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Preface

The idea for this book originated in 1987 whilst Twas preparing for
lectures on courses in applied geology and environmental geophysics
at Plymouth Polytechnic (now the University of Plymouth), Devon,
England. Students who had only very basic mathematical skills and
little if any physics background found most ofthe so-called 'introduc
tory' texts difficult to follow owing to the perceived opacity of text
and daunting display of apparently complex mathematics. To junior
undergraduates, this is immediately offputting and geophysics be
comes known as a 'hard' subject and one to be avoided at all costs.

I hope that the information on the pages that follow will demon
strate the huge range of applications of modern geophysics - some
now very well established, others very much in the early stages of
implementation. It is also hoped that the book will provide a founda
tion on which to build if the reader wishes to take the subject further.
The references cited, by no means exhaustive, have been included to
provide pointers to more detailed discussions.

The aim of this book is to provide a basic introduction to geophys
ics, keeping the mathematics and theoretical physics to a minimum
and emphasising the applications. Considerable effort has been
expended in compiling a representative set of case histories that
demonstrate clearly the issues being discussed.

This book is different from other introductory texts in that it pays
attention to a great deal of new material, or topics not previously
discussed in detail: for example, geophysical survey design and line
optimisation techniques, image-processing of potential field data,
recent developments in high-resolution seismic reflection profiling,
electrical resistivity Sub-Surface Imaging (tomography), Spectral
Induced Polarisation, and Ground Penetrating Radar, amongst
many other subjects, which until now have never featured in detail in
such a book. Many new and previously unpublished case histories
from commercial projects have been included along with recently
published examples of applications.

The subject material has been developed over a number of years,
firstly while I was at Plymouth, and secondly and more recently while
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I have been working as a geophysical consultant. Early drafts of the
book have been tried out on several hundred second- and third-year
students who have been unwitting 'guinea pigs' - their comments
have been very helpful. While working in industry, I have found the
need for an introductory book all the more evident. Many potential
clients either appear unaware of how geophysics could possibly be of
help to them, or have a very dated view as to the techniques available.
There has been no suitable book to recommend to them that ex
plained what they needed and wanted to know or that provided real
examples.

While I have been writing this book, the development of new
instruments, improved data-processing and interpretation software
and increased understanding of physical processes have been unpar
alleled in the history of geophysical sciences. It has been difficult to
keep abreast of all the new ideas, especially with an ever-increasing
number of scientific publications. What is exciting is that the changes
are still occurring and we can expect to see yet more novel develop
ments over the next few years. We may see new branches of the science
develop, particularly in environmental geophysics and applications
to contaminated-land mapping, for example.

It is my hope that this book will be seen as providing a broad
overview ofapplied and environmental geophysics methods, illustrat
ing the power and sophistication ofthe various techniques, as well as
their limitations. If this book helps in improving the acceptance of
geophysical methods and in increasing the awareness of the methods
available, then it will have met its objective. There is no doubt that
applied and environmental geophysics have an important role to
play, and that the potential for the future is enormous.

It is inevitable with a book of this kind that brand names, instru
ment types, and specific manufacturers are named. Reference to such
information does not constitute an endorsement of any product and
no preference is implied, nor should any inference be drawn over any
omissions. In books of this type the material covered tends to be
flavoured by the interests and experiences ofthe author, and I am sure
that this one is no exception. I hope that what is included is a fair
reflection ofthe current state of applied and evironmental geophysics.
Should any readers have any case histories that they feel are of
particular significance, I should be most interested to receive them for
possible inclusion at a later date. Also, any comments or corrections
that readers might have would also be gratefully received.
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1.1 WHAT ARE 'APPLIED' AND
'ENVIRONMENTAL' GEOPHYSICS?

In the broadest sense, the science of Geophysics is the application of
physics to investigations ofthe Earth, Moon and planets. The subject
is thus related to astronomy. Normally, however, the definition of
'Geophysics' is used in a more restricted way, being applied solely to
the Earth. Even then, the term includes such subjects as meteorology
and ionospheric physics, and other aspects of atmospheric sciences.

To avoid confusion, the use of physics to study the interior of the
Earth, from land surface to the inner core, is known as Solid Earth
Geophysics. This can be subdivided further into Global Geophysics, or
alternatively Pure Geophysics, which is the study of the whole or
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substantial parts of the planet, and Applied Geophysics which is
concerned with investigating the Earth's crust and near-surface to
achieve a practical and, more often than not, an economic aim.

'Applied geophysics' covers everything from experiments to deter
mine the thickness of the crust (which is important in hydrocarbon
exploration) to studies of shallow structures for engineering site
investigations, exploring for groundwater and for minerals and other
economic resources, to trying to locate narrow mine shafts or other
forms of buried cavities, or the mapping of archaeological remains, or
locating buried pipes and cables - but where in general the total
depth of investigation is usually less than 100 m. The same scientific
principles and technical challenges apply as much to shallow geo
physical investigations as to pure geophysics. Sheriff(1991; p. 139) has
defined 'applied geophysics' thus:

"Making and interpreting measurements of physical proper
ties of the earth to determine sub-surface conditions, usually
with an economic objective, e.g., discovery of fuel or mineral
depositions."

'Engineering geophysics' can be described as being:

'The application of geophysical methods to the investigation of
sub-surface materials and structures which are likely to have
(significant) engineering implications."

As the range of applications of geophysical methods has increased,
particularly with respect to derelict and contaminated land investiga
tions, the sub-discipline of 'environmental geophysics' has developed
(Greenhouse 1991; Steeples 1991). This can be defined as being:

'The application of geophysical methods to thc investigation of
near-surface physico-chemical phenomena which are likely to
have (significant) implications for the management of the local
environment."

The principal distinction between engineering and environmental
geophysics is more commonly that the former is concerned with
structures and types of materials, whereas the latter can also include,
for example, mapping variations in pore-fluid conductivities to
indicate pollution plumes within groundwater. Chemical effects are
equally as important as physical phenomena. Since the mid-1980s in
the UK, geophysical methods have been used increasingly to investi
gate derelict and contaminated land, with a specific objective of
locating polluted areas prior to direct observations using trial pits
and boreholes (e.g. Reynolds and Taylor 1992). Geophysics is also
being used much more extensively over landfills and other waste
repositories (e.g. Reynolds and McCann 1992). One ofthe advantages
of using geophysical methods is that they are largely environmentally
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(geophysics in glaciology). The last one is the least well known, despite
the fact that it has been in existence for far longer than either archaeo
or environmental geophysics, and is particularly well established
within the polar scientific communities and has been since the 1950s.

The general orthodox education of geophysicists to give them
a strong bias towards the hydrocarbon industry has largely ignored
these other areas ofour science. It may be said that this restricted view
has delayed the application of geophysics more widely to other
disciplines. Geophysics has been taught principally in Earth Science
departments of universities. There is an obvious need for it to be
introduced to engineers and archaeologists much more widely than at
present. Similarly, the discipline of environmental geophysics needs
to be brought to the attention of policy-makers and planners, to the
insurance and finance industries (Doll 1994).

The term 'environmental geophysics' has been interpreted by
some to mean geophysical surveys undertaken with environmental
sensitivity - that is, ensuring that, for example, marine seismic sur
veys are undertaken sympathetically with respect to the marine
environment (Bowles 1990). With growing public awareness of the
environment and the pressures upon it, the geophysical community
has had to be able to demonstrate clearly its intentions to minimise
environmental impact (Marsh 1991). By virtue of scale, the greatest
likely impact on the environment is from hydrocarbon and some
mineral exploration, and the main institutions involved in these
activities are well aware of their responsibilities. In small-scale
surveys the risk of damage is much lower; but all the same, it is still
important that those undertaking geophysical surveys should be
mindful of their responsibilities to the environment and to others
whose livelihoods depend upon it.

While the term 'applied geophysics' covers a wide range of applica
tions, the importance of 'environmental' geophysics is particularly
highlighted within this book. The growth of the discipline, which
appears to be expanding exponentially, is such that this subject may
outstrip the use ofgeophysics in hydrocarbon exploration during the
early part of the next century and provide the principal area of
employment for geophysicists. Whether this proves to be the case is
for history to decide. What is clear, however, is that even in the last
decade of this century, environmental geophysics is becoming in
creasingly important in the management of our environment. Ignore
it at your peril!

1.2 GEOPHYSICAL METHODS

Geophysical methods respond to the physical properties of the
sub-surface media (rocks, sediments, water, voids, etc.) and can be
classified into two distinct types.



• Passive methods are those that detect variations within the natural v'

fields associated with the Earth, such as the gravitational and
magnetic fields .

• In contrast are the active methods, such as those used in explora
tion seismology, in which artificially generated signals are transmit
ted into the ground, which then modifies those signals in ways that
are characteristic of the materials through which they travel. The
altered signals are measured by appropriate detectors whose out
put can be displayed and ultimately interpreted.

Applied geophysics provides a wide range ofvery useful and power
ful tools which, when used correctly and in the right situations, will
produce useful information. All too~s, if misused or abused, will not
work effectively. One of the aims of this book it to try to explain how
applied geophysical methods can be employed appropriately, and to
highlight the advantages and disadvantages of the various techniques.

Geophysical methods may form part of a larger survey, and thus
geophysicists should always try to interpret their data and communi
cate their results clearly to the benefit of the whole survey team and
particularly to the client. An engineering site investigation, for in
stance, may require the use of seismic refraction to determine how
easy it would be to excavate the ground (e.g. the 'rippability' of the
ground). If the geophysicist produces results that are solely in terms of
seismic velocity variations, the engineer is still none the wiser. The
geophysicist needs to translate the velocity data into a rippability
index with which the engineer would be familiar.

Few, if any, geophysical methods provide a unique solution to
a particular geological situation. It is possible to obtain a very large
number of geophysical solutions to some problems, some of which
may be geologically nonsensical. It is necessary, therefore, always to
ask the question: "Is the geophysical model geologically plausible?" If
it is not, then the geophysical model has to be rejected and a new one
developed which does provide a reasonable geological solution.
Conversely, if the geological model proves to be inconsistent with
the geophysical interpretation, then it may require the geological
information to be re-evaluated.

It is of paramount importance that geophysical data are inter
preted within a physically constrained or geological framework.

1.3 MATCHING GEOPHYSICAL METHODS
TO APPLICATIONS

The various geophysical methods rely on different physical properties
and it is important that the appropriate technique be used for a given
type of application.

Introduction 5
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very clearly in respect to a geomagnetic anomaly over Lausanne
in Switzerland (Figure 1.2). While the model with the form of a
question mark satisfies a statistical fit to the observed data, the
model is clearly and quite deliberately geological nonsense in order
to demonstrate the point. However, geophysical observations can
also place stringent restrictions on the interpretation of geological
models. While the importance of understanding the basic principles
cannot be over-emphasised, it is also necessary to consider other
factors that affect the quality and usefulness of any geophysical
survey, or for that matter of any type of survey whether it is geophysi
cal, geochemical or geotechnical. This is done in the following few
sections.

1.4 PLANNING A GEOPHYSICAL SURVEY

1.4.1 General philosophy

Any geophysical survey tries to determine the nature of the sub
surface, but it is of paramount importance that the prime objective of
the survey be clear right at the beginning. The constraints on a com
mercial survey will have emphases different from those on an aca
demic research investigation and, in many cases, there may be no ideal
method. The techniques employed and the subsequent interpretation
of the resultant data tend to be compromises, practically and scientifi
cally.

There is no short-cut to developing a good survey style; only by
careful survey planning backed by a sound knowledge of the geo
physical methods and their operating principles, can cost-effective
and efficient surveys be undertaken within the prevalent constraints.
However, there have been only a few published guidelines - e.g.
British Standards Institute BS 5930 (1981), Hawkins (1986), Geologi
cal Society Engineering Group Working Party Report on Engineer
ing Geophysics (1988). Scant attention has been paid to survey design,
yet a badly thought-out survey rarely produces worthwhile results.
Indeed, Darracott and McCann (1986, p. 85) said that:

"dissatisfied clients have frequently voiced their disappointment
with geophysics as a site investigation method. However, close
scrutiny of almost all such cases will show that the geophysical
survey produced poor results for one or a combination of the
following reasons: inadequate and/or bad planning of the sur
vey; incorrect choice or specification of technique, and insuffi
ciently experienced personnel conducting the investigation."

It is hoped that this chapter will provide at least a few pointers to help
construct cost-effective and technically sound geophysical field
programmes.



1.4.2 Planning strategy

Every survey must be planned according to some strategy, or else it
will become an uncoordinated muddle. The mere acquisition ofdata
does not guarantee the success of the survey. Knowledge (by way of
masses of data) does not automatically increase our understanding of
a site; it is the latter we are seeking, and knowledge is the means to
this.

One less-than-ideal approach is the 'blunderbus' approach - take
along a sufficient number of different methods and try them all out
(usually inadequately owing to insufficient testing time per technique)
to see which ones produce something interesting. Whichever method
yields an anomaly, then use that technique. This is a crude statistical
approach, such that if enough techniques are tried then at least one
must work! This is hardly scientific or cost-effective.

The success of geophysical methods can be very site-specific and
scientifically-designed trials of adequate duration may be very
worthwhile to provide confidence that the techniques chosen will
work or that the survey design needs modifying in order to optimise
the main survey. It is in the interests of the client that suitably
experienced geophysical consultants are employed for the vital survey
design, site supervision and final reporting.

So what are the constraints that need to be considered by both
clients and geophysical survey designers? An outline plan of the
various stages in designing a survey is given in Figure 1.3. The
remainder of this chapter discusses the relationships between the
various components.

1.4.3 Survey constraints

The first and most important factor is that of finance. How much is
the survey going to cost and how much money is available? The cost
will depend on where the survey is to take place, how accessible the
proposed field site is, and on what scale the survey is to operate. An
airborne regional survey is a very different proposition to, say, a local,
small-scale ground-based investigation. The more complex the
survey in terms of equipment and logistics, the greater the cost is
likely to be.

It is important to remember that the geophysics component of
a survey is usually only a small part ofan exploration programme and
thus the costs of the geophysics should be viewed in relation to those
of the whole project. Indeed, the judicious use of geophysics can save
large amounts of money by enabling the effective use of resources
(Reynolds 1987a). For example, a reconnaissance survey can identify
smaller areas where much more detailed investigations ought to be
undertaken - thus removing the need to do saturation surveying. The
factors that influence the various components of a budget also vary

Introduction 9
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SURVEY OBJECTIVES

IBU/~li~1

SURVEY DESIGN GEOPHYSICAL
SPECIFICATION SPECIFICATION

~~

WHICH METHODS?
Electrical/magnetic/
electromagnetic/etc.

Line orientation
Position fixing Station interval

Survey optimisation

DATA ACQUISITION

DATA STORAGE
Manual Datalogger ROM memory

from country to country, and from job to job, and there is no magic
formula to guarantee success.

Some of the basic elements of a survey budget are given in
Table 1.2. This list is not exhaustive but serves to highlight the most

Figure 1.3 Schematic flow diagram
to illustrate the decision-making
process leading to the selection of
geophysical and utility software. From
Reynolds (1991a), by permission
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Table 1.2 Basic elements of a survey budget

Staffing
Operating costs
Cashflow
Equipment

Insurance
Overheads
Development costs
Contingencies

Management, technical, support, administration, etc.
Including logistics
Assets versus usable cash
For data acquisition and/or for data reduction/analysis - computers and software;

whether or not to hire or buy
To include liability insurance, as appropriate
Administration; consumables; etc.
Skills, software, etc.
Something is bound to go wrong at some time, usually when it is most inconvenient!

common elements ofa typical budget. Liability insurance is especially
important if survey work is being carried out as a service to others. If
there is any cause for complaint, then this may manifest itself in legal
action (Sherrell 1987).

It may seem obvious to identify logistics as a constraint but there
have been far too many surveys ruined by a lack ofeven the most basic
needs of a survey. It is easy to think of the main people to be involved
in a survey - i.e. geologists, geophysicists, surveyors - but there are
many more tasks to be done to allow the technical staff the opportun
ity to concentrate on the tasks in hand. Vehicles and equipment will
need maintaining, so skilled technicians and mechanics may be
required. Everybody has to eat and it is surprising how much better
people work when they are provided with well-prepared food: a good
cook at base camp can be a real asset. Due consideration should be
paid to health and safety and any survey team should have staff
trained in First Aid. Admittedly it is possible for one person to be
responsible for more than one task, but on large surveys this can
prove to be a false economy. Apart from the skilled and technical staff,
local labour may be needed as porters, labourers, guides, translators,
etc., or even as armed guards!

It is all too easy to forget what field conditions can be like in remote
and inaccessible places. It is thus important to remember that in the
case of many countries, access in the dry season may be possible
whereas during the rains of the wet season, the so-called roads (which
often are dry river beds) may be totally impassable. Similarly, access
to land for survey work can be severely hampered during the growing
season with some crops reaching 2-3 metres high and consequently
making position fixing and physical access extremely difficult. There
is then the added complication that some surveys, such as seismic
refraction and reflection, may cause a limited amount of damage for
which financial compensation may be sought. In some cases, claims
may be made even when no damage has been caused! If year-round
access is necessary the provision ofall-terrain vehicles and/or helicop
ters may prove to be the only option, and these are never cheap to
operate.
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Where equipment has to be transported, consideration has to be
given not only to its overall weight but to the size of each container. It
can prove an expensive mistake to find that the main piece of
equipment will not pass through the doorway of a helicopter so that
alternative overland transport has to be provided at very short notice;
or to find that many extra hours of flying time are necessary to airlift
all the equipment. It may even be necessary to make provision for
a bulldozer to excavate a rough road to provide access for vehicles.
If this is accounted for inadequately in the initial budgeting, the
whole success of the survey can be jeopardised. Indeed, the biggest
constraint in some developing countries, for example, is whether the
equipment can be carried by a porter or will fit on the back of a pack
horse.

Other constraints that are rarely considered are those associated
with politics, society and religion. Let us take these in turn.

Political constraints This can mean gaining permission from land
owners and tenants for access to land, and liaison with clients (which
often requires great diplomacy). The compatibility of staff to work
well together also needs to be considered, especially when working in
areas where there may be conflicts between different factions of the
local population - such as tribal disputes or party political disagree
ments. It is important to remember to seek permission from the
appropriate authority to undertake geophysical fieldwork. For
example, in Great Britain it is necessary to liaise with the police and
local government departments if survey work along a major road is
being considered, so as to avoid problems with traffic jams. In other
cases it may be necessary to have permission from a local council, or
in the case of marine surveys, from the local harbour master so that
appropriate marine notices can be issued to safeguard other shipping.
All these must be found out well before the start of any fieldwork.
Delays cost money!

Social constraints For a survey to be successful it is always best to
keep on good terms with the local people. Treating other people
with respect will always bring dividends (eventually). Each
survey should be socially and environmentally acceptable and
not cause a nuisance. An example is in not choosing to use ex
plosives as a seismic source for reflection profiling through urban
areas or at night. Instead, the seismic vibrator technique should be
used (see Chapter 4). Similarly, an explosive source for marine reflec
tion profiling would be inappropriate in an area associated with
a lucrative fishing industry because of possibly unacceptably high
fish-kill. In designing the geophysical survey, the question must be
asked: "Is the survey technique socially and environmentally
acceptable?"



Religious constraints The survey should take into account local
social customs which are often linked with religion. In some Muslim
countries, for example, it is common in rural areas for women to be
the principal water-collectors. It is considered inappropriate for the
women to have to walk too far away from the seclusion of their
homes. Thus there is no point in surveying for groundwater for
a tubewell several kilometres from the village (Reynolds 1987a). In
addition, when budgeting for the provision oflocal workers, it is best
to allow for their 'sabbath'. Muslims like to go to their mosques on
Friday afternoons and are thus unavailable for work then. Similarly,
Christian workers tend not to like being asked to work on Sundays,
or Jews on Saturdays. Religious traditions must be respected to avoid
difficulties.

However, problems may come iflocal workers claim to be Muslims
on Fridays and Christians on Sundays - and then that it is hardly
worth anyone's while to have to work only on the Saturday in
between so they end up not working Friday, Saturday or Sunday!
Such situations, while sounding amusing, can cause unacceptable
delays and result in considerably increased survey costs.

1.5 GEOPHYSICAL SURVEY DESIGN

1.5.1 Target identification

Geophysical methods locate boundaries across which there is
a marked contrast in physical properties. Such a contrast can be
detected remotely because it gives rise to a geophysical anomaly
(Figure 1.4) which indicates variations in physical properties relative
to some background value (Figure 1.5). The physical source of each
anomaly is termed the geophysical target. Some examples of targets
are trap structures for oil and gas, mineshafts, pipelines, ore lodes,
cavities, groundwater, buried rock valleys, and so on.

In designing a geophysical survey, the type of target is of great
importance. Each type of target will dictate to a large extent the
appropriate geophysical method(s) to be used, and this is where an
understanding of the basic geophysical principles is important. The
physical properties associated with the geophysical target are best
detected by the method(s) most sensitive to those same properties.

Consider the situation where saline water intrudes into a near
surface aquifer; saline water has a high conductivity (low resistivity) in
comparison with freshwater and so is best detected using electrical
resistivity or electromagnetic conductivity methods; gravity methods
would be inappropriate because there would be virtually no density
contrast between the saline and freshwater. Similarly, seismic
methods would not work as there is no significant difference in
seismic wave velocities between the two saturated zones. Table 1.1
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4.1 INTRODUCTION

The basic principle of exploration seismology is for a signal to be
generated at a time that is known exactly and for the resulting seismic
waves to travel through the sub-surface media and be reflected and
refracted back to the surface where the returning signals are detected.
The elapsed time between the source being triggered and the arrival
of the various waves is then used to determine the nature of the
sub-surface layers. Sophisticated recording and subsequent data
processing enable detailed analyses of the seismic waveforms to be
undertaken. The derived information is used to develop images of the
sub-surface structure and a knowledge of the physical properties of
the materials present.

Exploration seismic methods were developed out of pioneering
earthquake studies in the mid-to-late nineteenth century. The first
use of an artificial energy source in a seismic experiment was in
1846 by Robert Mallet, an Irish physicist, who was also the first
to use the word 'seismology'. John Milne introduced the drop
weight as an energy source in 1885. His ideas were further developed
by August Schmidt who, in 1888, devised travel time-distance
graphs for the determination of seismic velocities. In 1899, G.K.
Knott explained the propagation, refraction and reflection of seismic
waves at discontinuity boundaries. In 1910, Andrija Mohorovicic
identified distinct phases of P and S waves on travel-time plots
derived from earthquake data. He attributed them to refractions
along a boundary separating material with a lower velocity above
and a higher velocity at greater depth. This boundary, which separ
ates the Earth's crust from the lower-lying mantle, is now called the
'Moho',

Significant developments in the refraction method were made
during the First World War by both the Allies and Germany,
particularly by Ludger Mintrop. Research was undertaken to devel
op methods by which the location of heavy artillery could be achieved
by studying the waves generated by the recoil of the guns on firing.
This work was developed further by Mintrop who obtained the first
patent for a portable seismograph in 1919 (Keppner 1991). On 4 April
1921, Mintrop founded the company Seismos Gesellschaft in order
to carry out seismic refraction surveys in the search for salt domes
acting as trap structures for hydrocarbons. In 1924, the Orchard
Salt Dome in Texas, USA, was discovered using seismic refraction
experiments undertaken by Seismos on behalf of Gulf Production
Co., thus demonstrating the effectiveness of the method as an
exploration tool.

The first seismic reflection survey was carried out by K.C. Karcher
between 1919 and 1921 in Oklahoma, USA, based on pioneering
work by Reginald Fessenden around 1913. By 1927, the seismic
reflection method was being used routinely in exploration for hydro-



carbons and within 10 years had become the dominant method
world-wide in the exploration for oil and gas.

The use of fan shooting was also finding favour in the early 1920s
due to the encouragement by L.P. Garrett who was head of seismic
exploration at Gulf. Parallel to these developments, research work
was also being undertaken at the US Bureau of Standards. In 1928,
O. von Schmidt, from Germany, derived a method of analysis of
refraction data for dipping two-layer structures to obtain the angle of
dip and true velocity within the lower layer. In 1931, he published
a solution to solve the dipping three-layer case. The so-called
Schmidt method is still commonly used to determine weathered
layer corrections in seismic reflection surveying.

In 1938, T. Hagiwara produced a method whereby, in addition to
determining the lower layer velocity, the depths to this horizon could
be determined at all shot and receiver positions along a single profile.
Details of contributions made by Japanese engineering seismologists
have been given by Masuda (1981).

As withjust about all geophysical methods, the Second World War
provided advances in technology that increased the usefulness of the
various seismic methods.

In 1959, J.G. Hagedoorn published his 'Plus-Minus' method (see
Section 5.4.2). In 1960, Carl Savit demonstrated that it was possible to
identify gaseous hydrocarbons directly using seismic methods by
identifying 'bright spots'. In 1961, L.V. Hawkins introduced the
'reciprocal method' of seismic refraction processing that has been
subsequently and substantially developed by D. Palmer (1980, 1991)
as the 'generalised reciprocal method' (GRM; see Section 5.4.3). Both
Hagedoorn's and Palmer's methods are similar to Hagiwara's. A very
good review of the seismic refraction method has also been given by
SJogren (1984).

Major developments in the seismic methods have come about by
revolutions within the computing industry. Processing once thought
possible only by mainframe computers is now being handled on
personal computers and stand-alone workstations. With the vast
increase in computer power, currently at a rate of an order of
magnitude every two years, has come the ability to process data far
more quickly and reliably, and this has opened up opportunities for
seismic modelling. Obviously, with the degree of sophistication and
specialisation that now exists in the seismic industry, it is not possible
to provide anything like a comprehensive account here. There are
many books available which deal extensively with exploration seis
mology, such as those by Claerbout (1976, 1985), McQuillin et al.
(1984), Hatton et al. (1986), Waters (1987), Yilmaz (1987), and
Dobrin and Savit (1988), among others.

There are two main seismic methods - refraction and reflection.
Since the 1980s there has been a major shift towards using high
resolution seismic reflection surveying in shallow investigations (i.e.
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to depths less than 200 m and especially less than 50 m). Previously, of
the two seismic methods, refraction had been used principally within
engineering site investigations. Neither seismic sources with suitably
high frequencies, nor the data processing capability, were available or
cost-effective for small-scale surveys. This is no longer so, and shallow
seismic investigations are now much more common both on land and
over water. Data obtained by signal-enhancement seismographs
can be processed in similar ways to data acquired in large-scale
hydrocarbon exploration surveys. Consequently, following a brief
overview of the basic principles of applied seismology in this chapter,

Table 4.1 Derived information and applications of exploration seismology

Gross geological features:
Depth to bedrock
Location of faults and fracture zones
Fault displacement
Location and character of buried valleys
Lithological determinations
Stratigraphy
Location of basic igneous dykes

Petrophyscial information:
Elastic moduli
Density
Attenuation
Porosity
Elastic wave velocities
Anisotropy
Rippability

Applications:
Engineering site investigations
Rock competence
Sand and gravel resources
Detection of cavities
Seabed integrity (for siting drilling rigs)
Degassing or dewatering of submarine sediments
Preconstruction site suitability for:

new landfill sites
major buildings
marinas and piers
sewage outfall pipes
tunnel construction etc.

Hydrogeology and groundwater exploration
Ground particle velocities
Forensic applications:

location of crashed aircraft on land
design of aircraft superstructures
monitoring Nuclear Test Ban Treaty
location of large bore military weapons



seismic refraction data processing and interpretation techniques are
discussed in the next chapter, with seismic reflection surveying being
discussed in detail in Chapter 6. These will provide a brief introduc
tion to the shallow refraction and reflection methods (to which
emphasis is given), and briefly to the processes used in the seismic
industry for hydrocarbon exploration.

In addition to hydrocarbon exploration, seismic methods have
aconsiderable number of other applications (Table 4.1), ranging from
crude depth-to-bedrock determinations through to more subtle but
fundamental information about the physical properties ofsub-surface
media, and from the obvious applications such as site suitability
through to the apparently obscure uses such as in forensic investiga
tions in aircraft crashes on land, such as the Lockerbie air disaster in
Scotland in 1989. Details of some of these applications are given in
Section 6.6.

4.2 SEISMIC WAVES

4.2.1 Stress and strain

When an external force F is applied across an area A of a surface of
a body, forces inside the body are established in proportion to the
external force. The ratio of the force to area (F/A) is known as stress.
Stress can be resolved into two components, one at right-angles to the
surface (normal or dilatational stress) and one in the plane of the
surface (shear stress). The stressed body undergoes strain, which is the
amount of deformation expressed as the ratio of the change in length
(or volume) to the original length (or volume). According to Hooke's
Law, stress and strain are linearly dependent and the body behaves
elastically until the yield point is reached. Below the yield point, on
relaxation of stress, the body reverts to its pre-stressed shape and size.
At stresses beyond the yield point, the body behaves in a plastic or
ductile manner and permanent damage results. If further stress is
applied, the body is strained until it fractures.

Earthquakes occur when rocks are strained until fracture, when
stress is then released. However, in exploration seismology, the
amounts of stress and strain away from the immediate vicinity of
a seismic source are minuscule and lie well within the elastic behavi
our of natural materials. The stress/strain relationship for any ma
terial is defined by various elastic moduli, as outlined in Figure 4.1
and Box 4.1.

4.2.2 Types of seismic waves

Seismic waves, which consist of tiny packets of elastic strain energy,
travel away from any seismic source at speeds determined by the
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Seismic refraction experiments can be undertaken at three distinct
scales: global (using earthquake waves), crustal (using explosion
seismology), and near-surface (engineering applications). For the
purposes of this book, emphasis is placed on shallow investigations.
Discussion of passive seismic refraction in earthquake studies can be
found in other texts, such as those by Brown and Mussett (1981),
Gubbins (1990) and Kearey and Vine (1990).

The major strength of the seismic refraction method is that it can be
used to resolve lateral changes in the depth to the top of a refractor

























































































320 An introduction to applied and environmental geophysics

seismic measurements were made to determine the shear wave velo
city (Vs ). Their results showed excellent correlation between Vs and
the geotechnical properties of the tailings material.

An integral part of the successful management of an enclosed
landfill is the maintenance of the integrity of the compacted clay cap
overlying the waste material. As long as this impermeable layer
remains intact, gases are kept beneath (to vent in a controlled manner
through appropriate outlets) and rain water/snow melt is kept out to
run off into surface drains. However, erosion can occur into this clay
cap and it can also degrade through differential settlement of the
waste beneath.

Carpenter et al. (1991) reported on their use of both seismic refrac
tion and electrical resistivity surveys to examine the integrity of a clay
cap over a municipal landfill at Mallard North, near Chicago, USA.
They demonstrated that detailed mapping of P-wave velocities could
be used to identify areas where the clay cap had been fractured (giving
rise to low P-wave velocities) compared with the intact clay cap (with
higher P-wave velocities). Similarly, variability in electrical resistivity
with azimuth around a central point indicated the orientation of
fractures within the clay cap. Maps of the site and of their survey
locations are shown in Figure 5.30.

Carpenter and co-workers found that average P-wave velocities
determined along survey lines parallel and perpendicular to fractures
were around 370 ±20 mls and 365 + 10 mis, respectively, compared
with a value of 740 ± 140m/s over unfractured clay cap. They also
reported difficulty in obtaining refracted arrivals in some areas owing
to the P-wave velocity in the underlying waste being lower than that
for the clay cover. It is thought that where clay caps are of the order of
1.5-2 m thick, as in this case, electrical resistivity sub-surface imaging
could provide a quick and reliable method of measuring the thickness
non-intrusively.
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7.1 INTRODUCTION

Electrical resistivity methods were developed in the early 1900s but
have become very much more widely used since the 1970s, due
primarily to the availability of computers to process and analyse the
data. These techniques are used extensively in the search for suitable
groundwater sources and also to monitor types of groundwater
pollution; in engineering surveys to locate sub-surface cavities, faults
and fissures, permafrost, mineshafts, etc.; and in archaeology for
mapping out the areal extent of remnants of buried foundations of
ancient buildings, amongst many other applications. Electrical resis
tivity methods are also used extensively in downhole logging. For the
purposes of this chapter, applications will be confined to the use of
direct current (or very-low-frequency alternating current) methods.

Electrical resistivity is a fundamental and diagnostic physical
property that can be determined by a wide variety of techniques,
including electromagnetic induction. These methods will be discussed
in their respective chapters. That there are alternative techniques for
the determination of the same property is extremely useful as some
methods are more directly applicable or more practicable in some
circumstances than others. Furthermore, the approaches used to
determine electrical resistivity may be quite distinct - for example,
ground contact methods compared with airborne induction tech
niques. Mutually consistent but independent interpretations give the
interpreter greater confidence that the derived model is a good
approximation of the sub-surface. Ifconflicting interpretations result,
then it is necessary to go back and check each and every stage of the
data acquisition, processing and interpretation in order to locate the
problem. After all, the same ground with the same physical properties
should give rise to the same model irrespective of which method is
used to obtain it.

7.2 BASIC PRINCIPLES

7.2.1 True resistivity

Consider an electrically uniform cube of side lenght L through which
a current (1) is passing (Figure 7.1). The material within the cube
resists the conduction of electricity through it, resulting in a potential
drop (V) between opposite faces. The resistance (R) is proportional to
the length (L) of the resistive material and inversely proportional to
the cross-sectional area (A) (Box 7.1); the constant of proportionality
is the 'true' resistivity (symbol: p). According to Ohm's Law (Box 7.1)
the ratio of the potential drop to the applied current (VII) also
defines the resistance (R) of the cube and these two expressions can be
combined (Box 7.2) to form the product of a resistance (0) and
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I

(8)

a distance (area/length; metres); hence the units of resistivity are
ohm-metres (Qm). The inverse of resistivity (l/p) is conductivity (0-)
which has units of siemens/metre (S/m) which are equivalent to
mhos/metre (Q-l m- 1). It should be noted that Ohm's Law applies
in the vast majority of geophysical cases unless high current densities
(1) occur, in which case the linearity of the law may break down.

If two media are present within the resistive cube, each with its own
resistivity (PI and P2)' then both,proportion of each medium and

, . their geometric form within the cube (Figure 7.2}becorrte important
j

considerations. The formerly isotropic cube will now exhibit vari-
ations in electrical properties with the direction of measurement
(known as anisotropy); a platey structure results in a marked aniso
tropy, for example. A lower resistivity is usually obtained when
measured parallel to limitations in phyllitic shales and slates.com
pared with that at right-angles to the laminations. The presence and

c-'orientation ofelongate brine pockets (with high conductivity) strong
ly influence the resistivity of sea ice (Timco 1979). The amount of
anisotropy is described by the anisotropy coefficient, which is the ratio
of maximum to minimum resistivity and which generally lies in the
range 1-2. Thus it is important to have some idea of the form of
electrical conductors with a rock unit. Detailed discussions of
anisotropy have been given, for example, by Maillet (1947), Grant
and West (1965) and Telford et al. (1990) (see also Section 7.3.3).

Figure 7.1 (A) Basic definition of
resistivity across a homogeneous
block of side length L with an applied
current I and potential drop between
opposite faces of V. (B) The electrical
circuit equivalent, where R is a resistor
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Box 7.1 True resistivity (see Figure 7.1)

Resistance (R) is proportional to length (L) divided by area (A):

R ocL/A.

This can be written as R = pL/A, where p is the true resistivity.

Ohm's Law

For an electrical circuit, Ohm's Law gives R = VII, where V
and I are the potential difference across a resistor and the
current passing through it, respectively.

This can be written alternatively in terms of the electric field
strength (E; volts/m) and current density (J; amps/mZ

) as:

p=E/J(Qm)

Box 7.2 Resistivity

VA
p =Ii (Q/m)

There are three ways in which electric current can be conducted
through a rock: electrolytic, electronic (ohmic) and dielectric conduc
tion. Electrolytic conduction occurs by the relatively slow movement
of ions within an electrolyte and depends upon the type of ion, ionic
concentration and mobility, etc. Electronic conduction is the process
by which metals, for example, allow electrons to move rapidly, so
carrying the charge. Dielectric conduction occurs in very weakly
conducting materials (or insulators) when an external alternating
current is applied, so causing atomic electrons to be shifted slightly
with respect to their nuclie. In most rocks, conduction is by way of

z

I

--y

Figure 7.2 Three extreme structures
involving two materials with true
resistivities Pi and Pz' After Grant and
West (1965), by permission
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pore fluids acting as electrolytes with the actual mineral grains
contributing very little to the overall conductivity of the rock (except
where those grains are themselves good electronic conductors). At
the frequencies used in electrical resistivity surveying dielectric conduc
tion can be disregarded. However, it does become important in
'spectral induced polarisation' and in 'complex resistivity' measure
ments (see Chapter 9).

The resistivity of geological materials exhibits one of the largest
ranges of all physical properties, from 1.6 x 10- 80m for native silver
to 1016 Om for pure sulphur. Igneous rocks tend to have the highest
resistivities; sedimentary rocks tend to be most conductive, largely
due to their high pore fluid content; and metamorphic rocks have
intermediate but overlapping resistivities. The age ofa rock also is an
important consideration: a Quaternary volcanic rock may have
a resistivity in the range 10-200 Om while that of an equivalent rock
but Precambrian in age may be an order of magnitude greater. This is
a consequence of the older rock having far longer to be exposed to
secondary infilling of interstices by mineralisation, compaction
decreasing the porosity and permeability, etc.

In sedimentary rocks, the resistivity of the interstitial fluid is
probably more important than that of the host rock. Indeed, Archie
(1942) developed an empirical formula (Box 7.3) for the effective
resistivity of a rock formation which takes into account the porosity
(cf», the fraction (s) of the pores containing water, and the resistivity of
the water (Pw)' Archie's Law is used predominantly in borehole
logging. Korvin (1982) has proposed a theoretical basis to account for
Archie's Law. Saline groundwater may have a resistivity as low as
0.050m and some groundwater and glacial meltwater can have
resistivities in excess of 10000 m.

Resistivities ofsome common minerals and rocks are listed in Table
7.1, while more extensive lists have been given by Telford et ai. (1990).

Box 7.3 Archie's Law

p = acf> -ms-n Pw

where p and Pw are the effective rock resistivity, and the resisti
vity of the pore water, respectively; cf> is the porosity; s is the
volume fraction of pores with water; a, m and n are constants
where 0.5 ~ a ~ 2.5, 1.3 ~ m ~ 2.5, and n;::::; 2.
The ratio piPw is known as the Formation Factor (F).

Some minerals such as pyrite, galena and magnetite are commonly
poor conductors in massive form yet their individual crystals have
high conductivities. Hematite and sphalerite, when pure, are virtual
insulators, but when combined with impurities they can become very
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Table 7.1 Resistivities of common geologic materials

Material Nominal resistivity (Om)

Sulphides:
Chalcopyrite
Pyrite
Pyrrhotite
Galena
Sphalerite

Oxides:
Hematite
Limonite
Magnetite
Ilmenite

Quartz
Rock salt
Anthracite
Lignite

Granite
Granite (weathered)
Syenite
Diorite
Gabbro
Basalt
Schists (calcareous and mica)
Schist (graphite)
Slates
Marble
Consolidated shales

. Conglomerates
Sandstones
Limestones
Dolomite
Marls
Clays
Alluvium and sand
Moraine

Sherwood sandstone
Soil (40% clay)
Soil (20% clay)
Top soil
London clay
Lias clay
Boulder clay
Clay (very dry)
Mercia mudstone
Coal measures clay
Middle coal measures
Chalk
Coke
Gravel (dry)
Gravel (saturated)
Quaternary/Recent sands

1.2 x 10- 5 - 3 x 10- 1

2.9 x 10- 5 -1.5
7.5 x 10- 6-5 x 10- 2

3 x 10- 5-3 X 102

1.5 X 107

3.5 x 10- 3_107

103_10 7

5 x 10- 5-5.7 X 103

10- 3 -5 x 10

3 X 102-106

3xlO-1013

10- 3-2 X 105

9-2 X 102

3 X 102_ X 106

3 x 10-5 X 102

102_106

104 _10 5

103_106

10-1.3 X 107

20-104

10-102

6 x 102-4 X 107

102-2.5 X 108

20-2 X 103

2 X 103-104

1-7.4 X 108

5 X 10-107

3.5 x 102-5 x 103

3-7 x 10
1-102

10-8 X 102

10-5 X 103

100-400
8
33
250-1700
4-20
10-15
15-35
50-150
20-60
50
>100
50-150
0.2-8
1400
100
50-100



..

Table 7.1 (continued)

Material

Ash
Colliery spoil
Pulverised fuel ash
Laterite
Lateritic soil
Dry sandy soil
Sand clay/clayey sand
Sand and gravel
Unsaturated landfill
Saturated landfill
Acid peat waters
Acid mine waters
Rainfall runoff
Landfill runoff

Glacier ice (temperate)
Glacier ice (polar)
Permafrost

Nominal resistivity (11 m)

4
10-20
50-100
800-1500
120-750
80-1050
30-215
30-225
30-100
15-30
100
20
20-100
<10-50

2 x 106-1.2 X lOB
5 x 104-3 X 105 *
103-> 104
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* - 10°C to - 60°C, respectively; strongly temperature-dependent. Based on Telford
et al. (1990) with additional data from McGinnis and Jensen (1971). Reynolds (1987a).
Reynolds and Paren (1980,1984) and many commercial projects.

good conductors (with resistIvItIes as low as 0.1 Qm). Graphite
dispersed throughout a rock mass may reduce the overall resistivity of
otherwise poorly conducting minerals. For rocks that have variable
composition, such as sedimentary rocks with gradational facies, the
resistivity will reflect the varying proportions of the constituent
materials. For example, in northern Nigeria it is possible, on the basis
of the interpreted resistivities, to gauge whether a near-surface ma
terial is a clayey sand or a sandy clay. Resistivities for sandy material
are about 100 Q m and decrease with increasing clay content to about
40Qm, around which point clay becomes the dominant constituent
and the values decrease further to those more typical of clay: well
formed and almost sand-free clay has a value in the range 1-10 Q m
(Reynolds 1987a).

The objective of most mordern electrical resistivity surveys is to
obtain true resistivity models for the sub-surface because it is these
that have geological meaning. The methods by which field data are
obtained, processed and interpreted will be discussed later.

The apparent resistivity is the value obtained as the product of
a measured resistance (R) and a geometric factor (K) for a given
electrode array (see Section 7.3.2), according to the expression in
Box 7.2. The geometric factor takes into account thegeometric spread
of electrodes and contributes a term that has the unit of length
(metres). Apparent resistivity (Pa) thus has units of ohm-metres.
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7.2.2 Current flow in a homogeneous earth

For a single current electrode implanted at the surface ofa homogene
ous medium of resistivity p, current flows away radially (Figure 7.3).
The voltage drop between any two points on the surface can be
described by the potential gradient (- c5 VI c5x), which is negative
because the potential decreases in the direction of current flow. Lines
ofequal voltage ('equipotentials') intersect the lines ofequal current at
right-angles. The current density (J) is the current (I) divided by the
area over which the current is distributed (a hemisphere; 2nr2

), and so
the current density decreases with increasing distance from the current
source. It is possible to calculate the voltage at a distance (r) from
a single current point source (Box 7.4). If, however, a current sink is
added, a new potential distribution occurs (Figure 7.4) and a modified
expression is obtained to describe the voltage at any point (Box 7.5).

(A)

Figure 7.3 (A) Three-dimensional
representation of a hemispherical
equipotential shell around a point
electrode on a semi-infinite, homo
geneous medium. (B) Potential decay
away from the point electrode
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Box 7.4 (See Figure 7.3)

The potential difference (b V) across a hemispherical shell of
incremental thickness br is given by:

bV I
br = - p. J = - p 2n:r2 .

Thus the voltage Vr at a point r from the current point source is:

f I pI 1
Vr = fbV = - p 2n:r2br = 2n: .~ .

1----1
V

A
+/

M N
-/

B
C,

I.
P, P2 ~I C2

AM .. I.. MB
I I I I
I I I
1" AN "j" NB ~I
I I
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Figure 7.4 Current and equipoten
tiallincs produced by a current source
and sink. From van Nostrand and
Cook (1966), by permission

Figure 7.5 Generalised form of
electrode configuration in resistivity
surveys
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Box 7.5 (See Figure 7.5)

For a current source and sink, the potential Vp at any point P in
the ground is equal to the sum of the voltages from the two
electrodes, such that: v;, = lj, + Va where lj, and Va are the poten
tial contributions from the two electrodes, A( + I) and B( - I).

The potentials at electrode M and N are:

However, it is far easier to measure the potential difference,
(iVMN , which can be rewritten as:

(i VMN = VM - VN = ~~ {[A~ - ~B ] - [ A~ - ~BJ}
Rearranging this so that resistivity P is the subject:

p=2n(i:MN{[A~_~BJ-[A~- ~BJrl

7.3 ELECTRODE CONFIGURATIONS AND
GEOMETRIC FACTORS

7.3.1 General case

The final expression in Box 7.5 has two parts, namely a resistance
term (R; units 0) and a term that describes the geometry of the
electrode configuration being used (Box 7.6) and which is known as
the geometric factor (K; units m). In reality, the sub-surface ground
does not conform to a homogeneous medium and thus the resistivity
obtained is no longer the 'true' resistivity but the apparent resistivity
(Pa) which can even be negative. It is very important to remember that
the apparent resistivity is not a physical property of the sub-surface

Box 7.6. The geometric factor (see Figure 7.5)

The geometric factor (K) is defined by the expression:

K=2n[A~-~B- A~+ ~BTl
Where the ground is not uniform, the resistivity so calculated is
called the apparent resistivity (Pa):

Pa = RK, where R = bV/I.
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media, unlike the true resistivity. Consequently, all field resistivity
data are apparent resistivity while those obtained by interpretation
techniques are 'true' resistivities.

Figure 7.6 shows that, in order for at least 50 % of the current to
flow through an interface at a depth of z metres into a second medium,
the current electrode separation needs to be at least twice - and
preferably more than three times-the depth. This has obvious
practical implications, particularly when dealing with situations
where the depths are of the order of several hundreds of metres, so
requiring very long cable lengths that can produce undesirable
inductive coupling effects. For very deep soundings where the elec
trode separation is more than several kilometres, telemetering the
data becomes the only practical solution (e.g. Shabtaie et al. 1980,
1982). However, it should be. emphasised that it is misleading to

\ equate the depth of penetrationwith the current electrode separation
as a general rule of thumb in the region of a resistivity survey. This
aspect is discussed in Section 7.3.3. "

7.3.2 Electrode configurations

The value of the apparent resistivity depends on the geometry of the
electrode array used, as defined by the geometric factor K. There
are three main types of electrode configuration, two of which are
named after their originators - Frank Wenner (1912a,b) and Conrad
Schlumberger-and a range of sub-types (Table 7.2 and Figure 7.7).
The geometric factors for these arrays are given in Box 7.7 and
a worked example for the Wenner array is given in Box 7.8. Arrays
highlighted in bold in Table 7.2 are those most commonly used.
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Figure 7.6 Proportion of current
flowing below a depth z (m); AB is the
current electrode ~alf-separation
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Table 7.2 Electrode configurations (see also Figure 7.7)

Wenner arrays

Schlumberger array

Dipole~dipole arrays

Wenner

Schlumberger

Dipole
dipole

Square

Standard Wenner
Offset Wenner
Lee-partitioning array
Tripotential (ex, fJ and y arrays)

Standard Schlumberger
Brant array
Gradient array

Normal (axial or polar)
Azimuthal
Radial
Parallel
Perpendicular
Pole~Dipole

Equatorial
Square (special form of equatorial)

Figure 7.7 Electrode configurations
used in electrical surveys
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Dipole-dipole arrays have been used extensively by Russian
geophysicists since 1950, and especially in Canada, particularly
for 'induced polarisation' surveys (see Chapter 9) in mineral ex
ploration, and in the USA in groundwater surveys (Zohdy 1974).
The term 'dipole' is misapplied in a strict sense because the inter
electrode\senarationJor each of the current or potential electrode
pairs should be insignificant with respect to the length of the
array, which it is not. However, the term is well established in its
usage.

Box 7.7 Apparent resistivities for given geometric factors
for electrode configurations in Figure 7.7
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(alpha/beta arrays)
(gamma rays)

I,

Wenner array:

Two-electrode:

Lee array:

Schlumberger array:

Gradient array:

Pa = 2naR
Pa = 3naR

Pa = 2nsR

Pa = 4naR

Pa = n:T 1 - ::2] R;

L2 1
P =2n--R

a a G

a ~ 5b

\

I-X I+X
where G = (y2 + (1 _ X)2)3/2 + (y2 + (1 + X)2)3/2

andX=x/L, Y=y/L

Dipole-dipole array: Pa = nn(n + l)(n + 2)aR

Pole-dipole array: Pa = 2nn(n + 1)aR

Square array: Pa = na(2 + J2) R

These different types and styles of electrode configuration have
particular advantages, disadvantages and sensitivities. Factors affect
ing the choice of array type include the amount of space available
to layout an array and the labour-intensity of each method. Other
important considerations are the sensitivity to lateral inhomogene
ities (Habberjam and Watkins 1967a; Barker 1981) and to 'dipping
interfaces (Broadbent and Habberjam 1971). '

A graphic example of the different responses by the three main
electrode configurations is given by so-called '~Jgnal contribution
sections' (Barker 1979) shown in Figure 7.8. These sections are
contoured"plots of the contribution made by each unifvolume of the
sub-surface to the voltage.E:1_e!isu~~c:i_ atthe surface, y.:,\ .
!. \,)' . > ., ~y;.

tV r);J \j
l) , .'

..
.,J
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-----------L-----------

(6)

(C)

c, c.

..'./
..
\

Box 7.8 Worked example of how to calculate a geometric factor

Using the expression previously defined in Box 7.6 (see also
Figure 7.5), and substituting in the correct values for the Wenner
array:

K=2n[~-~-~+~J-l =2n[~_2J-l
a 2a 2a a a 2a

=2na.

Hence, as Pa = KR, Pa = 2naR.

Figure 7.8 Signal contribution sec
tions for: (A) Wenner, (B) Schlumberger
and (C) dipole-dipole configurations.
Contours indicate the relative contri
butions made by discrete volume
elements of the sub-surface to the total
potential difference measured between
the two potential electrodes PI and P2'

From Barker (1979), by permission



Figure 7.8A shows the signal contribution for a Wenner array. In
the near-surface region, the positive and negative areas cancel each
other out and the main response, which originates from depth, is
largely flat (see the 1 unit contour). This indicates that for horizon
tally, layerecrInedia, the Wenner array has a high vertical resolution.
The Schlumberger array has almost as high a vertical resolution, but
note that the form of the signal contribution at depth is now concave
upwards (Figure 7.8B). For the dipole-dipole array (Figure 7.8C), the
lobate form of the signal contribution indicates that there is a poor
vertical resolution and that the array is particularly sensitive to deep
lateral resistivity variations, making it an unsuitable array for depth
sounding (Bhattacharya and Patra 1968). Nevertheless, this sensi
tivity can be utilised in resistivity profiling (see Section 7.4.3).

A modified electrode array (Lee partitioning array) was devised by
Lee (Lee and Schwartz 1930) in an attempt to reduce the undesirable
effects of near-surface lateral inhomogeneities. An alternative tri
potential method was proposed by Carpenter (1955) and by Carpen
ter and Habberjam (1956) which combined the apparent resistivities
obtained for the alpha, beta and gamma rays (Figure 7.9). The
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Figure 7.9 Wenner tripotential elec
trode configurations for N = 2. x is the
fixed interelectrode separation, and
the active electrode separation is 2x,
From Ackworth and Griffiths (1985),
by permission
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C•
•

\

OFFSET P =999
C, a

method has been discussed further by Ackworth and Giffiths (1985).
A smoothing technique using the tripotential method was produced
by Habberjam and Watkins (1967a).

An alternative technique, called the Qilset Wenner method (Barker
1981), has been readily adopted for its ease of use. The method is
extremely simple in concept. Figure 7.10 shows a single contribution
section for a standard Wenner array. A conducting sphere buried in
a semi-infinite homogeneous medium with true resistivity of 100 Q m
is located in a positive region of-the signal contribution section
(Figure 7.10A). The corresponding apparent resistivity, calculated
using an exact analytical method (Singh 1976), is 91.86 Q m. Offsetting
the Wenner array one spacing to the right (Figure 7.10B), the previ
ously positive areas are now negative and vice versa, and the buried
sphere is located in a negative region resulting in an apparent
resistivity of 107.81 Qm. The average of these two apparent resis
tivities is 99.88 Q m, thereby reducing the error due to a lateral
inhomogeneity from around ± 8% to only 0.1 %.

One array that is seldom used, but which has two major advan
tages, is the S<Luar:tW!r[llj'. This is a special form of the equatorial

, dipole-dipole array for n= 1. The square array is particularly good T

for determining lateral azimuthal variations in resistivity. By swap
ping P 1 and C2 , the square is effectively rotated through 90° and thus
the apparent resistivity can be determined for two orthogonal direc
tions. For ground that is largely uniform, the two resistivities should
be the same, but where there is a difference in resistivity due to a form
of anisotropy (transverse anisotropy as it is measured only in the x - y
plane), the two resistivities will differ. The ratio of the two resistivities
is an indication of the transverse anisotropy. Profiles and maps of
transverse anisotropy can be interpreted qualitatively to indicate

"t anomalous ground. The second advantage of the square array is that 
. it lends itself to rapid grid mapping. By moving two electrodes at

Figure 7.10 (A) Signal contribution
section for a Wenner array with a con
ducting sphere (negative K) in a posi
tive region in a medium with resistivity
lOOfim. (B) Offset Wenner electrodes
in which the sphere is now in a nega
tive region. Distortion of contours
due to the presence of the sphere is
not shown. From Barker (1981), by
permlSSlOTI
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Table 7.3 Comparison of dipole-dipole, Schlumberger, square and Wenner electrode arrays

Criteria Wenner Schlumberger Dipole-dipole Square

Vertical resolution .j.j.j .j.j I .j.jv

Depth penetration .J ' I .j.j.J Nv";
Suitability to VES I I .jN .j xv";
Suitability to CST ' I I X .j.j.j .j.j.jv..; v
Sensitivity to orientation Yes Yes Moderate No
Sensitivity to lateral

inhomogeneities High Moderate Moderate Low
Labour intensive Yes Moderate Moderate Yes

(no*) (no*) (no*)
Availability of

interpretational aids '.j . .j.J.j .j.j\JI 'JI

.J = poor; .J.j = moderate; .j.j.J = good; x = unsuitable
• When using a multicore cable and automated electrode array

a time, the square can be moved along the transect. By increasing the
dimensions of the square, and thus generally increasing the depth
penetration and repeating the same survey area, three-dimensional
models of the resistivity distribution can be obtained. Of all the
electrode configurations, the square array is the least sensitive to
steeply dipping interfaq:s (Broadbent and Habbe~ja~ 1971) and
thus it can cope in situations where the sub-surface media are not
horizontally-layered. Being a particularly labour-intensive field
method, it is best restricted to small-scale surveys where the electrode
separation is only of the order of a few metres. This technique has
particular value in 3-D mapping of buried massive ice and in shallow
archaeological investigations, for example.

A general guide to the suitability ofthe dipole-dipole, Schlumber
ger, square and Wenner electrode configurations is given in Table 7.3.
An important consideration for the suitability of a given array is the
scale at which it is to be deployed. For example, asquare array is not '

., really appropriate for depth soundin,g ('vertical electrical sounding';
YES) or for 'constant separation traversing' (CST) with a large
square side; whereas it is perhaps better than either the Wenner or
Schlumberger arrays for applications concerned with very shallow
depths ( < 2 m), such as in archaeological investigations. While the
main electrode configurations are now well established in their
major applications, small-scale mini-resistivity surveys have yet to
realise their full potential.

7.3.3 Media with contrasting resistivities

A geological section may show a series of lithologically defined
interfaces which do not necessarily coincide with boundaries identi
fied electrically. For example, in an unconfined sandstone aquifer,
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there is a capillary zone above the water table making the boundary
from 'dry' to 'saturated' a rather diffuse one. Furthermore, different
lithologies can have the same resistivity and. thus would form
only one electric unit.

A geoelectric unit is characterised by two basic parameters: the
layer resistivity (pJ and the layer thickness (ti) for the ith layer (i = 1
for the surface layer). Four further electrical parameters can be
derived for each layer from the respective resistivity and thickness;
these are called the longitudinal conductance (SL; units mS); transverse
resistance (T; units n m2

); longitudinal resistivity (PL; units n m); and
transverse resistivity (PT; units n m). They are defined in Box 7.9 for
the model shown in Figure 7.11. The sums of all the longitudinal
conductances and of the transverse resistances for a layered ground
are called the Dar Zarrouk 'function' and 'variable', respectively. (The
curiously named Dar Zarrouk parameters were so called by Maillet
(1947) after a place near Tunis where he was a prisoner of war.)

The importance of the longitudinal conductance for a particular
layer is that it demonstrates that it is not possible to know both the
true layer conductivity (or resistivity) and the layer thickness, so
giving rise to layer equivalence. For example, a layer with a longitudi
nal conductance of 0.05mS can have a resistivity of l00nm and
thickness 5m. Layers with the combination of resistivity 80 n m and
thickness 4m, and 120nm and 6m, are all equivalent electrically.
Equivalence needs to be considered during interpretation ofsounding
curves (see Section 7.5.4) and generally in the interpretation of
electrical data, whether obtained by contact electrical or electro
magnetic induction methods.

Box 7.9 Dar Zarrouk parameters

For a given layer:

Longitudinal conductance
Transverse resistance
Longitudinal resistivity
Transverse resistivity
Anisotropy

For n layers:

SL= hlp = h.(J
T=h.p

PL= hiS
PT= Tlh
A = PTlpL'

n

T = L (hiP;) = hlPI + h2P2 + h3P3 + ... hnPn
i~ 1

Where a point current source is located close to a plane boundary
between two homogeneous media, the lines ofcurrent flow (and hence
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of equipotential) are refracted at the boundary in proportion to the
contrast in resistivity between the two media (Figure 7.12 and Box
7.10). In a homogeneous material with no boundaries in the vicinity,
current flow lines are symmetrically radial. If a boundary is nearby,
the current flow lines will become distorted (Figure 7.12B): current
flowing towards a medium with a higher resistivity will diverge from
the radial pattern and current densities adjacent to the boundary will
decrease, whereas the current converges on approaching a medium
with a lower resistivity with a consequent increase in current den
sities. The potential at a point adjacent to a plane boundary can be
calculated using optical image theory (Figure 7.12C). If a current
source of strength S is placed in one medium of resistivity Pt. the
source's image point lies in the second medium of resistivity P2 (where
P2 > Pt) but has a reduced strength kS, where k is dependent upon the
resistivity contrast between the two media and lies in the range + 1.
This k factor is akin to the reflection coefficient in optics and in
reflection seismology, and has the form given in Box 7.11. If the
current passes from a lower resistivity medium to one with a higher
resistivity, k is positive; if it passes into a medium with a lower
resistivity, k is negative.

Box 7.10 (See Figure 7.12A)

Refraction of current flow at a plane boundary:

tan 82 /tan 8 t = pdP2'
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Figure 7.11 Thickness (h) and true
resistivity (p) ofcomponent layers with
an indication of the total longitudinal
conductance (Sd and total transverse
resistance (T); subscripts Land T refer
to longitudinal and transverse, re
spectively
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(A)

Medium 1 Medium 2

Figure 7.12 (A) Refraction of current
flow lines, and (B) Distortion of
equipotential and current flow lines
from a point electrode across a plane
boundary between media with con
trasting resistivities (Telford et al.
1990). (C) Method of optical images
for the calculation of a potential at
a point (see text for details)

(8)

Low-resistivity
medium 1

High-resistivity
medium 2

~~~+~~.+- c' image
P2= 3p,

k=O.5

Current flow lines

Undistorted current
flow lines

p, =3P2

k=--o.5

Line of equipotential

P2
Low-resistivity

medium 2
\

~;t::t":rT--t- c' image

p,

High-resistivity
medium 1

(C)

C

Medium 1
P,

Medium 2
P2

C'image



Box 7.11 Electrical reflection coefficient, k (see Figure 7.12C)

Potential at P:

Potential at Q:
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At the interface V = V' and r I = r 2 = r 3 . Hence:

PI 1- k

P2 1 + k
or

t
,1

i..J *
r
'3

In the case when the boundary is vertical, different types of
anomaly will be produced dependent upon the electrode configur
ation used and whether it is developed at right-angles or parallel
(broadside) to the boundary. Examples of the types of anomalies
produced are illustrated in Figure 7.13. The cusps and discontinuity
in (A), (B) and (C) are due to the positioning of the electrodes relative
to the vertical boundary with each cusp occurring as one electrode
crosses the boundary. In the case of the Wenner array, it can be
explained in detail (Figures 7.13D and E) as follows.

As the array is moved from the high-resistivity medium towards the
low-resistivity medium (case (i) in Figure 7.13), the current flow lines
converge towards the boundary, increasing the current density at the
boundary but decreasing the potential gradient at the potential
electrodes. The apparent resistivity gradually falls from its true value
until a minimum is reached when the current electrode Cz is at the
boundary (ii). Once C2 has crossed into the low-resistivity unit (iii),
the current density increases adjacent to the boundary but within the
Jow-resistivity medium, causing the potential gradient between the
potential electrodes to rise. When the entire potential electrode dipole
has crossed the boundary (iv), the current density is highest in the
high-resistivity medium, causing the potential gradient across PI - P 2

to fall dramatically. With the current electrode C I now into the
low-resistivity unit (v), the current adjacent to the boundary is
divergent. This results in an elevated potential gradient between PI
and P2 which falls to a normal value when the entire collinear array is
sufficiently far away from the boundary. At this point the current flow
is radial once more. The magnitude of the cusps and discontinuities is
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Figure 7.14' (op£.Q§ite) Apparent resis
tivity profiles·across a thin vertical
dyke using (A) a dipole-dipole array e
and (B) a Wenner array. (C) Computed
normalised resistivity profiles across ='
a thin vertical dyke with different resis
tivity contrasts. After van Nostrand ~

and Cook (1976), by permission

Figure 7.13 Apparent resistivity pro- .~

files measured over a vertical bound
ary using different electrode arrays:
(A) Wenner (with its characteristic W
shaped anomaly), (B) Schlumberger,
and (C) dipole-dipole. After Telford
et al. (1990), by permission of Cam
bridge University Press. (D) Profile
shapes as a function of resistivity con
trast. From van Nostrand and Cook
(1966), by permission. (E) Plan view of
successive moves of a Wenner array
with electrode positions indicated for
six marked points in (D)
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dependent upon the resistivity contrast between the two media.
However, if the array is orientated parallel to the boundary such that
all electrodes cross it simultaneously, the cusping is reduced. (Figure
7.13B, dashed line).

The anomaly shape is similarly varied over a vertical dyke (Figure
7.14) in which the width of the anomaly varies not only with electrode
configuration but also with the ratio of the dyke width to electrode
separation. An example of an apparent resistivity profile across
a buried hemicylindrical valley is shown in Figure 7.15. The field and
modelled profiles are very similar. The mathematical treatment of
apparent resistivity profiles across vertical boundaries is discussed
in detail by Telford et al. (1990).

The important consideration arising from this discussion is that
different array types and orientations across an identical boundary
between two media with contrasting resistivities will produce mark
edly different anomaly shapes. Thus interpretation and comparison
of such profiles based simply on apparent resistivity maxima or
minima can be misleading; for example, if maxima are used to delimit
targets, a false target could be identified in the case of maxima
doublets such as in Figure 7.14. Similar complex anomalies occur in
electromagnetic data (Section 9.4.3). Furthermore, the type of anom
aly should be anticipated when considering the geological target so
that the appropriate electrode configuration and orientation can be
chosen prior to the commencement of the survey.

Figure 7.15 Apparent resistivity
profiles across a buried valley: (A)
theoretical profile, and (B) measured
profile. After Cook and van Nostrand
(1954) (see Parasnis 1986)
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7.4 MODES OF DEPLOYMENT

There are two main modes of deployment of electrode arrays. One is
for depth sounding (to determine the vertical variation of resistivity)
- this is known as vertical electrical sounding (VES). The other is for
horizontal traversing (horizontal variation of resistivity) and is called
constant separation traversing (CST) (also called 'electrical resistivity
traversing', ERT). In the case of~ul!i-elec~rode arrays,! two forms
are available. Microprocessor:::controlled resistivity' traversing
(MRT) is used particularly for hydrogeological investigations
requiring significant depths of penetration. Sub-surface imaging (SSI)
or two-dimensional electrical tomography is used for very high
resolution in the near-surface in archaeological, engineering and
environmental investigations.

7.4.1 Vertical electrical sounding (VES)

As the distance between the current electrodes is increased, so the
depth to which the current penetrates is increased. In the case of the
dipole-dipole array, increased depth penetration is obtained by
increasing the inter-dipole separation, not by lengthening the current
electrode dipole. The position of measurement is taken as the mid
point of the electrode array. For a depth sounding, measurements of
the resistance (bV/I) are made at the shortest electrode separation
and then at progressively larger spacings. At each electrode sep
aration a value of apparent resistivity (Pa) is calculated using the
measured resistance in conjugation with the appropriate geometric
factor for the electrode configuration and separation being used
(see Section 7.3). The values of apparent resistivity are plotted on
a graph ('field curve') the x- and y-axes of which represent the
logarithmic values of the current electrode half-separation (AB/2)
and the apparent resistivity (Pa)' respectively (Figure 7.16). The
methods by which these field curves are interpreted are discussed
in detail in Section 7.5.

In the normal Wenner array, all four electrodes have to be moved
to new positions as the inter-electrode spacings are increased (Figure
7.17A). The offset Wenner system has been devised to work with
special multicore cables (Barker 1981). Special connectors at logarith
mically spaced intervals permit a Wenner VES to be completed by
using a switching box which removes the necessity to change
the electrode connections physically. Note that the offset Wenner
array requires one extra electrode separation to cover the same
amount of the sub-surface compared with the normal Wenner array.
When space is a factor, this needs to be considered in the survey
design stage.

In the case of the Schlumberger array (Figure 7.17C), the potential
electrodes (PtPz) are placed at a fixed spacing (b) which is no more

Electrical resistivity methods 441
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than one-fifth of the current-electrode half-spacing (a). The
current electrodes are placed at progressively larger distances. When
the measured voltage between P 1 and P 2 falls to very low values
(owing to the progressively decreasing potential gradient with in
creasing current electrode separation), the potential electrodes are
spaced more widely apart (spacing b2). The measurements are con
tinued and the potential electrode separation increased again as
necessary until the YES is completed. The tangible effects of so
moving the potential electrodes is discussed at the end of Section
7.4.4. A YES using the Schlumberger array takes up less space than
either of the two Wenner methods and requires less physical move
ment of electrodes than the normal Wenner array, unless multicore
cables are used.

The dipole-dipole array is seldom used for vertical sounding as
large and powerful electrical generators are normally required. Once
the dipole length has been chosen - i.e. the distance between the two
current electrodes and between the two potential electrodes - the
distance between the two dipoles is then increased progressively
(Figure 7.17C) to produce the sounding. The square array is rarely
used for large-scale soundings as its setting out is very cumbersome
(Figure 7.17E). The main advantage of the electrode configuration
is the simplicity of the method when setting out small grids. In
small-scale surveys investigating the three-dimensional extent of
sub-surface targets, such as in archaeology, the square sides are of the
order of only a few metres.

Figure 7.16 A vertical electrical
sounding (VES) showing apparent re
sistivity as a function of current elec
trode half-separation (AB/2)
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7.4.2 Automated array scanning

In 1981 Barker published details of the offset Wenner array using
multicore cables and multiple electrodes for YES investigations. In
1985, Griffiths and Turnbull produced details of a multiple electrode
array for use with CST. This theme was developed by van Over
meeren and Ritsema (1988) for hydrogeological applications and
by Noel and Walker (1990) for archaeological surveys. For deeper t

sounding, where multicore cabling would become prohibitively
heavy, the cable is wound into 50m sections on its own drum with an
addressable electronic switchingunit and power supply mounted in
the hub of each cable reel. The switching units are controlled by
a laptop computer which can switch any electrode to either of two
current or two potential cables which connect the entire array of
drum reels. This system is known as the microprocessor-controlled
resistivity traversing sy.stem (Griffths et al. 1990).
• In van Overmeeren and Ritsema's continuous vertical electrical
sounding (CVES) system, an array of multiples of 40 electrodes is
connected to a microprocessor by a multicore cable. Usiing software
control, discrete sets of four electrodes can be selected in a variety of
electrode configurations and separations and a measurement of the
resistance made for each. Instead of using one cable layout for just one
YES, the extended electrode array can be used for a number of YES,
each one. offset by one electrode spacing. If the first YES is conducted
with its centre between electrodes 15 and 16, for example, the next
YES will be centred between electrodes 16 and 17, then 17 and 18, 18
and 19, and so on. A field curve is produced for each sounding along
the array and interpreted by computer methods (see Section 7.5.3) to
produce a geo-electric modeL of true layer resistlvltTes and thickness
for each YES curve. When each model is displayed adjacent to its
neighbour, a panel of models is produced (Figure 7.18) in which the
various resistivity horizons can be delimited. It is clear from Figure
},18Dthat the CVES interpretation is closest to the known physical
model .compared with those for either the tripotential alpha or
beta/gamma ratio sections (Shown in Figure 7.18B and C respective
ly). This particular method requires special equipment and associated
computer software, but it highlights a novel application of both,field
method and data analysis to improve the resolution of shallow
resistivity surveys.

In sub-surface imaging (SSI), typically 50 electrodes are laid out in
two strings of 25, with electrodes connected by a multicore cable to
a switching box and resistance meter. The whole data acquisition
procedure is software-controlled from a laptop computer. Similar
products have been produced, such as the LUND Automatic
Imaging System (ABEM), and MacOhm 21 (DAP-21) Imaging Sys
tem (OYO), and the Sting/Swift (Advanced Geosciences Inc.), among
others.
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As with van Overmeeren and Ritsema's eYES method, a discrete
set of four electrodes 'with the shortest electrode spacing (n = 1; see

! Figure 7.19) is addressed and a value of apparent resistivity obtained.
Successive sets of four electrodes are addressed, shifting each time by,
one electrode separation laterally. Once the entire array has been

c

~~anned, the electrode separation is doubled (n = 2), and the process
repeated until the appropriate number of levels has been scanned.
The values of apparent resistivity obtained from each measurement
are plotted on a pseudo-section (Figure 7.19) and contoured. The
methods of interpretation are described in more detail in Section

\

7.5.6. There are considerable advantages in using SST or equivalent

Figure 7.18 High-resolution soil
survey using a scanned array. (A) Soil
section.determined by shallow hand
drilling. Pseudo-sections obtained
using (B) Wcnncr tripotcntial alpha
and (C) beta/gamma arrays. (D) Con
tinuous vertical electrical sounding
rcsults with true resistivities indicated.
From van Overmeeren and Ritsema
(1988), by pcrmission
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Station 3 Figure 7.19 Example of the measure-
I ment sequence for building up a

I resistivity pseudo-section. Courtesy of
C1 P1 P2 C2

3a 3a 3a Campus Geophysical Instruments
Ltd.

Station 2
I

C1 2a P1, P2
2a ~2, 2a I

II

Station 1, I
I

C1 P1 P2 C2
I a I a I a I

A

n = 1 • • • • • • •
1

n = 2 • • • •

n'= 3 2 • • • • •
3

n= 4 • • •

n==5 4 •
5

methods. With multicore cable and many electrodes, the entire array
can be established by one person. The acquisition ofapparent resistiv
ity data is controlled entirely by the software whose parameters are
selected at the outset. By changing the inter-electrode spacing be
tween electrodes, the 'vertical and horizontal resolutions can be
specified to meet the objectives of the survey. For example, the
horizontal resolution is defined by the inter-electrode spacing,' and
the vertical resolution by half the spacing. For example, using a 2m
inter-electrode spacing, the horizontal and vertical resolutions are
2m and 1m, respectively, for the pseudo-section display. Whether
sub-surface features can be resolved at a comparable scale is deter
mined also by the lateral and vertical variations in true resistivity.

7.4.3 Constant-separation traversing (CST)

Constant-separation traversing uses a manul electrode array, usually
the Wenner configuration for ease of operation, in which the electrode
separation is kept fixed. The entire array is moved along a profile and
values of apparent resistivity determined at discrete intervals along
the profile. For example, a Wenner spacing of say 10m is used with
perhaps 12 electrodes deployed at anyone time at 5m intervals.
Alternate electrodes are used for anyone measurement (Figure 7.20)
and instead of uprooting the entire sets of electrodes, the connections
are moved quickly and efficiently to the next electrode along the line,
i.e. 5m down along the traverse. This provides a CST profile with
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electrode separation of 10 m and station interval of5 m. The values of
apparent resistivity are plotted on a linear graph as a function of
distances along the profile (Figure 7.20). Variations in the magnitude
of apparent resistivity highlight anomalous areas along the traverse.

Sorensen (1994) has described 6."ulled array continuous electrical
profiling' technique (PA-CEP). An array of heavy steel electrodes,
each weighing 10-20 kg, is towed behind a vehicle containing all the
measuring equipment. Measurements are made continuously. It is
reported that 10-15 line kilometres of profiling can be achieved in
a day. The quality of results is reported to be comparable to that of
fixed arrays with the same electrode geometry.

7.4.4 Field problems

In order for the electrical resistivity method to work using a collinear ",
array, the internal resistance of the potential measuring circuit must .
be far higher than the ground resistance between the potential
electrodes. If it is not, the potential circuit provides a low-resistance
alternative route for current flow and the resistance measured is
completely meaningless. Most commercial resistivity equipment has
an input resistance of at least 1 Mn, which is adequate in most cases.
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Figure 7.20 A constant-separation
traverse using a Wenner array with
10m electrode spacing over a clay
filled solution feature (position ar
rowed) in limestone
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In the case of temperature glacier ice, which itself has a resistivity of
up to 120 MQ m, a substantially higher input resistance is required
(preferably of the order of 1014 Q).

Electrical resistivity soundings on glaciers are complicated by the
fact that ice does not conduct electricity electronically but by the
movement of protons within the ice lattice and this causes substantial
polarisation problems at the electrode-ice contact. Consequently,
special techniques are required in order to obtain the relevant
resistivity data (Reynolds 1982).

Perhaps the largest source offield problems is the electrode contact
resistance. Resistivity methods rely on being able to apply current
into the ground. If the resistance of the current electrodes becomes
anomalously high, the applied current may fall to zero and the
measurement will fail. High contact resistances are particularly
common when the surface material into which the electrodes are
implanted consists of dry sand, boulders, gravel, frozen ground, ice or
laterite. If the high resistance can be overcome (and it is not always
possible), there are two methods that are commonly used. One is to
wet the current electrodes with water or saline solution, sometimes
mixed with bentonite. The second method is to use multiple elec
trodes. Two or three extra electrodes can be connected to one end of
the current-carrying cable so that the electrodes act as resistances in
parallel. The total resistance of the multiple electrode is thus less than
the resistance of anyone electrode (see Figure 7.21 and Box 7.12).
However, if this method is used, the extra electrodes must be im
planted at right-angles to the line of the array rather than along the
direction of the profile. If the extra electrodes are in the line of the
array, the geometric factor may be altered as the inter-electrode
separation (C1-P1-P2-C2) is effectively changed. By planting the
electrodes at right-angles to the line of the array, the inter-electrode
separation is barely affected. This problem is only acute when the
current electrode separation is small. Once the current electrodes are
sufficiently far apart, minor anomalies in positioning are insignificant.
This also applies when laying out the survey line to start with.

Box 7.12 Resistances in parallel

Total resistance of multiple electrodes is RT :

n

I/RT = I/R 1 + I/R 2 + ljR 3 + ·.. 1/Rn = L (I/RJ
i=l

For example, if'1 ='2 = O.2R and'3 ='4 = O.5R, then:

l/Rr = 1/0.2R + IjO.2R + 1/0.5R + IjO.5R + I/R = 15/R.

Thus RT = R/15, and Rr is much less than the lowest individual
resistance (= R/5).
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Ideally, a YES array should be expanded along a straight line. If it
curves significantly and/or erratically (Figure 7.21C), and no correc
tion is made, cusps may occur in the data owing to inaccurate
geometric factors being used to calculate apparent resistivity values.
Cusps in YES field curves are particularly difficult to resolve if their
cause is unknown. Even if the apparent resistivity values have been
calculated correctly with appropriately modified geometric factors,
ambiguities may arise in the field curve which it may not be possible
to model or interpret. In the case of CST data, if the correct geometric
factors are used to derive the apparent resistivities, the CST profile
may be interpreted normally. It always pays to keep adequate field
notes in addition to recording the geophysical data so that appropri
ate corrections can be made with recourse to the correct information

Figure 7.21 (A) Supplementary elec
trodes planted in a straight line at
right-angles to the main electrode
have minimal effect on the geometric
factor as long as the offset yj a. (B) Any
number of additional electrodes act as
parallel resistances and reduce the
electrode contact resistance. (C) An
out-of-Iine electrode array will give
rise to erroneous Pa values unless the
appropriate geometric factor is used.
Shortened C 1C z produces elevated
ll.V between PI and P 2 and needs to be
compensated for by a reduced value of
the geometric factor.
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rather than to a rather hazy recollection of what may have been done
in the field.

The presence of pipes, sand lenses or other localised features, which
are insignificant in relation to the main geological target, can degrade
the quality of the field data and thus reduce the effectiveness of any
interpretation. If a conductive clay lens is present, for example, then
when a current is applied from some distance away from it, the lines of
equipotential are distorted around the lens and the current flow lines

(A)

C,
-----+---

Fig.7.22B

(8)

Current flow C2--------

Figure 7.22 Distortion of current
flow lines and equipotentials around
an anomalous feature. The boxed area
in (A) is enlarged to show detail in
(B). The magnitude of equipotentials
is for illustrative purposes only
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are focused towards the lens (Figure 7.22). The potential between
P and Q (< 0.1 V) is obviously smaller than that measured between
Rand S (~ 0.25 V) which are outside the field of effect of the lens. The
apparent resistivity derived using this value of potential is lower than
that obtained had the lens not been there, hence the occurrence of
a cusp minimum (Figure 7.23A). If the lens has a higher resistivity
than the host medium, the current flow lines diverge and the potential
between P and Q becomes anomalously high and results in a positive
cusp (Figure 7.23B).

Another feature which may occur on YES profiles is current
leakage, particularly at large current electrode separations, when the
array is aligned parallel to a conductive feature such as a metal pipe
or a surface stream. The values ofapparent resistivity become increas
ingly erratic owing to the voltage between the potential electrodes
falling to within noise levels and tend to decrease in value (Figure
7.23C). If the position and orientation of a pipe is known, there should
be no ambiguity in interpretation. There is no point in extending the
YES once it is obvious current leakage is occurring.

A method of reducing the effects of these lateral inhomogeneities
using the offset Wenner array has been described in Section 7.3.2.
There is, however, no alternative method for the Schlumberger
electrode configuration and cusps can be removed by smoothing
the curve (dashed lines in Figure 7.23).

Figure 7.23 Distortion of Schlum
berger YES curves due to (A) a
conductive lens or pipeline, and (B)
a resistive lens. After Zohdy (1974), by
permission
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An additional but easily resolvable problem can occur with
Schlumberger depth soundings. When the separation of the potential
electrode pair is increased (b i to b2 in Figure 7.17C), the contact
resistance may change, causing a discrete step up or down of the next
segment of the curve (Figure 7.24). Although the value of the apparent
resistivity may change from the use of one electrode pair to another,
the gradient of the change of apparent resistivity as a function of
current electrode half-separation should remain the same. Conse
quently, the displaced segments can be restored to their correct values
and the curve smoothed ready for interpretation. Segments at larger
potential electrode separations should be moved to fit the previous
segment obtained with a shorter electrode separation. So in Figure
7.24, segment 3 is moved down to fit segment 2 which is moved up to
join on the end of segment 1. Measurements of resistance should be
repeated at both potential electrode separation when crossing from
one segment to the next. As all the electrodes are moved when
a manual Wenner array is expanded, there is no discernible displace
ment of segments of the curve. Instead, the field curve may appear to
have lots of cusps and blips through which a smooth curve is then
drawn, usually by eye (Figure 7.25). An alternative, preferable, ap
proach is to use the offset Wenner array (see Section 7.3.2) which
improves the quality of the acquired field data (Figure 7.25).

Figure 7.24 Displaced segments on
a Schlumberger vertical electrical
sounding curve due to different elec
trode resistances at P I and P2 on
expanding potential electrode separ
ations; segment 3 is displaced to fit
segment 2 which is in turn displaced to
fit segment 1 to produce a smoothed
curve
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Figure 7.25 The difference in data
quality that can be obtained by using
an offset Wenner array in place of
a normal Wenner array; the normal

. .
curve IS more nOIsy

,\7.5 INTERPRETATION METHODS

Vertical sounding field curves can be interpreted qualitatively
using simple curve shapes, semi-quantitatively with graphical model
curves, or quantitatively with computer modelling. The last method is
the most rigorous but there is a danger with computer methods to
over-interpret the data. VES field curves may have subtle inflections
and cusps which require the interpreter to make decisions as to how
real or how significant such features are. Often a noisy field curve is
smoothed to produce a graph which can then be modelled more easily.
In such a case, there is little point in spending large amounts of time
trying to obtain a perfect fit between computer-generated and field
curves. As a general rule, depending on how sophisticated the field
acquisition method is, layer thicknesses and resistivities are accurate
to between 1% and 10%, with poorer accuracies arising from the
cruder field techniques. Furthermore, near-surface layers tend to be
modelled more accurately than those at depth, primarily because field
data from shorter electrode separations tend to be more reliable than
those for very large separation, owing to higher signal-to-noise ratios.

7.5.1 Qualitative approach

The first stage if any interpretation of apparent resistivity sounding
curves is to note the curve shape. This can be classified simply for
three electrical layers into one of four basic curve shapes (Figures
7.26A- Dj. These can also be combined to describe more complex
field curves that may have several more layers. Note that the curve
shape is dependent upon the relative thicknesses of the in-between
layers (layer 2 in a 3-layer model; Figures 7.26C, Dj. The maximum
angle of slope that the rising portion of a resistivity graph may have
on a log-log graph,is 45°, given the same scales on both axes (Figure
7.26A). If the field curve rises more steeply, then this suggests error in
the data or that geometric effects due to steeply inclined horizons/are
distorting the data.
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The relative magnitudes of the true resistivities obtained from the
levels ofthe flat portions or shoulders of the graph are a useful starting
point before more involved interpretation. For example, in Figures
7.26A and B, the only difference between the two models is the
resistivity of layer 2. In Figure 7.26A, layer 2 resistivity is less than
those for both layers 1 and 3. In Figure 7.26B, the second layer
resistivity is between those for layers 1 and 3. In the case of Figure
7.26D, if the second layer is very thin (dashed line for small hJ it may
not be evident on the curve that this layer exists, i.e. its effects are
'suppressed'. 'Suppression' is discussed in more detail in Section 7.5.4.

From Figure 7.26G, it can be seen that the number of layers
identified is equal to the number of turning points (TP) in the curve,
plus one. The presence of turning-points-iriolcafes sub-surface
interfaces, so the number of actual layers must be one more than
the number of boundaries between them. However, the coordinates
of the turning points in n6 way indicate 'the depth to a boundary

.or provide specific information about the true resistivities (Figure
7.26G). From the curve shape alone, the minimum number of hori
zontal layers and the relative magnitudes of the respective layer
resistivities can be estimated.

:~ 7.5.2 Master curves

Interpretation of field curves by matching against a set of theoreti
cally calculated master curves is based on the assumptions that the
model relates to a horizontally stratified earth and that successively
deeper layers are thicker than those overlying. Although this second
assumption is rarely valid, the use of master curves does seem to
provide a crude estimate of the physical model.

Synthetic curves for two-layer models can be represented on a single
diagram (Figure 7.27), but for three-layer models the range of graphs
is very large.and books of master curves have been published (Mooney
and Wetzel 1956; European Association of Exploration Geophysi
cists ~991). It is only practicable to use the master curves method for
up to four layers. Ifmore layers are present, the graphical approach is
far too cumbersome and inaccurate. Three- and four-layer models
can also be interpreted using master curves for two layers with the
additional use of auxiliary curves (Figure 7.28) as outlined below.

The field data~ smoothed and corrected as necessary, are plotted
on a log-log graph on a transparent overlay at the same scale as
the master curves. The overlay is placed on the master curves
and, keeping the x- and y-axes of the two graphs parallel, the
overlay is moved until the segment of the field curve at shortest
electrode spacings fits one of the master curves,and its k value is noted
(Figure 7.29; in this case, k = - 0.3). The position of the origin of the
master curve is marked (A) on the overlay, which is then placed over
the auxiliary curve sheet and the line for the same k value is traced on
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Figure 7.26 (opposite) Apparent
resistivity curve shapes for different
resistivity structures: (A) to (D) are
three-layer models; (E) and (F) are
four-layer models; (G) shows a block
model for the layer resistivities and
thicknesses and the resulting apparent
resistivity curve. Neither the minimum
nor the maximum apparent resistivi
ties occur at electrode separations
equivalent to the layer depths. To pen
etrate to bedrock, electrode separation
should be about three times the bed
rock depth for a Schlumberger array
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to the overlay. The coordinates of A (which are read off the graph) are
first estimates of the true resistivity and thickness of the top layer.
Next, the overlay is replaced over the master curve sheet and moved
so that the traced auxiliary curve for k = -0.3, always lies over the
origin of the master curve until the next portion of the field curve is
coincident with one of the master curves beneath and the new k value
noted; in the example in Figure 7.29 the second k value is + 1.0. When
a fit has been obtained, the new position of the origin of the master
curves (B) is marked on to the traced auxiliary curve. The overlay is
returned to cover the auxiliary curves and the point B is placed over
the origin of the auxiliary curves and the line corresponding to the
new k value is again traced on to the overlay. The coordinates of
B (also measured off the graph) are first estimates of the resistivity of
the second layer and of the total depth to the second interface. The
above process is then repeated, going from master curve to auxiliary
curves and back again, noting the new k values in each case until the
entire field curve has been matched against master curves. The final
result should be, for a three-layer case as the example, two points
of origin A and B giving PI' 11 and Pr and (11 + (2) and hence 12 ,

From the first k value, the resistivity of the second layer can easily be
calculated (see Box 7.11), and from the second k value, P3 can be estimat
ed, thus completing the determination of the model parameters.

Figure 7.27 Two-layer master curves
for Schlumberger and Wenner arrays.
From Milsom (1989), by permission
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Curve-matching is constrained to fit the field curve with one
calculated from a very limited range of master curves. If the resistivity
contrasts do not give rise to a k value that corresponds to one of the
master curves, then the accuracy of the fitting (and of the subsequent
interpretation) will be reduced. Furthermore, the use ofmaster curves
does not allow the problems of equivalence and suppression to be
resolved (see Section 7.5.4). Interpretations obtained using this
graphical approach should be regarded as crude estimates of the
sub-surface layer parameters that can then be put into a computer
model to obtain much more accurate and reliable results.

Figure 7.28 Auxiliary curves for
a two-layer structure

7.5.3 Curve matching by computer

In 1971, Ghosh described a ,convolutionJ, method by which computers
can be used,to calculate master cury~s/forvertical electrical soundings
obtained using either a Wenner or Schlumberger array. The method
uses what is called a lipear digital filter;,the details of which are given
by Koefoed (1979). . .

" ' The program synthesises an apparent resistivity profile. for an n-
layered model,in which the variables are layer thickness and resis
tivity. Model profiles can then be compared with the field curves and,
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adjustments to the layering and resistivity yalues.can be made by trial
and error to obtain as near correspondence as possible to the field
curve.

However, in cases where a very good conductor underlies a com
paratively resistive layer (where Pl > 20P2 and -1 < k < -0.9),
Ghosh's method was found to produce inaccurate profiles. owing to
the structure of the filter, which had too few coefficients to track
a rapidly falling resistivity curve.

A computer program can easily be checked to see whether it
produces erroneous profiles ,by obtaining an apparent resistivity
curve for a simple two-layer model where the resistivity contrast is at
least 20: 1 with the lower layer being the more conductive. If the
program is unable to cope with such a contrast, the portion of the
graph at larger electrode separations will appear to oscillate (Figure
7.30) rather than pass smoothly to the true resistivity of the second
layer.

Figure 7.29 Fitting master and aux
iliary curves to a Schlumberger YES
curve; see text for details



100

10

1

Electrical resistivity methods 459

I "-I 'f

: \
I
I
I
I
I .,

1- \,....-.,..=-.-.::::~->-.:::.-. ,
2
'"+----'---------+1--- ---------f---------------j

1 10

AB/2

100 1000

Much work has gone into the design of linear digital filters to
overcome this computational difficulty (e.g. O'Neill and Merrick,
1984), and now modern software packages can cope with even the
most extreme resistivity contrasts. Although these packages can deal
with as many as 251ayers, 2-6 layers are usually adequate to describe
the sub-surface. By increasing the number of layers beyond this, the
length of time to produce an acceptable fit is increased dramatically
(as there are so many more combinations of layer parameters to try)
and, more often than not, the field data do not justify such a level of
discrimination and may lead to over-interpretation.

As with master curves, it is always best to fit segments of the field
curve at shortest electrode separations first and then to work pro
gressively to greater separations. Once the top layers have been
resolved, it is then easier to obtain good estimates of the parameters
for the lower layers. The geoelectric basement (the lowest layer) is
taken to be semi-infinite in depth and only the layer"resistivity is
required. Some computer packages display both; the field and model
curves simultaneously and may produce ,gat~stical,parameters to
describe the closeness of the fit. Optimisation ofthe interpretation can

Figure 7.30 Oscillating tail,produced
by a computer program that has in
sufficient coefficients in its linear
digital filter to cope with a resistivity
contrast of more than 20: 1
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be achieved automatically by successive iterations to reduce the degree
of misfit until it falls within a specified and acceptable statistical limit.

A major advantage of the computer approach is that it provides an
opportunity to investigate the problems of equivalence and sup
pression quickly and efficiently. See Section 7.5.4 for a more detailed
discussion.

With the more sophisticated computer packages, some care has to
be taken as to the method by which the convolution method is
undertaken as different results may be produced (Figure 7.31).
Having said that, as long as the user of the computer program is
aware of its advantages and disadvantages, then good and reliable
interpretations will be obtained. The danger, as with all uses of
computers, is that, for come inexplicable reason, computer-generated
results may appear to have greater credibility than those produced by
more traditional means, which is not necessarily justified. There is
evidently an increasing and undesirable tendency for people to plug
.data into a computer package, produce a result without thinking
about the methodology or of experimental errors or about the
geological appropriateness of the model produced. As with all the

~Jools, computers must be used properly. With the availability of
laptop computers, at least preliminary interpretation of field curves

Figure 7.31 Effects of different com
putational methods on the scale of
resistivity contrasts with which the
various types of computer program
can cope without producing erro
neous data. O'Neill and Merrick
(1984), by permission
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Table 7.4 Material types and their respective resistivity ranges for Kana
State, northern Nigeria (Reynolds 1987a)

Material

Sandy soil with clay
Clayey sand soil
Clay
Weathered biotite granite
Weathered granite (low biotite)
Fresh granite

Resistivity range (12 m)

60-100
30-60
10-50
50-100
50-140

750-8000

Table 7.5 Typical VES interpretation from Kana State, northern Nigeria
(Reynolds 1987a)

Layer Resistivity (12m) Material type

I 95 Very sandy soil
2 32 Clay
3 75 Weathered granite*
4 3500 Fresh granite*

• Granite type also determined from local geological mapping and from local hand
dug wells.

'can be done while still in the field, with master and auxiliary curves r, .::1
being used as a backup,in case of problems with the computer.

Once an acceptable layer model has been produced for each
vertical electrical sounding, the models can be displayed side-by-side
much like borehole logs. Between the various YES models, correla
tions are made between layers with comparable resistivities to build
up a two-dimensional picture of both the vertical and lateral vari
ations in resistivity. This can be extended into third dimension so that
maps ofthe individual layer thicknesses, akin to isopachyte maps, can
be produced,

The final stage of a resistivity interpretation should be to relate
each accepted YES model to the unknown local geology. Tables of
resistivities, such as that in Table 7.1, or more geographically specific
rock-type/resistivity ranges, can be used instead of referring to layer
numbers. The interpretation can then be described in terms of rock
units such as those listed in Table 7.4 which are from Kano State in
northern Nigeria. Thus a typical resistivity interpretation would
consist of perhaps four layers with resistivities as given in Table 7.5.

7.5.4 Equivalence and suppression

In the case of a three-layered model, if the middle layer is conductive
relative to those around it, then current flow is focused through and
virtually parallel to that layer. The longitudinal conductance SL for
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this layer is hz/ pz = constant, and as long as the thickness and
resistivity are changed (within limits) S0 as to maintain that ratio,
there will be no appreciable change in the resulting apparent resistiv
ity curve. All the pairs of hz/ pz are electrically equivalent and no
single pair of values is preferable to any other.

However, if computer interpretation of YES curves is undertaken,
the range of hand P values can be determined so that estimates of the
ranges of both thickness and true resistivity can be made. This in itself
can be extremely valuable. For example, in northern Nigeria, the sub
surface consists of at least three layers - soil, weathered granite and
fresh granite. It has been found that weathered granite with a resistiv
ity in the range 50-1400 m provides a reasonable source of water
(given a saturated thickness > 10 m) to supply a hand-pump on
a tubewell in a rural village. If the resistivity is less than 50 0 m, this
indicates that there is more clay present and the supply is likely to be
inadequate. If the interpretation indicates a second-layer resistivity of
60 0 m and thickness 12 m, which is characteristic of an acceptable
water supply, this layer may· be electrically equivalent to only 8 m
of material (i.e. too thin) with a resistivity of 400 m ( < 500 m, thus
probably clay rich). This combination could prove to be problemati
cal for a reliable water supply. If, however, the computer models
demonstrate that the lowest limit of thickness is 10.5 m and of
resistivity is 550 m, then the site could still be used. On the other
hand, if the equivalent layer parameters are well into those for the
thin clay-rich range, then it is better to try to select another site.

Similarly, if the middle layer is resistive in contrast to those layers
surrounding it, then current tends to flow across the layer and thus
the product of the layer resistivity and thickness (which is the
transverse resistance, T; see Box 7.9) is constant. If, for example,
a gravel layer with resistivity 260 0 m and thickness 2 m is sandwiched
between soil (PI < 200 0 m) and bedrock (P3 > 45000 m), then
Tz = 520 Omz. If the model thickness is reduced to only 1m, the
gravel layer resistivity must be doubled. Similarly, if the resistivity is
reduced the thickness must be increased to compensate. Computer
analysis can be used again to resolve the range of layer parameters
which produce no discernible change in the apparent resistivity curve.

In the example illustrated in Figure 7.32A, a layer of resistivity
350m and thickness 2 m is sandwiched between an upper layer of
resistivity 350 0 m and thickness 6 m and the bedrock of resistivity
4500 Om (upper bar below curve). The longitudinal conductance
SL for layer 2 is 0.057 siemens (2 m/35 0 m). The two other models
depicted by horizontal bars are extreme values for the middle layer,
but which have the same longitudinal conductance and which gave
rise to model curves that are coincident with the one shown to better
than 0.5 %. The depths to bedrock thus range from 7.1 m to 10 m (in
the models calculated) and there is no geophysical way of telling which
model is 'right'. It is by considering whether a IOcm thick highly
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Figure 7.32 (A) Equivalence test on
a three-layer model. The models in
dicated in the lower two horizontal
bars are electrically equivalent to the
model in the top bar. Pairs of numbers
are true resistivity (n m) above layer
thickness (m). Suppression tests for (B)
an ascending curve and (C) a four
layer descending curve
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conductive horizon is more geologically reasonable than a far thicker,
more resistive band, that the most appropriate model can be chosen.

An additional form of equivalence needs to be borne in mind at the
interpretation stage and that is the equivalence between an isotropic
and an anisotropic layer. This Doll-Maillet equivalence (see Maillet
1947) results in an overestimate oflayer thickness in proportion to the
amount of anisotropy which, if present, is of the order of 10- 30%.

Apart from equivalence, the other interpretational problem is that
of suppression. This is particularly a problem when three (or more)
layers are present and their resistivities are ascending with depth
(A-type curve; see Figure 7.26B) or descending with depth (Q-type
curve; see Figure 7.26D). The middle intermediate layer may not be
evident on the field curve and so its expression on the apparent
resistivity graph is suppressed. The computer method is invaluable
here to estimate (1) if there is a hidden layer present, and (2) if there is,
its range of layer parameters. In Figure 7.32B, curves for three-layer
models (middle and lower bars) with second layers of resistivity 1500
to 4000 Q m and thicknesses 1 to 5 m are graphically indistinguishable
from that of a two-layer model (top bar). For a layer to be suppressed,
its resistivity should approach that of the one below so that the
resistivity contrast between the top and the suppressed layer is
comparable to that between the top and lowermost layers. The effects
of missing such a suppressed layer can have major effects on the
estimation of the depth to bedrock. In Figure 7.32C, a similar example
is given but for descending resistivities. The curves for models with
a suppressed layer (middle and lower bars) fit the three-layer case
(top bar) to better than 1% and are indistinguishable graphically.

If the intermediate layers are thin with respect to those overlying,~

and if either equivalence or suppression is suspected, master curves
will provide no solution. However, equivalent or suppressed layers
can be modelled very effectively using computer methods in conjunc
tion with a knowledge of what is geologically reasonable for the field
area in question.

7.5.5 Inversion, deconvolution and numerical modelling

Zohdy (1989) produced a technique for the automatic inversion of
resistivity sounding curves. Least-squares optimisation is used in
which a.~tarting mogt:l)s adjusted s!1ccessively until the difference
between the observed and ;model pseudo-sections ',is reduced to a
minimum (Barker 1992). It is assumed that there are as many sub
surface layers as there are data points on the field sounding curve
(Figure 7.33) and that the true resistivity of each of these assumed
layers is that of the corresponding apparent resistivity value. The
mean depth of each layer is taken as the electrode spacing at which
the apparent resistivity was measured multiplied by some constant.
The value of this constant is one,which reduces the difference between
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1000

the observed and model resIstIvIty curves to a mInImUm and is
determined by trial and error.

The starting model is used to generate a theoretical synthetic
sounding curve which is compared with the field data. An iterative
process is then carried out to adjust the resistivities of the model while
keeping the boundaries fixed. After each iteration the theoretical
curve is recalculated and compared with the field data. This process is
repeated until the RMS difference between the two curves reaches
a minimum (Figure 7.33).

Zohdy's method has been developed by Barker (1992) for the
inversion of SSI apparent resistivity pseudo-sections and more re
cently by using a;deconvolution method(Barker, personal communi
cation). Consequently, it is possible to produce fully automated

Figure 7.33 Automatic sounding in
version technique. (A) Observed data
and initial layering. (B) Shifted layer
ing and resulting model sounding
curve. The difference (e) between the
model and observed curves is used to
apply a correction (c) to the layering.
(C) The final layering and resulting
model curve that is closely similar to
the observed data. From Barker
(1992), by permission
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inversions of SSI pseudo-sections. The final results are displayed also
as pseudo-sections in terms of the variations in true resistivity with
depth as a function of distance along the array. Examples of inverted
pseudo-sections are given in Section 7.7.

In addition to the above inversion routines, others have been
produced, often in association with particular equipment, and also as
specific developments of true tomographic imaging (e.g. Shima 1990;
Daily and Owen 1991; Noel and Xu 1991; Xu and Noel 1993).
Commercially available\lmaging inversion pack.~g~~ are available
from a number of sources and are related to a style ofdata acquisition
and equipment. Packages vary from those which can operate easily
on a laptop computer, more sophisticated processing may require the
computational power of a workstation with full colour plotting
facilities. ,

I

Finite-element forward modelling can be undertaken using com-
mercially available ·software. The resistivity response for a two
dimensional model is calculated and displayed as a pseudo-seCtion
for comparison with the original field data. This approach is used
to help generate realistic sub-surface geometries in definable model
structures (e.g. Figure 7.34).

Figure 7.34 Final interpretation of
faulted Triassic sequence in Stafford
shire, UK. (A) Two-dimensional finite
difference model. (B) Computed
apparent resistivity pseudo-section.
(C) Field data. (D) Geological inter
pretation based on (A) and additional
information. From Griffiths et al.
(1990), by permission
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7.6 MISE-A-LA-MASSE METHOD

The mise-a-Ia-masse or 'charged-body potential' method is a devel
opment of the CST technique but involves placing one current
electrode within a conducting body and the other current electrode
at a semi-infinite distance away on the surface (Figure 7.35). The
voltage between a pair of potential electrodes is measured with
appropriate corrections for any self-potentials.

For an isolated conductor in a homogeneous medium, the lines of
equipotential should be concentric around the conductor (Figure
7.36A). In reality, lines of equipotential are distorted around an
irregularly shaped conductive orebody (Figure 7.36B) and can be

5 used to delimit the spatial extent of such a feature more effectively
than using the standard CST method. The mise-a-Ia-masse method is 'f
particularly useful in checking whether a particular conductive
mineral-show forms an isolated mass or is part of a larger electrically
connected orebody. In areas where there is a rough topography, I

terrain corrections may need to be applied (Oppliger 1984). There
are no general rules that can be applied to mise-a-la-masse data.
Each survey is taken on its own merits and a plausible model con
structed for each situation, although Eloranta (1984), for example,
has attempted to produce a theoretical model to account for the
observed potential distributions.

There are two approaches in interpretation. One uses the potential
only and uses the maximum values as being indicative of the con
ductive body. The other converts the potential data to apparent
resistivities and thus a high surface voltage manifests itself in a high

c2 .....~-----(CDI---- ~-----.

P,

Figure 7.35 Positions of electrodes
.----{ Vt--_ P2 used in a mise-a-Ia-masse survey, One

form ofgeometric factor is given where
x is the distance between the C 1

electrode down the hole and the PI
mobile electrode on the ground
surface

P. = 4ltx.!::
I

Overburden

Orebody
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An example of a mise-a-la-masse survey in ore prospecting in

Sweden is shown in Figure 7.37. One current electrode was placed
65 m below ground, 89 m down an inclined borehole (borehole 33)
and the surface potentials mapped (Figure 7.37A). As there were so
many boreholes available in this survey, it was possible to determine
the vertical distribution of potentials as well as the surface equipoten
tial distribution (Figure 7.37B). Combining all the available data, it
was possible to obtain a three-dimensional image of the potential
distribution associated with the target orebody and thus delimit its
size, strike and structure (Parasnis 1967).

A second example is shown in Figure 7.38, in which the effects of
terrain on the surface potentials can be clearly seen. The positive
electrode was placed at 220 m depth down a 1km deep borehole
(Figure 7.38A) and the surface potentials mapped (Figures 7.38B
and C). Oppliger (1984) found that when terrain slopes exceeds 10°,
surface electric potentials can be adversely affected. The terrain
corrected surface potentials are shown in Figure 7.38C. The main
differences are that the low of 85 Om and the high of 168 Om both
change in value (to 100 and 1500 m respectively) and, in particular,
the orientation of the elongate apparent resistivity high is rotated
through 30°. The ridge form of this resistive anomaly suggests that

Figure 7.36 (A) Concentric and
symmetrical distribution of equipo
tential lines around a current elec
trode emplaced within a homogeneous
medium. (B) Distortion of equipoten
tials due to the presence of an orebody.
After Parasnis (1966), by permission

Figure 7.37 (opposite) (A) Map of
surface potentials obtained in a misc
a-la-masse survey in Sweden with C i
in borehole 33. The location of Line
2680S is also shown. (B) Potentials
in a vertical section through profile
2680S. From Parasnis (1967), by
permisslOn
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a conductive body is bounded to the north and south (as indicated by
,the marked lows) and extends a limited way in an east-west direction.
This interpretation has been confirmed by other investigations.

7.7 APPLICATIONS AND CASE HISTORIES

7.7.1 Engineering site investigations

7.7.1.1 Sub-surface collapse features

In a small village in east Devon, a 5 m diameter hole appeared
overnight in the middle of the road. The local water main had been
ruptured and had discharged for over 12 hours and all the water had
disappeared down a fissure into underlying limestone. Several of the
local buildings started to crack badly, and on investigation it was
found that the rafted foundations of several houses had broken and
the houses were literally cracking open at the seams, resulting in the
emergency evacuation of the residents.

A resistivity survey was initiated in order to determine the sub
surface extent of the problem prior to drilling. Fortunately, the front
gardens of the houses affected were all open-plan so there was no
difficulty in access, but space was at a premium. A series of constant
separation traverses was instigated using the Wenner array with
electrode separations of 10, 15 and 20m. The resulting apparent
resistivity values were plotted as a contour map (Figure 7.39). It was

Figure 7.38 (A) Current electrode
configurations. (B) Actual mise-a-Ia
masse apparent resistivities measured
on the surface around inclined
borehole D-9. Contours are every
10 n m. (C) Terrain-corrected ap
parent resistivities for the same survey
with an interpreted conductive zone
indicated. From Oppliger (1984), by
permiSSIOn

Figure 7.39 (opposite) (A) Apparent
resistivity isometric projection obtain
ed using constant-separation traverses
with an electrode separation of 10m.
(B) Modelled microgravity profile that
would be expected for the geological
model shown in (C): interpreted depth
to limestone constrained by drilling.
A north-south profile is shown in Fig
ure 7.20. The position of a clay-filled
solution feature is arrowed
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clear that where the hole had appeared, there was a deep infill of clay.
It was this that had slipped through a neck of a fissure into a cave
beneath, resulting in subsidence beneath the foundations of the
houses and the rupture of the water main. The discharging water
disappeared into this newly discovered cavern. The clay depth de
creased uphill and suddenly increased again, indicating further clay
filled fissures. On drilling these resistivity anomalies, the depth to
limestone was confirmed. One drillhole penetrated the cave but failed
to locate the bottom; the cave was at least 20 m deep.

7.7.1.2 Burial oftrunk sewer

A route for a proposed new trunk sewer in South Wales was inves
tigated using electrical resistivity methods because access for drilling
equipment was not possible. Both vertical electrical soundings and
constant-separation traverses were used along the route and com
pared with available borehole data from the National Coal Board
(Prentice and McDowell 1976). The material through which the sewer
trench was to have been dug consisted of superficial deposits overly
ing Coal Measure sandstone and mudstone. The Coal Measure
material was anticipated to be massive and strong and thus hard to
excavate, while saturated superficial deposits and Coal Measure
shales were thought to provide very unstable trench walls. The CST
results using a Wenner array with 10 m electrode separation and 10 m
station interval revealed locations where sandstone bedrock was
interpreted to be close to the surface which would have required

Figure 7.40 Constant-separation
traverse data obtained along the
proposed route of a new trunk sewer
in South Wales, with the interpreted
geological section. After Prentice and
McDowell (1976), by permission
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blasting for the excavation for the new sewer (Figure 7.40). Seismic
refraction was also used to obtain acoustic velocities, which in turn
were used to determine whether blasting or ripping techniques should
be used in the excavation.

7.7.1.3 Location ofpermafrost

The presence of massive ground ice and frozen ground provides
considerable problems to engineers involved in construction projects.
First there are the difficulties in excavation, and secondly, substantial
problems can emerge with the thawing of such affected ground. It is
therefore vital that ice wedges and lenses, and the extent and degree of
permafrost, can be determined well in advance.

Ice has a very high DC electrical resistivity in the range from
1MQ m to 120 MQm (Reynolds and Paren 1984) and therefore
forms'a particularly resistive target. A variety of geophysical profiles
over a proposed road cutting near Fairbanks in Alaska are illustrated
in Figure 7.41. Data obtained in the spring show more variability and
resolution than when an active layer of thawed ground is present, as
in the autumn measurements (Osterkamp and Jurick 1980). Other
geophysical methods which are used successfully in this applica
tion are electromagnetic profiling, microgravity and ground radar
surveymg.

7.7.1.4 Location ofburiedfoundations

As part of a trial survey in January 1993, electrical resistivity sub
surface imaging was used at a disused railway yard in order to locate
old foundations concealed beneath railway ballast. Details of the
geophysical survey have been described in more detail by Reynolds
and Taylor (1994,1995) and Reynolds (1995).

. i, The SSI survey was carried out adjacent to a metal chain-link fence
~Yand an old diesel tank, and about 3 m from an existing building. It was

thought that the remains of two former buildings might still be
present beneath the railway ballast and the existing building. The site
was totally unsuitable for electromagnetic profiling, because of the
above ground structures. It was also unsuitable for gr0tl!1.d penetrat
ing radar owing to the coarse ballast and potentially conductive ash
also found on site. Despite extremely high electrode contact resist
ances, a 25 m long array was surveyed with an inter-electrode separ-

[' ation of 1m. This provided a vertical resolution of0.5 m or better. The
; apparent resistivity data were! filteredto remove noise spikes and

{, displayed as a pseudo-section· (Figure 7.42 A) which was inverted
using a deconvolution technique (Barker, personal communication).
The final pseudo-section of true resistivities against depth shows
a general increase in resistivity with depth (Figure 7.42B). In particu
lar, it revealed two areas of extremely high resistivity ( > 125000 Q m)

]
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Figure 7.41 Massive ice and frozen
ground in a sub-surface profile of
a proposed road cut near Fairbanks,
Alaska. Also shown are the spring and
autumn survey data obtained using
electrical resistivity constant-separ
ation traversing and electromagnetic
induction (EM31). Massive ground ice
produces significant apparent resis
tivity highs. From Osterkamp and
Jurick (1980), by permission
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at a depth of about 1 m which had very flat tops to the anomalies.
These were interpreted to be due to buried foundations. The main
anomaly (between 6 and 11 m along the array) was found to correlate
with the outline of one former building on an old plan. The second
feature (starting at around 18 m) is thought to be due to the other old
building. However, the location was found to be several metres
further away from the first building than indicated on the plans. The
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depth to the foundation was thought to be reasonable as adjacent
brick slabs excavated a few metres away were found at a comparable
depth.

7.7.2 Groundwater and landfill surveys

Figure 7.42 Electrical resIstIvIty
subsurface imaging pseudo-sections:
(A) apparent resistivity profile, and
(B) true resistivity-depth profile, over
buried concrete slabs at 1m depth.
From Reynolds and Taylor (1995), by
permISSIOn
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7.7.2.1 Detection ofsaline groundwater

In the mid-1950s, a comprehensive electrical resistivity survey pro
gramme was initiated in order to map out saline groundwater in areas
of the Netherlands below or at mean sea level. Figure 7.43 shows
schematically the nature of the hydrogeology in the western part of
the Netherlands. The vertical electrical soundings provided a means
of. obtaining information about the vertical distribution of fresh,
brackish and saline water bodies and their areal extent (Figure 7.44).

Pockets of saline water were found which were thought to be
remnants from before the fifteenth century after which time the
present sea-dyke formed, cutting off the sea. To the west of Alkmaar,
some 30 m of saline water was found above tens of metres of fresh
water separated by an impermeable clay layer. Major demands for
construction sand for the building of new roads and urbanisation
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could have led to the extraction of sands with the demise of the clay
barrier. This could have resulted in the mixing of the water bodies
and the contamination of an otherwise potable water supply.
Furthermore, correlation of resistivities from modelling of VES data
with borehole information about groundwater chemistry has led to
a relationship between chloride content and resistivity. Consequent
ly, it is possible to determine chloride content of the groundwater
from the resistivity data.

7.7.2.2 Groundwater potential

In Kano state, northern Nigeria, an internationally funded aid
programme was established in the 1980s to provide tubewells with
handpumps for 1000 villages in rural areas. Village populations
ranged from several hundred to no larger than 2000 people, but all
were in very remote locations. Failure to obtain a reliable supply of
water would have resulted in many of the villages being abandoned
and the populations moving to the larger towns, thereby compound
ing the local problems of sanitation and health, education and
employment, and the demise of rural culture and skills.

Figure 7.43 Schematic hydrogeo
logical cross-section for the western
part of the Netherlands. From van
Dam and Meulenkamp (1967), by
permISSIOn



Electrical resistivity methods 477

,

LEGEND

• BOREHOLE

/ GEO - ELECTRICAL
MEASUREMENT

,;==:=:lI 1.5 1
. 2.2

ELEC7'lIC
:;---: 4.0 >RES,STIVITY
y/, ~ 8.6 IN Om

" 1
~ 14,0,1

............ BOUNDARV OF SALINE
GROUNDWATER

I

<t

W

:l:

<t

w "I

Z

I

\

w

o

«

:r

0:

\,,
;

~

I

Ll
I

It was first recommended that geophysics was unnecessary to
locate groundwater; boreholes drilled anywhere would succeed. In
practice, borehole failures were in excess of 82 % of holes drilled,
particularly in the southern areas. Geophysical methods were then
called upon to improve the failure rate. Predominantly, vertical
electrical soundings were used on sites selected following initial
hydrogeological and photogeological inspection. Careful analysis of
the YES data with the subsequent borehole information, led to the
compilation of a database of typical formation resistivities and their
likely hydrogeological potential. It became apparent that certain
geographical regions had better and more easily resolved ground
water resources, and six drilling rigs were kept working on these sites.
This provided a window of several months in which the more
problematic sites could be investigated further until they, too, were
ready for drilling.

Figure 7.44 Distribution of resIstI
vities of a sand layer with a saline
groundwater boundary in Noord
Holland as determined by many
vertical electrical soundings. From
van Dam and Meulenkamp (1967),
by permission
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Use of geophysics to help identify the groundwater potential in
areas and to assist in the planning of drilling programmes led to the
borehole failure rate falling to 17 % ofholes drilled and a saving to the
project of £5 million - at least 10 times the cost of the geophysical
surveys (Reynolds 1987).

7.7.2.3 Landfills

There is an increasing amount of interest in the use of high-resolution
resistivity surveys in the investigation of closed landfills, particularly
with respect to potential leachate migration. Both resistivity sound
ing and sub-surface imaging have been used very successfully.

There is no such thing as a typical landfill- some are extremely
conductive, others are resistive relative to the surrounding media.
There are many variables geophysically (Reynolds and McCann
1992) and care must be taken not to presume a particular geophysical
response for any given site. For example, van Nostrand and Cook

Figure 7.45 Observed apparent
resistivity profile across a resIstive
landfill using the Wenner array. From
van Nostrand and Cook (1966), by
permISSIOn
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(1966) presented a very clear CST profile of apparent resistivity across
a resistive landfill (Figure 7.45). Barker (1990) has shown resistivity
sounding results across a landfill in Yorkshire in which the landfill is
conductive (around 20 Q m or less) over a contaminated substrate of
sandstone (Figure 7.46). The offset Wenner method was used in this
example.

Schlumberger soundings have been used by Monier-Williams et al.
(1990) as part of a broader geophysical survey around the Novo
Horizonte landfill in Brazil. Quantitative analysis of the soundings

Figure 7.46 (A) Contoured ground
conductivity values over a landfill.
Solid straight lines represent the posi
tions and orientations of resistivity
soundings. Contour interval is 20
ms/m. (B) Geoelectrical section across
the landfill based on the soundings in
(A). From Barker (1990), by permission
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Figure 7.47 Two parallel resIstlVlty
sections based on the interpretation of
Schlumberger soundings at the Novo
Horizonte landfill site, Brazil. The
profile in (A) is closer to the landfill
than that shown in (B). The back
ground resistivities above the basal
clay are high; the lower values in the
centre of the sections are assumed
to be due to contamination. Note
that the conductive zone in (B) is
apparently more shallow than in (A).
From Monier-Williams et al. (1990),
by permission
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and displays as resIstIvIty panels have revealed significant zones
with anomalously low resistivities (Figure 7.47). These have been
interpreted as being contaminant plumes arising from the landfill.
The displays shown in the figure are orientated parallel to the flank
of the landfill, but at 10 m and 70 m distance away from it.

Sub-surface imaging pseudo-sections across a landfill are shown
in Figure 7.48. The three panels illustrate the observed apparent
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reslstlVlty data, the inverted true resistivity~depth model and
a schematic interpretation. In this case, the depth and geometry
of the landfill were known at the outset. The zone of low resis
tivity associated with the saturated landfill extends more deeply
than had been expected. This is interpreted as indicating the
leakage of leachate through the base of the landfill (Barker
1992).

A further example of a sub-surface imaging pseudo-section in
verted model is shown in Figure 7.49 (Reynolds 1995). The data were
acquired over a closed shallow landfill constructed as a 'dilute and
disperse' site over river gravels. The electrical image shows the thin
capping material, the waste material and the basal gravels quite
clearly. The image is entirely consistent with depths known from
boreholes on site.

Figure 7.48 (A) Wenner apparent
resistivity pseudo-section measured
across a landfill. Electrode spacing =
10 m. (B) Resistivity depth section
obtained after eight iterations. (C)
Approximate section across the land
fill based on existing information.
From Barker (1992), by permission
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7.7.3 Glaciological applications

Electrical resistivity methods have been used since 1959 to deter
mine glacier ice thickness. Measurements were first obtained
on European glaciers on temperate ice (i.e. ice at its pressure
melting point). In 1962, resistivity measurements were made on
polar ice (i.e. ice well below its pressure melting point) and were
found to be anomalously low by up to three orders of magnitude
compared with temperate ice values. Whereas the electrical resis
tivity behaviour of polar ice is now reasonably understood (Figure
7.50; Reynolds and Paren 1984), the electrical behaviour of tem
perate ice is still poorly understood. In the 1970s a considerable
amount of work was undertaken to develop field data acquisition in
Antarctica. Interpretation methods were developed to yield informa
tion on vertical thermal profiles through the ice mass and whether or
not ice shelves afloat on sea water were melting or freezing at their
base. All of these data contribute to an understanding of ice dynamics
(rate of ice movement, etc.) and the structure of the ice masses under
study.

A series of vertical electrical soundings has been made on George
VI Ice Shelf along a flow line of Goodenough Glacier which flows
westwards from the Palmer Land Plateau in the Antarctic Peninsula
(Figure 7.51). The field curves were modelled to take into account
thermal effects and the resulting interpretations are shown in Figure
7.52. The estimated ice thicknesses and rates of bottom melting were
in good agreement with those determined independently (Reynolds
1982).

Figure 7.49 Electrical reSIStIVIty
pseudo-section acquired over a closed
landfill in north Wales. From
Reynolds (1995), by permission
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Other uses of resistivity measurements have been made by Haeberli
and Fisch (1984) who drilled holes with a hot-water jet drill through
Grubengletscher, a local glacier in Switzerland. By using a grounded
electrode beyond the snout of the glacier and the drill tip as a mobile
electrode, they were able to detect the point at which the drill tip
broke through the highly resistive ice into the more conductive
substrate (Figure 7.53A). Consequently, they were able to determine
the ice thickness much more accurately than by using either the
drilling or surface radio-echosounding. With debris-charged ice at
the glacier base it is difficult to tell when the glacier sole has been
reached judging by thermal drilling rates alone. The radio-echo
sounding depth measurements were found on average to be accurate
to within 5%, but generally underestimated the depth. Electrodes
were planted at the ice-bed interface at the ends of each of 14
boreholes and standard resistivity depth soundings were undertaken
as if the glacier were not there (Figure 7.53 B).

Figure 7.50 Resistivity of ice as
a function of temperature. Mean
values from georesistivity sounding of
ice at 100m or deeper are plotted with
estimated uncertainties against the
estimated layer temperature from
a wide variety of sources. Laboratory
measurements on ice cores examined
over a range of temperatures are
shown by continuous lines. A
regression line for the data is given by
a dashed line. Given a particular
temperature, the ice resistivity can be
predicted within a factor of 2 or better.
After Reynolds and Paren (1984), by
permission
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Figure 7.51 Apparent resIstIvIty
sounding curves obtained using
a Schlumberger array at three sites
along a glacial flow line on George VI
Ice Shelf, Antarctica. In (A) and (B)
two orthogonal soundings are shown
at each site. Below each curve is the
interpreted model in terms of true
resistivities against depth within the
ice sheet. The extremely low values of
resistivity below the ice shelf indicate
that it is afloat on sea water. Model
resistivities are given in units of
10 kQ m. From Reynolds and Paren
(1984), by permission
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Figure 7.53 Electrode arrays used
for the determination of the exact posi
tion of the glacier bed (A) and for
resistivity soundings of glacier beds
(B). FE = fixed electrode outside the
glacier margins, BE = borehole elec
trode for determination of glacier-bed
position, FBE = 'fixed' borehole elec
trodes for resistivity soundings of gla
cier beds (corresponding to potential
electrodes MN in traditional surface
soundings), MBE = 'moving' borehole
electrode for resistivity soundings of
glacier beds. R = resistivity meter,
V = voltmeter, A = ammeter. From
Haeberli and Fisch (1984), by
permISSIOn
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Haeberli and Fisch discovered that the Grubengletscher was
underlain by over 100 m of unconsolidated sediments. It had been
thought previously that the glacier was in direct contact with bed
rock. This work has demonstrated that by using sub-glacial elec
trodes, significant new information can be obtained about the nature
of the materials underlying the glacier. This can have considerable
benefits when trying to understand the sub-glacial hydrogeological
regime, for example. This is of particular importance at Grubenglet
scher because of two proglacial lake outbursts in 1968 and 1970
which caused considerable damage to the nearby village of Saas
Balen.

7.8 ELECTROKINETIC (EK) SURVEYING IN
GROUNDWATER SURVEYS

When a seismic wave travels through partially or fuJly saturated
porous media, the seismic impulse effectively squeezes the rock,
causing the pore fluid to move. This generates a small electrical or
electrokinetic signal which can be detected using electrodes im
planted at the ground surface, an idea first mooted by Thompson in
1936. Around the same time, Russian workers were experimenting
with similar systems (e.g. Ivanov 1939). In 1959, Martner and Sparks
reported a systematic study of seismoelectric coupling using explo
sives at various depths. They were the first to demonstrate that the
conversion of seismic to electromagnetic energy at the water table
could be detected using surface antennae.

1
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A partially saturated vadose zone generates characteristically
electrocapillary signals that are caused by the movement of air/water
interfaces in pore throats, and electrophoretic signals that are caused
by the displacement of bubbles within the pore fluid. However, fully
saturated aquifers generate electrokinetic signals by the displacement
of a single fluid (water or brine) when stimulated by a passing seismic
wave. The difference between the two types ofsignal can be identified,
leading to the determination of the depth to the water table in
unconfined aquifers. The dry zone or basement or any non-aquifer
rocks are characterised by the lack of any signal. The method is also
referred to as seismoelectric or electroseismic surveying (Thompson
and Gist 1993).

The basic data acquisition system consists of a seismic source,
usually a sledge hammer or shallow explosives (Figure 7.54). The
seismic impulse propagates into the ground and any electrokinetic
signals generated by the passage of the P-wave are detected, using an
electrode-pair dipole with an inter-electrode separation of between
0.5 m and 10 m. Proprietary electronics and software enable the EK
data to be converted to indicate permeability and cumulative flow in
litres per second (GroundFlow Ltd).

Although the method is described here under 'electrical methods',
it is not an active electrical technique. Neither is it purely a seismic
method. The technique has been developed recently in the USA under
the name Electro-Seismic Prospecting (Thompson and Gist, 1993)

+- SEISMIC WAVE

Figure 7.54 Schematic of electro
seismic prospecting as developed by
Thompson and Gist (1993). Repro
duced by permission
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for shallow ( < I km) hydrocarbon exploration, and in the UK by
Clarke and Millar (GroundFlow Ltd; personal communication) for
hydrogeological investigations, and by Butler et al. (1994) for map
ping stratigraphic boundaries. Reference should be made to the
various papers to see the fine differences between the various methods
proposed by various workers.

An example of the use of EK surveying has been provided by
GroundFlow Ltd, UK, and is shown in Figure 7.55. The figure shows
the EK response at a borehole site in Zimbabwe. The determination
of depth has been undertaken using an assumed P-wave velocity of
1250m/s. Note the strong EKresponses at and around the position of
the water table. Strong electrocapillary signals from the vadose zone
are evident above the water table, with electrokinetic signals derived
froin the saturated zone from 17m to 50 m. At greater depths, there is
very little signal response. The corresponding derived permeability
depth profile and cumulative flow responses are shown in Figures
7.56 A and B, respectively.

Comparison of predicted and actual borehole water flow rates has
indicated that the EK-derived values provide a reasonable indication
of the actual likely flow rates. However, this method in its modern
form is only in its infancy. If the success ofearly trials is sustained, then
this method promises to be a very useful additional tool in hydro
geological investigations.

Figure 7.55 Typical electrokinetic
signal at a borehole site in Zimbabwe.
Courtesy of GroundFlow Ltd
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7.9 LEAK DETECTION THROUGH ARTIFICIAL
MEMBRANES

The detection of leaks through man-made linings to lagoons and
landfills has become increasingly important in the last few years. The
intention oflining waste disposal sites is to ensure containment of the
waste. However, small tears or cuts in the lining can end up with
major leaks of contaminants. Various methods have been developed
to try to locate holes in the linings so that they can be repaired or
mitigation}l1easures can be taken to remedy the contamination.

The general principle behind all the methods is that the artificial
lining (high-density polyethylene (HDPE) geomembrane) is effec
tively a resistive barrier as long as there are no holes through it.
A typical resistivity of an HDPE geomembrane is > 107 Om.

Electrical current is passed between two electrodes, one of which is
'outside the membrane but in contact with the local groundwater, and
one is within the waste or in a wet sand layer immediately overlying
the geomembrane (Figure 7.57 A). The same system can be used in
water-filled lagoons (Figure 7.57B). Either a pair of potential elec
trodes or a roving single potential electrode (with the second one
located with the external current electrode) is used to detect anomal
ous electrical potentials. These occur where electrical current is able
to penetrate through holes in the geomembrane. Tears as small as

Figure 7.56 (A) Permeability-depth
profile, and (B) predicted flow derived
from electrokinetic data at a bore
hole site in Zimbabwe. Courtesy of
GroundFlow Ltd
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1mm at a depth of 0.5 m beneath a sand layer have been located
successfully.

In addition to post-construction leak detection, modern contain
ment landfills are being built with sub-liner detection systems instal
led permanently. Arrays of electrodes connected by sealed multicore
cables are buried at a depth of around 1m below the geomembrane.
A current circuit is provided by two electrodes as previously de
scribed. At the time of construction, measurements are made to check
for holes in the liner so that they can be repaired before the disposal of
any waste (Figures 7.57C and D). Instead of measuring potentials
above the liner, as in the previous case,this technique permits the
measurement of anomalous potentials.below the liner. In addition,
pseudo-sections of resistivity can be obtained by using the sub-liner
arrays as sub-surface imaging arrays (see Section 7.4.2), without using
the surface current electrode pair. At the construction of the disposal
site, baseline measurements can be made when it can be assured that
there are no leaks. Once waste has begun to be put into the facility,
the sub-liner array can be monitored routinely and repeat pseudo
sections acquired.

The data are normalised so that they display changes in values
relative to the baseline dataset. Ifa leak develops at a later stage in the
facility's life, it can be identified from the routine monitoring. By using
the array of sub-surface electrodes, the spatial distribution of any
sub-liner pollutant plume can be determined so that remedial action
can be taken. This may include constructing abstraction wells down
stream of a leaking landfill so that the contaminated water can be
pumped out and treated. Examples of such leak detection systems
have been given by Mazac et al. (1990) and by Frangos (1994), among
others. Many geophysical contractors are now offering remote
leak detection surveys for containment waste repositories. The first
landfill in the UK with a sub-liner leak detection system installed
was constructed in 1995.
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The self-potential or spontaneous polarisation (SP) method was de
vised in 1830 by Robert Fox who used copper-plate electrodes
connected to a galvanometer to detect underground copper sulphide
deposits in Cornwall, England. The method has been used since 1920
as a secondary tool in base metal exploration, characteristically to
detect the presence of massive ore bodies, in contrast to the induced
polarization method (see Chapter 9) which is used predominantly to
investigate disseminated ore bodies. In recent years, the SP method
has been extended to groundwater and geothermal investigations,
and can also be used as an aid to geological mapping, for example, to
delineate shear zones and near-surface faults.
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9.1 INTRODUCTION

The phenomenon of induced polarisation (IP) is reported to have been
noted by Conrad Schlumberger as early as 1912. The induced
polarisation method has been used since the late 1940s, having been
developed during the Second World War by William Keck and David
Bliel as part of a US Navy project to detect mines at sea (Grow 1982).
One aspect of IP, known as the overvoltage effect, has been known
about since the nineteenth century.

In the 1980s there were considerable advances in instrumentation,
and sophisticated techniques such as complex resistivity and spectral
IP (Pelton et al. 1978) were developed, although there is still much
research to be done to relate geological causes to the observed
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10.1.1 Background

Among all the geophysical methods, the electromagnetic techniques
must have the broadest range ofdifferent instrumental systems ofany,
matched by the remarkable range of applications to which these
methods are being applied. These methods also show the greatest
geographical diversity as some are used extensively and preferentially
in the areas in which they were developed. For example, SIROTEM
(see Section 11.3) is used predominantly in Australia where it was
developed (named after the Australian Commonwealth Scientific
Industrial Research Organisation, CSIRO), and Turam systems in
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2-D refraction tomography, 352
2D2 migration, 371
3-D seismic surveys, spatial

coordinate system, 333, 336
3-D seismics, 322

ABEM WADI, 653, 656
Absolute magnetic permeability,

120
Absorption, 237,690
AC power lines, 633
Accelerated weight-drop, 241, 242
Accelerometer, 264-269
Acid mine drainage (AMD), 626
Acoustic blanking, 619
Acoustic

impedance, 224- 226, 225, 323,
352,374,379,388

impedance log, 374
methods, 735

Actual mass, 82, 83
Adegdak Volcano, Adak Island,

Alaska, USA, 496
Adsorption (or zeta) potentials,

497,498
Adsorption of anions, 497
AEM

data inversion, 652
survey, 652

Aeromagnetic
data reduction, 152, 154
surveys, 19, 20

AFMAG, 569, 589
AFMAG method, see also

Audio-frequency
Magneto-telluric method

Ag-AgCI electrodes, 577, 579
Air wave, 328, 330, 714

Airborne
EM systems, transmitter

re~eivergeometry, 575
electromagnetic surveying,

principle of, 575
gravity, 32

Aircraft design, 414
Air-filled voids, 739
Airgun, 247-249, 249, 251, 328,401
Airgun signatures, 248
Air-raid shelters, 737
Alcala de Henares, Spain, 659
Aliasing, 181, 599
Alkamaar, Netherlands, 475
Ambiguity of models, 7, 71, 72
Amplitude analysis, 717
Amplitude reflection coefficient, 694
AMT method, see Audio-

frequency Magneto-telluric
method

Analytic signals, three
dimensional, 188-190, 189,
190

Ancient Monuments, 741
Angular frequency, 533
Angular momentum, 142
Anisotropic

fabric, 379
layer, 464

Anistropy, 341,419,432
coefficient, 419

Anti ferromagnetic material, 123,
123-124

Anodic electrochemical cell, 498
Anomalous

mass, 82-83,83
potentials, 490
total field strength, 157,157

Anomaly
regional, 72, 73, 83
residual, 72, 73, 83, 104
spotting, 597

Antenna
frequencies, 682
losses, 693

APEX
MaxMin, 595,600, 601
MaxMin-1, 604, 619
MaxMin data, 600

Apparent
chargeability (Ma ), 529, 530,531

Apparent conductivity, 591, 593,
595,598,600,612,617,621,
622,626,640,669

conductivity anomaly, 602
conductivity at low induction

numbers, 592
conductivity contour map, 641
conductivity maps, 618, 618,627
conductivity profile, 601, 617
dip, 387
frequency effect, 543, 545
horizon thinning, 389
metal factor, 541, 543, 545, 546,

546
phase, 541
resistivity, 423, 426, 426, 429,

441,447,451,452,531,531,
532,541,541,543,545,546,
546,549,551,651,652

resistivity curve shapes, 455
resistivity data, 547, 549
resistivity frequency effect, 543
resistivity map, 648
resistivity over a vertical

boundary, 438



resistivity plots, 634
resistivity profile, 475, 478
resistivity profiles across

a buried valley, 440
resistivity pseudo-section, 465,

541,677,677,679
resistivity sounding curve, 458,

668
susceptibility, 128
velocities, 287, 292

Applied geophysics, 4,5
Aquaseis, 244
Archaeology,184
Archie's formula, 708
Archie's Law, 421, 421
Array, 247, 280
Arrival times, 279
Asthenosphere, 576
Athabasca Basin, Saskatchewan,

Canada, 645
Atmospheric

aerosols, 731
effects, 500
micropulsations, 564

Attenuation, 341, 565,566,571,
688,691,693,697,706,713,
716,721

coefficient, 236, 692, 700
factor, 691

Attribute analysis, 714, 717
Audio-frequency MT (AMT),

665,666,667
Autocorrelation, 355
Automated array scanning, 444
Automatic gain control, 390
Automatic sounding inversion, 465
Auxiliary curves, 455, 457, 460
Average velocity, 355
Axial modulus, 216
Axis of polarisation, 501

Bab edh-Dhra, Jordan, 616, 616
Backfilled former strip mine, 627
Background potential, 493
Backscatter,690
Backscatter gain, 694
Bandpass,354
Bandwidth, 364, 698, 746
Barkhausen jumps, 124
Base station, 42,54, 149,664
Bathurst Island, Canada, 133
Battle of Culloden, 741
Beatrice Field, North Sea, 90
Beaufort Sea, Canada, 578
Beaufort Shelf, Canada, 619,

619

Benthic gradient array, 521
Betsy Seisgun, 242
Betsy gun, 242, 243, 410
Bin coverage, 407
Bin size, 332
Binning, 406
Bins, see Common cell gathers
Bioelectric potential, 501
Bird,573
Bistatic mode, 686, 709, 713
Bliel, David, 522
Blind zone, see Hidden layer
Block layout, 334, 335
Blowouts, 399
Boat track, 332
Boat-borne SP profiling, 521
Bodies, 740, 742
Body waves, 217, 217-219
Boliden EM system, 559
Boomer, 252, 256, 401, 402
Borden test cell, 728, 731
Borehole

EM probe, 619
EM surveying,581-585
EM transmitter layouts, 584
geophysical logs, 374, 395
LLEM,583
logging, 729
radar, 745-749
radargram, 748, 749
SP logging tool, 521
radar system, basic arrangement

of,747
radar system, configurations,

748
radar tomography, 585
tomographic techniques, 585
tomography, 342

Borland Quattro-Pro, 298
Bott's method/criteria, 90, 90,

91,92,92
Bottom-drag hydrophone cable,

281,282
Bottom-mounted hydrophones,

401
Bouguer anomaly, 68, 70-71, 71, 72,

78,81,84,87,88,93,94,96,96
Bouguer correction, see Gravity

corrections
Bouguer gravity, 604, 606
Bound water, 697
Brick-lined tunnels, 737
Bridge decks, 735
Bright spot, 213, 263, 732
Brine lagoon, 640
Broadband,713
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Broadside orientation, 437,602
BrownhiUs, Warwickshire, UK,

317
Bubble, 247

pulse, 245
pulse periods, 247

Buchanan Highway Test Site,
Northern Territories,
Australia, 648,649,651

Budget, 11,11, 714
Buffalo gun, 242, 279
Bulk (rigidity) modulus, 216
Bullion, 742
Bullseye, 19,20
Burial of trunk sewer, 472-473
Buried channel, 392, 394
Buried doline, location of, 308-311
Buried rock valley, 291
Bursian, V.R., 556
Butler County, Pennsylvania,

USA,626
Butterton Dyke, England, 184, 185

Caersws, Powys, Wales, 740
Cagniard resistivity, 674, 675, 677

apparent resistivity, 668
impedance, 668, 668

Campos Basin, Brazil, 375
Cannon mine, Washington, USA,

673
Capicitance, 567
Capillary zone, 719
Caribou Deposit, New Brunswick,

Canada, 603
Carnmenellis Granite, Cornwall,

311
Carrizoza, New Mexico, 549
Carwynnan, Cornwall, 311
Cathodic

currents, 21
electrochemical half-cell, 498
protection, 155,156-157

Cavitation, 247
Cement field, Oklahoma, USA, 84,

85
Centre frequency, 698
Centrifugal acceleration, 35, 36,36,

66
Cerro Prieto geothermal field,

Mexico, 507,509
Chaine des Puys, France, 514, 515
Chalkidiki, Northern Greece, 510,

510
Changing groundwater levels,

109-110
Channel, 327
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Channel (Contd.)
lag deposits, 387
waves, 217

Chargeability, 529, 531, 532, 533,
534,535,536,540,549,551,552

Chargeability-relaxation time
behaviour, 535

Charged body potential, see
Mise-a-Ia-masse method

Charging period, 529, 530
Charging time, 531, 532
Charnel House, Worcester

Cathedral, UK, 737
Check quality, 291
Chemical spillages, 727
Chirp, 262
Chlorinated organic solvents, 727
Circular polarisation, 569
Clay cap, 316,318, 320
Clay diapir, 332
Closed-circuit TV (CCTV), 737
Closed landfill, 481, 482, 516, 563,

624
Clutter, 690
CMP, 717, 725

gather, 332, 358
interval, 336

Coercive force, 126
Coercivity, 126
Coherence, 361
Coil orientation, 559
Coincident-loop SIROTEM, 648
Cole-Cole plot, 701, 702
Cole-Cole relaxation model, 535,

544
Cole-Colc relaxation spectra, 534,

534,535
Columbia test site, Canada, 188,

189
Common

cell gathers ('bins'), 332, 333
depth point, 324
depth point spread, 358
dipolar loop configuration, 560
mid-point, 324, 325, 407
midpoint (CMP) sounding, 709,

710,711
mid-point gather, 326, 326,346,

357,359,743,743
-offset gathers, 743, 743
-receiver gathers, 346, 743, 743
reflection point, 324, 362
shot gathers, 332, 340, 345, 346
-source gathers, 743, 743

Commutativity, 343
Compensator, 561

Compensator system, 560
Complex

conductivity (a), 701, 701
impedance ratio, 663
magnetic anomalies, 180, 181
resistivity, 421, 522, see also

SpectralIP
Compliant or stretch section, 270
Composite wavelet, 354
Compressional waves, see P-waves
Computed apparent resistivity

pseudo-section, 466
Computer

hardware, 25, 26
modelling, 636, 677
software, 25, 26
-aided design (CAD), 716

Concentric Circle Shooting (CCS),
336

Concrete, 709, 716
Conduction,

dielectric, 420,421,493
electrolytic, 420, 493
electronic (ohmic), 420, 493

Conductive plume, 614, 679
Conductivity, 419,632,697, 702
Conductor quality, 634
Cone of radiation, 700
Cone penetrometer test, 375,376, 377
Connectivity, 708
Constant

-offset method, 328
-offset seismic reflection

profiling, 351
-separation traverses, 470, 470,

472,472,474,478
-separation traversing (CST)

433,441,446-447,447,529,
549

velocity gather, 359,359 (rC_, .. D.....F
velocity profile, 363 '--_ "

Constraints
access, 11
logistics, 11
political, 12
religious, 13
social, 12

Contact resistance, 452
Contaminant plume, 480, 612, 623,

645
Contaminated

aquifers, 637
land investigations, 717
sites, 550

Contamination, 721
Contamination mapping, 709

Continuation, principle of, 86
Continuous

seismic reflection profiling, 711
velocity change, 303-305
vertical electrical sounding

(VES), 444, 445, 445
Contour map, 470
Contouring, 15,21
Controlled

source audio Magneto-telluric
sounding (CSAMT), 670
source audio Magneto-

telluric (CSAMT)
surveying, applications of,
666,667,668

source MT soundings, 669
-source EM methods, 578-581

Convolution, 352-355,363,457,
460

principle of, 352
Copper Mountain Orebody,

Gaspe Area, Quebec, Canada,
545,545

Coriolis acceleration, 66
Corrections, gravity, see Gravity

corrections
Correlation, 373,374,476

coefficients, 355
techniques, 355

Correlogram, 256, 259
Corruption of stacking, 352
Cosmetic processing, 323
Cray T3D system, 373
Critical

damping (J.1J, 266, 267
distance, 279
frequency, 534,534, 535
refraction, 230-231, 231,

277-280,277
~ritically refracted waves, 3J~-. '.

Cross array, 327 .!'.C" """frcmJR - -.
Cross-correlation, 355 [) eA' ..I,,~.~f" ~M';))'vt -
Cross-hole, 274 p ~

radar modes, 712, ~f'l~:Y\:]
radar systems, 684 ' 0
seismology, tomographic .. -

imaging, 342-343, 378
surveys, 342, 342, 343
tomography, 747

Cross-line
direction, 332
responses, 381

Crossover
distance, 279, 283, 283-284, 294,

295
point, 291,303, 588, 589,654,658



Cross-sectional area, 695
Cross-track currents, 272, 351
Crypts, 737
CSAMT,677

see Controlled source audio
frequency Magneto-telluric
methods

apparent resistivity
pseudosection, 673, 673

data, display types, 673
depth-level resistivity slices, 680
interpretative processing, 671, 673
phase, 675
pre-processing, 671
pseudosection, 674
surveys, 671
tensor, 669, 670
vector, 669, 670

CST profile, 478
Cumulative

flow profile, 488
flow responses, 487
impulse response function, 593,

594,595,595
impulse response function,

calculation of layered-earth
model, 554-555

Curie
isotherm, 136
point, 124
Temperature, 123, 124, 130

Curie-Weiss Law, 123
Current
den~ty,424,43~ 528
electrodes, 528
electrode variations, 537
electrode separation, 427
flowlines around an air-filled

gallery,661
flow in homogeneous earth,

424-426
injection, 155, 156
leakage, 451
lines, 425

Curve shape, 453
Curve-matching, 457
Curve-matching by computer,

457-461
Cusp, 292, 675, 677
Cuspings, 440, 449, 451
Cyprus-type massive sulphide

deposits, 647

Dams, 513
Dar Zarrouk Function variable,

434

Dar Zarrouk parameters, 434
Data

analysis, 25-26
format, 344
quality check, 150,602,714
smoothing statics, 350

Datafile format, 25, 26, 715
Datum, 348
Datuming,347
DC resistivity, 533
Dead Sea, Israel, 638
Dead traces, 346
Debye dispersions, 534
Decay, 563
Decay time, 634
Declination, 134, 135
Deconvolution, 343, 352-355,354,

671, 717
method, 465, 473
operator, 354, 355

DEEPEM
survey, 645
configuration, 646

Definition of Q, 695
Defocusing, 713
Deghosting, 353
Degree of processing, 714
Delay time, 295,295,296,296, 352,

532
Delay-time methods, 292
Delamination of road pavements,

716, 735
Demagnetisation factor, 128, 128
Demultiplexing,344-346
Densities, bulk, ranges, 37, 38,39
Density, 324

geological factors affecting,
37-42

igneous rocks, 38,39,40, 40
logs, 374
metamorphic rocks, 38, 39
minerals & miscellaneous

materials, 41, 41-42
physical factors affecting, 40
sedimentary rocks, 38, 39, 39-40,

40
Depressor hydrovane, 270
Depth

controllers, 270
determinations, 177, 177-180,

180
domain, 373
estimates for geometric forms,

80-81
migration, 370
offill, 316

Index 781

penetration, 239, 693
sounding, 441, 600,601
to target (gravity), 79-82

Dereverberation,353
Deringing, see Dereverberation
Derivative calculations, 671
Destructive interference, 358
Detectable limit, 382
Detection

of back-filled quarries, 102-103,
104

of buried metal containers, 202,
204,205,207

of buried ordinance, 204, 204
of massive ice in permafrost, 103,

105
of natural cavities, 106, 107
of saline groundwater, 475-476
of strength relaxation, 106, 109
of underground cavities,

105-107
Detonating cord, 244
Detonator caps, 244
Diamagnetic material, 122-123
Diamagnetism, 122-123
Dichloromethane (DCM), 727
Dielectric

constant, 528
logging, 709
parameters, 528
properties, 533
properties of earth materials,

536,701-709
Differential Global Positioning

System, 149
Differential thermal diffusion, 496
Diffracted rays, 233
Diffraction

hyperbola, 370,371,406, 715,
717,726

stack, see Migration methods,
Kirchhoff

stacking, 362
travel time calculations, 233

Diffractions, 231-234, 233, 311,
353,385,718,723

Diffusion, 496,516,524, 527
(or liquid-junction) potentials,

496
depth, 630
depth velocity, 632
potential, 494, 496
theory, 528

Dilute and disperse site, 481
Diminution of amplitude with

depth, 656
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Dinosaur skeleton, 410,412
Dinoseis,242
Dinsdale, Teeside, UK, 621, 622
Dip, 636

angle of, 287, 569
moveout,358, 368,372, 381, 396

Dipolar field, 131
Dipole length, 540
Dipole, 118,121,132,429,664
Dipole-dipole EM method, 582,

582
Dipole-dipole electrode array,

428,429,429,431,432,433,
433,438,441,442,443,526,
528,529,540,540

Dipping refractor, 294
Direct rays, 279
Direct wave, 279, 714
Direct-current resistivity

measurements, 531
Direct interpretation (gravity), 71
Direction of polarisation, 502
Directional antenna, 747
Directional deconvolution, 381
Directivity patterns for

a resistivity-loaded dipole,
689,690

Dispersion, 533
Displacement

horizontal (distance), 370, 370
vertical (time), 370, 370

Disseminated ore, 491, 523, 525,
536

Distortion of current flow lines, 450
Diurnal drift, 151-152, 152
Diurnal variations, 137,139,149,

151152
Dix Formula, 357, 714
DNAPLs, dense non-aqueous

phase liquids, 727, 729
Doline, 308, 314, 648, 649
Doll- Maillet equivalence, 464
Domain theory, 125, 126
Dongling, Anhui Province, China,

651. 652
Dome Fault Zone, Roosevelt Hot

Springs, Utah, USA, 504, 507
Double-ionic polarisation, 709
Down-hole VLF, 585
Downsweeps, 256
Downward continuation, 88
Drift curve, 53, 53
Drop weight, 212

devices, 240-242
Dryden, Ontario, Canada, 390
Dual-coil systems, 601

Dupont Pontchartrain Works, 398
Durmont d'Urville, Antarctica,

133,133
Dutch cone logs, 374, 375

electrical conductivity, 376,377
groundwater sampling, 376
seismic, 376, 378
soil sampling, 376
Piezocone, 376, 377
vapour sampling, 376

Dynamic
cultural noise, 633
corrections 355-363
electrical noise, 636
probing, 379
range, 688

Dynamite (gelignite), 244, 260

Earth tides, 54, 54
Earth's magnetic field, 117,

131-139,134
Earthquake prediction, 513
Earthquakes, 215
Echosounding,351
EDA OMNI IV, 653
Eddy currents, 567, 587, 589, 603,

654
Edge effects, 74, 602
Editing, 346
Effective depths of penetration, 571
Effective resolution, 732
EG & G Geometrics 2401

seismograph, 393
Elastic moduli, 216, 218,378
Elastic wave velocity, 222
Electric (E) component, 689
Electric field (ELF) free-fall

recorder, 579
Electric intensity, 564
Electric potential, 502
Electrical

distortion, 537
potentials, 488
potentials, types of, 493
reflection coefficient, k, 435,

437
resistivity electrode

configurations, 523
resistivity, glaciological

applications, 482
resistivity profiling, 618
resistivity sub-surface imaging,

320
resistivity surveys, 513
resistivity traversing (ERT) see

Constant separation

traversing
soundings, 651
systems, classification of, 558
tomography, 441

Electric-circuit analogues, 528
Electrocapillary signals, 486, 487
Electrochemical

cell, 524
potential, 496-497,501,516
processes, 493, 498, 503

Electrode
array, 423, 490,531
arrays, sounding of glacier beds,

485
configuration, 427-433, 428,

428,429,437,441
configuration, generalised form

of, 425
contact resistance, 448, 473
-pair dipole, 486
polarisation, 525
separation, 540

Electrofiltration,494
coupling coefficient, see

Streaming potential
coefficient

SP profiles and maps, 494
Electrokinetic

potentials, 494-496, 501
processes, 503
signal, 485, 486, 487, 487
streaming potential, 517
Surveying in groundwater

.surveys, 485-488, 488
Electromagnetic, 18, 18

coupling, 537-539
field, 564
induction, 474
induction logger, principle of,

581
induction systems, 574
inductive coupling, 538
profiling, 473
spectrum, 565
systems, classification of, 558
waves, 564-569

Electromotive force, 516
Electrophoretic signals, 486
Electroseismic prospecting, 486,

486
ELF, 579
Elics-Delph 1,398
Ellipse

of polarisation, 569, 570,
570-571

of rotation, 34, 34



Ellipsoid of rotation, 36
EM

applications, contaminated land
mapping, 620-623

applications, detection of
underground cavities, 616

applications, groundwater
investigations, 611-615

applications, landfill
investigations, 623-629

applications, location of frozen
ground,616-620

applications, location of
orebodies, 603-611

dual-coil profiling, 617
ground conductivity profiles, 616
gun, 559
interpretational methods,

computer analysis, 600-601
interpretation methods,

profiling and depth sounding,
597-599

interpretational methods,
resolution, 601-603

large-loop systems, 560-561
radiation, depth of penetration,

571
small-loop systems, 559-560
survey, 620, 622
surveying, airborne, 572-576
surveying method, generalised

schematic of, 566
surveying, principles of, 564-571
systems, types of, 557-559
time-domain systems, 561-563

EM31, see Geonics EM31
EM31 apparent conductivity

profile, 623, 624, 626
EM31/34 survey, 629
EM3IH, 624, 626
EM31V, 624, 626
EM34-10H, 614, 616
Emergent ray, 226
EMIX34PLUS; 601,628
EMIX-MM, 600, 601
End-on shot, 280, 280, 327
Energy loss, 347

and attenuation, 690-698
Engineer Creek, Fairbanks,

Alaska, USA, 103, 105
Engineering

attributes, 341
properties, 313

Environmental protection
measures, 721

Epoch, 136,136,137

Equipotential
lines, 424,425,450, 468
shell,424
surface, 35

Equivalence, 434, 457, 460,
461-464

test, 463, 600
Ergani, Turkey, 502
Ethylene glycol, 550
Euler Deconvolution, 184, 186,

186,187,188-190,189
Euler's Structural Index, 184,

186
Exploration seismology

applications of, 214, 215
definition of, 212

Explosive sources, 243-245

Fairbanks, Alaska, USA, 473
Fan shooting, 213
Faraday's law of EM induction,

567
Far-field, 557

systems, 587
Faro Deposit, Yukon, Canada, 603
Faro lead-zinc deposit, Yukon,

Canada, 96-97, 98
Feathered hydrophone streamer, 338
Feathering, 224,271, 272, 336, 351

angle, 271, 351
FEM systems, 571, 640
Ferrimagnetic material, 123, 123,

125,125
Ferromagnetism, 122
Field

curve, 441
notes, 449
spectra, 535

Figure of merit, 145
Filter

Backus, 353
bandpass, 364, 390, 392
high cut, 363, 364
highpass, 364, 390, 392, 713
low cut, 363, 364
lowpass, 364, 713
notch cut, 363
time-variant, 365
Wiener, 354

Filtering, 363-367, 367, 671, 713
Finance, 9-11
Finite-difference migration, 371
Finite-element forward modelling,

466
Firnification, 303
First Aid, 11

Index 783

First arrivals, 279
times, 298

Firth of Forth, Scotland, 401, 402
Fish kill, 243
Fixed-source systems, 589-591
f-K migration, 371
FJexotir, 244, 245, 245
Flip-Flop method, 336
Fluid viscosity, 708
Fluxgate

magnetic sensors, 577
magnetometers, 578

Flying height, 150
Fold of coverage, 325, 328, 332
Forensic seismology, 412
Forward

model,373
modelling, see also direct interp,

79
shooting, 287, 288, 288, 292, 294,

296,296,305
Fourier

analysis, 366
description, 367
spectrum, 182

Fraser filter, 647, 658, 658
Fraserdale, Ontario, Canada, 604,

607
Fraser-filtered VLF transect, 604
Free air correction, see Gravity

corrections
Frequency

domain, 366, 523,532, 579
-domain EM methods, 540, 611,

630
-domain systems, 557, 558
effect (FE), 532,532, 533,541
exponent, 535
-permittivity behaviour, 701
time-domain system, 576

Fresnel zone, 227-228, 228, 324,
382,695,700,720

Frowns, 360, 361, 362,365
Frozen soil, 618
Fundamental frequency, 327

Gain
functions, 347,347
recovery, 347
-setting options, 713

Galleries, 659, 661
Galvanic currents, 559,663
Gamma-rays, 564
Gas

blankets, 400, 402
curtains, 400, 402



784 Index

Gas (Contd.)
guns/sleeve exploders, 249 251
hydrate, 578
migration, 624
indicator, 229
pipe, 597
plumes, 400, 402

Gauss's Theorem, 83
GDT survey, see Geophysical

diffraction tomography
Generalised reciprocal method

(GRM), 213, 292, 300-303,
301,310,311

GeoAcoustics Sonar Enhancement
System, 398

Geocentric dipole, 132
GeoChirp, 262, 264
Geodesy, 35
Geodetic

latitude, 36, 36
Reference System 1967, 37,37,52
surveying, 35

Geoelectric
basement, 459
section, 640
unit, 434

Geoelectrical section, 479
Geoflex, 244
Geographic latitude, see Geodetic

latitude
Geoid, 34, 34, 35, 52, 55
Geological weathering, 348
Geomagnetic

applications, 117, 118
field, 131, 132,133-134
poles, 131

Geomembrane, 490
Geometric

errors, 633
factor, 423, 426, 426, 427, 430,

441,448,449,532
Geometrical

corrections, 348
spreading, 234, 347,690, 693

Geonics
EMI6/EMI6R, 653, 659
EM3l, 597, 601, 602, 612, 616,

617,617,618,618,621,622,
624, 627, 740

EM34-3 ground conductivity
meter, 600, 601, 602, 612, 618,
618,626,627,628,640,641

EM37,640
EM38,601
EM39 dual-coil probes, 619, 620
EM47,641

PROTEM 37, 638
Geophones, 264-269, 265, 267,

279,280,323
array, 327
delay time, 295
group, 327
spread,280

Geophysical
anomaly, 7, 13, 15
applications, 5-8
diffraction tomography, Back

propagation imaging, 409, 409
diffraction tomography (GOT),

408-412,412,413
methods, 4-5, 6
methods, active, 5, 557
methods, passive, 5

Geophysics, 1
applied,3,4,5
applied (definition), 2, 3
archaeo,3
engineering (definition), 2
environmental (definition), 2
environmental 3, 4
glaico,3
global, 1
hydro, 3
pure, 1
solid earth, 1

Georesistivity sounding, 483
George VI Ice Shelf, Antarctica,

482,484
GEOTEM,573
Geothermal resources, 497
Ghosting, 352, 354
Glacier thickness determination,

97, 100-102
Global Positioning System, 43
Global Seismology Unit, British

Geological Survey, 413
Goodenough Glacier, Antarctica, 482
GPR

amplitude reflection coefficient, 689
applications, archeological

investigations, 740-741
applications, forensic uses, 742
applications in glaciology,

729-733
applications, hydrogeology and

groundwater contamination,
721-729

applications, sedimentary
sequences, 719 721

applications, wide-aperture
radar mapping and migration
processing, 742-745

basic constituents of, 685, 685
data processing, during data

acquisition, 713
data processing, post-recording

data processing, 714-715
data processing, wide-angle

reflection and refraction
(WARR) sounding, 713-714

detection of voids within
man-made structures,
737-739

engineering applications on
man-made structures,
733-736

interpretational pitfalls, 717-719
interpretation techniques,

graphic interpretation,
715-716

interpretation techniques,
quantitative analysis, 716-717

principles of operation, 684-688
reduction in signal strength, 691
scan, 686, 688, 700

Gradient array, 429, 521
Gradient-amplitude ratio, 79,82
Grain

(electrode) polarisation
(overvoltage), 524-526,525,
526

shape, 705
size, 705

Graves, 740
Gravimeters, see Gravity meters
Gravitation, Universal law of, 33,

33
Gravitational

interpretation methods, 71 92
stripping, 88

Gravity
absolute, 42
acceleration due to, 32, 33, 35, 36,

42,43,44
anomalies, geometric forms,

74-79,75,76,77
anomaly, 14
corrections, 52-71, 53
corrections, Bouguer, 55, 57,

57-61
corrections, elevation, 58,58, 61
corrections, Eotvos, 65-68, 66,

6768,69
corrections, Free-air, 55,55-57,

56,61,154
corrections, gallery, 58, 58
corrections, instrumental drift,

53,53,54



corrections, Isostatic, 68~70
corrections, latitude, 54~55, 54
corrections, miscellaneous, 70
corrections, terrain, 61 ~65, 62,

64,65
corrections, tides, 53-54
data, 604
data reduction, 52
free-air anomaly, 56~57
horizontal gradient, 106
mapping, 638
meters, 43-52
meters, stable (static), 44, 46, 46
meters, stable (static), Askania,

46,47
meters, stable (static), Boliden,

46-48,47
meters, stable (static), Gulf

(Hoyt), 47, 48
meters, stable (static), Scintrex

CG-3,47
meters, unstable (astatic), 45, 46,
48~52,49

meters, unstable (astatic),
LaCoste~Romberg, 50,50-51

meters, unstable (astatic), Sodin,
52

meters, unstable (astatic),
Thyssen, 49, 49~50

meters, unstable (astatic),
vibrating string, 52, 52

meters, unstable (astatic),
Worden, 51, 51

method, 6,32
models, 78
observed, 52
relative, 42~43, 44
residuals, 500
survey, 729
surveying applications, 32
units, 35
units, Gal, 35
units, gravity unit, 35
units, milliGal, 35
variation with latitude, 35-37,

36
GREMIX,298
GRIDEPTH software, 188, 189
Grimballed geophone streamer,

272
GRM

time functions, 301~302
velocity analysis, 301-302, 313

Ground
conductivity data, 629
conductivity depth-sounding, 601

conductivity mapping, 556
conductivity measurements, 61 1
conductivity meter, 740
conductivity meters, 582, 591, 616
conductivity meters (GCM), 557,

559
conductivity plots, 16
conductivity profiles, 626
penetratin~Ja<.lar, 323, 373, 382,
'-'l7J, 556, 558, 573, 682
penetrating radar, applications

or6g.r·······
conductivity survey, 618, 721
conductivity systems, 558
conductivity values, 479
coupled signal, 699
-coupled wavetrain, 721
coupling, 688
resistance, 447

Grounded
dipole, 668
electrode, 483

Groundroll, 220, 328, 329, 330, 363
Ground-truth data, 736
Groundwater

chemistry, 476
contamination, 727
contaminant plumes, 614
potential,476-478

Group interval, 327
Grubengletscher, Switzerland, 483,

485
GSSI radar system, 735
GSSI SIR-3 radar system, 737, 740
Guided waves, 217
Guidelines, 8, 27

Hagedoorn's
minus term (T-), 296, 298, 298,

299,301
plus term (T+), 296, 298, 301
plus-minus method, 213, 292,

295-300,296
Hagiwara method, 213
Half-width, 75, 79, 82

technique, 503
Hammer chart, 61, 62, 63, 64, 64
Hayes Peninsula, Greenland, 13 1
HCP slingram, 606
Head wave, 231, 282,292, 303

arrivals, 294
Heath Steele, Newcastle, New

Brunswick, Canada, 546, 546
Hidden layer, 277
Hidden-layer problem, 303, 305,

318

Index 785

High density poly-ethylene
(HOPE) geomembrane, 488

Higher-order multiples, 387
High-resolution

seismic methods, applications of,
254

seismic profiling on land,
390-397

seismic profiling over water, 397
water-borne sources, 252~254

HLEM
data, 601
conductivity model, 620
-derived models, 610
profile, 607, 608, 609

Helmholtz's law, 494
Horizontal apparent conductivity

gradient, 623
Hole-hole

dipole EM, 582
wave propagation, 582

Holographic radar, see Synthetic
aperture radar

Hooke's Law, 45, 45, 215
Horizontal

electric dipoles (HEO), 578
electric dipole frequency-

domain system, 579
gradient, 626
gradient of phase, 590
loop EM (HLEM), 596, 604, 619,

619
loop EM response parameter iX,

597
-loop method (HLEM), 559
magnetic dipole (HMO), 578,

579,592,599
magnetic dipole (HMO) system,

580,580
resolution, 446, 700-701, 700
smearing, 598
stacking, 700
velocity analysis, 361, 364

H-polarisation, 663
Hualgayoc, Peru, 496
Huygen's principle, 224, 225, 231,

232
Huygen's secondary source

principle, 370
Hydraulic gradient, 496
Hydrophone, 264, 269, 269, 281,

323, 328
goups, 336, 404
streamer, 281, 328

Hyperbola curvature, 370
Hyperbolic moveout, 344



786 Index

Hysteresis loop, 125, 125, 141

Ice Stream B, Transantarctic
Mountains, Antarctica, 732

Ice
dynamics, 482
movement, 482

ICE-MOSES, 578
Ice-pushed moraine, 726
JIlisarvick, Northwest Territories,

Canada, 618, 618
Image

analysis, 715
processing, 89, 89, 183, 183-184

Imaginary component, 568
Impact devices, 239-242
Impulse

radar for glaciological purposes,
682

response function, 363, 366, 592,
593

-type LLEM system, 584
Impulsive sources, 242-243
Incidence, angle of, 229, 324
Inclination, 134, 135
Indirect interpretation (gravity), 71
Induced

eddy current loop propagation,
631

electromagnetic field, 546
magnetisation, 122, 122, 130
polarisation, 502, 522, 547
polarisation effects, 631
polarisation effects, origin of,

524
polarisation, measurement of,

528-545
polarisation method, 491, 563
polarisation overvoltage, 550
voltage, 568

Inductance, 567
Induction, 538

number, 591
Inductive

component, 567
coupling, 544
coupling effects, 427
well logging, 581

Infrared thermography, 716
In-line

array, 327
configuration, 602
direction, 332
orientation, 602
responses, 381

Inowroclaw, Poland, 106, 107

In-phase
component, 559, 568, 582, 591,

596,604,608,621,622
data, 607
residuals, 585

INPUT TEM system, 563, 572,
573,651

Integration period, 530
Intensity of magnetisation, 121,

121-122,126
Intercept times, 295
Inter-coil separation, 571, 591
Inter-dipole separation, 441
Interface mapping, 716
Interference, 382
Inter-hole wave propagation, 585
Internal

reflections, 732, 739
resistance, 447

International Association of
Geophysical Contractors, 322

International Geomagnetic
Reference Field, 136, 137, 157

International Gravity Formula, 37,
37,52,54

International Gravity
Standardisation Net 1971,42

International Stripa Project,
Sweden, 745

Interpretation of magnetic maps
& profiles, 160,161-162

Interstitial ice, 537
Intertrace jitter, 348
Interval velocities, 403, 714
Intrinsic attenuation, 234, 234-236
Inverted model, 481
Ionic

imbalance, 514
mobilities, 493

Ionosphere, 131,137,633,663
IP

applications, base metal
exploration, 545-546

applications, environmental
surveys, 550-552

applications, geothermal
surveys, 547-549

applications, groundwater
investigations, 549-550

chargeability, see Chargeability
forms of data display, 540-545
frequency-domain

measurements, 531
ionic processes, 528
macroscopic processes, 528
polarisability,549

time-domain measurements,
529-531

Irish Sea, 402
Iron pipes, 155
Isochlor concentrations, 645,

645
Isochlor contours, 637, 638, 639
Isochron, 402, 731
Isoconductivity map, 612, 628
Isolines, 15
Isometric projection, 16, 184, 185,

403,405,470,621,622
Isopachyte map, 461, 628, 715
Isoresistivity map, 645
Isostacy

Airy model, 68, 69, 70
Pratt model, 65, 69, 70

Isotropic layer, 464

Jitter, 348, 350, 363
J-jaune iron-ore region, Sweden,

86,86
Jugs, see Geophones

Kano State, Northern Nigeria, 461,
461

Kappameter,128
Kapuskasing, Fraserdale, Ontario,

Canada, 608, 609
Keck, William, 522
Kesterton, Merced County,

California, USA, 611, 612
Kidd Creek Mine, Ontario,

Canada, 603
Kildonnan, Isle of Arran, Scotland,

163, 163
Kimheden orebody, Skellefte,

Northern Sweden, 509,509
510,604,606

Klauder wavelet, 256, 258
Konisberger ratio, 130,130,131

Lagoons, 488
Lagoons with man-made

geomembrane liners, 489
Lake Windermere, Cumbria, UK,

398,399,401
Land vibrator, 261
Landfill, 478, 479, 480, 488, 490,

514,613,614,614,623,629,
644, 727

investigations, 316-320
Large loop drill hole EM method,

584
Large-loop EM (LLEM) method,

582,582,584



Large-loop pulse EM system, 647
Larmor precession frequency,

144-145,145,147
Lateral resolution, 639
Latitude, effects on magnetic

anomaly shape, 170, 173, 174,
174-176,175

Lattice structure, 697
Lausanne, Switzerland, 7, 8
Layer

resistivity, 434
thickness, 434

Leachate, 624, 626
Leachate leakage, 481
Leachate migration, 478, 624, 727
Leak

detection systems in waste
repositories, 489

detection through artificial
membranes, 488-490

Leakages, see also Seepage, 513
Lee array, 429, 431
Licensing liquid hazardous-waste

disposal, 396
Limit of visibility, 382
Limiting depth, 79, 82
Lincoln County, Oklahoma, USA,

678
Line

separation, 150,150,151
shooting, 332

Linear
digital filter, 457, 459, 459
regression analysis, 297

Lithosphere, 576
Lizard Peninsula, Cornwall,

England, 190-194,191,192,193
Location

of buried foundations, 473-475
of permafrost, 473

Lockerbie, Scotland, 215, 412
Lodestone, 117
Long offset transient EM

(LOTEM) sounding, 634
Long antenna EM recorder

(LEM), 579, 579
Longitudinal

conductance,434,435,461,462
resistivity, 434
waves, see P-waves

Long-wire units, 577
Loop transmitter, 630
Loss,702

factor (P), 692, 692, 697
Lotus 1-2-3, 298
Love waves, 219, 219, 221

Low-Velocity Layer, 348
Low-velocity zone, 310
Lucas Heights, Sydney, Australia,

317
LUND Automatic Imaging

System, 444
Lundberg, Hans, 572

MacKenzie River Delta,
Northwest Territories, Canada,

617,617
MacOhm 21, 444
Macroscopic polarisation current,

526
Magnetic

anomaly, 7,8, 14, 510, 602
anomalies, buried infill, 202, 203
anomalies, computer modelling

of spatial models, 181-182
anomalies, computer modelling

using spectral analysis, 182
anomalies due to different

geometricforms, 167-177,
168,169,170,171, 172, 173

anomalies, landfills, 206, 207
data reduction, 156-158
character, 164, 166
compass, 117,271
component, 689
coupling, 123
(dip) poles, 132
dipole orientations, 628
domain, 123
equator, 134
fabric, 126, 127
field intensity, 621
field strength, 118, 144, 145, 159,

160
flux, 118, 119
flux density, 118, 119, 120
flux lines, 118, 119, 119
gradient, 145,621
gradient map, 184,185
gradiometers, 117, 148, 148-149
gradiometer survey, 621
induction, 119
instruments, 139-149
mapping, 638
modelling, 180-183
movement, 122, 123, 142
noise, 151
permeability, 118, 124,631, 632
permeability of free space, 120
poles, 118, 119, 119
pole strength, 122
reversal, 164

Index 787

saturation, 124, 125, 126
storm activity, 139
storms, 138
surveY,622
surveying, 149-158
susceptibility, 120, 120,126-128,

127,128,510
targets, 149
total field anomaly, 510
vector, 654

Magnetically
'disturbed' day, 137
'quiet', 162
'quiet' day, 137
'noisy', 162

Magnetising field strength, 120,
124

Magnetising force, see also
Magnetising field strength,
120,564

Magnetometer, 21, 740
alkali vapour, 142,143,146-147
balance, 117
compensation variometer, 140
continuous reading base station,

149
cryogenic SQUID, 147-148
fluxgate, 139,140,141,140-142,

148, 184
Geometries G-822L, 143, 147
Geometries G-858, 143, 149
Hotchkiss superdip, 139
optical absorption, 117
optical absorption, see alkali

vapour
proton free-precession, 142, 143,

144
resonance, 139, 142-147, 148
Schmidt variometer, 139-140
self-oscillating split beam

caesium vapour, 147, 148
survey, 620
Swedish mine compass, 139
Thaltm-Tiberg, 139
torsion (or balance), 139-140,

140
Magnetometric

resistivity (MMR), concept of,
559

resistivity system, 576, 577-578
Magnetometry,659
Magnetopause, 132
Magnetosphere, 131, 132,663
Magnetostratigraphy, 133
Magneto-telluric (MT)

apparent resistivity, 671
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Magneto-telluric (Contd.)
fields, 663
method, natural source, 665
(MT) method, principles of, 665-

667
phase responses, 671
soundings, 669
survey, generalised field layout, 667
system, 576-577
systems, 558

MAGSAT,136
Mallard North, Chicago, USA,

319,320
Mapping, 15

contaminant plumes, 643
Maps, 15, 16, 158, 161, 165-167
Marine

statics, 351
vibrators, 261-264

Masonry facades, 735
Mass of a sphere, 82, 82
Mass-activator, 260
Massive

ice bodies, 537, 617, 618
sulphide ore bodies, 491, 497

Massively parallel processors, 372
Master

curves, 455, 456, 457, 460, 464, 659
curve phasor diagrams, 600
ship, 336

Maxima doublets, 440
Maxipulse, 244, 245
MaxMin, 559

horizontal loop, 604
Maxwell's equations, 689
Measured amplitude ratios, 590
Medical scanning, 343
Membrane (electrolytic)

polarisation, 524, 526, 527,527
Metal

conduction factor, 532
drums, 411
factor (MF), 532,532-533,533,

540,541,543
gas pipe, 598

Meteorite impacts, 414
Micro-cracking, 709
Micro-gravity, 32, 43, 106 107,

107,108,109,110,112-115,
473,503

profile, 470
Microporosity, 708-709
Microprocessor-controlled

resistivity traversing (MRT),
441,444

Microsoft Excel, 298

Micro-spreads, 287
Microstreamers, 404
Mid-line split-spread shot point,

280
Midpoint-offset coordinate system,

332,333,334
Mid-streamer compasses, 351
Mie scattering, 237, 690
Migrated depth image, 744, 746
Migrated depth section, 311,370
Migration, 343, 344, 367-373, 396,

715,717
aperture, 370
of conductive fluids, 679
effects, 720
methods, finite-difference, 368
methods, frequency-

wavenumber domain, 368
methods, Kirchhoff, 368, 368, 371
methods, turning-wave

migration, 368
panel,365
pathways, 642, 643, 643
principle of, 368

Military ordnance detection
instruments, 147

Mill Creek Dam, Washington,
USA, 517, 518, 519

Mineral potential, 493, 497-499,
500

Mineralisation texture, 535
Mineshaft, 602
Minimum potential, 501
Minimum-phase source wavelet, 344
Mini-Sosie, 259, 259, 260
Mise-a-Ia-masse

map, 470
method,467-470
survey example, 468, 468

Mis-ties, 348
Mobile electrode, 483, 521
Mode conversion, 341
Model

curves, 665
phasor diagrams, 601

Moho, 212
Monopole, 118
Monostatic

antennae, 709
mode, 686, 713

Moray Firth, Scotland, 90
Morley, Perth, Western Australia,

643,644
Mors salt-dome, Denmark, 92-95,

93,94,95
MOSES, 577,577

Mount Etna, Sicily, 110, 112,112,
113,115

Move-up rate, 328
Moving dual-coil EM system, 591,

591-597,591
Magneto-telluric, interpretation

methods, 669-673
Magento-telluric method

see Magneto-telluric methods
applications, environmental

applications, 677-680
applications, hydrocarbon

investigation, 675-676
applications, mineral

exploration, 673-674
controlled source, 666
field measurements, 667-669

Multilevel walkaway VSP, 339,
340,341

Multiple electrode, 448, 449
Multiples, 353, 355, 382, 383,384,

717, 718
Multiplexed time sequential

format, 344
Multipulse, 261, 262, 263
Murray Basin, New South Wales,

Australia, 638, 640

Natural Remanant Magnetisation,
see also Permanent
magnetisation, 129,129

Natural source EM systems, 587
Ncar-field, 557, 581

systems, 587
Near-offset section, 744
Nerst potential, 494, 496, 497, 524,

525
Net polarisation, 526
Nettleton method, 59, 60
Newton's Second Law of Motion,

33
Nodes, 17
Noise, 20-24, 22, 346, 347, 353,382,

451,500,537,663,665,718
acoustic, 24
coherent, 23, 23-24, 327
cultural, 20, 24
incoherent, 23,24, 359
natural, 20, 24
reduction, 537-539

Non-destructive testing (NDT),
682, 711,735

Non-dipolar field, 134, 136, 136
Non-explosive sources, 245-252
Non-polarisable porous-pot

electrodes, 499, 499, 523, 529, 664



Normal
incidence, 225, 225
moveout, 710, 714
moveout (NMO), 357, 357,710,

714
moveout (NMO) correction, 360
moveout velocity, 358

Normalised
amplitude ratios, 590
depth, 592, 593
power return, 732

Normalising, 633, 671
Normally incident rays

reflection of, 224-228
transmission of, 224-228

North magnetic pole, 133, 138
Norwich, England, 106
Notch filter, 634
Notch filtering, 633 .
Novo Horizonte landfill, Brazil,

479,480,613,614,616
Nuclear density measurements,

736
Numerical classification value (c),

312

Obliquely incident rays
reflection of, 228-230, 229
refraction of, 228-230,229

Observed
conductivity, 692
seismogram, 374
voltage, 529

Off-end shot point, 280, 280
Off-section

ghosts, 718
reflections, 382

Offset, 229, 324
Offset Wenner

array, 451, 452, 452
method, 432, 432,441, 443,479

Offset VSP, 411
Ohm's Law, 418, 419, 420
Omnidirectional dipole antenna,

747
Ontario Waste Management

Corporation's hazardous
waste treatment facility, 392

Optical
image, 435, 436
pumping, 146, 146

Optimum
line configuration, 15, 17
offset, 328, 351,390,391, 392
offset distance, 390
offset method, 328, 392

offset reflection section, 391, 393
offset section, 391, 392
offset window, 330
window, 331
XY values, 301, 302,302, 306,

309
Orchard Salt Dome, Texas, USA,

212
Ordnance

Datum (Newlyn), 351, 403
detection, 147

Organic pollutants, 550
Ottawa River Valley, Toronto,

Canada, 742
Out-of-Iine electrode array, 449
Out-of-phase, 568
Overhauser Effect, 146
Overvoltage, 529, 530, 531, 532,

550,551
decay, )24, 528, 529
effect, 522

P.lc,'[ f H.

Paired electrons, 122
Palaeomagnetism, 133
Palmer Land Plateau, Antarctic

Peninsula, 482
Palmer's criterion

of least detail, 306
of maximum detail, 302

Paramagnetic material, 123
Paramagnetism, 122-123
Parasitic (anti)-ferromagnetism,

124
Parasnis' method, 178-180, 179
Passive

geophysical method, 557
microwave radiometers, 732

Patch, 327
Pattern analysis, 165-167
Peak particle velocity, 414
Pegleg multiples, 386, 386
Pendulum, 43, 43
Percentage frequency effect (PFE),

532,532,540,549,549
Perchloroethylene (PCE), 727, 729
Permafrost, 537, 578, 616, 617, 619,

619,620
Permanent magnetisation, see

Remanent magnetisation
Permeability, 707, 708
Permeability depth profile, 487,

488
Permittivity, 706

complex (c:), 701,701,702,702
high frequency (F.,,J, 701
imaginary, 701

Index 789

real, 701
static, 701

Perpendicular
array, 327
dipole position, 596

Peters' Half-Slope method, 177,
178,178

Phantom arrivals, 294, 295
Phantoming, 292-295, 306
Phase, 528, 533,550,670, 739

angle, 534, 543, 569
angle curves, 535
angle plots, 538
difference, 561, 668, 669
domain, 523
IP,533
lag, 523, 533,567,568
reference, 560, 561
shift, 534

Phase-angle spectra, 535, 536
Phase-difference gradient profiles,

590
Phase-domain IP systems, 526
Phase-spectra constants, 546
Phasor diagram, 596, 596, 597, 608,

610,611
Phoenix, Arizona, USA, 677
Phoenix VLF-2, 653
Piezometers, 614
Pillar and stall mine workings, 628
Pingers,252,256,344,380
Pipelines, 539,616
Pipes, 411,450
Piping, 516
Plane polarised waves, 569
Planning, 477

strategy, 9
Plastic, 215
Plymouth Sound, Devon, UK, 402,

403,404,405
POllS volcano, Costa Rica, I 12,

113
Poirier Deposit, Quebec, Canada,

603
Poisson's ratio, 220, 221,341,343,

378
Polar

glacier ice, 537, 539
ice, 482
Orbiting Geophysical

Observatory (POGO), 136
Polarisable body, 501
Polarisation, 569-571

methods, 657
problems, 448
voltage, 529
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Polarity, change of, 233
Pole-dipole array, 429, 529
Political constraints, 12
Pollution, 716

plume, 490, 721
plume, radar detection of, 722

Pore
geometry, 709
surface area, 709
throats, 709

Porosity, 223, 223, 341, 493, 697,
706

effective, 707, 708, 709
fractal nature of, 709
residual, 707
total,707

Port Huron, Michigan, USA, 384
Posted two-way travel time maps,

403,404,715
Post-stack processing, 634
Potential amplitude method, 499
Potential

decay, 424
difference, 425, 426
distribution, 424
electrodes, 528
fields, 118
gradient, 424, 437,664
gradient method, 499
unknowns for any landfill, 624

Potentials, 494
Power grid cables, 539
Power reflection coefficient R, 688,

694,695
Predictive deconvolution, 355
Preprocessing, 344-347
Pre-stack

data processing, 348
depth migration (PDM), 361
migration, 381
processing, 634

Primacord, 244
Primary

field, 561, 568,569
magnetic field, 568
magnetic wave, 567
reflections, 717
reflection events, identification

of,382-387
waves, see P-waves

Probing distances, 704, 705,
705

Profile inversion, 600, 601
Profiles, 15,16,18, 152, 158,

162-165,588
Profiling, 15,600,601

Proglaciallake outbursts, Soas
Balen, Switzerland, 485

PROSPECT, 573
Pseudo 3-D migration, 371
Pseudo-section

display, 543, 673
IP, 540,540
resistivity, 445, 446, 466, 473,

482,490
Pulled array continuous electrical

profiling technique (PA-CEP),
447

Pulse broadening, 387
Pulse EKKO, 684, 743
Pulse EKKO IV, 724
Pulse EM, 647
Pulse period, 698, 699
Pulse transient technique, 523
Pulsed radar, 682
Push waves, see P-waves
P-wave

velocities, examples of, 221
velocity, salinity dependence,

223,223
velocity, temperature

dependence,223,223
P-waves, 217, 217
Pyramid ore body, North West

Territories, Canada, 97, 99

Quad/Quad, 336, 337
Quadrature

component, 559, 568, 582, 591,
596,604,608,621,624

data, 607
Quality (or slowness) factor (Q), 235
Quarry walls, location of, 316,318
Quasi-homogeneous material, 237
QUESTEM, 573

RADAN™, 714
Radar

altimeters, 732
for snow stratigraphy

measurements, 734
profile over a possible grave, 741
range, 693, 697
range equation, 693, 695
records of sub-ice sheet environs,

733
record over reinforcement bars

(rebars),734
record over three buried drums, 723
reflection profiling, 709, 711
sections from Ottawa River

Valley, Canada, 745

system performance (Q), 693
targets, 723
tomography, 709, 711, 712,713,

729
transect over a dyke

embankment, 736
velocities as a function of

porosity, 708
Radargram, 686, 715, 724

above a damaged sewer, 738
analogue, 718,718
digital, 718, 719
over a buried vault, Worcester

Cathedral, 739
over ice-covered lake, 720
over an ice-push moraine, 724
over ice-push ridge, 725
showing the water table, 726
of PCE migration with time, 731

Radiated and return power, 693,
696

Radio echo sounding, 483, 573,
682, 729, 731, 732, 732

Radiowave
propagation, theory of, 688-690
velocities as a function of relative

dielectric constant, 703
velocity, 699, 704, 717, 725
velocity, range of, 689, 702

Radon Transform, 19
RAMAC, 745, 746, 747
Ramform

Challenger, 272
Explorer, 272

Random noise, 327
Ratio of spectral parameters, 543
Rayleigh

law of scattering, 696
resolution limit, 380
scattering, 237
waves, 219,219,221,260, 327
wave generator, 260
wave vibrator, 261

Raypath, 283
diagram, 279, 287
geometry, 224-233
parameter, 230

Ray-tracing, 370
Real component, 568
Receiver, 686

coil,563
Reciprocal

method, 213
times, 288, 298, 307

Reciprocity, 288
Reconnaissance surveys, 18



Reduced ratios, 590, 590, 604, 606
Reduction to the geoid, see Gravity

data reduction,
Reduction velocity, 351
Reference electrode, 517
Reflected

rays, 279
wave, 714

Reflection
angle of, 324
coefficient, 225, 226, 226-227,

324,327,688
coefficient determination, 717
data processing, 343-373
hyperbola, 233, 233
laws of, 230
seismology, 675
seismology, constant offset

surveying, 330
seismology, dataprocessing

flowchart, 345
seismology, derivation of

geotechnical properties, 388
seismology, interpretational

pitfalls, 387- 390
seismology, three-dimensional

surveys, 331-338
seismology, two-dimensional

survey, 326-331
seismology, vertical and

horizontal resolution,
380-382,393,395

strengths, 382
Reflectivity time series, 344, 352,

354,374
Refracted rays, 279
Refraction

definition of, 229
migration, 300
of current flow, 435, 436
statics, 350, 352
tomography, 352

Refractor depth, calculation of,
283-284,291

Regional
corrections, 500
effects, 501
field, 157, 158
gravity data, 677

Reinforcement
bars (rebars), 733
mesh, 733

Relative
attenuation, 343, 378
dielectric constant, 688, 692, 697,

702,704,706,717,719

dielectric constant and porosity,
706

dielectric constants for a range of
materials, 704

magnetic permeability, 120, 688
permeability, effect of soil

moisture on, 707
Relaxation, 533

time, 533, 535, 536
time constant, 536
time, temperature-dependence

of, 537,539
Remanent magnetisation, 122, 122,

126,129,129-131,175-176,
176

anhysteretic, 129
chemical, 129, 130
detrital, 129, 130
direction of, 131
intensity of, 130
isothermal, 129
post-depositional, 129, 130
primary, 130
secondary, 130
thermal, 129
thermal-chemical, 129
types of, 129
viscous, 129, 130

Remediation measures, 722
Remote sensing techniques, 684
Repeatability, 633
Representative seismic velocity,

313,316
Reservoir quality, 331
Residual

field, 157, 158
static analysis, 348
voltage, 529

Residuals, 348
Resistance, 567
Resistances in parallel, 448, 448
Resistive component, 567
Resistivities of some common

minerals and rocks, 421,
422-423

Resistivity, 420, 426, 528, 547
definition of, 419
depth soundings, 478, 479, 483,

614
mapping, 638
of ice, temperature dependence,

483
interpretation, 461
panels, 480
profiling, 431
spectra, 550

Index 791

sounding, 552
sounding curves, 484
sounding, deconvolution, 464
sounding, inversion, 464
sounding, numerical modelling,

464
structure, 484
surveys, 617

Resistor-capacitor systems, 528
Resolution, 239, 571, 599,602,688
Resonance, 737
Response

amplitudes, 646
contours, 634
parameter rx, 597
profiles, 634
spectrum, 533

Resultant, 562, 566, 569
field, 568
magnetisation, 131
magnetic field, 567, 568

Reverberant signal, 367
Reverberation, 352, 363, 382, 718
Reversals of magnetic polarity, 133
Reverse shooting, 281, 288, 288,

292,294,296,296,306
Right-hand rule, 155, 156-157
Rigid boom system, 576
Rigidity modulus, 341
Rippability, 277, 314
Ripper performance, 317
Ripping, 473
Rise-time, 523, 530
River Scheidt, Antwerp, Belgium,

404,406,407,408
RMS velocity estimates from GPR

CMP gathers, 744
Road pavement, 716, 735, 736
Rock

quality, assessment of, 311-316,
316

quality classification number,
313

strength, 277
Rocksalt,746
Roman road, 740
Ronka EM, 559
Root-mean-square (RMS) velocity,

356,359,360,361,714
Rotatable-transmitter EM

method, 582, 582, 583, 583
Roughness, 695

Saint Clair River, Detroit, USA,
383,383,384,384,385,386,
386
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Salinas Valley, California, USA,
637

Saline-freshwater interfaces, 636
Saline

intrusion, 638
plume, 613, 642
solution, 448

Salmon Glacier, British Columbia,
Canada, 100-101, 101

Sampling interval, 18, 344, 597
Saramiiki orebody, Finland, 194,

195-196
Sarnia, Ontario, Canada, 384
Satellite radar imagery, 684
Scaled semblance profiles, 361
Scattering, 234, 234, 236-238,

693
Schlumberger

array, 428,429,431,433,433,
438,441,442,443,456,457,
484

configuration, 451
Conrad, 427, 522
(gradient) array, 529, 552
YES curves, 452, 452
YES curves, distortion of, 451
YES curve fitting, 458
resistivity sounding,

interpretations, 616
sounding, 479, 480

Schmidt
method, 213
hammer, 222

Scintrex VLF-3/VLF-4, 653, 662
Sea ice, 619
Seabed

pockmarks/scars, 400
seepages, 400

Seaborne EM surveying, 576-581
Seam waves, 217
Second

Horizontal Derivative, 90
Vertical Derivative (maps),

8486,85,87
Secondary

events, 717
field,559,562,567,568,568,569
reflection events, identification

of, 382-387
waves, see S-waves

Second-derivative method, 82
Secular variation, 133, 136, 137
Seepage, 517, 521
SEG formats, 345
SEG-Y format, 345, 715
Seisloop, 334, 335

Seismic
anisotropy, 224
arrival time anomalies, 648
data processing, 720
energy sources, 238-264
imaging buried rock valley, 390
interval velocity, 355, 379
palaeontology, 408-412
processing sequence, 743
record, 344
reflection, 213, 617, 619
reflection data, 619
reflection surveying, 213
reflection surveys, 117
refraction, 213, 214, 472, 619,

619,620,649
refraction, rockhead

determination, 305-308
section, 94, 651
sources, 238
source impact, 238
source, impulsive, 238
source, requirements of, 238
source (shot), 280
source, vibrator, 238
surveys, 648, 729
waves, attenuation of, 236
waves, types of, 215-220
wave velocities, 220, 220-224
velocity, 324
velocity analysis terms,

definition of, 356, 356-357
Seismoelectric

coupling, 485
response, 513
surveying, see Electroseismic

prospecting
Seismogram, 327, 352, 686
Seismographs, 273-275, 279, 323
Seismometers, 266, 267
Seismosaurus, 408, 411
Seismoscope, 267, 268
Selective stacking, 634
Self-potential

anomalies, interpretation of,
501504

anomalies, types of, 492
map, 509
measurement of, 499-500
method, see also SP, 491
process, 498
topographic effect, 496

Self-potentials, 524, 526, 537, 547
occurrence of, 492-493

Self-potentials, origin of, 493-499
Semblance, 361

Servo-controlled fins, 270
Sewers, 737
Sferics, 633
Shaded relief maps, 15, 16, 89
Shafts, 616,616
Shale potential, 497
Shallow gas, 619

accumulations, classification of,
401

seismic expression of, 400
Shallow landfill, 623
Shape demagnetisation effect, 128,

128
Shaurville, Quebec, Canada, 391, 391
Shear wave, 377
Shear modulus, 216
Shear waves, see S-waves
Shear-wave splitting, 341
Shell-and-auger rig, 379
Shetland Islands, Scotland, 164,

165,166,165-167
Shillong, India, 496
Short-arm salt bridges, 577
Short-pulse borehole radar, 745
Shot depth, 350
Shot firers, 244
Shot interval, 328, 336
Shot point delay time, 295
Shotgun source, 390, 392
Shot-receiver coordinate system,

332,333,334
Sideswipe, 278
Sierra Geophysics ISX, 387
SierraSeis software, 387
Signal

contribution sections, 429, 430,
432,432

enhancement seismographs, 214,
240

level contours, 654, 655
stacking, 636
-to-noise ratio, 24, 24, 327, 354,

359,531,633,634,636,700,
713,743

Single-fold, 325
Single-level walkaway VSP, 339,

340,340
Single-way transit time, 374
Sinkholes, 647
SIP inversion, 535
SIROTEM, 555, 643,647, 648,651

anomaly, 649
apparent resistivity

pscudosection, 640
system, 631, 638

Site appraisal, 623



Skin depth, 571,571,591,630,691,
692,692

Skin depth (<5) as a function of
resistivity, 693

Slave ship, 336
Sledge hammer, 239 240
Sleeve guns, 247-249, 250, 251, 401
Slingram method, 559, 604
Slope/intercept method, 352
Small-scale land vibrators,

258-261
Smearing, 382, 599, 713,719
Smiles, 359, 361, 362,365
Smith Rules, 79, 81
Smoothing filter, 634
Snell's Law, 230, 230, 277, 277, 324
Snow streamer, 273
Soil

moisture content, 706, 707
salinisation,613

Solar wind, 663
Sonic logs, 374
Sonic logging tool, 374
Sonobuoys, 281
Soret Effect, 496
Sundberg method, 589, 589
Sounding curves, different

computational methods, 460
Source

polarisation effects, 668
precursor, 251
pulse, 380
response, 380
signature, 247

Sourton Tors, Devon, England, 97,
100, 162, 163, 197,659, 661

South magnetic pole, 133, 133
South Saskatchewan River, 109
Southern Uplands, Scotland, 89,

183
SP

anomalies, 497, 504, 505, 506,
510,511,512,514,515,516,
519,659

hydrogeological
interpretation of, 515

data, corrections to, 500-501
Geothermal applications,

504-508
hydrogeology applications,

513-514
landfill applications, 514- 516
location of ore bodies, 509-513
methods of leak detection within

embankments, 516-521
Space domain, 323

Sparker, 239, 252, 255,256, 380,
403

source pulse shapes, 256
Spatial

aliasing, 18, 19,20,150,150,151
fil ters, 184
resolution, 700
sampling, 599, 602, 638, 639
smearing, 381
stretching, 19

Specific dissipation function Q -I,

235
SpectralIP

amplitude-phase diagram, 544,
544

method, 421,522,523,533,
533-537,550

response, 533, 534
systems, 526

Spectral plots of phase, 537
Spectral texture, 536
Specular reflector, 695, 698
Speed of light in free space, 688
Spherical

divergence, 234, 234, 347, 347
harmonic analysis, 134, 136

Spheroid, 34, 37
Spike (Dirac) pulse, 353, 354
Spiking or whitening

deconvolution, 354
Split-spread

arrays, 396
shot, 280, 327

Spontancous
magnetisation, 123, 124
polarisation method, see

Self-potential method
Spread, 280, 328
Spring balance, 45, 45
Square array, 429, 432, 433, 433,

442,443
S.RP-IP chargeability, 552, 552
St John the Baptist Parish,

Louisiana, USA, 395
St Peter Port, Guernsey, 78, 79
St 'Vencheslas Church, Tovacov,

Czechoslovakia, 107, 110
Stacked seismic section, 367, 744
Stacked trace, 358
Stacking, 343, 344, 355-363, 713

velocity, 358
Standard penetration test (SPT)

logs, 375
Standard penetration testing, 379
Stanford University test site, USA,

198,199,200,201

Index 793

Static correction (field statics),
347-348,348,671

for elevation, 350
source-receiver geometry,

348-351
Static cultural noise, 633
Static VSP, 339
Station, 17

interval, 17-19,627,661
Statistical limit, 459
Statistical sampling technique, 3
Statues, 735
Steam gun and Starjet, 251-252,

253
Steel drum, 602, 723
Step discontinuity, 291
Step-function type LLEM system,

585
Stiffness, in situ, 260
Sting/Swift, 444
Strain, 215
Stratigraphy

chronological, 374
lithological, 374

Streamer, 255, 263, 270, 270, 271,
273, 351,406

Streaming potential, 500, 505, 514,
516

coefficient, 494
Stress, 215
Structural damage, 414
Structure of ice masses, 482
Sub-base material, 735
Sub-liner leak detection system,

489,490
Sub-surface

coverage, 292
imaging arrays, 490
imaging pseudo-sections, 475,

480,481
imaging (SSI), 441, 444, 473, 478
or stacking diagram, 332, 334

Successive phase difference, 604,
606

Sulphide orebody at Sariyer,
Turkey, 510,512, 513

Sun IPX workstation, 387
Sundberg, Karl, 556
Sundberg method, 556, 560, 561
Superparamagnetic effects, 631,

632
Suppression, 455, 457, 460,

461-464,463
Surface diagram, 332, 334
Surface electric potentials, 468
Surface tilt-angle technique, 583
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Surface toughness, 227
Surface waves, 217, 219-220
Survey

constraints, 9-13
constraints, access, 11
constraints, budget, 11, 11
constraints, finance, 9-11
constraints, logistics, 11
design, 9, 10, 13-26,441,602,628
layouts, 6-fold coverage, 329
planning, 8-13

Susceptibility, see Magnetic
susceptibility

Swathe, 336, 337, 338, 406
shooting, 332

S-wave,217,217,221
plane-polarised, 218

Sweep period, 254
Symmetrical resistivity profiling

with IP (SRP-IP), 552
Synthetic

aperture radar imagers, 732
aperture radar (SAR), 701
curves, 455
seismogram, 374, 375,375

System performances, 697

T 2_X2 graph, 359, 710, 714
T 2_X2 velocity analysis, 362
Tail

buoy, 270, 351
stinger, 574

Takeouts, 280
Target

geophysical, 13
identification, 13
physical characteristics, 14
scattering, cross-sectional area,

694
TDEM soundings, 639, 642
TDEM/TEM surveys, 630-633
Telemetering, 427
Telluric

current flow, 664
currents, 500, 501, 537, 663, 664,

665
field vector, 665
method, 663-665
method, principles of, 663-664
method, field measurements,

664-665
systems, 558

TEM,640
and resistivity inversion, 641
applications, contaminant

plume mapping, 640-645

applications, geological
mapping using airborne EM,

651-653
applications, groundwater

investigations, 636-640
applications, mapping

sub-surface voids, 647
applications, mineral

exploration, 645-647
inversion, 639
methods, 611, 630
model,642

Temegami Mine, Ontario, Canada,
603

TEMIXGL, 638
Temperate glacier ice, 448, 482,

537,539
Temperature

coefficient, 500
gradient, 496

Terrain
corrected apparent resistivities,

470
corrections, 153, 467

Thematic Mapper, 127
Theoretical synthetic sounding

curve, 465
Thermal

agitation, 528
gradient profile, 505
imaging, 736
memory, 731

Thermoelectric coupling, 496
Thin bed, 303

interference, 720
Thomas Farm landfill, USA, 206,

207
Three component (magnetic field)

systems, 585
Through-ice survey, 720
Tidal

corrections, 351
oscillations, 102

Tie-lines, 152, 153
Tilt-angle, 569, 570, 583, 588, 655,

658
configuration, 596
methods, 569, 587-589
profile, 656, 657
response, 654

Time
constant, 533, 535, 634, 635,

635
analytical calculation of, 635
delay, 348
domain, 523, 531, 532, 540

migration, 369
variable field, 137-139,568
windows, 366
-decay curve, 528
-decay rates, 634
-depth curves (GRM), 309
-depth function, 301
-distance graph, 212, 279, 279,

280,282,287,290,291,296,
298,299, 300, 303,305,30~
309,312,331,701,714

-distance graphs, forward
direction, 307

-distance graphs, reverse
direction, 307

distance graph, step
discontinuity, 290

-domain, 323, 366, 367, 373, 387,
579, 580

-domain EM survey, field
configuration, 562

-domain EM waveforms, 632
-domain reflectometry (TDR),

729
-domain systems, 524, 557
-sequential format, 344
-variant deconvolution, 355
-variant dip moveout, 373
-varying gain, 347

Tomb chambers, 616, 616
Tomograms, 713
Tomographic

images, 343,410,413
imaging, 466

Topographic effects, 501, 633, 657,
658

Torsion balance, 44
Total-field magnetometer, 574
Total force vector, 134,135
Total phase lag, 567, 569
Towed bird, 651

system, 576
Towed frequency-domain profiling

system, 580
Towfish, 521
Towing bridle, 270
Trace, 279, 327, 713
Trace-sequential format, 345
Transient

decay, 634
process, early-time stage, 630
process, intermediate-time stage,

630
process, late-time stage, 630

Transillumination, see Cross-hole
radar modes



,

Transmission
coefficient, 226, 226-227
losses, 693

Transmitter, 686
Transmittivity, 226
Transverse

anistropy,432
resistance, 434, 435, 462
resistivity, 434
waves, see S-waves

Trap Spring field, Railroad Valley,
Nevada, USA, 675, 677

Travel time, 279
anomalies, 292, 292
calculation, dipping-layer case,

287~289

calculation, dipping refractor, 289
calculation, multilayer case,

285-287,285
calculation, (non-planar)

interfaces, 291
calculation, step discontinuity,

289-291
calculations three-layer case,

284~285, 284-285
calculations two-layer case,

282-284,282-283
-depth function (GRM), 314
tomography, 361

Trichloroethylene (TCE), 727
Tripotential

method, 431
sections, 444

True chargeability, 529, 647
True conductivity, 591, 600, 692
True resistivity, 418-423, 420, 420,

427,455,456
depth profile, 475

Tube waves, 217
Tulks East Prospect,

Newfoundland, Canada, 606
Tuned airgun arrays, 328
Tunnels, 411
Turam

profile, 604, 606
method, 555, 560, 561, 561, 589,

590
Turning

points, 455
waves, 372,372
wave migrated section, 372
wave migration, 372, 373

Turn-on transients, 630
Two-dimensional finite difference

model, 466
Two-electrode array, 429

Two-way travel time, 323,686, 715
T-X graphs, see Time-distance

graphs

Udden orebody, Sweden, 83
Ultrasonic transducers, 222
Underground pipes, magnetic

anomalies due to, 197, 198,
202

Underground Sources Drinking
Water (USDW), 396, 398

Uniboom sub-bottom profiler, 239,
255,400,401,402,404,406,
406

Uniqueness, 5, 7-8
Unmigrated section, 391
Up-hole travel time, 350
Upper Enham, Hampshire,

England, 202
Upsweeps, 256
Upward continuation, 56, 86, 88,

89,153-155
Utilities, 21

Vadose zone, 486, 487
Van Allen radiation belts, 131, 132
Vaporchoc, 251, 253
Variable area wiggle, 686
Variations in character, 716
Vector

diagram, 569
parallelogram, 569
plots, 634

Veinlets of ore, 536
Velocity

analysis,355 363
analysis curves (GRM), 308,310
analysis function, 301, 302
analysis sensitivity, 361
anomaly, 412
inversion, 277, 303, 305
picks, 361
pull-up, 389, 389
push-down, 389, 389
semblance spectrum, 361

Vertical
and horizontal resolution limits,

720
depth-true conductivity profile,

600
electric dipoles (VED), 578
electrical soundings (VES), 433,

441-443,442,472,476,477,
482,514,515

field amplitudes, 561
gradient, 621

Index 795

gravity gradient, 61
loop EM data, 546
magnetic dipole (VMD), 578,

592,599
magnetic field, 560
magnetic gradient, 151,622,

663
resolution, 446, 473, 582,

639,698-700,699,706,735
seismic profiling surveys, 274
seismic profiling (VSP), 338-341,

339
Vertically polarised S-waves,

341
Very-early TEM (VTEM), 563
Very-low frequency (VLF)

method, 564, 604, 653-663
VES --

field curves, 449
interpretation methods,

453~466

inversion, 639
Modelling, 476

Vibrators, 254-264
Vibroseis, 254, 256, 258, 258

truck,257
Vietnam War, 684
VLF,606

applications, detection of
orebodies, 659

applications, location of
sub-surface cavities, 659-663

data, filtering, 658-659
data, interpretation, 658-659
effect of topography, 657-658
electric component, 655
-EM, 574
-EM, 662, 663
mapping, 557
principles of operation, 653-657
-R, 662, 663
-R apparent resistivity, 662
-R phase profiles, 662
source, 563
surveying, 587, 589
systems, 558
transmitters, 633

Volcanic hazards, 110, 112-115
Voltage decay, 523
Vortex current flow, 663
Vostok research station,

Antarctica, 131,731

Wairakei geothermal field, North
Island, New Zealand, 110

Walkaway VSP, 378
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WARR
see Wide Angle Reflection

& Refraction sounding
antenna configuration, 71 1
sounding, 710, 711

Waste disposal site, 305
Water-bed multiple, 382
Water

guns, 249,252,406
layer multiple, 383, 384, 385
storage lagoons, 611
table, 724
table, detectability, 719
table, reflection strength arising

from, 719
Wave dispersion, 219
Wavefront construction methods,

292
Wavenumber, 237
Waveshape kit, 247

Weathered zone, 348, 351-352
Weight-drop trucks, 240-242, 241
Weighted eel, 521
Wenner

array, 427,428, 429, 430, 431,
432,432,433,433,437,438,
441,443,445,452,452,456,
457,470,472,478,529

electrode configuration, 526
Frank, 427
tripotential electrode

configurations, 431
Whitening (trace equalisation), 354
Wheel Fanny, Devon, England, 21,

197
Wide-angle reflection and

refraction (WARR), 686, 709
Wide-line layout, 334, 335
Widness limit, 380
Wiggle trace, 686

Wind noise, 633
Window frame, 366
Windows, 347
Wiso Basin, Northern Territories,

Australia, 647

X-rays, 564

Yellowstone National Park,
Wyoming, USA, 547,549

Yield point, 215
Young's modulus, 216

Zechstein, north-west Germany,
95,96

Zero-offset, 295
wavefield, 344

Zeta potential, 524, 525
Zigzag, 334, 335
Zoeppritz- Knott equations, 224




	Cover
	An Introduction to Applied and Environmental Geophysics
	Copyright
	Contents
	Preface
	Chapter 1 Introduction
	Section 1 POTENTIAL FIELDMETHODS
	Chapter 2 Gravity methods
	Chapter 3 Geomagnetic methods

	Section 2 APPLIED SEISMOLOGY
	Chapter 4 Applied Seismology: introduction and principles
	Chapter 5 Seismic refraction surveying
	Chapter 6 Seismic reflection surveying

	Section 3 ELECTRICAL METHODS
	Chapter 7 Electrical resistivity methods
	Chapter 8 Spontaneous (self) potential methods
	Chapter 9 Induced polarisation

	Section 4 ELECTROMAGNETIC METHODS
	Chapter 10 Electromagnetic methods: introduction and principles
	Chapter 11 Electromagnetic methods: systems and applications
	Chapter 12 Ground penetrating radar

	References
	Index
	Back



