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ABSTRACT (ENGLISH)

Abstract

Isotopic investigations combined with geotinat applications represent powerful tools for the exploration
of groundwater potential as a drinking or geothermal resource. Tlis Fiesis combines both approaches,
environmental and radioactive isotopes together with temperature data in deep aqudetsy to enrich

and update the knowledge concerning the aquifer recharge processes in the Aquitaine Basin (France) and
aquifer recharge processes and geothermal potential in the Bohemian Cretaceous Basin (Czech Republic)
Stable isotopes{0, *H, *C) combined with radioisotope datdQ, °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 necasggpedrate relevant source data for the
accurate modéng of complex groundwater systems. Three groups of groundwater recharge types can b
distinguished throughout Eurof€(i) continuous recharge and (ii) interrupted recharge during Last Glacial
Maximumand (iii) a group corresponding to particular recharge conditions.

The contrasted geographic and climate conditions at both study sites in Fratice @rech Republic have
entaileda great heterogeneity of the recharge conditions and proc8sseiserrnFrance, with generally mild
climatic conditions during the last 40 ka BP, did not experienced considerable hiatus in groundwate
recharge. The residence time of groundwater in the Bohemian aquifers is estimated about 11 ka BP at
maximum but the deplien in the stable isotopes suggests that this groundwater originates in the melting o
the north European ice sheets after the Last Glacial Maximum period, 20 k8 BP. Further
investigations on both stable and radioactive carbon isotopes indicatetaus 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 date
order to improve our knaledge of groundwateflow and dynamics. More than ohendred of temperature
records from welogging measurements were used to assess the geothermal gradient in the Bohemi
Cretaceous Basin which is the most promising heat accumulation within theycddany 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
dominantly controlledby groundwater. Shallow tectonic structures and numerous volcanic rocks exercise ar
influence on groundwater flow and therefore exert a secondary effect on the thermal field. The geotherm
investigation provided useful information on the geothermal ressuwithin the region but also represents

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

in such a complex geological, tectonic and geothermal context.

Key words: deep aquifers, isotopic hydeotpgy, residence time, geothermal potential, heat flux
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FOREWORD

Foreword

This study initiated in Ctober 2007 was carried out in the framework of thet@elle PhD.
program both a€Charles University in Praguénétitute of Hydrogeology Engineering Geology and
Appli ed Geophysics), and at the Universit®

assuming émonths intervals to alternate between both institutions.

The idea of this project was initiated when the Grant Agency of the Czech Republic attributed t
Charles University a financial grant designated to optimize the sustainable development
groundwater resources in the Bohemian Cretaceous Basin. The emerging project needed seve
independent studies requiring an extensive team consisting of experts from various scientific fielc
such as geology, tectonics, geochemidiggrogeologyhydroge@hysics, etc. Thishesis covering

the field of hydrogeophysics and hydrogeochemistry clarifies conditions of heat distribation

groundwater flow conditioni the concared area in the Czech Republic.
The studywas extended to France and particulartythe Aquitaine Basin thanks to the financial

support of the French Ministry of Foreign Affairs, through the French Embassy in Prague, whe
granted t his project and attri butD dllowarme. Ha
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conclusions in the issue of groundwater resources sustainalatitgrinking and geothermal

purposes. The entire working team is introduced here below:

1 Mgr . Han aPhbDistugekto v §

1 Dr. Philippe Le Coustumérconsultation on geology and hydjeology in Aquitaine Basin

1 Dr . F r ®d ®irconsultatian mregeaemistry and application of environmental isotopes

and groundwater dating ttreep sedimentary formations

T Dr . H® | -JeamtonC edndul@ation on application of environmental tggmes and

groundwater dating

T Doc. RNDr . Z b yincBnsultatian lo &ydrogedd§ycofiie Bohemian Cretaceous
Basin
T RNDr . Ma r t i inproWsion of hefpekatare data and consultation on hydrogeology,

field conditions and geothermal assessment®@Bohemian Cretaceous Basin

T Mgr . Pet i cobdotbre dneHe edict of topography and consultation on geothermal
gradient and heat flux ofi¢ Bohemian Cretaceous Basin

1 RNDr. Miroslav Kobri consultation on lithology withinhie Bohemian Cretaceous Basin



LIST OF PUBLICATIONS

List of publications originating from this work

PAPER 1

Ji rvg8k,o H. , H u nJeamton, H.,FHrkal, ZC kel dowstumer, .P., 20@8laeorecharge
conditions of the deep aquifers of the Northern Aquitaine region (Fraimanal of Hydrology,
368, 116.[d0i:10.1016/j.jhydrol.2009.01.017]

PAPER 2

Jir8kovsg, H. , Huneau, F . ,-Je&htok B.] 201@Arbon isdiopes ©© 0 u
constrain the origin and residence time of groundwater in the Cretaceous Basin of Bohemia (Cze
Republc). Applied Geochemistrjdoi:10.1016/j.apgeochem.2010.05.012]

PAPER 3
Jirg8kovsg, H. , Proch8zka, M. , DNdel ek, Pin, K
press Geothermal assessmenttioé deep aquifers of the nontbstern part of the Bohemian Basin,

Czech RepublicGeothermics.

PAPER 4
Jir8kovsg, HeleJe&htom el.aHrkal, Z5 Le Coustumer, &gcepted for publication.

Insight into palaeorecharge conditions of European deep aquifgisogeology Journal.


http://dx.doi.org/10.1016/j.jhydrol.2009.01.017
http://dx.doi.org/10.1016/j.apgeochem.2010.05.012

LIST OF CONFERENCES

List of conferences

Jirs8kovsg, H. , Huneau, F., HJde&antooh H., 2008.Palea e
hydrogeology of the deep aquifers of the Northern Aquitaine Region (Fra&&!elnternational
Association of Hydrogeologists Congress, Toyama, Japan, 26 OetoNervember 2008 (poster)

Jir8kovsg, H., Hun-&anin, H. Ee Goustdmek, B.] 2000atbon isotGped ande
groundwater dating in the northeestern part of the Bohemian Cretaceous Basin (Czech Republic).
37" International Association of Hydrogeologists Congress, Hyderabad, India, $eptember
2009 (oral)

Jr 8kov §, H. , Prochg8zka, M. , Datel, J., Kobr
western part of the Bohemian Cretaceous Basin (Czech Republic) deduced from {loggiredi
measurements. T0CzechSlovakian international congress in hydrogey, Ostrava, Czech
Republic, 31 August 3 September 2009 (oral)

Jir8kovsg, H. , -Jebhton, ¢a lue, CouBtumer, R, eHrkal,eZ., 2010. Deep aquifers as
archives of pal aeorecharge conditions i n E
Bordeaux, 25 29 October 2010 (oral)

Jir8kovsg, H. , -Jednion,eHg Hrkl, ZF Le, CouStenler, B., 201sight into the

Pleistocene palaeorecharge conditions of confined aquifers throughout Euiggelogy
Conference 2010, San Diego, CA, USIA - 13 October 2010 (oral)

Xi



TABLE OF CONTENT

Table of content

D= Tod =T = 11 0] o NPT ii
ACKNOWIEAGEMENTS... ..ot er e e e e e e e e e e e smmna s s e e e e eeaeaaeeeees iii
ADSIIACT. ...t e e e e e e e e e e e eenees s e e e e eeeeeaeeeeseessssrsnnnneeneeeeeees N
[ G ST U 0 0 K G PP RPTRPPPPPTRR Vi
ST T S T T PRSP PP PP TTPPPPPT Vi
0T 111 o] (o PO PPPPPPPPRRPPPI Vil
(@] ] =1 oTo] = 11 o] o 1 (== 1 o 1RSSR IX
List of publications originating from thiS WOIK.............ccccuiiiiiimmm e X
[ o)l o0 ] (=] 1=] 012U TP Xi
TabIE Of CONTENT... ..ot e e et et e e e e e e e e e e s smmmreeaaeeaeeeeaesssannnnnnes Xii
LIST Of FIQUIES ...t e ettt eeee et e ettt e e e e e e e e emmme e e e et e e e e aeaeeaeeeeeannane Xiv
S 0 = ] = PSR XV
[ o AN T 1= (LS PP PPPPPPRPR XVi
ADDIEVIATION TSt it eee et r et e e e e e e e e e e e e s smmreeeeeaaeaeeaeaaaaeeaanns XVii
1 INTRODUCTION. .. ttiitii ettt e e e ietes et e e e s e e e e e e smmme e e s ssb e e e e e e s s ssteeeeennmtaeeesannsnneeeeenn 1
FZ S T 0 10 D 0 I 1 0 S 6.
2.1 Bohemian Cretaceous Basin (BCB)...........coouuiiiiiiiiccriieeeeeee s e 7
2.1.1  General SEHING.....uuuuiiiiiiii e e e e eeer e e e e e e e ————————— 7
2.1.2  Geology and hydrogeolOogy.........ccccuuuuuiiiiiiieeeiiiiiiiiie et a e 8.
2.1.3  Groundwater management and LUSE..........cccouuuuririmmmrniieiiiieeieeeeee e e e eeeeeeeeeees 13

2.2 AQUItAINE BASIN (AB).......cciiiiiieeeeeeeemmme et enrnr e e e e e e e e e e aaanr s 15
2.2.1  General SEHING....coociiiiii e ——————— 15
2.2.2  Geology and hydrogeology.........ccccuuruuiiiiiiieeeiiiiiiiriiee e e e e 16
2.2.3  Groundwater management and USE..........ccocuuurririmmmniiniiieiireeeeeeeeeeeeaenereeeeeees 18

3 METHODOLOGY ...uiiiiiiiiiiiiiiiiiiiee e e e eeeete ettt e e e e e e e e e e e et e e s s s s rmmme e e e e e e s s s s e s e assassssaenesannnnnnsnnnnees 22
31 General aPPrOACK.. ...t e e a e e as 22
3.2 Isotopic investigatiofi Aquitaine Basin case Study..........cccuuvieieeiiiieemeeeiiiiiee e, 23
3.3 Isotopic investigatiof the Bohemian Cret@ous Basin case study..........cccooeeeeeeennne. 24
3.4 Isotopic INVestigation EUMOPE.............uuuuuueiiiii i s e e e e e e e e s smmnssana s e e e e eaeeaeeeeens 24
3.5 Geothermal application case study BCB..............ccooeiiiiiiiieee e 25

Xii



TABLE OF CONTENT

4

5

ISOTOPIC INVESTIGATION......citiiiiie ettt eeme ettt e sneee e e e e e snsnneee e e e e e nnnssen 26
4.1 Introduction into isotopic hydrogeology.......ccceevieeieiiiiiiiieeee e 26
4.2 Stable isotopes of watértracers of palaeorecharge...........cccccovveeiiieemiiiiiiiiineeeeeen, 26
4.3 GroundWater JAtING..........uuuuuuuiias e e e ceeettinieaaa e e e e e e e e e e e eeeannassasaeeeeeeaaeeeeeeesssnsrnnnreeeeeeees 28

e T R O 1 ¢ o To | o N {0 ] (o] o1 U 28

G B I 111010 T T=T0) (o] 1= L 29
4.4 Purpose of iISOtOPIC INVESHGAtION .......cceeiiiiiiiieeee e e ee e 29

4.5 Palaeorechargeonditions of the deep aquifers of therthern Aquitaine region (FR..31

4.6 Carbon isotopes to constrain the origin and residence time of groundwater in the

Cretaceous Basin of Bohemia (CREREPUDIIC)...........uuueiiiiiiiiii e 48
4.7 Insight into palaeorecharge conditions of European deep aquifers............ccco..o....! 64

GEOTHERMAL APPLICATIONS ..ottt immme et e e 100
5.1 Geothermal potential Of GroUNAWALEL.............eeeiiiiiiiiieeeiiiiieiieeeeeee e 100

5.2 Geothermal investigation in deep aquifers of the Bohemian Cretaceous.Basin...102
5.3 Geothermal WeHOGQING .......coooiiiiiiiieeieeme e er e e e e e e e e e e eneas 103

5.4 Assessment of the lithological Properties..............uuvuuiiicccieeeevieiiee e 104

5.5 Geothermal assessment of the deep aquifers of the north western part of the Bohemian

Basin, CzeCh REPUDILC..........oooeeieee e e e 106
B  CONCLUSIONS . ..ot eeee e s e e seennssssneeennneneees 137
6.1 ReCall Of ODJECHVES......eiiiiiiiiiiiie e 137
6.2  ODjJecCtive COMPIIANCE..........ooiiieeee e et e e e e e e e e e e aneenaas 137
(TG AY o] o] [Tor=u L0 o T 0 I o] = Lox 1 od = PP ORI 141
B.4  PEISPECHIVES. ... coiiiiiii ettt ceeee et erra e e e e et e e e e e et ——————naaaa 143
7 REFERENCES. ..ot eee e aeeea bbb e e e eee s 145
ANNEXES ..o ee ettt et et e e e e aman———at et it et aeaaaaaaaaaaeaeannraaeaens I

Xiii



LIST OFFIGURES

List of Figures

Fig. 1. Basic information on the StUdy SIteS..........ccuuiiiiiiiiiieeeiiiiie e 7

Fig. 2. Delineation of the Bohemian Cretaceous Basin and the studyitri@ethe geologically

(000 ] 18] o] () O74=Tod g I ¢ = TST] Y7 =S 8

Fig. 3. Simplified schema of the study area in the Bohemian Cretaceous Basin showing main
geological units and fauUlt STTUCTUIES.........oiiiiiiiii e 9

Fig. 4. Distribution of hydrogeological balance units within the study zone. In Czsaimes of
hydrogeol ogi cal depart ment.s.....Mod.i.f.i.ed..f.llom I
Fig. 5. Aquifer / aquitard distributon of bu3. Modi f.i.ed..f.r.omlMHer |
Fig. 6. District distribution in North Bohemia and values of groundwater extraction. Data acquired
from Severol esk® Vodovendap Water BupphyandiSewarage ( No r t
Company), unpublished data. Extraction for industrial and agricultural purposes is reported to 200.
extraction for domestic purposes is reported to 2005...........ccooviiiiiieeee e 14

Fig. 7. Delineation of the Aquitaine Basin and the study area in France...............ccccceeeuee. 16

Fig. 8. Simplified scheme of the study area in the Aquitaine Basin showing the main geological
UNItS and the TAUIIBUCTUNES..........ooo it e e e e e e e e e e e eemreeeaee s 17

Fig. 9. District distribution in Poite€Charentes and values of groundwater extraction (RPDE,

12010 TSP SRR 19

Fig. 10. Evolution of groundwater extraction between 198806 (RPDE, 2006).................... 20

Fig. 11. The meteoric relationship f80 and®H in precipitation (Clark and Fritz, 1999). Data are

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

compiled in Rozanski €t al. (1993).......ccooiiiiiiiiieree e e e 27
Fig. 12. Photograph of high sensitive probes for temperature measusem....................... 103
Fig. 13. lllustrative photographs taken during the al@ging measurements....................... 103

Fig. 14. Degree of sand ratio imetsedimentary rocks within the study area with indicated gradual
transition from higksandy sediments into clayey sediments from northeast to west. Numbers of

[010) (=1 (o) (e (=) (= (o Y N 2] 4 =) (- DT PR PR RPN 104

Xiv



LIST OFTABLES

List of Tables

Tab. 1. Comparison of data character AB, BCB and selected European aguifers............. 23
Tab. 2. List of activities composing the project concenrnig thmlance of groundwater reserves.

Grey filling highlights activities which are relevant to include results of this work.............. 142

XV



LIST OF ANNEXES

List of Annexes

F AN a1 L) (S 1l
F AN 4| [2) (IR ORRRRRURRPRRN A

XVi



ABBREVIATION LIST

AB
BCB
BUAS
bu

DIC
DRIRE

GMWL
ka

LGM
PDB
pmC
RPDE
SMOW
SDAGE

TOE

Abbreviation list

Aquitaine Basin

Bohemian Cretaceous Basin

Benefotv2z aqui fer system

Balance unit

Dissolved inorganic carbon

Direction R®gionale de | "1 ndus tRegioaa
Directive for Industry, Research and Environment)

Global Meteoric Water Line

Thousand of years

Last Glacial Maximum

Pee Dee Belemnite standard for cari3

Percent of modern carbon

R®seau Partenarial des Donn®es sur
Standard Mean of Ocean Water

Sch®&ma do6Am®nagement et de Gestion
Management)

Tonne ofOil Equivalent

XVii

d

A

oI

d ¢



INTRODUCTION

1 INTRODUCTION

The quest foa sustainable development is a key concept in water resource management and is tl
strongest driving force adhe water industry. The consensus definition of sustainable development
is the proces t hat e@enteeeds sithqutrcompromising our ability to meet those of the
futureo (Environment al and Energy Study 1[I ns
development captures the conservation ethic which has been on central stage at many batent glc
and national environmental and water conferences. As water conflicts increase, water manage
need a broad understanding of the principles of the water cycle and ecology, and they mu
understand how to make and interpret basic water computationsractitgd aspects of water

science and engineering.

Water meets many problems endangering the water resource sustainBhgilihe entry of the
Czech Republic into EU and implementation of its Acts in the field of the water management, th
Czech Republicagreed on the regular and continuous quantitative and chemical groundwate
monitoring within the countryln France, in the Czech Republic and everywhere in Europe, the
water quaty of aquatic environments hdgteriorated in recent years. The Europeatid?aent has
reacted by adopting the Water Framework Directive in 23 October 2000. It requires member stat
to achieve good status of all water bodies (rivers, lakes, coastal waters, groundwater) in 2015, e
sustainable management of water resoyq@esent any deterioration of aquatic ecosystemsure
adequate supplies of drinking water quality; reduce the pollution of groundwater by hazardou
substances.

And so, nany citiesof the worldare currentlyery actively engaged in actions tieimprovenent

of the environmental conditions. Increase in population coupled with social and economic
development decrease the water availability per person at global and nationaHewedser, the

lack of data often complicates a reliablegndwater resourcesvaluation.

The groundwater supply is generally provided from shallow and deep aquifers. Although shallov
aquifers are far more accessible fibve exploitation, they often represent onlgw quality
groundwater source as climathanges and various catagthic events maype immediately
reflected in the aquifer properties in termsgufality and quantity Among the most common
catastrophic events in European conditions are severe droughts and floods. Both France and

Czech Republic have already expeceth such situationsShallow aquifers arealso inherently
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vulnerable to a wide range of human impacts. The development of mechanized pumpin
technologies in the mitventieth century has induced widespread drawdown externalities,
including the depletion ahe allimportant shallow aquifergll these imperfections makénallow
aquifersunsuitable for a sustainaldevelopment.

On the other hand rgundwater from deep confined aquifesell protected from surface processes
and influencesrepresents an iportant strategic resource that often replaces conventional water
supply from shallow reservoirs and/or from crystalline ro¢ks. that reason it is not surprising,

thatthe exploitation of deep aquifers has significantly incredseithg therecent decaeks.

Problems concerning the abstraction of heglality drinking and thermal water do exist
everywhere throughout the world. Pumping areas are often very extensive and influenced
various human activities driving the groundwatersurface water interaons and hence
endangering the groundwater quali@roundwater problems range from simple cases of managing
individual wells or small regions to problems covering vast regions, such as the Ogallala Aquifer i
the USA (Rosenberg et al., 1999; Fryar et20Q1), Guarani Aquifer in South America (Sracek and
Hirata, 2002; Wendland et al., 2007; Rabelo and Edson, 2009; Gastmans et al., 2010), Nubi
Sandstones (Lloyd, 1990; Moneim, 2005) or Great Artesian Basin in Australia (Pestov, 200C
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 wa
resource for drinking supply, agricultural, industrial and geothermal purposes. ifheesof
European aquifers is generally of smaller scale but of the same importance from the soci
economical point of view and should be therefore the subjest&ffective water management.

Apart from thesupplyof potable waterthe investigation ofleepaquifers becomes very challenging
with the increasing demand fognewable energy sources as wélkkological and hydrogeological
properties represeninmiting factors determining the effective groundwater geothermal potential.
Groundwater andts dyramics radically contrahe geothermal potential of sedimentary basin.

The sustainability opotable andhermalwater resources the main challenging issue duringy
PhD. studies and stands behind all my investigations presented in this thesissddfamu two
European hydrogeologically significant aquifer syst&mth dating from th€retaceous

- TheBohemian Cretaaais Basin in the Czech Republic

- TheAquitaine Basin in France
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They bothrepresenta multtlayered aquifer system suffering from inteiggeundwater exploitation

for numerous purposes. The exploitation in those systems is crucial for the population of bot
countries demanding sufficient amount of higigyuality water. Although there is not currendigy
catastrophic situation concerningetivater supply in neither of the studied areas, the water quality
deterioration and the drop tie groundwater levels has been already registered at many places.
Water management authoritigmve toconsider hydrogeological models to propose the most
adegiate management solution for a sustainable developmdotvever, vell developed
hydrogeological models should not ontite changeable groundwater dynamittse factor of
groundwater recharge variabilitgnd oscillations since the Late Pleistocene that iSgantly
influenced the modern groundwater reginkhe detailed knowledge on the palaeorecharge
conditions is crucial for the groundwater planning in order to evaluate the pdeseatjuifer
capacity and sustainability and to achieve optimal solutiongrfmundwater useBut, the accurate
information on these criterias often somewhat missing or not fully understood entherefore

difficult to beincluded in the proposed models.

As a consequence, tineed for th&knowledge on the character of grourader recharge during the
Late Pleistocene was challenging tbis study aiming at clarifyinthe regime of groundwaters and

the palaeorecharge conditionsn the AB and the BCBwith an emphasis on the
continuity/discontinuity of the recharge processesmuthe last 40 kaApplied methodology at
each sitewas selected according to the reconnaissance level and the data déresitgotopic
hydrogeology methods were applied in both the BCB and the AB while the investigation on the

geothermal sustainabilityas performed in the BCB only.

Both approaches used in the thesis are introduced iGhhpter 3devoted to thepresentation of
the methodology fofour case problems and the procedure of their solufdihough the brief
introduction tothe useddatase is given in this chapter, all details are developed and described
furthermore as a part of the publications making pa@lwdpter 4and Chapter 5for isotopic and

geothermal studies, respectively.

Chapter 4describes techniques of tleotopic studyand includes lhe introduction of iree case
studies aiming at determining the groundwaémharge pattern and its relation to climatic changes
and human activitiesI he isotopic invetigation of the important potable water accumulatioves

initiated in theAquitaine Basin (AB) larifying the recharge historysing iotopes of hydrogen,

3
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oxygen and carbonCarbon isotopes were especially fuseduring the study in the Bohemian
Cretaceous Basin (BCB). The basin was studied not only for the estimation ditlence time in
aquifers, bualso for the assessment of thrggin of carbon which is dissolveid groundwaterThe
resultsfrom France and the Czech Republic were put in the European context focusing on th
recharge heterogeneity within the European ioent 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 peric
preventing aquifers from the recharge processes. The existence ofhtdugeegap is closely related

to the palaeoenvironmental (permafrost) and palaeoclimatic changes (variations of temperature
amount of precipitation, change of evaporation conditions and increasing aridity) during the lat
Weichselian period which finishday the Pleistocenklolocene transition approximately 10 ka BP.

In the Late Pleistocene, the major ice sheets spread rapidly. Although it is considered, that tl
maximal positiori 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. T
southern Europe (including the AB) was generally free of these palaeoclimatic features, aquifers
the northern and central European aquifers (includingBGB) had suffered from the climatic
instability in last 40 kaThe relationship between climate and the mean annual stable isotope
contents of precipitation (Dangaard, 1964; Rozanski et al., 1992) provides valuable informatio
about palaeoclimatic condiths. Environmental isotope techniques have been largely used in the
whole domain of water resources development and managehtentstable isotopes oxygdd

(**0) and deuterium?d) as well as the radioactive isotope tritiuthl) are rare components ofeth
water molecule. Together with other isotopes, such as cd®diC) and carbori4 (“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 &rognize the palaoclimatic fingerprint in
groundwaters, variougprocesses occurring in aquifers tend to erase the recorded climate

fluctuations.

Chapter 5describes the geothermal methods applied inBG8 which is, apart from beinghe
importantdrinking water supply reservoithe most extensive accumulatiohthermal water. The
areain the northwest of the Czeéecsh 2Ramuwhlfiea, sp
with current exploitation of thermal wates the most promising area for gbermal development

in the Czech Republi¢tdowever, he uncontrolled exploitation can lead to falling temperatures and
changes in the quality of the groundwater resources in the future. That is why the geotherm

sustainability assessment of the BEBriched the isotopic investigatigorimarily focusing on the

4
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sustainability of the potable water resourddsat energy is generally distributed in two different
ways i conduction and convection. Geophysical measurements, i.eloggihg methods can
provide uindamental information useful for geothermal gradient assessment. Notably, well log:
represent an excellent tool for illustrating the effect of groundwater dynamics on the geotherm:
gradients controlling heat transfer. Until now, several heat flux estinsatvithin the whole BCB
existed. Anyway, the detailed study provides precise information measured in yreteigd
boreholes. More than onbundred of wellogging measurements weusedfor interpretation and

heat flux calculation. In sedimentaryrfioations, convective heat transfer often dominates over the
conductive and many actions have to be undertaken to obtain accurate heat flux valugidA®h
system, which is &losed hydrogeological unit includingcharge storage and drainage zane
confirms the close relation betwedhe groundwater dynamicgnd the geothermal gradients

controlled by heat transfer.

As described previously, the work is divided into several partsriegeto separate case studies
either in Fance or in the Czech Republdgaling with isotopeandgeothermal gradienEach case
study was more or less focused on a paldir problem, but it was shown thaetapplication of
both approachegsatopic and geothermalvas very useful for the clarification ancountered
unclea phenomenaMany new questions appear usiogly one methodology, but they might be

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

Two sites have been studiédthe Bohemian Cretaceous Basilatér referred as BCBin the
northwestof the Czech Republic anthe Aquitaine Basin later referred a#B) in the southwesbf
France. Both sedimentary basins have many common features, one of them being very import:
sedimentary structure of the country extgd for drinking and geothermal purposes. Asliasin
surface is veryextensive, only part of each basin presented subject of matter, ndraelgrth-
western part of the Bohemian Cretaceous Basirttegwbrthen part of the Aquitaine Basin.
Managerialcontrol overthe groundwater resource development &melprotectionof sedimentary
formationsis often poorandleads to uncontrolled aquifer exploitation and contamination. Both
studysites represent a great interest for hydrogeological sciences apdaekior the groundwater
exploitation which is constantly very intense and therefore challenging foreddtaibstigations.
Then the choiceof the study areas was adapted to tfe#aavailability andnotablythe scientific
gaps and uncertaintieghich are necessary to be clarified in the field of sustainable Idpwveent

and groundwater regime.

Many common points concerning geology, hydrogeology and water use, might be fothrelABr
andthe BCB. The geographical situation of both sites is preseinidtlg. 1. Both areasare also
exposed to differengjeographical andlimatic conditions which is important to considdurther
duringthe isotopic studies. That is to say, the AB is exposed ratlieetmatmospheric circulation
affecting the isotopic amposition of precipitation, essentifar isotopic studies. The BCB is an
example of the aquifer evolution in continental conditions. Basic information concerning both area

is summarized ifrig. 1.

As many of the study site details concerning geneejogjical and hydrogeological conditions
make part of the enclosed publications, the following information on both study sites rather aims t
provide an overall idea on the characteristic features for each site and avoidstitieereparacter

of the tresis.
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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' 1AC, 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 thi
Bohemian Massif, as showed in Fiithe BCB is marked in bright yellow coloyrlt extends over

an area of about 14 600 knof which 12 490 krhlie within the territory of the Czech Republic.
The study focuses onits noithe st er n
Benefpotv2

part around Benegov nad

( BUAS) i s | i’mwhithésd u
rather small in emparison with the entire basin structure. The aquifer systesiuigtedin the

aqguifer system

7
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Benegov syncline which is a di st i fEdiectigntThis c t
small unit became the subject of interest for geothermal sustainablemeeat However,this
area was extended up to 6 0a@° for isotopic groundwater investigatiartdatched part irFig. 2
outlines the investigated area wittihe BCB. Study area is limited by bordensth Germany and
Poland. Its limits generally corresmbio mountain ridges which make the study area altitudinal
very variable in the range between 100 and more than 708InThe topography is accounted for

strongly developed volcanic relief.

Bohemian Cretaceous Basin

Study area

Fig. 2. Delineation of the Bohemiadretaceous 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 Cretaceou
age in the Bohemian Massif. The study areaissiered 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 ir
Fig. 3.
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Basin Poland
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Sfovak
Republic

+

B Granitoids

I:I Cretaceous sediments
Tertiary sediments

(1) Onfe (Eger) fault
@ Krusné Hory fault

@ Litoméfice fault
@ Décin fault system

Rivers
Supposed faults

Ohre (Eger) Rift zone
@ Stifedohorsky fault system
@ Luzice fault

Fig. 3. Simplified schema of the study aredhrBohemian Cretaceous Basin showing main geological

units and fault structures.

The basement is formed by partially metamorphosed Proterozoic and Palaeozoic rocks, local
pierced by intrusiveocks. The basement is in some places covered with P@artiniferous 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 th

Bohemian Massif during the midretace us (Ul i | nT , 1997, 2001) .
Carboniferous age, extended primarily throughout the southern and central part of the study ar
(Kr 8snl, 1973, Fedi uk, 1996) . They are for

arkoses andonglomerates. During the Mesozoic period, the sediments accumulated from the Earl
Cenomanian or even from the Late Albian to the Santonian. The Upper Cretaceous sediments in t

region show a particular dominance of sandstones, locally very rich ntequ@ to 99%) over
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other rock types. Neverthelesgtailed evaluation of lithologthroughout the study area need to be
carried out, notably for thermal conductivity coefficient evaluati@mafpter 4.11). Six litho-
stratigraphic units can be distinguished, from the oldest to the youngest respectively: Late Albial
Cenomanian (marine deposits), Lower Turonian, Middle Turonian, Upper Turonian, Coniacian an

Santonian.

Tertiary sediments and frequent small occuresnof intrusive rocks forming volcanic hills and
mountains markedly affect the surface. The occurrence of volcanic rocks is scattered principal
throughout the northwestern area.

The sedimentary fillingvithin BUAS typically ranges between 200400 m, bt reaches up to 1
200 m in the vicinity of trépesetingheydeepekt pddtioftien
entireBCB structure

As a rul e, the sediments fil] the Benegov s
structure in tle area. In the central part of the syncline, the Turonian base re&&tesn, the
deepest in the BCB (Herl 2k et al., 1999).
Tectonics considerably affected the sedimentary succesBmenstudy area is pierced byany

faults of local and regional importe® The most important fault structures are displayed in Fig. 3.
The Saxonic blociault tectonics has substantially influenced the development of the Bohemian
Massif after the end of the Variscan orogenesis, when the Bohemian Massif became a risir
consol dated block (Mal kovskT, 1976). The TPE i nc
(Erzgebirge) and NWSE (Sudetic). Althougimanyfaults arenot activeanymore they have to be
includedwithin any geothermatonsiderations

That is to say, that su@xtinct fault structuredo not necessarily indicatirectgeothermal effects

but they might beof a great significance in the areas with a develapedndwateidynamicsas a
groundwateris a dominatingmedium for the heat transport. Existence of fatitictures is often

well observed usually on@ezometricomap.

Despite the predominance of not active tectonic structures in the study area, the potential active r
of OhSe (Eger) Ri ft I's one of the most di scu:
KopeckT  theOhd7%8 ,( E g e rwps aRiveffrom Q@ligooementil Pleistocene. It is the
most dominant structure in western Boheniiae exact positionand exth si on of t he
Rift is still argued and needs to be clarified. This structure has to be particularly taken into accou
within any geothermal studies #® surrounding arelikely showselevatedgeothermal potential.
Many distinct volcanic feates are identifiedivt hi n t he hils the volEagieactiyity r i

in the Labe (Elbe) zone is less obviod$ie maximum tectonic vertical movemenas been

10
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observedal ong t he Kr ug wedticatsbift iy estimated| td be abbdt 8500 m.
Ductile deformation of the Cretaceous sediments (foldsg present across thentire basin with

fold structuresn Wi E direction formed in the initial phases of the Saxonian tectogenesis

Detailed hydrogeology of the BCB $&ideen summarized in Hydyeology of theBohemian
Cretaceous BasiHer | 2 k et al ., 1999) . This work int:
hydrogeological balance units (bu) as documented in Fig. 4 delineating the study area. The BUAS
included in bu3 although its broader surroundings beddsgto bul, bu2 antu4. (Fig. 4).

The most investigated structural element has been the bu3 involving a depressed block structt
called fAStSedohorsk8& krao covering %0pgnfoxi
Separating the surface into three profoundly differ&tinuctures, the existence of this tectonic

depression has great consequemcethehydrogeological regime.

ﬁ 0 15 30 km

BCB sedimentary area

2% 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 Gzeames of
hydrogeological depaments. Modified from Her2 k , 1999 .

11
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The entire aquifer system of Benegov nad Pl
subhorizontal aquifer distribution. Aquifers are generally composed of sandstone whick
predominates in the infiltration zone located in the nortteza part of the aquifer systerseé

Chapter4.1) near the Lugice fault zone.

Fig.5. Aqui fer / aquitard distribution of bu

Aquitards are generally compexs of finegrained sediments (mostly marlites, siltstones, sandy
claystones and claystones) with very low permeability. Aquifer and aquitard distribution of bu3 ir
the BCB is displayed inFig.5. While aquitards are described directly, a system of alplabet
symbols has been developed to facilitate a distinction of aquifers that often communicate togeth
or are formed within several geological layeFbe basinn the study area is on the regional scale

divided into three main aquifers: (1) Aa basal onfined aquifer formed by the Cenomanian

12










































































































































































































































































































































































































































