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s ..otr 	thodj ,loft +r oad d srmass In the il.otrical 
properties of looks In adjac►t g4ological fosnat4ons as $ alMa to c 	N in 

their 13,ttarlodlaal ohs*ctsr. U s source of s eatrioa► snsry is applied 
to the srbh, anrrmts i4U apraad in It guided ter the paths of least 
resistance. 	an I i g saes ground the course of these aazrr to will 
be go~►srn.d tr the distritutlon of oonaoting regions, and thnrtoro be 
irregular such law that of a street (Loving in s r gad sountz r. $sssurrs*ts 
on the surface of the electrical pot ntials produsod i r these current or of 
their 	do fields can then be interpreted In terse of regional oonamtra. 
tion of surr ita or otherwise. This, in turns wil ► help elucidate regions 
bounded tr tsrials of rnzying oonduottvitisa. 

Dpsoding Upon the sv, bi3iti of thoslaotrio,., source, electrical 
s» thods can be a1a 54i*4 into two groups. ' w first of thhsss dspu d upon 
nature )! ocou$ng olgotrianl fields a nd ourrsts,, whilst the second involve 
actual ecsrgiution of the ground tV an externe► source. 

Vatuz1U oaaurrlIeg electrical axrrontsa have been knom to now is 
the earths upper regions for a variety of reasons. Thee. aruadireotiosal 
aontOODU y polari and source. appesring under ceitnia goolog oal c ond,itions 
ooncyLt. to elaatroahsntcal activity. The other constitute periodic currents 
on a World vide arils and are related to gaceagnetic var .stlons. The use of 
apontansous polarisation is natursllj limited to the oases *Mzd e► for its 
production but the latter can be used to delineate conducting or resist t. 
regions to considerable depths, 

the above istheds the distribation of the sources causing the 
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currant tlov are not known and have to be either d.lucv4 or uwa.6 thus 
ticrsari the camber of variables. %r ujjng aft 	sin 	which otters 
a control an the conditions of .uargisation, this lint ation can to some 
amt be r.v.d and the rasolvabt of the data improved« CUrrvats are 
induced In the end either conduotivs31y by asans of a pair of pounded 0e+ 
Mos or nductively by deans of a ya in iietio field pmt by a oai 
oar r,~'i g Ltt tai mot. 

in a howsmr soi&s pound eusrgizad aonduatively the distribution, of 
currents dcsnde on the distance betvem the currant electrode.. A veil 
result sl ova tat the pub density at a depth +Taal to a third of this 
distance 3s, aboot 50% oZ bthat it is at the *AZaJg and it has been siggesbed 
by Moor inysrttijators that the sensing 	of cost tsakmies using this 
SAbod of snergt,,ation Iles at this d+ th. The elect od• çactog thee provides 
a Useful control, by varying which r Mpoass3 fros various depths eq be zuolv.d 
The +configuration of energizing and m wa ring electrodes are often uniqs for 
the nature of the problro solved and for this, reason electrical methods hav* 

n given die to a largo variety of teo'haiquos stood at iaroviflg the iator-
beaicg cant ant of the data obtained# and at eili4thg the interpretation. 
Like .1]. gsop)*yaioal aethods, electrical, methods are naturally suso ttb.ts to 
the resistivity contrast in adjoining rooks# but for methods e*ployltig vernal 
errgizat►f oa another circuaetance is effective. We is the coupling between  

the body asug) to be located and the rooks surrounding it an the one bond, and 
that between the latter and the source# as those 411 dstaraInw the isgr1tuds 
to ,larch the body to he detected AU be en.rgised. It therefore a good 
conducting are body iw surrounded by ' 	resistive rocks one *o tall to 
locate it twits, of the 1440 contra 4 in their xesieivitiss slWly acawa► 

enoughcougi sirg does not reach the ore bade. Io mob cases .nsrgiaation can be 
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improved by using a tlaating magnetic fields or electromagnetic fields which 

find a highly resistive overburden almost transparent. 5owever, if the over-

burden has a finite conductivity the energization of the ore body will depend 

on the inductive coupling between the source and the overburden as well as 

on that between the latter and the ore body. 

Inductive methods further differ from ,conductive methods in that they 

donut necessitate a direct oontact with the ground. This makes it convenient 

for this method to'. be orployed o en on board an aircraft. Airborne eloctro-

magnetic methods have been used extensively for location of ore bodies during 

the past decade$ and it is expected that modification of these will provide 

a powerful remote sensing tool for terrain evaluation. Obviously the simple 

method of controlling the depth by varying electrode spacing cannot be applied 

to this method but as is shown latter the effective penetration of elaotro. 

magnetic fields in conducting media are governed by their frequency. The 

latter therefore can be chosen properly for obtaining responses from a 

de i od depth. 

Interpretation of most electrical methods can be reduced to the 

problem of intergrating the equation which expresses the d .vergencelossneas 

of the current density vector i.e. 

J. =0 

or  

where J =. E is the Oh& a law, or to the salution of the diffusion 

equation o 2 	r r  U , with appropriate boundary conditions. 

3lichter has shun that these solutions can be obtained uniquely 

under certain conditions but the procedure involved 18 rather tedious. Other 

solutions pertaining to specific cases have been presented by several authors 

particularly to layered formations. However, a relatively simpler approach 
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to geoeleotric interpretation lies in the use of r dels. As the equations 

expressing electric and magnetic phenomena are linear when ionised and 

ferromagnetic media are excluded, a linear scaling of the units of epace, time 

and conductivity In the model system with respect to those in the full scale 

field system which they are designed to similate, render the model a direct 

reading reproduction of the field parameters. The conditions for medelling  

are discussed in a later chapter,. ) de]. experiments simulating conditions 

encountered while using the Boiler - Yatsou method of pro eoting have been 

inoludsd in the present work mainly to test the equipment which has been 

fabricated in the laboratory. 

,onu7.iszationat 

gleatrical Methods have been applied to varied types of probelas 

relating to engineering and mining but its use in the search for oil has been 

rather limited. Firstly because oil sands have ordinarily a lower resistivity 

contrast and secondly because of the difficulty of energising a vary deep 

section of the earth by an external source. Only electrical sources of global 

scale such as the telluric currents are able to penetrate the great depths. 

These have consequently been the only ones to be exploited in oil prospecting•  

ffiwever, electrical methods are extensively used in wells for stratigraphio 

and lithological correlation and play an important part in the development of 

oil fields. 

In mining, ground water and civil engineering problems on the 

otherhand electrical methods prove to be a valuable tool as both these kinds 

of problems involve investigations of only the upper thousand feet of the 

earths surface. 
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All gsool•c trio methods are aimed at elucidating the subsurface distribution 

of electric currents. In order to achieve tlit a, taco z seureant have to 
be mate either of the ectri.cal potentials which they produce or of their 
magnetic fields. 	eotrica1 methods are also classified according to the 

part iouLar quantity measured. Methods utilising the former are called surface 

potential methods whilst those utilising the latter are called electromagnetic 

methods. Further they are known as D.C. methods, A.C. methods or radio methods 
depending upon the froqmenq r of the. electrical fields involved. 
s~on.~n s ibl irtiona- One of the sources of naturally ocouring electrical 

potentials in the earth is famished b' the various electrochemiical actions 
Which take p.isce in oortain geological environments. peso can be bri.fl,~t' 
s 	rated as followa .- 

l• 	O dat , i . Thaw are produced where electronic conductors 

such as a sulphide ore body comes into contact with ionic conductors such as 

foaaation waters or ground water. 

2. eotroti1ration titialst.. base are generated when a liquid is 

forced through a porue dielectric medium such as sods. 

3. tiooio tpitllji- Those are produced whet the alectrotypos 

of differing Ionic concentrations cogs into . oontact with each other. 

The spontaneous potentials produced on the surface ty polarized 
geological bodies may range from a fraction of 4 millivolt to a few teas of 
-i volts and in some ems even to a few hundreds of millivolts, but their 

use in proppeting is uuturolly 11"tai to the geologicals wiro~®nto 

favouring the production of belt Potentials. 
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The slootroosrtio and the sla troliltratien potentials are 

extensively ftdo use of in subsurface a.uursasato of potentials in veils 

as not only an those, potentials brought Into being when the drilling mad 

oosss Into contact with the formation waters but they can also be controlled 

by varying the pressure and the conductivity of the drilling azd. *4m so 

used, the i tbod is referred to as S.p. logging and proves vary useful In 

checking the parisbility of fors itiono at different depths and also 
resistivity of the solutions hold by them, with results obtained on the 
basis of other criteria. 

Apart fxoa its oeciirrenee in is under the influence of the drill. 

ing Aud,eie trofiltration potentials have also been observed where Ma water 
permaits~ abors formations under pressure. 

The spontaneous polarisation of ores of pyr&to and anthracite have 
been the most quoted although graphite, pyrrhottts,, magnetite and even 

q"rts have been reported to be associated with these potentials. Pyrite is 
invariably found to be, polarised In "ainnor as to have a negative polarity 
on its top. This causes positive ions to flow upwards through the surround-
Lug waters causing a potential. valley ,just above the body or# the use a 

conventional tars, a negative center. Athracite on the other hand is 

always associated with a positive center proving thereby iMtoitiag that its 

top is positively charged. Igor a long time the polarisation of ore bodies 

was explained as arising tics its differential oxidation caused by an 

gesso in the oggen content of the water In the upper regions, even 

though these were two serious difficulties. Firstly the ssplanation foils 

to account for 8.P. of graphitos which do not normally undergo oxidation 
and second', oxidation of the top of the sulphide ore should librate 
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e:laatrons at that and rather than the reverse situation betrayed by the 

negative center. 	cent sate 	~v►-i ],,~ 	mid Nao:c+gy havø proposed that the ore bodies 

s.r.3j aot as a oat, et whereas the actual source Use in the exl4atlon 

potential . difference between substances In solution above the water table 

iod those b~rlowg 

t.P. eutvay# have been used for locating ore 'bodies, corroding 
pipelines# and also for tracing ground water movoaents. We of the ohiof 
sours of interference which S.P. potentials encounter axles from the topo-
graphical affects. The nose, upward potential gradient of atnospherbo 

electricity tends to produce a currant tlov from lower ground to more 

alrvatod regions and it is not &.vqe possible to : jjj this effect from 
the true S.P. potentials. Intszpretation at S.P. anomalies is based an the 
anuuptIan that polariaod bodies behave as an ectrlc dipole. The inverse 

prc bloc of relating the anomaly to its source therefore fore etfors, frog the 

fundamental ambiguity of potential theory,, and render, the nothod incapable 

of depth.. oontzol. 

S.P. anomalies  are usually presented In the fors of an ,uipotontisl 

alp or a potential . profile. Potentials p be measured at various points 

with respect ti a base station or between two electrodes separated a 

f .xod distance. The latter arraogonent is ueua r eploltrd to produce 

a potential gradient map, which in diagnostic of the dip of the bode, the 
gradient being greater in the direction of dip. Either a high ii edance 
voltaoter or` otentioaetor can be used to determine potential differences 

though the latter being w1l Instants are more accurate. However, in 

order to ensure that the potential differences measured do not include the 
effects of electroohsmioal activity at the ,earth-el aotvod. contact, non 
polarrisable electrodes have to be used. 
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2-i., 

i.actra_da.t.  These electrodes an designed to iatrs that 

no potential difference exists between then and the ground whose potential 

they are intended to assumrr. This is aoaoapliabed by 9nterpo:=iag between 

a metal electrode and the around, a solution of its gown- alt e.g. copper 

w3phato solution for a copper electrode. The volution is contained In a 

porus pot through which it soaps and contacts the ground. , It is assumed that 

the potential. between the solution and the ground moisture is negligibie#  

both being electrolytes, though sometime an additional outer pore of 

oontal.nin a d t• solution of the 	n salt is Lnterpor'4 between the 

ground and the inner poruspot electrode. 

In addition to the S.P. potenti laproduced by electrochemical 

activity lame sheets of vo rld wide current • have been known to glow along 
q-o-- 

the waith'a surface. Thum are called Telluric currents and unlike the 

un'dtrectioa S.F. slllat• at frequencies ranging from a few seconds to 

a few minut®3. The actual mea2anian whereby these currents are produced is 

not yet clearly uadrratood but thV exilAbit a diurnal end seasonal variation 

strikingly similar to those of the geoaagnetio field. Geographically their 

configuration follows the nun shifting along the earth's surface as it spin*. 

The time variations of t"ric currants over large regions have a 

sinilar forms  at their aoplitudes and directions save with position daps •. 

ing upon the resistivity of media involved and Liar of the day. Mapping of 

the con ent potential variations with reference to a fixed station thus 

indicates regions of good or poor conductivity. As the direction of these 

currents is constantly changing, directional variations in resistivity can 

also be obtained. 

Of all the slactrieai aethods telluric currant methods have boa the 
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only one to tom! .p1iøaton in oil pro rp i. Arising !rDr a natural 
nzrc r Of great pot it.14a th r eaiiitoi4 a aign&fioent flaw ev*i it depth 

of the order of 20,E test. 

A abditiaaUon of the aetbod described aboys f  $Cvo ,ss the additional 
Of the  gneUo tiei4 produced y these meats, and Is knoim 

as thes awtob ur#a asthod. 'iii has produced a ooepl.t. thso q for 
their IntoXirsta ►. 	sna rsis of the vari+ s trs urn a acnt is of the 
44"totlb►ru Oat s0 be used to ri&4 infomuoa nzdiag %hf a*"ion 
of the earth to oorr.epond'ng depths nd can thee be used suamadully to 

do a. the t uck of the basement or of bedzocu h ri ad at considerable 
dept 

AU ds wlectric SAheds lo$ng eXternal + ziaation coast it of 

an +ss+ s$.nj qit.a is, a source of power couplod, to the ground either 
ooad%zotiYa.y or $duOtLV.t* end a receiving System to vbteh Is oazmectsd 
a detector of the 4o Usar7 .saiitIvIti 1r the aeanrseant. of the surface 

potentials the dyer oon.ists of a si.ngl,s electrode or ears than one 

electrodes whereas for the sa reasat of the magnetic ftf14, a t2.tir 

or a search soil ajr be sep o .d. Theo ia&l1 ro  any srizi.recsivLng  
sysASA AU serve the purpose, but a few have gained greater p 31sty in 
vlmv of their greater teem or resolving power. Iatszpal►ation is 
Smsr 	aaooepltstsd 	coepsLsion of the tbIOZ'0ti0a3. teeponses of asauaed 
0so o0"1 Wvironints to a gtvai .nsrgiziag.r.tvjng ayston 4th rrnilts 

is► the field„ The aetb ds sxploying the asasrsaNat of surface pot-
ti.l are tainy of three dtttersnt types dependt,ng, upon the nature of ara*ars. 
mss. 
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These are the equipotentia.1 method ($'), the earth resistivity shod (ER) 

and the potential drop ratio method (PDR). 

The 	method at the ua suggests involves the sopping of equ,~pa• 

tential lines on the surface in the presence of a palr of grounded electrodes 

which may fora a parallel bilinear er a circular concentric system. The 

pattern o; &.P,. lime caused ter a given electrode configuration which . is 

appropriately chosen in order to obtain saximsa energisatiort under given 

geological conditions, will be regular consisting of a fs*ill of curves 

common with the two energizing electrode lines. Departure of the subsurface 

region from hoogeniety will cause distortions of the predictable pattern 

and thus lend the selves to detection. 

4qAartzation  

in all conductive methods both direct egad alternating currents can 

be used. The distribution of the latter, however# dittos fson that of the 

totem because alternating currants involve inductive ph omen with their 

attendant pie shifting tendencies. The phases of the various current 

filaments In the ground are therofbre of step with each other 'a iddiffer 

depending upon-nature of the subsurface geology. 	different points on 

the surface, therefore electric potentials as well as magnetic fields differ 

in phase with each other apart from differing in aepUtude time producing 

•litpiical polarization. & liptiaal polarization naturally becomes io*s 

significant with increasing frequency and will preclude the mapper of 

eiwple equipotsnti e). lines as no t a points are likely to be equal both " 

rphase andip1itud.. 3wever at a points the potential vector can be 

considered to be sad. up of a vector of certain aplitudo . .., in phase 

with that at a reference point end another of a corresponding amplitude in 
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gna~drature 4th it. Whil~rt use alternating currents therefore, B.A. 

have to be ao pletsd alparataly for both the ispbas. and the quadraturt 

oorPonents. They are reepeotivaly called the iphae* and quadrature 
equipotential lines. 

The contours of auoaalous euipotential.a closely follow that of the 
body caul it, and thus a qualitative picture of sub-su rfaco geology t5 

readily discernible. proepeoting with L.P. methods can be carried over largo 
areas fairly rapidly and is also r&ati'v3.y inexpensive. These assets Stake 
this method esiniU4 aitubla for rsoonn ,l.saanoa anrr*ye. 

Za the earth resistivity n tbad,, the apparent resistivity of the 

gxouM as sensed L suitably positioned potential of troda$, is dstszsin d. 
A si.pla consideration a,owe that this can be calculated fros the knowledge 
of the total energizing current entering the around and the potential at a 
suitable point or potential differences between two mated points. The 

versatility available in positioning the energizing and potentials electrodes 
has natur ly resulted in a great variety of electrode configurations each 

with their peculiar eu000ptibihtjso, One of the swat commonly used arrange,., 
sent is the equiepaoe~d Wenner configuration 	 ) or the 
reciprocal configuration ( 	a a). This t ratom to not necessarily 

the most highly resolving taut restate in a siaplifiod exprsssiono for the 
apparent resistivity a being o ual to aY 2 rca. Whop 1 is the totem, I 
energizing aurrUat cad A V the potential ditLerrnaa between the two potential 
electrodes. 

As has already been indi.oatsd that the resistivity so deterainad will 
pertain tom section of sat,riat which it of'fsotivsly energized. l~br the 
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Wenner system this depth is equal to the spacing between ay two consecutive 

electrodes. 

Measurement of the resistivity at a point for varying electrode 

system expanding about this point, mill thus reflect the variations in the 

lithelogical character of the ground with depth. When upto a depth the 

ground is not h,mogeneous laterally, the effective penetration will differ at 

different points with a given electrode spacing. Structural conditions 

involving lateral variations such as those associated with faults, contacts 

of different formations and variable depth otamarkec bed can, therefore, be 

revealed by measuring the apparnent resistivity at various points along a 

traverse expected to cross these structures, with a constant electrode 

spacing. 

asymmetrical electrode arrangements are also used according to the 

nature of the problem involved but then the resistivity will be given by a 

different expression. 

Potential at any point is always referred to a reference points, 

usually that existing at one of the energising terminals. alternatively 

differences in potential between two points or ratios of potential 

differences existing between two successive intervals of ground are measured 

when D.C. potentials are involved or elliptical polarisation is negligible, 

these can be measured by means of a voltmeter or a potentiometer. The 

latter is based on the principle that an unknown potential can be determined 

by matching it against a known but adjustable potential. The condition of 

equality can be indicated by a detector connected in series with the two 

sources of potential. In practice this can be achieved as shown in figure 

2.1 (a) and 2.1(b). 
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A rheostat R is connected across a standard cell of e.m.f. equal 

to V$  ar across a transformer which is coupled to the energizing circuit 

in order to select the proper phase across R. In the latter case the e. m.f. 

across the resistance M will. be M x Ma x I where I is the energizing current 
and M1, 1¼  the mutual inductances of the two tranetor rs, The fractional 

tapping a of the rheostat at which the detector shows null thus directl,-

gives the mknown potential at the point with respect to the desired 
reference point pi, 

Me Vp2 —' a x V$  Yo r the case when standard cell, is used, 

and Vp2 =axMxIwhenarheostatisused. tK'KitM) 

.. variation of the .arrangement shown in fig. 2.1(a), consists of a 

hand driven ooanPitator which eintltaneoucly interchanges the two curry 

terminals about 25 times a second. The current in the water and the 

detector thus still flow$ in the awe direction even when the electrode are 

interchanged but that in the ground alternates with time thug removing the 

necessity of using noapolarisable electrodes. This instrument is called the 
2-il, 5-i 

Gish-!bony instrument. 

A Gandy instrument employed for resistivity determinations in the 

field is the 4 terminal Megger which has a hapd driven 50 o/e generator 

and is designed to give directly the ratio of the potential differences 

between any two points and the current drawn from the generator. This is 

aocompliahed br coupling together two galvanometer coils, one 

tc-* part of the energizing circuit and the other of the potent .al circuit. 

When elliptical polarization ie significant potential, at a point 

with reference to another has to be ezpreised In terms of an imphase 

component with respect to the references  together 4th a quadrature component„ 
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this is done by obtaining two sources of aduetabla potential$# cns who" 

phase always conoi~dss with that of the reforenao and another whose phase is 

always in quedratur. with it. Practically# this to achieved by an arrange-

sent shoA in dig. 2.2. Due to inductive Coupling the phases of the %w.t. 

across the rheostat R and % will rsepeoti ely be tuyphale and in quadrate 

turn with respect to the energizing current. I. 

The kactionat tappings si and bi on the rheostats Ri and H2 give 

the Smpbaeo and quadrature components of the potential at Pa with respect to 
that at p1. 

In i3oxae cases it is desired to seasuro ratios of potential differ*. 

noes between successive intervals of the ground. This can%one by a variety 
a-iii 3-ii 

of Instrum*nts called the 1tio Qosp nsator or simply the i c oin Cue such 

direct reading instrument is shown In tog. 2.3. 

Here V1 = i f, 

V2 	(l iw°) 

=R( 	*jwc~ 

&tith R~ and 0 oc n be Calibrated according to the list rest to 

give the ipbaas ratio and the quedratur. ratio directly. 

The potential drop ratio so obtained can be used (a) to determine 

absolute potential differences between other points with respect to a 

reference by multiplying the consecutive P. D.R's„ 

TMs ..l V Q
~ 

flu 0. 1 
Z ~ qi Vu 
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"h ed3ostaitit is monAlm s Used 1* LP. asbad to dstraia 
potentials at various poi t s before dig the +r potoutia1s. 

Beside., P.D.R+o am be used 4i.r.at1r for .bt.rprsting the sub . 
aut&oe gaoogy 0d often with the hLby desi t~ t rssc3ta. As the P.D. R $ 

re000 	Otsu14el graad;ients they have a higher xssottag powsr.ièem used 

for direct l*t.zpz.t*tio they are osUmd the Fotwut a Drop Ratio aettd  
raid IMIVOassurements of F. D. k a at varying distances foe one of the 
power eA+3t&odoo andet right an&► t+' the line jol► the %,d current 
sl,otzodøa, 

i-s 

A widely used Method In 4$sriox Uses r4isa io* Of the gad 

as of transient Current or asgnotio pulse. instead of o 	 u. 4e.t0.. 
asyn#tio fields. Theta. pulses sue' be of eIasrs Apo or ww toothed. T 

aisal. retu$ipg to the surface thraigh the V=d are analyowd. 1"q a 
xso o qs sus which con ist■ of two potential electrodes r arst.d t 
a di stan00 of 300 sst•r4, the distance both the two p4s (+ 	iainK 
oM receiving electrodes) being Lob larger then 300 asters. 

The a.thed is baud toy the dtera1es &ad dtEferenti4 attosation 
of o ro 	io £ &4a of ditf.rsct Zroquonoiro is ocniotiag a.dis. The 
touri.r "Mb. of the tram pulass are t cly 4AVW Md after 
their,'paagi theUugb the iarth it are elm t' taenstM to Vaithg degrees. 

UV# theat x, recoabin. on the iard&Q* to prof tea i pule of different 
M** then that of the traiatted wave. The deviation I# in tun used as 
a *saes of M1b'?zioe V&SUtbnt in on t iyUins. The +di oitio* %dU 
natursAy Increase with increasing treqi.ney. law mr, one Vest die 
*tvantag. of, aIthod is the twit 	penstUity of high f 
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oaioat• of a pulls. This a treater rUoitatti ,r aft the SAND time also 
ds to a bluatial of the 4d a of Ltx ebc ds, and as In other 

aat1* methods an cpUaa tre%ugey his to be oIoa for a tv i region. 
!-4 

If a +dnrrint MAM into the rouM to anddsn]r intara+ptad It Is 

observed that the voItap days not drop to &*ro Iaitintansoue3 and one 

trrotL+aa of the initial value Ails persists even after a fey ate. This 
pbeeo an is bomsd as in$o.d poLarisatios or over lb.* and Its varying  
propensity for d ffsrent g.QZQgoaY, aonditlos v.0412's it a potential 

The 1w11tu4a of ovarltega aey be ezprssad in two viy. I... 

(1) t' q (AuuVolt per volt of initial voltage or as percentage) rhsrs 
AV is the eagaituds of Ui. v ltap persisting at a definite time t after 

the itt.Dunpnox of the owrenb, and (it) In terms at the area under the 
d"Ir out. 

It is ,alga observed that on introducing a enrrunt in the Haan *+ 
potential VOWS to its aaztaia vane after a deinite bias. It'„ therfore, 
aA alternating ourr*db is pltd to the ground, the potential v 1.] be 
found to lag an the oiraent.  The ground therefore viU app*ar to behave 
as a Biwa wbon ig 	varies vith the freqiiiy. The owervo t gs 
at different tsw uenofas can be measured In tares of Its value for D.C. 
ii. In ' eris of 	vhfto ho Is the ispa4n. at son or near sun trequaa' 

Zr 
Sees iM Zr that at fr.ienq f. 

The ra1aaab#on Sarver .sltiugh r s #nd dielectric behaviour 

often aber a ? ptp sbalio decrease and not erpenential as obaract.r s d IV 
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The origins of overvolttag* is related to the back sat. or 
electrode polarization a a~►niy observed at Muotoi' - a1eotro1 a interface. 
however over voltage semis to be no a' y present eve in nonconducting  

materials parti+p i,riy where clay particles are present. This is termd the 
snoraai atf O' sad has to be corrected for whUet interpreting ovexvoltage 
anoma is. 

i ieatro 	etia aeath d differ from other electrical methods In that 
the magn t►io field to asaetzod rather than the electrical potentials. 'Ibae 
the áergization may be conductive or inictive. The former are oaI.led 
conductive slsctzoRsgnctio aatlede and the latter inductive .lectroasgn.tic 
methods. 

An essential difference between the electrical and .laotromegnsbic 
methods is the inorsaeed aeneibi .ty of the latter to currents flowing In 
deaer regions.  The variations in the surface elsotricr , potentials owned 
Apr enb.surfsos inhoaogenitiea, in toot„ reflect the degree to which 
gensone conditions have  red together or drawn apart the current lines 

near the surface. 'Tome the currents flowing in deeper regions have only en 
indirect int ue r,on the surface potentials. In contrast 4th this the 
legnetic field at the enrtics " contain the direct eff eat of all current 
lines, even though their relative contributions decrease with the depths at 
welsh thq are flowing, Conductive electa'oaagn.tio method tls s stow less 
sensitivity to vaertioisi l,nhengeeit#le and greeter awareness of the deeper 
current flow their the resistivity methods. 

heather difference between electric potentials end sagnetic fields 
at thesirfaoe arises from the abon** of the vertical oonponent of the elect 
field which ensures that the eliipre of Its polarization lies in the surface 
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of the isxtb. Tb. eWper of arla 	ic* of the i..pitio field ors the OMW 

bane l hAve fir' axbitrs +I1"@&t& n in OP400 .nd rill therefore rsuir. 

atz 	 ►tt1 ► for it. 03, s 4ofiniUcn L, e. the pi. of the slUpss, the 
►r ,hod alnor "as aM theIrk' i+c of c of the .xee itith the head. 

The pana c mUl t the IUJ440 is knoi as the p s of si.sce aM a 
be mour d ez*1*si tv using a dfrect On fang ooit, tree to one 
aslaithand dip. 

it the ooU, to w b p ondAcmlar to the plans of silence mad 
zotstsd anent an axis al► prV*n4 c rr to the p2s e, it will pie a 
aaidaz* sat $ alnlipu.a signal which 411 yIeld the isgnitudes and dean of 
the aejor sad stoop sices of the . Apse. 

Tb. ahed tau pzor 	& vaxpl,t. ditondut of the *1 '43,tioaly  
pO]4ri*.4 s1.oti'oiiigitetio tip, but proves to b. rather todiau. La pseotl000 
IssidasI the wMftq obt&bzst is vc r l,, s. hulk, the M.a.f. bidnud In a 
ocU IV a lie a r polarisad bald which proctzois a sharp emma sad kgr 
the tsL*a 'figure sight' o the alHpUGSUI polarisad field pies at ..r.f. 
draortb kg' a di srst*'figure .igkI with LU defined c1* and siSIM. 

,lb ►~aA0IY# hewu•i'1 it Is as1tPis as sesq to dater a all the 
pa stsrs Of . ON tthpss,, sod a, ar A i.0 s.a restricted to th se of ' tbo 

ctr4k. and dip of the s3ZI , Or of the pba+.r a4 alitu4.s of the fold- 
paced kg theaag.n 	b dies* These are called secondary fields and 
can be asar d sbaalnto4 kg' u.ans of a valve '!rolt tr aid vithent rt.rsecs 

to phi", or aisba1ut&l is. in tr.res Of 0 reference field, usUy the 
prinary field. The latter quantitx, nsturi U indendent of £ *%cations 
Is the om*gIaI4 current ad aft tbs b z* 	y adopted. 

As has been alr. r shed 'brad methods as a vnrit of 
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tential line methods or earth resistivity methods with the difference that 

magnetic fields are measured. The energizing r tem ie usually consists of 

a single straight wire carrying a source of power grounded at both ends or a 

U shied lead grounded at the two ends, The latter has the advantage that 

if the legs of the L—I are long the effect of the current flowing in the 
t 

leads will be very small on the imaginary line joining the legs, along which 

aeasuremsnts, are made, The electrode separation may be kept fixed or 

increased as in thel~arth resistivity method depending upon whether lateral 

variations or depth variations are to be mapped. The legs are usuatly kept 

about twice as long as the depth to be worked, and the region near the legs 

is avoided. 

The receiving equipment may consist of a napietometer if direct 

currents are used or a search coil when A.G. is used. The former ,4ivas 

the values of field intensities which are plotted against electrode separm. 

tion for the fixed position of the magnetometer or against the position 

of too magnetometer fora fixed electrode spacing. The latter produces an 

e.m.f. which gives the natual impedance Z. This quantity will naturally 

differ when the ground involves materials of different conductivities. 

Further as the matual impedance is also dependant upon the frequency a plot 

of Z versus t will reflect variations in tho subourface conductivity. 

in another variation of the conductive electromagnetic method due 
2-J 

to J LOQ7, the strike and dip of the ellipse of polarization is used as a 

clue to the departure of the subsurface from homogeneity. 

The possibility of inducing electrical currents in subsurface 

conductors lying at depths, by a varying magnetic field had proved to be 
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a povnrfu,L tool for external .nsrdisation in ragiaos Where surface socks 

are h1.gbiT resistive quad prso1 a4s the penetration of currents, This is 

aotaxplLahe4 r Iging an 	at.d struig17 i cable or fps Of wire oarq- 

3ng au ernating ourr it o. 
fictive setbde have been olaceifisd by older sutbors as lbrixXO6l~ 

loop and V. .osl loop astbsds. The for~rr ss,loy large ( 1 WI. 	►) 

rsrtonguLsr or circular current carrying coils and iasu3.sbed from the ground 

wh is the 3s ter sling coils wou►ad os a vertical tree. The dfa vantsgs 

is setting vp a vertical coil are a4nl7 that of its restricted Ass# but 
this is often offset by the greater enerdization that it eau produce in 

vertical or steeply dipper bodies and the oo,srativsly 	interference 

from nore or loss hax'1.sontsl surface formations, purthsr care,, use of 
higher frsasnoies can paitisl l' ooppsnsat• for the decrease in its saga. 

AU vertical loop m,tbods are prishrU$ one of direction finding 

though when lower tr 	oiss are used# oosparision of the aces of the 

sIJ ipss oar be sads. TIC latter 41l be d+ssox*bsd. later in connection 

with the borirntal loop DetbOds. 

The dim ion finding involves the determination of the dip and 

strike of the si1lpes. The strike is determined tq rotating the search 

soil in asiuth about a vertical axis, t U it gives a sinirua Wool and 

the dip t' rotating it out a borisontal axis pr 	t %iar to the strike 

tin a waiaaa is oaiaad. 

One of the arrangement usually referred to as # $_ $~,,,L,~? _ 
oanaists in setting up a vertical energizing coil above the conducting cone 

with its plans approximately parallel to the anticipated strike of the sous• 
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)t &$uramMnts are sad• of the strike aid dip with a rraroh aotl, whs 

cater is aligned with the pig of the energizing aol1. In the &Won** 

of an enoso2 the search ooh. will sir a i&ii for that vertical pleas 
(indicating $Oro strike) which is 	 ~ jo Pr~,'eodl~ou~r to the : 	~o3anI its 

contra with that of the energizing coil and 	in the pie of the latter. 
gtrihw directions an therdora ae saerod with reference to the line of 
centres of the two coils. The zisthod hae been used both with a enving  

G-i 
transmitter called the 	 and with a 

6-i t 
Z Tt R s!a,. T4. In the former both the transaitter and the receiver 

are first oriented so that the place of the tort r passes through the eentrr 

of the receiv*r, then the are both ved at regular intervals prdicnlar 

to the strike of the eno, and msaslrements of dip sale at these positions. 

When the transmitter is fixed its plane has to be rotated for 

ever new position of the soh coil is order to eszre that its plan* pa-

see through the center of the receiver. Travarss.. in this can an taken 

along a Un. prepeadicular to the anticipated strike. 
6ii 

O? i3AK J4ETJ 

In uneven terr*in, however a alight aiaalignmont of the transmitter 

receiver watea will load to spurious dips called I phantom cis'. This 
n be a1Sa ted by a edification of the msth,d called the ' 9)OT..HACKI 

This ystan has two iailar units each oonsisting of a trenseittor 
and a receiver kept a ,fined distance eparb, which ems^ be about 200 ft. T 

whole ass1 is moved along a prideterei ed travrr's. line. To begin with 
their axes are kept parallel to the traverse. The First coil. is then. 
snergi;.4 and its xis 1ltd at about 15° below the barizontai, and the 
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Lothar coil is used as a search ooilIthe Ala of dip d t.rniaad tr rotating 
it about a hori.sontal +zi.a prrpeadicu ar to the traverse. The s000nd coil 

to tab ew►rdtsrd and its a i s tacJag the Burst coil inclined at. 1.50 above 

the hex sonta]. Nov the firet coil. is used as a passive coil and gives the 

sngl.ø of dip. In the absence of an anomaly the t io maerei nts will give 

sq . rv+ t• on for "ry rugged torr , One the other hand ems` 

em us effect will appear oppo site2 in the two sets of seaanrements. The 

dyer nno. of the two results can therefor* be taken to be an lr4sz of the 

antra ,jr aid interpreted In terms of the subsurtaaa geology with the h*lp 

of type curves. 	 3- g 
. A variation of the I &~diors Process* is the MASON, 8LZORSR 

.PND HAl ' 	in which a vertical sn.rgizing cow is setup with its plans 
appi0xlaatW,y parallel, to the anticipated strike of the boo. Measur*menta 
of strike and dip are made along a traverse which is prp adiaulas to the 
p1anS of the +nergistng coil and passes through its aver. The zero 
strike for this case will correspond to the plane of the search coil coin- 
o'4 	with theft prep.ndioular to the plans of the energizing oaf ].. The 
latter# thous provides a reference for the asaswement of the strike dir oti 
ARTALiOO?Jr A 

The horizontal lopp..aethnd also possess a large =ear of 

hods which differ In (a) the quantity aftsu-qd 'sad (b) the sazm.r In 

which the a nearing points ar distrLbutod with zsepect to the energizing  

The ntittes uoz&14 msasared In horizontal loop methods are 

one of the fbilo'idng~ 
#tte 

. 	Ratio of - quadrature, vertu, c o pony nt of the secondary 
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field in terms of the primary vertical field (KOSG B 1 R RING INDUCTION 

METJJ D) 

2. Patio of the quadrature horizontal coionent of the secondary 
- 1 , 3-Y, 5-

field to the vertical primary field (B £XL R — W&T$ON KETI3)D ) 

3. Bathos and phase differences of fields ( either vertical or 

horizontal) in successive ground intervals (TUPAN METH)D) 

in all these methods a large loops, circular or rectangular is laid 

on the ground and measurements are made within It and about a quaier of 

the diameter removed from the aides, 
cmk 	C- The RING INDUCTION method of KO=xGS 	A has tour-coils all 

placed horizontally. in addition to the outermost primary loop which ie 

circular, another der neutralizing loop is laid concentric with it and 

ie so disposed as to apnu.;, . the primary field in a search coal placed ins *e. 
The latter therefore only picks op n. e000ndaxy field In quadrature with the 

primary„ as the inphuee coxponont of the secondary field will automat3.oally 

be backed off in the balancing process by adjuatmit of the ieutralizing 

coil. The fourth coil carries an adjustable current which is tapped off 

from the primary energizing stom and differs in phase with the primary 

by 2700. Adjustment of the current in this coil, thus annuls the entire 

field in the search coif. end provides a measure of the quadrature component 

of the secondary field 4th respect to the primary energiaation. 

In the BEILp,.WATSQN method a horizontal and a vertical search coils 

are used,, the former picking up a cotflponent wholly belonging to the secondary 

field and the latter picking Up a  fib which will largely represent the 

primary field. However, as these two components do not really differ exactly 
by 900  as assumed in the original. Bailer Watson System,, the ratio can never 
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be d0bondaed amply. h direct roadUg thtr1RInt designed tr BrM*$b.w 

yLoldr the oorplz ratio, and is described later. On. advantage of the 

sethod is that the n.a* r od qantIty being obtained .* &b oliitsly i.e. in 

term. of a xstenizce of the energialng #ystea, is not d ondent upon paver 

level tla►ct Lions. Farther mare, the borisonte3 coil output proetsoss 

,pux* a component of the secondary tad and is c onsviuecUy sca diagnostic  

of the enosalous bodies. 

ZIR M MD 

This method was designed by lledst 	&7 to sUi theto the necessity. 

of t1ng long leis tom the prazr euorgislng qst to the points of 

asaenressnt in order to provide a reference. A,lteraative y output of two 

march coils both kept either hozdsontnUy or vortiaaUy s d a fixed 

distance gaxt ( 10-50 asters) are compared is phase end +ropl.itud• by a 

co ,►snsatoro 

O".0 	 n 
The Turan thod has also been applied to awaenreants outside a 

rectangular loop along a traverse prepsud,tc*Aar1 bisecting one of the longer 

s of the loop. The energizing field in this a&a* represents that due to 

M s 	~ alp ~! r 	i ~ `'r, '1V 	i 	i '~ ~ ~' ~*x 	•~ 	~ r 

This i rate* consists of mo ri zontal trananttting and receiving coils 
a fi d distance apart (25 to 100 stem). The r.a.f. picked Up by the 
march coil Is asasired in tome of the primary field along a traverse. d► 
account of its oag manouverabihityp the soying transaitter receiver ~retra 
has *valved a 	r of Ito airh,m. awntexperts. 

Interpretation of dip angles In largely 5 &tats .. in general the 
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Us dips are greater when the search coil is on either side of the ore body 

pointing away from the edge in both cases.* and zero just over the edge. 

larthernore, the dip curve is highly susceptible to the attitude of the 

traverse lines to the strike of the conducting boy, and the determination 

of the latter is often a necessary prerequisite for interpreting a profile. 

Intezpret tion of electromagnetic anomalies follows the usual pattern 

of matching the observed anomalies with type curves. The procedure is common 

to all potential methods. A large compilation of type curves is therefore 

indispensable to the task of interpretation. The type curves can be obtained 

theorittcally for a given situation by solving the diffusion equation ( the 

dielectric term in the wave equation being neglected ) under the appropriate 

boundary conditions. fbwetrer,, except for wady maple oases the solution is 

not always eagy to obtain. another moans of obtaining type curves is the 

use of electromagnetic nodel eperirnents. Elect a~magnetic models can be 

rode to simulate the geologic conditions absolut ally in the sense that the 
field vectors in the field are reproduced at corresponding points in the 
model. 

Consider that in the field experiment the vector 8 or H is rep 

by A which satisfy equation (9) of chapter III without ut the second term 
containing F in view of the negligibly Small displacement aurrets. Let a-

and j.i be the electrical conductivity and magnetic permeability in a given 
region of the field. Let A+, 6' ,?.be the values in the corresponding region 
of the model designed to simulate the field conditions and let the above 

quantities as well as the unit of spaces a and of time, w be scaled as 
follows& 

7-tii,, $- 
0-a ac 	(1) 

a 4 d al ...,,. 	(2) 
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v a y 1t1 	_ 	(3) 

, 	' 	̀  	( ) 

t .-.----(6)    	reuss the bebiviour or the r oe A 
the (Laid sad 

v 2 ` t U jL - 	r. ., r i (7) s romms the b aviour of the ora ondthi  

ratter in the iodai. (54" e 'Ah4► 8 b-R 3O 

1f tha *act► boo wit wr a direct Nub a z $atim of the 
tl*ld gstse a►tioU (7) quit retzce to (6) with the app opz44a trnstoie. 

dons. As v$ and %2 , rolvos doubt. diftrtiaUon with reaped to qp as 

oaoz 11'stu 1s their  thsi aspeotiv Irst+s. 

as 

a te" 	
,2 
	(6) 

ai r3 W 

Fawaa (7) is car at the tr forsttione (z) to (5) we 

a 	40 er- 

or . * 	has v ~c$3 Ai o- 	---~- tub 
Gaon (.) Will apse idstiaa 4th equation (6) fu.ltilUng 

the onditioa zosueIr for the rcroducidsl ty of the xads1 it 
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9br ioet nooks a lading f.riomagnetia radnerais, the perasability 

is tVpiaxiaatsy the same. The factor a can therefore be taken to be unity, 

Substituting the vats of a, Y and a the traunforation (1) to (3) in (12) 

ve have 

«Xy Z . = i 
1 SS. 

or v a2 sc Wig ia2 0 oonet t. . 	.--* (13 ) 

A substitution of the dimensions of u,- and a in (13) reveals that 

the parawter v t is diusnaion ],s s. This is Called the Wdsh1ng pater. 

It the value of this parsisoter in overt' ;t ion of the field system and In the 

corresponding region of the yodel rstw is Kept equal#  the modei beooses a 

direct riling reproduotioa of the ticks system„ Once, therefore#  the goose tri.-

aal scale of the Wdel i.e./ a has oeaa oLosea, v a..n be properly chosen no that 

suitable substance at known conductivity may be used to &mate conductivities 

In the fio d syEtea. For two dtu naiona:l, bodies a further facility is available 

owing to the fact that the coatxoliing factor in their response is the 

(uititr wade and not w a2ss Tbus an r dditional v*rime that Se the 

thickness d of the sodsl is atailahls for Lulti U.ing the conditions for 

modelling,. Figure 2.4 shoes the experimental curve obtained from the 

modal, tot the maxirs a response due to different bodies of increasing vat 

of wad 6. 

Tip order to understand the siuificaoe of to parameter vadd-,o  let 

us investigate the response of an ore aio4y tco an arbitrary transmitter .• 

receiver system at an arbitrary transLit point, ti oro body 411, for 

si rlicityt  be rsplUC d by a 0loee4 coal, having a cea.tptance R and an inductance 

L. 



0 

6 
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Lost the primary energizing system produce a field in the neighbourbDoc1 of 

the ore body equal to Xi where I is the ene gizing current and ai a 

geometrical factor including coil constants and a furnotion of space. The 

e.m.f. induced in the ore body will then be given by 

'S= at (rn )= jwl 2 

The induced current L in the ore body will be 

WIG,-
t wL+ 

The magnetic field due to the current i in the ore body at an 

arbitrary point P in apace 411 be given by, = i02 and that due to the 
primary energization at the same point will be give, by? = ?G3, where 

G2 and 03 are the appropriate geometrical factors, constant for the 

same ore body and for a fixed position of the ore body in relation to the 

energizing system and the point P. 

The ratio, A = jw 	x .... 
(jwL+)7G3 

1Gp 	_ 
3 (J R) 03 ~ 

=g ( 2+ 
L ( +w L 

where the constants G~, C12 and 03 have been absorbed in another 
constant K. 

P L ewar /R2) 
or 4/P = L (x.jy) 
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The r.ü coioneiit of the ra a which g + ,1 can Ire oui ' 

IA*Ift es p*zUaaZi.y frr w l rrais Of the para er (WIQ g wher 

the O ur► 000nauit to itn,r. For R aai to unity both aoVoneat. 

have s "a ' ba 2L. For v largo ViIuSs of *, the real  
ioasa r ua► to W/L whilst the quiratuae o oponit gr+ & ► dWjnUO$. 

above Molts are 	*mss In a way that the' prescribe a 

ruir behaviour for the rsepanss of ooMicticg nisi to .lectroasanetic  
ti.4.. ?'i, urs .4 shows an 	eriait*L curve 1A which thebphie. and 

+4raturs r.spoxi. of a lrrizontal sheet cioniaod tpr a vertical field are 

plotted ogaixist wad f fah baa the sa. dimensions as W I has, aonsid•ring 
that Rhssthedieosjcns of 	P. ). 

The torsgoiug discussion above thit a si#s observation can lead 
to the .y&.uatiaa of the gusut.tty ( o-d) psrt4i2iri to the body, err and a 
being knos 	4 that other bodies with the cans (A) cwd occupying the 
sew pO 80104 44 p vducs similar ruwon.ee. 
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Macroscopically, the response of material bodies to an eleotrosagne-

tic field can be described In terms of three physical properties. These are 

the electrical conductivity, the dielectric constant and the magnetic 

permeability. 

tecte of an electric field= 

Bodies possessing a finite conductivity have enough supply of free 

electronta or Ions, which under the action of an electrical field move and 

constitute an electric current. The current density J at a point within a 

liquid or solid medium will depend upon the availability of free charged 

• particles and will be proportional to the applied field & 

J. =o- 	 (I) 

The relation (1) is the Ohmrs law,T. is called conductivity or 
the resistivity of the body. 

The conduction of electricity is electronic, where metallic minerals 

or their ores and intrusions occur as continuous deposits, but in the case of 

electrolytes it is accosplishcd by the transport of ions which are librated 

at one electrode and deposited at the other. The latter, therefore, involves 

a transport of matter from one point of the body to theothor. 

On the other hax#d non..metallic substance of negligibly small 

conchictivities, being defficiont in free eleotrones or ions cannot permit 

electrical . conduction described by (1). ffivaver an electric field although 

unsuccessful in tearing off elec4mones in such bodies, produces a strain in 

the normal configuration of atoms and molecules. This strain is termed 

electric polarization of the medium and can be inter reted, 	' t the basis 
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of a saozosoopio th oq as an a ive, t iolua, distributed of electric 

dipoles. It P be the epient of then dipoles per unit volume* it can be 

written as follows, aeuathg pmportionsllty with the oppli.d field. 

P='119 

With analogy to the aagn.tic field the twat associated idth the 

polarisation P will be 4n P. The oieotrio displacement vector A'rhiah 

represents the total flux can be written as 

D= 8+ 4iiP 

= E (3..4 -rK) 

or D = E i 	 (2) 

Wore K is tsracti the electric susceptibility end E the dielectric 

constant. 

It the electric field changes with times so will 14- polarisation. 

The latter bowsysr, 411 involve a red tribation of charges which can be 

intoxpr ted as a diapl o arent current id, uhsre, 

X4aj 	--.-.(3) 

The dielectric constants of nest croaks Yadsa within, a narrow rags 

of about 8 to 50 e.s.u, increasing with their soiature content. The 

diçlacsarat currents are therefore unlikely to be significant wiles. the 

rats of change or the frowon(w is extremely largo. 

To appraise the relative se.gnitndee of the oonduotioa and displaaF 

►t aurrsat s i. s. .N.. a, let ua assu1 E to bs equal to 20 o. s.u. or l0'"9 

NvMd/n er and a- = le ' WWastsr, 

 

This ratio is 180x10'6 for I q's and 

wl.0 be equal to unity at trequsn of 100 M 	As will be discussed later., 

the troiaaoies usually applied in gcopkysiczal egploration lies below, 1000 q 

Even at this lrsquan~r thediçlao..rnt currents in general will be only a few 
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'loam he f the aoMuotioncurrant. The iba r are thar.Zbrs invari, yr 
ner cta1 in 	,4sical laterpr.tation. 

Can ntorLels aacira an dndurw4 netiaation whau placed in a 
*00tio fish. (*i. way of .qzssth this migi tissation c ►titettiv►elly is 
to uaa ths a gwtia p0lue Litt' which is datInod a* tba ratio o tb ~ total 
a$t c t*s through the body to that produced q► the saattzing field 
alone. 

In a varying ugn.o i34 the indueed aaitatisatLou vifl e.1eo 
varier scoottingly and in phase with Ito but in ..d4ition to this for ebigzgiug 
flux itU el0 ganerata an w.m.f. in the body and drive tleetrie cur a 
r uareever a finite a ns*ctivity e Bats, The conductivity of a body uaus1iy 
includes en inductive oo 3onent which vaAess With frequency, The affective 
ccndiictivtty at a given frequency is therefore complex causing the 4 1rrente and 
their anetit Fields to differ in phase vith respect to the priwii Heald. 

The effects of porsaabi ,ity sat of the ocn4uctivit rs of bodies through 
which a v'ing vying 	 swat swatic field ha. been etsblish04 appear therefore as uldI. 
tion al an tic fielde of sta'Ar periodicity r@th the diarence that wblet 
that dun to the brat daypanda upon raUne. in4 is 4ibaee with the priaaq 
f ,d, thi:t due to the second dapenda upon the tr..iiy end the c nduativity 
vbich deteraias its pig end ailitude. 

The g+ sal behaviour of the field vector. of an sirctr nrtie field 
$A Sat ariü ad1a can be described i r the fo1lowin di t rtaetii l +e ,isticna 
after MaiwsU . 

- A) 
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where S and H are the electric and n e nstio fieId inten4ti.s 

respond re~lry c the aanduc tivity,, C the dielectric, and 4. the permeability 

of the *ediun. To these may be added two bore expressions expressing the 
universal diver gono4eaa es of the filid of B, and the divergsoo• of the 

field of 16 ubiah t GeU e! a thoora is given by the volume density of 
ahargiL 

Div.BmQ - 	6} 

Div.D a P 	-~....(1) 

11i'ination of either it or H from (4) *W (6) yields similar equation 
In both B and 1 This is of the . form 

AT +N, t,2 

The equation (8) to aaai.],y identified as the wave equation. In 

order to interpret 1his qaation in relation to the properties of material 

media we shall redoi It to orw datdon by aoa. during a plane wave 

harmonic An time and propagating along the *4s. Accordingly: 

Lot us now ahnose a trial solution for A of the following ton 

A a ps *yZECJ ' .~.~,. .(Z0) 

Sibatitvting (to) in (9) we find that Y is complex given by 

where 	
(ta) 

_ 112 
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(10 tam my be rewritten as Mlows for the positive 2 dir itcl onl 

A, = P al"Z ai3 (wt s x) ~ t]4) 
The as tion for A given by (14) otters a cal" epen4 Lary for» 

prttionot the cuaatttisr d a  « The forma 0e0 be read as en etten. 

utio oon"t which, 	 the afeat of reduce the strength of the field 

to 3/0 of Its value at a .stand• z a ld # P bas the affect of rip:.oducicg  

tNO function periodical.y for + aq oasseiva interval or x 	M O 

can tI*erafoa be In srpoti as a phase 	mtuflt and the qnt4ty 	as the 

vave J.ongtb of the wave. The veootlr v a )F will to given kW V = 

~ = * ~ 

tioa the va is of p In (18) 
V!*j; P? I  X) 

In tree Apace for which E i a  a a 1 Mcr= 0, v rq4noes to o that 

is the velocity of alaotrasagnetio wavas In free space. 
The rsaip wcal of the atte sttou oouutent wbiah in the distance 

err, the field dxops to 1/s of its value tr crusto rr3 referred to AS the 

depth penetration  d to gaa.lectrtc woxic. 1s a iacrsusoa with the toadctivi 

T, the field wild. penetrate to a comparatively shorter distance in a 
better cdiaotS.ng sodiu s whereas a highly ro etive , di * viUripper to 

it as being "WA transparent. 

An has rl.ready been poi tad out 	is vary oaach greater then unite 
Ew 

;Or fre:ienoiss mria).ly used in p mp 	• Ap$ 	this oondition i.e. 

~» I to the srpres U for d Est (i2) tnd r IROIX4 1k by the permeability 

of the tree apace a is ziO? Swv/attar rte have 
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2 

= 1.987 z 

or d = V0 503.8 Doters 	-----(17) 

The relation (17) 	we that an increase 	in frequency has the eame 

off e of increa,eing the attenuation constant o( as an increase in 

has. Ibwever, another effect of the frequency' is to produce a proportional 
4nd1 Lh i•.+pvo rww~r o j 

3"00'rease 
  (: wires vd o 

	

energization o.f the bodies sought to be located t 	 	in the xrkiag  

frequency therefore improves the detestability of the deeper lying bodies 

at the expense of these bzrried at shallower depths. In particular an 

optima frequency will exist at which the response of a 'body berried at a 

certain depth will be maxiuuin. For most cases encountered in geop1 raioal 

exploration this frequency lies between about 10 c,/a and 1,300 c;/ a. 
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The +ciipasnt consists of a ractafg 11 sr energizing loop, a reference 

ocii, a asarob ooU sad the measuring bridge and detector ( etx vn In tig 4.i, 
4.4 cud 4.3). The designs according to Bruolcsbav's d2tication of the 
8lala ►taon method. The vbois *127 was entirely fabricated in the 
S*Vk 4c4 lrboratorr of the 4srtsent, 

i.x iinq iatqi.. The r of n ar energizing loop ( fig. 4.1) is 140 oa.in 
length and 120 ca. In width and has 6 twos. ♦ siwaaidal current of all q/s 
was passed thzDugb the aoi means of a 'PHIL. ' power aspIttior which vs 
in tIIi e ait.4 t r a Ads rat* 'P 	I?8' beat frr&usnoy oscillator sbawn in 
fig. 4.2. A bridge for carom the izçhes. and the quadraturs ooriponents oa 
sá ' note .rin.f. in terns of a reference s.a.f. Va0 COUStMcttd earlier to 

o* at 500qls. bv* er a r x nation of the bridge sealed ti&t a few 

oo onants bad tered in valus. In order to asossaita'o airii*a &l justMAta 

to 518 (V's and the o~tporimints were carried out at this tree u.nq. 
4l 	,-Co 	It could be moved on a wooden surface with its plans vortical. 
The wN4 n * `aroa was marked tV a grid systso of S tn. x 5 on. and si1.ts4 
the eart is surface. The position OS the search *oil could thee be easily 
read with a p. of to the nodal, 
f! as (soil*.. It was fixed in a horizontal position near one of the sides 

of the ensrgi,siog ooi.t and not along with tbs march ooU as in tliw Bt.1,r 
Watson system In order to afford greater aonrieno  

The e.a.t. pidNd Ir this coil. 411 correspond to the phase of the 
priaeq SUM tau ► 411 differ frost its .~pi udo in the center of the loop bpr 
a coneten factor Z. This factor was determined once for all lava the ratio 

to 
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the o.a.f. induced in this coil when placed in the center of the loop to 

that induced in it when placed in its normal position which it occuppied 

during experiments. As the latter e.m.f. was used as a reference for the 

measurement of secondary fields. The ratio of the secondary fields to the 

field in the center of the loop could be easily calculated by multiplying 

the observed ratios with the constant factor K. 
7-L 

jW _Msasurina Bridzes•- Thebridge used was of Bruckehaw' a design. It consist 

of two parallel branches connected across the reference coil. The first has 

a potentiometer of resistance 250 ohms flanked by two equal inductances, and 

the other has a potentiometer of the same value 'Matt flanked by two equal 

capacitances. (Fig. 4.4) 

It the total reactance in each arm is equal to its total resistance 

which can be ensured by making WI, = R wG , the pht. ae of the current in it 

will d.it er from the phase of the voltage applied across the are by 450  

for the inductance branch and by + 45°  for the capacitive branch. The phases 

of the e.m.f. appearing on the potentiometers will follow the phases of the 

currents in their respective branches and will therefore be 900  out of phase 

with reap sot to each other. 

An arbitaw e. m. f. can be represented as a awe► of two e, in. f.s in 

quadrature. It will therefore be possible to co9pare an unknown voltage 

drop ( xw jy)P against suitable tappings on the two potentiometers. Where 

x is isphaee with one of thee and y with the other, 

Rj constructing the system obsolutely symmetrical it can be farther 

ensured that the e.m.f.' a will drop from a positive value at one end of the 

potentiometers to an equal but negative value at the other, witbdrt changing 

their respective phases along the length of the potentiometer. Thus both 

will have a zero potential at their centers. $y properly selecting the 
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t ppinsvith rvaseat to the Center of thee. potetiamet®re one ooW4 therefore 

coparo a ,potential drop of our phaee wale between 0° t* 36e, but 1tatCed 
a magnitude to the vtttuo it • one s a4 of tho potcutioeetev dtb reWect to 

Its Debt 
The ti pazUel irne together behave ao a aiJLo z'eeietanoc O3ai 

to R c ich tea be Verified fort otrose oaeea,, a the frog to zero 

and ubc It i.e 	lu...t&,y lane. In the (armor aaeo the rettia of the 
o unitive branch tends to 34fl*ity u*d all the nut t VU1 flow only 
t iz ujb the h4uctivo brenah wbich 411 eve as a ati to reetsttnoo 8. (n 

the other bend it the fro aqy of the applied o.O.f. is thftnite24' large 

the reaotauae of the Jnictie fah will l co r ra not Infinite onti all 

curront 411 p c only thn utz the c Qnott.ivo branch which 411 now b"vo 
&a a ai,la raiAazi&a 1' the aVneltanc bahavin virtuc.U.y ae abort 

olrg4to. It AU :Ins cppuar tbt.,t the vbi not vo* no looked from the 

	

,*Mann call will behave c.z : pure 	of value)t. 

Ho~a if the rotexanoo c U tø a nuatd'% th• t Ate 1dui tcuae T.1 end 

voaatauco U;, catlu the condition ttj^ fi %, t.}, pb ,oe of the tote 

r t or Oat of the vok.ago t po pin , ao va the t arcs which together 

wave 

 

o,e a pure r dicta oa of R. 411 lag on that of the o.m.t. lWuaed In 
tm referanceApr tc 	{ R+ I cry - 5►0• i' oW-N1f:42c: dope eppezuirgOver.  . 

the ps,w tio1 toria in the t acitivio a, d .. oU ra ax o mould now be 

reotiv11 ;a phaco end is dr t ro vat re.'o co to thu tnfixcod e.m.f. 
`ba voltago w6ors r tvec vriie . 1J13 or t.h b i 1 o 	are teat 

In tigr 4,ii. 

	

Au lyeie of he iris two float 	hu oaoh coil piIng a 

garb i~u vulzL*u, (z r)P it ncxt4 tvti the two p tpatloratore with  
T,huiz ttpl:1 3 4t u. x and My xoo c otAvoly no ø1ent -451 flow throu~b the 
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This condition for balance can be determined by putting a detector in 

series with the search coil. The factor P Is given by~"~ where er 

is the e.m.f. picked up by the reference coil. The ratio of the tuknovn e.m.1 

er, induced in the search coil to the reference e.m.t. ~ _ 	(zry) 
r 

where x is the tapping on the potentiometer producing an e.m,t, in phaae with 

that of the reference coil and y that on the other, producing an e.m.f. in 

quadrature with it. It i$ easily seen that the e.m.i. on the potentiometer i 

the capacitance branch is inphaae with that induced in the reference coil. 

A null detector model 931 'APLAB1 with a pair of headpbones was 

ue~ (i'ig. 4„ 3) 

The experimental errors can be divided into two groups viz. systematic 

errors and random errors. 

1. &rs dug to the size ci the energizing aoUt.. }auever theoretical 
calculations shrew that within the region of moaeuremant, the magnetic tie74 

produced by the coil was heim g noun to within }5%. 

2. Er s 	to the eiij of thQi, oh coi7.:.. The search coil mist of ~INirI~~Y 	 r~r 

necessity have a reasonable size sad number td'turas in order to be able 

to measure small fields. The secondary field produced by a two dimensional 

body may be assumed to vary only along the vertical at a given point. It can 

be Shown that this will cause a shift in the effective center of the coi s, but 

this in extremely small. 

3. , rrora due to the wrong setting ofthe trequen error in setting of 

the oscillator frequen r will lead to two different errors in the measured 

va uee. 
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a) A ova in working fre9,u.n.c7 aaounto to a change at the affective 

conductivity of the nodel. The a►oondary field viii therefore be modified 

in the general way indicated in figure (2.4 ). The error viii am depend 

upon the point on the curve to which the are made. happens to corrsnpond. 

further an error in the operating tr of of st 411 result in errors in 

the IlVbaee and %ladrstuurs readings a untiug to 	t and 4 6f 

redpoctive4o 

b) Since, the, reactance of the bridge is dependent upon the trrqusnq, 

any error in th. latter would alter the s*plitudss of the currents In the 

two arcs at the bridge, and also their rodpective phases with rapt to the 

of the induced e.m.f. 

1. rro7s duto fr.uenav drift of the 	 A beat fr44MsW 
aPIULLIP3I oscillator 0114 2308/90 type, was used and it is believed that Its 

accuracy is 1%. 

2, OrdJn ssbttnr the jiot„entioastsi agglal. The potntoastsr dial could 

only be adjusted within 0.25 of u division. This a ustasnt would toad to 

var t between readings and would introduce error* dspcdl.ng on the particular 

dial read. There is obviously no control as this error but its effect in 

most oases would be, psfl. 

. The aclpssut was allowed to atalii ;; for about an 

Issir after being switched in order to i ir. that drift bas been miniatssd. The 

pa attoza biding thsaodsl was then edjustsd to the predetermined height and 

mcias0ncect s ado. 

Ttr~ ratio of the secondary field to that threading the reference coil 

duf to the ore model at may'' position on the plutf 	,s given 1y thr al gebrsl o 
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dUforsoss between the patmtio.rt.r 	gs th Cs) the ds n 
podt 	+gad (b) the made. x++ vsd. 
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Results of model- a eriments are presented in the form of curves 

showing the inphase and cLuadrature components of the secondary field arising 

from conducting sheets with reference to the prirn•azy inducing field#  The 

abscissae denote the positions of the search coil with reference to the 

sheet#  one edge of which marks the zero. 

Since it is impracticable to investigate the response for all 

possible configurations of the ore body the ore model was oreinted to 

cumulate atnple geometrical relationship with the lisa of traverse. 

The wa thing fequency for all these +srperi ont s was fixed at 513 q/ s. 

a e riment al results are recorded in figures 5.1 to 5.15. Figure 

5.3, to 5.4 show the responses of aluminium and brass sheets with varying 

dip F3 44:wfor different positions of the search coil with respect to the sheet. 

These sheets are striking prependioular to the line of traverse. g[fects of 

varying orientations of the ore model with respect to line of traverse was 

also investigated. The responses of a horizontal sheet for skew traverses is 

plotted in figures 5.5 and 5.6,,, where the orientation is defined as the angle 

between the strike of the sheet and the line of traverse. „p oonparision of 

the responses due to three horizontal sheets of identical thickness and 

lengths but of differing widths is shwon in figures 5.7 and 5.8. Sin larly 

a oompurision of the responses due to three horizontal sheets of Identical 

lengths and widths but of different conductivities is shown in figure 5.9 and 

5.1Q, The responses of a .bartd.zontal sheet for a given position of the search 

coil for varying depths of burial shown in figure 5.11. These suggests a 
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loArtha1Po dsereas of reaponso with depth. x $+ot of these an a log paper 

is promoted is figure 5.2.2 which direct r gives the order whir r the 

rsapcnse dscreaaso. 

t aUy rsonaoe along a traverse were eXea determined for the ease l  

of s TauLt, a +rncUns ted an eati"o all of which were etrthg prapan-

d2.c r to the traverse. 1he latter t w were shighU.y aiiytr2.aa1 which 

o i t' appears JULtheir respective responses. the results of these are wa s 

in figUroo 5.2.3, 3.14 2d 3.15 respictJVt. 

With the mints of the above tioued Wd*l experiments was of 

the touo4ng gear 1 oc+woats cefl be vari t 4. 

(1) Ca riationotthe dip ang from 00 '~o get uie sexiaa responses 

of the meets teod to decrease beooeing s athima for a vvertical meet. 

(2) As the ori4utattoa of the or. model 4th reopoot to line of traveror 

dspirbs iron 90 the pmt y,lum of responses shit's from the center of the 

mode). dept on the direction of approach with rspoot► to the strike. 

(3) Responses of heri ontaL meta having ova thicknesses and lengths 

but different widths, shew the,. increase nor .  -3dnecly, 

(4) Reçonaus for ho aoat 1. shet.ø of different astals show that the 

inpbasc coi onenb in greater for more a rnduc2ng sheets, as predicted ty the 

curve shown, In figure 2.4. 

(5) The response. of a horizontal sheet at A fixed pvin for vagiug 

depths of 4oZ decreases with increasing depth as the (2.6)th power of deptl 

(6) In case of the satiolnw and the truclina the ivhase ooapona ne 

bec ass bras tbaii the qurature w%ment altboUgb the shape of the pzDlile 

raise the aes as for horizontal Mho.. 
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