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ABSTRACT (ENGLISH)

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 (*°0, ?H, **C) combined with radioisotope data (**C, ®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



ABSTRACT (FRENCH)

Résumé

Les études isotopiques couplées avec des informations géothermiques peuvent constituer des outils
pertinents pour 1’exploration des eaux souterraines en tant que ressources en eau potable ou géothermiques.
Ce travail combine les deux approches, isotopes de I’environnement et radioactifs associés a des données de
température sur des aquiféres profonds, dans ’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 Boheme, République Tchéque).

Les isotopes stables (**0, ?H, **C) utilisés conjointement avec des radioisotopes (*C, ®H) sont utilisés pour
estimer 1’époque de la recharge ainsi que les conditions climatiques qui prévalaient lors de I’infiltration
depuis la fin de Pléistocéne jusqu’a nos jours. Définir le type de recharge et les conditions d’écoulement est
nécessaire pour parvenir & modéliser de fagon satisfaisante et fiable les grands systemes aquiféres profonds.
Trois types de recharge ont été définis en Europe - (i) continue, (ii) interrompue lors du dernier maximum
glaciaire (LGM) — un troisieéme type (iii) correspond a des situations particulieres de recharge.

Les conditions géographiques et climatiques trés différentes rencontrées en France et en République Tcheéque
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 Bohéme est estimé a environ 11 ka BP au maximum.
Cependant, I’appauvrissement des teneurs en isotopes stables enregistré suggére une recharge liée a la fonte
de la calotte glaciaire Nord Européenne apres 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 Boheme
ont montrées d’importantes interactions avec différentes sources de carbone qui ont été identifiées.

Pour le site d’étude tchéque, 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 phénomenes viennent perturber le gradient géothermique de la région. Les flux
d’eau souterraine verticaux et les variations lithologiques et topographiques sont a 1’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 I’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’avere nécessaire afin de proposer des modeles mathématiques d’écoulement réalistes.

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

chaleur

Vi



ABSTRACT (CZECH)

Shrnuti

Kombinace metod izotopové hydrogeologie a geotermiky je vyznamnym nastrojem pro pruzkum
podzemnich zdroji k ziskavani pitné vody i geotermalni energie. Tento postup byl v predkladané praci
pouzit pro splnéni hlavniho cile - zpfesnéni a obohaceni dosavadnich znalosti o procesech napajeni hluboko
ulozenych kolektorti v Akvitanské panvi (Francie) a o infiltraénich a geotermalnich dé&jich v Ceské kiidové
panvi (CR) s vyuzitim piirodnich a radioaktivnich izotopii a teplotnich udajt.

Stabilni izotopy (**0, ?H, **C) se spolu s radioaizotopy (**C, *H) pouzivaji k odhadiim stéedni doby zdrzeni
podzemni vody a K objasnéni klimatickych podminek v dobé infiltrace v ¢asovém useku od konce
Pleistocenu do dnes$ni doby. Pro vytvofeni vérohodnych hydrogeologickych modeltt rozsahlych
kolektorovych systémd je nezbytné spravné pochopeni rezimu proudéni podzemnich vod a
charakteru dopliiovani podzemnich zdroji. V Evropé byly rozpoznany tii zptusoby dotace srazkovych vod do
kolektori — (i) prubézné dopliiovani, (ii) pfrerusené dopliovani béhem posledniho glacidlniho maxima
(LGM) a (iii) doplnovani kolektori podléhajici specifickym podminkam.

Rozdilné geografické a klimatické podminky ve Francii a Ceské republice vedou k odlisnému charakteru
napdjeni kolektori podzemnich vod. V jizni Francii, kde panuji relativné mirné klimatické podminky,
nedoslo za poslednich 40 tisic let k vyznamngj§imu pferuseni napajeni kolektort. V Ceské kiidové panvi
byly z dtivodu blizkosti severoevropského ledovce podminky infiltrace komplikovanéjsi. Maximalni doba
zdrzeni podzemnich vod dosahuje 11 tisic let. Tento odhad doby zdrZeni se vSak vztahuje k dob¢ infiltrace
do horninového prostiedi a nikoliv k obdobi, ve kterém doslo ke srazkové ¢innosti. Nizky obsah stabilnich
izotopl totiz naznacuje, Ze infiltrovana voda pochazi ztani ledovcli pokryvajicich severni Evropu, ke
kterému doslo po poslednim glacialnim maximu, pied 18 — 20 tisici lety. Studium izotopti uhliku obsazenych
v podzemnich vodach Ceské kiidové panve pomohlo popsat probihajici chemické procesy v kolektorech, a
tim pFispét k objasnéni piivodu rozpusténého uhliku v podzemnich vodach.

V Ceské kiidové panvi bylo kromé geochemickych dat vyhodnoceno vice neZ teplotnich zdznami
z karotaznich méfeni, které byly vyuzity k vypoctu geotermalniho gradientu. Teplotni pole je v této
geotermalné vyznamné oblasti naruSeno vertikdlnim proudénim podzemnich vod, rtiznorodou petrografii a
topografii. To vede ke slozitému plo§nému rozloZeni tepelného toku Fizeného proudénim podzemnich vod,
které odrazi tektonickou stavbu uzemi a Cetnost vyskytu vulkaniti. Popsany vyzkum pfinesl nové informace

o geotermalnim poli, ale také udaje dulezité pro konstrukei realistickych hydrogeologickych modeli.

Klicova slova: hluboké kolektory, izotopova hydrogeologie, doba zdrzeni, geotermalni potencidl, tepelny tok
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FOREWORD

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 Jirdkova a joint supervision Ph.D. allowance.
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Collaboration team
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institutes in both countries formed an international team. English was assigned as the common

language to facilitate the communication within the team members from both France and the Czech

Republic and is also being used for the thesis manuscript elaboration.

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 Jirdkova — Ph.D. student

Dr. Philippe Le Coustumer — consultation on geology and hydrogeology in Aquitaine Basin

Dr. Frédéric Huneau — consultation on geochemistry and application of environmental isotopes

and groundwater dating in deep sedimentary formations

Dr. Hélene Celle-Jeanton — consultation on application of environmental isotopes and
groundwater dating

Doc. RNDr. Zbyné€k Hrkal, CSc. — consultation on hydrogeology of the Bohemian Cretaceous

Basin

RNDr. Martin Prochazka — provision of temperature data and consultation on hydrogeology,

field conditions and geothermal assessment of the Bohemian Cretaceous Basin

Mgr. Petr Dédecek — correction on the effect of topography and consultation on geothermal
gradient and heat flux of the Bohemian Cretaceous Basin

RNDr. Miroslav Kobr — consultation on lithology within the Bohemian Cretaceous Basin
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INTRODUCTION

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. | 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
(**0) and deuterium (*H) as well as the radioactive isotope tritium (*H) are rare components of the
water molecule. Together with other isotopes, such as carbon-13 (*3C) and carbon-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 Benesov-Usti 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

4
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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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Location

Surface of study area

Dominant geology of
sedimentary sequence

Stratigraphy

N° of main aquifers

Prevailing groundwater use

Geothermal potential

Applied methods

SW France
25 810 km?

Limestones
(+sandstones,claystones)

Jurassic, Cretaceous,
Tertiary

7
Drinking supply
Geothermal purposes

Agriculture

Low temperature

Isotopic hydrogeology
ZH, 180' 130’ MC’ 3H

NW Czech Republic

6 000 km?

Sandstones
(+marlstones, claystones,
carbonated sandstones)

Permo-Carboniferous,
Cretaceous, Tertiary

4

Drinking supply
Geothermal purposes
Agriculture

Low temperature

Isotopic hydrogeology
2H‘ 180' 13C' 14C, 3H

Well-logging measurements

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?, of which 12 490 km? lie within the territory of the Czech Republic.
The study focuses on its north-western part around Bene$ov nad Plouc¢nici and Usti nad Labem. The
Benesov-Usti aquifer system (BUAS) is limited unit covering approximately 1 600 km? which is

rather small in comparison with the entire basin structure. The aquifer system is situated in the
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Benesov 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? 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.

Bohemian Cretaceous Basin

Study area

50 km

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 (Uli¢ny, 1997, 2001). Oldest sediments are of Permo-
Carboniferous age, extended primarily throughout the southern and central part of the study area
(Krasny, 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 D&Cin (Her¢ik et al., 1999) representing the deepest part of the
entire BCB structure.

As a rule, the sediments fill the BeneSov 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 (Her¢ik 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 (Malkovsky, 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 Ohie (Eger) Rift is one of the most discussed in the tectonics in the country. According to
Kopecky, 1978, the Ohie (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 Ohie (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 Ohte (Eger) rift, while the volcanic activity

in the Labe (Elbe) zone is less obvious. The maximum tectonic vertical movement has been

10
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observed along the Krusné 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 (Herc¢ik 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 bul, bu2 and bu4. (Fig. 4).

The most investigated structural element has been the bu3 involving a depressed block structure
called “Stiedohorska kra” covering approximately 75% of the bu3 surface area (1 500 km?).
Separating the surface into three profoundly different structures, the existence of this tectonic

depression has great consequences on the hydrogeological regime.

ﬁ 0 15 30 km

BCB sedimentary area

J Extended study area
Benesov-Usti aquifer system

" Limits of the hydrogeological balance units (bu) in the concerned area

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

hydrogeological departments. Modified from Hercik, 1999.
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The entire aquifer system of Bene$ov nad Plou¢nici and Usti 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 Luzice fault zone.

stratigraphy | thickness ; sy
graphy (m) NW aquifers position SE
> 200
Santon
235-450
Coniac
5-70
Upper ——
Turonian
Middle 20-420 X e
Turonian L
N AGoifer B L B2
Lower 1-135 / RS P Ry M
T i KNG
uronian 5 T '
Cenomanian | 0-110 [XXX : UL T e ]
fz// SLLRRHRK ////%{/Z/?/Fx e PR

Quartzose and clayey-calcareous sandstones

E Calcareous claysotnes, marlstones, clayey biometric limestones, siltstones

% Pre-Cretaceous formations

Fig. 5. Aquifer / aquitard distribution of bu3. Modified from Hercik, 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™*% — 2.10™ m? and a hydraulic gradient of 1-3%o;
(2) B,C - middle aquifers in the Turonian sandstone characterised by a free water table, intrinsic
permeability of 2.10™2 — 2.10° m? and hydraulic gradient of 5-10%o; and (3) D - upper aquifer in
the Coniacian—Santonian sediments just below the surface. Values of the hydrogeological
parameters stated above are taken from Némecek 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 s
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, Usti nad Labem, Dé¢in, Ceska Lipa, Litoméfice 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?/year according to data acquired from the recent survey (Marsalek, unpublished data). This value
has been generated from the database of Severoceské 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.
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3 150 000

4 730 000
3 000 000

\ro” =] f
703 500 5

i A/ ? / 7 _
/, X X 1 14 000
/ 5 £ L0/
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/7]  Benesov-Usti aquifer system (BUAS)

Extraction for domestic purposes 1 000 000| Total extraction (including all aquifers and crystalline)
in the area of BUAS (bu3) in m*/year): 100 000 | Extraction from Cretaceous (m*year)
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purposes within the entire district in m¥year):

pistricTs: [ Litomstice [[] Decin [ Ceska Lipa
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Fig. 6. District distribution in North Bohemia and values of groundwater extraction. Data acquired from
Severoceské 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 D&¢in and Usti nad Labem where exploitation for thermal waters is very
frequent. Thermal water occurrence in the Usti 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? 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?. 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.

15


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

STUDY SITES

ROYAUME-UNI

‘a Era Aquitaine Basin

Study area
S

Anjogs’
MANGE
enitBane Ao
el Pranohe-Conté

iises

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

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,
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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 CO, 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).

21



METHODOLOGY

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.

(if) 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

Q) palaeorecharge conditions, AB (Chapter 4.5)

(i) 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®*, Mg®* Na' K*,S0,% ,CI HCO; ,NO3)| X X -
pH X X -
*H X X -
5°0 X X X
5°H X X X
A'C X X X
53c 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

23



METHODOLOGY

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" of the 20™ century. Many valuable information
from the Turonian and the Cenomanian aquifers were collected by Silar (1976 and personal
communication) and Paces 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 (Stavebni
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 & notation in %o vs. SMOW (Standard Mean

of Ocean Water) as follows:

o= (Rsample/ Rstandard - 1) * 1000,
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where Rsample and Rsandard represent the ratio of heavy to light isotopes of the sample and the
standard, respectively. In 1961, Harmon Craig published his finding that 8'0 and §°H in fresh

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

8°H=8 & 20 + 10 %o SMOW (Fig. 11, Craig, 1961).

40
Warm regions
0 2
Global Precipitation
40 §°H=8.13 5'%0 + 10.8

5?H %o SMOW

Cold regions

'200 T T T T T
25 -20 -15 -10 -5 0
580 %o SMOW

Fig. 11. The meteoric relationship for **0 and ?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 8'®0 and §°H. These gradients
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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
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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 6 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, °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.
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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 CO;, 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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The study was carried cut in the northern part of the Aquitaine Basin extending in Southwest France. The
basin has been intensively expleited for various purpoeses for many years. Although the geological context
is well known, there are still some gaps in the knowledge about the hydrogeochemical regime, ground-
water average residence time and the palaechydrological conditions prevailing during the recharge per-
iod which would help to secure sustainable expleitation of the resources. Environmental isotopes (*%0,
2H, 3H, 13C) together with radiocarbon were used to evaluate hydrechemical evolution, residence time
and palaeorecharge conditions for Jurassic, Cretaceous and Eccene aquifers. Radiocarbon activity in the
aquifers varies widely between 0 and 94 pmc. After radiocarbon corrections the ages indicate both mod-
ern and old waters sometimes exceeding the limit for "*C dating. The Fontes and Garnier model is best
adapted to the specificity of the carbonate system. The content in stable isotopes of water is varying
between 7.7%.and 4.9% for 3180 and 52.3%.to  29.6%. for 82H. The wide ranges of stable isotopic
values imply variable climatic conditions. A greup of isotepically depleted samples was detected, indicat-
ing colder climatic conditions during the recharge. Radiocarbon ages calculation, together with isotopic
signature, pcint cut that the depletion in stable isatopic values fits the period between 20 and 15 ka BP.
and therefore indicate the Last Glacial Maximum (LGM). According to the correction model, the transition
from Pleistocene to Holocene would accur between 15 and 12 ka B.P. Palaechydrological data from the
Nerthern Aquitaine Basin does not confirm a significant hiatus in the recharge history. The recharge con-
ditions in South Europe seem to have occurred under discontinuous permafrost conditions as docu-
mented by many palaecclimatelogical archives. This is in favour of an uninterrupted recharge of the
confined aquifers of Northern Aquitaine Basin. Such information should be considered by modellers in
their attempts to simulate the hydrogeolegical functioning of large confined aquifers on the very long
time range.

© 2009 Elsevier B.V. All rights reserved.

Introduction

the reason why these five isotopes are important tool not only in
isotope hydrology, but also in studies related to atmospheric circu-

During the last decades environmental isotope techniques have
been commonly and largely used in the whole domain of water re-
sources development and management. The stable isctopes oxy-
gen-18 ('®0) and deuterium {?H) as well as the radioactive
isotope tritium {*H) are rare components of the water molecule. To-
gether with other isotopes, such as carbon-13 (*3C) and carbon-14
("), they offer a broad range of possibilities for studying processes
within the water cycle {Clark and Fritz, 1999; Mazor, 2004). This is
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lation and palaeoclimatic investigations (Araguas-Araguas et al.,
2000). The relationship between climate and mean annual stable
isotope contents of precipitation (Dangaard, 1964; Rozanski et al.,
1992) provides significant insights into palaeoclimatic conditions.
The isotopic and elemental composition of groundwater influenced
by climate conditions at the time of recharge may serve as indica-
tors of climate change {Chen et al., 2003). However, various pro-
cesses occurring in aquifers tend to erase recorded climate
fluctuations and samples may also be difficult to date accurately be-
cause they are either mixed or “contaminated” to some extent by
natural subsurface processes. Therefore the isotopic content may
either be diluted or enriched (Darling, 2004). Many studies con-
cerning the palaechydrology of confined reservoirs were carried
out throughout the world {Heaton et al, 1986; Phillips et al.,
1986; Kimmelmann et al,, 1989; Stute and Deak, 1989; Ferronsky
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etal., 1991; Love et al., 1994; Huneau et al., 2001; Chen etal., 2003;
Edmunds et al., 2006; Zhu et al., 2007). The different authors all
pointed out the major importance of palaeorecharge processes to
the aquifers and the great difficulty to clearly delineate the chronol-
ogy and evolution of these mechanisms. This difficulty remains a
point of weakness when hydrogeoclogists are trying to build models
able to reproduce the very long term evolution of groundwater flow
within such confined aquifers (Jost, 2005; Douez, 2007). They are
often confronted to strong uncertainty about the continucus or
semi-continuous recharge of aquifers especially during the transi-
tion from Pleistocene to Holocene. A few authors have demon-
strated that continuous recharge processes have occurred during
the last climatic transition and have proved the existence of
groundwater of different ages within the aquifers (Zuber et al,
2004; Edmunds et al., 2006; Zhu et al., 2007). Zuber et al. (2004)
carried out an extensive multi-tracer study on a limestone aquifer
in Poland and identified four age groups of old waters: waters of
the glacial-Holocene transition period, transition waters with
admixtures of medern water, glacial waters, and glacial waters
mixed with older water. Others propose the existence of a recharge
gap period at the Pleistocene/Holocene interface. This absence of
recharge has been attributed to the existence of more or less contin-
uous permafrost conditions andjor to strong modification in the
atmospheric humidity in the peripheral regions of the North Eurc-
pean ice cap of the Pleistocene. Several studies in permafrost re-
gions of northern Europe were carried out {Loosli et al, 2001;
Beyerle et al. 1998) and they confirmed, that local groundwater re-
charge was prevented by overlying glaciers. Darling (2004) assumes
that more general aridity led to the apparent absence of recharge in
most areas for much of the late Devensian. Despite numerous re-
search efforts, our knowledge about the precise timing of the Last
Glacial Maximum {LGM) and its fingerprint on groundwater re-
mains incomplete and in part controversial. The Northern Aquitaine
area (Southwest France) provides an important dataset with valu-
able information on groundwater’s geochemistry and isotopic com-
position of different aquifers and thus allows making a new
assessment of the palaechydrological features using environmental
isotope techniques.

The Northern Aquitaine Basin is formed of thick sedimentary
deposits forming major aquifers, which for more than a century,
have been intensively exploited for fresh water, irrigation and geo-
thermal supplies. Approximately 8000 irrigation sites were set up
in the regicn with a majority (about 4000 boreholes) in the south-
ern area of the Charente-Maritime {(BRGM, 1999a). Nowadays, the
agricultural activities in this region account for about 2/3 of the
groundwater abstraction. As previously said the Aquitaine Basin
is composed of several water-bearing layers which explain the
abundance of groundwater resources. However, part of them are
often situated in the very shallow horizons, they are extremely vul-
nerable to climatic conditions and to surface pollution mostly orig-
inating from agricultural activities. The vast majority of the most
superficial aquifers are contaminated by nitrate with concentra-
tions often above drinking water standards. There is also evidence
that groundwater is being pumped more rapidly than it is being re-
charged. By 2008, 72% of the measured wells within the uncon-
fined aquifers showed the lower groundwater level to be below
the long term average (O.RE., 2008).

Therefore to guarantee the quality and the volumes of the water
pumped, a clear tendency to the development of news boreholes
tapping deeper aquifers able to provide pristine waters in great
volumes has appeared in the 1990s. But the quality, the origin
and the residence time of groundwater may change as the overex-
ploitation increases and as the volume diminishes. Deeper ground-
water is now very much in demand and the question of the long
term sustainability of such a management of the resource is
appearing. This was one of the reasons why numerous fragmentary

studies were carried out in the region in recent years. Their goal
was to get detailed knowledge of the hydrogeological systems,
water quality, water-rock interactions and groundwater average
residence time.

These results have never been yet put together in order to de-
fine the basin-wide palaeorecharge conditions. The objectives of
our work are to consider a selection of geochemical indicators
coming from this large dataset to provide an overall understanding
of the groundwater evolution in relation with the recharge history
and to bring new insight into the palaeochydrogeological conditions
in West Europe.

Study area
General seiting

The Poitou-Charentes area occupies an area of 25,810 km? and
extends essentially in the northern part of the Aquitaine Basin
and is limited to the west by the oceanic slope of the Atlantic
Ocean. As a rule, the climate of the whole Aquitaine Basin is oce-
anic humid with little differences in temperatures, high humidity
and high precipitation amount during the year. Mean annual pre-
cipitations in Poitou-Charentes vary between 600 (NE) and
950 mm (SW: littoral of Charente-Maritime), heavy rain periods
are frequent all over the year. The average temperature is about
11 °C {Méteo France, 2008) and the most intensive evapotranspira-
tion occurs in summer, from May to September.

Geological setting

From the geological point of view, the particularity of this
zone lies in its location (Fig. 1). It is situated between two Hercy-
nian massifs, the Armorican Massif and the Central Massif and
two sedimentary basins, the Aquitaine Basin and the Paris Basin.
The Northern Aquitaine Basin covers here the whole region going
from the Gironde Estuary in the southwest towards the town of
Poitiers in the northeast. The Aquitaine Basin and the Paris Basin
are separated by the Palaeozoic geological vaulted structure
called “Seuil du Poitou”. The Aquitaine sedimentary complex
has a wide geographical distribution, corresponding to the vari-
ous physiographic features of deposit conditions. From a general
point of view, the geological formations present a decreasing
marine influence from west to east and from south to north, cor-
responding to the decreasing amplitude of the successive marine
transgression (Larroque et al., 2008). The Armorican Massif in the
northwest and the Central Massif in the east of the studied area
are both Palaeozeic formations consisting mainly of granites, vol-
canic rocks, shales and gneisses. The basin is made up of the
large Secondary and Tertiary sedimentation. The Triassic sedi-
ments are absent and the region is covered by a continuous suc-
cession of strata from the Jurassic period. This is the oldest
evidence of sedimentary succession ever located indicating deep
sea conditions. It is outcropping in the central part of the region
along the “Seuil du Poitou™. There are several isolated outcrops of
the Lower Jurassic (Lias - Toarcian and Infra-Tcarcian) in the
central part at the level of the “Seuil du Poitou”, but the great
part of the area is formed by Middle (Dogger — Callovian and In-
fra-Callovian) and Upper Jurassic {Oxfordian) sediments. While
the Lias and Middle Dogger sediments are formed mainly of pure
carbonates, the Callovo-Oxfordian (Upper Dogger and Malm)
deposits reveal higher clay content. The partial sea regression
at the end of the Jurassic period sparked off the brackish
sedimentation. We observe the outcrops of the younger forma-
tions, that is to say the Cretacecus sediments outcrop, towards
the centre of Aquitaine Basin, namely south and north of
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Poitou-Charentes. They consist of limestones, sandstones and
clays. The Lower Cretaceous occurrence is rare and little known.
Several faults which were formed up to the Tertiary period inten-
sely affected the Mesozoic sedimentary cover (Fig. 2), thereby
creating the significant anticline structure of Jonzac in the NW-
SE direction across the southern part of the investigated area.
The Tertiary sedimentary cover, made of sands and gravel car-

Fig. 1. Schematic geclogical map of the study area. Locatien of the wells and the cross-section.

bonates, is mostly developed in the south-eastern part of the
studied area with discontinuous isolated outcrops.

Hydrogeological setting

There are several important water-bearing formations within
the region. On the whole, the Aquitaine Basin is composed of a
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Fig. 2. Schematic geological cress-section SW-NE (BRGM, 19993, modified).
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multilayered aquifer system with an alternation of permeable and
impermeable interstratified layers (André et al., 2002). Aquifers are
mostly fed directly from precipitation and surface runoff in the
peripheral outcrop areas of the basin. In depth, exchanges between
aquifers like upward or downward leakage can also occur and are
documented in many places in the Southern Aquitaine Basin
{(Blavoux et al, 1993; André et al, 2002). Very little information
concerning the northern part of the basin is up to now available.
The main aquifer systems are the Jurassic, the Upper Cretaceous
and the Tertiary layers. Groundwater is widely pumped from most
of these aquifers for drinking purposes, irrigation and geothermal
supplies. The distribution of these aquifers in the Poitou-Charentes
area is illustrated on the schematic cross-section in Fig. 2. Despite
the complex hydrogeological setting, the hydrodynamic conditions
are generally characterised by flow through the porous aquifers
within the whole studied area. In order to get reliable interpreta-
tions about groundwater ages, the study has not been carried out
in the karstified or fissured environments.

Jurassic aquifers

Lower and Middle Jurassic formations (Lias and Dogger) make
up the deepest aquifers of the studied area. These aquifers are lo-
cated between two major impermeable layers: the Hercynian
basement and the clayey Callovian deposits {Mourier and Gabilly,
1985).

The clear distinction between Lias and Dogger, separated by the
Toarcian marls, can be established only near the recharge zone.
Further away from the recharge zone, only one aquifer should be
considered (Mourier and Gabilly, 1985).

The Lias aquifer, generally called Infra-Toarcian in our study is
formed of sands and quartzite sandstones and becomes more car-
bonated towards the top where it changes into dolomitic lime-
stenes. Sands give the intergranular porosity to the aquifer, while
in the carbonated levels fissure porosity is also registered. The In-
fra-Toarcian groundwater is mostly confined but the thin layers of
Toarcian marls and the regional geological organisation facilitate
the communication between the overlying sediments, either by
the faults or by leakage. The reduced outcrop suggests that the an-
nual direct recharge of the aquifer by rainfall is probably low (Le
Gal La Salle et al., 1996). In spite of rare piezometric data in the Lias
aquifer, the general flow direction could be specified NE-SW in the
northern part and E-W in the southern part of the region. This
aquifer is supposed to be recharged by precipitation in the outcrop
zones andjor by Dogger contribution through the main faults. The
transmissivity varies in the range of 1 x 10~ to 2 x 10~° m%js and
the storage coefficient from 5 x 10~? to 2 x 10~> {BRGM, 1996).
The thickness generally increases from NE to SW.

The overlying Dogger aquifer appears as a huge limestone out-
cropping area in the centre of the study area as well as in the
northern part as isolated occurrences. The groundwater level is
uncenfined in the outcrop areas. Towards the south, this aquifer
reaches a few thousands meters below the surface (Infra-Callovian).
The deep Infra-Callovian is exploited for geothermal purposes
(Jonzac, Chantemerle, La Rochelle, Rochefort). The exact flow direc-
tion of this aquifer is poorly known. Nevertheless, the measure-
ment realised in 1981 indicated a general NE-SW flow (BRGM,
1996). The productivity is very variable and closely related to the
fracture density. The aquifer communicates by fissures and faults
with the overlying and underlying formations which together with
precipitation contribute to the recharge processes. Some of the
wells indicated flow rates higher than 100 m?/h.

The Upper jurassic layers constitute the Oxfordian aquifer, by far
the most exploited for irrigation. Nevertheless, some wells serve
also for the drinking water supply. Due to its position close to
the surface, it reflects the interactions with surface water. This
aquifer with fissured porosity is composed of alternating limestone

and marl layers. Only the very first 25 m from the surface reveal
high productivity, because impermeable beds can occur beneath
this level. The flow direction is inherited from the relief and the
ischypses correspond to the topographical contours. The surface
proximity makes thus the aquifer very sensitive to climatic varia-
tions and the principle water input is made from meteoric waters.
The transmissivity coefficient varies between 4 x 107? and
7 x 1072 m?/s (BRGM, 1996).

Cretaceous aquifers

The Cenomanian deposits consist of bioclastic limestones and
sand beds, which form a foremost aquifer. Thus, immense hetero-
geneity resulting from the lithologic anisotropy has been regis-
tered. The multilayered Cretaceous formation constitutes the
main rescurce for fresh water and agricultural supply in the south
of the Poitou-Charente area. The Cenomanian aquifer being con-
fined and unconfined in the region appears to be very variable in
term of petrography and facies. Beside, it is affected by the folded
structure of the anticlinal of Jonzac, in which central part it reaches
the surface. The Cenomanian is usually sandy and becomes more
carbonated towards its top part. The facies succession differs
according to the sector and the multilayered system reaches the
thickness of 50-70 m close to the Atlantic coast. Very low trans-
missivity was calculated (10~*m?/s) in the Cognac region {BRGM,
2006). At the top a marly layer constitutes an overlying confining
bed which assures sufficient hydrogeological isolation.

The Coniacian-Turonian aquifer is one of the most exploited in
the region. This multilayered aquifer located in the southwestern
part of the region, along the Gironde estuary is both confined
and unconfined, consistently with its position in the local structure
of the anticlinal of Jonzac and synclinal of Saintes. Hence, it is re-
charged not only from the outcrop zone but also by leakage in its
confined part. Moving away from the outcrop zone beneath the
Tertiary cover, the fissures and karstic channels become rare. Nat-
urally, the flow rates are very unstable in the fissured environment
and sometimes become very significant. The Lower Turonian is
composed of marly limestones and forms the impermeable base
of the aquifer. The overlying bed is gradually enriched in carbon-
ates and fine sand. The Upper Turonian is considered to be the
main aquifer with a coefficient of transmissivity in the order of
10~2 m%/s. The permeable succession of Turcnian passes to clayey
limestones at the base of Santonian (BRGM, 2006). This changes
the hydraulic parameters, and, as a consequence, coefficient of
transmissivity might decrease down to the order of 10~> m?/s.
The storage coefficient ranges from 10~% to 7 x 10~ (BRGM,
2002a).

Eocene aquifer

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. The quality of Eocene groundwater is very vari-
able. Although these levels might be locally quite productive, the
overall productivity is low and very susceptible to seasonal
fluctuations.

Methods and data treatment
Constitution of dataset

Principle idea of this work was to collect and synthesized data
from different studies already carried ocut in the North Aquitaine

region. Origin of the dataset is stated in Table 1. All treated data
concern the Poitou-Charentes aquifers which have been intensely
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Table 1
Localisation of wells in Lambert I geographical system, tapped aquifer, type of aquifer and the reference study.
No. X Y Aquifer Aquifer type References No. X Y Aquifer Aquifer type References
1 441,900 2,136,290 IT C a 43 368,700 2,148,520 D C b.c
2 448,150 2,128,260 IT C a 44 381,000 2,142,500 Ox u b,c
g 443,830 2,158,890 IT C a 45 381,000 2,142,500 Ox u b.c
4 414,500 2,126,650 IT C a 46 381,000 2,142,500 Ox u b,c
5 417,850 2,150,200 IT C a 47 381,000 2,142,500 ox u b,c
6 424,600 2,170,070 IT C a 48 353,000 2,068,000 C+IC C d
7 473,429 2153482 IT C a 49 362,340 2,067,880 C+IC C d
8 413,847 2,125,109 IT C a 50 359,065 2,074,450 C C d
g 460,960 2,117,570 IT C a 51 359,060 2,074,400 C C d
10 425,300 2,122,400 IT C a 52 374,060 2,066,590 C C d
11 435,250 2,127,140 IT C a 53 348,975 2,084,315 C C d
12 428,800 2,173,800 IT C a 54 346,125 2,080,200 C C d
13 456,120 2,106,050 IT C a 55 - - Ic C ef
14 458,200 2,084,850 IT C a 56 - - C C ef
15 448,425 2,087,160 IT C a 57 - - (o C ef
16 409,200 2,129,500 IT C a 58 373,610 2,046,850 CoT C d
17 455,660 2,081,310 T C a 59 384,560 2,034,850 CoT C d
18 394,860 2,144,150 T C b, 60 358,500 2,063,150 CoT u d
15 416,000 2,143,800 T C b,c 61 375,439 20,414,605 CoT C d
20 370,160 2,112,000 T C b, 62 381,813 2,035,715 CoT C d
21 334,700 2,150,525 T C b.c 63 362,700 2,052,100 CoT u d
22 413,510 2,156,780 T C b.c 64 381,700 2,048,833 CoT C d
23 406,050 2,129,170 T C b.c 65 351,000 2,066,000 CoT C g
24 383,712 2,051,815 T C b.c 66 352,450 2,062,000 CoT C g
25 391,380 2,144,860 T C b.c 67 352,010 2,067,890 CoT C g
26 391,380 2,144,860 T C b.c 68 348,000 2,077,000 CoT C g
27 417,350 2,157,740 T C b.c 69 343,000 2,076,085 CoT C g
28 388,228 2,146,710 T C b.c 70 341450 2,075,850 CoT C g
25 409,500 2,127,420 T C b,c 71 337,830 2,076,000 CoT C g
30 408,230 2,128 480 T C b.c 72 389,400 2,045,700 CoT C ef
31 346,520 2,150,140 T C b,c 73 389,375 2,048,700 CoT C ef
32 344,400 2,110,090 T C b.c 74 369,000 2,048,000 CoT C ef
33 418,250 2,107,110 T C b.c 75 400,000 2,027,000 CoT C ef
34 364,830 2,137,670 T C b.c 76 371,000 2,046,000 CoT C ef
35 302,430 2,142,720 D+IT C b.c 77 351,500 2,044,000 E C hi
36 395,180 2,144,500 D+IT C b.c 78 352,200 2,044,000 E C hi
37 411,000 2,144,000 D+IT C b.c 79 352,500 2,040,500 E C hi
38 391,000 2,153,000 D+IT C b.c 80 356,200 2,034,000 E C hi
39 413,000 2,131,500 D+IT C b.c 81 361,500 2,016,100 E C hi
40 326,600 2,147,800 D+IT C d 82 354,000 2,038,000 E C hi
41 413,115 2,189,880 D C a 83 356,500 2,030,000 E C hi
42 330,650 2,135,600 D C b,c

Aquifer: IT — Infra-Toarcian, D - Dogger, 0x - Oxfordian, C - Cenemanian, IC - Infra-Cenomanian, CoT - Coniacian-Turenian.

Aquifer type: C - confined, U - unconfined.

References: (a) BRGM (2002b), (b) Le Gal La Salle et al. (1996), (c) Savoye (1993), (d) Marlin (1996), (e) Mouragues (2000), (f) BRGM (2001), (g) Marlin et al. (1938), (h) BRGM

(1899b) and (i) BRGM (2000).

explored but always with very fragmentary approaches from 1991
to 2005. In general, distribution of experimental wells is highly
irregular {Fig. 1). The highest density of data appears on the south
- close to the Gironde Estuary — and approximately in the central
part of Poitou-Charentes. Seventy-five groundwater samples
including Jurassic, Cretaceous and Eocene aquifers were analysed
for stable isotopes, 59 samples for *C (including *C measure-
ments). Table 1 introduces the entire data set with number of
wells, their coordinates (Lambert II system), reached aquifer, and
the reference to the original study. Some difficulties were encoun-
tered while determining the Jurassic aquifers. The same boreholes
corresponding to Infra-Callovian in Le Gal La Salle et al. (1996) are
considered as Infra-Tearcian samples in BRGM (2002b). In this
study we follow the latter approach and so we deal with the In-
fra-Toarcian. However, the origin of some samples is clearly de-
fined either as Dogger or mixture of Dogger and Infra-Toarcian
which is justified by the well developed communicaticn between
these aquifers {Mourier and Gabilly, 1985).

Analytical tools

The '®0 and ?H measurements were used to assess the recharge
conditions, while "*C and “C helped to estimate the residence time

in the underground. The stable isotopic composition ('20, ’H
and () is reported in standard 8 notation in which & = {Rsampie/
Rstandara — 1) x 1000, where Rgmple and Rgrandars Tepresent the ratio
of heavy to light isotopes of the sample and standard. The analysis
of radiccarbon is reported as pmc (percent of modern carbon).
The analytical errors are usually in the range of 0.1-0.2%. for
8'%0, 0.8-2%. for °H, 0.1-1.7% for ''C and 0.1-0.2%. for *C. The
interpretation of radiocarbon dating is affected by mixing with
waters of different origin and especially mixing between deep
and surface waters. That is why we used also the geochemistry
of groundwaters to identify such influences and to provide reliable
dating. The main physico-chemical parameters together with iso-
topic composition are listed in Table 2. Twenty more chemical
analyses were randomly chosen from the extensive investigations
on Cretaceous aquifer (BRGM, 2005) in order to plot them into a Pi-
per diagram. This allows us to get better idea about the aquifer
geochemistry and to determine the sea water intrusion into some
wells or the nitrate contamination {(“Modern water indicators”).
Apart from this, the information on modern water input is in some
locations provided by the *H measurement { “Modern water indica-
tors”). To underline the differences between actual and palaecre-
charge conditions we discuss the stable isotopic content of
groundwaters with respect to modern isotopic content (“Stable
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isotopes of water”). Then, carbon isotopes are employed in the cor-
rection model in order to provide reliable residence time of
groundwater (“Carbon isotopes and groundwater ages”). The '*C
content is treated so as to establish the degree of openness with re-
spect to atmospheric CO»; together with '4C activity it helps to
determine the intensity of isotopic exchange between different
phases within the aquifer.

Results and discussion
Physical and chemical data

Several chemical processes have been identified as being impor-
tant in controlling the major ion chemistry {Zhang et al., 2000).
Proportional content of major elements (ClI”, HCO;, SO,, NOJ,
Na*, K*, Ca?* and Mg?*) was plotted in a Piper diagram so as
the main hydrochemical facies could be defined. The waters indi-
cate the variability in the aquifers mineralogy. On the whole, four
zones have been detected (Fig. 3):

(A) Ca- HCOj3: this zone corresponds to the samples of Creta-
ceous, Oxfordian and many of Lower to Middle Jurassic aqui-
fer. Three samples from Eccene (80, 81, 83) are of this
geochemical type as well.

{B) Na-HCO3: only two sampled waters from Jurassic aquifer
(1, 3) indicate this chemical facie.

{C) €a-5S04: only Middle and Lower Jurassic samples were
observed within this zone.

(D) Na-Cl: deeply circulating groundwater and sea invasion
account for such a sedium chloride composition in the Juras-
sic and Eocene (77, 78, 79, 82) aquifers, respectively.

The physical and chemical characteristics of the Jurassic aqui-
fers were already described in detail by Le Gal La Salle et al.
(1996). They show important variations according to the increas-
ing depth, to the progressive confinement from NE to SW and to
the geological facies variation of the aquifer. This statement suits
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also the additional Infra-Toarcian samples with high concentration
of calcium for most of the samples. The Jurassic aquifer is mainly
composed of limestones and dolomites and therefore, the high
content in calcium in groundwaters is explained by the intense dis-
solution of carbonate rocks. Generally speaking, samples originat-
ing from deep horizens reveal high ion content. It is
demonstrated particularly on deep Jurassic wells (21, 24, 32, 35,
42). These waters are generally rich in Ca®", SOi' and I~ with
Na". The sulphates originate from gypsum and anhydrite dissolu-
tion. The occurence of these sediments is supported by the satura-
tion indexes calculation displayed in Table 2, which show slight
over saturation with respect to calcite, dolomite, gypsum and
anhydrite. Only 21 shows slight under saturation for dolomite.
With respect to the coastal position of some wells (21, 32, 35, 40,
41), there is no doubt about sea water contribution in these aquifer
parts. For the well 40, there are no chemical data available and so
this sample was not displayed in the Piper diagram and the satura-
tion indexes could not be calculated. Nevertheless, this sample is
also very rich in Ca?* and SOi’, which is the result of gypsum dis-
solution. The well exploiting the thermal water in Jonzac {(24) is lo-
cated far from the ocean and so its higher chleride and sodium
content is unlikely to be caused by sea water mixing. The ground-
water sampled from this well comes from the depth of about
1850 m and thus is influenced by strong in depth water-rock inter-
actions and is certainly of different origin than the rest of the wells.
It is evident that all waters from Lower to Middle Jurassic aquifers
corresponding to the Ca-S0O,4 and Na-Cl zones originate from the
confined aquifer system where the dissolution of evaporitic miner-
als take place. The Upper Jurassic samples from Oxfordian aquifer
do not prove greater chemical variations, and fit the Ca-HCO3 zone.
The saturation indexes for Oxfordian waters are mostly negative,
which complies with the unconfined structure of the aquifer. There
were nc chemical analyses available for the samples within the
Cretaceous aquifer. Anyway, to get an idea about the chemistry
of Cretaceous groundwaters, we used the chemical analyses from
the Coniacian-Turonian aquifer within the studied area reported
in BRGM (2005). Hence, the samples appearing in the Piper

o Lower and Middle Jurassic
® Oxfordian

4 Cretaceous

o Eocene

/
- Mixing with )
sea, water

ol 45

100

CI+NO3

Fig. 3. Piper diagram showing the chemical evelution and distribution of the different groundwater facies within main aquifers of Northern Aquitaine.
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Fig. 4. Conductivity plotted versus 5'®0. The high values account for mixing of
groundwater with sea water and/or for the calcite and sulphate disselution.

diagram in Fig. 3 represent these samples of Coniacian-Turcnian
aquifer in the studied regicn but do not correspond with the inves-
tigated and discussed samples within this study. It was observed
that the Coniacian-Turonian samples belong mostly to the Ca-
HCO; zone and reveal saturation only with respect to calcite and
dolomite. The Eocene waters might be divided inte two entirely
different chemical groups. One of them correspends to the Ca-
HCO; zone (80, 81, 83) and the other to the Na-Cl zone (77, 78,
79, 82). The Na-Cl content is clearly caused by sea water contribu-
tion into these wells, which might be confirmed by their close po-
sition to the Atlantic coast. The Fig. 4 shows the conductivity
values for a several wells. Despite the incomplete conductivity re-
cord of groundwaters, a group of high conductivity samples was
detected. The Eocene samples (77-79) account for sea water mix-
ing, the Jurassic wells 32, 40 and 42 represent the conductivities
resulting from both the sea water mixing and carbonate/sulphate
dissolution. The value in well 24 mainly results from water-rock
interactions in depth. The values for most of the samples range
within the span between 250 and 13900 pSfcm, which fits to the
carbonated aquifers. Similarly, the pH parameter for most samples
is near neutral values ranging between 6.7 and 7.7 which are char-
acteristic for aquifers consisting mostly of carbonate rocks.

The sea water contribution might be additionally proved by the
content of '*0 and °H in the samples, which is generally enriched
with respect to the isotopic content of modern precipitation (“Sta-
ble isotopes of water”). The samples revealing high Na—Cl content,
suggesting the contribution of different water origins, cannot rigor-
ously be used for age interpretation.

Modern water indicators

The identification of mixing between modern waters and more
confined and isolated waters is essential to give a reasonable age to
groundwater. The anthropogenic fingerprint of modern waters can
be given by the nitrate content, especially in our study area were
agriculture is strongly developed and where high nitrate concen-
tration are often recorded in both surface and groundwater. In
addition a few analyses of groundwater tritium content are avail-
able and provide us with a good indication about the modern or
sub-medern origin of groundwater. Hence noticeable concentra-
tion of nitrate is often assoclated with tritium in a number of wells
displayed in Table 2. Significant content of tritium and/or nitrate in
groundwater samples will be interpreted as an evidence of young
water contribution.

Tritium content was only measured at a few sampling sites
(Jurassic 1-17, 19, 23, 27, 33 and 41, Cretaceous 50, 51, 55-57,
66 and 72-76, Eocene 77-79, 81 and 83) and was really detected
in 18 samples (4, 5, 8-10, 12-16, 19, 23, 41, 55-57, 72, 74 and
79). Estuary waters reveal the highest content of seven TU (BRGM,
1999b) which is in accordance with young water input. The mixing
of estuary and Eocene waters explains three TU in well 79. If the
tritium was not detected, the recharge is anterior to the bomb per-
iod, ie. 1952 (Clark and Fritz, 1999). Obviocusly, a few wells en-
riched in tritium also show nitrate pollution (e.g. 10, 13, 14, 15,
41, 72). Nevertheless, a clear relationship between nitrate and tri-
tium content was not observed, demonstrating that not all the
modern waters are markedly affected by agricultural pollution.

Although at several sites the nitrate content is significantly
high, it does not exceed the limit for drinking water (50 mg/1). Only
the water sampled from the spring 47 with a value 78.7 mg/l, being
situated in the Oxfordian outcrop, is above this limit. The next
highest concentration was measured in a spring water as well
(41) originating from the Jurassic aquifer (44.5 mg/l). Nitrates were
detected in all the investigated aquifers. The samples from the
unconfined Oxfordian aquifer are all contaminated by nitrates
and the presence of modern water in this aquifer is also attested
by the stable isotope content which corresponds to the modern
precipitation (“Stable isctopes of water”).

To determine the modern water input to the aquifer system, we
used both nitrate and tritium records. From Table 2 it is evident,
that all the samples with higher nitrate concentration reveal also
a few units of tritium if it was measured. This does not work rever-
sely, in other words not all waters with detected 3H contain nitrate.
It might be either due to the irregular distribution of agricultural
activities in the region or the denitrification processes in the aqui-
fers (Landreau et al., 1988; Mariotti, 1994). The consequence
resulting from modern water input into the aquifer system is the
fact, that this water having the same isotopic content as the mod-
ern precipitation can significantly medify the isotopic signature of
the palaeowaters. It is not possible to detect all the samples which
are influenced by the modern waters, because of a lack of complete
3H and nitrate analyses. From the available data, we were able to
detect 29 groundwater samples whose isotopic signature is more
or less modified. This fact will be considered in the groundwater
age determination.

Stable isotopes of water

The stable isotope composition in meteoric water reveals a
close relation among a number of environmental parameters, such
as source of moisture, surface air temperature, amount of precipi-
tation, seasonality and altitude (Rozanski, 1985; Clark and Fritz,
1998; Chen et al., 2003; Mazor, 2004). Within the aquifers, the
chemical and isotopic characteristics of water (5'%0, 8°H) vary
and show an evolution in the isotopic content. Hence, the 52H vs.
5'%0 diagram shows the heterogeneity of the recharge conditions
(Fig. 5). The figure shows the Local Meteoric Water Line which
was plotted on the basis of the isotopic data giving the average
weighted values of the isotopic content of rainfall sampled at the
Dax, Brest and Orleans between 1996 and 2002 (BRGM, 2004)
and then on the basis of rainfall isotopic values calculated from
the measurements in lakes and reservoirs close to our experimen-
tal area (Petelet-Giraud et al., 2005). The last mentioned values are
more depleted than values directly measured in precipitation col-
lected at pluviometric stations and reflect probably the higher alti-
tudes of the lakes. The equation for the Local Meteoric Water Line
is 8°H = 8.158'®0 + 10.4 (r* = 0.97) which almost precisely fits the
Craig's equation (Craig, 1961). The modern recharge is character-
ised by values of —6.2%. for 3'0 and —39.2%. for 5°H. The entire
ranges of stable isotope values are from —7.7%o to —4.9%. and from
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Fig. 5. Stable isotope composition of waters in the Aquitaine Basin aquifer system with plot of the Local Meteoric Water Line (BRGM, 1399b, 2004; Petelet-Giraud et al,

2005).

—52.3% to —29.6%., respectively, for !0 and &%H. Two groups of
groundwater can be identified (Fig. 5). Low values were measured
in several samples suggesting lower temperatures during the re-
charge period. This group of waters represents the palaeorecharge
under cold climatic conditions during the late Pleistocene period
and was separated from those of the Holocene (Fig. 5). The isotopic
composition of the Pleistocene groundwater samples is on average
around —7.4%o for '%0 and —48.1%. for °H, which is 1.2%» lighter
in 3'*0 and 8.9%. lighter in 5°H than that in modern precipitation.
They consist of Jurassic samples, one Cenomanian and one Eocene
sample. This Eocene sample does not reveal any communication
neither with the estuary water nor with the sea water (0.3 8'20
%o, 3 5°H %o; BRGM, 1994). The position of this well accounts un-
iquely for the deep groundwater origin {(BRGM, 1999b). In this
group of waters only Coniacian-Turonian samples were not identi-
fied. However, this fact may be simply due to the lack of data. On
the contrary, the higher values concern Jurassic and Eocene sam-
ples resulting from mixing processes with isotopically enriched
sea water. The rest of the groundwaters are placed along the local
meteoric line. All Oxfordian waters indicate a modern origin.

Carbon isotopes and groundwater ages

Variocus correction models were tested in order to provide the
most reliable results. Once the recharge conditions and the resi-
dence time are determined, the timing of palaeorecharge will be
discussed with respect to the LGM and transitional period (“Paleo-
recharge signature and discussion on groundwater ages”).

Models for radiocarbon dating

Much of the carbon in groundwater derives from gaseous €O in
the vadose zone. However, this carbon containing high levels of *4C
is usually diluted by low '*C activity carbon dissolved from miner-
als during groundwater recharge. The radiocarbon age of ground-
water is given by general law of radioactive decay.

In order to calculate the age of groundwater in carbonate aqui-
fers, the initial activity of this radioactive isotope must be deter-
mined. It might be determined from various models considering
mass balances (TAMERS, 1967), isotope balance (INGERSON and
PEARSON, 1964) or both (FONTES and GARNIER, 1979). MOOK

(1972, 1976, 1980) consider partial or complete isotopic equilibra-
tion between the gaseous phase and all the carbon species. An at-
tempt to simplify the concept of the exchange-mixing model was
introduced in a study made by the IAEA (Salem et al., 1980).
EVANS's approach (Evans et al.,, 1979) accounts for the dissolution
processes that occur in the presence of an infinite reserveir of car-
bonate. EICHINGER (1983) introduces a correction for the partial
isotope exchange with carbonates of the aquifer matrix. It is
important to emphasize that the geochemical models may be rea-
sonable but not always exact correction methods.

For the radiocarbon dating of groundwater it is important to
understand the geochemical processes in the unsaturated zone
and in the aquifer after the recharge. The DIC and the '3C evolution
provide an insight into these processes and can help to improve the
quality of the age calculation.

Carbon isotopes

Many problems have to be solved for a “safe” use of carbon iso-
topes in groundwater dating especially in the case of carbonate
aquifers (Fontes, 1985). The main problem can be met in the case
of carbonate saturation, when dissolution proceeds at the same
time as precipitation. When this happens, the isotopes are still
exchanging between liquid and solid phase while the chemical
composition remains constant. This would suggest that chemical
effects are often predominant over age effects and that many
waters are actually younger than estimated from chemical or iso-
tope models.

In the studied aquifers we have to take into account the carbon-
ate dissolution which is sensitive to the partial pressure of CO,
(Pco,). The higher the CO, concentration in the soil, the higher
the amount of calcite dissolved will be, and the higher the DIC.
The dissolution of CO; and calcite is a possible source of '*C. The
13¢C content of the biogenic CO; is considered to be about —21%.
in this study which is characteristic of the natural C-3 vegetation
under temperate climate (Deines et al., 1974). This value is within
the average value —21.6%. measured by Emblanch {1997) in car-
bonated scil of South France and also used by Huneau (2000) in
Southeast France. On the other hand, the 'C content of carbonated
rock is generally considered equal to 0%, (Clark and Fritz, 1999)
with little variations from —2%o to +2%.. The '3C contents for Lower
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and Middle Jurassic aquifer range widely from —11.7%s to —1.8%o
vs. PDB. The Oxfordian aquifer reveals a closer relationship to the
soil conditions with higher values ranging between —14%. and
—12%.. Concerning the Cretaceous, the 8'3C isotopic content in
DIC varies from —13.7%. to —9.19%. for the Cencmanian and from
—12.8%0 to —6%. for the Coniacian-Turonian. In order to asses the
character of the system in which carbon evolves (open or closed), a
calculation of 13Ceq ('3C of gaseous phase in equilibrium) is carried
out (Le Gal La Salle et al., 1996):

81Cq = fr — (a8, _g + bey_g +cc_g)/CT

where &7 is the 13C content of the TDIC; g, b, ¢ are the molarities of
H,C03, HCO; and CO%‘, respectively; £a_g, £p_g, Ec_g¢ are the frac-
tionation factors between the C species (Mook, 1979); CT is the total
dissolved inorganic C (mol 1-!). The calculated 13Ceq (Table 2) var-
ies from —21.9% to —8.4%. Values approaching '*C in the soil
(—21%0) show an open system where the modern recharge domi-
nates. The closer the value is to 0%., the more the system is closed
and the palaeowaters occur. Within our data we have approxi-
mately the same number of samples from open (0), closed (C)
and intermediate (I) system which indicates a mixture between
evolved and less evolved waters. Note, that the Middle and Lower
Jurassic deep aquifers are generally enriched in §'3C with respect
to the soil CO, showing a closed system or gradually closing system,
which was already observed by Le Gal La Salle et al. (1996). The
measurements on the Oxfordian and Cretaceous aquifer showed
values characteristic for open system conditions.

The combination of P¢g,, DIC and 813C canso provide an indica-
tion of recharge conditions as shown in Table 2. The decrease of
Pco, principally indicates dissolution of calcite. The Peo, of soil
was not measured in the region but can be assumed from the mod-
ern groundwater samples and is confirmed by André et al. (2005).
The average value varies from 0.02 to 0.02 atm or from —1.7 to
—1.5 expressed as log Py, and corresponds to the value measured
in the south of France by Huneau (2000). The calculated Pco, for
most of the groundwaters is less than that of soil indicating the
consumption of CO, which has been consumed by calcite dissolu-
tion. This is confirmed also by calcite saturation or even cver satu-
ration for very old groundwaters.

Activities of '*C vary widely (Table 2) and, in some areas, are
very close to 0 pmc, suggesting a very long residence time within

the aquifer. In general, the C dating is uncertain for very low val-
ues (Zuber et al., 2004). Those values are observed in the Lower and
Middle Jurassic aquifer mainly in the western part of the study area
(20,21, 32, 34,35, 40, 12 and 43). For some of them (21, 32, 35, 40)
the old sea water mixing phenocmenon is responsible for lower val-
ues. Very low values were measured in Jonzac (24) with the activ-
ity of 0.9 pmc and in both Cretaceous aquifers (52, 54, 59, 62, 71).
On the contrary, high values between 74.3 and 93.8 pmc come
from the unconfined Oxfordian aquifer, which indicates a moedern
contribution to the recharge. The same is registered in the Creta-
ceous boreholes tapping the unconfined aquifer (e.g. 60, 61) with
considerable content in nitrate as a tracer of modern waters. The
confined Cretaceous aquifer shows a wide range of activities indi-
cating both very old {62) and more recent (e.g. 68, 69) waters.

The inverse evolution of "C and 5'3C downgradient demon-
strates that an important loss of C is caused by the geochemical
reactions with carbonates in the aquifers (Fig. 6). The carbonate
dissoluticn during the infiltration processes increases DIC and en-
riches the §'3C value. After the groundwater reached calcite satura-
tion cation exchange reduces Ca®" concentration and induces again
calcite dissolution. This implies an intense isotopic exchange be-
tween DIC, and the carbonated matrix through time (Kloppmann
et al., 1998; Huneau and Travi, 2008). We observe low content of
13C in modern waters, whereas palaeowaters are enriched in this
isotope. The samples mixed with saline water (21, 32, 35, 40, 42)
are located at the bottom of an evolution line (Fig. 6) indicating
very low C activities and the enrichment in the **C isotope. From
this relation we note that samples previously identified as “mixing
origin samples” suggest an old sea water intrusion and/or a low ra-
tio of mixing (Clark and Fritz, 1999). Fig. 5 shows, that the sea
water participation is minor and therefore the C activity varia-
tions are very little.

The observed chemical processes need to be considered within
the mixing and exchange model which will be used for the most
representative and adequate groundwater age determination.

The choice of model

The C content of primary recharge is required for "C dating. In
addition, the '3C content in the soil and carbonates has to be iden-
tified. The application of a 5'3C value of —21%. {“Carbon isotopes”)
for primary recharge and 0%, for the aquifer carbonate matrix
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Fig. 6. Exponential relationship between carbon isotopes showing the gradual isotepic exchange between solid phase and DIC of groundwater.
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(Clark and Fritz, 1999) allowed us to calculate the initial **C activ-
ities Ag, Only waters clearly showing the absence of mixing with
sea water have been considered within the dating. Although none
of the studied samples reveal a strong influence of ccean waters,
their isotopic composition is certainly influenced by saline waters
and the dating would not be reliable.

Seven commonly used models were comparatively assessed in
the study. The Mook and IAEA models gave similar results and
the Pearson, F&G, Evans and Eichinger models produced results
in broad agreement as already observed by Gallagher et al
(2000). Considering the whole geochemistry of the aquifers, the
correction introduced in the F&G model seems to match well the
gecchemical conditions of carbonate aquifers. The rest of models
are not convincing because of their inability to correct for solid
phase isotopic exchange in aquifers.

Palaeorecharge signature and discussion on groundwater ages

The results obtained with the F&G model are displayed in Table
2 and shown on Fig. 7, which plots the groundwater ages vs. stable
isotope content. The figure displays the error spans calculated for
each sample. For an easy identification of samples, which were

of Hydrology 368 (2009) I-16

determined in “Modern water indicators” as modern due to higher
nitrate content, they were highlighted in grey in the picture. It is
generally considered, that the relationship of deuterium with age
is more reliable than that of oxygen-18, since oxygen-18 is more
sensitive to possible evaporation effect during infiltration pro-
cesses (Clark and Fritz, 1999). Moreover, the deuterium content
in water can not be influenced by the geothermic exchanges be-
tween water and rock (Rozanski, 1985). Although the deuterium
function (Fig. 7a) seems to be indeed more reliable than that of
oxygen-18 (Fig. 7b), both graphics show three principle groups of
groundwaters which could be determined with respect to different
content of heavy isotopes marked by average values of —6.2%o in
5180 and —39.3%. for 8°H. The first group correlated with the radio-
carbon ages from 10 ka B.P. up to the present corresponds to Holo-
cene waters revealing the highest values with on average —6%. and
—38.5% for 5'%0 and 8%H, respectively. The average values for the
second are —7.4%. and —48%. for 5'%0 and &H, respectively. This
group of samples ranges between 20 and 15 ka B.P. and represents
the cold recharge of the LGM. Finally the third group of samples is
dated prior to LGM and reveals the average values —6.5%. and
—41.8%. for 3'®0 and &°H, respectively. Hence, the observed
light isotopic content might be consistent with colder climatic
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conditions of the end of the Pleistocene. The other two groups of
waters - prior and post LGM period - reveal enriched values, thus
warmer climatic conditions corresponding to the interstadial ages.
From the scatter of the points it is evident that the isotopic enrich-
ment priocr to LGM is not as high as in the Holocene and therefore
the last interglacial occurring in Holocene is warmer than the per-
iod to the LGM. The climatic transition Holocene/Pleistocene corre-
sponds to the period between approximately 15-12 ka B.P. In
several European sites, the climatic transition was determined
around 15-10 ka B.P. Our finding falls within this span and is con-
sistent with findings of other authors who assume that the LGM
period took place about 18 ka ago (CLIMAP, 1976; Stute et al,
1992; Castro et al., 2000). Buoncristiani and Campy {2004) studied
the expansicn and retreat of the Jura ice sheet in Northeast France.
They assume that the LGM period took place about 18 ka ago. The
same timing was established using “He and 'C data in different
aquifers in world {Castro et al., 2000). In addition the radiocarbon
dating on mammals’ bones in the Aquitaine region (Drucker et al.,
2003) or the pollen investigations of deciduous trees {(Brewer et al.,
2002) determine the LGM between 18 and 15 ka B.P.

The F&G model allows us to determine the ages up to 30ka. In
the case of very low 'C values of DIC, the age can be calculated but
usually exceeds 30-20 ka. According to Fontes (1985), estimations
of groundwater “ages” older than 25 ka are risky and the ages over
30ka B.P. are unacceptable. In our study, we have such samples
from the Jurassic aquifer (20, 24). Apart from the Jurassic samples
it is evident, that old waters appear also in Coniacian-Turonian
aquifer (59, 62). One Cenomanian sample which is extremely de-
pleted in stable isctopes suggests an age around 20 ka B.P. There
is some doubt about the continucus precipitation input during
the LGM period, namely between 17 and 14 ka B.P. Within this
span, we have no direct observation. We have cne misrepresenta-
tive observation (54) around 16.7 ka B.P. which must be discarded
owing to high nitrate content caused by modern surface water con-
tamination. This sample which was not for this reason reported in
Fig. 7 comes from the Cenomanian aquifer and the modern water
input makes it artificially younger. The rest of the samples contain-
ing nitrates were intentionally reported in Fig. 7 in order to

&
3

demonstrate mixing between modern and more evolved waters
occurrences {e.g. 19, 29, 64).

Anyway, our dataset does not clearly show the existence of a re-
charge hiatus. We can just note the existence of a short period
without data around 17 ka B.P. This could be according to Darling
{2004) the so called “recharge gap”. Nevertheless, the '“C dating is
a very delicate method and the apparent gap in recharge might be
a consequence of the lack of “gap-aged” samples rather than of the
absolute absence of recharge. Obviously, the probability to find
water of a particular age decreases with lower recharge intensity,
which doubtless occurred during LGM. In comparison to the
groundwater ages, the gap is not long enough to make it possible
to confirm a complete recharge absence. According to Darling
{2004) and Douez (2007) the LGM resulted in more or less contin-
uous permafrost conditions which prevented the aquifers from
being recharged. Darling (2004) demonstrated significant recharge
gaps in several European countries. On the basis of several studies
the permafrost occurred mainly in the countries of Northern Eur-
ope (Bath et al, 1979; Purtschert et al, 2008), where it is very
likely to suppose absence of recharge during the LGM period. How-
ever, the recharge gap in Southern Furopean aquifers is more dis-
putable and according to Texier and Bertran (1993}, only very
discontinuous permafrost can have developed in the Aquitaine Ba-
sin, which might have resulted in discontinuous recharge. The
Pleistocene period with the minimum temperature established
by numerous studies as varying between 5 and 9 °C lower than
at present time {Rozanski, 1985; Stute et al, 1995; Thompson
et al., 1995; Edmunds et al,, 2006; Huneau, 2000; Aeschbach-Hertig
et al., 2002; Chen et al,, 2003), is unlikely to cause continuous per-
mafrost conditions in this area. As proposed by Darling (2004) the
recharge conditions could also have been influenced via the precip-
itation regime perturbation and lower rainfall amounts in the re-
gions farther away from the ice cover which could have led to
lower recharge intensity. The considered recharge gaps in different
Eurcpean sites appear to occur during different time spans, and
some observations remain difficult to explain but are certainly re-
lated to the methods of dating used. Radiocarbon dating methodol-
ogy on groundwater can only give an estimation of “groundwater
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age” and is extremely sensitive to the geochemical and hydrody-
namic conditions within the aquifer.

Groundwaier ages in France

To generalise and interpret our results on a larger scale, we col-
lected data from various large aquifers of France. These allow us
cbserving the differences in recharge signature. Apart from the dis-
cussed North Aquitaine Basin the referenced regions are: South
Aquitaine Basin {Douez, 2007), Valréas Basin in Southeast France
(Huneau, 2000) and the Lorraine region investigated since 1980
(Blavoux and Olive, 1981; Rudolph et al., 1984). Fig. 8 shows the
plot of 5°H versus corrected groundwater age for each region. Con-
cerning modern waters these graphics clearly show the differences
in the isotopic content in particular regions. The main phenome-
nen which is responsible for these differences is the continental ef-
fect. While the average 5°H value for the waters in the North
Aquitaine Basin discussed in this paper is arcund —38%o, the inland
samples from the Lorraine region show a lighter average value
around —63%.. The groundwater from the South Aquitaine Basin
reveals slightly higher content in heavy isotopes than the North
Aquitaine Basin. This fact accounts for the geographical position
of the regions with the distance from the ocean. The precipitation
contributing to the aquifers in the Aquitaine Basin are mainly
formed above the ocean, which explains the high isotopic values
in this area. On the contrary, the Lorraine region is not influenced
by the sea proximity, which explains that the values remain
depleted.

Regardless of the different isotopic content for selected regions,
the same general trend is observed. During the last 20,000 years,
the climate has undergone a period of major change from a glacial
period with cold atmospheric temperatures between 18 and 15 ka,
to an interglacial warm period as was shown in many regions in
the world {Clark and Fritz, 1999; Edmunds and Shand, 2008).

The observation in France, particularly in the North Aquitaine
Basin, fits this hypothesis.

The incertitude of the dating method is added in the Fig. 8 for
the aquifers (with the exception of aquifers in Lorraine, where
the data are not available). In the south of the Aquitaine Basin
we do not have much information about the waters younger than
10 ka. This dataset shows a large number of samples within the
span between 23 and 16 ka. Considering the error bars for each
sample, it is not possible to place any recharge gap during the as-
sumed coldest climatic period. The similar observation has been
made in the Lorraine region, where - in spite of the lack of data
for error bar plotting - the samples show ages ranging from
35 ka up to the present days continuously, without a clear recharge
gap. Despite the lower density of water samples revealing the age
within the LGM span, the investigation in Valréas Basin brought
comparable findings. At least one sample was determined between
18 and 15 ka. In the Aquitaine Basin and in the Lorraine region, the
isotopic content oscillated during last 30 ka with high values prior
to LGM, low values during LGM and the highest values since the
climatic transition at the beginning of the Holocene. The water le-
vel changes could have some effect on the isotopic signature of
rainfall recharging the aquifers. During the LGM, the level of the
Atlantic Ocean was about 120 m below present time situation
and the shore was about 100-120 km towards the west. Thus the
study area was in a more “continental situation” which can affect
the isctopic content towards slightly more depleted values. But
this very little change is probably hidden by the stronger paleocli-
matic effect.

Over most of Europe, there appear to be little changes in the
atmospheric circulation pattern since Late Pleistocene (Rozanski,
1985; Jouzel et al., 2000). Areas most affected by change seem
likely to be either in high latitudes (Jouzel et al., 2000) or in zones

which oscillate between humid and arid conditions, e.g. in the
northern Sahara (Sonntag et al., 1978).

We do not have data from other climate archive on south
western France but we can mention that in south-eastern France,
during the LGM, the average rainfall amount is estimated, thanks
to pollen reconstruction, around 700 and 900 mm/year {Peyron
et al., 1998) which is quite in agreement with present time sit-
uation. Since atmospheric circulaticns were more or less identi-
cal, we can suspect that rainfall amount was not greatly
modifled.

From the knowledge of modern isotopic signature and the aver-
age isotopic value during the LGM, we are able to estimate the iso-
topic enrichment since the LGM up to the Holocene period. Even if
the isotopic values in different regions are influenced by the conti-
nental and altitudinal effects, the average enrichment is around
10-12%. in 8°H as shown on the Fig. 8 and around 2.0-2.2%. for
8180 for aquifers of North Aquitaine Basin, Lorraine and the Valréas
Basin. The isotopic enrichment in the south of Aquitaine is difficult
to estimate because of the lack of modern water samples. The cited
values are in good agreement with data from many different Euro-
pean aquifers (Clark and Fritz, 1999).

Conclusion

Our investigation of the northern part of the Aquitaine Basin,
which provides large and high storage capacity aquifers, made it
possible to characterise the recharge evolution in Southwest
France. The surveyed aquifers are widely heterogenous from the
stratigraphic point of view but they are all made of carbonates
which give the main geochemical signature to groundwater. As a
consequence the hydrochemistry varies in accordance with the
changes in lithological facies but is clearly dominated by carbonate
equilibrium. The study of carbon isotopes allowed us to estimate
the overall age of groundwater occurring in the main regional aqui-
fers. Very low activities cbserved at many places suggest that
water infiltrated during the end of the Pleistocene and can thus
be considered as palaeowater. The palaeoclimatic effect is respon-
sible for the very wide spectrum of stable isotope values encoun-
tered. The depletion in 5%0 and &°H values reflects lower
average atmospheric temperatures during the LGM period be-
tween 20 and 15 ka B.P. The transition from Pleistocene to Holo-
cene is marked by fast enrichment in %0 and 8°H especially
between 15 and 12 ka B.P. The climate in this period changed from
cold and dry to warm and humid which is shown by isotopic
enrichment during the Holocene period. The recharge chronology
does not clearly confirm a significant hiatus during the LGM and
the end of the Pleistocene. This information may be useful for fu-
ture hydrogeological investigation in the Aquitaine Basin and else-
where in Southern Europe and confirms the interest of
groundwater as a palaeoclimate archive. Such information is also
essential and should be considered by modellers in their attempts
to simulate the hydrogeological functicning of large confined aqui-
fers on the very long time range. It is then of major importance to
be able to evaluate if these systems are at present time functioning
in permanent or transient conditions from the recharge processes
point of view.
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The Bohemian Cretaceous Basin represents a complex hydrogeological system composed of several aqui-
fers with very favourable hydrogeoclogical properties. These aquifers have been expleited for many years.
The sustainability of such resources might be guaranteed by well organised water management, which
requires a detailed knowledge about the functioning of the hydrogeclogical system. Althcugh many
efforts have previously been made to evaluate groundwater residence time, the many intricate geachem-
ical processes complicate groundwater dating. The current study clarifies the functioning of this complex
hydrogeclogical basin using hydrogecchemical and isotopic investigations. Chemical data and a combi-
nation of 13C and ™C isotopes within the Cenomanian and the Turonian layers indicate groundwater
interactions with deep-seated CO,, rack matrix, surface waters and fossil crganic matter. Very depleted
51°C values (average 5'°C~ 13.4%.) suggest interactions with fossil organic matter, whereas enriched
values account for the interaction with deep CQ, gas ascending frem the upper mantle via the numercus
faults and fractures, and also, tc a lesser extent, froem calcite disselution. Geechemical processes that take
place in the system cause a clear depletion in **C that greatly complicates groundwater residence time
evaluation. Different diluticn correction models have been applied considering the different C origins.
The stable isotope content, mainly %0 values, indicates both the contribution of modern precipitation
and the partial infiltration of palaesowaters during colder climatic conditions from the end of the Pleisto-
cene. The apparent **C groundwater ages range from modern to 11.1 ka BP, which suggests some post
glacial infiltration from melting ice sheets. Finally, all the acquired information was used to propose a
conceptual model of C origin within the basin.

Editorial handling by W.M. Edmunds

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction huge floods of 2002 in the whole of Central Europe (3ilar, 2007).

Deep aquifers with long residence time waters are also well pro-

The Bohemian Cretaceous Basin (BCB) is the largest sedimen-
tary complex of the Czech Republic. Because of its favourable
hydrogeological conditions, it has been exploited for more than a
century, most often for water supply and geothermal purposes.
Nowadays, with the increasing exploitation of drinking and ther-
mal waters, a new challenge appears, to protect the BCB ground-
water. Groundwater in deep sedimentary formations represents
an important strategic resource that often replaces conventional
water supply from shallow reservoirs and/or from crystalline rocks
following pollution or even catastrophic events in order to prevent
disease epidemics andfor to guaranty the access of populations to
safe drinking water supply. This was particularly true during the

* Corresponding author. Tel.: +33 5 40 00 88 41; fax: +33 54000 31 13.
E-muail address: frederic.huneau@u-bordeaux1.fr (F. Huneau).

0883-2927/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.apgeochem.2010.05.012

tected from all negative climatic events leading to the decrease
of infiltration {lower amount of precipitation, increase in tempera-
ture orfand evapotranspiration rate modification, etc.). Thus
groundwater resources from deep sedimentary formations can
guarantee the sustainable development of water supply (Raoult
et al, 1997, 1998; Edmunds et al., 2002; Jost, 2005; Douez, 2007;
Celle-Jeanton et al., 2009); but, in many places, they should be bet-
ter constrained in order to sustain them.

Envirenmental isotope techniques have been applied in many
regional and local investigations in order to understand the origin
of water, the flow paths, the residence time and the geochemical
processes within aquifers (Marques et al, 1996; Edmunds and
Smedley, 2000; Huneau and Blavoux, 2000; Birkle et al., 2001; Hu-
neau et al,, 2001; Edmunds et al., 2003; Edmunds, 2005; Carreira
et al., 2008: Edmunds and Shand, 2008; Huneau and Travi, 2008;
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Coetsiers and Walraevens, 2009; Celle-Jeanton et al., 2009; Jira-
kova et al., 2009). Isotopic hydrogeology, with various approaches
for groundwater dating notably by using C isotopes, has already
been used in the Czech Republic (§ilar, 1976, 1989; Bates et al,,
2007; Paces et al., 2008). The results of these studies showed that
the majority of groundwater in the platform sediments of the
whole Bohemian Massif are within the limits of radiocarbon dating
and that some waters reveal both H content and very low radio-
carbon activity, indicating that complex interaction processes
could be involved and could have lead to a modification of the ori-
ginal isotopic signature.

This paper presents a global re-evaluation and synthesis of the
data obtained from different studies with special emphasis on the
origin of € isotopes in groundwater. At present, the simplest ap-
proach to radiocarbon dating of groundwater assumes that '4C
moves with the water molecules along the flow path and that
the main mechanism enabling the change of the C content is
radioactive decay. In most situations this is not the case, because
the signature may be diluted, particularly by “C-free sources {Car-
reira et al., 2008). The determinaticn of the main geochemical pro-
cesses within the aquifers allowed introducing several dating
techniques to estimate the apparent radiocarbon groundwater
age. Knowledge of water origin is then essential to understand
the geochemistry and the dynamics of the groundwater system
which is fundamental to manage the sustainability of the exploita-
tion of groundwater resources.

2. Study area
2.1. General setting

The BCB is the most extensive continuous sedimentary basin of
the platform cover of the Bohemian Massif. It extends over an area
of about 14,600 km?, of which 12,490 km? lie within the territory
of the Czech Republic (Fig. 1). On the west, the basin crosses the
border with Germany and extends towards the Dresden area. The
study area covers approximately 6000 km® The west and the north
borders are formed by mountain ridges. The climate is continental
humid with mean annual temperatures from 7°C to 9 °C (data
from 1961 to 1990; Czech Hydrometeorclogical Institute, 2009).
The temperatures are controlled mainly by altitude differences
which range between 100 and 700 m a.s.l. for the majority of study
area. The annual precipitation has a zonal character ranging from
500 mm in the south up to 1000 mm in the north (data from
1961 to 1990; Czech Hydrometeorological Institute, 2009). The re-
charge of the Cenomanian and Turonian aquifers occurs mainly in
the north-eastern part of the study area which corresponds to a
mountainous area. The infiltrated water follows the hydraulic gra-
dient and flows towards the Labe River which represents the main
drainage axis of the basin.

2.2. Geological setting and tectonics

The BCB is an intra-continental basin formed as a seaway be-
tween the North Sea Basin and the Tethys Ocean. A simplified geol-
ogy with major structural characteristics is displayed in Figs. 1 and
2. The basement is formed by partially metamorphosed Proterozoic
and Palaeozoic rocks, locally pierced by intrusive rocks. The occur-
rence of volcanic rocks is very scattered throughout the north-wes-
tern area. The basement is in some places covered with Permo-
Carboniferous beds of both sediments {claystones, siltstones, grey-
wackes, arkoses, conglomerates) and volcanic rocks (Klein, 1979).
This geological succession (Fig. 2) extends mainly over the south
with a few occurrences in the north (Krdsny, 1973; Fediuk,
1996). Some of the Permo-Carboniferous sediments may contain

fossil organic matter, particularly black coal deposits identified
mainly in the south-eastern part of the study zone, with a maxi-
mum thickness of several hundreds of meters SW from Mlada
Boleslav {Jetel, 1982). Permo-Carboniferous sediments do not cut-
crop in the study zone, they are only found to the NE of the study
area. During the Variscan, major folding and metamorphic events
occurred. The BCB was formed by the reactivation of a fault system
in the Variscan basement of the Bohemian Massif during the mid-
Cretaceous (Ulicny, 1997, 2001). The sediments accumulated from
the Early Cenomanian or even from the Late Albian to the Santo-
nian. The Upper Cretaceous sediments in this region show a partic-
ular dominance of sandstones, locally very rich in quartz {(up to
99%) over other rock types. Six lithostratigraphic units can be dis-
tinguished, from the oldest to the youngest respectively: Late Al-
bian, Cenomanian (marine deposits), Lower Turonian, Middle
Turcnian, Upper Turonian, Coniacian and Santonian. Cech et al
(2005) observed abundant plant debris in the marine Cenomanian
beds and Koldfova and Krasny (1972) confirmed the occasional
occurrence of carbonized wood and plant detritus within the mar-
ine Cenomanian sediments. Similarly, on the basis of well-logging
measurements, Datel et al. (2009) identified some sandstone beds
within the Cenomanian aquifer containing fossil organic material.
According to Pales et al. (2008), siltstones and clays in the Ceno-
manian locally contain up to 1% fossil organic C.

The thickness of the sedimentary formation in the BCB typically
ranges between 200 and 400 m, but in the vicinity of the city of
D&Cin reaches up to 1200 m. Tertiary sediments and frequent small
occurrences of intrusive rocks forming volcanic hills and moun-
tains markedly affect the surface. The sedimentary succession in
this area is considerably affected by fault structures of local and re-
gional importance. The Saxonic block-fault tectonics has substan-
tially influenced the development of the Bohemian Massif after
the end of the Variscan orogenesis, when the Bohemian Massif be-
came a rising consolidated block {Malkovsky, 1976). Numerous
faults are still important. The principle directions of displacement
zones are SW-NE (Frzgebirge) and NW-SE (Sudetic). The Ohfe
(Eger) rift, active from the Oligocene to the Pleistocene (Kopecky,
1978), is the most dominant structure in western Bohemia and
strikes the study area only with its marginal faults (Kru$né Hory
and Litoméfice fault). Many distinct volcanic features are defined
within the Ohfe (Eger) rift, but the volcanic activity in the Labe
(Elbe) zone is less obvious. The intersection of the zone with the
Ohfe (Eger) rift coincides with the Plioccene necvolcanic event
made up of an extrusion of nephelinite basanite to clivine basalt.
The maximum tectonic vertical movement tock place along the
Kru3né Hory fault. The total throw is estimated to be about 800-
1500 m. Ductile deformation of the Cretaceous sediments (folds)
is present across the whole basin with fold structures with a W—
E direction formed in the initial phases of the Saxonian tectogene-
sis and that are not continuous over the whole area. The folds were
sometimes displaced by faulting during subsequent deformational
phases (Malkovsky, 1976; Hercik et al., 1999).

2.3. Hydrogeological sefting

The BCB has been extensively exploited for water supply since
the 1930s as a consequence of the favourable hydraulic parameters
and high quality of groundwater. Groundwater has already been
investigated by various researchers (Hynie, 1949, 1961; Hercog,
1965; Kliner and Kn&Zek, 1974; Jetel and Krasny, 1976; Herlik
et al, 1999; Bates et al,, 2007) confirming that this part of the
BCB is one of the most complex hydrogeological structures of the
entire basin. Its complexity lies in the laterally and vertically
unstable lithofacies evolution of the Cretaceous cover. The whole
structure was slightly folded and broken into numerous blocks dis-
placed hundreds of meters inducing a very complicated hydrogeo-
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logical regime. The most significant groundwater resources belong
to the central structure which is formed by the lowered block. The
organisation of aquifers is mainly subhorizontal and differs accord-
ing to their position within the study area. Fig. 2 shows the aquifer
organisation in a selected cross-section. Within the BCB the follow-
ing succession of aquifer layers can be found:

{1) Basal Aquifer A in the Cenomanian (occasionally connected
to the Lower Turonian forming AB aquifer).

{2) Aquifer B in the Lower Turonian.

{3) Aquifer C in the Middle Turonian.

{4) Aquifer D in the Upper Turonian-Coniacian-Santonian.

The basal Aquifer A is formed by the Cenomanian sandstones
and is about 50 m thick, with sporadic claystone layers. It is gener-
ally confined and present throughout the whole area. Transmissiv-
ity, as a function of the intergranular porosity and numerous
fractures (Jetel and Rybafova, 1991) is about 64 m?/day; mean
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Fig. 1. Schematic geological map of the study area with main tectenic features and cross-section.

porosity has been determined to be about 20% (HerCik et al,
1999). Aquifer A forms an extended flux field asymmetrically di-
vided by the Labe (Elbe) River into two sections. The dynamics of
groundwater circulation in the Cenomanian aquifer are controlled
by the piezometric level of the recharge area in the north and the
height above sea level of the discharge areas along the drainage of
local rivers — Labe {Elbe), Kamenice and Ohte {Eger). The average
effective velocity of groundwater flow varies between 0.06 and
0.6 mja (Jetel and Rybafova, 1991). The Cenomanian aquifer is gen-
erally well separated from the overlying aquifer by the marly layer
of the Lower Turonian. This impermeable layer is absent only in the
south-western part. There, the Cenomanian and the Turonian aqui-
fer form a continuous formation { AB). The Lower-Middle Turonian
aquifers (C, BC) with an average thickness of about 150 m are
developed mostly of siltstones and sandstones in an area on the
right bank of the Labe (Elbe) River, where they host the largest re-
sources of groundwater in the whole Cretacecus Basin. Groundwa-
ter of the Turcnian aquifer is uncenfined over almost the whole
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western part of the BCB. Confined levels are only found in the area
where the Turenian sandstones are overlain by the Upper Turonian
aquitard. The permeability is both of intergranular and fissured
types and generally decreases towards the SE due to the lithofacies
development of the entire Cretaceous complex. The highest aver-
age transmissivity coefficient in the aquifer has been documented
on the northern margin with a value of 762 m?/day, while the low-
est values (about 48 m?/day) were encountered in the southern
part (Hercik et al.,, 1999). On the east, the flow direction is influ-
enced by the drainage effect of the Jizera River. In general, the
groundwater of aquifer C (or BC) is drained by the surface water-
courses. From the water management point of view, the Turcnian
aquifer plays the major role with its significant thickness and
favourable hydrogeological parameters. The general flow direction
in the study area is globally similar for Cenomanian and Turonian
aquifer as shown by the piezometric data collected between 1985
and 1987 {HerZik et al, 1999). Although the tectonics has some
consequences on the piezometric level, the effect of faults on the
regional groundwater flow direction is insignificant (Silar, 1976;
Her¢ik et al, 1999). The general flow direction is schematized in
Fig. 2. The uppermost aquifer in Coniacian-Santonian (D) is com-
posed of sandstones which discontinuously crop out in the central
part of the area of interest. The permeability is of combined inter-
granular and fissured types. Aquifer D is not generally of high
hydrogeological significance.

It is relevant to mention, that some spas are located in the study
area, or in its environs. Teplice, on the west, is among the most fa-
mous and the discovery of its warm springs goes back to 762 AD.
The coal mining activities in the region have affected the hydraulic
properties of the spring and consequently its flow rate has de-
creased considerably {Cadek, 1968). The water of Teplice originates
from a Palaeozoic porphyry and is hydraulically connected with
the surface water bodies of the Tertiary aquifers.

Table 1

1269
3. Database setup and methodology

This paper provides a review of studies carried out in the north-
western part of the BCB (Silar, 1976, personal communication;
Paces et al, 2008); the dataset of 22 samples is introduced in
Table 1. The most extensive isotopic database for the Czech massif
has been provided by Silar (1976), nevertheless only two samples
are located within the research area. For these, the Total Dissolved
Inorganic C (TDIC) was collected in the field in the form of a precip-
itate of BaCOs. The samples were analysed in the laboratory of the
International Atomic Energy Agency, Vienna, by B counting. Most
of the analyses in Table 1 come from an unpublished dataset ac-
quired by the same author during the years 1972-2002 (Silar, per-
sonal communication). The majority of the samples belong to the
Turonian and the Cenomanian aquifers. Eight more measurements
from the eastern part of the study area come from the study of
Paces et al. (2008); including three Turonian and five Cenomanian
samples.

Besides the isotopic signature (3C, Y4C, °H, '®0, if available),
Table 1 gives an information on coordinates {S-JTSK/Kiovik coordi-
nate system, adapted for the territory of former Czechoslovakia),
depth and reached aquifer. Oxygen-18 content of the water sam-
ples are reported in %. vs. Standard Mean of Ocean Water (SMOW),
radiccarbon as percent of modern C {pmcC) and 5'3C is expressed
with respect to Pee Dee Belemnite {PDB). The spatial distribution
of the investigated 22 wells is displayed in Fig. 3.

The isotopic dataset obtained rarely contains complete informa-
tion on groundwater gecchemistry and this led the authors to set
up a new dataset on chemistry. Some chemical analyses have been
collected from the studies of Silar {1976) and Pales et al. {2008)
which accompany the isotopic information described above. To
add more information on the chemistry of the different aquifers,
analyses were gathered from the archive of the Czech Geological

Location of the sampling points in the S-JTSK/Kfovak coordinate system, main physico-chemical characteristics related to carbonate equilibrium and isotopic content.

Ne. Location X Y Z  Depth Aquifer T pH HCO; %0 FH(TU)  *H(TU) §%C (% YC Date References
(m) (m) (=C) (mgfL) (%ovs. measured corrected for vs. PDB)  (pmC)
SMOW) 2009
1 Teplicel -776,069 976279 222 941 Pal 415 6.7 546 -84 135+17 82 —5.9 216+3 2000 a
2 Teplice2 —776,050 -976460 192 54 Pal 36.0 6.5 673 —9.8 135+1.7 82 —5.4 21.6+3 2000 a b
3 Usti- —761,512 -975582 150 - Q - - - - 126 6.8 -14.1 88.9+15 1998 a
spring
4 Dé&tn —747,600 —S66,100 131 240 T 248 6.7 138 -11.2 85+25 5.1 —83 109+5 2000 a
5 Vilsnice —748,580 967,774 143 175 T 218 69 236 —-109 85+17 5.1 —6.4 53+1 2000 a
6 Litoméfice —756526 —990,115 246 76 T 118 6.8 450 -86 438 32 —8.1 3%.0+3 2002 a
7 Pistany —760,853 —991,960 250 125 T 127 65 764 -89 78+25 53 7.4 33.9+3 2002 a
8 Bélap. —707,600 —987,900 300 200 T - 7.1 287 - <12 0.0 -12.7 734 2003 ¢
Bezdézem
5 Cista —707,600 -10,03,900 275 201 T - 7.4 247 - <1.2 0.0 -13.0 63.8 2003 ¢
10 Mlada —707,900 -10,12,100 235 29 T - 71 311 - 8.7 5.8 —-129 78.8 2003 ¢
Beleslav 1
11 Piedlice —763,722 976444 144 500 C 22.7 6.7 348 -10.7 110+17 6.7 —6.9 0.0+3 2000 a
12 Klige 1 —762,980 975950 148 457 C 305 7.2 512 - 40 ) —5.8 12.2+5 1998 a
13 Klige 2 —762,855 —-975,175 183 511 C 335 6.6 380 —101 85+17 5.1 —6.5 12.0+5 2000 a
14 Usti —761402 -975.927 146 357 C 317 76 - - 40 ) —4.5 69 +3 1998 a
15 Brna —759,538 980,147 142 431 C 327 7.6 384 - 42 23 —-5.3 48+3 1998 a
16 Viemily —734,667 —959,938 280 318 C = = = = 80+2 1.0 -10.2 86 +3 1972 a, b
17 Brane? —681,600 -10,02,600 252 439 C 227 66 88 -10.2 83+1.7 5.6 -16.3 246+3 2000 a
18 Eeskfr Dub —681,800 —$83300 325 219 C - 7.7 253 - <12 0.0 —8.4 16.3 2003 ¢
19 Vielibice —6588,300 —888,400 380 284 C - 7.8 201 - <1.2 0.0 -12.0 53.8 2003 ¢
20 Kobyly —694,200 -981,000 520 411 C - 78 211 - <12 0.0 -10.6 45.8 2003 ¢
21 Knéimest -695,500 —10,04,300 242 410 C - 7.4 125 - <12 0.0 —14.1 24.0 2003 ¢
22 Mlada —697,900 -10,12,900 235 386 C - 7.6 101 - <12 0.0 -13.0 14.2 2003 ¢
Beleslav 2

Pal - Palaeozoic, C - Cenomanian, T - Turenian, Q - Quaternary.
a, Silar (personal communication); b, Silar (1976); ¢, Paes et al. (2008).
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Survey CGS-Geofond in Prague including local and regional re- 4. Results
search studies (Zitny, 1970; Capek, 1979; BroZek, 1987; Skofepa,
1993). In total 47 chemical analyses were considered {Table 2) to 4.1. Chemistry

construct a Piper diagram displaying the different water types.
The main objective of the study is to understand the geochem-
ical processes occurring within the aquifers during groundwater
flow leading to modifications of the chemical and isotopic compo-
sition. First, the information on chemistry is considered, to deter-

The chemistry of groundwater is an indicator of the hydrody-
namic and geochemical processes taking place within the aquifers.
It reflects the flow conditions of groundwater, the interconnection
of individual aquifers and often expresses the hydrodynamic role

mine or identify the processes occurring between rocks and
groundwater. Then, the isotopic signature of waters is considered
in order to determine the recharge conditions and to establish
groundwater origin. For this purpose, C isotopes are used in partic-
ular giving evidences of the different geochemical processes taking
place within the aquifers. The second goal of this work is to pro-
pose a conceptual model of the hydrogeology of the BCB. Carbon
isotopes will be mainly considered as tracers to identify C origin
in the groundwater system. In addition, an attempt to date ground-
water will be made for most samples.

of tectonics and the dominance of certain geochemical processes
in the evolution of the chemistry of fresh and mineral waters
{Kolafovd and Krasny, 1972).

Generally pH values lie in the range between 6.5 and 7.9 indi-
cating that most of the TDIC occurs in the form of HCO5. The max-
imum temperature in the Cretaceous formation reaches 33.5°C in
a 511 m deep well {No. 13). The Teplice waters from the Palaeozoic
range between 36 °C and 41.5 °C. The mineralisation of these ther-
mal waters slightly exceeds 1000 mg/L. The mean Total Dissolved
Solids (TDS) of the Turonian aquifer {371 mg/L) is lower than for

Table 2
Main physical and chemical characteristics of BCB groundwaters. Geographical position is given in the S-JTSK/Kiovak coordinate system.
Name X Y Aquifer pH T Ca* Mg™" Na" K so2 cl HCO, NO;
(°0)  (mgll) (mg/L) (mg/ll) (mg/l) (mgr) (mgll) (mgll) (mgl)

SH-10 —769860.0 —984150.0 T 7.6 18.0 104.3 38.8 29.8 6.2 96.1 42.5 457.7 0.0
J-019.835 —714468.2 —963175.8 T 7.8 10.2 54.1 1.8 24.0 21 16.1 23.0 196.6 0.0
SK-1T —740956.3 —969256.0 T 7.6 281 52.1 1.6 23 2.0 12.4 1.8 155.6 0.0
VH-1T —710843.0 —0974437.0 T 73 6.0 351 1.8 25 0.9 6.4 2.8 106.8 23
VF-1 —728513.5 —873202.6 T - - 321 1.8 54 2.2 11.9 18 1251 1.0
DP-4 —7218326 —0872985.3 T 7.2 - 62.1 18 15 1.0 1.0 21 194.6 12
VP7523 —707600.0 —897900.0 T 71 - 1083 2.2 1.7 1.0 269 5.8 286.8 0.0
VP7152 —707600.0 —1003%00.0 T 74 - 822 6.8 29 11 15.1 5.6 2471 57
VF7524 —707500.0 —1012100.0 T 7.1 - 1308 16.0 5.0 16 774 18.8 311.2 222
DL 2 —700625.0 —985940.0 T 7.1 9.8 59.9 0.3 2.0 0.8 115 43 166.0 8.5
Rd 3 —7383250 —998750.0 T 7.2 104 1176 7.1 7.0 - 543 8.9 3252 1.1
PV 9 —7582746 —990041.2 T 7.6 - 126.0 76.0 10.0 18.0 472.0 14.8 3184 0.0
TS-1 —732670.0 —1008850.0 T 7.0 - 1355 15.0 6.6 3.2 96.9 20.2 341.7 03
ZP-5 —729181.7 —984128.2 T 6.9 11.1 41.5 11.1 5.0 243 12.0 6.7 184.3 03
Be-1 —715764.0 —1000549.0 T 6.8 9.2 55.0 0.8 29 1.3 13.5 3.2 164.8 1.6
RO-1 —7472340 —1004944.5 T 6.6 12.1 2204 79.0 15.2 10.8 435.0 53.2 485.0 04
HPIT —713017.0 —980563.0 T 7.7 17.0 69.1 6.7 1.6 1.5 14.4 36 22.7 2.5
Hr-1 —754260.0 —897430.0 T 83 11.5 885 337 124.0 216 136.0 351 544.0 03
HSPIT —709538.6 —1006743.1 T 72 11.4 774 4.6 25 11 144 53 238.6 56
KL15 —705468.8 —1001356.1 T 7.0 = 83.0 17 25 = 15.9 2.8 2404 1.0
L-IV —684567.0 —988872.0 T 6.9 10.0 95.4 12 3.0 15 35.0 10.6 2331 103
HU-1 —762580.0 —975950.0 C 72 315 40.8 8.3 3545 = 2281 514 704.8 0.1
SK-13T —750830.6 —971683.7 C 74 23.0 371 6.7 74.9 g4 36.0 16.0 289.8 0.6
SK-11C —734274.7 —972708.0 C 6.9 24.0 38.3 1.8 8.9 3.6 14.4 2.8 133.0 0.5
Lo-15JC —702258.0 —975168.0 C 6.8 142 305 3.9 3.0 1.7 8.6 2.8 107.4 0.0
Le-5]C —725200.0 —960010.0 C 71 16.0 378 1.9 35.0 2.0 60.5 8.9 128.1 0.8
SK-10C —7204289 —870522.7 C 6.8 10.0 440 0.9 1.0 1.0 7.0 1.8 122.6 0.0
SK-8C -719171.0 —966160.0 C 7.0 16.0 18.0 1.8 4.7 1.3 13.5 1.8 54.9 &
TH-10 —763721.7 —976443.8 C - 28.0 288 38 2337 175 2148 28.0 445.4 0.0
SK-13C —750913.0 —871686.6 C 74 22.8 233 3.9 338.0 131 117.2 76.6 710.9 0.1
SK-12C —748000.4 —0874213.6 C 77 26.6 45.0 54 16.0 81 24.0 16 170.8 0.0
SK-26 —748618.3 —980005.2 C 7.7 306 403 8.9 150 53 25.0 33 162.3 0.2
TH-20 —7710874 —875489.0 C - 271 317 36 231.0 14.0 172.8 287 4747 -
Mo-3 —768560.0 —992680.0 C 7.1 S.0 1202 316 165 6.9 176.5 226 378.0 5.0
Ho-1 —743585.0 —987925.0 C 73 - 1263 134 9.1 6.7 704 223 353.9 31.0
0-10 —742050.0 —984166.0 C 6.7 12.4 96.2 15.8 4.7 2.0 506 4.6 311.2 0.0
VP7502 —691800.0 —983300.0 C 7.7 - 64.5 12.9 3.6 4.4 &l 3.0 253.2 0.8
VP7506 —698300.0 —988400.0 C 7.9 - 593 5.0 1.8 1.0 0.3 1.1 201.4 0.0
VP7500 —694200.0 —991000.0 C 7.8 - 48.1 10.2 6.1 4.6 0.3 1.9 210.5 0.0
VP7515 —695500.0 —1004800.0 C 74 - 35.0 5.9 144 24 206 14.8 125.1 0.0
VP7517 —697500.0 —1012%00.0 C 76 - 230 51 15.9 3.0 215 158 100.7 0.0
HP3C —704332.0 —877458.0 C 75 12.0 836 10.9 15 21 105.8 16 1843 0.0
L2-] —680742.0 —085167.0 C 6.7 12.2 16.8 0.7 G4 22 11.0 71 69.0 25
L3-] —687848.0 —889159.0 C 52 17.6 8.0 1.0 4.0 - 135 53 185 0.0
HSP1C —709558.8 —1006727.8 C 6.8 11.8 68.7 16.% 48.5 10.7 447 46.1 306.3 03
Teplice Pravridlo —776050.0 —976460.0 Pal 6.9 41.3 25.0 75 2237 16.0 1326 514 551.0 0.0
Teplice Horsky —776000.0 —976000.0 Pal 6.9 42.2 49.5 8.4 165.8 10.0 118.1 323 490.0 -

Pal - Palaeczoic, C - Cenemanian, T - Turenian.
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Cenomanian samples which are around 500 mg/L (Pales, 1974).
Elevated TDS values in the Turonian aquifer were explained by
Koldfova and Krasny {1972) as being the result of significant ion-
exchange processes particularly in clayey, poorly permeable Turo-
nian rocks.

The dataset contains two Palaeozoic samples, which correspond
to the thermal Teplice water, and 24 Cenomanian and 21 Turonian
waters. The analyses are displayed in a Piper diagram (Fig. 4). On
the whole, the diagram highlights three waters types: Na-HCO;,
Ca-HCO5 and Ca-50,4. However water composition in the aquifers
Is often in a transient state resulting from various processes oper-
ating at different timescales (Andersen et al., 2005). Two Palaeozo-
ic samples representing thermal waters in Teplice (T~ 40 °C)
reveal a Na-HCOj3 type of water. Considering the crystalline geo-
logical context of this area, the significant content of Na* and
HCOy ions may result from the weathering and dissolution of sili-
cates such as feldspar from granitic rocks (Appelo and Postma,
2005).

The majority of the Turonian and Cenomanian samples are of
Ca-HCO;3 type probably as a consequence of calcite dissolution.
They were generally sampled on the right bank of the Labe (Elbe)
River. As mentioned, the aquifers do not generally contain carbon-
ate rocks (HerZik et al, 1999), but Ca?* and HCO; ions might be
produced by the hydrolysis of the calcite cement of the sandstone
{Paces et al., 2008) or in a very limited way by feldspar dissolution
in basement rocks.
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Some waters tend to be slightly enriched in SOi’ and CI". The
(1~ and SO content of the Cenomanian waters reaches up to
77 mg/L and 230 mg/L, respectively (Table 2). This may be due to
the influence of a local accumulation of connate waters in the base-
ment of the Permo-Carboniferous sediments underlying the Ceno-
manian aquifer. This is confirmed by the correlations between Cl™
and Na® (Jetel, 1970). As a consequence, the Ca-HCO3 water type
gradually transforms towards a Na-Ca-HCO; water type or Na-
Ca-HCO03-C1-S04 water type. This tendency might be explained
by the aquifer freshening theory as already observed by several
authors in such a sedimentary context (Appelo and Postma,
2005; Andersen et al, 2005). During the aquifer freshening, the
mineralised waters are progressively flushed away from aquifers
and replaced by freshly infiltrated waters that, therefore, modify
the original chemical signature of the aquifer waters. In some
places, the elevated SOi’ concentrations (up to 472 mgfL) could
be caused by gypsum dissolution as proposed by Pales et al
(2008). Cenomanian waters sampled on the left bank of the Labe
(Elbe) River, in the proximity of D&¢in, Usti nad Labem and Teplice,
plot in the Na-HCO; water type zone, with temperatures between
25°C and 34 °C and a composition similar to the Teplice thermal
waters. Here, the fractures of the Palaeozoic and Proterozoic meta-
morphic rocks, constituting the aquifer basement and outcropping
in Teplice, probably enable groundwater interconnection with the
Cretaceous sandstone aquifer {Paces, 1974). Such a link may ex-
plain the comparable chemical type of the Cenomanian and the

%
% A\ Turonian

A O Cenomanian
gg O Palaeozoic

\

Fig. 4. Piper diagram indicating the different groundwater types encountered within the main BCB aquifers.
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pre-Cretaceous waters; with a chemical composition mainly influ-
enced by the processes occurring within the aquifer basement. A
gradual substitution of Na* by Ca®" ions occurs along the flow tra-
jectory and may also be caused by aquifer freshening or by iscmor-
phic ion substitution. This exchange could take place by reaction
with clay minerals in the matrix of sandstones. Cadek (1968) and
Pafes {1974) also suggested that dissolved CO2 from deep sources
hydrates and dissociates to HCO; ions which are exchanged for Na*
in feldspars. As also observed by Bates et al. (2007), the Turonian
aquifer has lower amounts of Na* and SO3~ than the Cenomanian
aquifer.

The investigation of the chemical composition of the BCB
groundwater confirms an evolution during the groundwater flow.
Several gecchemical processes might be observed as displayed in
Fig. 4. Cenomanian samples reveal two different water types,
which are clearly separated by the Labe (Elbe) River. On its left
bank, the water is enriched in Na* ions, while on its right bank
(majority of samples) the chemical composition is rather of Ca-
HCO; water type. This phenomenon is probably related to the pres-
ence of a deep tectonic structure following the Labe (Elbe) River
course. Turonian samples do not reveal important differences
according to their geographical location. A few samples seem to
be influenced by gypsum dissolution, but most of them are of
Ca-HCO;5 water type.

4.2. Modern water indicators

The identification of a modern water contribution to the aquifer
is essential to give a reascnable age to the groundwater (Jirdkova
et al.,, 2009). This phenomenon is reliably traced by NOJ and H
concentrations which are the products of modern anthropogenic
activities. Nitrates are usually found in the agricultural areas and
only in shallow layers, because they easily undergo reduction dur-
ing their transfer to depth. Nitrate concentration rarely exceeds
5 mg/L. Nevertheless, according Table 2, maximum NOJ concentra-
tions of 31 mg/L and 22.2 mg/L. were measured in the Cenomanian
and the Turonian aquifer, respectively, which is doubtless due to
the strongly developed agricultural activities along the Jizera River
Valley.

In deep aquifers, *H appears to be a reliable tracer of modern
waters. Most of this radioactive H isotope reached the groundwater
system during the period of thermonuclear bomb testing {Clark
and Fritz, 1999). Presently, only a small quantity of 3H is observed
in precipitation. According to IAEA/WMO (2006), the values re-
cently measured in Vienna range between 5 and 10 TU in modern
local precipitation. A certain amount of *H was observed in the
aquifers of the BCB. As the analyses considered in this study were
not carried cut within the same time span for all the samples, the
*H contents provided are recalculated for the year 2009 {Table 1).
Table 1 shows that in some places groundwater in the BCB still
contains 3H at the present time. The Quaternary spring of Usti
(No. 3) contains 6.8 TU that confirms the modern origin of water.
The recalculated >H content in most of the Turonian samples for
the year 2009 ranges from 3.2 to 5.9 TU. Cenomanian waters gen-
erally contain very low quantities of *H, close to 0 TU. Only a few
Cenomanian samples have a content around 6 TU {No. 11, No. 13
and No. 17). These values support the hypothesis that groundwater
from the BCB may be partially of modern origin, but only to a very
limited proportion. Tritium in deep aquifers may be caused by the
dense tectonics in the region that may facilitate the diffusion of
modern water components towards the deep reservoirs. Addition-
ally, contamination by modern water may be caused by leakage
and short circuiting along the well casing and this is particularly
likely for old boreholes {Appelo and Postma, 2005). The presence
of 3H in waters of presumed deepfconfined origin was extensively
discussed in Carreira et al. {2008 ) who described this phenomenon

in Portuguese CO,-rich mineral waters. In particular rock environ-
ments, small amounts of H may be produced naturally, however,
the natural production results in measurable but generally very
low values which do not exceed 0.1 TU {Clark and Fritz, 1999).
The *H values measured in the BCB aquifers generally exceed this
limit.

So, the majority of the Turonian and few Cenomanian samples
reveal an influence of modern water infiltration. However, the con-
centration of *H for many samples is inconsistent with the low
radiocarbon activities measured, suggesting on the contrary a long
residence time of groundwater. This inconsistency will be empha-
sised and discussed later. Nevertheless, the 3H results suggest the
mixing of modern water with an older groundwater component
and therefore have to be considered during the groundwater
dating.

4.3. Stable isotopes of water

Stable isctopes of water are commonly used to identify ground-
water origin, the recharge areas and the underground flow paths. It
was established that groundwater from the sedimentary rocks of
the Czech Massif is generally of meteoric origin and that they have
not been subjected to surface evaporation (Paces et al., 2001; Pades
and §mejkal, 2004; Frape et al,, 2007). In the study area, nine deter-
minations of 3'°0 have been made which reveal values varying
from —11.2%. to —8.6%. (Table 1). Two of them {No. 1 and No. 2)
originate from the Teplice thermal waters in the Palaeozoic meta-
morphic rocks and have values of —9.4%. and —9.8%:, respectively.
Although there is nc meteorological station in the Czech Republic
regularly measuring the isotopic signature of precipitation, the
data of the Leipzig station (IAEA/WMO, 2006) has been used, which
is close to the study area and has very similar climatic and altitude
conditions. The weighted mean annual isotopic content of Leipzig
rainwater is —8.63%. 5'®0. This value is consistent with the study
of Noseck et al. {2009) carried out in a region very close to the
Ruprechtov site. The 5'*0 values of groundwaters are depleted
compared to meteoric waters. Cenomanian samples No. 11, No.
13 and No. 17 are very depleted in '®0 (from —10.1%. to
—10.7%,). Samples Ne. 4 and No. 5, that belong to the Turonian
aquifer, are the most depleted of the dataset {—11.2%. and
—10.9%,) but it should be noted that the stratigraphical identifica-
tion is very ambiguous in this area. In fact, the Cenomanian and
Turcnian aquifers evidently communicate mainly due to the very
active and large DéEin fault system which enables vertical ground-
water flows. Therefore samples No. 4 and No. 5 could possibly rep-
resent the signature of Cenomanian waters. Only the Turonian
samples No. 6 and No. 7 differ significantly from all the Cenoma-
nian samples and reveal values (—8.6%. and —8.9%., respectively)
close to modern infiltration. The significant depletion in stable iso-
topes observed for Cenomanian samples may be explained by sev-
eral phenomena. First, the altitude effect could be responsible for
depleted values considering that the recharge area of both aquifers
is located close to a mountainous system. Secondly, the Pleistocene
continental glaciation could be significant (Silar, 2007) as the gla-
cial limit of the Fennoscandian Ice Sheet reached the north borders
of Czech territory (Ehlers and Gibbard, 2004; Toucanne et al.,
2009). Precipitation during the glacial ages was characterised by
depleted isotopic values as the result of the low temperature effect
(Clark and Fritz, 1999). The depleted values in stable isotcpes ob-
served in Cenomanian samples therefore suggest recharge during
colder climatic conditions. Nevertheless, several authors have
shown that during cold periods, precipitation did not reach the
groundwater system (Darling, 2004; Douez, 2007). It is supposed
that the periglacial climate and the permafrost conditions were ad-
verse for groundwater recharge and a recharge gap during the Last
Glacial Maximum (LGM) has been proposed. As the ice sheet rep-
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resents an archive of the palaeoglacial climate, their thaw at the
end of the Pleistocene period might have led to the infiltration of
depleted waters. Indeed, after the LGM, the water from the melted
north European glacier was preferentially drained by the existing
large basins such as the Wesser, the Ems and the Labe (Elbe) (Touc-
anne et al,, 2009) that were, for that reason, charged by waters
with a depleted isotopic signature.

4.4, Carbon isotopes in the context of the BCB

As demonstrated by Fontes (1985), Edmunds and Smedley
(2000}, Carreira et al. (2008}, Jirakova et al. {2009), many problems
have to be solved for a reliable interpretation of C geochemistry.
Numerous difficulties can be met within aquifers exposed to sev-
eral interactions leading to variations in the C isotopic signature.
In the studied aquifers, account has been taken of different poten-
tial sources of C. It is, therefore, essential to define the isotopic sig-
nature of all potential end members in order to establish their
degrees of interaction with the groundwater.

4.4.1. Geogenic carbon

First, the isotopic signature of rock calcite should be defined.
The 8'3C values of carbonates from Upper Cencmanian and the
Turonian formations have been measured in the very similar geo-
logical environment of the western BCB in the Dresden area (Voigt
and Hilbrecht, 1997). Calcareous sandstones from the Upper Cenc-
manian show a minimum value of 'C ~ 1.7% which gradually in-
creases and reaches a maximum in the uppermost Cenomanian
layer (5'3C ~ 4.6%0) reflecting an enrichment in 8'*C at the Ceno-
manian-Turcnian boundary event (Voigt and Hilbrecht, 1997). In
the Lower Turonian, the values steadily decrease. Middle and
Upper Turcnian show 5'3C values in the range of 1-2.1%.. Upper
Turonian values are documented also in Weise et al. (2004) who
observed values of the same order. Carben from Cretacecus car-
bonate rocks is **C free (Clark and Fritz, 1999).

The second end member with low radiocarbon activities and
enriched '3C values is the CO, (gas) of upper mantle origin. Numer-
ous isotopic investigations of gases carried out in the western part
of Ohfe (Eger) rift have identified CO, gas from deep-seated
sources with 5'3C values ranging between —1.8%. and —3.2%.
(Pafes, 1974, 1987; Weinlich et al, 1998, 1999, 2003; Pales
et al,, 2001; Geissler et al,, 2005). The radiocarboen activity for geo-
genic CO,(g) is usually around 0 pmC. Near the study area Silar
(1976) measured a value of about 2.4 pmC in the Cheb Basin.

4.4.2. Atmospheric carbon

Another input to the system is defined by modern atmospheric
C0,, which is generally about 100 pmcC for C (Clark and Fritz,
1999). The quantity of '3C in the atmosphere is now decreasing
as the result of the industrial revolution and the use of fossil C with
depleted '*C values (Clark and Fritz, 1999). Studies carried out be-
tween 1977 and 1992 (Levin et al,, 1995), indicated an atmospheric
CO, signal between —7.8%. and —8.22%. as a consequence of atmo-
spheric C diluticn, although studies performed by other authors
give a mean §'3C atmospheric value of —7.5% {Mook, 2000).

4.4.3. Soil and vegetation carbon

Scil atmosphere and vegetation are characterised by a value of
100 pmC for 'C {(Clark and Fritz, 1999). Since the Czech Republic
has €3 cycle characteristics in term of vegetation type. The 5'3C
content in plants ranges between —24% and —30%. with an aver-
age of about —27%. {Vogel, 1993). This is in agreement with the
finding of Novak et al. (2003) who carried out soil measurements
at several European sites and, in the western part of the Czech
Republic at Nacetin site, recorded a value of §13C around —27%.

for the soil crganic matter. The 8'3C of scil CO, in most C3 ecosys-
tems is generally enriched (3'3C ~ —23%s, Deines et al., 1974).

As already mentioned, there is evidence of the presence of fossil
organic matter in the Cretaceous sediments of the region. Thus, it is
relevant to define the fossil organic C isotopic composition since
€O can also be produced from the decay of organic matter. The
513C of fossil organic matter is usually between —30%. and —20%.
(Truesdell and Hulston, 1980; Weinlich et al, 1999; Bergfeld
et al, 2001). Martinek et al. {2006) carried out a palaeoenviron-
mental study in the mountainous region of northern Bohemia
and most often values obtained were in the range of —25%. to
—27%s for 8'3C in fossil organic matter from the lower Permian lay-
ers. Several measurements have been carried out on coal in Central
Europe with 8'3C values being about —23.5% for Carboniferous
coals from the Polish Silesian Basin, —24.4%, for the Saar coals
and —23.9%. for the Aachen coals (Rice and Kotarba, 1993). Fossil
organic matter is also '“C free {Clark and Fritz, 1999).

5. Discussion
5.1. Identification of carbon origins within the BCB

The study of C isotopes ('C and C) not only provides informa-
tion about residence time but also information about the C origin.
As a consequence, radiocarbon can even be considered in some
contexts as a pertinent tracer of groundwater flow and evolution
(Rose and Davisson, 1996; Rose et al, 1996). The investigated
water samples are reported in a graph showing '*C and ¥C evolu-
tion (Fig. 5). It appears, that the points are scattered among the dif-
ferent end members described previously. The 3'3C analyses
carried out on the TDIC range from —16.3%. to —4.5%. clearly sug-
gesting a mixture of C from different sources. The radiocarbon
activities cover the entire interval between radiccarbon free
sources and sources of modern origin. To identify the mixing pro-
cesses within the aquifers, consideration needs to be given not only
to the C isotopic signature but also to the overall geochemistry of
the aquifers and the geographical position of sampling sites, nota-
bly the relationship to the tectonics. Water No. 3 sampled near Usti
nad Labem corresponds to a Quaternary spring (8'3C ~ —14.1%,
14¢ .. 89.89 pmC) and gives a reascnable idea of the pristine isoto-
pic composition of newly infiltrated waters.

The enriched &'3C signature of most waters tends to indicate
that the majority of samples are variably influenced by €O, from
the upper mantle characterised by a 8C signature of about
—2.7%0 and deprived of any '*C. This phenomenon was also noticed
along the Ohfe (Eger) Rift SW from the study area in the vicinity of
the Czech spa region (Weinlich et al,, 1998; Geissler et al., 2005).
The origin of the CO; in many of the CO,-rich mineral waters from
western Bohemia has been investigated by numerous authors; the
€03 originates from magmatic sources, but the water molecule iso-
topes always reveal a meteoric origin for the water (Silar, 1976;
Hladikova et al., 1987; Pafes et al, 2001; Pafes and Smejkal,
2004). Other studies have been carried out in the Podébrady spa re-
gion (Kolarova and Krasny, 1972; Jetel and Rybafova, 1991) located
in the eastern proximity of the study area. These studies result in
the identification of a CO,-rich mineral water accumulation and
suppose that the gas ascends through the deep fault structures.

In the dataset, samples No. 4, No. 5, Nos. 11-18, No. 21 and No.
22 have undergone isotopic exchanges with C from mantle gases.
In addition, this is supported by the position of these samples in
Fig. 5, which are distinguished by low C activities and 3C values
cose to the deep COx(g) end member. Samples No. 4 and No. 5
(*C ~ 10.93 pmC and 5.35 pmC) come from the Turonian layer
and interaction with deep CO- is not very common for this shallow

aquifers. Both these samples were taken from the D&¢in area where

57




APPLIED GEOCHEMISTRY

ISOTOPIC HYDROGEOLOGY INVESTIGATION
Published paper

1274 H. Jirdkovd et al /Applied Geochemistry 25 (2010) 1265-1279
Vegetation
} Soil CO2 surface waters atmosphere
100 — pin
EXCHANGE AND T -
> i
FRAGTIONATION EFFECTS ' ‘| \ EXCHANGE WITH ATMOSPHERIC CO2 ~+ Quatemary spring
90 — b A\ Turonian
80 I '\ \\ QO Cenomanian
= i
o A10 O Palaeozoic
V.Y _ _ . Potential evolution
70 4 Il “ . between carbon
\ ¥
,’ 9 A \ Mixing processes between enc-members
60 / 2 deep COz sources and
G © ! \K surface waters
£ z / 190
& 50 4= Surface waters - fossil organic ,, \200 \\ Rock-groundwater
9 matter interactions -\\A// \ \interacu‘un processes (calcite dissolution)
2 40 \
’ ¢ \ BA\ \/
s v ?
\
30 -4 . 3 A .
P \ ~
s
170 210 b 3
.
20 g g 1002
o < ~
,” 220 O“" 012 \\\ .
104 Y i ~ Turonian and
- 160 9 11 > ‘014 deep\ i Cenomanian
fossil organic matter  REACTION WITH FOSSIL ORGANIG MATTER 5 A 015\ - CO2 ~~. rocks
******************************** | | — |
0 T T T T T
-27 -22 -17 -12 -7 -2 +3

8"C (%o vs.PDB)

Fig. 5. Evolution of C isotopes in BCB groundwaters.

tectonics markedly affects the surface. Moreover, it has already
been mentioned, that the stratigraphy is very ambiguous in the
west of the BCB as the Turonian layer can only be distinguished
with difficulty and is even often missing. Then, the isotopic signa-
ture of No. 4 and No. 5 may possibly represent the Cenomanian
waters as confirmed by the 5'%0%, depleted value. Waters No. 11
to No. 16 (1 in the range from 4.75 pmC to 12.16 pmC) come from
the vicinity of Usti nad Labem, which is in the north part of the
BCB, corresponding to a tectonically rich area s explaining their
low radiocarbon content. Cenomanian waters No. 17, No. 18, No.
21 and No. 22 ("*C ranges from 14.2 pmC to 24.57 pmC) were sam-
pled in the proximity of the fault on the left bank of the Jizera River
and near the LuZice fault, respectively.

Turonian samples No. 6 and No. 7 are located on the fault zone
of Litom&Fice, but the C isotope record (**C ~ 33.94 pmC and 38.95
pmC) does not suggest any evident interaction of Turonian waters
with deep CO,. These samples tend to reveal ancther phenomenon
observed from the '3C-1%C scatter in Fig. 5 and accounting for
groundwater—rock interactions. In the BCB, aquifers generally have
low contents of carbonates, although there are some insignificant
calcareous sandstone, siltstone, marlstone and claystone layers
within the Turonian strata (Koldfova and Krdsny, 1972; Datel
et al., 2009), but it should be noted that calcite cement is present
in most Cretaceous sandstones in Bohemia. Fig. 6 shows an in-
crease of HCO; values accompanied by an enrichment in 3"3C con-
tent, suggesting that some calcite dissolution processes must take
place in the aquifers, which is probably due to the hydrolysis of cal-
cite cement (Coetsiers and Walraevens, 2009). However, this rela-
tionship is ambiguous, as increasing content in HCO; may be the
result of more than one process (e.g. reaction with the organic
matter).

Additionally, a third interaction involving mainly samples No.
16, No. 17, No. 21 and No. 22 can be noted in Fig. 5. Having de-
pleted ' activities {from 9.62 pmC to 24.57 pmC), these samples
are characterised also by very depleted "*C values (from —16.3%» to
—10.2%.) which can not be explained only by a mantle CO, contri-
bution or calcite dissolution. Such a tendency is in agreement with
reactions with C from fossil organic origin with a '3C value com-

parable to the one of organic C (Van Der Kemp et al., 2000) but with
0 pmC content of radiocarbon. Negative values between —17.1%.
and —25.5%. were also measured by Pales et al. {2001) in some
groundwater samples in the mountainous region SW from the
study area and they were attributed to CO, generated by the
decomposition of organic matter. As discussed earlier, fossil organ-
ic matter occurs within the region mainly in the Permo-Carbonifer-
ous layers but to a lesser extent can be alsc found in the
Cenomanian strata (Kolafova and Krasny, 1972; Jetel, 1982; Pafes
et al., 2001; Martinek et al., 2006; Datel et al., 2009). The waters
most depleted in 3'3C are No. 17, No. 21 and No. 22 sampled on
the left bank of the Jizera River and No. 16 originating from the
northern area near the Kamenice River. These samples come from
the area were the occurrence of Permo-Carboniferous layers is well
documented (Krdsny, 1973; Malkovsky, 1976; Fediuk, 1996).
Moreover, the vicinity of the fault zone can facilitate the distribu-
tion of groundwater, which had been in contact with the Permo-
Carboniferous. It is also relevant to note that the southernmost
part of the study area is famous for its very thick Permo-Carbonif-
erous layers rich in coal deposits (Jetel, 1982). Similar results asso-
ciating depleted 3C and low radiocarbon content have already
been observed in the nearby region of eastern Bavaria by Weinlich
et al. (1999) and Geissler et al. (2005). The radiocarbon content ob-
served in the Shénbrunn mine was around 5.9 pm( associated with
very depleted CO4{g) (8'3C ~ —17.4%.). However, no observed clear
and direct interaction between fossil organic matter and surface
waters is observed. As shown in Fig. 5, samples which are markedly
influenced by reaction with fossil organic matter in the BCB (No.
16, No. 17, No. 21 and No. 22) seem to be in a transitional state.
The more the samples are enriched in '*C, the more they are de-
pleted in 3'3C values. This phenomencn is difficult to explain as
several processes are involved.

5.2. Approach towards groundwater dating
Several attempts have previously been made to date groundwa-

ter in the investigated area using C isotopes. Silar (1976) dated
mainly groundwaters that were not affected by the CO, of deep ori-
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gin. The author censidered solely the Vogel approach assuming the
initial C activity equal to 85% of the 0.95 activity of the NBS oxalic
acid standard {Vogel, 1970). This model is a simplified approach
that does not take into account the different mixing processes
and considers only the radioactive decay of “C. Some dating re-
sults were obtained by Paces et al. (2008) who considered two dif-
ferent approaches, the Pearson correction model {Ingerson and
Pearson, 1964) for the Turonian samples and the geochemical reac-
tion model NETPATH (Plummer et al,, 1991) for the Cenomanian
samples.

As described earlier, the study area is exposed to numerous
geochemical processes that lead to an overestimation of ground-
water ages. The majority of the commonly used dating models do
not consider dilution by *C-free CO, gas and interaction with or-
ganic C. It is proposed to use a $'C mixing model based on the
dilution factors modified from Clark and Fritz (1999). The dilu-
tion correction model attempts to account for the dilution of
14C by less active C and for isotopic exchange reaction, which
may take place between the different C-bearing chemical species.
The results that will be presented for the apparent radiocarbon
age of the BCB groundwater are obtained using Eq. (1) (Clark
and Fritz, 1999):

t=-8267-In (aMCmc/q . ag”C) (])
where a'*Cpc is the measured activity of C, ap'*C corresponds to
the ' activity of modern recharge waters {100 pmC), q is the dilu-
tion factor. When correcting ' for discrete geochemical processes,
a process-specific dilution factor q is determined. The previous dis-
cussion on geochemmical processes taking place in the aquifer led to
proposing three dilution factors for the dilution of recharge waters:
(1) by deep CO3 (gcoag); (il) by calcite dissolution (geareire) and (iii)
by the processes occurring between the groundwater and the or-
ganic matter. While the first two calculations can be applied (Egs.
(2) and (3)), the latter for the organic matter becommes complicated.
1t is indeed very difficult to trace this process as it is not possible to
clearly identify the end members of this interaction and therefore
an analogous equation cannot be applied for the dilution factor.
Only four samples reveal considerably depleted values in 3C {No.
16, No. 17, No. 21 and No. 22), however, it is assumed that the very
dominant process within the aquifers is interaction with deep
C0O,(g) rather than with organic matter. So the phenomenon of or-
ganic matter decomposition was ignored for the four above men-
tioned samples in the calculation and only dilution by deep
CO»(g) was considered. The following equations for dilution factors
are given here (Clark and Fritz, 1999):

qC02<q) = (aucmcrmasursd - alaccozdsep)/(813Crechargs - 813CC02dssp) (2)

Aeatcite = (613CDICmeasured - 613Cca1:ile) / (amcrecharge - 6Bccalcile) (3)

where $'3Cpicmeasured fepresents the '3C content measured in
groundwater samples; 6"3Crecharge represents the *C content in re-
charged waters, which for the observed range of pH values corre-
sponds to the C content in s0il (8"*Crecharge ~ 8 *Csoir ~ —23%0;
Clark and Fritz, 1999), "*Ccoz(q), 8" Ceaicite are the average values
determined for CO.(g) of mantle origin (—2.7%) and calcite
(1.5%0), respectively. Dilution factors represent the degree of mixing
which may range between 0 and 1. The dilutions factors are then
provided in Table 3. It is theoretically possible to consider both dilu-
tions, i.e. with calcite and with CO5(g), and to calculate the total
dilution factor according Eq. (4).
4 = Acozdeep * Galcite 4)

The total dilution factors q obtained from this calculation pro-
vide erroneous values (g > 1) that are inadmissible, as mentioned
above. For this reason, it was decided to calculate only individual
dilution factors from Eqgs. (2) and (3) regarding the geochemical
context of each water sample established earlier. The key tool to
identify processes and tc decide which dilution facter should be
considered for each sample is constituted by the *C-'C evolution
graph (Fig. 5). It must be stressed, that these simple models may
improve the reliability of age estimates, but must be used with
caution, and with an understanding of their sensitivity to the input
parameters (Clark and Fritz, 1999).

Each sample of the dataset has been considered individually,
and the dilution models - considering the dilution by CO»(g) and
by € from calcite dissolution — have been chosen for each situation.

The dilution factors, g, of Turonian waters No. 6, No. 7 were
determined considering only calcite dissolution (@ = eaicite)- A large
dilution by magmatic CO(g) within the Turcnian aquifer is not
considered, because the majority of faults mainly affects the deep
formations. Also, for Turonian samples No. 8, No. 9, No. 10 (g = qear-
cite) On0ly dissolution of calcite was considered. These samples were
collected in a tectonically relatively calm region; CO- flux from the
upper mantle is then probably not involved. Their radiocarbon
activities ('“C ~ 63.8-78.8 pmC) indicate medern waters. It has
previously been shown, that calcite dissoluticn affects the isotopic
composition of two Cenomanian samples No. 19 and No. 20 and,
therefore, for these waters the gcaicite (Eq. (3)) was also used.

The rest of the samples (No. 4, No. 5, Nos. 11-18, No. 21 and No.
22) indicate a dominant interaction with magmatic CO»{g), there-
fore, Eq. (2) was used to calculate the dilution factor.
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Table 3
Dilution factors and dating results obtained from the dilution model.

No, Aquifer Dilution factors Radiecarbon apparent ages (BP)
Gealvite Grozy) Not corrected Dilution model

1 Pal nd nd 12,700 nd

2 Pal nd nd 12,600 nd

3 Q = = 900 Modern

4 T - 0.325 18,300 9000

5 T - 0.181 24,200 10,100

6 T 0433 - 7800 Meodern

7 T 0363 - 8500 Modern

8 T 058 - 2600 Modern

9 T 0.592 = 3700 Modern
10 T 0.588 - 2000 Modern
1 C = 0.207 18,500 6500
12 C - 0.158 17,400 2100
13 C - 0.182 17,500 3800
14 C - 0.08¢ 22,100 2100
15 C - 0.128 25,200 8200
16 C - 0.369 19,400 11,100
17 C - 0.669 11,600 8300
18 C - 0.281 15,000 4500
19 C 0.551 - 5100 200
20 C 0494 - 6500 600
21 C - 0.562 11,800 7000
22 C - 0.507 16,100 10,500

Pal - Palaeezoic, C - Cenomanian, T - Turenian, Q - Quaternary.
Gearciee (dilution with calcite), qeozg (dilution with deep COx(g)).
nd - Palaeczoic samples, dilution model is not adapted.

Teplice samples No. 1 and No. 2 do not originate from sedimen-
tary formations. The absence of calcite in Palaeozoic basement pre-
determines that the depletion in **C is not the result of calcite
dissolution but rather of the interaction with magmatic CO,. This
concept leads to negative ages. As expected, the dilution model is
well adapted for sedimentary formations, but it failed while ap-
plied to the deep crystalline reservoirs.

5.3. Growndwater ages in the BCB

According to the dating approach introduced in Section 5.2,
groundwater ages were calculated for most of the samples
(Table 3). The age calculation shows that the dilution medel pro-
vides reliable results only for some samples. Palaeozoic waters
(No. 1, No. 2) have to be excluded from the interpretation as the
dilution model is not well adapted for crystalline aquifers. Sample
No. 3 comes from the Quaternary, thus characterising modern
waters. Similarly, Turonian samples No. 6, No. 7, No. 8, No. 9 and
No. 10 also reveal modern origin. This result is in agreement with
the available %0 data which are similar to the modern isotopic
content of precipitation. For No. 10, it may be additicnally con-
firmed by the presence of *H. With the exception of No. 8 and
No. 9, Turonian samples generally contain *H indicating the admix-
ture of waters recharged in the second half of the 20th century
(Clark and Fritz, 1999). While some processes (e.g. '*C-free CO»
gas, organic C, carbonate rocks) artificially “age” groundwater,
the contribution of modern water has the opposite effect. The exis-
tence of both tendencies may explain the apparent inconsistency
frequently encountered between low radiocarbon activity and
the presence of 3H at the same time.

The Cenomanian waters reveal two groups of groundwater
ages. The group of “old” waters is represented by the majority of
samples with infiltraticn from 2.1 to 11.1 ka BP. Waters No. 4
and No. 5 located on the D&Zin fault zone reveal ages around
10 ka BF. As mentioned earlier, the stable isotopic content of Ceno-
manian samples and Turonian samples No. 4 and No. 5 reveal de-
pleted values of '*0 between —10.1%. and —11.2% vs. SMOW that
corroborate the hypothesis of the infiltration of water partially
influenced by different climatic conditions. But it should be kept

in mind that even limited mixing with modern water (shown by
3H content) can strongly modify the original palaeo-signature of
groundwater.

As a consequence, the ages, which were calculated using the
dilution model, represent only the apparent age of groundwater.
Strict radiocarbon ages might be considered for the seven samples
without ?H, i.e. No. 8, No. 9, Nos. 18-22. Samples No. 21 and No. 22
are located on the left bank of the Jizera River in close proximity to
the fault zone, they were recharged 7 ka and 10.5 ka BP. The sam-
ples No. 18, No. 19 and No. 20 come from the NE part of the study
area. In spite of their close geographical location, waters No. 19 and
No. 20 have high '“C activities and indicate an infiltration 200 and
600a ago, they represent the group of ‘“recent” Cenomanian
waters. Sample No. 18, with an age of 4.5 ka BP, lies on one of
the major faults of the study area, the LuZice fault, which might
facilitate interactions between aquifers.

5.4. Conceptual model of the origin of carbon within the BCB

It emerged that detailed investigation of the origin of C isotopes
can help to determine the several geochemical processes occurring
within the aquifers. Although the different chemical reactions
affecting the C isotopic signature of TDIC may be adverse for fur-
ther dating efforts, C isotopes are excellent tracers that help to
determine the C origin within the system. Based on the results of
several stable and radioactive isotope determinations, different C
origins were determined in the BCB allowing the development of
a model including all potential C source contributions. The simpli-
fied concept is schematized in Fig. 7, which introduces the very
complex geological system and which summarizes the geochemi-
cal processes discussed (Section 5.1). Special attention has been gi-
ven to the identification of C origin in the BCB waters. Groundwater
is generally drained by rivers, represented in Fig. 7 by the Labe
(Elbe) River. Meteoric water with a typical atmospheric stable
and radioactive isotopic composition (83C ~ —8% and elevated
¢ activity) infiltrated into the reservoir. It is necessary to note,
that once the meteoric water reaches the surface, interaction with
soil and biogenic C lowers the 5'3C values to approximately —14%.
The biogenic C with values of about §'3C ~ —23%, can be flushed
directly to the reservoirs and may partially influence the shallow
horizons. On the other hand, the groundwater reveals low a "C,
which is accounted for by three phenomena. First, very low radio-
carbon activities reveal the ascent of CO,(g) from the upper mantle
having itself a very low radiocarbon activity. In addition, the isoto-
pic signature together with the geochemical indicators suggests
strong water-rock interactions, which are mainly achieved with
the calcite cement in the sandstone layers. The calcite generally
has very enriched 13C values, for the Cenomanian and Turonian
samples in a range from 1%, to 2.1%e.. Therefore, calcite dissolution
is partially responsible for the enriched 8'*C values measured in
groundwater. Fig. 5 and the evolution of Ca®* and HCO; concentra-
tions suggest that the Turonian samples reveal more intensive
water-rock interactions than those of the Cencmanian. This may
be due to the fact that the Cenomanian aquifer is considerably
influenced by magmatic C, which dominates over the C coming
from the calcite dissolution. The last **C-free component interfer-
ing in this hydrogeclogical system is the C from fossil organic
matter. Organic matter {8'3C ~ —20%. to —27%.) is distributed
irregularly within the BCB. The water can interact directly either
with coal-bearing Permo-Carboniferous layers or with fossil organ-
ic matter issued from the Cenomanian deposits.

The distribution of all these components within the hydrogeo-
logical system is closely linked to the tectonic features of the re-
gion. A great part of the area {especially the NW) has been
considerably affected by tectonic events which has resulted in
numerous faults and fractures. This part was subsequently affected
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Fig. 7. Sketch of the BCB aquifers showing the different C origins.

by numerous magmatic intrusions as schematically shown in
Fig. 7. From the dating results introduced in Table 3 and from the
location of sampling wells (Fig. 3), it follows that the major fault
systems {e.g. Luzice fault, Décin fault system; Fig. 1) have consid-
erable influence on the groundwater pattern. [t was confirmed that
the distribution and exchange of isotopes within aquifers happens
preferentially in the fault structures as the interaction with deep
CO,(g) appears to be a dominant process in the aquifers of the wes-
tern part of the BCB. The geometry of the fault structure is the prin-
ciple feature determining magmatic CO, distribution. It was
shown, that the majority of the Turonian waters are not affected
by deep CO»{g) interactions. However, from the isotopic signature
of two samples from the DéCin fault system (No. 4, No. 5) it can be
concluded that the faults often intersect both aquifers. Deep faults
doubtless represent the main pathway for gas ascent, but in the
shallower herizons, the gas might alsc be distributed by shallower
fractures. As observed by Jetel and Rybdfova (1991), fracture
porosity dominates over the intergranular in the sandstone aqui-
fers, which facilitates gas distribution also within the aquifer itself.
Although the faults and fractures do not always affect the direction
of groundwater flow (§i1ar, 1976; HerZik et al, 1999), they can
facilitate interactions between atmosphere, aquifers and upper
mantle chemical components.

6. Conclusions

Isotopic research, carried out in the very complex aquifer sys-
tem of the north-western part of the Czech Republic has demon-

strated that groundwater evolution is dominated by many kinds
of interactions: (i) groundwater—CO, gas from the upper mantle,
(i) groundwater-rock, (iii) groundwater—fossil crganic matter
and (iv) groundwater—surface waters. Carbon isctopes {'*C, '4C)
in such an intricate context behave as powerful tracers of ground-
water flow and origin. From the detailed study of the aquifer lichol-
ogy and tectonic conditions it was possible to present for the first
time a simplified conceptual scheme of the basin. Considering the
complex flow conditions, a method has been developed to evaluate
the apparent residence time of groundwater within the system.
The apparent groundwater ages range from modern to 11.1 ka
BP. The stable isotopic content, mainly '®0 values, indicates both
the contribution of modern precipitation and the partial infiltra-
tion of palaeowaters from the end of the Pleistocene.

Due to this study, it is now possible to focus the investigation on
strategic areas such as fault zones, where exchanges between dif-
ferent aquifers along deep discontinuities still need to be clarified
and quantified. As a future step, these considerations will help in
water management of the area to sustainably develop exploitation
of the resource, taking into account its dynamics and renewability.
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Abstract

Climatic instability during the Late Pleistocene has been reflected in the pattern of groundwater
recharge. This paper summarizes palacoclimate knowledge during the Late Weichselian period in
Europe. The majority of northern Europe was covered by thick ice sheets and permafrost
preventing aquifers from recharge processes, the southern Furope was generally free of these
palaeoclimatic features. Palaeoclimatic information has been put together with isotope data in
order to better understand the palaecorecharge conditions and recharge timing at the scale of the
European continent. The %0 and *H relationship clearly shows a latitudinal evolution and many
distinct climatic influences. Radiocarbon data show that south European aquifers have been
generally recharged continuously during the last 40 ka, while north European aquifers often show
a recharge gap during the Last Glacial Maximum. Finally, it was possible to distinguish areas
with continuous recharge during the whole Late Pleistocene period and areas where aquifers were
prevented from recharge during the Last Glacial Maximum. Several examples of melt water
recharge or the subglacial recharge have been registered. The identification of such diversity in
the groundwater palaeorecharge in Europe is of the great importance for groundwater modellers

developing management schemes for groundwater resources.
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Groundwater, stable isotopes, radiocarbon, permafrost, water resources
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1. Introduction

The groundwater regime of European aquifers reflects the great diversity in aquifer location,
geometry, chemical and physical properties, geology, tectonic settings, flow dynamics and
recharge history. This great diversity should be regarded in the groundwater management
measures to ensure efficient groundwater exploration and exploitation for various purposes. More
than 2 billion people worldwide depend on groundwater for their daily water supply and
proposing efficient plans becomes challenging. Numerous models have been developed for
different major deep confined aquifer systems to achieve optimal solutions in groundwater
management. Nevertheless, the developed models will be correct and credible only if precise and
accurate information on the recharge history is also included as these aquifers might have been
affected by different contrasted recharge conditions (Jost, 2005; Douez, 2007; Bense and Person,
2008). The oscillations in the groundwater recharge since the Last Pleistocene considerably
influence modern groundwater regime, namely the groundwater flow dynamics which is one of
the key parameters to evaluate the aquifer capacity. Good knowledge exists for recharge timing in
coastal European aquifers in relation to the late Pleistocene and Holocene sea level changes
(Edmunds and Milne, 2003), but for the continental areas the recharge chronology is less clear.
Variable recharge conditions have to be considered in every situation as attested by many
examples worldwide. Decision makers in the field of water management rely on the credible
results from groundwater modeling. The problems of local groundwater development and
management are then often constrained due to insufficient level of knowledge about groundwater
systems, insufficient technical equipment or the lack of money to ensure the effective
management. The most extensive aquifers generally occur in overseas countries often expending
over several countries. Examples of such extensive aquifer systems may be found in the United
States - Ogallala aquifer (Rosenberg et al., 1999; Fryar et al., 2001), in South America - Guarani
aquifer system (Sracek and Hirata, 2002; Wendland et al., 2007; Rabelo and Edson, 2009,
Gastmans et al., 2010), in Australia - Great Artesian Basin (Pestov, 2000; Zhang et al., 2007) or
the Africa - Nubian Sandstones (Gonfiantini et al., 1974; Edmunds and Wright, 1979; Lloyd,
1990; Guendouz et al., 2003; Moneim, 2005). Due to the strategic, social and economic
importance of such significant hydrogeological systems, it is indispensable to make a coordinated
use of water resource for drinking supply, agriculture, industry and geothermal purposes. The
spatial extent of European aquifers is generally of smaller scale, but aquifer formations represent
still a strategic importance and should be the subject of effective management to meet the

European Union water regulation standards (both qualitative and quantitative ones).
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The term “palacowater” strictly refers to all groundwaters that can be clearly identified in terms
of radiocarbon age, or an isotopic or noble gas signature, as originating in colder climatic
conditions of the Late Pleistocene (Edmunds and Milne, 2001). Palacowaters should be in the
first step distinguished from those which form part of the present circulation system exposed to
different recharge conditions. Anyway, palacowaters are largely unaffected by natural circulation
at the present day as they are remnants of former hydrogeological regimes. That is why they are
considered as an important strategic drinking water resource, especially during catastrophic
events (e.g. floods, dry seasons, change of climatic conditions). In addition, old groundwaters
make up important archives of past environmental events and provide information on the
recharge history which may be accessed on the basis of numerous indicators such as dissolved
noble gases, isotopic signature of the water molecule or chloride concentrations (Rozanski, 1985;
Rozanski et al., 1992; Loosli et al., 1998; Araguas-Araguas et al., 2000; Edmunds et al., 2004,
Edmunds, 2005). Environmental isotopes generally indicate the climatic conditions during the
groundwater recharge and they are usually considered together with radiocarbon data to establish
the most probable groundwater recharge period (Vaikmée et al., 2001a). Radiocarbon method is
commonly used for groundwater recharge timing up to 40 ka BP at maximum. This time span
covers very significant climate oscillations including several severe cold periods influencing the
intensity of recharge processes within Europe. The coldest periods with glacial or permafrost
conditions can be traced using the radiocarbon dating chronology by the absence of data.
However, the lack of data has to be considered carefully as a short gap might only be the result of
the absence of an appropriate sampling. Thus, the resolution of glacial periods versus
groundwater archives is representative only for periods long enough to have been registered

(Stute and Schlosser, 1993; Darling, 2004).

This paper presents a synthesis of numerous studies carried out during the last two decades on
selected European aquifers with the emphasis on recharge oscillations during the last 40 ka (from
the Upper Pleistocene period of the Weichselian to the Holocene). Before the recharge
characteristics of European aquifers are evaluated, the review of the most recent findings on
Weichselian period concerning the glaciation and permafrost chronology and palacoclimate
conditions is discussed. Later on, the relation between the timing of glaciation, the permafrost
development across Europe and the groundwater recharge during the Pleistocene period is
examined, with focus on the existence of a local palacorecharge during the Last Glacial

Maximum (LLGM). This paper aims at supplementing the results of the PALAEAUX project
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(Edmunds and Milne, 2001) by considering more European aquifers and by using the most recent

data and information on the climatic evolution in Europe.

2. Weichselian environment in Europe

As the recharge events are very susceptible to reflect the principal glacial and interglacial stages,
the evolution of groundwater both at the local and at the European scale has been controlled by
climate and environmental changes during the Late Pleistocene and the Holocene. We focus on
the period within the limits of radiocarbon dating only, i.e. until 40 ka BP. Further details about
palaeoclimate within the whole Weichselian period may be found in Vaikmae et al. (2001a).

2. 1. Chronology of Weichselian (Upper Pleistocene)

The chronology of European glaciations during the course of the Pleistocene is continuously
subject of discussion and definition (Ehlers, 1996; Ehlers and Gibbard, 2004; Ehlers and Gibbard,
2007). Contrary to the previous glaciations (Elsterian and Saalian), the chronology and the
extension of the European ice sheets during the Weichselian (known as Wiirm in the Alps or
Vistulian in northern Central Europe), particularly its last phase (< 40 ka) can be determined with
rather high resolution as radiocarbon dating can be applied for this time period.

The Weichselian is the last glaciation known in Europe the start of which is generally proposed
around 116 ka BP (Gibbard and Cohen, 2008). This period is characterised by several changes
between glacier advance and retreat. While the general pattern of global cooling and glacier
advance was similar, many local differences appear in the ice sheet development within the
globe. The Weichselian have been divided into five principal stages as follows.

- Early Glacial (MIS 5, 116 - 72 ka BP) is the initial phase of Weichselian (Guiter et al.,
2003) representing the entrance into the Pleniglacial period and was marked by a succession of
alternately short cold and longer temperate periods.

- Early Pleniglacial (MIS 4, 72 - 60 ka) is the oldest period of maximum cooling in the
Weichselian glaciation. The climatic conditions favoured the appearance of the first Weichselian
permafrost in Western Europe, and the formation of large frost wedges (Vandenberghe et al.,
1998; Van Vliet-Lanog, 1998).

- Middle Pleniglacial (MIS 3, 60 - 29) was generally less cold than the preceding period

with only discontinuous permafrost occurrences and higher amount of precipitation.
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- Upper Pleniglacial, (MIS 2, 29-15 ka) was the coldest period of the Weichselian
including the LGM which is attested by temperature curves derived from ice cores (Jouzel et al.,
1999).

- Late glacial (MIS 1, 15-10 ka **C uncal) was marked by a series of oscillations
bracketing an abrupt warming when all European glaciers retreat between 15 and 13 ka as a
response to an episode of climatic warming. However, this phase was interrupted by a short cold
episode, dated around 12 ka BP (referred as Younger Dryas), particularly well recorded in the
insect assemblages (Vandenberghe et al., 1998, Alley and Clark, 1999). During the Younger
Dryas cooling, the ice sheet retreat almost stopped, ice caps were limited to the mountainous
parts of Europe (the Alps) and in some areas (e.g. western Norway) local re-advances took place

(Benn and Ballantyne, 2005).

A number of studies have focused on the reconstruction of the climate of the LGM and on the
following transition toward the Holocene (CLIMAP, 1981, COHMAP, 1988, Lowe and NASP
Members, 1995, Webb and Kutzbach, 1998). The last occurrence of potentially wet and cold
conditions before the most severe and driest phase of the LGM was during the interval between
ca. 30 and 25 ka BP (Hughes and Woodward, 2008).

The Weichselian ice advances are most often dated to about 15 — 20 ka BP according to
thermoluminescence or radiocarbon dating. The major ice sheets spread rapidly and the
maximum extent of European glaciation often refers to the LGM. Although it is considered, that
the maximal position 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 ice expanded from northern Sweden across Finland more than thousand kilometres to its
maximum LGM position in NW Russia in less than 10 ka (Lunkka et al. 2001) and similarly the
ice retreat was completed in less than 10 ka, which indicate great changes in climate systems. In
the western Baltic Sea region, the maximum late Weichselian ice cover was reached at ca 22 - 20
ka BP (Wysota et al., 2002; Houmark-Nielsen, 2004), and in the southeastern parts ca 21 - 19 ka
BP (Rinterknecht et al., 2006). On the south, the Scandinavian ice sheet reached the northern
parts of the British Isles, Germany and Poland, but it never crossed the Elbe River (Ehlers and
Gibbard, 2007). Marks (2002) showed that the LGM in Poland occurred at less than 21 ka BP; in
Denmark it probably occurred at 22 ka BP (Houmark-Nielsen and Kjer, 2003). In Greece,
preliminary uranium dating places the maximal glacial advance to the period prior LGM and
suggests that the LGM glaciation was less extensive (Woodward et al., 2004, Allen et al., 2007).
Similar evidence has been found by Hughes and Woodward (2008) in Italy where the local
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glacier maxima probably preceded the global LGM by at least several thousand years. In the
Mediterranean, glaciers are likely to have advanced and retreated much more quickly and reached
their maximum extent in the last cold stage before the large north European ice sheets (Hughes
and Woodward, 2008). The Greenland ice core data, the vegetation records, the fossil fauna, and
the fossil permafrost features all indicate that the LGM climate was very cold in Europe from 22
ka to at least 16 ka BP (Vaikmaie et al., 2001a). The most substantial change was a drop of global
sea-level to about 100-130 m below the present. This regression was combined with a general
decline of precipitation and the expansion of the ice sheets.

From ca 20 ka BP, all European ice sheets started to retreat. The approximate glacier extension

for 20 ka, 15 ka and 10 ka BP is documented in Fig.1.

2.2. Palaeoclimate and recharge conditions

The existence of a gap during recharge to deep aquifers is closely related to those
palacoenvironmental (permafrost) and palacoclimatical 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.

Temperatures in northern continents ranged below —20°C for most areas north of 30°N and with
annual precipitation rate of only 1-2 mm/day (Kutzbach et al., 1998). The ice-free area in the
northern high latitudes was covered by polar desert. According to Frenzel (1992), the annual
LGM rainfall in western Europe was 500 mm lower than at present. Spruce and oak forests were
absent in Europe because of cold, dryness and permafrost. Even the Mediterranean lowlands were
treeless (COHMAP, 1988).

The climate situation in Central Europe during the LGM (21-18 ka BP) and the Late Glacial is
characterized by high wind activity, especially from the east (Dietrich and Seelos, 2009) and
relatively low precipitation (Huijzer and Vandenberghe, 1998).

The ice age climate of southern Europe and the Mediterranean basin was characterized by very
low temperatures throughout the year and by very dry conditions. Two relatively homogenous
zones appear: (i) A north-western zone above the Pyrenees-Alps line, characterized by very low
annual precipitation (Pap, of -600/-900 mm, respectively); (ii)) A Mediterranean zone drier and
colder than today, but less pronounced than the northern-western zone with Py, lower than today

(-800 to -100 mm; Peyron et al., 1998). The Mediterranean region was thus relatively wetter than
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northern Europe during the LGM. Sites from Greece and Italy appear to be intermediate between
the southern and northwestern Europe (Peyron et al., 1998). The Py, in the east of Europe was,
during the LGM, lower by -50 to -750 mm (Tarasov et al., 1999).
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Fig.1. Location of studied aquifers, deglaciation steps and permafiost limits. Modified from
Labeyrie (2006), Gatto and Carbognin (1981), Delmas et al. (2008), Hughes and Woodward

(2008). Site numbers refer to

Different approaches have been carried out to evaluate Late Pleistocene temperatures. Peyron et
al. (1998) and Tarasov et al. (1999) reconstructed European temperature anomalies (the
difference between the temperature today and at the LGM) from fossil pollen ranging from
—17°C in Central Europe to —1°C in Arctic Russia. In Europe, reconstructed temperature

anomalies, derived from degree-day modelling of palaeo glaciers, can be divided into three main

Tab.1.
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regions: north of the Alps, the Mediterranean Basin, and Eastern Europe. With a precipitation
anomaly of -40%, mean temperature anomalies for these three regions are —15+0.3°C,
—13+0.8°C, and —10+1°C, respectively (Allen et al., 2007). In the tropics, LGM temperature
anomalies, reconstructed from fossil pollen at low elevation, range between —2.5°C and —3°C

(Farrera et al., 1999).

The permafrost extension, estimated through biological and geological data such as pollen, lake
level oscillations, marine plankton, noble gas and isotopic data would have effect of inhibiting the
aquifer recharge. The significant advance of British and Scandinavian ice caps until the average
latitudes (approximately 53°N) between 30 and 20 ka BP affected the recharge processes at the
southern margins of ice sheets within the central and southern Europe (Boulton and Hagdomn,
2006).

There is a common understanding that continuous permafrost occurs at mean annual air
temperatures from -6 to -8°C and lower, discontinuous permafrost at -4 to -8°C and sporadic
permafrost at temperatures from -1 to -4°C (Brown et al, 1997). At present, permafrost
environments occur over 20% of the Earth’s land surface; during the LGM an additional 20%
may have been affected (French, 1996).

Permafrost occurred mainly during the Early Pleniglacial, Middle Pleniglacial, LGM and
Younger Dryas (Renssen and Vandenberghe, 2003). Delineation of the permafrost zone in
Europe during the Pleistocene is a controversial issue. Maps of permafrost distributions for
various phases have been presented by Huijzer and Isarin (1997), Isarin (1997) and Huijzer and
Vandenberghe (1998).

Huijzer and Vandenberghe (1998) made an extensive inventory of the LGM European permafrost
relics. Their map shows, that continuous permafrost extended throughout the UK, northern
Belgium, the Netherlands and northern Germany and Poland. The boundary with the
discontinuous permafrost zone has been put around the Belgian-French border. By contrast, Van
Vliet-Lano& (1998) supposes continuous permafrost also over northern, central and eastern
France. Renssen and Vandenberghe (2003) considered the combination of both hypothesis to
propose a map of permafrost during the LGM and the Younger Dryas (Fig.1). The limits to

permafrost distribution will be considered further using isotopic evidence from groundwater.

According to Lowe and NASP Members (1995) the earliest evidence for sustained warming
around 15 ka BP is found in pollen diagrams from south-west Europe. However, the most

remarkable evidence for global climatic amelioration dates around 13 ka BP. According to NASP
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records the thermal maximum of the last glacial-interglacial transition occurred in south-west

Europe, lowland Switzerland, the British Isles and the Netherlands between 13 and 12.5 ka BP

whereas in southern Scandinavia and Germany it was delayed until 12.5 to 12 ka BP (Walker et

al., 1994).

Tab. 1. List of studied FEuropean aquifers with reference and main isotopic data.

5"%0 (%o vs. 8°H (%o vs. 13 ”
Dominant 8°C ovs. PDB.) | AMC (mC)
No | Country Site Aquifer mnan SMOW) SMOW) * @ References
lithology
n mean 2 n mean (2 n mean G n mean L
1 |spain Doftana Plio-Quaternary |27 s, 7 4oz | 7 |27 24| 7 |128] 12| 6 |312]151 [MEnzeoctal,
silts 2001
conglomerate,
Alentejo-Sado Es dPlio- F desand
2 [Portugal RrEe e M 36 | 47| 03| 38 [2oa|za | - | - | - | 18 |asp|zey [Shan®EER
Basin Miocene Carreira, 2008
sandstone
3 [Portugal  |Aveiro Cretaceous shldone 10 | 47 02| 10 [260] 11| 10 |-121| 23 | 6 [168] 17,0 |CondessodeMeloet
clays [al (2001)
4 |France Adquitaine Basin - g, sands st | a1 | o7 | 51 |s29] aa | 24 [-111] 26 | 24 [ 88 |15, [Andréctal @003),
south [Douez (2007)
5 |France AquitaineBasin - | ic+Cretaceous [limestones 73 | 62| 07| 73 [-393] a5 | 59 |05 33| 59 | 289 | 284 [rEkovALl
north (2009)
carbonated EU“%U (50?0)
6 |France Valréas Basin Miocene sandstones, a1 | 98| os| a1 |-503] 62| 38 [-90] 22| 20 | 235|296 [ e 2
(2000), Huneau et
marlstones
al (2001)
Barbecot e al
7 [France Normandy Turassic carbonates 17 | 68| 03| 17 |4a9| 17| 17 [-105] 2,5 | 17 | 255210 (22‘50*;0 @
8 |France bais Basinzaiorthe |Snoninn, Do | ek g 29 | 25| 04 | 20 |-s06| 41 | 20 |93 40| 28 | 510|285 [Floppmennetal
limestone (1998)
sandstone,
9 |France Paris Basin-south | Albian clays 55 791 06 31 |-55,7| 46 54 [-113| 3,3 51 22,3 | 30,9 [Raoult (1999)
10 [France Lorraine Triassic sandstone 15 [ 95| 07| 15 |-642| 46 | 16 [-112] 20| 16 | 175|241 Zeéf;emm“ al
Glacial
11 [Switzerland |Glatt Valley Quaternary deposits, 8 |-10,7| 1,0 8 |-77,5| 83 8 |-114] 2,2 8 22,8 | 24,5 |Beyerle et al. (1998)
molasse
12 |Romania South Dobrogea Barremian - Jurassic |limestones 9 |-11,7| 07 8 |-71,9] 55 8 7,91 0,7 8 41,0 [ 29,0 [Tenuet al (1975)
13 [mungary Great Hungarian  [Pliocene and sands, clay, 32 [-108] 10 | 32 |783| 88 | 28 |-149] 55| 28 | 164|102 Stute and Deak
Plain Quaternary gavels (1989)
various, Bert leff et al
14 [Ge Alpine Foreland [T ertiary +Ji : 85 [-11,0 12| - s z s ® 2 2 = s
rmany pine Forelan 1ary+Jurassic SemEsE <1993)
15 |Germany  [Kewer aquifer  |Jurassic sandstone 24 [-100] 06 | - z - |24 [1a4] 22| - . - [aeynetal 1984)
East and West [Walraevens (1998),
16 [Belgium A Tertiary clays, sands 38 | 69| 04 | 8 [-521| 44 | 38 |-100] 54 [ 38 | 19,5] 20,5 [Walraevenset al
(2001)
o s Pohemian Cretaceous sandstone o |a00| as| - | - | - |22 |05 34| 22 |305]254 [rikeovctal
[Republic Cretaceous Basin (2010)
18 [Poland Cracow region Jurassic limestones 29 |-11,1| 09 29 |-78,5| 5.9 22 | -5,8]| 3,8 21 11,7 | 21,3 |Zuber et al (2004)
19 |Poland Warsaw Oligocene sands 35 |-10,2| 03 35 |-73,3] 28 20 |-11,7] 1,1 20 | 12,9 | 15,9 |Zuber et al (2000)
53 |73 03[ 53 [502] 24 [ 35 [6a[ 42| 35 [196]214 [Dennisetal 1997
London and
20 |England Cretaceous chalk Elliot et al (1999),
Berkshire Basin 44 | 74| 03| 45 |-a06] 24 | a6 [ 69| 49| 31 | 228|275
[Darling et al. (1997)
Bath et al, (1979),
21|England Middle-East Middle T dst 16 | 88| 07 | 16 [-57.0 51 | 28 |-112] 15 | 28 [ 323|230 [FTUNS 2
nglan 1 e-La 1ddle 1riassic san one =0, 'y =24 2 R > > > Smedley (2000),
Darling et al. (1997)
Holocene and
22 |Denmark Ribe formation sandstone 15 -80 | 05 - - - - - - 15 | 30,1 | 19,5 |Hinsby et al (2001)
Pleistocene
23 [Lithuania  |north Devonian limestones, 5 |-107] 04 | 5 [-s08| 16| - s s s s - [Mokrik et al. 2009)
sandstones
24 [Estonia north Cambrian-Vendian [sandstone 24 |ags| 25| - | - < | 24 |-1a8] 34| 24 | 91 [151 z’;[‘)‘;rl";e ekal

3. Methodology and dataset

In order to characterise the recharge conditions since the Last Pleistocene at the European scale,

from Portugal to Estonia, many studies within the European continent have been collected. Some
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of them were carried out in the scope of the PALAEAUX project integrating state-of-the-art
science in the field of hydrogeology, geochemistry and isotopic hydrogeology (Edmunds and
Milne, 2001). The current work considers relevant published information about European
groundwater evolution. The 24 studied aquifers are displayed in Fig.1 and further information
about aquifers and data origin, mean values and the standard deviations for 8180, 82H, 813C and
M¢ activity may be found in Tab.1. Although the selected aquifers are heterogenous in terms of
geological composition, the non-carbonate aquifers are clearly superior to the carbonate aquifers
as archives of information on palaeoconditions (Darling et al., 1997).The most valuable
information is provided by the combination of stable isotopic data both with radiocarbon ages
established by different correction models. This will be used to evaluate the groundwater
recharge timing and to identify major palacoclimatic changes. The type of data used at each
investigated sites can be very different. As follows from Tab.1, some European aquifers do not
provide complete data. However, only information on both stable isotopes and radiocarbon is the
most promising to obtain relevant conclusions about the general character of groundwater
recharge. Radiocarbon dating method is a subject of various restrictions. Apart from the
difficulties in interpretation of the carbonated aquifers, the method is limited to ages of less than
40 ka. The consideration of the approaches to obtaining radiocarbon ages is not within the scope

of the current study. Tab.1 provides a documentation source for radiocarbon ages.

4. Results and discussion

4.1. Stable isotopes in European aquifers

As aquifers conserve the isotopic signature of precipitation and as the content in stable isotopes
reflects the climatic conditions such as temperature and humidity, the groundwater forms unique
archives of palaecoclimate. Although in many countries the period of precipitation accumulation
fits more or less the period of aquifer recharge, it is not necessarily always the case. During cold
periods, especially in the north European countries, the precipitation could not easily infiltrate
owing to the permafrost or ice sheets occurrence and was just accumulated in the form of snow
and ice. It was only after the ice and permafrost retreat that the aquifers could be recharged again.
The water recharged from melting ice sheets was considerably depleted in stable isotopes. Such
recharge might be observable in few aquifer systems only, generally in the proximity of the
former glaciers extension. The insight into the stable isotopic signature may clarify the period

when the precipitation was formed. The ambiguity about the recharge timing may be clarified

10
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using the radiocarbon evidence which can provide an idea about the recharge timing as discussed

later.
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Fig. 2. 6"%0 vs. &H diagram for European groundwaters. Data comes from references listed in
Tab.1.

European groundwaters show different effects influencing “H and '*O concentrations. In Fig.2
groundwaters generally plot along the Global Meteoric Water Line (GMWL) indicating that they
were not involved in any considerable specific processes such as evaporation. or geothermal
activity. Huge span in both stable isotopic values for the European aquifers is the consequence of
the different isotopic signature of local precipitation, due both the increase in temperature from
northern latitudes to the southern ones, the proximity of the site to oceans. the decrease of
temperature with increasing altitude and the water-rock reactions. According to Fig.2, European
groundwaters plot approximately from-25 to — 95 %o vs. SMOW for 8”H and from -3 to — 13 %o
vs. SMOW for 6'*0 including modern and old waters. The most enriched values are found in
Spain and Portugal while the most depleted come from north European countries. These
variations are confirmed by Fig.3 which displays the span of 8'°O values within each aquifer of
the dataset. While in the southernmost countries the variance in the isotopic content between old
water and modern water is very low, central and northern European countries reveal a larger span
of values. The stable isotopic content of south European aquifers (N°1-3) reveals enriched values
as the consequence of the low latitudes but also because of the ocean vicinity. The most enriched
aquifers were found in Portugal. These phenomena are observed even in southern France. where

South Aquitaine Basin (N°4) has more depleted values with respect to North Aquitaine Basin
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(N°5) which was sampled closer to the ocean. On the other hand, in very high latitudes depleted
isotopic values are expected, nevertheless the Cambrian-Vendian aquifer in Estonia shows
extremely low values for 8'°0 ranging between -12 and -22.5 %o. Depleted values in Switzerland
probably reflect the influence of mountainous geomorphology. A huge variability of 8'%0 content

within one single aquifer often indicates a recharge during very variable climatic conditions.

In order to better understand the evolution of the groundwater isotopic signature within one
aquifer, it is necessary to acquire an idea about the stable isotope content in modern precipitation.
European continent is well covered by IAEA-GNIP stations (IAEA/WMO, 2006) despite missing
or incomplete records in some countries. A map with an approximate present day &'°0
distribution in western and central Europe has been proposed by Arppe and Karhu (2010). The
span of the modern precipitation isotopic signature for studied aquifers ranges from -4.6%o to -

11%o and from -27%o to -72%o for 8'0 and 8°H, respectively (JAEA/WMO, 2006).
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Fig.3. Box plot displaying the oxygen-18 content in European groundwaters. Figure shows
latitudinal evolution. Enriched values in higher latitudes are often linked to coastal aquifers.
Data comes from references listed in Tab. 1.

Generally, due to the low atmospheric temperatures during the Late Pleistocene, groundwaters

from this period are depleted in stable isotopes compared to the modern precipitation. The
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difference in 8'%0 and 8”H values between modern precipitation and the estimated LGM period,
i.e. around 18 — 22 ka BP are displayed in Fig.4 comparing several aquifers in Europe with
enough relevant data. Observed amplitudes range from 1.2%o to 2.7%o and from 8.2%o to 20%o for
8'%0 and 8”H with relatively higher amplitudes in higher latitudes.

Tab.2. Amplitudes in groundwater recharge temperature variation between Pleistocene (>10 ka)
and modern air temperature values, inferred from dissolved noble gases concentrations. (NGT =
Noble Gases recharge Temperature)

Country ANGT (°C) [References

Portugal 5-6 Condesso de Melo et al. (2001)

France -south 5-7 Huneau (2000), Douez (2007)

France - north 3-9 Rudolph et al. (1984), Kloppmann et al. (1998), Lavastre et al. (2010)

Switzerland 4-6 Beyerle et al. (1998)

Hungary 9 Stute and Deak (1989)

Austria 6 Andrews et al. (1985)

Germany 5-9 Bertleff et al. (1993)

Belgium 4-8 Walraevens (1998)

Poland 4-7 Zuber et al (2000), Zuber et al. (2004)

Bigiand 48 Bath et al. (1979), Darling et al. (1997), Elliot et al. (1999), Edmunds and
Smedley (2000)

Estonia 6 Vaikmiie et al. (2001b)

Nevertheless, the depletion for old groundwaters is not observed in some south European
countries. In coastal Portugal the lack of any stable isotope depletion indicates the constancy of
the Atlantic air circulation at medium latitudes over the whole Late Pleistocene and Holocene, as
well as the proximity to the ocean (Edmunds, 2005; Carreira et al., 1996). The contrast between
the Pleistocene and the modern isotopic signature is also documented in Fig.5 displaying selected
European aquifers.

Further consideration about the isotope shifts exhibited by most palacogroundwaters requires a
palacoclimatic context in which the recharge temperature is an important element. The
temperatures at which recharge waters are equilibrated with air in the unsaturated zone may be
determined from the noble gas contents of groundwaters and generally reflect annually averaged
values (Stute and Deak, 1989; Aeschbach-Hertig et al., 2000; Aeschbach-Hertig et al., 2002).
Tab.2 summarizes the differences in temperatures (ANGT) measured on groundwaters between
the Late Pleistocene and Holocene periods. It is shown, that despite regional differences in the
temperature ranges, the overall evolution of temperatures since the Last Pleistocene was
throughout Europe quite similar. Data on ANGT supplement the stable isotope content
information. The ANGT values, suggesting a Late Pleistocene temperature by 4-9°C lower than

nowadays, confirm the existence of palacorecharge prior to 10 ka BP.
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Fig.4. Contrasted isotopic content between LGM European groundwaters and modern
precipitation. Numbers on the plots represent the difference between modern precipitation and
LGM recharge. Data comes from references listed in Tab. 1.

Recharge temperatures deduced from noble gases can be augmented with the stable isotope ratios
3'%0 and 8°H which have long been considered powerful indicators of palaeoclimate. Long-term
changes of palaeoclimate might be observed from &'*O/temperature relations (Clark and Fritz,
1999). Decreasing temperature drives the rainout process and the precipitation becomes
increasingly depleted in stable isotopes. Dansgaard (1964) established a linear relationship
between surface air temperatures and 3'°0O for mean annual precipitation on a global basis. Later,
Rozanski et al. (1992) and Fricke and O’Neil (1999) proposed a 3'0 —temperature coefficient

around 0.55%90/°C for long term records covering the Pleistocene period. Following this
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coefficient and the recharge temperatures derived from ANGT (Tab.2), waters recharged in cold
climatic periods should be depleted by approximately 2%o. This calculation is only approximative
as the introduced coefficient of 0.55 %o/°C has been averaged from very long-term data set.

However, such estimation is in agreement with the studied data introduced in Fig.4.
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Fig.5. The &'H and 6'°0 composition of Pleistocene groundwaters in Europe compared with the
average of modern local precipitation and the GMWL. References and isotopic data listed in
Tab.1.
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4.2. Recharge conditions in Europe

Although groundwater sets an excellent archive of recharge conditions, many unclear situations
appeared during the recharge condition determination and groundwater dating for European
aquifers. The main objective of the current work is to investigate the timing of the recharge of the
European aquifers in order to clarify the effect of the cold period during the Late Pleistocene on
the recharge events. The discussion on palacorecharge on the global scale in Europe have been
already included in the analysis of Darling (2004) who summarises the evidence for a recharge
gap for several sandstone aquifers in Europe. However, the recharge gap corresponding to the
LGM period is often difficult to identify and some previous studies have confirmed rather

uninterrupted recharge during Late Pleistocene and transition into the Holocene (Blavoux and
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Olive, 1981; Rudolph et al., 1983; Kemp et al., 2000; Jirakova et al, 2009). Our synthesis show
variable results indicating different recharge conditions within Europe and very often with certain
particularities which will be discussed later on. The LGM is generally considered as a cold period
which in some places caused a recharge absence.

After LGM, the retreat of ice sheets and permafrost in the Early Holocene allowed deep

percolation of water into the ground establishing the common present-day groundwater table.

Fig.1 displays a general view on the permafrost and ice sheet extension according to several very
recent studies with the location of studied aquifers. All aquifers reveal a Holocene recharge but in
only part of them very old groundwater was found. An effective way of comparing the quality of
information from selected aquifers is to obtain fingerprint of each of them based on the
relationship between 8'0 and radiocarbon ages, or if not available, with radiocarbon activities
(Fig.6).

Commonly, two major groups of aquifers may be distinguished. In addition, a third category has

been identified (involving particular recharge processes):

(i) Continuous recharge:

This first group includes groundwater of all ages dating at least 40 ka BP that do not reveal any
recharge gap from the Late Pleistocene up to the Holocene.

(ii) Recharge hiatus around LGM:

This second group involves aquifers which were prevented from recharge around LGM. Some of
these aquifers provide groundwater ages at least to 40 ka BP. However, some of these aquifers
reveal a lack of groundwater recharge prior to LGM which is either because of the absence of
recharge or a absence of data.

(iii) Particular situations:

This third group corresponds to special situations and suggests that the recharge occurred during
or shortly after LGM and has been provided by subglacial melt-water drainage through tunnel
valleys or that aquifers were recharged by melt-water from the North European ice sheets driven

by the main drainage axes right after the LGM.
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Fig.6. 8"°0 isotopic signature in European groundwaters during the last 40 ka. 5, 6 — continuous
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Continuous recharge examples

Groundwater being recharged continuously during the last 40 ka was observed within the larger
part of southern Europe. A strongly depleted stable isotope composition and a low radiocarbon
activity in the aquifer systems indicate a glacial origin of groundwater. It is confirmed by the
records from Portugal, Spain and the southern France, but it is likely that the same trend was
followed in the southeastern Europe as documented in groundwaters in eastern Romania. The
recharge in the south European aquifers has not been generally affected by the cold atmospheric
temperatures dominating in northern and central Europe. That is why many records of
palaeorecharge into deep aquifers could be found. However, this is not the case of the Dofiana
aquifer in Spain (N° 1). This aquifer reveals low content in *H with the recent component ratio
around 10% at maximum. According to the radiocarbon dating, there is no evidence for any
recharge prior to 15 ka BP. This could be explained by two hypothesis: admixture of saline water
(as saline waters do not reflect palaeoclimatic signature) or the absence of major climatic changes

since the LGM, when the weather was humid and warm, not very different from the present
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climate, as recorded by pollen (Zazo et al., 1996). This statement is supported by the presence of
old groundwaters in Portugal (N° 2, N° 3) dating about 30 — 40 ka BP (Carreira, 1998) which
indicates the continuity of the recharge through LGM.

Southern France also probably experienced active recharge during the coldest periods. The
permafrost limit crosses France only in its central part (Fig.1). The recharge of aquifers in the
South Aquitaine (N° 4), North Aquitaine (N° 5) and Valréas Basins (N° 6) has been probably
regularly distributed since 40 ka BP up to the Holocene. In South Aquitaine, many samples date
from the LGM indicating very favourable recharge conditions. North Aquitaine and Valréas
Basin data show the same trend of continuous recharge during LGM, though with rather lower
density of information as only a few samples fit the LGM period.

Rather continuous recharge has been documented in the east Romanian aquifers in the South
Dobrogea region. Despite a lack of information on the exact extension of the permafrost during
LGM in Romania, it seems that the Dobrogea region (N° 12) was not considerably affected by

this cold stage which is also supported by isotopic investigations.

Continuous recharge in the above mentioned aquifers results from favourable and rather stable
climatic conditions. Nevertheless, several documentations of continuous recharge exist also from
areas of higher latitudes, i.e. areas with possible discontinuous or even continuous permafrost
occurrences. This is the case of the confined Albian aquifer (Lower Cretaceous) in the Paris basin
(N° 9) which does not show any recharge hiatus and has been probably recharged more or less
continuously up to 40 ka BP (Raoult, 1999; Jost, 2005). The recharge zone of the Albian aquifer
is located on the south-east from Paris but still in the zone of the discontinuous permafrost
conditions according to Fig.1. This supports the hypothesis, that discontinuous permafrost which
occupied the northern and the great part of central France may have allowed the recharge
processes.

Another example comes from the Keuper aquifer in Germany northward from Nuremberg (N°
15). This area, like central France, has been exposed to transitional conditions between
continuous and discontinuous permafrost. Radiocarbon dating does not confirm any recharge gap
up to 31.5 ka BP.

Data from southern England in the surroundings of the London Basin (N° 20) suggest similar
evolution. This ice-free zone was probably under periglacial and permafrost conditions (Fig.1).
Several studies confirmed continuous palacorecharge to the Chalk aquifer up to 40 ka BP
(Darling et al., 1997; Dennis et al., 1997, Elliot et al., 1999) which can suggest the spatial or

temporal discontinuity of the permafrost occurrence.
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However, the groundwater dating in the carbonated aquifers, notably the Chalk aquifer, is less
reliable as the groundwater chemistry is generally considerably modified by the interactions with

the rock matrix.

Interrupted recharge examples

This group assembles aquifers which were recharged up to 40 ka BP but with a hiatus between
most often 18 — 22 ka BP as described previously and which corresponds to an ice cover or
permafrost extension in the concerned areas (Huijzer and Isarin, 1997, Huijzer and
Vandenberghe, 1998; Rensen and Vandenberghe, 2003).

. As proposed by Harrar et al. (2001), it is not possible to make any useful general statements
about the effects of glaciation and permafrost on aquifers as the relative geometry of the aquifer
and glacier are very important.

The recharge gaps observed in such aquifers cover often different spans and vary according the
aquifer geographical position. Nevertheless, all registered recharge gaps are consistent with the
LGM period. These aquifers generally dominate in the north of Europe, however the first records
come from latitudes of about 48°. Upward from this latitude, the climatic conditions during the
last cold stage were more severe than in the south and are reflected in the groundwater isotopic
signature. Several records have been collected from regions where discontinuous permafrost
occurred during LGM. It has been found out that the recharge in the majority of the study areas
was interrupted, but in some places might have been continuous.

This phenomenon is observable in northwestern France. In Normandy (N° 7), the groundwater
ages show a recharge dating from the last 40 ka, but data indicate a hiatus from ca 17 to 30 ka BP
(Fig.6). The recharge gap period is difficult to define as the absence of LGM samples can simply
indicate the lack of boreholes and not really a recharge gap. In the nearby Paris Basin two
different aquifers have been studied. The unconfined Chalk groundwaters indicate mainly a
Holocene recharge with a maximal age about 14 ka BP (N° 8). The fact that waters prior to LGM
have not been found might be again assigned to lack of samples. The results from '*C age
modelling in the Lorraine region (N° 10) show a palaeorecharge effect up to 33 ka BP. The
absence of any ages of between 17 and 24 ka BP may provide evidence for the absence of
recharge during or around the LGM (Fig.6).

Similar recharge history has been registered in Switzerland (N° 11). The study of the Glatt Valley
in Switzerland indicates that the valley was ice-free before 28 ka BP and after 14.5 ka BP
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(Schluchter et al., 1987). Radiocarbon dating showed an interrupted recharge between 17 ka and
25 ka which is in agreement with the ice sheet extension.

No groundwater recharge in Hungary for both Pliocene and Quatemary aquifer flow systems (N°
13) was registered between 17 and 23 ka BP (Fig.6). It is consistent with the finding of Kovacs et
al. (2007) who expects the permafrost and periglacial processes throughout the Pannonian Basin
between 18 and 22 ka BP. Old corrected C ages, which fall within the last global cold period,
are also supported by significantly lower temperatures derived from the dissolved noble gas
records.

The climate conditions permitted continuous permafrost development in North Belgium (N° 16)
resulting in notable interruptions in the aquifer recharge. In the Tertiary Ledo-Paniselian aquifer
the radiocarbon dating determined a recharge absence from 14 to 21 ka BP (Blaser et al., 2010).
The existence of a recharge gap in dating results from several aquifers in the British Isles is
reinforced by the suggestion first made on the basis of early isotopic studies that there was a
hiatus in recharge under glacial and periglacial conditions (Smith et al., 1976; Downing et al.,
1977, Bath et al., 1979). Darling et al., 1997 demonstrated that palacowater signals are better
preserved in sandstone than in carbonate aquifers, because in the latter the signals are degraded
by mixing resulting from more pronounced dual porosity. Considering sandstone aquifers, a lack
of apparent ages between 13 and 17 ka BP for sampled groundwater has been noted for
groundwaters from East Midlands (N° 21) (Andrews and Lee, 1979; Bath et al., 1979; Andrews et
al., 1984, 1994) (Fig.6). Fig.1 shows that ice sheets were probably overlying all the northern part
of the British Isles.

The very complex flow pattern in the studied aquifers of Poland has complicated the absolute
groundwater dating. Isotopic data from the Warsaw region (N° 19), which was during LGM
probably situated at the limit of the Fenoscandian ice sheet, indicate an important contribution of
water recharged during the end of the last glacial period. This water has an isotopic signature of
evaporation prior to recharge which probably means that due to the existence of residual
permafrost, the recharge was fulfilled mainly by infiltration from lakes and that the flow pattern
was probably more or less continuous since about 14 ka BP (Zuber et al., 2000). Confined
aquifers in the Cracow region (south Poland, N° 18) contain several groups of waters including
also a mixture of glacial and older waters. Unfortunately, no reliable dating of groundwaters
within the whole time span offered by "*C method is available for the territory of Poland as there
are no sufficiently large non-carbonate aquifers (Zuber et al., 2000). Even if quantitative age

estimations for glacial waters seems to be difficult, the mean age of glacial waters in the centre of
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Cracow can be assumed as equal to 13 ka BP on the basis of dissolved noble gases and stable

isotope data.

The fact that the hiatus is of different duration and has been recorded at different moments can be
the consequence of different phenomena. The LGM did not occur at the same time within all
Europe. The proposed interval from 18 to 22 ka BP represents the most often proposed timing of
LGM but in various countries it could occur with slightly different time shifts on a local scale.
The weak point of radiocarbon dating lies above all in the radiocarbon activity disturbances due
to various geochemical phenomena, notably in the carbonated aquifers. The results therefore
present estimations and should be considered rather in relative terms. Addtionally, it has to be
kept in mind that LGM waters are more difficult to be identified (due to lower recharge
intensity). That is why, the lack of samples does not necessarilly suggest no recharge. Then, as a
consequence, waters infiltrated with much lower intensity during colder periods are more difficult

to find.

Particular situations

The presence of a permanent ice sheet significantly reorganises the groundwater flow, supply no
alimentation and modifies hydrodynamic and mechanic properties of aquifers (Darling et al.,
1997; Boulton and Hagdorn, 2006).

A first example of special situation comes from Denmark, where the study of a sandy aquifer
(Hinsby et al., 2001) allowed distinguishing 2 groups of groundwaters of Holocene and
Pleistocene age. The study suggests that the melt water from the southern rim of the
Fenoscandian ice sheet at the LGM was drained to the Elbe palacovalley and its tributaries and
afterwards infiltrated into the deep sedimentary formations. Recharge records indicate both old
and modern recharges with a hiatus between 11 — 29 ka BP. This is consistent with the theory of
ice sheet cover between 15 — 20 ka BP (Fig.1). For some samples, radiocarbon dating suggests a
Holocene age of groundwaters, but noble gas data often indicate very low temperatures (<5°C,
Hinsby et al., 2001) corresponding to glacial ages. This was the main reason to take into
consideration a possible recharge with melt waters. An analogous situation was detected in the
ice-free region of central Europe, particularly in the Czech Cenomanian aquifers (N° 17)
(Jirakova et al., 2010). In these cases, groundwater recharge is also linked to the existence of the
north European ice sheet from which the melt water was preferentially drained by the existing big

rivers such as the Wesser, the Ems and the Labe (Elbe) (Toucanne et al., 2009). This
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phenomenon is responsible for the post-LGM recharge by very depleted waters. In the Czech
Republic, the radiocarbon dating did not confirm the recharge prior 11 ka BP while depleted
stable isotopic values suggest an origin in very cold climatic conditions (Jirdkova et al., 2010).
The lack of data prior to 11 ka BP is in agreement with the permafrost retreat between 11.8 ka
and 11 ka BP (Czudek, 1986).

A very particular situation appears in Estonian aquifers (N° 24). As they are characterised by
extremely depleted 8'°0 values of groundwater (median around -20%o), it is likely that they were
recharged by waters of glacial origin. Several hypothesis were framed to explain such a strong
depletion. The base of the Fennoscandian ice sheet was during the late Weichselian probably in a
liquid state for approximately 11 ka (Jdeleht, 1998) which support the hypothesis that the
recharge of aquifers could be done by subglacial isotopically depleted melt waters through the
tunnel valleys (Vaikmie et al., 2001b). Mokrik and Mazeika (2002) analysed a model of pre-Late
Glacial permafrost environments to explain low 8'°0 values and it was concluded that the
infiltration took probably place earlier during glaciation between 20-35 ka BP. This is not
compatible with Kalm (2006), who supposed that Estonia was ice-free between 22 and 43 ka BP
with rather mild climate. Consequently, the most probable explanation for the depleted isotopic
content seems to be the recharge of thaw waters from the gradually melting ice sheet base during
ice ages. In this case, groundwater infiltrated below glaciers makes difficult to calculate accurate

ages as air bubbles in the ice would contain atmospheric 5'3C value (Vaikmie et al., 2001b).

However, the dating of Mokrik and Mazeika (2002) is in agreement with the investigation of the
Middle-Upper Devonian aquifer system in Lithuania (N° 23), where low 'C concentrations could
also suggest ages around 20ka BP, indicating that the recharge in cold climate conditions may
have taken place during the LGM or little prior (Mokrik et al, 2009). Yet, Lithuanian
groundwaters do not show such depletion in stable isotopes as in Estonia. The median 8'%0
values for Lithuanian aquifers range around -10.5%o. For that reason, the recharge in Estonian
and Lithuanian aquifers could not occur by the same way or in the same time. On the basis of a
great difference in the §'*0 content, it might be thus deduced that Estonian aquifers were charged
only from the melting of the ice sheet base. On the other hand, Lithuanian aquifers were
recharged by mixture of melt and river waters. The mixture of waters of different origins can
explain why the Lithuanian and other north and central European groundwaters are relatively
isotopically enriched. Apart from Lithuania, this mixed water recharge was observed in Denmark

(N°22) or in Czech aquifers (N° 17) as described previously.
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A subglacial environment is not the particularity of north Europe only. These conditions can also
be met in mountainous regions. For example, the groundwater recharge in subglacial environment
also likely occurred in south Germany alpine foreland (N°® 14) (Bertleff et al., 1993) which was
during the Upper Weichselian covered by permafrost and foreland glaciation. The glacier water
origin of groundwater is characterised by depleted 8'°0 values around -14%o. Some other
recharge processes linked with melting glaciers were also observed in other places in alpine

regions (e.g. Zuppi and Sacchi, 2004).

DEGLACIATION STEPS IN EUROPE TYPE OF RECHARGE

1. Uninterrupted recharge
I:l 2. Recharge gap

3. Particular situations
(recharge from melted ice, through tunnels)

LGM PFdc

500 km

MRk Continuous permafrost limit during LGM

LGM PFdc . . - . - .
Discontinuous permafrost limit during LGM Permafrost limits modified from

YD PFc ; F b X Renssen and Vandenberghe (2003)

______________ Continuous permafrost limit during Younger Dryas

YD PFdc

Discontinuous permafrost limit during Younger Dryas

Fig.7. Typology of the recharge processes to deep aquifers throughout Europe.
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5. Conclusion

This paper summarises an insight into the palaeorecharge conditions prevailing in Europe during
the last 40 ka BP. The most recent findings about permafrost and ice sheet extension have been
put together in order to explain some recharge features throughout the European continent. As the
groundwater dating was not in the scope of this study, the paper rather aims at understanding the
general recharge pattern and show discrepancies in the groundwater recharge processes. The
study deals with many European aquifers in very different geological and hydrogeological
contexts.

From a very extensive isotopic dataset of 24 different European sites, it has been deduced, that
the groundwater recharge over the European continent can be divided into 2 major groups: (i)
continuous and (ii) discontinuous recharge conditions. It has been noticed that in ice sheet or
permafrost free areas the recharge has probably occurred continuously without any hiatus. This
concerns the majority of the southern European as documented by examples in Spain, Portugal,
France or Romania. The absence of very old groundwaters prior to LGM, mainly in coastal
aquifers, could be explained by saline water intrusions masking the original palacorecharge
signature or constant climatic conditions.

Northwards, the climatic conditions around 20 ka BP were more severe and therefore more
complicated recharge or even a lack of recharge is expected as the consequence of ice covered or
frozen ground. The recharge hiatus that is notably registered in northern France, England and
Hungary, generally corresponds to the LGM period although with slight differences in the hiatus
duration or timing within LGM.

Some transitional situation can be observed in areas where more than one type of recharge has
been registered. Such cases might be found in southern England, northern France, and Nuremberg
area in Germany where groundwater dating suggests continuous recharge despite the fact, that the
area was probably covered by permafrost. Though, it follows that in particular situations the
existence of permafrost does not always inhibit the infiltration processes. These areas were
probably under less severe climatic conditions.

Some recharge types, such as in Estonia and Lithuania, are related to the subglacial environment
conditions considering that some areas of the bedrock were unfrozen despite the cold and dry
climate. Another particularity have been observed for groundwaters which depleted stable
isotopic signature indicated cold climate during recharge period but for which the radiocarbon
dating did not confirm the palacorecharge. The explanation for such cases lies in a post-LGM

recharge by depleted melt water. This has been registered in Denmark or the Czech Republic.

24

88



HYDROGEOLOGY JOURNAL ISOTOPIC HYDROGEOLOGY INVESTIGATION
Accepted for publication

Nowadays, all major aquifer formations are used for water supply and need improved knowledge
about the history and the renewability of the recharge for a sustainable development of
groundwater use. An accurate definition of aquifers recharge timing presents a major interest for
groundwater modellers developing management plans for the water resources. Groundwater
dynamics can be fully understood only if recharge timing and former environmental conditions
are well appreciated. Although the aquifers and groundwater recharge have been since the last
two decades intensely investigated throughout Europe and relatively detailed information is
known for western and central European aquifers, there are still some gaps in the knowledge of
aquifer system functioning in several countries, mainly those of Eastern Europe. Studies about
geochemistry and isotopes do exist, but they should be enriched by more investigations focused
on groundwater recharge oscillations. The efforts should be therefore made to fill up these gaps
and uncertainties to provide continuous information on the recharge chronology of aquifers in

order to extend this study.
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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?.

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 * A (mW/mP),

where q is the heat flux (W/m?), G is geothermal gradient (K/m) and A 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™ and a present use rate of
200 Ls™ 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 D&in and the Usti 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™ in its axial part (Cermak and Jetel, 1985).
Permocarboniferous sediments underneath indicate values close to 100 mW.m? (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. 13. Hlustrative 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).
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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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Groundwater in the BeneSov-Usti aquifer system in the northwestern Bohemian Cretaceous basin has
been intensely exploited since the twentieth century. Apart from providing drinking water, it contains
the most extensive accumulation of thermal water in the country. However, excessive exploitation can
result in temperature declines and changes in the quality of the groundwater in the future. More than
a hundred in situ temperature measurements were used to assess the geothermal gradient and heat

Keywords: flux. However, intense groundwater vertical flow across the well significantly controls the heat flux
Heat flux AT iy 5t 2

GeGHeTTAl BRadients distribution, resulting in a huge range of values—from less than 50 mW/m? within infiltration areas to
Thermal conductivity more than 125 mW/m? in drainage areas. Certain simplifications and corrections considering the vertical
Thermometry flow between different permeable zones were developed, and the correction for topography as well as
Well logging lithological variability have been applied to improve accuracy of the geothermal gradient assessment.
Groundwater Despite the fact that the Bohemian Cretaceous basin is tectonically very complex, it is concluded that

tectonics [with the exception of the Eger (Ohfe) rift] has only a secondary effect on the thermal field.
Two longitudinal W-E areas in the BeneSov-Usti aquifer system have elevated heat flux values. The
calculated heat flux values are useful for heat transfer modelling and the assessment of the sustainable
limits of thermal water exploitation.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction Kelly and Mares, 1993; Vasseur and Demongodin, 1995; Stulc,
1998; Lubis et al., 2008). Heat flux assessment within a well in

The demand for geothermal energy is growing worldwide since a multilayered aquifer system is often complicated due to verti-

it can be both inexpensive and environmentally friendly (Bertani,
2005; Lund et al,, 2005). The heat flux reflecting the integrated
thermal structure is a key element in quantifying the geothermal
potential. Well-logging methods are commonly used in obtaining
information from well profiles reaching several hundreds or even
thousands of meters (e.g. Serban et al., 2001; Demetrescu et al.,
2005; Ollinger et al., 2010; Hooijkaas et al., 2006). However, var-
ious factors can affect their accuracy and reliability of heat flux
quantification. As many authors have observed, heat flux is largely
controlled by groundwater flow (Grinbaum, 1962; Mansure and
Reiter, 1979; Cermak and Jetel, 1985; Clauser and Villinger, 1990;

* Corresponding authorat: Université de Bordeaux, GHYMAC Géosciences Hydro-
sciences, Talence, France. Tel.: +33 5 40 00 88 41; fax: +33 5 40 00 31 13.
E-mail address: hanajirakova@post.cz (H. Jirdkova).

0375-6505/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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cal flow between aquifers. The vertical flow within the borehole
often causes sudden differences between the natural geothermal
gradient in the formation and in the well. Precautions are neces-
sary to ensure that the recorded temperature is representative of
the rock formation and is not influenced by movement of water in
the borehole (Mansure and Reiter, 1979). Groundwater flow often
causes up to a 50% decreasefincrease in geothermal gradient in
recharge/drainage zones depending on the character and intensity
of groundwater flow. Distortions in the geothermal gradient can be
used as a tool for determination of recharge/drainage areas (Lubis
et al., 2008). Therefore, the phenomenon of natural vertical water
flow in boreholes (or a hydraulic short circuit between different
aquifers or between fractures with different permeability) has to
be taken into consideration in geothermal investigation.

Tracer dilution may be used to identify water movement along
or across the borehole and to determine the yield of aquifers.

Please cite this article in press as: Jirakovd, H., et al., Geothermal assessment of the deep aquifers of the northwestern part of the Bohemian
Cretaceous basin, Czech Republic. Geothermics (2011), doi:10.1016/j.geothermics.2011.02.002
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This technique relies on measurement of changes in the physical
properties of the fluid in the hole such as resistivity, temperature,
radioactivity and transparency after the injection of a tracer into
the hole. Variation of these properties as a function of depth in the
borehole is used for the assessment of both the hydraulic dynamics
and the inflows. Details of these techniques have been described
in Chapellier (1992), Kelly and Mare$ (1993), Mares et al. (1994),
and Kobr et al. (2005). Additionally, permeable zones and sections
with vertical movement of water through the well and behind
the casing can be identified by the high-resolution temperature
logs.

In the Czech Republic, geothermal resources have been studied
in detail over the last 10 years. According to the Ministry of Indus-
try and Business, geothermal energy is included in the renewable
sources of energy in the national energy program. The history of
thermal water exploitation for health resorts and swimming pools
dates back several hundred years.

The Bohemian Cretaceous basin (BCB) has been extensively
exploited for over 100 years, mostly as aresource for drinking water
supply. Favourable hydraulic and geological characteristics have
created conditions for extensive thermal water exploitation from
the sedimentary basin. In several areas of the BCB, thermal waters
have been pumped with generally increasing intensity, thereby
affecting the hydrogeological conditions and the water quality. As
mentioned above, the aquifer system also has a great fresh ground-
water potential. The existing fresh water yield has been estimated
ataround 9 m? /s (Her¢ik et al., 1999). Because of the relatively short
period of thermal water exploitation (in geological terms), the real
consequences such as changes in temperature and water quality
and quantity have yet to be quantified.

Well logging methods in groundwater surveys of complicated
aquifer systems in the BCB were described in Datel et al. (2009)
focusing on the optimal exploitation of water resources and
their protection against contamination. Among various well log-
ging methods (such as measurements of resistivity, conductivity,
radioactivity)available for characterizing the geological and hydro-
geological conditions in the study area, thermometry is the only one
that can provide areliable measure of the thermal potential of the
formation.

Previous geothermal studiesin the territory of the Czech Repub-
lic (e.g. Cermak, 1975, 1979; Cermak and Safanda, 1982; Hurter and
Schellschmidt, 2003; Myslil et al., 2005) indicated the geothermal
importance of the western part of the BCB. The most promising
areas of the BCB are in its axial part (the deepest part), where
the average heat flux exceeds 80 mWm~2 (tertiary basins in the
west have a heat flux higher than 100 mW m~2). Permocarbonifer-
ous basins also show a heat flux of 90-100 mW m~2 (Myslil et al.,
2005).

This paper presents the result of an investigation aimed at
providing detailed information about the temperature, thermal
gradient and heat flux on the basis of the interpretation of bore-
hole temperature profiles. The main objective of the study was to
evaluate the heat flux distribution within the BeneSov-Ust{ aquifer
system.

Thestudyareais characterized by a well-developed fracture sys-
tem and relatively thick Cretaceous layers of marly siltstones and
sandstones, with generally favourable hydrogeological parameters.
As a result, intense groundwater exploitation has occurred which
should be optimized for availability in future decades. For this rea-
son, it was decided to carry out a detailed geothermal study based
on real measurements in the field. In addition, the work represents
aregional study of the northwestern part of the BCB and contributes
to the general knowledge of the extent of the present-day geother-
mal resources. The data can be useful in modelling and simulation
of the hydrogeological and geothermal processes to determine the
limits of the sustainable development of the geothermal resources.

2. Study area
2.1. General setting

This study is focused on the BeneSov-Usti aquifer system (Fig. 1)
which covers approximately 1600km? in the northwestern part
of the BCB. This whole aquifer system is bounded by significant
tectonics features—the Krus$né hory fault, the Stfedohorsky fault
system, and the LuZice fault (Fig. 1). Nevertheless, in order to get
detailed and representative information about the entire system,
the study area has been extended beyond the BeneSov-Usti aquifer
synclinal structure. The northern boundary of the study area bor-
ders Germany and Poland.

The topography of the investigated area is strongly influenced
by volcanism. Relatively young volcanic rocks form cores of hills
reaching up to 700 ma.s.l. The surroundings of these hills are usu-
ally flat. The ground surface elevation of the wells in the zone of
interest is between 130 and 724 mas.l.

2.2. Geological, hydrogeological and tectonic setting

The BCB is the most extensive continuous sedimentary basin
and the largest basin structure of the Upper Cretaceous age of the
Bohemian Massif. The BeneSov-Usti aquifer system is generally
considered to be the most complicated tectonic and lithological
complex of the whole basin structure. The simplified geology is
displayed in Fig. 1. The basement is formed by partially meta-
morphosed Proterozoic and Palaeozoic rocks, locally pierced by
intrusive basaltic rocks and by Palaeozoic granites in the north
(Klein, 1979). The basement is partially covered with Permocar-
boniferous sediments (claystones, siltstones, greywackes, arkoses,
conglomerates) and volcanic rocks. During the Variscan period,
the region was affected by major folding and metamorphism. The
BeneSov syncline in the W-E direction is a distinct structure inter-
secting the central zone. It is filled with sediments typically 200
to 400 m thick, but the thickness reaches as high as 1200 m in the
vicinity of the city of DéCin (HerCik et al., 1999). The study area
involves the deepest part of the basin. The Cretaceous sediments are
generally composed of claystones, marly siltstones, and sandstones
(locally very rich in quartz).

Tertiary sedimentary cover and intrusive rocks forming volcanic
hills and mountains markedly affect the surface. The sedimen-
tary succession in this area is considerably affected by local and
regional fault structures. The precise fault position is often a sub-
ject of discussion. The principle directions of displacements zones
are SW-NE (Erzgebirge) and NW-SE (Sudetic). Nevertheless, many
fold and fault structures are in a W-E direction. The central struc-
ture of the study area (Stfedohorska kra) extending between the
DéCin fault zone on the north and the Stfedohorsky fault on the
south is the deepest block of the basin, and contains numerous
fault systems of different orientation. The Ohfe (Eger) rift, active
fromOligocene to Pleistocene, is the most dominant structure in the
Western Bohemia (Fig. 1). However, the exact position and exten-
sion of the Oht'e (Eger) rift still needs to be clarified. Moreover, the
Ohfe (Eger) rift likely enables the ascent of heat from the upper
mantle and thus represents the point of interest in our study. The
active role of the Ohte (Eger) rift is also documented by CO, emis-
sions (Geissler et al., 2005) in the western part as discussed later
on. Carbon dioxide, which occurs in many groundwaters, migrates
along deep-seated dislocation zones and its surface or near-surface
appearances are particularly frequent at intersection points of such
zones. The CO; source has been recently discussed in Jirdkova et al.
(2010), which suggests a mantle origin for the CO; of local ground-
water.

The entire aquifer system of BeneSov nad Plou¢nici and Usti
nad Labem areas is characterized by subhorizontal aquifer dis-
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Fig. 1. Simplified geological map of the study area with main tectonic features. The exact location and extent of Ohfe (Eger) rift is unknown so far; the grey zone represents

its most probable position and extent.

tribution. The complexity of the study zone is demonstrated in
Fig. 2. The area is geologically extremely hetergenous as shown
in the figure. Most of aquifers are composed of sandstone, which
predominates in the infiltration zone located in the northeastern
part of the aquifer system near the LuZice fault zone. Aquitards
are generally composed of fine-grained sediments (mostly mar-
lites, siltstones, sandy claystones, and claystones) with very low
permeability. On the regional scale, the basin is divided into
three main aquifers: (1) a basal confined aquifer formed by
the Cenomanian sandstone with an intrinsic permeability of
5% 10-13-2x 10" m? and a hydraulic gradient of 1-3%.; (2) a
middle aquifer in the Turonian sandstone characterized by a free
water table, intrinsic permeability of 2 x 10-12-2 x« 10-19m 2 and
hydraulic gradient of 5-10%.; and (3) an upper aquifer in the
Coniacian-Santonian sediments just below the surface. Values of
the hydrogeological parameters are taken from Némecek et al.
(1991, 1992). These were obtained from available data from sev-
eral places in the BCB and local variation at a given site can be
expected.

These three aquifers are separated by regional aquitards of
Lower and Upper Turonian marlstones. This general description
applies to the central part of the basin cross-section, while the sit-
uation might be somewhat different towards either edge of the
basin (Datel et al., 2009). The heterogeneity is caused by folding,
vertical movements along fault structures, and spatial variation in
sedimentation facies.

The water flow direction is governed by an array of different
geological, tectonic, and morphological phenomena. The principal
drainage axis is formed by the Labe (Elbe) river, but it can change
locally depending on the relief. Fig. 3 displays groundwater contour
lines for the Cenomanian and Turonian aquifers in the Benesov-Usti
aquifer system, suggesting the proximity of water level in these
systems. General groundwater flow direction is also similar for both
aquifers.

The lower and middle aquifers of the Cretaceous Basin in the
Dé&Ein and Usti nad Labem regions have been exploited for thermal
waters and represent an example of important thermal accumula-
tions in the Czech Republic. The best known thermal accumulation
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Fig. 2. Schematic cross-section A-A’ (shown in Fig. 1) demonstrating the complex geology of the area (modified from Hertik et al., 1999). Aquifer layers correspond to the
Cenomanian (deepest confined aquifer), the Middle Turonian (main aquifer with mostly free water table level; the middle part of the figure shows the confined area) and

the Coniacian-Santonian (local interest).

is in Karlovy Vary, with temperatures exceeding 70°C. Thermal
waters on a regional scale are closely connected with the fresh
water cycle. Higher water temperatures result from the flowindeep
horizons and also from the groundwater residence time. According
to Jirdkova et al. (2010), apparent groundwater residence time can
reach up to 11 ka. The chemical composition of the water can also
change during such a long time span.

In the Usti nad Labem area, warm water was discovered at
the end of the 19th century (when drilling for a freshwater sup-
ply) and initiated its industrial use and, to a lesser extent, use
for bathing purposes. Currently, thermal waters are largely used
for heating buildings and the operation of thermal swimming
pools.

3. Data set

Many boreholes have been drilled within the Beneov-Usti
aquifersystem and its surroundings for various purposes (monitor-
ing, explorationand exploitation of fresh and thermal groundwater,
structure boreholes). A large data set of borehole parameters has
been collected, due to the borehole exploration in the study area
and the long term tradition of well logging measurements in
the former Czechoslovakia (Table 1 and Fig. 4). These boreholes
were logged over the last 40years in the framework of vari-
ous research programmes. Temperature data are available from
the archives of different institutions (Stavebni geologie, Charles
University—Faculty of Natural Sciences, Geoindustrie, Diamo, UP

’
r

rivel

.
=

Labe,
IS,

Litoméfice

Ceska Lipa ™
(2

Benesov-Usti aquifer system

~— Cenomanian piezometry .~ Turonian piezometry

Fig. 3. Piezometric levels in ma.s.l. for Cenomanian and Turonian aquifers (modified from HerZik et al., 1999) reveal the proximity of water leves and the groundwater flow
direction towards the main dariange axis formed by the Labe (Elbe) river in both aquifers.
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Table 1
List of wells, the calculated geothermal gradients, and heat flux values. Thermal conductivity refers to a particular rock type (see Fig. 4).
No. Location Y X Z(mas.l) Depth (m) Corrected Errors® Thermal Heat flux
gradients* conductivity (mW/m?)
(°C/100 m) 2 NG (W/km)
Al Predlice —763721.7  -976443.8 143.7 500 4.661 - 0116 1.8 84
A2 Ustin.L. —-762980.0 -975950.0  148.0 457 5.266 - 0117 1.8 95
A3 —761401.5  -975926.8 146.1 390 5.963 - 0133 18 107
A4 Brnd —759692.0  -980021.0 1440 431 5562 - 0130 18 100
A5 —759538.1  -980147.0  142.1 422 5.748 - 0131 18 103
A6 Ustin.L. —759327.0  -975811.0  150.0 515 4.987 - 0103 21 105
A7 Vilsnice —7502841  -9683465 160.4 467 4.003 - 0122 27 108
A8 Dédin —749348.5  -968080.0 1286 430 4.846 - 0116 2.7 131
A9 —748032.7  -967085.3 135.4 450 486 - 0113 2.7 131
Al0 —747208.0  -965000.0  128.7 335 6.22 - 0156 2.7 168
All —746873.3  —965408.1 128.9 465 5.299 - 0137 27 143
Al12 —746721.0  -965588.0 1366 520 4.657 - 0102 27 126
Al3 —745453.9  -965880.1 142.6 540 4231 - 0.097 27 114
Al4 Benesov n.PL —740956.3  -969256.0 2286 1136 2.971 - 0.058 2.7 80
Al5 Srbskd Kamenice —736467.5  -962024.9 2144 189 4.726 - 0309 30 142
Al6 —736460.6  -962016.8 2148 117 6.934 - 0508 3.0 208
Al17 Dolsky Mlyn —7346475  -9583440 2004 187 2.005 - 0297 3.0 60
A18 Kytlice —7277744  -964056.1 382.1 78 557 - 0667 3.0 167
A19 Brenna —7194140  -9825546 2640 377 3.397 - 0163 24 82
A20 Velky Valtinov -710843.0  -9744370 2939 360 0.991 - 0111 3.0 30
1 Cinovec —778972.4  -9672286 8046 597 2172 0985 - 3.0 65
2 Svétec —778481.1  -9833688  202.1 122 4278 0.99% - 2.7 115
3 Dubi —778076.5  -970853.2 4009 71 3.023 0986 - 3.0 91
4 Teplice —776068.9  -976278.7  222.1 941 4.103 0.787 - 27 110
5 Stépanov —775467.0  -988459.0  376.3 160 5523 0984 - 18 99
6 Teplice —774269.4  -9763878  222.3 170 157 0.899 - 27 42
7 Palet —771207.0  -989312.0 4200 140 1.492 0.897 - 1.8 27
8 Bofislav —769860.0  -984150.0  358.3 250 2.15 0997 - 1.8 39
9 Otovice —768046.0 -973692.0 1784 133 7.455 0969 - 1.8 134
10 Boret —766485.0  -992401.0  303.0 96 1.286 0985 - 1.8 23
11 Klise -762855.0  -975175.0 1829 512 5.149 0983 - 1.8 93
12 Litom&fice -758112.4  -990526.4 2506 225 39 0999 - 1.8 70
13 —756875.0  -9897480  191.3 115 0.704 0.99% - 18 13
14 Kristin Hradek —753119.7  -9591698  459.3 166 1.396 0997 - 24 34
15 Rydet —752465.1  -9824932 4483 588 3.749 0967 - 2.1 79
16 Prosetin —750930.6  -971683.7  203.7 370 4.101 0925 - 2.4 98
17 —750913.0 9716866  202.6 465 3.992 0.946 - 2.4 96
18 Velky Ujezd —750555.0  —989863.0 2008 200 4198 0997 - 2.1 88
19 Vilsnice -750276.9  -9683399 1609 202 4524 0998 - 2.4 109
20 Bykovice -750072.0  -987838.0  219.1 335 343 0995 - 2.1 72
21 Dobkovice -749296.7  -9713256 1300 53 1.975 0997 - 2.4 47
22 Maxitky —748666.0  -961034.0 4252 200 451 0995 - 2.7 122
23 Zubrnice —748618.3  -980005.2 3426 812 4.951 0973 - 2.4 119
24 Trebusin —748590.0  -985024.0 3164 456 2.143 0.99% - 2.1 45
25 T&chlovice —748022.9  -9742145 2065 99 6.87 0.889 - 2.4 165
26 Habfina —743061.0  -985878.0 2789 469 3.749 0837 - 2.4 90
27 —743047.0  -9854782 2994 243 2.942 0989 - 2.4 71
28 Brusov —741402.0  -982805.0 3318 670 4317 098 - 2.4 104
29 —7412758  -9826268  348.3 540 4298 0.996 - 2.4 103
30 —741270.1  -982622.3 3478 85 4331 0947 - 2.4 104
32 RuZova -740651.6  —-959027.8 3436 223 2.099 0.998 - 3.0 63
33 Ustek, Tetéindves —7400044  -9891465 2167 130 1.397 0999 - 3.0 42
34 Snédovice —7379958  -993265.0 2467 225 3.778 0987 - 3.0 113
35 Dolni Kamenice —737082.0  -956347.0 2135 102 1.341 0988 - 3.0 40
36 Srbskd Kamenice —736569.0  -962140.0  215.0 140 6.407 0988 - 3.0 192
37 Janska —736438.0  -962937.0  280.3 99 2.341 0.987 - 3.0 70
38 Srbska Kamenice —7359340  -960310.0 2029 120 3.78 0978 - 3.0 113
39 Veselé —734896.0  -966512.0  272.7 300 3.738 0.998 - 2.7 101
40 Valtefice —734697.3  -977209.7  329.1 662 2.332 0971 - 2.4 56
41 Zandov -734278.8  -9726975 2939 762 2.667 0.998 - 2.7 72
42 —734275.3  -9727046 2938 345 2.162 0988 - 2.7 58
43 -7342747  -972708.0 2925 885 2.122 0983 - 2.7 57
44 Vysoka Lipa —733575.0  -955353.0 2764 107 1.548 0.994 - 3.0 46
45 —7335441  -9553563 2766 298 1521 0.99% - 3.0 46
46 Blizevedly-Hvézda —733218.0  -986882.0 3642 82 1.143 0.99%6 - 2.4 27
47 Viemily —732760.0  -955260.0  289.4 301 0.938 0928 - 3.0 28
48 Bofislav —732171.7 9582365 2406 115 1.19 0.968 - 3.0 36
49 Zadni Doubice —731380.0 -950702.0 2888 360 1.342 0977 - 3.0 40
50 Cinovec —729697.7 9681152 7976 420 1.052 0979 - 3.0 32
51 Drchlava —7280548  -9897297 3518 112 0.682 0975 - 2.4 16
52 —7280546  -9897222 3516 215 1.568 0.99% - 2.4 38
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Table 1 (Continued)

No. Location Y X Z(masl) Depth (m) Corrected Errors® Thermal Heat flux
gradients? conductivity (mW/m?)
(=C{100 m) I G (W/km)

53 KfiZovy Buk —726556.0 -961704.0 5342 190 1237 0995 - 3.0 37
54 Sosnova —725960.0 —981986.0 267.4 260 0 0989 - 2.7 61
55 Kytlice —725218.0 -963791.0 425.0 70 1.242 0989 - 3.0 37
56 Krasné Pole —725203.6 -960017.2 4135 220 1613 0954 - 3.0 48
57 —725200.0 -960010.0 4124 645 1.719 0969 - 3.0 52
58 Clipa —724114.7 -977767.3 300.4 612 1.712 099 - 2.7 46
59 Jestiebi —723991.0 —986397.5 2547 272 1.649 0987 - 2.4 40
60 Sloup v Cechich —721932.6 —972985.3 285.7 575 0.958 0976 - 3.0 29
61 Radvanec —720428.9 —970522.7 309.0 616 1.292 0998 - 3.0 39
62 —720408.0 —970505.0 309.0 541 1.047 0994 - 3.0 31
63 Jifetin —719775.0 —959850.0 573.0 120 3.743 0992 - 3.0 112
64 Svor. Rousinov -719171.0 —966160.6 4209 645 1.144 0979 - 3.0 34
65 Velenice —716966.2 —977245.3 2875 370 1.961 0988 - 3.0 59
66 —716966.0 —977245.3 287.7 370 1.953 0988 - 3.0 59
67 Juliovka —714282.9 —964281.1 426.6 481 1.15 0997 - 3.0 34
68 Boretek —713709.5 —986093.1 278.4 211 2.426 0965 - 2.4 58
69 —713700.7 —986095.8 278.2 92 1.894 0993 - 2.4 45
70 Pertoltice —712906.7 —980588.0 2815 727 3.051 099 - 2.4 73
71 Hefmanice —711250.0 —970250.0 3332 265 1.63 0975 - 3.0 49
72 Krompach —710781.0 -963573.0 580.0 150 0.746 0998 - 3.0 22
73 Skelnd Hut’ —708876.7 —988567.6 305.7 190 2549 0989 - 2.4 61
74 Horni Krupa —706532.1 -990920.8 359.8 336 2.316 0972 - 2.4 56
75 Ralsko-PlouZnice —704761.9 —987546.1 306.4 86 1.979 0997 - 2.4 48
76 —704750.2 —987546.6 306.1 240 4.088 0991 - 2.4 98
77 Zibridice —704327.6 —974758.0 3358 400 1.348 0984 - 3.0 40
78 Rynoltice —702674.0 —969083.0 360.0 110 0.898 099 - 3.0 27
79 Hradek nad Nisou —702180.0 —960439.0 243.0 330 5.436 0988 - 3.0 163
80 Nahlov —700248.8 —984137.5 399.9 297 3272 0997 - 2.4 79
81 Hlavice —698629.0 —985977.3 382.3 305 2.164 0988 - 2.4 52
82 Jest&d —693390.9 -977510.7 922.1 150 05 0988 - 3.0 15
83 Litom&fice —754750.7 —991181.1 155.0 1800 2.4 0994 - 3.0 71

A1-A20: artesian boreholes.
Coordinate system: JTSK — Krovik (geographical system adapted for former Czechoslovakia).

* Geothermal gradients were corrected for the effect of topography and the vertical groundwater flow. Well-logging measurements were carried out under stable
temperature conditions and intervals with seasonal variation were excluded from the data processing.

b R2: correlation coefficient for average gradient compared to measured temperature data, AG: Gradient error considering +0.5°C surface temperature uncertainty.
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|:] Sand ratio 60-80% ®  Artesian boreholes X Borehole in crystalline rock

Fig. 4. Schematic distribution of different lithological types within the study area. The sand content is gradually decreasing from the NE (80-100%) towards the SW (0-20%).
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Rynoltice and AQUATEST a.s.). New well logging measurements
were provided for 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). Beside this, a substantial group of bore-
holes was resurveyed after a long period of time (Prochazka, 2004).

Although many borehole measurements provided valuable
information on lithology, aquifer characteristics, and hydrody-
namic conditions, the temperature profiles which are essential for
our study, were not always available. For that reason we considered
only a selection of all boreholes with temperature profiles (Fig. 5).
However, even the existence of a temperature log in a borehole does
not always guarantee its applicability for geothermal investigation,
as the temperature field can be perturbed by various phenomena.
The temperatures in the well and in the surrounding rock envi-
ronment could be significantly different. A careful evaluation of
the temperature measurement quality should precede the thermal
data integration into the data set. Strict conditions were applied
for the selection of favourable wells so the temperature log would
reflect the distribution of natural temperature field in the rock
massif. Various phenomena cause severe difficulties in obtaining
accurate temperatures: (1) the use of old and inaccurate measur-
ing instruments resulting in inaccurate records, (2) measurement
in nonstabilized hydrogeological conditions, (3) measurements in
mud filtrate, (4) lithological variability, (5) vertical water flow in
a well, and (6) temperature changes in the shallow layers con-
trolled by the seasonal variations. While complications resulting
from old measuring instruments occurred only rarely, measure-
ments in non-thermal equilibrium conditions were frequently
encountered. Thermal equilibrium conditions are fulfilled after a
sufficiently long time has elapsed following well construction;
equilibration time depends on borehole geometry, rock properties,
and groundwater flow regime. Measurements taken under non-
thermal equilibrium conditions in the borehole will always provide
unrepresentative temperature values. All measurements used were
carried out under thermal and hydrogeological equilibrium condi-
tions between water in the borehole and the surrounding media.
Thus, they provide valuable information and are used for the study
purposes.

The vertical flow of groundwater occurs as a consequence of the
different piezometric levels of two or more aquifers penetrated by
a borehole. Therefore, temperature data must be handled carefully
if any vertical flow has been observed.

The selected data set comprises 103 wells which are more or less
regularly distributed within the study area. Only boreholes gener-
ally deeper than 50 m were included, as the near-surface horizons
are influenced by seasonal temperature variations. The average
depth of the wells is a few hundred meters. Twenty artesian bore-
holes are identified by “A” before the well number in Fig. 4 and
Table 1, which show the exact position and main parameters of the
wells used in this study.

4. Methods

Continuous temperature logging generally gives a detailed
temperature profile with good possibility of detecting perturb-
ing phenomena (Beck, 1977, 1982; Conaway, 1977; Conaway and
Beck, 1977). Temperature-profile measurements were made con-
tinuously from the surface to the bottom of the well using a
thermometer with a sensitivity of 0.01°C, the method’s accuracy
is then 0.1°C.

Using the temperature data, heat flux is calculated with the
following formula:

g=Gx X (1)

where g is the heat flux (W/m?2), G is geothermal gradient (K/m),
and A is thermal conductivity (W/m K).

To calculate the appropriate geothermal gradients in the area,
temperature profiles were analyzed considering the vertical flow
where applicable. Geothermal gradients determined directly from
the temperature profile often reflect variations in the lithology
(Fig. 5). Very shallow horizons (to the depth 20-25m) were not
used for computing the temperature gradient owing to seasonal
effects which can cause quite strong curvatures. A selection of
depth versus temperature values was used to calculate the aver-
age geothermal gradient for the entire well. Minor variations and
deviations in the temperature record were not taken into account.

Fig. 5 illustrates different lithological types and their influence
on the geothermal gradient; it also demonstrates three typical
examples of groundwater dynamics: (1) noobservable vertical flow
between aquifers; geothermal gradients are controlled by lithology
but are certainly influenced by the groundwater recharge (Fig. 5A,
infiltration area); (2) observable upward vertical flow leading to
misrepresentation of gradient above the inflow locations (Fig. 5B,
drainage area); and (3) observable downward vertical flow lead-
ing to misrepresentation of gradients within the permeable zones
(Fig. 5C).

The variability in lithology is reflected in geothermal gradients
because sand layers reveal rather low thermal gradients, while
clay and silty horizons are characterized by high temperature gra-
dients. The situation is best demonstrated in Fig. 5A (no upward
flow). Since groundwater circulation is absent in the well, the gra-
dient variability reflects lithologic heterogeneity. In Fig. 5B and C,
the situation becomes complicated as water circulates in the well.
Some measurement techniques to identify the inflow locations and
the flow direction and intensity are shown in Fig. 5. The inflow or
outflow that often indicates the permeable layers are not easily
identified when no natural water circulation is present, since no
sudden temperature variations appear on the curve. However, this
problem can be resolved by resistivity measurements during the
constant fluid injection method illustrated in Fig. 5A (the right part).
The first registration reflects natural resistivity. Then the resistivity
is artificially modified (by salt admixture) and the pristine water is
subsequently injected into the well. Further fluid resistivity mea-
surements in several intervals reflect the water movement along
the well. Locations with the most rapid resistivity changes corre-
spond to permeable horizons. The water injectionis not necessaryif
natural groundwater circulation occurs in the well. In this case, the
permeable layers can be observed directly by resistivity measure-
ments reflecting the resistivity changes as a function of the inflow
intensity (right part of Fig. 5C).

Correction of the upward vertical flow had to be applied for
artesian wells (A1-A20). In artesian boreholes and with vertical
upward flow (Fig. 5B), the discharge temperature is controlled by
the inflow temperature because the water cannot be cooled down
to the ambient rock temperature in the short ascent time from
the inflow location. Hence, the difference between discharge and
inflow temperatures does not represent the geothermal gradient,
and the temperature correction for artesian boreholes is crucial.
A similar complication appears in the case of downward vertical
flow where the gradient is perturbed in the downward direction
down to the permeable layer where the flowing water leaves the
well and enters the formation. However, a simplification can be
considered to establish geothermal gradient in the case of verti-
cal flow. Only temperature values between the bottom of the well
and the lowest inflow location, which is the last point where the
measured temperature is not affected by a vertical flow, are con-
sidered. Computation of a geothermal gradient needs at least two
measurement values, each from a different depth. Therefore, the
average surface temperature is introduced for artesian wells. The
geothermal gradientis then calculated from the following two tem-
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Fig. 5. Well-logs reflecting contrasted hydrodynamic conditions encountered within the study. The figure shows the registration and measurement heterogeneity in a well
without vertical flow, with an upward vertical flow, and downward vertical flow. Inflow locations into the well are indicated by an arrow in the temperature column. (A) No
vertical groundwater flow, geothermal gradients controlled by lithological properties, method of constant fluid injection has been used to assess the permeable zones, (B)
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perature points: the measured temperature at aninterval below the
deepest water inflow, and the average annual surface temperature.
This procedure introduces certain errors into gradient calculations,
but the elimination of such wells would lead to gross inaccura-
cies in the computed heat flow. The study area represents a closed
unit composed of infiltration area, groundwater transport, warm-
ing, and drainage area. Artesian borehole data generally come from
drainage zones. The exclusion of these data would mean excluding
drainage zones, which is unacceptable for the heat balance of the
entire unit.

Surface temperature, T, at the well site was calculated using
Kubik (1990):

T=10.6 —4.7 x 0.001 x z — 0.33 x (Lt — 50°) 2)

where z is the altitude at the well site (m a.s.l.) and Lt is latitude in
WGS84 coordinate system. This formula provided surface temper-
ature values in the range of 8.5-9.7 °C within the study area.

As described previously, the correction has been carried out for
wells with the downward/upward vertical flow, where only data
beyond (below and/or above) the interval of vertical groundwater
flow enter the calculation.

Another complication can arise due to the higher altitudes of
some wells. This effect, which can modify geothermal gradients
within the entire study area, led us to introduce a correction
for the topography effect, notably for wells at higher elevations.
Serban et al. (2001) studied Transylvanian heat flux in the pres-
ence of topography. Their models suggest the topography induces
adecrease in heat flux values at the top of the hill and an increase at
the bottom of the valley as confirmed also by Safanda (1987, 1994).

Some authors include palaeoclimatic effect within the correc-
tions (Serban et al., 2001; Majorowiczand Safanda, 2008 ). However,
these methods cannot be applied to wells considered in this study,
as they are not deep enough to provide a reliable correction.

4.1. Correction for the effect of topography

Topography of the study area is strongly influenced by the Ter-
tiary volcanism along the Ohfe (Eger) rift zone. Due to the large
number of boreholes located inside or in a close proximity to the
hilly area, it was necessary to calculate topographical corrections of
temperature gradients for the majority of the area. For this reason,
a3D model of the study area was compiled using the commercially
available COMSOL software, including a digital elevation model
(DEM) with a horizontal step of 200m. At the surface, the mean
annual temperature was imposed in accordance with altitude and
latitude at the borehole site (Kubik, 1990). The boundary condition
on the bottom of the model was set using a heat flow of 75 mW/mZ2,
which implies a temperature gradient of 0.025K/m, considering
a thermal conductivity of 3W/mK. The steady-state solution of
the problem produced a temperature field perturbed by regional
topography (Fig. 6). The disturbances expressed in percentage were
used for corrections of temperature gradients of individual bore-
holes.

5. Results
5.1 Lithology

Physical properties of rocks such as thermal conductivity are a
function of lithological characteristics. This phenomenon has been
observed by Stulc (1998) for the study site. For this reason, 71 well
logs were collected within the whole region, providing lithological
information. Boreholes were divided into five groups according to
the overall percentage of sand within the well. Results are displayed
in Fig. 4, which shows the gradual transition from pure sandstones
in the northeast into clayey sediments in the western part of the

study area. Logs used for this interpretation refer to the entire Cre-
taceous formation; that is to say that the borehole passed through
the whole Cretaceous formation (marly siltstones, claystones, sand-
stones)into either a crystalline basement or a Permocarboniferous
sediments. As shown in Fig. 4, the sand ratio has been expressed
in 20% intervals, which have different on thermal conductivity. The
scheme provided in Fig. 4 is only anidealized representation, which
is sufficient for the purposes of the current investigation but which
can considerably vary from the real situation at the local scale.
Lithological profiles of wells from different locations within BCB
can be compared in Fig. 5.

5.2. Thermal conductivity

Thermal conductivity has a first-order control on the configu-
ration of isotherms and the heat flow in any basin (Onucha and
Ekine, 1999). Despite the lack of core samples from studied bore-
holes, which could be used to determine the thermal conductivity,
this parameter may be established on the basis of previous mea-
surements carried out in the study area and its surroundings on
similar rock types (Cermak and Jetel, 1985; Stulc, 1994). Ther-
mal conductivity is about 1.5-2.5W/mK for the Lower Turonian
and 3-4W/mK for the sandstones of the Cenomanian and Middle
Turonian. These thermal conductivity values are in the range for
sedimentary formations determined by Cermak (1981), Kobranova
(1986), Clauser and Huenges (1995), and Popov et al. (2003). Phys-
ical parameters such as porosity and thermal conductivity can also
be deduced from a structural borehole in Volfartice situated in
the central part of the study area (Fig. 4). A detailed investigation
of physical properties was carried out for the entire well depth.
Average porosity of sandstones is around 25%. On the basis of this
information, approximate values of thermal conductivity might be
deduced using the correlation between porosity and thermal con-
ductivity (Popov et al., 2003).

Clearly, thermal conductivity values can vary according to
differences in porosity and pore fluid saturation, and vertical
variations of the steady-state temperature and the temperature
gradient are governed by thermal conductivity, which must be
assessed before calculating terrestrial heat flux values at different
well locations. Fig. 4 shows that sediments with a dominant
occurrence of sandstones in the east gradually turn into clayey
and silty sediments with insignificant sand ratio in the southwest.
This indicates large differences in thermal conductivity values
between rocks on the eastern and western parts of the study area.
This finding was used for determining the spatial distribution of
thermal conductivity. Five values of thermal conductivity were
established for each lithological group according to its sand ratio
(Fig. 4): (i) 0-20%: 1.8 W/m K, (ii) 20-40%: 2.1 W/m K, (iii) 40-60%:
24W/mK, (iv) 60-80%: 2.7W/mK and (v) 80-100%: 3W/mK.
The value of 3W/m K was used for a few wells in the crystalline
basement composed of granitic rocks, and the value of 2.68 W/m K
measured by Safanda et al. (2007) was applied to the rhyolitic
rocks, mainly in Teplice region.

5.3. Result from corrections for topography effect

As mentioned previously, variations in ground surface elevation
are often responsible for discrepancies in gradient and heat flux
calculations. For that reason, corrections for the topography effect
have been implemented within our investigation area. Values of the
correction coefficient range between 0.008 and 0.004 K/m. Thus,
corrected gradient values most often deviate by thousandths of K/m
from the uncorrected values. The maximum heat flux correction is
12-24mW/m? considering a thermal conductivity of 3W/mK. In
the present study, the heat flux was corrected by a maximum of
18 mW/m?2.
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Fig. 6. Demonstrative 3D model with synthetic temperature gradient in the level of 200 ma.s.l. in a portion of the study area disturbed by the elevation heterogeneity
represented by the uppermost layer. The calculations consider the average heat flux of 75 mW/m? (temperature gradient of 0.025 K/m and thermal conductivity of 3 W/mK).

5.4. Determination of temperatures and geothermal gradients in
the study area

The groundwater is produced either by artesian flow or by
pumping. Before discussing its impact on the geothermal gradi-
ent, it is useful to consider the aquifer temperature which reflects
heterogeneities in geological and tectonic structure of the area. For
example, the discharge inside DéCin city reaches 32 °C, while in the
western part of DECin the discharge temperature reaches only 25 °C
(both from ca. 400 m). In Ustinad Labem, the discharge temperature
(from 400 m) is 32.5°C and in Ceska Lipa it is 13.5°C (from 250 m).
In Teplice, the thermal water has to be pumped from 900 m, where
the groundwater temperature reaches 46 °C. However, when the
groundwater reaches surface, its temperature is lower by 20°C.

Temperatures were recorded continuously as a function of
depth over the entire well depth. Temperatures representing the
natural conditions within a well were determined from the tem-
perature profiles using the methods described previously.

Based on several measurements in the northern part of the BCB,
Stule (1998 ) concluded that thevertical temperaturegradient in the
aquiclude and in the lower aquifer was not substantially affected
by water flow. Hence the gradients determined from the measured
temperatures can be directly used for computing heat flux.

The geothermal gradients listed in Table 1 have been corrected
for the effect of topography and represent the averaged values for
the well. Errors in geothermal gradients were assessed separately
for artesian wells and the rest of the dataset. Uncertainties in non
artesian wells are expressed as correlation coefficients for the devi-
ation of average gradients from measured temperature data. In the
case of artesian wells, use of surface temperature considerations
(Section 4)could introduce considerable error into geothermal gra-
dient; uncertainties for gradients in these cases were calculated for
atemperature variation of +0.5°C.

Details on stratigraphical variation of temperature gradients
were published by Stulc et al. (2000). Middle Turonian sandstones
exhibit low gradients of around 3K/100m and increase gradu-
ally with depth to 5-6K/100m as the high-conductivity sandy

component is replaced by low-conductivity clayey and calcareous
material. The sharp transition from marlites to sandstones at the
Turonian-Cenomanian interface results in a drop in the gradient
to 2.5 K/100 m. Relatively low values (2.5-4 K/100 m) are observed
throughout the rest of the Cenomanian sandstones. Our results
agree with the trend, showing lower average gradients for the
sandy portion of the study area as illustrated in Fig. 4.

The lowest gradient value (0.5K/100 m) was calculated in the
easternmost part of the study area in a mountainous region (No.
82). Such a low value reflects the hydrogeological conditions in the
recharge area. Recharge zones (situated mainly in the mountain-
ous region or in the broad vicinity of Cesk4 Lipa) form preferential
areas for the meteoric infiltration. Water infiltrates into rocks of
high permeability (represented within the study zone by pure
sandstones with high effective porosity and high permeability).
The depth of infiltration often reaches the Cretaceous basement
(100-700 m below surface considering the study area) (Prochazka,
2008). The infiltration of precipitation water and the snow melt
cause the cooling of the whole sedimentary formation and low
gradients. Furthermore, low gradients in the eastern and northeast-
ern part reflect the high values of the thermal conductivity of the
sandstones.

The highest geothermal gradient of 7.6 K{100 m was computed
near Usti nad Labem (No. 9) which corresponds to the drainage
area. Such large values of gradient at this site, as well as in other
drainage zones (e.g. DéCin and the Kamenice valley), are caused by
the gradual ascent of warmed water towards the surface. Clauser
and Villinger (1990) reported that drainage zones show a consid-
erable increase in geothermal gradients, leading to a 10-90% rise
in heat flux. Geothermal gradients in Usti nad Labem may also be
higher due to its particular lithology characterized by marly silt-
stones with low values of thermal conductivity. Moreover, the Usti
nad Labem area is located in an active structure of the Ohte (Eger)
rift where higher heat flux values are likely to be encountered.

Spatial distribution of averaged thermal gradients is displayed
in Fig. 7 generated by kriging method. Statistical information is
provided in Table 2.
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Fig. 7. Distribution of calculated geothermal gradients in the Benesov-Usti aquifer system. The gradient calculation includes careful handling of vertical groundwater flow

and the correction for the topography effect.

Table 2
Statistical temperature gradient and heat flux data.
n Minimum 25th percentile Median 75th percentile Maximum 8
Temperature gradient (°C/m) 103 15.49 46.17 63.68 92.13 181.39 305
Heat flux (mW/m?) 103 0.0052 0.0176 0.0261 0.0366 0.7218 0.0125

5.5. Heat flux results and discussion

The heat flux was calculated using Eq. (1) for conductive
heat transfer. Corrections were made to consider the effect of
topography and variationin thermal conductivity values. These cal-
culations reveal a very large range (Table 2). Fig. 8 illustrates the
spatial distribution of the heat flux within the region. Data from
all wells studied were used in this figure for the spatial distribu-
tion, including wells with artesian flow. Complete omitting some
of these data would lead to an incomplete data set, a lack of mea-
surement points (notably in drainage zones), and therefore a very
unreliable thermal field interpretation. Moreover, the data deal-
ing with vertical flow and artesian wells were treated carefully as
previously described, and do not contain significant inaccuracies.

As expected, groundwater flow at a given site within the high-
productivity aquifers substantially modifies the temperature field.
Deep boreholes drilled to the basement of the sedimentary forma-
tion (e.g. 2 km) without groundwater flow would allow much more
precise heat flux calculation. Owing to the absence of such deep
wells, only data from the depths of several hundreds of meters (to
the base of the sedimentary basin) were used for computing heat
flux. However, from a practical point of view, the proposed map is
sufficient.

Anomalies in the thermal field indicated by the elevated heat
flux are represented by two longitudinal areas of W-E orientation
(Fig. 8). The first crosses Usti nad Labem with the highest potential
near Téchlovice, the second is well developed around Décin and
continues in a northwestern direction towards the Kamenice river,
along which a very narrow zone of high heat was identified. Con-
sidering detailed geology and tectonics, the heat flux does not only
reflect the geothermal gradient at different sites but it also signifi-
cantly depends on the lithology and thermal conductivity. The heat
flux is generally higher in the western part of the study area, con-
firming the gradual warming of the groundwater during its flow
from infiltration areas in the NE towards the drainage zones in the
SW of the study area.

Infiltration andfor mountainous zones have lower heat flux val-
ues. This is the case in the northeastern part of the study area.

High heat flux values were often observed in artesian wells,
which are usually distributed along the main drainage axes. The
maindrainage axisis formed by the Labe (Elbe)river, which approx-
imately follows the assumed Ohre (Eger) rift structure. Several
artesian wells are situated around Usti and D&n and then in
the valley of Kamenice river. The Kamenice river valley exhibits
a very narrow thermal anomaly along the river caused by warmed
water drainage from the surrounding rock formation. Similarly, the
DéCin valley shows very high heat flux values that are observable
only on the right river bank. This phenomenon can be explained
by groundwater circulation through numerous tectonic structures.
Water infiltrates in the eastern and northern part of the study area,
flows westward through sandstone layers, and gradually increases
in temperature with depth [mainly in the zone of the Ohfe (Eger)
rift]. The sandstone formation is covered by a thick layer of imper-
meable, marlysiltstones in the central and western part of the area.
Groundwater flows through a tectonically complex area for several
thousands of years (Jirdkova et al., 2010) before reaching the Labe
(Elbe) river.

Generally speaking, groundwater flow significantly affects the
geothermal field and plays a key role in heat transfer throughout
the whole area of interest. Heat transfer is also influenced by the
deep tectonics, such as Ohie (Eger) rift in the study area represent-
ing a zone of groundwater warming. Groundwater with dissolved
gases (namely CO;) is a heat transport fluid (Bense et al., 2008;
Dowgiallo, 2002). Detailed isotopic study carried out by Jirakova et
al. (2010) detected mantle-derived carbon (CO3) in groundwater
in the vicinity of Usti nad Labern, D&&in, and around the Kamenice
river, which are zones of high heat-flux values. However, a causal
relationship between CO, occurrence and higher heat flux values
has yet to be established, and should be investigated further.

Besides the crucial role of deep tectonics in the heat distribu-
tion, the most important heat transport mechanism seems to be
the meteoric water recharge in the eastern part of the study area.
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Fig. 8. Heat flux distribution in the Bene3ov-Usti aquifer system as assessed from the geothermal gradients and the thermal conductivities of rock types. The map reveals
generally higher heat flux in drainage zones in the western part, and lower values in the infiltration zones in the northeastern part of the study area.

The existence of a fault itself does not always guarantee a heat flow
anomaly. Fault structures without any contact with deep parts of
the earth crust have a secondary effect on heat flux. They often rep-
resent a barrier for the groundwater which might be transported to
the particular fault structure (as from arift zone). This phenomenon
is commonly observed in sedimentary rocks as demonstrated in the
Dé¢in fault zone, which is a sealing fault, and causes a great shift in
temperatures measured on both river banks. Temperature records
from a depth of 500m on the east of the fault reveal values 7°C
higher than on the west of the fault. Similar results about the sec-
ondary effect of tectonics on the heat flux were obtained on the
south side of the study area, north from Litoméfice.

6. Conclusion

The BeneSov-Ust{ aquifer system is exploited for both drinking
water and geothermal heat. A vital condition for the sustainability
of thermal water reserves is a sound understanding of the dynam-
ics of the groundwater system in the study area in relation to the
complex geology and tectonics. Geothermal investigations in the
western part of the BeneSov-Usti aquifer system have enhanced
understanding of the thermal field and the groundwater dynamics.
Temperature logs in the wells were used to construct a much more
detailed heat flux map of the area than those used in the previous
studies.

Many phenomena affect the thermal field in the region. Ver-
tical groundwater flow, variations in lithology, and topography
lead to a complicated areal distribution of the geothermal gradi-
ent and the heat flux. All of these phenomena were integrated
in this study and corrections were applied to compute accurate
geothermal gradients and heat flux values. Significantly elevated
geothermal potential has been identified in two longitudinal areas
of W-E orientation in the vicinity of the drainage axes of Labe (Elbe),
Plouc¢nice, and Kamenice rivers.

Although topographic correction would improve the accuracy
of the heat flux values, groundwater flow appears to be the domi-
nant mechanism controlling the distribution of the heat flux. This
was particularly demonstrated by low and high heat flux values
in the recharge (<50 mW/m?) and discharge areas (>75mW/m?),
respectively. Therefore, this geothermal study also contributed to
the delineation of recharge/discharge zones, a matter of interest to
hydrogeologists.

The groundwater flows in the westward direction towards the
drainage zones, but its path is considerably complicated by fault

structure and volcanic intrusions. This study demonstrates that
shallow tectonic structures do not directly control the thermal field,
but exercise a strong influence on groundwater flow. This is also
true for numerous volcanic rocks, which are frequently found inside
the study zone and which are related to the Tertiary activity of the
Eger (Ohfe) rift. Thus, tectonics exerts a secondary effect on the
thermal field. Many occurrences of mineral and thermal waters
inside and beyond the study area are related to Eger (Ohfe) rift.
Temperature logs confirmed that groundwater flow occurs within
deep confined sandy aquifers. The groundwater flowing towards
the Labe (Elbe) river is warmed in the tectonic zone and is enriched
in CO;.

This investigation not only provides useful information on the
geothermal resources within the region but also presents animpor-
tant tool for understanding groundwater flow and for constructing
realistic hydrogeological models in such a complex geological, tec-
tonical, and geothermal context.
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5 CONCLUSIONS

51 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:

Q) 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 BeneSov-Usti
aquifer system, Czech Republic

(i) 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 CO, gas
and fossil organic matter affect the isotopic composition of the Bohemian groundwaters. The
presence of CO, 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 CO, 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 Benesov-Usti 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 Usti nad Labem and Dé&¢in. 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 — Ohte (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 zasob podzemnich 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.

54 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,
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- 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

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

Annexe 2

Complete well-logging records including information on lithology
(wells 2H113, 2H095, VVP8450, 2H236)
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Borehole

2H113
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ANNEXE 2

AQUATEST a.s. Praha divize keroldz o
Vysledky karotazniho méfeni po vystrojeni Objekt : 2H113 [ Snédovice ]
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Borehole

2H095
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AQUATEST as. Praha divize karolés
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ANNEXE 2

Borehole

VP8450
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ANNEXE 2

AQUATEST a5, Praha divize karotd?
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ANNEXE 2

AQUATEST a5, Praha divize karotd?
Vysledky revizniho karotazniho méreni
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ANNEXE 2

AQUATEST a3, Prahe divize karo(d?
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ANNEXE 2

Borehole

2H236
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ANNEXE 2

AQUATEST a5, Prana divize karotaZ
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ANNEXE 2

LEGEND — LIST OF LITHOLOGICAL SYMBOLS

Quaternary

Q31 sand

Q41 sandy clay — clayey sand

Q51 not specified

Turonian

T11 sandstone fine grained

T12 sandstone medium grained

T13 sandstone coarse grained

T14 sandstone with slight clay content
T15 clayey sandstone

T16 silty sandstone

T17 marly sandstone

T18 sandstone with an organic compound
T31 clayey siltstone

T 32 marly siltstone

T33 sandy siltstone

T41 sandy marlstone

T42 marlstone

T 43 clayey marlstone

T 44 cabonatic marlstone

T52 silty claystone

T53 coal claystone

T54 carbonatic claystone

T 55 carbonatic marlstone — limestone
T 60 sandstone

T70 siltstone

Cenomanian

cl sandstone fine grained

C12 sandstone medium grained

Cc13 sandstone coarse grained

Cl4 sandstone with slight clay content
Cc15 clayey sandstone

C25 sandstone with an organic compoun
C 26 sandstone with uranium minerals
C51 sandy claystone

C52 silty claystone

Basement

K11 crystalline basement

K12 permo-carboniferous
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