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ARSI R AST,

Model sgperiments on thin sheets simliting &
Beller - Watson aystem of prosmpecting at s frequency
of 513 /e constitute the subject presented in this
ddssertation, The equipment wes fabricsted and teste
od in the laboratory and responses of thin shests bave
bes investigated with its halp for different value of
thelr dips, orlentations, widths and resistivities ,
dncluding cases of a fault, s syneline snd an anticline.

The theory of slectromsgnetic similituds has
been considered and responges of sheets as a function
of ( woad ) have besn studied,
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SHadleR. 1

ANIR0QUCTION

slectrioal mothods expiodt Marked differences in the electrical
propertiss of rocks in adjacent galogicsl formstions as & olie to changes in
‘their lithologicsl character, If a source of eleotrical ensrgy is spplied
to the earth, currents will gpresd in it guided by the paths of loast
resigtence, k en inhotogenwous ground the course of these currents will
be governed by the distritution of conducting regions, and therefore be
irregular muich like thst of a stream floving in a mgged countzy, Measuremeants
on the surface of the eleotrical potentials prodiced by these currents or of
their magnetic fields can them be Anterpreted in terms of regional conoentrae
t?.on of currents or othervise. This, in tum, vill help elucidate regicns
bounded Ly materials of varying conduoctivities,

Depending upon the availubility of theelestrical source, electrical
Bethods can be classified into two groups. The first of these depend upom
nntmmlyl ocouring olectrioal fields und currents, whilat the second mlvi
actual energimation of the ground by sb external source.

Haturally ooourring electrical ourrenta, have been known %o flow im
the earths wper regions for a variety of reasons. 7Thoss gocur-undirecbionsd
mpontaneusly polarised sources sppearing under certain gewlogical conditions
conduokte to electrochemical activity. The other constitute periodic currents
on a wrld vide scals and are related to geomagnetic variations. 7The use of
povtaneous polarization {s naturally limited to the cases fwoumble for its
production tut the latter can be used to delineste condusting or resistives
regions wpto considerabls depths,

In the above methods the distridution of the sources causing the
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current flow gre not km:n and have to bs edther deduced or assuned thus
inoressing the number of variables. By using an external soures vhich offers
a control on the conditions of energisation, this lixitation can to some
extent be removed and the resolvabilijof the data improved., Gurrents are
induoced in the ground either conductively by Weans of & pair of grounded elect
rodes or inductively by means of 5 varying magnetio field produced by a ooil
carrying.aléemnting current.

In a homgaeous ground energized conductively the distribution of
ourreats dependa on the distunce botweon the ¢urrent slectrodes. A well kngwn |
result nhpwa that the current density et a depth egual to a third of thia
digtance 1s about 508 of whad it L5 ot the surfase, aud it has been mugzested
by some investigators that the sensing limit of mast techniques using this
sethod of energization lies at this depth, The electzode wmpacing thus provides
a Useful control by varying which rosponses from verious depths sy bs resolved
The configuration of energlaing and meamiring elsctrodes are often unique for
the naturs of the problem involved and for this reason slectrical methods have
besnt given rise to g large variety of techniques aimed at improving the infore
mation content of the data obtelned, and abt simplifying the interpretation,
Like all geophysical methods, slectrical methode are naturally susceptibls to |
the resistivity contrast in adjoining rocks, tut for methods employing external
saergisation another circumstance is effective, This 1s the coupling between
the body sought to be located und the rocks surrounding it on the obe hand, and|
that between the latter and the source, as these vAill deterxing the magnitude
to vhich the body to be detected will be energized. If therefors a good
conducting ore body is surrounded Ly highly resietive rocks one may fail to
locate it inspite of the large contrash in their reststivities sisply because
omuzhgnorwdonnot reach the 019 body. In sich cases energizstion can be
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improved by using sbténmating magnetic fields or electromsgnetic fields which
find a highly resist:\.ve. owsrburden almost transparent, However, if the over-
burden hus a finite conductivity the energizstion of the ore body will depend
on the inductiva 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
donot necessitete a direct contget with the ground, This makes it convenient
for this method to be employed even on board an aircraft. A4irbome eloctro-
magnetic methods have been used extengively for location of ore bodies during
the past decades and it is expected that modification of these will provide
a poverful remote sensing tool for terrain evalustion, Obviously the simple
method of controlling the depth by varylag electrode spacing canmot be applied
to this method but as is shown latter the effective penctration of electroe
magnetic fields in conducting media are governed by their frequency. The
latter therefore can be chosen properly for obtaining responses from a
detiyed depth. 4

Interpretation of mst electrical methods can be reduced to the
problen of intergrating the equation which expresses the divergencelessuess
ot‘ ths eurrent demnsity vector i,e,

| Ved=0
or V. rB)=v. (YW =0

vwhere J =« E 1a the Olm"s law, or.to the snlution of the diffusion
equation v zg m Mo g-': » with eppropriate boundary conditions,

Slichter has shoum that thege solutions can be obtalned uniquely
under certain conditions tut the procedure involved is rather tedious. Other
solutions pertaining to specific cases have been presented by several ajthors

particularly to layered formations, Rowever, a relatively simpler approach
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to geoelectric intexpretaﬁion lies in the ﬁao of mdels, 4s the equations
expressing électx;io and magnetic phenomena are linear when ioixiud and |
fermnagnétic media are excluded, a linear scaling of the units of space, time
and conductivity in the model system with respect to those in the full scale
£iold system which they are designed to vaimlato', render the model a direct
reading Teproduction of the fleld paramsters, The conditions for modelling
are discussed in a later chapter, Model experiments similating conditions
encountered while using the Beiler - Watson method of pibppeabing have been
incinded in f-he present work mainly to test the equipment whioh has been
fabricated in the latoratory.

pplicgtiong:

Electrical Methods have been applied to varied types of probelms
relating to engineering end mining ut its use in the search for oll has been
rabher limitod, FPirstly because oil ssnds have ordinarily a lower resistivity
contfast and secondly because of the dlfficulty of energizing a vary deep
gection of the earth by an external source, Only electrical sources of global
scalo such as the telluric currents ere able to penetrate the great depthe.
These have oonseQuant‘.lj been the only ones to be exploited in oil prospecting,
bwever, eleotrical methods are cxbenéively used in wells for stratigraphic
and lithological correlation and play an lmportant part in the development of
oil fields,

In mining, ground vater and civil engineering problems on the
otherhand elsctrical methods pz{wo 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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Al geelectric methods are aimed et elucidating the sibsurface distritution
of electris currents, In order to achieve this surface masurexent have to

be made either of the electrical potentials which they produce or of their
sagnotic fields, Elootrical methods aro also olassified according to the
particular Quantity measured, Msthods utmm the former are called surface
potential msthods whilst those utilizing the latter are called electromagnetic |
msthods, Rurther they are known as D,C. methods, A,C, msthode or radio methods |
depending upon the frequsmey of the electrical fields involved.
skhontaneous Polariggtions= One of the sources of naturally ocouring electrical |
potentiale in the earth is furnished by the various slectrochemical actions
which take .pls,co in certain geological environments., These can be briefly
~enumerated as followss~

1.  Qrdition Potentislg~ These are produced whare electronic conductors
such as a sulphide ore tody comes into contact with ionic conductors sich as
foraation waters or ground water. |

2. Begtrofiltrabion Rotantislas- Thnae are zanoratcd vhen a liquid is
forced through a poma dielectric medium such as sands,

8, Bagtroogmtia Potentinig~ These are pmduch whett the electrotypes
of differing ionic concentrations coms into ocontact with sach other.

The spontaneous poteantials produced on the surface by polarized
§o0dogical bodles may range from a fraction of a millivolt to a few tens of
nillivolts and in some cases even to a fev hundreds of millivolts, but their
use in proppecting is nuturally limited to the geological envircaments
favouring the production of Self Potentials.
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The electroosmtic and the electrofiltration potentials are
extensively made use of in subsurface measurements of potentisls in wells
as not only are these potentials bmught into being when the drilling mud
comes into contact vith the fémation vaters but they can also be controlled
by varying the preamré and the conductivity of the deilling mud, Wphen ®
used, the mothod 1s referred to as S.P, logging and proves very useful in
checking the permeability of formations at different depths and alm
resistivity of the mlutions held by them, with resilts obtained on the
basis of other oriteria,

Apart from its cecurrence in wells under the infiuence of the drill.
ing md, electrofiltration potentials have also been observed whers sea water

permeates shors formations under pressure. '
The spontansous polarisation of ores of pyrite and anthracite have
~ been the most quotid although graphite, pyrrhotite, magnetite and even

quarbs havi been rcporboﬁ 4to be associated with thnaé potentials., FPyrite is
invariably found to be polarised in “emunner as to have a negetive polarity
on its top. This causes positive ions to flow upwards through the surround-
ing vaters oausink a potential vmv Just above the body or, ths use a
conventional term, a mgat.iva. center, Janthracite on the other hand is
alvays assoclated with a positive center proving thereby indiomting that its
top is positively charged, For a long time the polarisation of ore bodies
vwas explained as ariasing froa its differential oxidation caused by an
increase in the oxygen conteat of the water in the upper regions, even
though these were two sericus difficulties. Pirstly the explanation fails
to acoount for S.P. of graphites which do not normally undergo oxidation
and secondly, oxidation of the top of the sulphide ore should librate
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electrons at that end rather than the reverse situation betrayed by the
negative ceater. HRecently sato mnd lb(rx:;wi have proposed that the ore todies
mMrely act as a catalyst whereas the actusl source lies in the oxidation
potential difrer;nco between substances in solution 'nhovo the water table
and those belows

8,P, sarveys have been used foxr locating ore bodies, corroding
pipelines, and aleo for tracing ground vater movements, One of the chief
sources of interference which S.P. potentials encounter arise from the topo- |
grsphioal effects. The normal upward potential gradient of atwospherko
eloctricity tends to produce a curremt flow from lower ground to more
elevated regiona and it is not alwvays possible to ypaalie this effect from
the true 8.P, potentials, Interpretation of 8.P, anomalies is based on the |
assumption that polarized bodies behave as an electric dipole, The inverse |
problen of relating the anomaly to its source therefore suffers from the
fundanental ambiguity of potentisl thsory, and renders the method incspable
of depth control,

S.P. anoBallies are usmially presented in the form of an ejuipotentisl
nap or a potential profile, Potenualaw be measured at various points
vith respect €& & base station or betueen two electrodes separsted by a
fixed 4istancs. The latter arrangement is usually exploited to produce
a potentiagl gradient mep, which is dingnostic of the dip of the body, the
gradient being greater in the direction of dip, BEither a high impedance
wltaster or%otmtiouur can be used to determine potential differences
though the latter being mull instrumsnts are mors acourate, However, in
oxder to engure that the potential differences measured do not include the
offecta of electrochsmical ectivity at the eartheslectrode contect, non -
polarisable electrodes have to be used,
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Non-Polgriggble Electiodem~ These eloctrodes are designed to endure that
no potential difference exists betwean them and the ground whose potential
they are intended to assume, This is accomplished by interpo:ilg between
& mstal eloctrode and the ground, a solution of its oun’salt e.g. copper

" sulphate solution for e copper alectrode. Ths solution is contained in a
porus pot through which it seeps and contacts the ground, - It is assumed that
the potential betwesn the solution and the ground molsture is negligible,
both belng elestrolytes, though sometimes an additional outer poruspot
ontoining a dilute solution of the eame aslt 1s interpord between the
ground and the inner pomq:oi el.ectrods.

In sddition to the §.P. potentialsproduced by electrochemical
activity large sheets of wrld wide currents have bean .knqw_m to flow along
the sarth's surface, Thess are called Tellurio mrr;i:'::xd unlike the
undirectional 8,F, ~sRillate at frequencies ranging £7om & few seconds to
a fov minutes, The actual mechanism vhersby these currents are produced is
not yet clearly understood btut thay exihibit a dinral and seasonal variation
strikingly similar to those of the geomagnetic field. Geographically their
oonfiguration follows tho sun shifting along the sarth's surface as it spins,
| The time variations of telluric currents over large regions have &
similar form, but thelr amplitudes and directions vary with poaition depend
ing upon the resistivity of media involved .nd%m of the day., Mapping of
the consequent potential wariations with roference to a fixed station thus
indicates regions of good or poor conductivity., As the direction of these
currents 18 oconagtantly changing, directional variutions in yesistivity cen
al® be obtained.

0f all the electrical methods telluric ocurrent methods have been the
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only one to find application in oil prospecting, Avising £1om a matursl
murce of great potentisl they meintoin a significont flow even ot depth
of the oxder of 20,000 fest.

A modification of the method describied above, involves the additional
Mssurenonts of the magnetic fields produced by these currants, and is known
a# the Magnototelluric nethods Cognit hes produced a complate theory for
thelr interpretation, 4n analysis of the various frequency conbents of the
Naguetotelluric dats can be used to yisld informtion regandiag %he ssction
of the earth t0 corresponding depths aund can thus be ueed succesafully to

delineste the trends of the basemsut or of bedrocks turded at considerable

depths,

Al geelectric methods ewploying external energization consist of
an saergiaing aysten 1.0, & source of pover gupled to the ground either
conductivaly or inductively and a receiving system to which is connected
a detestor of the nscessary smaitivity, For the measurssents of the surface
potentials the receiver consists of a single elestrode or more than one
electrodes, Whereas for the measuresent of the magnetic field, s fluxmster
or a search coll w‘ bs employed, Theorediocally, sny energizing-receiving
systen vill serve the purpose, tut a few have guined greater popularity in
vieu of their greuter facility or resolving power, Ilnterpretation is
gwerally accomplished iy comparision of the theoretical Tesponses of assumed
§wilogical environments %0 s given energiaingereceiving aysten vith results -
obtained in the fisld, The methods eaploying She measiremsat of surface poten~ |

tlal ave malniy of three different types depending upon the nature of masure- |
b s,
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These are the equipotential method (EP), the earth resistivity method (ER)
and the potential drop ratio method (PDR).

The EP method as the name suggests involves the mepping of equipo-
tentlal lines on the surface in the presence of a palr of grounded electrodes
which may form g parallel bilinear or a circular concentric system, The
pattern o E.P, lines caused by a given electrode configuration which 1o
appropriately chosen in order to obtain maximm energisation under given
gsnl_ogiéal conditions, will be regular consleting of a family of curves
eommon with the two energizing elestrode lines, n.parbum' of the subsurface
region from homogeniety will cause distortions of the predictable pattema
and thus lend themseives to detection.

In all conductive methods both direct and alternating ourreats can
be used, The dlat-rlhut-ién of the latter, however, differs f1om that of the
forner bocauss altemating currents inwive inductive phenomens with thelir
attendent phase shifting tendencies. The phases of the various current
filaments in the ground are therefore outd4step with each other anddiffer
depending upcn?ﬁaturo of the sibamirface geology. &b different points on
the surface, therefors electric potenticls as well as magnetic fields differ
in phase with each other epart from differing in amplitude tims producing
ollipiical polarisation, Elliptical polarigation naturally bscomes mndie
significant with increasing frequency and vill ﬁmmm the mapping of
simple equipotential lines as no two points are likely to be equal both n
‘rphase und‘»“mutudo. mor at a point, the potential vector can be
considersd to be made up of a veotor of certain ampiitude ' . .. in phase
with thot at a reference point and another of a corresponding amplitude in
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Quadrature wvith it. Whilst using altemating currents therefors, E.P, Rapping
have to bo completed separately for both the imphass and the Qadrature
components, They are respectively called the izphaae and quadrature
equipotential lines, |

The contours of anomalous oquipotentials closely £ollow that of the
dey causing it, and thus a qQualitative picture of mb-mrta.cﬁ geolozy‘ [
readily discernible, Prospecting with E.P, methods can be carried over large
areas falrly repidly and is also relatively inexpansive, Thece uscets make
this method eminently suituble for reconnalssance surveys,

Sarth_Rect gtivity Mothod

. In the earth resistivity method, the spparent resistivity of the
ground as semsed by sultably positioned potential electrodes, is determined,
A simple considerstion elows that this can be csloulated from the knowledge
of the total energlsing current entering the ground and the potential at a
suitable point or potential differences bstween two selected points, The
versatility avallable in positioning the snergizing and potentials electrodes
has naturally resulted in a great variety of electrode configurations each

~ with their peculiar susceptibilitlss. Gne of the most comionly used arrange-

ment is the equispaced Wenner configuration ( -r‘—ll—‘-—,-t—r- ) or the
e P ¢

reciprocal configuration ( TJFL‘T._? )o This gysten 4z not necessarily

the most highly resolving tut results in o sioplified expressions for the
spparent resistivity & being equal to -A-¥ 2r~a. Wheg<I is the totul
energizing current and AV the potential difference between the two potential
slectrodes,

48 bas already been indiocated thut the resi stivity oo determined will
pertain tothe section of material which is effectively energized. For the
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wenner system this depth is equal to the spacing between any two oonsecutive
eleotrodes, o

Measurement of the resistivity at a point for varying eléctmdo
system expanding about this point, will thus reflect the variations in the
lithological character of the ground with depth. When upto a depth the
ground is not homgeneous latarallylthe offective penetration will differ at
different points with a given electmde gpacing. Structural conditions
involving lateral variations such as those associated with faults, contacts
of different formations and variable depth ofamaricet bed can, therefore, be
revealed by meamz;ing the spparnent resistivity at various points along a
traverse expected to cross these structures, with a constant electrode
spacing.

JAsynuetrical electrode arrangements are also used according to the
nature of the problem involved tut then the resistivity will be given by a
different expression.

ment o i

Potential at any point is alvays referred to a reference point,
usually that existing at one of the energlasing terminals, JAlbtermatively
differences in potential between two points or ratios of potential
differences existing ,betweeﬁ two succesaive intervals of ground are measured
vhea D.C. potentials are involved or elliptical polarization is negligible,
these can be measured by mesns 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
gources of potential, In practice this can be achieved es shown in figure
2.1 (a) end 2.1(b)e
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A rheostat R is connected across a standard cell of e.m.f. equal
to Vg or across a transformer which is coupled to the energiszing oircuit
in order to select the proper phase across R, In the latter case the e.n.f,
across Lhe resistance R will be My x My x I where I is the enorgizing current
and My, M, the mtual inductances of the two tranaformers, The fractional
tapping a of the rheostat at which the detector shows null thus directly
gives the unknown potential at the point with respect to the desired
reference point Pl' |

Thus Vy3 = ax Vg for the case when standard coll is used,

and Viz = a XM x I vhen g rheostat ig used, (M= My M)

A varigtion of the arrangement shown in fig. 2.1(a), congists of a
hand driven commibetor which similtaneously interchanges the two current
terminals about 25 tines a second. The current in the Ammster and the
detector thus still flowy in the same direction even when the electrode are
interchanged but that in the ground alternates with time thus removing the
necessity of using nonmpolariszable electrodes, This instrument is called the
Giabmonz;li::tmmt.

A Handy instrument employed for resistivity determinations in the
field is the 4 terminal Megger which has a hapd driven 50 o/s generator
and is designed to give directly the ratio of the potential differences
betveen any two points and the current drawn from the geuerator, 7This 1s
accamplished by coupling bogether two galvanometer coiis, one foining
tos part of the energizing circuit and the other of the potential cireuit,

When elliiptical polariszation is significant poten;;ial at a point
with reference to another has to be expressed in terms of an irmphase

component with respect to the reference, together with a Guadrature component,
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This is dons by obtaining two acurces of adjustable potentials, one whoase
pbase always concides with that of the refersnce end another whose phase is
sdways in quedrature wvith Ib, Prastically, this is achieved by an arrange~
ment shown In fig, 2.2 Due to inductive coupling the phases of the e,mf.
across the rheostat R and R, will respectively be imphaee and in quadra=
ture with respoct to the energizing current. I.I‘

The femotional tappings a3 and bl on the rheostats R, and R, give
the imphase and Quadrature components of the potential at Pa with respect to
that at Py,

In some cases it is desived to measure ratios of potentisl differe
nceg betwoeen successive intervals of the ground., This canqaonn by a varlety
of instruments called the Ratio Oom:;;;tao:lor simply the Racom One such
,diract‘ reading inetrument is shown in fog. 2.3.

Harevlziﬁl
vgziﬂa/hﬂa e
v
ﬁg”‘ %- (1485 jwo)
= R ( %avawc)

Both Ry and G cun be calibrated acocording to the last result to
give the arphase ratio and the quadrature ratio directly,

The potential drop retio =0 obtained can be used (a) to determine
absolute potontlai differences botwoen other polnts with respect to o
reference by miltiplying the consecutive B,D.R's,

v
m%“%x-%x;ﬁ g a1

[ Yu
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This adjustment is somctimes used in E.P, mebhod to detersine
potentials st various points bofore drawing the equipotentials,

Besides, P.D.R's oun bo used directly for enterpreting the wub ~
| surfaoe geology snd often vith tiw highly desirabls sesuits. As the P.D.H's
resenble potentiel gradients they have & higher resolviag power.Ghen used
for direct interpretation they are called the Potential Drop Ratio metiod
wad involve ssamirements of P.D.B e sb varying distances £10m one of the
power electrodes and &% ¥ight angle o the lime joining the tw currest
elect zodes,

A videly used mthod in america uses snergisation of the ground by
Reans of transient ourrent or megnetio pulses instesd of combimnous elegtiv- |
sagnetio fiedda, These pulses may be 0f sQuare shape or mv toothed. The
signals retuming to the surface through the ground are analysed by a
receiving system, vhich consists of two potential slectrodes ssparated by
a diatance of 300 meters, the distence Detveen the bud palrs ( enefgising
and receiving elsotrodes ) belng much darger than 300 meters.

The asthod is bassd ca the dispersion and differentiasl ebbemuation
of electromegnetio fields of ditferent frequsnoiss in oonduoting medis, The
Fourler cotponents of the trunsisat puless are nob anly disperssed after
bheirpassage through the earth tud are alm attemuated to varying degress.
Thay, therefore reconbine on the mirface to pxdice a pulse of different
slape tha that of the Yransmitted wave, This devistion is in tumm used as
a Mamre of mbwirface variation in conductivities. The distortion vill
nsfurslly inoreass vith inoreasing Lrequency. bmi. one great dis -
sdvantage of, Bsthod 1 the relatively small penstrability of high £requenay
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bl
ompenents of a pulse. Thus g greater rexlveyity at the sems time aleo
leads to o hlunting of the edge of Kltron methods, and as in other electromegds
nebio mathods an optimum frequendy has to be chossn for a given region,

1-¥

induged Polarksation method:
If a current flowing into the ground ia saddenly intercepted it is

observed that the voltage does not drop to sero instentanecusly sad some
fraction of the initial value still persists even after a few seconds, This
phenomena is temed as induoed pohnz.ntm or over witage and its warying
propensity for different geological conditions renders it a potential
wploration technigue,

The magnitude of overvoitage My be expressed in two vays L.e,

(1) by 5% (mi21tvols per volt of initial woltage OF as percentage) whers

AV 48 the magnitude of the woltage persisting at a definite tims t after
the interception of the current, and (11) in terms of the area under the
decay curve,

It is alwo observed that on inbroducing s current in the ground i<
potentisl grovs to its maximim value after a definite time. If, therfore,
s albernating current is applied to the ground, the potential will be
found to lag on the current, The ground therefors will appssr to behave
a8 & mdiun vhoss impedance varies with the frequendy, The onmltﬁo
at different frequencies can be neasured in terms of its value for D.0,
f.00 mbmnt% vhere /o is the impsdanoes at zero or near sero frequen-

ciss and Zf thut at frequenay £,

The relaxstion ourves although ressmbling dielectric bebaviour
often show a hyperbolio decreass snd not sxponentisl as charmcterised Yy
dislectrics,
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The origine of overvoltage is related to the back e.a.f. or
electrode polarlmti(;n commwnly obssrved at conduotor - electrolyte interface.
However overvoltage seens to be nomally present evem in non-conducting
materials particularly vhere clay particles are present, This is termsd the
noroal effect? nnd‘ has to be corrected for whilst interpreting overvoltage
anomalies, |
slectromametic Mathods

Electromagnetioc methods differ from other slectrical methods in that |
the mognetic £ield is measired rather than the electrical potentials, Hwever|
the shergization may be conductive or inductive, 7The former are salled
oonductive slectromagnetic methods and the latter inductive electromagnstio
nethods.
| An essential difference between the eleotrical and electromegnetic
methods is the inorsased sensibility of the latter to currents flowing ia
d«p‘ofugions. »The varistions in the surface slectricsl potentials caused
by sab-surface inhomogenities, in fact, reflect the degree to which inhomo-
genscus conditions have squeezed together or drawe spart the current lines
near the surface. Thus the currents fioving in deeper regions have only am
Mro«t. influence,on the surface potentiale, In oontrast with this the
magnetic £igld at the surface will contain the direct effect of all current
dines, even though their relative contributions decrease with the depths at
which they are floving, Qonductive electromagnetic method thus stow less
ssnsitivity to superficial indowogenities and greater avareness of the degper
current flow than the resistivity methods.

dnother differsnce between elsctric potentials end magnetic fields
st thesurface arices from the abmnce of the vertical component of the slectrie
£481d vhich ensures that the eliipse of its polariszation lies in the surface
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of the earth, The ellipse of polarisabion of the megnetic field ca the obler
hand wAll have sty arbitrary disposition in speoe end will therefore rejuire
slx Quantities for its complete definition L,e, the plane of the ellipss, the
Bajor and minor axes and the inclisation of one of the axes with the horisone
tal, Tho plane containing the ellipes is known as the plene of silence and c-+
be ssally detemined by using a direction finding coll, fres to move ia
asimubh and dip.

It tha coll 48 nov set prepsadicular to the plane of silsnce and
mwtated about an axis als prependicular to the plane, it will produce a
maximin and & ainisun signal which will yield the megnitudes and direction of
the major and sinor axes of the ellipse,

The method thus provide & complate deterninyiion of the elliptically
polarized electromagnetio field, but proves to be rather tedicus im practice,
Besides the acourscy obtained is very lov as unlike the e.m.f. Sediced ia a
oodl by a linsarly polarised field which prodices a sharp ainima expressed by
the famous 'figure eight!, the eliiptically polarised f£ield produces sa e.m.f.
desocrdbed by a degenerate'figure eight! with i1l defimed maxims and minisa,

Portunately, ousver; it is seldom necessary to determine all the
paremters of tiw ellipse, and ssasurezents are restricted to those of the
#rike sad dip of the ellipas, or of the phase and amplitudes of the fislds
prodiced by the inkomogensous todies, Thess are called ssoondaty fields sd
0an be Beamired abmlutely ky means of & valve voltmeber aad without reference
to phase, or semiabolutely i.0. in terms of a reference field, umally the
primuy fisld, The latter quantitisare naturally independent of fluctustions
in th.p’.mm ourrent snd are tharefore usially sdopted,

BRduciive sisctromanetic aethodm
A has been alresdy remeried these methods ate & varlation of equipoe
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tential line methods or earth resistivity methods with the difference that
magnetic fiolde are measured, The aenergizing gystem is usually congists of
a single straight wire carrying a source of power grounded at both ends or a
L) shgped lead grounded at the two ends, The latter has the advantage that
if the legs of the L are long the effect of the current flowing in the
leads will be very small on the imaglnary line joining the legs, along which
meggurenents ave made. The electrode separation msy be kept fixed or
increased as in theSarth resistivity method depending upon whether lateral
variations or depth variations are to be mapped. The legs are usially kept
about twice as long Aa the depth to be worked, and the region near the legs
is avoided,

The receiving equipment may conslst of a magnetometer if direct
currents are used or a search coil whem 4.C, is used. The former gives
the valuea of field intensities vhich are plotted against electrode separa-
tion for the fixed position of the magnetometer or against the position
of tho megnetometer for a fixed electrode spacing, The latter produces an
e.m, £, which gives the mitual Impedance Z. This quantity will naturally
differ when the ground inwlves materials of different conductivities,
Further as the mitual impedance is alsc dependent upon the frequency a plot
of 2 versus £ will reflect variations in tho gubgurface conductivity,

In another varlation of the conductive electroragnetic method due
to ELB.)?? the strike and dip of the ellipse of polarization is used as a

~ olue to the departure of the subsurface from homogeneity.

Industive Methodss |

The possibility of inducing electrical currents in subsurface
conductors lying at depths, by a varying magnebic field has proved to be

[
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a powerful. tool for external energisation in regions vhere surface rocks
are highly resistive aad preclude the penetration of currents, This is
accomplished by laying an inmlated struigh cable or 1oops of vAre carry-
ing alternating currents,

Inductive methods have been clacsified by older authors as Horimombel
Joop and Vertiosl loop methods, The former employ large ( 1 . mile)
rectangular oF ciroular current carrying coils and imsulated from the ground |
while the latter employ coils wund o a vertical frame. The dissdvantage
in gotting up & vertical coil are mainly that of its restricted size, tut
this ig often offset by the greater energization that it can produce ia
vertioal or stesply dlpping bodles and $he comparatively sesll interfersace
£rom mre or less orisontal surface formations, Mrther mors, use of
higher frequencies can partlally compensate for the decrease in its arez.
Yortiogd loop methodss

All verticel loop mothods are primarily one of direction finding
though when lower frequsncies are used, comparision of ihe axes of the
sllipss may be 2ade. 7This latter vill be desoribed later in eonnsction
with the horirontal loop metiods.

Tha direction £inding involves the deteraination of the dip and
strike of the ellipse, The strike ig detormined Yy rotabing the search
coi) in asimith atout & vertical axis, £ill it gives a minimum signal snd
the dip by rotating it atout a lorigontal axis prependicular to the strike
t41l a ninimm 1s obbained, .

3-1it

Ons of the arrengement usially referred to as ! BADIORE PROCASS'
oconaists in setting up s verticsl energising coil above the conducting sone
vith 1% plane approximstely parallel to the anticipabed strike of the sone,




o
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Meamrements are mede of the strike and dip with a search coil, vhose

center is aligned wvith the plane of the energising coil, In the absence

of an snomaly the _uarah oil will show & minimn for that vertical plane
(indicgting sero strike) wbich is prependicular to the nn.“’f&?m ite
oentre with that of the energizing ooll and Jé%a in the plane of the latter.
Strike directions are therefore measured with zefarence to the line of
centres of tho tvwo ooils, The nethod han been used both with a moving

transmittor called the W‘; and with o RIXED ~
mm%i In the former both the transmitter end the receiver |
are first ordented s0 that the plane of the former pesses through the centre
of thm receiver, then they are both moved at regular intervals prependicular |
to the strike of the rone, and meamirencute of dip mede at Uhece positions.

When the transaitter is fixed its plane has %o be rotated for
every nev position of the mearch coll in oxder to ensure that its plane pas-
ses through the center of the receiver, Truverases in this case are taken
along & line prq;qdlcuhr to the anticipated ntﬂko.

=
SRO1_BACK METHOD

In unoven terrdan, however a alight niaulignmant of the tranmitter
receivor system will load to spurious dips called ' phantom dipat, This
can bo eliminsted by a modification of the method called the ®SHOOT-BACK'
METHOD,

This aystem has two similar units each oonglating of & tranemitter
and a receiver kept a fixed distance gpart, which muy be about 200 ft. The
whole assembly is moved along a predetersined treverse line. To begin with
their axes are kept parallel to the traverse. The first coil is then

energized and its gxis Silted ab about 15° below the horisontal, and the
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other coil $5 used as & segroh ooulthu angle of dip determined by rotating
it about a horigzontal axis prependicular to the traverse. The sooond ooil
ia then snergized and ite axis facing the £irst coil inclined ab 15° above
the horizmntal, Now the first coil is used as a passive coil and gives the
angle of dip., In the absence of an anomaly the two measurements will give
el repults even for very rugged terrain, One the other band any
snomalous sffect will sppear oppositely in the two mets of measurements. The
difference of the tw rosults can therafore be taken to be an index of the
snomaly and interpreted in terms of the subsirface geology wdth the help
of type curvea, -

. A variation of the 'Mdiore Process' 1s the MASON, SLIOHTER
AND HAY METHOD in which a vertical energizing coil is set up with its plane
spproximatoly parallel to the anticipated strike of the body. Measurssents
of strike and dip are mede along a traverss vhich is prependicular to the
plane of the energieing coil and passes through its center. The zero
strike for this case will correspond to the plane of the search coll coine
eiding with that prependicular to the plane of the energizing coil, The
latter, thus provides a reference for the measurement of the girike directim
IRRLZQNTAL LOCP MeTHQIN

The horizonbal logp msthod aleo possess a large fokily of
sethods which differ in (s) the quentity measured and (b) the manner in
vhich the msapuring points are distribubed with respect to the energising
1o0pe
The quantitlies usually measured in hoyisontal loop methods ave

one of the following:

e
L. Ratio of ~quadrature vertical corponemt of the secondary
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field in terms of the primary vertical field (KOBIGSBERGER RING INDUCTION
usTIOD) |

2. = BRatio of the quadmrature horimntalifo%q);o;igc;fi the secondary
fleld to the vertical primary field (B EILER - WATSON METROD )

3, Ratios and phase differﬁnces of tielda (é:@thér vertical or
horizontal) in successive ground intervals (mﬁﬁlﬁmmn)

In all these methods a large loop, oircular or rectangular is lald
on the ground and measurements are msde within it and about a quaber of
bhe diameter removed from the sides,

Conumnc

The RING INDUCTION method of KORNIGSBERGER has four~coils all
placed horizontally. In addition to the outermost primary loop which is
¢ircular, another mmaller neutralizing loop is laid concentric with it and
1s = digposed as to amuzl the primary field in a search goil placed insifle.

e otital Component of tuc
The latter therefore only picksup a secondary field in quadrature with the
prilary, as the inphase component of the secondary field will antomatically
be backed off in the balancing process by edjustaent of the meutralizing
coll, The fourth coil carries an adjustsble curvent which is tspped off
from the primary energizing gystem end differs in phase with the primary
vy 270°%, 'Adjustmant of the current in this coil thus annuls the entire
field 4n the scarch coll end provides a measire of the Quadreture component
of the sesondary field with respect to the primary energization,

In the BEILER-WATSON method a horizontal snd a vertical search coils
are used, the former pisking up a component wholly belonging to the secondary
fleld and the latter pleking up a field which will largely represent the

privary field, However, as these two components do not really differ exactly

ky %0° as assumed in the original Beiler Watson System, the ratio can never
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2N
be determined sixply. A direct reading instrumsnt designed by Bruckashaw

yields the complex ratio, and is desoribed later. One advantage of the
mebhod is that the meamired quantity being obtained semiabsolutely 1.,e, in
terms of a refermce of the eergizing aysiem, is not dependent upon pover
lovel fluctustions, Farther more, the horiswntal ooil voutput produces
purely a component of the secondary £ield and is conseduently more dlagnostic
of the aomalous bodies,
SR METERD

This mthod was designed by Hedstrom mainly to eliminate the necessity|
of teking long leads Lrom the primary energizing aystem to the points of
Nesmuremsnt ia onder to provide a reference., Altematively output of two
search coils both kept either horisontally or vertloally end a fixed
distance wpart ( 10-50 meters) are compared im phase and amplitude by a

canpwaatoro

The Turam msthod has aleo been applied to measuremeuts outaide &
rectengular loop along a traverse propendicularly bisecting one of the longer
sides of the loop. The snergizing fiold in this case represents that duve to
a straight cable,

This gyatem conalste of borizomtal tranamitting and receiving colls
s fixd distance epart ( 35 o 100 Metors). The e,mf. picked Up by the
seaxch codl ia moasured in terms of the prinary field along a traverss. Oa
acoount of ite easy msnouversbility, the moving transmitter receiver system
has svolved a mumber of ito airbome ocounterparta,

Interpretation of dip engles is largely qualitative, In general the
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the dips are greater when the aearéh 00il ig on either gide of the ore body
pointing away from the edge in both cases, and zero Just over the edge,
Purthermore, the d!vtp- curve 1s highly susceptible to the attitude of the
traverse lines to the strike of the oonduoting body, and the determination
of the latter is often a necessary prerequisite for interpreting a profile,

Interpretation of electromagnetic anomalies follows the usual pattemn
of matching the observed anomalies with type curves, The procedure is common
% all potential methods. A large compilation of type curves is therefore
indispensable to the task of interpretation, The type curves ean be obtained
theoritfeally for a given situstion by solving the diffusion equation ( the
dieloctric tem in the wave equation being neglected ) under the appropriate
boundary conditions, However, except for very simple oases the solution is
not always eagy to obtain, JAnother meoangs of obtalning type curves is the
use of olgotmnxagnatic mdel experiments, Electromagnetic models can be
Begde to almulgte the geological cohditinns absolutely in the sense that the
field vectors in ths‘ field are reproduced &t corresponding points in the
model, |

Conelder that in the fleld experiment the vector Eor H is reprosented
by A which satisfy equation (9) of chapter III without the second term
contalning ¢ in viaw of the negligibly smgll displacement curreats, Let o
and ) be the electrical conductivity and magnetic permeability in & given
region of the field. Let A', o' ,ube the values 4n the corresponding region
of the model designed to simlate the field conditions and let the above

Quantities as well gg the unit of specos & and of time, w be scaled as

follows -, 8-
¢ S ga, e (1)

& Iaay - (2)
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W | = )’ “1 - (3)
Pm mHy - (¢)
4 = p Al i (5)
< ,uo--gg wsmnmmena(8) @xpresses the bebaviour of the vector A
in the field and

2
Vi M Hyo 133-% wwmnss(7) SXpresses the behaviour of the o rresponding

vactor in the model, (e equalin 8 bege D

If the mdel has t0 Wik as e direct resding reproduction of the
fiedd wystem equstion {7) mgst reduce to (6) with the gpropriate trunsforne~
ttons A v® wid 9% involves double diffrectistion with resect to apace
goordinates in their rempective aystem,

V§ "vp. b;i
= Va m(a)

Revriting (7) is terms of the trunsformtions (1) to (3) we have,

ol('gvg pAB aPpyN o ‘%'e (10)
or M= (wsy.8) s ..-g-% {13)

uation (11) will become identical with equation (6) fulfilling
the condition necessary for the reproducibllity of the wdel if

NS (13)
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For mat mcks exluding ferromagnetic minerals, the permeability
is pproximstely the same. The faotor m ecan therefore bs tuken to be unity,
Substituting the values of s,y and « the tranaformation (1) to (3) in (13)
we have

2
1 V1 &
(13)
A substitution of the dimensioms of w,« and a in (13) reveals that

2
or v ot = uie o3 = constt,

the paramater wva 1is dimension-less, This is called the mdeliog papaneter,
If the wulue of this paraustor in every region of the field aystom énd in the
corresponding region of tho model system ig Mept equal, the mdal bscomes a
direct re.ding regroduction of the field system, Once, therefors, the zeonsbrt-:
'0al scale of the mdel i,e. ,2 has veen olosen, v o.n be properly chozen s that
suitable subsbance of known conduotivity may be used to simulate conductivities
in the field gystem. Jor tw dimenalonal bodles s further Pacility is available
oving to the fact that the controlling factor in their rasponse 1is the
Qatity wads and not w a®s Tous en udditional variablo thet ic the
thickness 4 of the model is avellable for fulfilling the conditions for
modelling, Pigure 3.4 shows the experimentsl curve obtained frop the
modol, fof the maximunm response due to different bodies of ineressing value
of ved<

In order to understand the significance of the paramoter wede, let
us investigate the response of an ore lwdy tu an arbitrary transmitter =
recoiver system at an arbitrary $remesddt point, Tasors ’aody vill for
nhplicity, b replaced by a closed coil heviag a reslotance R and an inductance
Lo




727"

64}

INPHASF

QUADRATURE

\

i

J

{000

6 wad —e

L
2000 2000x%10

Figure 2.4

&



. )
Deptt. of Geology & Geophysics d l University of Roorkee

Let the primary energizing system produce a field in the nelghbourhood of
the ore body equal to IGl where I is the enebglizing current and G a
goomotrical factor including coil constants and a furnction of space. The
e.m.f, induced in the ore body will then be given by
]
8= wi
3% (IGI.) = jwlﬁl

The induced curryent i in the ore body will be

Cde

wiG
o)

IR

P

The magnetic field due to the current i in the ore body at an
arbitrary point P in space will be given by, g= iGz and that due to the
primary energization at the same point will be given by P = IGra, where

Gy end G, are the appropriate geometrical factors, constent for the
same ore body and for a fixed position of the ore body in relation to the
‘merzizinw gystem and the point P,
The ratio, § & = Jvld Jwldy Gy

(JWL*R) Lt

G
=42 v g G

G (R g (g.ﬁ%
.-.K ( 2,

L ( Baw®L

where the constants Gy, Gz and 03 have been abmorbed in gmother
constant K,

3::; Lz 2 ]ifg
°F p L (»wf Rz) +d 1+wL2&z))

or §/P = § (xedy)
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The real component of the ratio which ve shall call " regponse’
inoreases pamatolically for saell values of the paranster (v/X), vhereas
the quadrature componsut is lnears r Wy/R siusl to unity both corponants
~ have & valus equal %0 K/4L. For very large values of wi/R the real component
becomes squal to X/L whilst the quadreture cosponent gradually dvindles.

The atove resulis are remarkable in a uny that they presoride a
regular behavicur for the responss of conduating bodies to electromagnetic
fislds, PFigure 2.4 shows on experimental cures in vhich the Ssphase and
Quadraturs response of a horizontal shesd ensrgized by a vertical flald are
piotted ageinst vad o which has the sume dizensions as vi/R has, considering
that R has the dimensions of (gif,,

The foregoing discussion shows that a single cbasrvation can lead
to the evaluation of the quantity (sd) pertaining to the body, v and a
belng knowny end Shat other bodtes with the esme (+d) and ocowying the
saks position wiil produce simiiar regponases.
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Maoroscopically, the response of material bodies to an electromagne- |
tic field can be described in terms of three physical properties, These are
ths eleotricel conductivity, the dielectric constant and the magnetic
permeablility,

Effects of an electric field;

Bodies possessing a finite conductivity have enough supply of free
electrongs or ions, vhich under the action of an electrical field move and
oongtitute an electrio current, The current density J at a point within a
liquid or slid modium will depend upon the availability of f£ree charged

‘particles ani will be proportional to the applied fleld B,

J26E = (1)

The relation (1) is the Ohm's law.s is called conductivity or &
the rosistivity of the body.

The conduction of elestricity is electronic, where metallic minerals |
or their ores and intrusions occur as continuous deposits, but in the case of
slectrolytes it ie accomplished by the transport of ions which are librated
at one electrode and deposited at the other, The latter, therefore, involves
e trangport of matter from one point of the body to theothor.

On the other hand non-metaollic substance of negligibly small
conductivities, being defficient in free electrones or ions cannot permit
electrical conduction described by (1). Iwever en elestric field although
unsuccessful in tearing off elecjmwnes in such odies, produces a strain in
the normal configuration of atoms and mlecuies. This strain is termed
electric polarization of the medium and can be interpretad, -1 the basis
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of a maoroacopic theory as an equivslent volume distributed of electric
dipoles. If P te the moment of thoss dipoles per unit volume, it can be
vritlen as foliows, assuning proportionality with the epplied field,

P=KB

With anclogy to the msgnetic field the flux associated with the
polarigation P will be 47P, The eleotric displacement veotor D which
represents the total flux oan be written as

D=F + 47P

= § {144 7K)

or D= €L (2)
~ Where K 1s termod the olestric susesptibility and € the dislsotrio
constant,
If the electric field changes with time, 20 will th polarization,
The latter however, will involve a redistribution of charges which can be

interpretod as a digplsoemant current Id, where,
Batd = e Wejil(@)

Tho diclectric constants of moot rocks varles within a narrow range
of about 3 to 50 e.s.n, Increasing with their moisture content, <“The
dlsplacenment currents are therefore unlikely to be significant unless the
rate of change or the frequency is extremely large,

To eppraise the relative megnitndes of the conduction and displace-

Meat ourrents i, ;0:? » 16t us assum ¢ to be equal to 10 c,s.u. or 2077
36
Pard/soter and o = 107> who/metor, This ratio is 260 x 10™° for & o/s and
will be equal to unity at frequency of 180 M 6/.. As will be discussed later,
the frequencies usually applied in geophysical exploration lies below, 1000 44

e
Even at this frequency thedisplacemsnt currents in genersl will bo only a fev
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thousandthof the oonduction urrent, The former are therefors invariebly
neglected in geophysical interpretation,

Certain matorisle acquire an induced megnetisation vhen placed in &
magnebic fleld, (s vay of expressing this magnebivation Quantitstively ie
to use the magnetio psrmoability which ip defined as the ratdo of the total

Rugnetio flux through the body to that prodiced by the magnetising field
alone.

In & varying magneuis field the induced magnetisation will sleo
varigs accordingly and in phase vith it, tut in addition to this the shanging
flux vill aleo generate et e,mf. in ths body and drive slectris surrenta
vhereever a finlte conductivity exists, The conductivity of a body umﬁly
‘includes an inductive componmnt which varies with frequensy. The effective
oouductivity at a glven frequency is therefore complex causing the ocurrents and
thelr m:gnetix fields 10 differ in phase with respest to the primary field,

| The effects of permseability and of the conductivitfes of bodies through
which a varying segnatic £ield has been established sppear therefore as addie
tional magnetic fields of similur poriodicity with the differsnce that whilst
that Gite to the Lirst depeads upon Mabono. and is inphaoe with the primuzy
£341d, thut duu 10 the second depends upon the frejuncy and the conductivity
wbich deteruine its phase ond amplitude,

Tho general behaviour of the field vectors of an electromignstie field
dn material madla can be desoribed by the following differentinl equetions
after Maxwall,

el Ba ad 2B ————i(9)
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‘ 2D 2B (5
mrlaa.)‘vbtao’so.ea& (s)

where 5 and R are the electric and magnetic field intensities

resmpectively o the conductivity, ¢ the dielectric, and { the permeability
of the medium, To these may be added two more expressions expressing the
universal divergencelessnéss of the field of B, end the divergence of the
field of Dy wvhich by Gauss's theorem is given by the volume density of
charges,

DIVeB 2 0 e (6)

DiveD = P (7)

Elinination of either E or H from (4) and (5) yields similar equation
in both Eand H, This is of the .fora

3, 2
4 = o 24 *p%—éa S

The equation (8) is easlly identified as the wave equation, In
order to ﬁtoq;m this squation in relation to the properties of meterial
nodia we shail reduce it % one dimenslon by considering & plune wave
bermonic in time and propagating slong the x-axis. Accordingly,

3
S =ho2h epc %z-ey

Lt ug now choose a trial solution for 4 of the following form
Am P ¥xggedvt

(9)

(10)
Subotituting (10) in (9) ve £ind that Y 1as complex given by

P2 duls =g v 3 A eip

vhere K= HE |, o2
2 € ' )

X
¢ SRS
- W [}if{ I ‘S ~ W)

(11)
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wi,  =wit fao St ug}

(10 can nov be rewritten as follows for the positive x dirsction only

A=P o o3 (Wt=rx) -(14)

The solution for A given by (14) offers a oelf explanstory inter-
pretation of the quantities ol and ¢ The forser ¢an be regarded as an atten~
uation constent which has the effect of meduoing the atrength of the field

(13)

to 1/9 of its valuo ab u distance x = 1/, , > bas the effect of reproducing
the functdon periodically after every successive interval of x & 8 | s
can therefore be iuSerproted ns a phose onstunt and the quantity 3\5 as the
vave longth of tho wave. The velouity v = £ will be given by v =

v ’-%%n X {13)

from the value of ¢ in (13)

veade 2 1o o Ly )Mﬁ&........_...m)

In free pece for vhich Cm = m= 3 ando= 0, v reduces to o that
is the velocity of eleotromegnetioc waves in fres space,

The reciprocal of the attenustion oconstant which is the distance
vhere the £1eld dropa to 1/e of its value is customsrily roferrsd to as tho
depth penstration d in geoelestric work, As ¢ increasos with the conductiviy
o~ » She £ield will penstrate to a comparabively shorter distonce in a
better conduoting medium, vheresd a highly rosistive mediua will gppear to

as beaing almosi trunsparent,

As has already besn poinfed out 5‘?,‘ is very much greater than unity
for froqencies normally used in progpacting. 4pplylng this oondition i.e.

T4 371 to the expression for «in (12) snd replacing p by the psrnnb’-m!
of the frse spece = 47 x 1w0~7 Henxy/meter ve hsve
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<z p= .-é.‘d.

= 14987 x 10=3jF

or d =1/, = 503.8f;_¥metars

(17)

The relgtion (17) shows that an incresse in frequency has the samd
effect of increasing the attenﬁgtion constant A as an increase in conductivity
has. Hovever, anothor effect of the frequenay is to produce & proportional

and an isfpovewant™ o} cipwal G wries >alio
energization of the bodies sought to be locateds A4 decrease in the working
frequency therefore improves the detectability of the decper lying bodies
at the expense of these turried at shallower depths. In particular an
optimm frequency yd.ll exist at which the response of a body burried at a
certain depth will be maximim, For most cases encountercd in geoplysical

éxploration this frequency lies between about 10 ¢/s and 1,000 ¢/s.
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CHARIERIY

)

SAIRMRNI VD

The equipment consists of a rectahgular energising loop, a refersnce
coll, & search coil and the measuring bridge and dotector ( shown in £ig.8.1,
4.3 and 4.3). 7The design is according to Bruckshaw's wodification of the
Bleler-vatson method, The whole asssmilly was entirely fabricated in the
geophysioal laborutory of the department, '
arislag Srgtem- The rectangular energising loop ( £ig. 4.1) is 140 omin
dength snd 110 ome in width and has 6 tums. A sinusoidal current of 813 ¢/s
vas pansed bhrough the coll bty mesns of a *PHILAIPS' power amplifier which
in thm excited by a vide range 'PHILAIPS' beat frequensy oscillator shown in
£ig. 4.8, 4 bridge for meamring the inphase and the quadrature components of
an unkoown .81, in terms of a reference e.mf, vas constructed sarlier to
wrk ab 500 ¢/s, Hvever a re-examination of the bridge revealed thet & Lew
components had gltersd i value. In order to necessitate ainimm adjustments
of the cowponmts ths wrking fequency had therefore to be raised £rom 500 o/s
to 513 o/s and thw experimants were carried out at this frequency.
Asarh Qodds~ It ococuld be moved on s wooden surface with its plane vertical.
The wooden surface was mariod by a grid system of 5 Cms x 5 Om. and simlated |
the earthis surface. The positiocn &f the ssarch coil could thus be easily
read with respect to the model,
Saference Colls- It was fixed in o horizontal position near one of the sides
of the energising ooil end NOb along with the eearch ooil as in the Bleler -
Watson aystes in order to afford greater convedience,

The e.nf. ploked by this coil will correspond to the phase of the
primary field tut will differ from its amplitude in the center of the loop by
a constant factor K, This factor vas determined once for all from the rutio of
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the e.m.f, induced in this coil when placed in the center of the loop to
that induced in it vhen placed in itas normal position which it occuppled
during experiments, 4s the latter e.m.f. was used as a reference for the
measuremnt of secondary fields. The ratio of the secondary fields to the
field in the center of the loof could be easily caloulsted by mlbiplying
the observed ratios with the constant factor K.

W- Thebridge used wes of Bruckshaw's dosign, It conaisb+
of tw parsllel branches connected across the reference coil. The first bas

a potmtiomster of resistance 250 ohms flanked by two equel inducetances, and
the other has a potentiometer of the same value tut flanked by two equal
cgpacitances. (Fig, 4.4)

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

which can be ensured by muking WL = R==% , the phuss of the current in 1t

will differ from the phase of the voltage spplied across the arm by - 45°
for the inductance branch and by + 45° for the capacitive branch, The phases
of ths e.n.f. uppearing on the potentiouwsters will follow the phases of the
currents in their yespective branches and will therefore be 90° out of phase
vith respect % each other,

4n arbitary e.mf. can be represented as a sum of two e.mfe in
Quadrature, I will therefore be possible to compare an unknown voltage
drop ( xe)y)P against sultaeble tappings on the two potentiomsters. Where
x is imphgse with one of them and y with the other,

By constructing the syetem obsolutely symmetrical it ocun be further
engured that the e.m,f.'s will drop from a positive value st one end of the
potentiometers to an equal but negative velue at the other, withdr changing
thelr respective phages along the length of the potentiometer, Thus both

will have a zero potential at their centers, By properly selecting the
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tappingsvith regpect to tho eenter of those potentiometers ono could therefore

4
corpare a potentdnl drop of any phase angle betwesn 0° to 360 » it lialted
in sagnitude to thoe veluo gt. one ond of the potcuntiopeter vith respect to

ite ceatre. |

Thoe 4wo parallel arms togothor bebave as o simple resistance oal
to R ubich can be yerified for two oxtrems cases, when the froquenay is gero
and vhan 4% 18 {nfinitoly large. In the x’émr case tho reaotsncy of the
oapucitive branch tenda to infimiby and all the current will flow oaly
through the inductive bransh which will hehave as a cizplo resistonco R On
tho othor hand if Che Sroqueaay of the guplied euefs Lo infinitely large
the reaotance of the inductive btranch will becors almost infinite and all
@arrent wAll paes vnly thmugh t20 espooitive branch which will now behave
o8 a sigple msistance B tho ompacitances bohaving virtunlly ap shorxt
clrouitoe It will thug cppear thed tho wkole net voxk ac looked £rom the
retorenna coll will dekavo oo o pure resistenen of wolue R

Fow if the reforenco coldl lp @ wunli th't ite Inductonce Ly ond
roslotsnce By, oatlufy tho condition wly = ¥R, tho phase of ths tobo}
swrrat or Shut of She voliego cpnoasring aeross the two arcg whieh together
behave a8 o pure reslstaonne of Ry will lag om that of the o.m.f. induced in
the refercnce by ton™t {wgfnl } or = 45° Tho voltage drops sppearing over
by polentionotors in the capnodbive and induotiva artw would now be
regpoctivaly in phase end in quedratice with reloranco to the indueed e.n.f,
Tho woltage veators butwean varloiw polnis of bhe brldse olrouit aro shown
in Liguxo 4,6, |

A wdalysis of the orddgo abous thut AL tho ooarch codl ploking a
carbaln wlbige, (2§30l do lnsertad botwoon thy two potoutiomtars with
whody Lepping ot » 2 and «y rospedtivaly 8o guirant will flow through the codl.
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This condition for balance can be deternmined by putting a detector in
series with the search coil. The factor P is glven by f%sn?iﬂ- where er

is the e.m,f. picked up by the reference coil, The ratio of the unknown e.m £

ey, induced in the search coil to the reference e.m.f. §§ = 2.(#?:)- (xejy)

where x is the tapping on the potentiomster produeing an e.m.f, in phase with
that of the reference coil and y that on the other, producing en e.m.f, in
quedrature with it. It is easily seon that the e.mf. on the potentiometer in
the cepacitence branch is inphase with that induced in the reference coil,
. Debystom - A mull detector model 931 '4PLAB' with a pair of heedphones was

used, (hg. 4,3)

- Sources of Errop _
~ The experimental errors can be divided into two groups viz, systematic

erwors and randol ermors.

~ Hvever tyheoretical
calculutions show that within the region of measurement, the magnetic f£ield

produced by the coil was homgenous to vithin 15§,

2. Brroxs dus to the gize of the gearch coils~ The search coil mst of
neceasity have a reasonable size and number td tums in order to be able

to measure small fields. The secondary field produced by a ¥wo dimensional
body may be assumied to vary only along the vertical at a given point, It can
be shown that this will cause a ghift in the effective center of the ooil, but
this is extremely small,

3. Brrors dus to the wrong setiing of the frequeneys - 4n error in setting of
the osoillator frequency wiil lead to two different errors in the measured
7&1\108.
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| ) A change in wrking frequency amounts $0 a change of the effective
. conduotivity of the model, The secondary field will therefore be modified
in the gmeral way indicated in figure ( 2,4 ). The error will also depend
upon the point on the curve to whioh the ore model happens to correspond,
Furthor an error in the operating frequency of 52 will result in errors in
the inphase and Quadrature resdings amunting to g st and 48 ¢
regpectively.
b) ~ $ince the reastance of the bridge is dependent upon the frequency,
ay error i.n the lgtter wuld alter the amplitudes of the currents in the
two arms of the bridge, and also their rempective phases wvith respect to the
of the induced e.m.f,
Bendow Exrorm

1. Brrors due to frequengy drift of the oscillgton - A beat frequency
'PRILLIPS' osoillator GM 3308/90 type was used and it is believed that its

=~ The potentomster dial could
only be adjusted within 0,25 of a division, This sljustment would tend to
vary between readings and would introduce errors depending on the particular
dial reading. There is obviously no control on this error tut its effect in
most cases wuld be gmall,
Experimsutal procedirm~ The equipment was allowed to stablise for about an
hour afber belng switched in order to msure that drift has been minimiged, The
platform holding themodel was then sdjusted to the predeterained height end
Mamurenatts mde,

~ The ratio of the sscondary field to that threading the reference coil 4
due to the ore model ot wy position on t.hi phttom is given by the algebraic |
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differences betwesn the potentiomster meadings with (s) the mdel in
position and (b) the mdel remved,
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Rasults of modél— axporiments are presented in the form of curves
showing the inphase and quadrsture components of the secondary field arising
from conducting sheets with reference to the primeary indueing field, The
abscissae denote the positions of the search ooil with reference to the
sheet, one edge of which marks the zero,-

Since it is impractiocable to inveatigete the response for all
possible configurations of the ore body the ore model was oreinted to
simlate simple geometrical relationship with .the lime of traverse.

The working fequency for all these experiments was f£ixed ab 513 ¢/s.

Bxperimentgl resilts are recorded in figures 5.1 to 5,15, Figure
5.1 to 5,4 show the responses of aluminium and bress aheets' with varying
dépt ) d.for different positions of the search coil with respect to the sheet.
These sheets are striking prependiaular to the line of traverse. &ffects of
varying orientations of the ore mdel with respect to line of traverse was
aleo investigated, The responses of a horlzontal sheet for skew traverses is |
plotted in figures 5,5 and 5.6, where the orlentation 1s defined as the angle
between the strike of the sheet and the line of traverse, A comparision of
the responses due to three horizontal sheels of identical thickness and
lengths tut of differing widths is shwon in figures 5.7 and 3.8. Similarly
a compurision of the responses due to three horizontal sheets of identical
lengths and widths but of different conductivities is shown in figure 5,9 and
5.10. The responses of a hyrizontal sheet for a given pogition of the search
coil for varying depths of turial shown in figure 5.11. These suggests a
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logarthuic decreass of response with depth. A Plot of these on & log peper
is pressuted in figure 5,12 which directly gives the order whereby the
ronponas decrenass.

Pinally responsos olong o travorse were alm determined for the case
of a fuult, a gynoline und en anticiiue all of vhioh were striking prepen-
dimlsr to the traverss, The Latt& two wore alightly saymaetricul wbich
clearly sppoars in thelr respective rasponsss, The results of theee are shown
in figures 5,13, .14 end 5.1 respectively,

QOICLUSIONG

with the results of the above meationed 2odel experiments come of

the folloving ganeral oomments can be vardifiod,

(1) (n variation of the dip angls from 0° to ®7, the maxims responses
of the shoets tend to decreass becoming a minimum for s vertical sheet,
(2) As the orientation of the ore model with respoct to line of traverse

departs f7om X0° the peak valus of responses shift from the cunter of the
model depending on the directicn of approach with reapect to the strike,

(3) Responses of horisontal shoete having equal thicknesses and lengths
but differsnt widths, show these increass nou-lineurly.

(4) Responsos £or hordaontul sheets of differcat metals abow thet the
inphase component La grester for wore enduciiag shests, es predicted by the
curve aghown ia figure 2.4,

(5) The responses of a lorimontal shest st a fixed polny for varying
depthe of burdal deoresses vith inoreasing depth as the (2.6)°" pouer of deptdl,

(6) In case of the antioline and ths mynoline the inphsse components
becomss less than ths quadrature componsnt although the shspe of the profile
rongins the sume as for horizontal shegts,
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