CONTENTS

ORI« oo v st e e S e S T A W RNl e S S R A e 11
I/ introduction. (T Paces; TEMIKBOVEY . .. .o vnion rnsabioms siomnebiosenmente s onsm o 13
1.1 Geological dimension of the geological repository for spent nuclear
funland e bamtel M AR R M s e s s i s 13
1.2 The phenomenon of the geological repository farfield .......................... 14
2/ Geology, methods and research results (J. Klominsky) ............................ 17
2.1 Geological research MBHOAS . .. . o vmvolov s Bl bvsisni vewan s smaein wiswsiaonce 18
2.1.1 Geological research of the repositoryfarfield . ...............cooiiiian .. 18
Zil 2 dectonic Teseaiti v e T S R R S e s e 24
213 Geonlogical Drotesses BILam s mL sl Bais 0 el aaid s s e s vt s pcescmin s 33
2.1.4 Endogenous processes (J. Klominsky, 5. Mrazova). ..............ccoevennn... 37
3/ Geophysics, methods and research results (]. Barta, J. Luke§, J. Mélek,
F Proch Az ) e R s S i e e b v e e e e 40
3.1 Geophysical researchmethods: .. o\ o iv o divioiniinncirecinnesoasnasmnnrenns 40
3.1.1 Procedures and tools used in the geophysical research
of hiempositoryfacleldion s (il Tl ansecassvees 42
3.1.2 Surface and drilling geophysical procedures and tools used
in researching the repository far field in graniticrocks . ..................... 44

3.1.3 Seismological monitoring and subsequent prediction
of the long-term (100 000 years) geophysical stability

of the:geologicab barrlefiioil. L L e il il o il s s s 45

3.1.4 Geophysical research into the weathering zone and excavation
distinhediane tEEEL) . . M0 i ol s I Dl b e s b 47
3.1.5 Geophysical logginginboreholes. ..............ccoiiiiiviiiiiiiinianinan 50
df Bydeogsology (LRUBVISOTE) i mnammaniiiianiis e ssii s s s 55
4.1 Hydrogeological researchmethods.............c.cooiviiiiiiininineenenennnnnn. 55
4.1.1 Hydrological and meteorological observations..............coovvveennan... 55
4.1.2 Surface hydrogeological research.........c.ccvivivainniescnisasissasnises 56
4.1.3 Hydrogeological research in boreholes..............covviiiiiiiiinennnnns 57
4.2 HpirORenlORICal PrOCOBEES; (oo i i aiares s o i St o b s bleate it le q srmvmras it 65
4.2.1 Hydraulic properties of the rock and discontinuities........................ 66
4.2.2 Hydraulic gradient, piezometric levels of fracture systems .................. 80
4.2.3 Hydrological and meteorological conditions at the locality.................. 82



FAR FIELD OF THE GEOLOGICAL REPOSITORY IN THE BOHEMIAN MASSIF

4,2.4 Properties of the granite eluvium and the Quaternary cover

ofthe mMassif. . vuxusmmmamumsnsamme e s e e e e e s el s s 83
4.3. Rock hydraulic parameter values ... viviseaniveivansassnisionsnseiesvarins 83
4.3.1 Evaluation of data from research localities in the Czech Republic............ 84
4.3.2 Statistical evaluation of available regional data from the Czech Republic..... 86
4.3.3 Examples of hydraulic parameters determined at localities abroad .......... 89
4.3.4 Estimate of the hydraulic properties oftherock .....................o, 91
5/ Hydrogeochemistry (J. Hole¢ek, T.Paes). .. ....vvvervnerenerenirneerneeiuneinnnn. 94
5.1 Quality of collection and representativeness of samples .................ooviun 94
5.2 Conditions for the use of flushingwater. ... 96
5.3 New technology for collecting water samples from separate fractures
in boreholes of smaller diameter . .....cccvveeiiimsrontorsemreenserorrevsons 96
5.3.1 Description of equipment - Alternative for sample collection ............... 97
5.3.2 Description of equipment - Alternative for hydrodynamic testing ........... 98
5.4 Hydrogeochemical research in the course of exploring the locality ............... 99
5.4.1 Isotopic data in the geochemical description of the locality
and measurementsof pHand Eh..........cooiiiiiiiiiiiiiiiiiiniiinan 99
5.4.2 Measurements of the activity of hydrogenions (pH) ................ooooii 101
5:4.3 Colloids in granitic POCKS. ...« v vs v msssnssasas e sussaroneiesnasiononose 102
5.5 Hydrogeochemical research into and the monitoring
of groundwater I EIanIes i wvalindisin ves s il waysi e sids talnas 104
5.5.1 Chemical composition of groundwater in the Melechov Massif............. 104
5.5.2 Chemical composition of the groundwater at the Podlesi locality ........... 108
5.5.3 Groundwater in the Bedfichov tunnel in the Krkono3e
(Giant Mts)-Jizera Massif ........coviviiiivavenannes T 117
5.5.4 Results of hydrochemical research into granite massifs
for safety analysis PUTPOSES .« .« s coes ssenssnssiinsasinn iolsaais shnusnsonesias 119
5.5.5 Geochemical processes affecting the transport of dissolved substances . .. .. 120
5.5.6 Hydrochemical processes involved in water-granite interaction ............ 120
5.6 Hydrogeochemical parameters. . .......oueuiiiiuiiinneninenienrennneinennnns 121
6/ Behavior of radionuclides in the host rock (V.Havlovd)............cocvvvvnnnennns 125
6.1 Migration of radionuclides in the hostrock..............cooiviiiiiiiiiin, 125
6.2 Effect of the source term on the migration process ............covveviveiiiienans 125
6.3 Processes significant for radionuclide migration in the repository far field ....... 126
G A LADVECHON . o .orvivninininnnss s ins s R RN A e I 127
6.3 2 DISPETBIONL © . vvivuusrimnsssmosasesssaseressssesanesvusesssseessssseeses 128
6.3 3 PHIIBION : oo vsmmmrasinisr i R Sl s v b 128
6.3:4 Retardation Processes:; . i s ma v i 128
6.4 Factors affecting the migration of radionuclides in rockmedia .................. 129
6.4.1 Properties of therockmassif ............oooiiiiiiiiiiiiiiiiiiiiiiiininn, 129
6.4 2 ROCK PIOPETHBE o:uis ooy ol i S A N s i s vl e e v e s oo s 129
6.4.3 Heat conductivity of the rock. . ... ... covviiiciviiniiininiiaiii s 129
6.4.4 Mineralogical composition of therock . ............ooiiiiiiiiiiiiiinn, 129

6/




CONTENTS

6.4.5 Presence of minerals in fractureinfills. ..., 130
6:4:6 Porosity and DOTe SIMOTIYE . . . . oo s nvenpome s s amesess v s dmun sieimniomnis 130
6.4.7 Precipitation and dissolution of minerals................coocoiiiiiiiinn. 130
6.4.8 Properties of the granitesurface....................... .o i 130
6.4.9 Composition of groundwater. ...............coiiiiiiiiiiiiiienianin.s. 131
6.5 In-situ research into Migration Parameters..........vvererrnrerirenenrnnnnnnns 132
6.5.1 Field tests and eXperiments .........oovevireninnsiiniinsssassiasssnsnnas 132
6.5.2Underground laboratories «....ccuovaviaiisiiiisiiie e es e s s ial 134
6.5.3. Nataral analoguess: i i vrie e i i s S0 s s s b b e e mse sinmimin i nimne 137
6.6 Methods used for laboratory research into migration parameters. ............... 141
6.6.1 Methods used in advective transport laboratory studies. ................... 141
6.6.2 Study of difftsive prOCesses .. v vivi s vimiiine e des s sy i 141
6.6.3 Study of retardation PrOCESSeS. . .......vvierrennnereneerieaeeiinenianas 149
6.6.4 Methods used for characterizing the solid phase.......................... 155
6.6.5 Characterization of the liquidphase ...t 161
6.7 Summary of methods used for describing the migration parameters
ot granitecreck sl e ameniany o B e st nia e 162
6.8 Selection of radionuclide migration parameters with regard to safety
ABORBBIINENL. . oo s ariirares e e i S e e e S e e R e e e 162
6.8.1 Solubility of radionuclides ...........c.oiciiiiiiiiiiiiiiiiiiiin i, 165
[ R BT TE) (1o {57 N RSN )| AL SP Do V] S 166
6.8.3 Sorption distribution coefficients..............cooiiiiiiiii i 168
6.8.4 Porosity of the rock matrix as a radionuclide migration parameter . ......... 169
6.8.5 Density of crystalline rocks p . ...ovvvvinriiini it 170
(EELRE 2y 2 [0 1 Do o) 5 Pt s e kLol PoUIs L TR S OBt 4 S KO D e A S 170
6.8.7 Distance up to which the rock is in equilibrium with the groundwater in
a fracture with regard to radionuclide distribution ........................ 170
688 Practurewldths oo vamiaain v il e asvan s mvnviovis 170
6.8.9 Composition of thegroundwater ..............coiiiiiiiiiiiinnnnann, 170
6.9 Summary and recommended values for data on the migration parameters
ofgranitieatck LS ER I R Ml S esiialins sasdviurs 171
7/ Quaternary and exogenous processes (T. Pales, V. Schenk, J. Safanda, A. Zeman). . . 173
L B O T DTS PIOCOSE S 3% 00 T va iAo s i s o s r sais wsoh s e s g s 173
7.1.1 Present weathering, erosion and denudation ............................. 173
7.2 Processes associated with glaciation in the Bohemian Massif ................... 176
T.2.1 Thickness'of thepermatiost. (.. oo cviiiinininiis o is v s v 178
7:2.20nsetofthe nextglacialperiod: ..o i i iiiiiiiinivinsineresnnninmnns 180
7.3 Temperature gradient changesinthefarfield............................ool. 181
7.4 EXOgenous ProCess PATAIMERIS. . ... vvvuenieintiiinessnanerssnrrenasnsnannans 185
VAl WeatherIDg il s s s e e e s e e 185
7.4.2 Changes in climatic and geothermal parameters.......................... 188
8/ Problems associated with engineering geology (J. Zaruba) ....................... 193
8.1 Division of geotechnical research methods. ...........coovviiiiiiiiiiiiiiin.., 193



FAR FIELD OF THE GEOLOGICAL REPOSITORY IN THE BOHEMIAN MASSIF

8.2 Significant properties of crystalline rocks. .........oovviiiii i i, 194
8.2.1 Deformation: properties . .ix. viieys vriiaais e i 194
B:2.2 Strempthmbtherork: susaiiisnnmmiisiisntasie ottt . 195
8.2.3 Original stress condition..................... e R U ke e 195

8.3 ClassHication sYSIPING & o« i sainniiiois sams menb s Rl s s s eiah 195

8.4 Geotechnical MOBIOEING:. o ovsvvimn s T e s e e e o 196
i e e B BTl R W TN PNTT SO , 197
8.4.2 TectonicMOVEMENtS ......covvuvnrvninnninenenens L L AR 197
8.4.3 Movement of the rockmassif. .....ooiviiiiiiiiiiiiniiiiiiiivinii i anan, 197
8.4.4Changeof stress inthe rock . ....c.oviviiiiiiiiririiiernrerinrnnnennnns 197
8:4.5Deformation oF e R0ele . . i sumilmimas s S bl dab bsrvies i i io o s 198

8.5 GeotechniCal PROCESEES iuvuiuveioivesesismiaemisisans s mmeivsies s Ry 198

8.6 Origin of microfractures in the geological / engineered barrier contact zone...... 199

8.7 Geotechnical pararpeters i v s T e s e 202

9/ Mineralogy (P. Dobes, F. Veselovsky). . .« . cvo v vnnannrnsasnsssosssosssosssmssssne 204

9.1 Study of fluid inclusions and “fluid inclusion planes” in granites ................ 205
91 Raidinclusdions: s baniddennm e T 205
9:1.2 "Fluid-inclusion planes® . nsmisammsiiii bbb e csmmasdnh 206

9.2 Stable isotopes invein minerals . ............ovuiiriiirinieieiiraiain i, 206

9.3 Example of gas-liquid inclusion research methods used by
the Czech Geologieal SUEVEY . . ..c.ovuvvvinsivavisusmsinssnamsesaie oo s 207

10/ Petrophysics and the geomechanics of the rock (J. Hanék, P. Ondra) ............ 209

10.1 Petrophysical reseatchanietliods:i, «ssmmms s issslmssummasisns i 209
10.1.1 Density parameters (Do, DIm, POI). .....oviviinenininiiiinaneinenrnnnnes 209
10.1.2 Radioactivity of the rock (gamma, Th, U(Ra), K)......... R 210
10.1.3 Magnetic properties (k, NRM, Q) . ......oovunviiiiinniinniineennnennnnns 211
10.1.4 Thermomagrieticanalysis:, . L. oha s alesmss mess i sesme 212
10.1.5 Velocity of longitudinal elasticwaves (V) ...........cooooiiiiiiiiiinn, 213
10:1.6 Resistivity of the rock (R) 5 i sivmicviinmsnm sesmsemain s i 214
10.1.7 Geometry of pore spacing and directional dependence of permeability . . .. 215

10.2 Selected methods used in the geomechanical research of therock. . ............ 216

10.3 PetrophySical Daratieters. . .o e i oswamenioams s i s s s oo 216
10.3.1 Data sources and their exploitation.............coovviiiiiiiininiinen.. 217
10.3.2 Statistical data on selected physical parameters.................oovvvvn.. 219

10.4 Changes in the physical properties of plutonic rock in the Bohemian Massif

dependent on structural position and evolution over time..................... 225

10.4.1 Basic regularities of the magnitude of studied physical parameters

I pIOBRRes e s e R S S et 227
10.4.2 Image of the surface weathering of the rock in certain formations

of the Variscan subbasement. .. .......covvieiniiininsiinninsaiinsnsnnnns 231
10.4.3 Geomechanical PrOPeYHes. ... s s mmii v s i s s 234
10.4.4 Determination of the geometry of the pore space and the directional

dependence of permeability in granites (GPP)...... LT 235

8/



CONTENTS

11/ Mathematical modeling of far field processes

(1. Krdlovcova, J. Mary$ka, . NOVAK) . ... .ocvvnnriaeinriireieneinrinennenerasens 237
11.1 Program tools used for simulating radionuclide migration..................... 237
11.2 Model assessment of radionuclide transport in various host rock structures. . . . . 241

11.2.1 Overview of the geometries and meshesemployed....................... 242
11.2.2 Simulation inputdata . ...........ooiviieiii i, 243
11.2.3 Computation in a region withoutarockboundary ....................... 243
11.2.4 Computation in a region with arockboundary .......................... 248
11.3 Mathematical modeling of the long-term evolution of migration
TeliTon o e B Bt Rt L DL bt Lo N b ot LB ol S N S 250
11.3.1 Physical properties of the medium. .. ..........coviviiniiiirennirennnns 255
11.3.2 Boundary flow conditions ............ouiiiiiiiininrnrnrireaiiiaeanas 255
11.3.3 Fransport SOUICEtBITIL o i s i s i T s m s Ve sinan st e s h s i ma 256
5 0y T Bt P R BT e I s BRI e ST S SN e (O 256
135 Resultsofflaiamulationi sl s St inaraasi 257
11.4 Results of transport simulation. .. ........ouiiiiiiiniiinrar e renrarerenensn 257
12/ Assessment of the long-term stability of the repository far field (T. Paces etal.) . .. 264
12.1 Stability of granite host rock in the Bohemian Massif..................c...u... 264
12:2: Stability of thetepasitoryfaefeld: ol s vivasime i 265
1221 Tectoniestability coicsimaavii s mmaia s s o miT Tay o b ode e g 265
SRR [ s e e e b L S s AR P D 267
12.2.3 Stability of the boundary between the engineered barriers
anc s farield e e e S i O 268
12.2.4 Stability with respect to exogenouseffects................ccviviinian.. 268
12.3 Conceivable impact of climaticchange................cooviviiiiiviiniiananan, 269
12.4 Effect of the repository far field on the degradation
of theengineetedBarfiers:. | Ll b bl divs v s ndion s s oss s e nsie is 271
12.4.1 Time-dependent deformations - Creep ...........covvieiiiiiniinnaiin.. 271
12.4.2 Rock volume changes due to temperature variations...................... 273
12.4.3 Evolution of hydrogeological conditions ...............coocviuiievann.., 274
12.4.4 Factors of chemical processes.............coovviiiiniiieniiiieneininnn, 275
12.5 Long-term hydrogeological and hydrochemical stability....................... 276
13/ Follow-up research (T. Paces etal.). . .......ooiiuinirennineneiirennerenennennnns 282
T3diGeolopical researthRm e o e s B e b s ety by 283
1311 Remote sensing o the Barth . ... cccvssanmvmins v s o s e 283
S BT T TN TE 6005 S D e Sl e S 283
1333 Surface MapPINg, cvvst sv v s i e 284
A UNAeYRratE aAPPING 0 oo iiaiils dianmstacnsimimiiais s o e s A 284
13 L. S StretrAl DOYENONCH. . . v o o svsmmimiwmioma simimsins s e s e sl ia oo a8 284
13.1.6 Application of geophysics to geologicalresearch......................... 285
13.1.7 Procedure concerning multidisciplinary field research into the far field.. . .. 285
13.2 Structural tectonicresearch. ...........oviiiiiiiiii i 287
13.2.1 Surface structural tectonic research. .. ........ovvvuiivieiininneinnninn.. 287



FAR FIELD OF THE GEOLOGICAL REPOSITORY IN THE BOHEMIAN MASSIF

13.2.2 Structural tectonic researchinboreholes....................o il 288
13.2.3 Statistical methods and laboratoryresearch .............covvviviiniinnn 288
133 GeaphySICal FORBATCH U« vmisvwiw i bisnsisioninisinsiasiuisiisnisiosiviedviessio s s Ao o S a a8 288
13.3.1 Surface and borehole geophysical procedures . ...........coovviiiiiinnnn 288
13.3.2 Geophysical research of the weathered zone and excavation
HamaBeZte BT, ... v s sin s i b i sl b Lo 290
13.3.3 Geophysical research into the migration of fluids
in boreholes using loggingmethods ...l 292
13.3.4 Seismic research into the farfield. ... .............ooviiiiiiii i, 293
13.3.5 Measurement of tectonic stability. . .........cocviiiiiiiiiiiiiiiiiiii 295
13.4 Research into eX0geNnOUS PrOCESSES. « « v vuvvenstraterensrurssrarenensrnsssss 295
13.4.1 Determination of the rates of weathering, erosion
anddenmdaton.. o, b e kiniond vhs st Tt e T T e e 295
13.4.2 Research into Quaternary eology . ..........ooviiiiuiiiiiniiiniinanins 296
13.4.3 Research into the evolution of underground
TeID BRI a4 ol e R o T AT e e e i e S o s 296
135 M eralogIeo L reSeareh oo mee s SmesaisBlsthistess skmnste susssals il st v olras bl 297
13:6 Pefrophysical FeSEanchl s v oo vimeomso siwsiine o slvmsmmesesm sy e mmpioiesse s s 298
13.7 Engineering geological research. ...........oooiiiiiiiiiiiiiiiiiiiiiiiiiiian, 299
13.8 Hydrogeological research. i iiviiviivs sivais iamemaiksnsaisinmssaiemavain e 302
13.8.1 Hydrogeological research of candidate sites ............coovviviviininnn 303
13.9 Hydrogeochemical TE8eRATCH. « v vwisisuwmimsini s saiainma o isiessn vos s oie i wad-ss 304
13.10 Sequence and follow-up of individual geological operations.................. 306
13.11 Research into the behavior of radionuclides in the farfield ................... 306
13.12 Areas of necessary development in the study of the migration
OF TG RICHAES s s binmmminse drndis i meb e e sl v st 307
13.13 Development and implementation of mathematical models. ................. 307
14/ Conclusions (T. Pacesetall) i iai v vis s iiaimeopssiasissios e ubism 3 drvss 310
T4 1 ReseRicBanethiods) o ouid Al v wemmmmsmsismn e s s S st Sl do S 8 310
142 BValuation OEDEGCEREES v ooy wusinsmiminsmvniomao s ke v oo mists s s v 314
14.3 Bstimates Of DATAMIGTETS . c..vo i s sinmiisissie sila o v wes i v w diveiisbae e e 317
14.4 Long-term stability.; vivivons viisanivniimnisss s snieays s sans snoiens 321
14.5 Recommendations for futureresearch.................. ...l 321
B/ IRBECTCHCRE . v c.cvcn i ioarim s w0 S R R 325

10/




