Contents

1 Petrophysical properties of permeable and low-per meable rocks....... 1
Reinhard Kirsch

1.1 SEISMIC VEIOCITIES ...ttt ettt e s s e e e s seaaee s 1

1.1.1 Consolidated rOCK ........cccovvueeiiiiieiee e 2

1.1.2 UNconsolidated roCK .........ceeevveeieiiiiiie et 4

1.1.3 Clay @and till ....ceeeeeeieeeee e 7

1.2 El€Ctrical rESISVITY ...c.ooveveeieeeeieiecseses e 8

1.2.1 Archi€’slaw — conductive pore fluid and resistive
0101 Q1= 4 SR 8
1.2.2 Limitations of Archie’slaw — conducting mineral grains.... 12

1.3 Electric Permittivity (DI€l€CtriCity) ...cccccovvvierieereeriee e 16
1.4 CONCIUSIONS .....cviiiiiieieie ettt 20
1.5 REFEIENCES ..ot e 21
SEISMIC MELNOUS......cciiecee e 23
Wolfgang Rabbel
P28 R 1 1o L1 o 1 o o 23
2.1.1 What type of wavesis applied in seismic exploration?........ 23
2.1.2 How can seismic waves image geological structure?........... 24
2.1.3 How are seismic waves generated and recorded
INTNEFIEIA? s 27
2.1.4 What kind of seismic measurements can be performed?......29
2.1.5 What kind of hydro-geologically relevant information
can be obtained from seismic prospecting?...........ccoeeveeeeune 29

2.1.6 What are the advantages and disadvantages of seismic
measurements compared to other methods? How do
seismics and other geophysical measurements

complement ach Other?...........ooeiiininiieseeeeeee 31
2.2 Seismic refraction MeasuremMentsS ........ccoocvveeeevereere e 31
2.2.1 Targetsfor seismic refraction measurements.............ccuee.. 32
2.2.2 Body wave propagation in two-layer mediawith a
plane iNterfaCe.......coov v 33
2.2.3 Seismic refraction in laterally heterogeneous
tWO-layer MediaL.......cccoeriririee e 38
2.2.4 Consistency criteria of seismic refraction measurements.....41
2.2.5 Field layout of seismic refraction measurements................. 44

2.2.6 Near surface layering conditions and seismic implications.. 46



VIl Contents

2.2.7 Seismic interpretation approaches for heterogeneous

SUDSUIface SEIUCLUFES........covveeiee e 49
2.2.8 Structural resolution of seismic refraction measurements.... 58
2.3 Seismic reflection iMaging ........ccceeveeveevieeve s eseeseesee e eeeens 63
2.3.1 Targetsfor seismic reflection measurements...........c.ceeeeee.. 64
2.3.2 Seismic reflection amplitudes...........ccoceoeveneneieiniineneniens 65
2.3.3 Concepts of seismic reflection measurements.............c........ 67
2.3.4 SEiSMIC MIGratioN........ccccevueeeeriesieeese e se e 74
2.3.5 Field layout of seismic reflection measurements.................. 77
2.3.6 Problems of near surface reflection seismics..........ccoceeueeee. 79
2.3.7 Structural resolution of seismic reflection measurements.... 80
2.4 FUrther reading .........cccoeveeeerese e s 82
2.5 REFEIENCES ..ot 82
3 Geodectrical MEthods..........coceviieeiere e 85
T R TS o o T 0ot o] = 85
Kord Ernstson, Reinhard Kirsch
3.2 Vertical eectrical soundings (VES) .......cccooeiveiiniininineeceeeens 87
3.2.1 Field equipment.......ccceeceeieesee e 90
3.2.2 Field MeasurementsS........cccceeuerereereeneseeseeseseeseeseeeeesseseeas 90
3.2.3 Sounding CUrVE ProCESSING.....cuevererreerrerresrereesseseeeseaneneens 92
3.2.4 Ambiguities of sounding curve interpretation..................... 93
3.2.5 Geologica and hydrogeological interpretation..................... 97
3.3 RESISIVILY MAPPING -..eeevereiiireeriiniesieeeeeeeie s 98
3.3.1 Square array Configuration ..........ccccveveeeveenieeseeseesesseenns 100
3.3.2 Mobile electrode arrays.........cevevereeieesesieeseseece s 102
3.3.3 Mise-alamasse Method...........cceccvvveeeninieeiisecie s 104
3.4 Self- potential MEBSUrEMENTS.........ccevveererereresee e 105
3.4.1 Basic principles of streaming potential measurements....... 105
3.4.2 Field ProCeOUrES ........coviiiriieeeieeeeseie e 106
3.4.3 Data processing and interpretation ............ccoceevereneereenenn 107
3.5 2D MEESUIEIMENTS ......eeiiiieieeiee et 109
Markus Janik, Heinrich Krummel
3.5.1 Field eqQUIPMENt.......coiiieeeeeeeee e 109
3.5.2 Field MeasuremMents. .......coovveereneeeere e 110
3.5.3 DataProcessing and Interpretation............ccccevveeveveeeenns 111
3.5.4 EXAMPIES.....ooiiiiriiiiieieieiee e 113

3.0 REFEIEINCES ..ottt e e e e e e e e e e e e e e araeeees 116



Contents  IX
4 Complex conductivity Mmeasur emMents.........cccceeeeeeeerereseneneesesiennens 119
Frank Borner
7 R 1 014 (0o [ o 1o o 119
4.2 Complex conductivity and transfer function of
WELEN-WEL FOCKS ....oveeeeieieeiesie sttt 120
4.3 Quantitative interpretation of Complex conductivity
IMEASUNEIMENTS ... eie e e e sree e e sr e e s re s smreesnee s 124
4.3.1 Low Fregquency conductivity model ...........cccccoeveevviennennn. 124
4.3.2 Complex conductivity measurements............ccoeeeeeeeeerernens 126
4.4 Relations between complex electrical parameters and mean
parameters of rock state and texture..........ccocevevveevceeceesecseennen, 130
4.5 The potential of complex conductivity for environmental
APPHICALIONS......c.eviriieeriet e 138
4.5.1 Organic and inorganic contaminantS..........c.cceeeeeeceeeieeneenns 138
4.5.2 Monitoring subsurface hydraulic and migration
PrOCESSES .....ooiiiiiiiiiie it e 141
4.5.3 GeohydrauliC parameters...........ccooeeereeerienereseseseeseeeenens 144
4.6 REFEIEINCES .....ooeieieitieie ettt ettt s ene e 149
5 Electromagnetic methods —frequency domain ............cccccevvevenene. 155
5.1 AirborneteChniqUES...........cooiviiiiiicicee e 155
Bernhard Siemon
5.1.1 INrOJUCTION ...t 155
5.1.2 TREOMY .eiviiiieieieeeee ettt 156
5.1.3 SYSIEIMS...ciiiiiieieee e 163
5.1.4 DataProCESSING ...c.ccviveeiesiesieiesteeeeste st eiee e esaesresneeens 165
5.1.5 Presentalion .......ccceeeeieeeesn e seesee et 166
5.1.6 Discussion and Recommendations...........c.ccoceeeervreennnnnne 170
5.2 Ground based teChNIQUES..........cccceeveerer e 170
Reinhard Kirsch
5.2.1 Slingram and ground conductivity meters............ccoceceene. 171
522 VLF, VLF-R, and RMT ....ccciiirieeieneeese e 174
5.3 REFEIENCES ..ot 176
6 Thetransient electromagnetic method............cccceveviviievececeenenee. 179
Anders Vest Christiansen, Esben Auken, Kurt Sgrensen
6.1 INLrOTUCTION ...t 179
6.1.1 Historic developmENT........cccooeieeeireresie e 179
6.1.2 INtrOAUCTION ..o 181
6.1.3 EMMA - ElectroMagnetic Model Analysis.......ccccceeueeneee. 182
6.2 BASICTNEOIY ..ot 182



X Contents
6.2.1 Maxwell’s equations..........ccccceeveeveeiieesiese e eeeneeas 183
6.2.2 Schelkunoff potentials..........cccoeveirerenineseceeee 184
6.2.3 Thetransient response over alayered halfspace................. 186
6.2.4 Thetransient response for a halfspace..........cccceevvevennnnen. 188
6.3 Basic principle and measuring teChnique.........cccecvvveveevieceenenee. 189
6.4 Current diffusion Patterns..........ccocvverereieieneee e 191
6.4.1 Current diffusion and sensitivity, homogeneous
halfSPACE.........eceee e 191
6.4.2 Current densities, layered halfspaces..........c.ccoeveieienennnnn 194
6.5 DEIACUINVES ...ttt e e 196
6.5.1 Late-time apparent reSistivity .....ccccceeeeeeeeeerieeseeneeseennen, 196
6.6 NOise and RESOIULION.........cccvririririerieieeee e 198
6.6.1 Natural background NOISE..........ccceoririnireicceceee e 198
6.6.2 Noise and MeasuremMeNtS..........ccecerereerereeieese e see e 200
6.6.3 Penetration depth........ccccvvieieiiiiee e 200
6.6.4 Model errors, eqUIVAIENCE .........ceccvreeeene e 202
6.7 Coupling to man-made CONAUCLOTS.............cerervermeieeenireseneeneenes 204
6.7.1 CoUPliNG tYPES....ccveevieerieeser e siteenieesteesreeseesreesee e eeeenees 205
6.7.2 Handling coupled data............cceeererereninenieneeeeeeeee 206
6.8 Modelling and INterpretation ............occoeeerereneneseseeseseeeeeeee 208
6.8.1 MOAEiNG ..cccveeieiiir e 208
6.8.2 The 1D MOCE .......cccovuiriiieeeeeeeer e 208
6.8.3 Configurations, advantages and drawbacks........................ 209
6.9 AIrDOME TEM ....ooiiiiiie e s 210
6.9.1 Historical background and present airborne
TEM SYSEEIMS.....ooiiiieeieeeesee e 210
6.9.2 Special considerations for airborne measurements ............ 212
6.10 Field eXample ........ccooiiieeee e 217
6.10.1 The SKYTEM SYyStemM ......ccoveiveieicece e 217
6.10.2 Inversion of SKYTEM data..........ccceevvveeeeveceeneseeee, 220
6.10.3 Processing of SKYTEM data..........ccccoeverirenenieneeieneniens 220
6.10.4 The Hundslund SUIVEY ..........ccccoeriieneiieienesese e 221
ACKNOWIEAGEMENES ... 224
6.11 REFEIENCES ...t e 225
7 Ground penetrating radar ........c.ccecceveeeereseciee s 227
Norbert Blindow
7.1 Electromagnetic wave propagation...........cccceeeeeeveeneseeseesveseennn.s 228
7.1.1 Electric permittivity and conductivity ...........ccccevrereeiennne 228
7.1.2 Electromagnetic wave propagation ...........cccceeerereeiesiennenne 230
7.1.3 Reflection and refraction of plane waves...........cccceveeeee. 232
7.1.4 Scattering and diffraction ..........ccccoeevieninieninesereee 234

7.1.5 Horizontal and vertical resolution ..........occceveeeeeiieeeceeeenn, 234



Contents Xl

7.1.6 Wave paths, traveltimes, and amplitudes...........ccccceeueeneee. 235
7.1.7 Estimation of exploration depth ..........ccccoeevineneieiieiennenn 238
7.2 Technical aspectS Of GPR..........ccoiiiiiiereeeeere e 239
7.2.1 Overview of system components...........ccceeveveeneeseeseenenn, 239
7.2.2 Antennas and antenna charaCteristics.........c.ccoeevvrereeennenn 239
7.2.3 ElECIIONICS...cveieieie ettt 241
7.2.4 SUIVEY PraCliCe.......coieruereirerieeeeeesese s 243
7.3 Processing and interpretation of GPR data............cccccevvvvveiennnne. 245
7.3.1 General Processing SIEPS .....ccverveeeerererieriesereeee e 245
7.3.2 Examplesfor GPR profiling and CMP data............ccccc...... 246
T4 REFEIENCES ..ottt ettt e 250
8 Magnetic resonance SOUNAING.......ccceveererreriersie e e seeseee e 253
Ugur Yaramanci, Marian Hertrich
S R 1 011 {00 (1 o 1o o SR 253
8.2 NMR-Principles and MRS technique..........ccccovveeveieeeese e, 253
8.3 Survey at Waalwijk / The Netherlands...........ccocvvverinineinennne 261
8.4 Survey at Nauen / Germany with 2D assessment...........ccccceeeenene 265
8.5 Current developmentSin MRS ... 269
8.6 REFEIENCES ..ottt 271
9 Magnetic, geothermal, and radioactivity methods...........c..ccc.c....... 275
Kord Ernstson
9.1 Magnetic MEthOU ........ccviieieiicece e e 275
9.1.1 BaSiCPriNCIPIES ..ceoveieeieerereeeee e 275
9.1.2 Magnetic properties of roCKS. .......ccccevververrivrie e 278
9.1.3 Field equipments and procedures..........cceceveveeveseseenens 280
9.1.4 Dataevaluation and interpretation............ccceeeverereneeseenenn 282
9.2 Geothermal Method ...........cccoiieiiiie e 286
9.2.1 The underground temperature field.........ccccceveerrivrcernnne 289
9.2.2 Field ProCEUIES .......c.cooiiieeirieieieee e 290
9.2.3 Interpretation of temperature data.............ccoovrereerveieeennenn. 291
9.3 Radioactivity method..........ccccoevvieeiiiieec e, 292
0.4 REFEIBNCES .....oiveiviriesiesieee ettt 294
10 RadiomagnetotelluriCS........cuvueviieeieii e 295
Bilent Tezkan
10.1 INErOJUCTION ..ot 295
10.2 Basic principlesof the RMT —method..........ccccoovviriiicieeinnne 296
10.3 RMT DEVICES....ooueeieiieeieeie ettt ee e e e 301
10.4 Interpretation of RMT data........ccceveeveeverniiecre e 305

10.5 CASE SUDIES ....uveeeiiceeeieeeeeeee e et ee st e s reee e e s s e e e s seraeeessareeeesans 306



X1l Contents
10.5.1 Contaminated site exploration ...........ccccevevrevvecieesveeeen. 306
10.5.2 Waste Site eXploration...........cceceeeeereseneneneneeseeennens 311
10.6 REFEIBINCES ....ocueeieeeeee ettt 316
11 MiCrOQraVIMELIY ....ocuecveeeeeeeeeeee st 319
Gerad Gabriel
11.1 PhySICal DESICS.......ceeiuiriiniirieseieee e 319
11.2 GraViMmELEN'S .....oeeeieeeeeie ettt 320
11.3 Gravity surveys and data proCeSSiNg ......ccceevereererieeeesiesreeeens 322
11.3.1 Preparation and performance of field surveys.............. 323
11.3.2 DELaPrOCESSING......crvevereneeneereriessesressessessenneeesessesnensens 326
I g (1= = 11 o 331
11.4.1 Direct MEthOdS........ccovverieieiriresese e 331
11.4.2 Indirect Methods ........cccoeoeieiiee e 335
11.4.3 Density estimation ........cccceeceeveevieeniensce e 337
11.5 Time dependent SUNVEYS.........coceeceveeeesie e 338
ACKNOWIEAGEMENE ...t 340
11.6 REFEIENCES ..ottt 340
12 Direct push-teChNOlOgIES.........ccooiiieriiiereeeeeee e 347
Peter Dietrich, Carsten Leven
12.1 LOQQiNg tOOIS......cceeuirieriirierieieieeeee s 347
12.1.1 Geotechnical tO0lS........cccoceveeiiiieieeeeee e 348
12.1.2 Geophysical tOOIS........ccccceeveiiceeeseeee e 350
12.1.3 HydroprobES........ccveirieriirierieniesieieeeesie e 352
12.1.4 Hydrogeochemical toolS........ccccevveveeveeicn e, 354
12.1.5 Miscellaneous other t00IS .........covvirereneneieieeeenine 356
12.2 SaMPliNg tO0IS.....c.eiiriiieirierieeee e 357
12.2.1 Soil Sampling tOO0IS........ooververieieeeieereeeee e 357
12.2.2 Soil gassampling toolS.......cccccevceevicne e 357
12.2.3 Groundwater sampling toO0IS.........cccvervirereneeieieenins 358
12.3 TomographiC appliCatioNS ..........ccvererrererreneeeeeee e 358
12.4 Permanent installations...........ccooveeeieniniereiee e 361
12.5 CONCIUSIONS .....ooviiiiiieeeeee e 361
12.6 REFEIENCES ....ocveeiecieeeece ettt 363
13 Vertical flowsin groundwater monitoring wells..........cccccceevneenee. 367
Frank Borner, Susann Berthold
13.1 Forced cONVECtVE FIOW .....ccvvvveieiiceee e 368
13.1.1 Field equipment and procedures............coceeeeeeierenennens 370
13.1.2 DataProcessing and interpretation ..........ccccceveeeveennnene 373

13.1.3 EXAMPIES...cceeeiiiieee ettt 376



Contents  XIlII

13.2 Free conVeCtive fIOW. ..o 377
13.2.1 Classification of density driven convective
tranNSPOrt PrOCESSES..........eeveerrerre e 379
13.2.2 Field equipments and procedures............ccoeeveveereenne. 381
13.2.3 Dataprocessing and interpretation...........cccceeeeveveennnne 381
13.2.4 EXAMPIES....ccuiiiiieiiiiieieieieeeeee st 386
13.3 REFEIENCES ....eeeeeeeeie et ee e 388
FUrther readingS........covvcveviieee e 389
14 Aquifer structures—poreaquifers......ccccoevevesieecene e, 391
14.1 Pore agquifers—general .......ccoeoerinineneseeee e 391
Reinhard Kirsch
14.1.1 DEfINITION ..ot 391
14.1.2 Porosity — a key parameter for hydrogeology ............... 391
14.1.3 Physical properties of pore aquifers........ccccccevieereennenne 393
14.1.4 Geophysical survey of pore aquifers.........cccceevveeecienene 394
14.2 Buried valley aquifer SyStems..........ccoevereieeninieneseseeeeniens 398
Helga Wiederhold
14.2.1 INtrOUCTION. ..o 398
14.2.2 Geological and hydrological background..................... 400
14.2.3 MEhOS .....ccoiviieiieieieeeeeee e 401
14.2.4 Discussion and CoNClUSION ......cccorereereeneennnieeeenieneees 409
14.3 A Large-scale TEM survey of Mors, Denmark ...........c.ccucee..e. 414

14.4

14.5

F. Jargensen, P. Sandersen, E. Auken, H. Lykke-Andersen,
K. Sgrensen

14.3.1 Study area—theisdand of MOrs.........cccccevvvieveieciennnne 414
14.3.2 Hydrogeological mapping by theuse of TEM............... 416
14.3.3 Datacollection and proCesSiNg ..........cccererververeeieriennens 418
14.3.4 Results and diSCUSSIONS..........ccccvrerrermerrenreneeeeenesnennens 420
14.3.5 CONCIUSIONS.......ceeiiiiieeierie et 430
Groundwater prospection in Central Sinai, EQypt..........ccc...... 432

M.A. Mabrouk, N.M.H. Abu Ashour, T.A. Abdallatif,
A.A. Abdel Rahman

72970 A T (o (8 o2 o R 432
14.4.2 Geological and hydrogeological aspects...........ccccveene 433
14.4.3 Field work and interpretation............ccocceveieeveceeciennnne 435
14.4.4 Groundwater OCCUITENCE. ......ccvvreerrerreereesersseeseeseesaeneens 441

REFEIEINCES ..ottt ettt e e e e e s e e eeeeeenaaans 442



X1V Contents

15 Aquifer structures: fracture zonesand Caves.........ccocceeeeveereereenn. 447
Kord Ernstson, Reinhard Kirsch
15.1 Hydraulic importance of fracture zones and caves................... 447

15.2 Geophysical exploration of fracture zones: seismic methods... 449
15.3 Geophysical exploration of faults and fracture zones:

geoelectrical MEthOUS.........ccovviririr e 454
15.4 Geophysical exploration of fracture zones: GPR ..................... 464
15.5 Exploration of faults and fracture zones. Geophysical

passive methods (self-potential, gravity, magnetic,

geothermal and radioactivity methods) ............c.coeveieicnenene 465
15.6 Geophysical exploration of Caves.........cccevvveveeviieneeseesensnens 470
15.7 REFEIENCES ....eoveeeieieieieees et 472
16 Groundwater quality - saltwater intrusions...........ccoceeeeeieeeneenne. 475
Reinhard Kirsch
16.1 DEfINITION....ciiiiiriririe e 475
16.2 Origin of saltwater iNtrUSIONS.........cccovreririeneeeeeeee e 475
16.3 Electrical conductivity of saline Water ...........c.ccoceveieicceninnnens 478
16.4 Exploration teChNIQUES.........cccvvvcieeieeeie e 481
16.5 Field eXamples.......ccooiiiiiiiieeeeeee e 481
16.5.1 Saltwater intrusionsin the North Searegion ................ 482
16.5.2 Saline groundwater in the Red Sea Province, Sudan...... 485
14.6 REFEIBNCES ....oovieiieieieiee ettt 488
17 Geophysical characterisation of aquifers........ccccceeevivveeceieieennn, 491
Reinhard Kirsch, Ugur Y aramanci
17.1 Definition of hydraulic conductivity and permeability............. 491
17.2 Hydraulic conductivity related to other petrophysical
PAIAIMELES ......coveiieiiiieeree e 492
17.3 Geophysical assessment of hydraulic conductivity .................. 495
17.3.1 RESISHVILY ovoovvereeeeeeeeeeesisseeeeseeeesseeseessenesensesnsssneennes 495
17.3.2 SEISMICVEIOCITIES ..o 498
17.3.3 Nuclear resonance decay times.........cccccveveerreereeseennnn. 499
17.4 Case history: Hydraulic conductivity estimation
FrOM SIP datal.....ccoeeeeceeecceeee e 502
Andreas Hordt
17.5 REFEIENCES ..ot 507
18 Groundwater protection: vulnerability of aquifers...................... 511
Reinhard Kirsch
18.1 GENENA ..ot 511

18.2 VUInerability Maps .....cccccveeeieiiese e 511



Contents XV

18.3 Electrical conductivity related to hydraulic resistance,

residence time, and vulnerability..........cccocveveevierivnceenenncceeee 515
18.4 Vulnerability maps based on electrical conductivity ................ 518
18.5 REFEIENCES .....oiviieieiecieeeee et 522
19 Groundwater protection: mapping of contaminations................. 525
Reinhard Kirsch
19.1 The brownfields problem...........cccceiiiriieneiceees 525
19.2 Mapping of waste dePOSItS.......ccceeveeveieere e 526
19.3 Mapping of abandoned industrial Sites.........cccvevriverierrreennne 528
19.4 Mapping of groundwater contaminations.............ccceeeereerereneens 532
19.4.1 Anorganic ContaminantsS..........cceceeeveeriersieeenreeseeseesnnns 533
19.4.2 Organic CoONtamMiNaNtS.........ccccveveeveenresieereseesee e seeneens 535
19.5 REFEIENCES ..ottt 537



