
Groundwater Geophysics



Reinhard Kirsch (Ed.)

Groundwater Geophysics
A Tool for Hydrogeology

Second Edition

123



Editor

Dr. Reinhard Kirsch
Landesamt für Natur und
Umwelt
Abt. Geologie/Boden
Hamburger Chaussee 25
24220 Flintbek
Germany

ISBN: 978-3-540-88404-0 e-ISBN: 978-3-540-88405-7

DOI 10.1007/978-3-540-88405-7

Library of Congress Control Number: 2008936482

c© Springer-Verlag Berlin Heidelberg 2006, 2009

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9,
1965, in its current version, and permission for use must always be obtained from Springer. Violations are
liable to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws
and regulations and therefore free for general use.

Cover design: deblik, Berlin

Printed on acid-free paper

9 8 7 6 5 4 3 2 1

springer.com



Groundwater geophysics – a tool for 

Access to clean water is a human right and a basic requirement for eco-
nomic development. The safest kind of water supply is the use of ground-
water. Since groundwater normally has a natural protection against pollu-
tion by the covering layers, only minor water treatment is required. 
Detailed knowledge on the extent, hydraulic properties, and vulnerability 
of groundwater reservoirs is necessary to enable a sustainable use of the 
resources.  

This book addresses students and professionals in Geophysics and Hy-
drogeology. The aim of the authors is to demonstrate the application of 
geophysical techniques to provide a database for hydrogeological deci-
sions like drillhole positioning or action plans for groundwater protection. 

Physical fundamentals and technical aspects of modern geophysical re-
connaissance methods are discussed in the first part of the book. Beside 
"classical" techniques like seismic, resistivity methods, radar, magnetic, 
and gravity methods emphasis is on relatively new techniques like com-
plex geoelectric, radiomagnetotellurics, vertical groundwater flow deter-
mination, or nuclear magnetic resonance. An overview of direct push tech-
niques is given which can fill the gap between surface and borehole 
geophysics. 

The applications of these techniques for hydrogeological purposes are 
illustrated in the second part of the book. The investigation of pore aqui-
fers is demonstrated by case histories from Denmark, Germany, and Egypt. 
Examples for the mapping of fracture zone and karst aquifers as well as for 
saltwater intrusions leading to reduced groundwater quality are shown. 
The assessment of hydraulic conductivities of aquifers by geophysical 
techniques is discussed with respect to the use of porosity – hydraulic con-
ductivity relations and to geophysical techniques like NMR or SIP which 
are sensitive to the effective porosity of the material. The classification of 
groundwater protective layers for vulnerability maps as required by the EU 
water framework directive is a relatively new field of application for geo-
physical techniques. Finally, the geophysical mapping of organic and inor-
ganic contaminations of soil and groundwater is demonstrated. 

I am indebted to Helga Wiederhold (GGA-Institut) for critically reading 
and finalising the manuscripts, and to Anja Wolf and Christina Bruhn 
(both LANU) for skilful graphical work. 

hydrogeology 



Contents 

1  Petrophysical properties of permeable and low-permeable rocks ....... 1 
Reinhard Kirsch 
1.1  Seismic velocities ............................................................................. 1 

1.1.1  Consolidated rock ................................................................... 2 
1.1.2  Unconsolidated rock ............................................................... 4 
1.1.3  Clay and till ............................................................................ 7 

1.2  Electrical resistivity .......................................................................... 8 
1.2.1  Archie´s law – conductive pore fluid and resistive  

rock matrix ............................................................................. 8 
1.2.2  Limitations of Archie´s law – conducting mineral grains .... 12 

1.3  Electric Permittivity (Dielectricity) ................................................ 16 
1.4  Conclusions .................................................................................... 20 
1.5  References ...................................................................................... 21 

2  Seismic methods ................................................................................... 23 
Wolfgang Rabbel 
2.1  Introduction .................................................................................... 23 

2.1.1  What type of waves is 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  

in the field? ........................................................................... 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? .......................... 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 each other? ....................................................... 31 

2.2  Seismic refraction measurements ................................................... 31 
2.2.1  Targets for seismic refraction measurements ....................... 32 
2.2.2  Body wave propagation in two-layer media with a  

plane interface ...................................................................... 33 
2.2.3  Seismic refraction in laterally heterogeneous   

two-layer media .................................................................... 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 



VIII      Contents 

2.2.7  Seismic interpretation approaches for heterogeneous  
subsurface structures ............................................................ 49 

2.2.8  Structural resolution of seismic refraction measurements .... 58 
2.3  Seismic reflection imaging ............................................................. 63 

2.3.1  Targets for seismic reflection measurements ....................... 64 
2.3.2  Seismic reflection amplitudes ............................................... 65 
2.3.3  Concepts of seismic reflection measurements ...................... 67 
2.3.4  Seismic migration ................................................................. 74 
2.3.5  Field layout of seismic reflection measurements.................. 77 
2.3.6  Problems of near surface reflection seismics ....................... 79 
2.3.7  Structural resolution of seismic reflection measurements .... 80 

2.4  Further reading ............................................................................... 82 
2.5  References ...................................................................................... 82 

3  Geoelectrical methods.......................................................................... 85 
3.1  Basic principles ............................................................................... 85 

Kord Ernstson, Reinhard Kirsch 
3.2  Vertical electrical soundings (VES) ............................................... 87 

3.2.1  Field equipment .................................................................... 90 
3.2.2  Field measurements .............................................................. 90 
3.2.3  Sounding curve processing ................................................... 92 
3.2.4  Ambiguities of sounding curve interpretation ...................... 93 
3.2.5  Geological and hydrogeological interpretation .................... 97 

3.3  Resistivity mapping ........................................................................ 98 
3.3.1  Square array configuration ................................................. 100 
3.3.2  Mobile electrode arrays ...................................................... 102 
3.3.3  Mise-à-la-masse method ..................................................... 104 

3.4  Self- potential measurements ........................................................ 105 
3.4.1  Basic principles of streaming potential measurements ....... 105 
3.4.2  Field procedures ................................................................. 106 
3.4.3  Data processing and interpretation ..................................... 107 

3.5  2D measurements ......................................................................... 109 
Markus Janik, Heinrich Krummel 
3.5.1  Field equipment .................................................................. 109 
3.5.2  Field measurements ............................................................ 110 
3.5.3  Data Processing and Interpretation ..................................... 111 
3.5.4  Examples ............................................................................ 113 

3.6  References .................................................................................... 116 



Contents      IX 

4  Complex conductivity measurements .............................................. 119 
Frank Börner 
4.1  Introduction .................................................................................. 119 
4.2  Complex conductivity and transfer function of  

water-wet rocks ............................................................................ 120 
4.3  Quantitative interpretation of Complex conductivity  

measurements ............................................................................... 124 
4.3.1  Low Frequency conductivity model ................................... 124 
4.3.2  Complex conductivity measurements ................................. 126 

4.4  Relations between complex electrical parameters and mean 
parameters of rock state and texture ............................................. 130 

4.5  The potential of complex conductivity for environmental 
applications ................................................................................... 138 
4.5.1  Organic and inorganic contaminants .................................. 138 
4.5.2  Monitoring subsurface hydraulic and migration  

processes ............................................................................ 141 
4.5.3  Geohydraulic parameters .................................................... 144 

4.6  References .................................................................................... 149 

5  Electromagnetic methods – frequency domain ............................... 155 
5.1  Airborne techniques ...................................................................... 155 

Bernhard Siemon 
5.1.1  Introduction ........................................................................ 155 
5.1.2  Theory ................................................................................ 156 
5.1.3  Systems ............................................................................... 163 
5.1.4  Data Processing .................................................................. 165 
5.1.5  Presentation ........................................................................ 166 
5.1.6  Discussion and Recommendations ..................................... 170 

5.2  Ground based techniques .............................................................. 170 
Reinhard Kirsch 
5.2.1  Slingram and ground conductivity meters .......................... 171 
5.2.2  VLF, VLF-R, and RMT ...................................................... 174 

5.3  References .................................................................................... 176 

6  The transient electromagnetic method ............................................. 179 
Anders Vest Christiansen, Esben Auken, Kurt Sørensen 
6.1  Introduction .................................................................................. 179 

6.1.1  Historic development .......................................................... 179 
6.1.2  Introduction ........................................................................ 181 
6.1.3  EMMA - ElectroMagnetic Model Analysis ....................... 182 

6.2  Basic theory .................................................................................. 182 



X      Contents 

6.2.1  Maxwell’s equations ........................................................... 183 
6.2.2  Schelkunoff potentials ........................................................ 184 
6.2.3  The transient response over a layered halfspace ................ 186 
6.2.4  The transient response for a halfspace ................................ 188 

6.3  Basic principle and measuring technique ..................................... 189 
6.4  Current diffusion patterns ............................................................. 191 

6.4.1  Current diffusion and sensitivity, homogeneous  
halfspace ............................................................................. 191 

6.4.2  Current densities, layered halfspaces .................................. 194 
6.5  Data curves ................................................................................... 196 

6.5.1  Late-time apparent resistivity ............................................. 196 
6.6  Noise and Resolution .................................................................... 198 

6.6.1  Natural background noise ................................................... 198 
6.6.2  Noise and measurements .................................................... 200 
6.6.3  Penetration depth ................................................................ 200 
6.6.4  Model errors, equivalence .................................................. 202 

6.7  Coupling to man-made conductors ............................................... 204 
6.7.1  Coupling types .................................................................... 205 
6.7.2  Handling coupled data ........................................................ 206 

6.8  Modelling and interpretation ........................................................ 208 
6.8.1  Modelling ........................................................................... 208 
6.8.2  The 1D model ..................................................................... 208 
6.8.3  Configurations, advantages and drawbacks ........................ 209 

6.9  Airborne TEM .............................................................................. 210 
6.9.1  Historical background and present airborne  

TEM systems. ..................................................................... 210 
6.9.2  Special considerations for airborne measurements ............ 212 

6.10 Field example .............................................................................. 217 
 6.10.1  The SkyTEM system ....................................................... 217 
 6.10.2  Inversion of SkyTEM data .............................................. 220 
 6.10.3  Processing of SkyTEM data ............................................ 220 
 6.10.4  The Hundslund Survey .................................................... 221 
 Acknowledgements ..................................................................... 224 

6.11 References ................................................................................... 225 

7  Ground penetrating radar ................................................................ 227 
Norbert Blindow 
7.1  Electromagnetic wave propagation ............................................... 228 

7.1.1  Electric permittivity and conductivity ................................ 228 
7.1.2  Electromagnetic wave propagation .................................... 230 
7.1.3  Reflection and refraction of plane waves ........................... 232 
7.1.4  Scattering and diffraction ................................................... 234 
7.1.5  Horizontal and vertical resolution ...................................... 234 



Contents      XI 

7.1.6  Wave paths, traveltimes, and amplitudes ........................... 235 
7.1.7  Estimation of exploration depth ......................................... 238 

7.2  Technical aspects of GPR ............................................................. 239 
7.2.1  Overview of system components ........................................ 239 
7.2.2  Antennas and antenna characteristics ................................. 239 
7.2.3  Electronics .......................................................................... 241 
7.2.4  Survey practice ................................................................... 243 

7.3  Processing and interpretation of GPR data ................................... 245 
7.3.1  General processing steps .................................................... 245 
7.3.2  Examples for GPR profiling and CMP data ....................... 246 

7.4  References .................................................................................... 250 

8  Magnetic resonance sounding ........................................................... 253 
Ugur Yaramanci, Marian Hertrich 
8.1  Introduction .................................................................................. 253 
8.2  NMR-Principles and MRS technique ........................................... 253 
8.3  Survey at Waalwijk / The Netherlands ......................................... 261 
8.4  Survey at Nauen / Germany with 2D assessment ......................... 265 
8.5  Current developments in MRS ..................................................... 269 
8.6  References .................................................................................... 271 

9  Magnetic, geothermal, and radioactivity methods .......................... 275 
Kord Ernstson 
9.1  Magnetic method .......................................................................... 275 

9.1.1  Basic principles .................................................................. 275 
9.1.2  Magnetic properties of rocks. ............................................. 278 
9.1.3  Field equipments and procedures ....................................... 280 
9.1.4  Data evaluation and interpretation ...................................... 282 

9.2  Geothermal method ...................................................................... 286 
9.2.1  The underground temperature field .................................... 289 
9.2.2  Field procedures ................................................................. 290 
9.2.3  Interpretation of temperature data ...................................... 291 

9.3  Radioactivity method .................................................................... 292 
9.4  References .................................................................................... 294 

10  Radiomagnetotellurics ..................................................................... 295 
Bülent Tezkan 
10.1  Introduction .............................................................................. 295 
10.2  Basic principles of the RMT – method ..................................... 296 
10.3  RMT Devices ............................................................................ 301 
10.4  Interpretation of RMT data ....................................................... 305 
10.5  Case studies .............................................................................. 306 



XII      Contents 

10.5.1  Contaminated site exploration ...................................... 306 
10.5.2  Waste site exploration ................................................... 311 

10.6  References ................................................................................ 316 

11  Microgravimetry .............................................................................. 319 
Gerald Gabriel 
11.1  Physical basics .......................................................................... 319 
11.2  Gravimeters .............................................................................. 320 
11.3  Gravity surveys and data processing ........................................ 322 

11.3.1  Preparation and performance of field surveys .............. 323 
11.3.2  Data processing ............................................................. 326 

11.4  Interpretation ............................................................................ 331 
11.4.1  Direct methods .............................................................. 331 
11.4.2  Indirect methods ........................................................... 335 
11.4.3  Density estimation ........................................................ 337 

11.5  Time dependent surveys ........................................................... 338 
Acknowledgement ............................................................................. 340 
11.6  References ................................................................................ 340 

12  Direct push-technologies ................................................................. 347 
Peter Dietrich, Carsten Leven 
12.1  Logging tools ............................................................................ 347 

12.1.1  Geotechnical tools ......................................................... 348 
12.1.2  Geophysical tools .......................................................... 350 
12.1.3  Hydroprobes .................................................................. 352 
12.1.4  Hydrogeochemical tools ............................................... 354 
12.1.5  Miscellaneous other tools ............................................. 356 

12.2  Sampling tools .......................................................................... 357 
12.2.1  Soil sampling tools ........................................................ 357 
12.2.2  Soil gas sampling tools ................................................. 357 
12.2.3  Groundwater sampling tools ......................................... 358 

12.3  Tomographic applications ........................................................ 358 
12.4  Permanent installations ............................................................. 361 
12.5  Conclusions .............................................................................. 361 
12.6  References ................................................................................ 363 

13  Vertical flows in groundwater monitoring wells ........................... 367 
Frank Börner, Susann Berthold 
13.1  Forced convective flow ............................................................ 368 

13.1.1  Field equipment and procedures ................................... 370 
13.1.2  Data Processing and interpretation ............................... 373 
13.1.3  Examples ....................................................................... 376 



Contents      XIII 

13.2  Free convective flow................................................................. 377 
13.2.1  Classification of density driven convective  

transport processes ........................................................ 379 
13.2.2  Field equipments and procedures .................................. 381 
13.2.3  Data processing and interpretation ................................ 381 
13.2.4  Examples ....................................................................... 386 

13.3  References ................................................................................ 388 
Further readings ........................................................................ 389 

14  Aquifer structures – pore aquifers ................................................. 391 
14.1  Pore aquifers – general ............................................................. 391 

Reinhard Kirsch 
14.1.1  Definition ...................................................................... 391 
14.1.2  Porosity – a key parameter for hydrogeology ............... 391 
14.1.3  Physical properties of pore aquifers .............................. 393 
14.1.4  Geophysical survey of pore aquifers ............................. 394 

14.2  Buried valley aquifer systems ................................................... 398 
Helga Wiederhold 
14.2.1  Introduction ................................................................... 398 
14.2.2  Geological and hydrological background ..................... 400 
14.2.3  Methods ........................................................................ 401 
14.2.4  Discussion and Conclusion ........................................... 409 

14.3  A Large-scale TEM survey of Mors, Denmark ........................ 414 
F. Jørgensen, P. Sandersen, E. Auken, H. Lykke-Andersen,  
K. Sørensen 
14.3.1  Study area – the island of Mors .................................... 414 
14.3.2  Hydrogeological mapping by the use of TEM .............. 416 
14.3.3  Data collection and processing ..................................... 418 
14.3.4  Results and discussions ................................................. 420 
14.3.5  Conclusions ................................................................... 430 

14.4  Groundwater prospection in Central Sinai, Egypt .................... 432 
M.A. Mabrouk, N.M.H. Abu Ashour, T.A. Abdallatif,  
A.A. Abdel Rahman 
14.4.1  Introduction ................................................................... 432 
14.4.2  Geological and hydrogeological aspects ....................... 433 
14.4.3  Field work and interpretation ........................................ 435 
14.4.4  Groundwater occurrence ............................................... 441 

14.5  References ................................................................................ 442 



XIV      Contents 

15  Aquifer structures: fracture zones and caves ................................ 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 methods ............................................................... 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) .................................... 465 

15.6  Geophysical exploration of caves ............................................. 470 
15.7  References ................................................................................ 472 

16  Groundwater quality - saltwater intrusions .................................. 475 
Reinhard Kirsch 
16.1  Definition .................................................................................. 475 
16.2  Origin of saltwater intrusions ................................................... 475 
16.3  Electrical conductivity of saline water ..................................... 478 
16.4  Exploration techniques ............................................................. 481 
16.5  Field examples .......................................................................... 481 

16.5.1  Saltwater intrusions in the North Sea region ................ 482 
16.5.2  Saline groundwater in the Red Sea Province, Sudan...... 485 

14.6  References ................................................................................ 488 

17  Geophysical characterisation of aquifers....................................... 491 
Reinhard Kirsch, Ugur Yaramanci 
17.1  Definition of hydraulic conductivity and permeability ............. 491 
17.2  Hydraulic conductivity related to other petrophysical  

parameter .................................................................................. 492 
17.3  Geophysical assessment of hydraulic conductivity .................. 495 

17.3.1  Resistivity ..................................................................... 495 
17.3.2  Seismic velocities ......................................................... 498 
17.3.3  Nuclear resonance decay times ..................................... 499 

17.4  Case history: Hydraulic conductivity estimation  
from SIP data ............................................................................ 502 
Andreas Hördt 

17.5  References ................................................................................ 507 

18  Groundwater protection: vulnerability of aquifers ...................... 511 
Reinhard Kirsch 
18.1  General ..................................................................................... 511 
18.2  Vulnerability maps ................................................................... 511 



Contents      XV 

18.3  Electrical conductivity related to hydraulic resistance,  
residence time, and vulnerability .............................................. 515 

18.4  Vulnerability maps based on electrical conductivity ................ 518 
18.5  References ................................................................................ 522 

19  Groundwater protection: mapping of contaminations ................. 525 
Reinhard Kirsch 
19.1  The brownfields problem .......................................................... 525 
19.2  Mapping of waste deposits ....................................................... 526 
19.3  Mapping of abandoned industrial sites ..................................... 528 
19.4  Mapping of groundwater contaminations ................................. 532 

19.4.1  Anorganic contaminants ............................................... 533 
19.4.2  Organic contaminants ................................................... 535 

19.5  References .................................................................................. 537 

Index ........................................................................................................ 541 
 



Authors 

Prof. Dr. Talaat A. Abdallatif 
Geophysical Exploration Department 
Desert Research Center, Cairo 
 
Dr. Abdallah A. Abdel Rahman 
Geophysical Exploration Department 
Desert Research Center, Cairo 
 
Prof. Dr. Nasser M. H. Abu Ashour 
Geophysics Department, Faculty of Science 
Ain Shams University, Cairo 
 
Esben Auken, Associate Professor, PhD 
Hydrogeophysics Group, University of Aarhus  
Finlandsgade 8, DK-8200 Aarhus N; esben.auken@geo.au.dk 
 
Susann Berthold 
Dresdner Grundwasserforschungszentrum e.V. 
Meraner Str. 10, D-01217 Dresden; sberthold@dgfz.de 
 
Dr. Norbert Blindow 
Institut für Geophysik, Universität Münster 
Corrensstr. 24, D-48149 Münster; blindow@earth.uni-muenster.de 
 
Dr. Frank Börner 
Dresdner Grundwasserforschungszentrum e.V. 
Meraner Str. 10, D-01217 Dresden; fboerner@dgfz.de 
 
Anders V. Christiansen, PhD 
Hydrogeophysics Group, University of Aarhus  
Finlandsgade 8, DK-8200 Aarhus N; anders.vest@geo.au.dk 
 
Dr. Peter Dietrich  
Helmholtz-Zentrum für Umweltforschung - UFZ  
Department Monitoring- und Erkundungstechnologien 
Permoserstr. 15, 04318 Leipzig; peter.dietrich@ufz.de 



XVIII      Authors

Prof. Dr. Kord Ernstson 
Consulting Geophysicist and Geologist 
Fakultät für Geowissenschaften, Universität Würzburg 
Am Judengarten 23, D-97204 Höchberg; kord@ernstson.de 

 
Dr. Gerald Gabriel 
Institut für Geowissenschaftliche Gemeinschaftsaufgaben (GGA-Institut) 
Stilleweg 2, D-30655 Hannover; gerald.gabriel@gga-hannover.de 
 
Dr. Marian Hertrich 
Institute of Geophysics ETH Zürich 
Schafmattstr. 30, 8093 Zürich 
marian@aug.ig.erdw.ethz.ch 
 
Prof. Dr. Andreas Hördt 
Inst. f. Geophysik u. Extraterrestrische Physik, TU Braunschweig 
Mendelssohnstraße 3 38106 Braunschweig, a.hoerdt@tu-bs.de 

 
Dr. Markus Janik 
geoFact GmbH 
Reichsstr. 19b, D-53125 Bonn; geofact@t-online.de 
 
Flemming Jørgensen PhD 
GEUS-Vest, Miljøcenter Aarhus 
Lyseng Alle 1, 8270 Højbjerg, flj@geus.dk 
 
Dr. Reinhard Kirsch 
Landesamt für Natur und Umwelt des Landes Schleswig-Holstein (LANU) 
Hamburger Chaussee 25, D-24220 Flintbek; rkirsch@lanu.landsh.de 
 
Dr. Heinrich Krummel 
geoFact GmbH 
Reichsstr. 19b, D-53125 Bonn; geofact@t-online.de 
 
Dr. Carsten Leven 
Helmholtz-Zentrum für Umweltforschung - UFZ  
Department Grundwassersanierung 
Permoserstrasse 15, D-04318 Leipzig; carsten.leven@ufz.de 
 
Holger Lykke-Andersen, Associate Professor, PhD 
Department of Earth Sciences, University of Aarhus 
Finlandsgade 8, DK-8200 Aarhus N; hla@geo.au.dk 



 XIX 

Prof. Dr. Mohamed Abbas Mabrouk 
Geophysical Exploration Department 
Desert Research Center, Cairo 
 
Prof. Dr. Wolfgang Rabbel 
Institut für Geowissenschaften, Universität Kiel 
Olshausenstr. 40-60, D-24118 Kiel; rabbel@geophysik.uni-kiel.de 
 
Dr. Bernhard Siemon 
Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) 
Stilleweg 2, D-30655 Hannover; bernhard.siemon@bgr.de 
 
Peter B.E. Sandersen  
Senior Consultant 
Watertech a/s 
Søndergade 53, DK-8000 Aarhus C; psa@watertech.dk 
 
Kurt I. Sørensen, Associate Professor, PhD 
Hydrogeophysics Group, University of Aarhus 
Finlandsgade 8, DK-8200 Aarhus N; kurt.sorensen@geo.au.dk 
 
Prof. Dr. Bülent Tezkan 
Institut für Geophysik und Meteorologie, Universität Köln 
Albertus-Magnus-Platz, 50931 Köln, buelent.tezkan@geo.uni-koeln.de 
 
Dr. Helga Wiederhold 
Institut für Geowissenschaftliche Gemeinschaftsaufgaben (GGA-Institut) 
Stilleweg 2, D-30655 Hannover, helga.wiederhold@gga-hannover.de 
 
Prof. Dr. Ugur Yaramanci 
Institut für Geowissenschaftliche Gemeinschaftsaufgaben (GGA-Institut) 
Stilleweg 2, D-30655 Hannover, ugur.yaramanci@gga-hannover.de 
 

Authors



1 Petrophysical properties of permeable and low-
permeable rocks 

Reinhard Kirsch 

Groundwater conditions at a location are mainly described through the dis-
tribution of permeable layers (like sand, gravel, fractured rock) and im-
permeable or low-permeable layers (like clay, till, solid rock) in the sub-
surface. To achieve a geophysical image of these underground structures, 
sufficient contrast of petrophysical properties is required. Seismic veloci-
ties (related to elastic properties and density), electrical conductivity, and 
dielectric constant are the most relevant petrophysical properties for geo-
physical groundwater exploration. 

In this chapter, the influence of porosity, water saturation, and clay con-
tent on these petrophysical properties shall be explained. 

1.1 Seismic velocities 

Seismic velocities for compressional (Vp) and shear waves (Vs) are related 
to elastic constants like bulk modulus (k), Young´s modulus (E), and shear 
modulus (μ) by 

)21()1(
)1(E

3
4k3Vp ν−⋅ν+⋅ρ

ν−⋅=
ρ

μ+=  
(1.1) 

and 

ρ
μ=sV  

 

with ρ = density and ν = Poisson´s ratio. 
Since elastic properties of rocks are highly influenced by porosity, e.g. 

highly porous material is more compressible than material of lower porosi-
ty, seismic velocities are also influenced by porosity.  



2       Reinhard Kirsch 

 

Fig. 1.1. Concept of critical porosity (after Nur et al. 1998) 

The following seismic velocity – porosity relations are valid for porosi-
ties below the critical porosity threshold (Nur et al. 1998). For porosities 
above this threshold no grain contacts exist (Fig. 1.1). In that case, mineral 
grains or rock fragments and pore fluid form a suspension, in which the 
elastic properties are similar to a fluid. Soil liquefaction associated with 
earthquakes or landslides are such examples. The critical porosity for most 
sedimentary rocks is about 40%. As a consequence, seismic velocity – po-
rosity relations are not always valid for structural aquifers formed by tec-
tonic stress. 

 

1.1.1 Consolidated rock  

In a simple form, the seismic velocity – porosity relation for consolidated 
rocks is described by Wyllie et al. (1956) as “time average equation” 

POREMATRIX VV
1

V
1 φ+φ−=  (1.2) 

with VMATRIX = seismic velocity of rock matrix or grains 
 VPORE      = seismic velocity of pore fluid 

φ = porosity. 
 

This equation has been modified by Raymer et al. (1980) to: 

POREMATRIX
2 VV)1(V ⋅φ+⋅φ−=  (1.3) 

A very comprehensive compilation of elastic properties and seismic ve-
locities of porous material is given by Mavko et al. (1998). 
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A large number of laboratory results on seismic velocities of porous ma-
terial have been published. Mostly porosity changes were obtained by 
changes of confining pressure, whereas seismic velocities were measured 
in the kHz frequency range. Examples of seismic velocity - porosity rela-
tions for saturated sandstones found by different authors are (C = volume-
tric clay content): 
Han et al. (1986)  C18.293.659.5Vp ⋅−φ⋅−=  
    C89.191.457.3Vs ⋅−φ⋅−=  
Klimentos (1991)  C33.333.687.5Vp ⋅−φ⋅−=  
 
and for unsaturated sandstone: 
Kowallis et al. (1984)  C70.524.960.5Vp ⋅−φ⋅−=     [km/s] 
 

Some velocity-porosity relations found by field or laboratory experi-
ments are shown in Fig. 1.2. 
 
 

 
 
Fig. 1.2. Influence of porosity φ on p-wave velocities of sandstone, 1: Watkins et 
al. (1972), unsaturated rock, refraction seismic measurements, 2: Raymer et al. 
(1980), saturated rock, model calculations, 3: Klimentos (1991), saturated rock, 
laboratory measurements, 4: Kowallis et al. (1984), unsaturated rock, laboratory 
measurements; 1 and 2: clay free material, 3 and 4: clay content C = 20%  
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1.1.2 Unconsolidated rock 

Seismic velocities of unconsolidated rocks (e.g. sand, gravel) are strongly 
influenced by porosity and water saturation. Fig. 1.3 shows the influence 
of the water saturation degree on p- and s-wave velocities. No influence of 
water saturation degree on seismic velocities is observed below a critical 
value of about 90% water saturation. A further saturation increase leads to 
a strong increase of p-wave velocity and a slight decrease of s-wave ve-
locity.  

Because the shear moduli of air and water are zero, increasing the satu-
ration degree shall have no influence on s-wave velocity. The observed de-
crease of s-wave velocity can be explained by the increase of density when 
air is replaced by water as pore filling. 

 

 
 

Fig. 1.3. Schematic view on the influence of water saturation on seismic velocities  

 
Fig. 1.4. Sketch of a partly saturated pore under compression  
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The crucial parameter for the p-wave velocity is the bulk modulus re-
lated to the compressibility of the material. In Fig. 1.4 a partly saturated 
pore has been sketched. Pore water is bound by adhesion on the grain sur-
face. If the pore is compressed, the air in the pore space is easily compress-
ible and the pore water cannot increase the bulk modulus of the material. 
Saturation variations for the partly saturated case below the critical satura-
tion degree have no influence on the bulk modulus and, with the exception 
of slight density changes, on the p-wave velocity. 

Only few field experiments on the influence of porosity on seismic ve-
locities of dry unconsolidated material have been recorded. Watkins et al. 
(1972) made refraction seismic measurements on outcropping unsaturated 
hard rock as well as on unsaturated sands and found the following veloci-
ty-porosity relation: 

56.1  )Vln(175.0 p +⋅−=φ  (1.4) 

As a consequence, p-wave velocities below sonic velocity (330 m/s) are 
possible and have been often observed. Bachran et al. (2000) found p-wave 
velocities as low as 150 m/s for dry beach sands with a velocity-depth in-
crease as shown in Fig. 1.5. This increase can be described by a power law 
(depth to the power of 1/6). As a consequence, seismic ray paths in the 
shallow sub-surface are strongly curved. 

P-wave velocities for water saturated sands are in the range of 1500 – 
2000 m/s (seismic velocity of water: 1500 m/s). Hamilton (1971) measured 
p-wave velocities of marine sediments which are shown in Fig. 1.6. Mor-
gan (1969) found the following seismic velocity – porosity relation for ma-
rine sediments (in km/s):  

φ⋅−= 566.0917.1Vp   (1.5) 
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Fig. 1.5. Increase of p-wave velocity with depth (observed and calculated) in the 
shallow sub-surface (Bachran et al. 2000, with permission from SEG) 

 

Fig. 1.6. P-wave velocities and porosities for marine sediments (after Hamilton 
1971) 
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Fig. 1.7. P-wave velocity and porosity for sand-clay mixtures (Marion et al. 1992, 
with permission from SEG) 

 
Fig. 1.8. Sketch of sand-clay distribution with increasing clay-content (after Ma-
rion et al. 1992) 

1.1.3 Clay and till 

Clay and till have low hydraulic conductivities. Their hydrogeological im-
portance is that clay or till layers form hydraulic boundaries dividing aqui-
fers. 

Till is a mixture of sand, clay, and partly chalk with a wide variety of 
grain size distributions. The clay content influences the hydraulic conduc-
tivity significantly. To investigate the influence of porosity and clay con-
tent on seismic velocities, Marion et al. (1992) used artificial sand-clay 
mixtures for laboratory experiments. A maximum of p-wave velocities was 
found for clay contents of about 40% (Fig. 1.7). 
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Fig. 1.9. P-wave velocities of tills in relation to porosity and clay content (Baer-
mann and Hübner 1984, with permission from BGR) 

An explanation is given in Fig. 1.8. Porosity of clay is about 60%, porosity 
of sand is about 40%. Small clay content in sands reduce porosity because 
clay particles fill the pore space. Increasing clay content reduces porosity, 
until the entire pore space is finally filled with clay. If the clay content is 
increased further, sand grains loose contact and are isolated in the clay ma-
trix. From that point on, increasing the clay content leads to an increased 
porosity of the mixture due to the high porosity of clay. It must be taken 
into account that these results were obtained by using sand and clay of uni-
form grain size.  

Under real field conditions, where tills show a wide variety of grain size 
distributions, results may not have been so clear. Field measurements on 
till soils (borehole measurements as well as refraction seismic measure-
ments at steep coasts) by Baermann and Hübner (1984) show decreasing p-
wave velocities with increasing porosity and clay content (Fig. 1.9). How-
ever, the obtained velocity/porosity or velocity/clay content relations are 
very site specific and cannot be used in general for an interpretation of 
seismic velocities. 

1.2  Electrical resistivity 

1.2.1 Archie´s law – conductive pore fluid and resistive rock 
matrix 

Since the electrical resistivity of most minerals is high (exception: clay, 
metal ores, and graphite), the electrical current flows mainly through the 
pore water. According to the famous Archie law, the resistivity of water-
saturated clay-free material can be described as  
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FWATERAQUIFER ⋅ρ=ρ  (1.6) 

ρAQUIFER = specific resistivity of water saturated sand 
ρWATER   = specific resistivity of pore water.  
For partly saturated material, F can be replaced by F/SW

2 (SW = saturation 
degree = fraction of water filled pore space). 

The formation factor F combines all properties of the material influenc-
ing electrical current flow like porosity φ, pore shape, and diagenetic ce-
mentation. 

maF −φ⋅=  (1.7) 

Different expressions for the material constant m are used like porosity 
exponent, shape factor, or (misleading for deposits) cementation degree. 
Factors influencing m are, e.g., the geometry of pores, the compaction, the 
mineral composition, and the insolating properties of cementation (Ran-
som 1984). 

The constant a reflects the influence of mineral grains on current flow. 
If the mineral grains are perfect insulators (main condition for the validity 
of Archie´s law), then a = 1. If the mineral grains contribute to the electri-
cal conductivity to a certain degree, the constant a is reduced accordingly. 

Typical values for a and m are (after Schön 1996): loose sands, a = 1.0, 
m = 1.3, and sandstones, a = 0.7, m = 1.9. Further examples for a and m 
are given by Worthington (1993). 

Fig. 1.10 shows the influence of the porosity and the porosity exponent 
m on the formation factor F. For sandy aquifers with porosities ranging 
from 20 – 30 % formation factors can be expected in the range of 4 - 8. 
However, as the porosity exponent m is normally unknown, it is difficult 
to predict the porosity from the measured resistivities of the aquifer, even 
if the resistivity of the pore water is known. Some values for formation 
factors in relation to grain size for loose sands are shown in Fig. 1.11. 

As the constant m is influenced by pore geometry, the formation factor 
F is related to tortuosity T. Tortuosity describes how crooked the way of 
fluid flow through pore space is. Tortuosity depends on porosity, pore 
shape, and the shape of channels connecting the pores. Assuming that the 
electrical current flow follows the same path through the pore space as the 
fluid flow, a relation between formation factor and tortuosity can be found 
(TNO 1976). 

*mTF −φ⋅=  (1.8) 

m*  = modified porosity exponent. 
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A mean tortuosity of T= 1.26 was found by TNO (1976) for dune sands 
and deposits from the river Rhine. Since tortuosity is strongly related to the 
hydraulic conductivity, Eq. 1.8 gives a link between geophysical and hy-
draulic properties of the aquifer. 
 

 
Fig. 1.10. Archie´s law: formation factor F vs. porosity for different porosity ex-
ponents 

 

Fig. 1.11. Formation factor dependent on grain size for The Netherlands (TNO 
1976, with permission from TNO) compared to results for California (Ecknis 
1934), M(μ) = grain size in micrometer 
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Fig. 1.12. Resistivity and apparent formation factor for high resistive pore water 

 

Fig. 1.13. Field examples measured in the Chaco of Paraguay (Repsold 1976, with 
permission from BGR) for formation factors depending on water resistivity  
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1.2.2 Limitations of Archie´s law – conducting mineral grains 

The validity of Archie´s law and related formulae is restricted to materials 
with highly resistive mineral grains and conducting pore fluid. A minor 
contribution of the mineral grains to electrical conductivity can be taken 
into account by the constant a. However, when the resistivity of the pore 
water is sufficiently high that the electrical conductivity of the mineral 
grains is a substantial contribution to the electrical conductivity of the 
aquifer, the formulations of Archie are no longer valid. Modified formula-
tions are also required for material with surface conductivity like clay.    

High resistive pore water 

The electrical resistivity of pore water is controlled by the ion content 
(salinity) as described in the chapter “Groundwater quality”. If the ion con-
tent of the groundwater is low resulting in a high bulk resistivity of the 
aquifer, current flow through the aquifer can be explained by parallel con-
nection of rock matrix and pore fluid (Repsold 1976). 

WATERMATRIXAQUIFER F
111

ρ⋅
+

ρ
=

ρ
 (1.9) 

If we assume a matrix resistivity ρMATRIX of 1000 Ωm and a formation 
factor of 5, then even for water resistivity of 20 Ωm aquifer resistivity is 
clearly lower than expected by Archie´s law. If a formation factor is calcu-
lated formally by F=ρAQUIFER/ρWATER, a decrease of the so obtained appar-
ent formation factor is observed with increasing water resistivity (Fig. 
1.12). Field examples for apparent formation factors depending on water 
resistivity are shown in Fig. 1.13. 

Resistivity of clay and till 

Clayey material is characterized by low electrical resistivity in the range of 
5 - 60 Ωm and often a target in electrical or electromagnetic surveys. This 
low resistivity is caused by surface conductivity of clay minerals. As clay 
minerals are flat, water can diffuse between the minerals and so increase 
the specific surface area. The specific surface area of clays can be up to 
1000 m2/g, whereas for sands this area is less than 0.1 m2/g (Scheffer and 
Schachtschabel 1984). The large specific surface area supports the surface 
conductivity. Because a number of cations in clay minerals is replaced by 
cations of higher valence, electrical charge of the clay mineral surface is 
negative. The negative charge is compensated by the concentration of ca-
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tions in the pore water in the vicinity of the mineral surface. This process 
is quantified by the cation exchange capacity (CEC). 

The calculation of the resistivity of clayey material is complicated, since 
the electrical current flow is possible through clay minerals as well as 
through pore fluid. A relatively easy approach is given by Frohlich and 
Parke (1989). They assume that the bulk conductivity of clayey material σ0 

can be explained by parallel connection of surface conductivity σSURFACE 
and conductivity of pore water σWATER with volumetric water content Θ: 

SURFACE
k

WATER0 a
1 σ+Θ⋅σ⋅=σ  (1.10) 

or, expressed in terms of resistivity 

SURFACEWATER

k

0

1
a

1
ρ

+
ρ⋅
Θ=

ρ
 

(1.11) 

The first part of Eqs. 1.10 and 1.11 is related to Archie´s law, when ex-
ponent k is defined by the saturation degree SW 

mn
W

k S φ⋅=Θ  (1.12) 

A special case of Eq. 1.10 is given by Mualem and Friedman (1991) 

SURFACE

5.2

WATER0 σ+
φ

Θ⋅σ=σ  
(1.13) 

An expression of surface conductivity (in mS/cm) in terms of volume-
tric clay content C was found by Rhoades et al. (1989) 

021.0C3.2SURFACE −⋅=σ  (1.14) 

However, for the practical use of Eqs. 1.13 and 1.14, the validity of the 
empirically determined constants for the project area must be checked. 

A more general approach to electrical conductivity of clayey material 
based on cation exchange capacity is given by Sen et al. (1988):  

v
vw

v
ww0 EQ

BQ
AQ

F
1 +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+σ

σ+σ=σ  
(1.15) 

Qv can be expressed by cation exchange capacity CEC, matrix density 
ρMAT, and porosity φ: 

CEC)1(Q MAT
v φ

φ−ρ=  
(1.16) 
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Fig. 1.14. Correlation between clay content and cation exchange capacity for two 
areas in Southern Germany (Günzel 1994) 

According to Günzel (1994), constants A, B, and E are given by 
BQv=0.7, EQv=0, and A=mλS

na, with m=porosity exponent of Archie equa-
tion and λS

na= equivalence conductivity of Na+-exchange cations, empiri-
cally derived as λS

na=1.94 (S/m)/(mol/l). 
Sen et al. (1988) found an empirical relation between porosity exponent 

and cation exchange capacity for sandstone samples: m=1.67+0.2×CEC1/2. 
This can lead to an increase in resistivity with increasing clay content, a 
clear contradiction to the experience that increasing clay content of uncon-
solidated material leads to decreasing resistivity. The use of the empirical 
relation between m and CEC should be restricted to consolidated material. 
Sen et al. (1988) also mentioned that a good fit of measured data is possi-
ble using constant m=2. 

Eq. 1.15 is valid for saturated material. For partly saturated material, 
Günzel (1994) replaced QV by Q∗= QV/SW (SW = saturation degree), forma-
tion factor F is changed accordingly. Assuming clay free material with 
CEC = 0, Eq. 1.15 reduces to Archie´s law σ = σW/F. 

As shown above, the critical parameter for conductivity of clayey mate-
rial is not the clay content, but the cation exchange capacity. Cation ex-
change capacity strictly depends on the mineral composition of clay, which 
may differ from area to area. Günzel (1994) showed that for smaller areas, 
where a constant composition of clay minerals can be assumed, a linear re-
lation CEC = i×C between clay content C and cation exchange capacity 
exists (Fig. 1.14). As a consequence, if in Eq. 1.16 CEC is replaced by 
i×C, Eq. 1.15 relates clay content to conductivity.  

 
 
 


