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TheBanks(1969,1972)andParker(1970)modelsof theelectricalconductivitydistributionarecritically re-
viewedalongwith classicalmodelsby Chapman(1919),LahiriandPrice(1939),Rikitake(1950a,b,C) andothers.
Themodernmodelsdo not seemto accountfor thegeomagneticvariationshavingacontinuumspectrumandSqat
the sametime.A largedifferencein responsebetweenthe 1-dayand05-dayperiodcomponentsof Sq is suspected
to becausedby a resonance-likeinduction in thesuperficiallayerof theearth.Dufficultiesin determiningtheconduc-
tivity of theearth’stop layerarealsoemphasized.

An overalldistributionof conductivitywithin theearthwhichseemsto bethemostreliableat present,is drawn
mostlyon thebasisofBanks’model.

1. Introduction variationcannotbeextendedbeyondthis frequency
limit. No exactestimateof theelectricalconductivity

Time-varyingmagneticfields arisinj outsidethe isthereforepossiblefor the deepinterior of theman-
earth,which is moreor lessconducting,Induceelec- tie of theearth.
tric currentsin it andsomagneticfields are produced As attemptedby McDonald(1957)andYukutake
originatingfrom insidethe earth.The theoiyof elec- (1959),however,the attenuationthroughthemantle
tromagneticinductionincorporatedin therelation- of thegeomagneticsecularvariationoriginatingin the
shipbetweenthe externalandinternalorigin partsof core of the earthmay be usedfor determiningthe con-
transientgeomagneticvariationsasobtainedby analy- ductivity in the lowermantlewith certainassumptions
sesof world-widedataprovidesa meansof inferring aboutthe origin of the variation.For Instance,
theelectricalconductivitywithin theearth. McDonaldassumeda randomdistributionof secular

Sincethe penetrationdepthof inducedcurrents variationsourcesat the core—mantleinterface.It is
dependsuponthe rapidity of thegeomagneticvaria- clearthatsuchaprocedureis somethinglike determin-
tion, it is possibleto investigatethe radialdistribution ing thenatureof a filter only fromits outputwith-
of the electricalconductivity,providedthatanalyses outknowingits input. No accurateestimateof the
of geomagneticvariationscoveringa wide frequency conductivityin the lowermantlecanthereforebe
rangeareavailable.Bailey (1970)in factprovedthat, reachedfrom studiesof this sort.
if the electromagneticresponseof the earthis known Near-surfacelateralinhomogeneitiesof the con-
for all frequencies,theconductivity distributionwith- ductivity asrepresentedby thedistributionof the
in the earthcanbeuniquelydeterminedundercertain oceansandthe local undulationof a high-temperature
conditions. mantlelayer(Rikitake, 1966,chap.19;Bullard and

Thepowerof thegeomagneticvariationspectrum Parker,1970)imposeotherlimitationson themethod
indicatesa steeprise in thespectrumat frequencies basedon theexternal—internalrelationshipof geo-
lessthan10~c/day.Thisis causedby the geomag- magneticvariationsat a frequencyrangehigherthan
neticsecularvariationwhichis originatedentirely in- 0.2 c/dayor thereabouts.Typicalgeomagneticvaria-
sidetheearth,so that the abovemethodbasedon the tionssuchasthemain phaseof a magneticstorm
external—internalrelationshipof the geomagnetic (D~+T),thedaily variationon quietdays(Sq),the geo-
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magneticbay,thesolarflare effect(s.f.e.),the sudden tromagneticinductionwithin a non-uniformsphere.
stormcommencement(s.s.c.)andthe like are all in- Applyingthe theoryto interpretingtheanalysesof
volved in the frequencyrange.Caremustbe takenin SqandD

5~,a sharpincreasein the conductivityat a
avoidingtheeffectof a conductivity anomalyon depthof severalhundredkilometreswasconcluded.
thedeterminationof the radialconductivity distribu- A commonconclusionfrom theseclassicalstudies
tioneitherby choosinggeomagneticobservationsat isa steepincreasein the conductivityat a400—600
non-anomalousplacesorby smoothingout suchan km depth.As thetheoryof electromagneticinduction
effecton thebasisof anextremelylargesetof data. hasbeendevelopedonly forparticulardistributions
In anycaseit seemsnoeasymatterto determinethe of conductivityincludingthe uniform onebecauseof
meanconductivityin theuppermantledownto a mathematicaldifficulty, no further investigationinto
depthof a few hundredkilometres. the conductivity distributionwaspossiblein the

Thereisvery little to addto whathasbeenmen- 1950’s.Sincearound1960,thedevelopmentof high-
tionedin theexcellentpapersrecentlypublishedby speedcomputershasenabledus to tacklethe electro-
Banks(1969,1972)andParker(1970)which brought magneticinductionproblemin amodel whichhasan
outvery clearlymodernaspectsof the problemof arbitrarydistribution of conductivityaslongasspheri-
the overallconductivitydistribution of theearth.It cal symmetryholdsgood(TakeuchiandSaito, 1963;
is aimed,in this paper,to summarizetheconductivity Eckhardt,1963).A detailedinvestigationinto the
distributionwithin theearthalongwith raisingsome conductivitydistributionwithin theearththusbe-
commentson thediscrepanciesbetweentheobserved comespossiblewith theaid of extensiveanalysesof
andcalculatedelectromagneticresponsesfor a fewgeo- geomagneticdatain recentyears.
magneticvariations.

3. Spectralanalysisof geomagneticdata
2. Uniform coremodel

The spectral-analysistechniquehasbecomewidely
In theearly stageof electromagneticinduction appliedto geophysicaldatain recentyears.The devel-

studywithin theearth,it wascustomaryto assume opmentof high-speedcomputersenablesusto deal
thatthe earthconsistedof aninsulatingshellunder- with a largesetof data.Accordingto ananalysisof
lain by a spherehavinga uniform conductivity, thegeomagneticrecordsat atypical observatoryat
Chapman(1919),who calledsuchanearthmodelthe middlelatitude,it isnoticeablethat the spectrumin
uniform coremodel,determinedtheradiusand the thefrequencyrange10—~—0.5c/dayconsistsof a
conductivity of the conductingsphereonthe basisof numberof lines,i.e., 1 and2 c/year,1/27,2/27,and
hisanalysesofSq. 3/27c/day,.. . etc.,superimposedonanapproxi-

Rikitake(1950a,b) determineduniform core matelywhite continuum.
modelswhich were compatiblewith then-available Banks(1969)examinedthe natureof theselines
analysesof Sq,D~,thegeomagneticbay,s.f.e.and andcontinuumspectra.High coherencein thespec4
thevariationwith a27-dayperiod.It wasfoundfor trumbetweenwidely spacedobservatoriesindicates
all thesemodelsthat the conductivity, thattakeson thatthe world-widedistribution of thesevariationsis
a practically insulatingvalueof about10—15e.m.u. simple.Forexamplethemagneticpotentialofthe27-day
in the uppermantle,jumpsup to avalueof about vadationanditsharmonicsaswell asthecontinuumis
10—12e.m.u.at a depthof 400km. On thebasisof a mostlikely to bedescribedapproximatelyby aP1
roughestimateof the depth,atwhich theinduced sphericalharmoniconly. Although noextensiveana-
currentsare mostlikely to contributeto the surface lysisof spatialdistributionhasbeencarriedout, these
magneticfield, a radialdistribution of the electrical variationsseemlikely tobe causedby fluctuationsof
conductivitywasobtained(Rikitake,1950c).A gradu- anequatorialcurrentring. On theotherhand,P2
al increasein theconductivitybelowthedepthof 400 seemstomatchtheannualvariation,thoughthe semi-
km wasalsomadeclear, annualoneseemslikely tobe expressedby P1 (Currie,

Lahiri andPrice(1939)developedatheoryof elec- 1966).
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Fig. 1. The Banksmodel ofthe conductivity distributionin ____________________________________
themantle.Classicalmodelsby RikitakeandMcDonald are 10 10 0.9 08 07 06 0.5
alsoshown.(After Banks,1969.).— the ‘best-fitting’ Radial Distance (Earth Radii)
model, - - - = lower and upper li~nitson the‘best-fitting’ Fig.2.The Banks (1969,1972)andParker(1970)models,
model, — - — = Rikitake(from Rikitake, 1966) = (after Banks, 1972.)+ Parker (1971),——— = Banks(1969),
Price-McDonald model. — .— - = Banks (1972).

A modelthatis compatiblewith the continuum accountabetterfit of the phaserelation,gettinga
responseandtheresponsefor the annualandsemi- little higherconductivitybelowa depthof 600km as
annualvariations,aswell asthe 27-dayvariationsand seenin Fig.2.
its harmonics,wasobtainedby Banks(1969)asrepro- Parker(1970)advancedaninversiontechnique
ducedin Fig. I in which the errorrangeis also shown. applicableto theinductionproblemanddetermined
The resultsof previousworkers(Rikitake,1950c; theconductivityon thebasisof the continuumdata
McDonald,1957)arealsoillustratedin the figure.The dueto Banks.The essentialpointof Parker’smethod
Price-McDonaldmodelhasbeenobtainedby combin- is to lookfor a distribution of conductivityo under
ing oneof theLahiri-Pricedistributionsof theconduc- theconditionthat f0”(6 olo)2 dr is a minimum,a
tivity with the McDonalddistributionin the lower andSobeingtheearth’sradiusanda smalldeviation
mantleassurmisedfrom analysesof thegeomagnetic of a.Applyinga variationaltechnique,thecondition
secularvariation, yieldsa set of simultaneousequationsof which the

Becausethe Banksmodelasshownin Fig. 1 is unknownsinvolve the frequency-dependentradialfunc-
derivedfrom a frequencyrange0.01—0.25c/day, tionsthatappearin the theoryof electromagneticin-
nothingaccuratecanbe said aboutthe conductivity ductionin a sphericalconductor.Startingfrom an
of the top400km of theearth.A muchmorerapid initial choiceof conductivitydistribution,a small
variationshouldbemadeuseof for looking into the deviationSothat tendsto satisfythe abovecondition
conductivityin the uppermantlealthoughan analysis isobtainedasalinear combinationof the solutions
of sucha variationsuffersfrom noisearisingfrom of suchsimultaneousequations.The sameprocedure
near-surfaceconductivityirregularities.Any conduc- is repeateduntil a convergeddistributioniseventually
tivity lessthan 10—12e.m.u.seemscompatiblewith obtained.
theobserveddata.The situationismuch the samefor In Parker’smethod,the first choicemustbesuffi-
thepreviousmodels. ciently closeto the truedistribution for alinear approx-

Banks(1972)improvedhismodelby takinginto imation to be valid. In Fig.2is also shownthedistri-
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butionobtainedby Parkeralongwith the two-dimen- As Sqhasbeenone of thebestanalyzedgeomagnetic
sionaluncertainties.Parker’sdistribution differs from variationssinceChapman(1919),thewriter feelsthat
Banks’onein the factthatit givesa conductivityfor the resultsof Sq-analysesshouldbe properlytaken
thetop400km of theearthaboutoneorderof magni- into considerationfor theconductivitydetermination
tudehigheralthoughthe causeof sucha discrepancy within theearth,althoughcaremustbetakenof noise
is notquiteclear.Logically,aninversionmethodis arisingfrom near-surfaceirregularities.In orderto in-
superiorto themethodof best fit basedon trials corporatetheSq-responsesm thosefor theP1.respon-
thoughParker’stechniquegives aconductivityesti- sesasobtainedby Banks,theP~- andF~-responses
mateaveragedover a certainspreadof depths. (Q~andQ~)areconvertedto theP1 -one (Q1) in the

following way.
Assumingauniform coremodel,the radiusof the

4. Discrepancybetweenconductivitydistributions corein units of theearth’sradius(q) andthe conduc-
fromSqand thecontinuum tivity (a) are determinedfrom theamplituderatios

andphasedifferencesasgiven in TableI. Combina~
Banks(1969,1972)andParker(1970)did notput tions(q= 0.93,0= 8.2 10—13e.m.u.)and(q= 0.96,

much stresson analysesof Sqbecauseit seemslikely a= 6.5 ‘ 10—13 e.m.u.)arerespectivelyobtainedfor
that

5q is contaminatedby the effectof near-surface the observedresponsesof theP~- and.P~Tconstituents.
irregularitiesof theconductivitydistribution.In Table F

1 -responsesfor suchmodelsare thencalculatedfor
I, the observedandcalculatedresponsesof S,~are the 1-dayand0.5-dayperiodvariations.Thecombina-
shownasgivenby Banks(1972).It appearstothewriter, tions of amplituderatio andphasedifferencethusob-
however,that thediscrepancybetweentheobserved tamedare(0.353,7.6°)and(0.400,6.0°),respective-
andcalculatedamplituderatiosis not quitenegligible. ly. A simpleextrapolationof theF1 -responsesof

TheParkermodelgivesrise to a setof responses Banks’data(Banks,1972,fig. 3) in a frequencyrange
which aretoohigh. In orderto haveareasonablefit 5 - l0~_3. 10~c/dayto 1—2 c/day indicatesQ1 -

toSe-data,the conductivity valuesin thetop several valuesamountingto about0.43and0.45, respectively.
hundredkiometresof theearthshouldbe consider- It thusturns outthat theQ1 -valuesdeducedfrom the
ably lowered.TheBanksmodelsalso leadto slightly Sq~dataare substantiallysmaller thanthoseexpected
largeramplituderatiosespeciallyfor theP~-response. for anearthwhich gives riseto a continuumresponse

asstudiedby Banks.

TABLE I In the light of theabovediscussion,it appearsto
thewriter that theBanksandParkermodelsmustbe

Observedandcalculatedresponsesof Sq (Banks,1972) modified in sucha way thatthe responseathigher

frequenciesbecomesalittle smaller.Althoughno ex-
n m Observed* Price- Banks Parker Banks act estimatehasbeenmade,the conductivityin the

McDonald (1969) (1970) (1972) uppermantlemustbesmallerthan thoseobtainedby
(1 7) BanksandParker.It is notknownwhetheraconduc-

tivity distributionwhichharmonizeswith boththe
AmplitudenittO - continuumandS -dataactuallyexists.
2 1, 0.376±0.013 0.376 0.454 0.545 0.418 q
3 2 0.442 ±0.008 0.369 0.457 0.617 0.425
4 3 0.433±0.017 0.350 0.435 0.654 0.416

5.Effect of near-surfaceirregularities
Phasedifterencein degree
2 1 12.4±2.5 8.4 5.5 9.6 7.9

~ Attentionshouldbedrawnto thefactthat the ob-
servedP2 -amplituderatio is considerablysmallerthan

*.The datafor annualmeansduringthe I.G.Y. are0.357, thosefor P~andP ascanbe seenin TableI, sucha
0.435and0.455 for amplituderatio and1 30, 13°and12° tendencyhavingbeennoticedevenin the caseof
for phasedifference,respe~tlvely(MatsushitaandMaeda, Chapman’sclassicalanalysis(Chapman,1919).The Q1—
1965). valuesconvertedfrom theP~.andP~-dataalso indicate
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that theresponsefor the 1-dayperiodvariationissub- possibleevenif geomagneticvariationsof shorter
stantiallysmaller thanthat for the0.5-dayperiodone. periodareanalyzed.This is causednotonly by noise

Thewriter suspectsthat inducedcurrentsin the arisingfromlateralinhomogeneityof theconductivity
oceansmight give rise to suchaneffect. Thetheory butalsoby the factthat the physicalmeaningof the
of electromagneticinductionin anon-uniformsheet ‘mean’ conductivityis notclear.
indicatesa possibilityof a resonance-likeinduction Fig.3is a smoothedversionof Bank’s distribution
whenthewavelengthof the inducingfield isabout of conductivityin the mantlesupplementedby his
thesameas thatof this conductivitydistribution previousdistribution (Banks,1969) for thetoplayer.
(Rikitake, 1968).It seemslikely that theF~-response Theconductivityin the lowermantleseemsoneorder
couldbe affectedby suchaneffectmoreseriously of magnitudesmallerthanthatof theMcDonald
than theP~-onejudgingfrom theglobal land—seadis- model.
tribution. As for the conductivityof the earth’score,no con-

In additionto the surfaceirregularitiesof the con- vincing wayof estimationhasbeendevelopedalthough
ductivity asrepresentedby the land—seacontrast, thereare afew studies(Rikitake,1966,chap. 16;
theeffectsof possibleundulationof ahighly conduc- Stacey,1969,p. 150).Weherewithtake 3’ 10_i
ting mantlelayeronthe geomagneticvariationsare e.m.u.as atypical valueof the conductivityin the
sometimesserious.Actually,Reitzel et al. (1970)re- core.
portedthateven5q is controlledby anunderground Althoughfurtherimprovementbasedon geomag-
conductivityanomalyin thewesternU.S.A. neticdataofhighqualityandapropertheoryof inver-

Accordingto a studyof electromagneticinduction sionis required,Fig.3 seemsto be themostreliable
in a sphereof which the shapeslightly deviatesfrom a distribution of electricalconductivitythroughoutthe
true sphere(Rikitake, 1964),theresponseof sucha earthat thepresentstageof investigation.
deformedsptiereis appreciablydifferentfrom thatof
a spherehaving a radiusequalto themeanradiusof mho m~ 30~

the former. The magneticfield of internalorigin ,.L
at the earth’ssurfaceis largely controlledby elec- -

tric currentsinducedin the uplifted portionsof tO ~.._ lOb
the conductinglayer. It is thereforepossiblethat
the meandepthat which a steeprise of the conduc-
tivity vs. depth curveoccursis underestimated.In
view of the factthat anomalouslyhighconductivity -

in the uppermantlehasbeenfoundin manypartsof I 10

theworld, no meaningfuldeterminationof the con-
ductivity, rigorously speaking,canbemadein the top
400km of theearthaslong assphericalsymmetryis
assumed. -12

161 10

6. Overalldistributionof the conductivity within the
earth

Summarizingwhat thewriter statedin theforego- 2 -~

ingsections,themostreliablemodelrepresentingthe 10 10

electricalconductivitydistributionin the mantle
would be theonedue to Banks(1972),althoughit
is suspectedthat themodelwill shortlybe subjected Rad~oIDistance(EarthRoCti)

to amodificationby improved analysesof geomagnetic I.p 0~9 0$ • Q7 9.6 ~

data.Especially,it is thewriter’s desireto find amodel s.So 000 1500 2000 2500 3000

whichachievesabetterfit to theSq.data. ~pthtkm)

It is disappointingthatno accuratedetermination Fig.3. Overallconductivitydistributionmostlybasedon
of theconductivity in thetop layerof themantleis Banks(1972).
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