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ABSTRACT

Thermal water exploration in volcanic areas is aencomplex task than in porous systems. The
literature has negligible information about potehtihermal reservoirs of the Tokaj Mountains;

furthermore, the hydraulic parameters of the vdfcancks are also unknown. In our study the

possible occurrences, locations and hydrogeologiashimeters of potential thermal water aquifers
Tokaj Mountains will be investigated. The geothdrgradient and hydraulic parameters of volcanic
formations were calculated by several methodsni ine best method. According to our calculations
the aquifers associate with fissured rocks anchtgkest discharge is experienced along fault lines.
The final aim of our research is to provide infotima and data to plan the geothermal water supply
in the region.

INTRODUCTION

The Tokaj Mountain range, located in the north-easpart of Hungary as part of the
Carpathian Basin, is one of the most famous votcarountains of Hungary. Its strike is to
the north-south, and it is approximately 100-120l&ng. The mountain runs between Tokaj
and Eperjes (PreSov) [1]. The thermal and geothleresgarch in the Tokaj Mountains has
always had secondary importance from the pointiefvvof hydrogeologists, due to its
complex geological structure and the insufficieatmier of deep exploration wells. In 2012
the Department of Hydrogeology and Engineering Ggplat the University of Miskolc
started a very detailed hydrogeological surveyhef wells of the entire Northern Hungary
region. During our research we have observed ttaatynpotential thermal aquifers can be
found in the investigated area, despite the compgkealogical structure. The aim of our
research was to characterize the hydrological petens of the thermal aquifers and the
geothermal gradient of the area with numerical mesh

MATERIALS AND METHODS

We have defined the investigated area mainly byrahboundaries. The boundary in the
North is the Hungarian—Slovak border, while the tews boundary runs along the Hernad
Valley, which is a north-northeast south-southwsstctural line, known also as the
ALCAPA-Tisza tectonic line, a part of the Centraungjarian lineament. The southern
boundaries of the area are the Tisza and Sajoé Rikerally, the eastern borders are the Tisza
and Bodrog RiversHigure 1). The geological structure of the Tokaj Mountaiasvery
complicated and elaborated. The depth and the mltérthe basement are still in question,
although many of basement maps show that it ipptoximately 1500-2000 m depth, and
the material of the basement is probably metamonpiica.

Concerning the geological structure of the invegéd area, it has been proved by the
thermal karst of Sarospatak and Bikk that shalloarime carbonate sediments were
deposited in the research area in the Triassicgéle® vulcanite formations settled to the
basement materials with hundreds or — in some pl#oeusands — of meters in thickness.
The reason for the extraordinary thickness is thatvolcanism started in the Miocene and
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ended in the Lower-Pannonian. The Pannonian Lakdugily lost its salinity, and it was
charge by the river-drift. The Upper Pannoniantatasediments pinched out on the southern
part of the research area, but toward the Greah$their thickness increases. In several
areas above the Pannonian layers Pleistocene Iflgediments have settled in large
thickness. In those areas the Holocene formationsegligible.

The hydrogeology of the research area is very devesnd complex, confirm the
geological structure. We have classified potergralindwater bodies by the 2010 Watershed
Management Plan (WMP). The WMP divides the Tokajultains into two parts: the
northeastern part is the Tokaj Foothills and thetlseestern part is the watershed of the
Herndd and Takta rivers. Four groundwater body gypan contain potential hot water
aquifer formationsTable 1shows the groundwater bodies in the research[2fea

Table 1
Potential warm water aquifers in Tokaj Mountains

Type of groundwater body Name of area Surface
MoUNtainous Zemplén Mountains—Hernad Watershed 504.1 kmi
Zemplén Mountains—BodrogWatershed 615.1 knd
Sajé—Hernad Valley 458.2 ki
Porous Saj6-Takta Valley, Hortobagy 303.1 knd
Bodrogkdz 61.9 knf
Porous thermal Basins of the Northern Mountains 1142.6 km
Northern Great Plains 28.7 knt
Thermal karst Thermal karst in Sarospatak 62.2 knt
Thermal karst in the Bikk Mountains 174.3 kM

It is a difficult task to define
precisely the boundaries of th
groundwater bodies boundarie
but estimated values show the
potential hot water reserves in each
area. In the last few years, many
wells have been screened to these
groundwater bodies, and thejr
effluent water temperature w
warm (25-37 °C) or sometimes hot
(37-60 °C).Figure 1 shows the
wells in the research area, whi
have an effluent water temperatur,
higher than 18 °C. The temperatufe
limits are corresponding with th
temperature classification of Bél-
teky—Papp—-Schmidt [3] (75 p.). A | : : : : : |
the first step of the geothermal Okm 10km 20km 30km 40km 50km 60km
exploration of the research area,
defined the geothermal gradiemt
using four different numerica
methods from the bottom-tempa-
rature values of 18 wells. With the
resulted geothermal gradient values we calculaked Hottom temperatures, and by the
comparison of the calculated and measured bottompdeature values we got the variance
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Figure 1.
Tepid- and warm water wells in the Tokaj Mountains
with the main structure lines
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and applicability of the different numerical metBodThe geothermal gradients were
calculated using the following approaches:

1. Bobok—Taétrequation [4]

gg="2"11100 (1)
2. Szlabdczkyormula [5]
z-20
* — 2
09" =& 2)

3. Depth vs. bottom-temperature methdthe measured bottom temperatures versus the
depth of the wells have been plotted. We havedfitdinear regression curve to the points;
the slope of the curve gave the geothermal gradiethie area.
z+337,75
T (3)
18127

4. The effluent water temperature vs. bottom-tempegatethod From the measured bottom
temperature and the effluent water temperatureegabf the wells we could calculate an
average cooling coefficient for the investigategaar

- 100[(1-2 _Tout)
Z

h* (4)
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Figure 2.
The measured and calculated bottom temperaturesgalg. depth

The measured and calculated geothermal gradienmiesathowed that the depth vs.
bottom temperature and the bottom temperature filslest water-temperature equations
shown inFigure 2 gave the most precise values of the four appraachlé of correlation
coefficient are higher, than 0,9, but the bottomnperature vs. effluent water-temperature
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eguations have the best maximum difference vala@®®°C]).Figure 1shows, that all wells
located in the edge of the mountains. In the rebearea, there are many thermal water
aquifer formations. Wells in the southern parthe tesearch area are dominantly screened to
porous aquifers (Pleistocene and Pannonian lay#s),thicknesses of these layers are
increasing to the increases southwards; therethie,effluent water temperature is also
increasing. These Pleistocene and Pannonian fansatre excellent aquifers, they consist
of high porosity sediment layers with good porosityl excellent aquifer properties, but they
are too shallow, and the geothermal gradient capresail. Only in the southern parts of the
area did the Pannonian layer reach a sufficieatlyd depth to provide hot water.

By using the results of pumping tests, we haverdeted with different methods the
average hydraulic conductivity of the Upper Pananriormations:

1. Logan—Schiedeequation [3] (299 p.):

_ Q
k = 3.11550—EH. (5)

2. Dupuit—Thiemequation with iteratiofi3] (291 p.)

_ 200k {H - hy)

R
In—

fo (6)

Q

R=5000/k [3, @)
3. Krasznopolszkigquation [5]:

k= Q
20rtinds, 0,

(8)

The calculated hydraulic conductivity values of Raman sediments are presented in the
next section. Within the research area main acife Pleistocene sands and Upper
Pannonian sand and gravel. The yield of these agui$ high (k = ~4,1 m/d)lable 3 and
increases with depth, but the recharge of the wsllemited, due to the poor infiltration
conditions from the mountain side. The groundwbgeel can dramatically decrease because
of the inadequate production rates of the wells. tle case of Prigy Waterworks, the
dynamic water level sinkage was 43 m!). In spite itsf favorable hydrological and
geothermal conditions, only a few deep wells wetexd in the south part of the investigated
area. In Kesznyéten and Girincs the depth of tHéswlé not reach 100 m, but the bottom of
the Upper Pannonian formation is at more than 1@90depth. From the calculated
geothermal gradient, at this depth we can expecimiter temperature to be approximately
70 °C with a yield of 900-1100 I/min.

The most significant Neogene thermal aquifer foromst are cracked tuff layers, in
which thermal water flows in a rift system to thells. At the research area thermal wells are
located along the Hern&d and Bodrog tectonic litteeymal water updraft is possible through
these wells Kigure 1). The greater part of the Tokaj Mountains was fdnfrom high and
medium strength porous Miocene (Tertiary) volcanmicks and debris [5]. These rocks have
medium hydraulic conductivity (k = ~0,2 m/d)gble 3. The lava rocks (rhyolite, dacite and
andesite) and tuffs store fissure water, with thgidraulic conductivity depending on the
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fracture system. It is important to take into cdesation that hydrogeological and
geothermal properties of host rocks cannot be oetexd with single values; the change in
their parameters can be described with frequencyesu The curve requires a great deal of
data, but for the characterization of the rocks thithe most accurate method. In the case that
measured data is lacking, the characterizationadenusing the minimum, maximum and the
most frequent values.

Due to weathering, the lava rocks near the suréaaek and their porosity increases,
however, deep lava rocks are very poor porosityhése rocks, the groundwater could leak
into micro-fissures. The temperature of the sulam@flava rock can be higher than its
surroundings; in Vajdacska the 200 m deep andésiteation raised the water temperature
of the overlying aquiferKigure 3.
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Geothermal profile between Sarospatak and Vajdafgka

Characterization of hydraulic properties of subscef lava rocks was carried out from
the literature and from the evaluation of the pumpiests evaluation on Tallya-15 well. The
pumping-test equations presume a porous, homogeaquiter; therefore, the calculated
values are equivalent hydraulic conductivities. Huivalent hydraulic conductivity was
determined by the pumping tests of wells screeredhe tuff formations. Hydraulic
properties of a fractured system depend on thehdépe tectonic effects and the ratio of clay
minerals. The water warms up in the subvolcanimédions, the silica content increases, and
thereafter flows upward through a fracture systBuoring the flow, the water cools and the
silica precipitates along the flow path. The mastspicuous occurrence of these formations
is the top of Arpad Roof in Szerencs. ElectricalsiB®nce Survey (ERS) measurement
detected hydrothermal quartzite lead; the estimatekhge of the lead is determined by the
surface outcrops and the data of deep-w@Eligure 4) The hydraulic conductivity depends

on the rate of the clogging, the lead could behavean aquitard if clay minerals fill the
lithoclases.
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Figure 4.
The estimated sinkage of the hydrothermal quartzite

The covered thermal karst aquifers in the nortleeasand southwestern part of the
investigated area have the maximum water temperaalues; the effluent water temperature
is about 40 to 70 °C from the depth of 300-1000rhe deeper wells (1800—2000 m) of the
thermal karst give higher temperature water. ThikBdarst formation and Sarospatak karst
formation have quite different recharge conditiofise Bikk karst bodies have high recharge
from the BUkk, but the Sarospatak karst has veryr pecharge conditions from the Tokaj
Mountains, and thus the static water level has lieeneasing for years in the thermal wells
in Végardo thermal wells (Vé-2, Vé-firigure 3)[7]. The equivalent hydraulic conductivity
has been determined by the pumping tests of thés wélVégardd screened to the karst
aquifer formations.

RESULTS

We have performed hydrogeological investigationsnaany thermal water aquifers of
the Tokaj Mountains to characterize hydraulic praps of the formations. The calculated
values (geothermal gradient and hydraulic conditgjixcan provide a good basis for the
further geothermal exploration of the ar@able 2presents hydrogeological parameters of
groundwater aquifer formations in the research.area
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Table 2
Hydrogeological parameters of potential warm wadquifers in the Tokaj Mountains
. Hydraulic Permeability Transmissivity [m“/s]
Formation . 2 -
conductivity [m/d] [m<] min. max. | med.
Pannonian sand 4.1 2x10 3 300 77
Miocene tuff 0,2 1.9x18 - - -
Miocene rock (compact) 4.6x10 - 8.7x10° | 4.3 0.3
Hydrothermal gquartzite 8.1 1.3x10 3 289 118
Carbonate rock 0.9 2.3x%0 3.8 68 20

Results were as follows:

* The average cooling coefficient for the investigatgea is 2.3 °C/100 m, but there
was high variance in the average cooling coefficiealues; therefore we used
7.4°C/100 mfor the geothermal gradient, based on the depthotsom-temperature
equation.

* From the calculate
geothermal gradient value, o Szentistvanbaksa
the isotherm of 30 °C T Megyaszd
temperature is located at @ N I— szersncs

depth of 270-280 m. - /

Figure 5 shows the depth )
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* The temperature of the water in the quartzite stigk approximately 30 °C, with a
yield of 1500-1700 I/min.

H Figure 5.
fDepth of the Upper Pannonian formations in the ket
part of the Tokaj Mountains
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DISCUSSION

The calculated geothermal gradient value correspandthe geo-isotherm map of
Dovenyi and Horvath [9]. The geothermal gradienlugais 6.5-7 °C/100m on the geo-
isotherm map. It gives good agreement with theutaled value. Many hydrogeological
parameter values of volcanic formations were ctdl@écfrom the literature. The most
important measurements were the hydraulic condtigtipermeability and transmissivity of
the lava rock aquifers. The transmissivity of subanic andesite is in the range of 2.7%10
— 4x10* m?/s [3] (318 p.). Szilagyi [10] determined this valto be between Idand 5x10°
m?/s. The hydraulic conductivity value of the lavaks proved that the andesite formation is
solid, and contains micro-
fissures (Figure 6) [11].
We have compared thq
results with the measured is
values of Sécs and Ritter Fissure
[7], and according to thesg
data the  equivalent . il
hydraulic conductivity of
tuff for the investigated| <—— 22 — , "
area is 0.85 m/d. Ou
measured values agree
well with those in the
literature.
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Figure 6.
Discharge intensity in lava rocks

CONCLUSIONS

The Tokaj Mountains have the most complex structofreany of the mountains in
Hungary. Until now, the Tokaj Mountains were not timain target of warm water
exploration, due to the poor hydraulic informatam the formations and the large thickness
of the volcanic sequence.

However, the different geophysical methods andwkeés screened in the Pannonian,
Miocene and Karst aquifers proved that we can g@mscwarm-water aquifers with sufficient
geological and hydrogeological properties withia thvestigated area.

LIST OF SYMBOLS

Variable Name Unit

y; depth [m]

ag geothermal gradient [°C/100m]
gg* geothermal step [m/°C]
H static water level [m]

h* cooling [°C/100m]
ho measured water level in the well [m]

k hydraulic conductivity of aquifer [m/s]

I thickness of the screened layer [m]

m thickness of the aquifer layer [m]

R distance from piezometer to the pumping well [m]

o radius of the pumping well [m]

S depression [m]

Tout effluent water temperature [°C]

T, bottom-temperature [°C]
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