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Thestudyof electromagneticinduction in laterallynon-uniformconductorsis briefly reviewed.Thetwo-dimen-
sionalperturbationproblemis consideredandthetwo polarizationcaseswhicharisefromMaxwell’s equationsare
discussed.Techniquesfor thesolutionof theequationsfor laterallynon-uniformconductorsarediscussedwith
emphasison numericalmethods.

1. Introduction of determiningthe local perturbationsof a givenalter-
natingsystemof inducedcurrentsby givenabrupt

In a shortpaperentitled “A noteon theinterpreta- changesof conductivity.Price describesthemathemat.
tion of magneticvariationsandmagnetotelluricdata” ical problemfor suchdisturbedskineffect problemsas:
which wasincludedwith othervaluablepapersonelec-
tromagneticinductionin theearthcommunicatedto “Using Cartesianco-ordinates(x,y,z) with thez-axisverti-

cally downwards,anon-uniformconductoroccupiesthehalf-
the I.U.G.G. Symposiumon theUpperMantleProject spacez > 0. Neartheorigin theconductivity is a function(not
at Berkeleyin 1963,andeditedby Rikitake(1964a), necessarilycontinuous)of (x,y,z),but at greatdistancesfrom
Price (1964)hasoutlinedthenatureof methodsof in- theorigin it is a functionof z only. A givenalternatinge.m.f.
vestigationof theelectricallyconductingmaterial impelscurrentsnear thesurfaceof theconductor.To determine

within theearthandthe mathematicalproblemsen- thedistributionandsurfacefield of thesecurrents.”
countered.He pointsoutthat themathematicalprob- Thegiven e.m.f. representstheelectricfield arising
lemsto be consideredfall into two groups,depending from avaryingexternalmagneticfield.
on whetherwe are concernedwithglobal properties, It shouldbeemphasizedthat for the local perturba-
that is, propertiesof the earthasa whole,whichhe tion problemtheplane-earthapproximationis used.The
terms“global problems”,orwith local properties first studyof inductionin a planeearthwas for a semi-
suchastheelectricalconductivityof localizedregions infinite planeearthwithuniform conductivityandwas
nearthesurfaceof theearthwhich heterms“local given in a classicpaperby Price (1950).Followingthis,
problems”. uniformly layeredearthmodelswereconsideredby

In the local problemswe are concernedwith quite Tikhonov(1950),Cagniard(1953)(fromwhosepaper
limited regionsandareinterestedin variationsof a thewell knownexpressionfor theso-calledCagniard
thatoccuroverdistancesof theorderof 100 km or apparentresistivitywasderived)andWait (1954, 1962),
less.In theseproblemsthe earthis treatedasa semi- aswell as by Price(1962,1965) andothers.In the initial
infinite or thick plateconductorwith variabledistri- work in his 1950 paper,Pricepresenteda generaltheory
bution of conductivity,andwe areinterestedin only consideringanyinducing field whichwas assumed
a limited regionof this conductor.Price (1964)points known.Cagniard(1953),in his developmentof the
outthat thekind of problemwe needto considerin theoryleadingto the magneto-telluricmethod,assumed
this connectionisnot strictly a problemof evaluating a spatiallyuniform sourceof infmite extentandsi~
thecurrentsinducedby a givenvaryingmagneticfield nusoidallyperiodicin time, as well as a semi-infmite
in agivenheterogeneousconductor,butratherthat uniformly stratifiedearthwitha planeboundary.The
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papercitedaboveby Wait (1954),whichis followed magneticfields.Theseperturbationsareapparentin the
in thejournalby a recordof the interestingcorrespon- datafrom magneticmeasuringstations,andappearprin-
dencebetweenDr. Wait andProfessorCagniard,dis- cipally asa dependenceof theamplitudeof thevertical
cussestheseassumptions.Thetwo papersby Price magneticvariationsonthe distancefrom the continental
(1962,1965),mentionedabove,alsoconsiderthe shelf.Thiscoastaleffect hasbeenexaminedin detailby
assumptionconcerningthe dimensionof the source Schmucker(1964) for variationsnearthe coastof
field andits effecton the calculationof the Cagniard California. Anomalousvariationsin theverticalmagnetic
apparentresistivity.Many otherpapershaveappeared componentin coastalregionshavebeenobservedin many
in which inductionin a semi-infinite conductinghalf- countries.Also, Parkinson(1959,1962,1964)hasshown
spacewith a planeboundaryis considered,including that at manystationsthereis a preferredplanefor the
a recentpaperby Weaver(1971),whohasdeveloped vectorchangesof thegeomagneticfield. That is, thereis
the theoryin termsof onescalarcomponentof the a strongtendencyfor thevertical componentto increase
magneticHertzvector, or decreasewhenthe changein thehorizontalcompo.

In 1962two papersappearedin Geophysics,one nent is alonga particulardirection.
by d’Erceville andKunetz(1962)andthe otherby Thesecoastaleffectsareusuallyattributedto the
Rankin(1962), in which verticaldiscontinuitiesin effect of currentsinducedin thesea,butsomeresults
conductivity werediscussed.During thelast decade of theoreticalstudiestendto suggestthat currentsin-
therehasbeenincreasingattentiongiven to the prob- ducedin the oceansthemselvesare notthe full causeof
lem of lateralnon-uniformdistributionsof conduc- theeffects(Parkinson,1964;Coxet al., 1970;Bullard
tivity. andParker,1970).It appearsthat in the coastaleffect

Lateralinhomogeneitiesin conductivityare of con- it is difficult to separatetheeffectsdueto inducedcur-
siderableinterest,andreportsof geomagneticanom- rentsin theoceanfrom the effectsdue to the differ-
aliesassociatedwith suchinhomogeneitieshaveap- encesin the mantleunderthe oceansand the conti-
pearedfrequentlyin the literature.In a reportto the nents.
UpperMantle ProjectSymposiumat Berkeleyin 1963, A secondeffectassociatedwith electriccurrentsin
andlaterin avery comprehensivereport,Schmucker the oceanis the”islandeffect”. Magneticvariations
(1964,1970) hasclassifiedthe lateralinhomogeneities havebeenmadeon floatingice islands(Zhigalov,1960;
into threetypesof anomalies:(1) surfaceanomalies, aswell as others)andwhensuchmeasurementsare corn-
which aredueto superficialconductivityvariations paredwith observationson oceanicislands(Mason,1963;
abovethecrystallinebasement;(2) intermediateanom- Klein, 1971) distinct differencesare observed.The differ-
alies which are connectedwith insulatedconductors encesare attributedto the factthat islandsrising from
in thehigh-resistivityzoneof theearth’scrustand the oceanbedsinterruptthecurrentflow, while ice is-
uppermostmantle;and(3) deepanomalies,which lands do not.The effectis describedby Price (1967).
reflectconductivityimbalancesin the uppermantle. Othergeomagneticanomaliesnotnecessarilyasso-

Recently,in atalk at theNinth InternationalSym- ciatedwith theoceanshavebeenobservedby workers
posiumon GeophysicalTheoryandComputers,Gough invariouslocations.Since theearly 1950’sthe electri-
(1972)consideredfive morespecific typesof anom- cal conductivity structureof theearthhasbeenstudied
aliesassociatedwithgeomagneticdeep-soundingstu- by usingnetworksof magnetometersandreportedon
dies.Furthermore,hehas indicatedthat thereexist, by manyworkers.PorathandDziewonski(1971a)
undercertainconditions,variable transmissionor havegivena usefulreviewof crustalresistivityanom-
“vartran” anomalieswhich are due to refraction/ab- alies from magneticdeep-soundingstudies.Particularly
sorptioneffectsin which conductivebodiesareseen productiveoperationsof largetwo-dimensionalarrays
in transmissionfields. havebeenmadeby two groupsin North America,one

Includedin Schmucker’ssurfaceanomalytype is at theUniversity of Texasat Dallas,andthe otherat
the lateraldiscontinuitycausedby theoceanic—con- theUniversityof Albertain Edmonton(Goughand
tinentalinterface.Theabruptdiscontinuityin con- Reitzel,1969;Reitzel et al., 1970;Porathet al., 1970;
ductivity betweenlandandsearesultsin a perturba- PorathandDziewonski,197lb; PorathandGough,
tion of the inducedcurrentsdue toexternallyvarying 1971;Porathet al., 1971;Camfieldet al., 1971;
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andGoughandCamfield,1972).Throughthe oper- all quantitiesareindependentof onedirection(in this
ationof thesearrays,mantleconductivestructures casethex-direction) andonly variationsin the plane
aswell as surfaceconductivityanomalieshavebeen perpendicularto this directionareconsidered.Since all
mapped.Also, Lilley et al. (1971)andLilley and quantitiesareindependentof x, eq.1and2 reduceto:
Bennett(1972)haverecentlyoperatedarraysin Aus- ~ aH
traliaandD.I. Gough(personalcommunication,1972) _j — = (3a)
usedarraysin SouthAfrica fromwhich muchinfor- ay az X

mationshouldbeforthcoming.Edwardset al. (1971)
havereportedon theresultsof geomagneticvariation —~ = 4~o~’ (3b)
measurementsfrom arraysof magnetometerstations y
throughoutthe British Isles. aJ-f~

Varioustechniqueshavebeenusedtomodel con- — = 4iraE5 (3c)
ductivity anomaliesandsoleadto a reasonableinver-
sionof the data.Analoguemodelshavebeenusedby -

Rankinet al. (1965),Roden(1964),Dosso(1966a,b,c; ~ — = —io~)H~ (4a)
1969),DossoandJacobs(1968),ThomsonandDosso
(1971),andOgunadeandDosso(1971),to investigate ~‘x = 4b
laterallynon-uniformstructures.Porathet al. (1970) az y

haveseparatedthefields into normalandanomalous
partsandusednumericalcalculationsof model studies — = (4c)
for inversion.Schmucker(1964)alsoconsidersthe ay Z

normalandanomalouspartsof the observedvariations In thesesix equations,ET,IIV andH7 areinvolved
andassumesthat theanomalousvariationsare of in- only in eq.3a,4b, 4c,while onlyH~,E~andE5 arein-
ternalorigin. volvedin eq.3b,3c,, 4a.As a result,wecansolvethese

two separatesetsof equationsindependently.Thefirst
set correspondsto whatmaybe calledE-polarization.

2. Thetwo-dimensionalmodel In this set,by eliminating
11yandH

5, we get:

2.1. Thedifferentialequations a
2E~ a2E~—. 2

The model is that of a semi-infiniteconductorwith + —i-- — ii~ E~ (5)
a planeboundaryoccupyingtheregionz>0 and ~‘ Z

whichmayhaveregionsof different conductivity, asthe equationto besolved.Thesecondset corresponds
The problemis basicallythatof solvingMaxwell’s toH-polarization,andby eliminatingEy and we ob-

equationsin thevariousregionswith suitableboundary tam:
conditions.The field is takento beanoscillatingone
withperiod2ir/w whichis sufficiently longsothat x —. 2

displacementcurrentsmaybe ignored(Price1950, ~ —~-j--— i~H~ (6)
1967).Also, themagneticpermeabilityis takenas
unity. Theequations,in electromagneticunitsare astheequationto be solvedin thevariousregions.In
then: theseequations:

V X H= 4iraE (1) ~2= 4iraw (7)

and:V X £= iC~H (2) Theseequationsmay besolvedfor eitherrE~orH~

wherethe timefactorexp(ic~.,t)is understoodin ~ dependinguponwhich caseis beingconsidered,and
field quantities,andais theconductivityappropriate thentheothercomponentsfor thatcasemaybe ob-
to eachregion. tamedfrom eq.3band3c or eq.4band4c.

In thetwo-dimensionalproblemit is assumedthat
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2.2. Theboundaryconditions the surfaceof the conductingregionandthelower
The boundaryconditionsfor the two-dimensional horizontalboundaryin termsof integral relationsin-

problemare consideredin detailby JonesandPrice volving thehorizontalandverticalmagneticcompo-
(1970).At the interfacebetweenconductivemedia nents.
andalsoat the surfacez= 0, we havetheboundary
conditionsthat: (1)all componentsof H arecontin-
uous,and(2)the tangentialcomponentsof Eare 3. Analyticalsotutionsfor laterallynon-uniformcon-
continuous.Also, thenormalcomponentof current ductors
densitymustbe continuousacrossconductivitydiscon-
tinuities andzeroacrossz= 0, which impliesthat In their studyof electromagneticinductionin a
E5 =0 insidetheconductorat z= 0. semi-infiniteconductorwith aplaneboundary,d’Erce-

Thereare also conditionsto besatisfiedat z= ±00 vile andKunetz(1962)considereda modelwith two
andy= ±00. Thebasicconditionin this respectis that mediaof differentresistivitiesincontactalongaver-
the boundariesmustbeplacedfar enoughfrom any tical planeoverlyinga horizontalbasementthatwas
lateraldiscontinuitysothat the fieldsmaybecon- takenasbeingeitherinfmitely resistiveor infmitely
sidereduniform there.Also, thereisa differencebe- conductiveorat infinite depth.In their analysis,
tweentheHandE-polarizationcases. d’Erceville andKunetzobtainedanexactmathematical

In the regionoutsidethe conductor,wherea= 0, solutionfor theH-polarizationcasein which the mag-
H~is independentofy andzfor theH-polarization neticfield is parallelto thestrike,but only briefly, at
case.This impliesthatHis uniformthroughoutthis the endof their paper,mentionedtheE-polarization
regionandthe magneticfield immediatelyabovethe case-

surfaceof the conductorisnot affectedat all by the Rankin(1962)appliedthe methodof d’Erceville
abruptchangesof conductivitywithin theconductor. andKunetzto the caseof a dike of infinite length but
Along thesurfaceof theconductingregionH~remains finite depthandin whichthe magneticfield is parallel
constant,andsothis providesa boundarycondition to the dike. He did notconsidertheE-polarizationcase.
for this case. In the yearfollowing thework by d’Erceville and

In theE-polarizationcase,the E-field in theregion Kunetzandby Rankin,avery interestingpaperwhich
z<0 mustbeconsidered.Thehalf-spaceconductor hasstimulatedmuchwork in thefield, by Weaver
may beconsideredasthelimit of a sphericalconductor (1963)appeared.Weaver’smodel wasthatof a semi-
as theradiustendsto infinity. Price (1950)hasshown infmite conductorwith aplaneboundaryconsistingof
that the ratio of thetangentialcomponentsof the two quarter-spacesof differentfinite conductivity.He
inducedandinducingfields is independentof the con- consideredboththeH-polarizationandE-polarization
ductivity whenthe radiustendsto infinity, andassurn- cases:In theE-polarizationcaseit wasnecessaryfor
ing that the inducing field is of thesameintensityand him to useanapproximateboundaryconditionrequir-
form over theentirecompositeconductor,then the ing thehorizontalmagneticfield at the surfaceof the
correctboundaryconditionis that thetotal surface conductorto beconstant.FromhisE-polarizationsolu-
H~is thesameaty -+ + 00 andy-÷— 00 well asat tion, Weaverwasableto showthe increasein amplitude
someheightz= —i hi which is at sufficientheight so of the magneticcomponentnormalto the surfaceof
that the local perturbationin His negligible there. theconductorasthe regionof the discontinuity is ap-

Within theconductorit is assumedthat the bound- proached,and relatedthis to the enliancementof the
ariesare far enoughfrom anylateraldiscontinuities verticalmagneticcomponentof magneticvariations
so thatat y —~±oo the fields behavelike thosefora observedat coastalstations.
uniform orhorizontallylayeredconductor.Also, the WeaverandThomson(1972)haverecentlyelabo-
fields tendto zeroasz-÷+ oo. ratedon Weaver’s1963work by usinga perturbation

Schm~cker(l971b)hastakena differentapproach techniqueproposedby Mann(1970)andtheyhave
to theboundaryconditionsfor theE-polarizationcase. avoidedin theE-polarizationcasethe useof the earlier
He assumesthatthe anomalousfield is of totally in- approximateboundarycondition.WeaverandThomson
ternalorigin andexpressestheboundaryconditionat (1972)haveobtainedapproximatesolutionsfora
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periodicline currentabovea non-uniformearthand within a particularregionthatcanbe representedby a
havefoundexpressionsfor thefield for the casewhen two-dimensionalmodel,andthen imposea meshof
theheightandmagnitudeof the line currentapproach grid pointsover this regionwith theboundariesof the
infinity in sucha waythat the inducingfield near the meshtakenat far enoughdistancesfrom anylateraldis-
earthbecomesuniform andfmite. continuitiessothat the boundaryconditionsare satis-

Geyer(1970)hasusedasimilar perturbationtech- fled. In the simplestapplication,the meshlinesjoining
niqueto investigatethe electromagneticanomaliesover thegrid pointsare takvii asboundariesof conductive
severaltypesof subsurfacestructures,andmore re- unitsor cells,which whenplacedtogethermayrepre-
cently(Geyer,1972)hasextendedthis to a dipping senta conductivestructurewithvariousregionsof dif-
contact.Previousto this, Yukutake(1967)considered ferent conductivity.
inductionin aconductorboundedby aninclinedinter-
facewith a smallangleof tilt by a successiveapproxi- 4.1. The transmissionline analogy
mationmethodwhich usedrepeatedreflectionsof
electromagneticenergybetweenthegroundsurface The transmissionline analogyarisesfrom the simi-
andthetilted boundary. larity in form betweenMaxwell’s equationsgoverning

Recently,Treumann(1970a,b,c)hasconsideredin- theorthogonalcomponentsof E andH.andthe trans-
ductionin non-uniformplatesof finite thickness,and missionline equationsgoverningcurrentandvoltage
hasbeenable to obtainapproximatesolutionsfor the on a transmissionline, or, sincewe areconsideringa
field at thesurfaceof the plateswhenthe external two-dimensionalproblem,overa transmissionsurface
inducingfield is uniform. Also, Weidelt(1971)has with currentflowing in two directions.Thisanalogy,
studiedinductionin two adjacenthalfsheetswith first appliedby DulaneyandMadden(1962)to such
differentuniform conductivities.Furthermore, problemsas we are considering,hasbeenusedby many
Schmucker(1971a)hasusedconvolutionintegralsto authors(includingMaddenandThompson,1965;
investigatetheinductionin amodel with a non-uni- MaddenandSwift, 1969;Swift, 1967,1971;Wright,
form surfacelayerabovea layeredsubstratum. 1969,1970;andothers).

In thetransmissionline analogymethodfor the
H-polarizationcasethe electricfields in Maxwell’s

4. Numericalmethods equationsarerepresentedby currentsin the branches
of themesh,while themagneticfield is representedby

Thereare severalmethodsof solutionof the pertur~ thevoltageat thenodebeing considered.Also, the
bation problemwhich maybe termedpurenumerical quantity4irain theequationsof section2 is repre-
methods,that is, methodsin whichtheequationsare sentedby theimpedanceZ,while thequantityic~is
evaluatedfrom thebeginningby numericalmeans. representedby the admittanceY.That is:

The analyticalmethodsgenerallygive solutionsfor ~ E 8
only specializedcases.Anomalousconductivitystruc- y z
turesof anyshapemayoccurnaturally,andsoit is ~ () —E (9)

necessaryto considermethodsto dealwith inhomo- Z y
geneitiesof arbitraryshape.As a result,numerical v = H~ (10)
methodshavebeendevelopedto dealwithgeneral
two-dimensionalproblemsandin this sectionthree Z (> 4ira (11)
suchmethodswill bediscussed.Oneof the methods, ~ <=) - 12
thatusedby JonesandPrice (1970),JonesandPascoe
(1971)andPascoeandJones(1972), hasnow been sothat in termsof this correspondencetheequations
extendedby JonesandPascoe(1972)andLinesand for theH-polarizationcaseas given in section2 may
Jones(1973a,1973b)to considerthree-dimensional be written:
models, av

In thepurenumericalmethods,theapproachtaken = —zI), (13)
is to consideranyarbitraryconductivitydistribution
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— ~ 14 isexpressedas anintegraloverspaceof severalenergy
— — z ( ) densities.Again, aset of equationswith field valuesat

ai at thenodalpointsof a meshasunknownsis obtained,
+ —~ = —YV (15) andthis set issolved by matrix inversion.

Oy Oz

Eq.13 and14 maybewritten: 4.3. Thefinite-differencemethod

~ = —z~ ‘16’ Thefinite-differencetechniquewasfirst usedby
“ ‘ Neves(1957)to studyelectromagneticinductionin

andeq.15 as two-dimensionalstructures.Also, Latka (1966)and
- PatrickandBostick (1969)haveusedthis method.

divl—YV (17)
JonesandPnce(1969,1970,197la,b) haveemployed

Eq.16 and17 arethetwo-dimensionaltransmission this methodfor studiesof varioustwo-dimensionalcon-
equations. ductivity distributionsandJonesandPascoe(1971)

If the meshis assumedto be composedof unit cells andPascoeandJones(1972)havegiven a generalcorn-
thatare electricallyhomogeneous,Kirchoff’s lawof puterprogramfor thesolutionof the local perturba-
currentcontinuitymaybewritten for eachnodeand tion problem.Jones(1972)hasrecentlyextendedthis
a setof equationsis obtained,thesolution of which to calculateonly theperturbationfield associatedwith
givesthevalueof thevoltage(correspondingto Fi~ the discontinuities.
in this case)at eachnode. As developedby JonesandPrice(1969,1970),and

FortheE-polarizationcasea similarapproachis programmedby JonesandPascoe(1971),the method
takenandthetransmissionsurfaceequations(16 and of solution involvesthe solutionof theappropriate
17) areagainobtained.Theseare solvedfor thevolt- finite-differenceequationsovera meshof grid points
ageat eachnodewhich correspondsthis time to the by theGauss-Seideliterativemethod(Smith,1969).
valueofE~at thatnode. The equations(5 and6) to be solvedin all regionsfor

It is clearthat the properboundaryconditionsmust boththeE-polarizationandH-polarizationcasesare
beappliedto theimpedancenetworkandtheseareob- of theform:
tamedby consideringthelayeredconductorat the 2 . 2

boundaryto be a one-dimensionaltransmissionline. V F= 177 F (18)
Solutionsto the equationsare obtainedby inversion where~ = 4iraw andF is eitherE~orHx, depending
of thematricesand themethodsare discussedby upon thecasewe are considering.If we let F=f + ig
Wright (1969)andothers. then:

4.2 Thefinite-elementmethod V2f+ iV2g = i~2f—~2g (19)
Theuseof thefmite-elementmethodwhenapplied . .

andequatmgrealandimaginarypartsweobtam:
to engmeenngproblemsis descnbedby Zienkiewicz
(1971)andthis methodhasbeenusedin electromag- v2,f= —~2g (20)
neticmodellingproblemsrelatedto geophysicalcon-
ducting structuresby Coggan(1971),Ryu(1972)and V2g = rj2f (21)
ReddyandRankin(1972).

In this method,as in the otherpurenumerical A meshof grid pointsis superimposedoverthe
methods,theregionof interestissub-dividedinto a regionof interestand this pairof equationsis written
meshof elements.In this case,theprinciple usedis in fmite-differenceform andsolvedsimultaneously
thatelectromagneticfields behavesoasto minimize at eachpointby the iterationscheme.
thetotal energy.Thus,the energyin theelectromag- It shouldbe emphasizedthat in all thesenumerical
netic field within eachelementis consideredand methodscontinuousfunctionsare representedby values
the totalenergyis numericallyminimized.Coggan at discretepointsovera meshof finite dimensions.
(1971)outlinesthemethodin detail.The totalenergy Much caremustbetakenin thechoiceof meshsize,
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andin theplacingof theboundariesof thegrid with ward in theconductoranddecaywith time.They em-
respectto conductivitydiscontinuities. phasizedthatin this casetheabruptchangein conti-

Also, it shouldbe pointedout that in all thenumer- nuity aty = 0 has two distincteffects.Oneis the local
ical methodssomefunctionalform (usuallylinear) is perturbationin the electromagneticfield neary = 0,
assumedfor the fields betweengrid points.This im- which wifi decreasewith increasingnegativez because
pliesthat thecalculationsof the initial componentas it is due to thelocal concentrationsof current,andthe
well as theothercomponentsare approximateand the otheristhe effectof the currentdistributionandfield
accuracydependson thegrid size. becauseof the different conductivitiesat infinity in the

positiveandnegativey-directions.

S.Someresultsfrom numericalmodels 5.2. Apparent-resistivitycalculationsandlateral con-
ductivityanomalies

5.1. Characteristicsof theperturbationfields AlthoughCagniard(1953)derivedtheexpression
Many of theresultsobtainedfrom numerical for apparentresistivity:

methodshavebeenwithdirect referenceto themag-
netotelluricmethodandhavemainly consideredsur- = 2T(—~-~ (22)
facevaluesof the field components.However,Jones A
andPrice(1970)plottedcontoursof field valuesover
thewhole regionof interestasa functionof time and assumingbotha uniform sourceof infinite extent,and
examplesaregiven in their paper.FortheH-polariza- ahorizontally stratifiedearth,thecalculationbf appar-
tion casetheyplottedcontourlinesof constantH~ entresistivityis still madeby thoseinvestigatingnon-uni-
(mlinesof force of theE-field) andobservedstrong form sourcesaswell as for situationsin which the con-

refractionof the linesof currentflow at discontinuities dition of horizontalstratificationis notsatisfied.In
as well ascurrentvorticeswhich migratedownwardin fact,althoughthe conditionsassumedfor theoriginal
the conductoranddecaywith time.Theyattributed definitionset down by Cagniardmay notnecessarily
therefractionof the currentlinesto the existenceof bevalid in a certaincircumstance,it is still possibleto
a minutevaryingelectric chargedistributionon the calculatethe apparentresistivityanduse it asacompar-
interfaces,whosemagneticeffectsareof the same ative parameter.However,from the resultsobtainedin
order asthe displacementcurrentsandsoareneglected, the calculations(seefor example,Hibbs andJones,.
but whoseelectric field isof the sameorderof magni- l972a),it is clearthat apparent-resistivitycalculations
tude asthatof theotherelectromotiveforcesinvolved, mustbe treatedwith carein caseswith lateraldiscon-
This interpretationhasbeendiscussedfurtherby tinuities.
Hermance(1972)andPriceandJones(1972).

In theH-polarizationcase,althoughthe distribution
of the currentsandthefields within the conductoris 6. Sourceconsiderationsin theinductionproblem
greatlyperturbedby theexistenceof the discontinuity,
themagneticfield outsidetheconductorremainsuni- Thusfar all commentsconcerningthetheoryof
form. The totalcurrentsystemmay thenbethoughtof numericalmethodsandtheir resultshavepertainedto
as consistingof two parts: (1) sheetsof currentsflow- situationsin which the inducingfield is uniform and
ing parallelto the surfaceandcontributingto theuni- of infinite extent.In hisoriginal discussionof the mag-
form field outside;and(2) a toroidalcurrentsystem netotelluricmethod,Cagniard(1953)assumedsucha
whosemagneticfield is containedentirely within the sourceabovealayeredconductor.As mentionedbe-
conductor. fore,Wait (1954)hascriticized this assumptkn.Also,

FortheE-polarization,JonesandPrice (1970) Price(1962)criticizedthis assumptionandhasshown
plottedcontoursof equalE~(ss linesof forceof the that the simpleCagniardformulason which themag-
H-field) andobservedwedgesof highcurrentdensity netotelluricmethodsare basedrequiremodification
whichare formedduringeachcycle. Suchcurrentcon- to takeinto accountthe distributionof the ionospheric
centrationsare continuallyformedandmove down- field. Thispoint is importantsincein variousregions,
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x!Y

PHASE OF HX AMPLITUDE OF HX

X4~y X~y

PHASE OF HI AMPLITUDE OF HI

X~X~

PHASE OF HZ AMPLITUDE OF HZ

Fig.1. Magneticfield componentamplitudesandphases.Valuesarecalculatedover thesurfaceplaneof theconductor.Themodel
is ofaburiedanomalyat thecenterof themesh.Theanomalyis of conductivity tentimes thesurroundingmedium.Theinducing
field is suchthattheelectricfield is in thex-direction.(AfterJonesandPascoe,1972.)
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PHASE OF EX AMPLITUDE CF EX

x

PHASE CF El AMPLITUDE OF El

PHASE OF EZ AMPLITUDE OF EZ

Fig.2. Electric field componentamplitudesandphases.Model asin Fig.1. (afterJonesandPaseoe,1972.)
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suchasthe equatorialandauroralareas,we know over considerableareasof theearth’ssurfacemay be
that the inducingfields arenotuniformandarecaused measuredsimultaneously.Thishas led to considera-
by currentsof limited spatialextent(Kisabethand tionsof thesolution of theperturbationproblemin
Rostoker,1971). threedimensions.Treumann(1970d)hasindicated

Analoguemodelstudieshavebeenmadeusingline how a solutionto the three-dimensionalinduction
currentsources(DossoandJacobs,1968) aswell as problemfor a planeearthmaybe obtainedby employ-
othersources(Fhomson,1972).Hutton(1969)has ing theGreen’stensor.Also, JonesandPascoe(1972),
discussedthe caseof inductionin theearthby the in anextensionof their methodin two dimensions
equatorialelectrojetandhasrecentlyconsiderablyex- (JonesandPascoe,1971)havepresentedpreliminary
tendedthis approachincludingextensionto ann-lay- resultsfor the three-dimensionalproblemfor buried
eredearth(Hutton,1972). anomalieswherea cubicmeshis used.

Following the methodoriginally consideredby In the numericalsolutionof the three-dimensional
Price(1950, 1962),HermanceandPeltier(1970)have problemthe amountof information obtainedbecomes
calculatedapparent-resistivitycurvesfor inductionin aproblem.Therearetwelve quantities(the six field
a layeredearthby a line current,andPeltier and componentsandtheir phases)determinedfor eachgrid
Hermance(1971)havederivedexpressionsto describe point, andthenumberof grid pointsmaybequite large
the magnetotelluricfields of a Gaussianelectroject (typically 25 X 25 X 25 = 15,625).Onemethodused
abovea stratifiedconductor.Schmucker(1971b)has to displaythe resultsis by three-dimensionalamplitude
consideredmodelswitha non-uniformsourceover a andphasediagramsasillustratedin Fig.1 and2. These
laterally inhomogeiseousearthinwhich the lateral diagramsgive the magneticandelectricfield component
changesin conductivityareconfmedto a limiteddepth amplitudesandphasesfor aburiedanomalysurrounded
range.HibbsandJones(1973b)haveusedthemethod by a regionof uniform conductivity.
of PeltierandHermance(1971)to obtainboundary LinesandJones(1973a)haveextendedthework of
values~for themethodof JonesandPrice(1970)and JonesandPascoe(1972)to a grid of variabledimen-
JonesandPascoe(1971)sothatperturbationsof such sionsandhaveconsideredconductiveregionsof higher
fields by embeddedinhomogeneitiesin theE-polariza- contrasts,in particular,islandstructures.Also, Lines
tion casemaybe computed. andJones(1973b)haveextendedthis methodso that

Hibbs andJones(1973c)haverecentlyextended not only buriedand island-typestructuresmaybe con-
this methodto considera non-symmetric,non-uniform sideredbutmoregeneralstructuresthat do notneces-
source,aswell asaperiodicspatiallytime-varying sarily havethesamestratificationat all boundariesmay
sources(Hibbs,1972;HibbsandJones,l973d). effectively be dealtwith.

In the work by LinesandJones(1973a,b)three-di-
mensionalamplitudeandphaseplotsas illustratedabove

are usedalongwith contourplotsandprofiles of the
7. Theperturbationof thefields by three-dimensional componentsto investigatethefield behaviour.
conductivityinhomogeneities
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