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Abstract  UDC 551.44:556.36:528.9(234.373.6)
Éva Farics, Amadé Halász, Szabolcs Czigány & Ervin Pirkhof-
fer: Vulnerability mapping of karst springs and its application 
for the delineation of protection zones (Mecsek Karst, Hun-
gary)
Over the past decade or two, vulnerability mapping become a 
useful tool to determine the sensitivity of karst aquifers and al-
lows the analysis of karstic aquifers affected by human activi-
ties. The Tettye Catchment, one of the eight catchments of the 
Mecsek Karst aquifer (SW Hungary), supplies drinking water 
for Pécs, the fifth most populous city in Hungary. However, due 
to its partly urbanized character and heterogeneous karstic fea-
tures, this catchment is highly sensitive to anthropogenic im-
pacts. In this study we aimed to generate resource vulnerability 
maps and risk maps to assess the role of physical and anthropo-
genic factors on groundwater vulnerability in the Mecsek Karst. 
Two formerly validated methods were used, the COP (Concen-
tration, Overlaying layers and Precipitation) and SA (Slovene 
Approach) methods. The resource vulnerability maps, validat-
ed by former tracer tests, were combined with the hazard map 
obtained from the COST action 620 and EU Water Directive to 
generate risk maps. Tracer-based transit times were commonly 
less than 20 days in the majority of the areas of extreme vul-
nerability. During the current study, a new protocol has been 
elaborated for the delineation of the protection zones of karstic 
aquifers. Comparing the two methods, the SA performed better 
in terms of intrinsic vulnerability mapping, as it had a higher 
spatial resolution and was more detailed than the COP map 
and had a more sophisticated vulnerability indexing. In addi-
tion, high spatial correlation was revealed between the transit 
time maps and the SA map. Reassessed risk zonation, with ap-
propriate legal consequences, likely minimizes undesired hu-

Izvleček UDK 551.44:556.36:528.9(234.373.6)
Éva Farics, Amadé Halász, Szabolcs Czigány & Ervin Pirkhof-
fer: Kartiranje ranljivosti kraških izvirov in uporaba tega za 
določitev vodovarstvenih območij (kraško pogorje Mecsek, 
Madžarska) 
V zadnjem desetletju ali dveh je kartiranje ranljivosti postalo 
uporabno orodje za določanje ranljivosti kraških vodonos-
nikov, poleg tega omogoča analizo kraških vodonosnikov, na 
katere vplivajo človekove dejavnosti. Zaledje izvira Tettye, eno 
od osmih zaledij vodonosnika kraškega pogorja Mecsek (jugo-
zahodna Madžarska), oskrbuje s pitno vodo mesto Pécs, peto 
mesto na Madžarskem po številu prebivalcev. Zaradi svoje 
delne urbaniziranosti in heterogenih kraških značilnosti pa je 
to zaledje zelo občutljivo na antropogene učinke. Cilj te študije 
je bil izdelati karte ranljivosti vodnih virov in karte tveganja za 
oceno, kakšno vlogo imajo fizični in antropogeni dejavniki na 
ranljivost podzemne vode na kraškem pogorju Mecsek. Upora-
bljeni sta bili dve predhodno potrjeni metodi, in sicer metoda 
COP (koncentracija toka, prekrivne plasti in padavine) in meto-
da Slovenski pristop. Karte ranljivosti vodnih virov, preverjene 
s predhodnimi sledilnimi poskusi, so bile združene s kartami 
obremenjevalcev, narejenimi na podlagi Okvirne vodne direk-
tive Evropske unije oziroma projekta COST Action 620, da so 
nastale karte tveganja. Zadrževalni časi, pridobljeni na podlagi 
sledilnih poskusov, so bili na večini območij izjemne ranljivosti 
običajno krajši od 20 dni. V okviru te študije je bil izdelan nov 
protokol za določanje vodovarstvenih območij kraških vodon-
osnikov. Iz primerjave obeh metod je razvidno, da se je Sloven-
ski pristop bolje obnesel z vidika kartiranja naravne ranljivosti, 
saj je imel višjo prostorsko ločljivost in je bil podrobnejši kot 
zemljevid po metodi COP, poleg tega je imel bolj izpopolnjeno 
indeksiranje ranljivosti. Ob tem je bila razkrita visoka prostor-
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INTRODUCTION

Nowadays, there is a need to reconcile human activi-
ties with the sustainable use of drinking water resources 
(Adams & Foster, 1992; Foster et al., 2013). According 
to the Water Framework Directive (WFD) on ground-
water (European Commission, 2007), the delimitation 
of catchment areas and the design of protection zones 
of aquifers are among the most important tasks of today 
and the future. The Hungarian environmental protection 
zonation act (123/1997. (VII. 18.)) is uniformly applied 
on the vulnerability zonation of aquifers, drinking water 
supplies and natural water bodies. Therefore, in Hungary, 
no karst-specific vulnerability zonation exists.

Groundwater resources, among which karst water is 
of the highest quality, have an increasing role on drinking 
water supply in Europe (Hartmann et al., 2014; Stevanovic, 
2019), including Hungary, where 25% of drinking water is 
supplied from karst aquifers (Barreto et al., 2017). In the 
city of Pécs (located on the southern slopes of the Mecsek 
Hills) about 1/3 of the drinking water is supplied from the 
Danube, a second 1/3 from Miocene porous clastic sedi-
ments, while the remaining roughly 1/3 is from the Tet-
tye Aquifer. However, water storage depends on the func-
tioning of the entire karst hydrogeological system, which 
is part of the complex karst ecosystems often exposed to 
extreme environmental pressure. For a variety of reasons, 
karst aquifers are very sensitive to contamination (Ford & 
Williams, 1989; Zwahlen, 2004) due to the rapid recharge 
via sinkholes, high flow velocities and short residence 
times (Goldscheider, 2010). For this reason, COST Action 
620 developed a general conceptual framework for vulner-
ability and risk mapping (Daly et al., 2002; Zwahlen, 2004).

Margat (1968) and Albinet & Margat (1970) intro-
duced the concept of the vulnerability of groundwater to 
contamination. The groundwater vulnerability concept 
embraces two groups of factors: the first one, prevailingly 
at macroscale, focuses on the hydraulic properties of the 
surrounding medium, and mobility of the pollutants into 
the aquifer. The second group of factors focus on the physi-
co-chemical and interfacial processes physico-chemical 
processes, like adsorption, diffusion and advection, which 
determines pollutant mobility at meso- and microscales 
(Foster, 1987). In practice, vulnerability is enhanced by the 
poor soil filter or filtering in karst passages, the intricate 

paths of pollution spreading within a communicating hy-
drogeological system, where water flow is relatively rapid 
and hidden from observers on the surface (Lóczy, 2006). 
Vulnerability mapping has become an expedient tool to 
identify protection zones for karst aquifers. Several meth-
ods have been developed: EPIK (Dörfliger & Zwahlen, 
1998), PI (Goldscheider et al., 2000), KARSTIC (Davis et 
al., 2002); COP and COP + K methods (Vías et al., 2006; 
Andreo et al., 2009), Slovene Approach - SA (Ravbar & 
Goldscheider, 2007), PaPRIKa (Kavouri et al., 2011). To-
day, GIS-based approaches are widely used (Jeannin et al., 
2013; Hartmann et al., 2014; Turk et al., 2014). Intrinsic 
vulnerability is described as the sensitivity to contamina-
tion of a karst aquifer, considering its geological, hydro-
logical and hydrogeological characteristics. The intrinsic 
vulnerability mapping is supplemented mostly with risk 
assessment (Ravbar & Goldscheider, 2007).

In Hungary karst vulnerability has been mapped for 
the Keszthely Mountains, a member of the

Transdanubian Mountains (Szőnyi-Mádl & Füle, 
1998), the Little Plateau of the Bükk

Mountains in the North-Hungarian Mountain 
Range (Iván et al., 2011), the Tihany Peninsula in Lake 
Balaton (Tóth et al., 2017) and the Gömör-Torna karst re-
gion on the Slovakian-Hungarian border (Iván & Mádl-
Szőnyi, 2019), but is missing for the Mecsek Karst area in 
southwestern Hungary (Figure 1).

Fundamentally the objectives of our study were 
threefold. The eight initial principal catchment areas 
were delineated using tracer tests in the early 1970s. 
However, the boundaries were determined with a high 
level of uncertainty (Rónaki, 1973). Therefore, our first 
aim was to refine the boundaries of the catchment areas 
for a karst aquifer through the analysis of geological and 
topographical features. Secondly, we aimed to generate 
vulnerability and risk maps of the Mecsek Karst, using 
two methods, the COP (flow Concentration, Overlaying 
layers and

Precipitation) and the SA (Slovene Approach) in 
GIS environment on a highly variegated Mecsek Karst 
aquifer. Our third aim was to validate the vulnerability 
maps based on the former tracer tests and to determine 
the main protection zones. 

man activities within the zone of protection, hence maintaining 
water quality that complies with the protection acts. 
Keywords: COP, Slovene Approach, Mecsek Karst System, vul-
nerability, risk intensity, GIS.

ska korelacija med kartami potovalnih časov in karto po Slov-
enskem pristopu. Ponovno ocenjeno coniranje tveganja z us-
treznimi pravnimi posledicami verjetno zmanjšuje nezaželene 
človekove dejavnosti na varovanem območju, s čimer se ohran-
ja kakovost vode, kar je skladno s predpisi o varovanju. 
Ključne besede: COP, Slovenski pristop, sistem kraškega po-
gorja Mecsek, ranljivost, intenzivnost tveganja, GIS.
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VULNERABILITY MAPPING OF KARST SPRINGS AND ITS APPLICATION FOR THE DELINEATION OF PROTECTION ZONES 
(MECSEK KARST, HUNGARY)

GEOGRAPHICAL AND GEOLOGICAL SETTING

The Mecsek karst is located in SW Hungary and encom-
passes an area of about 30 km2 (Figure 1). It is a hilly area 
with relatively high relief and altitudes ranging from 200 
to about 600 m a.m.s.l. The study area lies in the tem-
perate zone and is characterized by moderate continental 
climate (Péczely, 2009), with a mean annual precipitation 
of 700 to 800 mm (Bötkös, 2006). Although the area is a 
nature reserve, still, human interventions are not negligi-
ble as multiple infrastructural facilities, buildings, roads 
and a zoo are found in the area which are all poses pos-
sible threats to groundwater quality.

The karst system, geologically, is part of the West-
ern Mecsek northward/eastward dipping perianticline 
(Figure 1). The crystalline basement consists of Early Pa-
leozoic - Early Carboniferous granite, migmatite, phyllite 
and serpentinite which may function as aquitards (Fülöp, 
1994). Continental clastic sedimentation started in the 
Late Carboniferous and lasted until the Early Triassic 
(Jámbor, 1969; Barabás-Stuhl, 1988). Permian layers are 

mostly sandstones, siltstones, claystones and dominantly 
function as aquitards while the Lower-Middle Triassic 
sandstone has relatively large hydraulic conductivity val-
ues (Table 1). These layers are overlain by siltstone and 
dolomite (Vozárová et al., 2009). From a hydrogeologi-
cal viewpoint, these layers form an impermeable barrier 
that forms a boundary between the Lower-Triassic urani-
umbearing sandstone and the Middle Triassic carbonate 
rocks (Figure 2A; Table 1). This limestone is character-
ized by multiple karstic features like dolines and sink-
holes and stores an economically significant karst water 
supply. It is overlain by Late Triassic - Early Cretaceous 
formations (at first marl and strongly cemented sand-
stone, overlain by coal seams and finally by pelagic sedi-
ments mixed with basalt). These formations are almost 
impermeable (low permeability) therefore water does 
not infiltrate here from the overlying strata. The Permian 
Mesozoic succession is overlain by Miocene aquifer-like 
sediments after an unconformity (Figure 1; Table 1). The 

Figure 1: Geological settings of the Mecsek karst area. Fractured zones can be followed along the fault zones (Konrád et al., 2010).
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prevailing diagnostic soil types of the area, according to 
the WRB classification, are Haplic Luvisols and Rendzi-
nas. The dominant vegetation is deciduous forests with 
the dominance of European beech (Fagus sylvatica) and 
European hornbeam (Carpinus betulus) (Hoyk, 2001; 
Morschhauser & Salamon-Albert, 2001).

Table 1: Hydraulic conductivity values of various rock types of the 
studied area (Rónaki, 1973).

Rock types 
Hydraulic conductivity 

(m/s) 

Fragmented Unfragmented 

Neogene sediments - 10-9 - 10-4 

Middle Triassic carbonates > 10-4 < 10-9 

Lower-Middle Triassic 
carbonates 10-7 - 10-4 10-11 - 10-7 

Permo-Triassic 
siliciclastic rocks 

siltstone 10-6 - 10-4 10-10 - 10-8 

sandstone 10-7 - 10-3 10-11 - 10-4 

claystone 10-9 - 10-7 10-14 - 10-9 

The studied aquifer was divided into eight individual 
catchments by Rónaki (1973), namely the Paplika, Kis-
paplika, Mészégető, Vízfő, Gyula, Kánya, Anyák kútja and 
Tettye watersheds (Figure 2), of which the Tettye Catch-
ment supplies drinking water for Pécs, the fifth most pop-
ulous (ca. 140,000 residents) city in Hungary. However, 
owing to the low resolution of the employed topographic 
maps available in the 1970s, and the relatively few tracer 
tests, it was indispensable to refine the catchment bound-
aries with GIS-based digital elevation models for the anal-
yses performed during the current research. 

In most of the area topography determines the 
natural borders of the karst, except for the areas where 
petrological properties constrain water dynamics (e.g. 
at Tettye Catchment on the west, north and east). At the 
southern border of the Tettye Catchment a thrust fault, 
dipping to the north, is found above an aquitard-like 
sequence (Figure 1; Konrád & Sebe, 2010). Within the 
karst aquifer the subsurface catchments were separated 
by tracer tests (Rónaki, 1973).

The catchments are mostly autogenic karsts, made 
up of solely carbonate-rich rocks (Figure 2A). Re-supply 
of groundwater in the area is dominated by point infiltra-
tion via sinkholes and dolines. There are well-developed 
cave systems in the areas: their presence has been proven 
by extensive tracer tests (Rónaki, 1973). Due to structural 
evolution of the Western Mecsek since the Late Miocene, 
there is an approximately E-W-oriented compression 
and hence a N-Soriented extension in the area (Csontos 
et al., 2002). Therefore, presumably, the N-S oriented ex-
tension predetermined the main direction of the subsur-
face passage (Bauer & M. Tóth, 2015). Where sinkholes 
and subsurface passageways are scarce or completely 
absent, diffuse infiltration dominates the replenishment 
of the aquifer. The Catchments of the Vízfő, Paplika and 
Gyula Springs are considered as allogenic karsts, where, 
in addition to carbonate rocks, sandstone, siltstone and 
evaporates, characterized by low hydraulic conductivi-
ties, are also present (Figure 2A). The groundwater of the 
allogenic karst area is recharged by losing streams that 
convey water from non-karstic regions (Figure 3). Based 
on the prevailing hydrogeological conditions of the area, 
discharge from the unconfined karst aquifer occur along 
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Figure 2: A) Lithology map of the study area without Quaternary loess; B) Texture and thickness of the soil in the study area.
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its northern border (Rónaki, 1973, 2007). Further north 
the karst aquifer becomes confined under steadily deep-
ening Miocene sequences (Figure 1). The karst water 
table elevations gradually decrease from the south (about 
260-280 m) to the north (220-230 m). The Tettye Catch-

ment is an exception where the karst water table eleva-
tion is the highest at its northern border (about 300-310 
m) and discharges groundwater at its southern edge (Tet-
tye Spring at 233 m).

METHODS

A significant degree of uncertainty was involved in the 
catchment boundary delineation performed by Rónaki 
(1973). This was due to the low resolution topographic 
maps available at that time, as well as the low number 
of tracer tests performed in the studied area. Therefore, 
firstly, we refined the boundaries of the studied catch-
ments in ArcGIS software environment. For catchment 
delineation a detailed 1:25,000 geology map (Chikán et 
al., 1984) was georeferenced in EOV (Egységes Országos 
Vetületi rendszer, in English: Unified National Projection 
System) coordinate system. Some borders were defined 
by topographic features, where the borders were identi-
fied by using the r.watershed GRASS tool on the 1:25,000 
Digital Elevation Model (DEM), while other boundaries 
were defined based on geological settings. Data of former 
tracer tests (Rónaki, 2007) were also integrated into the 
delineation of the catchments.

RESOURCE VULNERABILTY MAP
The 1:25,000 resource vulnerability and risk intensity 
maps were generated in qGIS 3.10 with GRASS 7.8 and 
ArcMap 10.7 programs. Two approaches for resource 
vulnerability mapping were applied to assess the vulner-
ability to pollution for this work: (i) the COP method 
(Vías et al., 2006) and (ii) the Slovene Approach (Ravbar 
& Goldscheider, 2007). Both methods include three ma-
jor factors to determine vulnerability, namely (i) flow 
concentration (C), (ii) overlaying layers (O) and (iii) 
precipitation (P). The Slovene Approach is partly based 
on COP method, but was specifically adapted to Slovene 
karstic environments (Ravbar & Goldscheider, 2007).

The O factor indicates the filtration efficiency of the 
overlying layers above the zone of saturation (Daly et al., 
2002). It takes into account the residence time of the per-
colating water (and/or contaminant) through the medi-
um of the unsaturated zone. It is further subdivided into 
two sub-factors, namely soils (Os factor) and lithologi-
cal layers (Ol factor). For soil mapping, the DOSoReMI 
digital soil map of 1:25,000 resolution was used which 
contained spatial data on soil depth and soil texture for 
every 30 cm depth intervals (Laborczi et al., 2016, 2018). 
Lithology was assessed based on the dominant rock type 

(ly) of the study area, the confined or unconfined char-
acter of the aquifer (cn) and the depth of the unsaturat-
ed zone (m). A lithological map of 1:25,000 resolution 
showing the bedrocks without the overlying Quaternary 
sediments, was employed in the generation of the vulner-
ability model (Chikán et al., 1984). The confinement of 
the aquifer, i.e. the spatial distribution of the Quaternary 
sediments, was determined based on a field-surveyed 
map at a resolution of 1:10,000 (Chikán & Budai eds., 
2005). The depth of the unsaturated zone was calculated 
according to the hydraulic head values, which were avail-
able in Csurgó & Szulimán (2017).

A karst aquifer is characterized by diffuse and con-
centrated infiltration processes. If many sinkholes are 
found in the area, then they function as preferential flow 
paths and the majority of the water is conveyed through 
them, therefore avoiding Darcyan flow in the vadose 
zone. In this case factor C is calculated based on the dis-
tance to sinkholes (dh) and losing streams (ds), as well as 
the slope (sl) and the vegetation (vc), separately. The lat-
ter two parameters are considered in recent study as two 
independent factors from each other. Hence, the SA and 
COP methods were a little modified in this study. The 
locations of the sinkholes and dolines in the Mecsek karst 
area were defined based on Rónaki's (1973) map and on 
the 1:25,000 DEM (Figure 3). Distances to each sinkhole 
and doline (dh) as well as from losing streams (ds) were 
calculated using raster-based Euclidean distance tools. 
The slope map was derived from the 1:25,000 DEM. The 
vegetation cover was determined according to Hoyk 
(2001) and Morschhauser & Salamon-Albert (2001). The 
SA method also accounts for the permeability of the sur-
face layers which was determined based on the soil and 
lithology maps.

The P factor refers to the influence of precipitation. 
It is subdivided into two sub-factors: quantity of precipi-
tation (PQ) and temporal distribution of precipitation 
(PI) in the COP method. At the SA method the P fac-
tor is defined by the following two parameters: (i) the 
number of rainy days (rd) and (ii) the number of annual 
storm events (se). The relevant meteorological data was 
obtained from the Hungarian Meteorological Services 
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for the weather stations in Pogány (2007-2019) and at the 
Ifjúság Street campus of University of Pécs (2008-2019).

HAZARD MAP GENERATION
Hazard mapping is a suitable tool to identify and visu-
alize the locations and types of human interventions 
that may threat groundwater quality. Hazard levels were 
defined by quantifying the three main influencing fac-
tors, weighting, ranking and reduction values (Ravbar 
& Goldscheider, 2007; Figure 4). The weighting factor 
(H) accounts for toxicity, solubility and mobility of the 
contaminants. Their values ranged between 10 and 100, 
as it is shown in the Final Report COST Action 620, p. 
95-96. The ranking factor (Qn) ranks the source of con-

taminants, on a scale between 0.8 and 1.2. The reduction 
factor (Rf) expresses the probability of a contamination 
event to occur, with its values ranging between 0 and 1. 
When it is 1, then no information is available on con-
tamination likelihood.

RISK INTENSITY MAP GENERATION
Following its generation, the hazard map of the studied 
area was combined with the two resource vulnerability 
maps (the SA and the COP methods, respectively) gen-
erating the two risk intensity maps that combined both 
natural and anthropogenic factors on vulnerability as-
sessment (Figure 4).

ÉVA FARICS, AMADÉ HALÁSZ, SZABOLCS CZIGÁNY & ERVIN PIRKHOFFER

Figure 3: Locations of sinkholes/
dolines and losing streams in 
the Mecsek Karst area (based on 
1:25,000 Digital Elevation Model).

Figure 4: Hazard level and con-
tamination risk assessment catego-
ries (after Ravbar & Goldscheider, 
2007).
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RESULTS AND DISCUSSION

INTRINSIC VULNERABILITY MAPPING 
(RESOURCE VULNERABILITY MAP)

Eight catchments were delineated in the study site. The 
SA-based COP indices of the Mecsek karst area were 
grouped into five vulnerability classes (very low, low, 
moderate, high and extreme), while for the COP method 
only three categories (moderate, high and extreme) were 
used.

Low COP scores (<1) indicate the most vulnerable 
areas, where protection values of O score are low (Figure 
5A, B; Figure 6A, B), because strongly karstified carbon-
ate rock outcrops are found (Figure 2A), i.e. soil cover is 
either absent (<0.2 m) or thin (<0.5 m) or as a secondary 
criteria texture is mostly loamy or clayey (>30% clay con-
tent) (Figure 2B). These areas have a negligible mitiga-
tion of protection based on C score (Figure 5C, D). These 
areas are characterized by a large number of sinkholes 
enhancing the rapid conveyance of water to the aquifer. 
Therefore, vulnerability decreases with increasing dis-
tance from the sinkholes. Topography plays a relatively 
minor role on contamination hazard compared to the 

influence exerted by sinkholes, but in selected regions it 
may contribute to increased runoff like in the southwest-
ern margin of the Tettye Catchment where slopes exceed 
31%. In the latter region surface runoff prevails and ad-
sorption of contaminants by clay minerals and organic 
matter is limited. In addition, highly vulnerable zones 
(COP score <1) are also found at and around losing 
streams (Figure 5C, D; Figure 6A, B). Such water bodies 
are particularly frequent in the southwestern hilly part 
of the study site, where sandstone, siltstone and evapo-
rites are found on the surface and streams disappear into 
the sinkholes rapidly as they reach the border with the 
karstic rocks (Figure 5D). Based on our results, regions 
of extreme vulnerability cover larger areas in the COP 
method than in the SA method (Figure 6A, B).

Moderate vulnerability (1-2 COP score) in SA meth-
od indicates zones (Figure 6B) where carbonate outcrops 
are found, however they are usually located at a relatively 
great distance from the sinkholes (autogenic karsts with 
karst pavements and barren carbonates). Here infiltra-
tion along fractures, fissures, cleavage surfaces and pas-

VULNERABILITY MAPPING OF KARST SPRINGS AND ITS APPLICATION FOR THE DELINEATION OF PROTECTION ZONES 
(MECSEK KARST, HUNGARY)

Figure 5: Map of O score based on A) COP; B) and map of C score C) COP; D) in the study area.

ACTA CARSOLOGICA 50/2-3 – 2021 307



sage ways is the dominant recharge process. Similarly to 
the zone of highest vulnerability, adsorption of contami-
nants by soils is almost negligible here, as Rendzina soils 
are dominantly characterized by shallow depths of <0.5 
m. In general, these areas are relatively flat with the ab-
sence of steep slopes. 

Principally in the southern part of the Paplika, Vízfő 
and Gyula Catchment the COP score is high (2-15) indi-
cating low and very low vulnerability in SA method and 
moderate/low vulnerability in COP method (Figure 6A, 
B). These areas correspond to (i) autogenic karst with soil 
covers exceeding 0.5 meters and (ii) allogenic karsts of 
aquitard-like sediments and sedimentary rocks (sand-
stones, igneous rocks, claystones, siltstones and evapo-
rites). The latter areas are covered by soils of more than 
0.5-meter depth with loamy and clayey (>30% clay con-
tent) texture. The lowest vulnerability was found in the 
Paplika Catchment where discontinuous loess sediments 
overlay the carbonate rocks (Figure 2).

The P score does not show large variability within 
the studied area. The annual number of days without 
rain is about 240-250 days per year. This values of an-
nual rainy days correspond with a P factor of 0.9 ac-

cording to the COP method. The P factor is 1 by the SA 
method homogeneously within the study site. However, 
the SA method also accounts for the annual number of 
days when daily precipitation totals between 20 and 80, 
and exceeds 80 mm per day (stormy days). The number 
of days with precipitation totals between 20 and 80 mm 
averaged 7.55 and 7.15 days per year for the University 
of Pécs and Pogány stations, respectively. Daily precipi-
tation of more than 80 mm was observed two times at 
the university and only once in Pogány over the studied 
periods.

SPATIAL DIFFERENCES BETWEEN THE MAPS OF 
THE SA AND COP METHODS

Despite the similarities, the COP and the SA resource 
vulnerability maps show some important differences. It 
shall be pointed out, however, that we did not consider 
on the differences in vulnerability indexing categoriza-
tion, but we simply calculated the differences in the ac-
tual pixel values between the two methods. Differences 
were dominantly negative which principally indicates 
higher vulnerability values for the COP map as the pixel 
values of the COP map was subtracted from those of the 
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Figure 6: Spatial distribution of Resource vulnerability map scores based on A) COP; B) SA and risk intensities based on C) COP; D) SA in 
the study area.
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SA map. The most negative differences were observed in 
the southwestern section and the central-eastern portion 
along of the area (Figure 7). These two areas are domi-
nated by sandstone, siltstone and evaporites of low per-
meability and deeper soil covers (Figure 2).

Positive differences (SA – COP) were only found 
in the Catchment of the Mészégető Spring (Figure 7). 
Therefore, the COP mapping method indicated higher 
(extreme) vulnerability for nearly the entire studied area 
(Figure 6A). The positive differences in the catchment 
of the Mészégető Spring is likely attributed to the differ-
ent indexing algorithm between the COP and SA maps 
as clayey soils are considered impermeable in the COP, 
therefore an index value of 5 is assigned to this soil. On 
the other hand, clay-rich soils have a vulnerability index 
of only 2 in the SA method (Ravbar & Goldscheider, 
2007).

VALIDATION OF THE RESOURCE 
VULNERABILITY MAP

Validation of the vulnerability maps was done using hy-
drodynamic tracer response data obtained by Goldschei-
der et al. (2001) and Rónaki (2007). The latter dataset, 
however, only included the location of the injection sites, 
the detection points and the corresponding flow veloc-
ity values. For this reason, the calculation of the transit 
times was necessary in GIS environment from the given 
flow velocity and distance data. The latter was measured 
as a straight line between the point of injection and the 
associated spring. However, this approach is likely bur-

dened by errors as subsurface passage ways are not nec-
essarily straight therefore transit times are likely slightly 
underestimated by this method. The points of injection 
were located near to or identical with the locations of the 
sinkholes. Transit times averaged 5 to 10 days, only a few 
tracer tests had transit times of more than 20 days (Fig-
ure 8). In general, these principally short transit times 
correspond with extreme vulnerability values (Jeannin 
et al., 2001). In general, a transit times were character-
ized by a large variability, however the majority of the 
observed travel times were shorter than 10 days. Longer 
than 10 days were only observed in 7 sinkholes. General-
ly, shorter travel times were found in the northern part of 
the Mecsek Karst area. The two shortest times were found 
in the catchment of the Gyula Spring (1.407 days) and the 
Tettye Spring (0.9 days). The Tettye Catchment (one of 
the drinking water suppliers of the city of Pécs) had the 
longest travel times and the largest temporal variability, 
with a peculiar extreme of 0.9 and 32.75 days detected 
in the same sinkhole in the zoo. Rónaki (2007) approved 
the shorter time and considered the longer one as a result 
of clogging of subsurface conduits. In contrast, however, 
a transit time of 37.25 days was also measured in the ex-
treme SE tip of the Tettye Catchment which corroborates 
the rationality of the transit time of 32 days measured in 
the sinkhole located in the zoo. Nonetheless, in the NW 
segment of the Tettye Catchment, transit times increased 
to 22 to 25 days. The Vízfő catchment had rather uni-
form transit times (2.54 to 9 days) with one exception of 
21.318 days in the NE corner of the catchment.
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Figure 7: Pixel-based spatial dif-
ferences (SA – COP) between the 
COP and the SA resource vulner-
ability maps. Map was generated 
by subtracting the COP map from 
the SA map.
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HAZARDS
The hazard sources, based on the EU COST action 620, 
are showed in the Table 2. According to the spatial dis-
tribution of potential contamination sources, the Mecsek 
karst area can be divided into two principal regions. The 
Tettye (partly located under the city of Pécs) region in the 
southeast is more densely populated (about 60 residents/
km2), while the northwestern Orfű region is character-

ized by a population density of less than 60 residents per 
km2 (Figure 9).

Properties at both areas are connected to the public 
sewage system and the wastewater treatment plant locat-
ed outside the karst area. Agricultural activity is low in 
the Orfű area, only an equestrian farm with pastures and 
some small plow lands are found here. Highway 6604, 
which connects the village of Orfű and the city of Pécs, 
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Figure 8: Validation of SA resource 
vulnerability map with former 
tracer tests (data from Rónaki, 
2007).

Figure 9: Hazard map of the Mec-
sek Karst.
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has a relatively heavy traffic, however, besides this, only 
minor rural roads of low traffic are found in the karst 
area. A few recreational facilities also operate in the area, 
including a TV tower and a zoo. However, on more than 
80% of the entire area no potential hazard sources were 
identified (Figure 9).

EVALUATION OF CONTAMINATION RISK 
INTENSITY

When the hazard map was combined with the two re-
source vulnerability maps (called risk map hereafter), 
a completely different picture of risk potential was ob-
tained which embraced both natural and human in-
fluences on karst risk to pollution (Figure 6C, D). The 

highest risk in the SA map was associated with areas 
of high population densities in southeastern portion of 
the area (Pécs) and in and around the village of Orfű. 
Roads also posed a relatively large threat to the aquifer 
as heavy rainfalls wash off contamination deposited on 
paved surfaces. The southwestern portion of the area 
had the lowest risk due to the low permeability values 
of the silt- and sandstone rocks and the limited human 
influences. Areas of low risk intensity covered a smaller 
area in the COP map due to the differences in intrinsic 
vulnerability classification of the two resource vulner-
ability maps. The main differences were observed in the 
SW section and small areas in the eastern and north-
eastern areas (Figure 6C, D).

A NEW PROTOCOL FOR THE DELINEATION OF THE MECSEK KARST PROTECTION 
ZONES

Protection of karst water springs requires the detailed 
analysis of environmental factors including analysis of 
hydrogeological properties and water dynamics, assess-
ment of the vulnerability of the spring to contamination, 
validation of the vulnerability mapping and their imple-
mentation in practical planning. To ease future vulner-
ability mapping protocols of relatively small and divers 
karstic areas in the humid temperate zone, a new proto-
col has been elaborated for the delineation of protection 
zones over the course of the current study.

COMPARATIVE ANALYSIS OF THE TWO RISK 
VULNERABILITY MAPS

Multiple methods exist on vulnerability mapping of karst 
areas. Hitherto, however, only a few studies attempted 
the comparison of various vulnerability mapping meth-
ods (e.g. Goldscheider, 2005; Ravbar & Goldscheider, 
2009; Marín et al., 2015).

According to our findings the SA map had a higher 
resolution and was more detailed than the COP map and 
showed a more detailed picture of the studied area. Pre-

viously, the Slovene Approach has been predominantly 
used for lithologically and pedologically diverse areas of 
few 10 km2 (Ravbar & Goldscheider, 2009), whereas the 
COP method was primarily applied for relatively large 
and more homogeneous areas (Vías et al., 2006; Andreo 
et al., 2009). Our results also corroborated the latter 
conclusions, i.e. the SA method outperformed the COP 
method in terms of vulnerability mapping resolution and 
accuracy for a relatively small and spatially varied karstic 
aquifer. Similarly, to our findings, the results of Ravbar 
& Goldscheider (2009) demonstrated that the Simplified 
Method of COP overestimates vulnerability, while the 
Slovene Approach tends to deliver more realistic results. 
According to Marín et al. (2014) the main differences 
between the two methods stems from the fact that the 
vulnerability classes of the COP+K method are mainly 
influenced by infiltration conditions and the distances 
to water source. The vulnerability classes of the Slovene 
Approach mainly depend on soil depth, the presence of 
morphological features and the temporal hydrological 
variability (Marín et al., 2014).
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Table 2: Hazard ranking.

Hazards Weighting 
value (H)

Classification 
criteria Ranking factor (Qn)

Infrastructural development 0.8 0.9 1 1.1 1.2

Waste water (urbanisation) 35 Population densitiy
(inhabitant/km2) < 10 [10 - 50) [50 - 100) [100 - 500) ≥ 500

Transport and traffic, roads 40 No. Vehicles/day < 
100 [100 - 1000) [1000 - 5000) [5000 - 10000) ≥ 10000

Recreational facilities 30 No. Visitors/day < 10 [10 - 100) [100 - 500) [500 - 1000) ≥ 1000
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DELINEATION OF THE PROTECTION ZONES
Hitherto, similarly to the main objectives of the current 
study, a large number of papers have applied success-
fully the vulnerability map concept for the delineation of 
protection zones in other karst areas similar, in terms of 
topography, climate and vegetation, to the Mecsek Karst 
(e.g. Marín et al., 2015; Turpaud et al., 2018; Jakada et al., 
2019). During the present study we delineated the main 
protection zones of the Mecsek Karst aquifer and gener-
ated vulnerability maps in conjunction with the transit 
time data from archive tracer tests. It needs to be pointed 
out, however, that the currently proposed zonation is 
not novel. Here, the novelty is that the already existing 
general, travel time-based vulnerability categories were 
applied for karstic areas. As an outcome, the following 
protection zones are proposed for the karstic portions of 
the Mecsek Hills based on Figure 8:
(i) Zone I, which requires the highest level of protection. 

It coincides with areas of extreme resource vulner-
ability (sinkholes and losing stream catchments, 
karst features with high infiltration capacity). Called 
internal hydrogeological zones in the Hungarian 
legislative terminology. 

(ii) Zone II, areas that require high protection, repre-
sents the areas of high resource vulnerability (sink-
holes and losing streams are located farther away 
of catchment areas, noncovered (autogenic) karsts 
without overlying soil, sediment or rock layers 
– e.g. in the central part of the Tettye Catchment, 
Mészégető Catchment). 

(iii) Zone III, in general, are sectors with moderate re-
source vulnerability. Moderate vulnerability has 
been assigned to barren karst landscapes of less 
karstified limestone or dolomite.

(iv) Zones IV and V are non-karstic areas requiring a 
low or very low degree of protection. 
In Hungary the protection zones are defined based 

on the transit times from the point of infiltration to 
the corresponding spring as follows: internal (less than 
20 days), external (less than 180 day), hydrogeologi-
cal A (less than 5 years) and hydrogeological B (less 
than 50 years) zones (123/1997 VII.18, Government 
Regulation). In general, more sophisticated zonation 
procedure is required in the Mecsek Karst area. For in-
stance, the NW Tettye Catchment, based on the transit 
times belongs to Zone 2 (with transit times exceeding 
20 days). However, the contrasting transit times were 

found in its SE tip of the Tettye Catchment: this spatial 
contradiction is resolved and smoothed by the resource 
vulnerability map. Secondly, the COP is too “strict” in 
the zonation of the hazard zones, as almost the entire 
study area belongs to the zone of the highest protec-
tion (extreme vulnerability), which generates unrealis-
tic conditions in terms of human activities. Contrarily, 
the SA method allows the differentiation of multiple 
hazard level zones (i.e. has a more sophisticated index-
ing), which is indispensable in an area of intense hu-
man presence. Thirdly, a high level of spatial correlation 
exists between the transit time map and the SA map. 
Fourthly, the high spatial resolution of the SA map al-
lows the detailed mapping and localization of karstic 
morphological features that profoundly influence water 
dynamics in the studied site. Therefore, we believe, that 
SA approach is an adequate candidate for the deline-
ation of karst protection zones in areas similar to the 
Mecsek Karst.

Our results demonstrated the applicability of the SA 
risk mapping on vulnerability zonation. The outcomes of 
the current study presented a new, refined and upgraded 
mapping approach which may contribute to the mitiga-
tion of pollution risk to the aquifer. We believe that in-
ternal protection zones with transit times of less than 
20 days should be legally defined and its protection and 
conservation status should be enforced by legal means to 
restrict human interventions that pose potential pollu-
tion on local aquifers. Revised risk zonation, additionally, 
supported with appropriate legal consequences, likely 
minimizes undesired human activities within the zone 
of protection, hence maintaining water quality that com-
plies with the protection acts. 

The protection is particularly important in the 
highly vulnerable zones of I and II (Zwahlen, 2004). 
The potential threats to the groundwater likely appear 
in and around populated areas, recreational facilities 
and the roads. Due to the efforts to mitigate risks and 
contaminant load to the aquifer, several infrastructural 
developments have been accomplished in the study area, 
among which perhaps the most important has been the 
construction of the sewerage system of the zoo. Nonethe-
less, additional infrastructural developments are also in-
dispensable in the area of the Mecsek Karst, e.g. secured 
road construction, reduced agricultural interventions 
and limited use of herbicides, pesticides, fungicides and 
fertilizers.
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