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Abstract 

Large transboundary Upper Miocene geothermal sandy aquifers which are widely utilized by both countries for 
balneological and direct heat purposes exist in the Slovenian-Hungarian border region. In NE Slovenia the total 
direct heat use was 382 TJ in 2010, while in SW Hungary it was 648 TJ, including utilization from basement re- 
servoirs. The total installed capacity of the 13 Slovenian users was 38.8 MW„ while that of the 29 Hungarian users 
was 70.6 MWt. Utilisation takes plače without harmonized management strategies which might endanger the long- 
term sustainability of these systems. We aimed to overcome this by delineating a transboundary thermal ground- 
water body (TTGWB) Mura-Zala with an aerial extent of 4,974 km2 and with vertical extent between depths 500- 
2,200 m, which was done based on detailed geological, hydrological, geochemical and geothermal models as well 
as numerical modelling. The regional groundwater flow in the Mura-Zala TTGWB is from west to east in general, 
the modeled cross-border flow is approximately 50 l/s. At present, thermal water abstraction rates from the Mura/ 
Ujfalu Fm. (61.8 l/s in the Slovenian and 67.3 l/s in the Hungarian part of the TTGWB) does not endanger the good 
regional quantity status of the water body, and this should be maintained by allowing a maximum increase of ther- 
mal water abstraction 3.5 times higher than today. However, to achieve target numbers for an increased proportion 
of geothermal energy in the total energy mix in both countries, we suggest that increase of thermal efficiency and 
re-injection should be prioritized apart from the higher thermal water abstraction with setting up limit of the 
maximum allowable drawdown. 

Izvleček 

Na mejnem območju med Slovenijo in Madžarsko so razprostranjeni obsežni, prekomejni zgornjemiocenski 
geotermalni peščeni vodonosniki, ki se v obeh državah uporabljajo predvsem v balneološke namene in za direktno 
rabo toplote. V severovzhodni Sloveniji je skupna direktna raba toplote v letu 2010 dosegla 382 TJ, v jugovzhod- 
nem delu Madžarske pa 648 TJ, vključno z rabo vodonosnikov v podlagi neogenskih kamnin. Celotna inštalirana 
kapaciteta 13 slovenskih uporabnikov je znašala 38,8 MW„ medtem ko je inštalirana kapaciteta pri 29 madžarskih 
uporabnikih dosegla 70,6 MWt. Uporaba poteka brez usklajene strategije upravljanja, kar lahko ogrozi dolgoročno 
vzdržnost teh sistemov. To smo želeli preseči z opredelitvijo prekomejnega Mursko-Zalskega telesa termalne pod- 
zemne vode (VTPodV Mura-Zala) s površino 4.974 km2 in vertikalnim razponom globine 500-2200 m, določenega 
na podlagi podrobnih geoloških, hidrogeoloških, geokemičnih in geotermalnih modelov, kot tudi numeričnega mo- 
dela podzemne vode. Tok podzemne vode v VTPodV Mura-Zala je usmerjen pretežno v smeri zahod-vzhod, pri 
čemer je prekomejni tok ocenjen na približno 50 l/s. Pri trenutni količini odvzema termalne vode (~ 61,8 l/s iz 
slovenskega ter ~ 67,3 l/s iz madžarskega dela VTPodV Mura-Zala) količinsko stanje telesa ni ogroženo, a njegovo 
dobro stanje je potrebno ohranjati z omejitvijo maksimalnega povečanja odvzema termalne vode na 3,5-kratnik 
današnjega odvzema. Da bi dosegli ciljne vrednosti povečanja deleža geotermalne energije v skupni energetski bi- 
lanci v obeh državah, namesto povečanega odvzema termalne vode priporočamo povečanje toplotne učinkovitosti, 
določitev največjega dovoljenega znižanja tlaka v vodonosniku in vzpostavitev vračanja toplotno izrabljene ter- 
malne vode nazaj v vodonosnik. 
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Introduction 

Growing energy demand, restricted reserves 
of fossil fuels and efforts to reduce greenhouse 
gases emissions, thus contributing to the miti- 
gation of climate change effects made clear that 
within 20-30 years a significantly growing pro- 
portion of energy has to come from renewables. 
The integrated climate and energy policy of the 
EU [COM (2006)848] aims to reduce energy con- 
sumption and greenhouse gases emissions by 
20 % and increase the proportion of renewables 
by 20 % by 2020. This ambitious goal is mani- 
fested in the 2009/28/EC Directive on the promo- 
tion of the use of energy from renewable sources, 
on the basis of which each country prepared its 
national renewable energy action plan where they 
defined the target numbers. In these strategies 
both Slovenia (Urbančič et al., 2011) and Hunga- 
ry (Nemzeti Fejlesztesi Miniszterium, 2010) aim at 
3-3.5 times increase of geothermal heat produc- 
tion from 2010 to 2020 (in Slovenia from 1.11 to 
3.42 PJ, in Hungary from 4.23 to 14.95 PJ), which 
is mostly based on the promising geothermal po- 
tential of the Pannonian basin. 

Geothermal energy has been widely utilized 
for more than hundred years in the Pannonian ba- 
sin by the abstraction of deep circulating thermal 
groundwater that extracts and transports heat 
from hot permeable rock volumes in the depth. 
This classical hydrogeothermal system is gover- 
ned by convection in zones with higher perme- 
ability or faults, and by conduction in less perme- 
able deposits (Toth & AlmAsi, 2001; Toth, 2009). 
Although this large flow system forms one inter- 
connected entity in geological-hydrogeological 
terms, it is cross-cut by state-borders, and its vari- 
ous parts are shared by neighboring countries in 
Central Europe. When adjacent countries exploit 
the same geothermal resource (thermal ground- 
water aquifer), fluid extraction at a national level 
without cross-border harmonized management 
strategies may cause negative impacts (depletion 
or overexploitation), leading to economic and po- 
litical tensions between countries. The ICPDR 
(www.icpdr.org) manages mostly transbounda- 
ry surface water resources in the Danube River 
Basin, however a successful management exam- 
ple of thermal karst between Lower Bavaria and 
Upper Austria (Vollhofer & Samek, 2010) is now 
also among their assignments. 

Interpretation of the geological structure of 
the Mura-Zala sedimentary basin, situated at 
the Slovenian-Hungarian border region and po- 
sitioned in the southwestern part of the Pan- 
nonian basin (Fig. 1) (Sachsenhofer et al., 2001; 
Tomljenovič & Csontos, 2001; Fodor et al., 2002; 
Saftič et al., 2003; Fodor et al., 2005) implied the 
existence of transboundary geothermal aquifers 
but only little bilateral scientific cooperation 
was established before 2009. Due to rather poor 
monitoring network and scarcity of compara- 
ble datasets in NE Slovenia (Rman et al., 201 lb) 
not much overexploitation effects have been ob- 
served, therefore no transboundary conflicts of 

these widely utilized geothermal aquifers have 
yet emerged. However, to avoid potential con- 
flicts among users in the two countries as well 
as between different utilization aspects (e.g. bal- 
neology and/or direct heat purposes) in future, a 
harmonized management strategy of identified 
transboundary geothermal resources is required 
to ensure their sustainable utilization. Integrated 
study of potential regional and transboundary 
geothermal aquifers were the focus of the T-JAM 
project (Thermal Joint Aquifer Management: 
Screening of geothermal utilization, evaluation 
of thermal groundwater bodies and preparation 
of joint aquifer management plan in the Mura- 
Zala basin) running between years 2009 and 
2011 in the frame of the Slovenia-Hungary Ope- 
rative Program 2007-2013. A complex geologi- 
cal, hydrogeological, hydrogeochemical and geo- 
thermal assessment of the potential geothermal 
resources in regions of Pomurje and Podravje in 
NE Slovenia and in Vas and Zala counties in SW 
Hungary enabled identification and delineation 
of a transboundary thermal groundwater body 
Mura-Zala, for which a harmonized management 
strategy was elaborated. In addition, utilization 
aspects of the existing geothermal resources were 
inspected forcasting a rapid increase in thermal 
water demand (Rman et al., 2011b; Rman et al., 
2012), taking also into consideration environmen- 
tal objectives. As the transboundary groundwater 
bodies between Slovenia and Hungary are not of- 
ficially delineated yet (Rman et al., 2011b) there 
is no common resource management in practice. 
However the results of this study already pro- 
vided a firm scientific basis for a discussion on 
transboundary groundwater resources at the Slo- 
venian-Hungarian Water Management Commis- 
sion in 2011. 
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Fig. 1. T-JAM project area 

Settings of the investigated Mura-Zala 
sedimentary basin 

The geothermal potential of the Pannonian 
basin is outstanding in Europe, as it lies on a 
characteristic positive geothermal anomaly, with 
heat flow density ranging from 50 to 130 mW/m2 
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with a mean value of 100 mW/m2 and geothermal 
gradient of about 45 °C/km (Dovenyi & HorvAth, 
1988; Hurtig, 1992; Lenkey et al., 2002; Rajver & 
Ravnik, 2002). This increased heat flux is related 
to the Early-Middle Miocene back-arc style ex- 
tension of the Pannonian Basin following the on- 
going subduction along the Carpathians, when 
the lithosphere thinned and the hot astenosphere 
got closer to the surface (HorvAth & Royden, 
1981). After the closure of marine connections 
in the area via deep troughs with elevated ridges 
in the basement (about 12 Ma ago), the continu- 
ing post-rift subsidence provided the possibility 
for the formation of a huge lake (Lake Pannon), 
which extended and deepened until ca. 9.8 Ma be- 
fore present (Magyar et al., 1999). 

During the Lower Miocene the lake basin 
started to be infilled rapidly from north-west 
and north-east by huge deltaic systems of rivers, 
originating in the surrounding Alpine and Car- 
pathian mountain belts (Berczi & Phillips, 1985; 
JuhAsz, 1994; Jelen et al. 2006), being composed 
mainly of clays, clayey marls, calcareous sand- 
stones and limestones which crop out on the sur- 
face in Slovenia. The prograding delta systems of 
Lake Pannon reached the area of the Mura-Zala 
basin about 8-9 Ma ago from the north, with a 
gradually extending sedimentary shelf behind 
them (Jelen et al. 2006; Uhrin et al., 2009). The 
deposited Late Miocene-Pliocene sedimentary 
succession is up to 2500-3000 m in thickness. A 
large portion of the coarse sediment reached the 
basin floor due to turbidity currents forming on 
the slopes. The slope sediments, built up by silt 
and argillaceous marl were overlain by the depo- 
sits of the shelf, commonly beginning with thick 
sand-bodies of delta fronts. As the shelf margin 
prograded basinvvards, a delta plain, then an al- 
luvial plain evolved. In the latter two environ- 
ments, meandering channels built up sandy point 
bars, while fine-grained sedimentation took plače 
in the inter-channel areas (Fig. 2). 

Within this several thousand meters thick sedi- 
menta^ succession, fluid reservoirs are linked 

mainly to turbiditic sand bodies; however, their 
potential is limited by their low connectivity as 
each of them deposited by a single turbidity cur- 
rent. Much better connectivity can be expected 
among those large sand bodies which once deposi- 
ted in the front of the prograding delta-systems 
(Fig. 2). These 50-300 m thick sand-prone units, 
composed of individual delta lobes of 10-20 m in 
thickness, divided by pelitic layers, have an areal 
extent of 200-2,000 km2 and are found in a depth 
interval of about 700-1,400 m in the interior parts 
of the Pannonian basin, where the temperature 
ranges from 50 to 70 °C (Žlebnik, 1978; Dovenyi 
& HorvAth, 1988; Kralj & Kralj, 2000a) and are 
considered as the main thermal-water bearing 
aquifers. 

In addition to these porous reservoirs, the 
karstihed zones of the Palaeozoic-Mesozoic car- 
bonates in the basement, as well as fractured zones 
along main regional tectonic faults in the crys- 
talline rocks are also good thermal water reser- 
voirs. At this depth (on average 2,000 m or more) 
temperature can exceed 100 °C, reaching 120- 
140 °C in some areas (Dovenyi & HorvAth, 1988). 
The Pre-Tertiary basement of the Mura-Zala ba- 
sin at the southwestern part of the Pannoninan 
basin is built up of Palaeozoic low-grade meta- 
morphic crystalline rocks and non-metamorphic 
Permo-Mesozoic carbonates belonging to vari- 
ous Alpine nappe systems and the Transdanubian 
structural unit, and is bounded by the Raba Line 
in the north and the Periadriatic Line in the south 
(Tari, 1994, Fodor et al., 2003, Haas et al., 2010). 

Hydrogeologically speaking, shallow (local), 
intermediate and regional flow systems are ex- 
pected to be developed in this sedimentary ba- 
sin (Kralj, 2001; Toth and AlmAsi, 2001; JochAne 
Edelenyi et al., 2005; Lapanje, 2007; Cserny et al., 
2009; Toth, 2009). The first occurs in Quaternary 
and Plio-Quaternary intergranular aquifers, with 
groundvvater flow follovving the surface water net. 
Deeper, intermediate systems encompass the Pli- 
ocene multi-level sandy and gravely intergranu- 
lar aquifers and provide the majority of drinking 
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Fig. 2. Depositional model of the Upper Miocene delta systems filling up Lake Pannon (after JuhAsz, 1994). Most productive ther- 
mal water reservoirs are extensive sand bodies of the Mura/tJjfalu Fm. which were once deposited on the prograding delta-fronts 
and were in focus of the T-JAM project. 
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water in the area as well as the recharge to porous 
and karstified/fractured basement aquifers. The 
deepest, regional flow system penetrates till del- 
ta-front and delta-plain sands of the Upper Pan- 
nonian age. Thermal waters with temperatures 
(usually much) above 20 °C discharge from this 
unit. Its main recharge zones are at the hilly parts 
of the western basin margin, in Slovenia, Austria 
and Hungary, while discharge is identified in the 
Croatian and Hungarian part of the Drava val- 
ley and partly at the Heviz Lake, where mixing 
of thermal water from porous and karst systems 
occurs. 

Geochemical investigations were done in the 
central and eastern Hungarian part of the Pan- 
nonian Basin (Deak et al., 1987; Varsanyi et al., 
1997, 1999, 2011; Varsanyi & KovAcs, 2009) as well 
as in its Slovenian part (Kralj & Kralj, 2000a, 
2000b; Kralj, 2001; Kralj et al., 2009; Lapanje, 
2006, 2007; Pezdič, 1991, 1999, 2003). However, 
no cross-border hydrogeochemical studies of the 
Mura-Zala basin aquifers were known before our 
research. 

Methodology 

To understand the hydrogeothermal system 
of the cross-border region of north-eastern Slo- 
venia and south-western Hungary, geological, 
hydrogeological and geothermal data were col- 
lected first and based on expert consultations, 
a framework of common understanding was es- 
tablished. Based on the harmonization of nomen- 

clature of various geological formations (Fig. 3) 
the lithostratigraphy of the studied boreholes 
was re-evaluated. The most important hydrogeo- 
logical parameters (porosity, transmissivity and 
hydraulic conductivity) (Rman et al., 20lic) and 
geothermal parameters (temperature and tem- 
perature gradient, thermal conductivity of rocks 
with different lithology and calculated heat-flow 
density) (Toth et al., 201 la) were also collected 
from the archives and published literature. They 
were re-evaluated and interpreted according to 
the new lithostratigraphical classification. As a 
result harmonized datasets from 792 Hungari- 
an and 404 Slovenian boreholes were integrated 
into a joint database (MS Office Access) contain- 
ing more than 42,000 inputs of which 12,904 are 
available to public through interactive ArcGIS 
web-map at http://akvamarin.geo-zs.si/t-jam_bo 
reholes (Rman et al., 201 la). 

Based on the harmonized lithostratigraphical 
classifications of borehole-logs and seismic pro- 
files the spatial distribution of the most impor- 
tant hydrostratigraphic units (rock bodies with 
similar hydrogeological properties) were deter- 
mined at a scale 1: 100,000, which was the major 
output of the geological model (Fodor et al., 2011) 
and later served as basic inputs for the numerical 
hydrogeological model. 

Hydrogeochemical data from newly sampled 
thermal and cold waters (12 Hungarian and 12 
Slovenian wells) include basic chemistry, trače 
elements, 8D, 5180, 813C, 14C, organic compounds, 
plus noble, free and dissolved gases and provided 
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important tools for evaluation of cross-border 
flow, detection of stagnant aquifers and, addi- 
tionally, for numerical model calibration (Rman et 
al., 201 ld; Szocs et al. 2012). 

The steady-state numerical hydrogeological 
modeling was performed in Visual MODFLOW. 
The rectangular model-area was 143 x 122 km, 
with grid size of 500 x 500 m and a vertical ex- 
tension of 2 km. Only geothermal aquifers with 
presumably active groundwater flow were mode- 
led, ranging from Upper Miocene to Quaternary 
sedimentary succession. In the steady-state nu- 
merical flow model (Toth et al., 201 lb) the inves- 
tigated Upper Miocene, Pliocene and Quaternary 
sediments, hosting regional, intermediate and 
shallow groundwater flow systems were divided 
into 6 model layers. The 6th (deepest) model layer 
corresponded to the Upper Miocene Mura/Ujfa- 
lu Fm. delta front sequence (base of the regional 
thermal flow system), while the lst model layer 
was analogous to the shallow unconfined “water- 
table aquifer”. In between them, the Upper Mio- 
cene-Pliocene delta plain and alluvial sediments 
(upper part of the Mura Fm., Ptuj-Grad Fm. in 
Slovenia and Zagyva, Somlo-Tihany Fms. in 
Hungary) were separated into four model layers. 
The numerical model made it possible to quan- 
tify the hydraulic potentials and therefore to out- 
line groundwater flow direction. Incorporating 
cold and thermal water annual production data, 
drawdowns in different aquifers were estimated 
and also different scenarios were investigated 
showing depressions caused by production of cold 
and thermal water separately and together, ap- 
plying abstraction in each country separately and 
in both of them simultaneously. The zone budgets 
were also calculated. 

To understand the geothermal conditions, 
temperature distribution maps were edited for 
500, 1,000, 2,000 and 4,000 m below the ground 
surface from various types of temperature mea- 
surements from 154 boreholes on the Slovenian- 
and 284 boreholes on the Hungarian side of the 
project area. From temperature data the nearest 
measured temperature to the given surface was 
selected, and extrapolation was made by the help 
of the computed gradient along the same vertical 
profile (Toth et al., 2011a). 

The evaluation of direct geothermal energy 
utilization till the first half of 2010 was based on 
the questionnaire of the International Geother- 
mal Association used for world-wide country 
assessments performed every five years, which 
was sent to ali direct heat users of geothermal 
energy in the T-JAM project area (Lapanje et al., 
2011). 

Based on the integrated interpretation of ali 
above investigations, recommendations have 
been phrased for a harmonized management sy- 
stem and sustainable utilization of joint geother- 
mal resources in the Mura-Zala basin (Prestor et 
al., 2011). 

Results and discussion 

Geological delineation of transboundarg 
formations in the Mura-Zala basin 

The geological model was focusing on the edi- 
tion of boundary horizons of those hydrostrati- 
graphic units that are important for the regional 
thermal groundwater flow systems. These are the 
maps showing morphology and geology of the 
pre-Cenozoic basement, the depth contour map 
for the base of the Pannonian, bottom and top 
contour maps of the Pannonian turbiditic Len- 
dava/Szolnok Fm., and the delta front Mura/Uj- 
falu Fm. (Fig. 4), as well as the morphology and 
geology of the base of the Quaternary sediments. 
Moreover a surface geological map with an ex- 
tensive harmonized legend was also edited. Ali 
these maps have been edited uniformly for the 
entire project area, and as such, they show first 
the results of joint understanding of geology and 
distribution of certain geological formations on 
both sides of the State border in the Mura-Zala 
basin. 

For a better understanding of the geological 
structures nine cross-sections, 3 along the longer 
axis in SW-NE direction of the Mura-Zala ba- 
sin and 6 perpendicular were elaborated and de- 
scribed in details (Fig. 5) (Fodor et al., 2011). 

Geothermal conditions in the Mura-Zala basin 

Earlier studies (Dovenyi et al. 1983, Ravnik 
1991, Lenkey et al. 2002, Rajver and Ravnik 2002) 
already proved and described an elevated surface 
heat flow density (HFD) of the area, which has a 
value of 60-70 mW/m2 at Ptuj in the southwest 
and increases towards the Slovenian-Hungarian 
border. Elevated HFD of above 120 mW/m2 cha- 
racterizes the Murska Sobota high from Lenart 
to Moravske Toplice and the Pečarovci-Dankovci 
area, which may be explained by the convection 
zones in the relatively shallow lying Pre-Neo- 
gene basement, as it is proved in Benedikt and is 
possible beneath Murska Sobota and Moravske 
Toplice. Smaller anomaly, of above 110 mW/m2, 
is located in Lendava. The Hungarian part is 
characterized by a wider range of surface HFD. 
The lowest values occur in the southwestern part 
of the Transdanubian Range (Keszthely Moun- 
tains), where the Mesozoic basement carbonates 
crop out and infiltrating cold karstic waters cool 
down the environment. Values show a gradual in- 
crease towards the southwest and may reach 90- 
100 mW/m2 close to the border. 

The previously published HFD pattern is con- 
form to the subsurface temperature distribui- 
tion, which is shown in 4 newly edited maps. 
At a depth of 1,000 m (Fig. 6) temperatures over 
50 °C are expected east of Maribor-Ptuj. The high- 
est anomaly exists in the area from Lenart via 
Benedikt to Moravske Toplice with values over 
65 °C that is so far confirmed with temperature 
measurements in the boreholes in Benedikt, Mur- 
ska Sobota and Moravske Toplice. The anomaly in 
Benedikt, Murska Sobota and Moravske Toplice 
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Explanation of labels: 

PF: Pliocene gravel, sand, silt (Ptuj-Grad Fm.); so-tPa2: Upper Miocene sandstone, siltstone, mudstone, coal 
(Mura/Ujfalu Fm.); uPa2: Upper Miocene sandstone, siltstone, mudstone (Mura/Ujfalu Fm.); aPal-2: Upper Mio- 
cene argillaceous marl (Lendava/Algyo Fm.); sz Pal: Upper Miocene sandstone, siltstone, marl (Lendava/Szolnok 
Fm.); eMs2-Pal: Upper Miocene marl (Endrod Fm.); kMs: Middle Miocene marl, silt, sandstone (Kozard Fm.); 
spM2-3: Middle Miocene marl, silt, sandstone (Špilje Fm.); szMb2: Middle Miocene marl, argillaceous marl (Szi- 
lagy Fm.); szMb2-l_rMb2: Middle Miocene marl, argillaceous marl, limestone (Szilagy, Lajta Fm.); 1Mb: Middle 
Miocene limestone (Lajta Fm.); teMk-bl: lower Middle Miocene sandstone, silt (Tekeres Fm.); haMk-bl: lower 
Middle Miocene sandstone, silt (Haloze Fm.); bdMk: lower Middle Miocene gravel, sand, conglomerate, sandstone, 
marl, silt (Budafa Fm.); E: Eocene limestone, marl; baK2-Ml: Upper Cretaceous-Lower Miocene mica schist, gneiss, 
milonite (Bajan Fm.); j-u-pK2: Upper Cretaceous limestone, marl (Jako, Ugod, Polany Fm.); J: Jurassic limestone, 
marlstone; kT3: Rhaetian limestone (Kossen Fm.); fT3: Upper Camian-Norian main dolomite; sT3: Carnian lime- 
stone (Sandorhegy Fm.); vT3: Carnian marl (Veszprem Fm.); T2: Middle Triassic limestone, dolomite, siliciclastic 
rocks; Tl: Lower Triassic sandstone, siltstone, dolomite, limestone; Pz+Mz: Paleozoic-Mesozoic clastic and car- 
bonate (meta-)sedimentary and volcanoclastic rocks; Pl-2: Permian sandstone, siltstone, conglomerate, dolo- 
mite; O-S: Ordovician-Silurian argillaceous schist, porphyry (Lovas, Alsoors Fm.); PO Pz Paleozoic mica schist, 
gneiss, amphibolite, marble (Pohorje Fm.); UAA: Proterozoic-Lower Paleozoic gneiss, mica schist, amphibolite’ 
marble 
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Fig. 6. Temperature distribution at a depth of 1000 m below the surface. 
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is most probably due to some deep fracturing in 
the metamorphic rocks in the basement which 
enables heat to be transferred by convection from 
depths towards the Neogene layers. In the Hun- 
garian part, the positive anomalies around Pusz- 
taszentlaszlo (over 65 °C) are also linked to the 
basement high. The negative anomalies (below 
45 °C) in the western, northern and north-eastern 
direction can be explained by downward ground- 
water movement in the deeper karst systems be- 
low 1,800 meters. 

At a depth of 2,000 m below the surface 
(Fig. 7) temperatures are higher than 80 °C almost 
everywhere east of the line Maribor-Ptuj in Slo- 
venia. Over 100 °C may be expected in Murska 
Sobota and further to the northeast towards 
the Slovenian-Hungarian border, in Veržej and 
Lendava. Lower temperatures are found in the 
Ljutomer-Ptuj depression compared to its sur- 
roundings. In Hungary, the positive temperature 
anomalies (>100 °C) in Nagylengyel-West and 
Zalaegerszeg-North are the consequences of the 
upwelling branch of the regional convection in the 
thermal karst. Similarly, the negative anomalies 
(< 75 °C) in Zalalovo, and between Nagylengyel 
and Zalaegerszeg indicate the downward water 
movement of the convective currents. 

Geothermal energy utilization in 2010 
in the Mura-Zala basin 

The use of geothermal resources from ali geo- 
thermal aquifers in the Mura-Zala basin, the 
basement rocks and sedimentary aquifers, was 
surveyed based on data available till the first half 
of 2010. In Slovenia, there were 13 direct heat 
users at 11 locations, and in Hungary 29 users at 
20 locations (Table 1) (Lapanje et al., 2011). On 
the Slovenian side, the 13 users used geothermal 
energy for individual space heating (Moravske 
Toplice, Murska Sobota, Lendava, Banovci, Ptuj), 
district heating (Murska Sobota, Lendava, Bene- 
dikt), cooling (Moravske Toplice), greenhouse 
heating (Tešanovci, Dobrovnik) and bathing and 

swimming (Moravske Toplice, Murska Sobota, 
Lendava, Mala Nedelja, Banovci, Radenci, Ptuj, 
Maribor). In Hungary, the ovenvhelming majo- 
rity of thermal water utilization systems is de- 
veloped for bathing and swimming (Zalaszent- 
grot, Letenye, Heviz, Alsopahok, Zalakaros, 
Bazakerettye, Lenti, Galambok, Nagykanizsa, 
Kesidakustany, Gelse, Zalaegerszeg, Pusztaszent- 
laszlo, Vasvar, Mesteri, Szentgotthard, Borgata, 
Celldomolk, Sarvar, Szombathely), district heat- 
ing exists only at Vasvar. 

In north-eastern Slovenia, the total direct heat 
use was 382 TJ in 2010 while in south-western 
Hungary it was 648 TJ. The total installed capa- 
city of the 13 Slovenian users was 38.8 MWt, while 
that of the 29 Hungarian users was 70.6 MWt in 
2010 (Table 1). The average flow rate is about 
40-50% of the maximum on the Slovenian as well 
as on the Hungarian side, which shows that wells 
do not operate efficiently, or the maxima are over- 
rated. The thermal capacity factor is about 0.3 in 
both countries. 

In Slovenia, the maximum wellhead tempera- 
tures in Neogene clastic reservoirs were reached 
in Terme 3000 in Moravske Toplice (72 °C), in Ter- 
me Banovci (68 °C) and in Lendava (66 °C). In Be- 
nedikt, the wellhead temperature was also 72 °C, 
with water discharging from the fractured meta- 
morphic basement rocks. In Hungary, the wellhead 
temperatures were higher in wells discharging 
from the Mesozoic basement reservoirs (106 °C 
in Zalakaros and 98 °C in Zalaegerszeg), but the 
Mura/Ujfalu reservoir close to the Slovenian bor- 
der also showed high values (70 °C in Lenti). 

Hydrogeochemical evidence on transboundary 
groundvoater floto in the Mura-Zala basin 

Although thermal groundwater is abstracted at 
few locations from the karstified-fractured Upper 
Triassic dolomites and limestones (e.g. Alsopahok, 
Borgata, Mesteri, Vasvar), Triassic-Cretaceous 
karstified limestones (Zalakaros, Zalaszentgrot) 
or from fractured Palaeozoic rocks (Benedikt) in 

Table 1. Direct heat utilization of geothermal energy in the T-JAM project area in 2010 (NE-Slovenia and SW-Hungary). 

Use Unit 
Individual 

space 
heating 

District 
heating 

Air 
conditioning 

(cooling) 
Greenhouse 

heating 
Bathing & swimming 

(incl. balneology) Total 

Flovv rate at maximum 
utilization (l/s) 81.0 32.2 1.0 57.8 

Installed capacity (MWt) 
Average flow rale (l/s) 
Annual energy use (TJ/yr) 

11.86 3.29 0.13 7.06 
38.0 20.0 0.5 11.0 

133.91 43.98 2.04 25.59 
Capacity factor 0.36 0.42 0.50 0.11 

122.6 

16.49 

54.3 

176.52 

0.34 

294.fi 

38.83 

123.8 

382.04 

0.31 
Flovv rate at maximuin 

utilization (l/s) 10.0 

Installed capacit.v (MWt) 
Average flovv rate (l/s) 
Annual energy use (TJ/yr) 

1.76 

2.3 

12.46 
Capacity factor 0.22 

985.9 

68.84 

501.2 

635.51 

0.29 

995.9 

70.60 

503.4 

647.97 

0.29 
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Fig. 8. Main groundwater flow directions and sketch of inve- 
stigated hydrostratigraphic units and transboundary aquifers 
(Szocs et al., 2012) 
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the basement, the best and most widely exploited 
geothermal reservoirs in the Mura-Zala basin are 
the Upper Miocene delta-front sands and sand- 
stones, which correspond to the Ujfalu formation 
in Hungary and lower part of the Mura formation 
in Slovenia. A detailed hydrogeochemical survey 
(Rman et al., 2011d; Szocs et al., 2012) contributed 
to the characterization of different transboun- 
dary aquifers (Fig. 8). 

The uppermost (shallovv) groundwater flow 
system is developed in unconfined Quaternary 
aquifers. The underlying Pliocene delta- and al- 
luvial plain aquifers (Ptuj-Grad Fm. in Slovenia, 
Zagyva and Somlo-Tihany Fms. in Hungary) are a 
part of the intermediate flovv system and contain 
thermal water in their deeper parts, while from 
the shallower parts fresh drinking and industrial 
water is produced. In the Quaternary and Plio- 
cene aquifers the Ca-Mg-HCOs water type pre- 
vails with a low total dissolved solid content. The 
Zagyva, Somlo-Tihany and the lower part of the 
Ptuj-Grad Fm. show a developing trend of cation 
(calcium-sodium) exchange characteristic due 
to longer groundvvater retention time. The water 
type changes from Ca-Mg-HC03 to Na-HC03 in 
these deeper levels. These waters are recent to a 
few thousand years old. 

The deep regional thermal groundvvater flow 
system is developed in the Mura/Ujfalu aquifers 
and is characterized by an alkaline Na-HC03 

character vvith a total dissolved solid content 
increasing vvith depth, vvith the highest values 
reached in depths from -1,500 to -2,000 m a.s.L, 

below vvhich lovver TDS contents is again mea- 
sured. The Hungarian groundvvater contains 
higher TDS values than the Slovenian in the 
-1,300 to -3,500 m a.s.l. depth interval, vvhich 
can be attributed to a longer flow path on the 
Hungarian side. Locally, this vvater is enriched 
in chloride or sulphate anions, mostly due to mi- 
xing. Most of the 5D and 8180 data of the sampled 
groundvvater from the Mura/Ujfalu aquifers are 
positioned on the meteoric vvater line, indicating 
that they are old infiltrated rainvvater. The 14C 
values indicate age above 20,000 years. The 8180 
and 8D values are more positive than the “typi- 
cal ice-age” groundvvater values vvhich suggests 
a recharge during a vvarmer period of the Pleis- 
tocene. Based on the modelled travel times of a 
vvater particle (roughly equivalent to the age of 
infiltration), the majority of thermal groundvvater 
in the Mura/Ujfalu aquifer might have been be 
recharged into the flow-system before the last ice- 
age, most probably in the Riss-Wurm interglacial 
period (betvveen 93,000-132,000 years BP). 

Based on the geochemical character, the ther- 
mal groundvvater of the Mura/Ujfalu aquifer can 
be vvell distinguished from the groundwaters 
stored at greater depths, vvhose geochemical cha- 
racter shovvs that they are not (or are only to some 
extent) a part of the regional thermal groundvva- 
ter flow system. Groundwater of the marly delta- 
slope sediments (corresponding to Algyo Fm. in 
Hungary and Upper Lendava Fm. in Slovenia) 
is a rather isolated brine of Na-Cl type. In con- 
trast, the sandy turbiditic bodies (Szolnok and 
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Lower Lendava Fms. respectively) store water 
which is less isolated from its surroundings and is 
often mixed with other groundwater from Mio- 
cene aquifers therefore anions show a wide range. 
The Middle Miocene formations store different 
waters depending on the burial depth. Where la- 
yers outcrop, the infiltrating Ca-Mg-HCO:! water 
type is observed while towards deeper parts the 
longer retention time, cation exchange, mixing, 
dissolved gas and other geochemical processes 
modify its composition, so Na-HC03 to Na-Cl ty- 
pes prevails. 

Numerical groundivater floto model of the 
Upper Miocene to Quaternary aquifers 
in the Mura-Zala basin 

The modeled potential fields indicate that 
groundwater recharges from NE Slovenia and 
the flow direction is from west to east (Fig. 9). 
The model showed that depressions in the cold- 
water aquifer (upper part of the intermediate 
flow system, corresponding to model layer 2) 
were local, caused mainly by water abstraction 
in Radenci, Szombathely and Zalaegerszeg, and 
could be neglected along the state border. If sole- 
ly thermal water abstraction is modeled (which 
is currently 61.8 l/s in the Slovenian and 67.3 l/s 
in the Hungarian part of the model area), the 
depression would be 5-7 m along the state bor- 
der in the Mura/Ujfalu aquifer (6th model layer, 
Fig. 10). If only Slovenian thermal water ab- 
straction was applied to the model, a depression 
of 4-5 m would be computed along the border, 
while if only Hungarian abstraction was consi- 
dered, the depression would be only 1-1.5 m 
along the border. This indicates that thermal wa- 
ter abstraction on the Slovenian side close to the 
border (Murska Sobota, Moravske Toplice) has 

much greater effect on the size and depth of the 
hydraulic depression of the transboundary area 
than current abstractions in Hungary, which are 
further away from the border (major regions are 
around Zalakaros and Szombathely). However, 
if cold and thermal water production data are 
considered together, the depression in the Mura/ 
Ujfalu aquifer in north-eastern Slovenia may 
exceed 20 m and reaches 6-8 m along the state 
border (Fig. 10), clearly showing the hydrody- 
namic connection between the deep thermal and 
shallow cold water aquifers. 

Delineation of the Mura-Zala transboundary 
thermal groundivater body (TTGWB) and 
recommendations on its management 

Based on the presented results a transboun- 
dary thermal groundwater body (TTGWB) was 
outlined (Fig. 11), also taking into account the 
major recharge and discharge areas, as well as 
the potential impact areas (Toth et al., 201 lb). In 
the Hungarian part, the vicinity of Lake Heviz 
was also included because it is a groundwater 
dependent ecosystem closely connected to the 
investigated thermal groundwater flow system. 
The upper boundary of the common transboun- 
dary thermal groundwater body was suggested at 
500 meter below the surface because the majo- 
rk^ of the thermal water wells are screened be- 
low this level. TTGWB Mura-Zala is not hy- 
drodynamically confined except for the bottom 
(clayey aquitard-aquiclude complex of the Upper 
Miocene delta slope facies of Lendava and Algyo 
Fms.), which is recommended to be outlined at 
2,200 m below the surface. It has an open hydro- 
dynamic connection to the neighbouring cold and 
thermal intergranular, fissured and karst aquifers 
from where it is recharging and discharging. 

Graz 

Szombathelv 

Chu) 

Zalaegersze 

Murska 
Sobota 

ribor 
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Nagvkanizsa 
Ptuj 

Fig. 11. 
Delineated transboundary 
thermal groundwater body 
Mura-Zala (TTGWB) 
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neighbouring body 
Budget of the Hungarian part of the delineated transboundary thermal 

pre-exploited state 
out total 

present production (thermal and cold) 
porous groundwater body (m /day) 

out total 
5x present thermal production 

out total 
colder zone above 500 m 
 depth  11676 -18799 -7123 12780 -16205 -3425 21626 -11276 10350 

thermal wells -3085 -3085 -15425 -15425 
Hungarian part, deeper 

than 500 m 5891 -4305 1586 5788 -4472 1316 9443 -7324 2119 

657 
Slovenian part, deeper, 
 than 500 m 7698 -2561 5137 6842 -2512 4330 4349 -3692 
Croatian part,deeper, than 

500 m 721 -424 297 1145 -475 670 2395 -553 1842 
Total 25986 -26089 -103 26555 -26749 -194 37813 -38270 -457 

neigbouring body 
Budget of the Slovenian part of the delineated transboundarv thermal porous groundwater body (m3/day) 

pre-exploited state 
out total 

present production (thermal and cold) 
out total 

5 x present thermal production 
out total 

colder zone above 500 m 
 depth  9740 -5573 4167 11210 -5273 5937 20181 -4806 15375 

thermal vvells -4069 -4069 -20345 -20345 
Hungarian part, deeper 

than 500 m 2561 -7698 -5137 2512 -6842 -4330 3708 -4357 -649 
Slovenian part, deeper, 

than 500 m 1445 -22 1423 1641 -35 1606 2300 -105 2195 
Austrian part, deeper than 

500 m 23 22 37 -2 35 117 -12 105 
Croatian part,deeper, than 

500 m 2322 -2446 -124 2779 -2186 593 4727 -1722 3005 

Table 2. Water balance zone budgets of the Mura-Zala TTGWB. 

The area of the Mura-Zala TTGWB is 
4,974 km2 wide of which 1,151 km2 falls in the 
territory of Slovenia and 3,823 km2 in Hungary 
(Prestor et al., 2011). In Hungary, the borders 
of the intergranular thermal groundwater water 
bodies delineated for the EU Water Framework 
Directive River Basin Management Plan were fol- 
lowed where possible. In Slovenia, the suggested 
Mura - Zala TTGWB is delineated by the Slovene 
- Croatian state border in the south and by the 
Slovene - Austrian state border in the north. Re- 
spectively, in the northwest by the pinching out 
of the Mura formation and in the west by the 
surface water divide between Mura and Drava 
rivers at the Slovenske Gorice Hills. As the mo- 
delling showed that the west-lying thermal water 
abstraction has quite insignificant impact on the 
aquifers quantitative status at the SI-HU border, 
the latter decision was made although the authors 
are aware that this surface water divide does not 
affect the thermal groundwater flow. This com- 
promise was set also to ease the administrative 
and management strategies of the TTGWB. 

The numerical flow model was used to calcu- 
late the groundwater budget components of the 
delineated thermal groundwater body across the 
Slovenian-Hungarian state border, also conside- 
ring the connections towards Croatia and Austria. 
The budget was calculated for three scenarios: 
(1) pre-exploited state, (2) present production, 
(3) extreme production conditions, assuming pro- 
duction five times higher than at present (Ta- 
ble 2). Recharge (inflow) water comes from the 
zones above 500 m depth and laterally from the 
neighbouring thermal water bodies of Slovenia, 
Hungary, Austria and Croatia. 

The pre-exploited balance of the transboun- 
dary thermal groundwater body Mura-Zala be- 
tween Slovenia and Hungary was strongly posi- 
tive for Hungary: 59.5 l/s water surplus from Slo- 
venia. At the present production (61.8 l/s in the 
Slovenian and 67.3 l/s in the Hungarian part of 
the TTGWB) this decreased to 50.1 l/s. The ex- 
treme production scenario would cause much 
stronger change: only 7.5 l/s surplus would re- 
main from Slovenia. 

Based on these results it was possible to phrase 
some tangible recommendations regarding the 
future management of the Mura-Zala TTGWB. 
The general environmental objective is to main- 
tain the good status, i.e. to prevent the deterio- 
ration of the actual status. This can be achieved 
by maintaining the long term positive water ba- 
lance, which means that thermal water abstrac- 
tion should not stop or redirect the recharge sur- 
plus from Slovenia to Hungary. Consequently, 
regional abstraction should not approximate to 
as much as 5-times higher thermal water produc- 
tion as present in both countries. If we take into 
consideration that the available reserves would 
not be endangered if the abstraction does not ex- 
ceed 70 % of the renewable volume of ground- 
water, the increment factor should not be more 
than 3.5. The critical point of 3.5 factor of ab- 
straction increment should be lowered in those 
cases where significant negative long-term trends 
in the piezometric heads are observed or any kind 
of other groundwater intrusions occur, i.e. signifi- 
cant long-term negative trends arise in the qua- 
lity, quantity or temperature of the thermal wa- 
ter. Abstraction from an individual well should 
not be increased in such a way that this affects 
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neighbouring wells of the neighbouring users. In- 
crease of abstraction should not provoke a draw- 
down or long term trend that could significantly 
diminish the conditions of exploitation in the fu- 
ture from the technological or economical point 
of view. This constraint is a maximum allowable 
local lowering of the pre-exploitation piezomet- 
ric head that is being limited to 30 m. 

Conclusions 

The presented two-year research has confir- 
med the existence of transboundary and regional 
aquifers in the Mura-Zala basin. The most widely 
exploited transboundary geothermal aquifer is 
identified in the Upper Miocene delta front sandy 
deposits of the Mura/Ujfalu Fm. The extent and 
distinctive hydrogeological characteristics of the 
so called transboundary thermal groundwater 
body Mura-Zala were defined in details. Regar- 
ding the sustainable use of these groundwater 
resources, it was realised that the future in- 
crease of actual abstraction rate by a factor be- 
low 3.5 would theoretically enable to follow the 
renewable energy utilization objectives till 2020 
in Slovenia and in Hungary without threaten- 
ing environmental objectives. However, priority 
should not be put on increased abstraction, but 
rather on improved thermal efficiency, lowering 
the temperature of the discharged thermal waste 
water and promotion of reinjection, where it is 
possible. 

Acknovvledgements 

The T-JAM project was running in the frame of the 
Slovenia-Hungary Operational Programme 2007-2013 
and was co-financed by ERFD. The work was per- 
formed by a large team both from Slovenia and Hun- 
gary. Contributions from Adamne Incze, Sz., Bartha A., 
Babinszki E., Budai T., Halmai J., Jerabek Cs., Katona 
G., Lajtos S., Orosz L., Palotas K., Palfi E., Rotame 
Szalkai A., Scharek P, Selmeczi I., Tihanyine Szep E., 
Tothne Makk A., Tullner T., Turczi G. (MAFI) and K. 
Hribernik, M. Hrženjak, M. Janža, B. Jelen, J. Krivic, 
Š. Kumelj, T. Matoz, S. Mozetič, M. Požar, H. Rifelj, 
I. Rižnar, B. Simič, M. Trajanova (GeoZS), as well as 
Banyai P, Bocz B., Hamza I., Juhasz I., Nemeth J., Toth 
L. (Nyuduvizig) are greatly acknowledged. Some of 
the Slovene reserchers are members of the ARRS Pro- 
gramme Pl-0020-0215 Groundwaters and geochemi- 
stry. The authors are also very grateful to the two re- 
viewers who significantly helped to improve the article. 

References 

Berczi, I. & Phillips, R. L. 1985: Processes and 
depositional environments within deltaic-la- 
custrine sediments, Pannonian Basin, South- 
east Hungary. Geophysical Transactions, 31: 
55-74. 

Cserny, T., GAl, N., JochAne Edelenyi, E., JordAn, 
G., RotArne Szalkai, A., Toth, G. & Viszkok, J. 
2009: Deli-Bakony - Zalai-medence regionalis 

hidrogeologiai modeli es felszin alatti aramlas 
szimulacio (in Hungarian). Karsztviz kutatasi 
projekt, ZAROJELENTES (Hantken Miksa 
Alapitvany kutatocsoportja). Archive MFGI. 

DeAk, J., Stute, M., Rudolph, J., Sonntag, C. 1987: 
Determination of the flow regime of quater- 
nary and Pliocene layers in the Great Hunga- 
rian Plain (Hungary) by D, 180, 14C, and noble 
gas measurements. International Symposium 
on the Use of Isotopes Techniques in Water Re- 
sources Development, IAEA, Vienna, Austria. 

Dovenyi, P, HorvAth, F., Liebe, P., GAlfi, J. & Erki, 
I. 1983: Geothermal conditions of Hungary. 
Geophysical Transactions, 29/1: 3-114. 

Dovenyi, P. & HorvAth, F. 1988: A review of tem- 
perature, thermal conductivity and heat flow 
data from the Pannonian Basin. In: Royden, L. 
H. & HorvAth, F. (eds.): The Pannonian Basin a 
Study in Basin Evolution. American Associa- 
tion of Petroleum Geologist memoirs, 45: 195- 
233. 

Fodor, L., Bada, G., Csillag, G., Horvath, E., 
Ruszkiczay-Rudiger, Z., Palotas, K., Sikhegyi, 
F., Timar, G., Cloetingh, S. & Horvath, F. 2005: 
An outline of neotectonic structures and mor- 
photectonics of the western and central Pan- 
nonian Basin. Tectonophysics, 410: 15-41, 
doi:10.1016/j.tecto.2005.06.008. 

Fodor, L., Jelen, B. Marton, E., Rifelj, H., Kraljič, 
M., Kevrič, R., Marton, P, Koroknai, B., Baldi- 
Beke, M. 2002: Miocene to Quaternary defor- 
mation, stratigraphy and paleogeography in 
northeastern Slovenia and Southwestern Hun- 
gary. Geologija, 45/1: 103-114, 
doi: 10.5474/geologija. 2002.009. 

Fodor, L., Koroknai, B., Balogh, K., Dunkl, I. & 
HorvAth, P. 2003: A Dunantuli-kozephegyse- 
gi egyseg (”Bakony”) takaros helyzete szlove- 
niai szerkezeti-geokronologiai adatok alapjan 
= Nappe position of the Transdanubian Range 
Unit (”Bakony”) based on structural and 
geochronological data from NE Slovenia (in 
Hungarian). Foldtani Kozlony, 133/4: 535-546. 
Archive MFGI. 

Fodor, L., Uhrin, A., PalotAs, K., Selmeczi, I., NA- 
dor, A., Toth-Makk, A., Scharek, P, Rižnar, I., 
Trajanova, M., Rifelj, H., Jelen, B., Lapanje, 
A., Mozetič, S., MurAti, J., Budai, T. & Tullner, 
T. 2011: Geological conceptual model within 
the framework of project T-JAM (available on 
I. 11. 2012 at: http://www.t-jam.eu). 

Haas, J., Budai, T., Csontos, L., Fodor, L. & Kon- 
rAd, Gy. 2010: Magyarorszag pre-kainozoos 
foldtani terkepe 1 : 500000 = Pre-Cenozoic 
geological map of Hungary, 1 : 5000000) (in 
Hungarian). Archive MFGI. 

HorvAth, F. & Royden, L. H. 1981: Mechanism 
for formation of the intra-Carpathian basins: 
A review. Earth Evolutionary Sciences, 1: 307- 
316. 

Hurtig, E., Čermak, V., Haenel, R. & Zui, V. (eds.) 
1992: Geothermal Atlas of Europe. Potsdam, 
GeoForschungsZentrum. 

Jelen, B., Rifelj, H., Bavec, M. & Rajver, D. 2006: 
Opredelitev dosedanjega konceptualnega geo- 



222 Annamaria NAD OR et al. 

loškega modela Murske depresije = Defini- 
tion of current conceptual geological model 
of the Mura Depression (in Slovene). Archive 
GeoZS. 

Jelen, B. & Rifelj, H. 2011: Površinska lito- 
stratigrafska in tektonska strukturna kar- 
ta območja T-JAM projekta, severovzhodna 
Slovenija= Surface litostratigraphic and tec- 
tonic strustural map of T-JAM project area, 
northeastern Slovenia, 1 : 100.000 GeoZS (in 
Slovene). (available on 1. 11. 2012 at: http:// 
www.geo-zs.si/podrocje.aspx?id=489). 

Jochane Edelenyi, E., HorvAth, I., Jordan, G., Mu- 
rAti, J. & Toth, G. 2005: A fiirdofejlesztesek- 
kel kapcsolatban a hazai termalvizkeszlet 
fenntarthato hasznositasarol es a hasznalt viz 
kezeleserol szolo hidrogeologiai kutatas MAFI 
munkai (in Hungarian). Zarojelentes, (kesziilt 
a Gazdasagi es Kozlekedesi Miniszterium 
megbizasabol, a Vituki-MAFI-AQUAPROFIT 
konzorcium kivitelezeseben). Archive MFGI. 

JuhAsz, A., Toth, T.M., Ramseyer, K., Matter, A. 
2002: Connected fluid evolution in fractured 
crystalline basement and overlying sediments, 
Pannonian Basin, SE Hungary. Chemical Ge- 
ology, 182: 91-120, 
doi: 10.1016/S0009-2541(01)00269-8. 

JuhAsz, G. 1994: Magyarorszagi neogen meden- 
cereszek pannoniai s. 1. iiledeksoranak ossze- 
hasonlito elemzese = Comparison of the Pan- 
nonian s.l. sedimentary successions of the 
Neogene sub-basins in Hungary (in Hunga- 
rian). Foldtani Kozlony, 124: 341-365. 

Kralj, P. 2001: Das Thermalwasser-System des 
Mur-Beckens in Nordost-Slowenien, PhD 
Thesis (in German). Mitteilungen zur Ingenie- 
urgeologie und Hydrogeologie, 81. Aachen: 
Lehrstuhl fiir Ingenieurgeologie und Hydro- 
geologie der RWTH, 82 p. 

Kralj, P. & Kralj, P. 2000a: Thermal and mineral 
waters in north-eastern Slovenia. Environ- 
mental Geology, 39/5: 488-500, 
doi:10.1007/s002540050455. 

Kralj, P. & Kralj, P. 2000b: Overexploitation of 
geothermal wells in Murska Sobota, north- 
eastern Slovenia. Proceedings (electronic), 
World Geothermal Congress, Kyushu-Tohoku, 
837-842. 

Kralj, P, Eichinger, L. & Kralj, P. 2009: The 
Benedikt hydrothermal system (north-eastern 
Slovenia). Environmental Geology, 58: 1653- 
1661, doi: 10.1007/s00254-008-1631-3. 

Lapanje, A. 2006: Izvor in kemijska sestava ter- 
malnih in termomineralnih vod v Sloveniji = 
Origin and Chemical composition of thermal 
and thermomineral waters (in Slovene). Geo- 
logija, 49/2: 347-370, 
doi: 10.5474/geologija. 2 006.02 5 

Lapanje, A. 2007: Nekaj pojasnil k pripombam 
dr. Polone Kralj na članek. Izvor in kemijska 
sestava termalnih in termomineralnih vod v 
Sloveniji = A few clarifications to the com- 
ments of Dr. Polone Kralj on the article „The 
origin and Chemical composition of thermal 
and thermo-mineral waters in Slovenia „(Geo- 

logy 49/2, 2006) (in Slovene). Geologija, 50/1: 
215-220. 

Lapanje, A., Rajver, D., Szekely, E., Kumelj, Š., 
Mozetič, S., JuhAsz, I., BAnyai, R, Toth, L. & 
Hamza, I. 2011: Review of geothermal ener- 
gy utilization in north-eastern Slovenia and 
south-western Hungary within the framework 
of project T-JAM (available on 1. 11. 2012 at: 
http://www.t-jam.eu). 

Lenkey, L., Dovenyi, P, HorvAth, F. & Cloetingh, 
P.L. 2002: Geothermics of the Pannonian ba- 
sin and its bearing on the neotectonics. EGU 
Stephan Muller Special Publication Series, 3: 
29-40. 

Magyar, I., Geary, D. H. & Muller, P. 1999: Paleo- 
geographic evolution of the Late Miocene Lake 
Pannon in Central Europe. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 147/3: 151- 
167, doi: 10.1016/S0031-0182(98)00155-2. 

Nemzeti Fejlesztesi Miniszterium 2010: Magyaror- 
szag megujulo energia hasznositasi cselekvesi 
terve a 2020-ig terjedo megujulo energiahor- 
dozo felhasznalas alakulasarol (in Hungarian) 
(available on 1.11.2012 at: http://www.korma 
ny.hu/download/2/88/20000/NCsT_20110106). 

Pezdič, J. 1991: Izotopi v termo-mineralnih vod- 
nih sistemih = Isotopes in thermo-mineral 
aquaeous systems, PhD thesis (in Slovene). 
Univerza v Ljubljani, Naravoslovnotehniška 
fakulteta, Ljubljana: 157 p. 

Pezdič, J. 1999: Izotopi in geokemijski procesi = Iso- 
topes and geochemical processes (in Slovene). 
Univerza v Ljubljani, Naravoslovnotehniška 
fakulteta, Ljubljana. 

Pezdič, J. 2003: Origin and migration of gases 
in the Pannonian sedimentary basin. Proce- 
edings, ICGG7, 47-49. 

Prestor, J., NAdor, A., RotAr-Szalkai, A., Szocs, 
T., Toth, Gy., Rman, N., Lapanje, A., Szekely, 
E., Toth L., Hamza, I., Fuks, T. & Rajver, D. 
2011: Cross-border management recommenda- 
tions within the framework of project T-JAM 
(available on 1. 11. 2012 at: http://www.t-jam. 
eu). 

Rajver, D. & Ravnik, D. 2002: Geotermična sli- 
ka Slovenije-razširjena baza podatkov in iz- 
boljšane geotermične karte = Geothermal 
pattern of Slovenia-enlarged data base and 
improved geothermal maps (in Slovene). Geo- 
logija 45/2, 519-524, 
doi: 10.5474/geologija. 2002.058. 

Ravnik, D., 1991. Geotermične raziskave v Slove- 
niji = Geothermal investigations in Slovenia 
(in Slovene). Geologija, 34: 265-303. 

Rman, N. et al. 2012: Database of users and 
database of current and potential utilization 
parameters. GeoZS, MAFI, SGDUS, GBA 
(available on 1. 11. 2012 at: http://transener 
gy-eu.geologie.ac.at/). 

Rman, N., Kumelj, Š., Tullner, T., Orosz., L., Palo- 
tas, K., Požar, M., Hribernik, K., Fuks, T. & 
Lajtos. S. 2011a: Joint three-lingual geother- 
mal database within the framework of pro- 
ject T-JAM (available on 1. 11. 2012 at: http:// 
www.t-jam.eu). 



223 Transboundary geothermal resources of the Mura-Zala basin: a need for joint thermal aguifer management of Slovenja ... 

Rman, N., Lapanje, A. & Prestor, J. 201 lb: Water 
concession principles for geothermal aquifers 
in the Mura-Zala Basin, NE Slovenia. Water 
resources management, 25/13: 3277-3299, 
doi:l 0.1007/s 112 6 9-011-985 5-5. 

Rman, N., Toth, Gy., MurAti, J., Lapanje, A. & Fuks, 
T. 20lic: Hydrogeological conceptual model 
within the framework of project T-JAM (avai- 
lable on 1. 11. 2012 at: http://www.t-jam.eu). 

Rman, N., Szocs, T., Lapanje, A., Toth, Gy., Laj- 
tos, S., Tihanyi-Szep, E., Szocs, A., Orosz, L. & 
Maigut, V. 201 ld: Hydrogeochemical concep- 
tual model within the framework of project 
T-JAM (available on 1. 11. 2012 at: http:// 
www.t-jam.eu). 

Saftič, B., Velič, J. et al. 2003: Tertiary subsur- 
face facies, source rocks and hydrocarbon re- 
servoirs in the SW Part of the Pannonian Ba- 
sin (Northern Croatia and South-Western 
Hungary). Geologia Croatica, 56/1: 101-122. 
(available on 1.11.2012 at: http://hrcak.srce. 
hr/3793) 

Sachsenhofer, R. F., Jelen, B., Hasenhuttl, C., 
Dunkl, I. & Rainer, T. 2001: Thermal history of 
Tertiary basins in Slovenia (Alpine-Dinaride- 
Pannonian junction). Tectonophysics, 334: 77- 
99, doi:10.1016/S0040-1951(01)00057-9. 

Szocs, T., Rman, N. Suveges, M., Palcsu, L., Toth, 
G. & Lapanje, A. 2012: The application of iso- 
tope and Chemical analyses in managing trans- 
boundary groundwater resources. Applied 
Geochemistry. 
doi:10.1016/j.apgeochem.2012.10.006. 

Tari, G. 1994: Alpine tectonics of the Pannonian 
basin, PhD. Thesis. Rice University, Texas, 
USA: 501 p. 

Tomljenovič, B. & Csontos, L. 2001: Neogene- 
Quaternary structures in the border zone be- 
tween Alps, Dinarides and Pannonian Basin 
(Hrvatsko zagorje and Karlovac Basins, Croa- 
tia). International Journal of Earth Sciences, 
90/3: 560-578. 

Toth, G. 2009: Čase study: XL groundwater 
model of the Pannonian basin and its use for 
transboundary consultations. Workshop on 
Groundwater modelling TAIEX-INFRA 32389. 
Belgrade. 

Toth, J. & AlmAsi, I. 2001: Interpretation of ob- 
served fluid potential patterns in a deep sedi- 
menta^ basin under tectonic compression: 
Hungarian Great Plain, Pannonian Basin. 
Geofluids, 1/1: 11-36, 
doi:10.1046/j. 1468-8123.2001.11004.x. 

Toth, Gy., MurAti, J., Rajver, D., NAdor, A. & 
Lapanje, A. 201 la: Geothermal conceptual 

model within the framework of project T-JAM 
(available on 1. 11. 2012 at: http://www.t-jam. 
eu). 

Toth, Gy., MurAti, J., Rman, N., Krivic, J. & Bi- 
zjak. M. 201 lb: Numerical flow model within 
the framework of project T-JAM (available on 
1. 11. 2012 at: http://www.t-jam.eu). 

Uhrin, A., Magyar, I. & Sztano, O. 2009: Az aljzat- 
deformacio hatasa a pannoniai uledekkep- 
zodes menetere a Zalai-medencebe = Control 
of the Late Neogene (Pannonian s.l.) sedimen- 
tation by basement deformation in the Zala 
Basin (in Hungarian). Foldtani Kozlony, 139: 
273-282. 

Urbančič, A., Sučič, B., Merše, S., Staničič, D., 
Lah, P, Česen M., Al Mansour, F., Pušnik, 
M., Podgornik, A., Košnjek, Z., Bugeza, M., 
Brečevič, D., Jamšek, S., Bučar, A., Rojnik, E., 
Lampič, G., Tomšič, G.M., Dervarič, E., Skubin, 
G. & Šijanec, M. 2011: Draft proposal for a 
National Energy Programme by 2030: Active 
Energy Management (in Slovene). Institut 
„Jožef Stefan", CEU, Ljubljana. 

VarsAnyi, I., Matray, J.-M. & KovAcs, L. 1997: 
Geochemistry of formation waters in the Pan- 
nonian Basin (southeast Hungary). Chemical 
Geology, 140/2: 89-106. 

VarsAnyi, I. & KovAcs, L. 2009: Origin, Chemical 
and isotopic evolution of formation water in 
geopressured zones in the Pannonian Basin, 
Hungary. Chemical Geology, 264: 187-196, 
doi: 10.1016/j.chemgeo.2009.03.006. 

VarsAnyi, I., Matray, J.-M., KovAcs, L. 1999: Hy- 
drogeochemistry in two adjacent areas in the 
Pannonian Basin (Southeast-Hungary). Che- 
mical Geology, 156/1-4: 25-39, 
doi:10.1016/S0009-2541(98)00178-8. 

VarsAnyi, I., Palcsu, L. & KovAcs, L. 2011: 
Groundwater flow system as an archive of pal- 
aeotemperature: Noble gas, radiocarbon, sta- 
ble isotope and geochemical study in the Pan- 
nonian Basin, Hungary. Applied Geochemistry, 
26: 91-104, 
doi: 10.1016/j.apgeochem.2010.11.006. 

Vollhofer, O.& Samek, M. 2010: Austrian-Ger- 
man cooperation in modelling and managing 
a transboundary deep groundwater body. 
ISARM, 7 p. 

Žlebnik, L. 1978: Terciarni vodonosniki v Sloven- 
skih goricah in na Goričkem = Tertiary aqui- 
fers in the Slovenske gorice and Goričko hills 
(in Slovene). Geologija, 21: 311-324. (available 
on 1.11.2012 at: http://www.geologija-revija. 
si/dokument.aspx?id=47 7) 


