NATIONAL OPEN UNIVERSITY OF NIGERIA

COURSE CODE: PHY 461

COURSE TITLE: GEOPHYSICS I




Course Code PHY 461
Course Title GEQOPHYSICS 1lI

Course Developer ENGR. OLANREWAJU AKINTOLA,

GEOSCIENCES DEPARTMENT

UNIVERSITY OF LAGOS

Programme Leader Dr. Ajibola S. O.

National Open University

of Nigeria

Lagos



TABLE OF CONTENTS PAGE

MODULE 1

Unit 1: Electrical Properties Associated with Rocks 1-10
Unit 2: Direct- Current Resistivity Methods 11-15
Unit 3: Varying Current Methods 16 - 21
MODULE 2

Unit 1 Resistivity Method 22-33
Unit 2 Resistivity Profiling 34-37
Unit 3 Resistivity Depth Sounding 38-46
MODULE 3

Unit 1 Electro-Magnetic Methods 47 - 60
Unit 2 Other CWEM Techniques 61-66
Unit 3 Transient Electromagnetic 67-71
MODULE 4

Unit 1 Very low Frequency (VLF) Radiation 72 -80
Unit 2 VLF Instruments 81-85
Unit 3 Presentation of VLF Results 86 -91

Unit 4 Natural and Controlled-Source Audio-magnetotelluric 92 -96

MODULE 5

Unit 1 Field Work. 97 -104



PHY 461 GEOPHYSICSIII

ELECTRICAL AND ELECTROMAGNETIC METHODS
MODULE 1

Unit 1: Electrical Properties Associated with Rocks
Unit 2: Direct-Current Resistivity Methods

Unit 3: Varying Current Methods

UNIT 1: ELECTRICAL PROPERTIES ASSOCIATED WITH ROCKS.
1.0 Introduction

In this unit, you will be introduced to the basancept of Electric Current Methods.
Basic Electrical Properties Associated with Roakthe first topic or Concept you are
required to study in this course. There are reaaormg others why electrical current
method should be first topic to study in this ceurs

Several electrical properties of rocks and mineraite significant in electrical
prospecting. They are natural electrical potenti@kectrical conductivity, or the
inverse electrical resistivity, and the dielectraonstant. Of these, electrical
conductivity is the most important, while othere af minor importance. Certain
natural or spontaneous potential occurring in thdssrface are caused by
electrochemical or chemical activity. The contradlifactor is underground water.

Most rock-forming minerals are insulators, and tleal current is carried through a
rock mainly by the passage of ions in pore wafBEnsis most rocks conduct electricity
by electrolytic rather than electronic processes.

2.0 Objectives
At the end of this unit, readers should be able to:

()  Understand the basic concept of electric currethaus
(i)  ldentifying and understanding that Electrical p@sting uses three
phenomena and properties associated with Rocks



(i)  Understand that Resistivity, or the reciprocal afiguctivity, governs the
amount of current that passes through the rock vahsgecified potential
difference is applied.

(iv)  show the behaviours of rocks and minerals wheagipgshrough electric
current.

(v) Other objectives include how contrasts in eleckipecaperty of rock and
mineral could be used to identify and name subsarfgology.

3.0 Main content
3.1 Electric Current Methods

Many geophysical surveys rely on measurements efvtiitages or magnetic fields
associated with electric currents flowing in thewgrd. Some of these currents exist
independently, being sustained by natural oxidatieduction reactions or variations
in ionospheric or atmospheric magnetic fields, mdst are generated artificially.
Current can be made to flow by direct injection, dgpacitative coupling or by
electromagnetic induction (Figure 1.1).

Surveys involving direct injection via electroddstlae ground surface are generally
referred to as direct current BIC surveys, even though in practice the direction of
current is reversed at regular intervals to casoshe forms of natural background

noise. Currents that are driven by electric fiedd$ing either through electrodes or

capacitatively (rather than inductively, by varyimgagnetic fields) are sometimes

termedgalvanic Surveys in which currents are made to flow inohety are referred

to as electromagnetic &M surveys.

Relevant general concepts are introduced in this. mairect current methods are also
considered which also describes the relativelylelitsed capacitative-coupled
methods. Natural potentials€lf potentialor SP and induced polarization(IP)
methods are covered. Also discussed are EM sunusiyg) local sources and with
VLF and CSAMT surveys, which use plane waves geadray distant transmitters.

3.2 Resistivity and Conductivity

Metals and most metallic sulphides conduct elatyrafficiently by flow of electrons,
and electrical methods are therefore importaninvirenmental investigations, where
metallic objects are often the targets, and insi@ch for sulphide ores. Graphite is
also a good ‘electronic’ conductor and, since rositself a useful mineral, is a source
of noise in mineral exploration. Most rock-formingnerals are very poor conductors,
and ground currents are therefore carried mainlypbg in the pore waters. Pure water
is ionized to only a very small extent and the tleal conductivity of pore waters
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depends on the presence of dissolved salts, msadypm chloride (Figure 1.2). Clay
minerals are ionically active and clays conduct Welven slightly moist.

This isOhm'’s law The constant of proportionalitig, is known as the resistance and
Is measured in ohms when curreht i6 in amps and voltage/) is in volts. The
reciprocal, conductance, is measured in siemess,kalown as mhos. The resistance
of a unit cube to current flowing between oppofaiees is known as its resistivity)(
and is measured in ohm-metr&3n{). The reciprocal, conductivity, is expressed In
siemens per metre (Sm-1) or mhos per metre. Thetarse of a rectangular block
measured between opposite faces is proportiongd tesistivity and to the distanze
between the faces, and inversely proportional éo tross-sectional area, i.e.

R=p(x/A)
Isotropic materials have the same resistivity in all direwsio Most rocks are

reasonably isotropic but strongly laminated slaied shales are more resistive across
the laminations than parallel to them.



Figure 1.1Electrical survey methods for archaeology and sitestigation. In (a) the
operator is using an ABEM Wadi, recording wavesrfra remote VLF transmitter ().
Local source electromagnetic surveys may use twasygstems such as the Geonics
EM31 (b) or EM37 (e) DC resistivity surveys (c)eaftuse the two-electrode array
(Section 1.2), with a data logger mounted on a #&ahuilt around the portable
electrodes. Capacitative- coupling systems (d) adibraequire direct contact with the
ground but give results equivalent to those obtimeDC surveys. There would be
serious interference problems if all these systame used simultaneously in close
proximity, as in this illustration
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Figure 1.2 Variation of water resistivity with concentratiori dissolved NaCl. The
uses that can be made of waters of various samdre also indicated
V=IR

3.3 Electrical resistivities of rocks and minerals
The resistivity of many rocks is roughly equallte resistivity of the pore fluids

divided by the fractional porositrchie’s law which states that resistivity is
inversely proportional to the fractional porosiysed to a power which varies
between about 1.2 and 1.8 according to the shafbeahatrix grains, provides a
closer approximation in most cases. The deparfusaslinearity are not large for
common values of porosity (Figure 1.3). Resisegtof common rocks and minerals
are listed in Table 1.1 Rocks and minerals areidensd to be good, intermediate and
poor conductors based on their resistivity contfasik resistivities of more than 10
00a2m or less than@m are rarely encountered in field surveys.

3.4 Apparent resistivity

A single electrical measurement tells us veryditifThe most that can be extracted
from it is the resistivity value of a completelyrhogeneous ground (a homogeneous
half-spacé that would produce the same result when invetgicgan exactly the same
way. This quantity is known as th&pparent resistivity Variations in apparent
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resistivity or its reciprocalapparent conductivity provide the raw material for
interpretation in most electrical surveys. Wherecegbmagnetic methods are being
used to detect very good conductors such as sapbids or steel drums, target
location is more important than determination aqise electrical parameters. Since it
Is difficult to separate the effects of target sfemem target conductivity for small
targets, results are sometimes presented in terfimtheoconductivity —thickness
product

3.5 Overburden effects

Build-ups of salts in the soil produce high condutt in near-surface layers in many
arid tropical areas. These effectively short-ciraturrent generated at the surface,
allowing very little to penetrate to deeper lev€&enductive overburden thus presents
problems for all electrical methods, with contineauave electromagnetic surveys
being the most severely affected. Highly resistugace layers are obstacles only in
DC surveys. They may actually be advantageous vi@Mmmethods are being used,
because attenuation is reduced and depth of igatism is increased.

Fractional porosity ———»
o
.\'I
o
%
N




Figure 1.3 Archie’s law variation of bulk resistivityy, for rocks with insulating
matrix and pore-water resistivigw. The index, m, is about 1.2 for spherical grains
and about 1.8 for platey or tabular materials

Table 1.1Resistivities of common rocks and afsm()

Common rocks

Topsoil 50-100
Loose sand 500-5000
Gravel 100-600
Clay 1-100
Weathered bedrock 100-1000
Sandstone 200-8000
Limestone 500-10000
Greenstone 500-200 000
Gabbro 100-500000
Granite 200-100000
Basalt 200-100000
Graphitic schist 10-500
Slates 500-500000
Quartzite 500-800 000
Ore minerals

Pyrite (ores) 0.01-100
Pyrrhotite 0.001-0.01
Chalcopyrite 0.005-0.1
Galena 0.001-100
Sphalerite 1000-1 000 000
Magnetite 0.01-1000
Cassiterite 0.001-10000
Hematite 0.01-1 000000

4.0 Conclusion

Of all the physical properties of rocks and mingralectrical resistivity shows the

greatest variation. Whereas, range in densitytielagave velocity, and radioactive

content is quite small. However, the resistivitynadtallic minerals, may be as small as
0.000050hm-m, that of dry, close-grained rocks Idabbro may be as large as
100000000hm-m.
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5.0 Summary
In a looser classification, rocks and mineralscamesidered to be good, intermediate
and poor conductors within the following ranges:

(a) Mineral of resistivity 1T to about ©m
(b) Minerals and rocks of resistiviteQ to 10000000Qm

(c) Minerals and rocks of resistivities of abové&Q000@2m.

6.0 Tutor Marked Assignments

(a) Differentiate between Ohm'’s Law and Archie’s\.a

(b) Discuss the basic principles of electricalstgity and induced polarization
methods. Define conductivity and Resistivity.

(c) Name and classify rocks and minerals baseth@n tesistivity contrasts.

7.0 References/Further readings

John, M. (2003) Field Geophysics (Third Editiorghd Wiley and Sons Ltd. England,
249pp.

Hoover, D.B., Heran, W.D. and Hill, P.L. (Eds) (B99he Geophysical Expression of
Selected Mineral Deposit Modeldnited States Department of the Interior Geolahic
Survey Open File Report 92-557, 128 pp.

Kearey, P., Brooks, M. and Hill, I. (2002 Introduction to Geophysical Exploration
(Third Edition), Blackwell Science, Oxford, 262 pp.

McCann, D.M., Fenning, P. and Cripps, J. (Eds) $)88odern Geophysics in
Engineering GeologyEngineering Group of the Geological Society, Lamd519 pp.
Mussett, A.E. and Khan, M.A. (2000poking into the Earth: An Introduction to
Geological Geophysic€ambridge University Press, Cambridge, 470 pp.
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UNIT 2. DIRECT CURRENT RESISTIVITY METHODS (DC)
1.0 Introduction

The concepts of Resistivity and its correspondiefindition as well as its properties
are very crucial to the study of geophysical sun&inple observation of any physical
phenomena has made it imperative to be interestedw geophysical survey relies
on measurements of the voltages or magnetic feddeciated with electric currents
flowing in the ground.

Electrical methods utilize direct currents or loveduency alternating currents to
investigate the electrical properties of subsurfacecontrast to the electromagnetic
methods that use alternating electromagnetic fietdsgher frequency.

2.0 Objectives

At the end of this unit, readers should be able to:

()  Understand clearly the Direct- Current Resistiltgthods especially its
definition and application

(i)  Understand the usefulness of metal electrodes,gdtarising electrodes
in application of DC Resistivity methods.

(i)  Know that DC surveys require current generatorémeters and
electrical contact with the ground.

(iv) show how artificially generated currents are introed into the ground
and the resulting potential differences are meakat¢he surface.

3.0 Main Contents

3.1 Direct Current Resistivity Methods

The currents used in surveys described as ‘dingcects’ orDC are seldom actually
unidirectional. Reversing the direction of flow alls the effects of unidirectional
natural currents to be eliminated by simply summangd averaging the results
obtained in the two directions. DC surveys requougent generators, voltmeters and
electrical contact with the ground. Cables andtedees are cheap but vital parts of all
systems, and it is with these that much of theen@issociated.

3.2 Metal electrodes

The electrodes used to inject current into the ggoare nearly always metal stakes,
which in dry ground may have to be hammered infalteof more than 50 cm and be
watered to improve contact. Where contact is veyrpsalt water and multiple stakes
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may be used. In extreme cases, holes may have lased through highly resistive

caliche or laterite surface layers. Metal staketebeles come in many forms. Lengths
of drill steel are excellent if the ground is stoagd heavy hammering necessary.
Pointed lengths of angle-iron are only slightlyslaebust and have larger contact
areas. If the ground is soft and the main consimeras speed, large numbers of metal
tent pegs can be pushed in along a traverse lima advance party.

Problems can arise at voltage electrodes, beqanlagzationvoltages are generated

wherever metals are in contact with the groundwatewvever, the reversal of current
flow that is routine in conventional DC surveys graily achieves acceptable levels of
cancellation of these effects. Voltage magnitudegedd on the metals concerned.
They are, for instance, small when electrodes agenof stainless steel.

3.3 Non-polarizing electrodes

Polarization voltages are potentially serious sesirof noise in SP surveys, which
involve the measurement of natural potentials andduced polarization (IP) surveys.
In these cases, non-polarizing electrodes mustsbkd. urheir design relies on the fact
that the one exception to the rule that a metaiboductor in contact with an
electrolyte generates a contact potential occuresmwthe metal is in contact with a
saturated solution of one of its own salts. Most-polarizing electrodes consist of
copper rods in contact with saturated solutionsopiper sulphate. The rod is attached
to the lid of a container gpoot with a porous base of wood, or, more commonly,
unglazed earthenware (Figure 1.4). Contact witlgtibend is made via the solution
that leaks through the base. Some solid coppehatdpshould be kept in the pot to
ensure saturation and the temptation to ‘top uphwriesh water must be resisted, as
voltages will be generated if any part of the dohlutis less than saturated. The high
resistance of these electrodes is not generallpitapt because currents should not
flow in voltage-measuring circuits.

In induced polarization surveys it may very occasalty be desirable to use non-
polarizing current electrodes but not only does resistance then beeopteblem but
also the electrodes deteriorate rapidly due totreltic dissolution and deposition of
copper. Copper sulphate solution gets everywhete@s everything and, despite
some theoretical advantages, non-polarizing eldeg@re seldom used in routine DC
surveys.

3.4 Cables

The cables used in DC and IP surveys are tradltiosiagle core, multi-strand copper
wires insulated by plastic or rubber coatings. Khess is usually dictated by the need
for mechanical strength rather than low resistasitese contact resistances are nearly
always very much higher than cable resistancel &adgorcement may be needed for
long cables.
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Figure 1.4Porous-pot non-polarizing electrodes designed tpiEhed into
a shallow scraping made by a boot heel. Other tga@sbe pushed into a
hole made by a crowbar or geological pick

In virtually all surveys, at least two of the fooables will be long, and the good
practice in cable handling described in Section i8.&ssential if delays are to be
avoided. Multicore cables that can be linked to tipld electrodes are becoming
increasingly popular, since, once the cable has lzeeé out and connected up, a series
of readings with different combinations of curranid voltage electrodes can be made
using a selector switch. Power lines can be ssurE@oise, and it may be necessary
to keep the survey cables well away from their obsior suspected locations. The

50 or 60 Hz power frequencies are very differeaifthe 2 to 0.5 Hz frequencies at
which current is reversed in most DC and IP sunimayscan affect the very sensitive
modern instruments, particularly in time-domain Work. Happily, the results
produced are usually either absurd or non-existattter than misleading.

Cables are usually connected to electrodes by diecdips, since screw
connections can be difficult to use and are eakilyaged by careless hammer
blows. Clips are, however, easily lost and everynimer of a field crew should
carry at least one spare, a screwdriver and a gaglbf pliers.

3.5 Generators and transmitters

The instruments that control and measure currebtGnand IP surveys are known as
transmitters Most deliver square wave currents, reversingdinection of flow with
cycle times of between 0.5 and 2 seconds. The ldiwet is set by the need to
minimize inductive (electromagnetic) and capacragffects, the upper by the need to
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achieve an acceptable rate of coverage. Powere®ioc the transmitters may be dry
or rechargeable batteries or motor generators. {deantked generatordVigggers
have been used for DC surveys but are now very @uigputs of several kVA may be
needed if current electrodes are more than one@htundred metres apart, and the
generators then used are not only not very portalilesupply power at levels that can
be lethal. Stringent precautions must then be e@bsgernot only in handling the
electrodes but also in ensuring the safety of pagseand livestock along the whole
lengths of the current cables. In at least one tfAlian) survey, a serious grass fire
was caused by a poorly insulated time-domain IRstratter cable.

3.6 Receivers

The instruments that measure voltage in DC andut?egs are known aseceivers
The primary requirement is that negligible currbatdrawn from the ground. High-
sensitivity moving-coil instruments and potentioreet(voltage balancing) circuits
were once used but have been almost entirely reglbg units based on field-effect
transistors (FETS).

In most of the low-power DC instruments now on ttirket, the transmitters

and receivers are combined in single units on whaeldings are displayed directly in
ohms. To allow noise levels to be assessed andiSBys to be carried out, voltages
can be measured even when no current is beingisdpih all other cases, current
levels must be either predetermined or monitoreteslow currents may affect the
validity of the results. In modern instruments tllesired current settings, cycle
periods, numbers of cycles, read-out formats andpme cases, voltage ranges are
entered via front-panel key-pads or switches. Timaber of cycles used represents a
compromise between speed of coverage and good-$mynaise ratio. The reading is
usually updated as each cycle is completed, anduh#er of cycles selected should
be sufficient to allow this reading to stabilize.

Some indication will usually be given on the dispte error conditions such as low
current, low voltage and incorrect or missing catio®s. These warnings may be
expressed by numerical codes that are meaningliéssutvthe handbook. If all else
fails, read it.

4.0 Conclusion

In this section, it has been shown that DC survesguire current generators,
voltmeters and electrical contact with the groubdbles and electrodes are vital parts
of all systems, and it is with these that muchhef moise is associated. In most of the
low-power DC instruments now on the market, thendnaitters and receivers are
combined in single units on which readings areldiggd directly in ohms. To allow
noise levels to be assessed and SP surveys toriaaut, voltages can be measured
even when no current is being supplied. In all ott@ses, current levels must be either
predetermined or monitored, since low currents adégct the validity of the results.
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In modern instruments the desired current settiogsle periods, numbers of cycles,
read-out formats and, in some cases, voltage raamgesntered via front-panel key-

pads or switches. The number of cycles used remiesecompromise between speed
of coverage and good signal-to-noise ratio. Thalingpis usually updated as each
cycle is completed, and the number of cycles seteshould be sufficient to allow this

reading to stabilize.

5.0 Summary

To conduct surveys with DC techniques, artificiaHygenerated electric currents are
used. Metal electrodes, non-polarizing electrodesbles, generators and
transmitters/receivers are required.

6.0 Tutor Marked Assignments

(a) Why was the currents used in DC surveys amderdirect currents’?
(b) Name the essential accessories in DC survéyumsnt.

(c) What is the significant of noise in DC data?

7.0 References/Further readings

Hoover, D.B., Heran, W.D. and Hill, P.L. (Eds) (B99he Geophysical Expression of
Selected Mineral Deposit Modeldnited States Department of the Interior GeolaQic
Survey Open File Report 92-557, 128 pp.

John, M. (2003) Field Geophysics (Third Editiorghd Wiley and Sons Ltd. England,
249pp.

Kearey, P., Brooks, M. and Hill, I. (2002 Introduction to Geophysical Exploration
(Third Edition), Blackwell Science, Oxford, 262 pp.

McCann, D.M., Fenning, P. and Cripps, J. (Eds) $)988odern Geophysics in
Engineering GeologyEngineering Group of the Geological Society, Lamdb19 pp.
Mussett, A.E. and Khan, M.A. (2000poking into the Earth: An Introduction to
Geological Geophysic€ambridge University Press, Cambridge, 470 pp.
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UNIT 3: VARYING CURRENT METHODS
1.0 Introduction

In this unit, Varying Current Methods are discusgdternatively electrical currents
circulating in wires and loops can cause curremffotv in the ground without actual
physical contact using either inductive or capaekacoupling. Non- contacting
methods are obviously essential in airborne wotkchn also be very useful on the
ground, since making direct electrical contact isdious business and may not even
be possible where the surface is concrete, asptelky permafrost.

Electromagnetic (EM) surveying methods make usaé@efesponse of the ground to
the propagation of electromagnetic fields, whioh @mposed of an alternating
electric intensity and magnetizing force. The dstai this technique are explained in
module 4.

2.0 Objectives

At the end of this unit, readers should be able to:

()  Know that current are caused to flow in the grobpélternating
electrical or magnetic fields obtain their energyni the fields and so
reduce their penetration

(i)  Understand that varying magnetic field associatid an
electromagnetic wave will induce a voltage (emfjigiit-angles to the
direction of variation

(i)  Know that most continuous wave system, the energieurrent has the
form of a sine wave, but may not, as a true sineevaould, be zero at
zero time (sinusoidal)

(iv) Show how alternating electric currents are usdtiencharacterization of
subsurface geology via transmitter and receivetesys

3.0 Main Contents

3.1 Varying Current Methods

Alternating electrical currents circulating in wsrand loops can cause currents to flow
in the ground without actual physical contact, gseither inductive or capacitative
coupling. Non-contacting methods are obviously esgkein airborne work but can
also be very useful on the ground, since makingctlielectrical contact is a tedious
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business and may not even be possible where tifeceus concrete, asphalt, ice or
permafrost.

3.2 Depth penetration

Currents that are caused to flow in the ground Ibgrreating electrical or magnetic
fields obtain their energy from the fields and educe their penetration. Attenuation
follows an exponential law governed by an attermmationstantd«) given by:

o = olpagal(/ (1 + 02 /etel) — 1}/2]12

#ta and 2a gre the absolute values of, respectively, magne¢ianeability and
electrical permittivity ando (=2xf ) is theangular frequencyThe reciprocal of the
attenuation constant is known as #ké depthand is equal to the distance over which
the signal falls to /& of its original value. Since, the base of natural logarithms, is
approximately equal to 2.718, signal strength desae by almost two-thirds over a
single skin depth.

The rather daunting attenuation equation simpliéi@ssiderably under certain limiting
conditions. Under most survey conditions, the gcboonductivity,o , is much greater
than @£a anda is then approximately equal ~"(teacr<) | If) as is usually the
case, the variations in magnetic permeability armall the skin depth(=1/a), in
metres, is approximately equal to 500 divided leyghuare roots of the frequency and
the conductivity (Figure 1.5).
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Figure "1.5Variation in skin depthg, with frequency and resistivity
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The depth of investigation in situations where sHepth is the limiting factor is
commonly quoted as equal to the skin depth divioed?2, i.e. to about 350 (p/f ).
However, the separation between the source ancet®ver also affects penetration
and is the dominant factor if smaller than the slepth.

3.3 Induction

The varying magnetic field associated with an eteoagnetic wave will induce a
voltage (electromotive force @mf) at right-angles to the direction of variationdan
currents will flow in any nearby conductors thatnfioparts of closed circuits. The
equations governing this phenomenon are relatisishple but geological conductors
are very complex and for theoretical analyses titeiced currents, known asidy
currents are approximated by greatly simplified models.

The magnitudes of induced currents are determiyetthido rates of change of currents
in the inducing circuits and by a geometrical pastan known as themutual
inductance Mutual inductances are large, and conductorsaiceto bewvell coupledf
there are long adjacent conduction paths, if thgmatc field changes are at right-
angles to directions of easy current flow and ifgmgtic materials are present to
enhance field strengths. When current change<ircait, an opposing emf is induced
in that circuit. As a result, a tightly wound csiftongly resists current changes and

Is said to have a higmpedanceand a largeelf-inductance

3.4 Phase

In most continuous wave systems, the energizingentihas the form of a sine wave,
but may not, as a true sine wave should, be zererattime. Such waves are termed
sinusoidal The difference between time zero and the zerotoi the wave is usually
measured as an angle related to ther 38027 radians of a complete cycle, and is
known as thephase angle(Figure 1.6). Induced currents and their associated
secondary magnetic fields differ in phase from twmary field and can, in
accordance with a fundamental property of sinudoidaves, be resolved into
components that are in-phase and 60t of phase with the primary (Figure 1.6).
These components are sometimes knowralsandimaginaryrespectively, the terms
deriving originally from the mathematics of compleximbers. Theout-of-phase
component is also (more accurately and less caorglygidescribed as being phase
guadraturewith the primary signal.

Since electromagnetic waves travel at the speédrafand not instantaneously,

their phase changes with distance from the tratsmithe small distances between
transmitters and receivers in most geophysical eignensure that these shifts are
negligible and can be ignored.
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Figure 1.6 Phase in sinusoidal waves. The wave drawn withlid 8oe is sinusoidal,
with a phase angle, as compared to the ‘zero phase’ reference (cossnausoid
(dotted curve). The phase difference between thketh(sine) and dotted waves is 90
or 7/2 radians and the two are therefore in phase gaade. The amplitudes are such
that subtracting the sine wave from the cosine waweld reconstitute the solid-line

wave

1 (= fundamental)

Figure 1.7 The square wave as a multi-frequency sinusoid adaeable

approximation to the square wave, A, can be obthlmeadding the first

five odd harmonics (integer multiples 3, 5, 7, 9 44) of the fundamental

frequency to the fundamental. Using the amplitddesach of these component
waves determined using the techniques of Fourielyars, this gives the summed
wave B. The addition of higher odd harmonics wigprapriate amplitudes would
further improve the approximation

3.5 Transients
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Conventional orcontinuous wavgCW) electromagnetic methods rely on signals
generated by sinusoidal currents circulating inscor grounded wires. Additional
information can be obtained by carrying out survegstwo or more different
frequencies. The skin-depth relationships (Figuts indicate that penetration will
increase if frequencies are reduced. However, ugsal of small targets will decrease.
As an alternative to sinusoidal signals, curreimtutating in a transmitter coil or wire
can be terminated abruptly. Thet@ansient electromagneti€cTEM) methods are
effectively multi-frequency, because a square wemetains elements of all the odd
harmonics of the fundamental up to theoreticalfinite frequency (Figure 1.7). They
have many advantages over CW methods, most ofwdeave from the fact that the
measurements are of the effects of currents pradbge and circulating after, the
termination of the primary current. There is thuspossibility of part of the primary
field ‘leaking’ into secondary field measuremerdggher electronically or because of
errors in coil positioning.

Nomenclature is a problem in electrical work. Evernthe so-calleddirect current
(DC) surveys, current flow is usually reversed reeivals of one or two seconds.
Moreover, surveys in which high frequency altemgtcurrent is made to flow in the
ground by capacitative coupling (c-c) have morecammon with DC than with
electromagnetic methods, and are also discusgbdsisection.

4.0 Conclusion

Alternating electrical currents circulating in wsrand loops can cause currents to flow
in the ground without actual physical contact, gsaither inductive or capacitative
coupling. Non-contacting methods are obviously eisgkin airborne work but can
also be very useful on the ground, since makingctlielectrical contact is a tedious
business and may not even be possible where tifeceus concrete, asphalt, ice or
permafrost. All anomalous bodies with high elealriconductivity produce strong
secondary electromagnetic fields.

5.0 Summary

Electromagnetic (EM) surveying methods make usthefresponse of the ground to
the propagation of electromagnetic fields, whicle @omposed of an alternating
electric intensity and magnetizing force. Primaitgctomagnetic fields may be
generated by passing alternating current througfhall coil made up of many turns of
wire or through a large loop of wire. In the preserof a conducting body the
magnetic component of the electromagnetic fieldepating the ground induces
alternating currents, or eddy current, to flowhe tonductor.

6.0 Tutor Marked Assignments
(a) When would you describe conductors as beingcwelpled?
(b) How can Nomenclature be a problem in electmeadk?
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MODULE 2

Unit 1 Resistivity Method
Unit 2 Resistivity Profiling

Unit 3 Resistivity Depth Sounding

UNIT 1: RESISTIVITY METHOD
1.0 Introduction

In this method, like other DC techniques, artifiigiagenerated electric currents are
introduced into the ground and the resulting paatniifferences are measured at the
surface. Deviations from the pattern of potentiaffedences expected from
homogeneous ground provide information on the femmd electrical properties of
subsurface inhomogeneities.

2.0 Objectives

At the end of this unit, readers should be able to:

(i)  Understand the concept of DC survey fundamentaishwhcludes
Apparent resistivity, electrode arrays and Wenmnextya

(i)  Understand commons electrodes array such as wamagr two
electrode, Schlumberger and gradient methods ahgement. etc.

(i)  Familiar with the common electrode arrays des@ysi

(iv)  explain how resistivity contrasts could be usedrimavel the subsurface
geo-materials.

(v) Other objectives include explanation on how regtstimethod could be
used in hydrogeology, mineral and engineering stidi

3.0 Main Contents

3.1 Survey Fundamentals

The ‘obvious’ method of measuring ground resisgiity simultaneously passing

current and measuring voltage between a singlegbagrounded electrodes does not
work, because of contact resistances that deperslicm things as ground moisture
and contact area and which may amount to thousahdems. The problem can be

avoided if voltage measurements are made betwsenand pair of electrodes using a
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high-impedance voltmeter. Such a voltmeter drawsuaily no current, and the

voltage drop through the electrodes is thereforgligible. The resistances at the
current electrodes limit current flow but do noffeaf resistivity calculations. A

geometric factor is needed to convert the readoimjained with these four-electrode
arraysto resistivity.

The result of any single measurement with any ac@yld be interpreted as due to
homogeneous ground with a constant resistivity. Heemetric factors used to
calculate thispparent resistivitypa, can be derived from the formula:

V =pl/2ra

for the electric potential/ at a distance from a point electrode at the surface of a
uniform half-space(homogeneous ground) of resistivipy (referenced to a zero
potential at infinity). The currentmay be positive (if into the ground) or negativer F
arrays, the potential at any voltage electrodegisakto the sum of the contributions
from the individual current electrodes. In a folgetrode survey over homogeneous
ground:

V = Ip(L[Pp] - Y[Np] - V[Pn] + Y[Nn])/2x

where V is the voltage difference between electrodes P Mindue to a current
flowing between electrodes p and n, and the questih square brackets represent
inter-electrode distances. Geometric factors ateaffected by interchanging current
and voltage electrodes but voltage electrode spacare normally kept small to
minimize the effects of natural potentials.

3.2 Electrode arrays

Figure 2.1 shows some common electrode arrays lad geometric factors. The
names are those in general use and may upset pedadifpole, for exampleshould
consist of two electrodes separated by a distamaeis negligible compared to the
distance to any other electrode. Application ofteéren to the dipole—dipole and pole—
dipole arrays, where the distance to the next r@detis usually from 1 to 6 times the
‘dipole’ spacing, is thus formally incorrect. Noany people worry about this.

The distance to a fixed electrode ‘at infinity’ sia be at least 10, and ideally 30,
times the distance between any two mobile electodibe long cables required can
impede field work and may also act as aerials,ipgckip stray electromagnetic signals
(inductive noise) that can affect the readings.

Example2.1
Geometrical factor for the Wenner array (Figureal..1

Pp =a Pn="2 Np = 22 Nn =a
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V= I,o(l —%—%Jrl)/ZJra:I,o/ZJra

l.e.p = 2ra:V/

3.3 Array descriptions

Wenner array:very widely used, and supported by a vast amoumtefpretational
literature and computer packages. The ‘standardyaagainst which others are often
assessed.Two-electrode (pole—pole) arrayTheoretically interesting since it is
possible to calculate from readings taken alongagetse the results that would be
obtained from any other type of array, providinge@ge is adequate. However, the
noise that accumulates when large numbers of sesbitained with closely spaced
electrodes are added prevents any practical usg Imeade of this fact. The array is
very popular in archaeological work because it ¢enidelf to rapid one-person
operation. As theormalarray, it is one of the standards in electricall\oglging.
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(b) Two-electrode (pole—pole)

W g, = 2ma VT

(a) Wenner

PN = JR S S = R S J_—

() Schlumberger {d) Gradient

Exact g,=nL ‘2%2 o+ Ideal dipole‘a’ ¢,=x L;KVT
Ideal dipole ‘2¢’¢, = rrinVT where K = 2 =X e FPER
DR o i N G A R i

(T and
X=x/L
Y =yl

{e) Dipole—dipole o= :rrn(n+1)(n+2)aVT

B P ——— — - i

p=2mn(n+1)a VT

M

—_—

{f) Pole—dipole

{g) Square array

No factor

Figure 2.1 Some common electrode arrays and their geometdoifs. (a) Wenner,
(b) Two-electrode; (c) Schlumberger; (d) Gradiel¢) Dipole—dipole; (f) Pole—
dipole; (g) Square array; (left) Diagonal; (righBroadside. There is no geometrical
factor for the diagonal square array, as no voltagdference is observed over

homogeneous ground
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Figure 2.2Variation in gradient array geometric factor withistance along and
across line. Array total lengtBL, voltage dipole length.a

Schlumberger array:The only array to rival the Wenner in availabilityf
interpretational material, all of which relates ttee ‘ideal’ array with negligible
distance between the inner electrodes. Favouredgatith the Wenner, for electrical
depth-sounding work.

Gradient array: Widely used for reconnaissance. Large numbers aifings can be
taken on parallel traverses without moving the enfrrelectrodes if powerful
generators are available. Figure 2.2 shows hovgdloenetrical factor given in Figure
2.1d varies with the position of the voltage dipole

Dipole—dipole (Eltran) array:Popular in induced polarization (IP) work because t
complete separation of current and voltage circodduces the vulnerability to
inductive noise. A considerable body of interpretzl material is available.
Information from different depths is obtained byanQingn. In principle, the larger
the value ofn, the deeper the penetration of the current pathpksd. Results are
usually plotted as pseudo-sections .
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Pole—dipole array: Produces asymmetric anomalies that are consequembie
difficult to interpret than those produced by synmcearrays. Peaks are displaced
from the centres of conductive or chargeable boaiekelectrode positions have to be
recorded with especial care. Values are usualltqaoat the point mid-way between
the moving voltage electrodes but this is not aensially agreed standard. Results can
be displayed as pseudo-sections, with depth pdioetnearied by varying.

Square arrayfour electrodes positioned at the corners of arsgar@ variously
combined into voltage and current pairs. Depth dowgs are made by expanding the
square. In traversing, the entire array is movéserddly. Inconvenient, but can provide
an experienced interpreter with vital informatioboat ground anisotropy and in-
homogeneity. Few published case histories or tyjpees.

Lee array:Resembles the Wenner array but has an addition&riatelectrode.

The voltage differences from the centre to the fwaymal’ voltage electrodes give a
measure of ground in-homogeneity. The two valuesbeasummed for application of
the Wenner formula.

Offset WennerSimilar to the Lee array but with all five electesdthe same distance
apart. Measurements made using the four right-laaadthe four left-hand electrodes
separately as standard Wenner arrays are averagguWe apparent resistivity and
differenced to provide a measure of ground vaiiigbil

Focused arraysMulti-electrode arrays have been designed whiclpesgdly

focus current into the ground and give deep petetravithout large expansion.
Arguably, this is an attempt to do the impossikled the arrays should be used only
under the guidance of an experienced interpreter.

3.4 Signal-contribution sections

Current-flow patterns for one and two layered esadte shown in Figure 2.3.
Near-surface in-homogeneities strongly influeneaedhoice of array. Their effects are
graphically illustrated by contours of tisggnal contributionghat are made by each
unit volume of ground to the measured voltage, lagce to the apparent resistivity
(Figure 2.3). For linear arrays the contours hdee dame appearance in any plane,
whether vertical, horizontal or dipping, througle thne of electrodes (i.e. they are
semicircles when the array is viewed end on).

A reasonable first reaction to Figure 2.3 is thaeful resistivity surveys are
Impossible, as the contributions from regions clusehe electrodes are very large.
Some disillusioned clients would endorse this viélewever, the variations in sign
imply that a conductive near-surface layer willsmme places increase and in other
places decrease the apparent resistivity.
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In homogeneous ground these effects can cance grecisely. When a Wenner or
dipole—dipole array is expanded, all the electroales moved and the contributions
from near-surface bodies vary from reading to megdWith a Schlumberger array,
near-surface effects vary much less, provideddhbt the outer electrodes are moved,
and for this reason the array is often preferraddepth sounding. However, offset
techniques allow excellent results to be obtaingd the Wenner.
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Figure 2.3 Current flow patterns for (a) uniform half-spacdy) (two-layer ground
with lower resistivity in upper layer; (c) two-layground with higher resistivity in
upper layer

Near-surface effects may be large when a gradietwa-electrode array is used for
profiling but are also very local. A smoothingdiltcan be applied.
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3.5 Depth penetration

Arrays are usually chosen at least partly for tdepth penetration, which
Is almost impossible to define because the depivhtoh a given fraction

of current penetrates depends on the layering sasen the separation
between the current electrodes. Voltage electrodé@ipns determine which

o
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Figure 2.4 Signal contribution sections for (a) Wenner; (b)hBmberger and (c)
dipole—dipole arrays. Contours show relative cdmiitions to the signal from unit
volumes of homogeneous ground. Dashed lines irdieagative values.

part of the current field is sampled, and the patienhs of the Wenner and
Schlumberger arrays are thus likely to be very Isinfor similar total array lengths.
For either array, the expansion at which the entsteof a deep interface first becomes
evident depends on the resistivity contrast (ardeliels of background noise) but is
of the order of half the spacing between the oel@ctrodes (Figure 2.4). Quantitative

30



determination of the resistivity change would, afukse, require much greater
expansion. For any array, there is also an exparaiwhich the effect of a thin
horizontal layer of different resistivity in otheilse homogeneous ground is

SchlumbergerL/h ——»
Wennera/h (2L / 3h)

(1eBrequinyog) L =Y/

(1suuspy) L=y /e

[@)]
R
o _1 =Y
- 2l 7))
S (n
Cq)_'_,_._. A
C o oD ._ L
O S0 ~— L)) fu
ng_GJ o @
LEQ;Q . E'u) c
b c
= = a
3%00‘9 o] 2:5;
oI geo < =
oH 0 =3
Oc=8 a W

- Ld/led

Figure 2.5Two-layer apparent resistivity type curves for Wenner array, plotted on
log-log paper. When matched to a field curve ol@diover a two-layer earth, the line
a/h = 1 points to the depth of the interface and the lpad1l = 1 points to the
resistivity of the upper layer. The value of k ggvthe best fit to the field curve allows
the valuep2 of the lower layer resistivity to be calculated.eTsame curves can be
used, to a good approximation, for Schlumbergetlispunding with the depth to the
interface given by the line LA 1.
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a maximum. It is, perhaps, to be expected that ngrehter expansion is needed in
this case than is needed simply to detect an adeyfand the plots in Figure 2.6, for
the Wenner, Schlumberger and dipole—dipole arregsfirm this. By this criterion,
the dipole—dipole is the most and the Wenner is |&@ast penetrative array. The
Wenner peak occurs when the array is 10 timesadlas the conductor is deep, and
the Sclumberger is only a little better. Figure &uggests that at these expansions a
two-layer earth would be interpretable for mosuesl of resistivity contrast.

Wenner

Schlumberger — — — — — — — -

Dipole-dipole ————

Relative effect

|
0.5 1.0

Depth/array length ——»

Figure 2.6 Relative effect of a thin, horizontal high-resistanbed in otherwise
homogeneous ground. The areas under the curvesleere made equal, concealing
the fact that the voltage observed using the Sdbduger array will be somewhat less,
and with the dipole—dipole array very much lesantkvith the Wenner array
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Figure 2.6 also shows the Wenner curve to be thst stoarply peaked, indicating
superior vertical resolving power. This is confiamd®y the signal contribution

contours (Figure 2.4), which are slightly flattéroepth for the Wenner than for the
Schlumberger, indicating that the Wenner locatattyfhg interfaces more accurately.
The signal-contribution contours for the dipole-adgarray are near vertical in some
places at considerable depths, indicating poorocatrtesolution and suggesting that
the array is best suited to mapping lateral changes

3.6 Noise in electrical surveys

Electrodes may in principle be positioned on theugd surface to any desired degree
of accuracy (although errors are always possibld Bercome more likely as
separations increase). Most modern instrumentsgeaurrent at one of a number of
preset levels and fluctuations in supply are gdlyesmall and unimportant. Noise
therefore enters the apparent resistivity valuamost entirely via the voltage
measurements, the ultimate limit being determinedditmeter sensitivity. There may
also be noise due to induction in the cables asd & natural voltages, which may
vary with time and so be incompletely cancelledreyersing the current flow and
averaging. Large separations and long cables shmildvoided if possible, but the
most effective method of improving signal/noiseaad to increase the signal strength.
Modern instruments often provide observers witlkeatireadings oV¥/I, measured in
ohms, and so tend to conceal voltage magnitudesall &inm values indicate small
voltages but current levels also have to be takeEnaccount. There are physical limits
to the amount of current any given instrument agmply/ to the ground and it may be
necessary to choose arrays that give large voltdgres given current flow, as
determined by the geometric factor. The Wennertaadelectrode arrays score more
highly in this respect than most other arrays.

For a given input current, the voltages measuradgua Schlumberger array are
always less than those for a Wenner array of tmeesaverall length, because the
separation between the voltage electrodes is alsadler. For the dipole—dipole
array, the comparison depends upon rihgarameter but even for= 1 (i.e. for an
array very similar to the Wenner in appearance) signal strength is smaller than for
the Wenner by a factor of three. The differencesvéen the gradient and two-
electrode reconnaissance arrays are even moréngtrik the distances to the fixed
electrodes are 30 times the dipole separationtwbeslectrode voltage signal is more
than150 times the gradient array signal for theesanmrent. However, the gradient
array voltage cable is shorter and easier to haraglid less vulnerable to inductive
noise. Much larger currents can safely be usedusecthe current electrodes are not
moved.
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4.0 Conclusion

Where the ground is uniform, the resistivity measgufrom the subsurface should be
constant and independent of both electrode spaamdy surface location. When
subsurface in-homogeneities exist, however, thistr@sy will vary with the relative
positions of the electrodes. Any computed valuigén known as apparent resistivity
and will be a function of the form of the in-homogdy.

5.0 Summary

Resistivity is one of the most variable of physipedperties. Certain minerals such as
native metals and graphite conduct electricity thie passage of electrons. Most rock
forming minerals are, however, insulators, andtatsd current is carried through a
rock mainly by the passage of ions in pore watérislapparent that there is
considerable overlap between different rock typest aonsequently, identification of
a rock type is not possible solely on the basiesistivity data alone.

6.0 Tutor Marked Assignments

(a) Name and describe the various array systems

(b) Discuss the depth of penetration of resistigityvey equipment.

(c) How would you enhance the signal to noiseoraiin resistivity survey?
(d) What criteria would you use in the choice obgrmethod?
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Unit 2:

RESISTIVITY PROFILING

1.0 Introduction

In this unit, the concept Resistivity traversingusll appreciated and discussed for
readers understanding. This is also called constgdration traversing (CST) or
electrical profiling. The current and potentialatfedes are maintained at a fixed
separation and progressively moved along a prafte. method is useful in mineral
prospecting to locate faults or shear zones ani@tiect localized bodies of anomalous
conductivity. Resistivity traversing is also usedletect lateral changes.

As the array parameters are kept constant, thehdd#ppenetration therefore varies
only with changes in subsurface layering. Deptlonmiation can be obtained from a
profile if only two layers, of known and constaesistivity, are involved since each
value of apparent resistivity can then be converritmla depth using a two layer type-
curve (Figure 2.6). Such estimates should, howdwerchecked at regular intervals
against the results from expanding-array soundfdjse type.

2.0 Objectives

At the end of the unit, the reader should be aile t

(1)
(i)

(iii)
(iv)

(V)
(vi)
(vii)

Know and understand the concept of Resistivity ilngf

Know that resistivity traversing is used to detattral changes in
subsurface..

Know that depth information can only be obtainearfra profile
Understand the ideal traverse target is a stapping contact between
two rock types of very different resistivity

Know that the preferred arrays for resistivity #esing are those that can
be most easily moved

Know that the array parameters remain the samedlantransverse, and
array type, spacing and orientation.

Show lateral variation of resistivity with depth.
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3.0 Main Contents

3.1 Targets

The ideal traverse target is a steeply dipping adnbetween two rock types of very
different resistivity, concealed under thin andatekly uniform overburden. Such
targets do exist, especially in man-modified enwinents, but the changes in apparent
resistivity due to geological changes of interes¢ aften small and must be
distinguished from a background due to other gecédgsources. Gravel lenses in
clays, ice lenses in Arctic tundra and caves irefitone are all much more resistive
than their surroundings but tend to be small atigeradifficult to detect. Small bodies
that are very good conductors, such as (at ratifeereht scales) oil drums and
sulphide ore bodies, are usually more easily detieasing electromagnetic methods.

3.2 Choice of array

The preferred arrays for resistivity traversing dn@se that can be most easily moved.
The gradient array, which has only two mobile elmbts separated by a small
distance and linked by the only moving cable, hashmo recommend it. However,
the area that can be covered with this array idlambess current is supplied by heavy
motor generators. The two-electrode array has fimerenow become the array of
choice in archaeological work, where target depitesgenerally small. Care must be
taking in handling the long cables to the electso@ infinity’, but large numbers of
readings can be made very rapidly using a rigich&aon which the two electrodes,
and often also the instrument and a data loggemaunted (Figure 1.1). Many

of these frames now incorporate multiple electraates$ provide results for

a number of different electrode combinations. Wikie Wenner array, all four
electrodes are moved but since all inter electaig@nces are the same, mistakes are
unlikely. Entire traverses of cheap metal electsodan be laid out in advance.
Provided that DC or very low frequency AC is used, that induction is not a
problem, the work can be speeded up by cuttingc#lides to the desired lengths and
binding them together, or by using purpose-designelticore cables.

The dipole—dipole array is mainly used in IP workene induction effects must be
avoided at all costs. Four electrodes have to beethand the observed voltages are
usually very small.

3.3 Traverse field-notes

Array parameters remain the same along a travewse,array type, spacing and
orientation, and very often current settings anliage ranges can be noted on page
headers. In principle, only station numbers, remankdV/l readings need be recorded
at individual stations, but any changes in curiamd voltage settings should also be
noted since they affect reading reliability. Conmtseshould be made on changes in
soil type, vegetation or topography and on culadabr populated areas where non-
geological effects may be encountered. These matessually be the responsibility
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of the instrument operator who will generally beaimposition to personally inspect
every electrode location in the course of the treeeSince any note about an
individual field point will tend to describe it irelation to the general environment, a
general description and sketch map should be iedutivhen using frame-mounted
electrodes to obtain rapid, closely spaced readitigs results are usually recorded
directly in a data logger and the description atetch become all-important.

3.4 Displaying traverse data

The results of resistivity traversing are most &iffeely displayed as profiles, which
preserve all the features of the original datafilRsoof resistivity and topography can
be presented together, along with abbreviated aegsiof the field notes. Data
collected on a number of traverses can be showidiyng stackedorofiles on a base
map, but there will usually not then be much roemannotation.

Strike directions of resistive or conductive feasirare more clearly shown by
contours than by stacked profiles. Traverse lined data-point locations should
always be shown on contour maps. Maps of the saee @roduced using arrays
aligned in different directions can be very diffetre

4.0 Conclusion

Resistivity profiling is mostly conducted in hydgeological and engineering
investigations. The preferred arrays for resistittiaversing are those that can be most
easily moved, such as, Gradient, and Wenner arrays.

The dipole—dipole array is mainly used in IP workere induction effects must be
avoided at all costs. Four electrodes have to beethand the observed voltages are
usually very small.

5.0 Summary

The resistivity profiling is also known as elecaliqrofiling or constant separation
traversing. The method is suitable in hydrogeologydefine horizontal zones of
porous strata. Resistivity traversing is also usedetect lateral changes. The method
is also useful in mineral prospecting to locateltfawr shear zones and to detect
localized bodies of anomalous conductivity. Itlsoaused in geotechnical engineering
to determine variations in bedrock depth and tlesgmce of steep discontinuities. The
preferred arrays for resistivity traversing aresththat can be most easily moved.

6.0Tutor Marked Assignments

(a) With annotated diagram, explain the workingngiple of CST method
(b) State the various areas of application of nmeshod

(c) State the criteria to be considered on theaghof array for this method
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Unit 3: RESISTIVITY DEPTH-SOUNDING
1.0 Introduction

This method is also called vertical electrical sing or expanding probe. Here the
current and potential electrodes are maintainetthetsame relative spacing and the
whole spread is progressively expanded about @ fcemtral point. Resistivity depth-
soundings investigate layering, using arrays inclvhhe distances between some or
all of the electrodes are increased systematicélpparent resistivities are plotted
against expansion on log-log paper and matchedstgfype curves (Figure 2.3).
Although the introduction of multicore cables amdtsh selection has encouraged the
use of simple doubling, expansion is still gerlgrial steps that are approximately or
accurately logarithmic. The half-spacing sequencéd g, 2, 3, 5, 7, 10, 15. .is
convenient, but some interpretation programs regexact logarithmic spacing. The
sequences for five and six readings to the deced®.88. 2.51, 3.98, 6.31, 10.0,85
...and 1.47, 2.15, 3.16, 4.64, 6.81, 10.0,/14 . respectively. Curves drawn through
readings at other spacings can be resampled lnat éine obvious advantages in being
able to use the field results directly. Althouglcheiques have been developed for
interpreting dipping layers, conventional depthrating works well only where the
interfaces are roughly horizontal. The method iseresively used in geotechnical
surveys to determine overburden thickness and ailsbiydrogeology to define
horizontal zones of porous strata.

2.0 Objectives
At the end of the unit, readers will be able to:

(i) Investigate layering using arrays in which theahsts between some or all of
the electrodes are increased systematically.

(i) Understand that the Wenner array is very populafdnspeed and
convenience, the Schlumberger array, in which omtyelectrodes are
moved, is often preferred.

(i)  Know that site selection is extremely importanaliihsounding work, is
particularly critical with the Schlumberger arrayhich is very sensitive.

(iv) Use resistivity depth sounding to investigate tagigal variation of
resistivity with depth.

3.0 Main Contents

3.1 Choice of array

Since depth-sounding involves expansion about areepoint, the instrument
generally stays in one place. Instrument portaghifittherefore less important than in

39



profiling. The Wenner array is very popular but fgpeed and convenience the
Schlumberger array, in which only two electrodes aroved, is often preferred.
Interpretational literature, computer programs gyupe curves are widely available for
both arrays. Local near-surface variations in tesig nearly always introduce noise
with amplitudes greater than the differences betmtbe Wenner and Schlumberger
curves.

Array orientation is often constrained by local diions, i.e. there may be only one
direction in which electrodes can be taken a seffiicdistance in a straight line. If
there is a choice, an array should be expandedlglacathe probable strike direction,
to minimize the effect of non-horizontal beddinldjis generally desirable to carry out
a second, orthogonal expansion to check for doeati effects, even if only a very
limited line length can be obtained. The dipole-etipand two-electrode arrays are not
used for ordinary DC sounding work. Dipole—dipdiepth pseudo-sectiorzse much
used in IP surveys.

3.2 Using the Schlumberger array

Site selection, extremely important in all soundwgrk, is particularly critical with
the Schlumberger array, which is very sensitivecomditions around the closely
spaced inner electrodes. A location where the uf@@r is very inhomogeneous is
unsuitable for an array centre and the offset Weamay may therefore be preferred
for land-fill sites. Apparent resistivities for th8chlumberger array are usually
calculated from the approximate equation of Figlfes, which strictly applies only if
the inner electrodes form an ideal dipole of nepleglength. Although more accurate
apparent resistivities can be obtained using teeipe equation, the interpretation is
not necessarily more reliable since all the typeesiare based on the ideal dipole.
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Figure 2.7 Construction of a complete Schlumberger depth-sogndurve (dashed
line) from overlapping segments obtained usingeckfit innerelectrode separatians
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In principle a Schlumberger array is expanded byingthe outer electrodes only,
but the voltage will eventually become too smalb®accurately measured unless the
inner electrodes are also moved farther apart.sbbeding curve will thus consist of a
number of separate segments (Figure 2.7). Evereiground actually is divided into
layers that are perfectly internally homogeneolis,degments will not join smoothly
because the approximations made in using the dipgleation are different for
differentl/L ratios. This effect is generally less importantithiae effect of ground in-
homogeneities around the potential electrodes,thadsegments may be linked for
interpretation by moving them in their entirety @léel to the resistivity axis to form a
continuous curve. To do this, overlap readings rbesiade. Ideally there should be
at least three of these at each change, but twmare usual (Figure 2.7) and one is
unfortunately the norm.

3.3 Offset Wenner depth sounding

Schlumberger interpretation is complicated by thgnsentation of the sounding curve
and by the use of an array that only approximates d¢onditions assumed in

interpretation. With the Wenner array, on the otheand, near surface conditions differ
at all four electrodes for each reading, riskingigh noise level. A much smoother
sounding curve can be produced withddfsetarray of five equi-spaced electrodes,
only four of which are used for any one readingy(ifé 2.8a). Two readings are taken
at each expansion and are average to produce @ icwwhich local effects are
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Figure 2.8 Offset Wenner sounding. (a) Voltage readings atainbd between B and
C when current is passed between A and D, and ketWeand D when current is
passed between B and E. (b) An expansion systewira reuse of electrode
positions and efficient operation with multicorebtzs

suppressed.The differences between the two readnggde a measure of the
significance of these effects. The use of five tetetes complicates field work, but if
expansion is based on doubling the previous spa¢tigure 2.8b), very quick and
efficient operation is possible using multicoreleslalesigned for this purpose.
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3.4 Depth-sounding notebooks

In field notebooks, each sounding should be idiedtiby location, orientation and
array type. The general environment should be lgiemscribed and any peculiarities,
e.g. the reasons for the choice of a particulantation, should be given. Generally,
and particularly if a Schlumberger array is usqgkrators are able to see all the inner
electrode locations. For information on the outdecttode positions at large
expansions, they must either rely on second-hapdri® or personally inspect the
whole length of the line. Considerable variationscurrent strengths and voltage
levels are likely, and range-switch settings shdidaecorded for each reading.

3.5 Presentation of sounding data

There is usually time while distant electrodes la@eng moved to calculate and plot
apparent resistivities. Minor delays are in anyecastter than returning with un-

interpretable results, and field plotting shouldrbetine. All that is needed is a pocket
calculator and a supply of log-log paper. A laptoghe field is often more trouble

than it is worth, since all are expensive, mostficagile and few are waterproof.

Simple interpretation can be carried out using lay@r type curves (Figure 2.5) on
transparent material. Usually an exact two-layemfil not be found and a rough

interpretation based on segment-by-segment matetilhbe the best that can be done
in the field. Ideally, this process is controlleding auxiliary curves to define the

allowable positions of the origin of the two-layeurve being fitted to the later

segments of the field curve (Figure 2.6). Bookthoee-layer curves are available, but
a full set of four layer curves would fill a libsar

Step-by-step matching was the main interpretatioathod until about 1980.
Computer-based interactive modelling is now possieVen in field camps, and gives
more reliable results, but the step-by-step approastill often used to define initial
computer models.

3.6 Pseudo-sections and depth sections

The increasing power of small computers now alltveseffects of lateral changes in
resistivity to be separated from changes with ddpdin this to be done, data must be
collected along the whole length of a traverserairaber of different spacings that are
multiples of a fundamental spacing. The resultshEdisplayed as contourpdeudo-
sectionghat give rough visual impressions of the way inchihresistivity varies with
depth (Figure 2.10a, b).
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Figure 2.9 Sequential curve matching. The curve produced lowaresistivity layer
between two layers of higher resistivity is inteted by two applications of the two-
layer curves. In matching the deeper part of theveuthe intersection of the#h = 1
andra/rl = 1lines (the ‘cross’) must lie on the line definedtlhg auxiliary curve

The data can also levertedto produce revised sections with vertical scaledapth
rather than electrode separation, which give grentiproved pictures of actual
resistivity variations (Figure 2.10c). As a resnfithe wide use of these techniques in
recent times, the inadequacies of simple depth dingnhave become much more
widely recognized. The extra time and effort imemvin obtaining the more complete
data are almost always justified by results.
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Figure 2.10 Wenner array pseudo-sections. (a) Plotting systém,;‘raw’ pseudo-
section; (c) pseudo-section after inversion. The-tesistivity (white) area at about 90

m was produced by a metal loading bay and railwag,li.e. by a source virtually at
the ground surface.

4.0 Conclusion

Resistivity depth sounding is mainly used in theizemtal or nearly horizontal
interfaces. Consequently, readings are taken ascuineent reaches progressively
greater depths. The common electrode arrays ugetharSchlumberger and Wenner
arrays. The method utilizes about two to three dabonlike the profiling survey that

employs more labours, because it involves the mewnof both the current and
potential electrodes.
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5.0 Summary

In this method, the current and potential electsogl® maintained at the same relative
spacing and the whole spread is progressively aelgzhabout a fixed central point.
Resistivity depth-soundings investigate layeringng arrays in which the distances
between some or all of the electrodes are incresgst@matically. The Wenner array
Is very popular but for speed and convenience tidugberger array, in which only
two electrodes are moved, is often preferred. pmétational literature, computer
programs and type curves are widely available foth barrays. Local near-surface
variations in resistivity nearly always introducaise with amplitudes greater than the
differences between the Wenner and Schlumbergeesur

Step-by-step curve matching technique was the mé&npretation method until about
1980. Computer-based interactive modelling is noasfble, even in field camps, and
gives more reliable results, but the step-by-sigmra@ach is still often used to define
initial computer models.

6.0 Tutor Marked Assignments

(a) Discuss the concept of electrical depth soundurvey

(b) State the advantages of VES method over CShadet

(c) Describe the interpretation mechanism of resigtdepth sounding method.
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MODULE 3

Unit 1 Electro-Magnetic Methods
Unit 2 Other CWEM (Continuous Waves Electromagnetic) Techniques

Unit 3 Transient Electromagnetic

UNIT 1: ELCTROMAGNETIC METHODS
1.0 Introduction

Electromagnetic (EM) induction, which is a sourdenoise in resistivity and IP
surveys is the basis of a number of geophysicahoakst These were originally mainly
used in the search for conductive sulphide mirneadbn but are now being
increasingly used for area mapping and depth sagndecause a small conductive
mass within a poorly conductive environment haseaigr effect on induction than on
‘DC’ resistivity, discussions of EM methods tend farus on conductivityd), the
reciprocal of resistivity, rather than on resigyvitself. Conductivity is measured in
mhos per metre or, more correctly, in siemens pren(Sm-1).

There are two limiting situations. In the one, eduyrents are induced in a small
conductor embedded in an insulator, producing erelie anomaly that can be used to
obtain information on conductor location and coritty. In the other, horizontal
currents are induced in a horizontally layered mmedand their effects at the surface
can be interpreted in terms of apparent condugtiost real situations involve
combinations of layered and discrete conductorskimga greater demands on
interpreters, and sometimes on field personnel.véA&tfects are important only at
frequencies above about 10 kHz, and the methodsotaerwise be most easily
understood in terms of varying current flow in caatbrs and varying magnetic fields
in space. Where the change in the inducing primaagnetic field is produced by the
flow of sinusoidal alternating current in a wireamil, the method is described as
continuous wave (CWEM). Alternatively, transiene@lomagnetic (TEM) methods
may be used, in which the changes are producebropttermination of current flow.

2.0 Objectives
At the end of the unit, readers should be able to;
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()  Understand the concept of conductivity (r), thepexcal of resistivity

(i)  Know that EM methods tend to focus on conductivther than
resistivity itself.

(i)  Understand the system descriptions of continuowse M

(iv) Know that there is an alternative method callech$ient EM to CWEM.

(v) Know that EM methods use higher frequency alténgaglectromagnetic
fields through vertical and coplanar coils to sttigly real and imaginary
components of the electrical properties of the gifase geo- earth
materials.

(vi)  Also, EM method allows the measurement of the ¢areductivity of the
subsurface geology.

3.0 Main Contents

3.1 Two-coil CW Systems

A current-carrying wire is surrounded by circulaoncentric lines of magnetic field.

Bent into a small loop, the wire produces a magrdipole field (Figure 1.4) that can

be varied by alternating the current. This varymggnetic field causes currents to
flow in nearby conductors.

3.2 System descriptions

In CW (and TEM) surveys, sources are (usually) aeweivers are (virtually always)
wire loops or coils. Small coil sources produceotBpmagnetic fields that vary in
strength and direction. Anomaly amplitudes dependh® coil magnetic moments,
which are proportional to the number of turns ia toil, the coil areas and the current
circulating. Anomaly shapes depend on system gegmastwell as on the nature of
the conductor.

Coils are described as horizontal or vertical agicgy to the plane in which the
windings lie. ‘Horizontal’ coils have vertical axesd are alternatively described as
vertical dipoles Systems are also characterized by whether theivexc and
transmitter coils areo-planar, co-axial or orthogonal (i.e. at right angles to each
other), and by whether the coupling between thera maximum, a minimum or
variable (Figure 3.1). Co-planar and co-axial cafe maximum-coupled since the
primary flux from the transmitter acts along thasaaf the receiver coil. Maximum
coupled systems are only slightly affected by sma#itive misalignments

but, because a strong in-phase field is detected gvthe absence of a conductor, are
very sensitive to changes in coil separation. Quimal coils are minimum-coupled.
The primary field is not detected and small changeseparation have little effect.
However, large errors are produced by slight ngsafients. In the field it is easier to
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maintain a required coil separation than a relatiientation, and this is one reason
for favouring maximum coupling.

Dip-angle systems, in which the receiver coil is rotated &edmnine the dip of the
resultant field, were once very popular but are geawerally limited to thehoot-back
instruments used in rugged terrain. Shoot-backiveceand transmitter coils are
identical and are linked to electronic units than cboth transmit and receive.
Topographic effects are cancelled by measuring ausataging the receiver coil dip
angles with first one and then the other coil heldzontal and used as transmitter.

3.3 Slingram

Most ground EM systems use horizontal co-planalsddiorizontal loops’), usually

with a shielded cable carrying a phase-referengeasifrom transmitter to receiver.
The sight of two operators, loaded with bulky ajpas and linked by an umbilical
cord, struggling across rough ground and througbtktlscrub, has provided light
entertainment on many surveys. Very sensibly, smsuments allow the reference
cable to be also used for voice communication.

Fortunately, memory units have not (yet) been addeédcord the conversations. The
Swedish ternSlingramis often applied to horizontal-loop systems buthaitt any
general agreement as to whether it is the factttieae are two mobile coils, or that
they are horizontal and co-planar, or that they lemeed by a reference cable,that
makes the term applicable.

3.4 Response functions

In a Slingram survey, the electromagnetsponseof a body is proportional to its
mutual inductances with the transmitter and recetedls and inversely proportional
to its self-inductancel., which limits eddy current flow. Anomalies are gealy
expressed as percentages of theoretical primad died are therefore also inversely
proportional to the mutual inductance between tratter and receiver, which
determines the strength of the primary field. Towar fparameters can be combined in a
singlecoupling factor, Ms Msr/MtrL.

Anomalies also depend onrasponse parametewhich involves frequency, self-
inductance (always closely related to the linearatisions of the body) and resistance.
Response curves (Figure 3.2) illustrate simultaskduww responses vary over targets
of different resistivity using fixed-frequency sgsis and over a single target as
frequency is varied. Note that the quadrature fisldery small at high frequencies,
where the distinction between good and merely naddeiconductors tends to
disappear. Most single-frequency systems operatevidED00 Hz, and even the multi-
frequency systems that are now the norm generatisk ventirely below 5000 Hz.
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Narrow poor-quality conductors may produce meadearamomalies only at the
highest frequency or not at all (see Figure 3.10).

Maximum-coupled

Horizontal, co-planar
(vertical dipole)

Minimum-coupled
(orthogonal)

‘Fishtail’

Figure 3.1 Coil systems for electromagnetic surveys. The @sorstandard
descriptions, in terms of magnetic dipole directrather than loop orientation, are
given in brackets. Relative orientation is variabie dip-angle systems, although
usually the transmitter coil is held horizontal atiree receiver coil is rotated to locate
the direction for minimum signal

3.5 Slingram practicalities
The coil separation in a Slingram survey shouldabpisted to the desired depth of
penetration. The greater the separation, the gréaesffective penetration because
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Figure 3.3Spacing and penetration. When the two coils areati@part, the
fractional change in distance between them is getltan between either and
the conductor at depth. The increased separatias thcreases the anomalous
field as a percentage of the primary. In the exangbubling the separation
increases the coil to target distances by about 60%

the primary field coupling factavitr is more severely affected by the increase than a
either Mts oMsr (Figure 3.3). The maximum depth of investigatafna Slingram
system is often quoted as being roughly equal toetwhe coil separation, provided
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that this is less than the skin depth (Figure buig)this ignores the effects of target
size and conductivity and may be unduly optimistic.

Because signals in Slingram surveys are referencegulimary field strengths, the
100% levekhould be verified at the start of each day by irepdt the standard survey
spacing on ground which is level and believed totwe-anomalous. This check has to
be carried out even with instruments that havedfizettings for allowable separations,
because drift is a continual problem.

A check must also be made for any leakage of thegpoy signal into the quadrature
channel phase mixiny Instrument manuals describe how to test forcbigdition and
how to make any necessary adjustments. Receiversramsmitters must, of course,
be tuned to the same frequency for sensible readonge obtained, but care is needed.
A receiver can be seriously damaged if a transnitteed to its frequency is operated
close by.

Figure 3.4 shows the horizontal-loop system anoneaigr a thin, steeply dipping
conductor. No anomaly is detected by a horizordgaéiving coil immediately above
the body because the secondary field there is tntak Similarly, there will be no
anomaly when the transmitter coil is vertically ebdhe body because no significant
eddy currents will be induced. The greatest (negasecondary field values will be
observed when the conductor lies mid-way betweentlo coils. Coupling depends
on target orientation and lines should be laidamubss the expected strike. Oblique
intersections produce poorly defined anomaliesriet be difficult to interpret.

Readings obtained with mobile transmitter and remecoils are plotted at the mid-
points. This is reasonable because in most casesewhblative coil orientations are
fixed, the anomaly profiles over symmetrical bodaes also symmetrical and are not
affected by interchanging receiver and transmit&en where this is not completely
true, recording mid-points is less likely to leam donfusion than recording either
transmitter or receiver coil positions. In all EMbrk, care must be taken to record
any environmental variations that might affect tiesults. These include obvious
actual conductors and also features such as roadsgside which artificial
conductors are often buried. Power and telephores Icause special problems since
they broadcast noise which, although differentregfiency, is often strong enough to
pass through the rejectiondtch filters. It is important to check that thesedik

are appropriate to the area of use (60 Hz in mb#te Americas and 50 Hz nearly
everywhere else). Ground conditions should alsonb&ed, since variations in
overburden conductivity can drastically affect amdmshapes as well as signal
penetration. In hot, dry countries, salts in theerburden can produce surface
conductivities so high that CW methods are ineffecand have been superseded by
TEM.
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3.6 Effects of coil separation

Changes in coupling between transmitter and rece&e produce spurious in-phase
anomalies. The field at a distancom a coil can be described in terms of radial and
tangential components(r) andF(t) (Figure 3.5). The amplitude factérdepends on
coil dimensions and current strength. For co-plaimls, F(r) is zero because is
zero and the measured field, is equal toF(t). The inverse cube law for dipole
sources then implies that, for a fractional chaxige

F=Fy/(1+x)

Where,Fo is the field strength at the intended spacingidfsmall, this can
be written as:

F = Fy(l — 3x)

F(p) = A.(1 - 3sin® $)/r®

.Y
7 F(r)=2A.sin® ¢ /r®

P
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F(t) =A.cos ¢ /r°

Figure 3.5 Field components due to a current-carrying loopiragtas a magnetic
dipole sourceF(r) and F(t) are radial and tangential components, respectivE(p),
obtained by adding the vertical components of bigtthe primary field measured by a
horizontal receiver coill

Thus, for small errors, the percentage error inithghase component is three times
the percentage error in distance. Since real anesnaf only a few percent can be
important, separations must be kept very constant.

3.7 Surveys on slopes
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On sloping ground, the distances between surveys pegy be measured either
horizontally 6ecant chainingpr along slope (Figure 3.6). If along slope distanare
used in reasonably gentle terrain, coil separatshiasild be constant but it is difficult
to keep coils co-planar without a clear line ofhsigand simpler to hold them
horizontal. The field=(p) along the receiver axis is then equal to the cagidield
multiplied by (1 — 3 sin®), whered is the slope angle (Figure 3.7). The correction
factor ¥(1 — 3 sin26) is always greater than 1 (coils really are maxinegupled
when co-planar) and becomes infinite when theesie@5 and the primary field is
horizontal (Figure 3.7).

If secant-chaining is used, the distances alongeshetween coils are proportional to
the secant (=1/cosine) of the slope angle. Forlaoap (tilted) coils the ratio of the
‘normal’ to the ‘slope’ field is therefore co8and the correction factor is set3f the
coils were to be held horizontal, the combined extron factor would be se@(1 — 3
sin26) (Figure 3.7).

Separations in rugged terrain can differ from tin@minal values if the coil separation
Is greater than the distances over which slope® hmen measured (Figure 3.6).
Accurate surveying is essential in such areas iatdldrews may need to carry lists of
the coil tilts required at each station. Instrutsewhich incorporate tilt meters and
communication circuits are virtually essential aeekn so errors are depressingly
common and noise levels tend to be high.

Figure 3.6 Secant chaining and slope chaining. Down arrowswshocations of
stations separated by intervals of d metres measateng slope. Up arrows show
locations of secant-chained stations, separated! bgetres horizontally. Between C
and D, where topographic ‘wavelength’ is less tliaa station spacing, the straight
line distance from Cto D_ (for which separation was measured as the sumat sh
along-slope segments), is less than d. The ‘ctrséape position is at D
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Figure 3.7 Slope corrections for a two-coil system calibrateduse in horizontal, co-
planar mode. Readings should be multiplied by @ @priate factors

3.8 Applying the corrections

For any coupling error, whether caused by distamcdilt, the in-phase field that
would be observed with no conductors present caexpeessed as a percentage of the
maximum-coupled fieldFo. A field calculated to be 92% dfo because of non-
maximum coupling can be converted to 108&ber by adding 8%or by multiplying
the actual reading by 100/92. If the reading olga@iactually were 92%, these two
operations would produce identical results of 100%.however, there were a
superimposed secondary field (e.qg. if the actuadireg were 80%), adding 8% would
correct only the primary field (converting 80% t8%8 and indicating the presence of a
12% anomaly). Multiplication would apply a corrextito the secondary field also and
would indicate a 13% anomaly. Neither procedu@ctsially ‘right’, but the principles
illustrated in Figure 3.3 apply, i.e. the deepex tdonductor, the less the effect of a
distance error on the secondary field. Since amglgotor that can be detected is likely
to be quite near the surface, correction by mudigpion is generally more satisfactory,
but in most circumstances the differences willrbaal.

Coupling errors cause fewer problems if only quadefields are observed, since
these are anomalous by definition (although, asirEi@.2 shows, they may be small
for very good as well as poor conductors). Rougheotions can be made using the
in-phase multipliers but there is little point dgirthis in the field. The detailed
problems caused by changes in coupling betweeanaritter, a receiver and a third
conductor can, thankfully, be left to the interpretprovided the field notes describe
the system configurations and topography precisely.
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3.9 Ground conductivity measurement

Slingram-style systems are now being used for rapmductivity mapping. At low
frequencies and low conductivities, eddy curreméssanall, phase shifts are close to
90 - and the bulk apparent resistivity of the grouncbisghly proportional to the ratio
between the primary (in-phase) and secondary (qiady phase) magnetic fields.
Relatively high frequencies are used to ensure asurable signal in most ground
conditions. If thenduction numberequal to the transmitter—receiver spacing divided
by the skin depth, is significantly less than unitile depth of investigation is
determined mainly by coil spacing.

Induced current flow in a homogeneous earth isr@gthorizontal at low induction
numbers, regardless of coil orientation, and im@azientally layered earth the currents
in one layer hardly affect those in any other. F&g8.8 shows how current flow varies
with depth for horizontal and vertical inducing Isoin these circumstances. One
reason for preferring horizontal coils (i.e. veatidipoles) is obvious. The response for
vertical co-planar coils, and hence the apparemdlectivity estimate, is dominated by
the surface layer. The independence of curremisflat different levels implies that
the curves of Figure 3.8, which strictly speaking far a homogeneous medium,

can be used to calculate the theoretical appaesistivity of a layered medium
(Figure 4.9). Using this principle, layering can some extent be investigated by
raising or lowering the coils within the zero-cowtivity air ‘layer’. In principle it
could also be investigated by using a range oluegies, but the range would have to
be very wide and inherentlyroadbandmethods such as TEM or CSAMT/MT are
preferable.

The Geonics EM-31 (Figure 3.10) is an example af-gplanar coil instrument

that can be used, obtain rapid estimates of appaesistivity (manmade conductors
such as buried at some risk to life and limb ofialift sites, by one operator to drums
and cables may also be detected). Normally the end held horizontal giving, at low

induction numbers, a penetration of about 6 m arabtlaus of investigation of about 3

m with the fixed 3.7 m coil spacing. This compavesy favourably with the 20—30 m

total length of a Wenner array with similar pentetra Figure 2.4 shows the results of
a very detailed EM-31 survey for sinkholes in chal&rried out on top of a plastic
membrane forming the lining of a small reservoir.
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Figure 3.8 Variation of induced current with depth in homogeume ground, for co-
planar coil systems operating at low induction nensb ‘Filled’ curves show total
current flowing in the region between the surfand &ée plane at depth, as a fraction
of total current flow. Incremental curves are notima@d. Subscripts ‘h’ and ‘v’ refer
to horizontal and vertical dipoles, following thee@hics terminology used with the
EM-31 and EM-34

Measurements can also be made (although not easity) the coils vertical, halving
the penetration. A shorter, and therefore more mawn@ble version, the EM-31SH, is
only 2 m long and therefore provides better resmtutbut only about 4 m of
penetration. Both versions of the EM-31 operat®.&tkHz. The more powerful, two-
person, Geonics EM-34-3 (Figure 1.1e) uses fregasraf 0.4, 1.6 and6.4 kHz with
spacings of 40, 20 and 10 m respectively. The #aqy is quadrupled each time the
coil separation is halved, so the induction nunmierains constant. Coil separation is
monitored using the in-phase signal. Penetratioasld, 30 and 60 m for horizontal
coils and 7.5, 15 and 30 m for vertical coils. Aghwthe EM-31, the EM-34-3 is
calibrated to read apparent conductivity direatlynSm-1.
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Figure 3.9 Calculation of ‘low induction number’ apparent rssvity for a layered
earth. The thickness of the first layer is deteediby the height of the coils above the
ground. This introduces an air layer with infinitesistivity and (in this example) a
thickness of 1 m

4.0 Conclusion

Electromagnetic (EM) surveying methods make usthefresponse of the ground to
the propagation of electromagnetic fields, whicle aomposed of an alternating
electric intensity and magnetizing force. Primartgctomagnetic fields may be
generated by passing alternating current throug/hall coil made up of many turns of
wire or through a large loop of wire.
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The primary electromagnetic field travels from thensmitter coil to the receiver coil

via paths both above and below the surface. Wherestibsurface is homogeneous
there is no difference between the fields propabab®ve the surface and through the
ground other than a slight reduction in amplitudetre latter with respect to the

former. In the presence of a conducting body, thegmetic component of the

electromagnetic field penetrating the ground induediernating currents, or eddy
currents, to flow in the conductor.

5.0Summary

The differences between the transmitted and rededlectromagnetic fields reveal the
presence of the conductor and provide informatianite geometry and electrical

properties. All anomalous bodies with high eleariconductivity produce strong

secondary electromagnetic fields. For example,t@emgnetic anomalies observed
over certain sulphide ores are due to the preseinttes conducting mineral pyrrhotite

distributed throughout the ore body.

6.0Tutor Marked Assignments

(a) With clear annotated diagram, discuss the gépenciple of EM surveying.
(b) What factors control the depth of penetratib&l fields?

(c) Discuss the operational mechanism of the &imgmethod

7.0References/Further readings

John, M. (2003) Field Geophysics (Third Editiorghd Wiley and Sons Ltd. England,
249pp

Hoover, D.B., Heran, W.D. and Hill, P.L. (Eds) (B99he Geophysical Expression of
Selected Mineral Deposit Modeldnited States Department of the Interior Geolahic
Survey Open File Report 92-557, 128 pp.

Kearey, P., Brooks, M. and Hill, I. (2002 Introduction to Geophysical
Exploration(Third Edition), Blackwell Science, Oxford, 262 pp.

McCann, D.M., Fenning, P. and Cripps, J. (Eds) $)88odern Geophysics in
Engineering GeologyEngineering Group of the Geological Society, Lamd519 pp.
Mussett, A.E. and Khan, M.A. (2000poking into the Earth: An Introduction

to Geological Geophysic€ambridge University Press, Cambridge, 470 pp.
Parasnis, D.S. (199@¥inciples of Applied Geophysi¢sifth Edition), Chapman

& Hall, London, 456 pp.

Reynolds, J.M. (1997An Introduction to Applied and Environmental Gecpby
Wiley, Chichester, 796 pp.

Sharma, P.V. (199 8nvironmental and Engineering GeophysiCambridge
University Press, Cambridge, 475 pp.

61



Unit2 OTHER CONTINOUSWAVESELECTROMAGNETIC (CWEM)

1.0 Introduction
CWEM surveys can be carried out using long-wirersesl instead of coils and many

different system geometries. These can only beidered very briefly.

Figure 3.10EM-31 in use in open country

2.0 Objectives:

At the end of the unit, readers should be able to;
()  Understand the concept of continuous wave elecigoetac Techniques.
(i)  Practicalise and demonstrate fixed source methddarable to apply it
to measure dip angles or ratios of vertical tozwrtal fields.
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(i)  Use higher frequency alternating electromagnegiclé through long wire
sources instead of vertical and coplanar coildudysthe real and
imaginary components of the electrical propertiethe subsurface geo-
earth materials.

(iv) Also, know that EM method allows the measuremétit@true
conductivity of the subsurface geology.

3.0Main Contents

3.1 Fixed-source methods

The fields produced by straight, current-carryinige can be calculated by repeated
applications of theBiot—Savart law(Figure 3.12). The relationship for four wires
forming a rectangular loop is illustrated in FiglBd.3. If the measurement point is
outside the loop, vectors that do not cut any eidée loop have negative signs.

The Slingram anomaly of Figure 3.4 was symmetrisatause the receiver and
transmitter coil were moved over the body in tufrthe source, whether a coil or a
straight wire, were to be fixed, there would beeseozwhen a horizontal receiver coll
was immediately above a steeply dipping body arel ahomaly would be anti-
symmetric (Figure 3.14). Fixed-source systems ofteasure dip angles or (which is
effectively the same thing) ratios of vertical trizontal fields.Turam(Swedish: ‘two
coil') methods use fixed extended sources and taeeiving coils separated by a
distance of the order of 10 m. Anomalies are asseby calculatingeduced ratios
equal to the actual ratios of the signal amplitutkesugh the two coils divided by the
normal ratios that would have been observed over non-cdivduterrain. Phase
differences are measured between the currenteibamb receiver coils and any non-
zero value is anomalous.

There is no reference cable between receiversrandmitter, but absolute phases and
ratios relative to a single base can be calculptedided that each successive reading
Is taken with the trailing coil placed in the pasit just vacated by the leading coil.
CWEM Turam is now little used, but large fixed smes are common in TEM work.
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Figure 3.11 Results of detailed EM-31 resistivity survey, gdttas an image.
(Reproduced by permission of Geo-services Intewnati(UK) Ltd.)
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Figure 3.12The Biot—Savart law. Any long-wire transmitter daregarded as made
up of elements of the type shown in (a). Two sleshents, with currents in opposite
directions, can be used to calculate cases sucfbywhere the observation point is
beyond the end of the wire

A B S Pisthe point of observation
‘ '\ ’ ABCD is the transmitter loop
Thel | N : i Ajistheareaof PQBS
T | Aistheareaof PRAS
)hp A, isthe area of PQBS
A Q 8 Ayisthe areaof PQDT
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/rS" ,"r4 F_ k[ i 2 E ﬁ
i A b A A
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C D T e wholly outside the
loop and must therefore
be given negative signs

Figure 3.13Primary field due to a fixed, rectangular loop cging a current. If | is
measured in amps and distances are in mekres]0—-7for F in Weber- m-2.
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Figure 3.14Fixed-loop UTEM vertical component anomaly at QueeR Tasmania.
Reading interval 25 m. The weak anomaly at P indsEaconomic mineralization,
whereas the large anomaly at R is produced by Imampgrite. (Reproduced by
permission of the Australian Society of Exploratid®ophysicists.)
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Figure 3.15 TEM waveforms. (a) Transmitter waveform. Note #qget on the up
ramp. The slope on the down ramp is drawn delildyashallow, for clarity. (b)
Signal induced in receiver due to primary field) Sgnal induced in receiver due to
currents circulating in a poor conductor. (d) Signaduced in receiver due to
currents circulating in a good conductor. The begngy of the usable measurement
interval is defined by the termination of the cutrenduced by the primary, and the
end by the beginning of the following up ramp
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4.0Conclusion

Anomalies are assessed by calculateduced ratiosequal to the actual ratios of the
signal amplitudes through the two coils dividedtbg normalratios that would have
been observed over non-conductive terrain. Phdgsrehces are measured between
the currents in the two receiver coils and any nero value is anomalous.

5.0Summary

If the source, whether a coil or a straight wirerevto be fixed, there would be a zero
when a horizontal receiver coil was immediately\aba steeply dipping body and the
anomaly would be anti-symmetric (Figure 3.14). Bks®urce systems often measure
dip angles or (which is effectively the same thimgdios of vertical to horizontal
fields. Turam (Swedish: ‘two coil’) methods use fixed extendedirses and two
receiving coils separated by a distance of therooflelO m. There is no reference
cable between receivers and transmitter, but atesplbases and ratios relative to a
single base can be calculated provided that eaotessive reading is taken with the
trailing coil placed in the position just vacatedthe leading coil.

6.0Tutor marked Assignments
(a) What are the advantages of straight wire ssuf€l! over coils EM system.
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UNIT 3: TRANSIENT ELECTROMAGNETICS(TEM)

1.0 Introduction

TEM systems provide multi-frequency data by repdatampling of the transient
magnetic fields that persist after a transmitterent is terminated. A modified square
wave of the type shown in Figure 3.15 flows in ttemsmitter circuits, and transients
are induced in the ground both on the up-going dowin-goingramps Observations
are made on currents induced during the down-ga@ngs only, since it is only these
that can be measured in the absence of the prifieddy It is therefore desirable that
the up ramp transients should be small and decaklguand the up-ramp is often
tapered reducing induction. In contrast, the currenwflis terminated as quickly as
possible, in order to maximize induction in thewgrd. This means that transmitter’s
self-induction must be minimized, and single-tuoogds are preferred to multi-turn
coils.

2.0 Objectives

At the end of the unit, readers should be able to;

()  Know Transient that Electromagnetic are used fptldeounding

(i)  Familiarise with both CWEM, TEM and time domaind{stems

(i)  Understand that transient electromagnetic was dpeelto overcome
some of the disadvantages in CWEM.

(iv) Know that CWEM and TEM are theoretically equivaldénit have
different advantages and disadvantages.

(v) Provide multi-frequency data by repeated samplirth@transient
magnetic fields that persist after a transmitterent is terminated.

3.0 Main C ontents

3.1 TEM survey parameters

A system in which the primary field is not presariten secondary fields are being
measured can use very high powers, and TEM syséeegpopular in areas where
overburden conductivities are high and penetrai®nskin-depth limited. Since

measurements are made when no primary field isptethe transmitter loop, which

may have sides of 100 m or more, can also be usedctive the secondary field.
Alternatively, a smaller receiver coil can be posied within the loop. This technique
can be used in CWEM surveys only with very largas$mitter loops because of the
strong coupling to the primary field.
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It is also possible to carry out TEM ‘Slingram’ gays, and most commercial systems
can employ several different loop configurationgey differ in portability and, in
detail, in sampling programs. The SIROTEM may Wdeestaas typical. It produces a
square-wave current with equal on and off timesha range from 23 to 185 msec.
The voltage in the receiver coil can be recorde@2atifferent times during eddy-
current decay, and signals can be averaged oveaag as 4096 cycles.

An alternative approach is provided by the UTEMteys in which current with a
precisely triangular waveform and a fundamentajuency of between 25 and 100 Hz
Is circulated in a large rectangular loop. In thsemnce of ground conductivity, the
received signal, proportional to the time derivatof the magnetic field, is a square
wave. Deviations from this in the vertical magnetitd horizontal electric fields are
observed by sampling at eight time delays. In nahewxploration, TEM data are
usually presented as profiles for individual deteges (Figure 3.14). The results at
short delay times are dominated by eddy currenti&rnge volume, relatively poor
conductors. These attenuate quite rapidly, antbtiee parts of the decay curves are
dominated by currents circulating in any very geodductors that may be present.

3.2 TEM depth sounding

TEM methods were originally developed to overcormme of the disadvantages of
CWEM methods in mineral exploration but are now dleing widely used for depth
sounding. In homogeneous or horizontally layerealigd, termination of current flow
in the transmitter loop induces a similar curre@g or ring in the adjacent ground.
This current then decays, inducing a further currerg with a slightly greater radius
at a slightly greater depth. The induced curreuns throgresses through the subsurface
as an expanding ‘smoke ring’ (Figure 3.16), and dlsociated magnetic fields at
progressively later times are determined by curflemt (and hence by resistivity) at
progressively greater depths. TEM surveys with t@@ansmitter loops have been
used to obtain estimates of resistivity down totdepof several hundred metres,
something requiring arrays several kilometres mgth if conventional DC methods
are used.

If localized good conductors, whether buried oilirds or sulphide ore bodies, are
present, the effects of the eddy currents inducddem will dominate the late parts of
decay curves and may prevent valid depth soundatg &tom being obtained. A
relatively minor shift in position of the transnaittand receiver loops may be all that is
needed to solve the problem.
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Figure 3.16 The TEM ‘expanding smoke ring’ in a layered medilime equivalent
current loop’ defines the location of maximum clating current at some time after
the termination of current flow in the transmitteop. The slant lines define the cone
within which the loop expands. Arrows are on linésnagnetic field

3.3 TEM and CWEM

CWEM and TEM methods are theoretically equivaleut tave different advantages
and disadvantages because the principal sourcesisé are quite different. Because
noise in CWEM surveys arises mainly from variatiansthe coupling between
transmitter and receiver coils, the separationsthadelative orientations of the coils
must either be kept constant or, if this is notgide, must be very accurately
measured. The receiver circuitry must also be peegisely stabilized, but even so it
Is difficult to ensure that the initial 100% (fdret in-phase channel) and 0% (for the
guadrature channel) levels do not drift signifitarduring the course of the day.
Because all these possible sources of noise apeiates] with the primary field, their
effects cannot be reduced merely by increasingsinéiter power. On the other hand,
in TEM surveys the secondary fields due to groumbtactors are measured at times
when no primary field exists, and coupling noisethisrefore negligible. The very
sharp termination of transmitter current providasrang reference that is inherently
easier to use than the rather poorly defined maxamzero crossings of a sinusoidal
wave, and the crystal-controlled timing circuit#ftdrery little.

The most important sources of noise in TEM sunaegsexternal natural and artificial
field variations. The effect of these can be redulsg increasing the strength of the
primary~ field and byN-fold repetition to achieve Il improvement in signal-to-noise
ratio. There are, however, practical limits to #thewmethods of noise reduction.
Transmitter loop magnetic moments depend on cursémngths and loop areas,
neither of which can be increased indefinitely. édafand generator power, in
particular, set fairly tight limits on usable curtenagnitudes. The large loops that are
necessary for deep penetration are inevitablyatilffito use and can be moved only
slowly. Multiple repetitions are not a problem imaiow work, where virtually all the
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useful information is contained in the first fewllimeconds of the decay curve, but
can be time consuming in deep work, where measunesnfeve to be extended to
time delays of as much as half a second.

Moreover, repetition rates must be adjusted so pwtver-line noise (which is
systematic) is cancelled and not enhanced, anchdingber of repetitions must be
adequate for this purpose. It may take more thamib@tes to obtain satisfactory

data at a single point when sounding to depths afenthan 100 m (this does, of
course, compare very favourably with the time ndedeobtain soundings to similar
depths with Wenner or Schlumberger arrays). Inggéim CWEM systems, resolution
Is determined by the spacing between the trananatid receiver coils. Because the
two coils can be superimposed in a TEM surveyréiselving power can be very high.
TEM is thus much more suitable than CWEM for predscation of very small
targets. Most modern metal detectors, includingpésumetal detectors’ such as the
Geonics EM-63, which was designed specifically &tedt unexploded ordnance
(UXO) at depths of a few metres, use TEM principles

3.4TEMand IP

TEM superficially resembles the time-domain IP neeith discussed earlier. The most
obvious difference is that currents in most IP sysvare injected directly into the
ground and not induced by magnetic fields. Howeatleast one IP method does use
induction and a more fundamental difference liethatime scales. Time-domain IP
systems usually sample after delays of betweemis¥#t and 2 sec, and so avoid most
EM effects. There is a small region of overlappnirabout 100 to 200 msec, between
the two systems and some frequency domain or plifasaits are designed to work
over the whole range of frequencies from DC to tehkHz to obtain conductivity
spectra. However, it is usually possible in mihesgploration to regard the EM and
IP phenomena as completely separate and to avordingoin regions, either of
frequency or time delay, where both are significant

4.0 Conclusion

TEM methods were originally developed to overcormme of the disadvantages of
CWEM methods in mineral exploration but are now dleing widely used for depth
sounding. In homogeneous or horizontally layerealigd, termination of current flow
in the transmitter loop induces a similar curredp or ring in the adjacent ground.
This current then decays, inducing a further currerg with a slightly greater radius
at a slightly greater depth. TEM surveys with 10@amsmitter loops have been used
to obtain estimates of resistivity down to depthseveral hundred metres, something
requiring arrays several kilometres in length ifieentional DC methods are used.
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5.0 Summary

TEM systems provide multi-frequency data by repgaampling of the transient
magnetic fields that persist after a transmitterent is terminated. A modified square
wave flows in the transmitter circuits, and transseare induced in the ground both on
the up-going and down-goingamps Observations are made on currents induced
during the down-going ramps only, since it is otllgse that can be measured in the
absence of the primary field. TEM systems are populaareas where overburden
conductivities are high and penetration is skintddimited.

In TEM surveys the secondary fields due to growsmttlactors are measured at times
when no primary field exists, and coupling noisethierefore negligible. The most
important sources of noise in TEM surveys are esenatural and artificial field
variations. The effect of these can be reducedhbreasing the strength of the primary
V field and byN-fold repetition to achieve B improvement in signal-to-noise ratio.
There are, however, practical limits to these mashaf noise reduction.

6.0 Tutor Marked Assignments

(a) Compare and contrast TEM with CWEM

(b) Compare and contrast TEM with IP

(c) Describe the concept of TEM depth sounding
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MODULE 4

Unit 1 Very low Frequency (VLF) Radiation
Unit 2 VLF Instruments
Unit 3 Presentation of VLF Results

Unit 4 Natural and Controlled-Source Audio- magneto telluric

UNIT 1 VERY LOW FREQUENCY (VLF) RADIATION

1.0 Introduction

Some geophysical instruments make use of high-pawétary communications
transmissions in the 15-25 kHz band. Termedy low frequencyVLF) by radio
engineers, these waves have frequencies higher tti@se used in conventional
geophysical work, but allow electromagnetic survey$e carried out without local
transmitters.

Natural electromagnetic radiation covers a mucladdeo range of frequencies. Longer
wavelengths (lower frequencies) are generally du@mhospheric micro-pulsations,
while much of the radiation in the audible ranggeserated by distant thunderstorm
activity. These latter signals, known aferics form the basis of audio-magneto-
telluric (AMT) methods in mineral exploration anesistivity depth sounding. Because
sferic signal strengths vary considerably with tinreethods have been developed of
producing signals similar to the natural ones usiogtrolled sources (CSAMT).
Instruments such as the Geometrics Stratagem akbdlvnatural and CSAMT signals
to be used at the same time but over differenuaqy ranges.

2.0 Objectives

At the end of this unit, readers should be able to;

()  Know that natural electromagnetic radiation coxgersuch broader range
of frequencies.

(i)  Understand that electromagnetic wave consist olupled alternating
electrical and magnetic field directly at right &gto each other

(i)  Familiarise with the VLF TRANSMISSIONS
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(iv) Understand the difference between magnetic fiethedactric field.

(v) Know the origin of elliptical polarized waves.

(vi) Show how VLF method is used in measuring spatiaitians in the tilt
angle of the resultant field of a dipping bed.

3.0Main Contents

3.1 VLF Radiation

An electromagnetic wave consists of coupled altargaelectrical and magnetic
fields, directed at right angles to each other samdhe power vector defining the
direction of propagation (Figure 4.1). Electric Idievectors will always align
themselves at right angles to perfectly condudivéaces and a wave can therefore be
guidedby enclosing conductors. The extent to which teipassible is governed by
the relationship between the wavelength of theatamh and the dimensions of the
guide. Waves at VLF frequencies propagate vergiefitly over long distances in the
waveguide formed by the ground surface and thesioinere.

3.2 VLF transmissions

Neither the Earth nor the ionosphere is a perfeadactor, and some VLF energy
penetrates the ground surface or is lost into sp@AGeout this penetration, there
would be neither military nor geophysical usesitAs, the waves can be detected tens
of metres below the sea surface and are ideal domwnicating with submarines.
Amplitudes decrease exponentially with depth arel 4bcondary fields produced in
subsurface conductors are similarly attenuatedheir tvay to the surface, i.e. VLF
surveys areskin-depth limiteqFigure 1.5).

Power

/ (Poynting vector)
H

Figure 4.1 Electromagnetic wave vectors close to a perfectlootor. The magnetic
(H) and electric (E) fields are at right angles éach other and to the power or
Poynting vector that defines the direction of prgation

74



There are more than a score of stations aroundvdrl transmitting VLF signals
continuously for military purposes (Figure 4.2).eTmessage content is generally
superimposed by frequency modulation on a sinuscglaier wave, but occasionally
the transmission is chopped into dots and dashe=migding Morse code. Making
geophysical use of thesgenched-carriesignals is extremely difficult. Transmission
patterns and servicing schedules vary widely betrttakers of VLF instruments are
usually aware of the current situation and prowndermation on their websites.

3.3 Detecting VLF fields

A geophysical user of a VLF signal has control omeither the amplitude nor the
phase of the signal. Readings of a single fieldmament at a single point are therefore
meaningless; one component must be selected dsramee with which the strengths
and phases of other components can be compare@ obVious choices are the
horizontal magnetic and vertical electric fieldsice these approximate most closely
to the primary signals. VLF magnetic fields areedétd by coils in which currents
flow in proportion to the number of turns in theillcthe core permeability and the
magnetic field component along the coil axis. Ngnal will be detected if the
magnetic field is at right angles to this axis.

A VLF electric field will induce alternating currem an aerial consisting of a straight
conducting rod or wire. The signal strength is tdygroportional to the amplitude of
the electric-field component parallel to the ag@ald to the aerial length.

3.4 Magnetic field effects

Eddy currents induced by a VLF magnetic field pmsligecondary magnetic fields
with the same frequency as the primary but genenalth different phase. Any
vertical magnetic component is by definition anosoal and most VLF instruments
compare vertical with horizontal magnetic fieldgher directly or by measuring tilt
angles. The directions of the changes in the sergnuagnetic fields are always in
opposition to the changes in the primary field.dotly above a steeply dipping sheet-
like conductor this secondary field may be stroagwvaill be horizontal and will not be
detected by most systems. On either side therebsildetectable vertical fields, in
opposite directions, defining an anti-symmetricraaty (Figure 4.3). Steeply dipping
contacts also produce VLF anomalies, which aretipesor negative depending upon
the sign convention (Figure 3.4). The classicali-symnmetric ‘thin conductor’
anomaly can be looked upon as being produced bycomtacts very close together.
Two steeply dipping conductors close to each gbheduce a resultant anomaly that is
generally similar to the sum of the anomalies thatild have been produced by each
body singly. Where, however, one of the bodieseg@y dipping and the other flat
lying, the results are more difficult to anticipat@nductive overburden affects, and
can actually reverse, the phase of the secondzldy fi
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3.5 Electric field effects

Because the Earth is not a perfect conductor, MEEteC vectors near its surface are
tited, not vertical, having horizontal componentdove homogeneous ground the
horizontal field would differ in phase from the mary (vertical) field by 45 would

lie in the direction of propagation and would bepmrtional to the square root of the
ground resistivity. Over a layered earth, the magia of the horizontal electric field
(or tilt of the total field) records average (apg@) resistivity, strongly biased towards
the resistivity of the ground within about half ldansdepth of the surface. The phase
angle will be greater than 4% resistivity increases with depth in a layerexdtlk and
less than 4bif it decreases. Sharp lateral resistivity chamdjstort this simple picture
and very good (usually artificial) conductors prodwsecondary fields that invalidate
the assumptions upon which the resistivity calooihest are based.

3.6 Elliptical polarization

If horizontal primary and secondary fields thatfelfin phase are combined, the
resultant is also horizontal but differs from thetcomponents in both magnitude and
phase. A secondary field that is vertical and imgghwith the primary produces a
resultant which has the same phase but is tiltddstmonger. A vertical secondary field
in phase quadrature with the primary produces bptiedlly polarized wave (Figure
4.5). These are special cases. In the generalotaseinclined secondary field that is
neither in phase nor in phase quadrature with thengoy, a tilted, elliptically
polarized wave is produced.
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Figure 4.2 Major VLF transmitters. Data blocks identify stati@odes (e.g. NAA),
frequencies in kHz and power in Megawatts. Fregigsnand powers are liable to

change without much notification
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Figure 4.3VLF magnetic component anomaly over a vertical catidg
sheet striking towards the transmitter. Note thechior a sign convention

Figure 4.4VLF magnetic field anomalies at the margins of ateeded conductor.
Sign convention as for Figure 4.3
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Because the secondary field has a horizontal comppthe tangent of the tilt angle is
not identical to the ratio of the vertical secondield to the primary and, because of
the tilt, the quadrature component of the vertsedondary field does not define the
length of the minor axis of the ellipse. This seatosplicated, but VLF dip-angle
data are usually interpreted qualitatively and sfactors, which are only significant
for strong anomalies, are usually ignored. Quant#ainterpretations are based on
physical or computer model studies, the resultwtuth can be expressed in terms of
any gquantities measured in the field.

(a)

Figure 4.5 Combination of alternating vertical and horizontakgnetic field vectors.

(a) Horizontal and vertical fields in-phase: thertweal vector has its maximum value
OA when the horizontal vector has its maximum v&Wreand the resultant has its
maximum value OT. At any other time (as when theakfield has value OB and the
horizontal field has value OQ), the resultant (@{lirected along OT but with lesser
amplitude. All three are zero at the same time. Rhase-quadrature: the vertical

vector is zero when the horizontal vector has isximum value OP, and has its
maximum value OA when the horizontal vector is.z&twther times, represented by
OB, OQ and OS, the tip of the resultant lies orellipse
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3.7 Coupling

The magnetic-component response of a good condulgpends critically on its
orientation. This is also true in conventional Ed&ys but EM traverses are usually
laid out at right angles to the probable geologstake, automatically ensuring good
coupling. In VLF work the traverse direction is alsh irrelevant, the critical
parameter being the relationship between the striitke conductor and the bearing of
the transmitting station. A body that strikes tosgathe transmitter is said to bell
coupled since it is at right angles to the magnetic veatod eddy currents can flow
freely. Current flow will otherwise be restrictededucing the strength of the
secondary field. If the probable strike of the aactdrs in a given area is either
variable or unknown, two transmitters, bearing fdyat right angles to each other,
should be used to produce separate VLF maps. A d#tmrprojection map such as
Figure 4.2 is of only limited use in determining ttiue bearings of VLF transmitters.
The all-importantGreat Circle paths can be found using a computer program or a
globe and a piece of string.

4.0 Conclusion

The VLF method has the advantages that the fialgpewent is small and light, being
conveniently operated by one person, and that teere need to install a transmitter.
However, for a particular survey area, there mapdsuitable transmitter providing a
magnetic vector across the geologic strike. A rrttisadvantage is that the depth of
penetration is somewhat less than that attainaplglttangle methods using a local
transmitter. The VLF method can be used in airb&esurveying.

5.0 Summary

The source utilized by the VLF method is electroned radiation generated in the
low frequency band of 15-25 kHz by the powerfulicattansmitters used in long
range communications and navigational systems. aplygsical user of a VLF signal
has control over neither the amplitude nor the pledghe signal. Readings of a single
field component at a single point are therefore mmgdess; one component must be
selected as a reference with which the strengtdsphases of other components can
be compared. Eddy currents induced by a VLF magrfetld produce secondary
magnetic fields with the same frequency as the gmniout generally with different
phase.

Because the Earth is not a perfect conductor, EEtec vectors near its surface are
tited, not vertical, having horizontal componentdove homogeneous ground the
horizontal field would differ in phase from the mary (vertical) field by 45 would

lie in the direction of propagation and would bepmrtional to the square root of the
ground resistivity. If horizontal primary and sedary fields that differ in phase are
combined, the resultant is also horizontal butedgffrom the two components in both
magnitude and phase. A secondary field that iScarand in phase with the primary
produces a resultant which has the same phases tite¢d and stronger.
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6.0 Tutor Marked Assignments

(a) Discuss the advantages of VLF method over divMemethods

(b) A significant problem with many of the EM suyveethods is that a small
Secondary field must be measured in the poesef a much larger primary
field. Discuss.

(c) How could this problem be overcomed?
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UNIT 2 VERY LOW FREQUENCY INSTRUMENTS
1.0 Introduction

The first commercially available geophysical VLFstument, the Ronka-Geonics
EM-16, used only magnetic fields, although horizbrglectric fields can now be
measured with the EM-16R add-on module. The EMs1$ill widely used and serves
to illustrate principles which, in some other instents, are concealed by processing
software.

2.0 Objectives

At the end of this unit, readers should be able to;

() To demonstrate EM-16 add-on module to measure dntak electric
field

(i)  Know that EM-16 is still widely used and servedltestrate practical
principle which are concealed by processing sofviraisome
instruments

(i)  Be familiar with other VLF instruments.

(iv) present the various VLF instruments available liersurvey.

(v) Know the operational principle of each instrumemd &heir advantages
and disadvantages.

3.0 Main Contents

3.1 The EM-16

The EM-16 consists of a housing containing the tedaecs, to which is attached a
conventional sighting clinometer, and a T-shapetttgacontaining two coils at right
angles (Figure 4.6). Controls include a two-ponristationselector switch, a calibrated
guadrature control and a knob that amplifies anicatohe which, although often
extremely irritating, can be almost inaudible ieas such as forests on windy days,
where other noises compete. With the phase caatizéro, the strength of the tone is
determined by the setting of the volume control adgdthe component of the VLF
magnetic field parallel to the axis of the mainl.chieasurements are made by finding
orientations of this coil that produce nulls (mia)n This is easiest if the volume
control is set so that at the ‘null’ the tone idyojust audible. Before reading, the
direction of the minimum horizontal component (iieection of the power vector)
must be determined. Unless there is a significanbisdary field, this also gives the
bearing of the transmitter. The instrument is heith both coils horizontal, most
conveniently with the short coil at right angleghe stomach (Figure 4.7). The

82



Figure 4.7 Searching for the station with the EM-16

observer turns until a null is found, at which stdlge magnetic field is at right angles
to the main coil and parallel to the short coilislbccasionally necessary to adjust the
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guadrature control during this process; it showddset to zero before attempting to
observe the vertical field. There is no way ofibgl] and no importance in knowing,
whether the transmitter is to the left or rightlod observer.

Without changing position, the observer then ratdtee instrumenébout the short
coil as axisinto the upright position and then tilts it in tpé&ane of the clinometer
(which should now be at eye level). The signal mumn occurs when the long coil is
at right angles to the major axis of the polarmatellipse. The null will be poorly
defined if the quadrature component (minor axaddji is large or if the plane of the
polarization ellipse is not vertical. Definitionrcde improved by using the quadrature
control to subtract a measured percentage of treseskhifted major-axis field,
detected by the short coil, from the quadrature fietected by the long coil. At the
null, with the instrument held in the tilted positi the quadrature reading gives the
ratio of the ellipse axes and the tangent of tharngle defines the in-phase anomaly.

3.2 EM-16 sign conventions

At a null, the long handle of the EM-16 points tods the region of higher
conductivity. An observer with the conductor to thent will have to lean backwards
to obtain a null and will see a positive readingtba clinometer. Viewed from the
opposite direction, the reading would be negativ@.avoid confusion, all readings
should be taken facing the same direction andstinosild be recorded in the field notes
even if, as is recommended, a standard range @ftdins (e.g. N and E rather than S
or W) is adopted on all surveys. Quadrature an@walsually show the same polarity
as in-phase anomalies but may be reversed by ctiwelum/erburden. Reversed in-
phase anomalies can be caused by steeply dip@otators enclosed in conductive
country rock, which are rare, or by active sousigsh as live power lines.

3.3 The EM-16R

With the additional circuitry contained in the ENBR plug-in module and a 2 m

length of shielded cable acting as an aerial, tMe16 can be used to measure
horizontal electric fields. The cable is stretcloatl towards the transmitter and the two
ends are pegged down. The long coil must point tdsvéhe transmitter and, for

convenience, the instrument is usually laid onghaind. The short coil then detects
the maximum magnetic-field component. A null is abéd by rotating the 16R

control, giving a reading directly in onm-metrebaBe shifts are also monitored.

EM-16R resistivities, which use the horizontal metgn field as a phase reference,
assume a fixed ratio between the horizontal mageiil vertical electric components.
This is not the case if significant secondary mégrfeelds are present, and use of the
more stable vertical electric field as a refereisc® be preferred in instruments that
provide this option.
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3.4 Other VLF instruments

Most of the alternatives to the EM-16 also recordgnetic field variations but
measure field components and their ratios rathan ttip angles. Major advances
include direct recording of data, often into a meynas well as to a front panel
display, and elimination of the use of an audiblget Some instruments can measure
natural magnetic and two-transmitter VLF fields sitaneously, and some have been
made self-orientating to increase speed of coveragplitudes may also be measured
but a base instrument is then needed to correcarglitude variations caused by
meteorological changes along the long transmisgaths. Horizontal magnetic field
directions are occasionally recorded but are gdlgdess sensitive and less diagnostic
than changes in tilt angle and require a directiogf@rence. Many instruments rely,
as does the EM-16, on crystal-controlled tuninglack to the desired station but
others use high-Q tuning circuits. The ABEM Wadarss the entire VLF band and
presents the user with a plot of signal streng#iresg frequency, allowing an informed
choice of station.

3.0 Conclusion

The maximum detection depth of any VLF equipmenabsut half the transmitter-
receiver separation. Field work is simple and rexguia crew of only two or three
operators. The spacing and orientation of the dsileritical as a small percentage
error in spacing can produce appreciable erroreasurement. The coils must be kept
accurately horizontal and coplanar as small reddilts can produce substantial errors.

5.0 Summary

Several VLF instruments are available to carry gnad quality investigations. But a
significant problem with many of the EM survey nadhk is that a small secondary
field must be measured in the presence of a mugergrimary field. This problem

may be overcome by using a primary field which a$ continuous but consists of a
series of pulses between which no primary is géedrd he secondary field induced
by the primary is then measured only when the pymnig inactive. The better the
conductivity of the body, the longer do eddy cutseffow in it and the longer is the
duration of the secondary field.

6.0 Tutor Marked Assignments
(a) Name the various types of VLF instruments
(b) Discuss the operational mechanism of any ofaittaeve named instruments.
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UNIT3 PRESENTATION OF VERY LOW REQUENCYF RESULTS

1.0 Introduction

Dip-angle data can be awkward to contour and dgleamaps, on which conductors
are indicated by steep gradients, may be diffitulassess visually. Large artificial
conductors produce classic anti-symmetric anomddigsgeological conductors are
often indicated merely by gradients (Figure 4.8)F\fesults tend to be rather noisy,
being distorted by minor anomalies due to smalaldasually artificial) conductors

and electrical interference.

In-phase ‘Fence’ anomaly

N

N

Quadrature

Figure 4.8 Typical EM-16 profile in area of high geologicalise, with superimposed
anomaly due to rabbit-proof fence

2.0 Objectives
At the end of this unit, readers should be able to

()  Explain filtering and the purpose why noise habddiltered

(i)  Understand that VLF dip angle data are mostly éffely presented as
stacked profiles

(i)  Understand the VLF system operate at a relativigly frequencies at
which most conductors appear good.

(iv) Show how VLF results could be presented in a sstipliqualitative and
interpretative form.
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3.0Main Contents

3.1 Filtering

Noise can be reduced by adding together resultsrded at closely spaced stations
and plotting the sum at the mid-point of the stagpoup. This is the simplest form of
low-pass filter. The asymmetry inherent in dip-anglata may be removed by
differencing adjacent readings to obtain averaggzbotal gradients. Two filters
designed to carry out both these operations areommon use (Figure 4.9). The
Fraser filter uses four equi-spaced consecutive readings. TBe tivo are added
together and halved. The same is done with thensketweo and the second average is
then subtracted from the first. The more complida€arousHijelt filter utilizes six
readings, three on either side of a central reathagis not itself used. The ABEM
Wadi instrument (Figure 1.1a) automatically disgl&yH filtered data unless ordered
not to do so.

Filtered data are usually easy to contour, esggadfalas is normal practice with the
Fraser filter, negative values are discarded. $te#ipping VLF dip-angle data (%)
steeply conductors produce positive anomalies amdery obvious. However, it is a
geophysical axiom that processing degrades datterd~ican destroy subtle but
possible significant features and, more importaniiyll distort anomalies due to
sources other than simple, conductive sheets. ¥angle, an isolated peak or trough
due to a steeply dipping interface between mateoéldiffering conductivity will be
transformed by both the Fraser and K-H filters iato anti-symmetric anomaly
(Figure 4.9). If negative values are then ignortkas feature will be interpreted as
indicating a dipping conductor some distance friwa itegion of actual conductivity
change.
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Figure 4.9 EM-16 profile showing typical ‘thin-sheet’ and ‘dast’ anomalies and a
noise spike, with Fraser and K—H filtered equivadenThe filters convert the thin-
sheet anomaly to a peak but render the other aneshalmost unrecognizable

It is suggested in the Wadi manual that the K—te¢ifitan be used to compute current-
density pseudo-sections. However, VLF data caneaided to determine patterns of
simultaneous current flow at different depths. Witain be provided are the
magnitudes of the currents that would have to fawingle selected depths to produce
a given anomaly. The results of calculations fouenber of depths are then presented
using a variable density display, and the depththefsources can then be roughly
estimated.

3.2 Displaying VLF data

Since raw dip-angle data are difficult to contowmd a&here are valid objections to
filtering, VLF dip-angle data are most effectivgdyesented as stacked profiles. These
display all the original data, correctly located the map, and sections of profile on
which there are gradients indicating a conductarmaemphasized by thickened lines.
In order for a map to be interpreted, even qualgst, the direction to the transmitter
must be shown so that the degree of coupling camsbessed. Conductors striking at
right angles to this direction will not be well gded and may not be seen. The map
must also show which of the two possible readimgatiions has been used, since it is
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otherwise not possible to distinguish ‘normal’ geads in which values decrease in
the facing direction from ‘reversed’ gradients whimay be due to active sources such
as power and telephone lines.

3.3 VLF/EM comparisons

VLF systems operate at relatively high frequeneies/hich most conductors appear
good (Figure 3.2) and usually locate many more aiesthan do CWEM surveys
over the same ground (Figure 4.10). The methode® buited to mapping near-
vertical contacts and fractures. Conductive mimestibn may be detected, but the
magnitudes of anomalies associated with very goodwactors may be no greater than
those produced by un-mineralized but water-filledcfures, which are likely to
occupy larger volumes. VLF measurements can be maid&ly and conveniently by
a single operator, and are therefore sometimestos&sbess the electromagnetic
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Figure 4.10 Comparison of EM-16 and horizontal loop EM reswdtgoss a shear

zone in granite. The in-phase variations on the fbfiles are due to small errors in
coil separation, which are more serious when acgegarations are small. Note that
the source of the strong VLF anomaly was detectethb EM system only in the
guadrature channel and then only at the 50 m spgpeind the highest frequency of
which the instrument was capable

characteristics of an area before the expensecohaentional EM survey is incurred.

This is especially useful in populated areas whaise from manmade electrical
sources is to be expected. VLF surveys are becormogeasingly popular in
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hydrogeology. The targets (steeply dipping waterring fractures in basement rocks)
are important in parts of Africa where the militaignals are weak or poorly coupled
to the dominant conductors. Portable transmitteesreow marketed that allow the
method to be used in these areas.

4.0 Conclusion

VLF dip-angle data are most effectively presentedstacked profiles. These display
all the original data, correctly located on the mapd sections of profile on which
there are gradients indicating a conductor canrbghasized by thickened lines. In
order for a map to be interpreted, even qualittjvine direction to the transmitter
must be shown so that the degree of coupling caasBessed. The map must also
show which of the two possible reading directioas been used, since it is otherwise
not possible to distinguish ‘normal’ gradients ihigh values decrease in the facing
direction from ‘reversed’ gradients which may beda active sources such as power
and telephone lines.

4.0 Summary

VLF measurements can be made quickly and convédyibyta single operator, and

are therefore sometimes used to assess the elagmetic characteristics of an area
before the expense of a conventional EM survewndsrred. This is especially useful

in populated areas where noise from manmade alaksources is to be expected.

To ensure good data quality, noise can be redugedithng together results recorded
at closely spaced stations and plotting the suthemid-point of the station group.
This is the simplest form of low-pass filter. Th&ymmetry inherent in dip-angle data
may be removed by differencing adjacent readinglitain average horizontal
gradients. The method has become increasingly popul hydrogeology and
environmental investigations.

6.0 Tutor Marked Assignments
(a) Discuss succinctly the importance of filtering/LF data
(b) List the limitations of EM method.
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Unit4 NATURAL AND CONTROLLED-SOURCE AUDIO-magnetotéellurics
1.0 Introduction

A broad band of naturally occurring electromagneditiation exists and can be used
geophysically. Thesmagnetotelluridields are partly sourced by ionospheric currents
and partly by thunderstorm activitgféricg. The most useful signals, in the frequency
range from 1 Hz to about 20 kHz, are commonly ref&to asaudio-magnetotelluric
(AMT). These propagate down into the Earth as rbuglanar wavefronts oriented
parallel to the Earth’s surface.

2.0 Objectives
At the end of the unit, readers should be able to;

(i)  Explain the source of controlled sources, Auto- h&tg Telluric
(CSAMT) and its principles

(i)  Know the parameters mostly commonly measured inl\@BA

(i) Compare results of AMT and CSAMT sounding ovemapde layer earth

(iv) Demonstrate CSAMT practicalities.

(v) Show how large scale, low frequency and naturalmeag fields within
and around the earth were used in prospecting.

3.0 Main Contents

3.1 CSAMT principles

The source for a CSAMT survey is usually a longi(@ or more) grounded wire in
which current is ‘swept’ through a range of freqeies that may extend from as low
as 0.1 Hz to as high as 100 kHz. A variety of pat@ns can be measured, but the
horizontal electrical field parallel to the soumege (Ex) and the horizontal magnetic
field at right angles to itHy) are the most commonly used. Magnetic fields are
measured using small vertical coils, electric feling short grounded electrode pairs
(dipoles) set out parallel to the transmitter. vited that the transmitter wire is laid
out parallel to the regional strike, the magnditd usually varies comparatively
slowly, and reconnaissance CSAMT surveys are aftade using measurements at
between five and 10 electric dipoles, short distanapart, for every magnetic
measurement.

At thefar-field distances of several kilometres at which AMT equeican be applied
to CSAMT data, both magnetic and electric fiellesgths decrease as the inverse
cube of distance from the transmitter. Signals iae¥itably weak and, despite the
inevitable loss of resolution, it may be impradtimause receiver dipoles less than 20
m in length. Even so, noise may exceed signal Ilgctor of 10 or more, and long
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recording times may have to be used during whicgelanumbers of records are
obtained to allow very high folds of stacking.

3.2 CSAMT data

The parameters most commonly measured in CSAMTegsrare the ratios d&x to
Hy and the phase differences (ingedance phasgdetween them. The amplitude
ratio is used to calculate a quantity known as@hgniard resistivity which is given
by pa = (Ex/Hy)2/5f The Cagniard resistivity is often regarded as amese of
average resistivity down to a depth equal to thie slepth divided byv2, i.e. to
approximately 350/ (palf ). The range of frequencies used in CSAMT survelgsval
this average to be estimated at depths from a fetkesito several kilometres.

Plots prepared in the field are usually of Cagnrasistivity and phase difference
against frequency. At a single point the variatiaaty be illustrated by a curve (Figure
4.11), but it is usual to plot pseudo-sectionsG&AMT traverses (Figure 4.12).

— 100 OOm
1000 I
10 &2m
200 m
1000 Om

100 —

Apparent resistivity {ohm-metres)

10 —

Controlled source (CSAMT)

_________ Natural source (AMT)

1 1 1 1 1 1 I
1 4 16 64 256 1024 4096

Frequency (Hz)

Figure 4.11 Comparison of the results of AMT and CSAMT soursdoger a simple
layered earth (overburden, resistivity 100 _m, khiess 100 m, overlying low
resistivity substrate, resistivity 10 _m, thicknéd€30 m, on bedrock of 1000 m
resistivity). The AMT signal provides a plane wawetf at all frequencies. The
CSAMT wavefront, from a grounded wire 2 km longn8 from the measurement
point, ceases to be effectively planar at a fregyesf between 100 and 200 Hz (after
van Blaricom, 1992)
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Figure 4.12AMT response of a resistive (5000 _m) prism buineal 100 m medium.
Solid contours and shading afeéx/Hy phase difference (‘impedance phase’) in
milliradians (contour interval 25 milliradians). Dted lines are apparent resistivity,
in _m. The vertical scale is in frequency, not dephd the prism (black solid outline)
could be made to coincide with the phase anomadk pg an arbitrary adjustment of
scale. The phase anomaly indicates a body withdonextent in depth, something not
apparent from the resistivity contours (after vdarigom, 1992)

Programs can be run on laptop PCs to carry outdomensional (horizontal layering)
and two-dimensional inversions of Cagniard redtsty to actual resistivities. To
estimate the resistivity at a given depth, the Gagnresistivities must be obtained
down to at least three times that depth. Howeviee fact that the depth of
investigation is itself dependent on resistivitypiras a degree of circularity in the
calculations and the modelling process is inheyaantibiguous.

Phase differences are used mainly for investigatingll sources, rather than layering.
It may, for example, be possible to see both tipeatod the base of a buried source
using phase measurements, even though only thes tapible on the corresponding
resistivity plots (Figure 4.12).

3.3 CSAMT practicalities

The use of controlled sources eliminates some@ptioblems associated with natural
fields but introduces others. Very high currents rquired if long-wire sources are to
generate sufficiently strong signals at the kilometistances required by the far-field
approximation, and it is seldom easy to find sidwere kilometres of wire carrying

many amperes of current can be laid out on thengt@afely (or even at all). Even
where this can be done, topographic irregulariti@y create significant distortions in
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the signal. Closed loop sources can be considesabdller but require currents even
larger (by factors of as much as 10) than thosdetkéor line sources.

The far field for CSAMT measurements is commonlysidered to begin at a distance
of three skin depths from a long-wire source, antheérefore frequency dependent. On
a single sounding plot, the onset of intermediagdd fconditions can usually be
recognized by an implausibly steep gradient indbending curve (Figure 5.11). A
simple rule of thumb that can be used in plannumyeys is that, to ensure far-field
conditions, the distance from source to receivesukh be at least six times the
required depth of investigation. The layout mawveeer, have to be modified in the
light of actual field conditions. In principle, deidifferent equations must be used in
intermediate and near-field interpretation, butldyacontrol in the field is usually
carried out using only the far-field approximations

4.0 Conclusion

The broad AMT frequency band allows conductivityi@gons to be investigated over
a correspondingly wide range of depths, from a feetres to several kilometres.
However, the signals, like so many other things tttane for free, are not always
reliable. Short- and long-term amplitude fluctuaocause many problems, and
unacceptably long times may be needed to obtaisfaetbry readings because of low
signal strengths. In particular, signals tend todxgy weak in the 1-5 kHz range that is
crucial for exploration of the upper 100 m of threwnd. It is therefore now common
to generate similar signals from controlled sour@@SAMT), and to use these to
either supplement or replace the natural signals.

5.0 Summary

The AMT method is applicable to oil exploration iags capable of detecting salt
domes and anticlinal structures, both of which tarts potential hydrocarbon traps.
As such, the method has been used in Europe, Mrita and the USSR. The use of
controlled sources eliminates some of the problass®ciated with natural fields but
introduces others.

6.0 Tutor Marked Assignments

(a) Discuss the field procedure of AMT method.
(b) Enumerate the problems associated with AMT esging method.
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MODULE 5
FIELD WORK EXCERCISE
Unit 1: Major Fields Application of Electrical and Electromagnetic M ethods

1.0 Introduction

There are many methods of electrical surveying. &orake use of naturally occurring
fields within the earth while others require thiaduction of artificially — generated
currents into the ground. The resistivity methodsed in the study of horizontal and
vertical discontinuities in the electrical propestiof the ground, and also in the
detection of three — dimensional bodies of anonsa&ectrical conductivity. It is
routinely used in engineering and hydro-geologicaéstigations to investigate the
shallow subsurface geology. The induced polaripatiethod makes use of the
capacitative action of the subsurface to locategavhere conductive minerals are
disseminated within their host rocks. The self po& method makes use of natural
currents flowing in the ground that are generatedlbctrochemical processes to
locate shallow bodies of anomalous conductivity.

2.0 Objectives
At the end of the unit, readers should be able to

()  Know the major fields of application of electri@ald electromagnetic
methods.

(i)  Show precisely where electrical and electromagmag@thods are suitable
in mineral and environmental studies.

(i)  Show how the various geophysical methods complewmmmtnother.

(iv) How geophysical data may be integrated with theakngeology to solve a
very wide variety of problems related to the sufze.

3.0 Main Contents

3.1 Electrical and Electromagnetic Methods in Maié&txploration

Geophysical methods are extensively used in theclsear economically valuable
mineral deposits. Many materials fall into thisezgiry, including the bulk minerals
sand, gravel and limestone, but in this sectiorsictanation is restricted to selected ore
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deposits which are of major importance to the riégsdus mining industry, namely

massive sulphides, disseminated sulphides and ams. These deposits differ
significantly from their host rocks in their phyalgroperties and consequently give
rise to geophysical anomalies of various types.

The initial aim of a geophysical survey for ore dgifs is to locate mineralized areas
of potential- interest. For this purpose the aingomagnetic and electromagnetic
techniques are eminently suitable since large aczas be surveyed rapidly at
relatively low cost. Airborne measurements, howgespecially electromagnetic, are
limited in their depth of penetration and may neteitt deeply buried ore bodies.

Once possible target areas are determined, funtifi@mation on causative bodies
within the anomalous zones is obtained by groundreys which enable the
prospector to determine whether the anomalous baale of economic importance.
Ground verification surveys frequently involve thee of several different survey
techniques. If ore bodies are present, the geopdlydata will provide information on
their depth, extent and attitude and consequemthtrol the location of exploratory
boreholes or trenches.

It is customary to refer to the “returns-ratio” fgeophysical surveys, defined as the
ratio of the estimated value of the ore to the aafsthe geophysical work. That
geophysical surveying is of major importance in enal exploration is shown by the
fact that for many ore deposits this ratio is savkundred to one.

Several examples of the use of electrical and releetgnetic methods in the location

of ores deposits are discussed bellow. In the sas#ies described below, stress is
also placed on the importance of integrating theulte from several geophysical

methods to derive the maximum information aboutdteedeposits concerned.

3.1.1 Massive sulphide ores

Massive sulphide ore bodies are usually considerdme a single mass with a cross-
sectional area of at least 106 comprising 50% or more of metallic sulphides. Such
ore has a minimum density of 3800kgnft may contain the magnetic minerals
pyrrhotite and magnetite, and if these are presergason able quantity the ore will
produce large magnetic anomalies. The electricatlgctivity of massive sulphides is
normally very high, in the range 200" S.m*. Consequently, the geophysical
methods applicable to the search for such oredhaxge responding to very dense,
highly magnetic and conductive materials.

Airborne prospecting techniques for massive sulghidsually exploit the property of
high conductivity, and extensive use is made oftedenagnetic methods. The survey
aircraft usually also carries a magnetometer twigeoadditional information at little
extra cost, as the coincidence of electromagnetit rmagnetic anomalies is highly
indicative of massive sulphides.
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Subsequent ground surveys similarly employ eleatand electromagnetic methods.
Self potential methods are cheap and effectivéef ¢orrect subsurface conditions
exist and the ore body lies at a depth of less #mut 30 m. Standard moving source-
receiver EM methods are extensively used, althongligged or forested terrain the
AFMAG method may be more cost-effective as no heayyipment is required and
there is no need to cut tracks for survey linesit Ifs required to establish the
relationship of the conducting body to its hostkraesistivity rather than EM methods
are employed as they provide estimates of absaloneluctivity rather than simply
revealing bodies with a high relative conductivity.

Gravity surveying is essentially a secondary groargloration tool because of the
high cost of obtaining gravity coverage over largeeas and ambiguities in
interpretation. It does, however, provide accuestitmates of ore tonnage on the basis
of the total mass anomaly once the location obtleebody has been established.

Although electrical and electromagnetic methodstla@emajor exploration techniques,
they suffer from the drawback that anomalies mayltefrom non-economic sources
such as graphite or water-filled shear zones. Heweby use of a combination of
electrical, magnetic and gravity methods it is guedo eliminate most non-economic
sources.

An example of an integrated geophysical study ahassive sulphide ore body in

Quebec, Canada has been described by White (1R6®ty-five percent of the area

prospected is covered by glacial deposits abounXhick. All exposures of bedrock

are high-grade metamorphic rocks of Precambrian aljeough younger volcanic

rocks are known to occur in neighbouring areas. diH@orne survey revealed an EM
anomaly 1.2-1.6 km in length with a ratio of real imaginary secondary field

components exceeding unity, indicating the presem@good conductor. The eastern
part of the causative body was later found to ctredi massive pyrrhotite in a host of
andesite, rhyolite and silicified tuff, while theestern part contained up to 20%
sulphides but was mainly graphitic in nature.

The airborne survey was followed by a sequenceradrgl surveys. A series of EM
traverses was made with a coplanar horizontalsy@stem operating at a frequency of
1600 Hz with a source-receiver separation of 6TlIne results enabled the subsurface
conductor to be accurately located, and the asymmait the profiles allowed
estimates to be made of the conductor dip.

Profiles of the vertical field magnetic anomaliesrev made along the same traverses.
The strong correlation between electromagnetic magnetic anomalies suggested
that a high proportion of pyrrhotite was presentgaamclusion in accord with the
composition of other known ore bodies in the regibime- change in character of the
anomalies between surveyed traverses indicatecaiagehin nature of the conductor
from sulphides to graphitic sediments as the cotwdweas at approximately the same
depth beneath both profiles. The decrease in aryoaraplitude towards the east
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resulted from an increased overburden thicknedsindicated that pyrrhotite-bearing
ore continued at least to traverse 12 E.

The geophysical data were subsequently employeaxbritrol the location of several
boreholes which allowed the nature of the condutiobe determined in the most
cost-effective manner.

3.1.2 Disseminated sulphide ores

Disseminated sulphide deposits are defined as thodes in which sulphides are
scattered as specks and vein-lets throughout thiertbck and constitute not more than
20% of the total volume. A disseminated ore bodytaims metallic sulphides usually
of copper and/or molybdenum) at a mineable depthramst normally exceed 10
horizontal section to be profitable.

The density distribution in such bodies is compkrce, although the metallic
sulphides themselves are very dense, the densitlyeohost can be highly variable.
Consequently the gravity method is not applicabléht direct search for such ores.
Similarly, their magnetic susceptibility is normallow so that magnetic surveying
cannot be relied upon to provide a direct indicatd a disseminated sulphide ore.

The electrical and eletromagnetic methods appedbetdhe most suitable surrey
techniques. However, the conductivity of a disset@d sulphide ore body is highly
variable because of the irregular dispersion of shihides throughout the host.
Consequently, diagnostic resistivity and EM anoasaéire unlikely to be encountered.

Since electrical conduction through the metalliclpbiges is electronic, but
electrolytic through the host, the conditions iss#iminated sulphide ore bodies exist
to produce strong induced polarization anomaliethedP method is the most likely
to detect such bodies. However, the physical pteggeof economically important
sulphides such as chalcopyrite ores are not grfataht from zones of disseminated
uneconomic minerals such as pyrite. Hence the ewmnonportance of a deposit
cannot be judged solely from its IP response anithdéu geological and geochemical
surveying need to be executed prior to any costlynd) programme.

3.2 Electrical and Electromagnetic M ethods in Hydrogeology.

Many geophysical methods find application in- laegtand defining subsurface water
resources. They provide rapidly collected informaton the geological structure and
prevailing lithologies of a region without the largcost of extensive drilling
programme. The geophysical survey results deternfocation of the minimum
number of exploratory boreholes required for babeatial aquifer tests and control of
the geophysical interpretation.
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The magnetic method is rarely used in this contéxtt may find occasional
application in the location of faults and shearemwhich could affect the pattern of
ground water flow. The gravity method is widely ds@ regional reconaissance
surveys to delineate the form and extent of posmamentary deposits such as buried
valley-fills. The method has also been used tordetee groundwater volumes from
anomalous mass calculations. The technique, howsutfers from the weakness that
small geological changes are difficult to detecttls® method is of little use in the
solution of detailed hydrogeological problems.

The most widely used geophysical methods in hydlogy are the electrical
techniques. Resistivity surveys are routinely empptbin groundwater exploration to
locate zones of relatively high conductivity copesding to saturated strata at depths
down to about 400 m. As well as providing strudtumad lithological information,
resistivity surveys may also provide indicationsgobundwater quality. The method
provides adequate depth penetration and quanétegsults.

Most constituent minerals of sedimentary rocks iasulating and the passage of
electricity thus takes place mainly by ionic contttut in the pore waters. The
resistivity of the rock is thus controlled by thelwme of water present and will
decrease as the salinity of the water increaseasd&fpiently, in an homogeneous
aquifer, it is possible to distinguish fresh froatise groundwater and even to trace the
subsurface flow of contaminated groundwater rasgyllfrom pollution if the polluted
water has a distinctive resistivity.

The resistivity method has been used by Bugg & dl¢3976) for the quantitative
delineation of fresh water lenses in the Caymaantid of the northern Caribbean. In
many small oceanic islands such lenses consthetenaiin source of potable water.

Because of their relatively low density, fresh wdtnses rest on top of the saline
water that penetrates the substrate of the islfnods the sea. Since the densitjgs

and s of fresh and salt water are known, under statiedtmns where there is an
Immiscible contact, the thicknesg bf fresh water beneath mean sea-level can be
predicted from the height of the fresh water table above this datum, acogrtb the
Ghyben-Herzberg relationship.

Zy = pW zs = kzs
(ps —p W)
where k is a constant. Fgg = 1026 kg mand,w = 1000 kg m# k = 38.

Fresh water lenses are subject to the dynamicteftddides so that significant saline
transition zones develop along their lower bouretarConsequently, modified form of
density relationship must be employed with the tammisk in the Ghyben-Herzberg
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relationship decreased to about 25. Theoretictil base of the freshwater lens could
be determined by measurement of the height of titervtable. Practically though, due
to the tidal effects, this would require simultanganeasurement at a large number of
boreholes. Thus, in the Cayman Islands study eereift approach was adopted,
employing geophysical methods.

Surface resistivity techniques thus provide a rapid cheap method of mapping the
base of fresh water lenses and substantially rethaéceost of drilling investigations.

Merkel (1972) has described the use of resistiwitgthods in the delineation of
contaminated mine discharge in Pennsylvania. Aelangantity of acid mine drainage
originates from deep and shallow coal mining openatin this area. It renders the
water unfit for recreational use and necessitabslyctreatment before it can be used
for industrial purposes. The sources of such comatmon are usually difficult to
identify since the acid water, after mixing withtmal groundwater, can travel
considerable distances before emergence and tagdoof many of the old workings
iIs unknown. In the area studied bedrock consista @equence of shales, clays,
sandstones and coal, the latter having been extdnsnined.

Investigation of the local mine waters revealediredr relationship between log
resistivity and log ion concentration. The grountBweébecomes more conductive as
the level of contamination increased, fresh wageiriy a resistivity of 60-200 ohm m
and acid water 6-12 ohm m. The polluted groundwatemally flows either in the
highly jointed coal seams or, if their basal claare breached, in the underlying
sandstones. The coal consequently has a highivégisthen above the water table, a
moderate resistivity when associated with groundwatnd a significantly lower
resistivity if the groundwater is contaminated.

The resistivity technique is thus effective in ltieg polluted groundwater and tracing
its source. The contaminating ions cannot be ifledtiby such methods, but if the
geology is sufficiently well known the degree ohtamination can be determined. If,
then, electrodes were sited in a borehole penedrathe water table, periodic
measurement of the resistivity could be used teakthe onset and extent of acid
mine drainage and to monitor the degree of contatimn by use of the type of
relationship.

3.3 Electrical and Electromagnetic M ethodsin engineering geology.
Geophysical methods are frequently used in aralrsite investigation to determine
subsurface ground conditions prior to excavatiah @nstruction work.

The geophysical methods used to locate mineshaltsnto two main categories
depending upon the properties of the shaft that theloit. Micro-gravimetric and

resistivity methods are used to detect the presehtiee subsurface void of the shaft
which constitutes both a mass deficiency and alyigksistive zone. Magnetic and
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electromagnetic methods detect metallic objectecat®ed with either the capping,

infilling or lining of the shaft. The latter two rfeds are usually preferred since they
are more rapidly executed. A recent developmerthim field is the use of a ground

based radar transmitter which provides, essentiallghallow penetration continuous
profile of the subsurface similar to a seismic isectThe technique has proved highly
successful on certain sites (Leggo 1982).

Barker & Worthington (1972) have used electric pired techniques to produce an
apparent resistivity contour map of an area of mide workings in Warwickshire,
England. A shaft was believed to be present atpghdef some 1.5m. Consequently
the profiling was performed using a Wenner confagion with anelectrode spacing of
1.5m. The contour map shows a marked anomaly Aeabwy local noise level with a
form characteristic of a buried vertical cylindiicaoid. Subsequent excavations
revealed a brick-lined shaft of 1.8m diameter, thlielow the surface.

4.0 Conclusion

The resistivity method is used in the study of hamtal and vertical discontinuities in
the electrical properties of the ground, and atsihvé detection of three — dimensional
bodies of anomalous electrical conductivity. Itostinely used in engineering and
hydro-geological investigations to investigate shallow subsurface geology. The
induced polarization method makes use of the ctgia@ action of the subsurface to
locate zones where conductive minerals are dissgedrwithin their host rocks. The
self potential method makes use of natural currdomgng in the ground that are
generated by electrochemical processes to locatghbodies of anomalous
conductivity.

5.0 Summary

A wide range of geophysical surveying methods exi&tr each of which there is an
operative physical property to which the methodseassitive. The type of physical
property to which a method responds clearly deteesnits range of applications.

6.0 Tutor Marked Assignments

(a) Outline the operative physical properties amasnred parameters of electrical
and electromagnetic methods.

(b) List the various applicable areas of electrarad electromagnetic methods.
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