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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 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 Many new and previously unpublished case histories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



viii

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



2 An introduction to applied and environmental geophysics

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 100m. 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
ofusing 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. Itmay 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
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 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

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

Introduction 13






























