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Abstract: Vulnerability mapping is one of the methods which are widely used in the complex 
hydrogeological research as an additional method for the groundwater protection studies, 
spatial planning or impact and pressure assessment projects. Two basic types of vulnerability 
map methods are developed: specific and intrinsic vulnerability mapping. Throughout the 
period of the last fifteen years, numerous of vulnerability methods were developed, but only 
few of them are suitable for the karst aquifers vulnerability analyses. Just some of them were 
applied for specific types of karst terrains.  
 
This paper represents the results of the UNESCO study "Vulnerability mapping of 
Novljanska Žrnovnica karstic spring catchment area (Croatia)" which was chosen as an 
example for the application of four well known intrinsic vulnerability mapping methods and 
tested on the karstic aquifer of the Novljanska Žrnovnica spring. That catchment has been 
selected because of the quantity of pre-existing researched hydrogeological data, and in the 
same time is the catchment typical for the Mediterranean karstic areas. Four methods were 
applied for the same pilot area: the PI method, the COP method, the SINTACS method and 
the European Approach method (COST 620). Those methods have many advantages and 
disadvantages for the vulnerability mapping of the karstic environment, some parameters are 
not suitable, some should be modified, and some could be used in the original way. On the 
base of used original, modified or completely new parameters on the same pilot area the new 
method has been proposed. That method tested on the catchment area of Novljanska 
Žrnovnica could be tested and used for other karst areas in the Mediterranean region. Karst 
aquifers represent a large portion of the groundwater resources in the Mediterranean region 
and the determination of the appropriate method can greatly contribute to the efficiency of 
groundwater protection in that area. 
 
Key Words: Karst aquifers vulnerability methods, KAVA method, PI method, COP method, 
COST 620 method, SINTACS method. 
 
INTRODUCTION 

Vulnerability mapping is one of the methods which are widely used in the complex 
hydrogeological research as an additional method for the groundwater protection studies, 
spatial planning or impact and pressure assessment projects. Two basic types of vulnerability 
map methods are developed: specific and intrinsic vulnerability mapping. Such or similar 
GIS analyses are in the hydrogeological practice for more than fifteen years (Aller et al., 
1987; Van Stemport et al., 1993; Doerfliger & Zwahlen, 1995, 1998; Goldscheider et al., 
2000; VIAS et al., 2002; Civita & DeMaio, 2000; COST 620, 2004). Throughout that period, 
a numerous of methods were developed, but only few of them are completely suitable for 
karst aquifers vulnerability analyses. Karstic aquifers represent a large portion of the aquifers 
in the Mediterranean region and determine of the most appropriate method and/or the 
development of the new method can greatly contribute to the hydrogeologic practice in that 
area.  
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Novljanska Žrnovnica spring (Fig. 1) is located in the northern coastal area of the Croatian 
part of the Adriatic Sea. The capacity of the spring varies during the year from 0,5 m3/s 
during the summer drought period to almost 15 m3/s during the autumn rainy period. In the 
catchment area there are, except Novljanska Žrnovnica spring, more permanent and 
temporary springs in the more than 100 km long discharge zone along the coast. Some of 
them have significant discharge, but only Novljanska Žrnovnica is captured for public water 
supply. The reason is that other springs are almost drying up during summer time, or have 
significant problems with salinization. 

 
Fig. 1. Novljanska Žrnovnica springing zone 

Novljanska Žrnovnica catchment area occupies about 1.000 km2, which renders it one of the 
largest catchments in the Adriatic basin in Croatia. The entire catchment is on the Croatian 
territory, and the catchment doesn’t have cross-border characteristics. Catchment spreading is 
in direction northeast - southwest, as well as the spreading of the geological structures of the 
Dinarides. On the north side the catchment boundary is the water divide between the Adriatic 
Sea and the Danube River basins. Novljanska Žrnovnica spring is in the central part of the 
catchment area. Part of this springing zone is fed from the northwestern part of the catchment 
(Lič field), part is coming from the mountain areas in the hinterland which stretches to the 
Gorski kotar area, and part from the Lika area (sinkhole zones of the rivers Gacka and Lika). 
This data were confirmed by numerous tracing tests and hydrogeochemical research. 
One can find, in the geological composition of this catchment most of the elements 
characteristic for the geological structure of the Dinarides, from predominantly clastic rocks 
of Palaeozoic age in the anticline forms to a complete sequence of the Mesozoic age rock 
formations; which means the thickness of the carbonate rocks of several thousand meters. 
Boundary conditions of the catchment area of Novljanska Žrnovnica spring, groundwater 
flow direction and the occurrence of springs and sinks are in direct relation with the 
geological and structural conditions. 
The most important water resources system in the Lika region, but also in the Novljanska 
Žrnovnica catchment area, are Lika and Gacka rivers, where most of the water of that water 
resource system is concentrated. Under natural conditions, the waters of these rivers were 
completely swallowed in the swallow holes (ponor) in the Gacka and Lika poljes and as a 
groundwater drained to coastal springs in the area from Novi Vinodolski to Karlobag. 
However, with the construction of HPP Senj the natural conditions are substantially changed, 
especially during dry periods, because the overflow of water during the rainy periods still 
drains into the natural sinks. 
That catchment was chosen as a representative catchment for the whole Dinaric karst area, 
because it has numerous karst phenomena typical for the Dinaric karst aquifers (sinkholes, 
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springs, deep groundwater flow, karstified carbonate rocks, submarine springs, absence of 
covering deposits, etc.).  
On the catchment area of the Novljanska Žrnovnica spring four widely used vulnerability 
methods (PI, COP, SINTACS, COST 620) are tested to produce the vulnerability maps of the 
catchment but also for the testing of those methods in the catchment which is chosen as a 
representative for the Dinaric karst region. Using the experiences collected through the work 
with those four methods, the new method appropriate for karst terrains is developed – KAVA 
(Karst aquifers vulnerability assessment) method, which is also tested on the Novljanska 
Žrnovnica spring catchment. 
 
THE VULNERABILITY METHOD KAVA 

The KAVA method is based on a conceptual model origin-pathway-target (Fig. 2) (Zwalen, 
2004). It is primarily designed for assessment of karst aquifers/sources intrinsic vulnerability, 
where the final spatial analysis and vulnerability maps are made with multiparameter GIS 
technology. Four basic factors for assessing intrinsic vulnerability are Overlay protection (O 
factor), Precipitation influence (P factor), Infiltration conditions (I factor) and Aquifer 
conditions (A factor). All factors are used for source vulnerability assessment (assessment of 
spring vulnerability), and for resource vulnerability assessment (assessment of aquifer 
vulnerability) the complete factors O, P and I, and the part of the factor A which describe the 
static conditions in the aquifer are used (Fig. 3). 
 

 
Fig. 2. Conceptual model origin-pathway-target (from Zwahlen, 2004) 

Unlike the European approach and other existing method for intrinsic vulnerability 
assessment, in the KAVA method unsaturated and saturated part of karst aquifers are treated 
together! There are several reasons for that, but primarily one is due to the simplification of 
the overall model. Given that the carbonate karst aquifer is a highly heterogeneous and 
anisotropic medium, without a sufficient number of quite expensive and detailed exploration 
wells, which would provide sufficient certainty in determination of groundwater levels, the 
separation of the unsaturated and saturated part of the karst aquifer is hardly feasible. For 
these reasons, the boundary between unsaturated and saturated zones in karst aquifers is often 
determined empirically or approximately, and the use of the unsaturated zone thickness is 
generally an unreliable parameter, which effects all models that use it. 
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Fig. 3. Conceptual model of the KAVA method 

Os – Overlay protection subfactor soil; Okf – Overlay protection subfactor karst features; P – Precipitation 
factor; SCA 1 – Surface catchment area: swallow holes and streams with buffer zone; SCA 2 – surface 

catchment area of swallow holes; SCA 3 – the rest of the karst catchment area; Isv – Infiltration subfactor slope 
and vegetation; Igwd – Infiltration subfactor groundwater depth; Ahg – Aquifer conditions subfactor 

hydrogeological and fracturing condition; Att – Aquifer conditions subfactor tracing test.  

The overall results of the karst catchment analysis are two indices of vulnerability. Source 
Vulnerability Index (SV Index) refers to the assessment of the intrinsic vulnerability of karst 
springs, and Resource Vulnerability Index (RV index) refers to the assessment of the intrinsic 
vulnerability of karst aquifers. 
In calculations of both indices, a critical parameter is A factor. Specifically, when assessing 
the intrinsic vulnerability of karst springs (source vulnerability) then are used values of total 
A factor related to observed spring, since in this case A factor take into account the static and 
dynamic conditions in the karst system. 

 

By separation of A factor on the two main subfactors (Ahg and Att) and taking into account 
only subfactor Ahg, an estimation of the intrinsic vulnerability of karst aquifer (resource 
vulnerability) are obtained, because in this case A factor considers only the static conditions 
in the karst aquifer. 

 

 

Calculation of both indices are made in such a way that scores obtained by the calculation of 
each factor (O score, I score, A score) are summed altogether and multiplied by the score of P 
factor (P score), which represents the external stress in the KAVA method. After that the 
additional extraction of the most vulnerable parts in the catchment area (swallow holes, 
swallow hole zones and zones of sinking streams that gravitate to these swallow holes) 
should be done, in a way that the SCA 1 parts (Fig.3) of catchment area automatically have a 
unique value of 0.1 points.  
Finally, Source Vulnerability Index (SV Index) values range between 0.1 and 9, and 
Resource Vulnerability Index (RV Index) values  range between 0.1 and 7.5. For the final 
intrinsic vulnerability map obtained values of these two indices are classified into six 
categories of vulnerability. 
Spatial distribution of SV index is displayed in the form of Source Vulnerability Map and 
spatial distribution of RV index in the form of Resource Vulnerability Map. Table 1 is used 
for define vulnerability classes and the colour scheme on obtained vulnerability maps. 
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Table 1. Legend for the resource and source vulnerability map 

SV Index RV Index Vulnerability classes Colour 

1 1 Extreme red 

2 2 Very high orange 

3 3 High yellow 

4 4 Moderate light green 

5 5 Low green 

6 6 Very low blue 

After reclassification of the resulting raster to five defaulted categories were obtained the 
map of source intrinsic vulnerability (related to the karst spring Novljanska Žrnovnica) (Fig. 
4) and the map of resource intrinsic vulnerability (related to the karst aquifer as whole) (Fig. 
5). 

 
Fig. 4. Classified SV index map 

 

 
Fig. 5. Classified RV index map 

 

CONCLUSION 

The project "Vulnerability mapping of Novljanska Žrnovnica karstic spring catchment area" 
has accepted as one of three pilot projects in the Mediterranean as a part of the selection of 
acceptable research method for the assessment of the intrinsic vulnerability of karst aquifers. 
Projects were run by the UNESCO as part of the GEF UNEP/MAP - MedPartnership project 
subcomponent "Management of coastal aquifers and groundwater". The inputs for starting 
these kinds of projects are high importance of karst aquifers for water supply of large 
concentration of population and also increasing tourism in the Mediterranean region. In those 
conditions it is needed to harmonize and improve efficiency in the protection of these 
valuable natural resources in various countries for the current and future development of the 
region. 
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Worldwide, numerous of methods for evaluating the intrinsic vulnerability of different types 
of aquifers have been developed, including the Mediterranean region. With this program 
which was proposed for the application of four well known vulnerability methods (PI, COP, 
SINTACTS, European approach) on the Novljanska Žrnovnica catchment area, based on the 
analysis of used parameters and experience from the field work and protection system in the 
pilot area, the new method was proposed. A new method called "Karst Aquifer Vulnerability 
Assessment" (KAVA) largely has compilation characteristics, but its specificity too, 
primarily aimed at assessing the intrinsic vulnerability of catchments and springs in karst 
terrains. 
Derived new method "Karst Aquifers Vulnerability Assessment" (KAVA) is a 
multiparameter GIS method which is based on a conceptual model origin - pathway - target 
(COST 620, 2004). To assess the natural vulnerability of karst aquifers were used four basic 
factors: Overlay protection (O factor), Precipitation influence (P factor), Infiltration 
conditions (factor I) and Aquifer conditions (factor A). The KAVA method respect the 
existing methods of the vulnerability assessment and their good features, but also propose the 
certain new activities, that in them are not sufficiently developed or not used at all. 
At the final map of intrinsic vulnerability the areas with sinkholes, sinkhole zones and surface 
water bodies which affect them (SCA 1 areas) are always pointed as the zone of maximum 
vulnerability regardless of estimates obtained through the use of all other parameters. 
The protective role of soil cover is upgraded in a way that is directly dependent on the 
parameters related to the impact of extremely karstified and permeable surface and upper 
zones of karst aquifers, particularly on the development and presence of epikarst zones. 
When assessing the impact of infiltration on the natural vulnerability of karst catchment, the 
conditions on the ground surface (slope and vegetation) have been updated with the 
parameter influences of the depth to groundwater, because as the water table is deeper the 
impact of the surface water will be lower. 
Unsaturated and saturated parts of karst aquifers are treated together because of their usually 
high heterogeneity and anisotropy, which is very difficult to separate into two distinct 
hydrogeological parts without a sufficient number of costly detailed research. 
Conditions in karst aquifers important for assessing intrinsic vulnerability except through 
static features (hydrogeological properties of rocks) can additionally be assessed by analyzing 
the dynamic characteristics of the aquifer, where the decisive analysis are the results of really 
performed tracing tests in the investigated karst basin. None of the analyzed methods do not 
use the parameter apparent velocity of groundwater flow, which is one of the most important 
present element to define zones of preventive sanitary protection of water-supply springs. 
The final result of the KAVA method is oriented in two directions: SV map (source 
vulnerability map), which relates to the assessment of the natural vulnerability of karst 
springs (source vulnerability), and RV map (resource vulnerability map), which relates to the 
assessment of natural vulnerability karst aquifers (resource vulnerability). 
All methods, including the method KAVA, were tested on the example of the karst 
catchments area of the Novljanska Žrnovnica spring, which was selected as typical area of 
the Dinarides karst. The KAVA method is developed with goal to present the intrinsic 
vulnerability of karst aquifers such as Dinaric karst aquifers in way that is more realistic. 
KAVA method is completely applicable in the karst aquifers of the Dinaric region, and 
authors propose testing of method in other similar karstic areas of the Mediterranean region. 
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