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INTRODUCTION

Kars[ aquifers hide immense quantities of underground
water and thus represent water resources of considera-
ble importance. In order to preserve this natural treasure or to exploit it in a correct,
sustainable manner, we have to plan its utilisation adequately and avert or at least limit
eventual negative impacts. Yet, in implementing this, our efforts may prove effective
only if we take into consideration all specific properties and peculiarities of karst aquifer
systems. Due to their heterogeneous structure and complex functioning, identifying these
characteristics is by no means an easy task. In a search for solutions, numerous research
methods have been developed. Their reliability and applicability to selected areas de-
pend on many factors, but each one of them signifies an additional step on our way
towards better understanding of the forces and natural laws that govern the flow and
storage of underground karst water.

Some of them were incorporated also in my research on the karst aquifer in the
recharge area of Vipava springs in south-west Slovenia and this represents the main
subject of the present book. This area, with its vitally important water resource, had
already been subjected to investigations undertaken by numerous experts from various
fields of knowledge for more than a hundred years. With presented study of characteris-
tics of recharge-discharge relations I endeavoured to add some findings about hydrology
of this area, as well as to contribute a tiny stone in the vast mosaic of our current knowl-
edge of karst hydrological systems.

I completed the major part of my research already as a junior researcher within the
framework of the Ministry of Science and Technology’s programme under the mentor-
ship of Dr Miran Veseli¢, to whom I would once again like to express many thanks for
his help and valuable expert counsels. Many thanks also to Mr Boris Zupan¢i¢ of the
Environmental Agency of Slovenia, who enabled me to obtain the extensive base of
meteorological data free of any charge. After concluding my doctoral studies I contin-
ued with my investigative scientific work at the selected polygon in the Vipava’s recharge
area within the framework of the research programme of the Karst Research Institute
ZRC SAZU. I supplemented this work by participating in the European project STA-
LAGMITE - Sustainable Management of Groundwater in Karstic Environments -, which
is a part of the INCO-Copernicus programme. It enabled me to put to the test also some
other investigative methods during collective work at the selected polygon with research-
ers from other countries. These international connections were further developed in the
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course of the project »Partnerships in Science«, which was supported by the Ministry of
Education, Science and Sport and the British Council.

The present book thus represents results of my research work, while at the same
time it reflects also various experiences collected during collaboration with other re-
searchers. First and foremost, I owe much gratitude to co-workers at the Karst Research
Institute ZRC SAZU, who were not only offering the basis for the fruitful co-operation
on various projects but were moreover providing a pleasant and supportive working at-
mosphere that promoted creativity. I would like to express my thanks also to the col-
leagues at my first professional appointment in the former Research Unit of the Idrija
Mercury Mine, because their attitude to research work proved to be a valuable example
that I attempted to adhere to also in the years that were to come. Especially to Dr Joze
Car, because it is also owing to him that my professional course has taken a direction to
karst hydrology. Thanks to Dr Trevor R. Shaw for the revision of the English text.

CONCEPTUAL MODEL OF KARST AQUIFER

A karst aquifer system represents a formation with karst-fissured porosity and good per-
meability, which is surrounded with boundaries. These boundaries receive water and
other incoming components and it is also through them that the transport of the output
components of the system is carried out. The structure of the system incorporates the
flow paths, along which water streams from the point where it enters the system until the
place of the outflow from the system. All along these paths, however, various changes
are taking place, which transform the incoming quantities into the output ones (Chow et
al. 1988). In karst aquifer systems this structure proves to be fairly heterogeneous and
the relations among individual parameters very complex. In our studying of their charac-
teristics we are for this reason compelled to resort to certain simplifications. For the
general, simplified demonstration of the system’s functioning we use the so-called con-
ceptual model (Fig. 1). It is composed of independent components - subsystems -,
which are interrelated and act as a whole, yet we may study them also separately. We
thus distinguish between the subsystems of surface flow and of underground flow. The
subsystem of surface flow includes two input components. One of them is sinking streams,
which represent the inflow of water from a non-karstic neighbouring environment and
which, in contact with a karst area, sink underground as a point input into the karst
system. The second occurs in the form of precipitation, which across all karst region
infiltrates underground in a dispersed manner. The water that cannot percolate through
the soil may flow on the surface as the surface runoff. Evapotranspiration is a collective
term for all processes by which water in the liquid or solid phase at or near the land’s
surface becomes atmospheric water vapour (Dingman 1994),

The groundwater flow subsystem comprises unsaturated (vadose) and saturated



INTRODUCTION

(phreatic) zones. The soil represents the upper part of the unsaturated zone, within
which the precipitation water may, dependent on the thickness and hydrological proper-
ties of the soil, get temporarily stored or just percolate down into the epikarst zone.
Numerous investigations in the literature have demonstrated that epikarst plays a signif-
icant role as a control factor, which regulates the time-related distribution of the re-
charge. At higher waters the infiltrated precipitations are partly transferred fast into the
karst channel network, while the other part may get stored in the base of the epikarst
zone and subsequently, when the water level subsides, slowly flows out in the less perme-
able aquifer zones. The entire process of the infiltration of precipitation and the flow of
water which reaches the saturated zone is called recharge, and previously described are
fast and slow component. Its aftermath is the rise of the water table and the consequen-
tial increase of the outflow of karst springs. The actual flow of water in the saturated
zone, however is going on through the well permeable system of conduits and also through
the fissured matrix; dependent on hydrological conditions there may occur an inter-
change of water between them. The water flows through channels until reaching karst
springs, where it once again enters the subsystem of the surface flow. In addition to the
concentrated outflow through karst springs we may in some cases witness also the non-
concentrated, diffused outflow of water from the fissured matrix onto the surface.
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SELECTION OF THE RESEARCH METHOD

For the purposes of studying the flow and storage of karst waters, numerous research
methods have already been developed and tested. Their common finding is that karst
aquifers represent very complex systems and that the conception and development of
adequate principles and methods, which would enable us to simulate hydrodynamic
conditions in these systems, therefore prove to be replete with apparently insurmounta-
ble difficulties. The choice of the most suitable and relevant approach for resolving such
problems is conditioned by many factors, such as the presupposed characteristics of
karst system, the anticipated results, availability of data, etc. The most well-known and
accessible part of the karst water flow is the surface flow subsystem, which introduces
precipitation as the source of recharge, and springs as places of discharge. Their accessi-
bility allows constant meteorological and hydrological measurement; from the stand-
point of investigating hydrodynamic characteristics, also hydrochemical analyses are be-
coming of increasing importance. The logical consequence of all this is the development of
numerous research methods that are based on the comparison of the input and output
parameters of karst aquifer system. This is especially so owing to the fact that the activities
that take place underground for the most part cannot be observed in a direct manner and
usually we are also not in possession of sufficiently extensive and reliable data bases de-
scribing the geometry and hydrodynamic parameters of the aquifer.

The lack of such data restricts the utility of deterministic models, wherein other-
wise individual processes are defined within the system by relevant physical laws. Black-
box methods, on the contrary, deal with the karst system as the central point of dynam-
ical processes, determined by the input and output signals (Fig. 2). By applying a func-
tional or system approach to our study we may, on the basis of the analyses of the rela-
tion between the input and output, assume characteristics of the processes that are tak-
ing place within the system (Mangin 1994). Only input and output signals have physical
meaning, whereas for all connections between them, empirical or mathematical functions
are being used which reflect physical processes within the system (Chiew er al. 1993). This
role may be enacted by the so-called transfer functions. Their main characteristic is the
transformation of the input function into the system’s response, which is described by the
output function. Although the transfer functions unite influences of various complex proc-
esses, they provide the essential information about the functioning of the karst systems
(Dreiss 1982). We may determine them on the basis of the measured meteorological and
hydrological time-series and subsequently we may use them for testing the system’s re-
sponse to various hydrological scenarios (Long & Derickson 1999). This method is found-
ed upon the principle of linear systems. With regard to the physical and geometrical heter-
ogeneity of karst aqifiers, its usefulness in this environment is somehow restricted, and yet
it has yielded to numerous authors in the course of diverse types of research highly inter-
esting and also acceptable results (Knisel 1972, Ashton 1966, Estrela & Sahuquillo 1997,
Wicks & Hoke 1999, Labat er al. 2000, Wicks & Bohm 2000).
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Such methods represented the foundation karst system
upon which also the research of characteris- .._l(..t)__> Z(1)
tics of the recharge-discharge relations of the
karst aquifer in the recharge area of Vipava | z o]
springs was organized. In this area numerous m '& [{/\\
investigations have been undertaken in recent t t t
years and, while they succeeded in explaining .
the basic laws of the functioning of the karst Figure 2: Input-output systen
system, at the same time they also opened a
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multitude of new questions about its hydrodynamic properties. The data measured were
for the most part related to meteorological conditions and the characteristics of karst
springs, whereas much less information was collected about the aquifer’s inner structure
and about its hydrodynamic parameters. For this reason, it was primarily the criteria of
the availability of the data which turned out to be crucial factor in deciding in favour of
the use of the black-box method.

AIMS AND OUTLINE OF THE RESEARCH

At the beginning of my research I raised three basic questions:

« Isit viable to apply to the karst system the black-box model, by means of which one
could describe the system’s reaction on the recharge with sufficient accuracy?

+ Is it possible to infer the hydrodynamic characteristics of the karst system on the
basis of the comparison between various input and output functions?

¢« What are the characteristics of the recharge function and what is its role in karst
systems?

In order to obtain the answers I accepted the basic principles of the black-box meth-
od; with regard to my specific aims and the available data, however, I have made some
slight modifications. I proceeded from the premise that the hydrological complexity of
karst aquifers is primarily the consequence of changeable conditions of the recharge and
the heterogeneous properties of the underground flow. In the set conceptual model spe-
cial attention was paid to processes determining these conditions and properties. The
correlations between elements of individual subsystems were defined with equations
that describe physical processes taking place between them, or by means of empirical
dependences and effective parameters. With regard to the presupposed form of the in-
put function three different input-output models were set up. By varying the properties
of the input signal it was attempted to come as close as possible to the real conditions.

In the first model the input function is represented directly by the measured quan-
tity of precipitation. In the second I replaced them with an effective infiltration, which
includes the influences of various processes which take place in the air, in vegetation
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and in the soil, on the actual infiltration of water into the rock. I took into account the
effects of the interception of precipitation in the vegetation cover, the effects of snowfall
and snow melting, of evapotranspiration and the storage of water in the soil, as well as of
secondary infiltration of sinking streams that collect the surface water in the surround-
ing flysch area. In the third model [ simulated the functioning of the hydrological mech-
anism in the epikarstic zone, which makes possible the division of the recharge into fast
and slow components. The discharge function is represented by the measured discharg-
es of the Vipava springs.

I assumed that the accurate evaluation of the recharge provides us with sufficiently
trustworthy data, which may be employed as an input function during further study of
hydrodynamic characteristics of the karst system. In this manner we are able to mini-
mise the problems that may arise due to the oscillation of the transfer function, since
they for the most part occur as a consequence of input data errors and as a consequence
of the non-linearity due to processes that are affecting precipitation during the recharge
period.

In testing the proposed hypothesis I used a somewhat modified black-box method.
This method is usually based on the comparison between the recharge and discharge
functions related to individual precipitation events; in the research undertaken, howev-
er, | compared the data from the entire two-year period and thus took into consideration
during my analysis also the circumstances at different hydrological conditions. Applying
the mathematical-statistical comparison of the input and output signal, I determined for
each model its corresponding transfer functions, which reflected processes taking place
within the examined system. By taking into account these functions and the measured
input parameters, the discharge values of Vipava springs were also simulated with this
model.

As the criterion for the adequacy of models I took the accuracy of the simulation,
which is related to the transfer function’s ability to reproduce discharges on the basis of
which it has been determined. With regard to the correspondence between the meas-
ured and calculated discharges, I thus assessed the adequacy of the selected models;
whereas considering their structure and properties as well as the form and characteris-
tics of the transfer function, I inferred the role of the recharge function and its compo-
nents in the flow and storage of water in the karst aquifer systems. By means of the
applied method it was, however, not possible entirely to exclude errors in determining
the input and output parameters of the system, and the application of the linearity prin-
ciples does not completely correspond to real conditions. Despite all this, I estimated
that, supposing the simulation ensures sufficient accuracy, the testing of its utility proved
to be reasonable, since it allows a fairly interesting and innovative approach to the study
of hydrodynamic characteristics of karst aquifers.



INTRODUCTION

SURVEY OF RESEARCHES UP TO THE PRESENT

The analysis of the rainfall-runoff systems is already widely used in hydrology, and many
have applied it also to their investigation of the karst underground water (Ashton 1966,
Brown 1973, Knezevi¢ 1976, Graupe ef al. 1976). In their surveys of the karst hydrolog-
ical methods, it is mentioned by Mijatovi¢ (1990), Kresi¢ (1993) and Mangin (1994).

In his comparisons of the transfer function for individual storm events Knisel (1972)
used various deconvolution techniques. Highly approvable results were obtained also by
Poitrinal & De Marsily (1973) and Poitrinal (1974), who ascertained the stable, physi-
cally changeable transfer functions for the behaviour of Fontaine de Vaucluse spring in
France over a long period of time. The transfer functions were determined on the basis
of the data collected during several years and at 5-days intervals and for this reason they
allow the determining of the general trend, yet they do not present also the individual
reactions of springs on the precipitation events.

By comparing different statistical techniques Labat and his co-researchers (2000)
reviewed the possibilities of the use of linear and stationary rainfall-runoff model for the
assessment of the hydraulic behaviour of karst systems. On the basis of the obtained
results he concluded that they possess certain advantages, yet their ability of simulating
conditions at high or low waters was somehow lessened.

Shirley Dreiss consecrated a lot of her investigative efforts in similar research. In
order to determine the karst systems she applied linear functions. With regard to decon-
volution she introduced the individual storm events as the system’s input signal, whereas
the direct or the fast flow at the spring served as the output signal. The average error rate
of the discharge evaluation amounted to 3%, but due to the use of the empirical coefTi-
cient in the soil moisture balance, the established correlations could not be deployed for
the simulation of discharges (Dreiss 1982, 1989a and 1989b). She also tested the possi-
bility of the application of the method in identifying the recharge area of karst springs
(Dreiss 1983).

In order to determine the transfer function, Estrela and Sahuquillo (1997) made
use of the correlation among the slopes of the recession curve sections in semi-logarith-
mic measure for the annual recession and not for individual precipitation events.

Of significant interest also proved to be the parallel use of the transfer function for
modelling of the groundwater flow and transport through the karst aquifer (Wicks &
Hoke 1999). On the basis of processing selected individual storm events, three transfer
functions were determined: one related the recharge to the spring’s discharge, the sec-
ond related the point-source input of the solution to the concentrations of solutions in
the spring and the third connected the diffuse input of matter with concentrations of
solutions in the spring. The method proved to be suitable for forecasting the under-
ground water flow and the transport of solution through large karst basins.

A somewhat different approach was deployed in the investigations of the Big Spring
in Missouri, where the transfer function was determined on the basis of the unit hydro-
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gram (Wicks & Bohm 2000). The method was evaluated as simple and fast, yet unsuita-
ble for the discharge simulation.

Long and Derickson (1999) deployed the analysis of the linear systems and the
deconvolution method in order to study the response of the water table to the recharge.

Drogue and Guilbot (1977) adopted the mathematical model, which connects the
precipitation and the discharge (CREG model) on an experimental polygon; subsequently
however, they used it in simulation of monthly and daily discharges in the larger karst
aquifer. They defined the production function and the transfer function. The former
describes the recharge of the aquifer, whereas the latter the transfer through the karst
system. Applying the mathematical functions they ascertained for both functions also
their individual recharge and flow components.

The transport of matter in karst or in fissured aquifers (Diaconu er al. 1984, Duffy
& Harrison 1987, Duffy & Gelhar 1986) is also frequently based upon the principle of
linear systems. Nathalie Doerfliger (1996) used the deconvolution of the tracer break-
through curve with the corresponding input function. By comparing the transfer func-
tions of approximately 100 tracing tests, she analysed their variability in dependence on
the changes in the extent of the recharge area and hydrological conditions or geologic
and hydrogeologic properties.

I dealt with the analysis of the relationships between precipitation and discharge
already in one of my previous researches. I combined it with my work at the experimen-
tal site Ticnica near Idrija in north-west Slovenia, the accurate dimensions of which, as
well as its location and properties of springs were already sufficiently well known (Petri¢
1996a, 1996b and 1998). Due to precise knowledge of this test site, I was able thorough-
ly to monitor the additional influences on the relation between precipitation and runoff
and consequently it became manifest that the most significant role is played primarily by
preceding precipitations.



BASIC CHARACTERISTICS
OF THE STUDY AREA

THE CHOICE OF THE STUDY AREA

he recharge area of the Vipava karst springs is a part of

the wider region of the High Karst in south-west Slove-
nia. As a vitally important drinking water reservoir it was already in the past the subject
of numerous investigations, from which an extensive database has been collected. These
were, however, predominantly just individual and unrelated researches, aimed just at a
specific target. A significant step towards a more united, interdisciplinary research in-
cluding the collaboration of different experts from various fields was undertaken only
after joining the international project “7" SWT - Spreading of Pollutants in Karst; Trac-
ers and Models in Various Aquifers”. 17 organisations from Germany, Austria, France
and Slovenia took part in these collective research activities. As a junior researcher at
the Karst Research Institute ZRC SAZU I was one of the participants. Within the frame-
work of the geographical, geological, geomorphological, speleological, hydrogeological
and hydrological researches in the period between 1992 and 1996, measurements of the
wide spectrum of hydrogeological parameters were taking place and some new measure-
ment stations were set up, which operated only during the course of the project. Partic-
ularly by means of geological mapping, meteorological and hydrological measurements,
chemical and isotope analysis and by tracing tests, all of which were performed in an
uninterrupted time period, an extensive database was collected, which was subsequently
adequately processed, while all the results were published in the final collective publica-
tion (Kranjc 1997). However, there still remained a significant range of open possibili-
ties for further processing and re-deployment of the collected data. I ventured on one of
these open paths leading to continuation of the research and the outcomes of my inves-
tigations are presented in this book.
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Basic CHARACTERISTICS OF THE STUDY AREA

valley, belong to the HruSica nappe. This is in turn thrust onto the SneZnik thrust sheet,
which within the area considered comprises also the surrounding area of Postojna, Pivika
kotlina, Javorniki and the narrow belt of Eocene flysch rock which after passing the Na-
nos’s southern edge extends into the Vipava valley. At the contacts on the western margins
of Pivka basin Bukovska, Debelovrska and SuhovrSka interjacent slices were also formed,
which in comparison to other thrust units prove to be of insignificant extent.

The most important faults we come across in this area are Idrija, Zala and Predjama
faults, which have Dinaric direction. Idrija and Zala fault zones are located on its north-
east edge; they run across Planinsko polje, whereas the recharge area we are concerned
with is between Nanos and HrusSica intersected by the Predjama fault. Under this name
we denominate the eastern continuation of the Av¢e fault, which may be traced back all
the way from the Soca valley up to the edges of the Pivka basin. In addition to these
strongly pronounced faults the area is intersected also by numerous smaller faults ex-
tending in various directions.

The area considered is predominantly composed of carbonate rocks. The oldest
among them are Norian-Rhaetian dolomites located at the southern edges of HrusSica.
At Nanos’s eastern part and on HrusSica, the Liassic, Doggerian and Malmian lithostrati-
grapfic units were developed as representatives of limestone and partly also dolomite
with all their transition forms. Cretaceous rocks, however, prevail in the composition of
the karst recharge area of Vipava springs. The Lower Cretaceous at the edges of Pivka
basin as well as on Nanos and HrusSica is developed as limestone with inclusions of
bituminous dolomite, which is followed by Upper Cretaceous organogenic limestones.
Carbonate Cretaceous development is concluded with the erosion discordance, above
which are positioned Eocene flysch rocks. These build up the entire area of Vipava
valley and the Pivka basin, and they break out onto the surface also in the Bela valley and
in the surrounding area of Vodice. They are developed as marlstones or quartz sand-
stones with inclusions of calcarenite and calcirudite. The steep slopes of Nanos that rise
above Vipava valley are covered with Quaternary breccia and non-agglutinate slope rub-
ble. Alluvial sediments are deposited along streams.

HYDROGEOLOGICAL CHARACTERISTICS

On the basis of the already identified geological structure we were enabled to determine
also basic hydrogeological units (Fig. 8). The central part of Vipava springs recharge
area represents a very well permeable karst aquifer of Nanos and HrusSica, which is
composed of Cretaceous and Jurassic limestones. The considerable karstification is in-
dicated by surface karst features and numerous karst caves, especially shafts. Nanos and
Hrusica are in the geological sense divided by the Predjama fault, which nevertheless
does not represent any hydrological barrier. The direct proofs of this were provided by
tracing tests, which confirmed the underground connection between Lokva and Bel3¢i-
ca sinking streams and Vipava springs (Habe 1970, Behrens et al. 1997). The thickness

23
























































































































































































































































































































































































































	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0001
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0002
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0003
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0004
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0005
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0006
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0007
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0008
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0009
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0010
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0011
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0012
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0013
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0014
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0015
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0016
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0017
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0018
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0019
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0020
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0021
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0022
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0023
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0024
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0025
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0026
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0027
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0028
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0029
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0030
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0031
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0032
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0033
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0034
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0035
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0036
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0037
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0038
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0039
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0040
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0041
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0042
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0043
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0044
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0045
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0046
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0047
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0048
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0049
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0050
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0051
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0052
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0053
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0054
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0055
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0056
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0057
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0058
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0059
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0060
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0061
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0062
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0063
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0064
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0065
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0066
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0067
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0068
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0069
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0070
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0071
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0072
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0073
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0074
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0075
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0076
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0077
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0078
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0079
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0080
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0081
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0082
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0083
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0084
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0085
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0086
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0087
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0088
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0089
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0090
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0091
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0092
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0093
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0094
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0095
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0096
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0097
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0098
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0099
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0100
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0101
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0102
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0103
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0104
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0105
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0106
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0107
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0108
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0109
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0110
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0111
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0112
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0113
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0114
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0115
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0116
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0117
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0118
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0119
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0120
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0121
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0122
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0123
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0124
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0125
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0126
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0127
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0128
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0129
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0130
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0131
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0132
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0133
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0134
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0135
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0136
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0137
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0138
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0139
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0140
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0141
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0142
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0143
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0144
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0145
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0146
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0147
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0148
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0149
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0150
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0151
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0152
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0153
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0154
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0155
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0156
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0157
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0158
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0159
	Characteristics_of_Recharge_Discharge_Relations_in_Karst_Aquifer_0160



