizontaux ont ete poursuivies jus
qu'au debut de !'exploitation de la source (aofrt 1977). 

Recommandations 

Le captage des eaux karstiques au moyen de forages horizontaux doit etre range parmi les 
methodes de captage les plus convenables lorsque les conditions geologiques y sont favo
rables: il est en effet economiquement avantageux et affecte au minimum !'aspect nature! du 
site. 11 a en outre l'avantage de permettre d'obtenir dans certains cas un debit notablement 
plus eleve que celui de la source ainsi que de disposer d'une reserve regulatrice permettant 
d'ameliorer les conditions d'utilisation des eaux souterraines. 
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2.5 
CAPTAGE PAR GALERIE DANS LA REGION DE HERCEGNOVI 

(YOUGOSLA VIE) 

par B. MIJA TOVIC 
(Belgrade) 

Un projet de captage d'eaux souterraines dans la region de Hercegnovi a pu etre realise sur la 
base d'une hypothese hydrogeologique qui rattachait la region karstique de Mokrine au has
sin versant des sources littorales saumatres du golfe de Morinj (fig. 2.8), sources dont le de
bit annuel varie de 0,6 m3/s en ete, a 15 a 20 m3/s en hiver. 

En effet, les recherches effectuees permirent de demontrer I' existence d'un cours d'eau sou
terrain particulierement important qui, de Mokrine, se vide dans le golfe de Morinj. C'est 
grace a une etude par deconvolution de la relation pluie - debit dans cette region et, d'autre 
part, grace a des tra~ges, que la relation supposee a pu etre mise en evidence favorisant ainsi 
la realisation du projet de captage. 

0 1 2 3 km 

0 
r J e n 

Bassin versanf des sources !iftora/es 
dans le golfe de 11orinj 
A1 +A2 +A3 =9okm 2 

Figure 2.8 
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1. Cadre hydrogeologique - Type de karst 

Trois grandes unites geotectoniques constituent cette region: la zone dite ,autochtone", la 
zone de Cukali et la zone de Visoki Krs (Haut Karst). 

La zone ,autochtone" s'etend sur le littoral de la region. Au point de vue tectonique, cette 
unite se caracterise par des structures chevauchantes et par des flexures isoclines. La zone de 
Cukali s'etend au-dessus de la zone ,autochtone" le long d'une faille maitresse: le contact 
anormal entre le flysch paleogene de la zone ,autochtone" et les breches calcaires du Cretace 
superieur de la zone de Cukali est reconnu aux environs de Mokrine, dans les localites de Moj
dez et de Sutorina. A !'est de cet endroit la zone de Cukali plonge sous la zone de Visoki Krs. 

L'aquifere karstique, comprenant le cours d'eau souterrain qui alimente les sources perennes 
du golfe de Morinj, se trouve entierement dans la zone de Cukali. C'est une region karstique a 
relief montagneux. Le gradient hydraulique est important Cimax = 0,024; imin = 0,017). En rai
son de !'erosion karstique intense, l'ecoulement se fait par des chenaux tres developpes qui 
sont localises, du fait de la dissolution preferentielle causee par les accidents tectoniques, dans 
la zone de Cukali. Autour de ces chenaux souterrains la masse rocheuse est pratiquement com
pacte ou tres faiblement permeable, ce qui a ete mis en evidence lors du creusement de la gale
rie de captage. Les vitesses d'ecoulement sont elevees: 5 a 7 cm/sec pendant la crue et 1,5 cm/ 
sec pendant l'etiage. 

A !'occasion d'un test de tra'<age a la fluoresceine, on a observe une restitution comportant 
deux pies: le premier, du a une circulation tres rapide dans la zone de drainage privilegiee 
(karst vif, actif) et le second, resultant d'une vidange differee de la matrice. 

2. Description des travaux realises 

La galerie de captage a ete entamee au pied du flanc de roches impermeables de la zone de 
Cukali, a la cote + 225 m, dans le but de traverser la serie du flysch et d'entrer dans les dolo
mies et calcaires karstifies de Mokrine au-dessous du niveau minimal des eaux souterraines, 
observe dans le forage piezometrique Mo 1 (fig. 2.9). 

~ !"ljjsch de /'[ocene 
li2J (ooglomerat de /'foci! ne 

Figure 2.9 

b2J [a/caire jurassir;ue 
kars!ifti " 

MOKRINE 

Zone des collecteurs karstir;ues 
- [ours d'eau sou terrain-
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Les travaux de captage ont commence en ete 1972; sur une distance de 700 m la galerie a tra
verse toute une serie de roches impermeables, conformement aux previsions. De 700 a 990 
m les calcaires rencontres etaient extremement compacts et seules les fissures fines donnaient 
de I' eau mais en tres faible quantite: 2 a 31/sec. Les quelques rares collecteurs karstiques re
coupes sur ce trajet de la galerie etaient tous colmates par de la boue de flysch et par des argiles 
rouges. A la longueur de 990 m, la galerie a perce un collecteur karstique important qui a de
bite, a la suite de crues, d'enormes quantites d'eau: entre 5 et 10m3/sec. Pendant la periode 
du 21 septembre au 11 novembre 1974, l'ecoulement a travers la galerie a ete de 33 millions 
de m3 et les sources du golfe de Morinj ont vu reduire leur debit en consequence. Cette irrup
tion d'eau en grande quantite a provoque beaucoup de degats, notamment dans la premiere 
partie de la galerie qui avait ete enduite de beton: des travaux de reparation on ete necessai
res dans les parties endommagees, qui ont pu etre realises apres cessation de l'ecoulement a 
gros debit. 

Le collecteur karstique decouvert a 990 m, bien que relie au reseau karstique par ou s'ope
rait l'essentiel de l'ecoulement nature!, ne faisait pas directement partie du cours d'eau sou
terrain principal dont le trajet a ete localise dans la galerie, entre 1000 et 1200 m. 

3. Resultats et conclusions 
L'interet pratique de cet amenagment a ete recuperer la plus grande partie de la ressource 
s'ecoulant dans les collecteurs naturels, grace a la galerie drainante. 

Le debit exploitable de la galerie est estime a 100 I/ sec en periode d'etiage. L'objectif est ce
pendant d'obtenir en periode d'etiage un debit exploitable notablement superieur. Pour ce 
faire on pense realiser des travaux d'etanchement dans la zone des collecteurs karstiques re
coupes par la galerie, entre 1080 et 1200 m. A titre indicatif, en comparant les valeurs calcu
lees pour les reserves regulatrices et les debits ecoules dans le golfe de Morinj, au cours de la 
periode d'etiage, on estime qu'une remontee du niveau maximal des eaux souterraines de 25 
m permettrait d'assurer un debit permanent de 300 a 400 1/sec environ dans la galerie de 
captage. 

4. Tableaux des donnees quantitatives 

4.1 Bilan hydrologique pour le bassin versant total (90 k~ fig. 2.8) 

ENTREES PERTES SORTIES 

en 1cf m3
j en mm I en% en 106 m3

1 en mm I en% en106 m3
/ enmm / en% 

Precipitations Evapotranspiration reelle Pluies efficaces ou e-
(y compris la et Ruissellement: coulement souterrain: 

neige): 

360 I 4000 I 100 252 I 2800 I 70 108 1200 30 

4.2 Bilan hydrologique pour le bassin versant do captage (50 km2
) 

200 4000 100 140 2800 70 60 1200 30 
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4.3 Debits caracteristiques des sources dans le golfe de Morinj 

Omax(m3 /s) Oo (m3 /s) Omin (m3 /s) K, = Omax f Omin Omin : Oo : Omax 

18 3,5 0,6 30 1:10:30 

4.4 Donnees caracteristiques do regime de tarissement 

Periode de tarissement brut Periode de tarissement net Coeff. de tarissement 

du !er mai au 10 juillet du 10 juillet au 20 aofit 

Qtl = 2,0 e -o.oJJ4 t 

1. Poitinal D., 
De Marsily G., 1973 

Otz = 0,9 e -o,oJOJ t C>{_ 1 = 0,0114; c.(2 = 0,0101, 
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2.6 
TRAVAUX DE RECONNAISSANCE EN VUE DU CAPTAGE D'UNE 

SOURCE TEMPORAIRE: 
SOURCE DES FREIGERES (Nimes - Gard - FRANCE) 

par H. PALOC et X. POUL l) 

(Montpellier) 

Cadre hydrogeologique - Type de karst 

Dans le cadre du renforcement de l'alimentation en eau de la ville de Nimes (departement du 
Gard- France), on a recherche dans un rayon d'une vingtaine de kilometres autour de cette 
ville queUes etaient les possibilites des divers reservoirs aquiferes qui pouvaient s'y rencon
trer. Parmi ceux-ci, l'un d'eux, de type karstique, paraissait offrir une possibilite interessante 
liee a la presence d'une source temporaire a fort debit de crue (superieur a 3 m3/s), a proximite 
relative de la ville (a moins de 10 km a vol d'oiseau): il s'agit de la source des Freigeres, locali
see en rive droite des gorges du Gardon. 

Hypothese de base des etudes et travaux 

Le Gardon est un ecoulement temporaire dans la plus grande partie de la traversee des ter
rains calcaires; il ne retrouve un ecoulement permanent qu'a partir d'une emergence, la sour
ce de la Baume, situee notablement a l'aval (3 km) de la source des Freigeres. On a cherche a 
verifier que la source des Freigeres, dont le site presentait des avantages d'ordre economique 
comme site de captage par rapport a la source de la Baume, etait bien un trop-plein de cette 
derniere et qu'il pouvait etre possible de deriver par pompage sur les Freigeres, une partie de 
l'ecoulement de la Baume (le debit d'etiage de cette derniere ne parait pas descendre au-des
sous de 1 m3/s). 

Justification du choix de la methode d'etude 

Dans un premier temps, on a demontre par tra~age que les deux sources etaient bien ali
mentees par le meme reservoir. 

Dans un deuxieme temps, on a procede a !'execution de 8 sondages de reconnaissance de 
profondeur comprise entre 17 et 33 m (figure 2.10). 

Description des etudes et travaux 

Ces divers sondages ont demontre la fissuration notable mais irreguliere du calcaire, et la 
presence de conduits karstiques de faible section en general, a !'exception des sondages S1 et 
S7. Le niveau d'eau dans ces divers forages s'est etabli a la meme cote et a une faible 
profondeur sous la surface topographique (inferieure a 10 m), la difference d'altitude entre 
ce plan d'eau et celui des sources de la Baume etant de l'ordre de quelques metres. Un essai 
de pompage a alors ete execute sur le sondage S7: on a effectue 5 paliers de debit par tran
ches comprises entre 120 et 350 m3/h (figure 2.11). La duree totale des pompages a ete de 
72 heures. 

l) Hydrogeologues au BRGM (France)- Etude effectuee par le BRGM pour le compte de la ville de Nimes 
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Figure 2.11 

Resultats et conclusions 

Les stabilisations pour chacun des paliers ont ete obtenues quasi instantanement: par ail
leurs le rabattement total pour le debit maximal (350m3/h) a ete de 0,255 m (soit une valeur 
de debit specifique de l'ordre de 1360 m3/h/m). On a evalue a un minimum de 500 1/s (et 
pouvant atteindre - voire depasser en prelevant sur les reserves - le debit total d'etiage 
des sources de la Baume), le debit qui pourrait etre capte par pompage sur le site des Freige
res en toute securite. 

Cet exemple montre l'interet que certaines sources temporaires peuvent offrir pour !'execu
tion d'un captage a debit eleve dans un karst. 
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Tableau des donnees quantitatives 

Correction 
Debit Rabattement variation Rabattement Debit 

Date Heure Palier m3/h observe sur .saisonniere reel en m specifique 
S1 en m en m enm3/h/m 

09/08/76 10h a 12 h 14 1 120 0,03 - 0,03 4 000 

09/08/76 12h14a14h20 2 210 0,09 0,01 0,08 2 625 

09/08/76 14h20a17h50 3 281 0,17 0,0175 0,153 1 633 

09/08/76 
10/08/76 17 h 50 a 9 h 10 4 335 0,29 0,055 0,235 1425 

10/08/76 
12/08/76 9 h 10aiO h 5 348 0,37 0,115 0,255 1 364 

Bibliographie 

Rapports inedits BRGM no 71 SGN 416 LRO, 76 SGN 104 LRO et 76 SGN 326 LRU. 
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2.7 
CAPTAGE D'UN AQUIFERE KARSTIQUE SOUS COUVERTURE POUR 

L' ALIMENTATION EN EAU DES NOUVEAUX ATELIERS 
DE L'IMPRIMERIE DU JOURNAL ,MIDI LIBRE" 

(ST JEAN DE VEDAS- HERAULT- FRANCE) 

par H. PALOC et B. ROZES ll 
(Montpellier) 

Cadre hydrogeologique - Type de karst 
La zone concernee par l'etude est situee dans une plaine, a proximite d'une petite chaine 
montagneuse de quelques dizaines de km2 de superficie (Montagne de la Gardiole). Sous le 
site prevu pour !'installation de l'imprimerie on ne connaissait qu'un reservoir aquifere: ce
lui-ci est constitue par une formation detritique tres heterogene, ou les niveaux sableux pre
dominent, le plus souvent associes a des elements argileux. Cet aquifere est sollicite par de 
nombreux puits mais en general faiblement productifs (quelques m3/h maximum). On a cher
che a reconnaitre si les formations calcaires tres karstifiees qui affleuraient dans la chaine 
montagneuse ne pourraient pas se retrouver a une profondeur raisonnable sous l'imprimerie 
et quelles pourraient etre leurs possibilites aquiferes. 

Hypothese de base des etudes et travaux 

Les calcaires etant d'iige Jurassique et les formations detritiques etant d'iige Mio-Pliocene, la 
karstification des premiers devait etre extremement intense en raison, a la fois de la duree 
d'emersion et de la fracturation ayant affecte la roche calcaire au cours de diverses phases 
orogeniques: si l'ancienne surface karstifiee constituait le mur de l'aquifere detritique on 
pouvait esperer solliciter les eaux souterraines de ce reservoir sur une grande etendue en me
me temps qu'obtenir des debits ponctuels tres eleves. 

Justification do choix de la methode d'etude 
11 convenait de confirmer !'existence et de preciser la profondeur et le caractere aquifere des 
calcaires sous la surface topographique. On a done procede a une campagne de sondages elec
triques, puis aussit6t apres, a !'execution de forages de reconnaissance implantes dans les en
droits reconnus par la geophysique comme etant les plus favorables. 

Les tests ayant permis de s'assurer que le captage au debit souhaite etait possible, il fut alors 
procede a !'execution de deux forages d'exploitation. 

Description des etudes et travaux 
30 sondages electriques ont ete effectues dans la zone d'etude de fa~ron homogene afin 
determiner la topographie du toit du calcaire sous toute l'etendue de la zone d'etude (S = 
0,4 km2). 

Dans les secteurs reconnus les plus favorables ( ceux ou la geophysique avait revele une 
faible epaisseur de recouvrement sur les calcaires) furent executes 3 forages de reconnai
sance. Ces forages furent realises((/) 280 mm) au tricone sur toute la traversee des forma
tions de recouvrement dont l'epaisseur s'est revelee comprise entre 30 et 40 m; apres tu: 
bage et cimentation au toit des calcaires, ils furent poursuivis au marteau-fond de trou 
((/) 130 mm) sur une hauteur de calcaires comprise entre 20 et 30 m. 

Au vu des resultats des tests realises sur les forages de reconnaissance, et compte tenu de 
criteres techniques et financiers, il fut decide que le captage definitif comporterait 2 fora
ges espaces de 10 m, et a proximite du lieu de principale utilisation (refroidissement de la 
rotative). Ces 2 forages furent executes se ion les memes caracteristiques que les forages 

I) Hydrogeologues au BRGM (FRANCE)-
Etude effectuee pour le compte de la Societe PROMIDI, a la demande de la SERETE ENGINEERING 
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de reconnaissance mais en diametre plus important (foration en 350 mm, tubage en 270 
mm pour la partie superieure; foration en 250 mm dans les calcaires situes dans la partie 
inferieure). Toutefois, alors que la foration au marteau fond-de trou avait ete permise dans 
les calcaires sur quelques dizaines de metres dans la phase de reconnaissance, il n'en fut 
pas de meme sur les emplacements des 2 forages d'exploitation: !'extreme karstification 
des calcaires revelee sur ces emplacements n'autorisa, en effet, qu'une penetration modes
te (7 m sur le premier forage, 8 m sur le deuxieme). Il ne fut pas juge utile de chercher a 
approfondir ces 2 forages, les essais d'eau executes en cours de chantier ayant en effet 
confirme une productivite suffisante pour chacun de ces deux ouvrages par rapport aux 
previsions. 

Resultats et conclusion 
Alors que l'aquifere, habituellement exploite dans ce secteur, n'aurait sans doute pas permis 
- a moins de realiser un nombre tres eleve de forages - !'obtention des debits recherches, 
!'existence d'un karst sous-jacent et ses bonnes caracteristiques hydrauliques ont rendu pos
sible les prelevements eleves (voisins de 200 m3/h par ouvrage) avec de tres faibles rabatte
ments (debits specifiques de plusieurs dizaines de m3/h/m). 

Cet exemple demontre l'interet hydrogeologique que represente la partie superieure d'une 
formation calcaire ayant ete soumise autrefois a une longue periode d'alteration superficiel
le, lorsqu'une telle zone se trouve aujourd'hui saturee en eau et recouverte par une forma
tion aquifere de grande etendue mais qu'il serait difficile d'exploiter de fa~on interessante 
economiquement. 

Tableau des donnees quantitatives 

Forages (1) (2) (3) (4) 

'l) I u 
F1 64 31 33 - 10,75 

Q 
ell 
<ll 
<ll 

"@ F2 71 34,70 36,30 - 16,53 
Q 
Q 
0 
u 
'l) 

~ F3 62 36 26 - 13,29 

Q F4 42 34,50 7,50 - 16,26 
.9 -ell -·s 
Q.. F5 45 36,80 8,20 - 15,95 ~ 
~ 

( 1) Protondeur to tale en metres 
(2) Epaisseur des recouvrements sur calcaire en metres 
(3) Epaisseur de calcaire fon~e en metres 

(5) (6). 

50 16 

27 30 
32 27 
49 20 

52 20 

92,5 67 
139 52 
178 41 

100 133 
152 100 
189 82 

(4) Niveaux piezometri~ues de la nappe des calcaires par rapport au sol, en metres 
(5) Debits d'essai, en m /h 
( 6) Debits specifiques correspondants, en m3/h/m 
(7) Transmissivite en m2/s 

Bibliographie 

Rapport inedit BRGM W 77 SGN 406 LRO. 

(7) 

1Q-2 

1,5.10-2 

6.1 o-2 

-

1,8.10•1 

3,6.10•1 
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2.8 
CAPTAGE DANS UN KARST SOUS RECOUVREMENT ALLUVIAL 

A L'ENTREE DES GORGES DE L' ARDECHE 
'(SALA V AS - ARDECHE - FRANCE) 

par B. LEMA IRE et H. P ALOC l) 

(Montpellier) 

Cadre hydrogeologique - Type de karst 

Avant sa traversee des vastes plateaux calcaires oil elle a creuse ses celf:bres gorges, l'Arde
che developpe son lit dans une zone deprimee - la plaine de Vallon-Pont-d'Arc - qui corres
pond a une zone d'effondrement: dans cette zone les calcaires sont recouverts soit par des 
marnes, soit par des alluvions. Tous les captages realises dans ce secteur avaient ete executes 
jusqu'alors dans les seules formations alluviales apres selection, par geophysique et sondages 
de reconnaissance, des rares sites susceptibles d'etre en liaison directe avec le cours d'eau 
( captages par alimentation induite ). 

Dans le secteur de Salavas, sous une terrasse alluviale perchee, le calcaire paraissait etre kars
tifie sous les alluvions ainsi qu'en temoignait !'existence d'une petite source en rive droite 
de l'Ardeche (la source du Boeuf) et de quelques autres venues secondaires signalees par des 
pecheurs, dans la partie immergee de son talweg. 

Hypothese de base des etudes et travaux 

Plutot que de chercher, en vue d'assurer de nouveaux besoins, a creer un captage dans les 
gorges memes de l'Ardeche- a la fois pour des raisons economiques (Ies principales sources 
se situant tres a l'aval des lieux prevus d'utilisation) et pour des raisons de protection de pay
sage - il apparut interessant de tester la productivite de la zone calcaire masquee par les al
luvions dans le secteur de Salavas. On pouvait esperer y recuperer en effet, d'une part !'eau 
ecoulee par les sources, d'autre part celle contenue dans les alluvions ou dans la partie supe
rieure du karst, et eventuellement en cas d'etiage prononce, une certaine quantite d'eau de la . 
riviere. 

Justification du cboix de la metbode d'etude 

I! n'apparut pas indispensable, compte tenu de !'experience acquise au cours de precedentes 
campagnes, de proceder a des mesures geophysiques prealablement a !'execution des sonda
ges. 

Description des etudes et travaux 

Dans un premier stade, 2 sondages de reconnaissance furent executes: 

Le premier sondage (S1), profond de 32 m, atteignit le toit des calcaires a 10,40 m de pro
fondeur, les zones les plus fissurees se trouvant entre 18 m et 24,50 m et entre 29 m et le 
fond du sondage. 

l) Hydrogeologues au BRGM (FRANCE) 
Etude effectuee par le BRGM pour le compte du Syndicat de BARJAC (Gard). 
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Le deuxieme sondage (S2), situe a 14 m de S1, profond de 41,00 m, atteignit les calcaires a 
10,60 m de profondeur, mais ceux-ci se revelerent moins poreux que sur le premier forage. 

On a constate que lemur des alluvions se trouvait legerement en-dessous du niveau d'etiage 
de l'Ardeche et que le plan d'eau dans le sondage S1 etait notablement plus haut que celui du 
forage S2, et plus ha ut que le niveau de I' Ardeche, ce qui traduit bien la charge relativement 
elevee de !'eau des calcaires par rapport a celle des alluvions. Enfin, les test effectues ayant 
confirme une bien meilleure productivite du sondage S1 par rapport au sondage S2, il fut con
venu d'executer sur cet emplacement le forage d'exploitation. 

Dans un deuxieme stade fut execute le forage d'exploitation (F 1); celui-ci fut effectue a 12 
m du sondage Sl. A l'origine, l'equipement de ce forage ne devait pas comporter de crepine 
mais la mise en pi<ice de celle-ci apparut indispensable a !'issue des premiers essais. 

Resultats et conclusions 

1 - Avant la mise en place de la crepine sur le forage F1, les essais effectues a des debits va
riant entre 32 et 116m3 /h entrainerent d'importantes venues de sable et d'argile rouge: !'eau 
exploitee, loin de s'eclaircir avec le temps, tendait au contraire a se charger de plus en plus. 
Les chances de debourrer les fissures par traitements (acide et hexametaphosphate) et pom
page prolonge etant compromises par les risques d'entrainement des sables alluviaux sus-ja
cents par l'intermediaire des fissures, il fut decide d'equiper le forage d'une crepine dont les 

\ 

Figure 2.12 

I 
I 
\ 
\ 

I 
I 
I 
I 
I 
I " \ ~~,., 
.,vo/ 

I 
I 
I 
1 X 3. 4 
I 
lx 4.1 
I 

2.6 i 
• 2. 6 
!toh 1 

SAL AVAS _FORAGE 1 

REl A liON DEBIT_ RABATTEMENT 

(-.aprh 2 hturcs dt pompage I 

2.1,2.2,ttc .. : numiros des essais 

• 2., 

137 



carateristiques etaient les suivantes: Longueur 18 metres - Diametre 6 pouces - Slot 35 
(fentes de 0,9 mm et 28 % de coefficient d'ouverture, soit une capacite de 14 m3/h/m) avec 
mise en place d'un massif filtrant (graviers siliceux de 2 x 3,5 mm). 

2 - Apres mise en place de la crepine, l'eau exhauree a ete tres rapidement limpide, mais il 
n'a pas ete possible de retirer du forage plus de 50m3/h. 

La courbe de descente obtenue, caracteristique d'un ecoulement transitoire, suggere que le 
mauvais rendement du forage est du a un colmatage du massif filtrant: il est probable que des 
venues de silt et d'argile se soient accumulees derriere le massif filtrant, au debouche des fis
sures productrices (figure 2.12). 

En conclusion la transmissivite du reservoir aquifere revelee avant la mise en place de la ere
pine (1,3.10 -z m2/s) demontrait la possibilite d'exploiter un debit bien superieur a celui ob
tenu apres mise en place de la crepine (la transmissivite calculee alors apparaissait 500 fois 
plus faible que celle mesuree initialement). 11 a ete juge preferable, en vue de satisfaire de 
nouveaux besoins, de se deplacer de cette zone ou le karst etait tres ,encrasse" pour execu
ter de nouveaux sondages. 

Bibliographie 

Rapports inedits BRGM 70 LRO 20 PR et 71 LRO 52 PR 
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2.9 
ETUDE DU PALEOKARST DE LA REGION DE VISE 

Cadre hydrogeologique 

par A. MONJOIE 
(Liege) 

Le massif calcaire de Vise est constitue principalement par des formations du Viseen recou
vertes par des schistes du Namurien sauf au sommet erode. Des phenomenes karstiques de 
grande ampleur apparaissent dans les zones d'affleurement des calcaires. 

Hypothese de base des etudes et travaux 

Une partie du karst semble resulter de la reactivation d'un paleokarst ante-namurien. 11 a ete 
juge interessant de prospecter les flancs de la structure sous le niveau hydrostatique de la 
Me use. 

Justification du choix de la methode d'etude 

L'etude a comporte d'abord la prospection de la structure en dome et des anomalies pouvant 
resulter d'un karst ancien. La reconnaissance a ete realisee par prospection electrique basee 
sur les contrastes de resistivite entre les calcaires viseens compacts, les calcaires viseens kars
tifies et les schistes namuriens. 

Ensuite, trois sondages ont ete fores. lis ont ete completes par une centaine de forages neces
sites par les travaux de genie civil: autoroutes, barrage-ecluse sur la Meuse, etc. 

Description des etudes et travaux 

La prospection electrique a comporte une trentaine de sondages electriques et 11 km de trai
nes electriques. Elle a mis en evidence deux types d'anomalies (fig. 2.13): 

anomalies positives dues a la fracturation des schistes effondres dans les poches de disso
lution des calcaires 

anomalies negatives au droit desquelles les calcaires sont alteres mais sans effondrement 
des terrains sus-jacents. 

Les forages ont montre que les poches de dissolution atteignaient des profondeurs de 40 a 
60 m de profondeur sous le niveau hydrostatique actuel et qu'elles etaient remplies d'une 
breche non consolidee (collapse breccia) a elements de schistes, gres et psammites namu
riens enrobes dans des argiles gris noir. 

Resultats 

A la base des poches de dissolution se manifeste une nappe artesienne donnant des debits 
jaillissant de l'ordre de 2 l/sec sous une charge del a 2 m. 

Par contre, en dehors de la zone karstique les permeabilites restent generalement faibles. 

139 



\ 

Traine eiectrique 

Anomalie positive 

······· Anomaile negative 

• 
0 soom 

Figure 2.13 

Les zones de karst ancien paraissent nettement alignees suivant des axes E-W sans doute tec
toniques. 

Le fond des poches de dissolution contient localement des materiaux radioactifs qui confe
rent a l'eau souterraine une certaine teneur en radon. 

Cmit des operations 

11 represente le cout de la prospection geophysique et des forages. 

Recommandations 

A la fin des reconnaissances, l'etude n'a pas ete completee par des puits d'essai, la vocation 
du territoire etudie ayant change. 

11 serait interessant de mieux definir les permeabilites des zones karstifiees et I' evolution du 
chimisme et de la radioactivite des eaux en fonction du temps de pompage. 
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Tableau des donnees quantitatives 

calcaires karstifies 
calcaires fissures 
breche d'effondrement 
schistes houillers fractures 
schistes houillers 

References 

permeabilites equivalentes 
1 a5.10 "4 m/sec 
10 -Sa 10 -6 m/sec 
1 a 2.10 -6 m/sec 
2 a 10.10 -7 m/sec 
0 a 1.10-7 m/sec 

- Rapports inedits des Laboratoires de Geologie et Hydrogeologie de l'Universite de Lie
ge, no SYN 662, 672, 682 

Calembert, L. et Monjoie, A. 1970 - Phenomenes geologiques et Geologie de l'Inge
nieur dans la region de Vise (Belgique ), ler Congres International de l' Association Inter
nationale de Geologie de l'lngenieur, t. 1, pp. 93-107, 3 fig., Paris. 
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2.10 
CAPTAGE D'UN NIVEAU AQUIFERE PRIVILEGIE EN RELATION 

A VEC UN GROUPE DE SOURCES PERENNES: 
SOURCES DE DAUTHUNES ET DE LA TOUR (ALES - GARD- FRANCE) 

par M. BOURGEOIS et H. PALOC l) 

(Montpellier) 

Cadre hydrogeologique - Type de karst 

En vue d'alimenter une zone industrielle tres importante au voisinage de la ville d'Ales, on a 
evalue dans un racon d'une dizaine de kilometres autour de cette ville les possibilites offertes 
par quelques reservoirs aquiferes qui s'y rencontrent. L'un de ceux-ci est constitue par une 
formation dolomitique dont la disposition structurale et la karstification profonde favorisent 
!'accumulation d'une importante quantite d'eau. De ce reservoir emergent un certain nom
bre de sources qui constituent les resurgences d'un ecoulement de surface (le Gardon d'Ales) 
affecte de pertes, partielles ou totales selon le regime, a quelques kilometres en amont des 
sources. 

Hypothese de base des etudes et travaux 

11 importait de s'assurer qu'il etait possible de solliciter par pompage la totalite de la zone 
noyee du reservoir et de pouvoir utiliser, outre la ressource totale offerte par l'ecoulement 
des diverses sources, le volant d'eau contenu dans ce demier en-dessous du niveau des exu
toires, pour le cas ou une telle exigence de surexploitation se manifesterait en periode d'e
tiage exceptionnel. 

Justification du choix de la methode d'etude 

Dans un premier temps on a etudie par trapge les relations existant entre les differentes 
sources et !'importance de leur bassin hydrogeologique. 11 est apparu que les sources 
etaient etalees sur environ 500 m, d'amont en aval du Gardon, et qu'aucune venue ne se si
tuait a l'aval d'une faille dite faille de Lavabreille, cette faille jouant ainsi le role de faille 
barriere: c'etait a son contact que la forma,tion dolomitique, la plus aquifere, se trouvait 
avoir sa plus grande epaisseur. 

Dans un deuxieme temps et compte tenu des donnees hydrogeologiques et structurales qui 
venaient d'etre revelees, il fut decide de proceder successivement a !'execution de sondages 
dans cette partie la plus profonde du reservoir, jusqu'a atteindre une capacite de 
production equivalente a celle qui etait souhaitee (1 300 m3/h). Cinq sondages ont ete exe
cutes au total, designes S1 a S5 (figure 2.14). 

Leur profondeur est respectivement de 86 m pour S1, 78 m pour S2, 66 m pour S3, 70 m 
pour S4 et 70 m pour S5. 

l) Hydrogeologues au BRGM (FRANCE) 
Etude effectuee pour le compte de I' Association pour le developpement industriel et la reconversion de la region 
d'Ales (ADIRRA) et le Syndicat de l'Avene 
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Figure 2.14 
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Description des etudes et travaux 
Les divers sondages ont demontre l'extreme karstification des niveaux dolomitiques interca
les dans ce secteur entre des marnes du Trias et des calcaires du Sinemurien. lis se sont tous re
veles productifs et leurs caracteristiques de foration et d'equipement avaient ete choisies de 
telle maniere qu'ils puissent etre testes a debit eleve et qu'ils puissent etre directement utilisa
bles comme forages d'exploitation. Les essais de pompage avaient deux objectifs: d'une part, 
permettre d'assurer un developpement correct de la formation aquifere qui presentait 
!'inconvenient de liberer d'importantes quantites de sable dolomitique, d'autre part, d'eva
luer !'incidence des pompages sur les niveaux et debits des diverses sources de la Tour et de 
Dauthunes et sur le debit du Gardon. 

Resultats et conclusions 

Les debits fournis par chaque forage se sont etablis a 283 m3/h pour S1, 235 m3/h pour S2, 325 
m3/h pour S3, 99 m3/h pour S4 et 390 m3/h pour S5, le debit total preleve simultane
ment sur les cinq forages s'elevant a 1 332 m3/h: un tel debit fut preleve durant plusieurs mois 
confirmant l'excellente productivite du niveau dolomitique capte et permettant !'elimina
tion de toute suspension de sable dans l'eau du captage. Les caracteristiques relevees a l'issue 
des differents essais effectues se trouvent regroupees dans le tableau donne ci-apres. 

Tableau des donnees quantitatives 

Forages 
Prof. de l'eau 

Debit en m3/h 
Rabat. en m au 

Debit specifique 
au repos/sol bout d'une heure 

114 1,21 94 
S1 3,69 172 2,36 72 

le 22/09/75 292 4,90 59 

104 1,84 56 
S2 4,89 198 5,94 33 

le 23/09/75 254 11,30 22 

137 1,28 107 
S3 3,53 220 2,45 90 

le 22/09/75 343 4,09 84 

60 5,00 12 
S4 3,32 84 8,40 10 

le 23/09/75 110 13,00 8 

S5 
2,95 140 0,90 155 

le 24/09/75 330 3,70 89 

Bibliographie 

Rapports inedits du BRGM W 68 SGL 164 LRO, 70 SGN 340 LRO, 73 SGN 406 LRO, 75 SGN 078 
LRO, 75 SGN 216 LRO et 75 SGN 358 LRO. 
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2.11 
PROSPECTION ET CAPTAGE D'EAU PAR FORAGES DANS 

LA V ALLEE DE LA BREVINE (JURA SUISSE) 

par A. Burger et F. Pasquier 
(Neuchatel) 

La vallee de La Brevine est une vallee synclinale etalee, fermee (un polje), longue de 25 km, 
large de 4 km en moyenne et dont le fond est compris entre 1050 et 1080 m d'altitude. 

Son sous-sol est constitue par des calcaires cretaces inferieurs et jurassiques d'une puissance 
de 500 m environ reposant sur des marno-calcaires Argoviens. Du fait du plissement syncli
nal, cet Argovien, epais de 180 m, constitue un substratum impermeable en forme d'auge, 
dans laquelle les calcaires sont satures d'eau jusqu'a la cote de 1000 metres environ, c'est-a
dire jusqu'a 50 a 80 m sous la surface de la vallee. Lors des hautes eaux, la nappe karstique 
peut s'elever jusqu'a\1-dessus du niveau du fond de la valh~e, qui se transforme alors en un 
chapelet de lacs temporaires. 

La porosite efficace des calcaires est comprise entre 0,2 et 0,4 %. Le volume d'eau stocke 
dans le synclinal est evalue a 80 ° 10 6m3et la recharge annuelle moyenne a 150 ° 10 6m3. 

Ce reservoir d'eau souterraine, situe a proximite de deux villes et a !'altitude de 1000 metres, 
presente un inten~t considerable pour l'approvisionnement en eau de la region. Nous pre
senterons ici quelques-uns des enseignements apportes par les importants travaux de recon
naissance et de captage qui y ont ete effectues. 

1. Forages de reconnaissance 

Cinq forages de 6 a 4 pouces, descendant jusqu'au voisinage de l'Argovien, ont ete effectues. 
Ils ont permis !'installation d'un tubage en acier de 12 cm de diametre jusqu'a 100 m de pro
fondeur, dans lequel il etait possible de placer un groupe moto-pompe electrique de 10 cm 
de diametre et d'un debit de 2 lis environ. 

Ces forages ont ete soumis a des essais de permeabilite a l'avancement, par injection d'eau 
sous pression dans la zone noyee ( essais Lugeon). La figure 2.15, presente les n5sultats des 
mesures dans les forages B 1, B2, B3. Chacun des em placements avait fait l'objet d'une etude 
structurale detaillee, en vue de rechercher des zones fortement fracturees ou les chances de 
rencontrer une karstification et une permeabilite elevees seraient maximales. En reali
te, bien que de nombreuses traces de karstification profonde aient ete relevees, les permea
bilites sont faibles et distribuees d'une maniere disparate (fig. 2.15 a). On ne s'est rendu 
compte qu'ulterieurement que le karst etait le siege d'un colmatage sablo-argileux important, 
colmatage qui a completement echappe a I' observation au cours des forages de reconnaissan
ce. 

La figure 2.15 b met en evidence une tendance a la decroissance de la permeabilite avec la 
profondeur, jusque vers 300 m. Au-dela, elle reste constante. 

Les essais de pompage dans les forages ont confirme ces ordres de grandeur de permeabilite. 
11 est a remarquer que les debits extraits n'etaient pas negligeables en raison d'une transmis
sivite favorablement influencee par la gran de epaisseur de la couche aquifere ( environ 400 
metres). 
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2. Ouvrages de captage 
2.1. Puits de La Brevine 

Un puits de 160 m de profondeur et de 0,5 m de diametre a ete fore a la Brevine, dans la 
partie centrale du synclinal, sur !'emplacement du forage Bl. Implante dans une zone forte
ment tectonisee, il a revele de nombreuses traces de karstification, en particulier dans la zo
ne noyee, epaisse de 90 m. Cependant, tousles vides etaient colmates, en partie par des argi
les dures, rougeatres, probablement paleokarstiques. Un traitement a l'explosif, suivi d'un 
re forage puis d'une acidification, n'ont pas eu d'effet sensible sur le debit. Celui-ci avoisinait 
4 1/s en etiage, avec un rabattement de l'ordre de 80 metres. 
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Variation de la conductivite hydraulique ponctuelle des calcaires du Maim 
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·Figure 2.15 b 

Le puits est en exploitation depuis quelques annees. Le pompage provoque un entrainement 
de sable fin et de limon, surtout dans les periodes ou la nappe est haute. Bien qu' un controle 
precis n'ait pas encore ete effectue, il semble que cet entrainement ait pour consequence un 
certain decolmatage, se traduisant par un accroissement du debit. 

2.2. Puits de La Chaux-du-Milieu 

Un second ouvrage de captage a ete construit dans la partie orientale du synclinal, a La 
Chaux-du-Milieu, sur !'emplacement du forage B3 (figure 2.16). 11 consiste en un puits incli
ne a 65-70°, profond de 142 m, d'ou partent deux galeries drainantes de 110 (A) et 80 m (B) 
de longueur. Ces galeries, situees a 80 m sous le niveau piezometrique minimal de la nappe, 
ont ete orientees de maniere a recouper le maximum de fractures subverticales, susceptibles 
d'etre aquiferes. 

Cette ,mine" d'eau a permis une observation directe du milieu aquifere. Ici, de nouveau, les 
cavites de karstification, dont deux cavernes, etaient nombreuses, mais egalement tres col
matees par des limons et des argiles. Au surplus, certaines fissures montraient un remplissa
ge blanchiitre de boues calcaires precipitees. Le forage B3, recoupe par la galerie B, debitait 
en artesianisme au fond de celle-ci. 

Le debit de l'ouvrage en basses eaux etait de l'ordre de grandeur de 5 a 6 1/s. En crue, Jars
que le niveau piezometrique s'eleve dans la zone de battement, le debit augmente enorme
ment. Dans la zone saturee, !'eau sourd par de nombreuses fissures imparfaitement colma-
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tees, a raison de quelques litres/min. par fissure. Des zones productives alternent avec des 
zones improductives. Parmi les venues principales: 

- 9 proviennent de joints de stratification et de fractures paralleles, associees a un petit 
chevauchement; 

5, de fractures de tension primaires; 

3, de cisaillements dextres; 

2, de cisaillements senestres. 

Toutes les fissures productives sont subverticales. 

Cette statistique n'a evidemment qu'une valeur indicative, le colmatage constituant proba
blement le facteur dominant la circulation souterraine. 

Comme dans le cas de la Brevine, le pompage de !'eau provoque un entrainement de boues 
traduisant un certain decolmatage et un accroissement consecutif du debit. 

La genese du colmatage apparait d'ores et deja complexe. Une etude est en cours a son sujet. 

3. Conclusions 
Les sondages de reconnaissance en petit diametre n'ont permis ni d'observer, ni de sup
poser le colmatage sablo-argileux du karst dans la zone aquifere. 

Les valeurs de permeabilite mesurees dans les forages, de meme que les circulations et les 
faibles debits observes dans les ouvrages de captage sont en bonne partie dans la depen
dance de ce colmatage. 

Ce colmatage parait etre generalise dans les aires ou le reservoir aquifere est expose di
rectement a la surface. Des indices conduisent a supposer que le colmatage est moins de
veloppe la ou les calcaires jurassiques sont recouverts par du Cretace et du Tertiaire im
permeables. 

L'exploitation des ouvrages de captage s'accompagne d'un entrainement de sable limo
neux qui parait exercer une influence favorable sur le debit. 
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2.12 
LA GALERIE SOUTERRAINE ,ZVIR 11" A RIJEKA (YOUGOSLA VIE) 

par B. BIONDIC et V. GOATTI 
(Zagreb) 

Le projet de la galerie souterraine Zvir 11 avait pour but de capter toute une serie de sources 
karstiques qui jaillissent dans la gorge de la riviere Rijecina, pres de la mer, inaccessibles 
pour le captage dans la gorge, a cause du developpement de la zone industrielle de la ville 
dans cette region. 

Cadre hydrogeologique - Type de karst 

Le bassin versant des sources se trouve dans l'arriere pays de la ville, sur un ensemble de plu
sieurs dizaines de km2, qui se compose de calcaires cretaces, tres karstifies. La recherche hy
drogeologique complexe (!eve geologique et hydrogeologique, forages de reconnaissance, 
tra~age des eaux souterraines, jaugeage des sources, etc.) a permis de bien determiner les 
principales directions des ecoulements souterrains, la profondeur de ces ecoulements et la 
zone d'invasion de !'eau de mer. C'est le karst littoral, dont l'ecoulement souterrain suit les 
failles et autres zones tectoniques, en tant que zones privilegiees d'existence des collecteurs 
karstiques et des eaux souterraines. 

Description des etudes et travaux 

Le debit total des sources, a la fin de periode d'etiage, est d'environ 0,6 m3/s, tandis qu'en 
periode de crue, le debit s'eleve a 3,0 m3/s. L'observation du niveau piezometrique a montre 
que le niveau minimum se trouve a la cote de + 2,0 m et le niveau maximum, a la cote de 
+ 16,0 m. 

Pour intercepter les eaux souterraines, on a propose le creusement d'une galerie a la cote de 
+ 6,5 m, d'une longueur de 400 m, ce qui devrait assurer le recoupement des principales zo
nes des failles-collecteurs karstiques, qui sont en meme temps le siege des ecoulements sou
terrains. En ce qui concerne le captage, il fut decide de creuser a la main, dans la galerie, des 
puits a chaque zone de faille decouverte. La profondeur de ces puits devait etre de 10 m cha
cun, pour etre sur que le fond se trouve bien en-dessous du niveau minimum des eaux souter
raines ou de la nappe karstique. Un prelevement d'eau dans ces puits, par pompage, en pe
riode d'etiage devait assurer un debit de captage comparable au debit respectif des sources de 
la gorge de la Rijecina. 

Resultats 

Au cours des annees 1978 et 1979, on a examine la galerie souterraine de 400 m de longueur 
et de 6m2 de section (fig. 2.17). Le long de la galerie, six failles ou zones tectoniques ant ete 
decouvertes; les forages de reconnaissance, dans ces zones, ant bien decele des collecteurs 
karstiques jusqu'a une profondeur de plusieurs metres au-dessous du niveau de la mer et les 
tests de tra~age ant mis en evidence une liaison directe avec les sources du fond de la gorge. 

Cinq puits a la main, d'une profondeur de 7 m, ant ete creuses jusqu'a la periode d'etiage de 
1980, avec beaucoup de difficulte, a cause de la fluctuation rapide du niveau de la nappe kars
tique qui provoque periodiquement un ecoulement de l'ordre de plusieurs centaines de 1/s 
dans la galerie. 
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Figure 2.17 

Au cours des essais de pompage et d'autres investigations, on a pu constater que les puits ne 
sont pas en liaison hydraulique mutuelle; cela represente une condition favorable dans la lut
te contre !'invasion de l'eau de mer pendant le pompage des puits de la galerie. Le debit ex
ploitable de chaque puits est superieur a 30 1/s en periode d'etiage. 
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2.13 
CAPTAGE PAR GALERIE DANS UN AQUIFERE KARSTIQUE 

DE LA COTE DALMATE: 
RIMSKI BUNAR, TROGIR (YOUGOSLA VIE) 

par B. MIJATOVIC 
(Belgrade) 

La galerie de captage de Rimski Bunar a ete executee dans un karst littoral a 2 kilometres du 
rivage de la mer adriatique. Bien que les eaux souterraines recelees par ce karst soient en re
lation avec I' eau salee d'origine marine et qu'elles se trouvent de ce fait exposees a des ris
ques de contamination, la galerie de captage assure une exploitation d'eau potable a un debit 
de 100 a 120 l/s en periode d'etiage. C'est pourquoi nous considerons ce type de captage 
comme l'un des meilleurs qui puisse etre mis en oeuvre dans les projets d'exploitation des 
nappes karstiques littorales. 

Cadre hydrogeologique - Type de karst 

L'aquifere est constitue par des calcaires a grain tres fin, de teinte grise, a cassure franche, 
dont I' age est Cretace superieur; ils presentent une structure monoclinale, mais de nombreu
ses failles decoupent le massif en petits blocs. Ces calcaires sont tres karstifies et les eaux in
filtrees dans leurs zones d'affleurement s'ecoulent preterentiellement a la faveur des syste
mes de failles qui les affectent. En consequence d'une telle permeabilite anisotrope il s'est 
ainsi organise un reseau sou terrain d'ecoulement, d'importance a peu pres comparable a eel
le du reseau superficiel, mais de caracteres differents. La generalite de ce reseau de failles et 
de grandes fissures implique une concentration des eaux souterraines sous la dependance des 
conditions structurales et la localisation des sources dans les points bas du massif calcaire 
(fig. 2.18). 

Mais ce n'est pas ici a cause d'un substratum impermeable que les eaux reviennent en surface 
car les calcaires, fractures et karstifies, se poursuivent en profondeur sous le niveau de la 
mer: c'est a la saturation du massif calcaire en profondeur, non seulement par les eaux dou
ces mais aussi par les eaux salees, qu'est du le jaillissement des sources. 

Nature des travaux effectues 

L'objectif du captage etait ,d'ecremer" la nappe karstique en periode d'etiage et de recupe
rer ainsi un volume d'eau douce important, !'invasion par les eaux salees des portions aval 
des conduits karstiques etant evidente: !'idee d'une galerie drainante s'imposait done comme 
meilleur mode de captage. 

Un puits d'acces, place a cote d'un forage de reconnaissance (Gu. 1, figures 2.18 et 2.19), a 
ete creuse verticalement jusqu' au niveau de la mer. La galerie a ete executee perpendiculai
rement aux failles bien reperees a la surface du sol sur une distance de 250 m; elle a recoupe 
quatre failles, constituant quatre collecteurs karstiques isoles les uns des autres: a la cote 
+ 1,50 m dans la galerie ouest et a la cote + 2,50 m dans la galerie est. 
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La galerie ouest, longue de 20 m, a recoupe des son origine toute une serie de larges fissu
res et elle se termine par une cavite naturelle de grandes dimensions qui est le siege d'e
coulement d'eau douce: le debit exploitable de cette galerie a ete evalue a 60 lis en pe
riode d'etiage, sur la base des resultats du pompage de longue duree execute au cours des 
travaux de creusement. 
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La galerie est, longue de 230 m, a recoupe trois zones de collecteurs karstiques, satures en 
eau douce; dans chaque zone la predominance des larges fissures (sans cavernes) etait 
evidente. Au cours des pompages executes durant les travaux, la qualite de I' eau s'est reve
lee mediocre (salinite de 300 ii. 400 mg/1 de chlorure exprime en Cl-): on decida alors de 
relever le plancher de la galerie de la cote + 2,50 m ii. la cote + 3,00 m, ii. partir du 
116eme metre. Ainsi on obtint une amelioration rapide de la qualite de l'eau grace ala 
diminution du rabattement de la nappe karstique dans la galerie pendant le pompage: ce 
rabattement etant limite ii. 0,50 ou 0,60 m en periode d'etiage, la salinite se trouvait rame
nee ii. 190 mg/1. Le debit exploitable de cette galerie a ete evalue ii. 60 - 70 1/s en periode 
d'etiage. 

Les deux galeries sont maintenant equipees par des portes-vannes mobiles pour le contr6le 
du debit de chacune d'elles. 

Presentation des resultats et commentaires 

Des enregistrements continus du niveau piezometrique dans le forage Gu1 et dans la galerie 
de captage, ainsi que des mesures de salinite et de temperature en differents points de la ga
lerie sont realises pour chaque essai de debit du captage en periode d'etiage. Tousles rensei
gnements sont transcrits sur des graphiques ou figurent egalement !'evolution de la pluvio
metrie, des marees et du debit des sources littorales dans le golfe de Marina. Une exploita
tion statistique de ces donnees permet d'etudier les relations qui peuvent exister entre ces 
parametres au cours d'exploitation du captage en periode d'etiage. 

Le depouillement et !'interpretation detaillee des resultats de ces observations ont permis de 
suivre I' evolution des echanges eau douce- eau salee en fonction du debit de pompage et de 
la pluviometrie. En resume, ont ete degages les enseignements suivants: 

le debit minimal exploitable par ce captage ii. la fin de la periode d'etiage est de l'ordre 
100 a 120 1/s, avec une salinite de 190 ii. 250 mg/1. Ce resultat a ete confirm€ par un essai 
de pompage de longue duree execute durant l'ete 1977 (fig. 2.20). 

et' 
PERIODE SANS PRECIPI IATf()NS 

(mgl~ ~ I 250 

~r ¥> = f ( 
200 

~ 
~ 

(' L' / 150 

100 
G.. 

50 

UR l'i 
DATE 2 nA tQ77. 1 -20, 09. 1977. 

Figure 2.20 

154 

I 

I ~~ 
........ ---

20 
L,() 

60 
P(mm) 

Q([f.:;) 
·- -- 15 

10 0 

5 0 

25 
I 



la relation entre les debits caracteristiques du captage pour une annee hydrologique moy
enne peut s'exprimer sous la forme suivante: Omax : 0 0 : Omin = 1,29 m3/s : 0,45 m3/s : 
0,16 m3/s, soit (8: 2,8 : 1). 

Cette relation est verifiee par le jaugeage des sources du littoral marin (portion de !'eau dou
ce) en differentes periodes de l'annee. 

pendant la periode d'etiage les precipitations de l'ordre 10 a 20 mm n'ont aucune influen
ce sur l'ecoulement souterrain interessant le captage, tandis que les precipitations plus 
elevees contribuent a cet icoutement pour une proportion d'environ 41 % du total de ces 
precipitations. Ceci a ete veri fie par une etude de la relation pluie - debit qui a permis de 
determiner une fonction de transfert caracteristique du bassin hydrogeologique conside
re. 

enfin, les parametres hydrauliques du site de captage, determines sur la base des essais de 
pompage, sont les suivants: 

T = 1,24 a 2,15. 10·2 m2 /s 
s = o,043 a o,o97. 

1. Dreyfus A., 
Vailleux Y., 

2. Munck, F., 

3. Potie L., 
Ricour J., 
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2.14 
CONTROL OF GROUNDWATER FLOW IN THE LITTORAL KARST, 

OREBIC, YUGOSLAVIA 

by M. Komatina 
(Beograd) 

Hydrogeological investigations of karst environments are typically concerned with the captu
re of the maximum quantity of water which such an environment can produce during natural 
periods of minimum underground water flow. The variable nature of ground water flow and 
the threat of salt water intrusions in littoral karst make the present methodological approach 
ineffective in utilizing much of the potential ground water resource. 

Many karst localities offer hydrogeological conditions which are suitable, to some extent, for 
artificial interventions by which groundwater flow can be regulated and more effectively uti
lized. The author considered this in earlier papers and emphasized the need for projects to be 
adjusted to the specific hydrogeological features of a given locality. 

What has naturally degraded over long periods of time can also be recovered by relatively 
simple projects, and thus improve the utilization of the karst water resource. The author has 
dealt with this problem in the littoral karst of Orebic' on the pennisula of Peljesac, Yugosla
via, where marine and fresh water zones combine in an extremely intricate pattern. 

Groundwater from the hills north of Orebic' is naturally drained to Trstenica bay through 
three coastal springs: Bilan, Mali Vodovar, and Veliki Vodovar (figure 2.21). Salt water in
trusions, as well as groundwater drainage, could only occur in this spring area where imper
meable flysch barrier deposits have been eroded above and below sea level. 

A CROSS SECTION fl. 

~ KARSTIFIED LIMESTONE FLYSCH DEPOSITS 

Fig. 2.21 - Layout of a part of Trstenica Bay 
1. limestone; 2. flysch; 3. reversed fault; 4. coastal spring. 
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After an underground infiltration gallery at the village of Stankovic' had been constructed 
1600 meters from the sea, it became evident that there was no possibility of obtaining 
potable water under natural conditions. Therfore, in 1972 and 1973, many experiments were 
undertaken to establish a mean of separating the marine and fresh water zones. Construction 
of a small dam at Bilan was significantly effective in that the gallery at Stankovic' could then 
yield 1.5 to 3 liters/second of good fresh water. 

Many experiments performed at Bilan and Stankovic' as well as additional investigations in 
the vicinity of Veliki Vodovar, proved that the problem of sizable water withdrawal could be 
successfully solved at a relatively low cost. Cessation of salt water intrusions to allow for 
groundwater storage required reconstruction of the flysch barrier where eroded to a depth 
of 4.2 meters near Veliki Vodovar. Back water was expected to rise to 3.0 meters above sea 
level because the pumping at the Stankovic intake did not cause a salinity increase at a simi
lar groundwater level. 

Fissures and karst channels causing weak points along the limestone/flysch contact were ei
ther plugged or reinforced with concrete walls. Such installations were required at the follow
ing localities: 

at Bilan, two walls totalling a length of 43 meters, and averaging 3 meters in height, crest 
at 3.14 meters above sea level; 

at Mali Vodovar, a dam 31.5 meters long, 3.5 meters in average height, extends 2 meters 
below sea level; 

at Veliki Vodovar, a concrete wall60 meters long, 2.8 to 4.2 meters high, mostly of which 
is under water (figure 2.22). 

Smaller works are planned near Veliki Vodovar to completely close the system. 

~ KARSTIFIED LIMESTONE SHOWING FISSURES AND KARST CHANNELS 

~ 
~ FLYSCH DEPOSITS 

[] . 
• . CONCRETE 

Fig. 2.22 - Profile along the scarp at Veliki Vodovar 
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Change in relation of marine and freshwater zones 

The results obtained confirmed that the approach to the problem was correct. During the 
work near the cave of Trstenica and the Stankovic' intake, some significantly noticeable 
changes occurred in the hydrogeological situation. These artificial interventions, although 
incomplete, affected the level and salinity of the groundwater and therefore its general flow 
and relation to the sea. 

Decontamination of groundwater storage has increased since its introduction in 1974. The 
process intensified after October 5, 1975, when most of the aquifers were isolated from the 
sea. Upon completion of the smaller collectors, brackish water was drained at a rate near to 
the rate of minimum recharge while salt water intrusions were prevented to a large degree. 
Comparisons of average groundwater levels and salinity for the years 1971-1976 are given 
in Table 1. 

The decrease in the chloride content was best expressed near the main discharging point, Ve
liki Vodovar. In the summer, the salinity decreased by 13,300 mg/l, or five times, and at high 
groundwater levels, it decreased by 10,100 mg/1 or ten times. Thus, a significant change in the 
fresh-salt water interface must have occurred. 

TABLE 1. Average groundwater levels and salinity at Bilan in August and September. 

YEAR WATER LEVELS(m) SALINITY (mg/l) 

1971 0.30 5870 
1972 0.75 
1973 0.79 2140 
1974 0.85 1440 
1975 1.16 
1976 1.21 1130 

The changes in the marine/fresh water ratios and the formation of groundwater storage have 
been expressed through the following: 

a) stabilization of groundwater levels to a common datum at Bilan, Mali Vodovar, and Veli
ki Vodovar and the resultant hydraulic gradient decrease; 

b) stabilization of salinity at the three coastal discharge points, and; 

c) decreased fluctuation of groundwater levels related to tides and the stabilization of am
plitudes at three observation points. 

A few examples of these supportive data are given: 

a) the difference between water levels at Bilan and Mali Vodovar gradually decreased. With
in two years, the difference decreased by 5.5 cm or 6.5 times. Beginning in mid-October 
1974, the water level at Veliki Vodovar also gradually decreased, resulting in the follow
ing water level differences up to November 197 5. 
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DATE 

Nov.1, 1973 
Nov.1, 1974 
Nov.1, 1975 

BILAN 

0.82 
1.98 
1.38 

Water level (m) 

V.VODOVAR 

0.00 
1.78 
1.34 

DIFFERENCE (m) 

0.82 
0.20 
0.04 

b) Comparison of the salinity of the groundwater with time indicates a similar trend. After 
October 197 4, the stabilization of salinity at the three observation points in Trstenica bay 
was apparent. The chloride concentrations of the water from Mali Vodovar and Veliki 
Vodovar had been two to seven times higher than that at Bilan. By August 1975, the con
centrations decreased to only 1.2 to 2.5 times higher than that of Bilan. The salinity ratios 
are compared for November 2, 1973- 1975: 

DATE 

Nov.2, 1973 
Nov. 2, 1974 
Nov. 2, 1975 

BILAN 

1 
1 
1 

MALI VODOVAR VELIKI VODOV AR 

2.0 7.2 
1.3 1.2 
1.2 1.3 

(c) The improved isolation of the aquifers from sea water is also expressed in the reduced 
groundwater level fluctuations during tidal intervals. On the basis of simultaneous observa
tions, the following amplitudes in meters (m) were determined: 

PERIOD 

July 1972 
October 1973 
June1974toJune1975 
Late July 1975 
Late September to 

October 1975 

BILAN(m) 

12.0 
6.4 
4.2 

VELIKI VODOV AR (m) 

31.0 
26.0 

9.0 
7.5 

2.4 

This shows the present amplitudes to be up to 15 times less than they were under natural con
ditions of direct contact between salt and fresh groundwater. Formation of groundwater 
storage is also manifested in the stabilization of groundwater level oscillations at all three 
observation points. The ratio of amplitudes at Bilan and Veliki Vodovar for the last two 
years dropped from 1 : 4 to 1 : 1. 

The new concept of intervening at the coastal springs of Bilan, Mali Vodovar and Veliki Vo
dovar seems to be more cost effective than the conventional infiltration gallery structure at 
Stankovic'. This new method of approach could conceivably become a primary procedure for 
future rational utilization of groundwater in karst areas. 

159 



2.15 
SALT-WATER ENCROACHMENT IN THE 

MIAMI AREA, DADE COUNTY, FLORIDA (USA) 

by 
V. T. Stringfield, U. S. Geological Survey, Reston, Virginia 

and 
John R. Rapp, U. S. Geological Survey, Reston, Virginia 

The potential supply of fresh water from aquifers in some coastal areas is dependent on its rela
tion to sea water that may be drawn into an aquifer and thus contaminate the fresh water. How
ever, it is possible to maintain a fresh-water supply if necessary precautions are taken; as for 
example in the Biscayne aquifer in the Miami area, Dade County on the southeast 
coast of Florida where part of the aquifer was contaminated by salt water before precautions 
were taken (Fig. 2.23). This paper describes the geologic and hydrologic setting as well as so
lutions to the contamination problem. 

In coastal areas where aquifers are exposed to sea water, the Ghyben-Herzberg ratio (J. S. 
Brown, 1925, p. 16) can be used to estimate the position of the interface between salt water 
and fresh water. However, where dynamic conditions prevail, the interface is deeper and 
nearer the coast than indicated by the Ghyben-Herzberg ratio. These conditions were recor
ded in investigations of salt-water encroachment in the Biscayne aquifer in the Miami area 
where the necessary precautions were taken to prevent further encroachment. 

The Biscayne aquifer (Fig. 2.23), Miocene to Pleistocene age, consists chiefly of cavernous 
sandy limestone and calcareous sandstone. Most of the solution cavities are filled with per
meable sand with many extending to the land surface which ranges in elevation from sea level 
to about 6 meters above sea level. Some of the area is covered by a thin blanket of permeable 
sand through which the precipitation moves downward to the water table. In Dade County 
the thickness of the aquifer ranges from 0 in the western part of the county to about 40 me
ters along the coast (Fig. 2.24). It is underlain by the Hawthorn Formation of Miocene age 
which contains relatively impervious beds that prevent encroachment of salt water from be
low. However, in the Atlantic Ocean, the aquifer is exposed to sea water. Also, the aquifer is 
exposed to water that may enter drainage canals some of which extend across the area from 
on the est to the Everglades on the west (Fig. 2.24). 

Until about 1900, south Florida was poorly drained by a few short streams and sheet flow. 
Because the Everglades and coastal marshes were inundated during the several months of 
the rainy season, canals were constructed to drain the area from the Everglades eastward to 
the coast for farming. 

A history of salt-water encroachment with maps showing the extent of the encroachment 
from 1904 to 1950, is described in a report by Parker and others (1955, p. 571-725). Later 
reports include those by Kohout (1960), Klein (1973), and Klein and Hull (1978). Effective 
drainage of the area which began about 1909, lowered the fresh-water level in the Biscayne 
aquifer in the Miami area and permitted a wedge of salt water to move inland in the aquifer. 
The salt water advanced on a broad front from the coast, with extensions farther inland from 
the wedge, under and along the drainage canals. During a severe drought in late 1938 and 
early 1939, the ocean level was above the fresh-water stage in the canals during high tide. 
Flow reversals in the tidal canals occurred for periods of 2 to 5 hours during each tidal cycle, 
and salt water migrated farther and farther inland. As the length of the reversal periods in
creased, the salt water migrated more rapidly until eventually it reached more than 10 miles 
inland in some canals. Salty water reached some wells in the Miami well field which is near 
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Figure 2.23 Area! extent of Biscayne aquifer and adjoining shallow aquifers (Klein and others, 1975, 
p. 31). 
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Figure 2.24 Hydrologic structures and hydrologic features of the South Florida Water Management 
District. 
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the Miami canal- 7.5 miles inland from Biscayne Bay. Construction of a dam in the Miami 
canal prevented further contamination of the public water supply of the Miami area from that 
canal. The fresh-water head between the wells which are the source of water for the public 
supply of Miami was sufficient to prevent lateral encroachment of sea water from reaching 
these wells, thus protecting the supply from salt-water contamination. Moreover, the relati
vely impervious beds underlying the aquifer prevent upward movement of salt water from 
the deeper formations. Because the aquifer is very permeable and productive under water-ta
ble conditions, the cones of depression resulting from withdrawal of water are neither deep 
nor extensive. Under those hydrologic conditions, the Miami public supply was safe from en
croachment of sea water. 

Since 1939, further changes in salt-water encroachment have taken place in the Biscayne 
aquifer as a result of lowered water levels by drainage and by increased withdrawal of water 
from the aquifer. Klein ( 1973, p. 21) reported that movement of sufficient water to the south 
through canals during dry seasons in accordance with existing plans, should control further 
encroachment. Also, one of the latest reports on the area (Klein and Hull, 1978, p. 10) states 
that the flow of the canals is now regulated by control structures in the canals near the coast. 
These structures are opened and closed during the rainy season and occasionally during the 
dry season. Flow in the canals is regulated so that ground-water levels in the urban areas and 
bordering farm lands are maintained low enough to prevent flooding. At the end of the rainy 
season, most control structures are closed to conserve fresh water and prevent salt water 
from moving inland. 

The management practices of water control have stabilized the inland movement of salt wa
ter in the aquifer in most areas. However, inland migration still occurs south of the Miami 
area, primarily in the southern part of Dade County where large quantities of water are being 
pumped from the aquifer (Klein and Hull, 1978, p. 10). Control of the amount and location 
of pumping appears to be the main method of guarding against salt-water encroachment in 
this area. 
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2.16 
KARST HYDROLOGICAL INVESTIGATIONS FOR THE 

CONSTRUCTION OF THE DIESSBACH RESERVOIR (AUSTRIA) 

by J. G. ZOTL 1> 

1. The area 

The Diessbach basin is a hanging valley in the karst massif of the ,Steinernes Meer" in the 
eastern part of the Northern Limestone Alps in an altitude of 1,400 meters above sea level, i. 
e. 700 meters above the Saalach valley, which is the present base level of erosion (Fig. 2.25, 
2.26). From the economic point of view, the difference in altitude, exactly 718 meters, was 
very encouraging for damming up a reservoir in the Diessbach basin for the construction of 
an electric power plant in the Saalach valley. 

It was the geological situation that rose the problem wether the reservoir could be realized 
without substantial leakage. Figure 2.26 shows that the hanging valley lies almost entirely in 
well-bedded pure Triassic limestone (Dachstein limestone). 

2. Karsthydrogeological investigations 

The fundamental hypothesis which served for the orientation of the study and its execution is 
based on the writer's conviction that the local base level of erosion influences the develop-

Fig. 2.25 Location of springs (dots) and the results of a tracing experiment. Labelling materials injec
ted: Point I fluorescein dye, 11 blue dyed lycopodium spores, Ill green dyed lycopodium spo
res, IV red dyed lycopodium spores. 

I) Abteilung fiir Hydrogeologie, Technische Universitiit Graz, RechbauerstraBe 12, A-8010 Graz Austria. 
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Fig. 2.26 Cross-section through the area of the Diessbach power plant (after H. BRANDECKER, 
1965). 

ment of the underground drainage (J. z()TL, 1974, p. 260). This influence causes an insepa
rable connection of the geomorphogeny and the development of underground drainage of a 
karstic region. The methods of investigation correspond with this theory. 

Being the first step of the investigations karst-hydrogeological mapping distinctively showed 
a wide distribution of springs. A congestion of springs around the Diessbach basin on one 
hand and in the Saalach valley on the other was obvious (Fig. 2.25). The springs around the 
Diessbach basin discharging from the drainage system of a large karstwater body had a typi
cally uniform chemical character. The springs situated in the Saalach valley, cumulated in the 
area of the later power house, showed a clearly differentiated temperature and chemical 
composition. While some of them had similar conditions like the springs in more than 1,400 
meters altitude around the Diessbach basin, others were distinctively warmer and higher mi
neralized. 

Further analyses confirmed the assumption that the first group are sources of karstwater dis
charging from the large karstwater body feeding also the springs in the area of the Diessbach 
basin whereas the higher mineralized water derives from the shallow groundwater flow of the 
Saalach valley, i. e. the pore water from the clastic sediments of the valley fill. 

From the results of this detailed hydrogeological mapping arose two main questions: 

How far has the Diessbach basin still the function of a local base level for the under
ground drainage of the surrounding limestone aera, and 

are the karst springs situated at the present base level of erosion in the Saalach valley dis
charging from single water ways along local joints or from the outflow of a well developed 
drainage pattern belonging to the general karstwater system of the massif. 
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The solution of this decisive problem was expected of a tracing experiment. Fig. 2.?5 shows 
the results of the injection of 15 kg fluorescein dye into the sinkhole num. I, of 25 kg blue 
dyed lycopodium spores into the ponor of the small Diessbach lake situated in a large do line 
(Num. 11), 25 kg green dyed lycopodium spores into the sinkhole num. Ill, and 10 kg red 
dyed lycopodium spores into the injection point num. IV. The control system included all the 
springs of the area. 

The results of the tracing experiment were very informative: 

The fluorescein dye reappeared only in springs discharging in the altitude of the hanging val
ley whereas no traces of it were found in lower situated sources. Very instructive was the in
jection into point 11. The highest percentage of the injected blue dyed lycopodium spores was 
also found in springs around the Diessbach basin, but small amounts of this tracer were dis
covered also in a spring 10 km northeast (not shown in Fig. 2.25) as well as in one of the 
springs in the Saalach valley, discharging at the present base level of erosion 700 meters be
low the Diessbach basin. The direction from this point to the remote source in the north
northeast follows a heavy fault which is also manifest in the direction of valley systems. 

The green dyed lycopodium spores reappeared again only in the altitude of the hanging val
ley, i. e. of the Diessbach basin. 

The result of the injection into point IV was of decisive importance. The injected red dyed 
lycopodium spores reappeared in only one of the springs in the Saalach valley, and in a very 
short time-concentration-curve (24 hours), too. 

These results of the combined tracing experiment showed that the hanging valley of the 
Diessbach basin is still the local base level of erosion for the main part of the karstwater body 
of this area. Only single isolated water tubes are fully developed down to the recent base le
vel of erosion of the Saalach valley. 

These single water paths follow the fault system. 

The conclusion was that it should be possible to close these local water tubes by concrete injec
tions. Indeed, drillings and logs showed that the number of open joints generally dimi
nished from the surface of the basin down to a depth of 20 meters, except along the main fault. 
After injection drillings and establishing a grout curtain the reservoir works with full capaci
ty and without any loss of water. 
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2.17 
LA RETENUE DE QARAOUN, AU LIBAN: 

UN EXEMPLE DE RETENUE SUR CALCAIRES FISSURES KARSTIQUES 

par L. DUBERTRET 
(Paris) 

Un apen;:u superficiel sur une retenue recouvrant des calcaires karstiques pourrait laisser 
!'impression que ces terrains ne posent pas de problemes particuliers de fuites; surtout si les 
fuites sont occultes et que leur existence n'a pas ete demon tree par un bilan des eaux. La con
clusion logique, mais erronee, serait alors que des retenues peuvent etre projetees sur ter
rains calcaires sans souci particulier des fuites. 

Un examen plus approfondi revelerait que l'eau est retenue du fait d'une structure geologi
que exceptionnelle, d'une certaine disposition des calcaires fissures par rapport aux roches 
encaissantes, moins permeables ou impermeables. 

Ces structures meritent la description, en tant qu'exemple precis de la circulation ou non-cir
culation des eaux souterraines, et egalement en tant qu'avertissement pour les projeteurs 
tentes de meconnai'tre la contrainte geologique ou hydrogeologique. 

Le profil en long do Litani.- La presente note concerne un amenagement sur la riviere Lita
ni, au Liban, qui drai'ne les parties centrale et meridionale de la haute plaine de la Bekaa, en
caissee entre les massifs du Lib an et de l' Anti-Liban. 

Seule veritable riviere du Liban- les cours d'eau du versant mediterraneen ont plutot le ca
ractere de torrents - le Litani a sa source au milieu de la plaine de la Bekaa, au droit de Baal
beck, a 1002 m d'altitude. Il s'ecoule vers le S, traversant d'abord une plaine alluviale, en re
cueillant les eaux jaillies du bas des versants du Liban et de l'Anti-Liban, et devenant ainsi 
une riviere. A Mansourah, a 54 km de sa source, sa cote est de 860 m. Puis il traverse le seuil 
calcaire cenomanien-turonien de Saghbine; au-dela, a Qaraoun, a 69 km de sa source, la cote 
de son lit est encore a 810 m.- Brusquement a l'aval de Qaraoun, le Litani s'encaisse dans 
des gorges calcaires eocenes; il traverse obliquement la pointe sud du massif du Liban, cons
tituee de dolomies et calcaires massifs jurassiques; puis, dans les environs de Merdjayoun, 
s'inflechit vers l'W, traverse les plateaux du Liban Sud pour atteindre la Mediterranee. 

Le profil au long du Litani (fig. 2.27) se decompose ainsi en deux: de la source jusqu'a Qa
raoun, il est de faible pente, en quelque sorte perche; a l'aval il est encaisse, parabolique, regu
lier malgre les accidents qu'il traverse. Le tron(\:on amont apparait comme lie a une tectonique 
recente, le tron~ron aval comme resultant de I' erosion regressive a partir de la Mediterranee. 

Qaraoun, par Sa position privilegiee a la jonction des deux tron(\:Ons, etait designe pour l'a
menagement d'une retenue. 

Profillongitudinal geologique de la Bekaa. - Mais quelles sont les conditions geologiques? 
-La Bekaa est de structure complexe: elle tient du fosse par la grande faille de Yammouneh 
qui contribue a la limiter a l'W, et du synclinal par sa disposition generale. Un profil axial sui
vant approximativement le cours du Litani suffit, en premier lieu, pour mettre en evidence la 
singularite du site de Qaraoun (fig. 2.28). 

Le trefonds de la Bekaa est constitue par les calcaires cenomaniens-turoniens, puissants de 
plus de 800 m. Au droit de Baalbek, leur toit est en position elevee, environ a la cote zero; il 
s'enfonce vers le S, se trouve au droit de Zahle, a la cote - 1500 m, puis remonte, pour se 
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~ Jurossique a Turonien des massifs 

~ Bekoa : Senanien- Paleogene 

D Bekoo: Neogene- Quoternoire 

Fig. 2.27 - Le Litani draine la partie meridionale de la Bekaa, plaine de 800 illOOO m d'altitude, encais
see entre les massifs du Liban et de I' Anti-Liban. Le cours inferieur, oriente vers l'W, est de
nomme Qasmiye. Le site de Qaraoun se situe un peu au S du seuil de Saghbine. 

retrouver au voisinage de la cote zero au droit de Mansourah. La Bekaa est verouillee au S 
par le seuil de Saghbine, oil le toit du Turonien se trouverait a la cote 1400 m si !'erosion n'a
vait decape jusqu'au niveau de l'Albien. Au-dela du seuil, a Qaraoun, Ies calcaires cenoma
niens-turoniens s'enfoncent par flexure et disparaissent sous le Senonien, le Paleocene et 
l'Eocene. 
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Fig. 2.29 - Profil structural selon !'axe de la Bekaa, uepuis la source du Litani au droit de Baalbek, 
jusqu'a l'aval du seuil de Saghbine: auge de la Bekaa centrale, colmatee par du materiel 
neogene continental et quaternaire; seuil calcaire cenomanien-turonien de Saghbine et 
placage marneux senonien et eocene sur sa retombee meridionale. 

Dans le creux de la Bekaa centrale (Zahle), les calcaires cenomaniens-turoniens sont sur
montes par des calcaires marneux senoniens et eocenes, ces derniers couronnes par des cal
caires recifaux eocenes moyens. Des sus suivent de puissants depots lacustres, pontiens ( envi
ron 600 m), des conglomerats pliocenes et un colmatage de la depression par des alluvions et 
sols du Quaternaire: !'accumulation de ces depots continentaux neogenes et quaternaires a 
conduit a l'egalisation du profil amont du Litani. 

Le Senonien et le Paleogene plaques contre le plongement en flexure des calcaires cenoma
niens-turoniens immediatement a l'aval de Qaraoun (fig. 2.29) different quelque peu des 
terrains de meme age de la Bekaa centrale. Le Senonien, calcaire marneux, est reduit par la
minage, et dessus suivant des calcaires marneux et des mames argileuses du Paleocene-Eoce
ne inferieur, puis des calcaires subrecifaux marmoreens de l'Eocene. Ces derniers, puissants 
d'un millier de metres dans la Bekaa sud, constituent la vallee a l'aval. Ils y soot tailles en 
gorges etroites et profondes, sous Youghmour, en rive droite, et au niveau du lit du Litani 
en jaillit a la cote 577 m, la source Ain Zerka. Les calcaires de l'Eocene soot en effet karsti
fies et extremement permeables. 
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Fig. 2.30 - Geologie de la Bekaa meridionale. 
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Projet de retenue. - Le Litani a, au droit de Qaraoun, un debit moyen de 15 m3/sec 
(fig. 2.30). 

Son brusque enfoncement a l'aval de la flexure de Qaraoun, les gorges etroites taillees dans les 
calcaires marmoreens eocenes suggeraient la construction d'une voute en beton dans les gor
ges, au droit de Soukhmour. La cote du lit du Litani est la a 801 m; le plan d'eau de la retenue 
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pouvait etre monte a la cote 850 m sans noyer la plaine de la Bekaa. - Mais vu !'ex
treme permeabilite des calcaires eocenes l'ouvrage eut ete contourne par les eaux et il n'exis
tait aucune possibilite de rattacher un voile au large a quelque niveau etanche. 

11 fallait done eviter les calcaires eocenes moyens, en se pla .. ant plus a l'amont. Mais dans cet
te direction la vallee s'elargit; aussi est-ce immediatement a l'amont du contact Paleocene/ 
Eocene qu'un site fut recherche. 

Cependant, laretenue, d'environ 10 km2 de surface, s'etendrait pour les 4/5 ernes sur les calcai
res cenomaniens-turoniens de la retombee du seuil de Saghbine (fig. 2.31), calcaires dont la 
permeabilite est bien etablie, par le role de chateau d'eau de ces calcaires dans la monta-

0 

Fig. 2.31-
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Schema geologique de la retenue de Qaraoun (contouree en tirete gras). Pour ses 4/Semes el
le s'etend sur les calcaires fissures cenomaniens-turoniens (C4-5) de la retombee meridiona
le du seuil de Saghbine.- Avant la mise en eau, des sources de trop-plein jaillissaient des cal
caires le long du lit du Litani. - Au S, des calcaires crayeux senoniens (C6) et des mames et 
calcaires marneux paleocenes et eocenes inferieurs ( e2a) font ecran entre les calcaires de la 
retenue et des calcaires fissures karstiques eocenes moyens (ezb) de l'aval. - Des fuites eta
ient a craindre par la rive droite, oil une flexure met en contact direct le calcaire de la retenue 
avec les calcaires karstiques de l'aval (v. fig. 2.33). 
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gne libanaise. Peut-etre, n'affleurant plus a l'aval dans la vallee du Litani, ces calcaires retien
draient-ils I' eau? Quelque accident ne les mettraient-ils en communication avec les calcaires 
eod:nes de la basse vallee, permettant aux infiltrations de debaucher a Ain Zerka? Le projet 
de retenue a Qaraoun etait mis en cause (fig. 2.32). 

,. i 
~a·:::t1::· 

calcaire &ocine marne impermeable marne albienne ng 
•2b •2a c3 o 2 4km 

L h x2 

Fig. 2.32 - Coupe de detail N-S du seuil de Saghbine (hauteurs x 2). Le seuil ferme la plaine de la Be
kaa au S. 

Une observation hydrogeologique resolut !'incertitude: dans le lit meme du Litani, en berge 
droite, et le long de la flexure le long de laquelle les calcaires cenomaniens-turoniens du seuil 
de Saghbine s'enfoncent, vers l'aval, sous le Senonien et le Paleocene, des sources jaillissent 
des calcaires cenomaniens-turoniens. Elles jaillissent des assises Superieures de cet ensemble 
lithostratigraphique, en sources de trop-plein. C'etait la preuve que les marnes argileuses du 
Paleocene plaquees contre les calcaires cenomaniens-turoniens a l'aval du seuil de Saghbine 
se comportent comme un barrage nature!, retenant les eaux souterraines dans ces calcaires 
et, par la, maintenant a une cote elevee les nappes souterraines de la Bekaa. Barrer le Litani 
au droit du Paleocene revenait finalement a surelever d'une quarantaine de metres un barra
ge naturel dont l'efficacite etait prouvee. 

Un nouveau probleme surgit alors: une tranche de terrain de 40 m de hauteur, ayant subi la 
karstification du fait de la percolation des eaux d'infiltration allait etre noyee; des fuites ne 
pouvaient-elles se produire lateralement a travers cette zone karstifiee? - Le danger se si
tuait a l'W, au pied du massif du Liban, a l'approche de la grande faille maitresse de Yammou
neh (fig. 2.33). Dans son voisinage les terrains de la Bekaa se redressent, et une flexure, paral
lele a la faille de Yammouneh, done longitudinale, met en contact direct les calcaires cenoma
niens-turoniens du substratum de la retenue, avec les calcaires eocenes de l'aval de la vallee. 

E 

1000 
L/TANI 

800 

600 

0 500m 

Fig. 2.33- Coupe W-E au droit du barrage: elle montre la flexure mettant en contact direct Ies calcai
res de la retenue avec les calcaires karstiques de l'aval. Un voile a ete injecte dans cette zo
ne. 
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Un contournement du barrage de Qaraoun, au large, en rive droite, etait a considerer comme 
possible, par cette tranche de terrain comprise entre 810 m, cote du lit du Litani a Qaraoun, et 
850 m, cote de la retenue projetee. Ace danger localise, il fut remedie par un voile au large. 

Le barrage de Qaraoun, en enrochements, par precaution, fut construit par etapes. Il retient 
120 millions de m 3 d'eau au-dessus de centaines de metres de calcaires fissures. 
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2.18 
BARRAGES DE LA RETENUE DE BUSKO BLATO 

(YOUGOSLA VIE) 

par B. MIJATOVIC 
(Belgrade) 

1. Cadre hydrogeologique - Type de karst 

La retenue de Busko Blato fait partie integrante du systeme hydraulique a but multiple du 
bassin de la riviere Cetina. Au point de vue hydrogeologique elle fait partie du grand polje 
Livanjsko ( 405 km2), qui serait le plus grand polje karstique dans le monde. Dans sa plus 
grande partie les roches du substratum sont constituees, tout comme les montagnes environ
nantes, par des couches calcaires du Cretace. Les calcaires, karstifies, sont partiellement re
couverts de sediments tertiaires et quaternaires, qui rendent le fond du polje impermeable. 

La partie sud du polje Livanjsko, nommee Busko Blato, etait, jusqu'a la construction des bar
rages de retenue, inondee pendant une bonne periode de l'annee par des eaux dont le volume 
pouvait atteindre 200 millions de m3, mais qui s'ecoulaient rapidement par plusieurs gouffres 
situes a la partie sud-ouest de Busko Blato. 

2. Description des travaux 
Afin de retenir et de regulariser le regime des eaux tout en accroissant la capacite de stocka
ge du site, il a ete necessaire de construire deux barrages: 

le barrage de Kazaginac, au sud-ouest, isole la zone des gouffres dans lesquels se perdait 
la plus grande partie des eaux. C'est un barrage en enrochement avec noyau d'argile im
permeable; son volume total est de 1 700 000 m3 . 

le barrage de Podgradina, dans Iequel est incorporee une installation de pompage reversi
ble, ferme la vallee vers le nord-est. 11 est construit en materiau graveleux avec noyau 
d'argile impermeable; son volume est de 262 000 m3 • 

en outre, afin d'empecher l'ecoulement souterrain des eaux vers le nord-est, I'ouest et le 
sud-ouest, des voiles d'etancheite superficiels ont ete realises sur une longueur totale de 
6 300 m avec une profondeur maximale de 120 m. La longueur totale des forages d'injec
tion pour la confection des ces voiles a ete de 180 000 m. 

Offrant la possibilite d'irriguer 12 500 ha des terres de son propre bassin, la retenue de Bus
ko Blato, s'ajoutant a celle du barrage Peruca, permet la regularisation integrale des eaux du 
bassin de la riviere Cetina et leur utilisation a fins energetiques. . 

3. Resultats 

Au debut, apres achevement des barrages de Kazaginac et de Podgradina, le remplissage de 
la retenue a provoque une perte d'eau considerable au sud-ouest de la retenue, a proximite 
du barrage de Kazaginac. Cette perte atteignait 6 a 8 m3/s environ. La recherche detaillee 
des points d'absorption a permis de decouvrir de grandes cavernes sous le niveau de polje a 
une profondeur de 100 m, dont les speleologues ont prouve la relation directe avec les gouf-

174 



fres situes au-dela de la retenue, la ou se produisaient les pertes avant edification du barrage. 
Le probleme etait grave pour les constructeurs car il etait bien evident que !'isolation des zo
nes de gouffres dans un tel cas ne pouvait se faire par un simple voile d'injection. 

Un Programme d'intervention directe dans les grottes fut alors organise avec l'aide des spe
leologues et des specialistes d'ouvrages souterrains, et grace a des barrages de conduits kars
tiques effectues au cours de la periode 1970 - 1977 il fut possible d'ameliorer la situation 
dramatique des pertes d'eau: actuellement, la perte totale dans la retenue a ete reduite a 1 m3/s. 
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2.19 
BARRAGES EN TERRAIN KARSTIQUE: 

L'EXEMPLE DES BARRAGES DE CEYRAC, DE LA ROUVIERE ET DE 
CONQUEYRAC SUR LE FLEUVE CEVENOL VIDOURLE ET SES 

AFFLUENTS DANS LE SUD-EST DE LA FRANCE 

par J. A VIAS t) 
(Montpellier) 

Destines a seulement ecreter les crues cevenoles ou a usage mixte avec une retenue perma
nente limitee (la Rouviere), Ies trois barrages sus-cites ont tous ete etablis en terrain karsti
que: le premier a l'entree d'une gorge s'enfon~ant dans Ies couches tabulaires calcaires du 
Berriasien et du Jurassique superieur, le second dans des calcaires du Jurassique superieur 
tres intensement tectonises, le dernier etant dans une position intermediaire ( calcaires tabu
laires failles ou a plissement faible ), dans un epikarst extremement karstifie du Jurassique 
superieur constituant la vallee aerienne du Vidourle superieur (fig. 2.34). 

Nous ne rappellerons pas ici les caracteristiques hydrogeologiques et geotechniques des sites 
de barrages en terrain karstique, renvoyant a d'autres articles specialises sur ce sujet (J. 
A VIAS, 1969, p. 51 et suivantes, THEROND, 1973). Nous insisterons seulement sur les 
problemes d'ordre general ou particulier qui se sont poses et sur la fa~on dont ils ont ete re
solus. 

1 o - Du point de vue stabilite de la matrice rocheuse des appuis, satisfaisante a Ceyrac, elle 
s'est averee tres mauv&ise a La Rouviere (intense tectonisation, ripages banc sur banc, pre-

t 
N 

NIMES 
• 

0 10 20km 

Figure 2.34 

0 1 5 

I) (Etudes: J. A VIAS- Geologie; construction: COYNE et BELIER). 
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sence de fractures a epais remplissage de calcite broyee peu inclinees sur l'liorizontale) et 
mauvaise a Conqueyrac ( cavernement intense de la zone superficielle avec remplissage, il est 
vrai, d'argiles rouges plus ou moins consolides par concretionnements calcitiques). 

2° - Du point de vue des risques de sous-pression, ils se soot averes particulierement impor
tants et multiples du fait du reseau de fractures et de chenaux de dissolution affectant les ap
puis. 

3° - Du point de vue de l'etancheite, elle s'est revelee evidemment mauvaise, sauf dans le 
cas du barrage de la Rouviere ou I' altitude du niveau superieur de la zone noyee et le colma
tage general des cavites ont permis une retenue permanente jusqu'a un certain niveau. Les 
risques de debourrage brutal d'exsurgences inconnues obstruees et les risques de mise en 
charge excessive des exsurgences et resurgences situees en aval ne se soot pas, jusqu'ici, mani
festes dans le cas des barrages en service de Conqueyrac et de la Rouviere. 

Les deux premiers des points de vue precedents ont amene les constructeurs a devoir ecarter 
une realisation de barrages en voutes simple ou multiple et a adopter un barrage poids avec 
effet partiel de voute pour Ceyrac et la Rouviere et un barrage en enrochements de type origi
nal maintenu par tirants de beton arme a Conqueyrac (fig. 2.35-37). 

Figure 2.35 a 

Figure 2.35 b CEYRAC 
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Vue en plan 
Figure 2.35 c 

Par ailleurs, outre les forages classiques des voiles de drainage et d'etancheite, des dispositifs 
speciaux, pour eviter les sous-pressions, ont ete adoptes, constitues: 

a) a Ceyrac, par des galeries calibrees suivant chacune des fissures ouvertes du substratum 
(en trait noir fig. 2.35 b), le calibre de chaque galerie etant calcule d'apres le debit possi
ble estime de la fissure; chaque galerie (G) debouche au pied du barrage dans un puits 
ma~onne a couvercle en beton (P) susceptible de s'ejecter de lui-meme en cas de sous-pres
sion dans la galerie (fig. 2.35 b: coupe en plan d'une partie du barrage au niveau de !'assi
se). En outre, un puits debouche ami-hauteur du barrage pour assurer I' evacuation d'un 
aven de 17 m de profondeur decouvert lors du creusement des fouilles et qui n'avait pas 
ete decele par la geophysique. 

b) a la Rouviere, par des massifs de petits blocs non cimentes dans Iesquels est scellee une 
tuyauterie d'evacuation, le tout etant noye dans les plots de base du beton; les tuyaute
ries debouchent a la base du barrage (fig. 2.36). 

c) Dans le barrage de Conqueyrac (en cours de realisation), !'evacuation des eaux des sous
pressions se fera a travers la masse de l'enrochement (fig. 2.37 b, en hachure !ache) entre 
les tetes des tirants de beton arme horizontaux, espaces de 2 m en hauteur et de 3 m en 
largeur (conception P. JOUANNA du Bureau Coyne et Belier). 

LA ROUVIERE 87,00m 

Figure 2.36 a Figure 2.36 b 
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CONQUEYRAC 

Figure 2.37 a Figure 2.37 b 

On a ete conduit a prolonger la section en enrochement par un ,mur console" (fig. 2.37 a) 
pour que cette derniere section puisse constituer le deversoir pour les crues, l'ensemble de 
l'ouvrage etant submersible. '-

TABLEAU DES PRINCIPALES CARACTERISTIQUES DES BARRAGES DE CEYRAC, 
LA ROUVIERE ET CONQUEYRAC 

Roche Surface 
de Structure Karstification bass in L ep. I Debit 

Substratum versant base pertuis 
(en m) (en m) (en m) 

calcaire tabulaire superficielle 44km2 390 15,50 148 m3 /s 
u Jurassique moyenne faible ::: 
"' sup. et profonde forte 
1l berriasien 

u 
Jurassique tabulaire superficielle 83 km2 197 23m 17 90m3 is t 

" sup. failleou tres forte 
::1 Iegerement moyenne et pro-"" c: plisse fonde 8 

calcaire horst tres superficielle 94 km2 150 25m 19 130 m3/s 

~ 
Jurassique tectonise moyenne et proton- r arc 

" sup. de forte = 125 m ·;; colmatage important ::> 
2 en profondeur car 
~ bassin alimentation 

dansmame 

Bibliographie 

Volume retenue 
Debit permanente et 

deversoir effet d'ecrete-
ment 

785 m3/s 0 
29% (Sauve) 

1160 m3/s 0 
93% 

600 m3 /s 0,6 millions 
sur 31,4 
hectares 

62% 

A VIAS J., 1969. -Barrage en terrain karstique: l'exemple du barrage de Ceyrac (Gard). Etudes et 
Travaux de ,Mediterranee" no 7. 

THEROND R., 1972 (73). - Recherche sur l'etancheite des lacs de barrage en pays karstique. These 
de Dr Ingenieur, Universite de Grenoble I, 444 p., Eyrolles. 
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2.20 
UNIQUE SIPHON WELL SYSTEM FOR DEWATERING OVERBURDEN 

ON LIMESTONE IN THE CENTRAL PHOSPHATE DISTRICT OF FLORIDA 

by James R. EDWARDS t) 

A unique artificial recharge system of recharge-connector wells has been developed to aid 
the phosphate companies in the Central Florida Phosphate District in satisfying water regu
latory agency requirements. The hydrogeology of the area is such that gravity drainage is 
possible from a surficial watertable aquifer downward to a karstic artesian aquifer. The surfi
cial aquifer ranges from 3 to 15 meters of quartzose and phosphorite sands and sandy clays 
with transmissivities ranging from 2,000 to 6, gpd/ft. The receiving aquifer is approximately 
244 meters thick and consists of limestone and dolostones with highly developed solution 
channeling and an average transmissivity of 775,000 gpd/ft. This aquifer is called the Floridan 
and is the chief ground water supply for most of Florida. The aquifers are separated by relati
vely impermeable beds of clay and dense limestone. A 15 to 18 meters head difference exists 
between the aquifers (See Figure 2.38). 

Recharge-connector wells, screened in the surficial aquifer and connected below in the Flori
dan Aquifer, were to be used to provide the artificial recharge. A strip of land around the pe
rimeter of an aboveground clay waste retention pond is the permanent installation site. 

Study of existing pumping test data, water table elevations and core drilling logs indicated a 
typical transmissivity of 2,000 gpd/ft or less and saturated thicknesses of 2 to 8,5 meters. Ar
tificial recharge to the surficial aquifer by seepage from a retention pond caused a slightly 
artesian condition in the surficial aquifer. 

An analysis of the performance of a recharge well under these general conditions was under
taken by a method by Papadopulos and Cooper (Knochenmus, 1975). The results predicted 
low flow rates into the wells with limited areas of influence. The problem was to improve the 
efficiency of the recharge-connector wells to compensate for the poor hydrogeologic condi
tions present in the installation area. This was done by increasing the flow down each well to 
more closely match the receiving capacity of the Floridan Aquifer. The method proposed 
(See Figure 2.38) was to (1.) Construct shallow wells screened as the recharge wells, but not 
connected directly to the Floridan Aquifer; (2.) Connect these wells by siphon pipeline to 
the recharge-connector wells; (3.) Induce gravity flow by siphon pipeline from the upper re
servoir (surficial aquifer) to the lower reservoir (Fioridan Aquifer). 

The head difference to induce gravity flow was present and saturated thicknesses were less 
than the maximum possible theoretical lift by a siphon for water of 10,4 meters. To analyze 
the performance of a siphon it was assumed to be elementary in design and to flow full. 
These assumptions allow the application of the Bernoulli equation to flow from the upper 
reservoir to the exit end of the pipeline. 

(1) h = f ~ y2 
D 2g where 

h = the difference between the upper 
reservoir and the lower reservoir or exit end of conduit. 

f = friction constant for conduit material 
L = length of conduit 
D = diameter of conduit 
V = velocity of fluid 
g = gravitational constant 

l) Hydrogeologist, P. E. LaMoreaux and Associates, Lakeland, Florida. 
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Collector Well System 

Satellite Well 

Cone of Depression 

Surficial Aquifer 

Standard 
Recharge 

Well 

-.~----- Gravel Pack----------~ 

Standard Recharge Well 

Plan View 
Not to scale 

Siphon System 

Figure 2.38 
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The velocity and thus quantity of flow can be calculated from equation (1). The assumption 
of full flow was checked because of the performance limitation of l atmosphere ( 10,4 meters. 
of water). As the summit (minimum) pressure decreases, dissolved gases present in natural 
water come out of solution and help form intermittent discontinuities as the pressure approa
ches a true vacuum. A break in the siphoning action occurs at a point less than the theoretical 
limit as the summit pressure continues to decrease. Writing the Bernoulli equation from the 
upper reservoir to the summit we can determine the pressure at the summit using atmosphe
ric pressure as datum. 

(2) 0 = V2 _!s hs + f I..,. V2 where 
p g y D 2g 
ys = pressure at summit 

h. = the difference between the upper reservoir and the summit 
L. = length of conduit from upper reservoir to summit 

Trial application of these equations to a hypothetical system (Figure 2.38) pointed out seve
ral design considerations. 

(A) System flow would decrease as h decreased due to drawdown in the well. Equili
brium would occur at the drawdown yielding the system flow capacity. 

(B) Losses due to pipeline length and configuration could be minimized by oversizing 
pipeline in relation to anticipated flow and selecting low friction pipeline materials. 
The more losses are minimized, the closer hs approaches P/Y, resulting in increased 
siphoning efficiency. 

The pilot system layout is shown in Figure 2.39. The linear configuration was used mainly 
due to site limitations. The satellite wells were installed at 45,7 meters intervals. This spacing 
was determined by observation of the draw down effects of the recharge well after its installa
tion. Spacing could normally be calculated but the unusual situation of an undetermined 
amount of seepage recharge from the retention pond made this difficult. Test pumping of 
each well yielded an expected initial pipeline flow from which a steady-state flow was estima
ted. Starting and steady-state system flow capacities were calculated for each well and its dis
tance from the outlet. From these results a pipe size was selected which could handle the to
tal flow with a minimum of loss. 

The wells were installed with sufficient blank casing below the screens to enable maximum 
drawdown in each well. Plastic was the material selected for wells and pipeline due to its re
sistance to corrosion, ease of handling and installation and low friction characteristics. Initial
ly, the siphon outlet elevation was set equal to the highest inlet thus eliminating any chance 
of too great a draw down allowing air to enter the system. The summit was set at the top of the 
most distant well with a gradual slope to the recharge well outlet. 

The outlet was designed with a valve which is closed during starting of the siphon. A vacuum 
was created in the pipeline to begin the gravity flow. A section of clear PVC was installed in 
the pipeline to observe the flow. 

The system has been operating continuously for approximately six months. Vacuum gages 
and analog flowmeters are currently being installed to further evaluate performance. Outlet 
valve design is important in starting and running the system. Our design allowed clearance 
for flow logging tools to pass by it in the well but caused some back-up which necessitated 
experimental lowering of the outlet to get maximum drawdown in the satellite wells. To date, 
values in excess of 7,6 meters for h5 have been field measured without any indication of dis
continuities. 
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The most efficient linear design was found to be with the connector well at the center of the 
pipeline with flow from both directions. However, radial designs (Figure 2.38) have an effi
ciency advantage. 

Localized water quality has caused bacterial growth within some pipelines which has in
creased friction losses. The growth stabilized once the inside of the pipeline was completely 
coated. The oversize pipelines more than compensate for the increased friction losses. 
Chlorination and the surge of restarting the siphon system clean the pipeline to almost new con
dition. This could constitute the only regularly scheduled maintenance for the system, where 
conditions necessitate. 

The pilot system did not produce large quantities of water due to the unusually poor hydrolo
gic conditions where it was installed. However, 75 to 100 % of the possible yield of each sa
tellite well is being attained. The effect is that of an equal number of recharge-connector 
wells. Subsequently, six additional systems have been installed with some in areas having 
better hydrogeologic conditions. Results similar to the pilot system have been realized, but 
which much greater flow rates. 
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2.21 
ARTIFICIAL RECHARGE OF KARST WATER IN THE FLAT CRIMEA 

by V. I. MOROZOV and A. V. LUSHCHIK 
(USSR) 

The principal source of domestic water supply in the Flat Crimea platform karst region is 
groundwater, occurring in the Neogene karstified carbonate rocks (Ivanov, 1970; Lushchik, 
1976). Under the influence of water withdrawal, exceeding 1.2- 1.5 times the natural infil
tration recharge, cones of depression with a drawdown of 0.1 - 1.5 m/year have been formed. 
In the coastal areas and in the fresh-saline groundwater interface, fresh water is replaced by 
saline water at a rate of 0.1- 0.44 km/year (Lushchik and Gorbenko, 1973; Lushchik et al. 
1974; Lushchik, 1976). Therefore, protective measures are needed to preserve the Flat Cri
mea fresh karst waters from depletion (Gurba et a!, 1972). One of the basic and effective so
lutions to this problem is artificial recharge using the North Crimea Canal water. 

Experimental investigations on artificial groundwater recharge were conducted in two re
gions (Karsnoperekopskii and Klepininskii) in covered (buried) and exposed karst areas and 
are presented in the following discussion. 
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In the Krasnoperekopskii region the saturated limestones of Pontian, Meotian, and Sarma
tian ages are 170-17 5 m in thickness and are overlain by a series of Quaternary and Middle
Upper Pliocene sandy argillaceous deposits, 55-68 m in thickness. The depths to groundwa
ter range from 0.1 to 10 m. The transmissivity of the lithology is governed by degree of kar
stification and varies over area and in depth. The Pontian deposits, 12-17 m in thickness, has 
the greatest permeability values: their transmissivity is equal to 900-17,000 m2/day. The 
transmissivity of the Meotian and Sarmatian deposits is 280-690 m2/day. Dissolved solids 
content of water in the interval of 58-70 m is 1.3-3.5 g/1; 70-90 m- 0.7-1.5 g/1; 90-230 m 
- 3.3-5.4 g/1. 

An injection test was conducted for two months by utilizing water from the North-Crimea 
Canal as raw water with a total dissolved solids content of 0.2-0.3 g/1, and a suspended sedi
ment content of 20-40 mg/1. The coliform number of the canal water did not exceed a value 
of 4 and the water was subjected to treatment with liquid chlorine and suspended sediment 
was not removed mechanically. Water was injected by centrifugal pumps at rates of 
130-140 l/sec in two fully penetrating wells 125 m apart. Observations of the formation 
of a fresh-water dome and fresh-water pockets were executed in two groups of wells from 
5 to 1000 meters apart. 

Non-steady groundwater flow was observed for 28 days however later it became closer to 
quasi-steady. The rate of water level recovery in the recharge wells did not exceed 
1.0-1.5 m/day. As a result of the recharge, a piezometric dome 355 m in length and 50 m 
in width was formed. In the recharge wells, water was desalted mainly in the upper zone 
(60-80 m) of the aquifer (Table 1, Figure 2.40). During the entire recharge period a floa
ting pocket of fresh water with a total volume of 208,000 m3 (with an average length of 
220 m, width 47 m and thickness 20 m) was formed. The desalting influence of the recharge 
was observed at a distance of 1.5 km. 

Table 1. Relation between the Quantity of Water Supplied to the Aquifer and the Degree of 
Ground water Desalting. 

I Total quantity Duration of Depth of Variation of water dissolved solids in g/1 in depth in observation wells 
of injected water injection testing 

(m3) (days) (m) 

~ 
No. 56 No. 50 No. 54 No. 55 

65 2.3 3.5 2.3 2.7 
0 85 1.9 3.3 2.6 2.7 

120 4.6 5.4 2.6 3.5 

65 1.0 1.9 2.1 1.1 
88,000 17 85 2.3 2.9 2.4 2.2 

120 5.6 4.3 5.9 5.1 

65 0.8 1.0 0.8 0.3 
982,000 50 85 0.5 0.9 1.4 0.3 

120 3.4 2.3 3.2 0.3 

The Klepininskii region is situated on an elevated denudation-erosion plain. The upper con
fined aquifer is composed of fractured and cavernous limestones of the Meotian age, with a 
porosity of 16.9 - 44.0 %. Depth to groundwater is 20-22 m, and the aquifer thickness is 
25-30 m with irregular karstification and jointing of limestone. 

Within the high jointing zone, a recherage pit with an area of 360 m2 and two recharge wells 
were constructed. The existing water-supply wells and wells specially drilled were used for 
observations. 

During the course of the operations, experiments on water infiltration through the recharge 
pit were conducted for 3 months and injection in the recharge wells was conducted for 
1 month. The source of the replenishment was the water of the North Crimea Canal with a 
suspended particles content of 10-3Q mg/l and dissolved solids of 0.25- 0.3 g/1. 
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The results of the infiltration tests made it possible to determine both the capacity of the pit 
and the duration of the infiltration cycle, depending on the depth of recharge (until the infil
tration rate became equal to 0.5 m/day). This data is given in Table 2. Directly beneath the 
pit, the maximum increase in the groundwater level amounted to 6. 7-7.5 m. The dome 
was formed in a meridional direction, its dimensions after infiltration of 23, 600 m3 is 
220 X 100 m. A ponded depth of 3 meters is considered optimal. In this case, with a fairly 
high capacity of the pit ( 486 m3) the infiltration period is equal to 160 days, and it nearly 
coincides with the time of the North-Crimea Canal functioning. 

Table 2. Recharge Pit Characteristics. 

Item No. Ponded Depth Capacity from 1 sq. 
(m) m of pit area (m3

) 

1 1 332 
2 2 401 
3 3 486 
4 4 574 

Duration of infiltration 
period (days) 

121 
127 
!59 
199 

Notes 

The pit was not cleaned 
during the whole experi

mental period 

Injection in the two recharge wells was carried out with a total discharge of 108 I/ sec with the 
canal water being chlorinated. The water level in the test wells was rising during the first 
15 days, however, in the following period a practically steady regime was observed. The in
fluence of water recharge was established at a distance of 250 m from the test wells. An ellip
soidal dome formed, as a result of the recharge, with the dimensions of 380 x 390 m. The 
total volume of injected water was 284,700 m3 and the orientation of the dome (in a submeri
dional direction) is related to the direction of the largest permeability of the Meotian lime
stones; this data is supported by the results of estimating the aquifer constants. The period of 
the groundwater dome dissipation is more prolonged than the period of its formation during 
recharge. 

In the course of the experimental injection, relating to the Klepininskii region, the permeabi
lity in the vicinity of the recharge wells increased (the specific yields increased 9-10.5 times 
after injection) and the quality of the groundwater in the zone of well influence (100-250 m) 
was improved. 

The investigations have shown that the artificial recharge of karst water is fairly effective 
provided that the raw water is decontaminated and the recharge installations are operated 
continuously. 
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Chapitre 3 

ENVIRONMENTAL PROBLEMS IN KARST TERRANES 

Introduction 

by Harry E. LEGRAND 

Many environmental problems exist in karst regions, the majority of which are related to a 
combination of hydrologic conditions and man's actions. The extremes in permeability in 
karst regions, described by LeGrand and LaMoreaux (1975, p. 11), range locally from large 
solution cavities that are capable of transmitting large quantities of water to dense rocks with 
almost no permeability; these extremes in permeability cause sensitive conditions with di
verse responses within a karst region. These sensitive conditons often result in harmful envi
ronmental impact as a result of certain actions by man, and the problems may develop in pla
ces and at times that are not easily predicted. Many of the problems are economical and social 
in scope, some of which lead to legal involvement related to: (1) pollution, (2) waste dis
posal and management, (3) mine hydrology, (4) drainage wells, and (5) various aspects of 
water-level behavior (chiefly land subsidence). 

(1) Pollution - Under natural conditions water in karst terranes generally is potable and 
free from pollution. Yet, in populated areas where soils are thin, pollution of karst water is 
now widespread. Back and Hanshaw ( 1970) report the extent of pollution in the Yucatan Pe
ninsula of Mexico, where water pollution by human and animal sources has readily seeped 
through fractures in the karst rock from the surface; the absence of surface streams and the 
scarcity of soils result in wastes being dumped on the ground or in the cenotes, where ground 
water is exposed in the sinkholes. Pollution from septic tanks in karst regions of eastern Uni
ted States is common where the soils are thin. In some areas sources of pollution are several 
kilometers from the springs or wells that show polluted water. Unlike porous granular mate
rials, such as sands, the fractured and channelled rock does not easily weaken or degrade the 
pollutants during its underground travel. Springs, which are the concentrated discharge out
lets of most karst regions, tend to receive the pollution from a broad recharge area at high 
elevations. Thus, the source of pollution is difficult to determine and to control where broad 
karst recharge areas exist. The following case histories relate to this subject: Drew, No. 3.1; 
LeGrand, Nr. 3.2; Waterhouse, No. 3.3. 

(2) Waste Disposal and Management - A corollary problem to pollution is the disposal of 
wastes that my lead to pollution. In general, carbonate terranes are not ideal places for sub
surface waste disposal. If the permeability of the carbonate rocks is low, the rocks do not ac
cept waste at sufficient rates, and, if the rocks are karstified and highly permeable the waste 
may migrate rapidly to points of discharge without being oxidized or otherwise degraded and 
attenuated. The poor enviroment for waste disposal in many karst regions is another mani
festation of the deleterious effects of the thin soil zone. Pollution of groundwater in the kar
stified regions from disposal of wastes in the ground and from leaching of materials at the 
land surface is common (Parizek et al., 1971, p. 135-176). Springs that drain large sections 
of karst regions can be easily polluted where waste materials enter the ground at higher ele
vations. In fact, water from most large karst springs in populated areas is unsafe for drinking 
without treatment (LeGrand, 1977, p. 12). The following case histories relate to this subject: 
Marsh, Lloyd, No. 3.4; Meyer, No. 3.5; Vecchioli, Ehrlich, Godsy, Pascale, No. 3.6. 
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(3) Mine Hydrology - Mining operations almost always have some type of water problem, 
and in karst regions the problems may be severe. Many of the problems are related to (a) ex
cessive pumping of water from the mine, (b) undesirable lowering of the karst water level 
off-site during dewatering of a mine, and (c) land subsidence as a result of the lowering 
groundwater levels. Almost every karst water problem in a mining situation has features 
that need special and individual study. The principles of karst hydrology that are outlined in 
this chapter have general use as a framework for each study. The following case histories re
late to this subject: Alfoldi, No. 3.7; Backer, No. 3.8; Babushkin, Lebedyanskaya, Plotni
kov, No. 3.9; Paloc, No. 3.10; Babushkin, Kashkovsky, Lebedyanskaya, No. 3.11; Pinneker, 
Pissarsky, No. 3.12. 

(4) Drainage WeDs- In most karst regions of the world the rocks are extremely permeable 
at land surface, arid downward movement of water is rapid. However, some karst areas are 
mantled by clay or other impermeable material that impedes drainage. To remove undesira
ble water at the land surface, drainage wells have been drilled that would allow surface water 
to drain through wells to a lower karst water level. 

Many drainage wells have been drilled in Florida, U.S.A., where flat areas require surface 
drainage (Stringfield, 1966). In Orlando, Florida, nearly all runoff from rainfall in past years 
was disposed of through drainage wells into the permeable Tertiary limestone aquifer. Karst 
water levels range from a few meters to more than 20 meters below land surface, and some 
wells are capable of draining serveral thousands liters per minute. 

The use of drainage wells has been discouraged because of the potential of contaminating 
water in productive aquifers. 

(5) Land Subsidence and Various Aspects of Water Level Behavior- Subsidence of uncon
solidated material in carbonate rocks may occur where (1) cavernous rocks are directly over
lain by unconsolidated deposits, or old sinkholes are partially filled with unconsolidated de
posits, and (2) the groundwater level is high enough to give some support to the unconsolida
ted deposits. When the water level is lowered, removing the support, the unconsolidated ma
terial can move downward into the cavities and caverns in the underlying carbonate rocks. 
The resulting subsidence may be gradual, or it may occur suddenly (Stringfield and Rapp, 
1976, p. 447-451). 

Subsidence due to withdrawal of water in carbonate rocks may occur suddenly in small areas. 
Although areas affected are relatively small (maximum of a few hundred meters in diameter) 
the vertical distance of subsidence may be as much as 50 meters with disastrous effects where 
buildings or highways collapse into a sinkhole. Among the most disastrous effects reported 
have been in Far West Rand, Transvaal, Republic of South Africa, where lowering of water 
to dewater deep gold mines has reactivated deep natural sinkholes filled with unconsolidated 
sediments. Sudden catastrophic collapses in Far West Rand have resulted in the loss of 34 
lives and the expenditure of about 35 million dollars on rebuilding, application of safety mea
sures, research, and compensation for damages including loss of water supplies (Quinlan, 
1974, p. 661). 

Some of the more recent sinkholes are as large as 125 meters in diameter and 50 meters deep 
(Brink and Partridge, 1965), (Foose, 1960, p. 1045-1048), (Bezuidenhout and Enslin, 1969, 
p. 482-495). One of the largest sinkholes resulting from withdrawal of water from carbonate 
rocks is in Alabama, U.S.A. and is about 97 meters long, 90 meters wide, and 30 meters deep 
(LaMoreaux and Warren, 1973); although the sink occured suddenly, it took place in an un
developed area and therefore the damage was minimal. This is in contrast to a relatively 
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small collapse that. occurred at night in a street in Birmingham, Alabama which caused a 
large amount of damage (Newton, 1976, p. 8). Newton (1976, p. 8) estimated that more 
than 4,000 induced sinkholes, areas of subsidence, or other related features in this category 
have occurred in Alabama. The following case histories relate to this subject: Monjoie, 
Nr. 3.13; Fambrough, Dildine, No. 3.14; Hall, Metcalfe, No. 3.15; Howell, No. 3.16; 
Kovalevsky, Zlobina, No. 3.17; Wilson, No. 3.18; White, White, No. 3.19. 

Applicable Principles of Karst Hydrogeology 
(as related to environmental problems) 

Changes in hydrological balances are not unique to karst regions, but karst regions are more 
sensitive than other regions and the problems described in this chapter may be especially se
vere. It is necessary to understand environmental relationships, particularly those involving 
hydrology, to determine whether some actions by man are warranted. As a result of in
creased studies, evaluation of these hydrological problems is coming into better focus. There 
is a need for improved knowledge of this important subject, which can be applied to the de
velopment of carbonate rock terranes for human use. The following section discusses the 
applicable principles that are involved in environmental karst problems. 

An evaluation of the environmental problems of karst regions must continuously focus on 
certain key features and principles of karst hydrology, so that problems which are unique to 
karst regions may be better understood. 

Solutional erosion tends to modify the subsurface carbonate framework to cause develop
ment of secondary permeability. This secondary permeability is the result of the sequence of 
processes which include: (1) consolidation of carbonate sediments into dense rock, (2) frac
turing of carbonate rocks as a result of tectonic and other stresses, and (3) circulation of wa
ter and enlargement of fractures by solution to form the existing permeability. Many karst 
systems tend to have some of the following characteristics under water table conditons: 

(1) A channel or artery network type of permeability, especially near the water table. 
(2) Rapidly decreasing overall permeability with increasing depth below the water table. 
(3) A zone of exceptionally high permeability in valleys. 
( 4) A very permeable and cavernous unsaturated zone. 
(5) Salty water in the lower and less permeable parts of the aquifer. 
(6) Moderately low storage of fresh water after long periods of dry weather. 

While undergoing karstification many carbonate rocks leave little insoluble residue, and 
their soils are regenerated more slowly than those on nonsoluble rocks. Once carbonate 
rocks on upland slopes have been stripped of soil, they tend to remain denuded, even in hu
mid regions where soil-forming processes are favorable. Soils of upland karst regions are 
washed into sinkholes and other karst lowlands. In some low-lying areas, the soils are protec
ted from further removal long enough to form laterite and even bauxite. 

Many subsurface aspects of hydrology, especially true with respect to carbonate rocks, can 
be put in good perspective by focusing attention on the water table (LeGrand and String
field, 1971). Of interest are depth to the water table, configuration and fluctuations of the 
water levels, and the relative position of the water levels in the carbonate rocks with respect 
to those in adjacent aquifers. Of special interest is the position of the water table in carbo
nate rocks in relation to zones of good and poor permeability near the base of the unsaturated 
zone. 

In fully developed karst regions with considerable topographic relief, the water table tends 
to lie far below land surface. Solution channels drain and transmit water from precipitation 
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so quickly that the water table is not maintained at a high level but is depressed below air-fil
led caverns as long as there is easy movement to a lower discharge area. Thus, it is understand
able that perennial streams in karst areas tend to go underground, a condition that is in har
mony with the truism that the greater the permeability the greater the tendency for the water 
table to be near base level with a low hydraulic gradient. 

In carbonate rocks the depth to the water table is controlled by local factors such as the per
meability and topography and by the regional factor of climate. Beneath some carbonate 
mountains a deep water table may be inferred where there is no evidence of discharge of wa
ter as springs or of evapotranspiration on mountain slopes; such conditions are common 
even in humid regions. 

Land subsidence in carbonate rocks occurs due to both natural conditions and activities of 
man. Development of a natural sinkhole generally requires considerable geologic time and 
therefore does not rapidly change the environment. Sinkholes and related land subsidence 
that are due to the activities of man can rapidly develop. However, such subsidence occurs 
only (1) where surface and subsurface solution and erosion have formed natural sinkholes 
and cavities, some of which are covered or filled by unconsolidated deposits and (2) where 
the groundwater level in the rocks is high enough to give some support to the unconsolidated 
deposits before the water level is lowered. 

When the water level is lowered, thereby removing the support, the unconsolidated material is 
able to move downward into cavities and into the underlying cavernous rocks to form sur
face depressions and sinkholes. This type of subsidence resembles that in some mining dis
tricts where removal of coal or ore material in the subsurface results in the collapse of the 
roof of a mine, which may extend the collapse to the surface. 

Depressions on the land surface may indicate old sinks, as in some parts of the Lake Region 
of Florida, U.S.A. However, in some areas, no surface indication exists of old sinkholes or 
cavities below the surficial material where the karst surface has been covered with alluvium 
or other unconsolidated deposits. 

Subsidence problems can be alleviated in one or more of several ways including (1) cessation 
of withdrawal of water from the carbonate rocks, and (2) increase or restoration of water 
pressure by reduction of withdrawal, by artificial recharge, or by repressuring by injection of 
water. 

In mature karst regions, big springs which emerge from underground streams or cave rivers, 
are generally more common than small springs of diffuse seepage (fig. 3.1). Some of the un
derground streams are the subsurface links in discontinuous surface streams that disappear 
underground and reappear as springs elsewhere. Most of the underground streams, however, 
have large solution openings at the top of the saturated zone which carry much of the ground 
water to springs. The underground streams tend to branch upgradient in arterial fashion and 
represent the more permeable parts of the saturated zone; the water table is depressed along 
the arterial system so that the underground stream meets the surface stream almost at grade. 

The uneven distribution of permeability beneath the surface karst streams causes them to 
lose or gain water, depending on the position of the water table with reference to stream level. 
A ~urface stream may disappear or lose water where the losing stretch is permeable, and it may 
gam water where the rock is less permeable in those reaches where the water table is above 
stream level. 

The scarcity of soils, the scarcity of water at the land surface, and rugged terrane are com
mon karst features that are not conducive to a flourishing and expansive development with
out consideration of associated problems. Uneven distribution of permeability may pre-
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Figure 3.1 Distribution of large springs in Missouri. (After H. C. Beckman and N. S. Hinchey). 

vent man from optional use of the environment and leads to too much water at some places 
and times and not enough at other times or other places. Coping with the diversified prob
lems of karst regions starts with an understanding of general principles of karst hydrology 
which can be applied to specific data of the particular karst area. 
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3.1. 
THE EFFECT OF HUMAN ACTIVITY ON A LOWLAND KARST AQUIFER 

ABSTRACT 

by DAVID DREW 
(Trinity College Dublin) 

The coastal region of southwestern County Galway in western Ireland is a lowlying lime
stone plain. The area is characterised hydrologically by high water levels and severe flood
ing during the winter. In the summer months, by contrast, most rivers become dry and 
water supply for agricultural purposes is a major problem. 

Attemps to lessen winter flooding by arterial land drainage schemes have diminished 
groundwater recharge and storage within the karst aquifer. Free drainage has aggravated 
groundwater pollution. Successful management of the aquifer requires that a balance be ob
tained between flood alleviation schemes and groundwater conservation. 

1. Study Area 

Much of central Ireland is underlain by limestones of Carboniferous age. The landscape is an 
undulating lowland between 10 and 150 m a.s.l. To the west of the River Shannon the lime
stones are karstified. The degree of karstification correlates with a thinning of the glacial 
drift that blankets the lowlands. 

The Clarinbridge River considered in this study drains 102 km2 of land adjacent to Galway 
Bay and its hydrology is thought to be representative of that prevailing over a much larger 
area of the western lowlands. To the north and south the drainage is wholly karstic, a series 
of springs at or near the coast being the major outlet for groundwaters. 

The visean limestones range from thinly bedded argillaceous to thick bedded crystalline 
rocks. Joint systems are well developed particularly in the more massive strata. In geohydro
logical terms the argillaceous limestones have a somewhat lower storativity (1-5 %) than the 
crystalline limestone (3-8 %) but both limestones possess high secondary permeability and 
are considered to be potential aquifer formations. In practice the character of the limestone 
is of less significance in hydrological terms than is the nature of the overlying glacial and Hol
ocene deposits. The entire basin is overlain with glacial material ranging from compacted, 
clayey lodgement till to sorted, coarse-grained esker deposits. Although these deposits rarely 
exceed 10 m in thickness, their differing permeabilities have profound effects on the hydro
logy of the area. 

In the Clarinbridge basin mean annual precipitation is 1077 mm of which c. 615 mm (57 %) is 
effective precipitation. During normal years recharge to groundwater takes place for 7-9 
months. The gentle gradients and complex topography tend to minimise quickflow processes. 
The limiting factor on groundwater recharge is the nature of the regolith cover rather than the 
nature of the bedrock. Infiltration rates through the glacial deposits range from 
0.8-250 mm/hour whilst the bedrock itself has permeabilities 2-5 orders of magnitude higher. 
Aquifer recharge rates are therefore are ally very variable, and in areas of peat bog with infil
tration rates of less than 2 mm/hour the aquifer is effectively confined. Thus, the free-drain
ing limestone is buffered by the overlying deposits and to a large extent the two formations 
function as a single hydrological unit under natural conditons. 
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2. Human Intervention 

Figure 3.2 compares present day surface hydrology of the basin with the natural conditions 
prevailing in the early C19th. The Clarinbridge basin did not exist as a discrete entity. The 
streams rising in the northeast of the area terminated in lakes some 5-15 km from the coast 
and there was no direct surface drainage to the sea. Thus, under natural conditions all effec
tive precipitation was converted to groundwater, the discharge points being the coastal and 
inter-tidal springs on the shores of Galway Bay. 

From the middle of the nineteenth century onwards, Government schemes of land drainage 
have been implemented in Ireland. The primary purpose of these projects has been to im
prove the quality of seasonally inundated farmland. In the Clarinbridge basin c. 20 % of the 
land was subject to periodic flooding. In general, land drainage has been undertaken in re
sponse to pressure from agricultural interests with comparatively little attention paid to its 
effects on other aspects of the regional hydrology. The original drainage density of the Cla
rinbridge basin was c. 0.2 km channel!km2 ; this has been increased to c. 4 km/km2• In the 
upper part of the basin a rectalinear net of closely spaced ditches leads into the deepened and 
straightened original stream course. In the lower part of the catchment a wholly artificial ri
ver has been excavated in bedrock leading to sea and linking what was formerly a series of 
seasonal lakes. 

Drainage has had the desired effects in terms of relieving seasonal inundation of land, 
though the artificial river is subject to very severe flood pulses following heavy rainfall. Du
ring the early summer the river becomes influent progressively further upstream and is nor
mally completely dry in its lower 5-9 km for 3-6 months of the year. 

Such large scale interference with surface hydrology has caused corresponding changes in 
groundwater conditions. The configuration of the watertable surface within the basin is 
shown in Figure 3.3. The summer situation is likely to be that which prevailed prior to land 
drainage. Hydraulic gradients average, 5.7 m/km, except in the lower basin where gradients 
are slight and groundwater levels show a tidally induced oscillation. There is no relationship 
between surface•topography and drainage and the watertable. Flow of groundwater through 
the aquifer is divergent - the greater component moving west-northwest and a lesser flow 
component flowing west-southwest. Both flows resurge at coastal springs outside the Clarin
bridge basin. During the transition to wetter conditions (Figure 3.3 b, c) the pattern of 
groundwater flow alters, becoming oriented on the artificial river courses which function as 
effluent streams. This is particularly true of the sections of channel which have been excava
ted into bedrock. By mid-winter the Clarinbridge basin is a hydrological unit in both surface 
and subsurface terms. 

3. Conclusions 

The indirect effects of land drainage have thus been several: 

A. The high drainage density has increased direct runoff from the basin from zero to c. 
40 % of effective precipitation. Aquifer recharge has been correspondingly reduced. 

B. Formerly, groundwater recharge occurred over a large proportion of the basin area, the 
amounts being quantitatively related to the permeability of the surficial deposits. The 
present day rapid removal of excess rainfall via drainage channels means that recharge 
is now much more localised as line recharge from stream channels during the spring and 
fall months. 
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Figure 3.4 Groundwater Malenclave (Nitrate) from point recharge source. (Clarinbridge Basin) 

C. Where channel excavation has penetrated bedrock, point recharge occurs when the stream 
bed intersects zones of high transmissibility in the limestone. Water tracing using 
fluorescent dyes, from such inputs suggest that such zones transmit water at flow rates of 
15-200 m/hour, compared with regional groundwater flow rates of 1-25 m/hour. Analy
sis of dye concentration downflow of the input show relatively concentrated flow plumes 
and low levels of diffusion. 

D. The combination of point or line inputs of water and the removal of the drift cover with 
its high filtration capacity has served to increase local aquifer pollution. Figure 3.4 illus
trates the nitrate plume in the aquifer derived from a polluted sinking stream. 

E. The effect on water resources of land drainage has been to lessen over-season storage wit
hin the aquifer, to the extent that during a dry summer water table levels fall rapidly lea
ving many wells dry. The buffering effect of the surficial deposits has been largely short
circuited. 

F. In the Clarinbridge basin the emphasis on flood alleviation has produced adverse effects 
on the groundwater regime, lessening both water resources and water quality. Under na
tural conditions the rapid flow-through of water in the highly permeable karst aquifer 
was counterbalanced by the nature of the overlying deposits and by the lack of surface 
drainage. Water resource management in such areas will require a more integrated ap
proach in order to optimise solutions to conflicting demands. 
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3.2 
POLLUTION OF KARST WATER IN THE OZARK REGION, MISSOURI 

by HARRY E. LEGRAND, 
(Raleigh). 

Much of the southern half of Missouri, representing the Ozarks province, is underlain by 
limestone. This region, as well as other regions underlain by limestone and other carbonate 
rocks, tends to have unusual hydrologic conditions that lead to water problems not common 
in other settings where the rocks are less soluble. The Ozark region is a representative lime
stone region in which a variety of pollution problems occur. 

The Ozark region of Missouri is a moderately low plateau with rolling hills, characterized by 
a low east-facing escarpment separating the Salem Plateau from the Springfield Plateau of 
the west. This entire region is underlain by soluble limestone and dolomites. These rocks ap
pear to be flat-lying but dip slightly to the west. These soluble rocks, of Paleozoic age, range 
in thickness from about 350 meters to more than 500 meters. 

The region has been exposed to long periods of mechanical and solutional erosion. Surface 
streams have cut fairly deep valleys, producing locally a rugged, hilly topography. Most of 
the region is covered with stony soil of variable thickness weathered from the soluble rocks. 

The hydrology of the Ozark region can be considered as ,active". The humid climate, the 
permeable soil and rocks, and the hilly topography combine to result in a good groundwater 
circulation system. Most of the region receives more than 100 cm of rain a year, fairly evenly 
distributed in time. Water infiltrates readily through the permeable soils into fractures in the 
rock that have been enlarged by solution. Through these solution openings and caverns wa
ter moves readily to low places, such as caves, and reentrants in valleys, where it discharges 
as springs. Large springs are common in the karst area as noted in Figure 3.1, (p. 193). 

In the Ozarks a ,vein and artery" type of permeability has developed, especially in the upper 
part of the rock formations, where water can circulate readily. In many cases, water on the 
upland hills finds a small fracture leading laterally and downward to larger and larger open
ings until it combines with water from other openings to discharge at a large spring. 

The Ozark region of Missouri contains large amounts of groundwater that is generally of 
good quality, but there is abundant evidence that the rate of pollution has been increasing. 
Many springs are polluted and contain high concentrations of fecal coliform, as do many 
wells that draw water from the upper part of the rock. The opportunity for a much greater 
degree of pollution exists because of easy access of water from precipitation into the caver
nous rock. 

Traditional waste disposal practices of sanitary landfills and use of septic tanks are common 
in the Ozarks. Oxidation lagoons have increased greatly in the past 15 years for disposal of 
liquid wastes from small towns, suburban developments, mobile home courts, and private 
homes. Spray irrigation of liquid effluent is becoming attractive, but there are restraints be
cause of the possibility of leaching pollutants into the underlying groundwater system. A 
practice of dumping refuse in sinkholes has caused some pollution because water from sink
holes tends to have ready access to springs. This practice has been reduced because of recent 
solidwaste regulations that require putting refuse in sanitary landfills. 

The interesting travel sequence of some water used by the city of Springfield indicates the 
complex water and pollution circulation system in a karst region. Three km northeast of the 
city, at Valley Water Mills, is an artificial lake fed by a spring; from this lake the city has a 
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25 cm water main to a swallow hole in the dry bed of Dry Sac Creek, from which point this water 
passes through cavernous rocks in natural conduits to Fulbright Spring and Ritter Springs 
northwest of the city. Water is pumped from the waterworks at the Springs into the city's dis
tribution system (Vineyard & Feder, 1974). Sewage is piped to a treatment plant on Wilson 
Creek southwest of the city. In a reach of the stream at the outfall of the treatment plant both 
water and partially treated effluent are lost to underground solution channels (Harvey and 
Skelton, 1970) for more than a mile before reappearing at Radar Spring. The discharge from 
Radar Spring, which flows back into Wilson Creek, is turbid and sometimes has a noticeable 
odor beause of lack of aeration in its alternating surface and underground courses and has 
opportunities to be polluted both above and below ground. Thus, there is alternate ,above 
ground" stream flow and ,below ground" channel, or stream, flow both before the water is 
used at Springfield and after it becomes effluent from the city. The channelized karst water 
- some places in surface streams and other places in subsurface streams - requires careful 
study and observation to prevent pollution. 

Prior to the enactment of the Solid Waste Law in 1972 open garbage dumps were common in 
the Ozarks. A practice in the past was to dump refuse into sinkholes, where water from preci
pitation had easy access to open cavities and thus to the aquifer; as a result, pollution from 
such dumping was common. Present regulations require that solid wastes be placed in a sani
tary landfill in which each day's accumulation of solid waste is compacted and covered by a 
layer of earth. Conventional favorable conditions are required, such as: (1) relatively imper
meable soils to retard movement of leachate, (2) a water table well below land surface and a 
soil buffer zone to prevent groundwater from being in direct contact with waste, and (3) 
thick soils to retard leachate movement and to provide adequate cover material. Favorable 
requirements are not common in the Ozark region because of thin soils locally and because 
of the permeable character of the underlying cavernous rock. 

Government officials in the Ozark region of Missouri are aware of the pollution problems 
that have occurred and realize that preventing, rather than trying to correct, problems is the 
best procedure. These officials emphasize a framework for insuring water of good quality 
that includes: ( 1) defining and studying the sources of current and potential pollution, (2) 
enacting regulations that would prevent deterioration of the water quality, and (3) enforcing 
the regulations. 

An overview of the range in hydrologic conditions and of the complex interrelated problems 
in the karst area of the Ozarks indicates that simple and rigid regulations and controls are not 
necessarily in the best public interest. Although good legal and administrative organizations 
are essential for these organizations to be effective, they must have coordinated input from 
specialists in the geologic and hydrologic environment within which the authority is exercis
ed. 
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3.3 
INVESTIGATION OF POLLUTION OF THE KARSTIC 

AQUIFER OF THE MOUNT GAMBlER AREA IN SOUTH AUSTRALIA 

by 
J. D. WATERHOUSE, GEOLOGIST, 

(S. A. DEPARTMENT OF MINES) 

Hydrogeological problem - type of karst 

The study area is underlain by a Tertiary karstic limestone 100 to 300 metres thick, which 
stores and transmits to the sea all rain water falling to the area in excess of evapotranspira
tion. Topographically relief is low, with no surface drainage lines, but rather a series of dis
connected hollows and plains between lines of Pleistocene dunes. The water table ranges 
from 2 metres below the ground near the coast to 25 metres deep in the north of the area. 

Until recent years all domestic, industrial and agricultural effluent was discharged under
ground, down wells, boreholes and sometimes caves. The water supply for the city of Mount 
Gambier is taken from a water-table lake in a nearby volcanic crater, which lies downgra
dient from the city and its pollution load. 

The karst formed before, during and after the recent glacial periods in the northern hemi
sphere, and has been largely drowned by the water table rising in response to the post-glacial 
rise in sea level. Joint controlled caves, a few of which extend for hundreds of metres, are 
common, and often reach the water table. Sand-infilled, vertical solution tubes and dolines 
are found in almost every excavation. Water filled sinkholes up to 75 metres in diameter are 
the most spectacular karstic feature, and some extend at least 50 to 100 metres below the wa
ter table. These karstic features provide ready access to the groundwater for effluent dispo
sal, threatening not only the municipal water supply, but also the supplies of local industries 
and rural dwellers. 

Before legislative control of waste disposal could be planned or implemented it was necessa
ry to demonstrate that there was a pollution problem in the city area when compared with 
areas where subsurface waste disposal was less common. 

It was considered that effluent had been dumped underground for long enough to have dis
persed thoroughly from the point sources of disposal. 

Groundwater flow was believed to be in a southerly direction, threatening the town water 
supply with contamination. It was not known whether intergranular flow in the fossiliferous 
limestone or conduit flow in the karst features was dominant. 

A programme of water sampling was planned to examine the distribution of expected pollu
tion indicators, especially the nitrate ion. Where suitable private boreholes were not avail
able for sampling it was necessary to drill, and a 1.5 km spacing was arbitrarily selected, in 
conjunction with other studies of the karstic system aimed partly at assessing the importance 
of conduit flow. 

General investigations of the karstic hydrogeology were carried out over a period of two 
years, with several months of detailed water sampling of a network of 257 observation wells 
for chemical and biological parameters. 

A drilling programme was carried out to examine aquifer characteristics and to provide relia
ble water level measuring points. It was found that water table contours could be drawn, and 
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Figure 3.6 -Normalised distributions of sample nitrogen concentration. 

flowlines consistent with observed major spring discharges were deduced. This was impor
tant to estimate the direction of movement of groundwater which was known to be polluted. 

Karst features were studied in the field as much as time permitted. 

Results 

The nitrate ion was found to be the best indicator of pollution most of which is derived from 
organic materials (figures 3.5, 3.6). Bacteriological contamination is not common, except in 
wells which have nearby sources of pollution, and in wells which were not sampled vigorously 
enough and detected contamination of the water stored in the well, rather than in the aqui
fer. 

Very few karst features were found to have moving water, and there was no evidence of dra
matic spring flow increases or water turbidity following heavy rain. 

Together with other field observations, this suggests that the scale of the karst features is 
small. Although the features are widespread, there is not ready interconnection between fis
sures and caverns, and regional groundwater flow is dominantly intergranular, or along small 
karst features. Hydraulic conductivities for the bulk aquifer are consistent with coarse gra
vels, supporting this view. 

204 



The karst features are very important on the local scale, as they have facilitated subsurface 
waste disposal at high rates (a cheese factory discharged 30-50 kl per day of waste into a cave 
for at least 25 years without difficulty). 

Serious contamination upgradient from the Mount Gambier water supply was demonstrated, 
and action has been taken to provide alternative methods of waste disposal. Localized high 
levels of contamination were found in rural areas, from domestic and dairy waste disposal 
and areas where cattle congregate. 

Cost 

Over the period 1971-1973 the total cost of the operation was approximately $ 150,000, 
most of which was incurred in drilling. 

Recommendations 

Further study of agricultural sources of pollution (such as livestock) was recommended to 
improve the understanding of intake concentrations in rural areas. 

Alternative methods of disposal for domestic, industrial and agricultural wastes such as spray 
irrigation or connection to the partly established sewerage system were considered essential 
if water quality in the aquifer was not to deteriorate further. 

Low intake concentrations in the Lake from which the town water supply is taken demon
strated that there were no major karstic connections to it. A study of the lake water balance 
was recommended to establish its relationship to the water table aquifer, and to an underlying 
confined aquifer. 

Jt was demonstrated that the upper part of the karstic aquifer was seriously polluted, but that 
the lower part was almost free of harmful additions. A programme of testing the possibility of 
utilizing the lower part of the aquifer was suggested, with emphasis on estimating the im
portance of vertical leakage from the polluted upper zone if the development should take 
place. 

Data 

Analysis results in mg/1: 

Na Mg Ca K Cl S04 HC03 N03 Total 

Typical polluted sample 85 109 44 20 135 10 255 300 828 
Typical unpolluted sample 37 39 10 1 72 5 134 2 232 

Reference 
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Aust. 48, 61pp. 
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3.4 
TRACE ELEMENTS BEHAVIOUR IN A LIMESTONE AQUIFER 

by J. M. MARSH* and J. W. LLOYD * 

INTRODUCTION: The intention of this study has been to identify the occurrence and dis
tribution of a range of trace elements in the groundwater of a Limestone aquifer and to esta
blish the constraints imposed on their chemical behaviour by the aquifer environment. With 
this knowledge it has been possible to suggest trace element sources and to assess the aqui
fer's likely response to pollution. 

An area of 125 km2 of the Lincolnshire Limestone aquifer has been studied. In the west it is 
unconfined and partially exposed and is up to 40 m thick. It dips to the east at about 1° and 
becomes progressively more deeply buried, thinning to about 20 m. Fissure flow is predomi
nant and recharge gains access via exposed areas and swallow holes. Most flow is from the 
recharge area to abstraction centres which are situated along a roughly north-south line 
which divides the area. There is little active flow to the east of these. 

BASIC HYPOTHESIS: Previous studies have indicated marked chemical differences in the 
Limestone groundwater (Downing and Williams, 1969) and those in the east of the area have 
been interpreted in some detail (Lawrence et al. 1976). A detailed zonation of the ground
water of the whole area has been proposed on the basis of a detailed study (Marsh, 1977) and 
is illustrated on Figure 3. 7. 

An indication of the equilibrium concentration of trace elements in groundwater of a known 
composition can be obtained from thermodynamics. With a detailed knowledge of the 
groundwater chemistry, it was found that if equilibrium conditions are obtained in the aquifer, a 
general easterly decline in trace element concentration may be expected. 

It was intended to test this hypothesis, as such a natural decline would cause a reduction in 
any artificial pollution and may be of considerable economic importance. 

STUDY METHOD: Analyses of 12 elements in groundwater from 64 wells have been obtai
ned using a coprecipitation- x-ray fluorescence method (Marsh and Lloyd, 1976). Copreci
pitation was carried out in the field with the accurate measurement of pH, Eh (redox-poten
tial) and temperature at the well site. All the standard precautions were taken to ensure the 
accuracy of these measurements. 

RESULTS: The distribution of trace elements is shown on a map (Figure 3.7) and a generalis
ed section (Figure 3.8). A subdued relationship to the previously defined chemical zonation 
is apparent. The horizontal scale of the section represents an order of chemical maturity of the 
groundwater and has been calculated from the sulphate concentration and the Eh. The trends 
represented are the ,best fits' through scatter plots of the concentrations. 

The dominant trace element over most of the area is iron. It maintains a high value through
out Zones 1 and 2, which correspond approximately to the unconfined part of the aquifer 
but then declines to the east. Copper, zinc and nickel show similar behaviour but the concen-

Hydrogeological Section, Department of Geological Sciences, University of Birmingham, England 
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FIGURE 3.7 Trace element distribution in the central Lincolnshire Limestone 

tration of the former two increases slightly in Zone 4. This is a zone in which young calcium 
bicarbonate type water interfaces with old sodium chloride type water (Lawrence et al, 
1976). All the other elements measured decline in concentration to the east except alumi
nium and titanium which increase, also lanthanum concentrations decline in the west and in
crease in the east. 
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INTERPRETATION: Thermodynamic calculation indicates that a general easterly decline 
in trace element concentrations should occur, and this is what is observed. The interpretation 
is not so simple however, as in the majority of cases, the equilibrium concentration is much 
higher than that observed and all the trace elements, except for iron are undersaturated in 
solution. Limited data indicate that the initial concentrations are limited by the availability 
of soluble compounds of the trace elements. Their decline whilst remaining undersaturated 
cannot be related to their own chemistry but indicates that an external constraint is involved. 

The chemical behaviour of iron differs from that predicted by thermodynamics but not in the 
same manner as other trace elements. In Zones 1 and 2, the unconfined area, the predicted 
iron concentration would be undetectable as in the ambient chemical environment, insoluble 
iron oxyhydroxide is the stable iron species. In fact iron attains its maximum concentration in 
this area with a decline occurring to the east where solution becomes theoretically favour
able. As iron oxidation proceeds quickly, the existence of meta-stable soluble iron species can 
be discounted and it is concluded that the ,soluble' iron measured, must be in fact suspended 
oxyhydroxide of a very fine grain size. It is anticipated that the apparently stable iron con
centration in the west is maintained by the establishment of a dynamic equilibrium between 
iron input to the water, and its oxidation and precipitation. Iron sulphide contained in the 
aquifer is an abundant source of iron and sulphate which is input to the groundwater due to 
oxidation by oxygenated groundwater. When the Eh declines after the onset of confined con
ditions, the oxidation, and consequently the iron supply ceases. The equilibrium described 
above is therefore disturbed and the suspended iron concentration declines. 

Due to similar physical and chemical properties, many trace elements coprecipitate with iron 
hydroxide. The mechanism is too complex to describe here but trace element ions may be 
considered to become enmeshed in the iron precipitate. The iron solution -+ oxidation -+ 
precipitation ~ sequence occurring in the unconfined zone is concluded to cause the concen
trations of chromium, manganese, cobalt, nickel, copper, zinc, lanthanum and lead to be re
duced due to coprecipitation. 

After the cessation of this mechanism, further coprecipiiation may be possible with iron sul
phide. Sulphate reduction is the dominant reaction in Zone 3 and the sulphide products are 
unstable in the presence of iron; solid iron sulphide forms and with it may precipitate mangan
ese, cobalt, nickel and lead. Copper and zinc apparently do not do this and their concentra
tions increase, as the solubility constraint is removed. 

Aluminium and titanium differ in their occurrence as they are normally insoluble but become 
soluble at increased pH due to the formation of anionic species. 

From the data available, it is concluded that in general the trace element concentration of 
the Limestone is sufficient to give rise to the observed aqueous concentrations, but in some 
wells external sources of iron, copper, zinc and lead are indicated by higher concentrations. 
The sources could be corrodable well casing or surface pollution. 

CONCLUSIONS: It is concluded that the initial concentration of trace elements in the Lin
colnshire Limestone groundwater is limited by their availability. All trace elements excep
ting iron do not achieve saturation, but concentrations are decreased in the unconfined zone 
by coprecipitation with iron. This continues until iron sulphide oxidation ceases, whereupon 
further coprecipitation with iron sulphide may be possible. In the east there are no external 
constraints on solubility and some trace element concentrations are seen to approach equili
brium. 
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RECOMMENDATIONS: The trace element behaviour described above indicates the likely 
response of the Limestone aquifer to the injection of a polluted water. After dispersion, 
trace elements would be largely removed from solution before reaching abstracting wells. 

It is thus recommended that further studies of this nature be made. 

COSTING 

Filters 140 @ £ 10 per 100 
Chemicals 

Fieldwork - 200 man hours @ .£ 1.25 per hr 
Interpretation - 120 man hrs@ £ 2.50 per hr 

Tansport 125 km2 area 1000 m @ 12p/mile 

XRF time 60 hrs @ .£ 20 

+Overheads 

References: 

£ 14.00 
£ 10.00 

£ 250.00 
£ 300.00 

£ 120.00 

£ 1,200.00 

f 1,894.00 
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3.5 
DISPOSAL OF LIQUID WASTES IN CAVERNOUS 

DOLOSTONES BENEATH SOUTHEASTERN FLORIDA 

By F. W. MEYER ll 

Urban expansion on the southeastern coast of Florida from Miami to West Palm Beach (fig. 
3. 9) has resulted in deterioration of estuarine waters by increasing amounts of liquid wastes. 
The chief problem has been the disposal of partially treated and untreated municipal waste 
water into fresh surface water and the ocean. 
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Figure 3.9 - Map of southern Florida and bathymetry in Straits of Florida. 

l) Hydrologist, U. S. Geological Survey, Miami, Florida 
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Deep-well injection is being developed as an alternative means of disposal. In 1969 a test 
well was drilled near Miami to a depth of 1,000 meters to determine if hydro geologic condi
tions were favorable for the successful injection and storage of effluent from a privately
owned waste water treatment plant (WWTP). Development of the concept was partly due to F. 
A. Kohout, of the U. S. Geological Survey, who in 1965 cited the widespread occurrence of 
lo"st-circulation zones (commonly called boulder zones) in wildcat oil wells in southern Flori
da, and the existence of a pronounced reversed geothermal gradient near the coast (fig. 3.10). 
Also, Kohout hypothesized a hydraulic connection between the lost-circulation zones and the 
sea in the Straits of Florida. 

The test well at Miami encountered very transmissive zones (Vernon, 1970; Garcia, 1970), 
and in 1970 injection of secondary-treated effluent began at a rate of about 130 liters per se
cond into seawater-filled cavities below a depth of about 900 meters (fig. 3.10). Since 
then, deep-well disposal systems have proliferated, and in 1979 about 134 million liters of 
liquid waste were injected daily into deep wells (table 1) in southeastern Florida. 

SEA 
LEVEL 

100 

200 

300 

.., 400 
c .... 
1-.... 500 :2: 

600 

700 

800 

900 

DISPOSAL WELL 

~ 
A I 20KM 

COASTAL RIDGE KEY BISCAYNE 
BISCAYNE 

EVERGLAD.ES BAY STRAITS OF FLORIDA 

11-- OPEN HOLE 

~f----"------+------4. 

NOT TO SCALE 

Figure 3.10 - Generalized hydrogeologic section from the Everglades to Bimini. 
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The injection zone, commonly called the Boulder zone, is chiefly solution-riddled dolostone 
with cavities ranging from a few centimeters to tens of meters in cross section (Puri and Win
ston, 1974). The rocks are of early Eocene and late Paleocene age. The name ,Boulder 
zone" was coined by oil well drillers to describe the large fragments of dolostone that often 
became dislodged from the wall of the bore hole during drilling. 

The top of the Boulder zone is highly irregular, and differences of 100 meters or more are 
common between closely spaced wells. Generally, however, the top of the zone occurs at 
depths ranging from 800 to 1,000 meters in southeastern Florida. 

Table 1. - Status of deep-well injection systems in southeastern Florida 

INJECTION SYSTEMS 

1979 

Dade County 

INJECTION RATE (L/s) 

Sunset Park WWTP 285 
Kendale Lakes WWTP 155 

Broward County 
Margate Utilities WWTP 265 

Palm Beach County 
West Palm Beach WWTP 790 

Quaker Oats, Belle Glades 45 

Indian River County 
Hercules Inc., Vero Beach 10 

PLANNED INJECTION SYSTEMS 

1980-85 

DadeCounty 
MDWSA South District WWTP 

Broward County 
Fort Lauderdale, Port Everglades WWTP 

Southwest Broward WWTP 
Margate WWTP (expansion) 

Martin County 
StuartWWTP 

Palm Beach County 
Belle Glades Regional WWTP 

Brevard County 
Melbourne WWTP 

TOTAL= 1550 

INJECTION RATE (L/s) 

4380 

1535 
265 
265 

175 

440 

525 

TOTAL= 7585 
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2010' 
(613 m) 

2040' 
(622 m) 

2070' 
(631 m) 

2100' 
(640 m) 

Figure 3.11 - Acoustic televiewer log of Hercules test well showing cavities and fractures. Indian River 
<;::ounty; NE/4 NE/4 SEC25 T33s, R38E. Bit size 12 1/4" (31 cm) . Sept. 22, 1978. 

The Boulder zone is about 300 meters thick, and the base coincides with bedded anhydrite 
and gypsum in rocks of early Paleocene age. Overlying and confining the Boulder zone are 
alternating beds of limestone, chalk, and dolostone which separate the Boulder zone from 
the overlying brackish zones of the Florid an aquifer. Overlying the Floridan aquifer are sand 
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and clay beds of Miocene age that separate the saline artesian waters in the Floridan aquifer 
from the potable water in the unconfined Biscayne aquifer. 

In 1973 a preliminary evaluation of the hydraulic characteristics of the Boulder zone, based 
on natural water-level fluctuations in a disposal well (Meyer, 197 4 ), suggested that the hy
draulic diffusivity is at least 2 x 1010m2/d; the transmissivity (based on only a few meters of 
penetration) is at least 3 X 105m2/d; and the storage coefficient is about 1.5 x 10-5. Since 
then, performance tests of three injection wells (600 millimeters in diameter) which pene
trate 200 to 300 meters of the Boulder zone at West Palm Beach, suggest that the transmissivity 
is 2 to 3 times that determined from the partially penetrating well. 

The capability of the Boulder zone to accept high rates of liquid injection has been demon
strated and is generally an accepted fact. However, the capability of the overlying beds to 
completely confine the injected wastes to the Boulder zone remains to be demonstrated. Ap
parently the confining beds are of low permeability; but high-angle fractures, which could 
provide avenues for upward movement of the less dense waste fluids, have been reveal
ed recently by an acoustic televiewer survey of boreholes (Zemanek and others, 1969). The 
fractures appear as sinusoidal black lines at about 619 meters (fig. 3.11). Cavities, or soft 
materials, usually show as black, or dark spots, while dense rock shows as white. 

The potential for upward migration by buoyant forces has been recognized by regulatory 
agencies, and monitoring requirements have been established to assess the potential. The 
density of the waste water is about 1,000 grams per Liter (g/L), and the density of the native 
fluid (seawater) is about 1,025 g/L. The native fluid is displaced by the injected waste; there
fore, the buoyancy is directly related to the thickness of the waste lens and the density diffe
rence. Monitoring for upward migration is accomplished by sampling wells in and above the 
confining strata. 

Also of concern is the possibility that waste injection may rule out the possibility of using the 
colder water (approximately 16°C) in the Boulder zone for heat-exchange purposes. The col
der water represents a significant source of energy if used for cooling. Currently under consi
deration are projects which would use the colder water for air conditioning and thermally re
lated power production. 
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3.6 
ALTERATIONS IN THE CHEMISTRY OF AN INDUSTRIAL WASTE LIQUID 

INJECTED INTO LIMESTONE NEAR PENSACOLA, FLORIDA 

by JOHN VECCHIOLI 1>, G. G. EHRLICH 2>, E. M. GODSY 2>, and C. A. PASCALE J) 

Introduction 

An industrial waste liquid containing organonitrile compounds and nitrate ions has been injec
ted since June 1975 into the lower limestone of the Floridan aquifer at a site near Pensacola, 
Florida (fig. 3.12). The U. S. Geological Survey, as part of its nationwide research program 
to study the effects of injection of waste liquids on the subsurface environment, investigated 
the chemical changes that occurred to the waste liquid during its residence and movement in 
the limestone host rock. Data from inorganic and organic chemicals, dissolved gas, and micro
biological analyses of liquid backflowed from the injection well and of liquid sampled from a 
nearby monitor well indicated that the injected waste liquid undergoes substantial chemical 
changes in the subsurface. The chemical changes observed are documented and interpreted 
in relation to the biochemical processes operating within the injection zone in a paper by 
Ehrlich, Godsy, Pascale, and Vecchioli (1979). This article summarizes the more salient fea
tures of the investigation reported in the aforementioned paper, which was published in 
Ground Water, v. 17, no. 6. 

The investigation was supported by the Florida Department of Environmental Regulation 
and the American Cyanamid Company, owner and operator of the injection facilities. 

INJECTION SITE 

JACKSONVILLE 

N 

t 
~- .... , 

Figure 3.12 - Location of injection site in northwest Florida. 

l) U. S. Geological Survey, Tallahassee, Florida 32303 
2) U. S. Geological Survey, Menlo Park, California 94025 
3) U. S. Geological Survey, Atlanta, Georgia 30309 
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Hydrogeology 

The hydrogeology in the area of the injection site is shown in figure 3.13. The injection zone 
is within the lower limestone of the Floridan aquifer, which at the site is composed mostly of 
dense, hard limestone of late Eocene age. Small solution openings in the limestone provide 
the principal porosity through which groundwater flow occurs. The lower limestone has a 
transmissivity of 135 m2/d and a storage coefficient of 2.6 x 10-4 • Caliper logging and flow
meter testing in the injection wells suggest that nearly all of the flow takes place within the 
top 18 meters of the lower limestone. Water in the lower limestone of the Floridan aquifer is 
tightly confined by the overlying Bucatunna Clay Member of the Byram Formation of early 
Oligocene age (fig. 3.13). 

In the area of the injection site, the lower limestone of the Floridan aquifer contains saline 
water of the sodium chloride type. Dissolved-solids concentration of water obtained by arte
sian flow from the primary injection well was 12,700 mg/L and from the standby injection 
well was 12,000 mg/L. Water in the upper limestone of the Floridan aquifer and in the surfi
cial sand-and-gravel aquifer is fresh. 

Chemical Changes 

Changes in the chemistry of the injected waste liquid were studied in two ways. First, the pri
mary injection well was allowed to back flow for about 72 hours from November 14-17, 
1977, at a rate of 11.4 to 12.6 L!sec. Samples of the backflow were collected periodically and 
chemical analyses of these samples were compared with analyses of the waste liquid injected 
a short time before the start of backflow. The backflow test provided information on chemi
cal changes occuring to the waste liquid soon after injection. Longer-term changes were de
termined by evaluating analyses of liquid collected from the deep-test monitor well, 312 me
ters from the primary injection well. 

The altered waste liquid recovered at the end of the backflow test was calculated to have pe
netrated 14 meters into the formation and to have had an aquifer residence time of 107 
hours. Calculations were based on assumptions of homogeneous permeability and porosity in 
the aquifer, no density separation, and plug flow. Substantial changes occured to the waste 
liquid, as evidenced by the data in table 1. Differences in the concentration of nitrogen spe
cies in the backflow relative to their concentration in the injected waste liquid are particular
ly evident. Organic-Nand NOj-N concentrations decreased with increasing aquifer residen
ce time while concentrations ofNH! -N, NOz-N, N20-N, and N2increased. The loss of nitrate 
with appearance of nitrous oxide and elemental nitrogen is characteristic of bacterial nitrate 
respiration, and, indeed, the bacterial flora of the backflow was dominated by denitrifiers. 
The decrease in organic nitrogen is accounted for largely by the increase in ammonium, but 
some organic-N likely was lost due to bacterial uptake for biosynthesis. 

With respect to the longer-term alterations, the degree of mixing of the waste liquid with the 
native groundwater at the deep-test monitor well, 312 meters away, was evaluated on the 
basis of sodium thiocyanate and chloride-ion concentration changes. Sodium thiocyanate 
(NaSCN) present in the waste, but not in the native groundwater, appeared to persist un
changed during travel through the formation; and increases in NaSCN concentrations at the 
monitor well compared closely with decreases in Chloride concentration changes. By No
vember 1977, nearly 900 days after injection began, the N aSCN concentration appeared to 
be approaching the waste-liquid median concentration of 83 mg/L. On the basis of the 
NaSCN and chloride concentrations, the liquid sampled from the monitor well at this time 
was nearly undiluted, but chemically altered, waste liquid. 
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Nitrate, present in the waste liquid at a median concentration of nearly 400 mg/L NOjN, was 
not detected at the monitor well. Instead, a November 15, 1977 sample showed N2 dissolved 
gas concentration of 145 mg/L, and no N20-N or NO;!-N. Nitrous oxide and nitrite are tran
sient intermediate species in denitrification and their absence together with the absence of 
nitrate indicates that the denitrification process is completed within a distance less than the 
312 meters from the injection well. 

Table 1. Concentration of Selected Chemical Components in Backflow, November 14-17, 
1977, and in Waste Liquid Injected Before Backflow (Data in milligrams per lit er, except as 
indicated.) (Analyses by U. S. Geological Survey.) 

Sample type Waste liquid Backjlow 

Date of sampling 13' 142 14 15 16 17 
Elapsed time (hours) of backflow 16.0 40.0 64.5 
Aquifer residence time (hours) 18 39 73 107 
pH 6.7 6.8 8.1 8.2 8.0 7.9 
Alkalinity 25 29 257 410 543 641 
Bicarbonate (HCO)) 35 313 500 662 781 
Chemical oxygen demand (COD) 1624 1400 1300 1200 
Dissolved organic carbon (DOC) 2903 330 430 400 320 
Organic nitrcgen (N) 197 190 160 120 120 100 
Ammonium (NH~-N) 30.5 38 70 84 95 100 
Nitrate (NO)-N) 235 210 161 133 ro2 87 
Nitrite (NO;-N) 0.5 1.3 8.8 10 10 9.3 
Nitrogen (N2 -N) 24 28 43 
Nitrous oxide (N20-N) 27 46 59 
Total nitrogen (N) 463 451 404 402 
Sulfate (son 1200 1300 1SOO 
Cyanide (CN-) 7.5 8 5.5 
Sodium thiocyanate (NaSCN) 57 44 35 55 41 
Methyl alcohol (CH30H) 5.2 5.6 5 3 
A~;etone 1.6 1.4 1.5 
Acrylonitrile 26 31 16 8.3 

I Composite 24-hour sample of treated waste liquid "collected on 11-13-77. 
2 Sample of waste liquid collected on !"1-14-77 shortly before backflow commenced. 
3 Value is TOC concentration. 

(Reprinted from Ground Water, 1979, v. 17, no. 6, p. 566. Original article by G. G. Ehrlich, E. M. 
Godsy, C. A. Pascale, and John Vecchioli.) 

Other notable long-term chemical changes in the injected waste liquid were a reduction of 
organic-N concentration from an input median concentration of 220 mg/L to about 20 mg/L 
and a corresponding increase in NH! -N, from an input median concentration of 18 mg/L to 
about 40 mg/L. An 80 percent reduction in COD accompanied the nitrogen-species trans
formations. Alkalinity, pH, and bicarbonate concentration all increased with time at the 
monitor well, reflecting the mineralization of the organic compounds. Acrylonitrile, volatile 
fatty acids, and low molecular weight alcohols have not been detected at the monitor well. 

The NaSCN concentration changes at the monitor well were used to determine the dispersi
vity of the upper 18 meters of the lower limestone. A dispersivity of 10 meters was calcula
ted, applying the method described by Ren Jen Sun (Reeder and others, 1976, p. 56-70). 
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Conclusions 

Extensive chemical changes occurred in an industrial waste liquid containing organonitrile 
compounds after subsurface injection into a limestone aquifer. The major transformations 
involved reduction of nitrate to elemental nitrogen and the concomitant oxidation of organic 
constituents to carbon dioxide and ammonia. These reactions are mediated by bacteria and 
occur immediately after injection. The bacterial waste stabilization process which occurs in 
the injection zone near the primary injection well behaves in the same way as the engineered 
waste stabilization system known as an anaerobic filter. Thus the injection of this waste li
quid into the limestone aquifer in effect results in treatment as well as storage of the waste li
quid. 
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3.7 
CONNECTION BETWEEN THERMAL SPRINGS IN BUDAPEST 

AND MINING ACTIVITY 

by L. ALFOLDI 

(Research Center for Water Resources Development 
Budapest, Hungary) 

Problems and Hydrogeologic Framework 

The karst water table in the upper Triassic dolomites and limestones, (Carnian and Ladinian 
stages), lowered 15 to 20 meters regionally around the towns ofTatabanya and Dorog, Hun
gary, in response to groundwater intrusions and the subsequent dewatering of mines. The 
water-level decline is reflected in the cessation of flow of most of the lukewarm springs, 
which originate along the tectonic lines bordering the Buda-Philis Mountains. Continued de
velopment of the mines will produce an additional SO to 100 meter water-level decline in the 
cone of depression. The problem arises from the effect of this concentrated dewatering on 
the thermal springs in Budapest and in particular the Budapest spa. 

At the base of the mountains, deep karstic reservoirs, covered by 800 to 1,500 meters of im
permeable sediments, are the source of two hydrodynamically connected flow sytems. The 
northern, fast flowing, lukewarm system is less mineralized and regionally separate from the 
southern, chemically concentrated, slow moving, warm water system. Both flow systems recei
ve recharge by infiltration derived from the bordering mountains and reach a common dischar
ge zone along deep forced paths (figure 3.14) 

Methods of Study 

To save the expense of a drilling investigation, the indirect and complex method of evalua
ting each of the associated components of the total karstic reservoir was chosen. 

The petrology, mineralogy, and geochemistry of the area were investigated. The water was 
examined for water quality, isotopes present, age, pressure, and geothermal conditions. The 
water balance was also described. A geological recovery study employed the following me
thods: (a) geothermal and hydrodynamic recovery measurements, (b) water sampling of pro
duction wells, (c) watertable measurements at observation wells, (d) remote sensing inter
pretation, (e) spring flow measurements, and (f) surface runoff measurements. 

Three geologists, three technicians, and two workers conducted the extensive investigation 
for one year. Thermal logs were run in 16 wells. Water age information was gained from 15 
wells. Total chemical analysis on 40 rock samples and chemical analyses of water from 50 
wells was performed. Previous data, including 2000 coal drill holes, 500 water supply wells, 
20 wells for thermal water, and 12-year data lines from 50 observation wells were evaluated 
along with geological and geophysical maps. 

Results 

Under natural conditions, several flow systems existed in the karstic rocks of the northern 
Transdanubian Mountain Range and in the adjacent covered carbonate rocks. As as result of 
dewatering, these natural flow systems of Budapest have been radically altered in the last 
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Subsurface boundary 

of karsfic rocks 

Karsfic rocks 

on the surface 

Karsf wafer flow line 
under the surface 

Figure 3.14 The Budapest subsurface thermal water flow system. 

1 inch= 
25.6 miles 

few decades and most of the springs have gone dry. The fast flowing, lukewarm system is 
especially influenced by the decline in the karst water table; while the slow moving thermal 
branch has been left intact. Only the upper 300 to 500 meters of the 3,000 meter thick, fissu
red carbonate rocks are karstified, while the lower zones have abundant fissures. Structural move
ments, erosion, and the subsequent covering of the karstic rocks by impermeable layers 
caused vertically and spacially isolated forced water flow paths to be formed. The spatial dis
tribution of the flow system was calculated using measurements of water pressure, water age, 
water chemistry and water and thermal balance, along with investigations of the surrounding 
geothermal and structural circumstances (figures 3.14 and 3.15 a). The difference in water 
head and the reduction in the volumetric weight of water by geothermal heating produces the 
driving energy of the flow system. The functioning of the system by quasi-continuous infiltra
tion classifies it as ,a geothermal water flow system with hydraulic control." 

-
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Figure 3.15 B) Recommended artificial recharge diagram. 

Recommendations 

c 

Thermal water production could be maintained in the vicinity of mine dewatering if the wa
ter-level decline in the cone of depression were to be retarded by favourable geological cir
cumstances. Artificial recharge of some or all of the withdrawn water would also conserve 
the functioning of the thermal system (fig. 3.15 b). 

When the hydrogeologic model of the area was perfected, recommendations were made to 
occasionally perform mathematical simulations. Estimates were made of total water and 
thermal source water. After the catchment and recharge areas were delineated, the following 
was recommended to change the de watering practices of the area. The total amount of water 
discharged by thermal water production and mine dewatering should not exceed the amount 
of natural recharge. An artificial recharge plan and enlargement of the existing observation 
network is recommended, with the assumption that observation wells could be used for arti
ficial recharge, if needed. 
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3.8 
CONNECTION BETWEEN LAKE SPRING 

OF HEVIZ AND MINING ACTIVITY 

by T. DOCKER 

(Research Center for Water Resources Development, 
Budapest, Hungary) 

Problems and Hydrogeologic Framework 

Mining activity near Nyirad has lowered the water-table about 80 meters between 1951 and 
1975. Future mining will lower the water-table a projected additional80 meters. This paper 
examines the possible effects of mine dewatering on the lake of Heviz, which is valuable for 
therapeutic purposes. The mines and the lake are located at the western foot of the Transda
nubian Mountain Range, where carbonate rocks have been sloped along the bordering tecto
nic lines (figure 3.16 a). The karstified dolomite is covered with 60 to 80 meters of Upper 
Pannonien sediments. 

It is thought that the recharge of the lake spring of Heviz originates from Balcony and Kesz
thelyi Mountains, where its subsurface flow is to the west, along paths determined by imper
meable rocks. It then flows back to the east along tectonic lines where it mixes with the confi
ned water of the Upper Pannonian aquifer until it reaches the lake of Heviz (figure 3.16 c). 
If the cone of depression from mine dewatering interferes with the catchment area of the 
lake spring of Heviz, the discharge of the spring will be reduced. Therefore, the most im
portant task of the study was to delineate the flow directions of recharge to the spring. 

Methods of Study 

A complex study of the subsurface catchment area was undertaken, including geological, hy
drological, chemical, geothermal and water age investigations. Geophysical measurements 
were made and data from more than 2,000 bore holes and 5 bore holes drilled around 
the lake were studied to investigate the geology of the area. Thermal logs were run in 25 bore 
holes. Analyses of water chemistry and age were made at 50 wells. Divers investigated the 
cave of the spring in the lake of Heviz. Records of water pumped from mines and of water 
levels were examined and the water budget of the area prepared. The total cost of the study, in 
addition to the thermal logs, chemical and water age analyses and 725 meters of drilling, re
quired the following personal: 1 year for a measuring team, 112 year for a geophysical team 
and 5 months for four engineers and technicians. 

Results 

1. The thickness of the Neogene sediments on the carbonate basement varies from 10 me
ters to 5,000 to 6,000 meters. The structure of the carbonate basement is characterized 
by a compression feature. 

2. The water table map prepared from well data and the geothermallogs both confirmed the 
flow directions initially supposed. The water flow from Zalaegerszeg to Heviz is possible 
with the aid of , thermal lift". The analyses of water age also support the flow directions 
(figure 3.16 c). 

3. The mixing of water of different ages was confirmed by the range in age of water near the 
lake of Heviz of between 1,500 and 14,000 years. 
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4. Four mean types of water were distinguished on the basis of chemical analyses. 

5. The spring cave of Heviz was discovered with the help of divers. The water temperature is 
17.2°C in the eastern part of the cave and hot springs of 41.8°C have their source in the 
western part (figure 3.16 d). 

6. The water table map indicates that the lake is the discharge point of the western hot and 
eastern cold karst water reservoirs (figures 3.17 a, b). The total yield of the lake spring has 
been resolved into components. Karstic water from Keszthelyi and Bakony Mountains 
comprises 80 % of the spring and 20 % is confined water from the Upper Pannonien 
aquifer. 

7. The mean discharge of the lake was 517 liters/sec. for the period record 1951 to 1969. 
The discharge has decreased since 1970 and the distribution curve of the water has shif
ted toward the confined water (figure 3.17 c). 

8. Mine dewatering has affected the discharge of the lake spring ofHeviz (figure 3.16 b, c). 
The following changes in the total water balance have occurred in the past 20 years: dis
charge of stored karst water has increased by 23 m3 /minute, spring discharge decreased 
by 82m3/minute, water originating from the Upper Pannonien aquifer increased by 
45 m3 /minute. The pressure head in the vicinity of the lake has decreased by 20 %, which 
has decreased the discharge of the spring by 10 %. 

9. Recent pumping test analyses indicate that the transmissibility of the karstic rocks is a
bout 1,100 m 2/day and the porosity is about 3 %. 

Recommendations 

The study established a minimum discharge for the lake spring of He viz which is necessary to 
maintain the present biological, geothermal, and therapeutic conditions of the lake. The ne
cessary defensive measures have also been outlined, which include modification of present 
mine dewatering techniques and artificial recharge on the catchment area of the spring to 
maintain the present head of water in the aquifer. 
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3.9 
THE DISTINCTIVE FEATURES OF PREDICTING TOTAL WATER 

DISCHARGE TO DEEP-LEVEL MINES IN FISSURED AND KARST ROCKS 
(EXEMPLIFIED BY ONE OF mE NORTHERN URALS MINERAL DEPOSITS) 

by V. D. BABUSHKIN, Z. P. LEBEDYANSKAYA and 
I. I. PLOTNIKOV 

(USSR) 

In fissured and karst rocks, the zone of groundwater occurrence (full saturation) is common
ly subdivided into three zones: a) interconnected karst, where subsurface conditions of in
tensive water withdrawal commonly form regional cones of depression; b) local karst, where 
karstification of rock occurs in local area, and therefore cones of depression developed with 
limited dimensions; and c) fissure water, where the permeability of rocks is mainly caused by 
jointing due to the significant decrease in karstification of rocks with depth. 

When a cone of depression is within the subzone of interconnected karst, hydrogeological pre
dictions can be made by using analogue simultation as shown by Babushkin et al, 1972; 1975, 
i. e. in the same manner as in granular rocks, but when simulating the hydrogeological condi
tions in the subzone of local karst it is necessary to combine the use of analogue simulation 
with statistical probability methods. The problems associated with the local karst sub
zone are exemplified by studies concerning mineral deposits of a karst basin in the North
ern Urals. 

The basin under consideration is a gentle depression elongated in a meridional direction with 
a width of 13-15 kilometers and length of several tens of kilometers. Mineral deposits of the 
basin are confined to the syncline, composed of sedimentary and volcanic rocks of Silurian 
and Devonian ages dipping to the east 20-25 degrees. The carbonate rocks, increasing from 
west to east, attain a thickness of 1000-1300 meters. In the west and east, limestones are in 
contact with tuffaceous-extrusive and terrigenous sedimentary rocks. A block structure of 
fissured and karst rock (figure 3.18) is formed from the basic monoclinal structure by nume
rous thrusts and faults. The limestone deposits are greatly karstified both over area and at 
depth; with numerous sinkholes (25-30 per square kilometer) dispersed over its surface. 

The principal source of groundwater is from precipitation being absorbed by numerous karst 
features, channel absorption of surface water, and groundwater flow from non karstified 
areas surrounding the karst basin. The total water inundation to the mines amounts to 10-15 
thousand cubic meters per hour. 

The mines have been protected from inundation by a complex of drainage structures and by 
isolation of river-beds from underlying water-bearing rocks with ferroconcrete lining. 

In order to study the hydrogeological situation that has resulted from mining and to predict 
further changes upon development of deep levels in the subzone of local karst, a new proce
dure has been applied, which consists of the combined use of analogue simulation and statis
tical probability methods. To characterize the change in flow properties of water-bearing 
rocks, single wells have been tested by zonal injections and recharge combined with hydro
metry techniques. The data obtained has been used for a correlative analysis with coeffi
cients of rock karstification Kk and coefficients of permeability KP. The equation of reges
sion for one of the local karst subzone areas is: 

log KP = 0.65 log Kk + 0.34 

with a correlation factor of 0.75 and Kk equals the number of karst caverns per meter of dril
led core. 
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Fig. 3.18 A longitudinal hydrogeological profile of the basin: 1 - highly karstified limestones, 5 < Kp < 10; 
2 - karstified limestones, 1 < Kp < 5; 3 - compact poorly fissured limestones, 
Kp rv 0.01; 4 - impermeable terrigenous-sedimentary rocks 

This enabled the various core descriptions of test wells to be used for characterizing the flow 
properties of rocks. 

Based on the established relationships, a statistical structural - hydrogeological model has 
been constructed, reflecting the boundary conditions of groundwater flow, the change in 
flow properties of rocks over area and at depth, and makes it possible to characterize the 
transmissivity of an aquifer depending on the position of the water-table. Data was put in the 
analog model and corrected with allowance for zones of higher permeability (interconnected 
karst) and water resistant barriers (large fault zones) established earlier. Figure 3.19 repre
sents this analogue model which has been used to predict water discharge into deep-level mi
nes. This is described in detail by Babushkin et al (1976) and Plotnikov (1976). 

The investigations, carried out with this procedure, have allowed us to solve a number of 
important practical problems for the purpose of further development of the deposits. For in
stance, for one of the Northern Urals mineral deposits it was found that deep layers can be 
practically mined by operating a drainage system with a capacity of 600m3/hour and pum
ping wells (approximately 12) with a total withdrawal of approximately 500m3/hour. Thus 
the drainage system can intercept the large flow in the subzone of interconnected karst, and a 
sparse system of pumping wells will provide drainage for the flow of local karst. The suggest
ed drainage system allows the discharge to mines at a depth of 900 meters to be decreased 
to 200-300 m3/hour. 
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Fig. 3.19 A scheme of analogue similation of the bauxite basin: 1 -boundary of constant pressure: nume
rator - water level, abs. elevation; denominator - potential, %; 2 - mine; 3 - pumping wells; 
4 - infiltration: numerator - value of infiltration, m3 /hour/km2

, denominator - potential,%; 
5 - connection (in the net) between the lower and upper aquifers; 
6 - boundary along a river; 7 - drainage systems: numerator - capacity, m

3 
/hour; denomina

tor - current intensity; 8 - boundary between the zones of different infiltration; 9 - position 
of mine, abs. elevation of mine level; 10 - model net and numbers of series 
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The hydrogeological prediction, made by the above procedure in other mineral dep?sits of 
the Northern Urals, has provided for practical drainage projections and has resulted m com
paratively small water discharges to other deep-level mines. 
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3.10 
ETUDE EN VUE DE REDUIRE LES VENUES D'EAU AU FRONT DE 
TAILLE D'UNE DESCENDERIE DE MINE DEVELOPPEE DANS UN 

KARST NOYE * 

par H. Paloc 
(Montpellier) 

Cadre hydrogeologique - Type de karst 

La zone ou a ete effectuee !'etude est constituee par une serie calcaire et dolomitique situee a 
la partie orientale de la region des Grandes Causses, au contact du socle cristallin. Cette se
rie est compartimentee par des failles meridiennes qui determinent des panneaux d'autant 
plus epais que !'on s'eloigne, vers l'Ouest, de la bordure du socle. A la surface de ces pan
neaux le reseau hydrographique, represente par quelques rares vallees de type cai'ion, est encore 
en grande partie fonctionnel meme en periode d'etiage: dans la zone concernee par !'etude, 
ces vallees ne sont pas assez profondes pour atteindre le socle et, entre celui-ci les ecoule
ments de surface, les calcaires et dolomies, fissures et karstifies, constituent un karst noye 
d'epaisseur variable. A !'occasion de travaux miniers, !'execution d'une descenderie qui de
vait atteindre une profondeur de plusieurs dizaines de metres au-dessous du niveau de !'eau 
souterraine s'accompagna de venues d'eau au front de taille des sa penetration dans la zone 
noyee. Un debit important dut des lors etre constamment evacue au moyen de pompes qui 
devaient etre deplacees au fur et a mesure de l'avancement du front de taille, debit dont la 
valeur oscillait autour de 3 000 a 3 500 m3 /jour. 

I! s'agissait de chercher a s'affranchir de la gene representee par cette eau, tant pour l'avance
ment des travaux miniers que pour les troubles qu'elle entrainait dans la riviere ou elle etait 
refoulee, en raison de la quantite importante en produits solides dont elle s'etait chargee au 
front de taille. 

Hypothese de base des etudes et travaux 

L'existence d'une karstification profonde, developpee tres en-dessous des niveaux actuels 
d'ecoulement des vallees ayant deja ete mise en evidence dans cette region, il apparut que si 
un reseau karstique pouvait etre recoupe par forage a une cote inferieure a celles projetees 
pour les travaux miniers, on pourrait alors esperer rabattre suffisamment la nappe pour dimi
nuer notablement, et si possible supprimer, les arrivees d'eau au front de taille; en outre, en 
prelevant !'eau dans un ouvrage con~u a cet effet, on pourrait ne rejeter que de !'eau claire. 

Justification do choix de la methode d'etude 

Le trace de la descenderie ne se trouvant pas directement sous un talweg et, des lors, des tra
vaux effectues a partir de la surface exigeant des longueurs de foration trop importantes -
et, par voie de consequence, des couts d'exhaure prohibitifs - c'est a partir de la descenderie, 
en utilisant les nombreux albraques qu'elle comportait de part et d'autre de son trace, 
qu'il fut decide d'executer d'abord des sondages de reconnaissance, puis un forage d'essai et 
enfin un pompage a fort debit si les parametres hydrauliques du terrain le permettaient. 

• Etude effectuee par le BRGM pour le compte de la Societe miniere et metallurgique de PENARROY A. 
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Description des etudes et travaux 

On a effectue les operations suivantes: 

Etude comparee du regime et des caracteristiques physico-chimiques des ecoulements de 
surface et des eaux souterraines pour deceler et chiffrer d'eventuelles relations. 

Reconstitution des historiques de pluies, debits, niveaux sur les divers points de l'envi
ronnement de la mine oil une telle reconstitution se revelait possible. 

Execution de 5 sondages (P1 a PS) d'un premier forage d'essai (F1), puis d'un deuxieme 
forage (F2) abandonne avant achevement (Cf. tableau en page 235). Ces ouvrages 
ont recoupe effectivement, comme on le souhaitait, des vides de dimensions diverses mais 
restant toujours assez modestes, n'excedant jamais quelques centimetres. L'objectif du 
forage F2 etait, quant a lui, d'atteindre le mur de l'aquifere karstique au contact duque1les 
vides les plus importants devaient, en principe, etre localises. 

Resultats 

L'execution du premier forage (F1) a permis -grace a un pompage de 1 500 m3 /j en vir on 
- de reduire de pres de la moitie le debit jaillissant au front de taille de la descenderie. 

Le deuxieme forage (F2) qui devait permettre d'ameliorer ce resultat dut etre arrete avant 
d'avoir atteint l'objectif fixe en raison de difficultes de foration en galerie. Par ailleurs, le 
Maitre d'oeuvre ayant decide de stopper le creusement de la descenderie, les pompages 
d'exhaure furent abandonnes et la nappe du karst se reconstitua. 

Enfin, on doit mentionner que divers conduits karstiques ont ete recoupes par la descen
derie: on a observe dans chaque cas une augmentation instantanee du debit correspon
dant a la vidange rapide du conduit; on retrouvait ensuite les conditions initiates de debit, 
une legere diminution etant toutefois perceptible. On a constate que la vidange s'effec
tuait en regime transitoire: le debit exhaure restant toujours superieur au debit des apports 
au systeme aquifere, il etait ainsi permis d'envisager la vidange complete, a court terme, 
du compartiment exploite. 

Cout des operations 

En ce qui concerne les travaux de forage, 5 sondages au marteau fond de trou (diametre 106 
a 135 mm) representant une longueur totale de 267 m et 2 forages au tric6ne (diametre 171 
a 251 mm) representant une longueur totale de 205 m ont ete effectues. 

Recommandations 

A moins de pouvoir s'affranchir tout a fait des contraintes que represente !'execution d'ou
vrages de captage en galerie, il peut etre tres economique, et en tout cas bien plus commode, 
de rechercher a partir des points bas de la surface topographique un site favorable a I' execu
tion des ouvrages d'exhaure, meme si ces derniers se trouvent en condition quelque peu peri
pherique par rapport au secteur a denoyer: tout depend a cet egard du type d'aquifere karsti
que auquel on a affaire et il importe d'accorder la plus grande attention ace diagnostic. 

234 



Tableau des donnees quantitatives 
PRINCIPALES DONNEES HYDRAULIQUES RECUEILLIES SUR LES FORAGES 
EXECUTES DANS LA DESCENDERIE 

Test de Debit Moyennes 
z production max calculees 

No Pro- orifice Debit Rabat- d'exploi- Observations 
fondeur (arrondi) en tement tation en T 

(I) m3/h en m m3/h(2) T s s 

P1 70m + 532 - - piezo -

Influence par pom-
P2 47m + 485 6 1,4 piezo page sur F1 distant 

de 125 m 
Influence par pom-

P3 50 m + 473 - - piezo page sur F1 distant 
de 85 m 

..c:: 
"" 

Influence par pom-
P4 50 m + 472 14 3,5 piezo ----

~. rE page sur F1 distant rE 0 
de 0,6 m ...... 

"? 
P5 0 - 0 - ...... 

(=F3) 50 m + 442 6,5 7,25 40 -
1) 26,7 14,07 Une acidification avec 

F1 69m + 472 2) 46 2 13,24 60 1 t de C1H, a 20°/21° 
3)64 3 27,42 Beaume a ameliore le 

debit de 15 % 
1) 2,4 1 1,75 

F2 136m + 454 2) 5,4 2 4,75 50 -

3) 8 3 5,75 

N. B. 

(1) Le niveau initial de la nappe dans l'aquifere avant travaux s'etablissait en moyenne, dans 
le secteur du trace de la descenderie, aux environs de la cote + 600. 

(2) Les debits maximaux d'exploitation n'ont ent fait ete permis qu'en debut d'exploitation 
respective de chaque ouvrage en raison de l'abaissement regulier de la nappe (5,3 me
tres/mois en moyenne): ils etaient meme pratiquement nuls a !'arret d'avancement des 
travaux, le front de taille de la descenderie etant alors a la cote + 407 et la totalite du debit 
d'exhaure (220m3/h) provenant alors de ce point. 

Reference bibliographique 

Rapports inedits BRGM no 73 SGN 125 LRO et 74 SGN 293 LRO. 
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3.11 
PECULIARITIES OF THE METHODS OF FORECASTING GENERAL 

INFLOWS TO MINES IN FISSURED AND KARSTIFIED ROCK MASSES 
USING ANALOG MODELLING 

by V. D. Babushkin, G. N. Kashkovsky, Z. P. Lebedyanskaya 
(USSR) 

Research was conducted in the Northern Urals bauxite area, the NUBA. The NUBA is situa
ted on the eastern slope of the Northern Urals and is bounded by carbonate rock masses in a 
band 3-15 kilometers wide and 65-70 kilometers long. Rocks are intensively dislocated and 
limestones are extremely karstified. 

For the most part, rivers in the NUBA are isolated from the aquifers. Large, 4-5 thousand 
m3 /hour capacity drainage units are employed to intensify drainage. Their total withdrawal 
reaches 15-20 thousand m3/hour. 

Periods of quasi-stationary regime were used to establish a more precise transmissivity for 
the rock masses. Piezometric maps plotted for these periods were used in the calculations to 
solve the inverse problems. Transmissivity maps of the southern NUBA water-bearing for
mations (figure 3.20 a) showed specific area of transmissivity differences and elongated 
zones of extreme filtration anisotropies, which agrees with the general geotectonic structure of 
the study area. 

The transmissivity maps were also used to calculate the water yield of the drainage zone 
rock. It was calculated under conditions of a clearly unsteady filtration regime established 
from several years operation of a powerful drainage unit. The plotted map (figure 3.20 b) 
shows a strict regularity as the water yield changes from 0.5 percent to 4 percent. 

Characteristically, a high water yield corresponds to zones of greater transmissivity of the 
water-bearing formations. 

A regional map of the water bearing formation with the filtration parameters plotted permit
ted for estimation of the necessary capacity of the drainage units and the forecasting of water 
inflows into mines for the next 8-15 years. 

Mineral resources to a depth of 1000 meters are predicted to be developed in southern NU
BA. Thus, estimations were made concerning the hydrogeological conditions, and the expec
ted inflows to the mining systems, as well as the expected discharges to the drainage unit lo
cated to the south of the deposit. 

The modelled region is bounded by a river to the south, by nearly impermeable rocks to the 
east and west, and by a watershed divide produced by a drainage unit to the north. A water 
reservoir is also situated to the east, and a part of the river to the west. 

On the model, the aquifers are represented by two networks which join at places of contact. 
Statistically calculated transmissivity of the rock masses was introduced into the model. 

Forecasting the average inflows into the projected mines has been made successively for the 
mining horizons at 400, 500, 700, and 900 meters. The residual head is assumed to be 100 
meters above the developed horizons, according to working observations data. 
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Figure 3.20 Schematic maps of water conductivity, anisotropy and water yield of the rocks in the north
ern part of the NUBA. 
a- water conductivity of the rocks in m2 /day: 
1) 0-200; 2) 200-1 000; 3) 1000-2 500; 4) 2 500-10 000; 5) > 10 000; 6) anisotropic zones 
b - water yield of the formations, per cent (%) 
1) 1; 2) 1-2; 3) 2-3; 4) 3-4; 5) > 4 
a) tectonic distortions; b) water-proof formations; c) water-resisting boundaries; d) boun
dary conditions of the first type; e) boundary conditions of the second type; f) boundary 
conditions of the third type; g) electric resistors network efficiencies. 
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3.12 
KARST OF THE SOUTH-WESTERN BAIKAL REGION 

by E. V. PINNEKER, AND B. I. PISSARSKY 

(Institute of the Earth's Crust, lrkutsk, USSR) 

Within the south-western Baikal territory, including the Sludyanka mining region, karst pro
cesses occur in deeply metamorphosed carbonate rocks of the Archeozoic age (marbles and 
calciphyres). The regional and vertical extent of karstification is reflected in characteristic 
geomorphic karst forms (Pissarsky, 1963). 

Surface forms of karst are weakly developed and are represented by small caverns, sinkholes, 
and recesses at places of groundwater discharge. Karst holes and large caves have not yet 
been developed. Underground forms (fissures, cavities, slits, and pockets) associated with 
tectonic distortions near the contact zones of carbonate and non-karstic rocks are found in 
mines 120-150 meters in depth. Karst occurs at significant depths in individual tectonic 
zones as evidenced by the sinking of drilling equipment and corroded core from drill holes at 
intervals of 280-300 m. The presence of underground water is indicated by the loss of sur
face run-off and blind creeks in carbonaceous areas; as well as large karst springs which dis
charge up to 1 m3/sec in the Sludyanka, Pokhabikha and Talaya river basins. However, 
deep underground mine data show an absence of karst manifestations in carbonate rock in
dicating that it is actually impenetrable to water. Karst confined to local tectonic zones in 
deeply metamorphosed carbonate rock appears anisotropic, in extent and in filtration pro
perties. 

Crossing elongated tectonic zones widened by karstic processes comprise an interconnective 
system of canals which provides essential karst water resources. Because of this system, un
derground mine stripping along tectonic zones induces karst water inundation achieving mag
nitudes of some thousands of cubic meters per hour. As the result of an inundation, the two 
lower horizons of the Sludyanka phlogopite deposit were flooded. Though difficult to prove 
in the initial investigation, the Sludyanka River, which flows above the mining works, was 
suggested as the source of the karst water in the deposit. A tracer study, using a sodium chlo
ride indicator later demonstrated subsurface movement of water from the Sludyanka River 
to the Pokhabikha River. 

A 3 kilometer drainage conduit was placed and successfully dried the upper horizon. The 
amount of water flowing through the adit reached 3 000 m3/hour. Upon completion of the 
mining works, the adit served as an artificial karst waterfall into Lake Baikal and provided 
for stationary regime observations. 

The complexity of the regional karstification and the subsurface flow system provided the 
opportunity to perform an international expermiment to establish a method of study of 
groundwater in karst areas and to test radiometric devices in the south-western Baikal re
gion (Working Meeting, Group 8.1 of the Commission on Planetary Geophysics from the 
Academy of Sciences of Socialist Countries). Such countries as Bulgaria, the German Demo
cratic Republic, Poland, the USSR and Czechoslovakia took part in the experiment. 

The karst region in the Sludyanka and Pokhabikha river basins, on the south-western coast 
of Lake Baikal, was chosen as a location for a field investigations. Tracer studies were per
formed with different radioactive indicators (gold -198, iodine - 131, strontium -89) intro
duced at sites of intensive surface water loss with with subsequent recordings of isotopes, via 
various radiometric devices, where karst water surfaced. As a control uranium was traced, 
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and testing was performed by means of a fluorometer constructed at the Institute of Hydro
geology and Engineering Geology (Pinneker et al., 1979). 

The experiment resulted in a qualitative confirmation of underground water transportation 
from the Sludyanka to Pokhabikha River in a karst fault zone. It also proved the capture of 
the underground karst flow from the Sludyanka River by the drainage adit placed in the 
phlogopite deposit. Recorded rates of groundwater flow reached 28 to 40 km/hour. 
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3.13 
CREUSEMENT DE TUNNELS AUTOROUTIERS DANS LE 

MASSIF CALCAIRE DU GRAN SASSO (APENNIN CENTRAL) 

Cadre hydrogeologique 

par A. Monjoie, 
(Liege) 

Le massif du Gran Sasso, dont les sommets culminent entre 2.400 et 2.900 m et sont separes 
par un fosse median: Campo Pericoli et Campo Imperatore, represente un remarquable cha
teau d'eau alimentant de nombreuses conduites d'eau potable et plusieurs centrales hydroe
lectriques. Le creusement des tunnels implique la connaissance des eaux souterraines non 
seulement pour les etudes de genie civil mais encore pour connaitre !'impact des travaux sur 
les installations existantes et sur I'environnement. 

Hypotheses de base des etudes et des travaux 

De la structure geologique tres complexe du massif resulte le schema hydrogeologique consti
tue de cinq blocs (fig. 3.21): un bassin aquifere important occupe le massif central de la chai
ne (bloc C). 11 est Iimite au Spar la remontee des couches du bloc B et au Nord par le bloc 
D. L'ecoulement majeur se fait en direction de !'Est (Rio Tavo, Rio Tirino). Un deversement 
lateral vers le N est possible a travers le bloc D tectonise qui peut contenir une nappe mais 
qui semble plutot le siege de circulations entre Ies blocs C et E. 

Au N du bassin, le bloc E, constitue de calcaires reposant sur des marnes, represente un im
portant reservoir aquifere. Au S, les nappes inferieures du Jurassique smit drainees vers le S 
par les ravins et les cones de piedmont. Le bloc A, bien alimente, ne contient pas de nappe a 
niveau piezometrique eleve en raison de !'absence de niveau impermeable vers I'aval. 

Les problemes a resoudre etaient: 

1. !'evolution de la permeabilite des formations calcaires en profondeur dans les zones tec
tonisees et dans Ies massifs entre failles, 

2. le role hydrogeologique de la tectonique transverse, 

3. les communications possibles entre l'aquifere central de la chaine et Ies sources situees au 
Nord auxquelles s'alimentent les principales installations hydroelectriques et captages 
d'eau, 

4. !'existence et l'ampleur d'un karst profond dont on pouvait observer Ies phenomenes en 
surface a une dizaine de km a I'Ouest. 

Justification du choix de la methode d'etude 

Dans un premier temps, on a etudie les relations entre Ies sources principales du massif et 
!'importance de leurs bassins d'alimentation de far;on a determiner les axes d'ecoulement 
preferentiels des eaux souterraines et leur itineraire entre les differents blocs tectoniques. 

Ensuite, en fonction des structures geologiques et hydrogeologiques, on a prospecte par son
dages les caracteristiques in situ des aquiferes et des barrieres hydrogeologiques eventuelles. 
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Description des etudes et travaux 

1. Apres un lever geologique detaille, on a jauge de fa'<on continue toutes les sources impor
tantes en vue d'etablir le bilan des eaux et de calculer les transferts entre les differents 
blocs tectoniques. 

2. Trois sondages profonds atteignant respectivement 1350 m, 1000 m, et 1600 m de pro
fondeur, ont ete realises pour etudier in situ les caracteristiques d,es differents terrains et' 
des zones faillees. lis ont donne lieu a une campagne complete de diagraphies, tests d'in
jection haute pression et pompages pour determiner la permeabilite des terrains en place. 

3. Une campagne de tra'<age a la fluoresceine, de datation des eaux et d'analyses chimiques 
repetees dans le temps. 

4. L'examen et l'etude detaillee des venues d'eau au cours du creusement des tunnels. 

Resultats 

1) Le massif du Gran Sasso constitue en fait une cuvette synclinale allongee dans la direc
tion E-W, con tenant au-dessus de la cote 1600, sous le Campo Imperatore, un vaste re
servoir aquifere a forte capacite d'emmagasinement (environ 10 %) et dont la partie in
terieure tres karstique permet une circulation rapide de l'eau (K de l'ordre de 10-4 m/s) 
(fig. 3.22). Le volume d'eau infiltre par an correspond a un debit moyen de 1,2 m3/s. Le 
volume stocke a l'etiage represente environ 20 millions de m3 . Environ la moitie des re
serves d'eau souterraine s'ecoule vers l'Est en direction de l'ennoyage de la structure. 
L'autre moitie se deverse vers le Nord avec une repartition variable d'Ouest en Est sui-

1000 > 
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Figure 3.22 
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vant le rejet des failles transversales. Vers le Sud, le deversement est negligeable dans le 
secteur envisage car le niveau karstique bute contre les calcaires marneux de l'Eocene-Oli
gocene et ce n'est qu'a !'Est que les failles transversales abaissent suffisamment le niveau 
impermeable pour qu'un deversement ait lieu vers les sources inferieures du versant me
ridional. 

2) Sous le niveau karstifie: 

dans le bloc C, le massif calcaire est pratiquement impermeable sauf suivant les failles 
aquiferes longitudinales et leurs epontes, dont la permeabilite est elevee (10-5 a I0-6 m/s) 
mais ou, a defaut d'exutoire. le mouvement de !'eau est pratiquement nul. Par contre, les 
failles transversales et leurs epontes sont impermeables et produisent un compartimenta
ge des nappes sises dans les grandes failles longitudinales, 

dans le bloc D, si les dolomies non tectonisees sont pratiquement impermeables, les nom
breuses failles conduisent a une permeabilite d'ensemble notable, atteignant I0-6 a 10-5 

m/s dans les accidents majeurs, 

dans le bloc E, les calcaires sont tres peu permeables sauf au droit d'accidents majeurs et a 
la partie superieure du versant Ndrd (debit de l'ordre de 1 m3/s). 

3) Au pied du versant meridional, la nappe du Jurassique tres permeable dans la zone tecto
nisee proche de la faille de Valle Fredda (K de l'ordre de 10-4 m/s) fournit, apres rabatte
ment, un debit continu de 500 1/s. 11 s'agit d'une nappe isolee dont la zone d'alimentation 
est limitee mais qui est suralimentee a !'Est par la nappe du Campo Imperatore. 
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Cout des operations 

II a comporte l'etude hydrogeologique avec installation des stations de jaugeage (une do"?zai
ne) et des mesures continues durant 5 ans, la realisation des trois forages profonds totahsant 
environ 4000 m y compris les tests in situ, les diagraphies, les essais par traceurs, les data
tions et les analyses chimiques. 

Recommandations 

Les resultats hydrogeologiques permettent de choisir les techniques de creusement et de trai
tement des terrains en fonction de leur incidence sur I' execution de tunnels et sur le regime 
hydrogeologique regional. 

Les donnees actuelles permettent d'etablir un modele de comportement hydrogeologique 
de l'ensemble du massif et d'etudier l'influence des tunnels en fonction de leurs modalites 
d'execution. 

Tableau des donnees quantitatives 

horizons karstifies 
zones faillees 
calcaires fissures 

permeabilite 
equivalente 

10·4 m/s 
10"5 a 10"6 m/s 
10"7 a 10"8 m/s 

References bibliographiques 

porosite 

20 a 5o% 
10 a 25% 

5% 
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Calembert, L., Catalano, P. G., Conato, V., Lambrecht, L., Monjoie, A.,- Comptes-rendus hebdoma
daires de I' Academie des Sciences de Paris, 
t. 274: Observations sur le massif du Gran Sasso (Apennin central- Italie), 2013-2015, 
t. 274: Le sondage de Fontari dans le massif du Gran Sasso (Apennin central- Italie), 3065-3068, 2 
fig., 
t. 279: Le sondage de Vaduccio II dans le massif du Gran Sasso (Apennin central- Italie ), 1237-1240. 
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3.14 
RELOCATION OF AN ENDANGERED NATURAL GAS PIPELINE 

ACROSS AN ACTIVE KARST V ALLEY 

By 
Robert A. Fambrough and Lois A. Dildine 

(USA) 

Dry Valley, Shelby County, Alabama (fig. 3.23) is situated in the Valley and Ridge physio
graphic province of the southern Appalachians. On the southeast flank of the Camp Branch 
anticline, Cambrian and Ordovician limestones and dolomites are exposed in parallel bands 
which trend northeast and dip zoo to 40° southeast. Erosion of these carbonates has develo
ped a karst valley. An especially high quality limestone, the Newala, is mined commercially 
for lime and aggregate to a depth of 150 meters (500 feet) below land surface, and mine de
watering has accelerated sinkhole occurrence in the valley. A ten inch natural gas pipeline 
which traverses the valley is endangered due to this increased subsidence activity. 

The objectives of the study were to evaluate the hydrogeologic conditions, determine whe
ther the pipeline is in actual danger, and to recommend actions to reduce the hazard. Two im
mediate correction possibilities were the support of the present pipeline or its relocation to a 
less active route. 

Definition of the geology and hydrology in relation to sinkhole occurrence was accomplished 
by surface geologic reconnaissance, seismic geophysical survey, test drilling, and air-photo 
interpretation. Outcrops along roads, railroads, stream beds, sinkholes, and other available 
locations were utilized to map stratigraphic units and geologic structures. A total of 203 seis
mic refraction profiles were executed using a single trace signal enhancement seismograph to 
determine thickness of overburden. Test drilling was performed in 105 locations with a four 
inch auger rig to verify depth to bedrock. Aerial photographs were studied to locate sink
holes, surface water features, lineaments, and structural trends. Published data was used to 
evaluate groundwater characteristics, geology and subsidence occurrence. 

Sinkhole development in the area is influenced by a number of factors. These include: 

1. Continued pumping of groundwater from underground mining operations has created a 
cone of depression producing higher groundwater velocities. The moving ground water is 
thus able to transport unconsolidated material downward, creating voids which may col
lapse to form sinkholes. Depression of the water table also reduces the bouyant support 
in the residuum. 

Figure 3.23 Location. 
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Shelby County 
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2. A northwest trending bedrock fracture system passes directly through the area of maxi
mum sinkhole development in the Longview limestone. This fracture system allows rapid 
movement of groundwater in a direction essentially perpendicular to the strike of the 
beds thereby enhancing the rate of sinkhole development. 

3. Surface drainage in the area has been altered by construction, cultivation, and timber re
moval allowing runoff to move more rapidly into the area of maximum sinkhole develop
ment. This water then ponds and moves along radial fractures into existing sinkholes, en
larging them laterally. 

A geologic map (fig. 3.24) showing the present pipeline, the proposed alternate pipeline rou
te, and subsidence features was prepared. In the lower portion of the figure is a cross section 
along the alternate pipeline route constructed from seismic profiles, test drilling, and out
crops. 

Investigations indicate that the occurrence of sinkholes along this route being minimal, the 
alternate route is the most conservative and therefore the safest option across Dry Valley. 
The area of maximum sinkhole development is avoided and the fracture system is crossed on
ly once instead of twice as in the present location of the pipeline. Surface drainage along most· 
of the route is relatively undisturbed. The route is situated 275 meters (900 feet) or more from 
County Highway 16, its bridges and culverts, thus eliminating the possibility of the pipeline 
being damaged should one of these structures fail due to sinkhole collapse. Shallow bedrock 
outcrops could provide direct pipeline support along part of the alternate route. The present 
pipeline passes over approximately 500 meters (1600 feet) of the Longview limestone which 
has demonstrated a greater tendency than the other units to form sinkholes. The alternate 
route traverses the Chepultepec dolomite, a more stable formation and would cross only 250 
meters (800 feet) of the Longview limestone. Although the position of the alternate route 
poses a lesser subsidence potential than the present pipeline route, there are protective re
commendations. Due to the depth of the unconsolidated material and sinkhole occurrence in 
close proximity, the pipeline should be supported to bedrock across the Chepultepec-Long
view contact, the Newala-Lenoir contact, and the railroad. Pipeline supports of another na
ture, such as constructing supports with pipe in the residuum, should be used in other areas 
of thick overburden. Open sinkholes in the vicinity of the alternate route should be filled 
with crushed rock grading upward from boulders to finer material. 

Monitoring of the general area for early detection of future sinkhole development, particu
larly during periods of heavy rainfall will be necessary. Pipeline relocation and construction 
along the alternate route will be monitored to (1) enable more details to be added to the 
geologic cross sections, (2) provide additional data related to possible future subsidence, and 
(3) recommend additional support construction. The existing pipeline will be filled with an 
inert substance so as not to preclude the possibility of future use in an emergency. 
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3.15 
SINKHOLE COLLAPSE DUE TO GROUNDWATER PUMPAGE FOR 

FREEZE PROTECTION IRRIGATION NEAR DOVER, 
FLORIDA, JANUARY 1977 

Introduction 

by 
Larry E. Hall a 

Susan J. Metcalfe b 

During the period of January 17 to 22, 1977, central Florida experienced freezing weather 
with lows to -3.9°C. To prevent freeze damage, the strawberry growers in the Dover area of 
eastern Hillsborough County irrigated their crops with warm groundwater withdrawn from 
the Floridan aquifer. The stress placed on the aquifer resulted in a large decline in water le
vels and in numerous small collapses or sinkholes. 

Location and Land Use 

The seven square mile study area, shown in figure 3.25, is centered around the rural commu
nity of Dover, Florida, where land use is predominantly agricultural. Products and crops in
clude citrus, strawberries, vegetables, chickens, tropical fish, and cattle. 

Geology and Hydrology 

The study area is a part of the Gulf Coastal Plain, and is underlain by Tertiary and Quaterna
ry deposits which dip to the south and southwest. These sedimentary rocks are largely lime
stones and are covered with sand of Pleistocene age. Economic deposits of phosphate occur 
in the area. 

The stratigraphy is described in detail by Carr and Alverson (1959), and Applin and Applin 
(1944 ). In general terms, the geologic section consists of 3-6 m of surficial sands; 7-15 m of 
clay, phosphate, clayey sand, and clayey limestones underlain by more than a thousand me
ters of various limestones and dolomites. The upper 300 m of the carbonate section contains 
the Floridan aquifer, which is a very productive artesian aquifer that supplies the water 
needs of the area. 

Carr and Alverson (1959) reported very deep sand-filled sinkholes in the study area. One of 
their test holes, drilled to a depth of 150 m, penetrated through sand to about 30 m below 
the expected top of limestone. Cathcart (1963) noted the presence of a karst topography and 
stated that the age of sinkhole formation ranges from late Miocene to the present. 

A consultant's report prepared for the City of Tampa (Watson and Company, 1973) states 
that the are several sinkholes within the proposed wellfield and that two new sinkholes for
med during aquifer test pumping. One test well had to be abandoned when it penetrated a 
sand column to a depth of 94 m, about 79 m below the expected top of limestone. 

Menke, et. al. (1961) also noted the presence of sand filled sinkholes in the study area. The 
authors of this paper have observed possible cavity fill during the construction of a well at 

Hydrogeologist, Stauffer Chemical Company, 1391, S. 49th St., Richmond, California 94804 

b Hydrogeologist, Seaburn & Robertson, Inc., Post Office Box 23184, Tampa, Florida 33623 
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the Dover-Turkey Creek fire station. The well penetrated an interval of chert with loose 
sand and black sand size phosphate at a depth of 57 to 62 m. This sandy unit is overlain by 
31 m of limestone and the underlying limestone is continuous to the total depth of 91 m. 

Effects of Freeze Protection Irrigation 

Strawberry farming is a very important element in the economy of the study area. The plants 
are set out in the fall and berries are harvested during the following Spring. Although the Flo
rida winters are mild, there are a few nights when frost or freezing conditions may exist. In 
order to protect the crop, the farmers spray irrigate their fields with warm (23°C) groundwa
ter withdrawn from the Floridan aquifer. Ice forms during certain wind and temperature con
ditions and coats the plants. However, by constantly applying groundwater, the temperature 
of the continually forming ice stays at ooc and the plants do not freeze. 

New record low temperatures were established for the Tampa area on January 18, 19, and 
20, 1977, when minimum temperatures averaged -1.7°C, -2.8°C, and -3.3°C respectively. 
The strawberry farmers begang to pump groundwater with the onset of the record cold wea
ther. Figure 3.26 shows the hydrograph of Tampa Well15 in the proposed Thonotosassa well
field and the thermograph from the weather station located at Riverview, 16 km south of the 
study area. It can be easily seen that the drawdrown portion of each pumping cycle occurred 
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Source: United States Geological Survey 

Figure 3.26 Comparison of the Hydrograph of Tampa Well15 in the Proposed Thonotosassa Wellfield 
and the Thermograph from the Riverview Water Treatment Plant Weather Station, Janua
ry 15-27, 1977. 
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when the temperature dropped below 4°C and continued until the temperature rose above 
4°C. The pumpage stress placed on the Floridan aquifer resulted in a total drawdown of 
2.9 m as shown by the hydrograph in figure 3.26. Other drawdowns of 3.7, 12.2, and about 
18, were also reported (figure 3.25). 

Residents affected by large draw downs were forced to modify or repair pumping equipment in 
order to obtain water for domestic use. Several residents reported that during the cold 
weather their private wells would not pump water; however, as the weather warmed the 
wells returned to service as water levels recovered. 

Sinkhole Occurrence 

Newspapers and Hillsborough County officials received numerous complaints about the 
sudden appearance of sinkholes during the period of cold weather. Sinkholes caused major 
structural damage to one house, the loss of the citrus trees, and two cases of road damage. 
Sinkholes occured near a fish farm pond, at a chicken farm, and in a drainage canal. Three 
sinkholes collapsed when vehicles were driven over them; two strawberry farms' reported 
sinkholes (fig. 3.25). 

The authors made field inspections and interviewed many of the property owners. A total of 
22 sinkholes were catalogued. The actual number of sinkholes was probably somewhat high
er; others may have occurred undetected in idle fields and remote areas. 

Conclusion 

The sudden withdrawal of large quantities of groundwater for freeze protection created at 
least 22 sinkholes, some of which resulted in property damage. The large drawdown of the 
Floridan aquifer also caused inconvenience and minor property damage to nearby residents. 
Because short term test pumping of a proposed wellfield in the study area also created two small 
sinkholes, it is not surprising that a larger regional drawdown produced a greater number of 
sinkholes. Considering the growth of the strawberry farming industry and the proposed deve
lopment of large scale wellfields in the area by the City of Tampa and Hillsborough County, 
the generation of sinkholes by groundwater withdrawals in this area merits further study. 
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3.16 
SALT KARST OF THE CHESHIRE BASIN, ENGLAND 

by Frank T. Howell 
(Institute of Science and Technology, University 

of Manchester, G.B.) 

Many ground subsidences are present in the Salt Karst districts of the Cheshire Basin which 
is some 80 km by 50 km in extent in Northwest England and contains over 2500 m of Per
mian and Triassic sediments including two Triassic rocksalt beds in the order of 190 m and 
400 m thick (Fig. 3.27). The rocksalt beds do not outcrop and are hidden beneath the super
ficial sand, clays and peats of Glacial and Post-Glacial age (Drift deposits) as well as a body 
of collapsed Triassic marl (Fig. 3.28). The upper zone of each rocksalt bed is therefore atte
nuated and this corroded and cavernous zone is permeable and permits the circulation of 
groundwaters which range from freshwater and undersaturated brines to very dense ( 1.2 gm/ 
cc) saturated brines. The brines in the cavernous zone are called 'wild brines'. 

At depths in the order of 180 m below surface the rocksalts and marls generally become in
tact and impermeable. The contrasting conditions are referred to as 'wet' and 'dry' rockhead 
respectively. 
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Commercial abstraction of the salt and brines has continued since Roman times and in 1968 
some 2.2 million m3 of saturated wild brine was pumped from the wet rockhead and 17.7 mil
lion m3 of brine was formed by controlled solution of the dry rockhead. Mined rocksalt ex
ceeded 1 million tons. No subsidences are currently attributed to salt mining and controlled 
solution in the dry rockhead has not caused subsidences. 

The major subsidences which occur in the saltfield are related to the loss of sup
port when rocksalt is dissolved by undersaturated groundwaters (Calvert, 1915, Collins, 
1971, Sherlock, 1921). Thus subsidences are confined to the wet rockhead areas of the salt
field. Freshwaters can float with a sharp interface (less than 10 m) on the dense saturated 
brines. The solution of the rocksalt itself produces a dense brine and unless the circulations 
of the groundwater are vigorous the dense brine becomes saturated and forms a protective 
envelope around the rocksalt. Thus further solution is inhibited. This density layering of 
groundwater fluids appears to be a fundamental factor in the development of rocksalt solu
tion and apparently has no counterpart in limestone solution where the density contrast of 
the groundwaters is less marked. 

The subsidence features which develop at the ground surface represent a series of landforms 
at differing stages of maturity, and range from juvenile craters 10 m to 200 m in diameter, 
linear hollows 60 m wide, 5 km long and 12 m deep to mature regional depressions 2.5 km2 

in area (Howell, Jenkins, 1976). The distribution of these features appears to reflect the se
lective etching of the concealed upper surface of the saltbeds by aggressive groundwaters and 
reflects the interaction between hydrogeology and variations in the geological nature of the 
salt beds. 

The presence of saturated brines in extensively corroded wet rockhead salt zones suggests 
that a major change in the hydrogeological cycle occurred at some occasion. The 016/018 ra
tio (Crook et al., 1973) of wet rockhead brines shows that they have climatic affinities with 
the freshwater in the Triassic sandstone aquifers of the Cheshire Basin where 192 million m3 

of water were raised in 1969, and these freshwaters and brines are believed to represent hy
draulic intrusion below wetbase glaciers at the end of the Pleistocene glaciation when tunnel 
valleys were being cut in the bedrock surfaces. 

These 0 16/018 ratios in the wet rockhead brines contrast with 'hot climate' ratios of intercry
stalline connate brines from the dry rockhead. In the sandstone aquifers as much as 400 m of 
freshwater rests upon brines. The presence of dry rockhead in the saltfield at depths much 
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shallower than the brines in the aquifer is considered to be the consequence of the protective 
influence of the developing saturated brines which were resistant to displacement by the in
truding glacial freshwaters. It is postulated that the final retreat of the glaciers would permit 
a rebound of the saturated brines into the cavernous wet rockhead. 

The subsidence features which evolved during the Glaciations became partially unfilled with 
post-Glacial sediments as a period of hydrogeological stability developed. 

However, the industrial revolution abruptly disturbed this equilibrium as the protective inter
face of saturated brine was displaced from the wet rockhead by widespread brine pumping 
from wells, bores and shafts and a new suite of subsidences was compounded upon the older 
subsidences. These newer subsidences have been a matter of very practical concern to sur
face users as lakes (meres) developed, agricultural drainage became impaired and structural 
damage to roads, railways, canals and buildings ensued. It is considered that the rate of subsi
dences in the future will be influenced not only by natural perturbations of the saturated bri
nes enveloping the rocksalt beds, but also by any man-made disturbances in the hydro geolo
gical system. Clearly any decline in wildbrine pumping rates would reduce the rate of subsi
dence development but some man-made disturbances may occur and natural regional varia
tions, even if they are of a gentle nature, may persist. Thus further developments of Salt 
Karst are expected and active research is progressing to not only understand the mechanism 
of subsidences, but also into their prediction and control. 
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3.17 
INTEGRATION OF HELIUM AND TRITIUM SURVEYING 

FOR MAPPING OF THE POTENTIAL DEVELOPMENT OF KARST 

by V. S. Kovalevksy and V. L. Zlobina 
(Water Problems Institute USSR Academy of Sciences. Moscow) 

Extensive groundwater withdrawals considerably alter aquifer balances. The lowering of the 
piezometric surface below river and groundwater levels causes an influx of invading waters 
into exploitated aquifers. In carbonate rock aquifers, this results in active development of 
karstic processes and sinkholes where karst had not been previously detected or in areas of 
buried karst. The intensity of karstification depends on the volume of river and groundwater 
flow and the routes of the most intense movement of water. Forecasting possible karst deve
lopment in space and time is dependent on the success of establishing mixed water origins 
and the correlative components. 

In the water recharge area of the Moscow artesian basin, helium and tritium surveys were 
used to distinguish between the similar mixed river, unconfined and confined groundwaters. 
It has been established that the concentration of helium in ground water increases with depth 
(Kunin and others, 1974). Thus, anomalously high helium concentrations within the study 
aquifer indicates an influx of water from lower aquifers via faults, fissures, litho logical ,win
dows", or leakage through semipermeable layers influenced by exploitation. Anomalously 
low concentrations of helium indicate an intensive influx of surface and unconfined ground 
waters. 

Tritium concentrations, on the other hand, decrease with depth and toward groundwater dis
charge areas; so that high concentrations indicate surface water influx as well as average 
groundwater ages (V. V. Romanov and other, 1975). 

For mapping the helium concentration distribution, all the existing wells in the area were test
ed. Tritium concentrations were determined only where abnormal helium values were 
found, to determine any correlation between the elements' concentrations. 

The developed Middle Carboniferous aquifer, 40-150 meters thick in the study area, is over
lain by Quaternary, Jurassic, and Upper Carboniferous sediments. Values of helium concen
trations showed a wide range in variations registering from 5 X 10·5 ml/1 to 90 x 10·5 ml/1. 
Tritium concentrations found in the same aquifer varied from 7.8 to 104 tritium units. The 
maximum tritium value observed in the groundwater approaches the concentrations found in 
river water, thus indicating the great extent to which river water steadily recharges the aqui
fer. 

A correlation was found between the concentrations of helium and tritium. It is demonstra
ted by the equation 

y = Ax2 + Bx + C 

where A= 0.014, B = 1.74 and C =55 (figure 3.29). 

Irregular distributions of helium concentrations in the aquifer were noted due to the com
plex relationships of the mixing river, unconfined and confined groundwaters; thus, a com
puter was employed to map the surface trends to determine the helium field distribution ten
dencies. The surface trends were approximated by polygons of the 6th and 7th order, as des
cribed by G. M. Velikina, 1976. 
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V. V. Romanov and I. K. Morkovkina (1975), determined tritium concentrations and its ef
fects on helium concentrations, which permitted the plotting of groundwater ages as an indi
rect indicator of karst development. 

It should be noted that in the area of the most distinct anomaly, No. 1, sink holes have alrea
dy appeared, which confirms the effectiveness of the method used. Understanding the regu
larities of karst development under human influence allows for planning preventive measu
res to control the process and possibly eliminate the effects. 
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3.18 
KARST INDUCED SUBSIDENCE IN THE 

CHATTANOOGA-ROSSVILLE AREA, 
HAMILTON COUNTY, TENNESSEE AND WALKER COUNTY, GEORGIA 

by Robert L. Wilson * 

Headlines in the Cbattanooga Times for July 8, 1978, read ,Sinkholes from Industrial Wells 
Pose Problem". Recently the Chattanooga City Commission was informed that serious subsi
dence problems from sinkholes could arise if the city did not move to regulate the pumping 
of water from industrial wells in the area. Active subsidence had occurred at several loca
tions in this area and the purpose of this study was to determine the nature, cause and extent 
of the problem. 

The Chattanooga, Tennessee-Rossville, Georgia area, in the extreme edge of southeast Ten
nessee and northwest Georgia (fig. 3.31) is situated in the intensely folded and thrust-faul
ted Valley and Ridge Province of the Southern Appalachians. This marginal fold belt is com
posed of Cambrian through lower Mississippian limestone and dolomite overlain by sand
stone and shale units whose composite thickness is over 6000 feet (1829 meters). These rocks 
were folded, fractured, uplifted, and subjected to erosional processes that produced a series 
of notheast trending ridges and valleys. The geology is exposed as parallel bands of rocks 
which trend northeast and are parallel to a series of imbricate thrust faults. 

The Tennessee River which is the principal control of drainage in the area flows in a westerly 
direction along the northern boundary of the study area, then turns to flow southerly adja
cent to a portion of the western boundary. 

Unconsoliated alluvium found along the streams in the area is principally composed of clay, 
silt, and scattered rock fragments averaging approximately 3 to 6 feet in thickness (1-2 me
ters) and thus does not constitute an important source of groundwater. 

The residuum which generally lies on top of the limestone and dolomite bedrock in the area 
may range from a few feet to over 150 feet (46 meters) in thickness. Over the limestone, the 
residuum is composed of clay, usually of very low permeability, and hence has a low water 
yield; however, over the dolomites of the Knox Group, it contains large angular rock or chert 
fragments and normally will yield water sufficient for domestic purposes. The most producti
ve water zone appears to be at the contact of the residuum and the underlying bedrock. 

The amount of water available from wells in limestone or dolomite is dependent upon the 
number and size of solution cavities and other openings encountered in drillings that are sa
turated with water. In the Chattanooga area these cavities are abundant in the first 250 feet 
(76 meters). In a survey of the area the average depth of 250 domestic wells inventoried was 
140 feet (43 meters). Solution cavities are common in the limestone beds underlying the 
flood plains of the major streams in the Chattanooga, Tennessee area. Wells drilled close to 
large rivers or streams often obtain quantities in excess of 1000 gallons per minute (gpm). In 
some places, solution channels are interconnected with surface streams and under certain hy
drologic conditions, river water flows directly into the aquifer supplying the wells. 

A program of study was instigated to ( 1) provide the City of Chattanooga with detailed infor
mation on geology and hydrology, (2) delineate existing subsidence in the Chattanooga-

UT Chattanooga 
Chattanooga, Tennessee USA 
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Rossville area, and (3) define potential areas of future subsidence. A geologic map was pre
pared along with an inventory of all subsidence features and wells. Data on groundwater 
withdrawals, precipitation, and stream flow characteristics and their relation to the develop
ment of sinkholes was obtained. 

To determine the extent of groundwater fluctuations in the area, information was obtained 
from three monitor wells which were drilled and from an existing well at one location. Loca
ted within 3000 feet (1211 meters) of existing industrial wells, all four wells were instrumen
ted with Stevens Type F recorders for water table observation to relate water level fluctua
tion to pumpage. Hydrographs for observation wells showed fluctuations in water levels up 
to 50 feet (15 meters). Sharp peaks in the hydrographs indicated that the pumping was so in
tense on occasion that the water table never fully stabilized until the next stage of drawdown 
or recovery (Figure 3.32). 
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Figure 3.32 Schematic cross section of Chattanooga-Rossville area with geologic and hydrologic condi
tions after and before pumping. 

As a result of this study it was possible to delineate certain low lying areas covered by uncon
solidated material and underlain by soluable limestone. If, in the same area, large industrial 
wells exist, the heavy pumping will induce large ground waterfluctuations which increase the 
potential for induced sinkhole development and collapse. 

The total cost of this study was $ 33,000. The major portion, $12,000, went for the drilling 
of the monitoring wells. 

As a direct result of the study the Chattanooga City Commission has adopted a series of re
gulations to license, meter, and monitor all large industrial wells. In this way the city of 
Chattanooga can determine and regulate the amount of groundwater fluctuation in the areas 
which tend to exhibit a high potential for collapse. 
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3.19 
FLOOD HAZARDS IN KARST TERRAIN: 

LESSONS FROM THE HURRICANE AGNES STORM 

by Elizabeth L. White and William B. White 

(Materials Research Laboratory 
The Pennsylvania State University 

University Park, Pennsylvania 16802) 

Frequently in the Appalachian karst the major streams remain on the surface while the tribu
taries are diverted to underground routes, with the water reappearing in the surface drainage 
through large limestone springs. 

Given this situations, we can consider what happens to a flood pulse moving through a carbo
nate terrain. The rapid influx of water into the surface drainage system is modified in two 
ways. The sheetflow is, in part, diverted to the subsurface through the internal runoff. Tribu
taries arising on nonkarstic borderlands around the limestone region are also diverted to the 
subsurface through swallow holes. The net result is a muting or damping of the flood pulse. 
This occurs because the residence time of the water in the subsurface drainage system is lon
ger than the residence time of water in the surface stream network. The typical response time 
of a well-developed karstic conduit drainage system is a few days to several weeks. 

The flood damping resulting from the karstic portion of a drainage basin is reflected in the 
flood hydrograph which tends to have a lower peak value and a somewhat more drawn out 
recession limb than hydro graphs for an equivalent drainage basin without the karstic compo
nent. This, of course, assumes that the return of the subsurface water to the surface drainage 
through springs occurs upstream from the gauge point where the flood is being observed. 

The phenomenon effect is one of temporary storage of a portion of the flood runoff in the 
normally dry caverns in the underlying conduit system (White and Reich, 1970). 

Extreme Value Floods 

Now consider what happens when an exceptionally high rainfall produces a long return pe
riod flood that reaches a carbonate drainage basin. The underground drainage system, has a 
finite storage and water-carrying capacity. The extreme flood completely fills the subsurface 
storage system and the swallow holes back up. Surface streams which are normally diverted 
to the underground return to surface routes whether there is any surface channel or not. 

In a well-developed karst area, if the surface stream is underground during normal floods, 
the old channel downstream from the swallow hole might become completely degraded, 
grown over, and all trace of channel can be lost. In a developed or urbanized area the presen
ce of the abandoned water course might not be recognized and various structures - houses, 
buildings, or streets - might be constructed directly over the route of the old drainage chan
nel. When the rare event of an extreme flood happens, the spillover water has no available 
channel and must carve a new route directly through whatever might have been constructed 
in its path. There is thus the peculiar situation what while a moderate flood might be less se
vere in a karstic basin, a large flood might do more damage than in a nonkarstic basin. 
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The Agnes Flood 

Hurricane Agnes swept through Central Pennsylvania on June 22-24, 1972. The storm follow
ed a west-to-east path across Centre County, Pennsylvania, stopped over Scranton and 
then retracted its route giving an unprecedented 250 mm of rainfall in a 24-hour period. De
pending on whether the actual flood was used in the calculation or not, the flood runoff in Cen
tral Pennsylvania corresponded to either a 130-year flood or a 1000-year flood. 

The Pleasant Gap Washout 

The case in point is the small town of Pleasant Gap, Centre County, Pennsylvania, popula
tion "-2000 (Figure 3.33). A 7.2 km2 catchment area exists on Nittany Mountain to the south 
in an upland drainage basin underlain by upper Silurian shales and sandstones. The runoff 
from the upland catchment flows northward as Gap Run and sinks, under normal conditions, 
in a large swallow hole at the contact with the upper Ordovician Champlainian limestones 
near the eastern edge of the village. The water rises in a series of springs at the head of Logan 

Fig. 3.33 Sketch map of the Pleasant Gap Area, Centre County, Pennsylvania, showing the relation of 
sinking stream and springs to the village. The cavernous limestone extends soutwest to 
northeast as a band parallel to Highway 64. Southeast of the limestone outcrop, the region is 
underlain by Upper Ordovician and lower Silurian shales and sands tones. The northwest part 
of the area is underlain by relatively less cavernous middle Ordovician dolomites. 
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Fig. 3.34 Map of Phantom Lake showing the perimeter of the closed depression and the area that floo
ded during the Hurricane Agnes storm. From U.S. Geological Survey Mingoville Quadrangle. 

Branch near the northwestern corner of the village. There is no trace of surface channel 
downstream from the swallow hole and much of the village is built in the topographic low, 
demarked by the 1000 foot contour on Figure 3.33, that slopes down to Logan Branch. A 
portion of Pennsylvania Highway 64 crosses the topographic low with no bridge or culvert. 
Baseball fields, buildings, and other structures have been placed directly along the route. 

The runoff from the Hurricane Agnes rainfall came down the gap, completely overwhelmed 
the swallow hole, and spilled over onto the surface. It created a short-term overland flow 
from the swallow hole, through various buildings, utilizing some of the village streets, then 
eventually made its way to the head of Logan Branch. The spillover did a considerable 
amount of damage. Parts of streets were washed out, foundations were damaged, and various 
garages and outbuildings that had been placed directly in the path of the flood were washed 
away or severely damaged. The flood spilled over Highway 64, closing it for some time, and 
did some damage to the roadbed. 
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Phantom Lake 

The capture of the internal runoff from an extreme value flood into the subsurface drainage 
has another effect. The groundwater levels in the conduit system rise abruptly. The drain 
channels of sinkholes reverse their flow and water flushes up to the surface, filling the closed
depressions and transforming them into small lakes. Figure 3.34 shows this aspect of the Ag
nes flood. About 6 km to the northeast of Pleasant Gap is a large, rather shallow, closed de
pression approximately 3 km in diameter. It is a broad rolling area of farmland. In the lowest 
parts of the depression are a number of sinkholes 10 to 20 meters in diameter. During the 
Hurricane Agnes storm rapid runoff from Nittany Mountain brought up groundwater levels 
and water backflooded up through the sinkholes. The water in the depression rose until a 
lake was created nearly 1 km in diameter with a depth of 10 to 20 meters. The lake covered 
Highway 64 to a depth of 1-2 meters and forced the closing of the Highway for a number of 
days. There was extensive damage to farm crops and the edge of the lake lapped several farm 
buildings scattered around outside the perimeter of Phantom Lake. 

Water levels remained high for some weeks and there was water standing in the bottoms of 
some of the sinkholes for as long as a month after the flood. 

Conclusions 

Remedial action for the two situations illustrated here lies in recognizing the circumstances. 
The concept of a floodplain has to be modified somewhat. Land use planners should recog~ 
nize the existence of major swallow holes. Ground downslope from the swallow holes should 
be treated as a floodprone area in spite of the self-evident observation that these areas might 
have no surface streams. 

It is necessary to recognize closed depression features, which might or might not show up 
adequately on topographic maps. The smallest mapped closed depressions are those whose 
depth is greater than one contour interval, which on most topographic maps in the United 
States is 20 feet (6 meters), and there is good field evidence for broad shallow swales or sink
holes with overall depths less than a single contour interval. Such areas should also be identi
fied as part of land planning or zoning and their potential for flooding (as well as risks of sub
sidence) evaluated. 

These land-use risks are well-known in karst regions. The significance of these events in Cen
tral Pennsylvania is that the terrain is a very subdued karst. The hazards are not in evidence 
in years of normal precipitation. It is only during exceptionally large storms that the excep
tional hazards of the karst make their presence known in a dramatic fashion. 
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Chapter 1: 21 sections dealing with the evaluation of water resources. 

Chapter 2: 21 sections dealing with the winning and utilisation of water of water contai
ning karstic terrains. 

Chapter 3: 19 sections dealing with environmental problems in karstic terrains. 

The text partly written in English and partly in French is adequately illustrated with 

numerous pictures. An access to the international and regional literature is made possi

ble, as authors are quoted in the different sections. 
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