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The Water Framework Directive (WFD) of EU was
come into law in 22th December 2002 (European Parlament
and Council 2002). The Directive meant the enactment such
a uniform water protection politics which helps the realiza-
tion of the transboundary coordinated water management in
the frame of drainage basins. According to the WFD while a
hydrogeological unit is examined it is practical to apply sys-
tem-principled approach. This method needs the mathemat-
ical expresses of the relations between the different sub-sys-
tems and in this way the examination of the surface and sub-
surface water resources could be laid to quantitative bases.

By the system-principled approach the bases of the
water management plans prepared according to the EU
Directives could be formed numerical hydraulic models.
The concrete model have to concern to the whole territory of
the regional drainage basin which contains the research
area. In this case the examined sub-region could be placed in

a complex hydrogeological system and we can get adequate
answers for the questions related to it.

In the frame of the Huskua 0502/166 Interreg IIIa
Neighbourhood Project (Enwat Project) the Smaragd-GSH
Ltd. as a partner of the Geological Institute of Hungary
(MÁFI) created the numerical hydraulic model of three
transboundary water bodies and their surroundings. The
location of the modeling areas shows Figure 1. The
Ipoly/Ipel’ and the Bodrog regions are built up by porous-
fissured rocks. The models of the groundwater systems of
these territories were made by Visual Modflow 4.2 software
(Waterloo Hydrogeologic Inc. 2006) which is based on
finite difference method. While the model concerns to the
Aggtelek–Slovak Karst was created by Feflow 5.0 software
(Wasy GmbH 2003) which is based on finite element
method. The aim of the hydraulic modeling was that the
models supply frames for the evaluation of the quantity and
quality status of subsurface water bodies examined during
the Enwat Project and in this way help the preparation of the
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Abstract

The bases of the water management plans prepared according to the EU directives, could be formed by numerical hydraulic models. It is nec-
essary that the concrete model must concern to the whole regional water catchment area, since the territory examined could be put into a com-
plex hydrogeological system in this way and adequate answers can be got for the questions related to it. In the framework of the Huskua 0502/166
Interreg IIIa Neighbourhood Programme (Enwat Project) the Smaragd-GSH Ltd. as a partner of the Geological Institute of Hungary (MÁFI) pre-
pared the steady-state hydraulic models of three transboundary subsurface water bodies, which are situated on the area of Ipoly/Ipel’ Valley,
Aggtelek–Slovak Karst and Bodrog Basin.



water management plans concern to them. Additionally the
modeling also suitable for forecast not only for present sta-
tus determination.

Process of Model-preparation

The transboundary project areas needed the application
of the common coordinate system instead of the national
systems. In the model-preparation phase for the harmoniza-
tion of the geological-hydrogeological data and the addi-
tional data (topography (Figure 2), hydrography, topo-ele-
ments) Universal Transverse Mercator (UTM) coordinate-
system was used which is suitable for Mid-Eastern
European application. On the bases of the data prepared dif-
ferent type of maps were created in digital format. The dif-
ferent types of maps are: basic topo-element map, digital
terrain model map, slope-category map, precipitation map,
infiltration map, evapotranspiration map, map of water pro-
duction and calibration objects.

The technical peculiarity of the hydraulic models is that

it necessary to determine parametric field to a partial vol-
ume of underground space where the precise data are not
known. Hence the most complicated preparation task of the
modeling work is the delineation of the geological struc-
tures of the research areas in 3D and the execution of simpli-
fications needed as the regional scale models. Vertically the
main hydrostratigraphic units and within them laterally the
different hydrostratigraphic categories with the same per-
meability were determined for accomplish the modeling
work. These hydrostratigraphic units, and categories were
delineated on surface type and data-distribution maps. In the
case-studies the values of the hydraulic conductivity param-
eters related to each unit were determined according to the
database improved in similar projects in MÁFI. The varia-
tion of the parameters in an individual unit was taken into
consideration only in the case of the Aggtelek–Slovak Karst
which has sophisticated geological structure.

This task was followed by the models set-up, the run of
the models and the calibration of them. The first steps in the
set-up phase were the determination of the 3D geometry and
the parametric field of the models. Hence there is no option

SÁNDOR PETHŐ et al.136

Figure 1. The locations of the model areas
1 — state border, 2 — model frame, 3 — model boundary, 4 — stream, 5 — settlement. A — Ipoly/Ipeľ Valley and its catchments modeling area, B — 

Aggtelek–Slovak Karst modeling area, C — Bodrog Basin and its catchments modeling area

1. ábra. A modellezett területek elhelyezkedése
1 — országhatár, 2 — modellkeret, 3 — modellhatár, 4 — vízfolyás, 5 — település. A — Ipoly-völgy és vízgyűjtője modellterület, B — Aggteleki- és Szlovák-

karszt modellterület, C — Bodrog-medence és vízgyűjtője modellterület



for thinning out the beds in the case of each applied model-
ing software, technically we determined the layers repre-
senting the thick basement sediments with very thin contin-
uous parts above the basement outcrops. With this method
and alternating the parameters in the layers we were able to
determine the near surface weathered zone of the basement
rocks. In the case of thinning out in deeper position we
derived the lateral variability of the concerned continuous
modeling layer with parameter alteration as well. 

The next inputs were the boundary conditions (infiltra-
tion, rivers, discharge elements), the water abstractions and
the calibration points.

At the final phase the numerical hydraulic models of the
research areas were finished by ’trial and error’ iterative
manual calibration method. During the calibration process
the values of the hydraulic conductivity, recharge, and the
river-drain boundary conditions were changed. The differ-
ences of the measured and calculated heads related to the
reference points were approved with higher tolerance in the
case of Ipoly/Ipel’ valley and Aggtelek–Slovak Karst model,
because of them higher relief and the more complicated geo-
logical setting. Higher differences were occurred in higher

topographic altitude, where the local variety (i. e. suspend-
ed water level) could be delineated with a rough approach in
the case of a regional model. The relationship between the
sophisticated DTM and the groundwater surface was han-
dled by the river-drain and recharge boundary conditions.
The groundwater surface intersected the topographic sur-
face only in some cases, when there was any of the following
hydrogeological reasons: in points in cases of springs which
were not determined as constant heads; along lines in the
bottom of deep base levels; and wetland areas.

In the followings the model preparation and the model-
ing phases, additionally the research results achieved are
introduced by research areas.

Hydraulic Model Prepared for the Ipoly/Ipel’
Valley and its Catchments Area

Description of the Modeling Area 

The Ipoly/Ipel’ Valley model area consists of the
Ipoly/Ipel’ watershed and the related waterbodies. Table 1
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Figure 2. Map of digital terrain model, Ipoly/Ipel’ Valley and its catchments model area (UTM coordinate system)
1 — state border, 2 — model boundary

2. ábra. Digitális domborzatmodell-térkép, Ipoly-völgy és vízgyűjtője modellterület (UTM koordinátarendszer)
1 — országhatár, 2 — modellhatár



contains the corner points of the model area in UTM coordi-
nate system.

The model area is divided by the Hungarian – Slovakian
border. The Hungarian side of the area consists of the
Börzsöny Mts, Nógrád Basin, northern Cserhát, and Karancs
geographic regions besides the Ipoly/Ipel’ Valley. Slovakian
part of the area consists of the south–southwestern slopes of
the Štiavnické vrchy (Selmeci-hegység), southern slopes of
Javorina (Jávoros-hegység), and the northwestern part of the

Slovenské Rudohorie (Szlovák-érchegység) on the north.
On the south, it consists of the gradually dipping slopes of
the forehills and foothills toward the Ipoly/Ipel’ and the area
of Korpona Forest. The relief of the marginal mountainous
terrain is variable; however it is significant compare to the
broad valley bottoms of Ipoly/Ipel’.

The extent of the model area is the whole Ipoly/Ipel’
watershed. On the north, dense radial water-network
formed on the palaeovolcanic area of Northern Car-
pathians, Štiavnické vrchy, and Javorina. Due to the
regional dipping of the area the direction of the rivers is
north to south.

The lower part of the Ipoly/Ipel’ is 80 km long, and it
feeds the Danube. The catchments area examined is poor in
still waters. Numerous small springs (1–10 l/min) arise from
the layers dipping toward the small basins. These layers have
low storage capacity that is why the yield of the springs is
low. Seasonally these springs have high yield (100 to 800
l/min), but occasionally they run dry.

Annual precipitation is between 600 and 620 mm on the
lowland areas. In the area of lower Ipoly/Ipel’ Valley the pre-
cipitation is 580 to 600 mm per year. The precipitation
increasing effect of the relief is obvious; the central part of
the Börzsöny has 800 mm/year precipitation, while the
Karancs the precipitation is 650 mm/year. The Medves-
vidék area has the largest variability in the annual precipita-
tion (610 to 670 mm/year). The Nógrád Basin has higher
precipitation than the average as well; it is 630 to 670
mm/year. In this area, 55 to 60 % of the annual precipitation
falls during the summer months (MTA 1990).

To determine the geological structure of the model area
the studies of BALOGH (1991), BÁLDI (1983), FÜLÖP (1994)
and HAAS (1996) were considered. Reports of the Hungarian
Geological Institute (MÁFI, 2005) and ŠGÚDŠ (State
Geological Institute of Dionyz Stur, 1985) were also noted.

The Ipoly/Ipel’ model area has the most complicated
geological structure out of the three model areas. The base-
ment formations are covered by thick Tertiary sediments in
most part of the model area and are revealed only by bore-
holes. The eldest formations are Palaeozoic mica schists,

gneisses, amphibolites and intermediate meta-volcanic
rocks that form part of the Veporic Unit of the Western
Carpathians in the northern segment of the model area. In
the northeastern part meta-volcanic and acidic volcaniclasic
rocks, meta-carbonates and locally metamorphic rocks
compose the formations of the basement. South the Diós-
jenő Line the basement consists of younger, Upper Triassic
Dachstein Limestone. The Palaeozoic formations can be
regarded as aquitards and can be considered as the lower
boundary of the model area while the Upper Triassic lime-
stone (that consists the southern part of the basement) stores
thermal water. Transmit of the water from the deep (≈1000
m) basement limestone to the aquifer in shallow depths is
negligible thus the modelled aquifer can be regarded as a
separate system; its surface is the upper boundary of the
model.

Most of the formations that cover the basement rocks are
aquitard Oligocene clays and clayey silts. Miocene sands
and sandstones that cover the Oligocene clays in the fore-
ground of Badenian volcanic rocks in the Slovakian part are
denuded in the biggest part of Hungary. Thus south the
Iploly/Ipel’ Oligocene formations are mostly covered by
Quaternary beds.

Outcrops of Badenian volcanic rocks are the characteris-
tic of the Slovakian part, where the palaeo-stratovolcano of
Jávoros occupies almost the whole western part of the
Slovakian model area. In the Hungarian part palaeovolcanic
andesites of Börzsöny and Cserhát represent Badenian for-
mations. Andesite formations store fissure water that out-
crops in many low-yield springs. Presence of small separat-
ed sub-surface catchment basins are common, that makes
determination and quantification of uniform potential level
complicated.

Quaternary alluvial beds of Ipoly/Ipel’ play an outstand-
ing role both in aspect of water management and the hydro-
geological modeling of the Ipoly/Ipel’ water body that is
divided by Hungarian and Slovakian frontier. The alluvial
beds consist mostly of volcanic rock pebbles with subordi-
nate amount of quartz pebble. Although due to their diverse
genetics leakage-hydraulic parameters of alluvial beds may
show great variety, in general they can be set down as forma-
tions of good-excellent hydraulic conductivity. Water sup-
ply in the Hungarian part of Ipoly/Ipel’ Valley is based on
these alluvial beds.

The Set-up of the Model

Considering the hydrogeological environment of the
research area finit-difference software (Visual Modflow
4.2. (Waterloo Hydrogeologic Inc. 2006) was applied for
modeling. Because of the large extent of the model area,
the regional characteristic of the model, and the possibili-
ties of the applied software 250 times 250 metres grid were
used.

The geological formations exist on the research area
were assembled into four hydrostratigraphic model groups,
based on simplifying techniques.
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Table 1. The corner stones of the Ipoly/Ipel’ valley model area in
UTM coordinates



Layer 1: Quaternary porous aquifers;
Layer 2: Badenian volcanites: fissured aquifers;
Layer 3: Oligocene and Miocene formations: clayey

sands, sandstones, porous aquifers;
Layer 4: pre-Tertiary basement: practically it is imper-

meable.
Table 2 contains the hydrostratigraphic units and their

lateral and vertical specific conductivity values.
The border of the modeled area and the surface of the

pre-Neogene basement is no-flow boundary, this way the
studied basin is one independent system.

Infiltration rate was calculated from the precipitation
and geology of the area. The diverse surface geological for-
mations of the region are divided into the following 15 cate-
gories based on their hydrostratigraphic characters: clay,
clayey loess, clayey marl, sand, sandstone, karst, gravel,
loess sand, limestone, marl, fissured sandstone, fissured
metamorphic rock, fissured volcanite, tuffs (more detailed
classification than directly used in the model). Based on
these 15 categories the surface hydrostratigraphic units
which affect were determined (Figure 3), and precipitation
rates were allocated (Table 3.). The database was compiled

on the bases of the data applied by MÁFI in similar regional
projects.

There are 23 years long (1980–2002) time series of 32
precipitation gauge in the model area. Based on the time
series, average annual sum precipitation were calculated,
then precipitation distribution map was created. 

With the help of the overlain precipitation distribution
and surface geological maps the infiltration zones were
determined Figure 4. The infiltration depending on the
geology is between 21 to 85 mm/year. 

The surface streams, except of the Danube, are river type
elements in the model, this way infiltration through river bed
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Table 2. Hydrostratigraphic units and their hydraulic conductivities
(K [m/s])

Figure 3. The hydrostratigraphic units of the uppermost model layer, Ipoly/Ipel’ Valley and its catchments model area (UTM coordinate system)
1 — state border, 2 — model boundary, hydrostratigraphic units: a — clay, b — silt, c — clayey marl, d — marl, e — loess, f — tuff, g — loessal sand, h — fissured sand-

stone, i — sand, j — fissured metamorphite, k — sandy gravel, l — gravel, m — fissured volcanics, n — limestone, o — karst

3. ábra. Legfelső modellréteg hidrosztratigráfiai egységei, Ipoly-völgy és vízgyűjtője modellterület (UTM koordinátarendszer)
1 — országhatár, 2 — modellhatár, hidrosztratigráfiai egységek: a — agyag, b — aleurit, c — agyagmárga, d — márga, e — lösz, f — tufa, g — löszös homok, h —

repedezett homokkő, i — homok, j — repedezett metamorfit, k — homokos kavics, l — kavics, m — repedezett vulkanit, n — mészkő, o — karszt



and shallow groundwater inflow to the rivers were taken into
consideration. The southern border of the model area, the
Danube was determined as constant head cell. 

Water levels of the rivers were bound to the topographic

elevations, as the rivers run on the surface or slightly cut into
the surface. As the depth of the cut into is not known in the
whole model area, so the presumed water level of the
streams is one metre below the topographic elevation at that
point.

The levels of the river beds were taken 0.8 metre uni-
formly in the case of streams, and 1.0 to 1.5 metres at the
case of Ipoly/Ipel’ depending on its elevation, the upper part
of the river the smaller value was used. The direction of shal-
low groundwater flow is depends on the river bed level
(gaining or losing stream). River conductance is given as
100 m2/day in the case of streams; and 150 m2/day, in the
case of Ipoly/Ipel’. This seemingly high value means a rela-
tive low value in the model, because of the large cellsize
(low resolution). This one value represents the width of the
river and the thickness and conductance of the colmated
river bed together.

Further input parameters for the model are the location
and amount of water abstraction. There are 325 production
objects with a yield more than 1000 m3/y on the model area.
The significant water works on the Hungarian side of the
model area are the water works of Dejtár, Perőcsény–Tésa,
Szécsény, and Vámosmikola.  
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Table 3. Characteristic infiltration rate of the geological formations in %

Figure 4. Recharge distribution derived from the precipitation, Ipoly/Ipel’ Valley and its catchments model area (UTM coordinate system)
1 — state border, 2 — model boundary

4. ábra. Csapadék eredetű beszivárgás-eloszlás, Ipoly-völgy és vízgyűjtője modellterületen (UTM koordinátarendszer)
1 — országhatár, 2 — modellhatár



Running the Model 

SSOR algorithm was used to solve the equation system,
and to speed up the iteration, the accuracy was given as 0.5
metres. Better precision was not required, because of the
scale of the model is regional. The model was run under
steady state conditions, time variations were not studied
with the model, so it was presumed that all considered
parameter is characteristic mean value in time.

Calibration

Calibration of the model was based on the water level of
monitoring wells. Other water level monitoring points were
used in model calibration also, for example the height of
springs, and river gauge data, so there were 292 calibration
points on the model area. The calculated and modeled water
level was compared in great interval, between 90 m and 500
m aBsl (above Baltic Sea level) as water level monitoring
data was observed not only on the alluvial fan of Ipoly/Ipel’
but on the higher elevated areas of Slovakia and Hungary.
Altogether 292 calibration points were used.

Calculated and measured values show agreement; the
largest difference is at the high elevated areas of Börzsöny.
On the lower elevated areas of the modeled region, on the
strict neighbourhood of Ipoly/Ipel’ (between 90 to 280 m
aBsl) the difference between the measured and calculated
values is less than 10 metres. The relative high difference
between measured and modeled values is acceptable con-
sidering the rough cell design (low resolution), the size of
the area and the big differences in the elevation.

Our goal was to model the alluvial valley of Ipoly/Ipel’
as one waterbody unit. Possible that the small springs at
higher elevation mark local flow systems, locally infiltrat-
ing water and perhaps this is the reason for the differences
between the calculated and measured values.

Assessment of the Flow Field 
and Water Balance Based on the Results 

of the Model 

As a result of the numerical model, there were two
parameters for the description of waterbodies, the calculat-
ed head distribution and the water budget of the model
area. 

The flow direction is determined by the distribution of
hydraulic head. Hydraulic potential pattern of the upper-
most layer, derived from the difference of elevation, follows
the surface as a consequence in the area of Börzsöny and
Javorina the calculated water level is high. The hydraulic
head values are the lowest at the area of Ipoly/Ipel’ Valley
(Figure 5).

Elevation of the calculated values (asl) and the spatial dis-
tribution of the head indicates that the main discharge area is
the Valley of Ipoly/Ipel’. The main area of water withdrawal
is the Hungarian Dejtár bend, which is recharged from the
elevated surfaces of Slovakia and Hungary. 

Water budget calculated in the model (Table 4) could be
given only for elements of hydrological process within the
modeled area in m3/day, due to the given boundary condi-
tions.

The calculated and measured values show great agree-
ment in the model area. The difference between the total
input-output in the water budget is negligible (≈0 %) consid-
ering the indicated volume of water. The volume of water
abstracted by production wells in the past few decades could
be compensated by the recharge function of the different
element of the water budget (infiltration from the surface,
from stream beds).

Storage is greatly variable due to the river recharge. We
draw the attention to the fact, that the amount of outflow is
determined by the Danube as southern boundary, which is
the surface discharge of the Ipoly/Ipel’ alluvial basin as well
as it discharges subsurface water.

Results of Hydrological Model 

Based on the detailed study of hydrogeological environ-
ment of the watershed, and on the subsurface water flow
depicted by the permanent numerical hydraulic model the
followings can be stated:

— the hydrogeological units of the studied porous-fis-
sured aquifer system is in sensitive connection with each
other;

— in the valley type watershed basin, gravitation driven
steady state subsurface flow systems — intermediate, region-
al — formed;

— the main recharge areas are the mountains surround-
ing the Ipoly/Ipel’ Basin, where the effectively infiltrating
precipitation feeds the local subsurface flows, then it moves
toward the center region of the basin as part of the regional
and intermedier flow system; 

— the regional discharge area is the Ipoly/Ipel’ region,
the discharge is dual: the surface type is going through the
intensive evapotranspiration, while the line type is the sub-
surface discharge of Ipoly/Ipel’;

— the lower section of the Ipoly/Ipel’ Valley is in close
contact with the Danube hydraulically, so water leaving the
Ipoly/Ipel’ alluvial fan is controlled by water level in the
Danube;
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Table 4. Calculated water budget



— the Ipoly/Ipel’ Valley area due to its central position
in the drainage basin has a good water recharge in its natural
state.

Hydraulic Model Prepared for the
Aggtelek–Slovakian Karst area

Description of the Area 

Table 5 contains the corner stones of Aggte-
lek–Slovakian Karst model area in UTM coordinate sys-
tem. 

The model area belongs to two main units both geo-
graphically and tectonically. Majority of the area is part of
the Hungarian, Slovakian Gömör–Torna Karst, the rest is
the Szendrő (Cserehát) Hills. In respect of the project the
transboundary waterbody of Aggtelek–Slovak Karst has
significant role as the upper (surface) part of the Gömör–
Torna Karst. 

Considering the covered deepkarst area — situated in
deeper and deeper position to southwest direction — and the
non-karstic units with worse transmissivity was important
with the aim of studying regional groundwater flows. The
boundary of both the study and modelled area is in west and
south: the Sajó Valley, in the north: the range of
Aggtelek–Slovak Karst, in the east: the border line of
Palaeozoic range according to the limits of No. k.2.16.2
waterbody. 

Main watercourses of the area are the Sajó, Bódva, Jósva
and Rakaca. Watersheds of these rivers cover most of mod-
elled area, while the southeast part belongs to the Hernád
watershed. 
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Figure 5. Calculated hydraulic potential distribution in the uppermost model-layer and the representative directions of groundwater flow,
Ipoly/Ipel’ Valley and its catchments model area (UTM coordinate system)

1 — state border, 2 — model boundary, 3 — calculated potential level [aBsl], 4 — main direction of groundwater flow, 5 — production well

5. ábra. A legfelső modellrétegre számított hidraulikuspotenciál-eloszlás és a jellemző felszín alatti vízáramlási irányok az Ipoly-völgy és víz-
gyűjtője modellterületen (UTM koordináta-rendszer)

1 — országhatár, 2 — modellhatár, 3 — számított vízszint [m Bf], 4 — felszín alatti víz fő áramlási iránya

Table 5. The corner stones of Aggtelek–Slovakian Karst model area in
UTM coordinates



The modifying effect of the relief is significant in the
distribution of precipitation, in the higher hills the average
annual precipitation is between 670 to 710 mm. Cserehát
Hills is the driest, the precipitation is 600–640 mm in the
east Cserehát, it is even less in the west Cserehát, 580–620
mm. 650 mm is the average on other hilly areas. On the east
side of the Sajó Valley and on the southern part of the
Hernád Valley the annual precipitation is less than 600 mm. 

Determining the geological construction of the flow
domain is based on works MÁFI (2005). ŠGÚDŠ (1985),
FÜLÖP (1989, 1994), HAAS (1994) and LESS (2007).

As we mentioned above the formations of the model area
belong to two main units both geologically and tectonically.
While the Szendrő Hills (Cserehát) is part of Bükk tectonic
unit, it has a southern Alpian–Dinarids type of Palaeozoic
sequence, the Aggtelek–Slovak Karst and Rudabánya
Mountains — were built up mainly Triassic rocks — are part
of the Inner West Carpathians nappe system. The Rudabá-
nya Mountains are inside of the Darnó Zone, dividing the
Inner West Carpathians from the Bükk tectonic unit, as a
consequence its geology and tectonics are quite complex. 

Hydrogeologically, the most important formation of the
area is the karst system of Triassic limestone sequences have
great extent both horizontally and vertically. It can be found in
uncovered situation on the Aggtelek–Slovak Karst or covered
with oligocene–miocene sediments. The estimated depth of

the covered karst at the southeast at edge of the model area is
–1200 aBsl. (Figure 6). Sandstone and claystone intercala-
tions occur in that karstic beds which have uniformly high
hydraulic conductivity. These intercalations regionally hard-
ly deteriorate the average hydraulic conductivity, however
locally these reducing effects can not be observed. 

In the model area the most important recharge fields can
be found on the land of Aggtelek–Slovak Karst, particularly
on the highly karstified surface (karst plains: Pelsőc and
Szilice Plateau, Felső-hegy and Alsó-hegy [Figures 7 and
8] ), where through the dolines and sink holes the precipita-
tion can infiltrate in concentrated way. 

On the uncovered limestone areas, karst features like
cave systems occur in several hundreds metres thickness, the
most worthily famous cave system is the Domica–Baradla
Cave System. There are active all year around wet caves or
intermittent caves, active only after snow melt or heavy pre-
cipitation as well as non-active caverns, in the stage of col-
lapsing-filling up, so their present hydrogeological role are
varied. 712 various caves in different stage are known in the
area of Aggtelek–Slovakian Karst.

The regional model has no response for giving detailed
description the formations of the karstic phenomenon, the
important task is to take account of the diffuse and fissure
(cave) flow. Depending on the karst water level the cave sys-
tem could be in the vadose zone, described with vertical
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Figure 6. Topography of the Triassic formations – modeling figure, Aggtelek–Slovak Karst

6. ábra. Triász képződmények felszíne – modellábra, Aggteleki- és Szlovák-karszt
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water movement domination, or it could be under the water
table in the freatic zone. In regional scale the finite-element
method could take account of the geometry of cave-systems,
but in practice the knowledge of their geometry quite poor.
Therefore regionally we approach these fissured beds with
equiv-porous formations. Naturally the zone of cave sys-
tems have the highest values of the hydraulic conductivity. 

Description of the Model

The mesh generation is an important task of the finite
element modeling. The horizontal mesh design is influ-
enced by the boundary of the model, by the surface water
network, by the tectonic elements, by the borders of geolog-
ical units, and by the production and abstraction wells and
springs. This model consists of 6 model layer, 148 940 finite
elements and 91 530 nodes.

Vertical boundaries:
Upper boundary surface of the model is the real surface.

This model lets to use the moving surface possibility, where
the surface of the uppermost layer adjusted to the surface of
saturated zone ensuring better run environment for the
model.  

Lower boundary of the model is the –3500 metre aBsl
plane, determined by the minimum elevation of bedrock. 

As the model does not allow the wedging of layers, there-
fore in those areas where the bedrock is on the surface new
layers were introduced to ensure continuity of the covering
layers. The following layers were differentiated:

Layer 1: Quaternary sequence,
Layer 2: Oligocene/Miocene sequences,
Layer 3: Karstified (weathered) part of Mesozoic

(Palaeozoic) ,

Layer 4: Slightly or not karstified (weathered) surface of
Mesozoic (Palaeozoic) strata,  

Layer 5: Palaeozoic strata, substrata of model. 
Infiltration rate of the hydrostratigraphic units were defined

based on previous experience (database of MÁFI) and data
from literature. For the first two model layer it was derived from
the geological map. For the third model layer it was determined
using the pre-Quaternary geological map. Because of the layer
continuity, the lack of covering layers in the karst areas was
solved with parameter changes; here the first two layers is more
loose and karstified than the third layer. Table 6 consists the
infiltration rates of the hydrogeological units. 

On the karst and non-karst surface it is highly important
to determine the parameters of water-courses. In this model
they are defined with their nodes. Stream stages were
derived from the digital terrain model, as the streams run
close to the surface, just slightly cutting in. Inflow and out-
flow for 1 unit head difference was given as riverbed con-
ductance. There was one constrain condition, that is only
outflow was allowed on the stream nodes. The numerous
springs in karst as well as in non-karst areas are defined as
constant head nodes boundary condition. During the model
run, the fact that the springs of recharge areas do not depict
the level of saturated zone caused problems. 

As we mentioned above the main centre of the recharge
is the Aggtelek–Slovak Karst, where the the average infiltra-
tion rate is 33%. The whole area was taken account in
respect of infiltration. On the simplified geological maps the
following formations are shown: 

clay (A), clayey loess (AL), clayey marl (AMG), sand
(H), sandstone (HK), karst (K), gravel (KAV), loess (L),
loessal sand (LH), limestone (M), marl (MG), fissured sand-
stone (RH), fissured metamorphic rocks (RM), fissured vol-
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Figure 7. The hydrostratigraphic units of the uppermost model layer, Aggtelek–Slovak Karst model area (UTM coordinate system)
1 — state border, 2 — model boundary, hydrostratigraphic units: a — clay, b — silt, c — clayey marl, d — marl, e — loess, f — tuff, g — loessal sand, h — fissured sand-

stone, i — sand, j — fissured metamorphite, k — sandy gravel, l — gravel, m — fissured volcanics, n — limestone, o — karst

7. ábra. Legfelső modellréteg hidrosztratigráfiai egységei az Aggteleki- és Szlovák-karszt modellterületen (UTM koordinátarendszer)
1 — országhatár, 2 — modellhatár, hidrosztratigráfiai egységek: a — agyag, b — aleurit, c — agyagmárga, d — márga, e — lösz, f — tufa, g — löszös homok, h —

repedezett homokkő, i — homok, j — repedezett metamorfit, k — homokos kavics, l — kavics, m — repedezett vulkanit, n — mészkő, o — karszt

Figure 8. Recharge distribution derived from the precipitation, Aggtelek–Slovak Karst model area (UTM coordinate system)
1 — state border, 2 — model boundary

8. ábra. Csapadék eredetű beszivárgás-eloszlás az Aggteleki- és Szlovák-karszt modellterületen (UTM koordinátarendszer)
1 — országhatár, 2 — modellhatár

Table 6. Hydrostratigraphic units and their hydraulic conductivity (K [m/s]) 



canite (RV), tuffs (T). Based on the infiltration rate of for-
mations given in previous Table 3, and by overlying the geo-
logical map and precipitation distribution map, the map of
precipitation value of formations was created.

The characteristic infiltration values are calculated from
the percent values of formations multiplied by the average
infiltration data at that location (24 meteorological stations,
23 years). 

The infiltrating precipitation leaves the subsurface ter-
rains as:

— natural springs on the surface,
— seepage feeding the alluvial flows in the valleys,
— subsurface seepage at boundary of basin sediments

and mountains,
— artificial water abstraction. 
On the area, yield of karst springs are highly depends on

the supply; in a given area they maximize the karst water
level. One part of the water abstraction is through karst
springs, like Tohonya Spring (Aggtelek), Pasnyag Spring
(Komjáti). The exact yield of these springs are unknown, we
can only estimate them. The springs are defined as constant
head nodes in the model; as a consequence their yields are
used for calibration. In the permanent model can not handle
with the extremity of spring’s yield, only with an average
values. 

Average well yield in 2002 was used for the amount of
abstraction in the model, where this data was not available
average productions of earlier years were used. 

Running the Model

The model runs at steady state flow, leaving the vadose
zone out. Layers 1 to 3 are unconfined/confined, while lay-
ers below these are strictly confined. In our model karst
water table is determined by the head of the third layer.

Calibration

During the running procedure all together average water
levels of 84 observation wells were compared to the calcu-
lated head distribution. In case of 15 of 52 objects were the
differences below 15 metres in measured and calculated val-
ues. This result satisfies the expected accuracy of permanent
model. 

In some cases in the hilly area, calculated water levels
are lower than the level deduced from the elevation of
springs. It is hard to determine the thickness of unsaturated
zone of the recharge areas and continuous level of karst
water. There are separated blocks, where karst water is iso-
lated for example it creates karst water levels or separated
karst water blocks. 

Assessment of the Flow Field and Water Balance
Based on the Results of the Model 

There are two important output parameters of the
numerical model that aid the description of waterbodies: the

calculated head distribution and the calculated water budg-
et. Based on the calculated head map, the direction of the
main flows are north to south, or it is northwest to southeast
from the hills. (Figure 9) On the hilly areas, since the major-
ity of vadose zone was left out, the relief effect disappears.
In the model of Felső-hegy – Torna Basin – Alsó-hegy, the
area is in a continuous flow field; however there are no
measured data yet to prove it. On the forehills the water table
follows the relief, the river valleys are the main discharge
zones. 

The total inflow of volume of the modelled domain is
783 663 m3/day, the total outflow is 783 749 m3/day; the

imbalance is 86 m3/day, which is irrelevant rate comparing
with the volume of in or outflow (≈0%) (Table 7).

The value of infiltration is equal with the total inflow as
at the nodes of watercourses inflow was not allowed. The
volume of water withdrawal through wells is 5 913 m3/day.
The volume rate through the nodes of rivers and constant
head is 78–22%. The data clearly show that calculated water
budget of whole model has only insignificant error, the vol-
ume of inflow and outflow is close to equilibrium, therefore
the yields of the springs would significantly decline under
the same incoming parameters with increased water with-
drawal.

Summarizing the Results of the Hydrogeological
Model

Based on the modeling procedure of Aggtelek–Slovak
Karst the following statements were proved:

— The balance of karst-water system mainly depends
on environmental factors above all the amount of precipita-
tion. Therefore this system is highly sensitive to changes of
climate. 

— With mainly discharge of springs the water budget
has natural equilibrium. 

— In case of significant increasing of water withdrawal
through wells or in the case of very dry weather can cause
springs would run dry causing notable water shortage, and
the extremely changing climate will enhance these prob-
lems. 
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Table 7. Calculated water budget of the steady state model



Hydraulic Model Prepared for 
the Bodrog Basin 

and its Catchments Area

Table 8 contains the corner points of the Bodrog Basin
and its catchments area in UTM coordinate system. 

The five deterministic subregions and their topography
of the model area are from northwest to south as it is follows: 

1 — Zemplén Mountains with great relief, 
2, 3 — Bodrogköz and Rétköz regions with low relief, 
4, and 5 — the Nyírség and Hajdúság regions where the

surface divided with sandy hills.
From the regional subsurface flow point of view the

mountainous and the elevated sandy hill parts are regional
recharge areas, while the basins are regional discharge
areas.

There are no significant open water bodies, while the

major rivers are the Tisza, the Bodrog, the Latorca/Latorica,
and the Bodrog on the model area.

The yearly sum precipitation increases toward north and
east, and it is 520 to 600 mm per year. The Zemplén
Mountains has more precipitation; the sum is 600 to 700 mm
per year (MTA 1990). 

On the bases of the work of the MÁFI (BOCZÁN et al.
1966, GYARMATI et al. 1976, TÓTH 1986, GYALOG 1996,
MÁFI 2007a, 2007b) and the ŠGÚDŠ (1985) we give a brief
overview of the complex geology of the area.

The function of the numerical hydraulic modeling... 147

Figure 9. Calculated hydraulic potential distribution in the karstic model-layer and the representative directions of groundwater flow,
Aggtelek–Slovak Karst model area (UTM coordinate system)

1 — state border, 2 — model boundary, 3 — calculated potential level [aBsl],4 — main direction of groundwater flow, 5 —production well, 6 — sping

9. ábra. A karsztos modellrétegre számított hidraulikus potenciál-eloszlás és a jellemző felszín alatti vízáramlási irányok az Aggteleki- és
Szlovák-karszt modellterületen (UTM koordináta-rendszer)

1 — országhatár, 2 — modellhatár, 3 — számított vízszint [m Bf], 4 — felszín alatti víz fő áramlási iránya

Table 8.The corner stones of the Bodrogköz model area in UTM coor-
dinates 



The basement consists of different Proterozoic —
Palaeozoic crystalline rocks. The Upper Miocene volcanic
rocks of Tokaj Volcanit Formation erupted to the surface
along more than 3000 metres long collapsed area. The
mountains mostly built up of rhyolite, dacite and andesite
lava and pyroclastic rocks. These rocks have low hydraulic
conductivity that decreases from the weathered surface
inward. The pyroclasts have lower permeability due to their
clayey weathering and their less fractured structure; so they
represent a separate hydrogeological unit close to the sur-
face.  

The Upper Badenian – Sarmatian volcanoes erupted
through the crystalline bedrock and through Triassic car-
bonates at Bodrogszerdahely on the bases of borehole data.
The study area has two stratified andesite volcanoes; one is
at Bodrogszerdahely and one at Királyhelmec. These volca-
noes have low hydraulic conductivity similarly to the frac-
tured volcanic rocks of Zemplén, furthermore their upper
weathered zones are separated as a layer with a higher
hydraulic conductivity as well.

The volcanic rocks reaching under the basement are cov-
ered by Badenian–Pannonian sediments, while the volcanic
rocks are covered by mostly Sarmatian–Pannonian deposits.
The sediments series is more than 1000 metres thick, and
contains the impermeable surface considered the border
between Lower and Upper Pannonian sequences.

The Upper Pannonian sediment sequence in overall built
up of medium to low permeability layers, where the rate and
thickness of coarse sediments decreases upward. Based on
the above mentioned facts, the Upper Pannonian sequence is
considered as one hydrostratigraphic unit, it has medium
hydraulic conductivity horizontally and poor hydraulic con-
ductivity vertically.

The thickness of Quaternary siliciclastic sediments, wedg-

ing out toward the mountainous areas, is 100 to 180 metres, and
its grain size varies laterally and vertically. Based on the surface
geological map of the area, the clastic formation of the upper 10
metres thick layer can be successfully delineated and hydro-
stratigraphically characterized. Permeability of each Quater-
nary formation is in the category of good, medium, poor.

There is no deterministic tectonic element either region-
al or subregional scale. The smaller, but hydrogeologically
deterministic tectonic elements, like fissures in volcanite,
were considered as diffusive factor in the regional model. 

Description of the Model 

Considering the size of the modeled area, the regional
feature of the modeling task, and the possibilities of the
applied Visual Modflow 4.2. (Waterloo Hydrogeologic Inc.
2006) software, 250 times 250 metres grid design was used.

In the model three hydrostratigraphic levels were differ-
entiated vertically (Table 9). In the first shallow groundwa-
ter model layer (1. model layer), 9 hydrostratigraphic units
was differentiated laterally (Figure 10). The number if the
hydrostratigraphic units was modified to 11 due to the cali-
bration process of the model when two more metamorphic
rock types were distinguished with slightly different perme-
ability in the Ronyva/Ronava Valley. Considering the model
the vertically proportional grid design is technically
favourable, so the second and third model layers, the Lower
Quaternary and Upper Pannonian sequences, were divided
to sublayers. This way 7 model layers were defined for the
model, however hydraulic parameters of sublayers belong-
ing to the same group were not modified, so the model has
three hydrostratigraphic layers (Figure 11).

The borders of the model area and the base of the Upper
Pannonian hydrostratigraphic unit are no flow boundaries,
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Table 9. Hydrostratigraphic units and their hydraulic conductivities (K [m/s]) 



this way the studied basin is a sepa-
rate system in the modeling point of
view.

In the model area the infiltration
from the primary precipitation was
calculated based on the distribution
of precipitation and on the close to
the surface geology. Characteristic
potential primary infiltration percent
were ordered to the surface forma-
tions in 9 groups: clay (A), clayey
loess (AL), sand (H), loess (L), loes-
sal sand (LH), limestone (M), fis-
sured metamorphic rocks (RM), fis-
sured volcanite (RV), tuffs (T) (Table
3).

In the model area 23 years long
time series of 38 precipitation gauges
(1980–2002) were available. Based
on the time series, annual average
precipitations were calculated, and
then distribution maps were created.
Then the simplified geological map

The function of the numerical hydraulic modeling... 149

Figure 10. The hydrostratigraphic units of
the uppermost model layer, Bodrog Basin
and and its catchments model area (UTM

coordinate system)
1 — state border, 2 — model boundary, hydrostrati-
graphic units: a — clay, b — silt, c — loess, d — tuff, e
— loessal sand, f — sand, g — fissured metamor-
phite, h — fissured volcanics, i — limestone

10. ábra. Legfelső modellréteg hidro-
sztratigráfiai egységei a Bodrog-medence és

vízgyűjtője modellterületen (UTM
koordinátarendszer)

1 — országhatár, 2 — modellhatár, hidrosztratig-
ráfiai egységek: a — agyag, b — aleurit, c — lösz, d —
tufa, e — löszös homok, f — homok, g — repedezett
metamorfit, h — repedezett vulkanit, i — mészkő

Figure 11. Significant W–E orientated hydrostratigraphic cross-section in the middle part of the modeling area – modeling figure, Bodrog Basin
and and its catchments model area (UTM coordinate system and Baltic sea level) vertical exaggeration: 10×

11. ábra. Jellemző Ny–K-i irányú keresztszelvény a modellterület középső részéről – modellábra (UTM koordinátarendszer, Balti-tenger szint
feletti magasság) túlmagasítás: 10×



and the precipitation distribution map were overlaid to
depict the primary infiltrations zones (Figure 12).

In the model to determine the effective infiltration three
extensive units with the same evapotranspiration value were
distinguished (Figure 13) based on the above mentioned over-

laid maps, on the climate character-
istics and on the Shallow Ground-
water Budget Map of Hungary
(TÓTH 1986). The three areas are
Zemplén Mountains, Ronyva/Rona-
va Valley – Bodrogköz – Rétköz,
and Hajdúság – Nyírség. Table 10
contains the characteristic surface
and near surface evapotranspira-
tion, and the effective depth of evap-
orations values of the three area. 

Areas characterized by the pri-
mary infiltration and the zones of
evapotranspiration were overlaid in
the model as model layer, so this
way the areas with effective infil-
tration and the shallow groundwa-
ter water balance were determined. 

Drain Boundary Condition

The model has drain type
boundary on the northwestern part
of the model area in the Zemplén
Mts. The draining element is a
seepage surface 0.1 metre below
the surface, and the conductance
determining the rate of discharge
was given 50 m2/d. 

River Type Boundary
Conditions

4 significant (Tisza, Bodrog,
Latorca/Latorica, Ronyva/Ronava)
rivers were determined as river
type boundary condition in the
model area. Table 11 contains the
water level data of the gauges used
in the model (annual mean value of
2002). Water level data between
the gauges were determined by
using linear interpolation.

Hydraulic conductance of the
riverbed (C) of Tisza, Bodrog, and
Latorica was calculated by multi-

plying the width of the rivers (W) with their length in each
cell (L) and with the vertical specific conductance value of
their channel material (Kz), and by dividing with the thick-
ness of channel material: C = (W×L×Kz)/M. The channel
material conductance (C) of the Ronyva/Ronava was uni-
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Figure 12. Recharge distribution derived from the precipitation, Bodrog Basin and its catchments
model area (UTM coordinate system)

1 — state border, 2 — model boundary

12. ábra. Csapadék eredetű beszivárgás-eloszlás a Bodrog-medence és vízgyűjtője modellterületen
(UTM koordinátarendszer)

1 — országhatár, 2 — modellhatár

Table 10. Evapotranspiration zones determined in the model and their data



form. Table 12 contains the channel
material conductance values for
each river.

Production and Monitoring
Objects 

The raw database contained 898
production objects producing more
than 1000 m3/day for the technical
model area. The filtered database
was furthered queried by the depth
of modeled space and by the area of
the research model. As a conse-
quence wells producing water from
the Lower Pannonian and wells out-
side of the study area were ignored.
At the end, the model contained 575
water producing objects.

These wells characteristically
produce water for the local public
water supply, for the agriculture and
for the local industry. Vulnerable
water supplies of the Bodrogköz
waterbody are as follows: Kisvárda,
Ibrány (Jásztelep), Kótaj-Nagyha-
lász, Tiszabezdéd, Paszab, Keme-
cse, Licse, Fényeslitke, Dombrád,
Dombrád-Kistiszahát, Buj wells. 

90% of all water production was
below the 500 m3/d value. Water
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Figure 13. Zones of evapotranspiration,
Bodrog Basin and its catchments model

area (UTM coordinate system)
1 — state border, 2 — model boundary

13. ábra. Evapotranspirációs zónák a
Bodrog-medence és vízgyűjtője modell-
területen (UTM koordinátarendszer)

1 — országhatár, 2 — modellhatár

Table 11. Water level data of rivers defined int he model, based on annual mean values of 2002



production between 500 and 1000 m3/d was 7%, while over
1000 m3/d was 3% of the total water production.

Screen elevation values of the production wells are
between –737.69 and 239.90 metres aBsl. Most of the wells
draw water from Quaternary and from the upper part of
Upper Pannonian sedimentary aquifer layers, their depth are
from near surface to –150 m aBsl. Only a few wells screened
for the lower sequence of the Upper Pannonian, from –150 to
737 m aBsl.

122 observation well data was built into the model, after
data processing similar to the above described one. During
the calibration process, water level data of five wells (1609,
2611, 4018, 4163, 4338 cadastre number) were ignored,
because their data greatly differed from the data of wells
close by. This way, 117 observation well data was considered
in the model. Screen elevation values of the observation
wells are between 68.7 and 147.61 metres aBsl.

The Run of the Model 

The model was run for two steady state conditions. After
the calibration of steady state, the water production state was
simulated. Model parameters:

— during the model run the Slice-Successive Over-
Relaxation (SOR) algorithm was used, where the permitted
maximum iteration was 1000, and the so called “accelera-
tion factor” was 0.1 and the convergent limit of water level
changes was 0.3 m;

— in the second model run, depicting production condi-
tions, the “acceleration factor” was 0.05;

— the compiled water table of the preliminary model
made by the MÁFI was the starting water table for the model
runs;

— the layers could be confined, unconfined and if it nec-
essary variable transmissivity. The latter is used because of
the large extent of the model area. With this method the close
to the surface layers could run dry, and this type of layer defi-
nition is adaptable for the deeper saturated layers as well;

— re-saturation of the cells was not allowed.

Calibration

The measured and calculated head of the 117 monitoring
wells, covering the model area quite evenly, were in accor-
dance, the statistical parameters of this relationship are the next:

— maximum residual: 5.93 m;
— absolute residual mean: 1.153 m;
— standard error of estimate: 0.147 m;

— normalized RMS: 2.672%;
— correlation coefficient, 0.995.

Assessment of the Flow Field and Water Balance
Based on the Results of the Model 

In the Bodrogköz area flow field, the hydraulic heads of
groundwater under natural circumstance and steady state
condition is almost the same than the hydraulic head under
steady state production. The regional groundwater flow
direction is from the margin towards the center of the region
(Figure 14).

Table 13 contains the results of water budget calculated
for the natural state. Based on the water budget assessment
the study area is in hydraulic equilibrium under natural
steady-state hydrogeological conditions. Main component
of recharge is the meteoric infiltration (94%), although the
recharge of the alluvial sediments in the upper part of the
rivers plays role as well (6%), its absolute value is signifi-
cant. The discharge of the groundwater is the evapotranspi-
ration (43%), and is the discharge (41%) controlled by the

valleys in the mountainous areas. Furthermore, the valleys
drain the area through the river channel bed, 16% of the
groundwater leaves the system through it.

Results of Hydrological Model 

Based on the detailed study of hydrogeological environ-
ment of the drainage basin, and on the subsurface water flow
depicted by the permanent numerical hydraulic model the
followings can be stated:

— in the drainage basin a gravitation driven steady-state
subsurface flow system formed;

— the main recharge areas are the Nyírség and Hajdúság
regions, from where the effectively infiltrating water form-
ing the regional flow system migrating toward the central
region of the basin;

— the Zemplén Mountains are significant recharge
area as well, however here one part of the significant pre-
cipitation is channeled on the surface, and the drainage
effect of deep cutting valleys and the numerous small
springs (individually not determined in the model) on
groundwater is significant as well;

— due to the basin geometry, water flows in the weath-
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Table 12. River bed material conductance for each river

Table 13. The components and data of water budget during the steady
state condition assessment of the natural hydrogeological system 



ered, fissured volcanite or in the allu-
vial sediments of the streams and
reaches the basin deposits, then it
shortly is discharged into the Bodrog
Valley and the west side of Bodrog-
köz through  line or through surface.
From this point the rest of the water
flows toward southeast, to the
hydraulic minimum zone, where it is
spatially discharged together with
the groundwater migrating from
southeast and south;

— the regional discharge area is
the regions of Bodrogköz and Rét-
köz, where due to the basin geome-
try (large extent, but shallow basin)
the extensive surface discharge is
dominant through the intensive
evapotranspiration, while the dis-
charge along the Tisza River a line-
discharge is subsidiary;

— the Bodrogköz area, the focus
point of our study, due to its central
location in the basin is richly en-
dowed by subsurface water both in
its natural state and under basin-
wide production. This is indicated
by the close to the surface water
level, the presence of wetlands and
the high rate evaporation fed by the
upwelling subsurface water;

— adverse effects related to the
withdrawal of subsurface water,
such as disappearing, shrinking ter-
ritory of water related ecosystems,
decreasing safe yield of groundwa-
ter, do not affect the Bodrogköz
region under the present production
conditions;

— based on the model the Bod-
rogköz waterbody reaches over the
Hungarian–Slovakian border, its
proposed borders can be given by the
following topographic elements: 

— on the south, southwest
and east is the Tisza from
Tokaj to Záhony;
— on the east is the Slovakian–Ukrainian border from
Záhony to Latorca/ Latorica;
— on the north is the Latorca/ Latorica;
— on the northwest and west is the Bodrog.

Conclusion

The results of the numerical models shown on the
introduced three areas were proved the necessity of com-

plex handling of transboundary hydrogeological systems.
These kind of bilateral or multilateral cooperations are
able to support the complete data management of a system
concerning its geometry and its hydrogeological environ-
ment. The regional numerical models prepared with this
method are able to form the bases of detailed sub-region-
al studies. Moreover due to the harmonized database
structure these models are suitable for emplacing the con-
tinuously generated data originated from all partner coun-
tries.  
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Figure 14. Calculated hydraulic potential distribution in the uppermost model-layer and the repre-
sentative directions of groundwater flow, Bodrog Basin and its catchments model area (UTM

coordinate system)
1 — state border, 2 — model boundary, 3 — calculated potential levelss [aBsl], 4 — main direction of groundwa-

ter flow, 5 —production well

14. ábra. A legfelső modellrétegre számított hidraulikuspotenciál-eloszlás és a jellemző felszín alatti
vízáramlási irányok a Bodrog-medence és vízgyűjtője modellterületen (UTM koordináta-rendszer)

1 — országhatár, 2 — modellhatár, 3 — számított vízszint [m Bf], 4 — felszín alatti víz fő áramlási iránya; 5 — ter-
melőkút
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