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Abstract 

 
Isotopic investigations combined with geothermal applications represent powerful tools for the exploration 

of groundwater potential as a drinking or geothermal resource. This Ph.D. Thesis combines both approaches, 

environmental and radioactive isotopes together with temperature data in deep aquifers, in order to enrich 

and update the knowledge concerning the aquifer recharge processes in the Aquitaine Basin (France) and the 

aquifer recharge processes and geothermal potential in the Bohemian Cretaceous Basin (Czech Republic). 

Stable isotopes (
18

O, 
2
H, 

13
C) combined with radioisotope data (

14
C, 

3
H) are used to estimate the recharge 

timing and climatic conditions prevailing during the infiltration from the Late Pleistocene up to modern time. 

The character of groundwater recharge and regime are necessary to generate relevant source data for the 

accurate modelling of complex groundwater systems. Three groups of groundwater recharge types can be 

distinguished throughout Europe – (i) continuous recharge and (ii) interrupted recharge during Last Glacial 

Maximum and (iii) a group corresponding to particular recharge conditions. 

The contrasted geographic and climate conditions at both study sites in France and the Czech Republic have 

entailed a great heterogeneity of the recharge conditions and processes. Southern France, with generally mild 

climatic conditions during the last 40 ka BP, did not experienced considerable hiatus in groundwater 

recharge. The residence time of groundwater in the Bohemian aquifers is estimated about 11 ka BP at the 

maximum but the depletion in the stable isotopes suggests that this groundwater originates in the melting of 

the north European ice sheets after the Last Glacial Maximum period, i.e. 18-20 ka BP. Further 

investigations on both stable and radioactive carbon isotopes indicated numerous groundwater interactions 

within the reservoir that were used to delineate the carbon origin within the Bohemian aquifers. 

Information on groundwater geochemistry was supplemented in the Czech case study by geothermal data in 

order to improve our knowledge of groundwater flow and dynamics. More than one hundred of temperature 

records from well-logging measurements were used to assess the geothermal gradient in the Bohemian 

Cretaceous Basin which is the most promising heat accumulation within the country. Many phenomena can 

affect the thermal field in the region. Vertical groundwater flow and variations in the lithology and the 

topography lead to a complicated areal distribution of the geothermal gradient and the heat flux which is 

dominantly controlled by groundwater. Shallow tectonic structures and numerous volcanic rocks exercise an 

influence on groundwater flow and therefore exert a secondary effect on the thermal field. The geothermal 

investigation provided useful information on the geothermal resources within the region but also represents 

an important tool for understanding groundwater flow, and for constructing realistic hydrogeological models 

in such a complex geological, tectonic and geothermal context. 

 

Key words: deep aquifers, isotopic hydrogeology, residence time, geothermal potential, heat flux 
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Résumé 

 
Les études isotopiques couplées avec des informations géothermiques peuvent constituer des outils 

pertinents pour l‟exploration des eaux souterraines en tant que ressources en eau potable ou géothermiques. 

Ce travail combine les deux approches, isotopes de l‟environnement et radioactifs associés à des données de 

température sur des aquifères profonds, dans l‟objectif d‟enrichir et d‟améliorer la connaissance des 

mécanismes de recharge (Bassin d‟Aquitaine, France) ainsi que des mécanismes de recharge et du potentiel 

géothermique (Bassin Crétacé de Bohème, République Tchèque). 

Les isotopes stables (
18

O, 
2
H, 

13
C) utilisés conjointement avec des radioisotopes (

14
C, 

3
H) sont utilisés pour 

estimer l‟époque de la recharge ainsi que les conditions climatiques qui prévalaient lors de l‟infiltration 

depuis la fin de Pléistocène jusqu‟à nos jours. Définir le type de recharge et les conditions d‟écoulement est 

nécessaire pour parvenir à modéliser de façon satisfaisante et fiable les grands systèmes aquifères profonds. 

Trois types de recharge ont été définis en Europe - (i) continue, (ii) interrompue lors du dernier maximum 

glaciaire (LGM) – un troisième type (iii) correspond à des situations particulières de recharge. 

Les conditions géographiques et climatiques très différentes rencontrées en France et en République Tchèque 

ont engendrées une importante hétérogénéité des conditions et processus de recharge. Le sud de la France, 

avec un climat relativement doux depuis les derniers 40 ka BP, n‟a pas enregistré d‟interruption de la 

recharge. Le temps de séjour des eaux souterraines en Bohème est estimé à environ 11 ka BP au maximum. 

Cependant, l‟appauvrissement des teneurs en isotopes stables enregistré suggère une recharge liée à la fonte 

de la calotte glaciaire Nord Européenne après le dernier maximum glaciaire (LGM), autour de 18-20 ka BP. 

Des investigations sur les isotopes du carbone minéral dissous des eaux souterraines du bassin de Bohème 

ont montrées d‟importantes interactions avec différentes sources de carbone qui ont été identifiées. 

Pour le site d‟étude tchèque, les informations apportées par la géochimie ont été complétées par des données 

géothermiques afin d‟améliorer la connaissance des flux et de la dynamique des eaux souterraines. Plus 

d‟une centaine d‟enregistrements diagraphiques de température ont été utilisés pour estimer le gradient 

géothermique. Plusieurs phénomènes viennent perturber le gradient géothermique de la région. Les flux 

d‟eau souterraine verticaux et les variations lithologiques et topographiques sont à l‟origine d‟une 

distribution complexe du flux de chaleur, étant majoritairement conditionné par les écoulements souterraines. 

Les discontinuités peu profondes et les nombreux pointements volcaniques exercent aussi une influence 

importante sur l‟écoulement souterrain et donc aussi sur le potentiel géothermique du réservoir. Les 

investigations sur la géothermie ont ainsi fourni des informations fondamentales sur le potentiel 

géothermique mais aussi sur les conditions d‟écoulement des eaux souterraines. La prise en compte de ces 

informations s‟avère nécessaire afin de proposer des modèles mathématiques d‟écoulement réalistes. 

 

Mots clés : aquifère profond, hydrogéologie isotopique, temps de séjour, potentiel géothermique, flux de 

chaleur 
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Shrnutí 

 
Kombinace metod izotopové hydrogeologie a geotermiky je významným nástrojem pro průzkum 

podzemních zdrojů k získávání pitné vody i geotermální energie. Tento postup byl v předkládané práci 

použit pro splnění hlavního cíle - zpřesnění a obohacení dosavadních znalostí o procesech napájení hluboko 

uložených kolektorů v Akvitánské pánvi (Francie) a o infiltračních a geotermálních dějích v České křídové 

pánvi (ČR) s využitím přírodních a radioaktivních izotopů a teplotních údajů. 

Stabilní izotopy (
18

O, 
2
H, 

13
C) se spolu s radioaizotopy (

14
C, 

3
H) používají k odhadům střední doby zdržení 

podzemní vody a k objasnění klimatických podmínek v době infiltrace v časovém úseku od konce 

Pleistocenu do dnešní doby. Pro vytvoření věrohodných hydrogeologických modelů rozsáhlých 

kolektorových systémů je nezbytné správné pochopení režimu proudění podzemních vod a 

charakteru doplňování podzemních zdrojů. V Evropě byly rozpoznány tři způsoby dotace srážkových vod do 

kolektorů – (i) průběžné doplňování, (ii) přerušené doplňování během posledního glaciálního maxima 

(LGM) a (iii) doplňování kolektorů podléhající specifickým podmínkám. 

Rozdílné geografické a klimatické podmínky ve Francii a České republice vedou k odlišnému charakteru 

napájení kolektorů podzemních vod. V jižní Francii, kde panují relativně mírné klimatické podmínky, 

nedošlo za posledních 40 tisíc let k významnějšímu přerušení napájení kolektorů. V České křídové pánvi 

byly z důvodu blízkosti severoevropského ledovce podmínky infiltrace komplikovanější. Maximální doba 

zdržení podzemních vod dosahuje 11 tisíc let. Tento odhad doby zdržení se však vztahuje k době infiltrace 

do horninového prostředí a nikoliv k období, ve kterém došlo ke srážkové činnosti. Nízký obsah stabilních 

izotopů totiž naznačuje, že infiltrovaná voda pochází z tání ledovců pokrývajících severní Evropu, ke 

kterému došlo po posledním glaciálním maximu, před 18 – 20 tisíci lety. Studium izotopů uhlíku obsažených 

v podzemních vodách České křídové pánve pomohlo popsat probíhající chemické procesy v kolektorech, a 

tím přispět k objasnění původu rozpuštěného uhlíku v podzemních vodách. 

V České křídové pánvi bylo kromě geochemických dat vyhodnoceno více než teplotních záznamů 

z karotážních měření, které byly využity k výpočtu geotermálního gradientu. Teplotní pole je v této 

geotermálně významné oblasti narušeno vertikálním prouděním podzemních vod, různorodou petrografií a 

topografií. To vede ke složitému plošnému rozložení tepelného toku řízeného prouděním podzemních vod, 

které odráží tektonickou stavbu území a četnost výskytu vulkanitů. Popsaný výzkum přinesl nové informace 

o geotermálním poli, ale také údaje důležité pro konstrukci realistických hydrogeologických modelů. 

 

Klíčová slova: hluboké kolektory, izotopová hydrogeologie, doba zdržení, geotermální potenciál, tepelný tok 
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Foreword 

 

This study initiated in October 2007 was carried out in the framework of the Co-tutelle Ph.D. 

program both at Charles University in Prague (Institute of Hydrogeology Engineering Geology and 

Applied Geophysics), and at the Université Bordeaux 1 (GHYMAC Géosciences Hydrosciences), 

assuming 6-months intervals to alternate between both institutions. 

 

The idea of this project was initiated when the Grant Agency of the Czech Republic attributed to 

Charles University a financial grant designated to optimize the sustainable development of 

groundwater resources in the Bohemian Cretaceous Basin. The emerging project needed several 

independent studies requiring an extensive team consisting of experts from various scientific fields 

such as geology, tectonics, geochemistry, hydrogeology, hydrogeophysics, etc. This thesis covering 

the field of hydrogeophysics and hydrogeochemistry clarifies conditions of heat distribution and 

groundwater flow conditions in the concerned area in the Czech Republic. 

 

The study was extended to France and particularly to the Aquitaine Basin thanks to the financial 

support of the French Ministry of Foreign Affairs, through the French Embassy in Prague, who 

granted this project and attributed to Hana Jiráková a joint supervision Ph.D. allowance. 
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The whole team consists of experts in various fields of study and positively contributed to new 

conclusions in the issue of groundwater resources sustainability for drinking and geothermal 

purposes. The entire working team is introduced here below: 

 

 Mgr. Hana Jiráková – Ph.D. student 
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Basin 

 

 RNDr. Martin Procházka – provision of temperature data and consultation on hydrogeology, 

field conditions and geothermal assessment of the Bohemian Cretaceous Basin 

 

 Mgr. Petr Dědeček – correction on the effect of topography and consultation on geothermal 
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1 INTRODUCTION 

 

The quest for a sustainable development is a key concept in water resource management and is the 

strongest driving force of the water industry. The consensus definition of sustainable development 

is the process that “meets present needs without compromising our ability to meet those of the 

future” (Environmental and Energy Study Institute Task Force, 1991). The concept of sustainable 

development captures the conservation ethic which has been on central stage at many recent global 

and national environmental and water conferences. As water conflicts increase, water managers 

need a broad understanding of the principles of the water cycle and ecology, and they must 

understand how to make and interpret basic water computations and practical aspects of water 

science and engineering. 

 

Water meets many problems endangering the water resource sustainability. By the entry of the 

Czech Republic into EU and implementation of its Acts in the field of the water management, the 

Czech Republic agreed on the regular and continuous quantitative and chemical groundwater 

monitoring within the country. In France, in the Czech Republic and everywhere in Europe, the 

water quality of aquatic environments has deteriorated in recent years. The European Parliament has 

reacted by adopting the Water Framework Directive in 23 October 2000. It requires member states 

to achieve good status of all water bodies (rivers, lakes, coastal waters, groundwater) in 2015, e.g. 

sustainable management of water resources; prevent any deterioration of aquatic ecosystems; ensure 

adequate supplies of drinking water quality; reduce the pollution of groundwater by hazardous 

substances. 

And so, many cities of the world are currently very actively engaged in actions for the improvement 

of the environmental conditions. Increase in population coupled with social and economic 

development decrease the water availability per person at global and national levels. However, the 

lack of data often complicates a reliable groundwater resources evaluation. 

 

The groundwater supply is generally provided from shallow and deep aquifers. Although shallow 

aquifers are far more accessible for the exploitation, they often represent only low quality 

groundwater source as climate changes and various catastrophic events may be immediately 

reflected in the aquifer properties in terms of quality and quantity. Among the most common 

catastrophic events in European conditions are severe droughts and floods. Both France and the 

Czech Republic have already experienced such situations. Shallow aquifers are also inherently 
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vulnerable to a wide range of human impacts. The development of mechanized pumping 

technologies in the mid-twentieth century has induced widespread drawdown externalities, 

including the depletion of the all-important shallow aquifers. All these imperfections make shallow 

aquifers unsuitable for a sustainable development.  

On the other hand, groundwater from deep confined aquifers, well protected from surface processes 

and influences, represents an important strategic resource that often replaces conventional water 

supply from shallow reservoirs and/or from crystalline rocks. For that reason it is not surprising, 

that the exploitation of deep aquifers has significantly increased during the recent decades. 

 

Problems concerning the abstraction of high-quality drinking and thermal water do exist 

everywhere throughout the world. Pumping areas are often very extensive and influenced by 

various human activities driving the groundwater - surface water interactions and hence 

endangering the groundwater quality. Groundwater problems range from simple cases of managing 

individual wells or small regions to problems covering vast regions, such as the Ogallala Aquifer in 

the USA (Rosenberg et al., 1999; Fryar et al., 2001), Guarani Aquifer in South America (Sracek and 

Hirata, 2002; Wendland et al., 2007; Rabelo and Edson, 2009; Gastmans et al., 2010), Nubian 

Sandstones (Lloyd, 1990; Moneim, 2005) or Great Artesian Basin in Australia (Pestov, 2000; 

Zhang et al., 2007). Such significant hydrogeological systems demonstrate that due to their 

strategic, social and economic importance, it is indispensable to make a coordinated use of water 

resource for drinking supply, agricultural, industrial and geothermal purposes. The surface of 

European aquifers is generally of smaller scale but of the same importance from the socio-

economical point of view and should be therefore the subject of an effective water management. 

 

Apart from the supply of potable water, the investigation of deep aquifers becomes very challenging 

with the increasing demand for renewable energy sources as well. Geological and hydrogeological 

properties represent limiting factors determining the effective groundwater geothermal potential. 

Groundwater and its dynamics radically control the geothermal potential of sedimentary basin. 

 

The sustainability of potable and thermal water resources is the main challenging issue during my 

Ph.D. studies and stands behind all my investigations presented in this thesis. I focused on two 

European hydrogeologically significant aquifer systems both dating from the Cretaceous: 

 

- The Bohemian Cretaceous Basin in the Czech Republic 

- The Aquitaine Basin in France 
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They both represent a multi-layered aquifer system suffering from intense groundwater exploitation 

for numerous purposes. The exploitation in those systems is crucial for the population of both 

countries demanding a sufficient amount of high-quality water. Although there is not currently any 

catastrophic situation concerning the water supply in neither of the studied areas, the water quality 

deterioration and the drop of the groundwater levels has been already registered at many places. 

Water management authorities have to consider hydrogeological models to propose the most 

adequate management solution for a sustainable development. However, well developed 

hydrogeological models should not omit the changeable groundwater dynamics, the factor of 

groundwater recharge variability and oscillations since the Late Pleistocene that significantly 

influenced the modern groundwater regime. The detailed knowledge on the palaeorecharge 

conditions is crucial for the groundwater planning in order to evaluate the present-day aquifer 

capacity and sustainability and to achieve optimal solutions for groundwater use. But, the accurate 

information on these criteria is often somewhat missing or not fully understood and is therefore 

difficult to be included in the proposed models. 

 

As a consequence, the need for the knowledge on the character of groundwater recharge during the 

Late Pleistocene was challenging for this study aiming at clarifying the regime of groundwaters and 

the palaeorecharge conditions in the AB and the BCB with an emphasis on the 

continuity/discontinuity of the recharge processes during the last 40 ka. Applied methodology at 

each site was selected according to the reconnaissance level and the data density. The isotopic 

hydrogeology methods were applied in both the BCB and the AB while the investigation on the 

geothermal sustainability was performed in the BCB only. 

 

Both approaches used in the thesis are introduced in the Chapter 3 devoted to the presentation of 

the methodology for four case problems and the procedure of their solution. Although the brief 

introduction to the used dataset is given in this chapter, all details are developed and described 

furthermore as a part of the publications making part of Chapter 4 and Chapter 5 for isotopic and 

geothermal studies, respectively. 

 

Chapter 4 describes techniques of the isotopic study and includes the introduction of three case 

studies aiming at determining the groundwater recharge pattern and its relation to climatic changes 

and human activities. The isotopic investigation of the important potable water accumulations was 

initiated in the Aquitaine Basin (AB) clarifying the recharge history using isotopes of hydrogen, 
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oxygen and carbon. Carbon isotopes were especially useful during the study in the Bohemian 

Cretaceous Basin (BCB). The basin was studied not only for the estimation of the residence time in 

aquifers, but also for the assessment of the origin of carbon which is dissolved in groundwater. The 

results from France and the Czech Republic were put in the European context focusing on the 

recharge heterogeneity within the European continent as a consequence of a climatic instability 

during the Late Pleistocene period. 

A great part of northern Europe was covered by thick ice sheet during the Late Weichselian period 

preventing aquifers from the recharge processes. The existence of the recharge gap is closely related 

to the palaeoenvironmental (permafrost) and palaeoclimatic changes (variations of temperatures, 

amount of precipitation, change of evaporation conditions and increasing aridity) during the late 

Weichselian period which finished by the Pleistocene-Holocene transition approximately 10 ka BP. 

In the Late Pleistocene, the major ice sheets spread rapidly. Although it is considered, that the 

maximal position – Last Glacial Maximum (LGM) - was reached at ca 18 ka BP (radiocarbon age) 

or 21 ka BP (calendar age), various scenarii have been proposed according to different studies. The 

southern Europe (including the AB) was generally free of these palaeoclimatic features, aquifers in 

the northern and central European aquifers (including the BCB) had suffered from the climatic 

instability in last 40 ka. The relationship between climate and the mean annual stable isotope 

contents of precipitation (Dangaard, 1964; Rozanski et al., 1992) provides valuable information 

about palaeoclimatic conditions. Environmental isotope techniques have been largely used in the 

whole domain of water resources development and management. The stable isotopes oxygen-18 

(
18

O) and deuterium (
2
H) as well as the radioactive isotope tritium (

3
H) are rare components of the 

water molecule. Together with other isotopes, such as carbon-13 (
13

C) and carbon-14 (
14

C), they 

offer a broad range of possibilities for studying processes within the water cycle (Clark and Fritz, 

1999; Mazor, 2004). Although these isotopes allow us to recognize the palaoclimatic fingerprint in 

groundwaters, various processes occurring in aquifers tend to erase the recorded climate 

fluctuations. 

 

Chapter 5 describes the geothermal methods applied in the BCB which is, apart from being the 

important drinking water supply reservoir, the most extensive accumulation of thermal water. The 

area in the northwest of the Czech Republic, particularly the Benešov-Ústí aquifer system (BUAS), 

with current exploitation of thermal water, is the most promising area for geothermal development 

in the Czech Republic. However, the uncontrolled exploitation can lead to falling temperatures and 

changes in the quality of the groundwater resources in the future. That is why the geothermal 

sustainability assessment of the BCB enriched the isotopic investigation primarily focusing on the 
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sustainability of the potable water resources. Heat energy is generally distributed in two different 

ways – conduction and convection. Geophysical measurements, i.e. well-logging methods can 

provide fundamental information useful for geothermal gradient assessment. Notably, well logs 

represent an excellent tool for illustrating the effect of groundwater dynamics on the geothermal 

gradients controlling heat transfer. Until now, several heat flux estimations within the whole BCB 

existed. Anyway, the detailed study provides precise information measured in recently drilled 

boreholes. More than one  hundred of well-logging measurements were used for interpretation and 

heat flux calculation. In sedimentary formations, convective heat transfer often dominates over the 

conductive and many actions have to be undertaken to obtain accurate heat flux values. The BUAS 

system, which is a closed hydrogeological unit including recharge, storage and drainage zones, 

confirms the close relation between the groundwater dynamics and the geothermal gradients 

controlled by heat transfer. 

 

As described previously, the work is divided into several parts referring to separate case studies 

either in France or in the Czech Republic, dealing with isotopes and geothermal gradient. Each case 

study was more or less focused on a particular problem, but it was shown that the application of 

both approaches, isotopic and geothermal, was very useful for the clarification of encountered 

unclear phenomena. Many new questions appear using only one methodology, but they might be 

answered if both methodologies are considered together, which was the idea of the work. 
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2 STUDY SITES 

 

Two sites have been studied – the Bohemian Cretaceous Basin (later referred as BCB) in the 

northwest of the Czech Republic and the Aquitaine Basin (later referred as AB) in the southwest of 

France. Both sedimentary basins have many common features, one of them being very important 

sedimentary structure of the country exploited for drinking and geothermal purposes. As the basin 

surface is very extensive, only part of each basin presented subject of matter, namely the north-

western part of the Bohemian Cretaceous Basin and the northern part of the Aquitaine Basin. 

Managerial control over the groundwater resource development and the protection of sedimentary 

formations is often poor and leads to uncontrolled aquifer exploitation and contamination. Both 

study sites represent a great interest for hydrogeological sciences and a key role for the groundwater 

exploitation which is constantly very intense and therefore challenging for detailed investigations. 

Then, the choice of the study areas was adapted to the data availability and notably the scientific 

gaps and uncertainties which are necessary to be clarified in the field of sustainable development 

and groundwater regime. 

 

Many common points concerning geology, hydrogeology and water use, might be found for the AB 

and the BCB. The geographical situation of both sites is presented in Fig. 1. Both areas are also 

exposed to different geographical and climatic conditions, which is important to consider further 

during the isotopic studies. That is to say, the AB is exposed rather to ocean atmospheric circulation 

affecting the isotopic composition of precipitation, essential for isotopic studies. The BCB is an 

example of the aquifer evolution in continental conditions. Basic information concerning both areas 

is summarized in Fig. 1. 

 

As many of the study site details concerning general, geological and hydrogeological conditions 

make part of the enclosed publications, the following information on both study sites rather aims to 

provide an overall idea on the characteristic features for each site and avoids the repetitive character 

of the thesis. 
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Fig. 1.  Basic information on the study sites. 

 

2.1 Bohemian Cretaceous Basin (BCB) 

 

2.1.1  General setting 

The BCB is the most extensive continuous sedimentary basin of the platform cover of the 

Bohemian Massif, as showed in Fig. 2 (the BCB is marked in bright yellow colour). It extends over 

an area of about 14 600 km
2
, of which 12 490 km

2
 lie within the territory of the Czech Republic. 

The study focuses on its north-western part around Benešov nad Ploučnicí and Ústí nad Labem. The 

Benešov-Ústí aquifer system (BUAS) is limited unit covering approximately 1 600 km
2
 which is 

rather small in comparison with the entire basin structure. The aquifer system is situated in the 
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Benešov syncline which is a distinct structure intersecting the central zone in a W-E direction. This 

small unit became the subject of interest for geothermal sustainable development. However, this 

area was extended up to 6 000 km
2
 for isotopic groundwater investigations. Hatched part in Fig. 2 

outlines the investigated area within the BCB. Study area is limited by borders with Germany and 

Poland. Its limits generally correspond to mountain ridges which make the study area altitudinal 

very variable in the range between 100 and more than 700 m a.s.l. The topography is accounted for 

strongly developed volcanic relief. 

 

 

Fig. 2.  Delineation of the Bohemian Cretaceous Basin and the study area within the geologically complex 

Czech massive. 

2.1.2 Geology and hydrogeology 

The BCB is very distinct geological unit as it is a largest basin structure of the Upper Cretaceous 

age in the Bohemian Massif. The study area is considered to be the most complicated portion of the 

BCB since it is true for its geology, lithology, tectonics and hydrogeology as well.  

 

The simplified schema highlighting main geological units and tectonic features is displayed in 

Fig. 3. 
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Fig. 3.  Simplified schema of the study area in the Bohemian Cretaceous Basin showing main geological 

units and fault structures. 

 

The basement is formed by partially metamorphosed Proterozoic and Palaeozoic rocks, locally 

pierced by intrusive rocks. The basement is in some places covered with Permo-Carboniferous beds 

of both sediments and volcanic rocks (Klein, 1979). 

The BCB was formed by the reactivation of a fault system in the Variscan basement of the 

Bohemian Massif during the mid-Cretaceous (Uličný, 1997, 2001). Oldest sediments are of Permo-

Carboniferous age, extended primarily throughout the southern and central part of the study area 

(Krásný, 1973; Fediuk, 1996). They are formed mainly by claystones, siltstones, greywackes, 

arkoses and conglomerates. During the Mesozoic period, the sediments accumulated from the Early 

Cenomanian or even from the Late Albian to the Santonian. The Upper Cretaceous sediments in this 

region show a particular dominance of sandstones, locally very rich in quartz (up to 99%) over 
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other rock types. Nevertheless, detailed evaluation of lithology throughout the study area need to be 

carried out, notably for thermal conductivity coefficient evaluation (Chapter 4.11). Six litho-

stratigraphic units can be distinguished, from the oldest to the youngest respectively: Late Albian, 

Cenomanian (marine deposits), Lower Turonian, Middle Turonian, Upper Turonian, Coniacian and 

Santonian. 

 

Tertiary sediments and frequent small occurrences of intrusive rocks forming volcanic hills and 

mountains markedly affect the surface. The occurrence of volcanic rocks is scattered principally 

throughout the northwestern area. 

The sedimentary filling within BUAS typically ranges between 200 – 400 m, but reaches up to 1 

200 m in the vicinity of the city of Děčín (Herčík et al., 1999) representing the deepest part of the 

entire BCB structure. 

As a rule, the sediments fill the Benešov syncline which is the most extensive ductile deformation 

structure in the area. In the central part of the syncline, the Turonian base reaches -650 m, the 

deepest in the BCB (Herčík et al., 1999). 

Tectonics considerably affected the sedimentary succession. The study area is pierced by many 

faults of local and regional importance. The most important fault structures are displayed in Fig. 3. 

The Saxonic block-fault tectonics has substantially influenced the development of the Bohemian 

Massif after the end of the Variscan orogenesis, when the Bohemian Massif became a rising 

consolidated block (Malkovský, 1976). The principle directions of displacement zones are SW–NE 

(Erzgebirge) and NW–SE (Sudetic). Although many faults are not active anymore, they have to be 

included within any geothermal considerations. 

That is to say, that such extinct fault structures do not necessarily indicate direct geothermal effects, 

but they might be of a great significance in the areas with a developed groundwater dynamics as a 

groundwater is a dominating medium for the heat transport. Existence of fault structures is often 

well observed usually on a piezometric map. 

Despite the predominance of not active tectonic structures in the study area, the potential active role 

of Ohře (Eger) Rift is one of the most discussed in the tectonics in the country. According to 

Kopecký, 1978, the Ohře (Eger) Rift zone was active from Oligocene until Pleistocene. It is the 

most dominant structure in western Bohemia. The exact position and extension of the Ohře (Eger) 

Rift is still argued and needs to be clarified. This structure has to be particularly taken into account 

within any geothermal studies as the surrounding area likely shows elevated geothermal potential. 

Many distinct volcanic features are identified within the Ohře (Eger) rift, while the volcanic activity 

in the Labe (Elbe) zone is less obvious. The maximum tectonic vertical movement has been 
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observed along the Krušné Hory fault. The vertical shift is estimated to be about 800–1500 m. 

Ductile deformations of the Cretaceous sediments (folds) are present across the entire basin with 

fold structures in W–E direction formed in the initial phases of the Saxonian tectogenesis. 

 

Detailed hydrogeology of the BCB has been summarized in Hydrogeology of the Bohemian 

Cretaceous Basin (Herčík et al., 1999). This work introduces the division of the BCB area into 10 

hydrogeological balance units (bu) as documented in Fig. 4 delineating the study area. The BUAS is 

included in bu3 although its broader surroundings belong also to bu1, bu2 and bu4. (Fig.  4). 

The most investigated structural element has been the bu3 involving a depressed block structure 

called “Středohorská kra” covering approximately 75% of the bu3 surface area (1 500 km
2
). 

Separating the surface into three profoundly different structures, the existence of this tectonic 

depression has great consequences on the hydrogeological regime. 

 

 

Fig. 4.  Distribution of hydrogeological balance units within the study zone. In Czech – names of 

hydrogeological departments. Modified from Herčík, 1999. 
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The entire aquifer system of Benešov nad Ploučnicí and Ústí nad Labem areas is characterized by 

subhorizontal aquifer distribution. Aquifers are generally composed of sandstone which 

predominates in the infiltration zone located in the north eastern part of the aquifer system (see 

Chapter 4.11) near the Lužice fault zone. 

 

 

Fig. 5.  Aquifer / aquitard distribution of bu3. Modified from Herčík, 1999. 

 

Aquitards are generally composed of fine-grained sediments (mostly marlites, siltstones, sandy 

claystones and claystones) with very low permeability. Aquifer and aquitard distribution of bu3 in 

the BCB is displayed in Fig. 5. While aquitards are described directly, a system of alphabetical 

symbols has been developed to facilitate a distinction of aquifers that often communicate together 

or are formed within several geological layers. The basin in the study area is on the regional scale 

divided into three main aquifers: (1) A - a basal confined aquifer formed by the Cenomanian 
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sandstone with an intrinsic permeability of 5.10
-13

 – 2.10
-11

 m
2
 and a hydraulic gradient of 1-3‰; 

(2) B,C - middle aquifers in the Turonian sandstone characterised by a free water table, intrinsic 

permeability of 2.10
-12 

– 2.10
–10

 m
2 

and hydraulic gradient of 5-10‰; and (3) D - upper aquifer in 

the Coniacian–Santonian sediments just below the surface. Values of the hydrogeological 

parameters stated above are taken from Němeček et al. (1991, 1992). Nevertheless, it is necessary to 

note that values may locally vary. 

 

The water flow direction is governed by different geological, tectonic and morphological 

phenomena. The principal drainage axe is formed by the Labe (Elbe) River. 

 

2.1.3 Groundwater management and use 

Sedimentary area of the BCB together with its geological basement represents one of the most 

economically promissing regions in the Czech Republic. The importance of its hydrogeological 

potential is still increasing and will be increasing in the future. Despite very complex geological, 

lithological and tectonic characteristics, it has very favourable hydrogeological conditions that make 

the BCB the most extensive reserve of groundwater resources in the Czech Republic. With a growth 

of groundwater exploitation for various purposes, the BCB stands for the typical example of the 

groundwater accumulation with elevated vulnerability and questionable sustainability. Extraction of 

groundwater may intercept water which would be otherwise discharged into a surface water body, 

and at excessive rates of pumping, water may be drawn directly from the surface water 

(Sophocleous, 2002). The reconnaissance level of the groundwater reserves and the degree of the 

real groundwater use is so far rather low. Given the fact that the great part of the western BCB is 

populated and industrially and agriculturally active, the attention must be paid on the water 

protection. 

Additionally, severe floods have already threatened the basin area along the main water courses. 

Floods are the most common events affecting the water supply in the Czech conditions. One of the 

last flood events throughout North Bohemia happened in August 2010 when many households were 

isolated from drinking water supply for several days. This example demonstrates the vulnerability 

of water supply which has to be properly evaluated. 

 

Cretaceous sediments create a space for the largest groundwater accumulation in the Czech 

Republic. The BUAS is shared by Teplice, Ústí nad Labem, Děčín, Česká Lípa, Litoměřice and 

Liberec districts. Approximate data on the groundwater extraction in each of these districts is 
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schematized in Fig. 6. The authorized groundwater extraction in the entire area reaches 43 734 857 

m
3
/year according to data acquired from the recent survey (Maršálek, unpublished data). This value 

has been generated from the database of Severočeské Vodovody a Kanalizace (North Bohemian 

Water Supply and Sewerage Company) excluding industrial demand. Several towns and villages 

have their proper source of water and the information on the water extraction from such places is 

not included in the proposed overview in Fig. 6. Considerable part of the mentioned groundwater 

supply is provided by BUAS. 

 

 

Fig. 6.  District distribution in North Bohemia and values of groundwater extraction. Data acquired from 

Severočeské Vodovody a Kanalizace (North Bohemian Water Supply and Sewerage Company), unpublished 

data. Extraction for industrial and agricultural purposes is reported to 2001, extraction for domestic 

purposes is reported to 2005. 
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In areas with increased geothermal gradient, the water has been pumped as a source of thermal 

energy, especially in Děčín and Ústí nad Labem where exploitation for thermal waters is very 

frequent. Thermal water occurrence in the Ústí nad Labem sparked off spa constructions in the 

western Bohemia. Several spa resorts are located in the environs of the study area. Teplice, on the 

west, is among the most famous and the discovery of its warm springs goes back to 762 AD. The 

water of Teplice probably originates from Palaeozoic porphyry but is hydraulically connected with 

the surface water bodies of the Tertiary aquifers. Nowadays, thermal waters are largely used for 

heating buildings and the thermal swimming pools services. 

Groundwater management tasks should consider that thermal waters on a regional scale are closely 

connected with the fresh water cycle as overexploitation of fresh groundwater sources can 

significantly influence the properties of the promissing accumulation. Because of the existing 

conflicts of interest, the detailed hydrogeological study clarifying the groundwater regime not only 

from geothermal point of view but also from the geochemical and groundwater regime point of 

view should be carried out. Insight into stable and radioactive isotopic composition would help to 

specify the potential renewability and vulnerability of the BCB groundwater accumulation. 

 

2.2 Aquitaine Basin (AB) 

2.2.1 General setting 

The AB, occupying a large part of the country's south western quadrant and exposed to the Atlantic 

Ocean, forms the triangular depression limited by the surrounding relief (Fig. 7, marked in bright 

yellow colour). On the north, the AB is limited by the Armorican Massive; on the east, by the 

Central Massive and on the south by the Pyrennees mountain range. The AB relief is on the north 

separated by the vaulted structure called „„Seuil du Poitou” and on the southeast by the „„Seuil de 

Naurouze” from the Paris Basin and Mediteranean Basin, respectively. After the Paris Basin, it is 

the second largest Mesozoic and Cenozoic sedimentary basin in France.  Its surface area covers 66 

000 km
2
 in total. It was formed on Variscan basement which was peneplained during the Permian 

and then started subsiding in the early Triassic. The study focused on the Poitou-Charentes area in 

the AB northernmost part, occupying 25 810 km
2
. Hatched part in Fig. 7 outlines the investigated 

area within the AB. It is limited to the west by the oceanic slope of the Atlantic Ocean responsible 

for the Atlantic climate humidity and instability. 

 

http://en.wikipedia.org/wiki/Paris_Basin
http://en.wikipedia.org/wiki/Mesozoic
http://en.wikipedia.org/wiki/Cenozoic
http://en.wikipedia.org/wiki/Sedimentary_basin
http://en.wikipedia.org/wiki/France
http://en.wikipedia.org/wiki/Variscan
http://en.wikipedia.org/wiki/Permian
http://en.wikipedia.org/wiki/Triassic
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Fig. 7.  Delineation of the Aquitaine Basin and the study area in France. 

2.2.2 Geology and hydrogeology 

Four major geological entities constitute the Poitou-Charentes region. The granitic and 

metamorphic “Armorican Massif” on the north and the granitic ”Massif Central”, on the south east 

of the area.  Additionally, two major sedimentary basins of the Mesozoic and the Cenozoic 

belonging to Alpine orogenic cycle have to be mentioned. The Paris Basin extends from the 

northernmost part of Poitou-Charentes. The “Seuil du Poitou”, at the intersection of these four 

entities proves a continuity of the basement between the two ancient massifs, Armorican Massif and 

Central Massif and communication between the two sedimentary basins (the AB and Paris Basin) 

via Jurassic seas. 

 

The geology of the region consists of a continuous sedimentary succession from Trias to the Upper 

Jurassic overlying a Hercynian granite and schist basement. A schematized map of the main 

sedimentary formations is displayed in Fig. 8. 
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Fig. 8.  Simplified scheme of the study area in the Aquitaine Basin showing the main geological units and the 

fault structures. 

 

This extensive multilayered sedimentary formation covers the entire south western part of France 

and forms several important aquifers. Aquifers of the AB are numerous but often of very limited 

extension in the Northern part. Bordeaux region and Poitou-Charentes area are of great importance 

as groundwater is widely pumped for drinking purposes, irrigation and geothermal supplies (in the 

Jonzac area). Aquifers are often interconnected and abundant upward or downward leakage 

processes commonly occur as documented in many places (Blavoux et al., 1993; Andre et al., 

2002). 

The main aquifer systems in the northern part of the basin are the Jurassic, the Upper Cretaceous 

and the Tertiary layers. 
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In the Jurassic, two hydrogeological units can be distinguished: the Lower and Middle Jurassic 

confined aquifer (Lias and Dogger) and the Upper Jurassic unconfined aquifer (Oxfordian). The 

Lias and Dogger aquifers are located between two major impermeable units: the Hercynian 

basement and the clayey Callovian deposits (Mourier and Gabilly, 1985). Mainly formed of 

carbonates, they make up together a continuous and deepest aquifer of the studied area. Only in the 

vicinity of the recharge area, the confining characteristics of the Toarcian horizon could make a 

distinction between the Lower and Middle Jurassic. Shallow waters in the unconfined Oxfordian 

carbonate aquifer provide data on modern groundwater recharge. 

 

The multilayered Cretaceous formation constitutes the main resource for fresh water and 

agricultural supply in the south of the Poitou-Charentes area. The Lower Cretaceous is completely 

missing and the Upper Cretaceous only reaches a thickness of a few hundred meters. The main 

hydrogeological units were developed in the Cenomanian, the Coniacian-Turonian and the Upper 

Turonian layer. The Cenomanian is usually sandy and becomes more carbonated towards its top 

part. The Coniacian–Turonian aquifer, both confined and unconfined, is one of the most exploited 

hydrogeological unit in the region. The Upper Turonian is considered to be the main aquifer with a 

high transmissivity coefficient. The permeable succession of the Turonian passes to clayey 

limestones at the base of the Santonian. 

 

The Eocene aquifer, situated mostly in the southernmost part of the studied area (close to the 

Gironde estuary) and largely exploited towards the south in the Bordeaux region, was developed in 

fluvial sand and gravels as a multilayered formation covered by clayey deposits. 

 

2.2.3 Groundwater management and use 

The groundwater resources in the Poitou-Charentes region are relatively abundant, but the 

coincidence of droughts (periods of very low surface water and groundwater levels) with gradually 

increasing water supply need (irrigation and notably house use) cause a structural disequilibrium 

resulting in permanent deficit of the water quantity. Groundwater management issues are regularly 

updated and are available at the Water Data Partnership Network in the Poitou-Charentes region 

(RPDE, 2010). 
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Fig. 9.  District distribution in Poitou-Charentes and values of groundwater extraction (RPDE, 2006). 

 

Majority of pumping is carried out in the agricultural sector (Fig. 9). Given the fact, that there are 

many large irrigated areas in the region, the exploitation for such purposes is in great conflict with 

other water uses like fishery, recreation or drinking water supply. For example, corn monocultures 

in the Charente Maritime district on the south west of Poitou-Charentes, cover 56 000 hectares. In 

these 56 000 hectares, 38 000 hectares, which is nearly 70% of corn crops, are irrigated. This 

represents approximately 80 million cubic meters annually taken from the groundwater reserves 

mainly. In comparison, domestic use is around 50 million cubic meters for 2006 (Fig. 9). 

A return to equilibrium in groundwater use is scheduled for 2017 in the framework of the master 

planning and water management (SDAGE) developed across the main river basin agencies. By 

2017, in the Great Southwest (Adour-Garonne and the region of Poitou-Charentes), 15% of the 
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territories will gradually reduce at least 30% of their exploitation. This reduction could reach up to 

50% in some places. 

As a consequence of the touristic pressure, the problem concerning the water supply becomes 

particularly very important the coastal zone, 

 

 

Fig. 10.  Evolution of groundwater extraction between 1988 – 2006 (RPDE, 2006). 

 

This situation is particularly problematic during some years when winter rains are not heavy enough 

to allow a sufficient groundwater recharge. Additionally, some local rivers experience severely low 

water levels and flow rates, thus reducing freshwater inflow in the coastal zone. 

Significant needs to compensate an unpredictable amount of precipitation claims for a sustainable 

water development for the future. 

The Poitou-Charentes Region is almost annually affected by water restrictions resulting from severe 

droughts. In many places, irrigation could be totally forbidden in summer months. The prefecture 

has already decided to change the calculation methods to evaluate water availability in order to 

guarantee the continuous water supply during less favourable climatic conditions. Sustainable 

management and ensuring the resource protection call for a need of improved knowledge and water 

resources monitoring, although significant progress has already been made. 

In the Poitou-Charentes region, the water for drinking purposes is drawn mainly from deep aquifers. 

This water has to meet certain quality criteria, even before undergoing a purification process. 
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Moreover, the protection of the groundwater quality in aquifers and rivers presents a major 

challenge considering the physical, chemical and biological degradation. 

 

This quality deterioration of the groundwater resources results primarily from agricultural and 

industrial impacts, the latter are usually very local. Nowadays, different pollutants affect water 

environment and remain in water for a very long time, e.g. nitrates, pesticides and other organic 

compounds. The quality of coastal waters should be still improved by getting more knowledge 

about hydrodynamics of water systems and protect them against any kind of pollution. 

The quality of drinking water is regulated by Directive 98/83 from 3 November 1998 and decree 

2001-1220, which sets the limits and quality standards for drinking water. 

In 2003, the Regional Directive (DRIRE) of Aquitaine initiated an action to limit the exploitation 

permissions and wasting of water. 

 

The AB is the most exploited sedimentary structure for geothermal purposes in France. The 

geothermy of the AB is valorised by numerous boreholes while most of them have been in 

operation since more than twenty years. In 2005, about fifteen boreholes were exploited and 

represented approximately 12 000 TOE of the annual energetic contribution. In the regional scale, 

such resource allows to reduce CO2 emissions by 25 000 tonnes. The geothermal development in 

the Aquitaine region is characterised by a great diversity such as heating of households, collective 

installations, swimming pools, greenhouses, spa industry, fish industry, etc. 

There are three main applications of the geothermal energy: 

- heat distribution, e.g. Bordeaux region 

- heating for the fishery pools, e.g. Arcachon Basin 

- energy use for house heating and spa industry, e.g. Dax (more than 15°C/100m; 

Alezine, 1987). 
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3 METHODOLOGY 

3.1 General approach 

 

Two different approaches have been selected – isotopic methods and geothermal applications – for 

the evaluation of the deep aquifers potential. Each of them evaluates the groundwater resources 

from another point of view: 

 

(i) Interpretation and valorisation of isotopic data is very useful to determine the groundwater 

recharge pattern, its relation to climatic changes and human activities.  

 

(ii) Geothermal data acquired from boreholes and reflecting true thermal conditions contribute to 

assess the geothermal potential of aquifers and the flow conditions.  

 

Both approaches should be consequently considered together to propose the optimal solution in 

groundwater management. 

 

Four case studies were carried out in the scope of this work 

 

(i) palaeorecharge conditions, AB (Chapter 4.5) 

(ii) carbon origin in groundwater, BCB (Chapter 4.6) 

(iii) typology of recharge processes in Europe (Chapter 4.7) 

(iv) geothermal potential of the BCB (Chapter 4.12) 

 

Water sampling, analysing and numerous geothermal measurements were not included in the 

framework of the thesis. The exception concerns the most recent well-logging data in the BCB 

which have been acquired within the project GACR 205/07/0691 also supporting the current work. 

Used data are all properly cited and referenced. 
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Tab. 1.  Comparison of data character AB, BCB and selected European aquifers. 

AB BCB European aquifers

geographical coordinates x x -

stratigraphy x x x

temperature from sampling depth x x -

major chemistry (Ca
2+

, Mg
2+

,Na
+
,K

+
,SO4

2-
,Cl

-
,HCO3

-
,NO3

-
) x x -

pH x x -
3
H x x -

δ
18

O x x x

δ
 2

H x x x

A 
14

C x x x

δ
13

C x x x

temperature records in the well profiles - x -  

Presented work summarizes several research projects with the aim to get more information about 

the groundwater recharge history, sensitivity of aquifers to climatic changes, different groundwater 

recharge processes and timing within Europe or to acquire information for the geothermal 

development in the BCB. Acquired data were analysed, valorised, compared and interpreted. 

 

Yet, several datasets were created. Following chapters introduce the principle approach to each case 

study while detailed information about each dataset is provided in the fulltext papers furthermore 

presented either in its published or submitted form. 

The comprehensive summary of all used data is given in Tab. 1 providing information on the data 

characteristics for each study site. 

 

3.2 Isotopic investigation – Aquitaine Basin case study 

 

Although aquifers in the AB have been intensely explored and many isotopic measurements were 

carried out in there previously, it was always with very fragmentary approaches. We set up a 

comprehensive dataset including 75 groundwater samples with information on the stable isotopes 

and 59 samples with radiocarbon data including Jurassic, Cretaceous and Eocene. As an insight into 

groundwater geochemistry, it is necessary to well understand the geochemical processes occurring 

within aquifers. An extra dataset of chemical data throughout the area was treated. Raw 

measurement data were taken from Savoye (1993), Le Gal La Salle et al. (1996), Marlin (1996), 

Marlin et al. (1998), BRGM (1999, 2000, 2001, 2002, 2005) and Mouragues (2000). More details 

on the type, origin and data treatment is available in the Chapter 4.5 in the „Methods and data 

treatment“ section. The study of the AB focuses on the palaeorecharge conditions and the recharge 
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continuity. The evaluation of the isotopic data should answer the question if the groundwater 

recharge occurs continuously or if the recharge was interrupted within the last 40 ka period, namely 

during Last Glacial Maximum (LGM), which has been ambiguous so far. 

 

3.3 Isotopic investigation – the Bohemian Cretaceous Basin case study 

 

Isotopic investigation in the BCB started in the 70
th

 of the 20
th

 century. Many valuable information 

from the Turonian and the Cenomanian aquifers were collected by Šilar (1976 and personal 

communication) and Pačes et al. (2008). The dataset of 22 samples with isotope information and 47 

chemical analyses is introduced in the Chapter 4.6 in the „Database setup and methodology“ 

section. The main objective of the BCB isotopic study was to understand the geochemical processes 

occurring within the aquifers during groundwater flow leading to modifications of the chemical and 

isotopic composition. Isotopic signature of groundwater, mainly carbon data, helps to identify 

prevailing geochemical processes in the aquifers. Additionally, these data led to the development of 

a conceptual model of carbon origin within the system. 

 

3.4 Isotopic investigation – Europe 

 

Findings from isotopic investigations in France and in the Czech Republic, in different geographical 

locations were inspiring to carry out the review study throughout European sedimentary aquifers 

and compare the recharge conditions in each of them. A very huge dataset comprising 24 European 

aquifers was used for this review study focusing on the groundwater recharge conditions in Europe. 

Many research studies on the selected aquifers were collected comprising aquifers from southern to 

northern Europe in order to distinguish the differences in aquifer recharge behaviour during the Late 

Pleistocene with the emphasis on the recharge continuity. Data on stable isotopes of groundwater, 

carbon-13 and radiocarbon activity measurements were taken into consideration. The most valuable 

information is provided by the combination of stable isotopic data with radiocarbon ages of 

groundwater established by different correction dating models. Groundwater dating was not in the 

scope of the current review study; therefore available dating results were generally taken from 

previous works. Type of data and reference sources are introduced in detail in Chapter 4.7 in the 

„Methodology and dataset“ section. In order to include as much relevant information as possible, it 

was necessary to consider palaeoclimatic conditions during the Late Pleistocene and their impact on 

the groundwater recharge. Such information on palaeoclimate, ice-sheet and permafrost extensions 
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was generally acquired from commonly accepted hypothesis or recent studies. Reference sources 

and detailed summary on the Wechselian period conditions is available in the Chapter 4.7 in the 

„Weichselian environment in Europe“ section. 

 

3.5 Geothermal application – case study BCB 

 

Many boreholes in the BCB – BUAS region were constructed and measured from the last forty 

years for various purposes. Measurement records were conserved in different archives (Stavební 

geologie, Charles University – Faculty of Science, Geoindustrie, Diamo, UP Rynoltice and 

AQUATEST a.s.). The company AQUATEST a.s. provided very valuable information and 

interpretation of acquired data. Moreover, AQUATEST a.s. was charged to provide geophysical 

measurements in recently constructed monitoring wells within deep sedimentary aquifers for the 

Czech Hydrometeorological Institute (ISPA project funded by the European Union and the Czech 

Ministry of Environment). Initial database consists of basic identification of borehole - location, 

depth and continuous temperature records. The temperature records were converted into the 

geothermal gradient. Furthermore, it was necessary to determine the prevailing lithology allowing 

the assessment of the heat conductivity coefficient. The latter is necessary for the heat flux 

calculations. Data processing is described in Chapter 4.12 in the „Data set“ section. 
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4 ISOTOPIC INVESTIGATION 

 

4.1 Introduction into isotopic hydrogeology 

 

During the last decades, environmental isotope techniques have been commonly and largely used in 

the whole domain of the water resources development and management. Isotopic data are routinely 

used in hydrogeology to complement hydrogeochemical and hydrodynamic data in order to 

understand patterns of groundwater flow, the origin of water, the residence time and the 

geochemical processes within aquifers. 

 

The stable isotopes oxygen-18 and deuterium and the radioactive isotope tritium are rare 

components of the water molecule. Together with other isotopes, such as carbon-13 and carbon-14, 

they offer a broad range of possibilities for studying processes occurring within the water cycle. 

These isotopes are therefore important tool not only in groundwater management needs but also in 

studies related to atmospheric circulation and palaeoclimatic investigations. The relationship 

between climate and mean annual stable isotope contents of precipitation provides significant 

insights into palaeoclimatic conditions. Although the isotopic signature of precipitation is archived 

in groundwater, various processes occurring in aquifers tend to modify the recorded climatic 

fluctuations. This may also considerably complicate any radiocarbon dating efforts to provide a 

reliable chronology on the groundwater recharge history. 

Chapters 4.2 - 4.4 briefly introduce the main practical use of isotopes. Individual case studies are 

then developed in Chapters 4.5 - 4.7 where more details on the isotope methods are presented. 

 

4.2 Stable isotopes of water – tracers of palaeorecharge 

 

Stable isotopes (oxygen-18 and deuterium) allow us to follow the water evolution during its flow 

path from the infiltration until the drainage processes. 

The stable isotopic composition is reported in standard δ notation in ‰ vs. SMOW (Standard Mean 

of Ocean Water) as follows: 

 

δ = (Rsample / Rstandard - 1) * 1000, 
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where Rsample and Rstandard represent the ratio of heavy to light isotopes of the sample and the 

standard, respectively. In 1961, Harmon Craig published his finding that δ
18

O and δ
2
H in fresh 

waters correlate on a global scale following the “global meteoric water line (GMWL)”: 

 

δ
2
H=8 δ

 18
O + 10 ‰ SMOW (Fig. 11, Craig, 1961). 

 

 

Fig. 11.  The meteoric relationship for 
18

O and 
2
H in precipitation (Clark and Fritz, 1999). Data are 

weighted average annual values for precipitation monitored at stations in the IAEA global network, 

compiled in Rozanski et al. (1993). 

 

On the local scale, the “local meteoric water line” can be slightly deflected from the GMWL. The 

position of meteoric waters on this line is controlled by a series of temperature-based mechanisms 

and a number of environmental parameters such as surface air temperature, amount of precipitation, 

source of moisture and vapour mass trajectories over continents rising over topographic features 

moving to high latitudes, and seasonal effects (Rozanski, 1985; Clark and Fritz, 1999; Chen et al., 

2003; Mazor, 2004). A strong correlation exists between temperature and isotopes in precipitation. 

Accordingly, the gradients of temperature induce gradients in δ
18

O and δ
2
H. These gradients 

δ
2
H

 ‰
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O

W
 

    δ
18
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observable in groundwaters can therefore represent a useful tool in climatological and 

palaeoclimatological studies. 

 

Some conclusions on palaeoclimatology might be deduced even without precise temperature 

calculation using the relation proposed by Dansgaard (1964). The position of groundwater samples 

in respect with the GMWL and with the modern isotopic content of precipitation may propose 

valuable information. The position of the water samples on the GMWL indicates that the 

groundwater has not undergone any specific processes such as evaporation or geothermal processes. 

The shift between the samples and the modern isotopic composition stands for the importance of the 

climatic changes. This can allow us to detect groups of waters recharged during colder climatic 

conditions, most often during the LGM. Stable isotopic interpretation should be the first step in any 

efforts to understand the palaeorecharge processes and needs to be confirmed using groundwater 

dating methods. 

 

4.3 Groundwater dating 

 

Isotopes of carbon and tritium represent a very powerful tool to evaluate the residence time of 

groundwaters. The most common radioisotopes include carbon-14 and tritium and are routinely 

employed in hydrogeology to date groundwater. 

 

4.3.1 Carbon isotopes 

Dating with radiocarbon cannot be done on the water molecule itself but must rely on the dissolved 

inorganic carbon in the water (DIC) which enter the groundwater from the atmosphere through the 

soil zone. 

Carbon-14 activities are referenced to an international standard and are expressed as a percent of 

modern carbon (pmC). The main applications of carbon isotope ratios in isotopic and 

hydrogeochemical studies are used to define chemical reactions, mass balance quantification, and 

the evaluation of groundwater age.  

The simplest approach to radiocarbon dating of groundwater assumes that carbon-14 moves with 

the water molecules along the flow path and that the main mechanism enabling the modification of 

the radiocarbon content is a radioactive decay with the half-time of 5 730 years. To proceed to the 

groundwater age determination, the initial activity of carbon-14 must be determined. However, the 

isotopic signature is in most situations diluted, particularly by carbon-14 free sources. The 



  ISOTOPIC INVESTIGATION 

29 

 

complications are enhanced in carbonate environment with a very specific carbon isotope 

composition or in tectonically active areas. The natural decay thus allows only the determination of 

the apparent age of the groundwaters. The apparent age has to be corrected in order to approach the 

real age. It might be determined from various models considering mass balances, isotopic balance 

or both. The choice of the model should be carried out on the basis of the knowledge concerning the 

geological environment and occurring geochemical processes. These correction models generally 

consider the carbon-13 concentration which is reported like other stable isotopes in δ ratio and is 

expressed with respect to Pee Dee Belemnite standard (PDB). Carbon-13 is an excellent tracer of 

carbonate evolution in groundwaters because of the existence of various carbon reservoirs. For that 

reason it stands for a very useful parameter to accompany the radiocarbon data within any 

groundwater dating efforts. While carbon-14 activity is independent on the carbon origin, the 

carbon-13 measurements can help to clarify the original carbon sources. This can solve frequent 

ambiguous questions whether the low radiocarbon activity is caused by simple radioactive decay or 

the dilution by dead carbon from the carbonate matrix. Carbon-14 data should be always 

accompanied by carbon-13 clarifying geochemical processes in deep aquifer systems. 

 

4.3.2 Tritium isotopes 

Tritium, 
3
H, is a short-lived isotope of hydrogen with a half-life of 12.43 years which has been 

largely produced during the era of thermonuclear bomb testing. Tritium concentrations are 

expressed in tritium units (TU). Although some measurable amounts of tritium in groundwater may 

be produced naturally, most often the presence of tritium refers to the modern infiltration after the 

bomb testing, i.e. 1952 (Clark and Fritz, 1999). 

 

The absence of tritium in groundwater indicates a recharge prior 1952 and radiocarbon methods can 

be applied to estimate the groundwater residence time up to ca 30-35 ka BP. 

 

4.4 Purpose of isotopic investigation 

 

The current work focuses on the delineation of the recharge processes and discusses their 

continuity, first on the regional scale in France and the Czech Republic and later on the European 

scale as the different geographical position of the investigated aquifers is responsible for variable 

climatic conditions which have prevailed since the Late Pleistocene. 



  ISOTOPIC INVESTIGATION 

30 

 

 

As showed earlier, any interactions between rock-groundwater are reflected in the quality and the 

isotopic composition of water samples. Generally, interactions such as (i) mixing between aquifers, 

(ii) groundwater - aquifer matrix, (iii) groundwater - surface and irrigation water, (iv) groundwater 

– deep CO2 sources, (v) groundwater – organic matter, etc. complicate the isotopic studies. 

For that reason, a geochemical study should precede any groundwater dating calcualtions in order to 

assess the geochemical background of the studied aquifer and to propose the optimal method for the 

groundwater dating. Additionally, the knowledge of water origin is essential to understand the 

geochemistry and the dynamics of the groundwater system which is fundamental to manage the 

sustainability of the exploitation of groundwater resources. 

 

Many studies focusing on the delineation of the recharge history have been carried out worldwide 

and it has been often pointed out, that many difficulties often complicate the dating efforts to 

provide the accurate recharge chronology. These difficulties remain a point of weakness when 

hydrogeologists are trying to build models to reproduce the very long term evolution of 

groundwater flow within deep confined aquifers. The inference about ages of groundwater is 

important in groundwater resource management as the renewal of groundwater may be very slow. 

Isotopic data help to validate hydrogeological conceptual models in continental scale aquifers. Very 

strong uncertainty about the continuous or interrupted recharge of aquifers especially during the 

transition from Pleistocene to Holocene should be cleared up. Additionally, the groundwater 

residence time is one of the most important parameters in hydrology. Its knowledge is essential as 

the input for any prediction for the future development of the resource (Ozyurt and Bayari 2003; 

Katz et al. 2004). 

Continuous recharge indicates favourable recharge conditions through times, while the absence of 

recharge has been attributed to the existence of more or less continuous permafrost conditions 

and/or to strong modification in the atmospheric humidity in the peripheral regions of the North 

European ice cap. Despite numerous research efforts, our knowledge about the precise timing of the 

LGM and its fingerprint on groundwater remains incomplete and in part controversial. 
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GEOTHERMAL APPLICATIONS 

 

4.8 Geothermal potential of groundwater 

 

Geothermal energy, produced in the inner geological layers essentially by the disintegration of the 

radioactive isotopes, slowly reaches the earth surface. The geothermal gradient is being used to 

quantify the heat flux. The average geothermal gradient for the Earth is about 3°C/100 m which 

complies with the heat flux of 63 mW/m
2
. 

 

On the Earth surface, several places reveal much higher geothermal gradient, most often on the 

continental or oceanic rift zones or on the limits with mountain ranges. Hot rocks near the surface 

can generate thermal sources or geysers. Outside such particular areas, groundwater generally 

attains the rock temperature which becomes higher as the depth increases. 

 

The tectonics itself can be viewed for the proper geothermal source but more often, it plays a 

secondary role for the heat distribution. The role of tectonics should be clarified as it may either 

facilitate the flow of groundwater which is the medium for the heat transport or on the contrary 

represent a barrier for the groundwater flow. 

 

Once groundwater reaches deep horizons in sedimentary formation, its contact with hot rocks at 

several hundred meters below the surface increases the temperature of groundwater. Owing to this 

geothermal potential, the deep confined aquifers are considered to be one of the most important 

alternatives of low potential renewable energy resources. As generally considered, groundwater 

exploitation is involved in the sustainable geothermal development, but it has to be kept in mind 

that its “renewability” remains somewhat ambiguous. Many sites throughout the world have already 

experienced the limits of such renewability and the geothermal potential of given areas has to be 

reconsidered. 

 

The assessment of the geothermal potential of the sedimentary formations is essential for future 

projects and further steps towards an appropriate geothermal development. 
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The most expressive parameter is definitely the heat flux reflecting all the processes linked to the 

heat storage and transport. Heat flux distribution follows an easy equation showing, that the heat 

flux is the product of the geothermal gradient and the thermal conductivity: 

 

q = G * λ (mW/m
2
), 

 

where q is the heat flux (W/m
2
), G is geothermal gradient (K/m) and λ is thermal conductivity  

(W/mK).  

  

- The geothermal gradient is deduced directly from the well-logging measurements, but great 

attention has to be paid on different factors affecting the natural conditions. The above mentioned 

equation is most reliable in the areas without any groundwater flow, i.e. the heat is distributed via 

conduction only. However, its use in important hydrogeological structures is only approximative. In 

basin structures, notably in infiltration and discharge zones, the vertical flow considerably disrupts 

the natural geothermal gradient. Apart from this, the effect of the altitude differences might be also 

responsible for discrepancies in the heat flow in mountainous areas. To avoid any uncertainties in 

the heat flow results, the correction for the topography effect should be carried out. 

 

- The thermal conductivity has a first-order control on the configuration on the heat flow. This 

parameter depends on the porosity, lithological and petrographical properties and has to be therefore 

measured in the particular rock sample. In geologically complex formations, several values should 

be established according to the different lithologies. 

 

Following the intricate situations concerning the almost omnipresent vertical flow in 

hydrogeological basins, heat flow calculated using the given equation may be preferentially 

elevated in the drainage areas while the infiltration areas show rather lower values. 

 

This approach evaluates the existing heat flux reflecting the actual hydrogeological and tectonic 

conditions. 
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4.9 Geothermal investigation in deep aquifers of the Bohemian 

Cretaceous Basin 

 

In the Czech Republic, the geothermal energy has been included among the renewable sources of 

energy in the national energy program for renewable resources. Several geothermal studies in the 

northern Bohemia have been carried out within the last 30 years. Besides being the largest 

groundwater resource of potable water in the Czech Republic, the BCB is probably the largest 

thermal water reservoir in the country with an estimated yield of 300 Ls
-1

 and a present use rate of 

200 Ls
-1

 for house heating and pools. 

In order to confirm the thermal exceptionality of the BUAS, a research project has been attributed 

to Charles University to participate in. One of the most important theoretical questions of the 

project was to evaluate the possible groundwater interaction between the Děčín and the Ústí nad 

Labem groundwater accumulations. Based on the analysis and interpretation of the available 

geological and hydrogeological works, a conceptual model of the BUAS has been developed. 

Detailed studies beyond the scope of this project were simultaneously carried out to propose a 

groundwater flow model for the water and the heat balance. Preliminary conclusions suggest an 

existence of two independent subsystems. 

Previous studies on the territory of the Czech Republic indicated the geothermal importance of this 

area indicating an average heat flux around 80 mW.m
-2

 in its axial part (Čermák and Jetel, 1985). 

Permocarboniferous sediments underneath indicate values close to 100 mW.m
-2

 (Myslil et al., 

2005). These data support the fact, that the north eastern sector of the Bohemian Massif is formed 

of a zone with a relatively weakened Earth's crust. 

However, the term “renewable” for geothermal resources is rather ambiguous. In the BCB, the 

limits of renewability have been already observed as generally increasing intensity of groundwater 

pumping in drainage zones leads to the temperature decrease in the thermal groundwater 

accumulations. As a consequence, possible future increase in fresh groundwater extraction in the 

vicinity of the infiltration areas in the extended BUAS with a great geothermal potential may 

considerably reduce the thermal water production. As follows, the determination of the upper limit 

of a long-term geothermal development has become a challenging task in geothermal systems. This 

can be accomplished by conceptual and subsequently numerical modelling which cannot avoid the 

development of detailed investigation of the thermal field properties established from the field work 

measurements. Thermal field data in the upper part of the earth crust are acquired by the 
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temperature well-logging in-situ methods. More details about geothermal research in the BCB is 

available in Chapter 4.12. 

4.10 Geothermal well-logging  

Data on the temperature field in the upper part of the earth's crust are obtained by thermometry, 

which is one of the commonly used well-logging methods. Most recent deep continuous 

temperature borehole measurements acquired by Aquatest a.s. were performed by high sensitivity 

thermometers of 0.01 °C (Fig. 12). It is a unique in-situ method for obtaining depth continuous data 

on temperature field in the rock environment, which cannot be substituted by any other method 

providing similar results. Temperature data is the fundamental building block in creating a thermal 

model of the entire area of interest. Fig. 13 illustrates the field measurement. 

 

Fig. 12.  Photograph of high sensitive probes for temperature measurements. 

 

Fig. 13.  Illustrative photographs taken during the well-logging measurements. 
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4.11 Assessment of the lithological properties 

 

Groundwater dynamics and the possible exploitation potential is governed by the ratio between 

pelitic and psamitic minerals forming the aquifers. Likewise for hydrogeological studies, the 

lithology is an important parameter also for geothermal investigations and should be evaluated. The 

BCB has been generally considered to consist of mainly sandstones which are very favourable for 

underground water flow making the BCB a very exploitable structure. It is true as a whole, but great 

lithological differences at the local scale were observed in the study area. This can considerably 

affect the results from the geothermal study and lead to difficulties in proposing accurate thermal 

conductivity coefficients. That is why the proportion between clayey and sandy rocks must be 

quantified. Seventy two well-logging records within the whole region were collected (Annexe 1). 

 

 

Fig. 14.  Degree of sand ratio in the sedimentary rocks within the study area with indicated gradual 

transition from high-sandy sediments into clayey sediments from northeast to west. Numbers of boreholes 

refer to Annexe 1. 

 

Although a great number of boreholes with identified lithological profile do exist in the study area,  

only those referring to the whole Cretaceous sequence were considered, that is to say boreholes, that 

reached the Cretaceous basement (Permo-Carboniferous or crystalline basement). Considered 
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boreholes were analysed for the ratio between sand and clay content through the Cretaceous 

sequence. Results were categorized into groups with 20% interval of sandiness. Each borehole was 

thus attributed to a group. The output is schematically displayed in Fig. 14 which shows, that 

Cretaceous sediments contain indeed a lot of pure sandstone, namely on the north east. Then, pure 

sandstones reveal a gradual transition into clayey sediments towards the west of the study area. The 

categorization by the percentage of sand content will be useful for further evaluation of thermal 

conductivity. 
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4.12 Geothermal assessment of the deep aquifers of the north western 

part of the Bohemian Basin, Czech Republic 

 

Paper in press as: 

Jiráková, H., Procházka, M., Dědeček, P., Kobr, M., Hrkal, Z., Huneau, F., Le Coustumer, P. 

Geothermal assessment of the deep aquifers of the northwestern part of the Bohemian Cretaceous 

Basin, Czech Republic. Geothermics. 
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5 CONCLUSIONS 

 

5.1 Recall of objectives 

 

The main objective of this thesis aimed at improving the present-day knowledge of the groundwater 

origin and flow conditions using isotopic and geothermal methods in France and the Czech 

Republic, particularly: 

  

(i) to provide groundwater dating for aquifers in the northern Aquitaine region and the 

northwestern region of the Czech Republic and to clarify the groundwater flow 

conditions using also the geothermal gradient and the heat flux in the Benešov-Ústí 

aquifer system, Czech Republic 

(ii) to clarify the palaeorecharge conditions in the Aquitaine and the Bohemian Cretaceous 

sedimentary Basins during the last 40 ka 

 

This work, concerning the assessment of the aquifer potential for various human needs such as 

drinking water supply or geothermal use, is based on a huge range of isotopic data (deuterium, 

oxygen-18, tritium, carbon-13, carbon-14), geochemical data and temperature measurements 

acquired during the last several decades. So far, introduced data had been interpreted only 

individually and often without broader environmental consideration. This thesis is the first to 

combine isotopic and geothermal approaches taking into consideration numerous more or less 

fragmentary studies throughout Europe with emphasis on the sedimentary formations in southwest 

France and northwest Czech Republic. This approach makes it possible to introduce global 

evaluation on the groundwater regimes in deep aquifer systems. 

 

5.2 Objective compliance 

 

The origin of groundwater components, the sustainability and the character of groundwater flow in 

deep aquifer systems has to be fully understood in order to ensure effective groundwater 

management. The Aquitaine Basin and the Bohemian Cretaceous Basin provide both  large and 
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high storage capacity aquifers and represent therefore a good example of highly strategic deep 

aquifers in contrasted geographical situations. 

Various methods in hydrogeology and related scientific branches are being used to answer 

numerous questions regarding groundwater regime. The presented thesis included a geochemical 

study which is commonly carried out to identify the origin of groundwater with respect to ambient 

environment, geological and human processes. While geochemical studies provided us with 

valuable findings on groundwater origin, quality and recharge timing, the geothermal data offered 

the possibility to penetrate deeper in the issue of the groundwater flow and dynamics. It was 

confirmed in the case study of the Bohemian Cretaceous Basin where both data on geochemistry 

and thermometry were applied. 

 

Various natural processes occurring during the infiltration are reflected in the geochemical and 

isotopic composition of groundwater. The investigations from this thesis confirm that the 

groundwater origin and the recharge period are closely related and should be considered together. 

Different isotopic methods for groundwater dating were tested using radiocarbon data. Radiocarbon 

dating method was applied for both aquifer systems revealing significant differences in the 

geological conditions requiring individual dating approaches. Above all, the aquifers in France 

contain high carbonate percentage seriously affecting the groundwater dating results. Because of 

that, many different models widely used were tested for particular geochemical conditions. 

Consideration on carbon-13 and carbon-14 isotopes, geochemistry and geological structure of the 

study area finally helped to assess the model which best fits the prevailing conditions. The Fontes 

and Garnier model (Fontes and Garnier, 1979) seems to work very well for carbonated rocks as also 

indicated by numerous studies elsewhere. Dating results enabled us to identify a group of 

groundwaters recharged in very different climatic conditions corresponding to the LGM period and 

therefore contesting any doubts about a recharge gap existence. All dating results suggest 

continuous groundwater recharge during the whole Late Pleistocene period up to the radiocarbon 

dating limit, i.e. 30 - 40 ka BP.  

The existence or absence of palaeorecharge during LGM has been intensely discussed for a long 

time. The discussion was furthermore developed in a review study considering many European 

aquifers. This study summarizes and points out important climatic events which could leave a 

fingerprint on groundwater inside the aquifers. The detailed overview over ice sheet and permafrost 

extension helped to accurately interpret isotopic data. Climatic instability during the Late 

Pleistocene period has been significantly reflected in the groundwater recharge pattern. 

Groundwater recharge over the European continent was finally divided into two major groups: (i) 
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continuous and (ii) discontinuous recharge conditions. It has been noticed, that the recharge has 

probably occurred continuously without any hiatus throughout ice sheet or permafrost free areas. 

This concerns the majority of the southern European territory from western to eastern longitudes as 

documented by examples in Spain, Portugal, southern France or Romania. Northwards, the climatic 

conditions around LGM were more severe and are reflected in the current groundwater 

composition. Recharge gap was observed from northern France towards north European countries. 

The recharge hiatus duration slightly varies as the most severe climatic conditions did not affect the 

whole continent at one moment. However, somewhat particular recharge situations were observed 

in several sites. The BCB aquifers being partially recharged from depleted melt water is considered 

as one of them. Similar situation were registered in Denmark. Some recharge, such as in Estonia 

and Lithuania, occurred in subglacial environment conditions if some areas of the bedrock were 

unfrozen in spite of the cold and dry climatic conditions. 

 

The groundwater regime can be evaluated on the basis of isotopic and geothermal data. This 

interdisciplinary approach made it possible to compare and reciprocally verify the acquired results 

from both studies. The groundwater dating required the setting of different dating models due to the 

variable geological and tectonic organisation of the region. Such intricate situation can be reliably 

evaluated using carbon isotopes techniques. Carbon-13 and radiocarbon behave as excellent tracers 

of carbon origin within the aquifer system. Many interaction processes between groundwater and 

the rock matrix have been identified and had to be taken into account during groundwater dating 

efforts. Besides often encountered groundwater/rock interactions, processes with mantle CO2 gas 

and fossil organic matter affect the isotopic composition of the Bohemian groundwaters. The 

presence of CO2 gas in the BCB was confirmed by the geothermal investigation as well. It has been 

found, that the gas presence points out the on-going activity at some tectonic structures which is 

accompanied by elevated temperatures and heat flux. That is to say, the existence of the CO2 gas 

identified during isotopic study can be later on confirmed by geothermal applications or vice versa 

which definitely suggests the reciprocity and complementarity of both approaches. 

A conceptual model indicating all the potential carbon sources contributions into groundwater was 

developed on the basis of the isotopic data. The very developed tectonics in the region and the very 

intense groundwater flow between different aquifers, as showed by temperature measurements, 

significantly facilitate carbon distribution in aquifers and leads to the mixing of groundwater of 

different origins. The exposure of groundwaters to numerous geochemical processes often leads to 

an overestimation of groundwater ages if common methods are applied. That is why the dilution 

method correction model considering different kinds of interactions involving different types of 
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carbon origin with groundwater was applied. The apparent groundwater ages do not exceed 11 ka. 

However, this result is in contrast with the depleted oxygen-18 and deuterium content which would 

suggest an infiltration in much colder climatic conditions than those prevailing around 11 ka BP in 

Central Europe. The fact, that very depleted water infiltrated around Pleistocene-Holocene 

transition and not during the coldest period of LGM indicates, that the north European ice-sheet 

thaws probably contributed to the groundwater recharge in adjacent areas. 

Geothermal gradients clearly delineated the infiltration and drainage zones within the studied area 

of the BCB which is consistent with the isotopic study indicating the presence of modern and old 

groundwater. The infiltration zone with the lowest geothermal gradients is situated on the northeast 

of the study area and might have been therefore recharged from the north by glacial melt water. 

Although the groundwater dynamics locally and temporarily vary, the dominant groundwater flow 

is directed towards the main drainage axis formed by the Labe (Elbe) River, i.e. towards west. The 

recharge of the BCB aquifers in its infiltration zone explains the presence of modern groundwater 

identified by isotopic methods. The groundwater becomes older along its flowpath. The elevated 

temperatures of sampled groundwaters reflect the great depths of the groundwater flow but also the 

long residence time up to 11 ka during which thermal exchanges with the ambient rock take place. 

On the other hand, modern waters are encountered in the surrounding of the infiltration zone before 

reaching great depths. The groundwater dynamics in the BCB is very complicated as documented 

by the intense vertical flow of groundwaters in many wells. This has to be particularly kept in mind 

if groundwater stratification should be assessed. The groundwater flow and leaching between 

aquifers cause continual mixing between older and modern waters as confirmed by both geothermal 

and isotopic investigation. 

 

The detailed geothermal study of the Benešov-Ústí aquifer system in the north western BCB was 

carried out with the intention to supplement geochemical findings by clarifying the tectonic 

conditions, direction of groundwater flow, groundwater dynamics and regime. Also, it brought 

ample knowledge about the prevailing thermal conditions. The BUAS system has been intensively 

exploited so far and therefore needed to be re-evaluated in terms of the sustainable development not 

only for drinking water but also as a geothermal resource. Natural geothermal conditions in deep 

aquifers can be best evidenced by in situ measurements. Ideally, the heat flux could be deduced 

from deep boreholes reaching the crystalline basement and therefore directly linked to the 

ascending heat from the inner earth layers. However, the lack of deep crystalline-reaching wells 

called for alternate solution. In situ thermometry measurements were performed in approximately 

hundred wells. Very shallow horizons influenced by seasonal temperature variations were not taken 
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into account. Study of temperature profiles provides unique insight into thermal setting inside the 

well and offers a good possibility of detecting many disturbing phenomena having negative 

consequences on the final calculation and surface heat flux spatial distribution. The majority of the 

wells confirmed a vertical flow indicating a high pressure conditions in the lower aquifers. This 

study presented an excellent example of geothermal field distribution and behaviour within different 

portions of a closed hydrogeological unit revealing an intense groundwater circulation. The well-

logging methods helped to identify the zone of infiltration, storage and drainage which can be 

distinguished on the basis of thermal data. Infiltration zones, where ifiltration water constantly cools 

down the rock environment, generally appear colder than drainage areas revealing higher 

temperatures due to the upward groundwater flow from aquifers towards the drainage axes. It was 

concluded, that heat fluxes are considerably influenced by the strong groundwater dynamics which 

disallows the accurate assessment of the heat flux ascending from the upper mantle. Moreover, the 

variability of the lithology plays a key role in the heat flux determination and was properly 

considered during calculations. 

Despite the intense groundwater flow, the geothermal investigation brought new valuable findings 

about the geothermal potential for the region and accompanied many results from the isotopic 

approach. According to the spatial heat flux distribution, the most promising areas occur in the W-E 

zones along Ústí nad Labem and Děčín. These zones are probably related to the tectonic features in 

the area and probably indicate the everlasting activity of the most developed and discussed tectonic 

system crossing the BCB – Ohře (Eger) Rift. Otherwise, compared to the great importance of the 

dynamics of groundwater which is a dominant factor for the heat transfer, tectonics stands rather for 

a secondary effect. The conclusions of the geothermal investigation contribute to the greater 

knowledge of the geological structures and to the determination of the long term 

exploitable/sustainable amount of groundwater. 

 

5.3 Application in practice 

 

The acquired findings from the Czech part of the study – particularly on the geochemistry, mean 

residence times, infiltration and drainage zone location, etc. provide fundamental data related to the 

sustainable development and protection of water. These data can be therefore practically used 

within the on-going project „Rebilance zásob podzemních vod“ (re-balance of groundwater 

reserves), proposed for years 2010 – 2015 by the Czech Geological Survey in the scope of the 

Environmental Operational Program. It is supposed to extend the systematic regional 
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hydrogeological surveys performed in the Czech Republic during the period from the 60th to the 

90th of the 20th century and geological-hydrogeological activities carried out by the Czech 

Geological Survey and Water Research Institute in 2005. 

 

Natural groundwater resources are dynamic time changeable component. Existing evaluations of the 

groundwater resources availability are often older than twenty years and do not consider the 

strongly influenced groundwater dynamics which can be considerably affected by the climate 

changes and anthropogenic activities, notably in dry seasons. Long-term hydrological and 

hydrogeological records show that values acquired in the past do not always correspond to the 

current state of natural resources, i.e. usable groundwater reserves. Results from past 

hydrogeological surveys become quickly out-dated and do not often satisfy the demands of modern 

societies. However, contemporary and future groundwater extraction cannot be based on the old 

calculations omitting the role of groundwater dynamics and residence time. That is why the 

calculation reliability and practical use of the current data has to be verified. The realization of this 

new project will allow a detailed data treatment in selected critical hydrogeological units within the 

Czech territory. 

 

Tab. 2.  List of activities composing the project concenrnig the re-balance of groundwater reserves. Grey 

filling highlights activities which are relevant to include results of this work. 

ACTIVITIES 

1. Data search, data analyses, GIS construction 

2. Quantitative assessment of the groundwater bodies 

3. Field geological survey, geophysics 

4. Hydrogeological wells and drilling 

5. Conceptual hydrogeological model 

6. Hydrological models 

7. Hydaulic models 

8. Hydrochemical models 

9. Groundwater protection related to preserved ecosystems 

10. Summary, results, final report 

11. Propagation activities, conferences, publications 
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The project concerns selected Quaternary, Turonian and Cenomanian aquifers with the highest 

groundwater accumulations within the country. Being one of the most exploited sedimentary 

formations in the Czech Republic, the aquifers of the Bohemian Cretaceous Basin are included in 

the project.The project has been divided into 11 activities as listed in Tab. 2. The highlighted 

activities in Tab. 2 show those, which could be primarily enriched by the findings on geochemistry, 

mean residence times and temperature distribution presented in this work. It picks up the threads of 

an extensive range of the previous research projects including the Project „Optimalization of the use 

and protection of thermal waters in the BUAS” (205/07/0691) in the framework of which this thesis 

was elaborated. 

 

5.4 Perspectives 

 

The importance of groundwater resources is still growing, especially of those from deep 

sedimentary aquifers. It has been shown that such groundwater represents very strategic position in 

the water management as different catastrophic events (e.g. droughts, floods) often threatens 

shallow aquifers and surface water which can therefore cover only part of the water demand. 

However, groundwater reserves in deep aquifers are less accessible for the exploitation. Long 

groundwater residence times suggest also a very limited renewability of the resources and also 

indicate the existence of fossil waters. The long-term overexploitation of such aquifers can lead to 

strong aquifer depletion. In order to prevent this scenario, the assessment of pumping limits for a 

sustainable development requires multi-disciplinary investigation of aquifer systems and reliable 

groundwater modelling. In the scope of the proposed thesis, temperature data and environmental 

isotopes together with radiocarbon activities were analysed to acquire more information on deep 

aquifer systems which allowed significant enrichment and precision of the so far available findings 

on the groundwater recharge conditions from the Late Pleistocene period at both study sites and on 

the geothermal field in the north western part of the Czech Republic. 

 

Relevancy of the performed investigations: 

 

- Mean residence time of groundwaters represent very valuable information to be 

considered during the construction and improvement of conceptual hydrogeological and 

later on also hydraulic models, 



  CONCLUSIONS 

128 

 

- Determination of carbon origin in groundwaters can help for the conceptual models 

construction, 

- Chemical composition of groundwater drives their potential industrial and domestic 

use, 

- Geothermal gradient and heat flux assessment are primordial for the sustainable 

geothermal exploitation of sedimentary formations. 
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Annexe 1  

Proportion of sandy and clayey rocks in the selected wells within the BCB.  Grey-highlighted wells 

were chosen to illustrate a particular lithological group according to a sand ratio (Annexe 2) 
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Annexe 2 

Complete well-logging records including information on lithology 

(wells 2H113, 2H095, VP8450, 2H236) 



  ANNEXE 2 

VII 

 

 

 

 



  ANNEXE 2 

VIII 

 

  

 

 

 



  ANNEXE 2 

IX 

 

 

 

 



  ANNEXE 2 

X 

 

 



  ANNEXE 2 

XI 

 

 

 



  ANNEXE 2 

XII 

 

 



  ANNEXE 2 

XIII 

 

 



  ANNEXE 2 

XIV 

 

 

 

 



  ANNEXE 2 

XV 

 

 

 



  ANNEXE 2 

XVI 

 

 



  ANNEXE 2 

XVII 

 

LEGEND – LIST OF LITHOLOGICAL SYMBOLS 

 

 

Quaternary 

 

Q 31  sand 

Q 41  sandy clay – clayey sand 

Q 51  not specified 

 

Turonian 

 

T 11  sandstone fine grained 

T 12  sandstone medium grained 

T 13  sandstone coarse grained 

T 14  sandstone with slight clay content 

T 15  clayey sandstone  

T 16  silty sandstone 

T 17  marly sandstone 

T 18  sandstone with an organic compound 

T 31  clayey siltstone 

T 32  marly siltstone 

T 33  sandy siltstone 

T 41  sandy marlstone 

T 42  marlstone 

T 43  clayey marlstone 

T 44  cabonatic marlstone 

T 52  silty claystone 

T 53  coal claystone 

T 54  carbonatic claystone 

T 55  carbonatic marlstone – limestone 

T 60  sandstone 

T 70  siltstone 

 

Cenomanian 

 

C 11  sandstone fine grained 

C 12  sandstone medium grained 

C 13  sandstone coarse grained 

C 14  sandstone with slight clay content 

C 15  clayey sandstone 

C 25  sandstone with an organic compoun 

C 26  sandstone with uranium minerals 

C 51  sandy claystone 

C 52  silty claystone 

 

Basement 

 

K 11  crystalline basement 

K 12  permo-carboniferous 


