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Abstract. The WELL aHEAD Project has realized the first regional-scale complex 

hydrogeological study of the Tokaj Mountains. The complex geology of this region was well 

known, but a general hydrogeological description did not exist. Based on the derived 

information, a regional scale flow model has been built to understand the regional flow 

systems of the Tokaj Mountains. This is the first time that the water budget can also be 

estimated to provide valuable information for groundwater management measures. Different 

geophysical methods gave the opportunity to refine the modeling activity in order to receive 

better calibration results during the trial and error inversion procedure. As a result, it can be 

concluded that valuable drinking and thermal water resources are available in the Tokaj 

Mountains, and can be the basis of future developments. 

 

1. INTRODUCTION 

The Tokaj Mountain range, located in the north-eastern part of Hungary – part of the 

Carpathian Basin – is one of the most famous volcanic mountain ranges of Hungary. 

It strikes north-south and is approximately 100–120 km long. The mountains run 

between Tokaj and Eperjes (Slovakia) [2]. Thermal and geothermal research in the 

Tokaj Mountains has always been of secondary importance from the point of view 

of hydrogeology, due to its complex geological structure and the insufficient number 

of deep exploration wells. During our research we learned that several potential 

thermal aquifers may be found in the investigated area despite the complex 

geological structure. Many wells in the mountains produce good quality outflow 

water with a high amount of total dissolved solids. Data was collected about various 

groundwater parameters, then a hydrogeological-hydrochemical database was built, 

which serves as the basis of the regional hydrogeological research. 

 

2. THE GEOLOGICAL SETTINGS 

The investigated area was defined mainly by natural boundaries. The boundary in 

the North is the Hungarian-Slovakian border, while the western boundary runs along 

the Hernád Valley, which is a north-northeast south-southwest structural line, known 

also as the ALCAPA-Tisza tectonic line, a part of the Central Hungarian lineament. 
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The southern boundaries of the area are the Tisza and the Sajó Rivers. Finally, the 

eastern borders are the Tisza and the Bodrog Rivers.  

The geological structure of the Tokaj Mountains is rather complicated. The depth 

and the rock material of the basement are still in question. Some basement maps 

show that it is approximately at 1500–2000 m deep and the material of the basement 

is probably metamorphic mica [3]. Concerning the geological structure of the 

investigated area, it has been proved in the thermal karst of Sárospatak and Bükk 

that shallow marine carbonate sediments were also deposited in the Triassic [4]. 

Neogene vulcanite formations settled on the basement with hundreds or in some 

places thousands of meters in thickness. The reason for the extraordinary thickness 

is that volcanism started in the Miocene and ended in the Lower Pannonian. The 

Pannonian Lake gradually lost its salinity and was filled by river drift. The Upper 

Pannonian clastic sediments pinched out on the southern part of the research area, 

but toward the Great Hungarian Plain their thickness increases. In several areas 

above the Pannonian layers Pleistocene fluvial sediments settled in great thickness, 

where Holocene formations are negligible. Figure 1 shows the geological model of 

the Tokaj Mountains. 

 

 
Figure 1 

Geological model of the Tokaj mountains 

 

3. THE GROUNDWATER RESOURCES OF THE INVESTIGATED REGION 

The hydrogeology of the research area is very diverse and complex, like its 

geological structure. We have classified the groundwater bodies by the 2010 

Watershed Management Plan (WMP). The WMP divides the Tokaj Mountains into 

two parts: the northeastern part is the Tokaj Foothills and the southwestern part is 
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the watershed of the Hernád and Takta rivers. Four groundwater body types can 

contain potential hot water aquifer formations. Table 1 shows the groundwater 

bodies in the research area. 

 

The wells in the southern part of the research area are dominantly screened to the 

porous aquifers (Pleistocene and Pannonian layers) and the thicknesses of these 

layers increase to the South; therefore, the effluent water temperature also increases. 

These Pleistocene and Pannonian formations are excellent aquifers, consisting of 

high porosity sediment layers with good porosity and excellent aquifer properties, 

but they are too shallow, and the geothermal gradient cannot prevail. Only in the 

southern parts of the area did the Pannonian layer reach a sufficiently large depth to 

provide hot water. Within the research area the main aquifers are Pleistocene sands 

and Upper Pannonian sand and gravel. The yield of these aquifers is high and 

increases with depth, but the recharge of the wells is limited, due to the poor 

infiltration conditions from the mountainside. The groundwater level can 

dramatically decrease because of the inadequate production rates of the wells. (In the 

case of Prügy Waterworks, the dynamic water level depression was 43 m!). In spite 

of favorable hydrological and geothermal conditions, only a few deep wells have 

been drilled in the south part of the investigated area. In Kesznyéten and Girincs the 

depth of the wells did not reach 100 m, but the bottom of the Upper Pannonian 

formation is at more than 1000 m depth. The most significant Neogene aquifer 

formations are the cracked tuff layers, in which the water flows in a rift system to 

the wells. The greater part of the Tokaj Mountains was formed from high and 

medium strength porous Miocene (Tertiary) volcanic rocks and debris. These rocks 

have medium hydraulic conductivity. The lava rocks (rhyolite, dacite, and andesite) 

and tuffs store fissure water, with their hydraulic conductivity depending on the 

fracture system [3]. 

 

 

 

 

Table 1 

Potential warm water aquifers in Tokaj Mountains [4] 

Type of groundwater 

body 
Name of area Surface 

Mountainous 

Zemplén Mountains–Hernád 

Watershed 

Zemplén Mountains–BodrogWatershed 

504,1 km2 

615,1 km2 

Porous 

Sajó–Hernád Valley 

Sajó–Takta Valley, Hortobágy 

Bodrogköz 

458,2 km2 

303,1 km2 

61,9 km2 

Porous thermal 
Basins of the Northern Mountains 

Northern Great Plains 

1142,6 km2 

28,7 km2 

Thermal karst 
Thermal karst in Sárospatak 

Thermal karst in the Bükk Mountains 

62,2 km2 

174.3 km2 
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4. THE REGIONAL FLOW MODEL OF THE TOKAJ MOUNTAINS 

The main objective of this regional scale groundwater flow model is to give the water 

budget of the investigated volcanic area and to understand the underground flow 

systems in the deep fractured aquifers. The USGS MODFLOW program package 

was applied to simulate groundwater flow in the Tokaj Mountains. The calibrated 

flow model is now capable of simulating different water management scenarios 

concerning drinking, mineral, medicinal and even thermal water resources. There is 

a strong need in these regions for mineral and thermal water resources to develop the 

touristic infrastructure. The realization of the model grid was a real challenge 

because the investigated region is a volcanic area, where the main rock is the andesite 

and volcanic tuff. A large background database was built to provide reliable values 

for the model data (geophysical, drilling deep layer lines etc.) and some other 

important parameters (hydraulic conductivity, porosity, infiltration data etc.). The 

model involved fractured zones, natural infiltration, recharge and discharge areas 

etc.  

The creation of the surface of the top layer was based on satellite images using 

GIS, as shown in Figure 2. The estimated position of the basement was determined 

by geophysical basement maps (Figure 3). 

 

 
Figure 2 

Surface of the Tokaj Mountains in the Groundwater Modeling System (GMS) program 
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Figure 3 

3D digitized image of the surface of the basement 

 

 
Figure 4 

Grid and boundary conditions used in the model 
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The geophysical basement maps were generated on the basis of 173 pieces of 

borehole information. Three hydrogeological layers (Pleistocene, Pannonian, 

Miocene) were modeled. Due to the thickness the Miocene layer was divided into 

further three layers to simulate the flow systems in a detailed manner. It was assumed 

that the bedrock is an impermeable layer (see Figure 1). In the model, the northern 

Tokaj Mountains active (no flow) boundary conditions were set to variable cell 

potential, while the rest of the border areas were set at constant pressure on the cells 

(Figure 4). 

The hydraulic conductivity is given by zones based on the results of geophysical 

measurements. The value of the infiltration was chosen from literature and field 

measurements for this study, but in the future the distribution of infiltration 

throughout will be calculated for the entire area by an in-house program. The 

modeling results show the field of water relief (Figure 5). These data will be 

calibrated by real measurement results in the next phase of the project. The water 

levels in the model differed from the real water level, so we built no real monitoring 

wells into the model. 

 

 
Figure 5 

Water levels calculated by GMS 
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5. GEOPHYSICAL AND INVERSION METHODS TO IMPROVE THE CALIBRATION 

RESULTS OF THE FLOW MODEL 
 

 
Figure 6 

VES measurement result profile (N-S) 

 

 
Figure 7 

Comparison of two measuring results 

In 2013 we carried out surface geophysical measurement in Szerencs for geothermal 

exploration, combining geoelectric, geomagnetic and hydrogeological studies. 

Vertical electrical sounding (VES) and multielectrode measurements are a 

geophysical method for investigation of a geological medium. The method is based 

on the estimation of the electrical conductivity or resistivity of the medium. The 

estimation is performed based on the measurement of voltage of electrical field 

induced by the distant grounded electrodes (current electrodes). 
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The results of the measurements show a fault system deep in the research area. 

The detection of this fracture was the main goal of the research, and the perception 

of it was possible with surface geophysical methods (VES method, geomagnetic 

methods). The deep warm water flows through the fault system, and then up to the 

shallow monitoring wells. In the investigated area three different layers can be found. 

The top layer is Pannonian sediment (green), the middle layer is volcanic weathered 

tuff (blue), and the bottom is the Miocene lava rocks, like andesite or rhyolite (Figure 

6). The sudden position change of the lava rock marks the fault in the depths (Figure 

7) [1]. 

 

 
Figure 8 

Multielectrode measurement profile in Pányok 

 

 

 
Figure 9 

Multielectrode measurement profile in Korlát 
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In 2014 we made multielectrode geophysical measurements in Korlát and 

Pányok, which are villages located in the western part of the Tokaj Mountain. In 

these settlements there are many tepid and thermal water wells. With this 

geophysical measurement we can learn the geological and hydrogeological system. 

This measurements can help us to improve the calibration results of the flow model. 

With the help of geophysical methods, the important hydrogeological parameters of 

the layers (porosity, hydraulic conductivity, permeability) can be estimated. The 

results of the measurements are shown in Figures 8 and 9. 
 

6. SUMMARY 

The Tokaj Mountains are one of the most well-known volcanic mountain ranges in 

Hungary. They are located in the north-eastern part of the country. Their geology 

and mineralogy have been studied thoroughly; however, we have little knowledge 

about the hydrogeological features. Research on the hydraulics of groundwater and 

water-rock interactions had been performed earlier, but a detailed understanding of 

the flow system was lacking. A goal of the WELL aHEAD project (launched in 2012 

at the Institute of Environmental Management, University of Miskolc) is to study the 

groundwater flow system of the Tokaj Mountains in detail. In the Tokaj Mountains 

we made many field geophysical measurements that help the understanding of the 

hydrogeological system. Remote geophysical measurements were used to clarify the 

hydrogeological model of the mountains. 
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